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Marı́a Jesús Martı́nez

Production of a -Glucosidase-Rich Cocktail from Talaromyces amestolkiae Using Raw Glycerol:
Its Role for Lignocellulose Waste Valorization
Reprinted from: J. Fungi 2021, 7, 363, doi:10.3390/jof7050363 . . . . . . . . . . . . . . . . . . . . . 15

Pinpanit Boonchuay, Charin Techapun, Noppol Leksawasdi, Phisit Seesuriyachan,

Prasert Hanmoungjai, Masanori Watanabe, et al.

Bioethanol Production from Cellulose-Rich Corncob Residue by the Thermotolerant
Saccharomyces cerevisiae TC-5
Reprinted from: J. Fungi 2021, 7, 547, doi:10.3390/jof7070547 . . . . . . . . . . . . . . . . . . . . . 29

Amira A. Matrawy, Ahmed I. Khalil, Heba S. Marey and Amira M. Embaby

Use of Wheat Straw for Value-Added Product Xylanase by Penicillium chrysogenum Strain A3
DSM105774
Reprinted from: J. Fungi 2021, 7, 696, doi:10.3390/jof7090696 . . . . . . . . . . . . . . . . . . . . . 47
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Preface

The demand for fossil fuels for utilization in industry, agriculture, transportation, and private

sectors is sharply increasing globally. An insufficient fuel supply can be alleviated by employing

alternative fuels. In the future bio-based society, an extensive range of challenges will have to

be solved using novel biological solutions. For example, bioethanol is a liquid biofuel produced

from biomass via the microbial fermentation of various biomass substrates, such as lignocelluloses.

Millions of tons of agro-industrial waste byproducts are generated by agricultural practices using

lignocellulose biomasses annually worldwide. The straws of crops are paradigms of agro-industrial

waste byproducts containing lignocelluloses. Among the core technologies employed for these

transformations are the fungal production of proteins, metabolites and chemicals, and biological

processing. However, there remains a significant gap in our knowledge regarding the biological and

chemical properties of fungi. Thus, this Special Issue discusses the latest knowledge and advances

in fungal biotechnology and application. This Special Issue provides a platform for innovative

academics, engineers, and industrial experts in the field of fungal biotechnology and food science

to exchange new ideas and present their research results. This Special Issue includes nine original

research papers and four reviews reflecting recent findings in the field.

With the increase in the world’s population, the demand for industrialization has also

enhanced humans’ living standards. Fungi are considered a source of the essential constituents

able to produce biocatalytic enzymes, including amylases, proteases, lipases, and cellulases, that

offer broad-spectrum industrial and emerging applications. Emerging evidence has revealed that

CRISPR/Cas9 technology has been successfully developed in various filamentous fungi and higher

fungi for the purpose of editing specific genes. In addition to their medical importance, fungal

proteases are extensively employed in various industries, such as in the preparation of butter, fruits,

juices, and cheese, and in order to increase the shelf life of foods. It has been concluded that the

hydrolysis of proteins in industries is one of the most significant applications of fungal enzymes,

which has led to the substantial application of proteomics.

Overall, this Special Issue provides an up-to-date overview of research related to fungal

biotechnologies and their application in the production of bioenergy and the utilization of

agro-industrial waste, among others. We would like to take this opportunity to thank Prof. David S.

Perlin, the Editor-in-Chief of the Journal of Fungi, for giving us this great opportunity to publish this

Special Issue entitled “Fungal Biotechnology and Application”. We also appreciate the contributions

submitted by microbiological experts and congratulate them for their significant findings and hard

work. We also owe our peer reviewers a huge debt of gratitude for their insightful comments, which

helped to enhance the quality of the manuscripts published in this Special Issue.

Baojun Xu

Editor
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The demand for fossil fuels for industry, agriculture, transportation, and private
sectors is sharply increasing globally. An insufficient fuel supply can be alleviated using
alternative fuels. In the future bio-based society, a wide range of challenges will have
to be solved by new biological solutions. For example, bioethanol is a liquid biofuel
produced from biomass via the microbial fermentation of various biomass substrates, such
as lignocelluloses [1]. Millions of tons of agro-industrial waste byproducts are generated
annually from agricultural practices on lignocellulose biomasses worldwide. Straws of
crops are paradigms of agro-industrial waste byproducts containing lignocelluloses [2,3].
Among the core technologies for these transformations are the fungal production of proteins,
metabolites and chemicals and biological processing. However, there is still a significant
gap in our knowledge about the biological and chemical properties of fungal. Thus, this
Special Issue discusses the latest knowledge and critical thinking on fungal biotechnology
and its applications. This Special Issue provides an enabling platform for innovative
academics, engineers and industrial experts in the field of fungal biotechnology and food
science to exchange new ideas and present research results. This Special Issue includes
nine original research papers and four reviews on recent findings in the field.

The thermotolerant yeast Saccharomyces cerevisiae has received considerable interest for
industrial ethanol production. In a study conducted by Boonchuay et al. [1], an effective
thermotolerant yeast strain S. cerevisiae TC-5 was selected for bioethanol production under
elevated temperatures via simultaneous saccharification and fermentation SSF and the
use of cellulose-rich corncob (CRC) residue. The maximum ethanol concentration and
ethanol productivity values were 31.96 g/L and 0.222 g/L/h, respectively. In another
study [4], a cDNA library was constructed from the mRNA of a methylotrophic yeast,
Ogataea polymorpha, and then introduced into S. cerevisiae using horizontal gene transfer
technology, a process through which an organism acquires genes from other organisms.
The results confirmed that heat tolerance in yeast is a complex phenotype dependent on
multiple quantitative loci. Artificial random gene transfer can emerge as a valuable tool
in yeast bioengineering to investigate the background of complex phenotypes, such as
heat tolerance.

As β-glucosidases represent the major bottleneck for the industrial degradation of
plant biomass, great efforts are being devoted to developing efficient and inexpensive
ways to produce them. In their study, Méndez-Líter et al. [5] utilized raw glycerol as an
appropriate carbon source to produce efficient enzyme cocktails with high β-glucosidase
levels using the fungus Talaromyces amestolkiae. The crude enzyme was successfully used to
supplement a basal commercial cellulolytic cocktail for the saccharification of pretreated
wheat straw, corroborating that even hardly exploitable industrial wastes, such as glycerol,
can be used as secondary raw materials to produce valuable enzymatic preparations in a
framework of the circular economy.

A research work [3] highlighted the valorization of the bulky recalcitrant lignocellulose
byproduct of wheat straw (WS) for the enhanced production of value-added xylanase by
the locally sourced novel Penicillium chrysogenum strain A3 DSM105774. The optimized
production of xylanase via a submerged state of fermentation of WS was achieved using a
three-step statistical and sequential approach.

J. Fungi 2023, 9, 871. https://doi.org/10.3390/jof9090871 https://www.mdpi.com/journal/jof
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Solid state fermentation (SsF) is recognized as a suitable process to produce enzymes
using organic residues as substrates. However, only a few studies have integrated an
evaluation of the feasibility of applying enzymes produced by SsF into subsequent hy-
drolyses followed by the production of target compounds, e.g., lactic acid (LA), through
submerged-liquid fermentations (SmF). In another study [6], wheat bran (WB) was used as
the substrate to produce enzymes via SsF by Aspergillus awamori DSM No. 63272. These
enzymes were then used for the hydrolysis of the organic fraction of municipal solid waste
(OFMSW). Subsequently, hydrolysates were fermented in SmF by Bacillus coagulans A166,
increasing the LA concentration by 15.59 g/L. The data reported in this study provide an
example of how SsF and SmF technologies can be combined for the valorization of WB
and OFMSW.

The potential of rose flowers and lavender straw waste biomass was studied [7] as feed
for lignocellulose substrates for the cultivation of the newly isolated Ganoderma resinaceum
GA1M in Bulgaria, with the objective of obtaining mycelium-based bio-composites.

The bicarbonate (HCO3
−) transporter family, including the anion exchanger (AE)

group, is involved in multiple physiological processes through regulating acid–base home-
ostasis. HCO3

− transporters have been extensively studied in mammals, but fungal
homologues of AEs are poorly understood. Dang et al. characterized the AE group
member (MoAE4) in Magnaporthe oryzae. MoAE4 exhibits more sequence and structure
homologies with the reported AE4 and BOR1 proteins [8]. Summarily, the data delin-
eate a cytomembrane- and tonoplast-located HCO3

− transporter, which is required for
development and pathogenicity in M. oryzae, revealing a potential drug target for blast
disease control.

MicroRNA plays an important role in multifarious biological processes by regulating
their corresponding target genes. However, the biological function and regulatory mecha-
nism of fungal microRNA-like RNAs (milRNAs) remain poorly understood. In a study [9],
combined with deep sequencing and bioinformatics analysis, milRNAs and their targets
from Trichoderma guizhouence NJAU 4742 were isolated and identified under solid-state
fermentation (SSF) using rice straw as the sole carbon source. The authors concluded that
Tr-milRNA1 from NJAU 4742 improved lignocellulose utilization under heat stress by
regulating the expression of the corresponding target gene Trvip36. These findings might
open avenues for exploring the mechanism of lignocellulase secretion in filamentous fungi.

Light is perceived by photoreceptors in fungi and further integrated into the stress-
activated MAPK HOG pathway, and thereby potentially activates the expression of genes
for stress responses. The precise control of light conditions can likely improve the conidial
yield and stress resistance to guarantee the low cost and long shelf life of Trichoderma-based
biocontrol agents and biofertilizers. In a study [10], effects of wavelengths and intensities
of light on conidial yield and stress tolerance to osmotic, oxidative and pH stresses in
Trichoderma guizhouense were investigated. The authors found that blue light increased the
conidial yield more than 1000 folds as compared to dark conditions and simultaneously
enhanced conidial stress resistance.

Enzymatic catalysis is one of the main pillars of sustainability for industrial production.
Enzyme application allows the use of toxic solvents to be minimized and the valorization of
agro-industrial residues through reuse [11]. In addition, the enzymes are safe and energy-
efficient. Nonetheless, their use in biotechnological processes is still hindered by their
cost, stability and low rate of recycling and reuse. Among the many industrial enzymes,
fungal laccases (LCs) are perfect candidates to serve as a biotechnological tool, as they are
outstanding, versatile catalytic oxidants, only requiring molecular oxygen to function. Loi
et al. [11] presented an overview of fungal LC (a promising green and sustainable enzyme),
its mechanism of action, advantages, disadvantages, and solutions for its use as a tool to
reduce the environmental and economic impact of industrial processes with a particular
insight on the reuse of agro-wastes.

As a fundamental mineral element for cell growth and development, iron is available
for uptake as ferric ions, which are usually oxidized into complex oxyhydroxide polymers,

2
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insoluble under aerobic conditions. In these conditions, the bioavailability of iron is
dramatically reduced. As a result, microorganisms face problems of iron acquisition,
especially under low concentrations of this element. However, some microbes have evolved
mechanisms for obtaining ferric irons from the extracellular medium or environment by
forming small molecules often regarded as siderophores. Pecoraro et al. systematically
reviewed biosynthesis pathways, transport mechanisms and biotechnological applications
of fungal siderophores [12].

With the increasing world population, demand for industrialization has also increased
to meet humans’ living standards. Fungi are considered a source of essential constituents to
produce biocatalytic enzymes, including amylases, proteases, lipases, and cellulases, with
broad-spectrum industrial and emerging applications. Naeem et al. discussed the origin,
nature, mechanism of action, emerging aspects of genetic engineering for designing novel
proteases, genome editing of fungal strains through CRISPR technology, present challenges
and future recommendations of fungal proteases [13]. The emerging evidence revealed
that CRISPR/Cas9 technology had been successfully developed in various filamentous
fungi and higher fungi for the editing of specific genes. In addition to medical importance,
fungal proteases are extensively used in different industries such as foods to prepare butter,
fruits, juices and cheese, and to increase their shelf life. It is concluded that hydrolysis of
proteins in industries is one of the most significant applications of fungal enzymes that led
to massive usage of proteomics.

Alternaria is a ubiquitous fungal genus in many ecosystems, consisting of species and
strains that can be saprophytic, endophytic or pathogenic to plants or animals, including
humans. Alternaria species can produce a variety of secondary metabolites (SMs), especially
low-molecular-weight toxins. Wang et al. [14] reviewed the recent advances in Alternaria
phytotoxins, which covered the classification, chemical structure, occurrence, bioactivity
and biosynthesis of the major Alternaria phytotoxins.

Overall, this Special Issue provides up-to-date findings related to fungal biotechnolo-
gies and their application in bioenergy production, agro-industrial waste utilization, etc.
We would like to take this opportunity to thank Prof. David S. Perlin, the Editor-in-Chief of
the Journal of Fungi, for giving us this great opportunity to publish a Special Issue “Fungal
Biotechnology and Applications”. We also appreciate the contributions from microbiologi-
cal experts and congratulate them for their significant findings and hard work. We also
owe our peer reviewers a huge debt of gratitude for their insightful comments that helped
to improve the quality of manuscripts published in this issue.
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Abstract: Horizontal gene transfer, a process through which an organism acquires genes from other
organisms, is a rare evolutionary event in yeasts. Artificial random gene transfer can emerge as a
valuable tool in yeast bioengineering to investigate the background of complex phenotypes, such as
heat tolerance. In this study, a cDNA library was constructed from the mRNA of a methylotrophic
yeast, Ogataea polymorpha, and then introduced into Saccharomyces cerevisiae. Ogataea polymorpha
was selected because it is one of the most heat-tolerant species among yeasts. Screening of S. cere-
visiae populations expressing O. polymorpha genes at high temperatures identified 59 O. polymorpha
genes that contribute to heat tolerance. Gene enrichment analysis indicated that certain S. cerevisiae
functions, including protein synthesis, were highly temperature-sensitive. Additionally, the results
confirmed that heat tolerance in yeast is a complex phenotype dependent on multiple quantitative
loci. Random gene transfer would be a useful tool for future bioengineering studies on yeasts.

Keywords: Saccharomyces cerevisiae; cDNA library; heat tolerance; random gene transfer; Ogataea
polymorpha

1. Introduction

Horizontal gene transfer is a rare evolutionary event in yeast, in which functional
genes are acquired from other species [1]. Gene transfer among eukaryotes is a relatively
rare event that is limited by unknown barriers [2–4]. Genome analysis revealed that the
budding yeast Saccharomyces cerevisiae has acquired several genes from bacteria, such as
those encoding metabolite enzymes and transporters [5–7].

Artificial random gene transfer is a technique used in conventional genetic engineering
to identify valuable genes, such as those useful for metabolic engineering [8]. In addition,
the technique can help investigate the genetic background of quantitative traits, as many
loci, each with small effects, contribute to heat tolerance [9,10]. Transfer of a gene pool
would provide a list of genes that contribute to heat tolerance in the host yeast, and this list
of genes will help elucidate the genetic complexity behind the heat tolerance phenotype.

In this study, we used a cDNA library for a random gene transfer experiment [11].
The cDNA library was constructed from the mRNA of a methylotrophic yeast, Ogataea
polymorpha, and then introduced into S. cerevisiae. Saccharomyces cerevisiae is an industrial
host for bioethanol production. Since improved heat tolerance reduces the costs required
for cooling during fermentation [12], many genetic analyses and adaptive evolutionary
studies have been performed [13–15]. Ogataea polymorpha was selected because it can
grow at temperatures close to 50 ◦C and is one of the most heat-tolerant species among
yeasts [16,17]. Under high temperatures, screening the S. cerevisiae population identified
60 colonies showing improved heat tolerance and the corresponding O. polymorpha genes
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responsible for heat tolerance. Additionally, the list of genes uncovered the S. cerevisiae
functions that are sensitive to high temperatures.

2. Materials and Methods

2.1. Strains, Plasmids, and Yeast Transformation

The yeast strains and plasmids used in this study are listed in Table 1. Plasmids were
derived from pGK413, pGK414, or pGK416, in which gene expression is controlled by the
PGK1 promoter [18]. For the construction of cDNA libraries, O. polymorpha BY4329 cells
were cultured till the exponential growth phase in 5 mL of yeast extract-peptone-adenine-
dextrose (YPAD) medium and then harvested by centrifugation at 12,000× g for 5 min.
mRNA was extracted from the cells using the Ribo-Pure Yeast Kit (Thermo Fisher Scientific,
Waltham, MA, USA). Two overlapping regions for the In-Fusion method were added to
the three plasmids using the inverse PCR method with pGK413, pGK414, and pGK416 as
the templates and the primers pGK_inv_fw (TCTCATCGTACCCCGGAAATAAATT) and
pGK_inv_rv (AACTATGGTGACGAAGTTTTATATTTGTTG) [11]. A cDNA library was
constructed from the mRNA mixture and the amplicon of inverse PCR, using the In-Fusion
SMARTer Directional cDNA Library Construction Kit (Takara Bio, Inc., Shiga, Japan). The
In-Fusion mixture was introduced into Escherichia coli HST08 competent cells (Takara Bio,
Inc.) by electroporation at 25 μF and 2 kV. The pulse controller was set to 200 Ω using a
GenePulser (Bio-Rad Laboratories, Hercules, CA, USA). Ampicillin-resistant cells were
recovered from agar plates, from which the plasmid pools were prepared. The growth
conditions, DNA-related techniques, and the lithium-acetate method for transformation
have been described previously [19].

Table 1. Strains and plasmids used in this study.

Strain Name Genotype Source

Ogataea polymorpha BY4329 Leu1-1 Obtained from NBRP Yeast

Saccharomyces cerevisiae YPH499 MATa, ura3-52 lys2-801_amber ade2-101_ochre
trp1-Δ63 his3-Δ200 leu2-Δ1 Thermo Scientific

TT01 YPH499 (pGK416_BY4329 cDNA library) This study
TT02 YPH499 (pGK413_BY4329 cDNA library) This study
TT03 YPH499 (pGK414_BY4329 cDNA library) This study
TT01c YPH499 (pGK416) This study
TT02c YPH499 (pGK413) This study
TT03c YPH499 (pGK414) This study

Escherichia coli DH5α deoR endA1 gyrA96 hsdR17(rk-mk+) recA1 relA1
supE44 thi-1Δ(lacZYA-argFV169) ϕ80lacZΔM15 F-

Escherichia coli HST08
F,endA1, supE44, thi-1, recA1, relA1, gyrA96, phoA,

Φ80d lacZΔM15, Δ(lacZYA-argF) U169,
Δ(mrr-hsdRMS-mcrBC), ΔmcrA,λ–

Plasmids

pGK413
Yeast expression vector containing PGK1 promoter,

origin, ARS4/CEN6 HIS3 marker, no expression
(control plasmid)

[18]

pGK414
Yeast expression vector containing PGK1 promoter,

origin, ARS4/CEN6 TRP1 marker, no expression
(control plasmid)

[18]

pGK416
Yeast expression vector containing PGK1 promoter,
origin, ARS4/CEN6 URA3 marker, no expression

(control plasmid)
[18]

2.2. Culture Conditions

All strains were cultured in YPAD medium (1% Bacto yeast extract, 2% Bacto peptone,
2% glucose, and 0.004% adenine) and synthetic dextrose (SD) medium (0.67% yeast nitrogen
base without amino acids and 2% or 0.5% glucose, as necessary, 0.006% leucine, 0.003%
lysine hydrochloride, 0.002% histidine, 0.004% adenine, 0.004% tryptophan, and 0.002%
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uracil). Yeast cells grown on the agar plate were cultured in 5 mL of SD medium containing
the required amino acids overnight at 30 ◦C and 150 rpm. To screen for cell growth, the
transformants were cultured overnight in SD agar medium containing amino acids at 39 ◦C
or 39.5 ◦C in an incubator (TVA360DB, ADVANTEC, Tokyo, Japan).

2.3. Construction of Screening System for the Heat-Resistant Evolved Strain

Saccharomyces cerevisiae YPH499 was transformed with the cDNA library of O. polymor-
pha using the lithium-acetate method and then cultured for several days in SD agar medium
to obtain colonies of transformants. From the original SD agar plates, replica plates were
prepared on other SD agar plates using the replica plating method. The replicas were cul-
tured at 39 ◦C or 39.5 ◦C. The plasmids in the selected transformants were extracted using
the Easy Yeast Plasmid Isolation Kit (Takara). Each plasmid was introduced into E. coli
HST08 competent cells and cultured in L medium containing 5 mL ampicillin. Plasmid
purification was performed using LaboPass Mini (Hokkaido System Science), and sequence
analysis was performed using the PGK 5′ primer (TAGTTTTTCAAGTTCTTAGA) and
PGK 3′ primer (CTATTATTTTAGCGTAAAGG). For each plasmid, the corresponding O.
polymorpha gene was identified using the BLAST search function in the UniProt database, in-
cluding O. polymorpha genome information (http://www.uniprot.org/ accessed on 13 April
2021) [17]. Saccharomyces cerevisiae orthologs were identified using the BLAST search of
the Saccharomyces Genome Database (SGD, https://www.yeastgenome.org/ accessed on
13 April 2021). Gene enrichment analysis was performed using the over-representation
analysis function of the WebGestalt web tool (http://www.webgestalt.org/ accessed on
13 April 2021) [20]. The Gene Ontology (GO) dataset of all O. polymorpha proteins was
retrieved from the UniProt database. The Benjamini-Hochberg (GH) method was used to
evaluate the false discovery rate (FDR).

2.4. Confirmation of Reproducibility by Spot Method

Transformants were inoculated on SD agar medium containing 20 g/L glucose and
cultured at 30 ◦C for two days. A single colony grown on the plate was inoculated into
a test tube containing 5 mL of SD medium and precultured at 30 ◦C and 150 rpm. The
preculture solution was then centrifuged at 3000 rpm and 4 ◦C. The collected transformants
were suspended in sterile distilled water. Suspensions (6 μL) were then spotted onto SD
agar medium supplemented with the appropriate amino acids and incubated at 39 ◦C or
higher for five days.

3. Results

3.1. Comparison of Vectors for Artificial Random Gene Transfer

For the construction of an O. polymorpha cDNA library, three CEN/ARS plasmid
vectors (single copy-type), namely pGK416 (possessing URA3), pGK413 (possessing HIS3),
and pGK414 (possessing TRP1), were employed [18]. Because the relationship between
amino acid auxotrophy and heat tolerance was expected, three control strains possessing
pGK416, pGK413, and pGK414 (strains TT01c, TT02c, and TT03c, respectively) were
constructed from the S. cerevisiae YPH499 strain and cultured on agar plates to compare
their heat tolerance phenotypes (Figure 1A,B). The TT01c and TT02c strains were able
to grow at 39 ◦C but failed to grow at 39.5 ◦C. However, many colonies that grew at
39 ◦C showed an abnormally wet phenotype. The upper growth limit of TT03c was 38 ◦C
(Figure 1C). These results showed that the amino acid auxotrophy of S. cerevisiae affected
the heat tolerance of yeast for as yet unknown reasons.
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Figure 1. Colonies on replica plates of control strains cultivated under high temperature conditions
for one week. (A) TT01c (YPH499 (pGK416)) cultured at 39 ◦C. (B) TT02c (YPH499 (pGK413)) cultured
at 39 ◦C. (C) TT03c (YPH499 (pGK414)) cultured at 38 ◦C.

3.2. Screening of Heat-Tolerant S. cerevisiae Strains Expressing O. polymorpha cDNA

A cDNA library was constructed from the O. polymorpha BY4329 strain. The cDNA
fragments were inserted into pGK416, pGK413, and pGK414, which were then introduced
into the S. cerevisiae YPH499 strain to produce three populations possessing O. polymorpha
cDNA (TT01, TT02, and TT03, respectively). Approximately 400 colonies grew on each
selection plate, and a replica plate was prepared using the replica plating technique. A total
of 50–80 replica plates consisting of approximately 20,000–32,000 colonies were prepared
for each population (TT01, TT02, and TT03).

The replica plates were incubated at 39.5 ◦C for the TT01 and TT02 populations and at
39 ◦C for the TT03 population. After one week, no colonies were obtained from the TT02
population. In contrast, 11 and 49 colonies were obtained on the replica plates of the TT01
and TT03 populations, respectively. No colonies were identified after additional screening
at higher temperatures.

Following the collection of plasmid vectors from the 60 colonies, sequences of open
reading frames of the cDNAs were determined to identify the corresponding O. polymorpha
genes, S. cerevisiae ortholog genes, and their putative functions using the BLAST search
of UniProt and SGD databases (Tables 2 and S1) [17]. Among the 60 colonies, an identical
gene (OGAPODRAFT_52470, an ortholog of S. cerevisiae QCR8 ubiquinol-cytochrome c
reductase subunit 8) was identified from two independent colonies (TT01-2 and TT01-8).
The cDNAs obtained from four colonies (TT03-46, -47, -48, and -49) had poor homology to
all S. cerevisiae ORFs (E-value < 1.0 × 10−3), suggesting that these cDNAs were derived
from O. polymorpha-specific genes.

Table 2. Annotation of O. polymorpha genes obtained from colonies of heat-tolerant S. cerevisiae expressing O. polymorpha cDNA (1).

Colony ID Gene ID of O. polymorpha (2) S. cerevisiae
Ortholog (3) Functional Annotation of S. cerevisiae Ortholog

TT01-1 OGAPODRAFT_7331 CAF20 cap-associated protein CAF20
TT01-2 OGAPODRAFT_52470 QCR8 ubiquinol-cytochrome c reductase subunit 8
TT01-3 OGAPODRAFT_16764 ALD4 aldehyde dehydrogenase
TT01-4 HPODL_02546 RPL16A 60S ribosomal protein L16-B
TT01-5 HPODL_00806 GUP1 acyltransferase
TT01-6 OGAPODRAFT_17522 THO1 SAP domain-containing ribonucleoprotein
TT01-7 OGAPODRAFT_12972 HSP10 chaperonin GroES
TT01-8 OGAPODRAFT_52470 QCR8 ubiquinol-cytochrome c reductase subunit 8
TT01-9 HPODL_02610 CYT1 cytochrome c1, heme protein, mitochondrial
TT01-10 HPODL_04437 FRK1 serine/threonine protein kinase
TT01-11 OGAPODRAFT_15309 PAF1 RNA polymerase II-associated factor 1
TT03-1 HPODL_02637 GRS1 glycine–tRNA ligase 1, mitochondrial
TT03-2 HPODL_00026 NAP1 histone chaperone NAP1
TT03-3 HPODL_05027 NAB2 mRNA-binding protein NAB2
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Table 2. Cont.

Colony ID Gene ID of O. polymorpha (2) S. cerevisiae
Ortholog (3) Functional Annotation of S. cerevisiae Ortholog

TT03-4 HPODL_03235 ERV25 p24 family protein delta-1
TT03-5 HPODL_05028 RPS2 ribosomal 40S subunit protein S2

TT03-6 OGAPODRAFT_25583 RIB3 3,4-dihydroxy-2-butanone-4-phosphate
synthase RIB3

TT03-7 HPODL_03162 ACB1 long-chain fatty acid transporter ACB1
TT03-8 HPODL_01585 RAD4 DNA repair protein RAD4
TT03-9 HPODL_00194 MRP7 mitochondrial 54S ribosomal protein YmL2

TT03-10 HPODL_02367 RPS31 ubiquitin-ribosomal 40S subunit protein S31
fusion protein

TT03-11 OGAPODRAFT_76806 CYT2 cytochrome c1 heme lyase CYT2
TT03-12 OGAPODRAFT_92206 PSA1 mannose-1-phosphate guanylyltransferase
TT03-13 HPODL_01049 GRX6 glutathione-disulfide reductase GRX6
TT03-14 HPODL_00042 RPL7A ribosomal 60S subunit protein L7A
TT03-15 HPODL_04105 RPL42A ribosomal 60S subunit protein L42A
TT03-16 OGAPODRAFT_17069 PTI1 cleavage polyadenylation factor subunit PTI1
TT03-17 HPODL_01073 ANB1 translation elongation factor eIF-5A
TT03-18 HPODL_02594 MMF1 isoleucine biosynthesis protein MMF1
TT03-19 OGAPODRAFT_102344 PGK1 3-phosphoglycerate kinase

TT03-20 (4) HPODL_02458 SOD2 superoxide dismutase SOD2
TT03-21 (4) HPODL_02693 PFK26 6-phosphofructo-2-kinase

TT03-22 HPODL_02169 TAF9 transcription initiation factor TFIID subunit 9
TT03-23 (4) HPODL_01966 RAD6 E2 ubiquitin-conjugating protein RAD6

TT03-24 HPODL_02705 RPL1A ribosomal 60S subunit protein L1A
TT03-25 (4) HPODL_01497 ASC1 guanine nucleotide-binding protein subunit beta

TT03-26 HPODL_01957 MET5 sulfite reductase (NADPH) subunit beta

TT03-27 OGAPODRAFT_75779 CEP3 centromere DNA-binding protein complex CBF3
subunit B

TT03-28 HPODL_03364 RPL23B ribosomal 60S subunit protein L23B
TT03-29 (4) HPODL_00942 RPP2B ribosomal protein P2B

TT03-30 HPODL_01497 ASC1 guanine nucleotide-binding protein subunit beta
TT03-31 HPODL_02465 SER2 phosphoserine phosphatase
TT03-32 OGAPODRAFT_74529 STE5 pheromone-responsive MAPK scaffold protein

TT03-33 (4) HPODL_03495 ACC1 acetyl-CoA carboxylase
TT03-34 OGAPODRAFT_16247 DEG1 pseudouridine synthase DEG1
TT03-35 OGAPODRAFT_76195 STM1 Uncharacterized protein

TT03-36 OGAPODRAFT_17428 SLM1 phosphatidylinositol
4,5-bisphosphate-binding protein

TT03-37 OGAPODRAFT_15585 RPS26A ribosomal 40S subunit protein S26A
TT03-38 HPODL_03366 SNF3 high-affinity glucose transporter SNF3
TT03-39 HPODL_03527 IDP1 isocitrate dehydrogenase (NADP(+))

TT03-40 (4) OGAPODRAFT_7594 SOM1 mitochondrial export protein Som1
TT03-41 HPODL_02149 ETR1 trans-2-enoyl-CoA reductase
TT03-42 HPODL_04585 MYO5 myosin-5
TT03-43 HPODL_01873 SBA1 hsp90 cochaperone SBA1

TT03-44 (4) HPODL_01380 PRY2 sterol-binding protein
TT03-45 HPODL_01021 RPS27B ribosomal 40S subunit protein S27B
TT03-46 HPODL_02251 n.d. n.d.
TT03-47 HPODL_04413 n.d. n.d.

TT03-48 (4) OGAPODRAFT_16908 n.d. n.d.
TT03-49 (4) OGAPODRAFT_15905 n.d. n.d.
(1) Full data are shown in Table S1. (2) Ogataea polymorpha genes were identified using the BLASTN function of UniProt. Partial nucleotide se-
quences were used as queries. (3) Saccharomyces cerevisiae orthologs were identified using the BLASTP function of SGD (E-value < 1.0 × 10−4).
The full amino acid sequences of the O. polymorpha gene products were used as queries. (4) Corresponding strain was reconstructed for
confirmation, as shown in Figure 2.

Functional categorization of the annotation list revealed that the transferred cD-
NAs encoded genes involved in various functions such as metabolism (for example,
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HPODL_02693 encoding 6-phosphofructo-2-kinase, obtained from colony ID TT03-21),
translation (HPODL_00942 encoding ribosomal protein P2B, obtained from colony ID TT03-
29), electron transport chain (HPODL_02610 encoding cytochrome c1, obtained from colony
ID TT01-9), and protein quality control (OGAPODRAFT_12972 encoding the chaperonin
GroES, obtained from colony ID TT01-7).

Gene enrichment analysis was performed using the GH method to control the FDR.
The results showed that genes encoding ribosomal proteins and other proteins involved
in translation were overrepresented in the list of 59 O. polymorpha genes, with 11 (19%)
and 9 (15%) cDNAs encoding genes related to the GO terms “structural constituent of
ribosome” and “translation”, respectively (Table 3).

Table 3. Gene enrichment analysis of the list of 59 O. polymorpha genes.

GO Term
False Discovery

Rate (FDR)
Number of

Matches

structural constituent of ribosome GO:0003735 0.000014579 11
translation GO:0006412 0.00028796 9
ribosome GO:0005840 0.047143 6

3.3. Reconstruction of Heat-Tolerant S. cerevisiae Strains

The S. cerevisiae strains listed in Table 2 were reconstructed to check the false-positive
rate derived from the screening approach. For this purpose, 10 out of the 49 plasmid
vectors were randomly selected from the TT03 populations and then introduced into
the YPH499 strains. The heat tolerance of the reconstructed strains was investigated
using a spot assay under high temperature conditions (Figure 2). Although 5-fold serial
dilutions were employed to confirm differences in heat tolerance, we found that almost
all reconstructed strains tended to be more tolerant to high temperatures (39 ◦C) than the
control strain (TT03c). These results suggest that the false-positive rate was low enough in
the screening approach.

Figure 2. Heat tolerance of reconstructed strains. The dilution series was employed to confirm differences in heat tolerance.
Samples were withdrawn from cultures, and their OD600 values were adjusted to 20. Five-fold serial dilutions of these
cultures were prepared in sterile distilled water, and 6 μL each of the cultures at OD600 = 20 and their dilutions were spotted
onto SD plates without tryptophan. The plates were then incubated at 39 ◦C for 5 days and photographed.

4. Discussion

In this study, we introduced a cDNA library derived from O. polymorpha into
S. cerevisiae. Screening of the S. cerevisiae populations expressing the O. polymorpha cDNA li-
brary under high temperature conditions resulted in 60 colonies showing improved heat tol-
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erance and identification of the O. polymorpha genes responsible for heat tolerance (Figure 2
and Table 2). These results reveal three aspects of the high temperature tolerance of
S. cerevisiae.

First, we identified 59 candidate genes in O. polymorpha that contribute to heat tol-
erance. However, these results do not imply that the heat stability of proteins is derived
from these genes. Since a strong promoter (PGK1 promoter) was used to express cDNA,
a large amount of overexpressed proteins might have also contributed to heat tolerance.
Further genetic and biochemical characterization is needed to examine the heat stability
of the proteins expressed from the candidate genes. Moreover, this experiment failed to
transfer all O. polymorpha genes to S. cerevisiae because the cDNA library used in this study
was collected from O. polymorpha in exponential growth phase at 30 ◦C. More candidate
genes are likely to be obtained using more comprehensive cDNA libraries prepared from
O. polymorpha, for instance, under high temperature conditions.

Second, the genes identified in this study revealed the S. cerevisiae functions that
are sensitive to high temperatures, because these functions were complemented by the
expression of corresponding genes derived from O. polymorpha. Gene enrichment analysis
showed that many of the S. cerevisiae proteins sensitive to high temperatures were ribosomal
proteins and those involved in other steps of translation. Previous studies have reported
that genes related to chaperonins [21], superoxide dismutase [22], ubiquitination [23], nitric
oxide [24], H+-ATPase [25], and trehalose biosynthesis [26,27] were responsible for the
heat tolerance of S. cerevisiae. While genes encoding chaperonin (TT01-7) and superoxide
dismutase (TT03-20) were found, genes responsible for other functions such as H+-ATPase
activity and trehalose biosynthesis were not found in the present study (Table 2). These
results indicate that chaperonins, superoxide dismutase, ribosome, and translation may be
additional targets for improving the heat tolerance of S. cerevisiae.

Thirdly, our results highlight that heat tolerance in yeasts is a complex phenotype
that is controlled by multiple genes. This supports the idea that the improvement of heat
tolerance in S. cerevisiae requires the expression of multiple heat-stable proteins. This
study demonstrated that random gene transfer is a helpful laboratory evolution tool for
investigating the genetic background of complex phenotypes, as well as for enabling future
bioengineering studies.

Supplementary Materials: The following are available online at https://www.mdpi.com/article/
10.3390/jof7040302/s1, Table S1: Annotation of O. polymorpha genes obtained from colonies of heat
tolerant S. cerevisiae expressing O. polymorpha cDNA.
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Abstract: As β-glucosidases represent the major bottleneck for the industrial degradation of plant
biomass, great efforts are being devoted to discover both novel and robust versions of these enzymes,
as well as to develop efficient and inexpensive ways to produce them. In this work, raw glycerol from
chemical production of biodiesel was tested as carbon source for the fungus Talaromyces amestolkiae
with the aim of producing enzyme β-glucosidase-enriched cocktails. Approximately 11 U/mL β-
glucosidase was detected in these cultures, constituting the major cellulolytic activity. Proteomic
analysis showed BGL-3 as the most abundant protein and the main β-glucosidase. This crude enzyme
was successfully used to supplement a basal commercial cellulolytic cocktail (Celluclast 1.5 L) for
saccharification of pretreated wheat straw, corroborating that even hardly exploitable industrial
wastes, such as glycerol, can be used as secondary raw materials to produce valuable enzymatic
preparations in a framework of the circular economy.

Keywords: biodiesel by-products; cellulases; fungi; hydrolases; wastes

1. Introduction

The current generation of wastes at worldwide level is a direct consequence of the
inefficient use of natural resources in human activities. Industry has traditionally focused
on the production of goods and services, consuming raw materials and generating wastes
that remain in the environment. Valorization of the wide variety of mankind-produced
waste has become an essential task for a sustainable world [1]. On the other hand, the
need for energy and commodities is continuously increasing, while fossil fuels reserves
are declining and finite. Therefore, it is imperative to learn how to use waste from other
processes as secondary raw materials to produce alternative energy sources and materials.

Many carbon-rich industrial or urban residual streams are susceptible to re-valorization
into value added products. In this sense, biodiesel is a renewable biofuel that can be pro-
duced from vegetal oils, animal fat, synthetic algae, or cooking oil waste [2]. In fact, fuels
from renewable biomass are the cleanest sources of energy, having the potential to reduce
the amount of CO2, nitrogen oxides (NOx), sulfur oxides (SOx), CO, and other hazardous
particles released to the atmosphere compared with fossil diesel [3]. One of the main prob-
lems derived from industrial production of biodiesel is the generation of huge amounts of
glycerol as byproduct (10:1 ratio). The global biodiesel production has increased during
the last decade, reaching more than 30.8 Mm3 in 2016, and its production will achieve
41 Mm3 in 2022 [2], which will be translated into millions of m3 of glycerol. Then, in
the global market, glycerol has become an abundant raw material to be used, mainly in
the chemical industry. However, the current industrial process for synthesis of biodiesel
generates a by-product containing about 70–80% glycerol together with water, catalysts,
fatty acids, and salts. This makes the commercialization and valorization of this by-product
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difficult, since the glycerol required as raw material for pharmaceutical, cosmetic, and food
industries requires high purity standards.

As the structural component of many lipids, glycerol is widely found in nature and
some microorganisms can naturally use it to grow in the absence of additional carbon
sources. These organisms can be potent tools for bioconversion of glycerol from biodiesel
manufacturing into valuable microbial products, such as enzymes with industrial interest,
medicinal drugs, antibiotics, and other chemicals [4–6]. Glycerol has substituted typical
carbohydrates, such as sucrose or glucose, in industrial fermentations for production of
1,3-propanediol, dihydroxyacetone, succinic acid, propionic acid, citric acid, pigments,
polyhydroxyalkanoates, biosurfactants, docosahexaenoic acid, lipids, or syngas [7].

On the other hand, lignocellulosic biomass can be converted into fermentable sugars
by the synergistic action of a battery of enzymes including, exo- and endoglucanases and
β-glucosidases, as well as other auxiliary enzymes [8]. Among them, β-glucosidases are
essential to release free glucose, but commercial cellulase preparations, especially those
from Trichoderma spp., are usually deficient in this activity and must be supplemented to
increase their efficiency in saccharification processes. In this context, Talaromyces amestolkiae
has been studied for its ability to secrete a powerful cellulosic cocktail with several β-
glucosidases depending on the carbon source in the culture media [9]. Analysis of the
secretomes released in those media revealed two mayor β-glucosidases. One of them,
named as BGL-2, was induced exclusively by cellulosic substrates [10], while the other,
BGL-3, was produced independently of culture carbon source [11]. BGL-3 is a versatile
1,4-β-glucosidase that has proved to be very efficient for saccharification of wheat straw,
but also highly active over 1,3-β-glucose bonds [11].

In this work we propose the use of raw glycerol as an appropriate carbon source
to produce efficient enzyme cocktails with high β-glucosidase levels using the fungus T.
amestolkiae. The efficiency of these cocktails for degradation of lignocellulosic residues
was evaluated, and plant biomass valorization is discussed in the framework of a circular
economy approach.

2. Materials and Methods

2.1. Chemicals, Microorganisms, Culture Media, and Crude Enzyme Extract Production

Raw glycerol was obtained by separation of biodiesel after chemical transesterification
of waste cooking oil and sodium metoxide [12]. It was directly supplied as carbon source
in a basal medium for fungal growth. All other chemicals used in this work were of reagent
grade and purchased from Sigma-Aldrich.

T. amestolkiae was isolated from cereal waste and included in the collection of the
Institute Jaime Ferrán of Microbiology (IJFM) with the number A795. For spore production,
the fungus was grown in potato dextrose agar (PDA, Difco) for 5 days at 28 ◦C, and a
suspension was obtained by placing 1 cm2 agar in 5 mL of a 1% NaCl solution with 0.1%
of Tween 80. Pre-inocula were prepared by inoculating 200 μL of this homogenous spore
suspension in 250 mL flasks containing 50 mL of corn steep solid (CSS) medium (40 g/L
glucose, 0.4 g/L FeSO4·7H2O, 9 g/L (NH4)2SO4, 4 g/L K2HPO4, 26.3 g/L corn steep solid,
7 g/L CaCO3, and 2.8 mL/L soybean oil), previously autoclaved at 110 ◦C for 20 min. The
cultures were incubated at 28 ◦C and 250 rpm for 5 days.

Enzyme production was carried out in 1 L flasks containing 200 mL of Mandels mini-
mal medium (2.0 g/L KH2PO4, 1.3 g/L (NH4)2SO4, 0.3 g/L urea, 0.3 g/L MgSO4·7H2O,
0.3 g/L CaCl2, 5 mg/L FeSO4·7H2O, 1.6 mg/L MnSO4·H2O, 1.4 mg/L ZnSO4·7H2O, and
1 g/L Bacto peptone) [13], supplemented with 0.5%, 1%, and 2% (w/v) raw glycerol as the
carbon source, both unbuffered (pH 4.5) and buffered with 100 mM sodium phosphate
pH 6. After autoclaving at 121 ◦C for 20 min, which was also useful for glycerol sterilization,
the flasks were inoculated with 2 mL of the pre-inoculum, and incubated at 28 ◦C and
250 rpm for 10 days, taking 1.5 mL aliquots daily for analytical determinations. After that
time, cultures were filtered, concentrated, and dialyzed against a pH 4 sodium acetate
buffer at 10 mM to produce the enzymatic cocktails. Concentration was achieved using an
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ultrafiltration cell (Amicon, Merck–Millipore, Kenilworth, NJ, USA) with a polysulfone
membrane (3 kDa cut-off, Millipore). The process was carried out with gentle stirring,
using nitrogen gas for pressure (2 bar).

2.2. Determination of Biomass, Proteins, Enzyme Activity, and Glycerol Consumption

Aliquots from the cultures were centrifuged and filtered. The content of T. amestolkiae
biomass in the different samples was determined from the dry weight of the lyophilized
pellets. The other parameters were measured in the supernatants. Protein concentration
was evaluated by using the commercial Bio-Rad Bradford assay (dye reagent concentrate)
(Bio-Rad, CA, USA) and bovine serum albumin as the standard. β-glucosidase activity
was tested following the hydrolysis of 0.1% (w/v) p-nitrophenyl-β-D-glucopyranoside
(pNPG, Sigma, St. Louis, MO, USA) at 50 ◦C, in a 100 mM sodium acetate buffer at pH 4.
The reaction was stirred at 1200 rpm for 10 min in a Thermo shaker (T-100, SC-24 block),
stopped by adding 2% (w/v) (1.42% final concentration) of Na2CO3, and the p-nitrophenol
(pNP) released was spectrophotometrically measured at 410 nm (ε410 = 15,200 M−1 cm−1).
One unit of β-glucosidase activity was defined as the release of 1 μmol of pNP per minute.
Avicelase (as indicative of exocellulase activity) and β-1,4-endoglucanase activities were
measured by determining the release of reducing sugars by the Somogyi–Nelson method,
as previously described [9], with 1% Avicel (Merck–Millipore) or 3% low viscosity car-
boxymethylcellulose (Sigma), respectively, as substrates. One unit of activity was defined
as the corresponding to the release of 1 μmol of reducing sugar per minute. To deter-
mine glycerol consumption, the Glycerol Assay Kit (Sigma) was used according to the
manufacturer’s instructions.

All assays were performed in triplicate, and significant differences between sam-
ples were explored using Student’s t-test, considering a p value < 0.05 as the limit for
considering differences.

2.3. Proteomic Analysis of T. amestolkiae Secretomes

For proteomic analysis, samples from culture supernatants of T. amestolkiae grown
in Mandels medium plus 1% raw glycerol were analyzed. The process was carried out
as previously described [9], with some minor variations. In brief, 2 mL of the liquid
supernatants from 7-day-old cultures were centrifuged at 20,000× g for 10 min to remove
mycelium. Then, aliquots containing 5 μg of proteins were first dissolved in SDS-PAGE
loading buffer, denatured, loaded in a 12% SDS gel, and run for 10 min, in order to remove
non-protein compounds before the proteomic analysis. The whole protein band was excised
from the gel, cut in small pieces, and digested with trypsin overnight at 37 ◦C. Then the
peptides mixture was extracted and analyzed by nano-HPLC–MS/MS.

A NanoEasy HPLC (Proxeon Biosystems, Odense, Denmark), coupled to a nano-
electrospray ion source (Proxeon Biosystems), was used for all peptide separations. Samples
were loaded onto a C18-A1 ASY-Column 2 cm precolumn (Thermo Scientific, MA, USA)
and then eluted onto a Biosphere C18 column (C18, inner diameter 75 μm, 15 cm long,
3 μm particle size, Nano Separations, Nieuwkoop, Netherlands) as previously reported.
Full-scan MS spectra (m/z 300–1800) were acquired in the LTQ-Orbitrap Velos in the positive
ion mode (Figure S1).

Mass spectra files were searched in a specific database against the T. amestolkiae genome.
Precursor and fragments mass tolerance were set to 10 ppm and 0.5 Da, respectively. Search
parameters included a maximum of two missed cleavages allowed, carbamidomethylation
of cysteines as a fixed modification, and oxidation of methionine as a variable modification.
Peptides were validated through the algorithm Percolator [14], and only those with high
and medium confidence were admitted (FDR 0.05). Protein identifications were only
accepted if they contained at least two identified peptides. Results were inferred from
data obtained from two technical replicates from two different biological samples. Relative
quantification of the most abundant proteins in the samples analyzed was calculated from
the number of peptide spectrum matches (PSMs) corresponding to each protein [15,16].
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2.4. Saccharification of Pretreated Wheat Straw

The efficiency of T. amestolkiae enzyme cocktails as β-glucosidase supplements for sac-
charification was studied. For this, wheat straw subjected to three different pretreatments
was used (Figure 1A): (i) acidic wheat straw (abbreviated as AcSE), obtained by steam
explosion in the presence of dilute sulfuric acid (kindly provided by Abengoa Bioenergía,
Babilafuente, Salamanca); (ii) neutral wheat straw (abbreviated as SE), obtained by steam
explosion in the presence of water, also provided by Abengoa Bioenergía; (iii) and alkaline
wheat straw (abbreviated as AP), prepared as follows: 5 g of wheat straw was incubated
with 100 mL of 2% NaOH for 40 min and 110 ◦C using an autoclave, the solid material
was then washed three times with water, the pH was adjusted to 5 with sulfuric acid,
lyophilized, and stored. The composition of AP wheat straw was analyzed by sequential
fractionation. In this process, the contents of cellulose, hemicellulose, and Klason lignin
were determined through a quantitative acid hydrolysis [17]. In brief, the solid residue
(300 mg) was treated for 1 h with 3 mL of 13.5 M sulfuric acid (H2SO4) at 30 ◦C and 150 rpm.
Then, H2SO4 was diluted to 0.5 M and heated at 110 ◦C for 1 h. Sugars in the liquid fraction
were identified and quantified by gas chromatography [18]. The slurry remaining after acid
hydrolysis (Klason lignin) was washed until neutrality, oven dried at 55 ◦C, and weighted.
All analyses were carried out in triplicate.

Figure 1. (A) Scheme of different wheat straw pretreatments used for enzymatic saccharification and
(B) enzymatic doses used in the saccharification experiments.

For saccharification, 100 mg of AcSE, SE, or AP wheat straw was incubated in 2 mL
100 mM sodium acetate buffer at pH 4 for 96 h, at 40 ◦C and 1200 rpm in the presence of
different enzymatic combinations (Figure 1B):

- 2 U of β-glucosidase activity from Celluclast 1.5 L (Novozymes, Copenhagen, Den-
mark). This is a commercial cocktail, rich in cellobiohydrolase and endoglucanase
activities, and was used for comparison purposes;

- 1 U of β-glucosidase activity from Celluclast 1.5 L + 1 U of β-glucosidase activity
from T. amestolkiae enzymatic crudes obtained in this work, using 1% glycerol as the
carbon source.

3. Results

3.1. BGL Production and Growth of T. amestolkiae in Media with Raw Glycerol

The ascomycete T. amestolkiae has been proven as an excellent producer of robust
and efficient cellulolytic enzymes in media with different carbon sources [9]. This finding
suggested the convenience of testing cheaper carbon sources to obtain these cocktails, since
they are rich in β-glucosidases, the key enzymes for cellulose saccharification.

18



J. Fungi 2021, 7, 363

In this work, we studied the use of different concentrations of raw glycerol, an abun-
dant waste generated from biodiesel production, to produce added-value enzyme cocktails.
To analyze the potential of this carbon source, we followed the evolution of fungal growth
and the extracellular levels of β-glucosidase over 10-day-old cultures (240 h). As observed
in Figure 2A, T. amestolkiae cultures in unbuffered media reached maximal biomass values
around 24 h, regardless of the glycerol concentration assayed, although total biomass was
higher as the glycerol concentration increased. The highest β-glucosidase levels were
detected in cultures containing 1% or 2% glycerol (Figure 2B). BGL levels were low in the
first 24–48 h, and then they started to rise uninterruptedly at a high rate between 72 h and
168 h. Surprisingly, both cultures produced around 8 U/mL at the final incubation time,
despite that the fungal biomass was higher with 2% glycerol. Searching for an explanation
to this result, it was observed that the pH was more acidic in the culture with 2% glycerol
(pH 5) than in the other cultures (pH 6–6.5). The acidification was detected at 168 h and
maintained until the end of the incubation period.

Figure 2. (A) Biomass and (B) β-glucosidase activity of T. amestolkiae growing in unbuffered cultures
with raw glycerol (0.5%, 1%, and 2%), as the carbon source. All assays were performed in triplicate.

Thus, to investigate the effect of pH on BGL production, we repeated the experiment
buffering all media with phosphate pH 6 to maintain the pH as constant across the in-
cubation period. In these conditions, BGL activity and fungal growth went in parallel,
and the highest values for both were detected in cultures with 2% glycerol (Figure 3A). It
should also be noticed that the total amount of secreted proteins detected in 2% glycerol un-
buffered cultures was considerably lower than in the buffered ones (0.10 and 0.17 mg/mL,
respectively). These results suggest that pH should be strictly controlled in the cultures,
since its value is related to the levels of secreted proteins. Buffered and unbuffered cultures
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with 0.5% and 1% glycerol followed a very similar behavior, where the pH was maintained
in a pH range of 6–6.5.

Figure 3. (A) β-glucosidase activity of T. amestolkiae growing in buffered cultures with raw glycerol
(0.5%, 1%, and 2%), as the carbon source. (B) Glycerol consumption by T. amestolkiae in the buffered
cultures. All assays were performed in triplicate.

On the other hand, these results confirm that T. amestolkiae does not require any
specific inducer (cellulosic or non-cellulosic) to produce high amounts of β-glucosidases,
as previously reported. This is probably due to the presence of BGL-3, an efficient β-
glucosidase secreted under carbon starvation conditions [11]. BGL-3 is a β-1,4 glucosidase
with a prominent activity on β-1,3 glucans. The high levels of this protein detected during
secondary metabolism in the cultures may be due to its activity degrading the β-1,3-glucan
released from the fungal cell wall during autolysis. As expected, the amount of other
cellulolytic activities like avicelase or β-1,4-endoglucanase was negligible (data not shown),
since these enzymes are usually released upon induction by cellulosic substrates.

Only a handful of studies have reported the production of fungal β-glucosidases
using glycerol as the carbon source. For Penicillium echinulatum, glycerol was the preferred
carbon source over cellulose, sugar cane bagasse (pretreated by steam explosion), or
glucose [19]. Aspergillus niger NRRL 3112 could produce considerable amounts of this
activity when grown on wheat bran and glycerol as co-substrates [20]. In other cases, the
use of glycerol was not suitable for β-glucosidase production, as reported in Penicillium
funiculosum [21]. Trichoderma reesei has been the most used fungus for producing cellulolytic

20



J. Fungi 2021, 7, 363

cocktails, although it is well documented that the amount of β-glucosidase released by this
fungus is insufficient for efficient hydrolysis of lignocellulosic biomass [22]. In this sense,
one of the main advantages of the use of Aspergillus spp., Penicillium spp., or Talaromyces spp.
lies in their higher secretion of β-glucosidase activity [22]. Many published reports allow us
to compare its production among these fungal genera, mainly using crystalline cellulose as
the carbon source. Different Aspergillus sp. were secreted between 0.5 U/mL and 2.5 U/mL
of β-glucosidase [23,24]. Penicillium species, like Penicillium brasilianum or Penicillium
decumbens, reached a total activity of 3.5 U/mL and 2.39 U/mL, respectively [25,26]. Higher
β-glucosidase levels, from 10 to 150 U/mL, have been reported in strains of P. funiculosum,
Penicillium occitanis, or Penicillium verriculosum [21,27,28] using cellulosic inducers. It should
be noted that the amounts of BGL observed in T. amestolkiae cultures in media with raw
glycerol as the sole carbon source are among the highest reported to date. The fact that this
high production was achieved using a by-product of the biodiesel industry makes it even
more interesting.

Glycerol consumption was monitored and related with the increase of BGL activity
(Figure 3B). In cultures with 0.5% glycerol, the depletion of the carbon source occurred in
24 h, while in those with 1% and 2%, it took around 48 h. Low β-glucosidase levels were
detected before glycerol exhaustion, but the activity started to rise slowly once consumed,
and increased faster when carbon starvation conditions were fully established, expanding
over time. The data in Figure 3B indicate that the maximal exploitation of glycerol for BGL
production was obtained with 2% glycerol, so we chose this culture as the best model to
produce BGL-rich cocktails.

The secretion of β-glucosidases in aged fungal cultures has been scarcely studied,
although it would be interesting to know to what extent their production under carbon
starvation is common among filamentous fungi. In the case of T. amestolkiae, it has been
proved that induction of β-glucosidase BGL-3 was detected during carbon shortage. This
enzyme is highly active on β-1,3 polysaccharides, suggesting its possible physiological role
in cell wall metabolism during carbon starvation, releasing products that could be used as
an alternative carbon source [11]. Some authors have reported the production of glycosyl
hydrolases after carbon depletion in cultures of A. niger [29,30], but their finding was not
discussed as a potential way to produce these enzymes. In any case, the versatility of T.
amestolkiae to produce high levels of BGLs from different carbon sources, including some
important industrial residues, should be exploited.

3.2. Fungal Secretome Analysis

An extracellular proteomic analysis of 7-day-old cultures was carried out to elucidate
the protein profiles of T. amestolkiae cultures with 1% raw glycerol. The samples were
subjected to tryptic digestion and LC–MS/MS of the whole peptide mixtures produced.
The number of proteins identified was 148, similar to that reported in cultures with glucose
or cellulosic substrates [9]. In the TIC scan of the proteomic analysis (Figure S1), an archive
with al peptides was detected (Table S1), and a list with the 148 proteins detected (Table S2)
can be found in the Supplementary Material Section of the article.

According to KOG, the functional role of most of the proteins identified in cultures
with 1% raw glycerol was related to carbohydrate metabolism and transport (55.0%), fol-
lowed by enzymes involved in amino acid metabolism and transport (Table 1). These data
also agree with those previously published for T. amestolkiae secretomes with glucose as the
carbon source [9]. As the main objective of this work was to produce BGLs from contami-
nated glycerol waste, we started our analysis classifying the CAZymes (carbohydrate active
enzymes), finding 80 out of 141 detected proteins (54%). Among them, the most abundant
were glycosyl hydrolases (GHs) from GH3, GH15, GH31, and GH55 families (Table 2). It
is worth noting that GH15 enzymes were predominant in cultures with glucose as the
carbon source [9], while in media with glycerol, GH3 proteins were the most abundant.
The family GH3 is normally associated with enzymes degrading polysaccharides from
lignocellulosic biomass, including many β-glucosidases, which supports the suitability of
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using this carbon source for β-glucosidase production. As expected, BGL-3 was found in
the studied secretome (Table 3).

As already mentioned, this enzyme is secreted under carbon starvation [11], but other
GHs potentially related with carbon depletion were also detected. This is the case of
glucoamylases (GH15), α-glucosidases (GH31), and exo-β-1,3-glucanases (GH55), related
to the fungal autophagy process, since 1,3-β-glucans and 1,4-α-glucan are components of
the cell wall of many Talaromyces species [31]. Besides, it is noticeable that some of the most
abundant proteins are related with the fungal autolysis processes. For example, cathepsin,
which was detected in every condition, is a well-known protease that could be used by
T. amestolkiae for degrading proteins and using its components as nutrients. The amino
acids produced by cathepsin can be utilized by glutaminase, which has been related with
glutamine metabolism under starvation conditions, when no other carbon source is present
in the medium.

Table 1. Functional classification of the proteins identified in the secretome of 7-day-old T. amestolkiae
cultures with raw glycerol as the carbon source, compared to those obtained in the same medium
with glucose [9].

% PSM

Glycerol Glucose

A—RNA processing and modification 0.63 0.22
C—Energy production and conversion 2.72 4.90

E—Amino acid metabolism and transport 13.11 10.38
F—Nucleotide metabolism and transport 0.74 1.42

G—Carbohydrate metabolism and transport 55.01 65.16
I—Lipid metabolism 0.09 0.17

M—Cell wall/membrane/envelop biogenesis 0.77 3.61
O—Post-translational modification. protein turnover.

chaperone functions 1.96 1.71

Q—Secondary structure 2.55 0.91
R—General functional prediction only 4.81 1.89

S—Function unknown 5.79 3.71
T—Signal transduction 4.13 4.86

Table 2. Glycosyl hydrolase families identified in secretomes from 7-day-old T. amestolkiae cultures
growing in raw glycerol, compared to those obtained in the same medium with glucose as the carbon
source [9].

% PSM

GH Family Glycerol Glucose

GH2 3.2 1.7
GH3 16.6 16.3

GH13 3.0 4.3
GH15 10.1 28.4
GH18 2.8 0.6
GH20 3.7 4.8
GH27 2.1 1.7
GH31 8.6 11.8
GH35 2.7 1.8
GH55 8.1 3.9
GH71 4.0 0.1
GH72 3.2 1.3
GH92 5.3 1.1

GH127 3.6 3.2
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Table 3. Most abundant extracellular proteins identified in the T. amestolkiae secretome obtained from 7-day-old cultures
growing in raw glycerol. BGL-3 is indicated in bold.

Accession ID % PSM (Average)
Predicted Protein

Function
Cazyme Family

Mw

(kDa)

g377 (BGL-3) 7.09 beta-glucosidase GH3 88.7
g3995 6.47 Glutaminase - 76.4
g8295 3.59 alpha-glucosidase GH31 98.6
g2158 3.28 Glucoamylase GH15 65.2
g9324 3.18 Exo-beta-1,3-glucanase GH55 84.3
g2140 2.50 Glucoamylase GH15 67.7

g5915 2.23 non-reducing end β-L-
arabinofuranosidase GH127 68.8

g4076 2.00 hexosaminidase GH20 67.9

g216 1.77
neutral/alkaline

nonlysosomal
ceramidase

- 160.0

g9148 1.58 catalase - 79.1

Regarding β-glucosidases, the most important result was the confirmation of the
presence of BGL-3 as the most abundant extracellular protein. This is in good agreement
with our previous results describing its production upon carbon exhaustion [9]. Besides,
one GH1, recently characterized [32], and four GH3 β-glucosidases were also identified
(Table 4). This profusion of β-glucosidases could contribute to explain why this activity
was so high in this medium, as compared with other conditions

Table 4. Main hypothetical BGLs detected identified in the T. amestolkiae secretome obtained from
7-day-old cultures with raw glycerol as carbon source.

Accession ID % PSM (Average) Cazyme Family Mw (kDa)

g377 (BGL-3) 7.09 GH3 88.7
g9150 1.54 GH3 86.5
g8384 0.85 GH1 68.1
g6857 0.79 GH3 109
g3139 0.30 GH3 93.6
g6753 0.09 GH3 81.8

In summary, the proteomic analysis of T. amestolkiae growing in raw glycerol confirmed
the presence of BGL-3 and revealed that other interesting enzymes, including different β-
glucosidases, can also be obtained for different biotechnological applications by exploiting
the carbon starvation metabolism of T. amestolkiae.

3.3. Wheat Straw Saccharification

To check the efficiency of the novel enzyme cocktail obtained in this work for sacchari-
fication of lignocellulosic biomass, we used it as supplement of β-glucosidase activity for
Celluclast 1.5 L (a basal cellulolytic preparation, deficient in this activity). Since lignocellu-
losic substrates have different characteristics, the most effective pretreatment and enzyme
cocktail should be used, considering the properties of each raw material. Wheat straw is one
of the most important agricultural residues worldwide. According to Iskalieva et al. [33],
it is mainly composed of cellulose (38.8%), hemicelluloses (39.5%), and lignin (17.1%). In
the present work, three different pretreatments were used to make wheat straw cellulose
more accessible: steam explosion (SE), steam explosion in the presence of dilute sulfuric
acid (AcSE), and alkaline pretreatment (AP) (Figure 1). Steam explosion is one of the most
commonly used methods for lignocellulose pretreatment, deconstructing and modifying
part of the lignin, and solubilizing hemicellulose [34,35]. However, although cellulose
is more accessible in the steam-exploded biomass, compounds derived from the partial
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hydrolysis of sugars and lignin remain embedded, producing adverse effects on down-
stream processes, including enzyme inhibition [36]. The use of dilute sulfuric acid could
theoretically avoid this problem, since it helps to remove a bigger part of the lignin, but
some of the polymer is always present in the material. On the other hand, the alkaline
pretreatment with NaOH has been reported to increase cellulose digestibility by inducing
a big reduction of the lignin content [37]. These pretreatments affect the composition of the
material used for saccharification differently (Table 5).

Table 5. Main components of wheat straw pretreated by steam explosion in water (SE), steam
explosion with dilute sulfuric acid (AcSE), or alkaline pretreatment (AP).

SE AcSE AP

Cellulose 49.0% 43.6% 71.8%
Hemicellulose 15.4% 17.1% 24.1%

Lignin 35.6% 39.3% 4.1%

In the case of alkaline pretreatment, most lignin was solubilized and removed, leav-
ing a solid fraction enriched in polysaccharides. The two steam explosion treatments
gave wheat straw slurries with different cellulose and hemicellulose contents. The AcSE
treatment (dilute sulfuric acid) more strongly affected hemicellulose and lignin, forming
compounds that produce adverse effects on downstream processes [38]. The results of the
saccharification of pretreated wheat straw can be seen in Figure 4.

The combination of Celluclast 1.5 L with the T. amestolkiae cocktail improved the
saccharification yield of steam-exploded wheat straw (with or without sulfuric acid),
compared with Celluclast 1.5 L alone, reaching a cellulose conversion of 65% for SE
and of 86% for AcSE. The commercial Celluclast 1.5 L contains an array of cellulolytic
and hemicellulolytic activities in addition to BGL, which could theoretically improve
saccharification. However, cellulose degradation with this cocktail was 41% for SE and 53%
for AcSE.

On the other hand, the saccharification of alkali-pretreated wheat straw was sim-
ilar with both cocktails (86% for only Celluclast and 89% when supplemented with β-
glucosidase from T. amestolkiae). One possible reason for this is the virtual lack of lignin
in the alkali-pretreated wheat straw. It has been reported that lignin could trigger an irre-
versible cellulase inactivation, even when using pretreated lignocellulosic biomass, by two
possible mechanisms: (i) forming a physical barrier that prevents enzyme access, and (ii)
by non-productively binding of cellulolytic enzymes [34,39]. The non-productive binding
of enzymes to lignin is recognized as a problem to overcome for improving saccharification
efficiency of pretreated lignocellulosic biomass to fermentable sugars. A feasible expla-
nation for our results is that the enzymes from the BGL-rich cocktails from T. amestolkiae
were better than those contained in Celluclast 1.5 L, avoiding the non-productive binding
to lignin. This observation perfectly correlates with some studies that suggest that β-
glucosidases and xylanases could avoid non-productive binding to lignin better than other
cellulolytic enzymes [40]. Besides, it is remarkable that BGL-3, the most abundant cellulase
in T. amestolkiae cocktails, possesses a fibronectin III domain (FnIII) [11]. Lima et al. [41],
postulated that the FnIII domain strongly interacts with lignin fragments, preventing
unproductive binding of cellulases to the lignin. Taking this into consideration, BGL-3
rich cocktails may be advantageous for the saccharification of pretreated residues where
lignin is present, representing an effective and cheap alternative to current commercial
enzymatic preparations.
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Figure 4. Saccharification of pretreated wheat straw (AcSE: acidic steam explosion; SE: steam explo-
sion; AP: alkali pretreatment) with Celluclast 1.5 L (basal cocktail) and Celluclast 1.5 L supplemented
with the T. amestolkiae cocktail obtained with raw glycerol as the carbon source (GLY). All assays were
performed in triplicate.

4. Conclusions

In this work, we demonstrated the potential of the fungus T. amestolkiae for producing
high levels of β-glucosidase activity using raw glycerol as the carbon source. Proteomic
analysis of the crudes revealed that, although other minor glycosyl hydrolases were also
found in the secretomes, BGL-3 was the main enzyme responsible for this behavior. This
novel enzymatic cocktail was efficiently used to supplement the commercial cellulolytic
preparation Celluclast 1.5 L, increasing the glucose yield from wheat straw pretreated by
steam explosion. This work set the foundations for expanding the industrial applications of
T. amestolkiae and exploiting its efficient metabolism, able to use inexpensive carbon sources
and to produce β-glucosidases and other value-added enzymes under carbon starvation.
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Abstract: This study aimed to select thermotolerant yeast for bioethanol production from cellulose-
rich corncob (CRC) residue. An effective yeast strain was identified as Saccharomyces cerevisiae TC-5.
Bioethanol production from CRC residue via separate hydrolysis and fermentation (SHF), simultane-
ous saccharification and fermentation (SSF), and prehydrolysis-SSF (pre-SSF) using this strain were
examined at 35–42 ◦C compared with the use of commercial S. cerevisiae. Temperatures up to 40 ◦C
did not affect ethanol production by TC-5. The ethanol concentration obtained via the commercial S.
cerevisiae decreased with increasing temperatures. The highest bioethanol concentrations obtained
via SHF, SSF, and pre-SSF at 35–40 ◦C of strain TC-5 were not significantly different (20.13–21.64 g/L).
The SSF process, with the highest ethanol productivity (0.291 g/L/h), was chosen to study the effect
of solid loading at 40 ◦C. A CRC level of 12.5% (w/v) via fed-batch SSF resulted in the highest
ethanol concentrations of 38.23 g/L. Thereafter, bioethanol production via fed-batch SSF with 12.5%
(w/v) CRC was performed in 5-L bioreactor. The maximum ethanol concentration and ethanol
productivity values were 31.96 g/L and 0.222 g/L/h, respectively. The thermotolerant S. cerevisiae
TC-5 is promising yeast for bioethanol production under elevated temperatures via SSF and the use
of second-generation substrates.

Keywords: bioethanol; cellulose-rich corncob; thermotolerant Saccharomyces cerevisiae TC-5; simulta-
neous saccharification and fermentation; thermotolerant yeast

1. Introduction

Globally, the demand for petroleum-based fuels for industry, agriculture, transporta-
tion, and private sectors is sharply increasing. An insufficient fuel supply can be alleviated
by using alternative fuels. For example, bioethanol is a liquid biofuel produced from
biomass by microbial fermentation of various substrates, such as sugar-based substrate,
starchy biomass, and lignocellulosic biomass [1–3]. Among them, lignocellulosic biomass,
a renewable substrate, is the cheapest and most sustainable substrate for bioethanol pro-
duction [4,5]. Cellulose-rich corncob (CRC) residue is a solid waste obtained from corncob-
xylooligosaccharides (corncob-XO) production. During XO production, most of the xylan
in KOH-treated corncob is hydrolyzed by cellulase-free endo-xylanase, whereas the cel-
lulose remains. The CRC residue contains a relatively high cellulose content in the range
of 74–80% (w/w), with 10–13% (w/w) hemicellulose and 2–6% (w/w) lignin, making it an
attractive substrate for fermentable sugar and bioethanol production [6].

Bioethanol production from lignocellulosic biomass can be categorized into three main
processes, namely separate hydrolysis fermentation (SHF), simultaneous saccharification
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and fermentation (SSF), and prehydrolysis-simultaneous saccharification and fermentation
(pre-SSF) [7,8]. During SHF, enzymatic hydrolysis and ethanol fermentation are carried out
separately, using two bioreactors. The hydrolysis and fermentation step can be carried out
independently at their optimum conditions regarding temperature, pH, and time. How-
ever, this process requires long operation periods and complex equipment. The bioethanol
production rate of SHF might be limited by the high concentration of initial glucose and
cellobiose in the hydrolysate [9,10]. In contrast, in the SSF process, enzymatic hydroly-
sis and ethanol fermentation are carried out simultaneously in a single bioreactor [11].
Consequently, the overall process time, investment cost, substrate feedback inhibition,
and contamination risk are decreased; SSF is therefore preferably employed in bioethanol
production from lignocellulosic biomass [12,13]. One of the major limitations of SSF is
the operation temperature. The optimal temperature for enzymatic hydrolysis is around
40–55 ◦C [14], whereas that for fermentation is around 20–35 ◦C [15]. Thus, screening
of thermotolerant ethanolic microorganisms, which can grow at 37–50 ◦C, is required to
overcome these limiting factors [5]. As ethanol-producing yeast, S. cerevisiae is outstanding
candidate suitable for industrial application. Several desirable characteristics of S. cerevisiae
have been reported, including generally regarded as safe (GRAS) status, high fermentation
rate, genetic tractability, and stress tolerant (robustness) [16,17]. Some strains of S. cere-
visiae are able to grow and produce ethanol at high temperature. Hence, thermotolerant S.
cerevisiae receives considerable interest for industrial ethanol production [18].

In this sense, an effective thermotolerant yeast strain that is suitable for second-
generation bioethanol production from CRC at high temperatures was searched. The
effects of temperature and solid loading on bioethanol production by SHF, SSF, and pre-SSF
processes, using the selected thermotolerant yeasts, were investigated. To determine the
suitability of the selected thermotolerant yeast in ethanol production at the pilot and the
industrial scale, the scale-up of bioethanol production in a 5-L stirred tank bioreactor was
investigated. The thermotolerant yeast strain Saccharomyces cerevisiae TC-5 could grow
well and produce bioethanol via CRC, even under low nutrient and high temperature
conditions, indicating minimized production costs. High ethanol yields were achieved
by strain TC-5 via the fed-batch SSF at elevated temperatures. Using this thermotolerant
yeast under optimal conditions, the overall process time for bioethanol production could
be reduced and the production of ethanol increased.

2. Materials and Methods

2.1. Chemicals and Materials

Analytical-grade p-nitrophenyl-β-D-glucopyranoside (pNPG), arabinose, dinitrosali-
cylic acid (DNS), and cellobiose were purchased from Sigma (St. Louis, MO, USA). Glucose
was purchased from Ajax FineChem (Australia). Malt extract, peptone (Bacto™ Peptone),
and yeast nitrogen base without amino acid were purchased from BD Difco™ (Franklin
Lakes, NJ, USA). Xylan (Beechwood) was purchased from Megazyme (Wicklow, Ireland).
Trehalose and xylose were purchased from Loba Chemie (Mumbai, India). Yeast extract
was purchased from HiMedia (Mumbai, India). Lactose, maltose, sulfuric acid, sucrose,
and water (HPLC grade) were purchased from RCI Labscan (Bangkok, Thailand). Ethanol
(99.8%) was purchased from a Liquor Distillery Organization (Bangkok, Thailand). All
other chemicals used in this study were of analytical grade.

A commercial cellulase cocktail (iKnowZyMe AC cellulase) was purchased from
Reach Biotechnology Co. Ltd. (Bangkok, Thailand). Endo-glucanase, total cellulase activity
(FPase), β-glucosidase, and xylanase were used at concentrations of commercial enzyme
were 1200, 50, 140, and 2100 U/mL, respectively.

The CRC residue was obtained from the corncob-XO production process according to
the method described by Boonchuay et al. [6]. The solid CRC residue was recovered by fil-
tration using filter cloth and rinsed with tap water to remove other products. Subsequently,
CRC residue was dried at 80 ◦C in a hot air oven (350i, Schwabach, Memmert, Germany) for
48 h. The cellulose, hemicellulose, and lignin contents of the CRC residue were determined
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by the TAPPI method and analyzed by the Animal Nutrition Laboratory, Department
of Animal and Aquatic Sciences, Faculty of Agriculture, Chiang Mai University, Thai-
land [19,20]. The CRC residue was either used as substrate for hydrolysate (fermentable
sugars) production or for bioethanol production via SSF and pre-SSF processes.

2.2. Cellulose-Rich Corncob (CRC) Hydrolysate Production

The reaction mixture for CRC hydrolysate production was composed of 7.5% (w/v)
CRC and 22.04 FPU/gCRC of commercial cellulase cocktail in 0.1 M sodium-citrate buffer
pH 5.0. The reaction was conducted at 46 ◦C with a shaking speed of 150 rpm for 96 h, in
accordance with the optimal condition for CRC hydrolysate production that reported by
Boonchuay et al. [6] and the manual guide for iKnowZyMe AC cellulase. After 96 h, the
CRC hydrolysate was recovered by centrifugation (Z236K, Wehingen, Hermle, Germany) at
6000 rpm (4430× g) and 4 ◦C for 10 min and kept at −20 ◦C until use. The fermentable sugar
(glucose, xylose, and arabinose) concentration of the CRC hydrolysate was determined by
high-performance liquid chromatography (HPLC).

2.3. Medium and Medium Preparation
2.3.1. Yeast Extract–Malt Extract (YM) Medium

The yeast extract–malt extract (YM) medium was composed of yeast extract 4 g/L,
malt extract 10 g/L, and glucose 4 g/L. All components were dissolved in distilled water.
The initial pH of YM medium was adjusted to 6.5 with 0.1 N NaOH or 0.1 N HCl and
autoclaved at 121 ◦C for 15 min [21].

2.3.2. Separate Hydrolysis and Fermentation (SHF)-Bioethanol Production Medium

Briefly, (NH4)2SO4 4 g/L, yeast extract 1 g/L, NH4H2PO4 1 g/L, and MgSO4·7H2O
0.1 g/L were dissolved in CRC hydrolysate pH 5.0. This CRC hydrolysate produced
under optimal condition contained glucose 54.0 g/L, xylose 14.18 g/L, and arabinose
0.65 g/L. The SHF-bioethanol production medium was autoclaved at 121 ◦C for 15 min
before inoculation [6].

2.3.3. Simultaneous Saccharification and Fermentation (SSF)-Bioethanol Production
Medium

Sodium citrate buffer pH 5.0 (0.1 M) supplemented with (NH4)2SO4 4 g/L, yeast
extract 1 g/L, NH4H2PO4 1 g/L, and MgSO4·7H2O 0.1 g/L was mixed with 7.5, 10,
12.5, and 15% (w/v) CRC residue. The SSF bioethanol production medium (pH 5.0) was
autoclaved at 121 ◦C for 15 min. After the medium was cooled down, 22.04 FPU/gCRC of
commercial cellulase cocktail and 10% (v/v) prepared seed culture of yeast were transferred
into the medium [6].

2.4. Microorganisms and Inoculum Preparation

Commercial active dry yeast (S. cerevisiae) was purchased from Danstil, Lallemand
Inc. (Fredericia, Denmark), and used as a benchmark strain. This commercial strain
demonstrates good tolerance to high fermentation temperatures (26–36 ◦C) and suitable
for application both in batch and semi-continuous fermentations. Thermotolerant yeasts,
including isolates SB1, SC10, G3, and TC-5, were obtained from the culture collection of
the Division of Biotechnology, Faculty of Agro-Industry, Chiang Mai University, Thailand.
Based on their 26S rDNA sequences and sugar assimilation test, isolates SB1, SC10, and G3
were identified as Candida glabrata. The accession number of these strains are MN784460,
MN784462, and KY618710, respectively. Whereas isolate TC-5 was identified as S. cerevisiae
with the accession number KY681804 (Figure S1). The isolates were first selected based on
their ability to grow and produce bioethanol at 42 ◦C [22]. Stock cultures were maintained
in glycerol (30%, w/w) at −30 ◦C until use.

For all yeast inoculum preparations, 1.0 mL of glycerol stock was transferred to a
250-mL Erlenmeyer flask containing 50 mL of YM broth and cultivated in an incubator
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shaker (LSI-3016R, Gyeonggi, Republic of Korea) at 37 ◦C with a shaking speed of 200 rpm
for 24–48 h until the optical density at 600 nm (OD600) = 6.0 was reached. Thereafter, the
cultivation broth was centrifuged at 6000 rpm (4430× g) and 4 ◦C for 10 min. The obtained
cell pellet was washed twice and resuspended in 50 mL of sterile 0.85% (w/v) NaCl, and
the OD600 was adjusted to 6.0 before inoculation. Then, the 10% (v/v) resuspended yeast
cell was inoculated to the bioethanol production medium.

2.5. Bioethanol Production in the Laboratory Bottle

All experiments were conducted in 100-mL laboratory bottles (Duran, Mainz, Ger-
many) equipped with an airlock, containing 90 mL of each bioethanol production medium.
The experiments conducted under static condition were operated in an incubator (SMART
i250, Accuplus, Bangkok, Thailand) and those conducted under shaking were operated at
150 rpm in the incubator shaker (LSI-3016R, Labtech, Gyeonggi, Republic of Korea).

2.5.1. Effects of Temperature and Process on Bioethanol Production

Separate hydrolysis and fermentation (SHF) process. The effects of temperature on
bioethanol production via SHF, using the selected thermotolerant yeast S. cerevisiae TC-5
and commercial S. cerevisiae (control), were determined using SHF-bioethanol production
medium. The effect of temperature on bioethanol production of all tested strains was
investigated at 35, 37, 40, or 42 ◦C for 120 h under static and limited O2 conditions. Samples
were periodically taken at 12-h intervals, and the levels of remaining sugars and ethanol
were determined by HPLC.

Simultaneous saccharification and fermentation (SSF) process. After the autoclaved
SSF-bioethanol production medium was cooled down, 22.04 FPU/gCRC of commercial
cellulase cocktail and 10% (v/v) of each seed culture of the thermotolerant strain S. cerevisiae
TC-5 or commercial S. cerevisiae (control) were inoculated into the medium. The effect of
temperature on bioethanol production of all tested strains was investigated at 35, 37, 40, or
42 ◦C at 150 rpm for 120 h, under limited O2 conditions in the incubator shaker. Samples
were periodically taken at 12-h intervals, and the concentrations of residual sugars and
ethanol were determined by HPLC.

Prehydrolysis-simultaneous saccharification and fermentation (pre-SSF) process;
Bioethanol production via pre-SSF was performed using SSF-bioethanol production medium.
Commercial cellulase cocktail (22.04 FPU/gCRC) was added to the medium, and the prehy-
drolysis step was conducted at 46 ◦C, 150 rpm, for 24 h. After that, 10% (v/v) of prepared
seed culture of the thermotolerant yeast strain TC-5 or commercial S. cerevisiae (control)
was subsequently inoculated. The effect of temperature on bioethanol production of all
tested strains was investigated at 35, 37, 40, or 42 ◦C, keeping the other parameters iden-
tical to those in the SSF process. Samples were periodically taken at 12-h intervals. The
concentrations of residual sugars and ethanol in the samples were determined by HPLC.
The optimal temperature and fermentation conditions, resulting in the highest ethanol
concentration, yield, and productivity, were selected for the following experiment.

2.5.2. Effect of Solid Loading on Bioethanol Production by S. cerevisiae TC-5

Batch simultaneous saccharification and fermentation (batch SSF) process. The effect
of solid loading on bioethanol production by S. cerevisiae TC-5 via the batch SSF process
was studied at 7.5, 10, 12.5, and 15% (w/v) CRC residue, using SSF-ethanol production
medium. The experimental conditions were 40 ◦C, 150 rpm, for 168 h. The inoculum size
and enzyme dosage were fixed at 10% (v/v) and 22.04 FPU/gCRC, respectively. Samples
were periodically taken at 12-h intervals. The concentration of residual sugar and ethanol
was determined by HPLC.

Fed-batch simultaneous saccharification and fermentation (fed-batch SSF) process;
Fed-batch SSF experiments with 10, 12.5, and 15% (w/v) CRC residue were performed by
keeping the other parameters constant. According to our previous study [6], the effect of
the CRC concentration on hydrolysate production was studied using a statistical design at
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different levels from 2.5–17.5% (w/v). The highest fermentable sugar concentration was
attained when using the 7.8% (w/v). However, when the CRC concentration was increased
to 17.5% (w/v), the fermentable sugar yields (g/gCRC) was lower than that obtained from
other experiments. Whereas, at low substrate loading experiment (2.5–5.0%, w/v), the
glucose and total sugar concentration (g/L) was lower than that of high substrate loading
experiment. The initial CRC residue concentration of all experiments was 7.5% (w/v). The
fed-batch SSF reactors were fed with 2.25 g of CRC residue at 48, 72, and 96 h to increase the
final substrate loading to 10, 12.5, and 15% (w/v) CRC residue, respectively. Samples were
periodically taken at 12-h intervals. The concentrations of residual sugars and ethanol were
determined by HPLC. The optimal solid loading and fermentation conditions, resulting
in the maximum bioethanol concentration, yield, and productivity, were then selected for
further experiments.

2.6. Bioethanol Production via Fed-Batch SSF by S. cerevisiae TC-5 in a Bioreactor

For the scale-up of bioethanol production employing S. cerevisiae TC-5, the fed-batch
SSF process was performed in a 5-L stirred tank bioreactor (MDFT-N-5L, BE Marubishi,
Bangkok, Thailand) with a 3-L working volume. The experiment was performed with 7.5%
(w/v) CRC residue as the initial solid loading. The 75 g of CRC residue was fed after 48 and
72 h to increase the final solid loading to 12.5% (w/v). Samples were periodically taken at
12-h intervals. The concentration of residual sugar and ethanol was determined by HPLC.

2.7. Analytical Methods
2.7.1. Sugar and Ethanol Determination

Samples were centrifuged at 13,000 rpm (16,060× g) and 4 ◦C for 15 min. The obtained
supernatant was filtered through a nylon membrane filter (0.2 μm, FiltrEX, USA) and
subjected to HPLC analysis (SCL-10Avp, Kyoto, Shimadzu, Japan) with an Aminex HPX
87H column (300 × 7.8 mm; Bio-Rad, Hercules, CA, USA). The mobile phase consisted of
5.0 mM H2SO4 as an eluent at a flow rate of 0.60 mL/min. The column thermostat was set
at 40 ◦C. Sugar and ethanol were detected using a refractive index (RI) detector (RID-10A,
Shimadzu, Kyoto, Japan) over 25 min [6].

2.7.2. Enzyme Assay

Endo-glucanase activity was measured using 0.5% (w/v) sodium carboxymethyl
cellulose solution in 0.1 M sodium-citrate buffer (pH 5.0) as a substrate, according to
the modified method of Zhang et al. [23]. Total cellulase activity (FPase; filter paper
unit or FPU) was measured using filter paper as substrate, according to the modified
method of Ghose [24]. The β-glucosidase activity was measured using p-nitrophenyl-β-D-
glucopyranoside (pNPG) in 0.1 M sodium-citrate buffer (pH 5.0) as substrate and calculated
using the molar extinction coefficient, ε400 = 18,300 M−1cm−1, according to the methods
of Salma [25] and Boonchuay et al. [6]. Endo-xylanase activity was measured using 1.0%
(w/v) beechwood xylan solution in 0.1 M sodium-citrate (pH 5.0) as substrate [26].

2.7.3. Calculation and Statistical Analysis

All experiments were carried out in triplicate. The data were analyzed for statistical
significance using one-way analysis of variance (ANOVA), followed by Duncan’s multiple
range test (p < 0.05). The statistical software package SPSS v. 17 was used in the analysis of
the experimental data. The fermentable sugar yield, the conversion of cellulose to glucose
(hydrolysis efficiency, %), the initial glucose in the SSF-bioethanol production medium,
the theoretical ethanol yield (Y, %), the conversion of cellulose to ethanol (%), ethanol
yield (YEtOH, g/g), and ethanol productivity (Qp, g/L/h) were calculated according to
Boonchuay et al. [6].
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3. Results

3.1. Composition of Cellulose-Rich Corncob (CRC) Residue and CRC Hydrolysate Production

The cellulose, hemicellulose, and lignin contents of CRC residue were 74.36 ± 1.11%,
18.19 ± 0.90%, and 3.96 ± 0.07%, respectively. The CRC residue was a solid waste obtained
from corncob-XO production. After hydrolysis by commercial cellulase cocktails, CRC
hydrolysate consisted of glucose 54.04 ± 0.91 g/L, xylose 14.18 ± 0.90 g/L, and arabinose
0.65 ± 0.04 g/L. The hydrolysis efficiency (85.69 ± 2.03%) was calculated, and the produced
CRC hydrolysate was further applied as a carbon source for bioethanol production by the
thermotolerant yeast via SHF.

3.2. Selection of the Thermotolerant Yeast for Bioethanol Production from CRC Hydrolysate

The ability of strain SB1, SC10, G3, and TC-5 to produce bioethanol from CRC hy-
drolysate was studied at a high temperature (42 ◦C). Figure 1 shows that C. glabrata G3 pro-
duced the highest ethanol concentration (CEtOH), ethanol productivity (QP), ethanol yield
(Yp/s), and theoretical ethanol yield (Y) of 19.05 g/L, 0.256 g/L/h, 0.349 gEtOH/gglucose, and
68.45%, respectively. However, S. cerevisiae TC-5 also showed the highest and comparable
ethanol concentration, ethanol productivity, ethanol yield, and theoretical ethanol yield of
18.38 g/L, 0.252 g/L/h, 0.334 gEtOH/gglucose, and 66.05%, respectively. In addition, ethanol
production using both of thermotolerant yeast strains G3 and TC-5 were not significantly
difference.

Figure 1. Comparison of ethanol concentration (a), ethanol yield (b), ethanol productivity (c), and theoretical ethanol yield
(d) from cellulose-rich corncob hydrolysate by four thermotolerant yeasts and commercial S. cerevisiae at 42 ◦C for 72 h.
Note: values are presented as mean ± standard deviation. Different letters above the bars denote statistically significant
different. Bar chart with the same pattern and letter are not significantly different. The level of significance was tested by
Duncan’s multiple range test. (Each kinetic value (ethanol concentration, ethanol yield, ethanol productivity, or theoretical
ethanol yield) was compared between yeast strains).

3.3. Bioethanol Production in the Laboratory Bottle
3.3.1. Effects of Temperature and Processes on Bioethanol Production by S. cerevisiae TC-5

Separate hydrolysis and fermentation (SHF) process. The effect of temperature on
bioethanol production from CRC hydrolysate by S. cerevisiae TC-5 and commercial S.
cerevisiae (control) via SHF was investigated at 35–42 ◦C. When the temperature was set
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at 35 ◦C, glucose was completely consumed by the thermotolerant yeast strain TC-5 and
the commercial S. cerevisiae (Figures S2 and S3). The ethanol concentration and ethanol
yield of both tested strains ranged from 20.33–20.59 g/L and 0.373–0.378 gEtOH/gglucose,
respectively (Figure 2a and Table S1). In addition, the range of theoretical ethanol yield
at 35 ◦C was 78.01–79.01%. The ethanol production at 35 ◦C of both tested strains did
not significantly differ. However, elevated temperature (37–42 ◦C) had a negative effect
on ethanol fermentation by commercial S. cerevisiae. At 40 and 42 ◦C, commercial S.
cerevisiae could not metabolize glucose completely, although the cultivation period was
extended to 120 h (Figure S2). When the temperature ranged from 35 to 42 ◦C, the ethanol
concentration of this strain decreased continuously from 20.59 to 9.81 g/L, theoretical
ethanol yield decreased from 79.01 to 37.64%, and ethanol yield dramatically decreased
from of 0.378 to 0.180 gEtOH/gglucose. In contrast, temperatures of 37 and 40 ◦C did not affect
the ethanol production by the thermotolerant yeast strain TC-5. At these temperatures,
glucose was rapidly and completely consumed within 48 h. When the SHF process was
investigated at 42 ◦C, the glucose consumption of strain TC-5 was slightly impeded until
72 h of cultivation time (Figure S3). After that, the consumption was steady, and a small
amount of glucose remained in the fermentation medium. The significantly highest ethanol
concentration of 20.50 g/L was obtained from strain TC-5 when the cultivation temperature
was 40 ◦C (Figure 2a). Moreover, the ethanol productivity of strain TC-5 at 35–40 ◦C was
not significantly different (Figure 2d). However, ethanol concentration (Figure 2a), ethanol
productivity (Figure 2d), ethanol yield (Table S1), and theoretical ethanol yield (Table S1)
of strain TC-5 slightly decreased when the temperature increased to 42 ◦C.

Figure 2. Ethanol production via separate hydrolysis and fermentation (SHF) (a), simultaneous saccharification and
fermentation (SSF) (b), and prehydrolysis-simultaneous saccharification (pre-SSF) (c); ethanol productivity via SHF (d), SSF
(e), and pre-SSF (f) by commercial S. cerevisiae and thermotolerant S. cerevisiae TC-5 at 35, 37, 40, and 42 ◦C for 72 h. Note:
values are presented as mean ± standard deviation. Different letters above the bars denote statistically significant different.
The level of significance was tested by Duncan’s multiple range test. Bar chart with the same pattern and letter are not
significantly different (ethanol concentration or productivity of each yeast strain were compared between temperature).
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Simultaneous saccharification and fermentation (SSF) process; To determine the feasi-
bility to produce bioethanol from CRC by using the thermotolerant TC-5 via SSF at high
temperatures, fermentation was carried out at 35, 37, 40, or 42 ◦C, 150 rpm, under limited
O2 condition. The effect of temperature on ethanol production was examined and is shown
in Figure 2b,e, Figures S4 and S5, and Table S1. At 35 and 37 ◦C, the released glucose was
rapidly consumed within 72 h by commercial S. cerevisiae since the sugar consumption
by yeast might be equal to the rate of enzymatic hydrolysis; glucose in the fermentation
medium was not detected (Figures S4 and S5). The final ethanol concentration of the com-
mercial strain at 35 and 37 ◦C was 17.58 and 16.58 g/L, respectively. Theoretical ethanol
yields of 67.46 and 63.62% were obtained, respectively (Table S1). On the contrary, at 40
and 42 ◦C, the glucose concentration continuously increased because high temperature
might inhibit the ethanol fermentation and growth of the commercial strain. Under high
temperatures (40 and 42 ◦C), the ethanol production of the commercial yeast strain was
relatively low at 7.45–12.81 g/L (Figure 2b,e, Table S1). The ethanol yield of commercial
S. cerevisiae also considerably decreased with increasing temperatures. In the SSF process,
the high temperatures at 40–42 ◦C did not affect the ethanol fermentation of strain TC-5
(Figure 2b,e). The ethanol concentration at 40 ◦C was 20.92 g/L, with an ethanol yield of
0.384 gEtOH/gglucose and an ethanol productivity of 0.291 g/L/h. When the temperature
was elevated to 42 ◦C, strain TC-5 obtained an ethanol concentration, ethanol yield, and
ethanol productivity of 20.02 g/L, 0.368 gEtOH/gglucose, and 0.278 g/L/h, respectively.

Prehydrolysis-simultaneous saccharification and fermentation (pre-SSF) process; The
effect of temperature on ethanol production during the pre-SSF process by thermotolerant
S. cerevisiae TC-5 and commercial S. cerevisiae was examined (Figure 2c,f; Table S1). After
prehydrolysis at 46 ◦C for 24 h, the glucose concentration was rapidly increased (~50 g/L).
Subsequently, each yeast inoculum was added to the SSF-bioethanol production medium,
and the temperature was adjusted to 35, 37, 40, and 42 ◦C. The glucose consumption of
commercial S. cerevisiae at 35 and 37 ◦C increased within 24–72 h (Figure S6). At the same
time and under high temperatures (40 and 42 ◦C), the glucose consumption decreased
dramatically. Thereafter, the consumption rate was steady and glucose was not consumed
completely, even when the cultivation period was extended to 144 h (Figure S6). When
the temperature was increased from 35 to 42 ◦C, the ethanol concentration and theoretical
ethanol yield of commercial S. cerevisiae decreased from 20.71 to 8.24 g/L, and from 79.47 to
31.62%, respectively. Glucose was rapidly metabolized by strain TC-5 at 35 and 37 ◦C. This
strain also showed effective glucose use in a temperature range of 35–42 ◦C (Figure S7).
An ethanol concentration in the range of 19.91–20.89 g/L was obtained, with a theoretical
ethanol yield of 76.40–80.16% (Table S1).

3.3.2. Effect of Solid Loading on Bioethanol Production by S. cerevisiae TC-5

Batch simultaneous saccharification and fermentation (batch SSF) process. The bioethanol
production by strain TC-5 via batch SSF was investigated using CRC as substrate at 40 ◦C,
150 rpm, for 168 h. Four concentrations of solid loading, namely 7.5, 10, 12.5, and 15% (w/v)
CRC, were studied. At 7.5% (w/v) CRC residue, glucose was rapidly consumed within 12 h
as the sugar consumption by yeast might equal the rate of enzymatic hydrolysis (Figure 3a).
Therefore, glucose was not detected in the fermentation medium. The ethanol concentration
and theoretical ethanol yield were 20.92 g/L and 80.26%, respectively (Table 1). At 10%
(w/v) solid loading, glucose was completely consumed within 120 h (Figure 3b), with ethanol
concentration and theoretical ethanol yield values of 28.90 g/L and 88.37%, respectively.
However, at 12.5 and 15% (w/v) CRC loading, glucose was not completely used (Figure 3c,d).
The ethanol concentrations were 35.91 and 34.90 g/L, with theoretical ethanol yields of 87.86%
and 71.13%, respectively (Table 1).
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Figure 3. Effect of solid loading at 7.5 (a), 10 (b), 12.5 (c), and 15% (d) (w/v) cellulose-rich corncob residue on ethanol
fermentation by the thermotolerant S. cerevisiae TC-5 via simultaneous saccharification and fermentation conducted in a
100-mL laboratory bottle at 40 ◦C for 168 h.

Table 1. Ethanol production from CRC via batch and fed-batch simultaneous saccharification and fermentation (SSF) at
different cellulose-rich corncob (CRC) solid loadings by the thermotolerant S. cerevisiae TC-5 at 40 ◦C.

Processes CRC Loading
(%, w/v)

Time
(h)

CEtOH * (g/L)
Yp/s **

QP *** (g/L/h) Y **** (%)
gEtOH/gglucose gEtOH/gCRC

100-mL laboratory Bottle

Batch

7.5 72 20.92 ± 0.16 Gd 0.436 ± 0.003 Cb 0.269 ± 0.002 Cb 0.291 ± 0.002 Ab 80.26 ± 0.63 Cb

10 120 28.90 ± 0.17 Fc 0.452 ± 0.003 Ba 0.289 ± 0.001 Ba 0.241 ± 0.001 Da 88.37 ± 0.52 Ba

12.5 144 35.91 ± 0.30 Ca 0.449 ± 0.004 Ba 0.288 ± 0.002 Ba 0.249 ± 0.002 Ca 87.86 ± 0.73 Ba

15 168 34.90 ± 0.01 Db 0.364 ± 0.000 Fc 0.233 ± 0.000 Fc 0.208 ± 0.000 Fc 71.13 ± 0.01 Fc

Fed-batch
10 120 28.70 ± 0.11 Fb 0.448 ± 0.002 Bb 0.287 ± 0.001 Bb 0.239 ± 0.001 Db 87.74 ± 0.32 Bb

12.5 144 38.23 ± 0.19 Aa 0.478 ± 0.002 Aa 0.306 ± 0.001 Aa 0.265 ± 0.001 Ba 93.51 ± 0.47 Aa

15 168 37.55 ± 0.35 Bb 0.391 ± 0.004 Ec 0.251 ± 0.002 Ec 0.224 ± 0.002 Ec 76.56 ± 0.70 Ec

5-L bioreactor
Fed-batch 12.5 144 31.96 ± 0.78 E 0.400 ± 0.000 D 0.256 ± 0.001 D 0.222 ± 0.001 E 78.20 ± 0.19 D

Note: values are presented as mean ± standard deviation. Data with the same superscript (capital letter) in the same column are not
significantly different at p ≤ 0.05 (different kinetic values were compared among all fermentation processes and CRC loadings). Data
with the same superscript (small letter) are not significantly different at p ≤ 0.05 (different kinetic values were compared among all
fermentation processes and CRC loadings). The level of significance was tested by Duncan’s multiple range test at p ≤ 0.05. * CEtOH:
ethanol concentration; ** Yp/s: ethanol yield; *** QP: ethanol productivity; **** Y: theoretical ethanol yield.

Fed-batch simultaneous saccharification and fermentation (fed-batch SSF) process. To
investigate the possibility of bioethanol production by S. cerevisiae TC-5 via fed-batch SSF
process at 40 ◦C, 150 rpm, for 168 h, fed-batch SSF was performed by using 10, 12.5, and
15% (w/v) final solid loading. The obtained ethanol concentration, ethanol productivity,
ethanol yield, and theoretical ethanol yield are shown in Table 1. As depicted in Figure 4a–c,
with a higher CRC solid loading, longer fermentation periods were required. At the CRC
solid loading of 10% (w/v), ethanol concentration, ethanol productivity, and theoretical
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ethanol yield values of 28.70 g/L, 0.239 g/L/h, and 87.74%, respectively, were achieved
at 120 h (Figure 4a and Table 1). At 12.5% (w/v) CRC solid loading, the highest ethanol
concentration and theoretical ethanol yield values of 38.23 g/L and 93.51%, respectively,
were obtained within 144 h (Figure 4b and Table 1). Ethanol yield and ethanol productivity
were 0.478 gEtOH/gglucose and 0.265 g/L/h, respectively. Surprisingly, ethanol production
from 12.5% loading via fed-batch SSF process was significantly higher than that from the
batch SSF process at 12.5% (w/v) CRC solid loading (Table 1). At the same solid loading,
glucose was accumulated and was not metabolized completely in the batch SSF (Figure 3c),
whereas the released glucose was completely used in the fed-batch SSF (Figure 4b). In
contrast, bioethanol production via fed-batch SSF with 15% (w/v) CRC solid loading
showed that the sugar concentration continuously increased, and sugar was accumulated
in the fermentation medium (Figure 4c). The ethanol concentration was 37.55 g/L, with
ethanol yield and theoretical ethanol yield values of 0.391 gEtOH/gglucose and 76.56%,
respectively (Table 1). However, the values obtained for the fed-batch SSF at 15% (w/v)
CRC solid loading were higher than those obtained for the batch SSF at 15% (w/v) CRC
solid loading (Figure 3d,c, and Table 1).

Figure 4. Time course of ethanol production from cellulose-rich corncob residue by the thermotolerant S. cerevisiae TC-5 via
fed-batch simultaneous saccharification and fermentation, using 10 (a), 12.5 (b), and 15% (c) (w/v) cellulose-rich corncob
residue, conducted in a 100-mL laboratory bottle at 40 ◦C for 168 h; time course of ethanol production via fed-batch
simultaneous saccharification and fermentation using 12.5% (w/v) cellulose-rich corncob residue by the thermotolerant S.
cerevisiae TC-5, conducted in a 5-L bioreactor at 40 ◦C for 168 h (d).

3.4. Bioethanol Production via Fed-Batch Simultaneous Saccharification and Fermentation
(Fed-Batch SSF) by S. cerevisiae TC-5 in a Bioreactor

For the scale-up of bioethanol production by S. cerevisiae TC-5, fed-batch SSF was
performed in a 5-L stirred tank bioreactor with a 3-L working volume. The experiment
was performed with the final solid loading of 12.5% (w/v); the glucose concentration
decreased slowly, and glucose remained in the fermentation medium (Figure 4d). An
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ethanol concentration of 31.96 g/L, with an ethanol yield and a theoretical ethanol yield of
0.400 gEtOH/gglucose and 78.20%, respectively, could be obtained.

3.5. Mass Balance of Bioethanol Production by the Thermotolerant S. cerevisiae TC-5

Figure 5 shows the mass balance for bioethanol production (based on 1 kg of raw
corncob). One kg of raw corncob contained 426 g of cellulose (42.6%), 388 g of hemicellu-
lose (38.82%), 87 g of lignin (8.69%), and 99 g of other components (9.88%). After KOH
pretreatment, 629 g of treated corncob could be obtained.

Figure 5. Mass balance of bioethanol production from cellulose-rich corncob residue by the thermotolerant S. cerevisiae
TC-5.

The bioethanol production in the laboratory bottle by strain TC-5 via SHF, SSF, and
pre-SSF with 7.5% (w/v) CRC residue was performed at 40 ◦C. When applying SHF,
443 g of fermentable sugar, 371 g of glucose (83.73%),68 g of xylose (15.26%), and 4 g
of arabinose (1.01%) were obtained, with an ethanol yield of 135 g (0.263 gEtOH/gCRC or
0.376 gEtOH/gglucose). The SSF process resulted in the highest ethanol yield of 143 g (0.277
gEtOH/gCRC or 0.384 gEtOH/gglucose). With regard to the pre-SSF process, an ethanol yield
of 138 g (0.268 gEtOH/gCRC or 0.383 gEtOH/gglucose) was obtained. Hence, we selected SSF
for the bioethanol production in laboratory bottles by strain TC-5 at 40 ◦C via batch and
fed-batch SSF. For batch SSF, the ethanol yields from 10, 12.5 and 15% (w/v) CRC residue
were 149, 148, and 120 g or 0.289, 0.287, and 0.233 gEtOH/gCRC, respectively. Moreover, the
highest ethanol yields of 148, 158, and 129 g or 0.287, 0.306, and 0.250 gEtOH/gCRC were
obtained from fed-batch SSF with 10, 12.5, and 15% (w/v) CRC residue. The scaled-up fed
batch SSF with 12.5% (w/v) CRC residue provided a slightly lower ethanol yield of 143 g
(0.256 gEtOH/gCRC or 0.400 gEtOH/gglucose) than the bioethanol production in laboratory
bottles.
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4. Discussion

During the XO production process, almost all of the xylan, which is the main hemicellu-
lose found in corncob, was hydrolyzed by endo-xylanase, and released into the liquid phase.
In the solid phase of the CRC residue, the cellulose content remained constant [6]. Hence,
the cellulose ratio in CRC was relatively high. Cellulose is a polysaccharide composed
of linear homopolymers of glucose units linked together by β-1,4 glycosidic bonds [27],
making CRC a promising substrate for lignocellulosic hydrolysate (fermentable sugar)
production.

The species C. glabrata is a thermotolerant ethanol-producing yeast which can tolerate
both high temperatures and high acid concentrations [6,28]. However, it is also an op-
portunistic human pathogen [29]. The species S. cerevisiae is the most widely employed
yeast in industrial ethanol production because it can tolerate at wide range of pH and
temperature levels (30–42 ◦C). Moreover, S. cerevisiae can produce high ethanol yields
even under the limited O2 condition [15,30–32]. Regarding the safety aspect, S. cerevisiae is
generally regarded as safe (GRAS) and frequently employed, with high potential in the
industrial ethanol production [33]. Therefore, the isolated thermotolerant S. cerevisiae TC-5
was selected for bioethanol production from CRC residue.

In the SHF process, enzymatic hydrolysis and ethanol fermentation are carried out sep-
arately using two separate vessels, making this process time- and labor-consuming [10,11].
These limitations can be overcome by employing the SSF process, which is a combination
of both enzymatic hydrolysis and ethanol fermentation in a single bioreactor [34]. Hence,
the effect of temperature on bioethanol production from CRC via SSF by the thermotolerant
yeast strain TC-5 was also considered. The thermotolerant yeasts strain TC-5 showed
satisfactory performance regarding bioethanol production. The glucose was completely
consumed at all studied temperatures (35–42 ◦C), and xylose and arabinose were accumu-
lated. Generally, S. cerevisiae can ferment glucose (hexose) into ethanol, but cannot ferment
the pentoses, especially xylose and arabinose [15]. This limitation might be overcome by
co-fermentation with pentose-fermenting yeasts. However, CRC hydrolysate contains low
xylose and arabinose concentrations of only 14.18 and 0.65 g/L, respectively. A higher
concentration of xylose has been detected in hydrolysate produced from various types of
lignocellulosic biomass e.g., sugarcane bagasse (56 g/L), rice straw (44 g/L), and wheat
straw (25 g/L) [35–37]. Generally, almost of pentose-fermenting yeasts cannot grow under
high ethanol and inhibitor concentrations as well as under strictly anaerobic conditions.
Besides, they can generate unwanted products such as xylitol [8]. From an economical
perspective, along with the purity of the produced bioethanol, the use of liquid waste
from distillation, which contains high concentrations of xylose and arabinose, applying
pentose-fermenting yeasts or other potential microorganisms should be investigated in
further study.

The uncompleted use of glucose in SSF might be related to stress conditions such as
temperature, osmotic pressure, and inhibitor formation, which can inhibit the growth of
yeasts and their ethanol production capacity [34]. Thermotolerant S. cerevisiae strains have
been widely employed for bioethanol production from lignocellulosic biomasses via SSF.
For example, Mendes et al. [38] reported that S. cerevisiae strain ATCC 26602 produced
41.7 g/L of ethanol, with a theoretical ethanol yield of 49.8% at 38 ◦C, when primary
sludge was used as substrate. Da Silva et al. [39] studied ethanol production at 40 ◦C,
using the S. cerevisiae strain CAT-1 and carnauba straw as substrate; ethanol concentration
and theoretical yield were 5.47 g/L and 54.81%, respectively. Regarding this study, the
bioethanol production by strain TC-5 at 42 ◦C was not significantly difference compared
with that at 35–40 ◦C and of previous reports. In this sense, the thermotolerant strain TC-5
is a candidate yeast strain for bioethanol production under elevated temperature via SSF.

Ethanol production from various types of lignocellulosic biomass via the pre-SSF
process has previously been investigated. For example, Gladis et al. [40] reported that
bioethanol production from corn stover using baker’s yeast. Prehydrolysis was performed
at 50 ◦C for 24 h, and after the prehydrolysis step, the glucose concentration was 111.5 g/L.
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Subsequently, the temperature was adjusted to 35 ◦C for yeast fermentation. An ethanol
concentration and a theoretical ethanol yield of 53.5 g/L and 75% were attained, respec-
tively. Öhgren et al. [41] reported that an ethanol concentration and theoretical ethanol
yield of 26.4 g/L and 75%, obtained from corn stover by using baker’s yeast. Prehydrol-
ysis was performed at 55 ◦C for 16 h, followed by SSF at 30 ◦C. Pre-SSF is one type of
SSF process that provides the short period needed for lignocellulose material to be partly
hydrolyzed before fermentation. This way, the prepared fermentable sugars in the fermen-
tation medium can readily be used by the yeast. This process enables the use of higher
temperatures during the initial enzymatic hydrolysis, potentially increasing enzymatic
activity. Another advantage of this process is the reduction of the ethanol production time,
potentially increasing the overall ethanol productivity [41].

Regarding the overall process time, to obtain the highest ethanol concentrations of
SHF, pre-SSF, and SSF processes at 40 ◦C, periods of 168, 96, and 72 h, respectively, were
needed. The bioethanol production via SSF and pre-SSF was not significantly different,
whereas the maximum bioethanol productivity was obtained via SSF. In this sense, single-
step SSF is suitable for bioethanol production from CRC at 40 ◦C because of the short
fermentation and processing periods and the high ethanol productivity.

The ethanol production from various types of feedstocks via SSF at different solid
loadings has been investigated. For example, Qin et al. [42] studied the effect of solid
loading (6, 7, and 9%, w/v) on the bioethanol production from ethylenediamine-pretreated
corn stover at 34 ◦C. The results showed that ethanol yield decreased with an increase in
solid loading, and the authors suggested that this is caused by the lack of enzyme activity,
cell viability, or other unknown factors. In addition, the challenges in bioethanol production
via SSF at high solid concentrations are high viscosity and high energy consumption [43]. A
high substrate concentration also results in a high content of inhibitors, impeding ethanol
concentration and yield. These issues can be solved by using fed-batch fermentation [37,44].

Fed-batch SSF is a combination of batch and continuous modes by the periodical
addition of the substrate into the fermentation medium and has been used to overcome
substrate inhibition in batch SSF [37,40]. Ethanol production from various types of feed-
stocks via fed-batch SSF has been reported. For example, Gao et al. [37] reported bioethanol
production from sugarcane bagasse with 33% (w/v) solid loading via fed-batch SSF. The
highest ethanol concentration of 76 g/L, with a theoretical ethanol yield of 66%, was ob-
tained. Fed-batch SSF using 20% (w/v) corn stover has been studied by Gladis et al. [40],
and an ethanol concentration and a theoretical ethanol yield of 58 g/L and 81% were
obtained. In this study, bioethanol production via fed-batch SSF with 12.5% (w/v) CRC
solid loading at 40 ◦C provided the highest ethanol yield compared with other processes
(Table 1). Therefore, fed-batch SSF at 12.5% (w/v) solid loading was also simulated for
bioethanol production in a bioreactor.

The ethanol concentration in the bioreactor was lower than that obtained from via the
100-mL laboratory bottle (Table 1). This result is in agreement with previous findings. For
example, Orrego et al. [45] found that the ethanol concentration attained from a 5-L bioreactor
was lower than that obtained via a 250-mL Erlenmeyer flask. Dwiarti et al. [46] also found
that the ethanol production in 2-L Erlenmeyer flasks was decreased compared with that of
200-mL Erlenmeyer flasks (11.80 to 8 g/L). Most likely, this can be explained by insufficient
oxygen availability, mass, and heat transfer coefficients, absence of free water, accumulation
of unused sugar (xylose and arabinose), viscosity, and mixing capacity [45–47].

During alkali pretreatment, the intermolecular ester bonds between lignin and hemi-
cellulose are saponified, and the hemicellulose and lignin are dissolved in the alkali solu-
tion [48]. Therefore, the cellulose contents in KOH-treated corncob increased to 64.46%,
whereas the hemicellulose and lignin contents decreased to 31.27 and 2.52%, respectively.
After hydrolysis by endo-xylanase, 115 g of XOs and 515 g of CRC residue were obtained.
Endo-xylanase is the key enzyme for hemicellulose hydrolysis and can randomly break
down xylan, the main hemicellulose found in corncob, to produce XOs [49]; in treated
corncob, the cellulose remained. Consequently, the cellulose content in CRC residue was rel-
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atively high (75.69%), and the hemicellulose content decreased to 14.53% (Figure 4). Hence,
CRC residue with a high cellulose content could be a potential substrate for bioethanol
production.

Table 2 shows the comparison of bioethanol production by different strains of S.
cerevisiae from various types of lignocellulosic biomass via SSF at higher temperatures.
Saravanikumar and Kathiresan [50], in their studies on sawdust, reported that sawdust
hydrolysate was produced by consecutive acid treatment and enzymatic hydrolysis, using
cellulase from Trichoderma estonicum SKS1. Bioethanol was produced via SHF by S. cerevisiae
JN387604 at 36.5 ◦C, obtaining an ethanol concentration of 55.2 g/L and a theoretical yield
of 85.6% at a fermentation period of 102 h. Recently, waste jasmine flower has been
used as substrate for bioethanol production. The biomass was first treated using alkaline
solutions and temperature, followed by enzymatic hydrolysis using cellulase for 24 h to
obtain fermentable sugars. Then, bioethanol was produced using free cells of S. cerevisiae
TISTR5020 in a 2-L bioreactor at 30–35 ◦C via SHF. Ethanol concentration, productivity, and
yield were 14.39 g/L, 0.029 g/L/h, and 0.029 gEtOH/gbiomass, obtained within 120 h [51].

Table 2. Comparison of bioethanol production from S. cerevisiae using lignocellulosic biomass via simultaneous saccharifica-
tion and fermentation (SSF).

Strain
Solid

Loading;
Scale

Fermentation
Temperature

(◦C)
Substrate CEtOH * (g/L)

Yp/s **
gEtOH/gsubstrate

QP ***
(g/L/h)

Y **** (%) Reference

S. cerevisiae
mbc2

9% (w/w)
glucan;

Flask-scale
42

Silvergrass
(Miscanthus

sp.)
15.30 N/A 0.32 90.10 Cha et al.

[12]

S. cerevisiae
TJ14

5% (w/v)
cellulose;

Flask-scale
42 Paper sludge 11.80 N/A 0.12 80.00 Dwiarti et al.

[46]

S. cerevisiae
SC90

10% (w/v);
Flask-scale 40 Oil palm

trunk 44.25 0.443 0.46 90.34 Tareen et al.
[52]

S. cerevisiae
TC-5

12.5% (w/v);
Flask-scale 40

Cellulose-
rich corncob

residue
35.91 0.251 0.25 87.86 This study

Note: N/A: not available; * CEtOH: ethanol concentration; ** Yp/s: ethanol yield; *** QP: ethanol productivity; **** Y: theoretical ethanol
yield.

With regard to fed-batch SSF (Table 3), another bioethanol production process has been
reported by Gao et al. [37], who investigated bioethanol production from sugarcane bagasse
via fed-batch SSF by using S. cerevisiae Y-2034 and commercial cellulase (Novozymes A/S).
Fermentation was carried out in 250-mL Erlenmeyer flasks (100 mL of reaction volume)
at 37 ◦C, an ethanol concentration and theoretical ethanol yield of 46.13 g/L and 70.06%,
respectively, were obtained. In another study, bioethanol production from empty palm
fruit bunch fiber in a 5-L stirring bioreactor (1 L of reaction volume) via fed-batch SSF
has been investigated by Park et al. [53]. The strain S. cerevisiae L3262a was employed to
produce ethanol at 30 ◦C, using fermentation medium with 10 g/L of yeast extract and
20 g/L of peptone. Under optimal conditions, an ethanol concentration of 62.5 g/L was
obtained, with a theoretical yield of 70.6%. In a study by Tareen et al. [52], an oil palm trunk
was treated by steam explosion and alkali extraction, followed by SSF. Fermentation was
carried out in 500-mL flasks containing 300 mL of SSF production medium (10% treated
oil palm trunk, 20 g/L of peptone, and 10 g/L of yeast extract). Two types of commercial
cellulase, namely Celluclast 1.5 L and Novozymes 188 were employed in the SSF process,
which was carried out at 40 ◦C using S. cerevisiae SC90. The highest ethanol concentration
was 44.25 g/L, with a productivity of 0.45 g/L/h.
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Table 3. Comparison of bioethanol production from S. cerevisiae using lignocellulosic biomass via fed-batch simultaneous
saccharification and fermentation (fed-batch SSF).

Strain
Solid Loading;

Scale

Fermentation
Temperature

(◦C)
Substrate CEtOH * (g/L)

Yp/s **
gEtOH/gsubstrate

QP ***
(g/L/h)

Y ****
(%)

Reference

S. cerevisiae
Y-2034

19% (w/v);
Flask-scale 37 Sugarcane

bagasse 46.13 0.243 0.64 70.06 Gao et al.
[37]

S. cerevisiae
L2524a

30% (w/v);
Bioreactor-scale 30

Empty palm
fruit bunch

fibers
62.5 0.208 0.66 70.60 Park et al.

[53]

S. cerevisiae
TC-5

12.5% (w/v);
Bioreactor-scale 40

Cellulose-
rich corncob

residue
31.96 0.256 0.22 78.20 This study

Note: N/A: not available; * CEtOH: ethanol concentration; ** Yp/s: ethanol yield; *** QP: ethanol productivity; **** Y: theoretical ethanol
yield.

In the present study, ethanol concentration, ethanol yield, and theoretical ethanol
yield values of 31.96 g/L (143 g/kgraw corncob), 0.256 gEtOH/gCRC, and 78.20%, respectively,
were achieved by fed-batch SSF in a 5-L bioreactor. Ethanol concentration and productivity
were not only comparable to those obtained in previous studies, but the cost of the SSF
production medium used in this study was also remarkably low. Only 1 g/L of yeast extract
was used, and inexpensive inorganic nutrients ((NH4)2SO4, NH4H2PO4, and MgSO4·7H2O)
were supplemented. Alternatively, S. cerevisiae TC-5 could grow and effectively produce
bioethanol even under low nutrient conditions. The cost of these supplemental ingredients
is a critical issue for industrial processes or commercial ethanol plants [54]. Yeast extract
alone is estimated to account for approximately 20% of the raw material costs [55]. When
medium with urea 3 g/L was used to produce bioethanol from carob waste, compared with
the use of yeast extract-peptone medium (10 g/L of yeast extract and 20 g/L of peptone),
the production costs could be reduced by up to 50% [56]. Another aspect for ethanol
production is the minimization of the overall process time. Conventional SHF is considered
a time-consuming process [57]. In this study, the overall process time of the up-scaled
ethanol production, using thermotolerant S. cerevisiae TC-5, via SSF was only 144 h. In this
sense, the newly isolated S. cerevisiae TC-5 might be an effective thermotolerant yeast strain
suitable for bioethanol production from lignocellulosic material, minimizing processing
time, and production costs. Regarding these concerns, this ethanol production procedure
using S. cerevisiae TC-5 is effective, practical, and competitive on a cost basis.

5. Conclusions

This study shows that CRC residue can be used as a potential second-generation
substrate for bioethanol production because of its high cellulose content. The isolated
thermotolerant strain S. cerevisiae TC-5 could grow and produce bioethanol at 40 ◦C and
required less supplemented nutrients and minerals. In addition, strain TC-5 could be
employed in either batch SSF or fed-batch SSF at bioreactor scale. These characteristics
make it an attractive thermotolerant yeast strain suitable for use in industrial bioethanol
production from various lignocellulosic biomasses.

Supplementary Materials: The following are available online at https://www.mdpi.com/article/10
.3390/jof7070547/s1, Table S1: Comparison of ethanol concentration, ethanol yield, ethanol productiv-
ity, and theoretical ethanol yield produced by commercial S. cerevisiae (control) and the thermotolerant
S. cerevisiae TC-5 and via separate hydrolysis and fermentation (SHF), simultaneous saccharification
and fermentation (SSF), and prehydrolysis-simultaneous saccharification and fermentation (pre-SSF)
at 35, 37, 40, and 42 ◦C at 72 h of fermentation time. Figure S1: Phylogenetic tree of the thermotolerant
S. cerevisiae TC-5, commercial S. cerevisiae, and the related species in GenBank database. Figure S2:
Time course of ethanol production from cellulose-rich corncob hydrolysate by commercial S. cere-
visiae via separate hydrolysis and fermentation (SHF) process at 35 (a), 37 (b), 40 (c), and 42 ◦C (d).
Figure S3: Time course of ethanol production from cellulose-rich corncob hydrolysate by S. cerevisiae
TC-5 via separate hydrolysis and fermentation (SHF) process at 35 (a), 37 (b), 40 (c), and 42 ◦C (d).
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Figure S4: Time course of ethanol production from cellulose-rich corncob residue by commercial S.
cerevisiae via simultaneous saccharification and fermentation (SSF) process at 35 (a), 37 (b), 40 (c), and
42 ◦C (d). Figure S5: Time course of ethanol production from cellulose-rich corncob residue by S.
cerevisiae TC-5 via simultaneous saccharification and fermentation (SSF) process at 35 (a), 37 (b), 40 (c),
and 42 ◦C (d). Figure S6: Time course of ethanol production from cellulose-rich corncob residue by
commercial S. cerevisiae via prehydrolysis-simultaneous saccharification and fermentation (pre-SSF)
process at 35 (a), 37 (b), 40 (c), and 42 ◦C (d). Figure S7: Time course of ethanol production from
cellulose-rich corncob residue by S. cerevisiae TC-5 via prehydrolysis-simultaneous saccharification
and fermentation (pre-SSF) process at 35 (a), 37 (b), 40 (c), and 42 ◦C (d).
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Abstract: The present work highlights the valorization of the bulky recalcitrant lignocellulose byprod-
uct wheat straw (WS) for the enhanced production of value-added xylanase by the locally sourced
novel Penicillium chrysogenum strain A3 DSM105774 for the first time. The optimized production of
xylanase by submerged state of fermentation of WS was achieved using a three-step statistical and
sequential approach: one factor at a time (OFAT), Plackett–Burman design (PBD), and Box Behnken
design (BBD). Incubation temperature (30 ◦C), WS, and ammonium sulphate were the key determi-
nants prompting xylanase production; inferred from OFAT. The WS concentration (%(w/v)), yeast
extract concentration (%(w/v)), and initial pH of the production medium imposed significant effects
(p ≤ 0.05) on the produced xylanase, realized from PBD. The predicted levels of WS concentration,
initial pH of the production medium, and yeast extract concentration provoking the ultimate xylanase
levels (53.7 U/mL) with an 8.95-fold enhancement, localized by the estimated ridge of the steepest
ascent of the ridge analysis path, were 3.8% (w/v), 5.1, and 0.098% (w/v), respectively; 94.7% lab
validation. The current data underpin the up-scaling of xylanase production using this eco-friendly,
cheap, and robust methodology for the valorization of WS into the value-added product xylanase.

Keywords: wheat straw; Penicillium chrysogenum strain A3 DSM105774; xylanase; submerged state
of fermentation; low cost eco-friendly methodology

1. Introduction

Millions of tons of agro-industrial waste byproducts do generate from agricultural
practices on lignocellulose biomasses annually worldwide. Wheat straw, wheat bran, wheat
husk, corncob, rice straw, rice bran, rice husk, oat husk, oat straw, barley straw, sorghum
straw, paddy straw, sugarcane straw, and maize straw are paradigms of agro-industrial
waste byproducts containing lignocelluloses [1].

Wheat straw (designated hereafter as WS) is a recalcitrant agro-industrial waste
byproduct containing lignocelluloses. Wheat straw, the dry stalk of wheat after the removal
of the grain and the chaff [2], is composed of carbohydrates as a major constituent (27%
cellulose, 21% hemicellulose, and 23% lignin on dry weight basis), minerals, proteins,
silica, ash, and acid detergent fibers [3–5]. The worldwide consumption of wheat was
estimated to reach 652.18 million ton in 2010 [6]. Normally, WS is collected and conserved
in straw bales. Despite the involvement of WS in an extensive range of applications in
medicine [7], fermentation industry [8], soil fertility [9], bio charcoal [10], basket making,
pulp industry [11], and bioremediation [12,13], novel usages are urgently mandatory for
effective management and economic valorization of the bulky amounts of this byproduct
waste.

Wheat straw is a potential zero-cost alternate for the highly expensive synthetic
substrates included in the manufacturing of value-added bioproducts like enzymes by

J. Fungi 2021, 7, 696. https://doi.org/10.3390/jof7090696 https://www.mdpi.com/journal/jof
47



J. Fungi 2021, 7, 696

the aid of a panel of filamentous fungi. For instance, Penicillium janthinellum [14], 2015),
Trichoderma harzianum ZF-2 [15], P. chrysogenum [16], Paecilomyces thermophila J18 [17],
Aspergillus ochraceus [18], and A. niger strain [19] were reported as potential fungi not only
for the management of the lignocellulose byproduct WS but also for the WS valorization
into value added products in the form of cellulases, laccases, α-amylases, xylanases, and
β-xylosoxidases, respectively.

β-1,4-Xylanases (EC 3.2.1.8) of microbial origin are industrial enzymes with immense
biotechnological applications for mankind such as waste treatment, paper-pulp, feed, and
food industries [9,20] as well as the manufacturing of biofuel from cellulosic biomass [21].
Over the few last decades, numerous fungal strains were tried for the production of live
xylanases using lignocelluloses agro-industrial waste byproducts such as sorghum straw
by Thermomyces lanuginosus (D2W3) [22], rice husk by T. lanuginosus strain A3-1 DSM
105773 [23], rice bran by Humicola lanuginosa [24], rice straw by Aspergillus fumigatus NIT-
DGPKA3 [25], wheat bran by P. chrysogenum PCL501 [26], wheat straw by Paecilomyces
thermophia [27] and Melanocarpus albomyces IITD3A [28], and maize straw by Trichoderma
viride [29]. Several Penicillum spp (e.g., Penicillium oxalicum ZH-30 [30], P. oxalicum T3.3 [31],
P. pinophilum NTG1 II/6 [32], P. decumbens [33], P. janthinelum CRC 87M-115 [34], P. purpuro-
genum [35], P. echiulatum [36], P. expansum [37], P. chrysogenum PCL501 [26], and P. canescens
(10-10c) [38] have been intensely studied for their capability to manufacture live xylanases
upon their cultivation on wheat bran, wheat straw, rice straw, corncob, oat husk, and
barely straw. However, the valorization of WS to a value-added product xylanase by
P. chrysogenum (recently designated as P. rubens) has not been attempted yet. Currently, the
xylanase producers at the industrial scale are mostly species of Aspergillus and Trichoderma.
Nonetheless, the search of novel xylanase hyper-producer fungal strains alongside with
the selection of zero-cost substrates has captured increasing interest to cover the needs of
enzyme markets globally.

In the light of the mentioned above, this work was conducted: (a) to beneficiate the WS
through an eco-friendly technology to a valuable end product xylanase, (b) to statistically
optimize the xylanase production by the locally novel Penicillium chrysogenum strain A3
DSM105774 using WS-based production medium on the flask scale for the first time ever,
(b) to customize an inexpensive xylanase production medium containing the zero-cost
substrate WS as a co-sole carbon source and xylanase inducer.

2. Materials and Methods

2.1. Wheat Straw

The wheat straw waste was obtained from a regional farm in Alexandria City. It was
subjected to drying in an oven at 60 ◦C, and was milled in a Devika commercial mixer
grinder, Classic Model, Devika Industries Inc., Gujarat, India) into fluffy flakes (1–2 mm).
Then it was preserved in airtight plastic bags at ambient temperature.

2.2. Reagents and Chemicals

Beechwood xylan was obtained from LOBAChemie, PVT., Ltd., Mumbai, India. The
3,5-dinitrosalicylic acid (DNS), xylose was purchased from Sigma-Aldrich Co., Missouri,
Saint Louis, USA. The PDA (potato dextrose agar) was purchased from HiMedia Labs, Ltd.,
Mumbai, India. The18S rRNA fungal-specific primers were manufactured in Macrogen
Co., Ltd., Seoul, Korea.

2.3. Media

The PDA was used for the purposes of activation and short-term maintenance of fun-
gal strains. The minimal medium [39], in g/L: (NH4)2SO4, 1.3; KH2PO4, 0.37; MgSO4·7H2O,
0.25; CaCl2·2H2O, 0.07; FeCl3, 0.02; yeast extract 1.0; and 0.5% (w/v) beechwood xylan,
was used as a core xylanase production medium by fungal candidates.
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2.4. Isolation of Xylanase-Producing Fungal Strains

The fungal strain enrolled in this work was isolated from a sample gathered from
Abbis-2 compost plant, Alexandria City, Egypt. Succinctly, 10 g compost sample was
added to 90 mL sterilized saline solution and agitated for 30 min. Ten-fold serial dilution
was done followed by plating 0.1 mL of an appropriately selected dilution on PDA plates
complemented with streptomycin at a final concentration of 100 mg/L to suppress the
growth of bacteria [40]. The incubation temperature for the inoculated PDA plates was
30 ◦C. After incubation for 6 days, single fungal colonies of distinct colorizations were
picked for sub-culturing on PDA plates for further purification. All purified fungal isolates
were preserved on PDA slants at 4 ◦C and sub-cultured monthly. The capability of the
tested fungal isolates regarding xylanase production was assessed on a minimal medium
complemented with beechwood xylan (0.5% (w/v)) and 2% (w/v) agar. The plates were
incubated for 6 days at 30 ◦C followed by overflowing with Congo red (0.1% (w/v)) for
15 min. The zone of hydrolysis was developed by flooding the plates with 1.5 M NaCl
for 30 min. The highest xylanase-producing fungal isolate, selected based on its largest
hydrolysis zone surrounding the fungal colony on a xylan agar plate, was selected as the
promising fungal strain to conduct this study (Figure S1).

2.5. Scnnaing Electron Microscopy

The microscopic features of the most promising xylanase-producing fungal strain
were investigated under scanning electron microscope (SEM). Dry smears of the fungal
strain were coated with approximately 15 nm gold (JEC-1100 E Sputter Coater, JEOL Inc.,
Pleasanton, CA, USA). After that, the golden coated samples were scanned using SEM
(JEOL JSM-5300, JEOL Inc., Pleasanton, CA, USA). The coated slide was accelerated at
30 KV (at room temperature). The digital images of the samples were adjusted and saved
for further investigation.

2.6. 18S rDNA Sequencing Approach

Genomic DNA of the quest fungal strain was extracted using the ZR Fungal/Bacterial
DNA MiniprepTM (Zymo Co., Irvine, CA, USA) in accordance with the manufacturer’s
instructions. The 18S ribosomal DNA (18S rDNA) gene full length of quest fungal strain was
amplified by PCR using the fungal specific primer set EF4 (5′-GGAAGGGRTGTATTTATT
AG-3′) and EF3 (5′-TCCTCTAAATGACAAGTTTG-3′) [41]. The reaction was conducted at
a final volume of 50 μL: 5 μL (30 ng) of genomic DNA, (2.5 μL) 25 pmol of each primer (EF4
and EF3), 25 μL of 1X PCR master mix (iNTRON, Gyeonggi, Korea), and 15 μL nuclease
free water. The PCR reaction was executed in PCR thermocycler (Biometra, Göttingen,
Germany). PCR conditions were set as follow: initial denaturation at 95 ◦C for 5 min,
30 cycles (each cycle: denaturation at 94 ◦C for 45 s, annealing at 48 ◦C for 45 s and
extension at 72 ◦C for 1.5 min) and final extension at 72 ◦C for 10 min. The presence of
PCR products was checked on 1.0% (w/v) agarose gel. The 18S rDNA PCR product was
purified using the GeneJET PCR Purification kit (Thermo Fisher Scientific Co., Waltham,
Massachusetts, MA, USA). Then, the 18S rDNA nucleotide sequence of the fungal strain
was searched against the international nucleotide databases (EMBL, GenBank, and DDBJ)
using the BLASTN algorithm (http://blast.ncbi.nlm.nih.gov/Blast.cgi, accessed on 15 May
2017). The phylogenetic tree was constructed out via CLC Sequence Viewer 8.0 software
to define the evolutionary relationship between the quest fungal isolate and other fungal
members. The 18S rDNA nucleotide sequence of the quest fungal strain was deposited in
the EMBL database.

2.7. Xylanase Assay

The xylanase activity of the fungal-free supernatant was determined by estimating the
reducing sugars derived from the substrate beechwood xylan by the 3, 5 dinitrosalicylic
acid (DNS) [42]. Concisely, 0.5 mL beechwood xylan (1.0% (w/v)) in 100 mL (0.1M sodium
acetate buffer, pH 5.0) was added to crude enzyme preparation (0.5 mL) and incubated
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at 50 ◦C for 30 min. The reaction was stopped by the addition of DNS reagent (2.0 mL)
followed by boiling at 100 ◦C for 5 min. Unlike the test reaction, the crude enzyme
preparation was boiled for 5 min prior to its addition to the reaction mixture in the control
reaction. All reaction tubes were cooled down followed by the addition of 7.0 mL distilled
water to each tube with thorough mixing. The absorbance of the developed color was
estimated spectrophotometrically at 540 nm. The standard curve was established using
xylose. All assays were executed in 4 replicates. One arbitrary unit (U) of enzyme activity
was described as the quantity of enzyme liberating 1 μmol xylose from the substrate
beechwood xylan after one min.

2.8. Optimization of Xylanase Production

A three-step optimizing plan, OFAT, PBD, and BBD, was employed to optimize the
xylanase production directed by the most potent xylanase-producing fungal strain under
submerged state fermentation.

2.9. One Factor at a Time (OFAT)

The initial selection of the physicochemical determinants affecting the xylanase activity
by the most potent xylanase-producing fungal strain was done through OFAT methodology.
The theory behind this approach is the alteration of one factor at a time regardless of the
likely interactions among the tried factors. In this study, the checked physiochemical
factors were wheat straw as a carbon source instead of beechwood xylan, inorganic ni-
trogen source (i.e., sodium nitrate, ammonium sulphate, ammonium citrate, ammonium
chloride, ammonium phosphate, and ammonium nitrate), and incubation temperature.
Each inorganic nitrogen source was tested at a final concentration of 1.3 g/L at 35 ◦C. The
following different incubation temperatures 25, 30, 35, and 40 ◦C were tried out. A 50 mL
production medium was dispended in Erlenmeyer flasks (100 mL). Two discs of 4 days
activated fungal strain were used to inoculate the Erlenmeyer flask-containing production
medium. All cultures were shaken at 120 rpm in an incubator shaker for 6 days. The
experimental runs were operated in triplicates.

The proper incubation temperature, deduced from OFAT trials, prompted the maximal
levels of xylanase was chosen in order to conduct the subsequent optimization trials.
The two independent factors imposing significant consequences on xylanase production
deduced from OFAT: wheat straw concentration (% (w/v)) and ammonium sulphate
concentration (% (w/v)) as well as three independent factors; incubation time, yeast extract
concentration (%(w/v)), and initial pH of the production medium were further studied by
PDB; the next step in the optimization strategy.

2.10. Plackett–Burman Design (PBD)

In this study, Plackett–Burman (a full factorial design) [43] was employed in order to
evaluate the likely considerable linear impact of the five independent factors: yeast extract
concentration (w/v)), initial pH of the production medium, wheat straw concentration
(w/v)), incubation time (days), and ammonium sulphate concentration (w/v)) on xylanase
production. A matrix of twelve trials, full factorial design, was designed by Minitab 17.3
software as presented in Table 1a. Each factor was coded (−1) and (+1) in two levels
low level and (high level, respectively. The possible linear impact enforced by the tried
independent factors on the production of xylanase was portrayed through a first-order
polynomial equation (Equation (1)).

Y = βo+∑ βixi (1)

A fifty mL of the production medium was dispensed in 100 mL Erlenmeyer flasks.
All cultures were incubated at 120 rpm in an incubator shaker. The independent factors
imposing significant influences on the xylanase production [i.e., initial pH of the production
medium, yeast extract concentration (% (w/v)), and wheat straw concentration (% (w/v))]
were tested further in the final stage in the optimization strategy, BBD. However, the
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independent factors displaying non-significant concerns on the production of xylanase
were used at their initial values in the subsequent experiments.

Table 1. (a) Coded-real values of five factors in PBD for observing top significant factors regulating the production of
xylanase by P. chrysogenum strain A3 DSM105774. (b) An outline for multiple linear regression of PBD data for assessment
of the production of xylanase by P. chrysogenum strain A3 DSM105774.

(a)

Independent Factors
Y

Xylanase Activity (U/mL)

Trial # X1 X2 X3 X4 X5 Exp. a Pred. b

1 1(1.0) −1(0.065) 1(7.0) −1(4.0) −1(0.025) 14.43 14.39
2 1(1.0) 1(0.25) −1(5.0) 1(8.0) −1(0.025) 15.00 15.54
3 −1(0.25) 1(0.25) 1(7.0) −1(4.0) 1(0.15) 6.54 5.92
4 1(1.0) −1(0.065) 1(7.0) 1(8.0) −1(0.025) 13.47 13.98
5 1(1.0) 1(0.25) −1(5.0) 1(8.0) 1(0.15) 14.32 13.04
6 1(1.0) 1(0.25) 1(7.0) −1(4.0) 1(0.15) 9.63 11.98
7 −1(0.25) 1(0.25) 1(7.0) 1(8.0) −1(0.025) 9.39 7.99
8 −1(0.25) −1(0.065) 1(7.0) 1(8.0) 1(0.15) 6.21 5.42
9 −1(0.25) −1(0.065) −1(5.0) 1(8.0) 1(0.15) 4.47 6.89
10 1(1.0) −1(0.065) −1(5.0) −1(4.0) 1(0.15) 15.45 13.38
11 −1(0.25) 1(0.25) −1(5.0) −1(4.0) −1(0.025) 9.48 9.89
12 −1(0.25) −1(0.065) −1(5.0) −1(4.0) −1(0.025) 9.84 9.81

(b)

Independent
Factor

Estimate
Symbol

Estimate t-Value p-Value Confidence Level (%)

Intercept B◦ 10.68575 34.2592 7.64 × 10−18 100.00 *
X1 B1 3.030083 9.714641 1.39 × 10−8 99.99 *
X2 B2 0.040083 0.12851 0.899171
X3 B3 −0.74008 −2.37275 0.029001 97.10 *
X4 B4 −0.20925 −0.67087 0.510822
X5 B5 −1.24925 −4.00518 0.000830 99.91 *

Values between brackets: real values for the independent factors. X1: WS concentration (%(w/v)), X2: ammonium sulphate concentration
(%(w/v)), X3: initial pH of the production medium, X4: incubation time (days) and X5: yeast extract concentration (%(w/v)). a: experimental
values and b: predicted values. Values: mean of 3 readings. * Significant p-value: ≤ 0.05.

2.11. Box–Behnken Design (BBD)

The key factors, showing significant influences on the production of xylanase were
studied through the BBD [44] to determine the optimum level of each key factor in com-
bination with the maximum level of xylanase. Each factor was coded (−1), (0), and (+1)
indicating three levels low level, center level, and high level, respectively in a matrix of
fifteen trials (Table 2a). The three studied independent factors were wheat straw concentra-
tion (% (w/v)), initial pH of the production medium, and yeast extract concentration (%
(w/v)). All likely forms of interactions among the studied independent factors triggering
significant consequences on the production of xylanase were depicted in Equation (2); a
second-order polynomial equation.

Y = βo + ∑k
i=1 βixi + ∑k

i=1 βiixixi + ∑k−1
i=1 ∑k

j=2 βijxixj + ε (2)

All experimental trials had performed in Erlenmeyer flasks (100 mL) containing a 50
mL production medium. All experiments of BBD were incubated in an incubator shaker,
with agitation at 120 rpm.
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Table 2. (a) The levels of coded and real values of three independent factors in BBD for maximizing
the xylanase production by P. chrysogenum strain A3 DSM105774. (b) Regression synopsis of BBD for
assessing xylanase levels produced by P. chrysogenum strain A3 DSM105774.

(a)

Trial # X1 X3 X5

Y6
Xylanase Activity (U/mL)

Exp. a Pred. b

1 −1(0.1) −1(4.5) 0(0.056) 10.77 8.45
2 1(1.9) −1(4.5) 0(0.056) 51.42 56.52
3 −1(0.1) 1(9.5) 0(0.056) 3.84 −1.26
4 1(1.9) 1(9.5) 0(0.056) 12.03 14.35
5 −1(0.1) 0(7.0) −1(0.012) 7.26 13.32
6 1(1.9) 0(7.0) −1(0.012) 45.48 44.13
7 −1(0.1) 0(7.0) 1(0.1) 9.45 10.80
8 1(1.9) 0(7.0) 1(0.1) 49.74 43.68
9 0(1.0) −1(4.5) −1(0.012) 43.50 39.75
10 0(1.0) 1(9.5) −1(0.012) 11.13 10.17
11 0(1.0) −1(4.5) 1(0.1) 33.66 34.62
12 0(1.0) 1(9.5) 1(0.1) 8.58 12.33
13 0(1.0) 0(7.0) 0(0.56) 37.47 38.45
14 0(1.0) 0(7.0) 0(0.56) 38.82 38.45
15 0(1.0) 0(7.0) 0(0.56) 39.06 38.45

(b)

Independent
Factor

Estimate
Symbol

Estimate t-Value p-Value
Confidence
Level (%)

Intercept B◦ 38.45 22.75182 9.1 × 10−6 100.00 *
X1 B1 15.92 15.38201 1.51 × 10−12 99.99 *
X3 B2 −12.97 −12.5339 6.28 × 10−11 99.999 *
X5 B3 −0.74 −0.71746 0.481384 -

X1.X1 B11 −7.59 −4.97925 7.21 × 10−5 99.99 *
X3.X3 B22 −11.35 −7.45082 3.44 × 10−7 99.999 *
X5.X5 B33 −2.88 −1.89225 0.073025 -
X1.X3 B12 −8.11 −5.5447 1.99 × 10−5 99.99 *
X1.X5 B13 0.52 0.35359 0.727346 -
X3.X5 B23 1.82 1.245251 0.227433 -

alues between brackets: real values for the independent factors. X1: WS concentration (%(w/v)), X3: initial pH of
the production medium and X5: yeast extract concentration (%(w/v)). a: experimental values and b: predicted
values. Values: mean of 3 readings.* Significant p-values: ≤ 0.05.

2.12. Statistical Analyses and Softwares

The PBD and BBD used in this study had been designed using the Minitab soft-
ware 17.3. All regression analyses were performed using Minitab software 17.3. The
three-dimensional plots were drawn using the Statistica software 13.1. The RSM package
(R Development Core team 2016), Comprehensive R Archive Network (http://CRAN.R-
project.org/package=rsm, accessed on 17 March 2016), was used in this study for perform-
ing statistical, canonical, and ridge analyses.

3. Results

3.1. Penicillium Chrysogenum Strain A3 DSM105774

The full length of the 18S rDNA gene (1500 bp) of the quest fungal strain was suc-
cessfully amplified by PCR as depicted in Figure 1A. The analysis of the obtained 18S
rDNA nucleotide sequence by BLASTn followed by a phylogenetic tree construction did
reveal that the promising xylanase producer isolate affiliated as Penicillium chrysogenum
(Figure 1B). To help deposit its 18S rRNA (18S rDNA) nucleotide sequence in GenBank,
the fungus was assigned a strain nomenclature strain A3. Thus, the fungal isolate was
named Penicillium chrysogenum strain A3. The deposited 18S rDNA nucleotide sequence
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was given the accession number KY010602. To guarantee the accessibility of the fungal
strain for the public, DSMZ was chosen to deposit the fungal strain with the accession
number DSM105774. Moreover, the microscopic features of the fungal strain, mainly the
fungal conidia, were depicted in Figure 2 using a scanning electron microscope.

Figure 1. (A) Agarose gel (1%w/v) electrophoresis showing the PCR product for the full length 18S rDNA gene amplified
by PCR from the quest fungal strain. M: 1kbp DNA ladder. Lanes 1–5: amplified PCR product of 18S rDNA full length from
the quest fungal strain from five PCR reactions Eppendorf tubes. (B) Neighbor-joining tree (constructed by CLC Sequence
Viewer 8.0) depicting the phylogenetic relationship between 18S ribosomal DNA sequence of the Figure 3, (the fungal
isolate in this study) and other 18S ribosomal DNA sequences assigning to closely related fungi. Bootstrap values were
presented on branch nodes (100 re-samplings). The fungal isolate CM3 is the quest fungal strain P. chrysogenum strain A3
DSM105774 and is indicated by a red arrow.
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Figure 2. A photo of scanning electron microscope showing the conidia of P. chrysogenum A3
DSM105774. The magnification is ×3500.

3.2. Key Factors Directing Xylanase Production

With regard to the influence of nitrogen source on xylanase production via P. chryso-
genum strain A3 DSM1057, the highest significant levels of xylanase activity (p ≤ 0.05) were
observed upon the incorporation of ammonium sulphate and sodium nitrate separately
in the production medium (Figure 3). No significant difference (p ≥ 0.05) in the level
of xylanase activity was noticed as a result of the incorporation of ammonium sulphate
and sodium nitrate separately in the production medium. Based on the present data,
ammonium sulphate was chosen as the appropriate nitrogen source triggering xylanase
production in the subsequent experimental trials.

Figure 3. Influence of the nitrogen source on the production of xylanase from P. chrysogenum A3 DSM105774 at 35 ◦C. Values
are mean of 4 readings with standard error (SE). Symbols (a, b, and c) displayed on histogram bars were used to distinguish
the significance in the xylanase levels imposed by different inorganic nitrogen sources. The histogram bars bearing the
same symbol letter indicated non-significant difference. The histogram bars bearing different symbol letters indicated a
significant difference at p-value ≤ 0.05.
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Concerning the impact of the incubation temperature on xylanase production via P.
chrysogenum strain A3 DSM105774, four incubation temperatures (25, 30, 35 and 40 ◦C)
were studied. Data conferred a dramatic significant reduction (p ≤ 0.05) in xylanase activity
(1.09637 U/mL) when the fungal strain was cultivated at incubation temperatures higher
than 30 ◦C (i.e., 35 and 40 ◦C) (Figure 4). Moreover, there was an appreciable variation
in xylanase activity (34.4625 and 23.0393 U/mL) (Figure 4) at p ≤ 0.05 when the fungus
was cultivated at 30 and 25 ◦C, respectively. Consequently, 30 ◦C had been chosen as the
applicable incubation temperature to carry out the next optimization experiments.

Figure 4. Influence of incubation temperature on the production of xylanase from P. chrysogenum A3 DSM105774 using
minimal medium complemented with WS (0.5% (w/v)) for 6 days. Values are mean of 4 readings ± standard errors. Symbols
(a, b, and c) displayed on histogram bars were used to distinguish the significance in the xylanase levels imposed by different
inorganic nitrogen sources. The histogram bars bearing the same symbol letter indicated non-significant difference. The
histogram bars bearing different symbol letters indicated a significant difference at p-value ≤ 0.05.

Considering the data derived from OFAT experiments and preceding published re-
ports, the influence of the following key factors: incubation time (days), WS concentration
(%(w/v)), initial pH of the production medium, yeast extract concentration (%(w/v)), and
ammonium sulphate concentration (%(w/v)) on the process outcome was tested in the next
experimental trials of PBD.

3.3. Screening of Key Factors Influencing Xylanase Production Using PBD

The perceivable variations spanning from 4.47 to 15.45 U/mL in xylanase activity
(Table 1a), produced by P. chrysogenum strain A3 DSM105774, among the twelve empiri-
cal runs, evidenced the indispensable need to carry out the optimization plan. Multiple
linear regression analysis (Table 1b) evidenced three independent factors: WS concentra-
tion (%(w/v)) (X1), pH of the production medium (X3) and yeast extract concentration
(%(w/v)) (X5) demonstrated improvements (p ≤ 0.05) in the levels of xylanase produced
by P. chrysogenum strain A3 DSM105774.

The model aptness was evaluated by the co-efficient R2 that was computed to be 0.866.
This R2-value referred that 86% of the unevenness in the output might be explained by the
model. The regression model had multiple co-efficient R-value of 0.93. At most, the best
correlation between the predicted and experimental values could be achieved when the
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R-value is close to 1.0. As a rule of thumb, the regression model with high significance
could be inferred from its high F-value (23.3) and low p-value (2.8 × 10−7).

The regression coefficients had been calculated with the aid of coded to settle the full
polynomial Equation (3) in order to describe the impact of the independent factors on
xylanase production by P. chrysogenum strain A3 DSM105774.

Y = 10.69 + 3.03X1 + 0.04X2 − 0.074X3 − 0.209 X4 − 1.25X5 (3)

The regression analysis of PDB data inferred that the independent variables (incu-
bation time and ammonium sulphate) did not elicit effects (p > 0.05) on the production
of xylanase by P. chrysogenum strain A3 DSM105774. Consequently, they were settled at
their initial levels in the following optimization step. Whilst the independent variables
(WS concentration (X1), pH of production medium (X3), and concentration of yeast extract
(X5) that exhibited magnitudes (p ≤ 0.05) on xylanase production by P. chrysogenum strain
A3 DSM105774 were assessed in the subsequent step of the optimization plan using BBD.

3.4. Pinpointing the Optimal Values of the Key Factors Switching the Production of Xylanase
by BBD

The data of BBD trials for maximizing the production of xylanase by P. chrysogenum
strain A3 DSM105774 are displayed in Table 2a. The tested three independent variables,
derived from the PBD experiment, were WS concentration (%(w/v)) (X1), pH of the pro-
duction medium (X3) and yeast extract concentration (%(w/v)) (X5). The three tried
independent factors caused impacts (p < 0.05) on xylanase production by P. chrysogenum
strain A3 DSM105774 through the next formulas of interactions (Table 2b); linear (X1 and
X3), quadratic (X1.X1 and X3.X3), and cross form (X1.X3).

Judging of model aptness had been executed through computing co-efficient R2. The
regression model had co-efficient R2 value of 0.96. This R2 value deduced that 96% of
the unevenness in the outcome might be justified by the model. Moreover, the regression
model had a multiple correlation co-efficient R-value of 0.98. Normally, the best correlation
between the predicted and experimental values could be realized when the R- value is
close to 1.0. Typically, the high significance of the regression model is attributed to the high
F-value and the low p-value. Here, the regression model demonstrated F-value (55.86) and
p-value (3.25 × 10−12).

The second-order polynomial Equation (4) had been established with the aid of coded
values to depict whole likely types of interactions of the tried independent factors triggering
a significant consequence on xylanase production by P. chrysogenum strain A3 DSM105774.

Y =38.45 + 15.92X1 − 12.97X3 − 0.74X5 − 7.59X1.X1 − 11.35X3.X3 − 2.88 X5.X5 − 8.11X1.X3 + 0.52X1.X5
+ 1.82X3.X5

(4)

In an attempt to realize the optimized settings for xylanase levels by P. chrysogenum
strain A3 DSM105774, the characteristics of the response shape was studied by portraying
the 3D surface plots. The notion of 3D surface plots relies on investigating the influence of
two independent factors simultaneously on output at utmost level of the third independent
factor. The predicted stationary points exhibited saddle appearance; as elucidated in
Figures 5–7. Hence, the ridge and canonical analyses were executed in order to pinpoint
the optimum levels of the independent factors and the maximal output parallel.
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Figure 5. The 3D surface plot depicting the impact of WS concentration (%(w/v)) and initial pH
of the production medium at fixed value of yeast extract concentration (%(w/v)) on the xylanase
production from P. chrysogenum A3 DSM105774 in submerged state fermentation.

Figure 6. The 3D surface plot depicting the impact of WS concentration (%(w/v)) and yeast extract
concentration (%(w/v)) at a fixed value of initial pH of the production medium on the xylanase
production from P. chrysogenum A3 DSM105774 in submerged state fermentation.

Figure 7. The 3D surface plot depicting the influence of yeast extract concentration (%(w/v)) and
initial pH of the production medium at a fixed value of WS concentration (%(w/v)) on the production
of xylanase from P. chrysogenum A3 DSM105774 in submerged state fermentation.

3.5. Canonical and Ridge Analyses

The canonical analysis does ascertain the nature of the predicted stationary point;
minimum, maximum, or saddle. Eigenvectors in a second-order matrix and eigenvalues
could elucidate the form of the response. The surface curvatures could be inferred by
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eigenvectors [45], whereas the magnitude and the signs of the eigenvalues are an actual
signal of the surface form. The notion of the eigenvalues and the mathematical terms were
previously clarified [45]. The positive and the negative eigenvalues could indicate responses
with upward and downward curvatures, respectively (first rule of Myers). Whilst, the
weight of the eigenvalue in its largest value marks off the response curvature in the related
direction (second rule of Myers). The present findings prove the eigenvalues: [λ1 = −0.0924,
λ3 = −0.1675 and λ5 = −0.4669] for RSM model of xylanase production by P. chrysogenum
strain A3 DSM105774. The negative eigenvalues of the RSM model revealed the upward
curvature of the response in the direction of X5 (yeast extract concentration), with the
largest absolute eigenvalue. However, the predicted stationary point for the xylanase
activity by P. chrysogenum strain A3 DSM105774 was 59.73 U/mL with the predictor set:
X1 = 1.679625, X3 = −1.199660, and X3 = −0.358546). Obviously, the predicted stationary
point is localized outside the domain. Therefore, ridge analysis is mandatory to obtain
further extrapolations for the maximum stationary point. Mostly, the ridge analysis figures
the estimated ridge of optimum response from a predictor set at a radius d with steeply
growing radii beginning from the origin [46]. Ridge analysis deduced that an increase in the
response could happen without realizing the stationary point (threshold level) by moving
along the rising ridge. For P. chrysogenum strain A3 DSM105774, the predicted rise in the
response (xylanase) falling at a distance beyond 1.3 along the rising ridge is unrealistic as
all the predictor combination sets would locate outside the explored domain (Table 3). The
predictor set: X1 = 1.046, X3 = −0.759, X5 = −0.137 in terms of coded values at a distance
of 1.3 inferred the highest, reliable, and estimated response of 56.7 U/mL. By applying
the real values of the above-mentioned predictor combination set (3.8% (w/v), 5.1, and
0.098% (w/v) for X1 [WS concentration (%(w/v)], X3 (initial pH of the production medium),
and X5 [yeast extract concentration(%(w/v))], respectively), the laboratory stationary point
was 53.7 U/mL; representing 94.7% of the model validation). By the termination of the
optimization strategy, the xylanase production by P. chrysogenum strain A3 DSM105774
was enhanced 8.95 fold when compared to its level at the beginning of the optimization
plan.

Table 3. The estimated ridge of xylanase activity produced by P. chrysogenum strain A3 DSM105774
through the steepest ascent path of ridge analysis.

Distance
(d)

Independent Factor *
Xylanase
Activity
(U/mL)

X1 X3 X5
0.0 0.000 0.000 0.000 38.46
0.1 0.078 −0.062 −0.004 40.44
0.3 0.237 −0.184 −1.093 44.16
0.5 0.397 −0.184 −0.030 47.46
0.7 0.559 −0.184 −0.049 50.37
0.9 0.722 −0.533 −0.072 52.86
1.1 0.884 −0.647 −0.101 54.99

1.3 ** 1.046 −0.759 −0.137 56.7
1.5 1.208 −0.871 −0.179 58.05
1.7 1.368 −0.982 −0.230 58.98
1.9 1.527 −1.093 −0.290 59.55
0.0 0.000 0.000 0.000 38.46
0.1 0.078 −0.062 −0.004 40.44

* Independent factors in terms of coded values. ** The predictor combination set exhibiting the highest yield of
xylanase inferred from the steepest ascent path of ridge analysis. X1: WS concentration (%(w/v)), X3: initial pH of
the production medium, and X5: yeast extract concentration (%(w/v)).

4. Discussion

The world xylanase mart is projected to sparkle in the coming years as a result of
the continuous and increased obligation of xylanase in several industries. Hence, the

58



J. Fungi 2021, 7, 696

continual searching for novel members of live xylanases, produced concomitantly with the
most likely lowest expenditures and highest yield, is being addressed to cover the need of
worldwide enzyme markets. Meanwhile, the management of the WS is becoming a vital
goal to concurrently reduce the possible environmental hazards of this huge recalcitrant
lignocellulose byproduct and beneficiate it into a value-added product.

In the view of the aforementioned, the current work attempted the valorization of WS
into the value-added product xylanase by the locally novel P. chrysogenum A3 DSM105774
for the first time ever.

Primarily, the industrialization phase of the xylanase is confined to two prominent
aspects: the satisfactory the yield of the elected producer strain and the cost-effectiveness
of the bioprocess. In this regard, the indispensable need of searching for a cheap pro-
duction medium reinforcing xylanase production via P. chrysogenum A3 DSM105774 is
being obliged. Meanwhile, the whole bioprocess was optimized properly concerning the
chemical and the physical key determinants to achieve this goal. The concept of classical
methodology for attaining an optimized fermentation process relies on the one factor at a
time (OFAT) where one independent factor is studied, and the other factors are fixed at
steady levels [47]. This traditional process has some drawbacks mainly time-consuming,
lack of precision, discrepancy of results, and unraveled effect of variables interactions. As a
consequence, the shortages included in the OFAT approach were covered by employing the
statistical sequential PBD and RSM designs. The statistical, sequential, and experimental
designs are being broadly employed for the optimization of fermentation factors in the
production of enzymes [23,48], antibiotics biodegradation [49], production of microbial
pigments [50], production of extracellular pecticoligosaccharides [51], biosynthesis of chi-
tooligosaccharides [52], biodegradation of chicken feather [53], etc. RSM covers a small
number of experimental trials with a large number of factors. Additionally, RSM does solve
multivariable equations to delimit the optimum levels of key factors regulating the output
(response).

These designs were anticipated here in order to determine optimum levels of key
factors regulating xylanase yield by P. chrysogenum A3 DSM105774. The present finding
does indicate that WS can induce considerable levels of xylanase from P. chrysogenum
A3 DSM105774. The literature of review shows a discrepancy in the appropriate and
exploited lignocellulose byproduct which promotes the production of xylanase by an array
of fungal strains. For example, wheat bran, persuaded the ultimate xylanase production by
P.chrysogenum PCL501 [26] and P. oxalicum [30]. Whilst, corn cob and sugarcane bagasse
did provoke the maximal xylanase production by P. purpurogenum [35] and P. chrysogenum
F-15 [54], respectively. As a rule of thumb, the incorporation of zero-cost substrates (e.g.,
lignocellulose byproduct) in the production media will definitely decrease the expenditure
of the bioprocess.

Among the physical independent variables, the incubation temperature is a major key
determinant, controlling the fermentation processes [55]. Mostly, the optimal incubation
temperature prompting the maximal xylanase production by the mesophilic fungi was
reported to localize at 25–30 ◦C. The maximal xylanase production by P. citrinum xym2 [56],
P. chrysogenum F-15 strain [54], and P. glabrum [57] was realized at 30, 20, and 25 ◦C,
respectively. On the contrary, the maximum xylanase production by P. purpurogenum
was accomplished at 40 ◦C [35]. At most, applying mild incubation temperatures (25–
30 ◦C) in enzyme bioprocessing, would not only prevent the protein misfolding and its
undesirable consequences [58] but also contribute greatly to energy saving, accompanying
by lower bioprocesses’ expenditures. Nevertheless, applying mild incubation temperatures
for production in bioprocesses might increase the likelihood of exposure to bacterial
contamination. This would in turn address the indispensable need for applying strict safety
precaution protocols during the midstream processing to avoid bacterial contamination
and its undesired consequences.

It is worth mentioning that the type of nitrogen source incorporated in the produc-
tion medium is one of the key factors regulating the productivity of xylanases from the
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producers [33]. Unlike P. chrysogenum A3 DSM105774 with persuaded xylanase levels in
the presence of ammonium sulphate, enhanced xylanase levels by P. citrinum xym2 [56]
and Penicillium sp. AKB-24 [59] were achieved in the presence of di-ammonium hydrogen
phosphate and urea (dosing of 0.08% and 0.12%), respectively. Likewise, P. chrysogenum
A3 DSM105774 with prompted xylanase levels in the presence of yeast extract, significant
positive consequences on the xylanase levels from P. citrinum isolate HZN13 [60] and
Penicillium sp.WX-Z1 [61] were imposed by yeast extract.

The incubation time is a key determinant in the schedule of industrialized bioprocess-
ing. Normally, the lengthening of a bioprocess period will increase the total bioprocess
expenditure. This in turn focused on the obliged determination of the optimum mandatory
period for xylanase synthesis by the fungal strain being studied. Enzyme bioprocessing
directed by fungal members is somehow a lengthy process with a time spanning from four
to fifteen days when compared to those directed by bacterial members. The optimal time
encouraging xylanase production in combination with the maximum levels of xylanase by
some reported fungal candidates was four days with 123.1 U/mL from Penicillium sp. [62],
5 days with 1.35 Units /mL from P. chrysogenum PCL501 [26], six days with 14.50 U/mL
from P. oxalicum ZH-30 [30], eight days with 0.834 U/mL from T. lanuginosus A3-1 DSM
105773 [23], and twelve days with 1.42 U/mL from Trametes versicolor [63]. The compulsory
time for xylanase production from P. chrysogenum A3 DSM105774 is localized within the
abovementioned time span as five days.

The pH of the production medium could impose a significant influence on the magni-
tude value of the xylanase produced by the employed fungal strain. Mostly, the optimum
pH prompting xylanase production from acidophiles and neutrophilies fungal candidates
are localized in the strong acidic to a slightly neutral range of pH (3.0–7.7). The review of
literature stated that the optimal initial pH of the production medium encouraging high
xylanase values were pH 6.0 by P. chrysogenum F-15 [54], pH 7.72 by P. oxalicum ZH-30 [30],
pH 5.5 by P. glabrum [57], pH 4.0 by P.citrinum isolate HZN13 [60], and pH 3.0 by P. pur-
purogenum [35]. P. chrysogenum strain A3 DSM105774 did exhibit almost a quite similar
trend of an initial pH of the production medium of 5.1, encouraging high xylanase levels.
The divergence in the initial pH of the production medium encouraging fungal xylanase
production might be likely ascribed to the mechanism exploring the synthesis of xylanase
by these disparate fungal strains. Additionally, the preferential initial pH of the production
medium for fungal xylanase production might be a consequence of the pH of their natural
habitats.

Bioprocess yield is a key element in the schedule of enzyme manufacturing to ensure
bioprocess with satisfactory profits. A remarkable fold enhancement (8.95) in the level of
xylanase produced by P. chrysogenum A3 DSM105774 under study was noticed by the end
of the optimization plan. On the other hand, the level of xylanase from T. lanuginosus A3-1
DSM105773 was remarkably furthered by a fold improvement of 5.0 [23] and the xylanase
yield by P. purpurogenum with heightened circumstances was 65.72% greater equaled to
traditional conditions [35]. This fold of enhancement would confer not only the adequacy
and precision of the applied statistical designs but also the indispensable need to perform
the optimization step on the bench scale prior to the transfer to the industrialization step.

Comprehensively, there is an obvious discrepancy among different fungal xylanase
producers regarding several issues; of most the importance the ultimate xylanase yield
achieved by the employed fungal strain, duration time required for the completion of the
bioprocess with the highest probable xylanase yield, type and concentration of each con-
stituent in the production medium, and the type of the lignocellulose byproduct substrate
provoking the highest possible xylanase yield. The underlying reasons behind all these
discrepancy issues could be outlined in the following arguments [23]: (a) the potential
of the producer fungal strain secreting the target enzyme and the co- helper hydrolytic
enzyme cascades, (b) the type of substrate in terms of the lignocellulose byproduct, (c)
the accessibility of the lignocellulose byproduct substrate to the producer fungal strain,
(d) the chemical composition of the lignocellulose byproduct substrate, (e) the approach
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of the applied fermentation strategy either solid-state or submerged state fermentation,
(f) the cultural conditions (e.g., the incubation temperature, the agitation speed, initial pH
of the production medium, etc.), (g) the conditions of enzyme assay, (h) the definition of en-
zyme units, (i) the length of the fermentation process, (j) and the non-carbon/non-nitrogen
constituents of the production medium acting as enzyme co-factors.

5. Conclusions

In conclusion, the locally isolated Penicillium chrysogenum strain A3 DSM105774 was
successfully employed in the valorization of the accumulated lignocellulose byproduct WS
to a value-added product xylanase with a fold enhancement of 8.95 compared to its level
prior to the optimization strategy. Prospective studies will mainly focus on the feasibility
of scaling up the current bioprocess using the pilot scale.

Supplementary Materials: The following are available online at https://www.mdpi.com/article/10
.3390/jof7090696/s1, Figure S1: Representative screening of xylanase-producing fungi on beechwood
xylan-containing agar plate showing a clear hydrolytic zone around the fungal colony against red
background after flooding the plate with 0.1%(w/v) Congo red.
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Calea Mănăştur 3-5, 400372 Cluj-Napoca, Romania

3 Leibniz Institute for Agricultural Engineering and Bioeconomy, Max-Eyth-Allee 100,
14469 Potsdam, Germany; punger@atb-potsdam.de (P.U.); rschneider@atb-potsdam.de (R.S.);
jvenus@atb-potsdam.de (J.V.)

* Correspondence: dan.vodnar@usamvcluj.ro (D.C.V.); plopezgomez@atb-potsdam.de (J.P.L.-G.);
Tel.: +40-747-341881 (D.C.V.); +49-177-3940305 (J.P.L.-G.)

Abstract: Solid state fermentation (SsF) is recognized as a suitable process for the production of
enzymes using organic residues as substrates. However, only a few studies have integrated an
evaluation of the feasibility of applying enzymes produced by SsF into subsequent hydrolyses
followed by the production of target compounds, e.g., lactic acid (LA), through submerged-liquid
fermentations (SmF). In this study, wheat bran (WB) was used as the substrate for the production
of enzymes via SsF by Aspergillus awamori DSM No. 63272. Following optimization, cellulase and
glucoamylase activities were 73.63 ± 5.47 FPU/gds and 107.10 ± 2.63 U/gdb after 7 days and 5 days
of fermentation, respectively. Enzymes were then used for the hydrolysis of the organic fraction of
municipal solid waste (OFMSW). During hydrolysis, glucose increased considerably with a final
value of 19.77 ± 1.56 g/L. Subsequently, hydrolysates were fermented in SmF by Bacillus coagulans
A166 increasing the LA concentration by 15.59 g/L. The data reported in this study provides an
example of how SsF and SmF technologies can be combined for the valorization of WB and OFMSW.

Keywords: solid state fermentation; enzyme production; wheat bran; organic fraction of municipal
solid waste; hydrolysis; Aspergillus awamori; Bacillus coagulans; lactic acid

1. Introduction

The massive generation of solid waste has made their disposal an important challenge
to overcome. Global municipal solid waste (MSW) production is expected to increase up to
70% by 2050 from 2010 million tons (Mt) in 2016 [1]. In addition to MSW, substantial global
industrialization has also contributed to an unprecedented increase in the generation of
industrial solid waste. In 2017, the rate of industrial waste generation was approximately
18 times higher than MSW [2]. A large portion of industrial wastes and MSW are organic
residues, which can be used as substrates in fermentations.

The organic fraction of municipal solid wastes (OFMSW) represents an ample category
of bio-waste (with an annual production of approximately 140 Mt just in the European
Union (EU)) from households, restaurants, diverse businesses, yards and garden wastes,
etc. [3,4]. The need for sustainable technologies to manage such abundant residues as the
OFMSW and industrial organic wastes must be a priority. Until recently, OFMSW had
been landfilled with adverse effects on the environment and wasting the potential of such
residue for biotechnological applications.

Even though the composition of OFMSW may vary, these biowastes are typically
rich in carbohydrates, proteins and lipids, making them a good substrate candidate for
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fermentation processes [5]. Most developed countries have efficient OFMSW and industrial
organic waste sorting systems and facilities, which has allowed them to use such residues
in for biogas production [6,7]. However, biogas value is low and thus, several works have
been presented for the valorization of OFMSW through the production of other chemicals,
for example, bio-oils, volatile fatty acids subsequently used for biogas production, or
polyhydroxyalkanoates [8–11], hydrogen [12], ethanol, enzymes, organic acid, biopolymers
and bioplastics [13–17]. Nonetheless, the polymeric carbohydrates (mainly starch, cellulose
and hemicellulose) present in the OFMSW need to be hydrolyzed in order to release simple
sugars for the fermentation, which increases costs.

Enzymatic hydrolysis requires mild process conditions, is highly specific and does not
generate undesired side products, making it attractive for biowastes hydrolysis. However,
the manufacturing of enzymes is expensive, leading to high costs of commercially available
enzyme mixtures, raising the production costs of hydrolysis processes [5,18–20]. Solid
state fermentation (SsF) is a green process that draws attention to enzyme production
because it has a low cost, high yield and optimal use of agro-industrial by-products [21]. In
SsF, microorganisms grow on a solid substrate with enough water to support microbial
metabolism [21,22]. Using SsF as a production method of enzymes could offer some appar-
ent economic and technical advantages over conventional submerged-liquid fermentation
(SmF). These include a high product concentration and simple fermentation tools and low
necessities for aeration and agitation during enzyme production [23]. Furthermore, SsF can
directly use agricultural wastes, thus helping to prevent the negative environmental impact
caused by their accumulation. In this context, numerous reports have shown that wheat
bran (WB), the most abundant by-product produced from the wheat processing industry,
to be a suitable substrate for the production of hydrolytic enzymes by SsF [20,24–26].

In recent years, the interest in cellulase and glucoamylase has increased due to the
numerous potential applications for these enzymes. Glucoamylase can hydrolyze stepwise
single glucose units from the non-reducing ends of amylose and amylopectin from starch or
related polymers [27]. It has been extensively used in starch processing and bioconversion
of organic waste [28], and many authors have exploited the abundance and availability
of agricultural residues to synthesize amyloglucosidase in fermentations. Glucoamylase
has been produced from WB, paddy husk, rice bran, wheat flour, cornflower, coconut seed
flour, coconut oil cake, tea waste and other starch-containing wastes. Aspergillus spp. has
been intensively studied for the possibility of using agricultural waste, such as rice bran,
for glucoamylase production via SsF [29].

Based on the enzyme production from solid organic waste via SsF and their subsequent
use in hydrolyses, a novel process has been described [30]. In such process, SsF, hydrolysis
and SmF are used consecutively to produce specific compounds and valorize the organic
solid wastes, as shown in Figure 1.

The present study aimed to combine SsF, hydrolysis and SmF to valorise the residues
WB and OFMSW. This was achieved by (1) using a fungus specialized in enzyme produc-
tion (Aspergillus awamori) via SsF and WB as a substrate (this fungus produces cellulase,
glucoamylase and has the highest capacity to produce feruloyl esterase and amylase com-
pared to other Aspergillus sp.); (2) the fermented substrate rich in enzymes obtained was
used in the hydrolysis of OFMSW to increase sugars; (3) sugars rich hydrolysates were used
as the substrate in SmF by a Bacillus specialized in L–lactic acid production. Lactic acid
(LA) is an important building block with various applications in industry and that has had
a renewed interest because its potential application in the polymer and cosmetic market.
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.

Figure 1. Novel bioprocess for producing enzymes from wheat bran to obtain lactic acid from the organic fraction of
municipal solid waste.

2. Materials and Methods

2.1. Substrates

WB was provided by a farm (SC ALBATROS SRL) in Romania. The OFMSW was
kindly delivered from the IMECAL SA company (L’Alcúdia, Valencia, Spain) and was
obtained from an MSW treatment plant located in Valencia, Spain. To avoid undesirable
fermentation with microorganisms already existing in the substrates, all the substrates
were autoclaved for 15 min at 121 ◦C prior fermentations. The flask’s content for SsF was
mixed with a sterile spatula, and in the bioreactor WB and OFMSW mix, homogenization
was achieved using the bioreactor mixing system [31]. Before the homogenization of the
substrates, OFMSW was screened to remove inert constituents such as stones, plastic, glass,
etc. Additionally, sterilized deionized water was used for all experiments. Culture media
components for microorganisms’ activation and inoculations and other reagents were of
analytical grade, obtained from VWR International (Radnor, Pennsylvania, PA, USA) and
agar (Agar plant for cell culture) obtained from AppliChem (Omaha, NE, USA).

2.2. Microorganisms and Culture Conditions

The experiments were conducted using Aspergillus awamori DSM No. 63272 and WB
as a substrate for enzyme production. Bacillus coagulans A166 and OFMSW substrate for hy-
drolysis process and LA fermentation. All microorganisms were obtained from the Leibniz
Institute for Agricultural Engineering and Bioeconomy (ATB) in Potsdam, Germany.

The propagation for A. awamori occurred in commercial potato dextrose agar (PDA)
containing infusion from potatoes, 20 g/L glucose and 15 g/L agar. On the solidified agar,
100 μL pre-inoculum with spore suspension spread evenly with a glass Drigalsky spatula
on the agar surface. For inoculation, 0.1% Tween 80 solution and sterile glass beads were
used to remove spores from the agar plates. The plates inoculated were incubated at 30 ◦C
for 5 days until the entire plates formed a uniform mass of black spores.

Pre-cultures for LA fermentations were passed in 250 mL shake flasks containing
de Man, Rogosa and Sharpe (MRS) medium (glucose, 20.00 g/L; casein peptone, tryptic
digest, 10.00 g/L; meat extract, 10.00 g/L; yeast extract, 5.00 g/L; Na-acetate, 5.00 g/L;
K2HPO4, 2.00 g/L; (NH4)3 citrate, 2.00 g/L; Tween 80, 1.00 g/L; MgSO4 × 7 H2O, 0.20 g/L;
MnSO4 × H2O, 0.05 g/L) a specific liquid medium suggested for use in the cultivation of
Lactobacillus spp., and dolomite EVERZIT Dol 0.5–2.5 mm (Evers, Germany) [32]. After
inoculation, the flasks were incubated at 150 rpm and 52 ◦C for 12–16 h [7]. The medium
used for Bacillus coagulans was MRS broth with a final pH of 6.
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2.3. Solid State Fermentation, Hydrolyses and Lactic Acid Fermentation
2.3.1. Solid State Fermentation

WB was used for enzyme production via SsF, with an initial moisture content of
11.978 ± 0.05%, was adjusted to 80% using deionized sterile water. A 400 μL solution
(107 spores/mL) of A. awamori was used to inoculate 10 g of WB in 250 mL shake flasks.
The flasks content was mixed with a sterile spatula and incubated at 30 ◦C for 4 days. A
whole flask was taken for each day of fermentation for sample analysis and evaluation
of the SsF. The flask content was mixed and homogenized with a spatula, and then the
required amount of fermented substrate was taken. Spores’ suspension concentration was
measured using a microscope (Zeiss, Oberkochen, Germany) and a Thoma cell counting
chamber. Cellulase activity, glucoamylase activity, total reducing sugar test and pH value
were monitored. In addition, the samples taken for the total reducing sugar test and pH
were inactivated in a water bath for 10 min at 95 ◦C and kept frozen at −18 ◦C until further
analysis [33].

2.3.2. Hydrolysis Processes

A hydrolysis optimization was made in 300 mL flasks at 50 ◦C and 150 rpm of
shaker without the pH adjusted for 68 h. Five samples were prepared with concentrations
of fermented WB rich in enzymes (WBE) and OFMSW at ratios 1:9, 2:8, 3:7, 4:6 and
5:5 (mass/mass). The best ratio obtained previously was used for hydrolysis in a 1.5 L
bioreactor (Sartorius Stedim Biotech AG, Göttingen, Germany) with a working mass of
1 kg. The temperature for hydrolysis in the bioreactor was 50 ◦C with 150 rpm of stirring
and a pH 5, controlled by the addition of NaOH (20% w:w). The results obtained during
the hydrolysis with WBE were compared to those obtained using a commercial enzymatic
(CE) cocktail (Cellic CTec2; Novozymes A/S, Basgsværd, Denmark), a cellulose complex
for the degradation of cellulose into fermentable sugars. The CE mixture was added at
1% (10 mL of CE for one Kg of the substrate). The hydrolysis lasted for 68 h, and samples
were taken at times 0, 24, 48 and 68 h to quantify the formation of sugars. In addition, the
experiments were made in triplicate, and the samples taken for the total reducing sugar
test and pH were inactivated in a water bath for 10 min at 95 ◦C, after which kept in the
freezer at −18 ◦C until further analysis.

2.3.3. Lactic Acid Fermentation

LA fermentations were carried out successively after hydrolyses in the same 1.5 L
BIOSTAT bioreactors. The fermentation parameters were adjusted at 52 ◦C, 200 rpm for
25 h and a pH of 6.0 was controlled by the addition of NaOH (20% w/w). Samples were
taken every two hours to quantify glucose, fructose, disaccharide, xylose, arabinose, lactic
and acetic acids. Cell viability was measured by spread plate method on MRS agar. The
experiments were made in duplicate, and the samples taken for the sugars and acids
quantification were inactivated in a water bath for 10 min at 95 ◦C and kept in the freezer
at −18 ◦C until further analysis.

2.4. Enzymatic Extract

After appropriate culturing periods, the enzymes produced via SsF were extracted.
The crude enzymatic extract was prepared by adding 5 g of the homogenized fermented
sample (the whole flask homogenization was carried out with a sterile spatula for 5 min)
and 40 mL of deionized water in a 250 mL flask. The flask was then placed on a rotary
shaker (150 rpm, 30 min at room temperature). To collect the enzymatic extract, the
samples were centrifuged at 4800× g for 15 min at 4 ◦C. The clarified supernatant was
filtered using Whatman No. 1 filter paper to quantify total reducing sugars, cellulase
activity, glucoamylase activity and pH [30].
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2.4.1. Total Reducing Sugar Test

The total reducing sugar concentration was measured using the DNS method proposed
by Miller in 1959 [34]. This method provides a simple and fast way to handle several
samples and was used for the optimization process. The determination is centered on
the color reaction between reducing sugars and 3,5-dinitrosalicylic acid. The reaction
yield was measured as absorbance of the sample at 540 nm using an LLG–uniSPEC 2
spectrophotometer. The total reducing sugar throughout the studies was expressed as
grams of sugar per kilogram of fermented substrate (g/kgfs).

2.4.2. Enzymes Activity

Cellulase activity was measured using the protocol described by Ghose (1994) and
recommended by IUPAC, using filter paper Whatman No. 1 as a substrate [35]. For this
determination, a Whatman No. 1 filter paper strip (1 × 6 cm) with a weight of ≈50 mg
was used as a substrate. The paper strip was then rolled, placed in a glass tube, and 1 mL
of 0.05 M sodium citrate buffer, pH 4.8, was added, immersing and covering the paper,
following, 0.5 mL of enzyme solution was added to the same tube. After this step, the
tube was vortexed and incubated in a water bath at 50 ◦C for 60 min. At the end of the
incubation, 3 mL of DNS reagent were added, the tubes were also vortexed and incubated
in a water bath for 10 min at 95 ◦C. All the tubes were then placed in a cold water bath
for 5 min, and 9 mL of deionized water was added to each tube. Finally, the tubes were
vortexed, and the absorbance was measured at 540 nm against reagent blank using an
LLG–uniSPEC 2 spectrophotometer. The cellulase activity was estimated, which would
have released exactly 2.0 mg of glucose utilizing a plot of glucose liberated against cellulase
concentration, was carried out. One FPU/gds represents the enzyme unit per gram of
initial dry solid substrate [24].

Glucoamylase activity was measured using the protocol described by Melikoglu
and et al. in 2013 [30]. The glucoamylase activity of the enzyme solutions was estimated
by measuring the amount of glucose released per minute using 1 mL potato starch (6%
w/v) as substrate. Glucoamylase activity gave the difference between time zero and 10 min.
Throughout the studies, the glucoamylase activity was expressed as U/gdb dry basis. One
unit (U) was estimated as the enzyme amount required to produce 1 mg of glucose/minute
under the assay conditions.

2.5. pH Measurements

The pH measurement from SsF experiments was determined with a digital pH-meter
(WTW, Weilheim, Germany) at room temperature using the enzymatic extract obtained.

2.6. Analytical Assays

During the hydrolyses and fermentations, quantification of glucose, fructose, dis-
accharide, xylose, arabinose, LA and acetic acids were measured via HPLC (Ultimate
3000 from the company DIONEX (Sunnyvale, CA, USA)). Equipment with the following
parameters: a column Eurokat H (300 × 8 mm × 10 μm), company KNAUER; the mobile
phase was 0.01 N sulfuric acid with a 0.8 mL/minute rate and a pressure of 65 bar con-
nected with a detector RI–101 (SHODEX, Tokyo, Japan); the injection volume was 10 μL,
and the auto-sampler was WPS–3000TSL analytical [33]. All the experiments, hydrolysis
and fermentation were made in duplicate and triplicate, and the result are exposed as
average ± standard deviation.

3. Results and Discussion

3.1. Solid State Fermentation, Substrate Optimization and Enzymes Production

In general, the initial culture and the fermentation substrate are well known to influ-
ence the production of enzymes. Therefore, in our experiments, WB and WB supplemented
with glucose (WB+G) (moisture content was adjusted with glucose solution at a concentra-
tion of 30 g/L) were evaluated as substrates for SsF with A. awamori to produce enzymes
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with potential application in enzymatic hydrolyses. During 96 h of fermentation, WB and
WB+G were able to support the fungi growth. The SsF control parameters showed a desir-
able behavior, maintaining the moisture content and a small reduction of the pH values.
The initial pH value went from 6.032 ± 0.195 to 5.585 ± 0.119 and from 6.256 ± 0.106 to
5.103 ± 0.151 for WB and WB+G, respectively. Total reducing sugars and enzymatic activity
were also monitored. It is remarkable that, at the end of the fermentation, after 96 h, the
reducing sugars had similar values of 4.45 ± 0.54 g/kgfs for the simple WB substrate and
4.855 ± 0.837 g/kgfs for WB+G. In addition, an experiment containing the addition of yeast
extract was performed. However, the results were worse than WB+G and the same as WB
without nutrient supplementation.

Figure 2 shows the reducing sugars production and enzyme activities for the SsF of
WB and WB+G over 96 h. The fermented WB+G substrate showed the highest cellulase
activity, 73.35 ± 4.51 FPU/gds, after 96 h of fermentation. It was followed by fermenta-
tion without glucose addition 57.51 ± 3.10 FPU/gds, which showed a high activity after
96 h of fermentation. Additionally, cellulase production depended on the nature of the
carbon source and other vital nutrients existing already in the substrate. Other studies
evaluating WB as a substrate for SsF found similar cellulase activities using different fungi,
with longer fermentation time (up to 120 h). However, these authors supplemented the
media with NH4SO4, KH2PO4 and yeast extract to increase the nitrogen, carbon or min-
eral content [24,36,37]. In the literature, filter paper cellulase activities alternated from
1.7 U/gds [38,39] to 437.5 U/gds [40]. It is remarkable that, in this paper, we found similar
values without supplements, and we set out to produce a fermented material easy to use
and adaptable on an industrial scale for hydrolysis with large volumes. In our case, 96 h
of fermentation are not enough for maximum cellulase activity, especially for WB. These
results indicate that WB can be used by A. awamori to grow and produce enzymes without
requiring nutrients supplementation.
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3.2. Effect of Fermentation Time on Enzymes Activity

Based on the previously obtained results, WB without nutrient supplementation was
selected for the following experiments. During SsF, medium pH, nutrient concentration,
temperature, moisture content and physical structure of the raw material continuously
change. All these parameters affect microbial growth and are connected directly with
enzyme production. Various reports cover different fermentation times for enzyme pro-
duction via SsF, between 3 and 12 days [24,30,41,42]. Figure 3 shows total reducing sugars,
cellulase and glucoamylase activity during 10 days of WB fermentation. In this article,
the maximum value for cellulase activity was attained at 7 days of fermentation. In the
first 5 days, cellulase activity increased rapidly, reaching 66.96 ± 4.41 FPU/gds, and after
that, cellulase activity maintained a slow and constant growth peaking at day 7 with a
value of 73.63 ± 5.47 FPU/gds. In addition, cellulase and glucoamylase activities showed a
constant and fast evolution until the total reducing sugars were below 2.06 ± 0.35 g/kgfs,
after 5 days of fermentation. Glucoamylase activity peaked at day 5 with a value of
107.10 ± 2.63 U/gdb, followed by a constant decrease. These results are in line with those
obtained by Kaushik et al. [41], who determined when Aspergillus lentulus showed the high-
est xylanase production via SsF using WB as the substrate and yeast extract as the nitrogen
source. The fermentation profile showed a gradual increase in enzyme activity from 24
to 72 h, reaching its maximum value after 96 h and diminishing after 120 h until 144 h
of fermentation [41]. Raghuwanshi et al. discussed bioprocessing of enhanced cellulase
production using a mutant of Trichoderma asperellum RCK2011 via SsF and its application
in hydrolysis of cellulose, released cellulases within 48 h of incubation. While the strain
exhibited maximum FPase and CMCase after 4 days of fermentation, β–glucosidase pro-
duction reached the maximum value only after 7 days [43]. A previous study reported that
during depletion of the carbon sources in the fermentation medium, the organisms use
these hydrolytic enzymes to produce sugars necessary for their own metabolic growth [44].
Various fungi have been reported to produce maximum cellulase at different time inter-
vals; therefore, a direct comparison of time-dependent changes is difficult to perform [45].
These favorable results could be caused by WB, which has provided ample amounts of
nutrients in the substrate, such as glucose and starch needed for fungal multiplication and
enzyme production.
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Figure 3. Total reducing sugar (TRS), cellulase and glucoamylase activity during 10 days of fermentation. Square represents
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3.3. Hydrolysis Optimization

For the first time in 2008, Melikoglu detailed an integrated new system, using a part
of the substrate for the production of hydrolytic enzymes via SsF, and continued with the
hydrolysis of the remaining substrate to obtain in final a nutrient-rich hydrolyzate [46].
The nutrient-rich hydrolysate is able to be transformed into a specific product by suitable
successive fermentations. Since 2008, many articles have been published analyzing the
sequential application of SsF and SmF. It has been well-known that although enzymatic
extracts can be used for the hydrolysis, direct addition of fermented solids can make the
process more practical and economically feasible [47]. In our case, WBE solids were directly
added to OFMSW at different ratios (mass/mass) to evaluate the hydrolysis potential of
the WBE. Table 1 illustrates the results obtained during the optimization hydrolysis process.
The maximum value of total reducing sugars resulted in a ratio of 4:6 (WBE:OFMSW),
39.53 ± 0.42 g/kgfs after 68 h. An equal ratio of 5:5 obtained a lower result by 12.6% after
68 h than 4:6 ratio. A ratio of 3:7, after 68 h, has a lower result with 3.1% than 4:6 ratio. In
addition, a ratio of 2:8 has a lower result at the end of hydrolyzed with 11.7% compared
with the best result. In the end, a ratio of 1:9 obtains just 72.1% of total reducing sugar
comparing with the best result. These results are quite interesting, indicate that using a 5:5
ratio is not enough new substrate for the enzymes (enzymes remaining available in the
substrate). Adding a lower ratio than 4:9, the enzymes were available in the substrate, and
hydrolysis of OFMSW occurred but not entirely. However, obtaining a complete hydrolysis
and, at the same time, using the enzymes entirely is very difficult to achieve. In our
case, using a smaller amount of WBE from an economic point of view is recommended to
capitalize on the enzymes obtained from SsF fully. In addition, the optimization hydrolysis
results can be influenced by the substrate on which the fungi grew, in our case WB. It is
believed that some of the starch could have been located in a lower region of WB where
the fungi could not penetrate; also, the growth of the fungi could be uneven throughout
the substrate, simply due to the lack of mixing [30].

Table 1. Optimization hydrolysis process of OFMSW with different concentrations of WBE.

Substrate Total Reducing Sugar (g/kgfs)

WBE (g) OFMSW (g) 0 h 24 h 48 h 68 h

10 90 4.06 ± 0.23 20.99 ± 0.49 24.81 ± 0.33 28.50 ± 0.49
20 80 5.76 ± 0.26 24.72 ± 0.41 28.85 ± 0.38 34.92 ± 0.43
30 70 6.28 ± 0.27 26.26 ± 0.35 31.96 ± 0.46 38.32 ± 0.41
40 60 9.44 ± 0.33 26.91 ± 0.46 33.18 ± 0.34 39.53 ± 0.42
50 50 9.32 ± 0.30 27.55 ± 0.45 33.02 ± 0.32 34.49 ± 0.47

The total reducing sugar was expressed as grams of sugar per kilogram of fermented substrate (g/kgfs). The
experiments were made in triplicate, and the values represent the average and standard deviation of them.
WBE–fermented wheat bran rich in enzymes; OFMSW–organic fraction municipal solid waste.

3.4. Hydrolysate Characterization and Lactic Acid Production

Table 1 shows the results for the total reducing sugar obtained in hydrolysis opti-
mization, suggesting that OFMSW hydrolyzate could be a suitable substrate for microbial
fermentations. Enzymes obtained by SsF were compared with a CE cocktail in two separate
hydrolyses. According to the results obtained in the previous section, WBE was added to
OFMSW at a ratio of 1:9 (mass/mass). Figure 4 illustrates the profiles for the hydrolysis
and successive fermentation of OFMSW, monitoring glucose production/consumption and
LA production during the process. Glucose was initially presented in both hydrolyses with
concentrations of 6.64 ± 0.19 g/L and 3.68 ± 0.19 for the WBE and the CE, respectively.
The higher concentration of glucose for the WBE experiment is the result from the previous
SsF of the WB, which liberated sugars. Thus, an addition of 10% WBE increased glucose in
the initial hydrolysis substrate. For all hydrolyses, glucose increases considerably during
the first 24 h, followed by a slower increase until 68 h with a final value of 19.77 ± 1.56 g/L
in the experiment with WBE and 29.00 ± 0.65 g/L in the experiment with CE.
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(A) (B) 

Figure 4. Hydrolysis and subsequent fermentation of OFMSW. (A) The graph illustrations the variation in the concentration
of glucose and lactic acid during hydrolysis. (B) Glucose consumption and lactic acid production during lactic acid
fermentation. CE–commercial enzymes; WBE–wheat bran rich in enzyme via SsF.

LA and acetic acids were present in both hydrolysates performed. The presence of
these acids was detected from the start of the hydrolysis, showing that they were produced
by naturally occurring organisms present in the OFMSW before sterilization [3,48]. Racemic
LA was initially present in the hydrolysates with concentrations of 35.98 ± 0.98 g/L
and 41.22 ± 1.39 g/L in the trials with WBE and CE, respectively. Probst et al., (2015)
showed a natural production of an isomeric racemic mixture of LA in kitchen food waste
and OFMSW [49]. Although a racemic mixture of LA can produce organic solvents,
for example, ethyl lactate, high optical purity is essential for other applications [31,49].
Notably, for polylactic acid production, the ratio D– to L–lactic acid has a significant effect
on the final product properties such as its thermal stability, crystallinity, biodegradation
and commercially, a combination with a higher quantity of L–lactic acid is used and
preferred [50,51].

During LA fermentation in 12 h, glucose was consumed almost entirely by B. coagulans.
After 25 h of LA fermentation, LA increased by 15.59 g/L in the WBE batch and 21.32 g/L
in the CE batch (Figure 4 B). This result indicates that only 73.12% LA was obtained in the
WBE batch compared to the CE batch.

Table 2 shows variation in the OFMSW hydrolysate and LA fermentation composi-
tion using WBE, and Table 3 shows using CE. Glucose and xylose are the most abundant
monosaccharides in lignocellulosic biomass, taking up 60–70 and 30–40% of their hy-
drolysates, respectively. By reason of the nature of the substrate, differences of this type
between batches are difficult to avoid. The B. coagulans was able to consume xylose and glu-
cose at the same time. However, in contrast with the case of glucose, the decrease of xylose
ceased without being completely depleted [52]. Similar amounts of xylose were diminished
in both batches, WBE batch until 7.29 ± 0.32 g/L, and CE batch was diminished until
7.46 ± 0.78 g/L. Contrasting lignocellulosic substrates, such as hardwood and softwoods,
with a higher hemicellulose content, the xylose content of OFMSW hydrolysates was lower
than the content of glucose [3]. Oppositely, at the start of the hydrolysis, xylose content
was higher compared with glucose. An explanation may be most likely because part of the
available glucose was fermented by LA bacteria from organisms present in the OFMSW.
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Table 2. The average concentration of sugars, lactic and acetic acid obtained by hydrolysis and fermentation from OFMSW
using WBE (g/L).

Glucose Fructose Disaccharide Xylose Arabinose Lactic Acid Acetic Acid

Hydrolysis Initial 6.64 ± 0.19 9.58 ± 0.91 3.99 ± 0.74 10.18 ± 0.42 N.D. 35.98 ± 0.98 5.45 ± 0.11
Final 19.77 ± 1.56 9.62 ± 0.36 2.65 ± 0.58 9.87 ± 0.13 0.62 ± 0.12 33.30 ± 0.36 5.38 ± 0.51

LA
fermentation

Initial 18.77 ± 1.35 8.85 ± 0.31 1.88 ± 0.45 9.29 ± 0.45 0.54 ± 0.16 32.38 ± 0.85 5.30 ± 0.25
Final N.D. 7.06 ± 0.56 1.68 ± 0.61 7.29 ± 0.32 N.D. 47.97 ± 0.37 4.98 ± 0.15

The experiments were made in duplicate, and the values represent the average and standard deviation of them. OFMSW—organic fraction
of municipal solid waste; WBE—Wheat bran rich in enzymes; N.D.—Not detected.

Table 3. The average concentration of sugars, lactic and acetic acid obtained by hydrolysis and fermentation from OFMSW using
CE (g/L).

Glucose Fructose Disaccharide Xylose Arabinose Lactic Acid Acetic Acid

Hydrolysis Initial 3.68 ± 0.19 10.08 ± 1.41 4.73 ± 0.30 11.14 ± 0.48 N.D. 41.22 ± 1.39 6.16 ± 0.18
Final 29.00 ± 0.65 10.05 ± 0.57 2.63 ± 0.90 10.79 ± 0.20 0.51 ± 0.15 38.52 ± 0.60 6.03 ± 0.03

LA
fermentation

Initial 25.46 ± 1.17 9.15 ± 0.30 2.26 ± 0.39 9.87 ± 0.45 0.50 ± 0.17 36.44 ± 0.52 5.88 ± 0.09
Final N.D. 5.28 ± 0.98 1.87 ± 0.75 7.46 ± 0.78 N.D. 57.76 ± 4.41 5.39 ± 0.28

The experiments were made in duplicate, and the values represent the average and standard deviation of them. OFMSW—organic fraction
of municipal solid waste; CE—commercial enzymes; N.D.—Not detected.

Comparing the results from both tables, adding 10% WBE decreased the initial value
for acetic acid, LA, xylose, disaccharide and fructose, indicating that the SsF did not
experience contamination by LA bacteria [53]. In addition, disaccharides showed a constant
decrease in both, hydrolysis and fermentation, reaching 2.65 ± 0.58 g/L for WBE hydrolysis
and 1.68 ± 0.61 g/L at the end of fermentation, 2.63 ± 0.90 g/L for hydrolysis with CE,
and 1.87 ± 0.75 g/L at the end of fermentation. However, previous articles reported by
López-Gómez et al. show no significant variations in the concentration of disaccharides by
the end of the fermentation [3,7]. Moreover, Aulitto et al. in 2017 reported that some strains
of B. coagulans are struggling with the consumption of disaccharides with μmax values
50% lower than those obtained from glucose. This could explain why the concentration of
disaccharides did not show a significant change throughout the SmF [54].

3.5. Mass Balance

Considering a ratio of 1:9, WBE to OFMSW, and the current SsF bioreactors available,
scaling up the whole process can prove to be difficult. In terms of sugars, in order to obtain
1 kg of TRS, considering the value obtained in the optimization section, 35.09 kg of the
mixture WBE and OFMSW (1:9) would be needed, more specifically 3.51 kg WBE and
31.58 kg OFMSW.

The results obtained in the previous section indicate that enzymes produced by
SsF, mixed in a 1:9 ratio with OFMSW, have a 68.17% glucose release compared to the
experiments in which CE was used. In addition, to obtain 1 kg of glucose, a 50.58 kg mix of
WBE and OFSMW (ratio of 1:9) would be necessary. Furthermore, considering the same
ratio, WBE:OFMSW, 64.14 kg of the mix would be required to produce 1 kg of LA. The
amount of substrate required is reduced when using CE. For example, it would be possible
to obtain 1 kg of glucose from 34.48 kg of OFMSW and 1 kg of LA from 46.90 kg of OFMSW.
Naturally, this higher efficiency of CE can be offset by their cost.

WB is a good substrate for enzyme production, making it widely used and econom-
ically suitable. Its physical and chemical characteristics make WB an especially good
substrate for SsF process. Thus, the combination of WB and OFMSW in the process takes
advantage of their individual characteristics in order to have a process thar provides good
enzymatic levels and at the same time exploits the carbohydrate potential in the OFMSW.
Future work should target the optimization enzyme production in SsF with tests of differ-
ent temperatures, moisture contents or even with different mixtures of nutrients (glucose +
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yeast extract + minerals, etc.) to enhance the hydrolysis step. Additionally, studies using
SsF bioreactors which could allow for larger volumes of WB and mixing would definitely
provide useful results for the scale up of the system.

Further work could be carried out to investigate WB and OFMSW as important
substrates for the fermentation process targeting other valuable compounds. Specially,
fermentation products using thermophilic and extremophilic organisms could benefit
from such SsF-SmF configuration. An essential advantage of the whole process is the
working temperatures for enzyme production (A. awamori DSM No. 63272 using 30 ◦C), the
hydrolysis (enzyme hydrolysis using 50 ◦C), followed by a LA fermentation (B. coagulans
A166 using 52 ◦C). This difference in temperature means that the fungi are not activated
in hydrolysis, and LA fermentation could start in the same reactor; without the need to
sterilize the materials [47]. A challenge may be the autoclaving of substrates, recommended
especially for OFMSW, in order to stop spontaneous fermentation with microorganisms
already existing in the substrate, which can significantly depreciate its carbohydrate content.
A potential alternative to circumvent this issue would be reducing to the maximum storage
times or the addition of growth inhibitors during storage. Additionally, studies could be
carried using extremophiles during the SmF which could reduce the chances of indigenous
bacteria from the waste to grow.

4. Conclusions

In this study, the results obtained indicate that WB can be used by A. awamori to
grow and produce enzymes without requiring nutrients supplementation. The SsF of
WB was evaluated to obtain enzymes such as cellulase and glucoamylase. Cellulase and
glucoamylase activities were 73.63 ± 5.47 FPU/gds and 107.10 ± 2.63 U/gdb after 7 days
and 5 days of fermentation, respectively. Continuing with the hydrolysis of OFMSW,
fermented WB solids containing the crude enzymes and mixed with OFMSW in a 1:9 ratio
(WBE:OFMSW), showed a 68.17% glucose release compared to the experiments in which
CE were used. During the SmF, a 73.12% of LA was obtained in the WBE batch compared to
the CE batch. Further work, targeting the optimization of the SsF step, for a better provision
of enzymes for the hydrolysis, would enhance these results. Previous reports have studied
the conversion of the OFMSW into LA but only employing CE for the hydrolysis step.
Nonetheless, utilizing wastes (i.e., WB) for the production of enzymes, instead of simple
sugars, as is the case for CE, fits very well in the circular bioeconomy context. Furthermore,
the integration of SsF and SmF for the conversion of OFMSW in a process in which only
residues are needed as substrates, zero-waste are generated and that utilizes enzymes
produced on-site, should represent a more economically attractive process.
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Abstract: In this study, for the first time, the potential of rose flowers and lavender straw waste
biomass was studied as feeding lignocellulose substrates for the cultivation of newly isolated in
Bulgaria Ganoderma resinaceum GA1M with the objective of obtaining mycelium-based bio-composites.
The chemical characterization and Fourier Transform Infrared (FTIR) spectroscopy established that
the proximate composition of steam distilled lavender straw (SDLS) and hexane extracted rose
flowers (HERF) was a serious prerequisite supporting the self-growth of mycelium bio-materials
with improved antibacterial and aromatic properties. The basic physico-mechanical properties of the
developed bio-composites were determined. The apparent density of the mycelium HERF-based
bio-composites (462 kg/m3) was higher than that of the SDLS-based bio-composite (347 kg/m3)
and both were much denser than expanded polystyren (EPS), lighter than medium-density fiber
board (MDF) and oriented strand board (OSB) and similar to hempcrete. The preliminary testing of
their compressive behavior revealed that the compressive resistance of SDLS-based bio-composite
was 718 kPa, while for HERF-based bio-composite it was 1029 kPa and both values are similar to
the compressive strength of hempcrete with similar apparent density. Water absorbance analysis
showed, that both mycelium HERF- and SDLS-based bio-composites were hydrophilic and further
investigations are needed to limit the hydrophilicity of the lignocellulose fibers, to tune the density
and to improve compressive resistance.

Keywords: hexane extracted rose flowers; steam distilled lavender straw; mycelium bio-composites;
Ganoderma resinaceum; apparent density; water absorbance; compressive resistance

1. Introduction

Roses and lavender are plant species, which have been highly appreciated for cen-
turies, and because of their diverse biologically active substance content, they have an
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industrial impact on essential oil production worldwide [1,2]. Bulgaria and Turkey have
long traditions in rose oil production and dominate the world market, followed by Iran,
Morocco, France, Italy, India and China [1]. Bulgarian production satisfies 40% of the global
demand for rose oil. In recent years a drastic increase in lavender cultivation and lavender
oil yield is being observed in Bulgaria, which defines its leading position as a lavender oil
producer, leaving France behind.

The most common methods for the production of essential oils are water-steam distil-
lation, steam distillation and solvent (non-polar solvents and liquefied gases) extraction
of the raw plant materials. Due to the relatively low concentration of essential oils in the
crops, large amounts of plant material are treated and, respectively, a huge quantity of
solid residual biomass is generated. More than 20,000 t of steam distilled lavender straw
(SDLS), about 29,000 t of steam distilled rose flowers (SDRF) and hexane extracted rose
flowers (HERF) are generated each year only in Bulgaria [1].

Generally, rose flower and lavender straw by-products are considered waste material
and still, most of them are incinerated for energy recovery or discarded near the distilleries,
which poses an environmental hazard. This waste biomass is referred to as lignocellulose
waste, because of its high content of lignocellulose and hemicellulose compounds, pectic
carbohydrates and polyphenols [1,3]. The valuable biological content of HERF and SDLS
can be used in innovative “self-growing” technologies for obtaining value-added materials
with sustainable social and economic impact.

In recent years, various lignocellulose wastes with agricultural and forestry origin are
studied and used as substrates for the production of sustainable, renewable, biodegradable
and eco-friendly natural-based bio-materials for indoor and outdoor applications [4]. The
use of biological agents for binding the lignocellulose fibers and turning them into 100%
natural and bio-recyclable bio-materials is the most environmentally friendly mechanism
and it revolutionizes the traditional ideas for materials production. “Materials that are
grown are better than manufactured” is an innovative promising approach in materials
science, aiming to achieve unique self-grown material, which has attracted considerable
research efforts in recent years [5–11].

Currently, numerous research teams explore the effect of various combinations be-
tween plant lignocellulose substrates and higher fungi to develop functional mycelium-
based bio-composite materials with the potential to replace synthetic materials. Many
studies have reported the ability of mushrooms, belonging to the Trametes, Ganoderma and
Pleurotus genera, to be cultivated on a range of lignocellulose materials, including various
types of cotton seed hulls, corn cobs, peanut shells, cotton from the textile industry, coffee
pulp, paper, leaves, coconut powder [6,8,9,12–21] as well as low-quality organic waste
streams like saw dust and straw and turning them into mycelium bio-composites [22].
The structural and macroscopic characteristics of the mycelium-based bio-composites
are strongly dependent on the fungal species, the type and chemical composition of the
substrates and both cultivation conditions and post-cultivation processing define their
non-structural, semi-structural or specific applications [4,6,7,11,12,18,22–26]. Due to its
fibrous structure and polymeric composition, the mycelium can serve as a matrix and the
lignocellulose fibers as reinforcement for the newly obtained mycelium bio-material [6,7,13].
The fungal mycelium possesses the advantage of strength and durability performance
and together with its non-toxicity, fire-resistance and hydrophobic capabilities show great
potential as a binding element in mycelium bio-composites development [8,13,27].

The mycelium-based bio-composites are completely natural and can be composted
after the end of their cycle of use, which would help the transition to a circular economy,
keeping the value of materials and resources in the economy as long as possible and
generating minimal waste [6,8,22]. They also have the potential to contribute to the new
“green” economy by replacing many oil-based products and converting lignocellulose
waste into value-added biodegradable products, which don‘t damage the ecosystem cycles.
The lower water, energy and CO2 requirements, together with the low environmental
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impact in comparison with the conventional industries, are the key advantages for the
application of self-grown bio-composites [7,27,28].

The analysis of reference literature revealed that there are many studies showing the
potential of waste rose flower and lavender straw biomass as raw materials for aroma
and polysaccharides extraction, for recovery of biologically active substances and their
application in the food industry and medicine [1,29]. Lavender distilled straw separately
or in combination with other lignocellulose substrates was studied by Ratiarisoa et al. [30]
and was successfully recycled as a bio-aggregate for building materials using metakaolin
as a binder.

At present, there are no reports on the usage of rose and lavender industrial processing
by-products as feeding substrates for mushroom growth aiming at the obtaining of mycelium-
based bio-materials, although their chemical composition suggests they are fully compatible
with fungal growth. Lavender and lavandin distilled straw was successfully used as a
feeding substrate for Pycnoporus cinnabarinus cultivation by Lesage-Meessen et al. [29], but
for lignocellulose-acting enzyme synthesis.

The focus of this study is to explore the chemical characteristics of hexane extracted
rose flowers and steam distilled lavender straw, which are a significant waste of the essential
oil-processing industry and to reveal their realistic potential to be used as feedstock,
promoting vegetative fungal growth. The ability of a newly isolated in Bulgaria fungal
strain to grow on HERF and SDLS and convert them into mycelium-based bio-materials
was studied. The assessment of the basic physical and mechanical properties of these
mycelium-based bio-materials opens possibilities for further in-depth investigations and
the production of mycelium HERF- and SDLS-based bio-materials for various applications.

2. Materials and Methods

2.1. Materials
2.1.1. Substrates

The hexane extracted rose flowers (Rosa damascena Mill.) and the steam distilled laven-
der straw (Lavandula angustifolia Mill.) were provided by Galen-N (2020 crop, Zelenikovo
distillery, Brezovo region, Bulgaria). The HERF was stored at −18 ◦C and prior use was
dried at 40 ◦C (Figure 1a) The SDLS was collected immediately after the steam distillation
processes from the discarding area near the distillery, air-dried at 40 ◦C and stored at
room temperature (Figure 1b). Before use, the SDLS was milled and sieved (particle size
1–5 mm).

 
(a) (b) 

Figure 1. Hexane extracted rose flowers (a) and steam distilled lavender straw (b).
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2.1.2. Fungal Isolate

The fruiting body of the newly isolated basidiomycete was collected from a forest near
Maritza River, Bulgaria in May 2019. In order to isolate a pure culture, the fruiting body
was first rinsed very well with tap water and cut into 20 to 30 mm pieces. They were then
surface sterilized with 70% ethanol for 20 sec, followed by 10 min in 0.1% Ca(ClO)2 and
finally rinsed in sterile distilled water. The samples were further sliced to 2.5 by 2.5 mm
pieces with sterile scalpel and aseptically transferred on Rose Bengal Chloramphenicol
Agar (RBCA) (HIMEDIA, India). The plates were incubated in darkness at 28 ◦C for
14 days and were visually monitored daily. The fungal culture was isolated and purified
by several transfers of growing mycelium on fresh medium. The pure fungal culture was
maintained at 4 ◦C on Mushroom Complete medium (MCM), containing g/L: glucose—20,
KH2PO4—0.5, K2HPO4—1.0, MgSO4—0.5, peptone—2.0, yeast extract—2.0, Agar—2.0,
pH 4.8–5.2.

2.2. Substrate Preparation Procedure
2.2.1. Preparation for Cultivation

150 g of feeding substrate (SDLS or HERF) was moisturized to final humidity of 65%
with a solution containing (g/L): MgSO4—0.5, KH2PO4—0.5, K2HPO4—1.0, peptone—2.0,
yeast extract—2.0. After the addition of 0.1% CaCO3 the substrate was mixed well and
transferred to autoclavable mushroom growing bags (SacO2, Belgium) (100 × 350 mm) and
sterilized at 121 ◦C for 45 min to render the substrate inert. The substrate was left to cool
down for 12 h and was used as feeding substrates for solid-state cultivation.

2.2.2. Preparation for Chemical Analysis

SDLS or HERF (30 g), milled and sieved (fraction with average particle size 1.5–1.6 mm
was used), was treated with preheated 150 mL 70% ethanol for 1 h at 60 ◦C with constant
stirring (120 rpm), then left for 24 h at room temperature (20 ◦C). The biomass was filtered
through cloth (250 mesh), and the remaining residue was treated with additional 100 mL
70% ethanol at the same conditions. After the second filtration, the extracts were combined
and used for analyses.

2.3. Chemical Characterization of the Substrate
2.3.1. Proximate Composition Determination

The total dietary fibers were determined using K-TDFR–100A (Megazyme, Wicklow,
Ireland), according to AOAC method 991.43 “Total, soluble and insoluble dietary fibers in
foods” (First action 1991) and AACC method 32–07.01 “Determination of soluble, insoluble
and total dietary fibers in foods and food products” (Final approval 10–16–91). The uronic
acid, cellulose, lignin and non-cellulosic polysaccharides in the SDLS and HERF were
determined according to Pla et al. [31]. Inorganic matters (ash) were determined after
ashing of a 5 g sample at 605 ◦C.

2.3.2. Determination of Total and Individual Polyphenols

The total polyphenol content was determined according to Singleton and Rossi [32]
using Folin-Ciocalteu’s reagent (Sigma-Aldrich, Schaffhausen, Switzerland). Gallic acid
(Sigma-Aldrich, Steinheim, Germany) was employed for calibration and the results were
expressed as gallic acid equivalents (GAE) per gram dry matter of the extracts. HPLC anal-
yses of the phenolic components were performed on an Agilent 1220 HPLC system (Agilent
Technology, Santa Clara, CA, USA), equipped with a binary pump and UV-Vis detector. A
wavelength of 280 nm was used. The separation of phenolic compounds was performed
using an Agilent TC–C18 column (5 μm, 4.6 mm × 250 mm) at 25 ◦C. The mobile phases
consisted of 0.5% acetic acid (A) and 100% acetonitrile (B) at a flow rate of 0.8 mL/min.
The gradient conditions started with 14% B, increased linearly to 25% B between the 6th
and the 30th min, then to 50% B at the 40th min. The standard compounds (gallic acid,
3,4-dihydroxy benzoic acid, chlorogenic acid, caffeic acid, p-coumaric acid, ferulic acid,
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ellagic acid, catechin, epicatechin, rutin, naringin, myricetin, quercetin, naringenin and
kaempferol) were purchased from Sigma-Aldrich (Steinheim, Germany).

The individual volatile and non-volatile compounds in the rose and lavender ethanol
extracts were determined according to the following procedures:

(1) Non-volatile substances—0.2 mL ethanol extract was lyophilized and 50 μL pyridine
and 50 μL N,O-Bis-(trimethylsilyl)-trifluoroacetamide (BSTFA) were added. The
sample was incubated at 70 ◦C for 40 min. For analysis 1.0 μL from the solution was
injected on a gas chromatograph Agilent GC 7890 with mas-selective detector Agilent
MD 5975 and column HP-5ms (30 m with diameter 0.32 mm and 0.25 μm thicknesses).
The following temperature regimen was used—initial temperature 100 ◦C (hold for
2 min) then increase to 180 ◦C with 15 ◦C/min (hold for 1 min) and increase of
the temperature to 300 ◦C with 5 ◦C/min (hold for 10 min); injector and detector
temperatures—250 ◦C, helium was used s carrier gas at 1.0 mL/min. The scanning
range of the mass-selective detector was m/z = 50–550 in split-split mode (10:1).

(2) Volatile substances—1.0 mL ethanol extract was extracted with 1.0 mL dichloromethane
(triple). The combined organic layers were dried under vacuum at 30 ◦C. To the dry
residue 100 μL dichloromethane was added. For analysis 1.0 μL from the solution
was injected on a gas chromatograph Agilent GC 7890 with mas-selective detector
Agilent MD 5975 and column HP-5ms. The following temperature regimen was
used—the initial temperature was 40 ◦C and then increase to 300 ◦C with 5 ◦C/min
(hold for 10 min); injector and detector temperatures—250 ◦C, helium was used
as carrier gas at 1.0 mL/min. The scanning range of the mass-selective detector
was m/z = 40–400 in splitless mode. The individual compounds were identified
by comparing the retention times and the relative index (RI) with those of standard
substances and mas-spectral data from libraries of The Golm Metabolome Database
(http://csbdb.mpimp-golm.mpg.de/csbdb/gmd/gmd.html, accessed on 5 Novem-
ber 2020) and NIST’08 (National Institute of Standards and Technology, Gaithersburg,
MD, USA).

2.4. Molecular Identification of the Basidiomycete Isolate by ITS1-5.8S-ITS2 rRNA Gene
Sequence Analysis

Prior to DNA extraction, the basidiomycete isolate was cultivated for 7 days on MCM
agar plates. The fungal mycelium was scraped out with a sterile spatula (100–300 mg)
and transferred to a 2 mL microtube. The DNA extraction was conducted by a modified
CTAB method, according to Stefanova et al. [33]. The quality and concentration of the
DNA extracts were determined by spectrophotometric measurements using Shimadzu
UV-VIS spectrophotometer (Shimadzu Corporation, Japan). The ITS-5.8S-ITS2 region was
amplified by forward primer ITS 4 (5′-TCCTCCGCTTATTGATATGC-3′) and reverse primer
ITS 5 (5′-GGAAGTAAAAGTGCTAACAAGG-3′) (Metabion, Martinsried, Germany) [34].
The PCR reaction mix contained 1 μL of DNA (50 ng), 0.5 μM of each primer and 8 μL
of Red-Taq DNA Polymerase Master Mix (Canvax Biotech, S.L., Córdoba, Spain) in total
volume of 20 μL. The amplification was carried out in a PCR 2720 Thermal Cycler (Applied
Biosystems, Waltham, MA, USA) using the following program: initial denaturation at 95 ◦C
for 10 min, followed by 35 cycles of denaturing at 94 ◦C for 1 min, annealing at 52 ◦C for
1 min, extension at 72 ◦C for 1 min, and final extension at 72 ◦C for 7 min. The PCR product
was visualized in 1% agarose gel stained with SafeView (NBS Biologicals, Huntingdon,
UK) at 100 V for 50 min using VWR Mini Electrophoresis System (VWR, Darmstadt,
Germany) and MiniBis Pro (DNR Bio-Imaging Systems, Israel) for gel visualization. The
PCR product was cut out from the gel and purified with Clean-Easy™ Agarose Purification
Kit (Canvax Biotech, S.L., Córdoba, Spain). The sequencing of the PCR product was
performed by Microsynth Seqlab (Göttingen, Germany). The resulting sequence was
analyzed using BLAST algorithm [35] and compared to the nucleotide sequences in the
GenBank database (www.ncbi.nlm.nih.gov, accessed on 21 April 2021). The ITS1-5.8S-
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ITS2 rRNA gene sequence of Ganoderma resinaceum GA1M was deposited in the GenBank
database and an accession number was assigned.

2.5. Solid-State Cultivation for Mycelium Bio-Composite Obtaining
2.5.1. Inoculum Preparation

The vegetative inoculum was prepared to form a 7-day culture of G. resinaceum grown
on MCM slant-agar. Each 500 mL Erlenmeyer flask, containing 100 mL MCM broth, was
inoculated with vegetative biomass from a single MCM-slant culture and incubated at
28 ◦C and 220 rpm for 7 days for pellets formation. The pellets were harvested by sterile
filtration and were used for inoculation of the SDLS and HERF feeding substrates. The
dry weight of the pellets was determined on moisture analyzer MAC 50/NH (RADWAG,
Radom, Poland).

2.5.2. Inoculation of the Substrates and Mycelium Growth

The pellets (10% w/w) were mixed with the substrates aseptically and left to grow in
the mushroom growing bags in darkness at 25 ◦C for 7 days until the mycelium completely
enveloped the substrate’s particles. Every day the mixtures were visually monitored and
mixed further to ensure visible uniform mycelium growth and full coverage of the particles
of the substrates and the formation of “pre-grown” substrate.

The desired sample geometry was achieved as the ready “pre-grown” substrates were
aseptically transferred into 3D-printed molds (55 × 55 × 55 mm), made of poly-lactic
acid (PLA), consisting of two parts to ensure easy removal of the ready composites. They
were manually filled tightly by layering to produce compact and dense samples and then
covered with transparent perforated foil to create a microenvironment with high humidity
(about 98%), necessary for fungal respiration rate, and incubated at 25 ◦C, 95% humidity
in Nüve climatic chamber (Nüve, Turkey) (Figure 2a). The samples reached the required
shape and size after 7 days. Then they were de-molded (Figure 2b) and the material was
put back in the incubation chamber to grow for another 6 days in order to develop full
external homogeneous growth on the sides and to form an external mycelium skin.

 
(a) (b) 

Figure 2. Cultivation of G. resinaceum for obtaining mycelium-based bio-composites: in moulds
(a) and de-moulded (b).

The samples were dried in a drying oven SLW 32 (POL-EKO-APARATURA, Poland) at
60 ◦C for 8 h in order to remove the moisture and inactivate the mycelium. After drying out,
the samples of the two types of mycelium bio-composites (HERF-based and SDLS-based)
had the approximate size of 40 × 40 × 40 mm and were used for further tests.
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2.6. Scanning Electron Microscopy (SEM)

The visualization of the surface and core morphology of the dried mycelium-based
bio-composites was performed by digitized scanning electron microscope (SEM) Philips
515 (Philips, Netherland) in secondary electrons imaging (SEI) mode. All analyses were
performed at an accelerating voltage of 8 kV and different magnifications between 200×
and 5000×. A preliminary preparation of the samples was applied, including fixation of
pieces of the corresponding composites samples on standard SEM stubs and subsequent
metallization of their surfaces by deposition of an Au film.

2.7. Fourier Transform Infrared Spectroscopy (FTIR)

The FTIR spectra of the feeding substrates SDLS and HERF and the obtained SDLS
and HERF-based mycelium bio-composites previously ground and homogenized (2 mg)
were collected on a Fourier transform infrared (FTIR) spectrophotometer VERTEX 70v
(Brucker, Germany) in KBr pellets (Honeywell/Fluka FTIR grade > 99%). The spectra were
recorded in the 4000–400 cm−1 range at 132 scans with a spectral resolution of 2 cm−1.
Three samples of each type were measured to ensure reproducibility.

2.8. Basic Physical and Mechanical Characterization

The apparent density was determined according to ISO 29470:2020. The short and
long-term water absorption was measured according to ISO 29767:2019 and ISO 16535:2019,
respectively. EN 826:2013 was used for compression behavior determination. Three
samples of approximate size 40 × 40 × 40 mm were used for each test of the mycelium
HERF- and SDLS-based bio-composites. The average value and the standard deviation
were calculated. Despite the structural differences between the core and the near-surface
zones of the samples, the testing was performed on intact samples, in order to take into
consideration the specific properties of bio-composites due to the mycelium “coating” of
the samples. Thus, the results reflected the overall behavior, but were highly influenced by
the surface/volume ratio. In case the bio-composites are to be used in applications where
the edges need to be trimmed or the surface layer removed, the tests must be carried out
on the relevant representative samples.

The parallel piped samples were dried out in a ventilated oven at +60 ◦C until constant
mass md (precision of 0.01 g) was reached. The dimensions were measured by a caliper
with a precision of 0.01 mm. Each dimension (length, width, height) was measured three
times—at the edges and in the middle and the average value was reported. The apparent
density of each sample was calculated by the formula:

ρa =
md
a.b.h

(1)

where, ρa is the apparent dry density, in kg/m3; md is the mass in dry condition, in kg and
a, b, h are the dimensions (length, width and height) of the samples in dry condition, in m.

The capillary absorption was measured by a partial immersion (1 cm of the height of
samples) in water at +20 ± 3 ◦C. The samples were placed on a grid, allowing free water
circulation below the sample surface. The water level was maintained constant for 24 h.
After removal from the water the surface was wiped off with a moist cloth and the mass of
each sample was then measured. The calculations were made according to Formula (2):

Wc =
mw,c − md

a.b
(2)

where Wc is the capillary absorption per unit area for 24 h, in kg/m2; md is the mass in dry
condition, in kg; mw,c is the mass in wet condition after 24 h of partial immersion in water,
in kg and a, b are the width and length of the samples, in m.

Water absorption was measured after short-term (1 day) and long-term (28 days)
immersion in water. The samples were placed between 2 grids and covered with 1 cm of
water at +20 ± 3 ◦C. The bottom grid allowed free circulation of water, while the upper
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grid served as a support for additional weights on the samples in order to avoid their
emergence. After removal from the water the surface was wiped off with a moist cloth and
the mass of each sample was then measured.

The water absorption was calculated as follows:

Wm
a,1d =

mw,1 − md
md

.100 (3)

Wm
a,28d =

mw,28 − md
md

.100 (4)

Wv
a,1d =

(mw,1 − md)/ρw

a.b.h
.100 (5)

Wv
a,28d =

(mw,28 − md)/ρw

a.b.h
.100 (6)

where Wm
a,1d is the short term water absorption after 1 day of full immersion in water,

expressed per unit mass, in % wt; Wv
a,1d is the short term water absorption after 1 day of

full immersion in water, expressed per unit volume, in % vol.; Wm
a,28d is the long-term

water absorption after 28 days of full immersion in water, expressed per unit mass, in %
wt.; Wv

a,28d is the long term water absorption after 28 days of full immersion in water,
expressed per unit volume, in % vol.; md is the mass in dry condition, in kg; mw,1d is the
mass in wet condition after 1 day of full immersion in water, in kg; mw,28d is the mass in
wet condition after 28 days of full immersion in water, in kg; a, b, h are the dimensions
(length, width and height) of the samples in dry condition, in m and ρw is the density of
water at +20 ◦C, i.e., 997 kg/m3.

The compressive stress at 10% relative deformation was calculated as follows:

σ10 =
F10

a.b
(7)

where, σ10 is the compressive stress at 10% deformation, in MPa; F10 is the load at which
the test specimen reaches the required longitudinal deformation of 10%, in N and a, b are
the width and length of the samples, in mm.

2.9. Statistical Analysis

All the experiments were conducted in triplicate and the values were expressed as
mean ± SD. Statistical significance was detected by analysis of variance (ANOVA, Tukey’s
test; value of p < 0.05 indicated statistical difference).

3. Results and Discussion

3.1. Chemical Characterization of the HERF and SDLS and Assessment of Their Potential as
Feedstock for Mycelium Growth and New Bio-Materials Development

The selection of HERF and SDLS as substrates in this study was mainly based on the
fact that they are generated globally and in Bulgaria in significant amounts as essential oil
industry waste by-products. The solid rose and lavender processed biomass are underuti-
lized and mostly thrown away by distilleries. These circumstances are a prerequisite for
the sustainable valorization of rose and lavender by-products and their transformation into
new mycelium bio-composites with added value. Moreover, the industrial processing of
essential oil plants (steam and steam-water distillation, extraction with organic solvents or
supercritical gases) leads naturally to sterilization, which could simplify the procedure for
mushroom growth substrate preparation.

Knowing the chemical composition of these waste materials is of critical importance
not only to the stimulation of the vegetative growth and development of the basidiomycete
strain but to the formation of a homogenous mycelium bio-composite with proper integrity
and innovative aromatic and bactericidal properties.

86



J. Fungi 2021, 7, 866

The proximate composition of the HERF and SDLS revealed that there were significant
differences in the analyzed compound content (Table 1). The concentration of lignocellulose
carbohydrates in both studied substrates was higher than that of non-cellulosic polysac-
charides. Higher content of cellulose and lignin was determined in SDLS—38.16 and
24.48 g/100 g DW, respectively. In HERF the concentrations of cellulose and lignin were
about 24% lower and were 29.13 and 18.57 g/100 g DW, respectively. This is dependent
on the type of raw material (rose and lavender) used by the distilleries. Lavender is a
crop that is much easier to harvest mechanically and the whole stem is mowed, while only
the valuable part of the roses—the flower, is harvested. This explains the higher content
of cellulose and lignin in SDLS. It is well known that the inner part of the rose flower
is a good source of pectic polysaccharides [36], which was reflected in the higher uronic
acid concentration in the HERF (8.95 g/100 g DW) in comparison with the 3.54 g/100 g
DW for SDLS. The difference in the concentration of non-cellulosic polysaccharides was
small—14.57 g/100 g DW in HERF and 13.79 g/100 g DW in SDLS. The lignin content
of SDLS (24.48%) and HERF (18.57%) was closer to that of softwood (18–26%) and grass
(17–24%) than the one of hardwoods (27–33%) [37].

Table 1. Proximate composition of hexane extracted rose flowers (HERF) and steam distilled lavender
straw (SDLS).

HERF, g/100 g DW SUM SDLS, g/100 g DW SUM

Fibers (total) 75.14 ± 0.19 b - 81.54 ± 0.18 a -

Uronic acids 8.95 ± 0.17 a - 3.54 ± 0.12 b -

Ash 3.10 ± 0.16 b - 6.59 ± 0.11 a -

Non-cellulosic
polysaccharides 14.57 ± 0.2 a

62.27 ± 0.21 b

13.79 ± 0.15 a

76.43 ± 0.21 a
Cellulose 29.13 ± 0.17 b 38.16 ± 0.21 a

Lignin 18.57 ± 0.16 b 24.48 ± 0.14 a

Data were expressed as mean ± SD (n = 3); a,b—different letters indicate significantly different values in the rows
(Student’s T test; value of p < 0.05 indicated statistical significance).

The variation of the type and initial concentration of polysaccharides in both studied
substrates is an important factor affecting the mycelium fungal growth, the colonization
rate of the substrates and the physico-mechanical properties of the obtained mycelium-
based composite.

The content of lignocellulose compounds, together with the non-cellulosic polysac-
charides and uronic acid could act as an essential carbon source for the vegetative devel-
opment of the studied basidiomycete strain. Non-cellulosic polysaccharides and uronic
acid would probably stimulate the initial fungal biomass production and later partial
de-polymerization of lignin and cellulose would occur. According to Singh and Singh [38],
basidiomycetes have their own mechanism for penetration of lignocellulose materials
starting through nutrient-rich parenchyma cells, which are composed of easily metabolized
components. Further, due to the thin hyphae formation and synthesis of a specific ligni-
nolytic enzyme system, they can bore through the cell wall and support full colonization of
the lignocellulose substrates.

The lignin and cellulose content and lignocellulose fibers reinforce mycelium-based
bio-composite materials because of the crystallinity of cellulose and the protecting role of
lignin in the lignocellulose matrix [39]. A large number of various chemical groups in the
lignin macromolecules is a prerequisite for modifications and new functional groups occur-
rence by enzymatic or biological methods to improve adhesion and to support aggregation
of lignocellulose particles [40]. The presence of lignin also helps to improve the stiff-
ness of the bio-composites and protecting the ready bio-materials against microbiological
attack [39].
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The potential substrates were further analyzed for the presence and quantity of
polyphenol compounds (total and individual) and the results are presented in Table 2.

Table 2. Total polyphenol content, individual flavonoids and phenolic acids in hexane extracted rose
flowers (HERF) and steam distilled lavender straw (SDLS).

HERF, g/100 g DW SDLS, g/100 g DW

Total polyphenols 5.70 ± 0.20 b 1.14 ± 0.07 a

Quercetin 0.30 ± 0.002 b 0.03 ± 0.001 a

Quercetin-3-β-glucoside 0.48 ± 0.002 b 0.04 ± 0.001 a

Rutin 0.98 ± 0.002 nd

Myricetin 0.09 ± 0.001 b 0.028 ± 0.001 a

Kaempferol 0.04 ± 0.001 b 0.01 ± 0.001 a

Catechin 0.33 ± 0.002 b 0.33 ± 0.001 a

Epicatechin 0.23 ± 0.001 b 0.25 ± 0.001 a

Neochlorogenic acid 0.13 ± 0.002 a 0.16 ± 0.001 b

3,4-dihydroxy benzoic acid 0.20 ± 0.001 a 0.51 ± 0.001 b

p-Coumaric acid 0.05 ± 0.001 nd

Ferulic acid 0.07 ± 0.001 a 0.16 ± 0.001 b

Gallic acid 0.12 ± 0.002 a 0.29 ± 0.002 b

Rosmarinic acid 0.05 ± 0.001 a 0.13 ± 0.001 b

Cinnamic acid 0.02 ± 0.001 nd

nd—not determined; Data are expressed as mean ± SD (n = 3); a,b—different letters indicate significantly different
values in the raws (Student’s T test; value of p < 0.05 indicated statistical significance).

Both rose and lavender essential oil industry by-products were found to be rich
in polyphenols [3,41]. The fivefold difference in the total polyphenol content: 5.70 and
1.14 g/100 g DW for HERF and SDLS, respectively, is mainly due to the differences in
industrial processing. The fresh rose flowers were extracted with a non-polar solvent
(hexane), which resulted in the preservation of a large part of the polyphenols in the
residual biomass, while the lavender was steam-distilled leading to partial extraction of
phenol compounds. The highest amounts of individual polyphenols in HERF were found
for rutin and quercetin-3-β-glucoside (glycosides, which are poorly soluble in hexane),
while in SDLS 3,4-dihydroxy benzoic acid and gallic acids (0.51 and 0.29 g/100 g DW,
respectively) were predominately identified.

The presence of polyphenols in the rose and lavender by-products could influence
positively the mycelium growth because they might be used as a carbon source on account
of the enzyme-oxidizing system of the basidiomycete isolate. The polyphenol content also
suggests bacteriostatic and bactericidal effects of the substrates, which could support the
initial sterilization procedure, as well as serve as a natural bio-protective barrier against
bacterial contamination in the process of bio-composite production and application.

The process of essential oil production (either by extraction, or distillation) is never
exhausting and part of the aroma compounds remain in the solid or liquid by-products.
These aroma substances, mainly terpenes, often possess antimicrobial properties and could
also serve as bio-preservative agents. Their presence in the plant matrix could contribute
to the final pleasant aroma of the mycelium-based bio-composites. Phenethyl alcohol,
β-citronellol, geraniol, β-cubebene, β-linalool and nerol were found in higher amounts
in the HERF and β-linalool, dihydro-linalyl acetate, lavandulol, α and β-caryophyllene,
lavandulyl acetate and α-terpineol were distinctive for the SDLS by-products (Table 3).
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Table 3. Polar volatile metabolites in 70% ethanol extracts of hexane extracted rose flowers (HERF)
and steam distilled lavender straw (SDLS), % of TIC (total ion current).

Compound RI HERF SDLS

α-Pinene 940 0.87 ± 0.08 a 0.25 ± 0.06 b

β-Pinene 980 0.61 ± 0.05 a 1.54 ± 0.08 b

β-Myrcene 991 0.34 ± 0.07 a 1.19 ± 0.09 b

p-Cymene 1019 - 0.54 ± 0.07

Limonene 1025 - 3.55 ± 0.15

Eucalyptol 1031 - 3.18 ± 0.16

cis-beta-Ocimene 1040 - 5.41 ± 0.21

trans-beta-Ocimene 1050 - 3.37 ± 0.19

γ-Terpinene 1062 0.91 ± 0.08 a 0.38 ± 0.06 b

cis-Linalool oxide 1073 - 0.19 ± 0.05

trans-Linalool oxide 1078 - 0.29 ± 0.05

Terpinene 1087 2.00 ± 0.10 -

β-Linalool 1097 3.84 ± 0.10 a 18.91 ± 0.15 b

Phenethyl alcohol 1110 21.07 ± 0.17 -

cis-Rose oxide 1112 0.45 ± 0.05 -

trans-Rose oxide 1127 0.25 ± 0.04 -

Camphor 1146 - 0.48 ± 0.07

Borneol 1169 - 0.58 ± 0.10

Lavandulol 1171 - 6.12 ± 0.21

Terpin-4-ol 1178 0.81 ± 0.07 a 3.10 ± 0.11 b

α-Terpineol 1189 0.51 ± 0.05 a 3.13 ± 0.09 b

β-Citronellol 1228 11.26 ± 0.18 -

Nerol 1230 3.78 ± 0.15 -

Geraniol 1255 8.24 ± 0.21 a 0.28 ± 0.10 b

Linalyl acetate, dihydro- 1275 - 18.14 ± 0.16

(±)-Lavandulyl acetate 1290 - 4.93 ± 0.13

Citronellyl acetate 1354 0.19 ± 0.05 -

Eugenol 1356 2.84 ± 0.09 -

Neryl acetate 1364 2.09 ± 0.08 a 0.95 ± 0.08 b

Geranyl acetate 1383 0.63 ± 0.07 a 2.94 ± 0.11 b

β-Bourbonene 1384 3.16 ± 0.18 a 0.20 ± 0.09 b

β-Cubebene 1389 5.90 ± 0.15 -

β-Elemene 1390 0.51 ± 0.04 -

Methyl eugenol 1401 0.44 ± 0.05 -

β-Caryophyllene 1419 1.58 ± 0.12 a 7.20 ± 0.18 b

α-Humulene
(α-Caryophyllene) 1454 0.34 ± 0.05 a 5.06 ± 0.12 b

Germacrene D 1479 0.39 ± 0.06 a 2.76 ± 0.09 b
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Table 3. Cont.

Compound RI HERF SDLS

α-Farnesene 1508 0.56 ± 0.05 a 0.27 ± 0.04 b

β-Bisabolene 1510 0.18 ± 0.04 a 0.20 ± 0.03 a

trans-Nerolidol 1564 2.60 ± 0.10 a 0.27 ± 0.08 b

Spathulenol 1575 1.63 ± 0.12 a 0.19 ± 0.07 b

Caryophyllene oxide 1580 0.32 ± 0.05 a 0.30 ± 0.04 a

γ-Eudesmol 1631 0.30 ± 0.04 a 0.42 ± 0.05 a

β-Eudesmol 1649 0.25 ± 0.05 a 0.22 ± 0.03 a

α-Eudesmol 1651 0.89 ± 0.03 a 0.34 ± 0.05 b

Farnesol 1714 0.34 ± 0.04 a 0.55 ± 0.07 a

n-Nonadecane 1901 4.29 ± 0.18 a 0.17 ± 0.04 b

n-Eicosane 2000 3.83 ± 0.15 a 0.32 ± 0.08 b

n-Heneicosane 2100 0.27 ± 0.06 a 0.34 ± 0.08 a

n-Docosane 2200 0.75 ± 0.08 -

n-Tricosane 2300 4.46 ± 0.21 -

n-Tetracosane 2400 1.60 ± 0.12 -

n-Pentacosane 2500 1.41 ± 0.12 -

n-Hexacosane 2600 1.41 ± 0.11 -

RI—retention index; Data are expressed as mean ± SD (n = 3); a,b—different letters indicate significantly different
values in the raws (Student’s T test; value of p < 0.05 indicated statistical significance).

The chemical characteristics of SDLS and HERF showed potential to stimulate mycelium
growth of the basidiomycete isolate and to support self-growth of mycelium bio-materials
with improved aroma and bactericidal properties.

The use of HERF and SDLS as a feedstock for new mycelium-based bio-composite
production could be accepted as an innovation because at present there are no reports
on the usage of these by-products for mycelium-based bio-composite formation. The
chemical composition of the SDLS and HERF is a serious prerequisite for the development
of mycelium-based bio-composites with improved antibacterial and aromatic properties.

3.2. Solid State Cultivation of Ganoderma Resinaceum GA1M on HERF and SDLS for
Mycelium-Based Bio-Composite Formation

The molecular identification of the new regionally isolated basidiomycete was per-
formed by amplification of the ITS1-5.8S-ITS2 region and the obtained PCR product was
subjected to sequence analysis. The resulting sequence was analyzed using BLAST algo-
rithm and compared to the nucleotide sequences in the GenBank database (www.ncbi.
nlm.nih.gov, accessed on 10 September 2021). The strain was identified with high percent
confidence (99.67%) as Ganoderma resinaceum. The ITS1-5.8S-ITS2 rRNA gene sequence of G.
resinaceum GA1M was deposited in the GenBank under accession number MW996753.

G. resinaceum belongs to the white-rot fungi (Basidiomycota, Polyporales) and is most
commonly found as a saprophyte on wood trunks, but also as a parasite on dying trees,
mainly in forests in the temperate zone. In Bulgaria, this fungus grows most often on
deciduous trees and in rare cases on conifers.

Our interest in G. resinaceum for the present experimental research was based on
preliminary results from the investigation of the growth rate of this strain’s mycelium on
different lignocellulose materials (the data are not published). It exhibited relatively fast
growth, which was suitable for the purposes of this study.
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In the development of new bio-composites, the whole process was based mainly on
the solid-state cultivation of G. resinaceum on HERF and SDLS and comprised of several
stages. The strain utilization of the studied substrates started with relatively rapid growth
on both substrates resulting in the formation of a dense well-developed mycelium network
and almost full colonization was observed. Mycelium bio-composites with a homogeneous
structure and proper integrity were obtained after 20 days. The first sign of fungal growth
was detected on the surface of HERF (Figure 3a) 48 h after inoculation while the visual
growth on SDLS (Figure 3b) started after 72 h. Although G. resinaceum showed a slight
delay in growth on lavender straw waste during the first 72 h, compared to rose flowers,
fully homogenous “pre-growth” substrates were produced after 7 days of cultivation for
both substrates.

  
(a) (b) 

Figure 3. “Pre-growth” substrates—hexane extracted rose flowers (a) and steam distilled lavender
straw (b). The cultivation of “pre-growth” substrates went on into special molds for another 7 days,
where the fungal strain continued to increase its mycelial mass, to synthesize enzymes degrading the
substrate polysaccharides and to produce metabolites, which additionally support the binding of the
lignocellulose fibers of the substrate, envelope them and contribute to the final shape and structure
of the biomaterial (Figure 2a).

The visual observation showed that the strain grew very well on the top surface of
both studied substrates, which were in contact with the air, and formed velvety aerial
mycelium, resembling skin. At the bottom and on the sides, which were in contact with
the mold, the mycelium was less dense than that at the top surface (Figure 2b). When the
cultivation period was completed, the substrate surfaces were coated with a white mycelial
layer with small brownish spots, and had a relatively regular three-dimensional shape
(Figure 4a,d). The brownish spots are commonly reported and accepted as a result of the
de-polymerization of polysaccharides and the melanin production in the early stages of
lignocellulose substrates degradation [4,27]. The moisture content of the substrate and
the relative humidity of the air during the vegetative growth stage had a direct effect
on the mycelium growth given that they influence both nutrient availability and fungal
degradation. When the mycelium reached optimal growth and fully covered and bound
the fibers of the substrates, the samples were dried at 60 ◦C for 8 h to cease fungal growth
and remove the moisture. During this process, the mycelium adhered tightly to the fibers
of the substrate and as a result, mycelium HERF/SDLS-based bio-composites with specific
visual characteristics were obtained.
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(a) (b) (c) 

   
(d) (e) (f) 

Figure 4. Mycelium steam distilled lavender straw (SDLS)-based bio-composites grown for 20 days before (a) and after
drying at 60 ◦C for 8 h (b), Scanning Electron Microscopy (SEM) image of mycelium surface layer (c); mycelium hexane
extracted rose flowers (HERF)-based bio-composites grown for 20 days before (d) and after drying at 60 ◦C for 8 h (e), SEM
image of mycelium surface layer (f).

As presented in Figure 4b,e, both materials had acquired a yellowish color of the
mycelium layer after drying compared to the color before. According to Apples et al. [22],
the change in color during the process of drying or thermal pressing is common and is
probably due to Maillard reactions between the sugars and proteins present in the fungal
cell walls and the plant materials or it is caused by low water content in the area.

Visually both mycelium-based materials appeared to have randomly oriented fibers
tightly covered by fungal mycelium. The SDLS-based bio-composite showed bigger confor-
mational stability and less deformation after drying compared to the HERF-based one. This
could be explained by the type of used substrates and their cellulose and lignin content.
These two polysaccharides are mainly responsible for the conformational stability of the
mycelium-based bio-composites [39]. The better dimensional stability of the SDLS-based
bio-composites was probably a result of the use of the whole lavender straw, while only the
flower was used form of the roses. The significant rigidity and sturdiness of the lavender
straw supported the conformational stability unlike the fragility of rose flowers. The
dimensional stability of rose flower-based bio-composite could be improved by blending it
with more rigid substrates. Both composites had surface texture, which could be described
as satiny and velvety to the touch, but the HERF-based mycelium bio-composite surface
was slightly wavier and rougher.

The SEM images of the surface of both mycelium bio-composites after drying are
shown in Figure 4c,f. They depict a dense and adequately developed mycelium layer,
forming a fibrous macro-porous structure. As can be seen in the images, the filaments
appeared to flatten. The same findings were reported by Haneef et al. [6]. According to
the authors, the thermal treatment for 7 h at 60 ◦C stopped the mycelium growth and the
hyphae were not supported by internal hydrostatic pressure.

The visual observation of the cross-section of both mycelium composites showed
that the fungal colonization was denser when closer to the air-contacted sides of the
materials than in their center (Figure 5). The cross-section of the mycelium SDLS-based
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bio-composite exhibited more porosity (Figure 5a) and the hyphae had fully colonized
the space between the lavender straw fibers at the outer part of the material, but they had
not completely penetrated the center. Less clearly visible mycelium growth was observed
during the visual inspection of the cross-section of the mycelium bio-composites made
of HERF. The fungal hyphae and fibers looked glued together and the structure of the
HERF-based bio-composite was denser and tougher (Figure 5b). As oxygen stimulates the
mycelium growth, the difficulties in air penetration to the center of the material is one of
the possible reasons for weak mycelium growth in the core, together with fiber structure
and heat production by the mycelium during the degradation processes [9,19,22]. The SEM
images confirmed the less porous internal part of the mycelium HERF-based bio-composite
compared to the SDLS-based one (Figure 5c,d). According to Lelivelt et al. [42], if the
thickness of the material is increased, there will be a point at which the center becomes too
hot or too anaerobic to allow any growth at all. As proposed by other authors, a longer
cultivation time could improve the colonization of the core of the composite [21,43].

  
(a) (b) 

  
(c) (d) 

Figure 5. Visual observation of cross-section of mycelium (a) steam distilled lavender straw (SDLS)-
and (b) hexane extracted rose flowers (HERF)-based bio-composites; Scanning Electron Microscopy
(SEM) images of cross-section of (c) SDLS- and (d) HERF-based bio-composites.

The fungal growth rate, the full coverage of the composite with aerial mycelium and
the dense hypha network in the center of the materials influence their physical and mechan-
ical characteristics. They, in turn, determine the application of the developed bio-materials.

3.3. FTIR Spectroscopy

FTIR spectroscopy was used to characterize the functional groups of both substrates
(HERF and SDLS) and the obtained mycelium-based bio-composites. The FTIR spectra
of the mycelium HERF/SDLS-based bio-composites were compared to the initial HERF
and SDLS substrates (Figures 6 and 7). FTIR bands were assigned in detail taking note of
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literature data for other mycelium-based bio-composites produced on the base of different
combinations between substrates and basidiomycetes (Table 4). In general, the infrared
absorption spectra of the mycelium bio-composites were associated with the biomolecules
that compose them, e.g., lipids (3000–2800 cm−1, ~1737 cm−1 ester bonds), proteins (amide
I at 1700–1600 cm−1, amide II and III at 1575–1300 cm−1), nucleic acids (1255–1245 cm−1),
and polysaccharides (1200–900 cm−1), which was in accordance with the bands previously
reported in the literature [6,17,40].

Figure 6. FTIR spectra of steam distilled lavender straw (SDLS) substrate (A) and mycelium SDLS-based bio-composite (B).

Figure 7. FTIR spectra of hexane extracted rose flowers (HERF) substrate (A) and mycelium HERF-based bio-composite (B).
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Table 4. Bands assignment for the FTIR characterization of hexane extracted rose flowers (HERF), steam distilled lavender
straw (SDLS) and mycelium HERF/SDLS-based bio-composite.

Assignment

Mycelium
Component (Main

Contribution)

HERF SDLS
Mycelium HERF-Based

Bio-Composite
Mycelium SDLS-Based

Bio-Composite

Vibration Frequency, cm−1

O-H stretching vibration
of intra and inter
hydrogen bond

Polysaccharides 3429 3409 3425 3418

C-H stretches in methyl
and methylene groups

CH2, asymmetric
stretching

Lipids,
Polysaccharides 2966 2927 2926 2927

CH2 symmetric stretching Lipids,
Polysaccharides 2854 2855 2854 2854

C=O stretching in xylans
(hemicellulose), pectins;

ester bonds

Lipids,
Polysaccharides 1737 1733 1732 1728

(amide I in β -sheets
secondary structures)

Absorbed O-H associated
with lignin or cellulose;
a characteristic band for
cis- HRC = CR’H bonds,

Proteins;
Lipids,

Polysaccharides

1652;
1620 1630 1665

1643 1643

Amide II Proteins - - 1548 1548

a characteristic band of the
type C=C; C=C stretching
of aromatic ring (syringyl)

in lignin
C=C stretcing of aromatic
ring (guaiacyl) in lignin

C=C stretching of
aromatic ring (syringyl)

in lignin

Polysaccharides 1516 1516 1537;1548 1537;1548

νC-Hs(CH2) in
pyranise ring, Polysaccharides 1454 1432 - 1454;1462

C-H bending in chitin,
cellulose and
hemicellulose

Polysaccharides 1370 1377 1377 1378

CH2 wagging in cellulose Polysaccharides 1318 1318 - -

PO2- asymmetric
stretching, C-O stretching

in lignin and xylan,
Nucleic acids

Nucleic acids
Polysaccharides 1239 1246 1254 1250

1C-O-C vibration in
cellulose and
hemicellulose

Polysaccharides 1150 1161 1152 1161

- 1114 - 1110

C-O valence vibration
from C3-O3H Polysaccharides 1057 1055 1046 1047

C-O stretching in cellulose Polysaccharides 1053 1055 1055 1047
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Table 4. Cont.

Assignment

Mycelium
Component (Main

Contribution)

HERF SDLS
Mycelium HERF-Based

Bio-Composite
Mycelium SDLS-Based

Bio-Composite

Vibration Frequency, cm−1

C-C stretching Polysaccharides 1034 1055 1046 1047

β(COH), β(CH) of C-1,
νs(COC) in glycosidic
linkage, ring modes

Polysaccharides 928 916 916 919

Anomer C-group, Glucan
β-anomer C-H bending,

C-H deformation in
cellulose, ν(CC), β(CCH)

Polysaccharides 899 878 855 842

CH2-rocking Polysaccharides 761 - 769 -

The ratio of the band intensity of the absorption associated with the C-H bending mode
of chitin (~1374 cm−1) to the one of the C-C stretching of polysaccharides (~1043 cm−1) re-
mained constant and unchanged. The IR bands in the region of 1000–1200 cm−1 were
related to stretching vibrations of C-O-C and C-O, respectively. The FTIR bands at
847 cm−1 characterized the β-1,4 bonds vibrations. In our case, the presence of β-bonds
in the mycelium HERF- and SDLS-based bio-composites was clearly observed (Table 4
and Figures 6 and 7). Bruscato et al. [17] also reported that the bands between 915 and
1110 cm−1 were assigned to the D-Glcp unit and β-configuration of the sugar units in the
polysaccharide at 890 cm−1. In our study, the β-configuration of the sugar units in the
polysaccharide matrix was preserved and these bonds did not disappear (Table 4).

The degradation of lavender straw and rose flower waste by G. resinaceum led to a
small decrease in the intensities of carbohydrates at 1733 cm−1, 1158 cm−1, 897 cm−1 and a
similar observation was reported for the flax composites produced by T. versicolor [40].

Relative increases in protein and lipid bands were detected in both mycelium HERF-
and SDLS-based bio-composites, compared to the initial substrates. A large band (18 cm−1,
from 1686 to 1668 cm−1 to lower wavenumbers) was ascribed to the amide I of β-turns [6].
In addition, the bands at 1548 cm−1, typical for amide II, were found only in mycelium
grown on HERF and SDLS and were completely absent in the used waste substrates
(Table 4). Bands due to the interaction of the polysaccharides with the mycelium at
1551 cm−1 (lignin bands) and 1318 cm−1 (cellulose bands) were not found in the mycelium
HERF/SDLS-based bio-composites (Table 4). Contrary to the reports of Elsacker et al. [40],
in our study, the decrease in carbohydrates (especially cellulose) was most pronounced at
1317 cm−1 (strong vibration) as a result of G. resinaceum growth. However, the FTIR spectra
also revealed a small band at 1377-1378 cm−1 (weak vibrations), assigned to chitin. The
ratio of bands intensities between the mycelium HERF/SDLS-based bio-composites and
the HERF and SDLS substrates (1510 cm−1/1510 cm−1) was 3,6 for SDLS and 1.67 for HERF.
This ratio revealed a higher intensity of lignin band for the SDLS-based bio-composite than
the lavender straw. In comparison, Elsacker et al. [40] reported, that the depolymerisation
of lignin by T. versicolor occurred to a greater extent in flax (0.97) than in hemp (0.57).

Haneef et al. [6] compared the FTIR spectra of the mycelium species, independent
of the feeding substrates, and found that G. lucidum showed a higher contribution of
lipids, whereas Pleurotus ostreatus showed relatively more intense bands that were due to
polysaccharides. Similar to FTIR bands obtained from Pycnoporus sanguineus, P. albidus and
Lentinus velutinus growth on wheat bran [17], the bands of the bio-composites from SDLS
and HERF could not be observed, probably because they were consumed due to overlap
with bands of cellulose, hemicellulose or lignin.

Comparing the data from the current research with reference literature data, it is clear
that the chemical nature of the substrates is also responsible for distinct changes in the
FTIR spectra of the mycelium-based bio-material. In conclusion, a decrease in cellulose
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bands and decomposition of lignin were observed and amide II bands appeared, which
confirmed the use of HERF and SDLS as substrates for the G. resinaceum growth in both
mycelium bio-composites.

3.4. Basic Physical and Mechanical Characterization of the Mycelium HERF/SDLS-Based
Bio-Composites

Taking into consideration the physical structure and possible application of the
mycelium-based bio-composites, standardized methods for thermal insulating products
for building applications were used for the determination of some basic physical and
mechanical properties. The results are summarized in Table 5. The apparent density of the
materials is considered as one of the main parameters, allowing the prediction of other
significant characteristics (porosity, water absorption, strength, thermal conductivity, etc.)
and it is a good indicator of the mechanical properties [11,20,44]. For mycelium-based
bio-composites, it has also been established that density is an important factor regarding
the competitiveness of these materials and their applications [23]. Our analyses revealed
that the mycelium HERF-based bio-composite had higher density (462 kg/m3) as com-
pared to the SDLS-based bio-composite (347 kg/m3). These results reflect the porosity of
the mycelium bio-composites, the differences in the chemical composition and particles
sizes and distribution of the used waste rose flowers and lavender straw together with the
mycelium growth.

Table 5. Physical and mechanical properties of the mycelium hexane extracted rose flowers (HERF)/ steam distilled
lavender straw (SDLS)-based bio-composites.

Mycelium Bio-
Composite

Apparent
Densityρa

Capillary
AbsorptionWc

Water Absorption
Compressive

Resistance at 10%
Deformation σ10

1 Day 28 Days

Wv
a,1d Wm

a,1d Wv
a,28d Wm

a,28d

kg/m3 kg/m2 %vol. %wt. %vol. %wt. kPa

HERF 462 ± 10.2 3.4 ± 0.38 20.3 ± 3.45 43.9 ± 7.5 58.2 ± 7.2 126.0 ± 15.7 1029 ± 51

SDLS 347 ± 3.7 6.5 ± 0.20 39.8 ± 5.72 114.6 ± 14.5 85.0 ± 3.5 245.0 ± 10.1 718 ± 22

The standard deviation is determined with triplicate samples (mean ±standard deviation).

Based on literature data about the density of natural lignocellulose substrates varying
from 1.2 to 1.5 g/cm3 [44], porosity is considered to be a significant factor that could affect
the densities of mycelium-based composites [23]. The cross-section of the SDLS-based
mycelium composites (Figure 5a) showed the presence of more macro-pores allowing
a bigger amount of hyphae inside the material. The structure of the HERF-based bio-
composites was more compact and tougher, especially in the core of samples, thus leading
to a higher apparent density of the mycelium HERF-based bio-composites. (Figure 5b).
Our findings of the higher apparent density of the mycelium HERF-based bio-composites
in comparison with the SDLS-based bio-composite is in contrast with a previous study [6]
according to which higher amount of branched hyphae led to a more compact structure
and higher density of the developed mycelium-based bio-composites. Our findings are in
conformity with those of Tacer-Caba et al. [20], according to which fewer branched hyphae
of P. ostreatus grown on oat husk and rapeseed cake resulted in a denser material. The
degradation of lignocellulose substrates and their substitution with fungal biomass caused
a decrease in the bio-composite density because the reported density of pure mycelium is
quite low 0.03–0.05 g/cm3 [13].

The density of the mycelium HERF/SDLS-based bio-composites was similar to non-
pressed mycelium-based bio-composites obtained in different studies using various lignocel-
lulose substrates, which vary from 59 to 590 kg/m3 [7–9,17,22]. The mycelium HERF/SDLS-
based bio-composites were denser than expanded polystyrene (EPS) (22–50 kg/m3) [20,23]
and lighter in comparison with wood-based composites such as medium-density fiber
board (MDF) (500–1000 kg/m3) and oriented strand board (OSB) (550–700 kg/m3) [22]. The
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density of the HERF/SDLS-based mycelium bio-composites was also similar to hempcrete,
which is between 400–500 kg/m3 and 200–250 kg/m3, obtained by on-site pouring and
spray method, respectively [45].

Depending on the intended use of the mycelium HERF/SDLS bio-composites—for
non-structural or semi-structural applications (i.e., thermal insulation or particleboards),
the density might be further decreased by mixing the HERF and SDLS with other lignocel-
lulose substrates with low density and an increase in the fungal biomass in the core of the
bio-composites or it could be increased by cold or thermal pressing.

Water absorption is another very important parameter that influences quality, durabil-
ity and the application range of a mycelium-based bio-composite [40]. The capillary ab-
sorption, short-term water absorption and long-term water absorption of the HERF/SDLS-
based mycelium bio-composites were evaluated.

Water absorption is the easiest way to characterize the open porosity of materials, espe-
cially the absorption through capillarity. As can be seen in Table 5, the capillary absorption
of the HERF-based mycelium bio-composites was about two times lower (3.4 kg/m2) than
the SDLS-based mycelium bio-composite (6.5 kg/m2), which confirmed that the HERF-
based mycelium bio-composites had a smaller amount of coarse pores than the SDLS-based
ones. The obtained results were higher than those reported by Elsacker et al. [40] for a
mycelium chopped hemp, flax- and straw-based bio-composite varying between 2 and
3.8 kg/m2. The results on water absorption after one day of full immersion, which can
be taken as representative for the finer porosity, confirmed the same—the water absorp-
tion of the mycelium HERF-based bio-composites was two times lower (ca. 20% vol.), as
compared to that of the SDLS-based bio-composites (ca. 40% vol.). The long-term water
absorption of the studied bio-composites reached 58%vol. (126% wt.) for the HERF-based
bio-composite and 85%vol. (245% wt.) for the SDLS-based bio-composites. This corre-
lates with reference literature data for bio-composites, where values up to 350% wt. were
presented [4,24,46]. Apples et al. [22] also reported that the water absorption of different
mycelium lignocellulose-based bio-composites ranged from 43% wt. to 508% wt. after
only 8 days of immersion in water. The water absorption of the studied bio-composites
exceeded considerably the water absorption of some hemp hurds composites, reported to
be between 6.3% wt. and 25.8% wt. [47] and was much higher than the long-term water
absorption of conventional thermal insulating material—between 0.2% vol. for extruded
polystyrene (XPS) to 2.8% vol. for EPS, after 2 months of immersion [48]. Thus, it seems
the present mycelium bio-composites would not be suitable for applications involving
frost attack, because in that case the long-term water absorption shall be limited to 2%.
However, the water absorption of the bio-composites could be significantly modified,
because it is due not only to the open (to water) porosity, but also to the water suction by
the used HERF and SDLS. Further testing shall clarify the impact of water absorption on
the bio-composites swelling and the mycelium changes. The behavior of mycelium-based
bio-composites during water immersion strongly depends on the hydrophobic properties
of the fungal mycelium [20,23] and the hydrophilicity of lignocellulose fibers [46]. The
hydrophobicity of basidiomycetes is mainly a result of the content of a low-weight protein,
called hydrophobin. This protein was also reported to affect the process of adhesion of
lignocellulose particles [6,20,23]. To limit the hydrophilicity of the lignocellulose fibers and
reduce the water absorbance of the mycelium HERF/SDLS-based bio-composites, further
investigations are needed in order to obtain well-developed mycelium, fully enveloped
substrates particles together with an intact outer mycelium layer that covers the entire
bio-composite. Another option would be to cover the bio composites with different bio-
coatings (chitosan, carrageenan and xanthan), which was reported to considerably decrease
the water absorbance [24].

In the preliminary testing of compressive behavior, no fracture was observed, because
the bio-composites were quite deformable. Therefore, the behavior at compression is
characterized by the compressive stress, corresponding to 10% of longitudinal strain, i.e.,
compressive stress at 10% relative deformation. In order to create smooth and parallel load-
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ing surfaces, a preliminary treatment by a thin layer of cement paste was applied and the
testing was performed after 48 h. The compressive resistance of the lighter mycelium SDLS-
based bio-composite was 718 kPa, while it was 1029 kPa for the relatively denser mycelium
HERF-based bio-composite. Both values are quite higher than the range of compressive
strength of different mycelium-based bio-composites, reported by Amstivslaski et al. [49],
which was between 29 and 567 kPa. It could be concluded that our results also surpassed
significantly the typical values for some conventional thermal insulating materials, such as
several standard categories of EPS, which do not exceed 120 kPa for short-term loading [50].
However, it shall be mentioned that there is a significant impact of the density on the
compressive behavior of thermal insulating materials and thus various data can be found.
Because of this Nava et al. [24] stated, that the compressive strength of mycelium-based
bio-composites was lower than most of the EPS categories and our results for compres-
sive resistance were closer to the compressive strength of hempcrete, which has a similar
apparent density [45].

The experimental data on compressive behavior of the mycelium HERF/SDLS-based
bio-composite are probably due to the successful combination between the used fibrous
substrates and the basidiomycete strain G. resinaceum. It was observed that the mycelium
of Ganoderma spp. demonstrated quite robust consistency as compared to other basid-
iomycetes [24].

Due to the smaller size of the samples than the required by EN 12667:2001, the
coefficient of thermal conductivity (lambda) was not measured. A rough estimation on the
lambda range was carried out based on the apparent density of the studied bio-composites,
the available literature data on mycelium-based bio-composites and data on other similar
thermal insulating products.

It was difficult to assess lambda only based on apparent density, because the densities
were closer to that of inorganic thermal insulation materials (such as cellular concrete,
porous ceramic, etc.), while the bio-composites are an organic material, with quite a big
volume of open porosity (such as EPS). The thermal insulation with the closest profile is
hempcrete, but its binder is inorganic (lime, cement, magnesia binder, etc.). Therefore,
the developed mycelial bio-composites are quite specific, combining a fibrous component
(waste lavender straw and rose flower biomass) and an organic binder (mycelium). Con-
sidering only the density values, the maximum thermal conductivity coefficient, based
on cellular concrete and hempcrete data, can be expected to be 0.12–0.17 W/m.K for the
HERF-based composites and 0.09–0.11 W/m.K for the SDLS bio-composites [24]. The study
of Jones et al. [11] showed that when the apparent density of mycelium composites varied
between 59 and 552 kg/m3, the values of lambda varied between 0.04 and 0.18 W/m.K.
If thermal insulation application is targeted, the density of the bio-composites should be
significantly reduced and lambda might be quite low as well. For density in the range of
95–135 kg/m3 the reported data for lambda was between 0.04 and 0.06 W/m.K, i.e., very
similar to that of conventional thermal insulating materials [40].

4. Conclusions

This is the first study reporting that waste hexane extracted rose flowers and steam
distilled lavender straws showed realistic potential to be utilized as a feedstock for new
mycelium-based bio-composites development by a new locally isolated and molecularly
identified Ganoderma resinaceum GA1M. The visual observation and SEM images of the
surface and cross-section of the mycelium HERF/SDLS-based bio-composites both showed
adequately developed aerial mycelium layer, fibrous internal macroporous structure and
proper integrity. Basic physical and mechanical characterization of the obtained mycelium
HERF/SDLS-based bio-composites revealed promising potential and after additional
optimization they could be suggested for non-structural or semi-structural applications
and interior design.
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Abstract: Bicarbonate (HCO3
−) transporter family including the anion exchanger (AE) group is

involved in multiple physiological processes through regulating acid-base homeostasis. HCO3
−

transporters have been extensively studied in mammals, but fungal homologues of AE are poorly
understood. Here, we characterized the AE group member (MoAE4) in Magnaporthe oryzae. MoAE4
exhibits more sequence and structure homologies with the reported AE4 and BOR1 proteins. In
addition to the common sublocalization on cytomembrane, MoAE4 also localizes on tonoplast. Yeast
complementation verified that MoAE4 rescues boron sensitivity and endows NaHCO3 tolerance
in the BOR1 deleted yeast. MoAE4 gene is bicarbonate induced in M. oryzae; and loss of MoAE4
(ΔMoAE4) resulted in mycelial growth inhibited by NaHCO3. Lucigenin fluorescence quenching
assay confirmed that ΔMoAE4 accumulated less HCO3

− in vacuole and more HCO3
− in cytosol,

revealing a real role of MoAE4 in bicarbonate transport. ΔMoAE4 was defective in conidiation,
appressorium formation, and pathogenicity. More H2O2 was detected to be accumulated in ΔMoAE4
mycelia and infected rice cells. Summarily, our data delineate a cytomembrane and tonoplast located
HCO3

− transporter, which is required for development and pathogenicity in M. oryzae, and revealing
a potential drug target for blast disease control.

Keywords: anion exchange protein 4 (AE4); HCO3
− transporter; tonoplast; pathogenicity; Magna-

porthe oryzae

1. Introduction

The bicarbonate anion (HCO3
−)-transporter family, also known as the SLC4 (solute

carrier 4) transporter family, functions to transport HCO3
− across the plasma membrane

and in the maintenance of intracellular pH value. HCO3
− transporter proteins have been

extensively studied in mammalians and invertebrates. In mammals there are 14 genes
which encode proteins with bicarbonate transport activity [1]. According to the physiologi-
cal activity, bicarbonate transporters can be classed into three major groups: Cl−/HCO3

−
exchangers (AEs), Na+/HCO3

− cotransporters (NBCs), and Na+ dependent Cl−/HCO3
−

exchangers (NDCBEs). The Cl−/HCO3
− exchangers AE1-3 are about 53–56% identical to

one another at the amino-acid level. The electrogenic Na+/HCO3
− cotransporters NBCe1

and NBCe2 are about 28–34% identical to the AEs. The electroneutral Na+/HCO3
− trans-

porters NBCn1, NDCBE, and NBCn2 are about 30–34% identical to the AEs, and about
39–50% identical to the electrogenic NBCs. Therefore, the deduced amino acid sequences
of HCO3

− transporter proteins show a high degree of similarity to anion exchangers [2].
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HCO3
− transporters share many common features in membrane topology, glycosyla-

tion, and inhibition by stilbene disulfonate inhibitors; but they are different in some ways
such as the nature of transport activity and the subsidiary ions carried [1,2]. All function
by an electroneutral mechanism, exchanging Cl− for HCO3

− across the plasma membrane,
driven by the respective gradients of the transport substrates [1].

The three identified anion exchangers (AE1-3) mediate the electroneutral exchange
of one monovalent anion for another across the plasma membrane. The well character-
ized anion exchanger 1 (AE1), the first bicarbonate transporter cloned and sequenced
Cl−/HCO3

− exchanger, is the erythrocyte band 3 glycoprotein that contains a membrane
domain responsible for transport function. The crystal structure of the AE1 anion exchanger
domain reveals a transport mechanism with which to understand the many mutations in
the protein that lead to diseases [3,4].

The AE4 (SLC4A9) was originally reported to facilitate Cl−/HCO3
− exchange [5,6].

Based on the strong phylogenetic clustering of AE4 with reported Na+/HCO3
− co-transporters,

AE4 was regarded as a Na+/HCO3
− co-transporter, not a Cl−/HCO3

− exchanger [2]. Na-
tive AE4 activity in mouse salivary gland acinar cells supports Na+-dependent Cl−/HCO3

−
exchange that is comparable with that obtained upon heterologous expression of mouse
AE4 and human AE4 in CHO-K1 cells. Particularly, AE4 mediates Cl−/HCO3

− exchange
activity in the presence of K+ as well as Cs+, Li+, and Rb+ [7–9].

The AE4 gene is conserved in a variety of species. Homologous sequences and
crystal structures of HCO3

− transporters have been identified not only in mammals,
but also in fungi and plants [10]. The budding yeast Saccharomyces cerevisiae genome
harbors the YNL275w gene (ScAE4), which showed some sequence identity to band 3 [11].
The YNL275w is transcribed at an extremely low level and not induced in response to
nitrogen starvation. In addition, the YNL275w disruption mutant did not show any
phenotype alteration under normal growth conditions. However, YNL275w homologue
BOR1 is involved in tolerance to boric acid and the maintenance of the protoplasmic
boron concentration [12,13], and BOR1 regulates a saturable uphill boron efflux, with
characteristics consistent with a bicarbonate-independent exchange of extracellular H+

for intracellular H3BO3 [14]. Similarly, Arabidopsis YNL275w (BOR1) also supports plant
boron tolerance [15]. Recently, several SLC family members such as SbtA (AN4904), SbtB
(AN0218), and SB (AN2730) were characterized in Aspergillus nidulans [16]. SbtB functions
as a BOR1 homologue; but SB appears to be a HCO3

− transporter.
The rice blast fungus M. oryzae is the causal agent of blast disease worldwide. Host in-

fection is initiated by developed conidia, which occurs outside plant cells and involves coni-
dium germination, tube elongation, appressorium maturation, and differentiation [17,18].
After penetration, successful development of invasive hyphae determines the severity of
blast [19,20]. However, during invasive hyphae growth and development in the host plant,
M. oryzae undergoes various harsher obstacles involving not only plant-derived passive
and active resistance such as the accumulation of reactive oxygen species (ROS), antimicro-
bial compounds, and pathogenesis-related proteins for instance [21–23], but also in planta
nitrogen starvation, high- HCO3

−, and low-oxygen stresses [24–26]. To colonize the host
successfully, M. oryzae must ensure a basic standard to survive these adverse environments.
In this research, we biologically analyzed the M. oryzae AE4 homologue gene through
creating deletion mutant and complementary strains. Biologic and molecular data reveal
that MoAE4 is a cytomembrane and tonoplast localized HCO3

− transporter. Importantly,
MoAE4 required for pathogenicity provides a new target for blast disease control.

2. Materials and Methods

2.1. Sequence Alignment Assays

The MoAE4 (MGG_15203) gene and amino acid sequences were acquired from the
NCBI database (https://www.ncbi.nlm.nih.gov/, accessed on 25 March 2021). The protein
tertiary and transmembrane structures were predicted using I-TASSER (https://zhanglab.
ccmb.med.umich.edu/I-TASSER/, accessed on 25 March 2021), TMHMM Server v. 2.0
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(http://www.cbs.dtu.dk/services/TMHMM/, accessed on 16 May 2021), and Softberry
(http://www.softberry.com/berry.phtml, accessed on 16 May 2021). In addition, the amino
acid sequence was aligned using the DNAMAN program, and the phylogenic tree was
drawn using MEGA7.0.9 software.

2.2. Fungal Strains and Culture Conditions

M. oryzae strain JJ88 was used as the wild type. It was isolated and purified from Oryza
sativa cultivar Jijing88, a variety that is widely planted in Jilin Province, China. All the
fungal strains were cultured on complete media (CM) agar plates and maintained on paper
filters at −20 ◦C (CM [10 g/L glucose, 2 g/L peptone, 1 g/L yeast extract, 1 g/L casamino
acids, 0.1% (V/V) trace elements, 0.1% (V/V) vitamin supplement, 0.5 g/L MgSO4, 6 g/L
NaNO3, 0.5 g/L KCl, and 1.5 g/L KH2PO4, pH 6.5]). For conidiation, the strains were
inoculated on oatmeal–tomato agar medium (OMA) at 24 ◦C for 7 days in the dark [27]. The
strains were grown continually for 3 days while illuminated under fluorescent lights after
the aerial hyphae of the strains had been removed by washes with sterile distilled water.

S. cerevisiae BY4741 and the ScBor1 deletion mutant strains (Invitrogen, Beijing, China)
were used for functional complementation test. The yeast S. cerevisiae transformation
was performed by the lithium acetate procedure. For yeast gene expression, YPB-ADHpt
promoter and terminator regions of ADH1 gene in YPB1 was used [28]. All yeast strains
were cultured according to Li et al. [29]. ΔScBor1 of S. cerevisiae was transferred in MoAE4
and MoACT, respectively. The mutants of ΔScBor1, ΔScBor1/MoAE4, ΔScBor1/MoACT,
and wild type were inoculated on to the Solid YPD medium Plates with 100 mM H3BO3
and 50 mM NaHCO3, respectively.

2.3. Assays for the Subcellular Localization of MoAE4

The localization of MoAE4 in the wild type strain was observed by tagging it with the
Bgl II-SpeI sites of green fluorescent protein (GFP) of vector pCAMBIA1303 at its C-terminus.
We generated transgenic strains expressing GFP-tagged MoAE4 fusion gene in the wild
type of M. oryzae (pCAMBIA1303-MoAE4:: GFP). Fluorescent microscopic observation was
carried out by using hyphae (6d) and conidia (6d). To visualize the cytoplasmic membrane
and vacuolar membrane, vegetative hyphae and conidia were treated with 2 μg/mL FM4-
64 (AAT Bioquest, Sunnyvale, CA, USA) solution for 30–60 min before observed [30] under
laser scanning confocal microscope (Olympus fluoview FV3000, Olympus, Tokyo, Japan).

2.4. Targeted Gene Deletion and Complementation

To generate the MoAE4 replacement construct pXEH20, the upstream (1155 bp) and
downstream (1195 bp) fragments of MoAE4 were amplified using primers MoAE4-L-
S/MoAE4-L-A and MoAE4-R-S/MoAE4-R-A, respectively. The resulting PCR products
were cloned into the SpeI-KpnI and XbaI-HindIII sites of vector pXEH2.0. The knockout vec-
tor was introduced into Agrobacterium tumefaciens strain AGL-1 and then transformed into
the wild type M. oryzae using the A. tumefaciens-mediated transformation (ATMT) method
as previously described [31]. Transformants were selected and cultured in 200 μg/mL
hygromycin. The transformants were identified using PCR with primers HYG-S/HYG-A,
MoAE4-LHYG-S/MoAE4-LHYG-A, and MoAE4-G-S/MoAE4-G-A.

The entire MoAE4 sequence was amplified using a PCR technique with MoAE4-
C-S/MoAE4-C-A and inserted into the hygromycin resistant vector pCAMBIA1303 for
complementation into the mutant strain. The reconstructed pCAMBIA1303-MoAE4 was
transformed into the ΔMoAE4 mutant strain and designated ΔMoAE4/MoAE4. The comple-
mented strain was also confirmed by PCR with HYG-S/HYG-A and MoAE4-G-S/MoAE4-
G-A.

To further verify the gene deletion and complementation, the expression of the wild
type, ΔMoAE4 mutant, and ΔMoAE4/MoAE4 strains was amplified using qRT-PCR with
qRT-MoAE4-S/qRT-MoAE4-A and Actin-S/Actin-A, and the strains were identified. The
primers for gene deletion and complementation are listed in Table S2.
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2.5. Quantitative Real-Time PCR (qRT-PCR)

The total RNA was isolated from mycelia that had been harvested from 5-day-old
CM media using the TRIzol reagent (Invitrogen, Carlsbad, CA, USA). First strand cDNA
was synthesized using an oligo (dT) primer from total RNA, which had been treated
with DNase I. Subsequently, qRT-PCR was performed using an ABI7500 System (Applied
Biosystems, Foster City, CA, USA) and SYBR Premix Ex Taq (TaKaRa, Dalian, China). The
relative mRNA levels were calculated using the 2−ΔΔCq (Cq = Cqgene − Cqactin) method.
The M. oryzae actin gene (MGG_03982.6) was utilized as a reference gene for normalization.
Each sample was tested in three replicates in each experiment. The primer sequences used
for qRT-PCR are shown in Table S2.

2.6. Assays for Conidial Production, Growth, and Development

The strains (wild type, ΔMoAE4, and ΔMoAE4/MoAE4) were cultured on PDA media
to understand the effect on MoAE4 conidial production, and the conidia were cultured
on OMA media as previously described. A volume of 200 μL of a 1 × 105/mL conidial
solution was placed on OMA medium. After 3 days of cultivation at 28 ◦C, sterile water
was added to remove the hyphae, and a piece of the culture medium was cut with a blade
and placed on a glass slide. It was then placed in a moisturizing box and incubated at 28 ◦C.
The piece was observed under a Nikon Eclipse 80i microscope at 6, 12, 24, and 48 h after it
had been cut. The strains were then stained with lactophenol cotton blue to observe the
conidiophore stalks and hyphae under a light microscope [32]. Additionally, the conidia
were collected with 2 mL of sterile water after 3 days of culture on OMA media and counted
with a hemocytometer. Each strain was repeated three times, and the experiment was
conducted in triplicate.

Conidia of the wild type, ΔMoAE4, and ΔMoAE4/MoAE4 were cultured on OMA
media and collected to observe the germination of conidia and formation of appressoria.
The conidial suspension was adjusted to 1 × 105/mL and added drop wise to a hydrophobic
cover slips under a microscope at 1, 2, 3, 4, 5, and 6 h. Each strain was repeated three times,
and the experiment was conducted in triplicate.

2.7. Rice Sheath Penetration and Plant Infection Assays

To determine the pathogenicity of MoAE4, the wild type, ΔMoAE4, and ΔMoAE4/
MoAE4 strains were inoculated on OMA media to collect the conidia as previously de-
scribed. The fourth leaf stage of rice seedlings (Oryza sativa cv. Lijiangxintuanheigu) was
assayed for infection following the spraying of 2 mL of a conidial suspension (5 × 104

conidia/mL in 0.2% gelatin). The inoculated plants were placed in the dark in a dew
chamber for 24 h at 28 ◦C and then transferred to a growth chamber with a photoperiod of
16 h for 7 days.

Conidial suspensions (100 μL, 5 × 104 conidia/mL) were injected into seedling leaf
sheaths using a 1 mL syringe, and the inoculated plants were placed in a moist chamber as
described previously. The formation of lesions and necrosis around the inoculation sites
was examined when the injection-wounded leaves unfolded at different time points after
the injection. The mean infectious hyphal (IH) growth rates and movement to the adjacent
cells were determined from 100 germinated conidia per treatment at 12, 24, and 48 h post
inoculation (hpi) and repeated in triplicate as previously described. The leaf sheaths were
trimmed at the time points indicated and observed using a Nikon Eclipse 80i microscope.
This experiment was performed with three independent replicates, and the representative
results from one of these experiments are presented.

2.8. Assays for NaHCO3 Treatment

To illustrate the effect of different concentrations of NaHCO3 on the expression of
MoAE4 gene, wild type strains of M. oryzae were cultivated on PDA with 0, 12.5, 25, 37.5,
50, 62.5, and 75 mM NaHCO3 at 28 ◦C for 7 days.
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To investigate the effects of sodium bicarbonate stress on the wild type, ΔMoAE4,
and ΔMoAE4/MoAE4 strains, each strain was cultured on PDA with NaHCO3 at final
concentrations of 0, 12.5, 25, 37.5, 50, 62.5, and 75 mM at 28 ◦C for 7 days, and the diameters
of fungal strains were photographed using a digital camera (EOS 800D, Canon, Inc., Tokyo,
Japan) and measured after inoculation. Each assay was repeated three times independently
for each strain, and the experiment was performed in triplicate. Further, the wild type of
mycelium treated under different concentrations of NaHCO3 was collected for expression
patterns of AE4.

2.9. Assays for HCO3
− Transport and Intracellular pH Measurements

To determine the relationship between MoAE4 and HCO3
− transport, confocal micro-

scope was performed with lucigenin (bis-N-methylacridinium nitrate) (MCE, Shanghai,
China), a compound that is used as a chemiluminescent probe to indicate the presence of
superoxide anion radicals in cells in alkaline conditions 28 [33,34]. The microscopy enabled
the detection of direction of HCO3

− transport in the conidia and hyphae. First, conidia and
hyphae from the strains (wild type, ΔMoAE4, and ΔMoAE4/MoAE4) were treated at 28 ◦C
with 0.4 M mannitol in a solution of 50 mM NaHCO3 for 2 h, then washed and added
0.4 M mannitol to continue recovery at 28 ◦C for 2 h. A solution of only 0.4 M mannitol
served as the control. The strains were incubated with 10 mM lucigenin and observed with
a 470 nm fluorescence microscope.

The intracellular pH was measured using the dual-excitation ratio method with the
pH sensitive dye 20,70-bis-(2-carboxyethyl)-5- (and-6)-carboxyfluorescein acetoxymethyl
ester (BCECF-AM) (Mock, Sigma, Shanghai, China) to detect the wild type, ΔMoAE4, and
ΔMoAE4/MoAE4 strains treated under 50 mM NaHCO3 as previously described. The pH
sensitive dye was excited at 460 and 488 nm using a digital fluorescence microscopy system,
and the fluorescence emitted at 520 nm was detected. The ratios of background-corrected
emission intensities (I488/I460) were transformed into intracellular pH [35,36].

2.10. H2O2 Treatment and Endogenous H2O2 Measurements

To investigate the effects of exogenous oxidative stress on the wild type, ΔMoAE4,
and ΔMoAE4/MoAE4 strains, each strain was cultured on CM agar that contained 2.5 mM
or 5 mM H2O2 for 7 days at 28 ◦C.

The H2O2 content was determined as previously described for plants [37]. Hydro-
gen peroxide (H2O2) was extracted by homogenizing 3 g of mycelia from the wild type,
ΔMoAE4, and ΔMoAE4/MoAE4 strains in 6 mL of cold acetone. The homogenate was then
centrifuged at 3500× g for 5 min at room temperature, and the resulting supernatant was
designated as the sample extract. Next, 0.1 mL of titanium reagent (5% [w/v] titanic sulfate
in concentrated H2SO4) was added to 1 mL of the sample extract, followed by the addition
of 0.2 mL of strong aqueous ammonia to precipitate the peroxide-titanium complex. The
precipitated sample was centrifuged at 3000× g for 10 min at room temperature; the super-
natant was discarded, and the precipitate was then solubilized in 5 mL of 2 M H2SO4. The
absorbance of the samples was determined at 415 nm against a blank of 2 M H2SO4. The
H2O2 concentration in the samples was determined by comparing the absorbance against
a standard curve of a 0–5 mM titanium-H2O2 complex that was prepared according to
Cui et al. [38].

The production of H2O2 was monitored by staining with 3,3′-diaminobenzidine (DAB)
as an assay [39]. The hyphae of the wild type, ΔMoAE4, and ΔMoAE4/MoAE4 strains were
cultured in CM media for 5 days and then incubated in the dark in a 1 mg/mL solution
of DAB at room temperature for 8 h. The samples were washed with sterile water and
observed under a Nikon light microscope. This experiment was performed in triplicate
and repeated three times for each strain. Similarly, leaf sheath cells of rice infected by wild
type, mutant, and complementation strains were stained DAB at 36 hpi.

The conidia of the wild type, ΔMoAE4, and ΔMoAE4/MoAE4 strains were extracted
with DMSO [40].
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2.11. Statistical Analysis

All the experiments were performed at least three times. The mean ± SD of the strain
diameter, germination rate, and relative expression were determined using SPSS Statistics
22 (IBM, Inc., Armonk, NY, USA). Error bars represent the standard deviation. * indicates
a statistically significant difference at p < 0.05. ** indicates a highly significant difference
at p < 0.01. *** indicates a highly significant difference at p < 0.001. **** indicates a highly
significant difference at p < 0.0001.

3. Results

3.1. The Bicarbonate Transporter AE4 Homologue in M. oryzae

Homologous sequences of AE4 proteins have been reported in a variety of species.
Based on the conserved amino acid sequences of several reported AE4 proteins, a single ho-
molog of AE4 (MGG_15203) was searched in the M. oryzae genome (http://fungalgenomics.
ca/wiki/Fungal_Genomes, accessed on 25 March 2021). The M. oryzae AE4, termed as
MoAE4, with a length of 2169 bp open reading frame, encodes a protein of 701 amino acids.
The protein sequence alignments delineated the 10 transmembrane-spanning domains in
the MoAE4 gene (Figure S1A,B).

The phylogenic tree indicated that MoAE4 was closely related to the fungal group
(Figure 1A), sharing 75.6% identity with A. nidulans SbtA gene, and 57.5% identity with
S. cerevisiae YNL275w gene. The transmembrane-spanning domains and tertiary (3D)
structures of MoAE4 were predicted with the web-based TMHMM Server v.2.0 (http:
//www.cbs.dtu.dk/services/TMHMM/, accessed on 16 May 2021) and I-TASSER (http:
//zhanglab.ccmb.med.umich.edu/I-TASSER/, accessed on 25 March 2021). Both the
N-terminal and C-terminal ends are membrane inside (Figures 1B and S1B), which are
responsible for transport activity and transmembrane domain anchoring [41]. The two
regions TM1 and TM8, together with the N-terminal and C-terminal ends, form the so-
called gate domain and core domain. The three conserved ligand sites (P129, A132, and F487)
and the active site N218 harbors in the C-terminal end (core domain) (Figures 1C,D and
S1C).

Figure 1. Structure of the MoAE4 and phylogenetic analysis. (A) Phylogenetic tree. It was constructed with reported anion
exchange protein 4 homologs from M. oryzae, A. nidulans, S. cerevisiae, A. thaliana, R. norvegicus, H. sapiens, indicating that
MoAE4 has a relatively close relationship with the fungal group. (B) TMHMM posterior probabilities for WEBSEQUENCE
(on-line analysis). A schematic diagram of the MoAE4 protein transmembrane domain of M. oryzae is shown indicating
the 10 transmembrane domains and marked the amino acid inside and outside the membrane. (C) Sequence alignment. The
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transmembrane domain 1 and 8 of MoAE4 was compared with closely related to the fungal group A. nidulans SbtA gene
and S. cerevisiae BOR1 gene. (D) Tertiary structure (3-D). The structure was predicted using the web-based server I-TASSER
that shows the ligand binding site residues of transmembrane domain P129, A132, and F487. The active site residue is N218.

According to the 3D structures (Figure 1D and Figure S1C), the conformations with
10 TM helices of MoAE4 were characterized by two inverted repeats that are intertwined
to form both core and gate domains, which appears to be similar with that of AE1 or
BOR1 [3,10]. The homologous protein sequences and the typical domain patterns reveal
MoAE4 is a member of the HCO3

− transporter AE4 group.

3.2. MoAE4 Localizes on Cytomembrane and Tonoplast and Functions in Yeast

Most HCO3
− transporters function on cytoplasm membrane [16]. To test where

MoAE4 occurred, we generated transgenic strains expressing GFP-tagged MoAE4 fusion
gene in the wild type of M. oryzae (Figure S2A). Fluorescent microscopic observation
was carried out by using hyphae (6d) and conidia. The lipophilic dye (FM™ 4-64 Dye,
AAT Bioquest, USA) was used for observing the cytoplasmic membrane and vacuolar
membrane. A strong green fluorescence signal of the MoAE4-GFP protein co-localized
with FM4-64 red fluorescence was detected on the cytoplasmic membrane in young hyphae
and conidia (Figure 2A,B); interestingly, a strong co-localized yellow fluorescence signal
was also detected on the vacuole membrane in hyphae (Figure 2A,B). By comparison, in the
wild type or untransformed strains, the background green fluorescence was too weak to be
detected. This result suggests that MoAE4 was targeted to cytomembrane and tonoplast.

Figure 2. MoAE4 subcellular localization and functions in yeast. (A) Subcellular localization in hyphae (6d). Green
fluorescence signals of the MoAE4–GFP protein of 6–day–old hyphae was examined by confocal microscopy and co–
localized with FM4–64 on cytomembrane and tonoplast. Scale bar = 10 μm. (B) Subcellular localization in conidia. A
strong green fluorescence signal of the MoAE4–GFP protein co–localized with FM4–64 red fluorescence was detected on the
cytoplasmic membrane in conidia. Scale bar = 10 μm. (C) Functional complementation of MoAE4 for ScBor1 in S. cerevisiae.
In total, 10 μL droplets containing the indicated concentration of yeast cells were inoculated on to the Solid YPD medium
Plates (100 mM H3BO3 and 50 mM NaHCO3 added, respectively). The MoAE4 gene could functionally reverse the defect of
the ΔScBor1 mutant in boric acid and NaHCO3 tolerance. Representative plates were photographed 3 days post-inoculation.

Yeast bicarbonate transporters are boric acid tolerant [12–14]. Based on the ScBor1/AE4
deletion mutant (ΔScBor1), the complementary yeast strains were created by using MoAE4.
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As a result, the MoAE4 gene could functionally reverse the defect of the ΔScBor1 mutant
in boric acid tolerance (Figure 2C), suggesting MoAE4 functions as yeast Bor1. Different
from the yeast BOR1, MoAE4 also endowed the NaHCO3 tolerance in the mutant strains
(Figure 2C), implying MoAE4 may be a HCO3

− transporter.

3.3. MoAE4 Transports Cytosolic HCO3
− to Vacuole and Cell outside

To identify the function of MoAE4 in response to NaHCO3, M. oryzae was cultivated
under NaHCO3 stress conditions. By using the knockout mutant strain of MoAE4 (ΔMoAE4)
and the complemented strain (ΔMoAE4/MoAE4) (Figure S2B–D), the growth of the tested
strains was assessed. When cultivated on complete media (CM) plates at 25 ◦C without
NaHCO3, both the ΔMoAE4 and ΔMoAE4/MoAE4 strains grew at a rate similar to that of
the wild type, and their colony morphologies exhibited little difference (Figure 3A,B). When
subjected with NaHCO3 of different concentrations, all strains including the wild type
were repressed in mycelial growth under NaHCO3 stress. Impressively, ΔMoAE4 almost
stopped growing at 25 mM of NaHCO3, but the wild type and complementary strains
were capable of growing even at the concentration of 37.5 mM (Figure 3A,B), suggesting a
role of ΔMoAE4 in tolerance to NaHCO3. The expression patterns in response to NaHCO3
treatment also illustrated this point (Figure 3C).

Figure 3. NaHCO3 stress assay of the wild type and created strains and expression patterns of MoAE4. (A) NaHCO3 stress
assay. ΔMoAE4 strains were more sensitive to NaHCO3 stress than the wild-type strains. The strains were cultured in
PDA media at 28 ◦C under 0–75 mM different concentrations of NaHCO3 and representative colonies were photographed
7 days post-inoculation. (B) The colonies diameter of the wild type, the ΔMoAE4 and ΔMoAE4/MoAE4 mutant strains
following treatments under different concentrations of NaHCO3. (C) Transcription abundance of MoAE4 under different
concentrations of NaHCO3. Data represent the means ± standard deviation (SD) from three independent experiments in
which triplicate plates were examined for each strain in each experiment. ns p > 0.05. * p < 0.05. ** p < 0.01.
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To determine the HCO3
− transport activity of MoAE4, lucigenin (bis-N-methylacridinium

nitrate), a chemiluminescent probe, was used as to detect the existence of anion radicals in
cells under alkaline conditions [33,34]. After treated with NaHCO3 solution (50 mM), the
tested strains incubated with 10 mM lucigenin were observed with a 470 nm fluorescence
microscope. As expected, lucigenin probed HCO3

− with green fluorescence signals was ac-
cumulated in vacuoles of the wild type and ΔMoAE4/MoAE4 strains; however, in ΔMoAE4,
green fluorescence signals were only detected in cytoplasm (Figure 4A,B). Accordingly,
intracellular pH value increased significantly in ΔMoAE4 (Figures 4C,D and S3). These
results indicated that MoAE4 functions as a bona fide HCO3

− transporter.

Figure 4. The fluorescence observations and intracellular pH value of the wild type, the ΔMoAE4 and ΔMoAE4/MoAE4
mutant strains. (A) The green fluorescence signals in hyphae. The light (left), fluorescence confocal (middle), and merge
(right) microscope observations of strains hypha. Bar = 10 μm. (B) The green fluorescence signals in conidia. The light
(left), fluorescence confocal (middle), and merge (right) microscope observations of strains connidia. Bar = 10 μm. (C) The
intracellular pH value of conidia. ΔMoAE4 strains were obviously higher than the wild-type strains under 50 mM sodium
bicarbonate. (D) The intracellular pH value of the strains in hyphae. Under 50 mM sodium bicarbonate conditions, the
intracellular pH of ΔMoAE4 strains remained high in hyphae. The data represent means ± standard deviations (SD) of
three experiments. * p < 0.05. *** p < 0.001.

3.4. MoAE4 Is Important for Conidiation and Appressorium Development

Conidiation and appressorium formation were analyzed among the ΔMoAE4, ΔMoAE4/
MoAE4, and wild type strains. The sparse conidiophores with less conidia were observed in
the deletion mutant ΔMoAE4, however, both the ΔMoAE4/MoAE4 and wild type produced
thick conidiophores and more conidia (Figures 5A–C and S4).

The conidium germination rate of all strains including the wild type was similar at
4–6 h, although ΔMoAE4 appeared to be a little slow in conidium germination at 1–4 h
(Figures 5D and S4B,C). In terms of appressorium formation, ΔMoAE4/MoAE4 had the
formation rate similar as the wild type did; but ΔMoAE4 was severely affected (Figure 5E).
As conidia and appressoria are essential factors for disease cycle and infection, MoAE4 is
proposed to be involved in pathogenesis.
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Figure 5. Conidium and appressorium development analysis of the wild type and created strains.
(A) Conidiophores stained with lactophenol cotton blue. The conidiophores of the wild type,
the ΔMoAE4 and ΔMoAE4/MoAE4 strains induced for 48 h were stained with lactophenol cot-
ton blue, and observed and counted under a light microscope at room temperature. The hyphae
are stained blue, whereas the conidiophore stalks are in gray. Bar = 50 μm. Con, conidiophores;
H, hyphae. (B) Statistical analysis of the conidiophores number of the wild type, the ΔMoAE4 and
ΔMoAE4/MoAE4 mutant strains. (C) Statistical analysis of conidial production in the strains. The
conidia were harvested from the 3-day-old mycelium grown on OMA media, and counted using a
hemocytometer for all the three strains. (D) Conidial germination rate. Conidial germination was
measured on a hydrophobic cover slips and was calculated under the microscope at 1, 2, 3, 4, 5, and
6 h post inoculation. (E) Appressorial formation rate. Appressorial formation was measured on a
hydrophobic cover slips and was calculated under the microscope at 4 and 6 h per inoculation. The
analysis was performed using an independent samples t-test. ns p > 0.05. * p < 0.05. ** p < 0.01. Error
bars indicate the mean ± SD from three independent experiments.

3.5. Requirement of MoAE4 for Pathogenicity in M. oryzae

In order to characterize the function of MoAE4 in pathogenic development, pathogenic-
ity assays were carried out using conidia collected from ΔMoAE4, ΔMoAE4/MoAE4, and
the wild type. When intact susceptible rice seedlings were spraying-inoculated, at 7 days
post inoculation (dpi), some acute expansive disease lesions were observed in rice leaves
by the wild type and ΔMoAE4/MoAE4; but no lesions were formed in rice leaves by the
ΔMoAE4 (Figure 6). Similarly, when drop-inoculation was assayed, only the wild type and
complementary strains still showed pathogenicity.
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Figure 6. Pathogenesis analysis of the wild type and created strains. (A) Transcription abundance of
MoAE4 during disease development. (B) Spray-inoculation assay. (C) Rice leaf sheath infection assay.
Scale bar = 10 μm. IH, infectious hyphae; CO, Conidium; GT, Germination tube; AP, appressorium.
(D) The infection rate was calculated according to the number of type I to type III events. The
infection status of more than 100 germinated conidia per leaf sheath was scored at 12, 24, and 48 h
post inoculation. Type I, conidia with mature appressoria; Type II, primary hyphae formed, infectious
hyphae extended and branched in one cell; Type III, infectious hyphae crossing to neighboring cells.
Values represent the averages of five measurements ± standard deviation. The statistical analysis
was performed using a one-way ANOVA with Tukey’s multiple comparison test. The averages were
taken from the quadruplicate analysis. Values are based on three biological samples and error bars
indicate SD, ns p > 0.05. ** p < 0.01; *** p < 0.001. **** p < 0.0001.
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Leaf sheath infection assays were performed to examine the infection effects of the
MoAE4 in rice host. At 12 hpi, most mature (black) appressoria have been formed in
the wild type and ΔMoAE4/MoAE4, but less in ΔMoAE4. At 24 hpi, invasive hyphae of
the wild type and ΔMoAE4/MoAE4 commenced to branch in rice cells, but the primary
infectious hyphae were just formed in ΔMoAE4. At 48 hpi, the majority of invasive hyphae
of the wild-type and ΔMoAE4/MoAE4 branched and started entering neighboring cells, but
the ΔMoAE4 strains did not due to the defects in appressorium formation (Figure 6C,D).

To decipher the exact action of MoAE4 during pathogenic development, we defined the
three types of infection hyphae according to their developmental morphologies. Then we
quantified the proportion of the three types of infection hyphae based on 100 germinated
conidia in the inoculated leaf sheath (Figure 6D). As a result, at 48 hpi more than 60%
of inoculated conidia from ΔMoAE4/MoAE4 and wild type formed branched infectious
hyphae in one cell, of which about 20% extended to neighboring cells of rice (type II and
III), suggesting the requirement of MoAE4 in pathogenesis.

3.6. MoAE4 Is Important for H2O2 Tolerance and Clearance Inside or Outside Cells

To address the relationship between MoAE4 and endogenous H2O2, the wild type and
mutant strains were cultured on CM agar supplemented with 2.5 or 5 mM H2O2 at 28 ◦C
for 5 days. As a result, ΔMoAE4 was markedly inhibited in mycelial growth under H2O2
stress, indicating a role of MoAE4 in oxidative stress tolerance (Figure 7A,B). As rice plant
accumulates more H2O2 during pathogen-rice interaction, and MoAE4 expression increases
with pathogenic development of M. oryzae, we speculate that MoAE4 is responsible for
the clearance of host-derived H2O2 during infection. To test this, DAB staining was used
to identify the endogenous ROS accumulated in the cells of rice leaf sheath infected by
M. oryzae at 36 hpi (Figure 7C). In the leaf sheaths inoculated with the ΔMoAE4 strains,
more than 60% of the infected cells investigated were stained dark brown; in contrast, less
than 20% of the infected cells were stained light brown or colorless as ΔMoAE4/MoAE4
and wild type (Figure 7C,D), displaying loss of H2O2 scavenging function in ΔMoAE4.
Additionally, endogenous H2O2 was measured in M. oryzae more H2O2 accumulated in
ΔMoAE4 than in the wild type and ΔMoAE4/MoAE4 (Figure 7D). These results reveal that
MoAE4 is responsible for regulating H2O2 levels exogenous, endogenous, or plant-derived.
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Figure 7. Comparison of oxidative stress, DAB staining, and endogenous H2O2 among the wild type, the ΔMoAE4, and
ΔMoAE4/MoAE4 strains. (A) H2O2 stress assay. The strains were cultured in CM media for 7 days at 28 ◦C with 2.5 or 5 mM
H2O2. (B) The colonies diameter of the wild type, ΔMoAE4, and ΔMoAE4/MoAE4 following treatment with 2.5 or 5 mM
H2O2. (C) DAB staining of leaf sheath cells of rice infected by wild type, mutant and complementation strains at 36 hpi.
Scale bar = 10 μm. (D) Statistical analysis of DAB staining of leaf sheath cells infected by different strains. (E) Endogenous
H2O2 assay. The strains of hyphae of Endogenous H2O2 were determined as described in Experimental Procedures. The
above experiments were performed in triplicate and repeated three independent times for each strain. Error bars represent
the ± SD of three independently repeated samples, ns p > 0.05. ** p < 0.01.

4. Discussion

The family of bicarbonate transport proteins are involved in a wide-range of physi-
ological processes in humans and mammals [1,2,42]. Mutation or dysregulation of these
transporters results in physiological diseases in humans [43]. Therefore, bicarbonate trans-
porters have attracted medical attention and have been extensively studied. In fungi,
such as the unicellular organism yeast, CO2 can diffuse directly out of yeast cells, so
the anion exchanger/carbonic anhydrase system and HCO3

− transporter are proposed
to be dispensable [32]. Indeed, the AE1 homologue, YNL275w has been verified as an
anion transporter just serving for boron detoxification or tolerance in S. cerevisiae [12–14].
Bicarbonate gradients modulate growth and colony morphology in A. nidulans [44]. Bioin-
formatically, other filamentous fungi harbor homologous of mammal HCO3

− transporters.
In A. nidulans, there are at least five members of SLC family, but the most homologous SbtB
still showed boron transporter, not HCO3

− transporter [16]. Considering the exclusive
activity of BOR1 in fungi and plants, YNL275w and homologues should be grouped into
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the secondary bicarbonate transporter family specific for boron. The bona fide HCO3
−

transport function in fungal YNL275w homologues is actually unknown. In this research,
we demonstrated that the MoAE4, as a YNL275w homologue, plays a role in HCO3

− trans-
port. Importantly, MoAE4 located to cytomembrane and tonoplast promotes conidiation,
appressorium formation, and pathogenesis in M. oryzae.

In general, AEs localize to cytoplasmic membrane [10,35]. GFP-tagged Bor1p were de-
tected to localize preferentially to the vacuole and that cells lacking Bor1p have fragmented
vacuoles [45]. Recently, kidney anion exchanger 1(kAE1) has been detected on vacuole [46].
These findings suggest Bor1p functions on both cytomembrane and tonoplast. Additionally,
in our study, MoAE4 was localized on cytomembrane and tonoplast (Figure 2A; Table
S1). In hyphae, MoAE4 protein was concentrated on tonoplast; but in conidia, a strong
fluorescence signal was on cytomembrane, suggesting the different subcellular patterns of
MoAE4. This may reflect the specific function of MoAE4 in different developmental stages
of M. oryzae.

In addition to the homology with BOR1 in sequences and 3-D structures (Figure 1),
MoAE4 rescued the defect of ΔScBOR1 in boron tolerance, suggesting an authentic BOR1
homologue. However, MoAE4 also endowed the NaHCO3 tolerance for the mutant
strains, for even the wild type failed to grow normally under NaHCO3 stress (Figure 2C).
Particularly, loss of MoAE4 resulted in the severe mycelial growth inhibition in ΔMoAE4
compared with the wild type and complementary strains (Figure 3A,B), implying the
HCO3

− transport activity in MoAE4. Based on the lucigenin fluorescence quenching
assay, a great amount of HCO3

− was detected in the cytosol of ΔMoAE4, but not in
vacuoles of ΔMoAE4; on the contrary, HCO3

− was only detected in vacuole in the wild
type and ΔMoAE4/MoAE4 (Figure 4), revealing the MoAE4-associated bicarbonate resistant
mechanism, by which MoAE4 removes redundant HCO3

− from cytosol to vacuole and
outside cells.

As a pathogenic fungus, conidiation and appressorium formation are key processes
for disease cycle and infection [17,18]. MoAE4 loss resulted in the impaired conidiophore
formation and then decreased conidial and appressorial productivity (Figure 5). We specu-
late that this may be related to the excessively accumulated H2O2 in the MoAE4 deletion
mutant (Figure 7D). After all, ΔMoAE4 became sensitive under H2O2 stress (Figure 7B,C).
At this point, the reduced pathogenicity in ΔMoAE4 could also be partially explained
because ΔMoAE4 was exposed to a high hydrogen peroxide stress both in vivo and in vitro
(Figure 7A,E and Figure S6).

CO2, as a labile molecule, is the oxidation waste product of mitochondrial respiration.
In humans, redundant CO2 must be released, or the equilibrium with HCO3

− + H+ will
be disturbed. The ability of HCO3

− to undergo pH-dependent conversions is central to
its physiological role [1]. CO2 enters the cytoplasm through the membrane and is rapidly
hydrated forming carbonic acid (H2CO3). This acid is dissociated into H+ and HCO3

− by in-
tracellular carbonic anhydrases [7]. Under normal medium culture conditions, pathogenic
fungi such as yeast may not require the anion exchanger/carbonic anhydrase system to
help the release of metabolic CO2 [11]. However, the interaction system between host plant
and pathogen forms a whole multicellular organism, which should face a challenge in
moving membrane impermeant bicarbonate from inside the cell where it is produced to
the environment for disposal. In addition, during interactions between plant and pathogen,
respiration from both pathogen and plant must be enhanced to produce available en-
ergy [24,47–49]. Therefore, we propose a pathogenic model mediated by MoAE4/MoCA
(carbonic anhydrase) system (Figure 8). Under cultivation conditions, the metabolic CO2
can be released freely from M. oryzae, and both MoAE4 and MoCA genes are at low levels
of expression because of the equilibrium of (CO2 + H2O � HCO3

− + H+) (Figure 8A). In
the process of invasive hyphae growth, the infected plant cell is a relatively high con-
centration of CO2 and low concentration of O2 microenvironment; and accordingly, the
diffusion of fungal CO2 to the outside (cytosol of plant cell) is hindered. The upregulated
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MoCA (Figure S5) will increase the concentration of HCO3
−, which leads to MoAE4 being

upregulated, then MoAE4 transports HCO3
− to the vacuole or to plant cells (Figure 8B).

 

Figure 8. A pathogenic model mediated by MoAE4/MoCA (carbonic anhydrase) system. (A) M. oryzae is under cultivation
conditions. (B) M. oryzae infects the host cells. FM, Fungal Mitochondrion; PM, Plant mitochondrion; V, vacuole; MoCA, M.
oryzae carbonic anhydrase.

In the model, MoAE4 maintains the homeostasis of intracellular CO2-HCO3
− system,

which further ensures the intracellular acid-base balance in cells [50]. According to the
importance of the acid-base equilibrium in multiple physiological activities [51], we imply
HCO3

− regulated by MoAE4 is a pathogenic signal for blast disease development. Actually,
in our recent research, a low dose of sodium carbonate can induce the expression of a
large number of disease-related genes in wild type, not in the MoAE4 deletion mutant
(unpublished data), revealing a potential drug target for blast disease control. To decipher
the regulation mechanism, much work remains to be completed.

5. Conclusions

In the rice blast fungus, MoAE4 exhibits more sequence and structure homology with
AE proteins. Additionally, MoAE4, localized on cytomembrane and tonoplast, possesses
boron and NaHCO3 tolerance in yeast. Lucigenin fluorescence quenching assay indicated
that MoAE4 has HCO3

− transport activity. Meanwhile, ΔMoAE4 contained more H2O2
than the wild type and complementary strains did, implying a role of MoAE4 in energy
metabolism. Importantly, MoAE4 is involved in conidiation, appressorium formation, and
pathogenicity in M. oryzae. Overall, MoAE4, as a cytomembrane and tonoplast HCO3

−
transporter, promotes pathogenesis of M. oryzae. Based on these results, a pathogenic
model mediated by MoAE4 is proposed.
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Abstract: Background: MicroRNA plays an important role in multifarious biological processes
by regulating their corresponding target genes. However, the biological function and regulatory
mechanism of fungal microRNA-like RNAs (milRNAs) remain poorly understood. Methods: In
this study, combined with deep sequencing and bioinformatics analysis, milRNAs and their targets
from Trichoderma guizhouence NJAU 4742 were isolated and identified under solid-state fermentation
(SSF) by using rice straw as the sole carbon source at 28 ◦C and 37 ◦C, respectively. Results: A
critical milRNA, TGA1_S04_31828 (Tr-milRNA1), was highly expressed under heat stress (37 ◦C) and
adaptively regulated lignocellulase secretion. Overexpression of Tr-milRNA1 (OE-Tr-milRNA1) did
not affect vegetative growth, but significantly increased lignocellulose utilization under heat stress.
Based on the bioinformatics analysis and qPCR validation, a target of Tr-milRNA1 was identified as
Trvip36, a lectin-type cargo receptor. The expression of Tr-milRNA1 and Trvip36 showed a divergent
trend under SSF when the temperature was increased from 28 ◦C to 37 ◦C. In addition, the expression
of Trvip36 was suppressed significantly in Tr-milRNA1 overexpression strain (OE-Tr-milRNA1).
Compared with the wild type, deletion of Trvip36 (ΔTrvip36) significantly improved the secretion of
lignocellulases by reducing the retention of lignocellulases in the ER under heat stress. Conclusions:
Tr-milRNA1 from NJAU 4742 improved lignocellulose utilization under heat stress by regulating
the expression of the corresponding target gene Trvip36. These findings might open avenues for
exploring the mechanism of lignocellulase secretion in filamentous fungi.

Keywords: lignocellulase secretion; Trichoderma guizhouence NJAU 4742; heat stress; milRNA;
posttranscriptional regulation

1. Introduction

Small RNA (sRNA)-induced RNA interference (RNAi) is a broad biological process
that can lead to sequence-specific degradation or translational repression of target mR-
NAs [1,2]. The common feature of RNAi pathways is that sRNAs bind to Argonaute (AGO)
proteins and guide the RNA-induced silencing complex (RISC) to RNAs with complemen-
tary sequences [3,4]. RNAi is highly conserved in eukaryotes, including the majority of
the fungal kingdom [5]. Fungal RNA interference was first discovered in Neurospora crassa.
Introducing fragments of albino-1 (al-1) or albino-3 (al-3), which are required for carotenoid
biosynthesis, reduced al-1, or al-3 mRNA levels and resulted in an albino phenotype [6].
With the expansion of fungal genome information, RNAi pathway components have been
found in most fungal species. Studies on Schizosaccharomyces pombe and other fungi have
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revealed various small RNA biogenesis pathways, suggesting that RNAi related pathways
are utilized in all cellular processes to adapt to complex external environments [7].

sRNAs, defined by their length of 18–24 nucleotides, play significant roles in growth
and development processes, pathogenicity and stress response [2,8,9]. Usually, miRNAs
are a class of interior sRNAs found in eukaryotes, that function in many processes, such
as development, biotic and abiotic reactions, and defense [10]. Previously, miRNA-like
RNAs (milRNAs), with similar characteristics of miRNAs in animals and plants, were
recognized and corroborated to be generated through at least four diverse pathways in
N. crassa [11]. Interestingly, at least four distinct mechanisms have been discovered to
produce milRNAs. Dicer-independent small interfering RNAs (disiRNAs) with a size of 21
or 22 nt were also identified in Neurospora [11]. Afterward, a large number of milRNAs were
identified in fungi. Fifteen milRNAs could regulate mycelium growth and conidiogenesis
processes in Metarhizium anisopliae [12], and 27 sRNAs were found to have miRNA-like
precursor structures in Botrytis cinerea [13]. In addition, the presence and differential
expression of Trichoderma reesei milRNAs when T. reesei was cultivated in basal medium
supplemented with 3% Avicel (microcrystalline cellulose powder) or 2% glucose, implied
that milRNA might function in T. reesei growth and cellulase induction [14]. Nevertheless,
analogous studies have mainly focused on bioinformatics predictions, but the biogenesis
and biological function of milRNAs are rarely investigated.

Trichoderma guizhouense NJAU 4742, a saprophytic filamentous fungi isolated from
mature compost, has recently attracted wide attention due to its potential to promote plant
growth [14,15]. Similar to other heterotrophs, NJAU 4742 usually relies on particular host
organisms or substrates for their nutrition. During the colonization process in different
habitats including soils and plant roots, NJAU 4742 always feeds on dead fungi or efficiently
degrades different plant debris to obtain enough energy resources [16]. Thus, the synthesis
and secretion of lignocellulases by NJAU 4742 is one of the critical parameters during the
colonization process. Nevertheless, various factors affect its biological functions, especially
when the topsoil temperature is too high. Our previous results showed that the secretion
of lignocellulases by NJAU 4742 was significantly suppressed at 37 ◦C (unpublished re-
sults). Here, deep sequencing and molecular assays were used to reveal the mechanism
of lignocellulase secretion in NJAU 4742 under posttranscriptional regulation mediated
by Tr-milRNAs. The preliminary analysis of the results indicated that TGA1_S04_31828
(Tr-milRNA1) adaptively regulates a lectin-type cargo receptor (Trvip36), which might be
related to the lignocellulase secretion under heat stress. VIP36 is an intracellular lectin
cycling between the endoplasmic reticulum (ER) and the Golgi apparatus, and it is deemed
to serve as a cargo receptor in the transport and classification of glycoproteins [17]. VIP36
has also been shown to recycle human α1-antitrypsin from the Golgi compartment back to
the ER, and silencing VIP36 improved α1-antitrypsin production. This fact demonstrates
that this cargo receptor has a protein retention function [18]. In Aspergillus oryzae, deletion
of VIP36 improved heterologous protein secretion, and the results of ER-enriched cellular
fractions revealed that VIP36 was involved in the retention of heterologous proteins in the
ER [19]. As VIP36 could form a stable complex with the molecular chaperone BiP, it ap-
peared to be involved in the quality control of secretory proteins [17]. Therefore, lectin-type
cargo receptors might alter the secretion of cellulases, which would be potential suitable
models for studying the relationship between cargo receptors and secretory proteins in
filamentous fungi.

The objective of this study was to uncover the role of Tr-milRNA in lignocellulose
utilization of NJAU4742 under heat stress. Further studies investigated the Tr-milRNA1
regulation mechanism and the involvement of lectin-type cargo receptors in the intracellular
transfer of cellulases in NJAU 4742 under heat stress, which aids readers to have a deeper
understanding of lignocellulose biodegradation by filamentous fungi.
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2. Materials and Methods

2.1. Strains and Culture Conditions

T. guizhouense NJAU 4742 isolated from a compost sample was maintained in our
laboratory, and its genome sequence was deposited in the NCBI database (Accession
No. LVVK00000000.1). Mandels’ salt solution without organic components (1.4 g L−1

(NH4)2SO4, 2.0 g L−1 KH2PO4, 0.3 g L−1 CaCl2, 0.3 g L−1 MgSO4, 5 mg L−1 FeSO4·7H2O,
20 mg L−1 CoCl2, 1.6 mg L−1 MnSO4 and 1.4 mg L−1 ZnSO4) supplemented with 2% (w/v)
rice straw was used for lignocellulase production under SSF [20]. Spores were obtained
from incubated PDA plates followed by filtration with four layers of sterilized gauze, and
the spore suspension was adjusted to 1.0 × 107 spores·mL−1 by quantifying spores on a
hemocytometer.

2.2. Small RNA cDNA Library Construction and High-Throughput Sequencing

Mycelial samples were harvested after 72 h by using rice straw as the sole carbon
source at 28 ◦C (T28) and 37 ◦C (T37). Total RNA was extracted using the RNeasy® Plant
Mini Kit (Qiagen, Hilden, Germany) and handled with DNase I (TaKaRa) by following the
manufacturer’s instructions. RNA concentration and purity were evaluated in an Agilent
2100 Bioanalyzer (Agilent, Santa Clara, CA, USA) to check RNA integrity. Sequencing
libraries were generated by employing NEBNext® Multiplex Small RNA Library Prep Set
for Illumina® (New England BioLabs Inc., Beverly, MA, USA) according to the manufac-
turer’s instructions. The clustering of each index-coded sample was carried out on a cBot
Cluster Generation System using TruSeq SR Cluster Kit v3-cBot-HS (Illumina, San Diego,
CA, USA) according to the manufacturer’s instructions. Finally, libraries were sequenced
through an Illumina HiSeq 2500 platform.

2.3. Tr-milRNAs Sequence Analysis and Target Prediction

The original reads from sequencing data were filtered by removing poor quality
reads, adaptor contamination reads and reads longer than 30 nt or shorter than 18 nt.
The standard-compliant reads of small RNAs were aligned to the reference NJAU 4742
genome (https://bioinfo.njau.edu.cn/tgn4742/, accessed on 20 November 2021). The
alignment analysis was performed on the CLC Genomics Workbench 12. The sequences
that corresponded to known miRNAs were defined by matching to the miRNA database
(miRBase 22.0) [21]. The unannotated sRNA sequences were aligned to the reference NJAU
4742 genome to identify precursor sequences for novel miRNAs. Novel miRNAs were
predicted by miRDeep2 with a stem-loop structure [22]. The R package DEGseq software
was used to analyze the differentially expressed miRNAs. TargetFinder and psRNATarget
were used to predict the candidate target genes of Tr-milRNAs [23,24].

2.4. Relative Expression of Tr-milRNA1 and the Corresponding Target Genes

Samples of different treatments were collected at 0, 24, 36, 48, 60 and 72 h post
inoculation (hpi). Total RNA was extracted using the RNeasy® Plant Mini Kit (Qiagen,
Germany) according to the manufacturer’s instructions. Expression of Tr-milRNA1 was
determined by stem-loop qRT–PCR as previously described [25]. First strand cDNA was
synthesized by miRNA First Strand cDNA Synthesis (Vazyme Biotech, Nanjing, China)
with the stem-loop RT primer based on the manufacturer’s instructions. PCR detection was
performed by a Tr-milRNA1-specific forward primer and a universal reverse primer. The
NJAU 4742 18S rRNA biogenesis gene (18S) was used as a control. qRT–PCR was performed
using the miRNA Universal SYBR qPCR Master Mix (Vazyme Biotech, Nanjing, China)
according to the manufacturer’s instructions. For the determination of transcript levels
of the corresponding target genes, cDNA synthesis was completed by the PrimeScript RT
Reagent Kit (RR036A, Takara, Dalian, China) according to the manufacturer’s instructions.
qRT-PCR was performed using SYBR Premix Ex Taq II (RR820A, Takara, Dalian, China)
and the CFX connectTM Real-Time system (Bio–Rad, Hercules, CA, USA). Transcription
levels of the target genes were normalized by the 2−ΔCt method, and translation elongation
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Factor 1 alpha (Tef ) was used as the housekeeping gene. All primers used in this study are
listed in Table S1.

2.5. Deletion and Overexpression of Fungal Small RNAs

For targeted deletion of Tr-milRNA1, the 5′ and 3′ flanking regions of Tr-milRNA1
were amplified by PCR from NJAU 4742 genomic DNA. HygB was used as a resistance
gene and the fragment was amplified by PCR from plasmid pcDNA1 (Vienna University
of Technology). The three fragments were fused by CloneAmp HiFi PCR Premix (Takara,
Japan) according to the manufacturer’s instructions. The Tr-milRNA1 deletion mutant was
generated via a gene replacement strategy using the polyethylene glycol (PEG)-mediated
protoplast transformation procedure as described in Zhang et al. [26].

To overexpress Tr-milRNA1 in NJAU 4742, the 400 bp fragment surrounding primary
Tr-milRNA1 (a fragment of approximately 200 bp upstream and downstream of primary Tr-
milRNA1) was amplified by PCR from NJAU 4742 genomic DNA and then introduced into
plasmid pcDNA1 by the ClonExpress-II One Step Cloning Kit (Vazyme Biotech, Nanjing,
China). In pcDNA1: Tr-milRNA1 precursor construct was expressed under the control of
the cDNA1 promoter (Figure S1b). Mutated Tr-milRNA1 (OE-Mut-Tr-milRNA1) expression
construct was obtained by a Fast Site-Directed Mutagenesis Kit (Tiangen) according to the
manufacturer’s instructions. The sequence of constructs was confirmed by sequencing
(Tongyong Biological Technology, Chuzhou, China). The vectors of OE-Tr-milRNA1, OE-
Mut-Tr-milRNA1 and empty vector were separately transformed into NJAU 4742 by using
the polyethylene glycol (PEG)-mediated protoplast transformation procedure [26]. The
relative expression level of Tr-milRNA1 between wt, mutants OE-Tr-milRNA1, OE-Mut-Tr-
milRNA1 and empty vector transformant (EV) was measured following the above method
(relative expression of Tr-milRNA1 at different sampling times). A diagram shows the
strategy of Tr-milRNA editing and mutant detection used in this study (Figure S1a,b,d,f,g),
and the primers are given in Table S1.

2.6. Generation of the Target Gene Mutants

To obtain single knockout mutant homologous recombination fragments of Trvip36,
the 5′ and 3′ flanking regions of the gene open-reading frame (ORF) were amplified by PCR
from NJAU 4742 genomic DNA, and the two fragments were ligated with Hygb through
CloneAmp HiFi PCR Premix (Clontech) according to the manufacturer’s instructions. To
generate a Trvip36 overexpression mutant homologous recombination fragment, three
fragments including the 5′ flanking regions of the gene ORF, the promoter fragment and
the ORF of the Trvip36 gene fragment were amplified by PCR from NJAU 4742 genomic
DNA and then fused with Hygb by using CloneAmp HiFi PCR Premix (Clontech). Trvip36
deletion and overexpression mutants were generated by using homologous recombination
and a polyethylene glycol (PEG)-mediated protoplast transformation system [26]. A
diagram shows the strategy of gene editing and mutant detection used in this study
(Figure S1a,c,e), and the primers are given in Table S1.

2.7. Growth and Enzyme Activity Assays of NJAU 4742

Equally harvested biomass samples of different treatments were transferred to the
medium with rice straw as the sole carbon source and incubated at 37 ◦C to deter-
mine the growth rate. For enzyme activity assays, 1 mL of fresh spore suspension
(1.0 × 107 spores·mL−1) of different strains was inoculated for SSF. All samples of different
treatments were collected on the 4th day, and three biological replicates were collected at
each sampling point. Filter paper activity (FPA) and endoglucanase activity (EG) were
measured according to the method described by Xue et al. [27] with filter paper (Whatman
NO.1) and CMC-Na (Sigma, St. Louis, MO, USA) as the substrates. Xylanase activity
(XYL) was assayed with oat spelts xylan (Sigma, St. Louis, MO, USA) as the substrate [28].
The reaction system was executed in 0.1 M acetate buffer (pH 4.8) at 50 ◦C for 10 min,
after which the DNS method was used to measure the released reducing sugars. The
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cellobiohydrolase activity (CBH) was determined in 0.1 M acetate buffer at 50 ◦C for 30 min
with pNPC (Sigma, St. Louis, MO, USA) as the substrate according to Liu et al. [29]. One
enzyme activity unit was defined as the amount of enzyme required to liberate 1 μmol
glucose or pNP per minute under the assayed conditions.

2.8. Confocal Imaging of EGL-GFP and CBH-GFP in the ER and Golgi Apparatus between wt
and ΔTrvip36

The DNA fractions of the representative lignocellulase genes including endoglucanase
(egl, A1A110863.1) and cellobiohydrolase (cbh, A1A102028.1) were amplified by DNA of
NJAU 4742, and the eGFP fragment was amplified by using plasmid pEGFP-N1 (Clon-
tech, Mountain View, CA, USA). The DNA fractions of different cellulase genes were
ligated with the GFP fragment by the overlapping-PCR technique based on the instruc-
tions of CloneAmp HiFi PCR Premix (Clontech, Mountain View, CA, USA). Mutants of
endoglucanase-GFP (egl-GFP) and cellobiohydrolase-GFP (cbh-GFP) were obtained through
homologous recombination based on wt and ΔTrvip36 (Figures S1h and S2). Subsequently,
these mutants labeled with GFP in situ were cultured in medium with rice straw as the
sole carbon source for three days, and the freshly cultured mycelium was incubated with
ER-Tracker™ Red (Thermo Fisher Scientific, Cat. M7512, Ex/Em = 587 nm/615 nm) or the
BODIPYTM TR Ceramide (Thermo Fisher Scientific, D7540, Ex/Em = 589 nm/616 nm) at
a concentration of 100 nM at room temperature for 5 min in darkness. Subsequently, the
cellulase-GFP and ER or Golgi apparatus stained hyphae were imaged under a confocal
fluorescence microscope (TCS SP8, Leica, Germany), and the fluorescence intensity and
colocalization analysis were performed by plot profile in ImageJ software according to
Zhao et al. [30]. All fluorescence intensity values of EGL-GFP and CBH-GFP in the ER
and Golgi apparatus were counted when the fluorescence intensity value of ER-Tracker or
Golgi-Tracker was valid (higher than 0). Data were completed as at least three independent
biological replicates. Statistical data were expressed as means ± standard errors (SE) from
all valid pixels.

3. Results

3.1. Identification and Quantification of milRNAs in NJAU 4742

In order to determine whether milRNAs are involved in the regulation of cellulase
secretion in NJAU 4742 under heat stress, two small RNA libraries were generated from
NJAU 4742, grown using rice straw rice straw as the sole carbon source at 28 ◦C (T28) and
37 ◦C (T37), respectively. In total, 56 putative milRNAs were identified in NJAU 4742, and
47 and 46 Tr-milRNAs were identified at T28 and T37, respectively (Table 1 and Figure 1a).
Tr-milRNAs were enriched at 22 nt and seemed to possess a strong preference for uracil
(Figure 1b,c). Interestingly, 10 and 9 Tr-milRNAs were specifically expressed at T28 or T37,
respectively. Thirty-seven Tr-milRNAs were coexpressed in T28 and T37.

After normalization, 20 Tr-milRNAs with transcripts per million (TPM) values higher
than 10 were identified. TGA1_S20_236772 and TGA1_S20_238808 exhibited a high abun-
dance at 28 ◦C. In contrast, TGA1_S04_31828 (Tr-milRNA1), TGA1_S02_9056, TGA1_S05_43489
(Tr-milRNA2), TGA1_S06_56271 (Tr-milRNA3), TGA1_S10_93851 (Tr-milRNA4), TGA1_S17_
158248 (Tr-milRNA5), TGA1_S17_162471, TGA1_S17_175238, TGA1_S17_175348, TGA1_S18_
185930 (Tr-milRNA6), TGA1_S19_204554, TGA1_S20_223477, TGA1_S20_238860, TGA1_S2
0_238862, TGA1_S22_248446, TGA1_S22_248536, TGA1_S22_253299, TGA1_S22_257134
and TGA1_S30_293034 showed a high abundance at 37 ◦C (Table 1 and Figure 1d). At a
false discovery rate <0.05 and log10 fold change >1 or <−1, six significantly upregulated Tr-
milRNAs including Tr-milRNA1, Tr-milRNA2, Tr-milRNA3, Tr-milRNA4, Tr-milRNA5 and
Tr-milRNA6 were selected (Figure 1e). This result indicated that at least several Tr-milRNAs
might be involved in the regulation of lignocellulose utilization at different temperatures.

125



J. Fungi 2021, 7, 997

Table 1. Identification and expression abundance of milRNAs in NJAU 4742 by miRNA deep sequencing.

miRNA_ID Mirdeep2_Score RNAfold_Results TPM (T28) TPM (T37) Mature_Sequence

TGA1_S20_236772 2,295,965.4 yes 983,492.79 976,779.71 uuuuugagauacuccgcaacgac
TGA1_S20_238860 31,534.5 yes 11,201.07 16,331.53 uacguaggacuuuaccgugacgu
TGA1_S06_56271 115.5 yes 12.30 112.44 uugccgaguggcagaggacuggcau
TGA1_S17_175348 105 yes 23.71 47.53 uggaaguugaaucgagaagcccu
TGA1_S17_158248 85.8 yes 6.96 89.12 gcaucugauuuccacccuuggguu
TGA1_S19_204554 43.5 yes 10.77 28.55 agcuuuuggcuuuccagaacccgu
TGA1_S19_204542 38 yes 11.73 11.75 uggcuggacggcccagagggccu
TGA1_S30_293034 14.6 yes 2.86 35.64 cgcaggcucgauuguugucu
TGA1_S14_132594 13.2 yes 0.18 4.88 cgccaacggcccucgcccggcuac
TGA1_S19_188258 12.5 yes 2.18 2.91 caucugcauguugucucugg
TGA1_S10_93851 11.9 yes 0.56 18.67 gucuagcacucuacuuuggcau
TGA1_S17_156622 9.3 yes 0.30 6.57 uuuuuacacagauaccaguaggu
TGA1_S20_237911 7.5 yes 0.77 5.62 ccaccaggccgcucaagacua
TGA1_S03_23817 7.1 yes 0.68 5.62 cacugaccugcuccucgcacag
TGA1_S17_161581 7.1 yes 0 1.69 caucuagcuuggacggcagcg
TGA1_S11_99749 6.5 yes 0.30 5.62 ucgucacccuugaggcggaa
TGA1_S02_7777 5.4 yes 0.86 3.66 auugcgaugccuggucagcuacuc

TGA1_S22_248536 5.4 yes 0.38 12.40 ugaggagucugaagauggagaggaa
TGA1_S03_27309 5.3 yes 0.60 7.80 guggacagauuagcugacccgcggg
TGA1_S15_136221 4.5 yes 0.36 0 accaacagcggacauugcuccaa
TGA1_S11_101486 4 yes 0.60 0 ugcuccaaaugagaaucgaagu
TGA1_S11_106603 3.7 yes 0.76 0 ugccugguacauguacgga
TGA1_S07_71495 3.5 yes 1.80 0.85 ugaccaagaacuucgacgucuu
TGA1_S15_142991 3.3 yes 0 2.54 uuuggaccgugucuggaacgcua
TGA1_S17_178322 3.3 yes 0 5.62 ucauauucucagcacuuggaau
TGA1_S02_16357 3.2 yes 0 1.70 agguaacgucugguggcaa
TGA1_S05_35063 2.9 yes 0 4.98 gcaagaucaaaacucaaa
TGA1_S17_175238 2.8 yes 4.34 13.62 uggaaguugaaucgagaagccc
TGA1_S09_88615 2.7 yes 0 1.70 cguguaccagagcgucau
TGA1_S08_81282 2.5 yes 0.60 0 uccgauagggauguucgggcu
TGA1_S20_238862 2.5 yes 4634.89 4921.04 uaggacuuuaccgugacgucc
TGA1_S22_257134 2.5 yes 1.45 12.20 cgguggauugaacgggacucuuggu
TGA1_S05_43489 2.4 yes 28.74 491.72 cucgggagaaggcggccu
TGA1_S07_78907 2.3 yes 0.36 0 gucuucuugaucucuuau
TGA1_S18_185930 2.3 yes 25.59 160.54 acccggcuuggagaugug
TGA1_S20_209761 2.3 yes 0.38 0 ugaugauucggcuaguucggacag
TGA1_S22_248446 2.3 yes 0.94 10.71 cggcgaggcuguguuucagcga
TGA1_S20_223477 2.2 yes 445.56 655.43 uacguaggacucuaccgugacau
TGA1_S20_238808 2.2 yes 44.36 38.21 guucgaggguugaaauga
TGA1_S06_55136 2 yes 0 1.70 auguaugccuccugagauua
TGA1_S16_151294 2 yes 0 1.70 acuucauccauagauaucgcaa
TGA1_S17_162471 2 yes 3.95 13.62 uggaaguugaaucgagaagccc
TGA1_S19_199524 1.9 yes 0.18 0 uaccucucauucacugcagug

TGA1_S02_9056 1.8 yes 1.77 26.56 ggaaacaagguuguucugacuau
TGA1_S13_112804 1.8 yes 0.60 0 uuaugugguacggcagagagu
TGA1_S04_31828 1.7 yes 0.30 23.35 gguucgacucccggcuugu
TGA1_S14_132761 1.6 yes 7.96 6.95 aacgugcaauugcuaccaa
TGA1_S20_229688 1.6 yes 2.62 5.62 ugagggaccggauucgcca
TGA1_S22_253299 1.6 yes 15.54 38.89 auccaaaagcucggcuuu
TGA1_S23_271212 1.5 yes 0 5.62 agcgaggacauuuaugac
TGA1_S05_33550 1.4 yes 2.47 27.03 accuagagaacgaugguucccauu
TGA1_S07_67387 1.3 yes 0.71 0 aagcagauugcgaggggucauuug
TGA1_S22_265703 1.1 yes 0.38 9.86 gggcagucuguuggacuccggu
TGA1_S07_76476 1 yes 1.14 0.85 cucggucuguuguggauugguc
TGA1_S19_189543 0.7 yes 1.14 0 aaggacauuuuggaggag
TGA1_S07_65040 0.1 yes 1.50 5.73 ucgaaguugugguuguagugguagu
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Figure 1. Tr-milRNAs are differentially expressed under SSF using rice straw as the sole carbon source at 28 ◦C (T28) and
37 ◦C (T37). (a) Different quantities of Tr-milRNAs were isolated from T28 (blue) and T37 (orange). Ten Tr-milRNAs and
nine Tr-milRNAs are expressed specifically at T28 or T37, respectively. Thirty-seven Tr-milRNAs are coexpressed in T28
and T37; (b) length distribution of Tr-milRNAs; (c) nucleotide bias of Tr-milRNAs; (d) Log10 (TPM) normalized values
of all Tr-milRNAs were used to generate the heatmap. Red and blue colors indicate relatively high and low Tr-milRNA
expression, respectively, and white equals median abundance; (e) normalized read numbers of Tr-milRNAs with transcripts
per million (TPM) values higher than 10 in T28 or T37.

3.2. Identification of Candidate Target Genes Related to Tr-milRNAs of NJAU 4742

To investigate target genes of putative Tr-milRNAs, two rigorous target prediction
software programs (TargetFinder and psRNATarget) were used to predict potential targets
in the coding sequences, 3′UTR and 5′UTR of the NJAU 4742 genome. Gene ontology
(GO) enrichment analysis indicated that candidate target genes were predictably involved
in metabolic process, cellular process, single-organism process, catalytic activity, cell and
membrane binding (Figure S3a). Tr-milRNA target genes also seem to be enriched through
KEGG pathways including carbohydrate metabolism, catabolism, transport and translation
(Figure S3b). To further ascertain whether the Tr-milRNA target genes were involved in
the utilization of lignocellulose at different temperatures, putative target genes predictably
involved in the secretion, synthesis and transportation of lignocellulases were selected.
These findings might reveal that the differences in lignocellulose utilization at different
temperatures are precisely regulated by Tr-milRNAs and their targets.

3.3. Tr-milRNA1 Exhibits a Critical Role in Lignocellulose Utilization at Different Temperatures

To explore the possible roles of Tr-milRNAs in lignocellulose utilization at different
temperatures, overexpression transformants of Tr-milRNAs that were significantly upregu-
lated at 37 ◦C were generated to screen their function under heat stress. The results showed
that Tr-milRNA1 overexpression mutant (OE-Tr-milRNA1) could significantly increase
lignocellulose utilization and also exhibited faster growth rate of mycelium using rice straw
as the sole carbon source under heat stress than wt. Additionally, the pri-Tr-milRNA1
(primary transcript of Tr-milRNA1) deletion mutant (ΔTr-milRNA1) exhibited normal
growth, but showed a slight reduction in lignocellulose utilization capacity (Figure 2a).
Various lignocellulosic enzyme activities were systematically assessed to determine the
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utilization efficiency of lignocellulose for filamentous fungi [31]. Therefore, different lig-
nocellulases, including endoglucanase (EG), cellbiohydrolase (CBH), xylanase (XYL), and
filter paper activity (FPA) were detected under SSF in different treatments. Noteworthy, EG
and CBH activities increased significantly compared with wt under heat stress (p < 0.05).
Correspondingly, various lignocellulosic enzyme activities of ΔTr-milRNA1 decreased at
different levels compared to wt (Figure 2b). These findings suggested that Tr-milRNA1
might be critical in regulating the utilization of lignocellulose at different temperatures.

Figure 2. Overexpression of Tr-milRNA1 increased cellulase activities by silencing the target gene Trvip36. (a) Biomass
comparison of wt and mutants on PDA at 28 ◦C (top row) and rice straw medium at 37 ◦C (bottom row); (b) the hydrolase
activities, including FPA, EG, CBH and XYL of wt and mutants by using rice straw as the sole carbon source under heat
stress; (c) relative expression levels of Tr-milRNA1 from 0 to 72 hpi at 37 ◦C. Relative expression levels of Tr-milRNA1 were
normalized to gene 18S rRNA and calibrated to the levels of wt at 0 hpi (set as 1.0). (d) relative expression levels of target
Trvip36 from 0 to 72 hpi at 37 ◦C. Relative expression levels of Trvip36 were normalized to the Tef gene and calibrated to
the levels of wt at 0 hpi (set as 1). Data were calculated from three biological replicates, and error bars represent ± SDs.
* p < 0.05, ** p < 0.01, *** p < 0.001. A p value < 0.05 was regarded as statistically significant and ns refers to no significance.

3.4. Expression of Trvip36 Could Be Regulated by Tr-milRNA1

Among the preselected target genes of Tr-milRNA1, we found that Tr-milRNA1 could
base pair with several genes predictably related to lignocellulose utilization, including
genes encoding carbohydrate hydrolases, transport proteins, and energy homeostasis
related proteins. To determine the interaction between Tr-milRNA1 and the candidate
target genes, we performed target verification tests. The relative expression of Tr-milRNA1
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and predicted target genes were determined using stem-loop qRT–PCR and qRT–PCR to
determine if the expression levels of Tr-milRNA1 and candidate target genes are correlated.
During SSF, Tr-milRNA1 was upregulated at 36, 48, and 60 hpi and downregulated at
72 hpi (Figure 2c). Interestingly, we found that the transcript levels of the lectin-type cargo
receptor gene Trvip36 were downregulated at 0 to 60 hpi and then upregulated at 72 hpi
(Figure 2d). However, the results for the other predicted target genes were illogical and
contradictory. Thus, the negatively correlated expression of Tr-milRNA1 and Trvip36 might
indicate that Trvip36 could be target of Tr-milRNA1.

3.5. Tr-milRNA1 Regulates Target Gene Expression in a Sequence-Specific Manner

Tr-milRNA1 had a 64 bp putative precursor, which might form a typical hairpin
structure (Figure 3a). To confirm the regulatory mechanism of Tr-milRNA1, a mutated
Tr-milRNA1 overexpression transformant (OE-Mut-Tr-milRNA1) was generated by site-
specific mutagenesis (Figure 3b). Subsequently, the transcript level of Trvip36 was quanti-
fied in wt, OE-Tr-milRNA1, OE-Mut-Tr-milRNA1, and EV at 60 hpi under SSF. Interestingly,
the expression of Trvip36 was significantly suppressed in OE-Tr-milRNA1, but not in OE-
Mut-Tr-milRNA1 or EV (Figure 3c). These results suggested that Tr-milRNA1 might
regulate the expression of Trvip36 in a sequence-specific manner.

Figure 3. The function of Tr-milRNA1 in regulating the target gene Trvip36. (a) The precursor of Tr-milRNA1 could form a
hairpin structure. The red line indicates the sequence of mature Tr-milRNA1; (b) alignment of Tr-milRNA1 and mutated
Tr-milRNA1 (OE-Mut-Tr-milRNA1) with target gene (Trvip36) at the predicted binding sites; (c) relative expression of
Trvip36 in wt at 28 ◦C, and in wt, OE-Tr-milRNA1, OE-Mut-Tr-milRNA1 and EV at 37 ◦C. Relative expression of Trvip36 was
normalized to the Tef gene and calibrated to the levels of wt at 28 ◦C (set as 1.0). Data were calculated from three biological
replicates, and error bars represent ± SDs. * p < 0.05, *** p < 0.001. A p value < 0.05 was regarded as statistically significant
and ns refers to no significance; (d) growth of wt and different mutants on PDA at 28 ◦C (top row) and rice straw medium
at 37 ◦C (bottom row), respectively; (e) relative activities of EG and CBH between wt, ΔTrvip36 and OE-Trvip36 by using rice
straw as the sole carbon source under heat stress.
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3.6. Deletion of Trvip36 Improved the Secretion of Lignocellulases of NJAU 4742 under Heat Stress

Deletion (ΔTrvip36) and overexpression (OE-Trvip36) strains of Trvip36 were generated
to determine the function of lignocellulose utilization under heat stress. Compared to
wt, both mutants showed no difference in vegetative growth (Figure 3d). Nevertheless,
ΔTrvip36 and OE-Trvip36 exhibited opposite growth trends, and ΔTrvip36 showed better
growth rate relative to wt by using rice straw as the sole carbon source under heat stress
(Figure 3d). Previous results showed that the EG and CBH activities increased significantly
in OE-Tr-milRNA1. Thus, these two enzyme activities were also measured in ΔTrvip36
and OE-Trvip36 to determine whether these changes were associated with the expression
level of Trvip36. In correlation with Trvip36, EG and CBH activities increased significantly
in ΔTrvip36 and slightly decreased in OE-Trvip36 (Figure 3e). These findings suggested
that activation of Trvip36 might suppress lignocellulase secretion, and we concluded that
impaired expression of Trvip36 regulated by Tr-milRNA1 contributes to the utilization of
lignocellulose under heat stress.

3.7. Deletion of Trvip36 Reduces the Retention of Lignocellulases in the ER of NJAU 4742 under
Heat Stress

In mammalian cells, VIP36 dynamically localized to the cis-Golgi and ER-Golgi in-
termediate compartment, and modification of its N-linked carbohydrate together with
other evidence suggested that VIP36 possessed a role in trafficking through later Golgi
compartments [32,33]. VIPL, a VIP36-like protein, is widely expressed in animal cells and
mainly localizes to the ER [34]. In filamentous fungi, VIP36 was also found to localize
in the ER and Golgi compartments and a higher fraction of VIP36 co-localized with the
Golgi marker (Golgi protein AoGrh1 fused to EGFP) than with the ER marker (the ER
membrane protein AoClxA fused to EGFP) [19]. We inferred that they might interfere
with the normal intracellular transport of cellulases. Thus, strains expressing egl-GFP or
cbh-GFP fusion proteins were generated in wt and ΔTrvip36 genetic backgrounds to track
their intracellular localization. Cellulases tagged with eGFP were successfully expressed
in hyphae of different mutants. To elucidate the aggregation level of cellulases in the ER
and Golgi apparatus, the fluorescence intensities of EGL-GFP and CBH-GFP were detected
in the ER and Golgi apparatus after staining with ER-Tracker™ Red and BODIPYTM TR
Ceramide, respectively (Figure 4a,b,e,f). EGL-GFP and CBH-GFP intensities were analyzed
in each pixel by ImageJ software. The average intensity of GFP fluorescence was calculated
to measure the expression levels of EGL-GFP and CBH-GFP in the ER and Golgi apparatus.
In wt, the average intensity of EGL-GFP and CBH-GFP was 20.13 ± 1.70 and 31.65 ± 1.32
in the ER, 50.29 ± 1.60 and 21.71 ± 2.03 in the Golgi apparatus, respectively. Compared to
wt, ΔTrvip36 exhibited lower average intensities of EGL-GFP (15.03 ± 0.99) and CBH-GFP
(17.21 ± 0.94) fluorescence in the ER (p < 0.01). In contrast, higher average fluorescence
intensities levels of EGL-GFP (86.85 ± 4.01) and CBH-GFP (69.09 ± 3.18) were distributed
in the Golgi apparatus of ΔTrvip36 (p < 0.001) (Figure 4c,d,g,h and Figure S4). These results
suggest that VIP36 could interfere with the secretion of EGL and CBH by increasing the
ER retention rate, which is consistent with the increased secretion of EGL and CBH in
ΔTrvip36.
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Figure 4. Localization analysis of EGL-GFP and CBH-GFP in wt and ΔTrvip36 genetic backgrounds after staining hyphae
with ER-Tracker™ and BODIPYTM TR Ceramide, as markers of ER and Golgi compartments. (a,b) Confocal images
of hyphae from egl-GFP and cbh-GFP fusion strains after staining with ER-TrackerTM Red to track endoglucanase and
cellobiohydrolase localization in the ER between wt and ΔTrvip36. Bar = 3 μm; (c,d) the fluorescence intensity of the two
channels (ER-Tracker (red) and GFP (green)) detected in wt and ΔTrvip36; (e,f) confocal images of hyphae from the egl-GFP
and cbh-GFP fusion strains after staining with BODIPYTM TR ceramide to track endoglucanase and cellobiohydrolase
localization in the Golgi apparatus between wt and ΔTrvip36. Bar = 3 μm; (g,h) the fluorescence intensity of the two channels
(Golgi-Tracker (red) and GFP (green)) detected in wt and ΔTrvip36.

4. Discussion

Normally, most soil fungi experience a constantly fluctuating environment. Through-
out the evolution process, fungi have developed different modes of reproduction and the
ability to adapt to complex environments [35]. Generally, fungi operate in narrower temper-
ature ranges, and a decrease in temperature may cause fungal dormancy, while an increase
in temperature would lead to the apoptosis of fungi [36]. In fact, a substantial increase in
temperature causes attenuation and eventually leads to the death of many organism [37].
The changes associated with heat stress responded to a set of proteins that promoted the
survival of the organism. A major portion of these proteins were termed heat-shock pro-
teins (Hsps). Hsps play a major role in cell cycle progression, replication, transcription and
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post-translational processes, including protein folding, stability, transportation and degra-
dation, and they were also reported to activate many key signal transducers in fungi [38,39].
Therefore, filamentous fungi could precisely regulate the expression of specific genes to
maintain essential biological functions under high temperature environment.

In our previous study, we found that cellulase secretion in strain NJAU 4742 was
largely limited under heat stress during the SSF process, which seriously inhibited its
ability to obtain carbon source. In addition, through proteomic analysis, it was found
that some differentially expressed genes responded to temperature changes to regulate
cellulase secretion (unpublished data). In this study, we first reported that Tr-milRNA was
involved in the regulation of cellulase secretion under heat stress. It is generally accepted
that miRNAs from plants are integral components of plant responses to disadvantageous
environmental conditions [40,41]. For example, in Arabidopsis, miR398 was shown to
be quickly induced under heat stress, accompanied by the downregulation of its target
genes in response to heat stress [42]. Similarly, miR156 could accelerate the sustained
expression of heat stress responsive genes through SPL genes [43]. Here, Tr-milRNA1, from
filamentous fungi NJAU 4742, was revealed to be related to cellulase secretion under heat
stress during SSF by regulating its target gene Trvip36.

Although numerous milRNAs have been identified in fungi [44,45], no homologous
miRNAs were found in NJAU 4742 by mapping the clean reads of Tr-milRNA1 to miRBase
22.0. A similar result was discovered in T. reesei and F. oxysporum, which indicated a large
degree of species specificity of fungal milRNAs [46]. More interestingly, there have been
few relevant studies on the regulation of cellulase secretion by milRNAs, especially under
heat stress. Previously, differential expression of milRNAs in T. reesei was discovered when
T. reesei was cultivated in Avicel medium or glucose medium, which implied that milRNA
might be involved in fungal growth and cellulase secretion [14]. In Ganoderma lucidum,
several milRNA target genes were also identified by high-throughput sequencing and de-
gradome analysis, and were considered glycoside hydrolases involved in the biosynthesis
of polysaccharides [47]. Thus, it seemed that milRNAs were related to the regulation of
cellulose degradation but there was a lack of in-depth evidence. In plants and animals,
miRNAs could play vital regulatory roles by targeting mRNAs for cleavage or translational
repression [10], while the regulatory mechanism of milRNAs in fungi is largely unknown.
In this study, Tr-milRNA1 negatively regulated the gene expression of lectin-type cargo
receptor by suppressing the expression of Trvip36. There was evidence that Tr-milRNA1
regulated target gene expression in a sequence specific mode. During SSF, upregulation of
Tr-milRNA1 increased the repression effect of Trvip36, which promoted cellulase secretion
and exhibited better growth rate under heat stress. Deletion mutant of Trvip36 also showed
a significant increase in cellulosic enzyme activities, which might be due to the reduction in
cellulase retention in the ER compared to wt. Consistent with this speculation, in Aspergillus
oryzae, AoVip36 was shown to have a protein retention function in the ER and the deletion
of AoVip36 could increase the secretion of heterologous proteins [19]. In mammals, glyco-
protein α1-antitrypsin was determined to be the retention target of VIP36, and it exhibited
a significant promotion of intracellular transport upon silencing VIP36 [18]. VIP36 could
also form a complex with BiP independently to increase its N-glycan binding activity, and
overproduction of a lectin-deficient form of VIP36 could decrease the secretion of clus-
terin [17]. These results suggested that VIP36 could also negatively interfere with protein
transport in an N-glycan-independent manner [48]. In addition, it was reported that VIP36
could be recycled between the Golgi and the ER and carry out the retrograde transport of
glycoproteins [49]. Moreover, it is worth noting that heat and nutrient deprivation stress
could lead to the generation of protein aggregates in the ER [50]. Avoiding the excessive
aggregation of proteins in the ER could alleviate ER stress, which would be conducive to
protein synthesis and secretion [51]. Thus, we speculated that deletion of Trvip36 might
also contribute to reducing the retrograde transport of lignocellulases and preventing the
aggregation of cellulases in the ER to relieve ER stress thereby increasing the secretion of
cellulases by using rice straw as the sole carbon source under heat stress. In addition, it
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was reported that deletion of VIP36 would impair the secretion of α-amylase [19,52], which
might suggest that some unnecessary pathways would be decreased to avoid excessive
energy consumption of filamentous fungi under stress (Figure 5). In fact, the main com-
ponent of rice straw is lignocellulose [53], and producing more lignocellulases is the most
important way to obtain energy and maintain vegetative growth, especially under heat
stress. However, its internal regulatory mechanism between Trvip36 and the secretion of
α-amylase in NJAU 4742 still needs in-depth and detailed study in the future.

Figure 5. Proposed model for the regulation of NJAU 4742 by Tr-milRNAs during the lignocellulose
utilization process under heat stress. Tr-milRNA1 is involved in regulating cellulase secretion by
revoking the expression of Trvip36 to decrease the cellulase retrograde transportation.

5. Conclusions

Overall, this study demonstrated that Tr-milRNA1 from NJAU 4742 played a critical
role in cellulase secretion by regulating the endogenous target gene Trvip36. These results
provide important evidence to determine the roles of milRNA and their corresponding
target gene during the utilization of lignocellulose in filamentous fungi under heat stress.

Supplementary Materials: The following are available online at https://www.mdpi.com/article/10
.3390/jof7120997/s1, Figure S1: Knockout or over-expression of Tr-milRNA or gene in NJAU 4742.
(a) Schematic diagram for Tr-milRNA or gene disruption by double crossover recombination; (b)
schematic diagram for Tr-milRNA over-expression; (c) schematic diagram for gene over-expression;
(d) analysis of expression level of Tr-milRNA relative to 18S in wt, OE-Tr-milRNA1, OE-Mut-Tr-
milRNA1, and empty vector transformant (EV) strains determined by qPCR. (e) analysis of expression
level of Trvip36 gene relative to Tef in wt and OE-Trvip36 strain determined by qPCR. Data were
calculated from three biological replicates. Error bars represent ± SDs. * p < 0.05, ** p < 0.01,
*** p < 0.001. A P-value < 0.05 was regarded as statistically significant. The expression values are
normalized to wt; (f,g) verification of ΔTr-milRNA1 (f), ΔTrvip36 (g), wt-egl-GFP, ΔTrvip36-egl-GFP, wt-
cbh-GFP, and ΔTrvip36-cbh-GFP (h) mutants by PCR to verify homologous recombination. Figure S2:
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Diagram of construction principle for prepaing the mutants of lignocellulases-eGFP fusion strains.
Arm1 and Arm2 were used as two arms of homologous recombination and Hygb gene was used as
the biomaker for screening. Figure S3: GO (a) and KEGG (b) enrichment of candidate Tr-milRNAs
target genes. Figure S4: The average intensity of EGL-GFP and CBH-GFP fluorescence in the ER and
Golgi apparatus of wt and ΔTrvip36 after staining hyphae with ER-Tracker™ and BODIPYTM TR
Ceramide, as markers of ER and Golgi compartments. Data were calculated from all valid pixels in
the ER and Golgi apparatus, and error bars represent ± SEs. * p < 0.05, ** p < 0.01, *** p < 0.001. A
p value < 0.05 was regarded as statistically significant and ns refers to no significance. Table S1: All
PCR primers used in this study.
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Abstract: Enzymatic catalysis is one of the main pillars of sustainability for industrial production.
Enzyme application allows minimization of the use of toxic solvents and to valorize the agro-
industrial residues through reuse. In addition, they are safe and energy efficient. Nonetheless, their
use in biotechnological processes is still hindered by the cost, stability, and low rate of recycling and
reuse. Among the many industrial enzymes, fungal laccases (LCs) are perfect candidates to serve as
a biotechnological tool as they are outstanding, versatile catalytic oxidants, only requiring molecular
oxygen to function. LCs are able to degrade phenolic components of lignin, allowing them to
efficiently reuse the lignocellulosic biomass for the production of enzymes, bioactive compounds, or
clean energy, while minimizing the use of chemicals. Therefore, this review aims to give an overview
of fungal LC, a promising green and sustainable enzyme, its mechanism of action, advantages,
disadvantages, and solutions for its use as a tool to reduce the environmental and economic impact
of industrial processes with a particular insight on the reuse of agro-wastes.

Keywords: enzymes; sustainability; fungal laccase; solid state fermentation; agro-wastes; immobi-
lization; catalysis

1. Introduction

Enzyme biotechnology is a green and efficient process which has been applied to
various industrial operations as an alternative to chemical catalysis with advantages in
terms of sustainability and efficiency [1]. Indeed, enzymatic catalysis enables the tackling
of most issues that are related to environmental sustainability, especially regarding the
use of hazardous chemicals, and represents an important tool that may be applied at an
industrial level.

The use of enzymes may significantly reduce the environmental impact of industrial
operations. Nonetheless, enzyme production and formulation are energy- and labor-
intensive processes, which may incur in environmental impacts as well. In addition,
techno-economic analyses of enzyme production revealed that the technological readiness
and process economics for enzyme scale-up and use in industrial processes are not always
encouraging [1]. Sustainability refers to all actions devoted to satisfying the needs of
present generations without jeopardizing the ability of future generations to meet their
own needs. Hence, sustainability is a complex and holistic concept which brings together
the economic, social, and environmental fields [2]. Sustainability in industry encompasses
the reduction of pollution that is caused by chemicals; the hazards deriving from their
use; the utilization of abundant, carbon-neutral biomasses or wastes as raw materials
(i.e., circularity); the use of renewable energy sources; and the use of efficient conversion
technologies [3].

Today the synthesis, conversion, removal, or remediation of chemicals is often per-
formed by means of enzyme biotechnology in different sectors, such as pharmaceutical,
food and beverage, feed, biofuel, textile, paper and pulp, and leather industries. Unsurpris-
ingly, the global enzyme market has been increasing in recent years. It was valued USD 9.9
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billion in 2019 [4] and it is expected to continue growing at a compound annual growth
rate of 6.8–7.1%, drawn in by food, beverages, laundry, and detergents industries [4,5].

Approximately 60% of industrial enzymes are produced from fungi, 24% from bacteria,
4% from yeasts, and the remaining 10% from plants and animals [6]. Hydrolases account
for 75% of the entire enzyme production worldwide [6].

Lignin-modifying enzymes from white-rot fungi are the forefront of enzyme technol-
ogy for sustainability because they allow the degradation of the phenolic components of
lignin and release the cellulose that is used in microbial fermentations to produce energy
or valuable bioactive ingredients [7].

Owing to the enzymatic treatment, the shift from energy intensive processes, such as
steam or chemical-based ones, to mild and environmentally friendly processes is feasible [8],
while valorizing the plant material and applying circularity in food systems. In this regard,
plant material deriving from food wastes still represents a poorly exploited resource which
may enter new production paths. Indeed, the Food and Agriculture Organization estimated
that in 2019 17% of total food that was available to consumers was discarded at household,
retailer, and restaurant levels [9,10].

Biobased methods for the breakdown of lignocellulosic biomasses are essential to
allow the complete exploitation of cellulose and its further valorization and are gaining
massive popularity nowadays.

Laccase (LC, benzenediol: oxygen oxidoreductases, EC 1.10.3.2) is a multicopper
oxidase which has a long history of application in de-lignification, lignocellulosic fiber
modification, chemical synthesis, and many other industrial applications [11]. LCs have
also shown great potential in the bioremediation of toxic pollutants such as dyes [12,13],
polycyclic aromatic hydrocarbons [14], endocrine disruptors [15], and mycotoxins [16]. It
is worth mentioning that this is of particular interest for the reuse of material which can be
potentially contaminated and unsafe to use. Its versatility and environmentally friendly
catalysis opens up countless possibilities for the valorization of such material in the era
of sustainability.

Therefore, this review aims to give an overview of fungal LC, a promising green and
sustainable enzyme, its mechanism of action, advantages, disadvantages, and solutions for
its use as a tool to reduce the environmental and economic impact of industrial processes
with a particular insight on the reuse and valorization of agro-wastes.

2. Laccase: A Case Study

2.1. Laccase: Overview, Sources

Laccase (p-diphenol: dioxygen oxidoreductase EC 1.10.3.2) belongs to the group of
multicopper oxidases (MCOs) that catalyze one-electron oxidation of a wide range of
compounds with concomitant reduction of molecular oxygen to water. Electron donor
substrates for laccases can be substituted monophenols, polyphenols, aromatic amines,
aromatic thiols, as well as some other aromatic compounds and certain inorganic metal
ions [17].

Laccase was first isolated over 100 years ago from the Chinese lacquer tree (Rhus
vernicifera) [17]. A decade later, the first fungal laccase was described [18]. For a long time,
laccase was considered as an enzyme that was present only in fungi or higher plants, but
later laccases were also found in bacteria, insects, and algae [19]. To date, according to the
BRENDA database (http://www.brenda-enzymes.org/ accessed on 24 June 2021), about
280 laccases have been isolated and characterized. However, the modern classification of
laccases that is based on phylogenetic analysis considers only fungal (basidiomycetous and
ascomycetous) laccases as “true” laccases (laccases sensu stricto) [20].

The issue of the biological (or physiological) role of laccases is still controversial. Lac-
cases can perform a variety of functions in different organisms including both the processes
of synthesis of new compounds from simple monomeric substrates and the destruction of
polymeric substrates. However, it is believed that the main biological function of laccases
is lignification in higher plants and delignification in fungi. Other functions that have
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been proposed for laccases are participating in morphogenesis, pathogenesis, fruiting
body formation, sporulation, spore protection, humification, metal ion homeostasis, and
others [21–23].

A typical fungal genome contains several nonallelic laccase genes which form a
multigene family [24]. However, the biological role of various laccase izoenzymes (i.e., the
products of different genes) is still unclear. Some izoenzymes could be secreted by a fungus
under specific conditions while others may be obtained only by recombinant expression [25].
In addtition, post-translational modification of laccase proteins (i.e., glycosylation) leads to
a wide spectrum of laccase isoforms which can be produced by fungi.

The active site of the laccase contains four copper ions which are classified according
to their spectral characteristics as copper ions of the T1, T2, and T3 types. The T1 copper
ions are characterized by strong absorption at 605–610 nm. In the oxidized state, it gives
laccases a characteristic blue color. The T3 copper ions are characterized by a shoulder at
330 nm, while the T2 copper ions have no signal in the absorption spectra. In EPR spectra,
T1 and T2 copper ions are characterized by hyperfine splitting, while a pair of T3 copper
ions has no signal due to strong anti-ferromagnetic coupling [26]. The oxidation of the
phenolic (and other electron donor) substrates takes place at the mononuclear T1 center
which contains one T1 copper ion (Cu1). This copper ion serves as the primary electron
acceptor. Molecular oxygen is reduced to water at the trinuclear T2/T3 centers which is
formed by one T2 copper ion (Cu2) and two T3 copper ions (Cu3).

An important characteristic of laccases is the redox potential of the T1 copper center
of the enzyme. The value of the redox potential determines whether a substrate can be
oxidized by laccase. In some cases (mostly for the substrates with a redox potential that
is higher than 700 mV), the efficiency of substrate oxidation by laccase directly depends
on the difference between the redox potentials of the substrate and the T1 center of the
enzyme [27,28]. However, the efficiency of catalysis is influenced not only by the redox
potential difference, but also by the structure of the substrate-binding pocket of the laccase
and the structure of the substrate [28–30].

Depending on the value of their redox potential, laccases are usually divided into
enzymes with low, medium, and high redox potential [31]. The redox potential of fungal
laccases is, as a rule, higher than that of enzymes of plant and bacterial origin [32]. The
group of enzymes with a low redox potential (up to 460 mV vs. NHE) includes mainly
plant and bacterial laccases, the group with medium redox potential (460–710 mV vs. NHE)
includes laccases of Ascomycete and Basidiomycete fungi, whereas high redox potential (more
than 710 mV vs. NHE) is characteristic mainly of laccases of wood-degrading white-rot
fungi [33,34].

The redox potential of the T2/T3 center affects catalysis of laccases to a lesser ex-
tent [35]. The redox potential value of the T2 center was measured for laccases of Trametes
hirsuta (400 mV) [36] and R. vernicifera (365 mV) [37]. The redox potential value of the
T3 center is 756 mV for the laccase of T. hirsuta [38] and 434 mV for the laccase of R.
vernicifera [37].

2.2. Physicochemical and Catalytic Properties, Enzyme Stability

Nowadays, the most studied groups are the fungal and bacterial laccases. Most
laccases are glycoproteins with a molecular weight of 50–140 kDa [31–39]. Usually, laccases
exist in a monomeric form but there are also laccases that form homo- and hetero-dimers.
The isoelectric points of laccases are in a wide range of pH from 2.6 to 7.0. Fungal laccases
are characterized by isoelectric points near 4.0, while plant laccases, as a rule, have neutral
pI values [39,40].

The carbohydrate part of a laccase molecule can comprise of up to 50% of the total
mass of the protein; plant laccases are characterized by a higher carbohydrate content
(usually from 20 to 45%), while fungal laccases have a slightly lower carbohydrate content
(usually from 10 to 25%) [41]. N-glycosylation is almost always found in fungal laccases.
Branched mannose chains are bonded to asparagine residues via two N-acetylglucosamine
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residues at 3–10 sites [35]. Presumably, the role of carbohydrates is to stabilize copper
centers, participate in the process of protein secretion, protect the molecule from proteolysis,
and increase the thermal stability [42,43]. Moreover, glycosylation can affect the activity of
laccases [44–47]. Differences in glycosylation can also be responsible for the presence of a
large number of laccase isoforms differing in molecular weight and pI values [48–50].

For fungal laccases, it is typical to have an acidic pH optima. The optimum for 2,2′-
azinobis(3-ethylbenzthiazoline-6-sulfonic acid) (ABTS) oxidation is generally below pH
4.0, while the oxidation optima for phenolic compounds such as 2,6-dimethoxyphenol,
guaiacol, and syringaldazine are in the pH range from 4.0 to 7.0 [40].

Typically, the temperature optimum for laccase activity is in the range from 50 to 70 ◦C.
Some laccases have a temperature optimum that is below 35 ◦C [40]. The thermal stability
of laccases that are isolated from different sources varies greatly, even in laccases that are
from different isolates of the same species [42]. The thermal stability of laccases depends on
many physicochemical factors—the packaging of the protein globule, the hydrophobicity,
the number of intramolecular hydrogen bonds and salt bridges, the distribution of charged
amino acid residues on the protein surface, or an increased content of certain amino acid
residues [42].

Laccases are capable of catalyzing the oxidation of a very wide range of substrates
including various xenobiotic organic compounds such as aromatic amines, polycyclic
aromatic hydrocarbons, synthetic dyes, antibiotics, etc. [19,25]. However, the typical
substrates for laccases are various substituted phenols. The efficiency of catalysis of various
compounds is also influenced by the number and nature of substituents in the phenolic
ring [51]. Due to a higher redox potential, laccases of basidiomycetes have a broader
substrate specificity in comparison with laccases of ascomycetes, plants, and bacteria [52].

Additionally, the substrate specificity of laccases can be extended by using mediators
—low molecular weight compounds that act as electron shuttles. It is suggested that
mediators can promote catalysis through two different mechanisms. First, in reactions
with compounds whose direct oxidation by laccase is sterically hindered due to their big
size or/and complex structure, mediators can enable substrate oxidation by acting as
electron transfer agents. Second, in reactions with compounds whose direct oxidation by
laccase is impossible due to their high redox potential, mediators can enable substrate
oxidation by promoting alternative (non-enzymatic) oxidative pathways [53–56]. From the
chemical perspective, laccase mediator should be a small-sized compound which could
be transformed by laccase into a stable but still reactive oxidized form and then reduced
to the initial form by the final substrate; hence recycling during the reaction. It should
be noted that most of the mediators that are described in the literature are not true redox
mediators because they undergo secondary chemical reactions (i.e., are consumed during
the reaction cycle). Among the secondary reactions, the coupling reactions are of great
relevance, especially in organic synthesis as they allow the production of novel compounds.
Homomolecular coupling in the reaction consists of two oxidized substrates to form a
dimer or an oligomer. Heteromolecular coupling involves an oxidized LC substrate and a
non-laccase) to create new hybrid molecules [55]. Figure 1A shows the scheme of laccase
oxidation of phenolic derivatives with and without the participation of a mediator. In
addition, three examples of reaction couplings are reported (Figure 1B).
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Figure 1. Oxidation of substrates by laccase. Panel (A) shows the direct and mediated oxidation mechanisms. The route
of “false” mediators is also depicted. Panel (B) shows three examples of coupling reactions. In particular homomolec-
ular coupling of 2,6-dimethoxyphenol (i) and resveratrol (ii), and the heteromolecular coupling of aminopenicillin and
cathecol (iii).

An example of “false” mediators is represented by natural phenolic compounds which
can undergo polymerization reactions. The synthetic mediators HBT and VA also undergo
chemical degradation after a few cycles. True mediators include a very limited number
of compounds, including inorganic ion complexes (potassium octocyanomolybdate and
octocyanotungstate, FeII complexes) and organic compounds (ABTS, TEMPO) [55].

2.3. Laccase Structure and Mechanism of Catalysis

Usually, amino acid sequences of laccases, sensu stricto, contain 520–550 residues
including signal peptide [32]; it is worth noting that the sequence identity of laccases
of organisms that belong to different classes is 20–30%. Multiple alignment of amino
acid sequences of more than 100 fungal and plant laccases allowed the identification of
four conserved regions (L1–L4) distinguishing laccases from other proteins from the MCO
family [57]. Figure 2 shows the sequence of the laccase LacA from T. hirsuta with the regions
L1–L4 highlighted in purple. These regions contain 12 amino acid residues coordinating
the copper ions in the active site of the enzyme.

Figure 2. Amino acid sequence of T. hirsuta LacA laccase (gb | KP027478.1). The L1-L4 regions are
shown in purple, the copper ion Cu1 ligands are shown in orange, Cu2—in green, and Cu3—in blue.
Cysteine residues that are involved in the formation of disulfide bonds are shown in yellow.
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The first three-dimensional structure was determined in 1998 for a laccase from the
fungus Coprinus cinereus [58]. At present, the PDB database (www.rcsb.org, accessed on 24
June 2021) contains more than 180 structures of laccases of bacteria (17 species) and fungi (25
species). The 3D structures of fungal laccases are very similar to those of other MCOs, such as
ascorbate oxidase, bilirubin oxidase, and ceruloplasmin. Three cupredoxin-like domains are
sequentially connected to each other: domain I contains ~1–130 amino acid residues, domain
II—~130 and 310 residues, and domain III—~310–500 residues (Figure 3). Each domain has
the Greek key β barrel topology which is typical for all proteins of the MCO family [59,60].
As a rule, the structure is stabilized at least by two disulphide bridges connecting the first
domain with the other two domains. The T1 center is located in domain III, while the T2/T3
center (TNC) is located between domains I and II. The distance between the T1 and T2/T3
centers is approximately 13 Å, but they are connected via a conservative His-Cys-His motif
that is involved in the electron transfer from the T1 center to the TNC [23]. Bacterial laccases
can have a three-domain structure, similar to the fungal laccases. However, in addition to
three-domain laccases, there are also two-domain bacterial laccases which form trimers [59].

Figure 3. The overall structure of Coriolopsis caperata laccase (PDB 3JHV, [60]). The first domain
is shown in gold, the second in green, and the third in blue color. Copper atoms are shown with
purple spheres. Sugars are shown with stick models, atoms are colored by type (C—orange, O—red,
N—blue). Disulfide bridges are shown in yellow.

In all laccases there is an identical structure of the T1 center where the oxidation
of the electron donor substrate occurs. The copper ion in the T1 center is coordinated
by the side chains of two histidine residues and a cysteine residue (Figure 4). Moreover,
in the vicinity of the Cu1 copper ion (~5 Å), the side chains of another two amino acid
residues are located (highlighted in gray in Figure 4). One of them, isoleucine, is strictly
conservative among laccases. In fungal laccases, the second position is usually occupied by
phenylalanine or leucine residues, whereas in bacterial laccases a methionine residue is
located there [61]. There is a correlation between the redox potential of laccases and the
nature of the non-conservative amino acid residue in the nearest surrounding of the copper
ion in the T1 active center. High redox potential laccases have a Phe residue in this position,
occasionally Leu, middle redox potential laccases predominantly have a Leu residue and
sometimes Phe, and low redox potential laccases have a Met residue [31]. This observation
was confirmed using site-specific mutagenesis [39,62–64]. In addition, the redox potential
of the T1 center of laccases depends on the composition and structure of the loops around
the Cu1 copper center [65–67]; laccases which have a higher number of large hydrophobic
residues (e.g., Phe) in the vicinity of the Cu1 copper ion that cover it from the solvent are
characterized by a higher redox potential [34].
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Figure 4. Active center of T. hirsuta laccase (PDB: 3FPX, [61]). Copper ions are shown in purple,
oxygen atoms in red, and nitrogen atoms in blue. The carbon atoms of histidine residues coordinating
copper ions Cu1, Cu2, Cu3α, and Cu3β are shown in coral, green, purple, and blue colors, respectively.
Carbon atoms of non-coordinating amino acid residues from the nearest surrounding of the copper
ion Cu1 are shown in gray. T2 and T3 water channels are shown with red cylinders and water
molecules inside them.

For bacterial and fungal laccases, a number of structures of laccase complexes with
electron donor substrates were determined [65–71] which allowed the highlighting of the
loops that form the substrate-binding pocket. In three-domain laccases, the substrate-
binding pocket for oxidizable phenolic compounds was found to be formed by the loops
of domains I and II located near the T1 center (Figure 5). The substrate-binding pocket is
formed mainly by hydrophobic amino acid residues (Figure 5, residues Phe162, Leu164,
Phe265, Phe332, Phe337, Pro391); it also includes the His458 residue coordinating the Cu1
copper ion. Presumably, a polar residue at position Asp206 is also involved in substrate
binding (Figure 5). It should be noted, however, that the resolution of the structures of
the complexes of laccases with substrates was not high and the position of the substrate
molecule was different for different laccases and different substrates, which indicates
non-specific binding. Moreover, the amino acid composition of the loops of the substrate-
binding pocket varies greatly among laccases from different organisms [34], which makes
it difficult to predict the binding mode of the substrate. In addition, it was shown that
the more flexible substrate-binding pocket loops can also facilitate the oxidation of bulky
substrates with a rigid structure despite the redox potential value of the laccases [28].
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Figure 5. Substrate-binding pocket of T. versicolor laccase (structure of the laccase complex with
2,5-xylidine, PDB 1KYA [68].

As it was mentioned before, there are three copper ions in the TNC where the molecu-
lar oxygen is reduced by laccase. The T2 copper ion is coordinated by side chains of two
histidine residues and T3 copper ions—by three histidine residues each (Figure 3). TNC
can be reached by water and protons from the reaction medium through the T3 and T2
water channels. The mechanism of oxygen reduction to water by laccase was originally
proposed by Solomon et al. on the basis of spectroscopic data and the three-dimensional
structure of a laccase-related enzyme, ascorbate oxidase [72]; later, it was confirmed [73]
and detailed [74] by the X-ray diffraction analysis. Modern views on the mechanism of
oxygen reduction to water by laccases are summarized in the review [25] and updated
with X-ray diffraction data in [74]. The oxygen reduction process consists of two stages of
two-electron reduction processes. The catalytic cycle begins with a fully reduced enzyme
(all copper ions are in the +1 oxidation state, Figure 6A) with two oxygen ligands (W2 and
W3, Figure 4) that are bound to copper ions of TNC. The Cu2 copper ion forms a bond with
the W2 oxygen ligand that is located outside the T2/T3 center. When a chloride or fluoride
ion binds at this position, laccase inhibition takes place [75]. The W3 is located between the
pair of Cu3 ions and can be substituted by molecular oxygen (Figure 6A, and 6B). Then,
during the first two-electron reduction, molecular oxygen oxidizes both copper ions to
the +2 oxidation state and becomes a deprotonated peroxide molecule (first two-electron
reduction, Figure 6C). It can be protonated from the side of the T3 water channel. The
second two-electron reduction process involves the electron transfer to peroxide from the
Cu2 copper ion and from the Cu1 copper ion (via the Cu3 copper ion, Figure 6D). As a
result, an O-O bond in the peroxide is cleaved and Cu1 and Cu2 ions become oxidized (+2).
Subsequent protonation of oxygen ligands leads to the formation of a hydroxide ion and a
water molecule (Figure 6E). The release of oxygen ligands from the TNC takes place due
to the reduction of copper ions of the T2/T3 center by electrons that are transferred from
the Cu1 copper ion (Figure 6F). The OH− ligand at position W1 replaces the W3 water
molecule which leaves the active site. The OH− ligand can be protonated and become a
water molecule. Thus, the system returns to its original state (Figure 6A).
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Figure 6. Mechanism of molecular oxygen reduction by laccases to water: O2 + 4e− + 4H+ → 2H2O.
Intermediate states are shown in Figure (A–F). Panel F shows the mechanism of the release of a
water molecule from the TNC. Coordination and covalent bonds are shown by solid lines. Ion-dipole
electrostatic interactions are shown with dotted lines.

2.4. Laccase Industrial Application

LCs have become relevant industrial enzymes due to their broad range of activity
towards phenolic and non-phenolic compounds. As recently reviewed by Moreno et al. [76],
many industrial applications can be performed by LC, as well as in combination with redox
mediators, especially for recalcitrant compounds. From the industrial perspective, LC
mediators should be environmentally friendly and cheap. Currently, the most effective
mediators are chemically synthesized compounds, however, they are usually hazardous
and quite expensive to produce [77]. This leads to the development of alternative uses of
naturally-occurring phenolic mediators originating from lignin biodegradation or from
vascular plants either as extractives or lignin-forming monomers [78].

In textile and paper pulp, fungal LC is used for bio-bleaching, i.e., the degradation of
synthetic dyes and inks, which are chemically heterogeneous chromogenic compounds.
They can be toxic and genotoxic, and, once released into water bodies, they reduce the
oxygen content and the photosynthetic activity of microorganisms [78]. Due to their syn-
thetic origin and complex aromatic structures, they are recalcitrant to the conventional
microbial degradation or decolorization. LC is able to degrade them but often in combi-
nation with the synthetic mediators hydroxybenzotriazole (HBT), ABTS and violuric acid
(VA) [8,12,79].

In biorefinery, LC application has different purposes: (i) delignification, (ii) detoxifica-
tion, i.e., reduction of the phenolic content, and (iii) reducing the adsorption of hydrolytic
enzymes to lignin. Delignification is a mandatory step to make carbohydrates more acces-
sible to carbohydratases in the subsequent saccharification process. Nonetheless, phenols
can be released after enzymatic and chemical delignification as well as steam explosion.
Phenols act as inhibitors of enzymes and fermentative yeasts, thus a detoxification process
may be needed to boost both the saccharification and fermentation yields [76].

In food applications, LC is used to remove the phenols that are responsible for turbidity
and color instability in wine, beer, and juices [80,81]. Alternatively, LC can catalyze the
formation of crosslinks between proteins, also by oxidizing natural mediators, which act as
crosslinking agents [82]. Crosslinks in food matrix generated by LC allow to modify the
rheological, technological, and nutritional properties of vegetables, cereals, and milk-based
products, thus creating novel foods with improved characteristics [83–86].
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Bioremediation by LC encompasses the oxidation of phenols from industrial effluents,
dyes, and toxic compounds, such as mycotoxins, polycyclic aromatic hydrocarbons, en-
docrine disruptors, and antibiotics [86–89]. Also in this case, redox mediators are often
needed to ensure an effective level of detoxification.

Laccase use in organic synthesis has been increasing in recent years. Substrates such
as substituted phenols, polyamines, anilines, aromatic and alkyl amines, and benzenethiol
are the starting point for biocatalytic reactions for the syntheses of bioactive compounds for
pharmaceutical and nutraceutical applications [90]. The synthesis of new compounds may
include simple oxidation/amination/thiolation reactions and oxidative coupling reactions.
Homomolecular coupling can be used to produce compounds that are endowed with new
or improved biological activities. LC-mediated coupling was used on the simple phenols,
such as 2,6-dimethoxyphenol to obtain compounds with increased antioxidant activity; on
complex phenolic compounds, such as rutin, to improve their solubility in water; or resver-
atrol, to produce compounds with antiproliferative activity towards colon cancer cells [91]
or new antibiotics (e.g., aminopenicillins, aminocephalosporins, aminocar-bacephems,
and sulfonamide derivatives). Eventually, LC- mediated homomolecular coupling was
also exploited to reduce the concentration of several water pollutants including estradiol,
triclosan, and cumylphenol [92–94].

Grafting, e.g., coupling reactions involving a natural or synthetic polymer, can be
used to functionalize polymers to confer new features. LC-mediated grafting has multiple
applications, including environmental pollution control, modification of lignocellulosic
material/foods/ingredients in textile industry, biosensors, food industry, pharmaceutical
industry, and organic synthesis [95].

LCs, together with several other oxidoreductases, have found applications in the
construction of enzymatic biosensors and bio-cells for biomedical, food safety, and en-
vironmental monitoring purposes. While in the classic biosensors, LC is immobilized
directly on an electrode, in bio-cells the enzyme are displayed on the membrane of the
whole microorganism that is grown on an electrode [96]. The advantages rely on the longer
lifetime due to the possibility of the microorganisms duplicating and creating a biofilm on
the electrode [97].

3. Re-Use of Agro-Wastes for Laccase Production

3.1. Laccase Production by Solid State Fermentation Using Agro-Wastes

Enzymes can be produced by two different approaches: solid state (SSF) and sub-
merged fermentation (SmF) [6]. SSF is performed on a heterogeneous, porous, low moisture,
solid material, where microorganisms are able to grow whether on or within the surface
material. On the contrary, SmF is performed in a liquid medium in which optimized
nutrients are dissolved.

SSF holds a great potential for LC production by filamentous fungi, as they are able to
colonize the substrate and promote the hyphal growth on or in the particle. SSF mimics
the natural fungal environment and naturally contains LC inducers, such as flavonoids
and phenols. This is a great advantage because the use of inducers, such as metal ions
(copper and, to a lesser extent, manganese), synthetic compounds such as ABTS, or ethanol
in SmF is often needed to achieve satisfactory enzyme yield and poses both economic and
environmental concerns. [98,99].

SSF allows the easy production of extracellular enzymes, has lower energy require-
ments, lower environmental impact, lower risk of contamination, easier downstream
processing, and higher volumetric and enzyme yield than SmF [100].

White-rot fungi are among the best LC producers because they naturally use LC
together with peroxidases to degrade lignin and access the plant polysaccharides which
are then used as carbon source [101]. Lignin is the structural component of plants and it is
responsible for their impermeability, resistance towards microbial attacks, and oxidative
stress. Owing to its resistance, it represents a major obstacle to reconvert agro-wastes
into valuable compounds [102]. Lignin is also recalcitrant to mild chemical and biological
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degradation techniques and it can be efficiently degraded only by microorganisms which
possess a wide array of oxidative enzymes. White-rot fungi are key players in the global
carbon cycling and among the main producers of LCs and peroxidases which enable them
to degrade this recalcitrant biopolymer [96,103,104].

The carbon to nitrogen (C/N) ratio is a crucial parameter for fungal growth by SSF,
as it influences the mycelial growth and the production of several compounds. The
optimal C/N ratio has to be assessed for each fungal species, although higher C/N ratios
(30–40) have been reported to promote the fastest mycelial growth (colonization rate),
fruiting bodies, and polysaccharide production, while lower values (10–20) were reported
to give the highest overall biomass and LC production [98,99]. To balance C/N ratio,
ammonia or organic sources, such as yeast extract, can be added to significantly increase
LC production [105].

The reactor type and airflow system are also important determinants for the fungal
growth because they determine how the air, containing O2, is provided; how the correct
moisture is maintained; and how the metabolic heat and the CO2 are dissipated [106].

Using agro-wastes for SSF allows the use of cost effective resources to reduce the
environmental impact of their disposal and to boost LC yield thanks to the presence of
inducers [93]. Spent grains, straw and residues of cereal harvesting, fruit peels, and general
food waste are perfect examples of economic and sustainable ingredients for LC production
by SSF; i.e., this material can be further exploited to produce energy. The most recent studies
on LC production by solid state fermentation (SSF) on sustainable substrates are reported
in Table 1.

Brewers’ spent grains (BSG) are the solid by-product of beer production and they
are usually disposed as cattle feed. Nonetheless, they can be used as material for LC
production by SSF. Additionally, lignin degradation by fungi can drastically enhance
polyphenol recovery from lignocellulosic biomass [100,107].

SSF with BSG was performed with T. versicolor, obtaining a maximum LC production
of 560 U/L after 7 days and 3.4-fold increase in the extraction of total polyphenols [108].
Dhillon et al. used BSG that was supplemented with different inducers. Despite the fact
that they obtained good results without inducers (up to 2343 IU/g dry weight in flasks
and 2956 I U/g dry weight in trays), the addition of different compounds significantly
increased LC production. The best one was phenol (10,108 IU/g dry weight in flasks and
13,506 IU/g dry weight in trays) [109].

Table 1. Laccase production by solid state fermentation (SSF) on sustainable substrates.

SSF Substrate Species
Substrate Composition and

Growth Parameters
LC Activity Reference

Brewers’ spent grains (BSG) Trametes versicolor
Lignin 8.53%, cellulose 16.1%,

hemicellulose 20%, ash 5.3% DW.
Growth at 27 ◦C for 14 days

560 U/L after 7 days [108]

BSG added with LC inducers T. versicolor
Lignin 12.4%, cellulose 13.8%,

hemicellulose 30%, ash 2.6% DW.
Growth at 30 ◦C for 16 days

13,506 IU/g using 10 mg/kg
phenol as inducer after 12 days [109]

Wheat straw (WS), bean stalk
(BS), and red grass (RG) Lentinula edodes

WS: Lignin 7.58%, cellulose
68.93%, hemicellulose 11.16% DW. 579 U/g DW after 25 days

[110]BS: Lignin 11.27%, cellulose
64.65%, hemicellulose 11.27% DW. 258 U/g DW after 25 days

RG: Lignin 7.5%, cellulose 69.22%,
hemicellulose 10.69% DW.

Growth at 26 ◦C for 40 days
390 U/g DW after 35 days

Corn stalk (raw and steam
exploded) T. versicolor

Lignin 22.43%, cellulose 33.96%,
hemicellulose 13.95% DW.
Growth at 30 ◦C for 7 days

2600 U/g after 15 days [111]

Rice straw (raw and
ammonia-treated) Funalia trogii - 172 U/g after 14 days [112]

Wheat and rice straw and
bran Tricholoma giganteum -

Growth at 30 ◦C for 20 days 89,800 U/g after 16 days [113]

Sorghum Bagasse Coriolus versicolor
Lignin 25.14%, cellulose 38.02%,

hemicellulose 25.01% DW.
Growth at 27.5 ◦C for 20 days

115 U/g after 20 days [114]

Tea residues T. versicolor
Lignin 13.60%, cellulose 11.60%,

hemicellulose 32.50% DW.
Growth at 26 ◦C for 8 days

31.2 U/g after 8 days [115]

Olive leaves and wheat straw Galactomyces geotrichum -
Growth at 30 ◦C for 26 days 56 U/g after 14 days [116]
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Different agro-wastes, specifically wheat- (WS) and bean-straw (BS) and reed grass
(RG), were used as main ingredients for the production of LC by SSF with three strains
of Lentinula edodes. In this study, lower lignin content and higher cellulose content gave
the best results in terms of LC production and timing. WS was the best material, as it led
to 579 U/g per dry weight after 25 days of cultivation [110]. Corn stalks were used for
T. versicolor cultivation as raw materials and after a steam explosion. The pre-treatment
was able to increase LC production by 2.1-fold (up to 2600 U/g after 15 days), likely as
a result of polyphenol that was released from lignin (from 1.98 to 3.54 mg of gallic acid
equivalent per g) and the increased accessibility of polysaccharides [111]. Similarly, rice
straw was used raw and after a chemical pre-treatment with ammonia for LC production
by Funalia trogii. Also in this case, the pretreatment boosted LC production up to 3.4 times
due to the modification of the chemical composition of the rice straw [112]. When different
pretreatments with ammonia were used, the harshest one, leading to the highest cellulose
content, gave the highest LC yield [112]. The importance of the type of lignocellulose
substrate in inducing LC was proven also in the work of Patel and Gupte [113]. They
compared different raw materials for the production of LC by the fungus Tricholoma
giganteum, namely wheat bran, wheat straw, rice bran, and rice straw. Wheat bran was
the best material for fungal growth and LC production, which was increased by several
fold (up to 89,800 U/g) under optimized conditions and by using copper sulphate and
phenolic inducers.

Coriolus versicolor was cultivated in a mesh tray bioreactor using sorghum bagasse to
produce different ligninolytic enzymes, including LC. The optimization of mesh sizes in
the tray and the airflow rate led to a 1.9-fold increase in LC production [114], confirming
the important effect of the reactor type and airflow system for the fungal growth and
enzyme production.

Tea residues deriving from tea beverages, instant tea production, and polyphenol
extraction can be used as a substrate for fungal growth and LC production, as described
by Xu et al. [115]. Compared to the cereal derived wastes, the tea residues showed lower
lignin and cellulose content in favor of higher hemicellulose. Nonetheless, the authors
were able to produce up to 31.2 U/g of LC after only eight days. A different approach
was used by Pourkhali et al., who isolated an LC-producing fungi from the olive oil mill
wastewater to produce LC using the olive-leaf wastes [116]. In this way, they were able to
use an already adapted fungal species and boosted LC production thanks to the addition
of another waste, wheat straw. In this work, the reaction parameters were also optimized
by the Taguchi method of an orthogonal array design of experiment (DOE) to obtain up to
56 U/g of LC after 14 days of fermentation.

These recent studies demonstrate that using sustainable substrate for LC production
is feasible and allows the valorization of different kinds of wastes and reduce the costs
of LC production and the environmental pollution that is derived from their disposal.
Pretreatments, redox mediators, and parameter optimization are often needed to boost LC
production or increase the rate of production.

Scaling up of LC production by SSF, enzyme immobilization, and purification technolo-
gies remain future activities to investigate for successful and simple industrial application.

3.2. Laccase Immobilization on Agro Industrial Wastes

Enzyme immobilization is defined as a process which binds a soluble enzyme to a car-
rier matrix to generate an insoluble species with improved catalysis and resistance to harsh
environmental conditions [117]. Immobilization has been widely used in industry to en-
hance enzyme stability and its recovery in batch or continuous reactor operations [118,119].
The attachment to a matrix makes the enzymes insoluble and thus, easier to recover, and
improves the general stability by making the enzyme more rigid, delaying its degradation
or unfolding, and preventing the inhibition by the substrate [120].

Nowadays, increasing attention is given to carrier materials which are cost-effective,
safe, biodegradable, and environmentally friendly. Together with the traditional biobased
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immobilization materials (agarose, starch, chitosan, alginate), agro-industrial wastes rep-
resent an important opportunity to improve circularity and sustainability in the food
system [121]. Lignocellulosic waste, spent grains, eggshell membrane, biochars, and
chicken feathers were successfully used to immobilize LCs, as well as other enzymes from
fungal origin [122], as reported in Table 2.

Spent grains (SGs) are a waste that is generated after the mashing and lautering of
beer. Due to the presence of many functional groups (carboxyl, hydroxyl, and amino) to
which LC can be covalently linked or adsorbed, it can be used as a carrier for enzyme
immobilization. da Silva et al. (2012) immobilized a commercial LC from Aspergillus
spp. that is used in textile industry by covalent bonding on SGs to obtain higher storage,
operational, and thermal stability [123]. Similarly, Girelli and Couto (2021) immobilized
a commercial LC preparation from T. versicolor by adsorption, although this resultd in a
significantly lower catalytic activity [124].

Eggshell membrane (ESM) is a by-product of egg transformation chain and represents
an interesting immobilization support for LC immobilization. ESM is mainly composed of
proteins (80%) as well as being a cross-linked, water insoluble, and a porous material. The
main protein components are collagen, hyaluronic acid, and glucosamine, which are rich
in amino, hydroxyl, carboxyl, and thiol groups that are needed for immobilization [125].
A commercial LC from T. versicolor was immobilized in ESM by means of both covalent
bonding and adsorption [126]. In this preliminary study, different protocols were compared
and the reusability was 30–40% after six cycles.

Immobilization of LC on coconut fibers (CFs) has been widely explored for LC in both
food and non-food applications. Adsorption of a commercial LC from T. versicolor on CFs
proved to extend the stability and reuse of LC over 10 cycles for fruit juice clarification [127].
Cristóvão et al. investigated two different immobilization techniques for a commercial LC
from Aspergillus spp., namely adsorption and covalent bonding on CFs. Covalent bonding
proved to be more efficient than adsorption to increase operational and storage stability,
as well as activity towards textile dyes [128,129]. Nonetheless, adsorption of the dyes to
the carrier was observed so reversibility of the reaction should be taken into account in
further studies.

Biochar is the product that remains after the pyrolysis of a biomass, i.e., burning in the
absence of or with limited air to temperatures of over 250 ◦C. Due to its chemical stability,
high surface area, and porosity, it has been used as a carrier for enzyme immobilization,
mostly by adsorption. With regard to LC immobilization, different studies were performed
to remove environmental pollutants. Li et al. immobilized an LC from Coprinus comatus on
two different wood biochars deriving from maple and spruce, obtaining the best results
with maple biochar that had a higher surface area and pore volume. A higher stability,
reusability (five to seven cycles) and enhanced enzymatic degradation towards chlorinated
biphenyls were obtained [130]. Rice straw biochar was also used to immobilize an LC
from T. maxima for an effective anthracene degradation [131]. The enzyme retained 66%
of activity after immobilization and up to 60% activity was retained after six cycles of
operational use.

Covalent bonding of an LC from T. versicolor to pine wood, pig manure, and almond shell
biochars was also tested for diclofenac removal [132]. As reported in other studies, the most
promising results were obtained for biochars with a higher surface area. In addition, func-
tionalization with citric acid was shown to improve LC covalent immobilization up to 20%.
Chicken feathers are a waste by-product of the poultry industry. Common disposal meth-
ods are harmful for the environment and include incineration or burial in landfills [133].
Suman et al. [134] covalently immobilized a LC from T. maxima with chicken feathers that
were functionalized with amino 3-aminopropyltrimethoxysilane. They obtained a LC with
higher thermal stability and no significant loss of enzyme activity after eight cycles. The
complete degradation of veratril alcohol was obtained in 48 h.
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Compared to the use of synthetic carriers, the use of agro-wastes reduces the environ-
mental impact of enzyme immobilization. Nonetheless, in most cases the treatment with
chemicals or functionalizing agents is needed [122].

These processes have been validated only at the laboratory level, thus further studies
are needed to assess scale-up and efficacy in industrial operational conditions. An im-
portant issue that needs to be addressed in operational conditions is the possible enzyme
leaking from the carrier material, which has to be evaluated also in accordance with the
final use of the treated material (food, feed, raw materials for fermentation etc.). When
using high performing enzymes, it is mandatory to use low dosages and reduce the risk
of having high enzyme amounts being possibly released from the carrier. Nonetheless,
the studies that were presented here showed promising results also in terms of enzyme
leakage after multiple cycles.

A further step towards sustainability, scale-up, and economic feasibility has to be
done to reduce the use of these chemicals that are needed to pretreat the material. De-
spite that, the impact of the disposal of such wastes, generally by burning, still remains
more concerning.

3.3. Valorizarion of Agro-Wastes by Laccase Pretreatment

As already mentioned, biorefinery for energy production is one of the main path-
ways that LC pretreated agro-wastes may enter as raw materials. Indeed, the so-called
second-generation bioethanol employs lignocellulosic biomass and wastes as a source of
fermentable sugars [135]. Nonetheless, the pretreatment to remove or degrade lignin is
mandatory. Effective delignification increases sugar accessibility and enhances the fol-
lowing saccharification step, while the removal of phenols allows the microorganisms to
efficiently ferment and produce bioethanol or methane. Purified LC preparations were
successfully used for the delignification of different vegetable biomasses (Table 3).

Table 3. Laccase application for the valorization of agro-wastes.

LC Origin Application Results Reference

Trichoderma asperellum
Pretreatment of sweet sorghum

stover for biohydrogen
production

Removal of up to 77% of lignin;
3.26-fold increase in biohydrogen

production.
[136]

Pleurotus ostreatus
Pretreatment of apple pomace,

potato peels, and coffee silverskin
for energy production

Up to 83% saccharification yields
and ∼70% phenol reduction using

2.5% vanillin as redox mediator
[137]

P. djamor Valorization of pineapple leaf
waste for biofuel production

Removal of up to 78.57% of lignin,
2.6-fold increase in reducing sugars [138]

P. djamor Pretreatment of sugarcane tops
Decrease of up to 79.1% of lignin

content; increase of 3.3 fold in
fermentable sugars

[139]

Pycnoporus cinnabarinus
Valorization of sugarcane bagasse

for energy production

Decrease of up to 27% of lignin
content; increase of 39% of glucose

release [140]

Valorization of straw for energy
production

Decrease of up to 31% of lignin
content; increase of 46% of glucose

release

Trametes maxima Pretreatment of jute sticks for
energy production

Decrease of up to 21.8% of lignin
content; increase of 19.5% of

glucose release using 5% HBT as
redox mediator

[141]

Lentinus squarrosulus MR13 Pretreatment of kans grass
(Saccharum spontaneum)

Decrease of up to 87.8% of lignin
content; increase of 9% of

bioethanol production
[142]

Decrease of up to 81.2% of lignin
content; production of up to 500

mg/g of fermentable sugars
[143]

T. versicolor Pretreatment of coffee bean
processing waste for composting Increase in total plate count values [144]
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A purified LC from Trichoderma asperellum was used to pretreat sweet sorgum stover [136].
Thanks to its high stability at high temperatures and low pH, the authors were able to remove
of up to 77% of lignin and obtain a 3.26-fold increase in biohydrogen production, proving that
this LC could represent an important tool to be used in biofuels conversion. Giacobbe et al. [137]
used two different LC preparations from P. ostreatus to de-lignify three different agro-wastes,
namely apple pomace, potato peels, and coffee silverskin. The treatments with and without the
addition of vanillin as a redox mediator were effective in reducing the lignin content (73 and
83%, respectively), to remove phenols, and to obtain satisfactory saccharification yields. The
authors highlight that using such enzymatic pretreatment allows the avoidance of filtration and
washing steps, with important advantages in sugar retention for the subsequent saccharification
step and wastewater production [136].

Pineapple leaves are an important agro-industrial waste which can be valorized for
biofuel production after lignin removal. Banerjee et al. treated this waste with an LC
preparation from P. djamor with optimized solid loading (20%, w/v), incubation time (six
hours), temperature (40 ◦C), pH (7), and enzyme concentration (500 IU/mL) obtaining
the removal of up to 78.57% of the lignin and a 2.6-fold increase in reducing sugars [138].
Similarly, Sherpa et al. optimized the sugarcane top pretreatment with an LC from P. djamor.
In accordance with the study of Banerjee et al., they obtained optimized conditions for
solid loading (21%, w/v), incubation time (six hours), temperature (40 ◦C), pH (7), and
enzyme concentration (430 IU/mL) obtaining the removal of up to 79.1% of lignin and a
3.3-fold increase in reducing sugars [139].

The redox mediator HBT was used in combination with an LC from P. cinnabarinus
for the pretreatment of sugarcane bagasse and straw, with the aim of removing lignin and
reuse these wastes for energy production [140]. Thanks to the LC treatment, the lignin was
reduced by 27% and 31% from sugarcane bagasse and straw, respectively, allowing the
release of 39% and 46% of glucose for the saccharification step.

T. maxima LC was used in combination with HBT to pretreat the jute sticks, a widely
abundant waste that is derived from jute fiber extraction [141]. By using the laccase-
mediator treatment, the lignin was reduced up to 21.8% with a single reaction and the yield
of fermentable sugars was increased by 19.5%.

Rajac and Banerjee studied the delignification of kans grass for bioethanol production
in two different studies using different conditions for the enzymatic hydrolysis [142,143].
Promising results in terms of delignification, sugar release (up to 500 mg/g), and bioethanol
production (increase of 9%) were obtained.

LC pre-treatment of vegetable biomass can be also helpful for the production of
sustainable compost. Besides being hardly degraded by the microorganisms that are
used for composting, lignin hinders humus formation. The addition of lignin-degrading
microorganisms has been proven to boost the rate of composting, its maturity, stability,
and final quality [145]. The use of whole microorganisms is widely spread, especially
because the spent mushroom substrates can be used for composting, as fertilizers, or for
remediation purposes [146]. So far, only the use of an LC preparation from T. versilocolor
was reported by Nazilah et al., who treated the coffee bean processing waste to improve its
composting quality. The reduction in lignin and phenols allowed it to have a higher and
more stable microbial count and to improve the compost quality [146].

The use of enzymes in industry is a reality in many fields of application. In particular
in biorefinery processes, cellulases have been mostly applied to recover the simple sugars
from the polysaccharide fraction. Therefore, the implementation of the use of an LC
for the pretreatment of the vegetable biomass is feasible. Nonetheless, to save costs,
reduce the environmental impact, and maximize yields, it requires a careful analysis of
technical solutions that enable the design of a single reactor to perform delignification,
saccharification, and fermentation in a continuous or sequential mode [144]. Eventually, it is
important to study the delignification kinetic and the enzyme stability/activity/adsorption
to the lignocellulosic material in a bioreactor to obtain reproducible and satisfactory results
also when material with different lignin/cellulose/hemicellulose ratio is used.
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4. New Trends and Challenges for Laccase Application

4.1. Cold-Active Laccases

A novel trend in enzyme technology is the use of cold-active enzymes, namely ex-
tremozymes that are produced by psychrophiles which have a high catalytic activity at
moderate-low temperature [147]. The use of such enzymes is of particular interest because
they allow the treatment of agro-wastes and vegetable biomass in the site of production.
This is because the process can be performed at room temperature, saving the energy that
is required to heat the biomasses as well as without complex transportation procedures.

Moreover, such enzymes can be used to process heat-sensitive products in the food
industry. LCs for phenolic compounds removal in chilled juices, wine, and ready to
drink coffee and tea, or to improve the texture in surimi, yogurt and ice cream, and meat
represent possible applications of cold-active LC in the food industry [148]. Eventually, the
thermolability of cold-active enzymes will allow an easy control of the process since they
can be selectively inactivated by mild heat [148].

The interest in cold-active and cold-adapted LCs has risen, in particular for the
possibility of removing contaminants from effluents or wastes that are directly in the site of
contamination or without the need for elaborate equipment. Table 4 summarizes the most
recent studies on cold-active LCs.

Table 4. Cold-active and alkaline active laccases and their application.

LC origin Application Results Reference

Botrytis sp. FQ Removal of antibiotics

70% activity at temperatures
between 0 ◦C and 30 ◦C and an

optimal temperature of 15 ◦C on
dimethoxyphenol and removal of

up to 60% of triclosan at pH 6.8, 20
◦C

[149]

Kabatiella bupleuri Dye decolorization

Retention of 60% of the maximum
activity at 10 ◦C and over 40% in ice;
up to 48.6% degradation of crystal
violet after 1-h reaction with ABTS

[150]

Lac-Q from Pycnoporus spp. Removal of antibiotics

Retention of 51% of the maximum
activity at in ice; degradation of

50 mg L−1 of oxytetracycline at pH
6.0 and 0 ◦C after 5 min with ABTS

[151]

Melanocarpus albomyces Oxidation of
dimethoxyphenol

Optimum pH of 9 for the substrate
2,6-dimethoxyphenol [152]

Coprinopsis cinerea Dye decolorization

High activity towards
2,6-dimethoxyphenol at pH 8-8.5;

decolorization of 87% of indigo dye
at pH 7.0–7.5

[153]

Shi et al. [149] isolated a cold-active LC from Botrytis sp. FQ grown on tomato fruits
that were stored at 4 ◦C. The enzyme showed 70% activity at temperatures between 0 ◦C
and 30 ◦C and an optimal temperature of 15 ◦C on 2,6-dimethoxyphenol, a classic LC
substrate. When tested in operational conditions, pH 6.8, 20 ◦C, the LC was able to
remove up to 60% of triclosan. A cold-adapted LC from Kabatiella bupleuri was isolated
and characterized by Wisniewska et al. [150]. The enzyme had an optimal temperature
of 30 ◦C. Nonetheless it retained 60% of its maximum activity at 10 ◦C and over 40% in
ice. Interestingly, the LC could be efficiently produced using a sustainable material (BSG)
such as a carbon source in SSF and used for dye decolorization. Lac-Q from Pycnoporus
spp. showed an optimum temperature of 70 ◦C but retained about 51% of the maximal
activity when incubation in ice. Lac-Q was used in combination with ABTS to degrade
oxytetracycline [151].
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4.2. Alkaline Active Laccase

LCs are generally stable at alkaline pHs. Nonetheless at such pHs, their activity is
barely detectable [152]. This pH profile of most fungal LCs was explained by an inhibitory
effect of the OH- ions on the T2 and T3 centers, as well as by the redox potential difference
between the reducing substrate and the T1 center at an alkaline pH [154]. Alkaline-active
LCs are rare and can be found in alkaliphilic organisms or obtained by protein engineering.
In the latter case, structure-based amino acid substitution near the T1 and TNC sites proved
to be effective in shifting LC optimum pH activity [152].

Catalytic activity at a high pH is a desirable characteristic in certain industrial contexts
such as bioethanol production, hair coloring, paper bio-bleaching, or pollutant removal
from wastewaters. Lignin is insoluble at neutral-acidic pHs thus, an LC could be applied for
its depolymerization only after solubilization in alkaline solution [155]. Wastewaters from
textile industries generally possess a neutral to alkaline pH (7–10) because dye bleaching is
traditionally performed using an alkali solution, such as sodium hypochlorite [156]. There-
fore, the study of alkaline active LCs which could be potentially used in such industrial
applications is an important topic of research that has been explored little (Table 4).

Protein engineering via error-prone PCR was used to obtain LC mutants which exhib-
ited high activity towards 2,6-dimethoxyphenol at pH 8–8.5. When tested in operational
conditions (pH 7.0–7.5) it efficiently decolorized 87% of indigo dye [153]. A knowledge-
gaining directed evolution (KnowVolution) process was used to increase the alkaline
tolerance of an LC from Melanocarpus albomyces. By means of two single mutations near the
T1 site, the authors were able to obtain an LC with an optimum pH of 9 for the substrate
2,6-dimethoxyphenol [157]. Eventually, directed evolution was used to obtain a blood
tolerant LC for LC-based bio-electronic devices application [158]. By introducing mutations
near the T1 site, the authors were able to shift the pH activity profile of a thermostable LC
to more alkaline values and to significantly enhance NaCl tolerance.

The research on these topics is still at an early age and further studies are needed to
ensure the implementation of enzyme production at industrial level, enzyme improvement
to avoid the use of synthetic mediators, and the toxicological assessment of the degradation
products in the case of remediation applications.

The search for an LC with extended catalytic properties, stability, and activity in the
harsh environmental conditions that are typical of industrial processes is a major topic
of research. As shown by the studies reported here on cold- and alkaline-active LCs,
extremozymes can be found in nature, but most likely can be improved or created in the
laboratories thanks to the application of biotechnology.

Rational and random mutagenesis by error-prone PCR has represented the method
of choice to improve LC catalytic activity in the past. Later, other techniques, such as
site-directed mutagenesis, semi rational design, and directed evolution have been used
and often combined in a stepwise mutagenesis approach [158]. Recently, DNA shuffling,
directed evolution, site-directed, and site-saturation mutagenesis have been applied to
obtain engineered, tailor-made LCs or chimeras with increased thermostability and activity
under harsh environmental conditions (extreme temperatures, pHs, presence of surfactants,
solvents, or enzyme inhibitors). Moreover, the use of computational methods to flank
protein engineering is opening new opportunities to deliver tailored catalysts for specific
applications [158].

5. Conclusions

Enzymatic catalysis is an essential pillar to ensure sustainability in industrial process-
ing. Enzymes are safe, selective, specific, biodegradable, and require mild operational
conditions. Nonetheless, their application in an industrial context is limited due to diffi-
culties in scale-up, discouraging technology readiness, and process economics. Among
the many industrial enzymes, LCs show a unique profile in terms of greenness, versatility,
pollutants removal, and efficiency in lignin degradation for the exploitation and valoriza-
tion of agro-wastes. Indeed, lignin removal is one of the main limitations in closing the
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loop of agricultural systems because it is the main obstacle for the reuse of wastes as raw
materials for the production of valuable compounds or for fermentations. Nonetheless,
in recent decades, research has made many steps forward to fully exploit this important
enzyme, ensure the economic feasibility of its production, and to overcome the technical
limitations of its application. In this review the most recent advances for LC production,
immobilization, and use of ago-wastes were given. At the laboratory level these methods
proved to be efficient and feasible. Nonetheless, a continuous crosstalk and collaboration
with industries is needed to let the new era of LC-sustainable use in industry begin.

Still, after over 100 years from its discovery, LCs remain one of the most promising green
enzymes for sustainability, reuse, valorization, and decontamination of vegetable biomasses.
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Abstract: Iron (Fe) is the fourth most abundant element on earth and represents an essential nutrient
for life. As a fundamental mineral element for cell growth and development, iron is available for
uptake as ferric ions, which are usually oxidized into complex oxyhydroxide polymers, insoluble
under aerobic conditions. In these conditions, the bioavailability of iron is dramatically reduced. As
a result, microorganisms face problems of iron acquisition, especially under low concentrations of
this element. However, some microbes have evolved mechanisms for obtaining ferric irons from the
extracellular medium or environment by forming small molecules often regarded as siderophores.
Siderophores are high affinity iron-binding molecules produced by a repertoire of proteins found in
the cytoplasm of cyanobacteria, bacteria, fungi, and plants. Common groups of siderophores include
hydroxamates, catecholates, carboxylates, and hydroximates. The hydroxamate siderophores are
commonly synthesized by fungi. L-ornithine is a biosynthetic precursor of siderophores, which is
synthesized from multimodular large enzyme complexes through non-ribosomal peptide synthetases
(NRPSs), while siderophore-Fe chelators cell wall mannoproteins (FIT1, FIT2, and FIT3) help the
retention of siderophores. S. cerevisiae, for example, can express these proteins in two genetically
separate systems (reductive and nonreductive) in the plasma membrane. These proteins can convert
Fe (III) into Fe (II) by a ferrous-specific metalloreductase enzyme complex and flavin reductases (FREs).
However, regulation of the siderophore through Fur Box protein on the DNA promoter region and its
activation or repression depend primarily on the Fe availability in the external medium. Siderophores
are essential due to their wide range of applications in biotechnology, medicine, bioremediation of
heavy metal polluted environments, biocontrol of plant pathogens, and plant growth enhancement.

Keywords: fungal cytoplasm proteins; iron uptake; iron-binding molecules; siderophore biosynthe-
sis; hydroxamate; siderophore-Fe chelators mannoproteins; biotechnology; medicine; biocontrol;
bioremediation

1. Introduction

Iron plays a vital role in the growth and development of living organisms, and it is
one of the most abundant elements found on earth [1]. Mineral bioweathering is important
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in soil ecosystems because it increases the availability of iron for colonizing organisms,
which is limited in oxygenic environments [2,3]. Indeed, Fe is converted into insoluble
oxyhydroxide polymers under aerobic conditions at biological pH (oxidized form) [4].
Plants require (10−5–10−7 M) of Fe (II) for growth and development, whereas the solu-
bility of Fe (III) in nature is 10–17 M at pH 7 [5]. During the evolution of life on earth,
the majority of iron was in insoluble Fe (III) forms. Therefore, microorganisms including
fungi, bacteria, and cyanobacteria adapted to low iron availability levels and overcame
iron deficiency by synthesizing siderophores [6–8]. Siderophores are low molecular weight
compounds (200–2000 Da) produced by different microbes, which chelate the iron from
different habitats [9]. Scientific data have shown the ubiquitous presence of siderophores
in plants and microbes. A significant number, i.e., 500 fungal and bacterial siderophores,
are documented [10]. Furthermore, mammalian siderophores have also been reported [11].
Several laboratory methods, including spectrophotometric titration, electrophoretic mobil-
ity, mass spectrometry, acid hydrolysis, and biological activity tests are used to characterize
siderophores [12].

Fe plays an essential role in vital functions, including photosynthesis, respiration,
synthesis of DNA, RNA, proteins, and enzyme cofactors [13]. In human serum, transferrin
is an iron transport protein that maintains Fe (III) concentration (10–24 M) and blocks the
entry of pathogens [14]. Fungi and other microorganisms adopt various strategies for iron
acquisition from the extracellular environment by (i) use of metal ion transporters [15],
(ii) acquisition from heme and heme containing-proteins [16], (iii) acquisition from trans-
ferrin, lactoferrin, and ferritin [17,18], (iv) use of reductive systems of iron uptake, and
(v) siderophore-mediated iron transport [8]. Siderophore-mediated Fe-scavenging is an
essential process in soil ecosystems that improves the bioavailability of iron derived from
mineral dissolution via bioweathering. Siderophores primarily scavenge iron through
complex formation with other metals such as molybdenum and cobalt [19]. These com-
pounds promote plant growth and play an important role in pathogen biocontrol [20] and
bioremediation of metal-polluted environments [21].

Fungal siderophores are very diverse and show striking structures. Fungi usually pro-
duce hydroxamate and carboxylate siderophore types, which have been primarily studied
in Aspergillus species. For instance, A. fumigatus and A. nidulans synthesize about 55 types
of siderophores. Both species live as saprotrophs, contributing to maintaining carbon and
nitrogen cycles in the environment [8]. Many fungi can produce more than one siderophore
type, especially under low iron availability. Aspergillus fumigatus often produces a hydroxa-
mate siderophore and triacetyl fusarine C (TAFC) for tapping extracellular iron [22]. This
fungus can also secret a siderophore called ferricrocin for mobilization and distribution of
hyphal iron, and intracellular iron storage. Besides, A. fumigatus synthesizes the conidial
siderophore ‘hydroxyferricrocin’ for storing iron in its conidia to support the germination
process and reduce oxidative stress [23]. Aspergillus nidulans has been reported to produce
two main siderophores, ferricrocin (Frr) and ferrihordin. A twenty-four hour culture of
A. nidulans produced an unacetylated form of TAFC, which is known as fusigen. In contrast,
an older strain (48 h) yielded acetylated TAFC due to breakdown and uptake of fusigen [24].
Another fungus, Wolfiporia cocos, known as a brown-rot fungus, may produce different
types of catecholate siderophores [25]. According to Haselwandter et al. [26], the two
ubiquitous ectomycorrhizal basidiomycetes Laccaria laccata and L. bicolor can produce linear
ester-containing Fsg siderophores, i.e., CPG, Frr and TAFC, apart from the hydroxamates.

Many researchers are now interested in knowing how some fungal strains have
evolved to produce different types of siderophores, what are the suitable conditions for
the production of siderophores, how siderophores, in general, can contribute to fungal
survival, and what are the structural differences between fungal siderophores. Indeed,
many studies have used structural and stereochemical analyses to describe the properties
of fungal siderophores, while attempts have been made to understand the production,
recognition, and transportation mechanism of siderophores in different fungal species.
Some members of siderophore classes have been characterized by crystalline structures, the
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absolute metal center configuration, and conformation in solutions [8,27]. Understanding
of chemical and structural properties and transport mechanisms of fungal siderophores
has also inspired many researchers. Ferrichromes (FRC), for example, are the best studied
siderophores and are now regarded as biomolecules. However, there is still a dearth of
knowledge on how siderophores are designed for transport. Except in plants, nothing
is known about the possible membrane-located transport system for siderophores in the
fungal plasma membrane.

Further studies are still needed to describe in detail, or confirm, the protein nature
of many fungal siderophores. However, some studies have already clarified the energy
requirement for siderophore-mediated iron transport in fungi. There is evidence sug-
gesting that the transportation of siderophores can be mechanically transferred across
the cytoplasmic membrane. However, it is still not fully known yet to what extent this
is possible.

2. Overview of Fungal Siderophores

Fungi are heterotrophic eukaryotic organisms [28]. Among them, saprobic fungal
species are decomposers that break down and feed on decaying organic matter. Many fungi
show two major responses to iron concentration in the environment: siderophore synthesis
under iron stress, and a high-affinity ferric iron reductase [29]. On the basis of chemical
interaction sites, siderophores have been classified into two major groups, i.e., Enterobactin
and Hydroxamates. Enterobactin is regarded as a good iron chelator, which has the
ability to interact with iron and catecholate hydroxyl groups. Hydroxamates are unique,
due to the presence of N-hydroxylated amide bonds. The hydroxamate siderophores,
such as FRC, are commonly produced by fungi. Siderophores that are synthesized by
microbes and plants are classified based on coordinating groups and Fe binding system,
including (i) phenolates, (ii) hydroxamates, (iii) polycarboxylates (Table 1). Common
types of siderophores are hydroxamates, catecholates, and carboxylates [30]. Nitrogen,
oxygen, and sulfur atoms can take part in iron coordination in the carboxylate group of
siderophores [31,32]. Another group of siderophores is known as the mixed type. Mixed
type siderophores do not belong to hydroxamate and the aromatic hydroxyl category. These
hybrid types of siderophores are classified based on the position of the Fe (III) binding group.
Mixed-type siderophores can bind salicylic acid and nitrogen [4]. Common examples
of mixed type siderophores are (i) lysine derivatives, such as myobactin, (ii) ornithine
derivatives, including pyoverdine, and (iii) histamine derivatives, such as anguibactin.
Other examples are thiazoline, oxazoline, and pyoverdine. Pyoverdine, in particular, has
been reported as a signaling molecule in the bacterium Pseudomonas aeruginosa [33] and as
an inhibitor molecule against zinc-containing matrix metalloproteinases (MMPs), which
often degrade in extracellular matrixes [34]. The main groups of siderophores are itemized
in Figure 1. Many phytopathogenic fungi synthesize unique compounds to chelate iron,
but also produce phytotoxins. Fungi mainly synthesize hydroxamate-type siderophores
(derived from the nonproteinogenic ornithine amino acid) (Table 1).
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Table 1. Types of siderophores and their characteristics.

Siderophores Types Characteristics References

Hydroxamates Rhodotorulic acid

The diketopiperazine ring of
N5-acetyl-N5-hydroxy-L-ornithine units linked
head-to-head. Produced mainly by basidiomycetous
yeasts such as Rhodotorula spp.

Haas [35]; Das et al. [36]

Coprogens

The diketopiperazine ring (dimerum acid) of
diketopiperazine ring (dimerum acid) units linked
head-to-head. Produced generally by a number of plant
pathogens, such as H. capsulatum, B. dermatitidis,
Fusarium dimerum and Curvularia lunata. These are di or
tri-hydroxamates derivatives of rhodotorulic acid with a
linear structure composed of trans-fusarinine units.

Haas [35]; Das et al. [36]

Ferrichromes

Cyclic hexapeptides consisting of tripeptide of
N-acyl-N-hydroxyornithine and three amino acids,
serine, glycine and alanine. Several different acyl groups
have been found in this family such as acetyl, malonyl,
transb-ethylglutaconyl, trans-anhydromevalonyl, and
cis-anhydromevalonyl. Ferrichromes are produced by
phytopathogenic fungi and by Microsporum sp.,
Trichophyton sp., and Aspergillus spp. Another function
of ferrichromes is the intracellular storage of iron.

Haas [35]; Das et al. [36]

Fusarinines

Linear or cyclic hydroxamates composed of
N-hydroxyornithine, which is N-acylated by
anhydromevalonic acid. Produced by Fusarium spp.,
Paecilomyces spp., and Aspergillus spp.

Das et al. [36]

Polycarboxylates Rhizoferrin

A citric acid-containing polycarboxylate called
rhizoferrin has been isolated from Rhizopus microsporus
var. rhizopodiformis. The molecule is composed of two
citric acid units linked to diaminobutane. Produced
mainly by Mucoromycota, Mucorales (Mucoraceae,
Thamnididiaceae, and Choanephoraceae) and
Mortierellales (Mortierellaceae), and
Entomophthoromycota, Entomophthorales.

Das et al. [35]

Figure 1. General groups of siderophores.
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Hydroxamates are further categorized into three groups: (i) fusarinines (FSR), (ii) co-
progens (CPG), (iii) FRC, with a few exceptions, such as the rhizoferrin (Figure 2). Rhizo-
ferrin is a carboxylate-type siderophore produced by certain zygomycetes. Siderophore
synthesis by fungi depends on the nutrient medium and culture conditions. Hydrophilic
siderophores are derived from the common structural unit Nδ-hydroxyornithine. In
fungi, they consist of hydroxylated and alkylated ornithine amino acid, while in bac-
teria, they are acylated and hydroxylated alkylamines [37], represented by N6-acyl-N6-
Hydroxylysine or N5-acyl-N5-Hydroxyornithine reported by Winkelmann [38]. All hydrox-
amate siderophores are characterized by peptide linkage [24], except fusarinine C (FsC),
synthesized by Aspergillus nidulans, which shows ester bonds. Two O2 molecules of these
groups bind with Fe, known as bi-dentate ligand. Hydroxamate siderophores are capable
of binding hexadentate octahedral complex with Fe (III) [39].

Fungi synthesize more than one type of siderophore belonging to a single structural
family or different structural families. For instance, Trichoderma pseudokoningii and T. longi-
brachiatum synthesize all three structural families of siderophores [40]. The FSR (fusarinine)
is a siderophore synthesized by young cultures of Fusarium roseum, whereas at the older
stage of culture, FSR is replaced by malonichrome. Siderophore identity is a valuable trait
in fungal taxonomy [41]. In fact, wide ranges of siderophores are found within a fungal
genus. Mor et al. [42] found that siderophore production in Trichophyton and Microsporum
species are similar. For instance, T. rubrum and T. mentagrophytes produced siderophores
that are also synthesized by Microsporum taxa. The same siderophores, ferrichrome C
and ferricrocin, are produced in Microsporum species, including M. canis and M. gypseum.
In contrast, T. mentagrophytes and T. Tonsurans produce only ferrichrome. Other fungal
siderophores are described in Table 2.

 

Rhodotorulic acid Coprogens 

Figure 2. Cont.
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Triacetylfusarinine C Ferricrocin 

 
Rhizoferrin 

Figure 2. Structure of fungal siderophores.

Table 2. Some examples of fungal siderophores.

Fungal Source Siderophores References

Aspergillus sp., Penicillium oxalicum,
Aureobasidium pullulans, Phanerochaete

chrysosporium
Hydroxamates Ghosh et al. [22]

Alternaria longipes Trihydroxamate (Hydroxycoprogen I,
Hydroxyneocoprogen I) Jalal and Helm [43]

A. longipes
Trihydroxamate (Nb-dimethyl coprogen,

Nb-dimethyl neocoprogen I and
Nb-dimethyl isoneocoprogen

Jalal et al. [44]

Candida sp. Ferrichrome, hydroxamates Baakza et al. [37]

Curvularia lunata Trihydroxamate (Neocoprogen II) Hossain et al. [45]

Epicoccum purpurascens (Syn. E.
nigrum)

Trihydroxamate (Isoneocoprogen I or
Triornicin) Frederick et al. [46]

E. nigrum and C. lunata Trihydroxamate (Isotriornicin or
Neocoprogen I) Frederick et al. [46]; Chowdappa et al. [47]

Fusarium dimerum Dihydroxamate (Dimerum acid) Diekmann [48]

F. roseum Cis-fusarinine Emery [49]

dimerum Trans-Fusarinine Diekmann [48]
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Table 2. Cont.

Fungal Source Siderophores References

F. dimerum Trihydroxamate (Coprogen B) Diekmann [48]

Gliocladium virens Fusarinine A, Fusarinine B Jalal et al. [50]

Neurospora crassa Neurosporin Eng-Wilmot et al. [51]

Penicillium sp. Trihydroxamate (Coprogen) Pidacks et al. [52]

Penicillium sp. N, N’N’-triacetylfusarinine C Moore and Emery [53]

Paracoccidioides sp. Hydroxamates Lesuisse et al. [54]

Rhizopus microsporus Carboxylates (rhizoferrin) Drechsel et al. [31]

Rhodothamus chamaecistus Fusarinine C (FsC), Fusigen Haselwandter et al. [55]

Saccharomyces cerevisiae Catecholate, hydroxamate, ferrioxamine,
ferricrocin Senthilnithy [56]

Trichoderma sp. Trihydroxamate (Pamitoylcorprogen) Anke et al. [40]

Trichoderma sp. Hydroxamates, carboxylates Baila et al. [57]

Ustilago inflorescentiae Dihydroxamate (Rhodotorulic acid) Atkin and Neilands [58]; Muller et al. [59]

3. Biosynthesis of Siderophores and Regulation

Biosynthesis of siderophores is divided into two major pathways: nonribosomal
peptide synthetase (NRPS)-dependent, and NRPS-independent [60,61]. NRPSs are large
multimodular enzyme complexes. They consist of adenylation domain (A), thiolation
domain (T), condensation domain (C), and thioesterase domain (TE). Each module of the
NRPS enzymes is responsible for adding amino acids (AAs) and forming peptide bonds.
NRPS enzymes determine the sequence and number of AAs in the peptide chain [62].
NRPS recognizes and activates AAs by activating A-domain and acylating adenylate via
an ATP-dependent reaction. The next steps are thiolation of (T) domain, in which the
activated ester is covalently linked, followed by condensation of the (C) domain, and direct
transfer of another acyl amino acid to form a peptide bond [63]. The thioesterase domain
(TE) is present in the final unit. The last step consists of assembling or releasing chains
from the NRPS by hydrolysis or cyclization. Cleavage of the acyl thioester, which binds
to the T domain, is an NADH-dependent reaction [64]. Fungi commonly use four main
mechanisms for iron uptake across the cytoplasmic membrane as follows: (i) A shuttle
mechanism in which the siderophore bound iron can be taken into the cell and the iron is
released by a reductase or by direct ligand exchange in which the recipient siderophore
becomes the storage molecule. The gathering ligand is released to capture another iron
molecule. This type of transfer has been used by coprogen and ferrichrome families. (ii) A
direct transfer mechanism in which iron is taken up (iron is first reduced by the reductive
pathway before taken up) while the ligand remains outside the cell. The iron transfer is not
a membrane-reductive event but is a membrane-mediated exchange between the gathering
siderophore and an internal chelating agent. The transfer mechanism may be by ligand
exchange (nonenzymatic) to an internal pool of the chelating agent, which then serves as
the storage compound. This type of transfer has been used by rhodotorulic acid. (iii) An
esterase-reductase mechanism in which iron ligand is taken up and ester bonds of the iron
ligand are split to excrete fusarinine moieties, followed by reduction and storage of ferric
iron. This type of transfer has been used by ferric triacetylfusarinine C. (iv) A reductive
mechanism with the transport of some ferrichromes, which do not to enter cells but give
up ferric iron by reduction with transport of the ferrous iron [36].

Hydroxamate fungal siderophores have similar biosynthetic pathways in terms of
their basic unit, characterized by hydroxyornithine [65,66]. Figure 3 represents a general
schematic biosynthetic pathway [67]. The first step is the hydroxylation of L-ornithine. This
is a precursor of siderophores, which is converted into N-hydroxy-L-ornithine in a reaction
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catalyzed by the enzymes L-ornithine and L-ornithine N5-oxygenase [61,68]. The second
step is the acylation of N-hydroxy L-ornithine to form N-acyl-N-hydroxy-L-ornithine in
the presence of the enzyme transacetylase [67]. The acyl-CoA derivative is an acyl donor,
and the reaction is catalyzed by acyl-CoA: N-hydroxy-L-ornithine N-acyl transferase. This
step has been reported in Ustilago sphaerogena [69,70], while N-acetyltransferase activ-
ity in siderophore biosynthetic pathways has been reported in Rhodotorula pilimanae [71].
N-acetyltransferase has also been reported in other fungi such as Fusarium cubense [72],
Rhodotorula glutinis [73], and Aspergillus quadricinctus [67]. The following steps are the
condensation of several N-acyl-N-hydroxy-L-ornithines combined in two to three units
and the formation of dipeptides and triesters such as FsC, rhodotorulic acid, and co-
progen B [67]. Condensation of amino acid and formation of cyclic peptide FRC were
reported in Aspergillus quadricinctus [74]. Peptide biosynthesis in siderophore production
and respective genes (sid2) have been described in Ustilago maydis and Trichoderma virens
(Psy1) [75,76]. Disruption of these genes makes U. maydis and T. virens unable to synthesize
ferrichrome [76,77].

Figure 3. L-ornithine is the biosynthetic precursor of siderophores in fungi. Intermediate steps includ-
ing hydroxylation, acylation and acetylation lead to the synthesis of Rhodotorulic acid, Fusarinine C
and Coprogen (modified and adapted from Philpott [29]).

Transport of iron via siderophores is an investment of biosynthetic energy. The function
of siderophores is mainly iron sequestration from an external medium. During excretion,
siderophores are released, and a few of them are loaded with iron molecules for supporting
the growth of the producing microorganism [78]. Therefore, the excretion of siderophores
responds to the availability of iron in the external medium [79]. Fur is a ferric uptake
regulatory protein produced in Gram-negative and positive bacteria [80]. A constitutive
siderophore mutant in Salmonella was observed by Ernst et al. [80], and cloned [81]. The
Fur+ gene is repressed along with a number of genes involved in iron uptake [82]. The
proposed repression model requires the Fur-protein’s internal binding of ferrous iron and
then binds to the Fur Box present on the target DNA. Inhibition of RNA polymerase is
responsible for the search of the promoter region of the iron-regulatory region. Under
limited iron conditions, transport systems and siderophore biosynthesis are activated,
and Fur protein is separated from the Fur box on the DNA [83]. In fungi, transcriptional
repressor (Fur) proteins are known as GATA factor proteins [84,85]. These proteins contain
GATA-type zinc fingers that bind to the siderophore biosynthesis genes [86,87] (Figure 4).
Table 3 represents negative fungal regulatory proteins in the biosynthesis and transport of
siderophores.
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Figure 4. Regulatory model of biosynthesis of siderophore and Fur Box activation or repression: At
the high iron concentration, formation of Fur box protein and iron complex in the promoter region
of the DNA and RNA polymerases are unable to move forward due to the regression of the gene,
while at low concentration of iron, Fur proteins release RNA polymerases leading to the expression
of genes.

Table 3. Negative fungal regulatory proteins in the biosynthesis and transport of siderophores.

S.No Regulatory Protein Similar to GATA Factor Organisms References

1. URBS1 Ustilago maydis Voisard et al. [88]; An et al. [86]
2. SRE Neurospora crassa Zhou et al. [89]
3. SREP Penicillium chrysogenum Haas et al. [90]
4. SREA Aspergillus nidulans Haas et al. [91]; Oberegger et al. [24]
5. GAF2p Schizosaccharomyces pombe Hoe et al. [92]; Pelletier et al. [93]

In iron-deficient conditions, C. albicans and S. cerevisiae use the Aft1 transcription
factor to bind with the promoter region of siderophore biosynthetic genes and activate the
expression of genes [94,95]. Therefore, external ion concentration is the regulatory factor for
intracellular biosynthesis of siderophores and transport proteins in microorganisms. The
regulation of siderophore production and transporter proteins are the most important eco-
logical aspects of siderophores. Iron sensing is a crucial step for the survival of competing
microorganisms in natural environments. Iron sensing assists the microbes in adapting to
ever-changing iron metabolism in different habitats [96]. Therefore, those microorganisms
highly sensitive to iron regulation are more resistant to environmental changes. Previous
research has provided insight into the low concentrations of iron in environments. Usually,
iron-deficient environments are colonized by aerobic microorganism through up-regulation
of siderophore biosynthetic genes and transport proteins [97]. The important question here
is: where is the low iron content in natural habitats? The marine region, especially in the
open oceans, calcareous soils, and freshwater lakes contain iron concentration in surface
water in the nano-molar 0,2 to 1 nM range [98] and inhibits growth of plankton, bacteria,
and plants.

In the human body, free iron is absent, and if any iron is present, it is in protein-bound
forms such as transferrin or lactoferrin and ferritin [99]. Pathogens can multiply in low
iron environments by sequestering iron from host proteins using ferric-binding protein
and transferrin-binding protein, as found in Neisseria. These transport proteins move from
the periplasm to the cytosol [100]. Pseudomonas aeruginosa cell lysis and degradation of
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proteins by the proteases and subsequent iron scavenging by the excretion of siderophores
is another method of iron acquisition. There are different routes by which pathogens
can utilize iron from the host cells, but the most suitable system is siderophore mediated
transport [101]. Another essential aspect of siderophore ecology is the energy saving. The
siderophore biosynthesis requires energy, which is obtained from ATP and carbon sources.
Siderophore production starts after the germination of conidiospores in fungi [102]. The
conidiospores contain a certain amount of siderophores packed into the wall of the spore
and secreted at the time of germination [103]. Siderophore genes are responsible for the
sporulation in some fungal strains. Knock out of siderophore genes in fungi was shown
to inhibit the sporulation process [104]. A notable example is the Aspergillus fumigatus
conidial siderophore ‘hydroxyferricrocin’, which also aids in germination and oxidative
stress tolerance [23].

4. Siderophore Mediated Iron Transport in Fungi

The fungal cell wall is made up of glucans, chitin, chitosan and glycosylated proteins,
and shows a highly dynamic structure [105]. The outer layers of the fungal cell wall
are composed of mannoproteins [106]. Mannoproteins affect cell permeability and are
influenced by growth conditions. Indeed, mannoproteins allow the passage of nutrients
across the cell wall to the periplasmic space and plasma membrane [54]. Regulation and
uptake of iron molecules are essential in fungi for maintaining homeostatic processes. As a
result, fungi commonly use four main mechanisms for iron uptake, including ferric iron
(Fe3+) uptake through the production of siderophores, iron assimilation through a redox
reaction, heme uptake, and direct iron uptake [8,35]. Every fungal species exhibits an
extracellular iron-uptake mechanism known as siderophore-iron transporter (SIT). This SIT,
in principle, is constituted by a major protein family that facilitates iron uptake in fungi,
acting through the help of the plasma membrane, with high solubility and energy, as a
proton-coupled symporter, and releasing iron-chelated siderophore during cell growth.
The triacetyl fusarine C (TAFC) and fusarinine C (FsC) have been found to enhance the
iron release through partial hydrolysis by the esterase (Estb) enzyme [15].

The structural configuration and properties of siderophores have revealed their vast
affinity for iron. All siderophores differ from each other; nonetheless, they share a common
conserved structure with a similar functional unit and show an identical pattern of binding
to other molecules, i.e., transferrin and lactoferrin. Siderophores typically consist of a
peptide backbone that interacts with receptors present in the outer membrane of the
cell surface [107]. The hydroxamate siderophores are more structurally complex and
hydrophilic. However, denticity plays a more critical role in their affinity toward iron. Most
siderophores exhibit a hexadentate structure that allows six coordination sites for ferric
ions [10]. An example of hexadentate siderophore is dihydroxylbenzoylserine trimer. It is
commonly produced from enterobactin and exhibits preorganized metal-binding via macro
cyclization [108].

It has been revealed that the hexadentate siderophores usually have a higher affinity for
Fe (III) than tetradentate siderophores. Each of their molecules contains three bidentate lig-
ands fused to form a hexadentate complex. This characteristic also reduces entropic changes
during the chelation of a single ferric ion, as compared to the bidentate siderophores, which
have only two to three ligand molecules [8,10]. The denticity of siderophores also differs
depending on their architecture, and varies from linear dimer to trimer, or cyclic trimer.
The cyclization of siderophores, related to the TAFC and enterobactin groups, enhances
stability and helps them to resist enzyme degradation [38].

Siderophore structure also varies based on the presence of different functional groups.
According to Renshaw et al. [109], fungal siderophores are usually formed by the basic
unit Nδ-acyl-Nδ-hydroxyornithine, i.e., L-isomer of N5-hydroxy-N5-acetylornithine. These
siderophores are derivatives of L-ornithine, except for Neurospora crassa siderophore. Neu-
rospora crassa, obtains a siderophore from neurosporin [51]. All siderophores produced by
fungi belong to the hydroxamate group, except the polycarboxylate rhizoferrin. It was
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revealed by Huschka et al. [110] that the geometrical stability of any siderophore complex
depends mainly on the kind and number of its N-acyl residues surrounding the iron coor-
dination center. Well configured stable L-cis ferrichrome siderophores have been identified
in Aspergillus quandricinctus, Neurospora crassa, and Penicillium parvum.

The mechanism of siderophore transport is specific or well defined in fungi, which
may use multiple transport systems or produce more than one siderophore at a time
for efficient recruitment and transportation of metal ions. For example, Howard [15]
reported that Agaricus bisporus has various transport systems for FSR and FRC, while
N. crassa has different recognition sites for CPG and the ferrichrome-type siderophore
system. Saccharomyces cerevisiae retains significant amounts of Fe-chelating molecules,
termed as siderophores, in its cell wall and periplasmic space. Under Fe-deficient condition,
there is the expression of very high levels of three mannoproteins (FIT1p, FIT2p, and
FIT3p) commonly regarded as facilitators of Fe-transport [111]. Siderophore-Fe chelators
improve protein retention in the cell wall, whereas deletion of related genes controlling
the mannoproteins fit1, fit2, and fit3 reduces ferrichrome and ferrioxamine uptake by 50%.
Fe-transport of S. cerevisiae is expressed into two genetically separate systems known as
reductive and nonreductive systems [29]. The two-step reductive system operates at the
plasma membrane level, where the reduction of Fe III (oxidized) into Fe II (reduced) is
done by a ferrous-specific complex also known as the high-affinity transporter [112,113].

4.1. Ferric Reductase Enzymes (FRE)

The ferric reductase enzymes (FREs) are metalloreductases encoded by FRE1 and FRE2
genes expressed on the plasma membrane, reducing or oxidizing iron and copper [114,115].
These reductases are integral membrane proteins (multiple) and possess binding sites for
Fe, coenzymes (FAD, NADPH), and cytochrome (b-types) [116]. Saccharomyces cerevisiae
exhibited reductases in different forms such as FRE1, 2, 3, 4, 5, and 6 under iron-deficient
conditions, and expressed FRE1 and 7, under copper depleted conditions. Fre3p was
expressed on the plasma membrane and showed siderophore reductase activity, while
Fre6p was located on a vacuolar membrane and involved in reductive export of iron into
the cytosol. Initially, ferric citrate reductases (Fre1 and Fre2p) of yeast are characterized
by broad substrate specificity and Fe uptake from many ferric sources. Siderophores bind
ferric iron with high affinity and convert ferric ion into a ferrous ion, allowing transport by
a specific ferrous ion transporter (Figure 5).

Figure 5. Mechanisms of ferric ion (Fe III) transport in the yeast cell, and subsequent transformation
into ferrous ion (Fe II).
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The plasma membrane of S. cerevisiae is bounded by a porous cell wall, providing the
shape of the cells, protecting them from osmotic lysis, and preventing the entry of too large
macromolecules. The siderophore-iron retention proteins (FIT mannoproteins) of the cell
wall facilitate iron retention with siderophores and do not require siderophore uptake. In a
few cases, siderophores cross the cell wall via nonspecific pores. FRE reductases (FRE1,2)
reduce Fe (III) into Fe (II) before uptake, and reduced iron is taken up through high-affinity
ferrous iron transporters (Fet3p and Ftr1p complex) or low-affinity iron transporters (Fet4
and Smf1). However, the Fet3p requires copper for optimum activity [29].

Fre1p and Fre2p catalyze the reduction of several iron-siderophore chelates, including
ferrichrome and ferrioxamine B [117]. Fre3p encodes a plasma membrane reductase that
catalyzes the reductive uptake of iron bound with hydroxamate siderophores, and Fre4p
specifically catalyzes the reductive uptake of di-hydroxamate rhodotorulic acid-iron [118].
The standard reduction potentials of physiological reductants such as NADPH are lower
than those of ferric siderophore complexes, which are kinetically unfavorable on the cell
surface. However, by coupling reduction of ferric-siderophore with competitive ligand
exchange with a ferrous iron-specific chelator at lower pH in hydrophobic environments,
the reduction potential can be changed into the level of physiologic reductants [10,119].
Therefore, in vivo ferric siderophores are reduced into ferrous ions at reduced pH in a lipid
rich environment. Similarly, transferrin, a high-affinity iron-binding glycoprotein, reduces
ferric ion into ferrous ion and removes the reduced form of iron.

4.2. Multicopper Permease

Multicopper permease (Ftr1p) is a high-affinity transport complex responsible for
transporting reduced forms of iron [120]. The apparent Km of the high affinity enzyme
complex is 0.2μM [121] and allows transport at low iron concentration. The ferrous iron is
oxidized by Fet3p and requires molecular oxygen [122,123]. The ferric iron is transported
into the cytosol via the Ftr1p permease. The oxidase reaction is copper-dependent, and
four copper ions are inserted into Fet3p during post-translation in the secretory pathway
on the post-Golgi compartment. The copper chaperone Atx1p is responsible for binding
and transporting copper to Ccc2p [124]. The copper transporter pumps copper into the
post-Golgi vesicle lumen [125]. Both proteins are necessary to maintain adequate cellular
copper levels and functioning secretory pathways [126]. These copper-binding proteins,
Atx1p and Ccc2p, are synthesized during iron deprivation and not copper deficiency,
indicating Fet3-dependent iron uptake. Assembled complexes (Fet3p and Ftr1p) of proteins
are retained by quality control systems in the endoplasmic reticulum, if expressed in the
absence of their protein partner [127]. The process of ubiquitin-mediated endocytosis
rapidly degrades the Fet3p/Ftr1p complex in the presence of high levels of iron [127].

4.3. Siderophore-Iron Transporters

Most fungi synthesize and secrete siderophores and small organic compounds that
specifically bind with iron molecules with high affinity [7]. Fungal siderophores bind iron
with dissociation constants (10−29 M), showing greater affinity than any iron-binding ligand
in the biological systems. Hsiang [128] reported that all fungi express a nonreductive uptake
system specific to siderophore iron chelates. Fungi express transporters with specificity for
siderophores secreted by other species of fungi. When the siderophore is abundant, the
reductive system of transport can catalyze the uptake of siderophore-bound iron. More
than 50% of genes are transcriptionally activated under iron-deprived conditions and are
involved in the uptake of iron chelators. The evolution of these uptake systems helps fungi
and other microorganisms to compete during the limited availability of iron.
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5. Biotechnological Applications of Siderophores

5.1. Treatment of Infectious Diseases and Anticancer Activity

Siderophores can be used for the treatment of thalassemia [129,130], a disease associ-
ated with inherent blood disorder due to abnormal hemoglobin formation. Many studies
have shown that compounds such as desferrioxamine B (DFO) are used to reduce this
disorder [131–134]. Rhodotorulic acid, a fungal siderophore, has been investigated as an
alternative to DFO for iron and aluminum overload [135]. The mechanism of rhodotorulic
acid is similar to the iron excretion of DFO, but increases zinc excretion, resulting in toxicity
at the administration site [136]. DFO and other hydroxamate siderophores have been used
to treat cancer, malaria actinide contamination, and other infectious diseases [137,138].
DFO was also reported for treatment of acute lymphoblastic leukemia by Estrov et al. [139].
Vergne et al. [140] reported that several other siderophores exhibit anticancerous and
antitumor activity. For example, triornicin fungal siderophore, produced by Epicoccum pur-
purascens has an inhibitory effect on tumors in mice [46]. For treating infections, siderophore
transport/uptake research can enhance movement of the drugs into the microbial cell con-
jugated with the siderophore-drug [140,141]. Actinides are radioactive elements known as
potent carcinogens. Siderophores and their analogs may enhance the excretion and removal
of actinides [142]. However, siderophore research in the medical field is still in progress.
Most studies have been concentrated on siderophores of bacterial origin, mainly DFO, and
on the siderophore analogs hydroxypyridinones.

5.2. Application of Siderophore as Drug Delivery Agents

Siderophore combined with antibiotic are used as a ‘Trojan horse’ for targeted drug
delivery (Figure 6). Using siderophore receptors, this method enables antibiotic transfer
across the membrane. Escherichia coli was treated with a solution of two arthrobactin-
carbacephem conjugates that were created [143]. A siderophore cephalosporin conjugate
was examined against several pathogenic bacteria such as Pseudomonas aeruginosa and E.
Coli [144]. In addition, simultaneous treatment with conjugates containing hydroxamic
and catechol resulted in bacterial growth inhibition. The sideromycins, which are con-
nected to lorabid or ciprofloxacin, are also of interest [145]. Sideromycins-lorabid conjugate
invades the periplasm, whereas sideromycins-ciprofloxacin attacks the cell wall. Staphy-
lococcus aureus growth was effectively inhibited by sideromycins. Pyochelin-norfloxacin
was another siderophore conjugate compound investigated [146]. Siderophore analogues
were developed and connected to an antibiotic-norfloxacin. Among four conjugates, two
were found effective against P. aeruginosa. A vanchrobactin-norfloxacin conjugate, which
demonstrated antibacterial properties against V. anguillarum and its variants, is another
example of siderophore analogs [147]. Some siderophore-antibiotic conjugates, however,
have been shown to promote bacterial growth. For example, Mycobacterium smegmatis was
not affected by spermexatol-carbacephalosporin conjugates [148].

175



J. Fungi 2022, 8, 21

 

Figure 6. Siderophores for medical applications. The use of different siderophores (natural, artificial,
and modified) linked to drugs or fluorescent probes, and 68Ga radiolabeled for molecular imaging
and/or curative practices. Siderophores facilitated intracellular absorption potentially allows diag-
nosis through the use of fluorescent or radioactive signal transduction or therapy by introducing
antifungal drugs, thus obeying a trojan horse strategy. The siderophores’ metabolic path and transla-
tion target is shown by solid line arrows. Substitution of Fe with 68Ga (for PET) or drug molecules–or
fluorescent probes–siderophores conjugate is indicated by dotted line arrows (modified and adapted
from Petrik et al. [149].

5.3. Application of Siderophores in Vaccine Development

A vibriobactin analogue either connected to bovine serum albumin (BSA) or ovalbumin
(OVA) was reported to stimulate the production of antibodies in a mouse model [150].
Based on a murine model of an uropathogenic E. coli (UPEC), conjugates of siderophores
and antigens were recently exploited for the development of vaccines against urinary
tract infections (UTIs) [151]. A decrease in bacterial concentration when mice were given
siderophore-cBSA (aerobactin-cationized bovine serum albumin) conjugates, indicated
protection via adaptive immunity [152]. Other studies have shown the importance of Fe
transport receptors in pathogenic bacteria as vaccine components [153]. An assessment
of E. coli (O157:H7) siderophore receptors, as well as porin proteins, was carried out on
cattle. Two vaccine doses were found to reduce the bacterial prevalence in cattle [154]. As a
potent component of vaccine, FhuD receptor of S. aureus was examined in another study.
Because of the absence of conformational alteration, FhuD-ferrichrome was exploited as
the model vaccine antigen [155].

5.4. Application of Siderophores in Diagnostics
5.4.1. Radiolabeled Siderophores for Imaging Fungal Infections

Present diagnostic methods such as computed tomography (CT) have severe lim-
itations regarding specificity and sensitivity. For instance, any radiological indication
can be associated with fungal infection in CT; thus, novel and better diagnostic methods
are required for invasive fungal infections [156]. Siderophore iron transporters (SITs) are
potential targets of molecular imaging methods due to their higher upregulation during
fungal infection, substrate specificity, and radiolabeled substrate accumulation in the target
cell after their energy-driven uptake (Figure 6). In addition, lower molecular mass and
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high hydrophilicity of siderophores lead to better circulation in infected tissues, speedy
clearance from nonspecific tissues and elimination through renal excretion. Another vital
characteristic of SITs is the possibility of substituting Fe in the siderophores with an Fe-
mimicking radionuclide. Gallium-68 is a diamagnetic isosteric substitution for Fe3+ that
has been used to describe siderophore complexes extensively [149].

Using only microgram of the siderophore, radiolabeling of a variety of desferri-
siderophores with gallium-68 can be achieved, as shown by proof-of-concept experi-
ments [157,158]. Aspergillus fumigatus absorption of the siderophore was elevated under
iron-deficient conditions and could be inhibited when there was an abundant siderophore
or sodium azide, showing that the uptake is selective and energy-dependent. Using PET
(Positron emission tomography)/CT technology, pulmonary infection caused by A. fumiga-
tus was imaged in a rat model, which revealed a significant buildup of [68Ga] Ga-triacetyl
fusarinine C (TAFC) in the fungal-infested areas. In sterile inflammations and tumour cells,
a considerable accumulation of [68Ga] Ga-TAFC was not observed [159]. It was also shown
that the use of siderophores is specific to species to a certain level.

Some in vitro research has shown significant uptake of [68Ga] Ga-TAFC by Fusarium
solani, Rhizopus oryzae, and A. fumigatus, but negligible uptake by A. flavus, Candida albicans,
A. terreus, or the bacteria Klebsiella pneumoniae, P. aeruginosa, and S. aureus. In contrast, A.
fumigatus showed the highest uptake of [68Ga] Ga-desferrioxamine-E (DFO-E), followed
by A. terreus, F. solani, R. oryzae, A. flavus, and the bacterial species S. aureus [159]. Alto-
gether, TAFC seems to be fungal-specific in comparison to DFO-E. Therefore, 68Ga-labeled
siderophores, particularly [68Ga] Ga-TAFC, have great potential for imaging invasive
A. fumigatus infections in patients [149].

Chemical modification of siderophores has been designed for new promising applica-
tions. For example, a hybrid imaging compound may be created by binding fluorescent
dyes, allowing PET/CT with gallium-68 and optical imaging [149]. To study TAFC identifi-
cation in A. fumigatus by the MirB transporter, initial efforts were undertaken to chemically
alter it with positive, negative or neutral charged functional groups [160]. Even without
inhibiting fungal uptake, chemical alterations were possible, with encouraging results
coming from the diacetylated version of fusarinine C (DAFC), in which functional groups
were used to change the free amine. In order to explore the hybrid imaging concept, fluores-
cent dyes were combined to DAFC based on these results [161]. Using the optical signals,
these fluorescent siderophores enable image-guided approaches, such as bronchoscopy or
surgical probing. Furthermore, such compounds can be applied for fluorescent microscopy.
Specifically, a FsC-Cy5.5 conjugate was used to image the skin infections resulting from
Trichophyton rubrum [162].

5.4.2. Diagnostics of Siderophore from Urine

The rapid clearance of [68Ga] Ga-TAFC through the renal system limits the use of
PET to detect infections in the kidney or bladder. These results, instead, sparked research
into the use of TAFC as a urine biomarker to diagnose invasive A. fumigatus infections.
Clinical trials [163] and clinical samples [164] both yielded promising findings. However,
additional research is required to validate this strategy prior to its application in the clinic.
Moreover, the mass spectrometry approach applied is not often practiced in diagnostic
labs. Nonetheless, the presence of TAFC in aspergillosis patients demonstrates that the
siderophore system is activated in human infections [149].

5.5. Bioremediation of Metal Polluted Environments

Metals have played a vital role in the development of human civilization. However,
manufacturing, sludge application, nuclear power plants and mining have caused a serious
increase of heavy metal pollution in the environment [165]. In particular, soil heavy metal
pollution has become one of the environmental problems of global concern. Siderophores
have a strong solubilizing effect on a variety of metals such as Cr, Cu, Ni, Pb, Zn and the
actinides Th4+, U4+ and Pu4+ [166]. For this reason, siderophores can contribute to the
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bioremediation of heavy metal contaminated soil. Although siderophores are mainly used
to chelate Fe3+, they can be used in the detoxification process of heavy metal pollutants
by combining a variety of toxic metals. The ability of siderophores to chelate heavy met-
als mainly depends on the stability constant of the siderophore and the metal to form a
complex [167]. The use of siderophores for remediation of heavy metal pollution has the
advantages of low cost, high efficiency, and no environmentally hazardous collateral. In
recent years, there has been an increasing interest in the application of siderophores in metal
bioremediation. Phytoremediation is an emerging and practical technology in the field of
bioremediation, but heavy metal stress can interfere with the absorption and utilization of
iron by plants, cause iron deficiency, affect chlorophyll synthesis, turn young leaves yellow,
and hinder plant growth. Siderophore-producing rhizosphere fungi are a group of plant
rhizosphere growth-promoting microorganisms whose siderophore products can react with
iron-containing minerals in the soil to generate soluble Fe3+-siderophore chelates, which
promote the dissolution of Fe3+ in the soil [168]. These rhizosphere fungi can provide nutri-
ents (especially iron) to plants under heavy metal stress, by inducing selective absorption by
plants of the different metals available in the environment. In fact, siderophores combined
with iron can effectively be absorbed by plant cells, whereas they cannot easily enter the
cells when combined with other heavy metals. Therefore, siderophores can significantly
alleviate the stress caused by metal toxicity and promote plant growth [169]. In addi-
tion, studies have shown that siderophore-producing rhizosphere fungi can maintain their
growth-promoting effects on plants in heavy metal polluted soil because siderophores can
alleviate the inhibitory effect of heavy metals on the synthesis of plant growth hormones,
such as indoleacetic acid, by fungi [170]. Siderophores produced by rhizosphere fungi can
chelate with Fe3+ to inhibit the absorption of iron by plant pathogens, thus reducing the
activity of pathogens, protecting plants from diseases and promoting plant growth [171].
In addition to their growth-promoting effect to improve the biomass of plants, fungal
siderophores can also improve the activity of heavy metals in the rhizosphere environment
and promote the absorption and accumulation of heavy metals in plants. The activity of
heavy metals in the plant rhizosphere is an important factor that determines whether large
amounts of heavy metals can be absorbed by plants [172]. The siderophores produced
by rhizosphere fungi can combine with heavy metal ions in the soil to form a soluble
heavy metal-siderophore chelate, thereby improving the activity of heavy metals in the
rhizosphere environment, increasing the absorption and accumulation of heavy metals by
plants, and improving the efficiency of phytoremediation [173]. Dahlheimer and colleagues
used siderophores to react with oxides containing the heavy metal ions Pt4+ and Pd2+ and
found that siderophores can form soluble chelates with Pt4+ and Pd2+, thus increasing the
solubility of Pt and Pd [174]. Hong et al. reported the in vitro dissolution of copper and
zinc via siderophores produced by the fungal species Fusarium solani [175]. Other studies
have also confirmed that siderophores can promote the dissolution of many common heavy
metals, and even metalloids, from their minerals. For instance, siderophores can promote
the dissolution of manganese-containing minerals such as Mn3O4 [176]. At the same time,
heavy metals can influence siderophore-producing microorganisms, and the total amount
of siderophores increased in copper-contaminated sites [177]. Siderophores and heavy met-
als can also be stored in fungi after chelation. For example, in soil contaminated by metals,
Hypocrea lixii can secrete siderophores to accumulate copper and zinc in the biomass [78].

The motor manufacturing industry, sewage sludge, vehicle emissions, and mining are
common contributing sources for metal pollution [178,179]. Neptunium and plutonium
are man-made actinides present in the environment as pollutants due to the testing of
nuclear power stations and weapons production, posing a significant environmental haz-
ard [180]. Siderophores are effective for the solubilization of actinides [181] and form stable
tetravalent actinides. They also play a significant role in the mobilization of other metals,
including zinc, copper, lead, and cadmium [182,183]. Siderophore-producing microorgan-
isms are abundant in soil [184] and affect the bioavailability of metals and radionuclides
present in the environment [183,185]. Siderophores could be used to develop metal recov-
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ery or remediation of waste sites, including radioactive waste, due to their complexing
ability [167].

5.6. Plant Growth Enhancement and Biocontrol of Plant Pathogens

Microbial siderophores provide Fe-nutrition when the bioavailability of iron is lim-
ited to enhance plant growth [186], although the mechanism of siderophore mediated
Fe-nutrition is still not fully known. However, two possible mechanisms by which plants
could obtain Fe from microbial siderophores have been suggested: (i) high redox poten-
tial of microbial siderophores can be reduced by the donation of ferrous in the transport
system, and (ii) microbial ferric ions are transported in plant root through the apoplast
where the reduction of siderophore takes place [187], with consequent ferrous accumu-
lation in the apoplast leading to a high concentration of Fe (II) in the root [188], and (iii)
siderophores of microbial origin can chelate Fe from soils and perform ligand exchange with
phytosiderophores [189]. These mechanisms depend on several parameters such as concen-
trations of phytosiderophores, microbial source, pH, and redox potential of root environ-
ment [186]. Schenk et al. [190] found that siderophores are a valid eco-friendly alternative
to hazardous pesticides. Mycorrhizal fungi are used as biofertilizers for the enhancement of
plant growth and development. Higher levels of Fe-sequestration occurred in plants associ-
ated with mycorrhizal fungi compared to nonmycorrhizal plants, suggesting that enhanced
plant nutrition by mycorrhizal fungi depends on fungal siderophores [191,192]. Plant
growth-promoting activities of fungi were previously investigated by Yadav et al. [193]
who found that fungal species such as Trichoderma harzianum, Penicillium citrinum, and
Aspergillus niger produced siderophores and increased root and shoot length of chickpeas.
Siderophores play a significant role in biological control as competitors for Fe to reduce
the Fe availability for the pathogens of plants [194]. Wilt diseases of potatoes caused
by Fusarium oxysporum can be controlled by Pyoverdine siderophores produced by Pseu-
domonas sp. [195]. Apart from fungi, bacterial strains, mainly belonging to the genus
Pseudomonas, have been extensively studied to improve plant growth by synthesizing
siderophores or protecting the plant host from pathogens [196].

5.7. Enzyme-Inhibiting Activity

Siderophores are iron chelators capable of inhibiting the iron-dependent activity of
enzymes by withdrawing iron. Several studies have shown that ribonucleotide reductase
activity is reduced by synthetic siderophores [197] as a result of inhibition of biosynthesis of
DNA. In proliferating neoplastic cells, iron delivering transferrin receptors were found to
frequently occur on the cell surface and enhance iron requirement by the cell. Inhibition of
iron supply by the siderophores reduced the growth of neoplastic cells [132,197]. Therefore,
siderophores can be used as inhibitors of cell proliferation and help to design drugs with
anticancer activity.

5.8. Computational Approaches for the Application of Siderophores

With the advancement in bioinformatics and computational approaches, it has become
easier to explore gene clusters for siderophore biosynthetic pathways and their interactions
with other proteins and peptides. Siderophores are complex structures of nonproteinogenic
amino acids with huge structural variations. These structural variations make siderophores
suitable for various applications. Computational and bioinformatics tools help to predict
the affinity and properties of siderophores. Norine is a bioinformatics platform that is an
easily available unique resource devoted to elucidating the structures of nonribosomal
peptides. This tool helps to identify newly discovered siderophores, whether new non-
ribosomal peptides or variants of an existing family. Similarly, AntiSMASH (antibiotics
& Secondary Metabolite Analysis Shell) is an internet-based bioinformatics tool which
finds the region in plants, fungi, and bacteria responsible for the biosynthesis of secondary
metabolites. AntiSMASH allocates a functional “siderophore” label for biological gene
clusters which contain the lucA/lucC gene family specific to the siderophores biosynthetic
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pathways, which further helps to predict the siderophores activity [198]. These tools help
to derive siderophore biosynthesis pathways and make them accessible for reference. The
prediction of biosynthetic pathways for the production of siderophores facilitated the dis-
covery of novel and exclusive siderophores such as thioquinolobactin [199]. Molecular
dockings and dynamic simulations are additional techniques for analyzing the interaction
of siderophores with other proteins. Samsonov et al. [200] successfully applied molecular
docking and molecular dynamic simulations to analyze the potential binding interaction
between nine bacterial siderophores and lipocaline, a member of human serum a1-acid
glycoprotein. A comparative study of computational and experimental results indicated
that serum a1-acid glycoprotein can effectively bind with the Fe-BisHaCam and petrobactin,
which shows that serum a1-acid glycoprotein can be putatively involved in the nullifi-
cation of bacterial infections by capturing iron-chelating compounds. Furthermore, Xie
et al. [201] explored bioinformatics approaches such as mutasynthesis, genome mining,
and activity screening to synthesize fluorinated amychelin fluoroamychelin I siderophores.
The resulting fluorinated fluoroamychelin I was able to rescue Caenorhabditis elegans from
Pseudomonas aeruginosa-mediated killing with greater efficiency than traditional antibiotics,
including meropenem and ceftazidime. The study showed a successful implementation
of bioinformatics approaches for the production of synthetic antibacterial compounds
by modifying siderophores. In addition to these, Flux balance analysis (FBA) is a com-
putational tool that is frequently used in metabolic engineering for the improvement of
production yield. Siderophores are small-sized metal chelators that are usually secreted
in very small quantities by their native microbial hosts. FBA can be applied to predict
media composition to enhance production yield that can be further verified experimentally.
Recently FBA has been applied to improve the heterologous expression of siderophores by
E. coli K-12 MG1655 [202]. In conclusion, computational and bioinformatics approaches
are helpful to identify novel siderophores, their biosynthetic pathways, and biological
activities. Furthermore, these techniques are applicable to modify siderophore structures in
order to improve their bioactivity and even their production yield.

6. Importance of Siderophores in Nature

6.1. Weathering of Soil Minerals

Soil microbes produce siderophores that can stimulate the dissolution of insoluble
phases minerals [203,204]. Several mechanisms for siderophore-stimulated Fe dissolution
have been proposed [205]. In general, the Fe (III) and siderophore complex forms on the
mineral surface and is subsequently transported into the adjacent soil solution, where it
is accessible for absorption by microbes and plants [203,206]. Because siderophores and
Fe form more permanent complexes, their influence on soil mineral weathering may be
greater than low molecular mass organic acids (LMMOAs). Siderophores and Fe (III) form
1:1 complexes with K constants ranging from of 1030 to 1052 [207], whereas, with Fe (III),
oxalic acids have constants of K = 108 and citric acids have constants of K = 1012 [208].
Nevertheless, when both siderophores and LMMOAs are present, the mineral dissolution
rate is increased more than when the solitary siderophore is present [209]. Many studies
have reported microbial siderophore involvement in dissolution of Fe minerals due to
their relevance in weathering and soil formation. In a study, researchers revealed the
effectiveness of hydroxamate siderophores formed by Suillus granulatus in dissolving
goethite. Due to the continual synthesis of siderophores by S. granulatus, significant
amounts of Fe (109 mol m2/h) were mobilized [210]. Additionally, Sokolova et al. [211]
found that fungal siderophores belonging to the family of ferrichrome, including ferricrocin
and ferrichrome, contributed to altering the surface structure of biotite and promoting its
dissolution in forest podzolic soil.

Compared to a synthetic siderophore, the presence of siderophore-producing acti-
nobacteria, such as Arthrobacter and Streptomyces, significantly enhanced the Fe dissolution
from hornblende [206]. Phytosiderophores have been shown to elevate Fe-containing min-
eral dissolution, thus contributing to weathering processes of minerals, for example goethite
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and ferrihydrate [212]. According to Reichard et al. [213], the highest goethite dissolution
rate of 1.7 nmol m2/h at pH 6 was obtained in the presence of 2′-deoxymugineic acid
(phytosiderophores). The transporter genes expression of Fe–phytosiderophore in barley
has recently been shown to improve its capacity to remove Fe from soil minerals [214].

6.2. Oceanic Biogeochemical Cycle of Fe

Trace metal biogeochemical cycling in the oceans has become a significant source of
concern. Fe has gained the most attention out of all the trace metals found in marine waters
since it is a critical micronutrient for marine life and affects phytoplankton production
and community structure [215]. Marine bacteria are responsible for most organic Fe chela-
tors found in seawater and hence play a central part in the Fe biogeochemical cycle in
the ocean [216]. These bacteria compete for Fe with phytoplankton by creating several
forms of siderophores, which significantly influence the abundance and solubility of Fe in
the ocean [217]. In marine siderophores, either citrate or b-hydroxyaspartate contributes
hydroxyl–carboxylate functional groups [198,218]. Siderophores contribute to the pho-
tochemical cycle of Fe in surface water by producing complexes of Fe (III)–siderophore
that improve the availability of Fe for the phytoplankton [219,220]. Ferrioxamine G was
discovered to be broadly dispersed in surface waters across the Atlantic Ocean, while fer-
rioxamine E was shown to have a more diverse distribution at different depths. These data
imply that marine siderophores play a significant part in the biogeochemical cycle of Fe by
elevating the abundance, as well as the availability, of Fe in the Atlantic Ocean [221,222].

7. Conclusions

Iron is an essential element for all living organisms. Fungi acquire iron from extracellu-
lar environments by secreting siderophores, which are low molecular weight, iron-binding
molecules. Siderophores play a significant role in the iron homeostasis of fungi, which
are similar to bacteria and plants for the mobilization of extracellular iron. Considerable
progress has been made on siderophore uptake research and understanding iron assimila-
tion mechanisms in S. cerevisiae. However, much more remains to be explored regarding
biosynthetic pathways, iron assimilation, and regulation. In this regard, further studies
based on genome sequence analysis of fungi and siderophore-mediated iron acquisition in
a wide range of fungal species are still needed. Apart from fungal siderophore-type descrip-
tions, several unexplored aspects need to be elucidated, including extracellular excretion
mechanisms, details of the siderophore biosynthetic pathways, intracellular iron release,
iron metabolism and storage of iron. Iron requirements of fungi open up new research
areas for the development of novel antifungal treatments such as iron chelation therapy.
Functional studies of siderophores may reveal novel non-ribosomal peptide synthetases
that can open the way for the development of new compounds with pharmaceutical value.
In fungal species, siderophore-mediated iron uptake is essential for survival as free-living
organisms and for establishment of commensal and pathogenic relationships.

Studies conducted on low Fe bioavailability and siderophore activity in different
environments may enhance our understanding of siderophore ecology and functions.
Metagenomic analyses provide an excellent platform to clarify the structural diversity of
siderophores among different fungal species. The knowledge of siderophore biosynthe-
sis and utilization mechanisms in each fungal species could be essential for eradicating
pathogenic fungi hiding and replicating in host macrophages.

With the advent of genome sequencing technologies and concurrent omics analysis,
there has been a vast increase in our knowledge of siderophore biosynthesis over the past
two decades. The first step was identifying gene clusters acting as sources of siderophores
via bioinformatics. Prediction of substrate specificity combined with algorithms parsing
metabolomic data to link the clusters to corresponding compounds may constitute the
following steps. For each step, multiple new techniques have been developed in the last
few years. In silico genome mining is an efficient high-throughput approach to uncover
potential nonribosomal peptide synthetases (NRPS) genes. Analytical pipelines linking
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genomics with other omics data have been developed and can reveal much information on
the synthesis of such natural products. Computational tools coupled with genome mining
provide efficient methods to identify and characterize biosynthetic gene clusters BGCs [223].
Natural product research and siderophore research have been concentrated on bacterial
species, and there is an obvious bias in data availability and algorithm development for
fungal research. Therefore, it is essential to consider the differences and test the relevance
of already developed tools on fungal data before blind usage. It would be ideal to generate,
collect, and analyze fungal NRPS data, and particularly reorganize siderophore-producing
data for fungal siderophore identification. The lack of such curated data is currently
a shortcoming in developing and training prediction/classification models for fungal
siderophores. Algorithms for the identification of siderophore-producing BGCs integrated
with high-throughput proteomic and metabolomic product detection techniques can lead
to the discovery and characterization of novel siderophores.

With the help of computational approaches, inhibitors can be designed against
siderophore biosynthetic pathway enzymes and siderophore transporter proteins by
applying the principles of structure-based drug design and/or fragment-based drug
design. Similarly, the structure-based pharmacophores for these catalytic enzymes can
be predicted and searched against the chemical databases for compounds suitable as
siderophore biosynthetic enzyme inhibitors. In contrast, biosynthetic pathway enzyme
competitive inhibitors can be identified using the shape and structural information of
enzyme substrates. Applying shape-based and fingerprint-based similarity searches
allows suitable competitive enzyme inhibitors to be predicted from chemical databases.
In addition, a drug repurposing approach can be applied to find existing drugs with
antifungal activity. This approach reduces drug discovery cost to a great extent, with a
higher success rate than other approaches.
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TAFC triacetyl fusarine C
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Frr ferricrocin
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Fsg fusigen
NRPS nonribosomal peptide synthetases
SIT siderophore-iron transporter
Estb esterase
FIT facilitator of iron transport
FREs ferric reductase enzymes
Fet ferrous iron transporter
DFO desferrioxamine B
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Abstract: Light is perceived by photoreceptors in fungi and further integrated into the stress-activated
MAPK HOG pathway, and thereby potentially activates the expression of genes for stress responses.
This indicates that the precise control of light conditions can likely improve the conidial yield and
stress resistance to guarantee the low cost and long shelf life of Trichoderma-based biocontrol agents
and biofertilizers. In this study, effects of wavelengths and intensities of light on conidial yield and
stress tolerance to osmotic, oxidative and pH stresses in Trichoderma guizhouense were investigated. We
found that 2 μmol photons/(m2 × s) of blue light increased the conidial yield more than 1000 folds
as compared to dark condition and simultaneously enhanced conidial stress resistance. The enhanced
conidial stress resistance is probably due to the upregulated stress-related genes in blue light, which
is under the control of the blue light receptor BLR1 and the MAP kinase HOG1.

Keywords: biofertilizer; light intensity; light wavelength; conidial yield; conidial stress resistance

1. Introduction

Fungi adapt continuously to the ever-changing environment to survive in nature.
Light, as one of the most common environmental cues, regulates various morphologi-
cal and physiological processes of fungi [1]. In Aspergillus nidulans, red light stimulates
conidiation (asexual development) and represses the formation of cleistothecia (sexual
development) [2–4], whereas in Neurospora crassa and Trichoderma atroviride blue light pro-
motes conidiation [5,6]. However, in the plant pathogen Alternaria alternata, blue and
green light repress conidiation [7]. Sporangiophores of the zygomycete fungus Phycomyces
blakesleeanus exhibit phototropism in response to blue light [8]. White light also accelerates
biofilm formation and melanin accumulation in A. niger [9]. Hence, light responses vary
from fungus to fungus.

Fungi utilize different photoreceptors to perceive a wide range of light wave-
lengths [1,6,10,11]. The most representative fungal photoreceptors studied at the molecular
level are the light, oxygen, and voltage (LOV) domain-containing blue-light receptor white
collar 1 (WC-1) and vivid (VVD) in N. crassa, and the red-light receptor phytochrome
FphA in A. nidulans. The blue- and red-light signaling pathways have been well studied in
N. crassa and A. nidulans, respectively [1,5,12]. In addition, fungi can also sense blue light
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with cryptochrome and green light with the retinal-binding protein opsin [13–17]. On the
other hand, although responses of many fungi to monochromatic light, which is perceived
by specific photoreceptors, have been studied, the effects of the light intensities of specific
wavelength on fungal development have received comparatively little attention.

Trichoderma species are widely used in agriculture as biocontrol agents and biofertil-
izers because of their outstanding performances in antagonizing plant pathogenic fungi
and promoting plant growth [18,19]. T. guizhouense, initially isolated from mature com-
post, defeats plant pathogenic fungi through reactive oxygen species (ROS) and secondary
metabolites [20,21]. It can also secrete the swollenin protein to benefit plant growth [22].
These properties make T. guizhouense-based biocontrol agents and biofertilizers increasingly
popular. In the production of these agents and biofertilizers, high conidial yield and stress
resistance are the guarantees of cost reduction and shelf-life extension.

In the entomopathogenic fungus Metarhizium robertsii, light modulates the expression
of stress-related genes differentially and therefore affects conidial tolerance [23]. We also
proved previously that in A. alternata white light regulates the expression of catalase-
encoding genes [7]. Recently, we provided evidence that the blue light receptor BLR1,
the white collar 1 orthologue, dominates conidiation in T. guizhouense and the blue light
receptor ENV1, the orthologue of VVD, modulates photoadaptation [24]. BLR1 employs
the stress-activated MAPK HOG pathway, which is also responsible for the sensing of
osmotic, oxidative, and heat-shock stresses in A. nidulans, to activate a large proportion
of blue light-regulated genes [24–29]. However, how other monochromatic light affects
conidiation in T. guizhouense remains unknown.

Here, we investigated the effects of light wavelengths and intensities on the conidial
yield and resistance to several abiotic stresses in T. guizhouense. The mechanism for the
enhancement of stress resistance of conidia produced in light was also elucidated.

2. Materials and Methods

2.1. Strains and Culture Conditions

Wild type of Trichoderma guizhouense NJAU 4742 and three mutants, Δblr1, Δenv1
and Δhog1, which were constructed previously [24], were used in this study. The blue
light receptors BLR1 and ENV1 are absent in the Δblr1- and the Δenv1-mutant strains,
respectively. The Δhog1-mutant strain lacks the gene encoding MAP kinase HOG1. All
strains were cultivated on potato dextrose agar medium (PDA, BD Difco, Germany) at
28 ◦C. pH, osmotic and oxidative stresses imposed or illumination conditions during the
cultivation were indicated additionally in the following experiments.

2.2. Light System

The light system used in this study was developed previously [30]. The LED panel
hanged in the metal box is 39 cm long and 28 cm wide and emits blue (450 nm), green
(525 nm), red (700 nm), far-red (760 nm) and white light. LEDs soldered on the panel were
purchased from Ushio Inc. (Tokyo, Japan). The quality of the LEDs was measured by JAZ-
COMBO S/N:JAZA0503 with a QP400-1-VIS-NIR and CC-3-UV-S spectrometer unit (Ocean
Optics). The wavelengths, intensities and specific timings of light were automatically
controlled by the self-made software coded for Photon P1 WIFI module. An ocean optics
JAZA0503 spectrometer was used to calibrate the software. The photon flux of each LED
type was measured at a distance of 20 cm and the maximum photon flux was limited to
17 μmol photons/(m2 × s). Six light boxes were placed in an incubator in the dark room to
make sure that the conditions except for illumination in each box are identical.

2.3. Quantification of Conidia

Conidial yield was quantified as previously described by Li et al. [24]. The wild type
strain was revived on PDA medium for two days at 28 ◦C in the dark and afterwards fresh
mycelia were inoculated on PDA medium (Ø 6 cm petri dish) using a hole puncher. The
inoculated plates were incubated in darkness or different light conditions at 28 ◦C for four
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days in light boxes. Conidia of each plate were harvested with 20 mL distilled water and the
suspension was filtered with Miracloth (Millipore, Merck KGaA, Darmstadt, Germany) to
remove the mycelia. The filtrate was diluted properly, and then conidial concentration was
determined using a hemocytometer. Three biological replicates of each culture condition
were analyzed, and the assay was repeated three times.

2.4. Assessment of Conidial Stress Resistance

Assessment of conidial resistance to abiotic stresses was performed as previously
described by Dias et al. with minor modifications [23,31]. Conidia produced in different
wavelengths or light intensities were harvested as above and spore suspensions were
diluted to a final concentration of 1 × 103 conidia/mL. 100 μL of a spore suspension was
spread on PDA medium (Ø 9 cm petri dish) supplemented with different concentrations of
NaCl (0, 0.2, 0.4, 0.6, 0.8 and 1.0 M), KCl (0, 0.2, 0.4, 0.6, 0.8 and 1.0 M) and sorbitol (0, 0.4,
0.8, 1.2 and 1.6 M). Oxidative stress was imposed with different concentrations of hydrogen
peroxide (0, 1, 2 and 3 mM). To analyze the conidial resistance to different pH, the pH
values of the PDA medium were adjusted to 6.0, 7.0, 8.0, 9.0 and 10.0 before autoclaving.
The germination rate was then calculated after 30 h of incubation at 28 ◦C in the dark.
Each culture condition has three biological replicates and the experiment was performed in
triplicate.

2.5. RNA Isolation and Quantitative Real-Time PCR (qPCR)

The wild type, the Δblr1-, the Δenv1-, and the Δhog1-mutant strains were incubated on
the PDA medium (Ø 6 cm petri dish) covered with cellophane at 28 ◦C in the dark for 24 h.
The mycelium was harvested in dim-green light immediately or after 45 min illumination
of blue light and frozen immediately in liquid nitrogen. Mycelia were disrupted in a
homogenizer (Precellys® Evolution Super Homogenizer, Bertin, France) with glass beads at
5500 rpm for 2 min. Total RNA was extracted using the SteadyPure® Plant RNA Extraction
Kit (Accurate Biotechnology (Hunan) Co., Ltd., Shenzhen, China). ~1 μg of total RNA
was used for cDNA synthesis with HiScript® II Q RT SuperMix for qPCR (+gDNA wiper)
(Vazyme Biotechnology Co., Ltd., Nanjing, China). The cDNA synthesis included 2 min of
the removal of gDNA at 42 ◦C, followed by 15 min at 50 ◦C for the reverse transcription
reaction. The cDNA samples were diluted to a final concentration of 100 ng/μL in DEPC
water for qPCR.

qPCR was performed with the ChamQ SYBR qPCR Master Mix (Vazyme Biotechnol-
ogy Co., Ltd., Nanjing, China). Each reaction of 20 μL contained 10 μL of 2 × ChamQ SYBR
qPCR Master Mix, 0.2 μM of primers and 100 ng of cDNA. The program started with 3 min
of the inactivation of the reverse transcription reaction at 95 ◦C, followed by 40 cycles of
PCR reaction (10 s at 95 ◦C and then 30 s at 60 ◦C). After each PCR, melting curve analyses
were carried out to assess the dissociation characteristics of double-stranded DNA. The
translation elongation factor 1 alpha (tef1) gene (OPB38715) was used to normalize the
expression level of each gene. Primers used in this study are listed in Supplementary Table
S1. Each expression level is the average of three biological replicates.

2.6. Transcriptome Analysis

Transcriptome data of T. guizhouense wild type and the mutants Δblr1, Δenv1 and
Δhog1 in response to blue light are available online in the NCBI database Sequencing Read
Archive (SRA) under the accession number PRJNA743899. The genes encoding proteins
putatively involved in stress resistance were screened from the differentially expressed
genes (DEGs) identified in a previous study [24]. The reliability of the transcriptome data
was validated by qPCR. The heatmap was generated in the R environment.
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2.7. Statistical Analysis

Data are generally presented as means ± S.D. (standard deviation) with the biological
replicates as indicated in each figure legend. The statistical analysis was carried out using
One-way ANOVA analysis in the IBM SPSS Statistics 25 program.

3. Results

3.1. Specific Wavelengths of Light Activate Conidiation of T. guizhouense

Fungi potentially respond to UV, blue, green, red, far-red, and white light, depending
on their specific photoreceptors or if the light condition is stressful for them [1]. Hence, we
first analyzed the effects of blue, green, red, far-red, and white light on the development of
T. guizhouense using a self-designed light system. We cultured T. guizhouense wild type on
PDA medium at 28 ◦C in blue (450 nm), green (525 nm), red (700 nm), far-red (760 nm) and
white light and also in darkness. The light intensity was set to 1.7 μmol photons/(m2 × s).
After four days of cultivation, the colonies grown in white and blue light were covered with
green conidiophores, whereas in green light and darkness the colonies stayed white and
only few conidiophores were observed (Figure 1A). Red and far-red light also promoted
the formation of conidiophores to some extent.

Figure 1. Effects of different wavelengths of light on T. guizhouense conidiation. (A) Phenotype of
the wild type strain cultured under different wavelengths of light. The wild type strain was grown
on PDA medium at 28 ◦C for four days. Scale bar, 1 cm. Colony surface was zoomed in under a
stereoscopic micro-scope and the scale bar is 300 μm. (B) Quantification of conidia produced under
different wavelengths of light after four days of cultivation. The mean values for the three biological
replicates are displayed. The error bar represents the standard deviation (SD) of three biological
replicates. One-way ANOVA was used for the statistical analysis (p ≤ 0.05). Means significantly
different from each other do not share the same letter.

The conidial yield for each condition was further quantified (Figure 1B). In darkness
and green light, the strain produced equal amounts of conidia (0.3 × 107 conidia/plate)
suggesting that T. guizhouense does not respond to green light as far as the conidiation
is concerned. The conidial yield (4.3 × 109 conidia/plate) in blue light was the highest
and 1433 folds of that in darkness. Compared with white light (3.2 × 109 conidia/plate),
blue light still increased the conidial yield by 34.4%. Conidial yields in red light (3.5 × 107

conidia/plate) and far-red light (1.7 × 107 conidia/plate) were also far lower than that in
blue light.
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3.2. Low Intensity Blue Light Can Promote Conidial Yield Effectively

Next, we analyzed the effects of blue-light intensities on T. guizhouense conidia-
tion. The intensities of light inside the lightboxes were set to 0, 1, 2, 3, 4, 5, 7, 11 and
15 μmol photons/(m2 × s) separately. Wild type was cultured in light boxes for four
days and then the conidial yield was quantified. We found that although the conidial
yield (4.1 × 109 conidia/plate) in 2 μmol photons/(m2 × s) blue light was the highest,
the differences between tested intensities were not significant (Figure 2A). Notably, the
vegetative growth of the strain was inhibited when the intensity was equal to or more than
4 μmol photons/(m2 × s) (Figure 2B). The diameter of the colony under the light intensity
of 4 μmol photons/(m2 × s) was inhibited by 4% in comparison to that in darkness. The
diameters of colonies further decreased along with the increase of the light intensities. It is
also notable that strong blue light (15 μmol photons/(m2 × s)) activated the conidiation
process earlier than the low-intensity blue light (2 μmol photons/(m2 × s)) (Figure 2C).
After 2 days of cultivation, the colony grown in strong blue light was smaller but much
greener than the ones in darkness and in low-intensity blue light.

Figure 2. Effects of the intensities of blue light on vegetative growth and conidiation. (A) Quantifi-
cation of the conidia produced in different intensities of blue light. Wild type was grown on the
PDA medium at 28 ◦C for four days. The error bar represents the SD of three biological replicates.
(B) Colony diameter of wild type in different intensities of blue light. The error bar represents the
SD of three biological replicates. One-way ANOVA was used for the statistical analysis (p ≤ 0.05).
Means significantly different from each other do not share the same letter. (C) Phenotype of wild
type grown in low and high intensities of blue light. The wild type strain was grown on the PDA
medium at 28 ◦C for two days. Scale bar, 1 cm.
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3.3. Blue and White Light Significantly Enhance the Conidial Resistance to Oxidative and pH
Stresses

To analyze the conidial stress resistance, conidia produced in darkness or blue, red,
far-red, or white light were harvested, and fresh conidia were directly used for the follow-
ing experiments. To estimate the oxidative stress resistance, conidia were spread on PDA
medium with increasing concentrations (up to 3 mM) of hydrogen peroxide. The germina-
tion rate of the conidia on each plate was calculated after 30 h of incubation in the dark.
At all tested concentrations of hydrogen peroxide, conidia produced under blue or white
light were more tolerant to oxidative stress than those produced under other conditions
(Figure 3A). After the concentration of H2O2 was increased to 3 mM, the germination rate
of conidia formed under blue light (60.0% germination rate) was about 1.8 folds of that of
conidia generated in the dark (34.2%), 1.4 folds of that produced under red light (41.4%),
and 2.9 folds of that under far-red light (20.6%).

Figure 3. Tolerance to oxidative stress and high pH of conidia formed under different wavelengths
of light. Germination rates of conidia under oxidative (A) or pH (B) stresses. For all experiments,
conidia were spread on the PDA medium with increasing concentrations of H2O2 or pH as indicated,
and the germination rates were calculated after 30 h of incubation in the dark. Error bars indicate
SD of three biological replicates. One-way ANOVA was used for the statistical analysis (p ≤ 0.05).
Means significantly different from each other do not share the same letter.

We also assessed the resistance of conidia to different pH, ranging from 6.0 to 10.0 and
conidia formed in white and blue light still exhibited increased tolerance to different pH
(Figure 3B). When the pH was above 7.0, conidia produced under white light were more
tolerant than conidia produced under blue light.

3.4. Blue and White Light Enhance the Conidial Stress Resistance to Several Osmotic Stresses

To determine the osmotic stress resistance, we first analyzed the germination rates of
the conidia produced under different light when incubated on PDA medium supplemented
with different concentrations of NaCl. In comparison to darkness, blue and white light
significantly enhanced the conidial tolerance towards NaCl (Figure 4A). When the concen-
tration of NaCl increased to 1 M, the germination rate of conidia formed under blue light
(58.65%) was 2.5 folds of that in the dark (23.0%). Conidia formed in red light exhibited
similar stress resistance to that in the dark, whereas conidia formed in far-red light were
more tolerant than that in red light. We also exposed the conidia to different concentrations
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of KCl and sorbitol. Likewise, conidia formed in blue and white light were always the most
tolerant to these stresses (Figure 4B,C).

Figure 4. Osmotic stress tolerance of conidia formed under different wavelengths of light. Conidia
were spread on the PDA medium with increasing concentrations of NaCl (A), KCl (B) or sorbitol
(C) as indicated, and the germination rates were calculated after 30 h of incubation in the dark. Error
bars indicate SD of three biological replicates. One-way ANOVA was used for the statistical analysis
(p ≤ 0.05). Means significantly different from each other do not share the same letter.

3.5. Blue Light Upregulates the Expression of the Genes Encoding HOG Pathway Components

MAPK HOG pathway is crucial for blue light signaling in T. guizhouense [24]. By rean-
alyzing the transcriptome published previously [24], we found that transcript abundance
of ssk2 (OPB39222), pbs2 (OPB41576) and hog1 (OPB38173) encoding components of HOG
pathway were all upregulated after growth under blue light (Figure 5A). Moreover, the
transcript abundance of ssk1 (OPB38780) encoding an orthologue of A. nidulans SskA, the
response regulator of the two-component system, was also significantly upregulated. This
means in blue light the signaling pathway is probably more sensitive to environmental
stresses.
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Figure 5. Analysis of transcript abundances of the HOG pathway genes in different strains. (A) Tran-
scriptional abundances of the HOG pathway genes derived from the transcriptome data. (B) Expres-
sion levels of the HOG pathway genes in wild type, the Δblr1-, the Δenv1- and the Δhog1-mutant
strains under blue light. The expression level of each gene was normalized to the tef1 gene. Error
bars indicate SD of three biological replicates.

To validate the reliability of the transcriptome data and further analyze the regulatory
pattern of the photoreceptors on these genes, we measured the expression levels of these
genes in wild type, the Δblr1-, the Δenv1- and the Δhog1-mutant strains by real-time
quantitative PCR (qPCR). In wild type, the expression levels of ssk1, ssk2, pbs2 and pbs2 in
blue light were 4.3, 2.5, 6.7 and 2.8 folds of that in the dark respectively (Figure 5B). And the
fold changes of ssk1, ssk2, pbs2 and pbs2 in the Δenv1-mutant strain were 10.6, 4.4, 9.6 and
5.2, respectively, which were higher than that in wild type. However, these genes could not
be induced anymore in the Δblr1-mutant strain. In the Δhog1-mutant strain, the expression
levels of ssk2, pbs2 and hog1 did not change in blue light. Although ssk1 was upregulated
3.2 folds after blue light exposure, the expression level was lower than that in wild type.

3.6. Blue Light Receptors Regulate the Stress Responsive Genes of T. guizhouense

Superoxide dismutase (SOD) and catalase (CAT) are crucial for fungi to scavenge
reactive oxygen species (ROS) [32]. In our previous study, 1615 blue light responsive genes
in T. guizhouense wild type strain were identified through genome-wide gene expression
analysis [24]. By reanalyzing the transcriptome data, we screened three CAT1-encoding
genes, cat1-1 (OPB39159), cat1-2 (OPB42210) and cat1-3 (OPB40299) and one SOD2-encoding
gene, sod2 (OPB46299) in wild type, which were upregulated significantly in blue light
(Figure 6A). This result was confirmed again with qPCR in wild type, the Δblr1-, the Δenv1-,
and the Δhog1-mutant strains. Surprisingly, in wild type the expression level of cat1-1
in response to blue light was increased by 690 folds compared to darkness and in the
Δenv1-mutant strain the expression level was even higher. Likewise, in blue light the
expression levels of other CAT- and SOD-encoding genes were upregulated significantly
in wild type and the Δenv1-mutant strain, but the increase was not observed in the Δblr1-
and the Δhog1-mutant strains. Therefore, the upregulation of the expression of CAT- and
SOD-encoding genes are controlled by blue light through BLR1 and HOG1.
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Figure 6. Blue-light-regulated stress response genes identified in T. guizhouense. (A) Transcriptional
abundance of the catalase (CAT)-, SOD- and HSP-encoding genes. (B–D) Expression levels of the
catalase- (B), SOD- (C) and HSP- (D) encoding genes in wild type, and the Δblr1-, the Δenv1- and the
Δhog1-mutant strains. All strains were cultured on PDA medium at 28 ◦C for 24 h and then kept in
the dark or exposed to blue light for 45 min. The expression level of the gene was normalized to the
tef1 gene. Error bars indicate SD of three biological replicates.

Heat shock proteins (HSPs), which function in refolding misfolded proteins, can
protect the cell from damages caused by a variety of environmental stresses [33]. We
identified two upregulated HSP-encoding genes hsp70 (OPB39845) and hsp98 (OPB41524)
(Figure 6A). After blue light exposure, the expression levels of hsp70 and hsp98 increased
63% and 72% respectively in wild type, while in the Δenv1-mutant strain, the expression
levels of hsp70 and hsp98 in blue light were 3.0 and 2.8 folds of that in the dark (Figure 6D).
Like the CAT- and SOD-encoding genes, the deletion of BLR1 did not cause the expression
upregulation of these genes. In the Δhog1-mutant strain, the expression of hsp70 only
increased 57% in blue light, while hsp98 did not change in response to blue light.

4. Discussion

The regulatory role of light on fungal development provided a possibility for us to
enhance the conidial yield and stress resistance of T. guizhouense. Here, we show that
blue light, superior to red, far-red and green light, can efficiently promote conidiation of
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T. guizhouense. The conidiation-related genes in T. guizhouense, indeed, were drastically
induced by blue light [24]. The fact that conidial yield in white light was lower than in
blue light also suggests some interference of different wavelengths with the blue-light
response [12]. Furthermore, red and far-red light slightly promoted the conidiation, which
implies that phytochrome is probably functional in T. guizhouense. The biological function
of Trichoderma phytochrome is worthy of further study.

Notably, strong blue light activated the early conidiation, but inhibited the growth of
vegetative hyphae of T. guizhouense. In A. nidulans, strong blue light induces the generation
of Reactive Oxygen Species (ROS) in hyphae [30]. More than a moderate light signal, the
high intensity blue light (≥4 μmol photons/(m2 × s)) is stressful for vegetative hyphae of
T. guizhouense, which forces the shift of development from vegetative growth to asexual
reproduction. However, low intensities (<4 μmol photons/(m2 × s)) of blue light not only
increase the conidial yield of T. guizhouense, but these intensities do not retard the vegetative
growth. During the production of conidia in the factory, in order to lower the cost and
meanwhile reutilize agricultural wastes, the media for solid fermentation are commonly
the discarded crop straws or other plant-derived wastes, which normally contain cellulose
as main carbon source [34]. Therefore, it is important not to reduce vegetative growth to
get the maximal biomass as a prerequisite for efficient cellulose degradation. Low-intensity
blue light also consumes less power. Hence, low-intensity blue light stimulates conidiation,
does not affect vegetative growth and is more economic. Low intensity blue light is more
practical for large-scale solid fermentation.

Fungi utilize two-component system and the MAPK HOG pathway for sensing and
responding to environmental signals [24–29]. The former comprises the hybrid histidine
kinases (HHKs), which are potential sensors for different environmental signals, a phospho-
transferase and several response regulators (RRs); the latter consists of a MAP kinase kinase
kinase (MAPKKK), a MAP kinase kinase (MAPKK) and a MAP kinase (MAPK). The corre-
sponding orthologues of the HOG pathway components in T. guizhouense are the MAPKKK
SSK2, the MAPKK PBS2, and the MAPK HOG1. The results here reveal that in blue light,
the genes encoding the components of HOG pathway were all upregulated, suggesting that
the amounts of these components in conidia are probably increased, which then strengthens
the HOG pathway. Hence, the conidia can also respond to other environmental signals
more efficiently. The conidia formed in blue and white light were more resistant to osmotic,
oxidative and pH stresses than those formed in other light conditions. Similar effects of light
on conidial resistance were also observed in M. robertsii [23]. Our results demonstrate that
light can significantly upregulate the expression of the stress-related genes, which depends
on the light receptor BLR1 and the MAPK HOG pathway. Fungal hydrophobins (HFBs),
the small, cysteine-rich, secreted proteins, are involved in conidial stress resistance [35].
Our recent study proved that in T. guizhouense, the production of hydrophobin HFB10 can
be induced by blue light through BLR1 and HOG pathway. Moreover, the upregulation of
cryptochrome and photolyase family proteins, severing as repair enzymes for UV–induced
DNA lesions, are also under the control of BLR1 [24,36].

The blue light receptor BLR1 is essential for conidiation of T. guizhouense in blue light
and controls 80% of light-regulated genes [24]. Although HOG1 controls more than 60%
of light-regulated genes, the genes related to conidiation such as brl1, aba1 and wet1 are
independent of it. It seems that during the process of conidiation, the role of HOG pathway
is to specially modulate conidial fitness according to the intracellular and extracellular
signals by equipping the conidia with stress-related proteins. Likewise, in A. nidulans, the
viability of conidia was decreased when the MAP kinase SakA/HogA was absent [27].
HOG pathway is a hub of various environmental signals, but how it distinguishes these
signals such as osmotic and oxidative stresses, light and heat shock, remains enigmatic.
However, it is reasonable that a set of stress-related genes can be awoken not only by
one environmental signal but others plugging into HOG pathway. That is why conidia
produced in blue light are more resistant to different abiotic stresses. Recently, Rangel et al.
showed that in the entomopathogenic fungi Lecanicillium aphanocladii and Simplicillium
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lanosoniveum, the effect of the nutritional stress on conidial resistance is stronger than
that of illumination [31]. Conidia formed under nutritional stress are more resistant to
several abiotic stresses than those formed in light. Whether the signal of nutritional stress
is integrated into HOG pathway or there is an alternative to trigger the expression of stress-
related genes remains to be elucidated in the future. The stronger effect of nutritional stress
on conidial resistance also arises the question if one of the signals is overwhelming when
light and other stresses coexist. Therefore, a larger regulatory network for gene expression
depicting the crosstalk between light and stress signaling needs to be deciphered.

5. Conclusions

The strategy to improve the conidial yield and stress resistance of T. guizhouense
through optimizing light conditions is feasible. In comparison to darkness, the conidial
yield was increased by more than 1400 folds under 450 nm blue light and the conidial
resistance was significantly enhanced. Low-intensity blue light (<4 μmol photons/(m2 × s))
improved the conidial yield and stress resistance simultaneously, but strong blue light
(≥4 photons/(m2 × s)) delayed the vegetative growth of T. guizhouense. The enhanced
conidial stress resistance is probably attributed to the upregulation of stress-related genes,
which is controlled by the light receptor BLR1 and the MAPK HOG pathway.
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Abstract: With the increasing world population, demand for industrialization has also increased to
fulfill humans’ living standards. Fungi are considered a source of essential constituents to produce
the biocatalytic enzymes, including amylases, proteases, lipases, and cellulases that contain broad-
spectrum industrial and emerging applications. The present review discussed the origin, nature,
mechanism of action, emerging aspects of genetic engineering for designing novel proteases, genome
editing of fungal strains through CRISPR technology, present challenges and future recommendations
of fungal proteases. The emerging evidence revealed that fungal proteases show a protective role
to many environmental exposures and discovered that an imbalance of protease inhibitors and
proteases in the epithelial barriers leads to the protection of chronic eosinophilic airway inflammation.
Moreover, mitoproteases recently were found to execute intense proteolytic processes that are crucial
for mitochondrial integrity and homeostasis function, including mitochondrial biogenesis, protein
synthesis, and apoptosis. The emerging evidence revealed that CRISPR/Cas9 technology had been
successfully developed in various filamentous fungi and higher fungi for editing of specific genes. In
addition to medical importance, fungal proteases are extensively used in different industries such as
foods to prepare butter, fruits, juices, and cheese, and to increase their shelf life. It is concluded that
hydrolysis of proteins in industries is one of the most significant applications of fungal enzymes that
led to massive usage of proteomics.

Keywords: fungal enzymes; proteases; catalytical properties; recent developments; genetic engineer-
ing; mitoproteases

1. Introduction

Excessive use of chemicals in different industries has increased tremendously in the
past few years, including phenols, pesticides, polyaromatic hydrocarbons (PAHs), poly-
chlorinated compounds, polychlorinated biphenyls, and arsenic. Exposure to these toxic
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chemicals has become a threat to the environment and public health concerns [1]. There
is a need to replace these chemical compounds with fungal enzymes that are considered
alternatives to the toxic chemicals and act as ecofriendly indicators to meet industrial de-
mands [1]. The global market of fungal enzymes is drastically increasing in different sectors
due to the high production rate, smooth downstream processing, and low costs [2,3].

Fungi are considered GRAS (Generally Regarded as Safe) organisms as compared to
other microorganisms because they fulfill the criteria of industrial demands such as efficient
growth on culture media in short duration and continuous supply of desired products [4,5].
Fungi also secreted a large variety of proteases, lipases, amylases, and amylases that play
an important role in physiological processes such as germination, as defensins against
other pathogens or for nutritional requirements for development [6,7]. Secretions of fungal
enzymes occur from the cells present at the top of hyphae. These secreted enzymes can be
used for industrial preparations of valuable products [8].

Fungal proteases have been widely studied due to their wide diversity [9]. Pro-
teases have been isolated from different fungi such as Schizophyllum commune, Pleurotus
ostreatus, Phanerochaete chrysosporium, Thermomyces lanuginosus, Sporotrichum thermophiles,
Myceliophthora thermophile, Thermomyces ibadanensis, Candida mogii, Saccharomyces pombe,
Aspergillus flavus, and Neurospora crassa [10–12]. Fungal proteases can be isolated through
the fermentation process exhibiting high catalytic and specificity for the substrate [1,13].

Fungal proteases have diverse importance in corporate sectors such as the pharma-
ceutical, detergent, leather, waste, and food industries [14]. In the food industry, they
are used to make beer, wine, and vinegar. Acidic proteases are used to improve wheat
gluten’s structural and functional properties [15]. In medical sectors, fungal proteases are
used as therapeutic agents for the treatment of a variety of diseases such as cancer, HIV,
inflammatory diseases, diabetes, and hepatic cancer [16,17]. In the textile and laundry
industries, they are used to prepare enzyme-based detergents to remove the tough stains
from clothes due to developing excellent washing performance compared to other microbial
enzymes [13,18]. They are also involved in degrading lignocellulosic biomass, and products
can be utilized as biofuels for the production of energy at the commercial level [8,19].

Fungal proteases hold a pivotal position in cellular signaling and physiological processes
occurring in the human body [20]. They possess antiviral, anti-inflammatory, antioxidant, and
antitumor activities due to the presence of bioactive compounds [21]. Through recombinant
DNA technology, different genes from fungal proteases have been cloned and sequenced in
order to enhance their production under optimum conditions [22,23]. For instance, a selected
gene that encodes target enzyme shows its expression in the fungal cell factory, such as T. reesei,
A. nidulans and A. oryzae, A. oryzae FG76, Pseudomonas aeruginosa CTM50182 and P. chrysogenum
(Pg222) [24–28]. The accumulative data also revealed that CRISPR/Cas9 technology had been
successfully developed in different fungi, including Trichoderma reesei, Aspergillus stains, A.
fumigatus, and Ustilago maydis for genome editing [29–31].

Many fungal strains have been isolated, but their diversity remains unexplored and
a barrier for cost production prior to use for different industrial operations. Due to vast
biodiversity, many fungal strains have been reported that secreted proteases, but their
nature, secretary pathways, molecular structures in 3D, mechanism of action, and roles in
cellular and physiological processes remain unclear. The impact of COVID-19 on the global
market affecting fungal proteases, genetic expression, and genome editing of many strains
through CRISPR technology needs to be explored before using them in different sectors.

However, this review highlights the origin, nature, mechanism of action, emerging as-
pects of genetic engineering for designing novel proteases, genetic expression and genome
editing of fungal strains through CRISPR technology, and roles in cellular and physiological
processes. This review also presents the impact of COVID-19 on global market trends
affecting fungal proteases.
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2. Fungal Enzymes

Different enzymes are isolated from different fungus strains and are used as deter-
gents for softening and washing clothes to maintain their quality, color, and other cloth
properties. These different fungal enzymes are proteases, amylases, cellulases, and lipases
used as detergents to increase their efficiency [32–35]. The characteristics of different fungal
enzymes are presented in Table 1. These enzyme-based detergents also have advantages
over synthetic chemicals because they are biodegradable, environment-friendly, and are
used in a minimal amount to remove strains [36].

Table 1. The characteristics of different fungal enzymes.

Enzyme Class Type of Strain
Production

Method
Mol. Weight

(kDa)
Opt. pH

Opt.
Temperature (°C)

Substrate Inhibitors
Enzyme Activity

(%)
Reference

Fungal amylase

Thermomyces
lanuginosus SSF 33 5 48 Wheat straw,

guayule bagasse SDS 88 [37,38]

Aspergillus
fumigatus SmF 28 4.5 30 Pomegranate peel,

wheat bran Ebselen 90 [39,40]

Cryptococcus
flavus SSF 70 5 45 Starch, amylose Mercury 80–84 [41]

Aspergillus niger SSF 115 5 75 Cowpeas,
chickpeas 88 [42,43]

Mucor sp. SSF 38 4 30 Kidney beans,
lupine EDTA 84–86 [44,45]

Aspergillus oryzae SSF 102 8 30 Groundnut oil,
sesame oil Copper 85 [46,47]

Aspergillus
kawachii SSF 110 3 32 Pearl millet Mercury 88–90 [48,49]

Penicillium fterreus SSF 25 6 28 Cowpeas,
chickpeas Lead 78 [43,50]

Fungal cellulase

Trichoderma viride SSF 55 7 52 CMC Mercury 86–88 [51,52]

Peniophora sp. SmF 30 4 58 SKT EDTA 80 [53]

Aspergillusniger
IMMIS1 SSF 70 3.5 32 RW, bread Mercury 90 [54,55]

T. harzianum SSF 40 5 70 Sugarcane
bagasse EDTA 85 [13,56]

Aspergillus niger
VTCC-F021 SSF 29 4 52 Sugar cane, CMC Zinc 95 [57,58]

Aspergillus terreus SmF 52 3.5 13 Cowpeas,
chickpeas Mercury 78 [59]

Fungal lipase

Aspergiillus niger SSF 30 3 40–48 Coir waste, RH Zinc 88 [42,60]

A. terreus SmF 35 3.5 48 MOC α-Glucosidase 85 [59,61]

A. versicolor SmF 93 7 60 EMO Lipstatin 90 [62,63]

A. tamarii SSF 5 4.5 55 GOC, agrowastes Ebelactone 92 [64,65]

A. japonicus SmF 9 4.6 25 SFO, casein Caulerpenyne 88 [66,67]

Mucor sp. SmF 7 4.2 28 Kidney beans,
lupine Percyquinin 66 [45,68]

Fungal protease

Scopulariopsis sp. SSF 38 8 56 Glucose, peptone NBS 88 [69,70]

Aspergillus niger SSF 47 7 45 Cowpeas,
chickpeas EDTA 88 [42,71]

Aspergillus
fumigatus SSF 40 8 31 PL, casein DTT 90 [72,73]

Rhizopus oryza SmF 55 5 32 WBW DTT 75 [74,75]

Mucpr Sp. SSF 35 7 28 Kidney beans,
lupine EDTA 88 [45,76]

G. putredinis SmF 48 7–8 29 Soya bean meal IAA 85 [13]

T. harzianum SSF 45 7 19 Glutamine PMSF 80–82 [13]

Note: SDS = Sodium Dodecyl Sulfate, EDTA = Ethylenediaminetetraacetic acid, DTT = Dithiothreitol, NBS =
N-bromosuccinimide, PMSF = Phenylmethylsulphonylfluoride, IAA = Indole Acetic Acid, SSF = Solid-state
fermentation, SmF = submerged fermentation, RH = Rice Husk, MOC = Mustard Oil Cake, GOC = Gingili Oil
Cake, EMO = Edible Oil Mill, SFO = Sunflower Oil, PL = Pig Hung, CMC = Carboxy Methyl Cellulose, SCT = Silk
Cotton Tree, RW = Rose Wood, and WBW = White Bread Waste.

Coproduction of Fungal Enzymes

Fungi secrete different enzymes and peptides that play a significant role in cellular
processes, growth, and sporulation. Fungi are classified as psychrophilic, mesophilic, and
thermophilic on the basis of their particular habitat as these fungi produce a large variety
of enzymes [77,78]. Some species of thermophilic fungi can tolerate high temperature and
secrete a variety of proteases. Due to their longer shelf life, these proteases can be used in
different industries, including food and pharmaceuticals [79]. Some fungi found in deep sea
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are also a major source of psychrophilic protease [80]. Different species of mesophilic fungi
also contribute to the large-scale production of proteases [22]. Thermomyces lanuginosus
shows optimum growth at 40–50 ◦C, and produces proteases, lipases, and amylases used
to treat wastewater and the pharmaceutical industries [81,82]. Neurospora crassa shows
optimum growth at 20–30 ◦C and produces alkaline, serine proteases, and cellulases used
as a model organism to analyze genetic recombination [83].

Similarly, Myceliophthora thermophile shows optimum growth at 45–50 ◦C, produces
alkaline protease and cellulases used for textile industries and bioremediation [84]. Ther-
momyces ibadanensis shows optimum growth at 55 ◦C, produces serine proteases and lipases
used for wastewater treatment [85]. The detailed information about the coproduction of
fungal enzymes from different fungal strains with their applications is presented in Table 2.

Table 2. The coproduction of fungal enzymes from different strains of fungus based on temperature.

Fungal
Strain

Nature Genus
Opt.

Temperature
(◦C)

Fungal
Amylase

Fungal
Cellulase

Fungal
Lipase

Fungal
Protease

Application Reference

Thermomyces
lanuginosus

Thermophilic
fungus Thermomyces 40–50

√ × √ √
Wastewater
and pharma-

ceuticals
waste

treatment

[81,82]

Sporotrichum
thermophile

Thermophilic
fungus Sporotrichum 45–50 × √ × √ Biomass

degradation [86,87]

Myceliophthora
thermophila

Thermophilic
fungus Myceliophthora 45–50 × √ × √

Textile
industries

and bioreme-
diation

[84]

Thermomyces
ibadanensis

Thermophilic
fungus Thermomyces 46–55 × × √ √ Wastewater

treatment [85]

Neurospora
crassa

Mesophilic
fungus Neurospora 20–30 × √ × √

As a model
organism in
an analysis

of genetic re-
combination

[83]

Aspergillus
niger

Mesophilic
fungus Aspergillus 20–30

√ × × √ Food
industries [88]

Aspergillus
flavus

Mesophilic
fungus Aspergillus 25–30

√ √ × √
Textile,

detergent,
and paper
industries

[88]

Candida
mogii

Psychrophilic
fungus Candida 5–10

√ × √ √ Food
industries [89]

Note: The tick (
√

) represents ‘produce’, and cross (×) represents ‘not produce’.

3. Fungal Proteases

Proteases are obtained from plants, animals, and microorganisms. Plants and animals’
proteases are more complex as compared to microorganisms. Fungal proteases are used as
detergents for the removal of stains by hydrolyzing the peptide bond among the protein
molecules. Different strains of fungus produce the proteases, including Aspergillus niger [90].
Proteases have advantages over other fungus enzymes as detergents. Their demand
increased due to low compatible detergent due to washing performance as compared to
other enzymes. They catalyzed the removal of protein strains by breaking the peptide
bonds in all pH ranges, such as acidic, neutral, and alkaline [91]. Their use in industrial and
households increased due to the high production rate, enzyme recovery from the respective
media, environmental safety, the whiteness of clothes, and maintenance of fibers.

Among these enzymes, protease is mainly used in detergent formulations due to its
immense use in different industries. Proteases are referred to as proteolytic enzymes, which
are unique in nature due to their presence in all living organisms and their significant
applications in cell growth and differentiation. The proteases may be divided into three
main groups based on the pH range alkaline protease, acidic protease, and neutral protease.
Acidic protease has an optimum pH between 2.0 to 5.0. The ideal pH condition of neutral
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protease is 7.0, and alkaline protease has an optimum pH of more than 7.0. The acidic
protease mainly has a fungus origin. Alkaline proteases are most important due to their
immense applications in the food and detergent industries [92].

Protease enzymes are classified into two types based on their mechanism of action:
extracellular protease and intracellular protease. The extracellular enzyme catalyses the
hydrolysis of large protein molecules into smaller molecules that are absorbed into the
cells. The intracellular protease plays a significant role in the regulation of metabolism.
The extracellular protease enzyme is mostly used at a commercial scale to degrade protein
molecules in many industrial processes [93]. The structures of different proteases are
presented in Figure 1.

Figure 1. The representation of (a) structure and (b) topology of proteases. TM: Transmembrane
domain, IBM: Inhibitor of apoptosis (IAP)-binding motif, MTS: Mitochondrial targeting sequencing,
IMS: Intermembrane space, CC: Coiled-coil, AAA: Triple-A domain, M41: Protease metal-binding
proteolytic domain, S1 protease: Trypsin-like protease domain. This figure is reproduced from
Martinelli and Rugarli [94] after permission from Elsevier (License No. 5197711293142).

Alkaline proteases are used as detergents in the laundry industry to remove the dirty
stains that are portentous in nature, in many food industries such as cheese making, baking
meat industries, soaking processes, and many others in waste management from many
food industries and also have some application in household activities [95]. Alkaline
proteases act as an active ingredient in laundry detergent; they are considered a significant
application of this enzyme. In the past, when detergent protease was produced at an
industrial scale, it caused some allergic problems in workers from the dust of enzymes [96].

Among all groups or classes of proteases, the serine proteases are most effective in
detergent action due to their stability and comparability in the existence of ingredients
and other bleaching agents. It is expected that in 2020, the global market of industrial
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reach will climb to 7.5 billion and the growth rate will be around 8.2%. It is estimated
that the growth rate will be maximum in detergents’ enzymes. One type of such enzyme,
protease, remained a well-known enzyme of 2015; its growth rate was 27.5%. It is expected
to enhance its growth rate because of its flexibility in different sectors of pharmaceutical
foods and detergents [97]. The information about novel protease enzymes isolated from
different sources is presented in Table 3.

Table 3. The representation of novel fungal protease enzymes isolated from different sources.

Enzyme Isolated Enzyme Class
Active Site
Residue (s)

Isolated Source Reference

Clostripain,
Streptopain Cysteine proteases Cysteine and

histidine residues
C. histolyticum, S.

griseus [98,99]

Pepsins, proteases,
rennet like
proteases

Aspartic
endoproteases

Two aspartate
residues A. niger, M. miehei [100,101]

Chymotrypsins,
subtilisins Serine proteases Serine residues B. sphaericus [102,103]

Collagenases,
elastase Metalloendoproteases Metal ions C. histolyticum,

P. aeruginosa [104,105]

Eqolisin protease Glutamic proteases Glutamate
residues S. lignicola, A. niger [106,107]

Pepsins (A1),
retropepsin (A2) Acidic proteases - A. niger, A. saitoi. [108,109]

Subtilisin,
carlsberg Alkaline proteases - A. salinivibrio, C.

aureus [109]

Neutrase,
thermolysin Neutral proteases - Bacillus sp. [109]

3.1. Origin of Fungal Proteases

The demand for fungal proteases has increased in recent decades. Different species
of fungi secrete proteases, but the origin of proteases from basidiomycetes remains un-
clear [110]. Aspergillus species are considered an excellent source of proteases. Some other
fungal species such as Penicillium and Rhizopus also produce proteases [111,112]. Proteases
are also produced from the basidiomycetes such as Schizophyllum commune, Armillariella
mellea, Pleurotus ostreatus, and Phanerochaete chrysosporium [113–115].

Mycelial secretion in saprophytic basidiomycetes led to discovery of proteases such
as subtilases from Serpula lacrymans, Pleurotus ostreatus, and Irpex lacteus [116,117]. Pleuro-
tus sp., such as P. ostreatus and P. chrysosporium, also produced the proteases involved in
ligninolytic mechanism through fragmented degradation of laccase enzyme during fugal
growth [118]. Hemolytic proteases secreted by Pleurotus sp. possess different activities in
cellular processes. Secretion of hemolysin by P. nebrodensis shows apoptosis and antiprolif-
erative activities and is involved in targeting cancerous cells [119]. These proteases tightly
bind to the receptor proteins of HIV and inhibit them [120]. Some proteases isolated from
P. ostreatus possess activities against different carcinomas [121].

3.2. Classification of Fungal Proteases

Fungal proteases are classified into different categories based on amino acids. A few
are presented in the following sections.

3.2.1. Protease Classes Based on Amino Acids

Proteases are categorized into the following classes based on amino acids’ residue in
their active site.
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Serine Protease

Serine proteases are the most important class of proteases that contain the amino acid
serine in their active site (see Figure 2). Serine residues in the active site make a catalytic
triad with aspartate and histidine. This catalytic triad is conserved among all serine
proteases. These residues are essential for their catalytic activity to cleave the substrate
protein [122]. Serine proteases can be further divided based on substrate specificities such
as elastase-like proteases, which possess the smaller S1 cleft than the chymotrypsin-like
protease. They are hydrophobic in nature and possess the specificity for valine and glycine.
These elastase-like proteases act on elastin by breaking them into smaller fragments, thus
playing an essential role in forming connective tissues [3]. Fungal species such as Aspergillus
sp., Aspergillus oryzae, Aspergillus fischeri, Penicillium citrinum, Penicillium corylophilum.
Penicillium waksmanii, and Neurospora Conidiobol produce serine proteases [123,124].

Threonine Protease

Threonine proteases hold the threonine residues in their active site for their catalytic
activity to cleave the substrate protein. These proteases show substrate specificity for
bulky amino acids [109,125]. Saccharomyces cerevisiae are production sources of threonine
peptidase with appreciable capacity for the production of threonine and potential for
industrial application [123,126].

Cysteine Protease

Cysteine proteases hold the two amino residues in their active sites, such as cysteine
and histidine (see Figure 2). Their catalytic activity can be maintained in the presence of
reducing agents [109]. The substrate specificity of the cysteine proteases can be determined
through the interaction between the side-chain amino acids of the particular substrate that
can be accommodated into the S2 cleft, which is hydrophobic in nature and shows the
specificity for the leucine and tyrosine. One of the best examples is the Cathepsin K that
shows the specificity for kinins by cleaving the peptide bonds in the collagen tissue [98,127].
Fungi species such as Aspergillus oryzae produce cysteine proteases. Only a little information
about the secretion of fungal cysteine proteases is known [128].

Aspartate Protease

Aspartate proteases hold the two aspartate residues in their active site. These aspartate
residues are essential for their catalytic activity to cleave the substrate protein (see Figure 2).
Aspartate proteases show specificity for aromatics such as phenylalanine, tyrosine, and tryp-
tophan on both sides of the peptide bond [101]. Rennin-like aspartate proteases cause the
cleavage of casein into the smaller peptides. Pepsins are isolated from Aspergillus, and rennet-
like enzymes are isolated from M. miehei [100]. Fungi species such as Aspergillus, Penicillium,
Rhizopus, and Neurospora produce aspartic proteases [100,129]. E. parasitica and R. miehei of
fungi are used as production sources of aspartic peptidase with appreciable capacity for the
production of acidic peptidase and potential for industrial application [129,130].

Glutamic Acid Protease

Glutamic acid protease holds the glutamate residues in their active site. These pro-
teases also show substrate specificity for bulky amino acids. For instance, eqolisin can
work at pH 2.0 when the casein is used as a substrate. Glutamic proteases were identified
in the fungi Scytalidium lignicola and Aspergillus niger [106,107]. Scytalidium lignicolum,
Aspergillus niger, Cryphonectria parasitica, Talaromyces emersonii and Sclerotina sclerotiorum
secreted glutamic proteases [131–133].

Metalloprotease

Metalloproteases are the diverse classes of proteases containing metal ions in their
active sites (see Figure 2). These metalloproteases are highly specific in their action [104].
Neutral proteases show the specificity for hydrophobic amino acids. The well-known
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metalloproteases such as collagenases and elastase are isolated from C. histolyticum and P.
aeruginosa [105]. Fungi species such as Aspergillus, Penicillium, Fusarium oxysporum, and A.
fumigatus produce metalloproteases [100,126,134].

Figure 2. The representation of fungal protease mechanisms of (a) serine proteases (b) aspartyl
proteases, (c) metalloproteases, and (d) cysteine proteases. It was reported that the eponymous
residue is commonly formed as a pair with a proton withdrawing group in the active sites of
cysteine and serine proteases to promote a nucleophilic attack on the peptide bond. In contrast,
metalloproteases and aspartyl proteases activate water molecules as nucleophiles. Overall, it was
observed that the process of peptide bond scission is the same for all classes of proteases. This figure is
reproduced from Erez et al. [135] after permission from Springer Nature (License No. 5223461087907).

The mechanism of action of fungal proteases involves the formation of an intermediate
acyl-enzyme that covalently links the enzyme to the N-terminal of the substrate. In the
second step, the water molecule completes the hydrolysis by attacking the intermediate.
It results in the release of the second-half product with the regeneration of free enzyme
(see Figure 3) [136].
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Figure 3. The representation of a comparison of the two hydrolytic mechanisms used for proteolysis.
This figure is reproduced from Shafee [136] (Attribution NonCommercial 2.0 UK: England & Wales,
CC BY-NY 2.0 UK).

4. Market Value of Fungal Proteases

Fungal proteases are one of the largest groups of industrial enzymes, and their global
market is drastically increasing annually. Of the 60% of enzymes marketed worldwide,
fugal proteases account for 20% [137,138]. The global market of fungal proteases is gaining
more attention compared to other enzymes due to their high demand, catalytic properties,
and low cost [139,140]. The global fungal enzymes market is highly consolidated owing to
the presence of several key players operating in the global fungal enzymes market, namely
Novozymes A/S, DSM, Chr. Hansen, DuPont, and BASF. The share market is divided into
pharmaceuticals, bakery, beverages, sweet, and animal feed based on application [141].
Companies worldwide adopt evolutionary acquisition strategies by expanding the business
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network of proteases by considering the geographical demands, source type (especially
microbial), and role in different industries [140].

Global Proteases Market Segmentation

The global protease market is segmented based on applications, forms, and types.
The market is divided into renin, trypsin, pepsin, and others based on type. The renin
segment leads the share market, and alkaline protease is the second segment that accounts
for the largest market share due to usage in the food and dairy industry [142]. Based on
form, the protease market has been divided into liquid and powder. The powder segments
contribute to the largest market share due to the usage of many products that improve
the half-life of food products [90]. The share market is divided into bakery and beverages,
sweet, animal feed, and others based on application. The bakery segment contributes to
the largest share of the market. It reflects the use of proteases in different industries for
syntheses of food-based products [143].

5. Molecular Approaches, Cloning and Expression of Fungal Proteases

Recombinant DNA technology is used for fungal proteases to understand their gene
expression at cellular and molecular levels [144]. Protein engineering of fungal proteases
can be evaluated through directed mutagenesis for introducing the changes in the sequence
of amino acid 3D structure [22]. Based on a particular sequence at the N-terminal, novel
proteases were isolated from P. ostreatus. A new primer was designed for cloning and
amplification of DNA sequence that showed regions with homology to the proteases iso-
lated from Neurospora crassa [111]. XPR2 gene encoding for an alkaline protease from
Yarrowia lipolytica was cloned into P. pastoris, and its genomic sequence showed two gly-
cosylation sites [145]. A serine protease gene (Spr1) encoding from an alkaline protease
from Monacrosporium megalosporum showed homology to serine proteases PII and Azo1
isolated from the cuticle of nematode-trapping fungus and Arthrobotrys oligospora [146].
Gene cloning of A. nidulans gene (prtA) encoding the alkaline protease can be carried out in
the presence of probing of the A. nidulans library through fragmented amplification of the
Aspergillus oryzae Alp-encoding gene. The amino acid sequence in the prtA gene showed
homology to the protease isolated for A. oryzae and A. flavus [147,148].

Recently, a novel neutral protease was produced from Aspergillus oryzae Y1. This protease
was purified about 10-folds, and its recovery yield was about 45% [149]. This protease was
purified as a potential candidate for industrial applications, especially in food industries [149,150].
The genetic recombination of the A. oryzae and Aspergillus led to the production of A. oryzae
FG76, which secreted acid protease with 85% activity [28]. Novel acid protease was produced
from A. oryzae FG76 from a culturing medium with 17-activity and showed high stability as
compared to commercial enzymes [28]. Another novel protease was purified from basidiomycete
fungus CTM10057 that acted as a potential candidate for industrial applications, especially
in the detergent and laundry industries [150,151]. Pseudomonas aeruginosa CTM50182 secreted
the AMPP protease with 70% activity that showed high stability as compared to commercial
enzymes [28,152]. Cryptococcus sp. S-2 that produced the novel aspartic protease was purified in
synthetic substrates similar to the purified pig pepsin A [153].

6. Role of CRISPR Technology in Fungal Enzymes

CRISPR/Cas9 technology has been successfully developed in fungi for genome edit-
ing such as Trichoderma reesei, Aspergillus stains, A. fumigatus, and Ustilago maydis (see
Table 4) [29–31]. For example, genome editing of multiple genes was successfully achieved
in T. reesei through CRISPR/Cas9 technology by following the co-transformation via in vitro
synthesis of sgRNAs and donor DNA with the 200 bp homologous arms. This promising
approach applies to filamentous fungi that degrade the wood lignocelluloses [154]. The
CRISPR/Cas9 system also successfully developed in A. fumigatus following in vivo syn-
thesis of sgRNA through the introduction of A. fumigatus U6 snRNA promoter, leading
to 95–100% precise integration via the 35-bp homologous arms. This versatile genome
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editing approach is helpful for the investigation of mutated genes and clinical studies
of Aspergillus species [155]. Genome editing through CRISPR/Cas9 technology is under
validation for thermophilic fungi [156]. Myceliophthora thermophile is one of the thermophilic
fungi involved in the degrading of biomass; therefore, it can be used for the production of
thermostable enzymes as biofuels in different industries. Consequently, it is essential to
reveal the genome editing of Myceliophthora through metabolic engineering important in
reconstructing the lignocelluloses [157].

Table 4. The applications and efficiencies of different fungal enzymes isolated from fungal strains
recently modified through CRISPR technology.

Fungal Strain
Isolated

Proteases
CRISPR
System

Selective
Marker

Promoter for
sgRNA

Promoter for
Cas9

Delivery
Method

Editing
Method

Application Efficiency (%) Reference

A. oryzae Aspartic acid
protease Cas-9 pyrG U6 amyB PMT NHEJ

Genetic
engineering,

food industries
10–30 [158,159]

M. thermophila Alkaline
protease Cas-9 bar U6 tef1 AMT HDR

pharmaceuticals
biomass/waste

treatment
20–95 [86,156]

T. lanuginosus Serine alkaline
protease Cas-9 hph U6 act1 AMT NHEJ

Wastewater and
pharmaceuti-

cals waste
treatment

44–90 [82,160]

C. militaris Serine alkaline
protease Cas-9 5-FOA/blpR U6 tef1 AMT NHEJ Pharmacecurials 82–89 [161,162]

F. graminearum Acid proteases Cas-9 Fludioxonil U6 gpdA AMT HDR Food indsuries,
pests conrol 2–12 [163,164]

U. maydis Metalloproteases Cas-9 Ip U6 otef PMT NHEJ Biofuels,
pharmacuetcals 50–90 [165,166]

N. crassa Serine proteases Cas-9 bar SNR52 TrpC AMT HDR Genetic
recombination 60–80 [83,167]

G. lucidum Metalloproteases Cas-9 ura3 T7 gpdA PMT NHEJ Medicine 28–33 [168,169]

Note: NHEJ = Non-homologous end joining, HDR = High-fidelity homology-directed repair, Cas = CRISPR-
associated genes, gRNA = Guide RNA, sgRNA = Single guide RNA, AMT = Agrobacterium mediated transforma-
tion, and PMT = Protoplast transformation.

However, the off-target effects in fungi have been studied through CRISPR/Cas9
technology. Mutations were observed in U. maydis and A. fumigatus through whole-genome
sequencing after CRISPR/Cas9 genome editing [170,171]. There is a need to elucidate
the mechanism behind mutations/off-target events through CRISPR/Cas genome editing
in fungi [172]. Some strategies have been developed in order to reduce off-target effects
caused by CRISPR/Cas-9 genome editing in fungi. Based on genomic sequence, algorithms
can be used for the selection of target sequences for predicting the off-target and on-targets
sites [173]. In fungi, joining non-homologous regions can be carried out via a null mutant
strain to reduce off-target effects [174]. High homologous recombination was observed
through deletion of genes that particularly involved non-homologous end-joining. There-
fore, mutants have been used in the form of hosts to process CRISPR genomic editing [175].

7. Recent Developments

In this modern era, biocatalysts are considered important progress in environmen-
tal protection. The production of an industrially important enzyme by using a cheap
carbon source involves the continuous isolation of new strains [176]. Protease activity
depends on many factors, including the pH of the medium, mechanical handling, and
temperature. Genetic engineering plays an essential role in producing novel enzymes with
unique properties and alteration of protease properties that can improve the industrial
process [139]. Proteases can overcome the traditional methods of biomass conversion into
biofuels. Enzymes are the best alternatives for methyl ter-butyl ether (MTBE) because MTBE
is dangerous to human health. Proteases have the potential to use unrefined feedstock
without the separation of fatty acids that are mainly present in unrefined feedstock [90]. The
complete genome of many industrial important Aspergillus species that produce various
enzymes has been sequenced [177]. Despite limitations at transcriptional and translation
sites, with the help of enzyme engineering, the Aspergillus species has the potential to
produce a high level of heterologous proteins [15].
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8. Role of Fungal Proteases in Living Organisms

Mitoproteases process the proteins imported into mitochondria and help degrade
the damaged and misfolded proteins to improve the quality of proteins [178]. However,
with the help of recent technologies, a mutation in genes that encodes mitoproteases and
results in different diseases can be found, providing additional information regarding the
biological role of these proteases in other processes [179].

8.1. Mitoproteases Function in Protein Processing and Activation

Mitoproteases mainly participate in the proteins trafficking into mitochondria from
cytosol with the help of chaperones and help in the activation and folding of proteins
imported into mitochondria [180]. Proteases are synthesized in the cytosol and move the
processed proteins into mitochondria, which helps in the correct entry of proteins into
mitochondria by removing mitochondrial import signals (see Figure 4) [178,181].

Figure 4. The mechanism of action of mitoprotease peptidases. Mitoproteases are the diverse group
of enzymes that transport the biologically active proteins from cytosol to the inner mitochondrion
to carry out the correct signals necessary for cellular processes [182]. Mitochondrial processing
peptidase (MPP) is the part of the mitochondrial matrix that comprises two subunits such as PMPCA
and PMPCB (protease mitochondrial processing peptidase subunit a and b) [183]. Mitochondrial
intermediate peptidase (MIP) promotes the cleavage of octapeptide and X-Pro aminopeptidase
3 (XPNPEP3) that removed the amino acids from the amino-terminal of the MPP. Some proteins
also pass through further photolytic cleavage via IMMP1L and IMMP2L. IMMPs attack the carboxy-
terminal sequence (CTS) to promote cellular assembly [184]. Met aminopeptidase 1D (METAP1D)
attacks on amino terminals of the initial Met of some of the polypeptides in order to get functionally
active proteins [180]. This figure is reproduced from Quiros et al. [181] after permission from Springer
Nature (License No. 5197691283486).

8.2. Cysteine Proteases in Atherosclerosis

Analysis of human tissues has determined that overexpression of cathepsin activity can
lead to various inflammatory conditions, including rheumatoid arthritis and atherosclero-
sis [185]. During atherosclerosis, cathepsins’ overexpression can be found in almost every cell
that contains plaque tissues, mainly in macrophages and endothelial cells (see Figure 5) [186].
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Figure 5. The representative structure of (a) fold of mature cathepsin L and (b) role of cathepsins in
regulating inflammation in atherosclerosis. Cathepsins are involved in the regulation of inflammation
in atherosclerosis by clearing the apoptotic cell [187]. Cathepsin function in atherosclerosis is cat-
alyzed by suppressing the oily foam formation that leads to atherosclerosis in arteries due to excess
cholesterol that increases the chances of reactive oxygen species and hence strong activity by clearance
of the apoptotic cell. Cathepsins move into the cytosol by promoting apoptosis by degrading excess
high-density lipoproteins (HDL) by processing the IL-1β [188,189]. Lysosomes bind to Low-density
lipoprotein receptors (LDLR), causing them to degrade fatty acids and lipids through acid hydrolases.
Impairment in cathepsin’s catalytic functioning leads to the deposition of excess cholesterol that
causes stress and free radicals due to reactive oxygen species [185]. tBID: Truncated BID, LMP: Lyso-
somal membrane permeabilization, TLR: Toll-like receptor, ABCA1: ATP-binding cassette transporter,
ABCG1: ATP-binding cassette sub-family G member 1, BID: BH3-interacting domain death. This
figure is reproduced from Weiss-Sadan et al. [185] (Attribution 4.0 International, CC BY 4.0).
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8.3. Role of Fungal Proteases in the Pathogenesis of Chronic Rhinosinusitis with Nasal Polyps

Staphylococcus aureus, fungi, cockroaches, and some airborne mites have serine pro-
teases [190]. Interaction of proteases derived through allergens occurs with epithelial cells
through three pathways: direct effects of protease on junctional proteins, epithelial activa-
tion through toll-like receptor 4, and reaction with protease-activated receptors present on
the cell surface (see Figure 6) [191].

Figure 6. The mechanism of action of proteases to inhibit the allergen and other microbe attacks.
Proteases are released in response to allergens due to a microbial attack that causes severe damage
to epithelial cells by disrupting the junctional proteins [192]. Allergen proteases bind to protease-
activated receptor 2 (PAR2) by cleaving the fibrinogen into the fibrin cleavage products (FCPs)
that activate the toll-like receptor 4 (TLR4) and ILC2s. These ILC2s lead to activation of NF-kB
and excess production of reactive oxygen species (ROS). It activates epithelial cells to release the
pro-Th2 cell chemokines and cytokines that activated the instruct immature dendritic cells (iDCs).
P-glycoproteins (P-gp) helps in removing the protease inhibitors in epithelial cells that cause the
suppression of allergen proteases [190,193]. This figure is reproduced from Wu et al. [190] (Attribution
4.0 International, CC BY 4.0).

8.4. Fungal Protease as a New Therapeutic Strategy for Colorectal Cancer

Colorectal carcinoma is the most common cancer and has a high prevalence rate in
developed countries due to issues related to diet. In the past decades, despite several drugs
being used to treat colorectal cancer, the disease under the metastatic stages remains lethal.
New enzymes therapy is urgently needed to treat the defective proteins during cell cycle
stages. Proteases have been used for the suppression of tumour formation at the cellular
level. A ubiquitin-proteasome system is a protease-based therapy for colorectal cancer [194].
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The ubiquitin-proteasome system is the multiplex protease enzyme system essential
for the survival of normal cells that causes the degradation of misfolded proteins. The
ubiquitin-proteasome system also plays a critical role in controlling the turnover of the
aberrant proteins or short-lived regulatory proteins involved in essential cellular processes,
cell death, and cell signalling pathways, apoptosis, metastasis, and cell proliferation [195].
Protein substrates are mainly linked to the chain of the protein ubiquitin in the presence of
ubiquitin-activating enzymes or E1, ubiquitin-conjugating enzymes or E2, and ubiquitin
ligases or E3 to form the ubiquitin linkage. Polymerized ubiquitin chain provides the signal
to transport the target proteins to the proteasome, proteolysis of the aberrant or target
proteins broken down [196].

8.5. Protease as a New Therapeutic Strategy for Coeliac Disease

Celiac disease is one of the autoimmune disorders of the digestive system that af-
fects the small intestine due to improper digestion of gluten-based toxic peptides such
as gliadin. Recently, different protease-based therapies with a healthy diet plan and a
gluten-free diet have effectively treated celiac disease [197]. Microbial peptidases also
have been used to detoxify gluten by digesting them at the glutamine and proline sites.
This approach cannot be practical due to the inactivation of most enzymes in the stomach
wall through acidic pH [198].

Protease therapy is the best approach for protecting patients who have celiac disease
from toxic or unwanted peptides. A recent study investigated the therapeutic use of the
protease inhibitor elafin for the treatment of celiac disease [199]. Patients who have celiac
disease expressed a lower amount of protease inhibitor elafin. Researchers performed
experiments on mice models and found that delivery of elafin could reduce the inflam-
mation in the small intestine. Elafin also protected the stomach wall by inhibiting the
transformation of the gliadin peptides into the less toxic form [200].

8.6. Protease as a New Therapeutic Strategy for Neurological Disorders

Different disorders caused by prions are currently untreatable and universally fatal. Prions
are the misfolded proteins that cause different fatal diseases in animals such as Gerstmann–
Straussler–Scheinker syndrome and Creutzfeldt–Jakob disease [201]. Gerstmann–Straussler–
Scheinker syndrome is a neurodegenerative disorder characterized by mutations in the PRNP
gene due to prions that affect brain tissues. Creutzfeldt–Jakob disease is also a neurodegen-
erative disorder characterized by high prions in the nervous tissues that ultimately cause
irreversible damage to the nerves. Prions disrupt brain functioning by changes in the neural
tissues [201,202].

Enzyme-based therapy using the proteases is helpful for degrading the misfolded
proteins that cause alterations in brain tissues. Recently, the Bacillus strain was successfully
isolated and purified and was helpful in degrading the scrapie PrPSc. B. pumilus KS12
produces the keratinase that plays a vital role in degrading the Sup35NM. Genetically
engineered protease (MSK 103) is also effective against the PrPSc. However, novel proteases
should be discovered that can be used for targeting the prion diseases in animals [203,204].

9. Industrial Applications

Fungul protease has many applications in different sectors such as medicines and food
industries, and it acts as a magic tool in biological research. It has diverse applications at
industrial scales. Due to specificity in its mechanism of action, the protease is primarily
involved in the formulations of medicines [205].

9.1. Food Industry

Proteases are used in food industries to manufacture wine, bread, cheese, and butter.
Proteases in the dairy industry mainly act on the peptide bonds in cheese. Acid protease is
used for the production of ethanol, which can be used as a source of nutrients for yeast.
Acid protease acts on peptide bonds among amino acids, thus increasing the formation
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of ethanol from protease [90]. It resulted in the formation of casein, a protein found in
milk. Some fungal strains such as Mucor michei are used to produce acidic proteases
that can be used in cheese formation, thus replacing renin. Alkaline proteases are used in
soya sauce, and enzymatic reactions that lead to the production of a high-quality protein
called hydrolysates have different applications in nutrients and dairy-based products (see
Figure 7) [15]. Fungal proteases that are used in the fruit juice and beverage industry
mainly act on the peptide bonds among the proteins by degrading the complex compounds.
It formed a turbidity complex from protein that ultimately improved gelatin hydrolysis,
whey protein hydrolysis, gelatin hydrolysis, and meat mineralization [109]. Fungal-based
proteases are utilized in food industries due to high specificity and catalytic activities as
compared to the other fungal-based enzymes [176].

Figure 7. The application of fungal proteases in the food industry.

9.2. Waste Management and Bioremediation

Poultry industry waste and animal feathers could cause the deaths of livestock and
other animals. Alkaline serine proteases are used to degrade keratin protein in the poultry
industry [206]. Keratin is a structural protein with a long chain of amino acids linked through
hydrogen and hydrophobic interaction [207]. Keratin released from the poultry industry
releases waste and hazardous chemicals that can be controlled; alkaline proteases mainly act
on the hydrogen bonds and hydrophobic linkages among the keratin [208]. It helps control the
waste and hence plays a vital role in controlling environmental pollution. Different strains of
fungi are used for degrading the keratin, namely Pseudomonas sp., Aspergillus oryzae, Fusarium
oxysporum, Trichophyton sp., Aspergillus terreus, and Scopulariopsis sp., [209].

Fungal enzymes also play an essential role in bioremediation to control environmental
pollution. Different strains of fungi such as Hanerochaete chysosporium, and Pleurotus sp.
are used for bioremediation to maintain the ecological pollutant, thus helping in reducing
the pollution [210]. Other applications of alkaline protease are found in degrading toxic
proteins and chemicals released through the household. This alkaline protease acts on the
toxic proteins and helps them to degrade into smaller fragments that can be released into
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the environment [211]. Thus, alkaline protease helps clean the environment by controlling
the pollution from different sources of land and poultry through fungal-specific strains.

9.3. Medical and Pharmaceutical Industry

In medicine, some fugal proteases are isolated from Paecilomyces marquandii and Dorato-
myces microsporus as source of potent keratinases that might be utilized in the elimination of
keratin in acne or psoriasis, and degradation of keratinized skin, depilation, preparation of
vaccine for dermatophytosis therapy, and in the increase of fungal drug delivery [212,213].
These keratinases can remove the scar and regenerate the epithelia, accelerate healing
processes, and might act also in the medicine of trauma. A new semi-alkaline protease
with high collagenolytic activity was produced by Aspergillus niger LCF9. The enzyme hy-
drolyzed various collagen types and liberated low molecular weight peptides of potential
therapeutic use [212].

Thus, the demand for fungal proteases increases in the pharmaceutical and medical fields.
Fungal aspartic proteases from A. niger are used for the preparation of digestive powders [22].
L-glutaminase from Aspergillus fumigatus and Penicillium allii is used for the treatment of
leukaemia by inhibiting the growth of cancerous cells [214]. Alkaline protease is also used as
a digestible in the pharmaceutical industry to treat cystic fibrosis [215,216]. These proteases
control the abnormal concentrations of bile salts and pancreatic selections [109]. Alkaline
protease is used to treat the cancerous cells as these enzymes particularly target the fibrin
and promote their degradation, thus they are used as an anticancer agent in thrombolytic
therapy [90]. Matrix metalloproteinase catalyzes the breakdown of the peptide bond in the
clot formation molecule by adding a water molecule. These proteins showed the expression
against tumor cells [217].

9.4. Proteases in Silver Recovery

X-ray and photographic films are generally composed of 2% silver embedded in the
gelatin layer. This silver can be recovered through different approaches. Conventionally
used methods retrieved the silver recovery through the burning of the X-ray films that
cause environmental issues. It also increased the risk of respiratory infections in nearby
areas due to the explosion of carbon monoxide. Therefore, conventionally used methods for
silver recovery are not effective, and an urgently advanced approach is needed to reduce
the environmental and safety issues [218]. Alkaline proteases have been effectively used
for silver recovery with no environmental hazards. Proteases from the Bacillus species
can catalyze the hydrolysis of the gelatin layer with maximum retrieval of the silver by
ensuring no damage from polyester base film that can be recycled [219].

9.5. Proteases in Silk-Degumming

Silk fibers are covered by sericin, the fibrous protein that surrounds them in the form
of rough texture. Different conventional methods have been used for the removal of sericin
in order to organize the structure of silk fibers [220]. These methods are expensive due to
the high-cost machinery required to remove the sericin. Therefore, conventionally used
methods for silk-degumming are not reliable. Proteases have been used for degumming
silk in order to remove the sericin with the maintenance of fiber structure. Alkaline
protease obtained from the Bacillus sp., RGR-14 is used for degumming silk prior to
the conventional methods [221].

10. Novel Protease Inhibitors

Different inhibitors have been isolated and purified in searching for novel proteasse
inhibitors—the novel protease inhibitor, PPF-BBI, that is separated from the skin of Pelophy-
lax fukienensis. PPF-BBI as a novel inhibitor showed antimicrobial activity against E. coli and
C. albicans [222]. Another study investigated the role of the novel serine protease inhibitor
GP205 in the NS3/4A protein. The pharmacological analysis of the GP205 inhibitor showed
the biological activities in targeting the HCV virus, and ultimately, this novel inhibitor
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could be a possible treatment for the Hepatitis C virus [223]. Different compounds quercetin
3-β-d-glucoside, helichrysetin, and herbacetin have been screened by flavonoid library. The
biochemical analysis of these compounds showed biological activities in suppressing the
MERS-COV 3Cl protease. These chemical compounds could be used as a possible treatment
in targeting coronaviruses [224].

There are several protease inhibitors that showed broad spectrum inhibitory specificity
and antifungal activity by tight binding [225] (see Table 5). These inhibitors are survivin
(cysteine inhibitor) [226,227], diosgenin (metalloprotease inhibitor) [228,229], serpin (serine
inhibitor) [230], saccharopepsin (aspartic acid inhibitor) (IA3) [231], streptomyces (metal-
lopeptidase inhibitor; SMI) [232], RFLP-1 (Rhamnus frangula inhibitor) proteases [233].
These protease inhibitors have gained special importance in biomedicine.

Table 5. Fungal protease inhibitors for biomedical applications.

Type of Fungal
Protease

Inhibitors

Proteases
Inhibited

Family Activity
Inhibitory

Mechanism
Application Reference

Survivin
(Cysteine
inhibitor)

Caspases- specific
cysteine proteases C14 Antifungal Tight binding

Role as a mitotic
regulator of cell

division and as an
inhibitor of

caspase activation
in the process of

apoptosis.

[226,227]

Diosgenin
(Metalloprotease

inhibitor)
Metalloproteases M15 Antifungal Tight binding

These inhibit the
secreted

metallopeptidase
relevant in brain

invasion by
cryptococcal cells,

causing menin-
goencephalitis.

[228,229]

Serpin (Serine
inhibitor) Serine Proteases C1 and C14 Antifungal

Trapping traps
the serine

protease in a
covalent complex

Fungal serpins as
a therapeutic

benefit toward
several

inflammation-
related

complications.

[230]

Saccharo (Pepsin,
aspartic acid

inhibitor) (IA3)

Aspartic acid
proteases C1 Antifungal Tight binding

Role as an
inhibitor in the

process of
apoptosis and

cancer.

[231]

Streptomyces
(Metallopepti-

dase
inhibitor)

Metalloproteases C14 Antifungal Tight binding

Role as an
inhibitor in tumor

invasion and
metastasis (the
most validated

target for cancer).

[228,232]

RflP-1 (Rhamnus
frangula inhibitor

proteases)
Serine protease C14 Antifungal Trapping

Role in free
radical

scavenging
activities.

[233]

10.1. Protease Inhibitors in Clinical Trials
10.1.1. HIV

Protease inhibitors have been used as therapeutic agents to target the human immun-
odeficiency virus that usually attacks immune cells. FDA has approved many protease
inhibitors for HIV. These inhibitors included ritonavir, amprenavir, and indinavir. These
inhibitors bind to HIV and inhibit viral replication [234,235]. Some protease inhibitors are
currently under clinical trials; RO033-4649 (Roche) entered the phase I stage and TMC-114
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(Tibotec) is under clinical phase III. These therapeutic agents have reduced the mortality
rate and are helpful for treatment [236–238].

10.1.2. HCV

Hepatitis C virus has become the most common cause of liver cirrhosis. Many protease
inhibitors for HCV are currently in the clinical trials stage. These inhibitors include SCH 6
(Shering), phase I, and VX-950 (Vertex), which has entered the clinical trial phase II [239].

10.1.3. Cancer

Protease inhibitors have been designed for the treatment of cancer. They are currently
used as therapeutic agents to control the different mutations. Many protease inhibitors are
currently in clinical trials. These inhibitors are COL-3 (Collagenex), which has entered the
phase II stage and AG3340 (Agouron), which is in phase III [240,241].

10.2. Mechanisms of Action for Protease Inhibitors

Inhibitors are those molecules that inhibit the activity of the proteases by blocking them.
It can be explained via two different mechanisms (see Figure 8). In the case of a reversible
reaction called tight binding interaction between protease and inhibitor, the inhibitor binds
to the protease’s active site. It results in forming a protease-inhibitor complex that can
be broken down into the modified and unmodified form of the inhibitor. In the case of
irreversible reaction that is also called trapping interaction between protease and inhibitor,
the inhibitor binds to the protease’s active site. This results in the cleavage of the peptide
bond of the inhibitor and causes the conformational change of the inhibitor [242,243].

Figure 8. Mechanism of action of fungal protease inhibitors. (a) Trapping reaction-irreversible
interaction and (b) Tight binding interaction-reversible interaction. This figure is reproduced from
Rudzinska et al. [216] (Attribution-NonCommercial 3.0 Unported, CC BY-NY 3.0).

10.3. Discovery of Protease Inhibitors against COVID-19

Coronavirus Main protease (Mpro) inhibitors receive great attention in targeting
COVID-19 because of their role in processing the replicase during the post-translational
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processes. Their active site comprises two catalytic regions, C145 and H41 [244]. PLpro
has been involved in bioprocessing the viral polypeptides into functional proteins. Their
active site is composed of three catalytic regions including C111, H272, D286 [244]. These
two proteases play a vital role in transcription by processing the two polypeptide proteins,
pp1a and pp1ab, of the Coronaviridae genome. Therefore, these proteases can be used
for antiviral drugs and discovery. These inhibitors possess poor absorption, excretion
problems, and toxicological effects. Hence, the need to discover protease inhibitors remains
a challenge [245].

In the current scenario, approaches for fragment-based drug design can help de-
sign protease inhibitor candidates that follow the screening and identification of those
compounds with low molecular weight, advanced computational methods for the iden-
tification and sequencing of good fragments from the peptidomimetic compounds, and
optimization of the [246] potential coronavirus protease inhibitor candidate against the
COVID-19 [247,248].

The potential roles of Mpro and PLpro inhibitors for the treatment of SARS-CoV-2 are
under clinical trials. For designing possible protease inhibitors for COVID-19, only those
inhibitors that can inhibit the early viral replication by binding with the original substrate
can reach the local target sites and provide high bioavailability. These inhibitors must be
tested for antiviral activity through cellular and molecular pathways [249].

10.4. NP-Delivery Systems for Discovery of Protease Inhibitors

Most of the protease inhibitors have been tested for clinical trials for the treatment
of cancers. These inhibitors included the prinomastat, tanomasta, and neovastat. These
inhibitors have developed poor efficacy for clinical outcomes. Conventional chemother-
apies for cancer treatment are not reliable due to poor diagnosis of cancerous cells at an
early stage of cancer [216,250]. However, present challenges include designing protease
inhibitors with a formulation of different types of nanoparticles for the treatment of cancers.
Tumor cells also show chemoresistance to the conventionally developed chemotherapeutic
agents. Protease inhibitors are promising candidates combined with NP-based delivery
systems that can overcome chemoresistance [216].

Through advances in nanotechnology, the protease inhibitors carfilzomib and borte-
zomib have been designed with NP-delivery systems such as gold, PEGlycated, silica, and
liposomes. These combinations of protease inhibitors demonstrate a high efficacy rate,
increased circulation to the target cells, biocompatibility, and decreased systemic toxicity for
breast, colon, and lung cancer [251,252]. This nanotechnology-based approach could help
reduce the side effects of drugs, protect the normal tissues, and improve patients’ quality.
The detailed information about protease inhibitors with mechanism is presented in Table 6.

Table 6. Representation of protease inhibitors under clinical trials with the mechanism of action and
therapeutic uses.

Name of Inhibitor Targeted Enzyme Target Disease Clinical Trials Stage Reference

RO033-4649
Therapeutic agents have

reduced the rate of mortality
and are helpful for treatment

AIDS Under the clinical phase I [238]

VX-950 Become the most common
cause of liver cirrhosis HCV Under the clinical trial phase II [239]

COL-3
Therapeutic agents to control

the different mutations in
colon cancer

Colon cancer Entered the phase II stage [240]

AG3340
Therapeutic agents to control

the different mutations in lung
cancer

Lung cancer Entered the phase II stage [241]
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Table 6. Cont.

Name of Inhibitor Targeted Enzyme Target Disease Clinical Trials Stage Reference

TMC-114

Therapeutic agents have
reduced the rate of mortality

and are helpful for the
treatment

AIDS Under clinical phase III [237]

Indinavir
These inhibitors bind to the

HIV and inhibit the viral
replication

HIV FDA has approved this
inhibitor [234,235]

Ritonavir
These inhibitors bind to the

HIV and inhibit the viral
replication

HIV FDA has approved this
inhibitor [234,235]

GP205

GP205 inhibitor showed the
biological activities in

targeting the HCV virus, and
ultimately, this novel inhibitor
could be for possible treatment

for Hepatitis C virus

HCV

GP205 inhibitor showed the
biological activities in

targeting the HCV virus, and
ultimately, this novel inhibitor
could be for possible treatment

for Hepatitis C virus

[223]

Quercetin 3-β-d-glucoside
and helichrysetin

The biochemical analysis of
these compounds showed
biological activities in the

suppression of the MERS-COV
3Cl protease

Coronaviruses

These chemical compounds
could be used as a possible
treatment in targeting the

coronaviruses

[224]

Mpro inhibitors

These inhibitors play a role in
processing the replicase

during the post-translational
process’s viruses of the

Coronaviridae family

Coronaviruses
These proteases can be used

for antiviral drug and
discovery

[244–246]

PLpro inhibitors

These inhibitors play a vital
role in transcription by the

processing of the two
polyproteins, pp1a and pp1ab

Coronaviruses
These proteases also can be

used for the discovery of novel
protease inhibitors

[244–246]

NP-delivery
systems-based carfilzomib

and bortezomib

This nanotechnology-based
approach could help reduce

the side effects of drugs

These protease inhibitors
can be designed with

combinations with gold,
PEGlycated, silica,

liposomes and
demonstrate the high

efficacy rate

Future discovery of novel
inhibitors based on modified

NP-systems protecting the
normal tissues and improving

the quality of patients

[252]

11. Current Challenges and Future Perspective

Fungal proteases can be used as a target for therapeutic interventions because they
are involved in many pathologic processes. Fungal proteases are challenging to target due
to small information about substrate specificity and natural inhibitors [20]. The develop-
ment of advanced techniques such as activity-based probes allows monitoring protease
activity in living cells and helps understanding of protease function [253]. Fungi produce
a wide variety of proteolytic enzymes used in biotechnology, food, detergents, and soil
bioremediation.

The complete multiple genome sequencing has enabled us to identify the different
classes of proteases, but there are still many gaps in understanding the role of many
proteases [254]. Some significant challenges are addressed by the protease group in the
development and usage of technologies at GNF in understanding protease biology to
develop protease-based targeted therapeutics [255]. The GNF protease platform enables the
use of comprehensive technologies that help identify native and optimal substrates [256].
Due to industrial development, environmental pollution has become a major concern, and
chemically thermostable protease has taken over the conventional protease [257]. Toxic
chemicals, including sodium sulphide, salt, lime, and solvents, are released from these
industries and can pollute the environment [210,258]. Chemical industries are the first
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target to eliminate environmental pollution, and pre-tanning procedures produce a higher
amount of pollution than post-tanning procedures [259].

The industrial and therapeutic use of proteases has grown in the past two decades.
The expansion in protease markets has occurred due to unique protein engineering tech-
niques [260]. For clinical applications, the success of apoptotic caspase activation with
small, engineered protease can control the activity of the human protease. Due to pro-
teolytic activities, tumor-imaging and drug-targeting a specific site can be enhanced in
disease tissues with the help of proteases. Due to advancements in screening techniques,
crystallography, and synthetic biology, we can hope that in the future, proteases will gain
dramatic success [257,261].

12. Conclusions

Enzymes from fungi are used in a wide range of industries, including the pharmaceu-
tical and agricultural sectors. Using enzymes in many industrial applications is a more
cost-effective and ecologically friendly alternative. It is common practice in the biotech-
nology industry to employ fungi-derived proteolytic enzymes in the food and leather
industries, as well as in ecological bioremediation processes, and to manufacture medicinal
peptides. All living creatures rely on fungi and their proteases for a wide range of physio-
logical, metabolic, and regulatory functions. Since fungal proteases are implicated in a wide
range of diseases, they might be useful therapeutic targets. For fungal proteases, the lack of
knowledge on substrate specificity and endogenous and natural inhibitors makes it chal-
lenging to build selective inhibitors. Transcriptional control of fungal extracellular protease
expression may be a good candidate for genetic modification. CRISPR/Cas9 technology
is anticipated to play a bigger role in genetic modification studies for filamentous fungus
in the future as the technology continues to advance. Tools for functional genomics in
filamentous fungal species will make it easier to implement fast advancements in CRISPR
gene-editing technology.
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16. Sabotič, J.; Kos, J. Microbial and fungal protease inhibitors—current and potential applications. Appl. Microbiol. Biotechnol. 2012,
93, 1351–1375. [CrossRef]

17. Agbowuro, A.A.; Huston, W.M.; Gamble, A.B.; Tyndall, J.D. Proteases and protease inhibitors in infectious diseases. Med. Res.
Rev. 2018, 38, 1295–1331. [CrossRef]

18. Bezerra, V.H.S.; Cardoso, S.L.; Fonseca-Bazzo, Y.; Silveira, D.; Magalhães, P.O.; Souza, P.M. Protease Produced by Endophytic
Fungi: A Systematic Review. Molecules 2021, 26, 7062. [CrossRef]

19. Gupta, V.K.; Kubicek, C.P.; Berrin, J.-G.; Wilson, D.W.; Couturier, M.; Berlin, A.; Edivaldo Filho, X.; Ezeji, T. Fungal enzymes for
bio-products from sustainable and waste biomass. Trends Biochem. Sci. 2016, 41, 633–645. [CrossRef]

20. Yike, I. Fungal proteases and their pathophysiological effects. Mycopathologia 2011, 171, 299–323. [CrossRef] [PubMed]
21. Manganyi, M.C.; Ateba, C.N. Untapped potentials of endophytic fungi: A review of novel bioactive compounds with biological

applications. Microorganisms 2020, 8, 1934. [CrossRef]
22. Srilakshmi, J.; Madhavi, J.; Lavanya, S.; Ammani, K. Commercial potential of fungal protease: Past, present and future prospects.

J. Pharm. Chem. Biol. Sci. 2015, 2, 218–234.
23. Adrio, J.L.; Demain, A.L. Fungal biotechnology. Int. Microbiol. 2003, 6, 191–199. [CrossRef] [PubMed]
24. Guillemette, T.; van Peij, N.N.; Goosen, T.; Lanthaler, K.; Robson, G.D.; van den Hondel, C.A.; Stam, H.; Archer, D.B. Genomic

analysis of the secretion stress response in the enzyme-producing cell factory Aspergillus niger. BMC Genom. 2007, 8, 158.
[CrossRef] [PubMed]

25. Nevalainen, K.H.; Te’o, V.S.; Bergquist, P.L. Heterologous protein expression in filamentous fungi. Trends Biotechnol. 2005, 23,
468–474. [CrossRef]

26. Paloheimo, M.; Haarmann, T.; Mäkinen, S.; Vehmaanperä, J. Production of industrial enzymes in Trichoderma reesei. In Gene
Expression Systems in Fungi: Advancements and Applications; Springer: Berlin/Heidelberg, Germany, 2016; pp. 23–57.

27. Benito, M.J.; Connerton, I.F.; Córdoba, J.J. Genetic characterization and expression of the novel fungal protease, EPg222 active in
dry-cured meat products. Appl. Microbiol. Biotechnol. 2006, 73, 356–365. [CrossRef]

28. Li, C.; Xu, D.; Zhao, M.; Sun, L.; Wang, Y. Production optimization, purification, and characterization of a novel acid protease
from a fusant by Aspergillus oryzae and Aspergillus niger. Eur. Food Res. Technol. 2014, 238, 905–917. [CrossRef]

29. Salazar-Cerezo, S.; Kun, R.S.; de Vries, R.P.; Garrigues, S. CRISPR/Cas9 technology enables the development of the filamentous
ascomycete fungus Penicillium subrubescens as a new industrial enzyme producer. Enzym. Microb. Technol. 2020, 133, 109463.
[CrossRef]

30. Satish, L.; Shamili, S.; Muthubharathi, B.C.; Ceasar, S.A.; Kushmaro, A.; Singh, V.; Sitrit, Y. CRISPR-Cas9 System for Fungi
Genome Engineering Toward Industrial Applications. In Genome Engineering via CRISPR-Cas9 System; Elsevier: Amsterdam, The
Netherlands, 2020; pp. 69–81.

31. Liu, R.; Chen, L.; Jiang, Y.; Zhou, Z.; Zou, G. Efficient genome editing in filamentous fungus Trichoderma reesei using the
CRISPR/Cas9 system. Cell Discov. 2015, 1, 15007. [CrossRef]

32. Farooq, M.A.; Ali, S.; Hassan, A.; Tahir, H.M.; Mumtaz, S.; Mumtaz, S. Biosynthesis and industrial applications of α-amylase: A
review. Arch. Microbiol. 2021, 203, 1281–1292. [CrossRef]

33. Singh, A.; Bajar, S.; Devi, A.; Pant, D. An overview on the recent developments in fungal cellulase production and their industrial
applications. Bioresour. Technol. Rep. 2021, 14, 100652. [CrossRef]

34. Mehta, A.; Guleria, S.; Sharma, R.; Gupta, R. The Lipases and Their Applications with Emphasis on Food Industry. In Microbial
Biotechnology in Food and Health; Elsevier: Amsterdam, The Netherlands, 2021; pp. 143–164.

227



J. Fungi 2022, 8, 109

35. Anitha, T.; Palanivelu, P. Purification and characterization of an extracellular keratinolytic protease from a new isolate of
Aspergillus parasiticus. Protein Expr. Purif. 2013, 88, 214–220. [CrossRef]
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216. Rudzińska, M.; Daglioglu, C.; Savvateeva, L.V.; Kaci, F.N.; Antoine, R.; Zamyatnin, A.A., Jr. Current Status and Perspectives of

Protease Inhibitors and Their Combination with Nanosized Drug Delivery Systems for Targeted Cancer Therapy. Drug Des. Dev.
Ther. 2021, 15, 9. [CrossRef]

217. Awad, M.F.; El-Shenawy, F.S.; El-Gendy, M.M.A.A.; El-Bondkly, E.A.M. Purification, characterization, and anticancer and
antioxidant activities of l-glutaminase from Aspergillus versicolor Faesay4. Int. Microbiol. 2021, 24, 169–181. [CrossRef]

218. Qamar, S.A.; Asgher, M.; Bilal, M. Immobilization of alkaline protease from Bacillus brevis using Ca-alginate entrapment strategy
for improved catalytic stability, silver recovery, and dehairing potentialities. Catal. Lett. 2020, 150, 3572–3583. [CrossRef]

219. Bholay, A.; More, S.; Patil, V.; Niranjan, P. Bacterial extracellular alkaline proteases and its industrial applications. Int. Res. J. Biol.
Sci. 2012, 1, 1–5.

220. Abad, P.; Gouzy, J.; Aury, J.-M.; Castagnone-Sereno, P.; Danchin, E.G.; Deleury, E.; Perfus-Barbeoch, L.; Anthouard, V.; Artiguenave,
F.; Blok, V.C. Genome sequence of the metazoan plant-parasitic nematode Meloidogyne incognita. Nat. Biotechnol. 2008, 26,
909–915. [CrossRef]

221. Nakpathom, M.; Somboon, B.; Narumol, N. Papain enzymatic degumming of Thai Bombyx mori silk fibers. J. Microsc. Soc. Thail.
2009, 23, 142–146.

222. Miao, Y.; Chen, G.; Xi, X.; Ma, C.; Wang, L.; Burrows, J.F.; Duan, J.; Zhou, M.; Chen, T. Discovery and rational design of a novel
bowman-birk related protease inhibitor. Biomolecules 2019, 9, 280. [CrossRef]

223. Zhai, P.-b.; Qing, J.; Li, B.; Zhang, L.-q.; Ma, L.; Chen, L. GP205, a new hepatitis C virus NS3/4A protease inhibitor, displays
higher metabolic stability in vitro and drug exposure in vivo. Acta Pharmacol. Sin. 2018, 39, 1746–1752. [CrossRef]

224. Goris, T.; Pérez-Valero, Á.; Martínez, I.; Yi, D.; Fernández-Calleja, L.; San Leon, D.; Bornscheuer, U.T.; Magadán-Corpas, P.; Lombo,
F.; Nogales, J. Repositioning microbial biotechnology against COVID-19: The case of microbial production of flavonoids. Microb.
Biotechnol. 2021, 14, 94–110. [CrossRef]

225. Cotabarren, J.; Lufrano, D.; Parisi, M.G.; Obregón, W.D. Biotechnological, biomedical, and agronomical applications of plant
protease inhibitors with high stability: A systematic review. Plant Sci. 2020, 292, 110398. [CrossRef]

226. Rawlings, N.D. Peptidase inhibitors in the MEROPS database. Biochimie 2010, 92, 1463–1483. [CrossRef]

234



J. Fungi 2022, 8, 109

227. Garg, H.; Suri, P.; Gupta, J.C.; Talwar, G.; Dubey, S. Survivin: A unique target for tumor therapy. Cancer Cell Int. 2016, 16, 49.
[CrossRef]

228. Rawlings, N.D.; Barrett, A.J.; Finn, R. Twenty years of the MEROPS database of proteolytic enzymes, their substrates and
inhibitors. Nucleic Acids Res. 2016, 44, D343–D350. [CrossRef]

229. Gutierrez-Gongora, D.; Geddes-McAlister, J. From Naturally-Sourced Protease Inhibitors to New Treatments for Fungal Infections.
J. Fungi 2021, 7, 1016. [CrossRef]

230. Kantyka, T.; Rawlings, N.D.; Potempa, J. Prokaryote-derived protein inhibitors of peptidases: A sketchy occurrence and mostly
unknown function. Biochimie 2010, 92, 1644–1656. [CrossRef]

231. Greenbaum, L.M.; Sutherland, J.H. Host cathepsin D response to tumor in the normal and pepstatin-treated mouse. Cancer Res.
1983, 43, 2584–2587.

232. Kalchev, K.; Rabadjiev, Y.; Ganchev, D.; Tsenova, M.; Iliev, I.; Ivanova, I. Study of proteases and protease inhibitors from
Streptomyces strains. Bulg. J. Agric. Sci. 2013, 19, 65–67.

233. Manojlovic, N.T.; Solujic, S.; Sukdolak, S.; Milosev, M. Antifungal activity of Rubia tinctorum, Rhamnus frangula and Caloplaca
cerina. Fitoterapia 2005, 76, 244–246. [CrossRef]

234. Menéndez-Arias, L.; Tözsér, J. HIV-1 protease inhibitors: Effects on HIV-2 replication and resistance. Trends Pharmacol. Sci. 2008,
29, 42–49. [CrossRef]

235. Chandwani, A.; Shuter, J. Lopinavir/ritonavir in the treatment of HIV-1 infection: A review. Ther. Clin. Risk Manag. 2008, 4, 1023.
236. Fear, G.; Komarnytsky, S.; Raskin, I. Protease inhibitors and their peptidomimetic derivatives as potential drugs. Pharmacol. Ther.

2007, 113, 354–368. [CrossRef]
237. Purohit, R.; Rajendran, V.; Sethumadhavan, R. Studies on adaptability of binding residues flap region of TMC-114 resistance

HIV-1 protease mutants. J. Biomol. Struct. Dyn. 2011, 29, 137–152. [CrossRef]
238. van Maarseveen, N.M.; Andersson, D.; Lepšík, M.; Fun, A.; Schipper, P.J.; de Jong, D.; Boucher, C.A.; Nijhuis, M. Modulation of

HIV-1 Gag NC/p1 cleavage efficiency affects protease inhibitor resistance and viral replicative capacity. Retrovirology 2012, 9, 29.
[CrossRef] [PubMed]

239. Liu-Young, G.; Kozal, M.J. Hepatitis C protease and polymerase inhibitors in development. AIDS Patient Care STDs 2008, 22,
449–457. [CrossRef] [PubMed]

240. Onoda, T.; Ono, T.; Dhar, D.K.; Yamanoi, A.; Nagasue, N. Tetracycline analogues (doxycycline and COL-3) induce caspase-
dependent and-independent apoptosis in human colon cancer cells. Int. J. Cancer 2006, 118, 1309–1315. [CrossRef] [PubMed]

241. Sridhar, S.S.; Shepherd, F.A. Targeting angiogenesis: A review of angiogenesis inhibitors in the treatment of lung cancer. Lung
Cancer 2003, 42, 81–91. [CrossRef]

242. Rawlings, N.D.; Tolle, D.P.; Barrett, A.J. Evolutionary families of peptidase inhibitors. Biochem. J. 2004, 378, 705–716. [CrossRef]
[PubMed]

243. Clemente, M.; Corigliano, M.G.; Pariani, S.A.; Sánchez-López, E.F.; Sander, V.A.; Ramos-Duarte, V.A. Plant serine protease
inhibitors: Biotechnology application in agriculture and molecular farming. Int. J. Mol. Sci. 2019, 20, 1345. [CrossRef]

244. Peele, K.A.; Durthi, C.P.; Srihansa, T.; Krupanidhi, S.; Ayyagari, V.S.; Babu, D.J.; Indira, M.; Reddy, A.R.; Venkateswarulu, T.
Molecular docking and dynamic simulations for antiviral compounds against SARS-CoV-2: A computational study. Inform. Med.
Unlocked 2020, 19, 100345. [CrossRef]

245. Macchiagodena, M.; Pagliai, M.; Procacci, P. Identification of potential binders of the main protease 3CLpro of the COVID-19 via
structure-based ligand design and molecular modeling. Chem. Phys. Lett. 2020, 750, 137489. [CrossRef]

246. Rut, W.; Groborz, K.; Zhang, L.; Sun, X.; Zmudzinski, M.; Pawlik, B.; Wang, X.; Jochmans, D.; Neyts, J.; Młynarski, W. SARS-CoV-2
M pro inhibitors and activity-based probes for patient-sample imaging. Nat. Chem. Biol. 2021, 17, 222–228. [CrossRef]

247. Drag, M.; Salvesen, G.S. Emerging principles in protease-based drug discovery. Nat. Rev. Drug Discov. 2010, 9, 690–701. [CrossRef]
248. Amin, S.A.; Banerjee, S.; Ghosh, K.; Gayen, S.; Jha, T. Protease targeted COVID-19 drug discovery and its challenges: Insight into

viral main protease (Mpro) and papain-like protease (PLpro) inhibitors. Bioorganic Med. Chem. 2020, 29, 115860. [CrossRef]
249. Lee, T.-W.; Cherney, M.M.; Huitema, C.; Liu, J.; James, K.E.; Powers, J.C.; Eltis, L.D.; James, M.N. Crystal structures of the

main peptidase from the SARS coronavirus inhibited by a substrate-like aza-peptide epoxide. J. Mol. Biol. 2005, 353, 1137–1151.
[CrossRef]

250. Shen, S.; Wu, Y.; Liu, Y.; Wu, D. High drug-loading nanomedicines: Progress, current status, and prospects. Int. J. Nanomed. 2017,
12, 4085. [CrossRef]

251. Shen, S.; Du, X.-J.; Liu, J.; Sun, R.; Zhu, Y.-H.; Wang, J. Delivery of bortezomib with nanoparticles for basal-like triple-negative
breast cancer therapy. J. Control. Release 2015, 208, 14–24. [CrossRef]

252. Park, J.E.; Park, J.; Jun, Y.; Oh, Y.; Ryoo, G.; Jeong, Y.-S.; Gadalla, H.H.; Min, J.S.; Jo, J.H.; Song, M.G. Expanding therapeutic utility
of carfilzomib for breast cancer therapy by novel albumin-coated nanocrystal formulation. J. Control. Release 2019, 302, 148–159.
[CrossRef]

253. Gotou, T.; Shinoda, T.; Mizuno, S.; Yamamoto, N. Purification and identification of proteolytic enzymes from Aspergillus oryzae
capable of producing the antihypertensive peptide Ile-Pro-Pro. J. Biosci. Bioeng. 2009, 107, 615–619. [CrossRef]

254. Song, R.; Qiao, W.; He, J.; Huang, J.; Luo, Y.; Yang, T. Proteases and Their Modulators in Cancer Therapy: Challenges and
Opportunities. J. Med. Chem. 2021, 64, 2851–2877. [CrossRef]

235



J. Fungi 2022, 8, 109

255. Cavaco, M.; Andreu, D.; Castanho, M.A. The challenge of peptide proteolytic stability studies: Scarce data, difficult readability,
and the need for harmonization. Angew. Chem. Int. Ed. 2021, 60, 1686–1688. [CrossRef]

256. Verma, S.; Goand, U.K.; Husain, A.; Katekar, R.A.; Garg, R.; Gayen, J.R. Challenges of peptide and protein drug delivery by oral
route: Current strategies to improve the bioavailability. Drug Dev. Res. 2021, 82, 927–944. [CrossRef]

257. Sharma, A.; Gupta, G.; Ahmad, T.; Mansoor, S.; Kaur, B. Enzyme engineering: Current trends and future perspectives. Food Rev.
Int. 2021, 37, 121–154. [CrossRef]

258. Nyika, J.M. The Use of Microorganism-Derived Enzymes for Bioremediation of Soil Pollutants. In Recent Advancements in
Bioremediation of Metal Contaminants; IGI Global: Hershey/Pennsylvania, PA, USA, 2021; pp. 54–71.

259. Saravanan, A.; Kumar, P.S.; Vo, D.-V.N.; Jeevanantham, S.; Karishma, S.; Yaashikaa, P. A review on catalytic-enzyme degradation
of toxic environmental pollutants: Microbial enzymes. J. Hazard. Mater. 2021, 419, 126451. [CrossRef]

260. Li, Q.; Yi, L.; Marek, P.; Iverson, B.L. Commercial proteases: Present and future. FEBS Lett. 2013, 587, 1155–1163. [CrossRef]
261. Chen, X.; Shen, H.; Shao, Y.; Ma, Q.; Niu, Y.; Shang, Z. A narrative review of proteolytic targeting chimeras (PROTACs): Future

perspective for prostate cancer therapy. Transl. Androl. Urol. 2021, 10, 954. [CrossRef]

236



Citation: Wang, H.; Guo, Y.; Luo, Z.;

Gao, L.; Li, R.; Zhang, Y.; Kalaji, H.M.;

Qiang, S.; Chen, S. Recent Advances

in Alternaria Phytotoxins: A Review

of Their Occurrence, Structure,

Bioactivity, and Biosynthesis. J. Fungi

2022, 8, 168. https://doi.org/

10.3390/jof8020168

Academic Editor: Baojun Xu

Received: 31 December 2021

Accepted: 7 February 2022

Published: 9 February 2022

Publisher’s Note: MDPI stays neutral

with regard to jurisdictional claims in

published maps and institutional affil-

iations.

Copyright: © 2022 by the authors.

Licensee MDPI, Basel, Switzerland.

This article is an open access article

distributed under the terms and

conditions of the Creative Commons

Attribution (CC BY) license (https://

creativecommons.org/licenses/by/

4.0/).

Fungi
Journal of

Review

Recent Advances in Alternaria Phytotoxins: A Review of Their
Occurrence, Structure, Bioactivity, and Biosynthesis

He Wang 1, Yanjing Guo 1, Zhi Luo 1, Liwen Gao 1, Rui Li 2, Yaxin Zhang 1, Hazem M. Kalaji 3,4, Sheng Qiang 1

and Shiguo Chen 1,*

1 Weed Research Laboratory, College of Life Science, Nanjing Agricultural University, Nanjing 210095, China;
2018216001@njau.edu.cn (H.W.); 2021216003@stu.njau.edu.cn (Y.G.); 2020116003@stu.njau.edu.cn (Z.L.);
gaoliwen0905@163.com (L.G.); 2019116003@njau.edu.cn (Y.Z.); wrl@njau.edu.cn (S.Q.)

2 Agricultural and Animal Husbandry Ecology and Resource Protection Center, Ordos Agriculture and Animal
Husbandry Bureau, Ordos 017010, China; lirui01@163.com

3 Department of Plant Physiology, Institute of Biology, Warsaw University of Life Sciences SGGW,
159 Nowoursynowska 159, 02-776 Warsaw, Poland; hazem@kalaji.pl

4 Institute of Technology and Life Sciences—National Research Institute, Falenty, Al. Hrabska 3,
05-090 Raszyn, Poland

* Correspondence: chenshg@njau.edu.cn; Tel.: +86-25-84395117

Abstract: Alternaria is a ubiquitous fungal genus in many ecosystems, consisting of species and
strains that can be saprophytic, endophytic, or pathogenic to plants or animals, including humans.
Alternaria species can produce a variety of secondary metabolites (SMs), especially low molecular
weight toxins. Based on the characteristics of host plant susceptibility or resistance to the toxin,
Alternaria phytotoxins are classified into host-selective toxins (HSTs) and non-host-selective toxins
(NHSTs). These Alternaria toxins exhibit a variety of biological activities such as phytotoxic, cytotoxic,
and antimicrobial properties. Generally, HSTs are toxic to host plants and can cause severe economic
losses. Some NHSTs such as alternariol, altenariol methyl-ether, and altertoxins also show high
cytotoxic and mutagenic activities in the exposed human or other vertebrate species. Thus, Alternaria
toxins are meaningful for drug and pesticide development. For example, AAL-toxin, maculosin,
tentoxin, and tenuazonic acid have potential to be developed as bioherbicides due to their excellent
herbicidal activity. Like altersolanol A, bostrycin, and brefeldin A, they exhibit anticancer activity,
and ATX V shows high activity to inhibit the HIV-1 virus. This review focuses on the classification,
chemical structure, occurrence, bioactivity, and biosynthesis of the major Alternaria phytotoxins,
including 30 HSTs and 50 NHSTs discovered to date.

Keywords: Alternaria toxins; HSTs; NHSTs; biological activities; biosynthesis

1. Introduction

The fungal genus Alternaria is a widespread and successful group growing in diverse
environments worldwide, ranging from saprophytes to pathogens and even endophytes.
The genus Alternaria was identified in the year 1816 [1]. Currently, about 300 species have
been described based on phylogenetic and morphological studies, which have been further
divided into 26 sections [2–4]. As an outstanding group of fungal pathogens, Alternaria
species can either cause diseases in a wide range of economically important crops [1],
resulting in significant economic losses, or affect human and animal health, such as through
upper respiratory tract infections and asthma [4,5].

To date, over 70 toxins with different chemical structures and behaviors are known to
be produced by Alternaria species [6]. These toxins often exhibit a variety of bioactivities,
such as phytotoxic, cytotoxic, and antimicrobial properties, etc. Generally, Alternaria
phytotoxins are divided into host-selective toxins (HSTs) and non-host-selective toxins
(NHSTs) based on the susceptibility or resistance of the host. HSTs are toxic only to host
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plants. In contrast, NHSTs can affect many plants, regardless of whether they are a host
or non-host of the pathogen producing them [7]. Most HSTs have been considered as
pathogenicity factors required for fungi to invade tissues and cause disease. On the other
hand, NHSTs may contribute to the development of symptoms and the proliferation of
plant pathogens [8,9].

Here, we review the toxins produced by Alternaria spp. and summarize the classifica-
tion, occurrence, mode of action, biological activity, biosynthesis, and development value
of each toxin. The phytotoxins presented in the paper will be termed “toxins”, and those
toxic to animals will be termed “mycotoxins”.

2. Host-Selective Toxins

In this section, we reviewed 30 HSTs of Alternaria and summarised the related patho-
types, diseases caused, chemical properties, targets in plant organelles, and biosynthetic
pathways of these toxins (Table 1). Based on their chemical structures, the HSTs of Alternaria
can be classified into seven classes: (1) epoxy-decatrienoic acid (AK-toxins, AF-toxins, and
ACT-toxins); (2) sphinganine analogue (AAL-toxins); (3) pyranones (ACR-toxins); (4) cyclic
peptide (AM-toxins, destruxin B, and HC-toxin); (5) tetrapeptide (AS-I toxin); (6) dike-
topiperazine (maculosin); and (7) ribosomal peptide (ABR-toxin). In fact, the classes (4), (5),
and (6) also fall into the larger family of non-ribosomal peptides.

Table 1. Host-selective toxins produced by Alternaria species.

Toxins Alternaria Species Host Range References

AK-toxins
(AK-toxin I, II)

A. alternata f. sp. kikuchana
(Japanese pear pathotype) Japanese pear [9–11]

AF-toxins
(AF-toxin I, II, III)

A. alternata f. sp. Fragariae
(Strawberry pathotype) Strawberry [12]

ACT-toxins
(ACT-toxin I, II)

A. alternata f. sp. citri tangerine
(Tangerine pathotype) Tangerine [13–15]

AAL-toxins
(TA1, TA2, TB1, TB2, TC1, TC2, TD1, TD2, TE1, TE2)

A. alternata f. sp. lycopersici
(Tomato pathotype) Tomato [16,17]

ACR-toxins
(ACR-toxin I, II, III, IV, IV’)

A. alternata f. sp. citri jambhiri
(Rough lemon pathotype) Rough lemon [18,19]

AM-toxins
(AM-toxin I, II, III)

A. alternata f. sp. mali
(Apple pathotype) Apple [20,21]

Destruxin B A. brassicae Brassica spp. [22,23]
HC-toxin C. carbonum and A. jesenskae Maize [24–26]

Maculosin
A. alternata

(Spotted knapweed
pathotype)

knapweed [27,28]

AS-I toxin A. alternata
(Sunflower Pathotype) Sunflower [29]

ABR-toxin A. brassicae Brassica spp. [23]

2.1. AK-Toxins, AF-Toxins, and ACT-Toxins

AK-toxins produced by the Japanese pear pathotype of A. alternata f. sp. Kikuchana
were first described in Japanese pear black spot disease [9–11]. The same researchers
identified the chemical structure, absolute configuration, and biological activity of these
toxins [10]. AK-toxins are the esters of 9,10-epoxy-8-hydroxy-9-methyl-decatrienoic acid
(EDA), which are the derivative of phenylalanine and hydroxyldecartienoic acid. AK-
toxins consist of two types, AK-toxins I and II. Both are also mixtures of three geometric
isomers, namely type-a (2E, 4E, 6Z), type-b (2E, 4Z, 6E), and type-c (2E, 4E, 6E). For each
compound, the main geometry is type-b (Figure 1a) [30]. Both toxins showed toxicity only in
susceptible pear cultivars, and AK-toxin I was more abundant and showed higher biological
activity [31,32]. In Nijisseike, a susceptible Japanese pear cultivar, the concentration that
caused venous necrosis was 5 nM of AK-toxin I or 100 nM of AK-toxin II. However, at
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0.1 mM of AK-toxins I and II, there was no effect on the leaves of a resistant cultivar such
as Chojuro [31].

Alternaria black spot disease of strawberry was first reported in 1977 and the causal
pathogen was identified as A. alternata strawberry pathotype (A. alternata f. sp. fragariae) [12].
The pathogen produces three key molecules, AF-toxins I, II, and III (Figure 1b). AF-toxins I
and II were isolated in 1979 and AF-toxin III was isolated in 1984. The chemical structures
of these three toxins were first determined in 1986 [33]. The three AF-toxins have the same
EDA structures, which are very similar to the AK-toxins. The conformation of the EDA
parts of the AF-toxin is type-a (2E, 4E, 6Z). Of these three toxins, AF-toxin I is toxic to
strawberries and pears, AF-toxin II shows toxicity to pears only, and AF-toxin III shows
high toxicity to strawberries but low toxicity to pears [34].

Figure 1. Chemical structures of AK-toxins (a), AF-toxins (b), and ACT-toxins (c).

Alternaria brown spot disease of the emperor mandarin was first reported in Australia
in 1903, and the pathogen was identified as the mandarin pathotype of A. alternata f. sp. citri
tangerine in 1966 [13]. This pathotype is highly toxic to mandarins, tangerines, grapefruit,
and hybrids of grapefruit and tangerine, as well as mandarin and sweet orange [14].
The crucial pathogenicity depends on the action of ACT-toxins (Figure 1c). It can cause
brown to black spots on young leaves, twigs, and fruits of tangerines. ACT-toxins can
also be transmitted through the veins and cause more severe lesions [15]. ACT-toxins at a
concentration of 2 × 10−8 M can cause necrotic lesions on citrus leaves with rapid electrolyte
loss from the host cells. The ACT-toxins consist of three components, EDA, valine, and
polyketide. ACT-toxins have two types that differ only in the R group. The conformation
of the EDA component of ACT-toxins is the type B form (2E, 4Z, 6E). ACT-toxins are more
abundant and toxic to citrus [35].

The target of action of AK-, AF-, and ACT-toxins is the plasma membrane of susceptible
cells [34–37]. They cause a sudden, and markedly increased, K+ loss from the plasma
membrane after a few minutes of toxin treatment, resulting in membrane invagination,
vesiculation, fragmentation, and depolarization, which causes a decrease in the membrane
potential gradient [37,38]. Within 1–3 h after toxin treatment, Golgi vesicles fuse with the
damaged plasma membrane [37]. No damage was observed in intracellular organelles,
except for the plasma membrane of host cells. Of these three toxins, AK-toxins and AF-
toxins irreversibly depolarized the plasma membrane of susceptible genotypes and could
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directly affect the plasma membrane H+-ATPase [39–42]. In the case of AK-toxins, the
configuration at C-8 and C-9 was critical for phytotoxicity [43].

Recently, some genes were discovered to play important biological and pathological
roles in the pathotype of A. alternata. Two NADPH (nicotinamide adenine dinucleotide
phosphate) oxidase genes (NoxA and NoxB) were identified, and NoxB was found to
be essential for the aggressiveness and basal pathogenicity of A. alternata [44]. The gene
PEX6, encoding a protein required for the import of matrix proteins into peroxisomes, has
been characterized in A. alternata. It plays a role in ROS (reactive oxygen species)-induced
resistance and fungal pathogenicity in the mandarin pathotype of A. alternata [45].

AK-toxins, AF-toxins, and ACT-toxins have a common component, EDA, in their
structures [10,11,35]. In a previous study, based on the [2-13C]-sodium acetate feeding
study of the Japanese pear pathotype of A. alternata and 13C NMR spectrum analysis, it was
demonstrated that AK-toxins are biosynthesized from acetic acid via EDA [46]. In another
study, 3H-labeled EDA was added to a growing liquid culture of the strain of the Japanese
pear pathotype and was efficiently converted to AK-toxins. These results confirmed that
EDA is an intermediate for toxin pathways [15].

The gene cluster involved in HST biosynthesis of A. alternata pathogens was first
isolated from the Japanese pear pathotype, including AKT1, AKT2, AKT3, AKT4, AKTR, and
AKTS1 [47,48]. Recently, another gene, AKT7, encoding a cytochrome P450 monooxygenase
was found to have the function of limiting the production of AK-toxin [7]. The biosynthetic
genes of AF-toxins and ACT-toxins were identified by genomic cosmid libraries of the two
pathotypes screened with the AKT gene probes [38]. For the biosynthetic genes of AF-toxins
(AFT-genes), eleven AFT-genes and five transposon-like sequences (TLS-S1 to TLS-S5) were
isolated [49]. Among them, AFT1, AFT3, and AFTR show strong similarity to AKT1, AKT3,
and AKTR, respectively [49]. The biosynthetic pathway of ACT-toxins was also found to be
regulated by several genes, including ACTT1, ACTT2, ACTT3, ACTT5, ACTT6, ACTTS2, and
ACTTS3 [9,50–52], and ACTT1 and ACTT2 were considered to be the highly homologous
genes of AKT1 and AKT2, respectively, in the Japanese pear pathotype [52]. AKT1, AKT2,
and AKT3 were identified as involved in the biosynthesis of EDA, a common component of
AK-, AF-, and ACT-toxins in the Japanese pear pathotype, as well as their orthologs in the
strawberry and tangerine pathotypes [53]. Recently, a transcriptional regulator ACTR was
identified to contribute to the biosynthesis of ACT-toxins via the mediator gene ACTS4 in
A. alternata [54]. These three genes were clustered on small chromosomes of less than 2.0 Mb
in three pathotypic strains. They are not required for growth but confer an advantage in
colonizing certain ecological niches [49,51,55–57].

2.2. AAL-Toxins

Alternaria stem canker disease is a serious disease of tomato (Lycopersicon esculen-
tum Mill.). The disease was first described in 1975 [58]. It caused dark brown to black
cankers on the stems of some tomato cultivars by a pathogenic strain, A. alternata f. sp.
Lycopersici [16,17]. AAL-toxins were the main causative agent of the disease produced by
the above pathogen. The first AAL-toxin was isolated in 1981 and its chemical structures, TA
and TB, analogues of sphingosine and sphinganine, respectively, were determined [59–61].
To date, five types of AAL-toxin-related molecules, TA and TB, TC, TD, and TE, have been
identified. Each of these fractions consisted of a mixture of two structural isomers (Figure 2).
TA and TB showed toxicity to detached tomato leaves at 10 ng·mL−1. The toxicity of TD
and TE is over 100 times lower than that of the form TA. The activity of TC was lower
than that of TA, but higher than that of TD and TE [62]. Unlike other HSTs produced by
A. alternata, the AAL-toxins can attack many other weeds, crops, and at least 25 species of
solanaceous plants in addition to the susceptible tomato host [63,64]. On the other hand,
some crops (e.g., maize, wheat, and resistant tomato varieties) are tolerant to AAL-toxins.
Thus, AAL-toxins have been considered as very low-dose herbicides against a variety of
broadleaf weeds such as datura, pricklesida, and black nightshade [63,65]. In addition,
AAL-toxins are also toxic to cultured mammalian cells. The IC50 value for the most sensitive
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hepatoma line, H4TG, was 10 μg·mL−1 [66]. Such fact did limit the development of AAL-
toxins as herbicides compared with some common herbicides, such as glyphosate, that are
less toxic to mammals with the LD50 ranging from 800 to >5000 mg·kg−1 body weight for
different animal species [67]. Recently, some AAL-toxin analogues were synthesized and
one of them showed significant phytotoxicity and low mammalian toxicity, giving them
potential for being developed as safe and effective natural herbicides [68,69].

Figure 2. Chemical structures of AAL-toxins.

When susceptible tomato leaves were treated with AAL-toxins, the accumulation of
two amines, ethanolamine (EA) and phosphoethanolamine (PEA), occurred. This implies
that AAL-toxins could interfere with amine metabolism [70]. When the 14C label of EA was
fed to susceptible leaf disks treated with AAL-toxins, there was a strong inhibition of the
uptake of EA into phosphatidylethanolamine (PtdEA). This phenomenon suggests possible
biochemical targets of AAL-toxins, which could be enzymes involved in the phospholipid
pathway [71].

Based on their chemical structure, AAL-toxins are analogous sphinganine mycotoxins
(SAMTs). The SAMTs cause competitive inhibition of ceramide synthase, suppressing
the conversion of sphinganine, phytosphingosine, and other free sphingoid bases into
complex ceramides. The resulting accumulation of free sphingoid bases acts as a second
message that activates programmed cell death (PCD) transduction pathways [72,73]. When
sensitive tomato tissues were treated with AAL-toxins, sphinganine and phytosphingosine
accumulated in the tissue [74]. However, this phenomenon can be avoided by ceramide
supplementation, suggesting that an imbalance of ceramide is critical for triggering cell
death [61,75]. Further studies have shown that both jasmonic acid (JA) and ethylene
can promote AAL-toxin-induced PCD in tomato leaves by interfering with sphingolipid
metabolism [76]. AAL-toxin-induced PCD is associated with ceramide signaling and cell
cycle disruption. The final physiological effects of AAL-toxins are the development of
necrotic lesions on fruits and leaves, the inhibition of in vitro development of calli, pollen,
roots, and shoots, and the reduction of protoplast and suspension cell viability [77].

Previous studies on feeding with labeled precursors showed that glycine and the
methyl group of methionine were directly incorporated into AAL-toxins. The oxygen
groups in the tricarboxylic acid moieties of AAL-toxins were derived from H2O. The
hydroxyl groups of the lipid backbone of the AAL-toxins were derived from molecular oxy-
gen [78]. The AAL-toxin biosynthetic gene ALT1 was identified, which encodes a type I PKS.
ALT1 consists of seven domains that include α-ketoacyl synthase (KS), acyltransferase (AT),
dehydratase (DH), methyl transferase (MT), β-ketoacyl reductase (KR), enoyl reductase
(ER), and acyl carrier protein (ACP) [78]. Recently, a genomic BAC library of the tomato
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pathotype was screened using the ALT1 probe. A 120-kb genomic region includes at least
13 genes involved in the biosynthesis of AAL-toxins. In addition to ALT1, the ALT2, ALT3,
ALT6, and ALT13 genes were also identified, encoding cytochrome P450 monooxygenase,
aminotransferase, short-chain dehydrogenase/reductase, and Zn(II)2Cys6 transcription
factor, respectively. ALT genes are located on a single small chromosome of about 1.0 Mb in
the tomato pathotype strain [9].

2.3. ACR-Toxins

Alternaria brown spot disease of rough lemon was first discovered in South Africa [79].
The pathotype RLP (rough lemon) of A. alternata is the culprit. It can infect common
citrus root species such as rough lemon (Citrus jambhiri Lush.) and rangpur line (C. limonia
Osbeck) in some citrus growing areas [15,18,19]. The virulence of A. alternata RLP is due
to the production of ACR-toxins, which may also be called ACRL-toxins [18,31,80,81].
ACR-toxins contain five compounds with different chain lengths, all of which have an
α-pyrone group (Figure 3). The main form of ACR-toxins (ACR-toxin I, MW = 496) consists
of an α-dihydropyrone ring in a polyalcohol with 19 carbon atoms [10,31]. ACR-toxins can
cause brown necrosis on rough lemon leaves at 0.1 μg·mL−1, but did not affect mandarins
and other non-hosts even at 1000 μg·mL−1 [18].

Figure 3. Chemical structures of ACR-toxins.

The target site of ACR-toxins is the mitochondrion, leading to mitochondrial dys-
function in rough lemon. ACR-toxins not only caused the uncoupling of mitochondrial
oxidation phosphorylation, but also led to the exit of the cofactor NAD+ from the TCA
(tricarboxylic acid) cycle [82]. The ACRS (ACR-toxin sensitivity gene), which confers sensi-
tivity to ACR-toxins in citrus species, was identified in the mitochondrial genome of rough
lemon [83]. The sensitivity was controlled by the post-transcriptional modification of the
ACRS transcript.

The rough lemon pathotype strain also carried a small chromosome of 1.2–1.5 Mb,
and the presence of this chromosome was associated with ACR-toxin production and
rough lemon pathogenicity [51]. Several ACRT genes responsible for the biosynthesis of
ACR-toxins were identified by sequence analysis of the 1.5 Mb chromosome. ACRTS1,
ACRTS2, and ACRTS3 were characterized, encoding a putative hydroxylase, a putative
reducing polyketide synthase type I (PKS), and a putative cyclase, respectively. All genes
were closely related to ACR-toxin production and pathogenicity [84,85]. These genes are
unique to the producers of ACR-toxins of the rough lemon pathotype [86].
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2.4. AM-Toxins

Apple cultivars such as Indo and Delicious are highly susceptible to a pathogenic
strain of A. alternata f. sp. mali that can cause severe economic losses, especially in Japanese
orchards [20,21]. In 1974, AM-toxins were first isolated from A. mali, the apple pathotype of
A. alternata that causes apple leaf spot disease, and structural studies were conducted. AM-
toxins have three distinct types (I, II, and III. Figure 4) and are produced and released by
both germinating conidia and cultured mycelia of the strain. Each toxin is a four-membered
cyclic depsipeptide. AM-toxin I is the most abundant among AM-toxins, causing necrosis
on leaves of highly susceptible apple cultivars at concentrations of 10−8 M [20,21,87].

The plasma membrane and chloroplasts are two targets of AM-toxins for suscepti-
ble apple cells [88]. Similar to AK-toxins, AM-toxins can also cause plasma membrane
invagination and electrolyte loss. However, the effect of AM-toxins on Japanese pear was
weaker than that of AK-toxins [88]. Membrane fragments and vesicles appeared in the
chloroplasts, which had emerged from grana lamellae within 3 h after toxin treatment.
Chloroplast disorganization was accompanied by a decrease in chlorophyll content and
inhibition of photosynthetic CO2 assimilation [89]. The photosynthetic activity of chloro-
plasts was inhibited. This phenomenon suggests that the chloroplast is a primary target of
AM-toxins [38,41,90].

Figure 4. Chemical structures of AM-toxins, destruxin B, and HC-toxin.

AM-toxins belong to the cyclic peptides that are generally synthesized via non-
ribosomal pathways by non-ribosomal peptide synthetases (NPRS) [91]. The AMT1, AMT2,
AMT3, and AMT4 genes have been successfully isolated encoding proteins resembling
enzymes involved in the secondary metabolism and modification of amino acids [92,93]. In
2007, a bacterial artificial chromosome (BAC) was isolated containing four AMT genes and
other genes that are upregulated in AM-toxin-producing cultures, suggesting that genes
for AM-toxin biosynthesis are clustered in the genome. It also revealed that the AMT genes
are located on a conditionally dispensable (CD) chromosome of <with a size of 1.8 Mb in
the strain [94].

2.5. Destruxin B

Black spot disease of Brassica spp. such as B. campestris and B. napus is caused by
A. brassicae (Berk.) Sacc. The symptoms of the disease are lesions with grayish, brownish,
or blackish centers and chlorotic margins on all above-ground parts of the plant, especially
leaves, stems, and even siliques, resulting in huge economic losses in yields of about
40–60% [22,23]. The oil and protein content of the seeds is also significantly reduced, es-
pecially in B. campestris. Destruxin B, a cyclic peptide, is an HST that was first isolated
from A. brassicae (Figure 4). Subsequent studies revealed that the sensitivity of B. campestris
species to destruxin B was variable and that the order of sensitivity to destruxin B was
similar to that of the pathogen. It did not cause symptoms in nine plant genera that are not
hosts of A. brassicae [23,95]. Some researchers suggested that destruxin B may contribute
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to the aggressiveness of A. brassicae by conditioning host tissues and thereby determining
host susceptibility [96].

However, in black-spot-disease resistant species (Sinapis alba), destruxin B could be
converted into a less toxic product, hydroxydestruxin B. Essentially, hydroxydestruxin B
was further biotransformed into the β-D-glucosyl derivative. Remarkably, it was observed
that hydroxydestruxin B induced the biosynthesis of phytoalexins in black spot disease
resistant species, but not in susceptible species [97].

In addition to phytotoxicity, destruxin B also exhibits a variety of biological activi-
ties. For example, significant cytotoxic effects were observed in L1210 leukemia cells and
spleen lymphocytes treated with destruxin B [98]. It also showed suppressive effects on
hepatitis B virus surface antigen and has been suggested as a potential candidate for the
development of new anti-hepatitis agents [99,100]. Destruxin B was found to be a specific,
dose-dependent, and reversible inhibitor of vacuolar ATPase, which maintains acidity in
vacuolar organelles [101].

The biosynthetic pathway of destruxins, including destruxin B, was described in the
fungus Metarrhizium anisopliae. Previously, destruxin B was thought to be biosynthesized
from protodestruxin by N-methylation [102]. Feeding experiments with isotopically labeled
precursors in M. anisopliae showed that methionine was involved in the incorporation of
13C into the N-methyl group of MeVal and MeAla residues. Acetates were involved in the
biosynthesis of the—CH (OH)-COOH fragment of the hydroxy acid moiety, proline, and
isoleucine [103].

2.6. HC-Toxin

When northern corn leaf spot disease was first noted in the US in 1938, it was found
that Cochliobolus carbonum was the key pathogenic strain and could produce HC-toxin [104].
In the 1970s, Pringle and co-workers purified and partially determined the structure of
HC-toxin, indicating that it was a peptide containing Ala and Pro in the ratio of 2:1 [24].
Several years later, the complete structure was established, which was cyclo (D-Pro-L-Ala-
D-Ala-L-Aeo) (Figure 4), with Aeo standing for 2-amino-9,10-epoxi-8-oxodecanoic acid [25].
In 2013, HC-toxin was also found in the culture filtrates of A. jesenskae that was isolated
from seeds of Fumana procumbens [26]. HC-toxin could inhibit the root growth of susceptible
maize (genotype hm1/hm1) at 0.5–2 μg·mL−1. The concentration needed to affect resistant
maize (genotype Hm1/-) was 100-fold higher. The epoxide group of Aeo was critical for
HC-toxin toxicity, and other amino acid residues also apparently played important roles in
determining the bioactivity [105]. Besides phytotoxicity, HC-toxin also showed cytostatic
activity against mammalian cells. The site of action of HC-toxin was histone deacetylase
(HD), an enzyme that reversibly deacetylates the core histones (H3 and H4) [106].

HC-toxin production in C. carbonum was controlled by a complex locus, TOX2, that ex-
tended over 540 kb and contained several multicopy genes. The TOX2 locus includes HTS1,
TOXA, TOXC, TOXD, TOXE, TOXF, and TOXG genes, which encoded a nonribosomal
peptide synthetase, a member of the major facilitator superfamily of transporters, a fatty
acid synthase beta subunit, a predicted short-chain alcohol dehydrogenase, a pathway-
specific transcription factor, a putative branched chain amino acid aminotransferase, and an
alanine racemase, respectively [26,107]. A. jesenskae had high-scoring orthologs of all known
genes involved in HC-toxin biosynthesis from C. carbonum. Based on genomic sequencing,
AjTOX2 was considered as a major gene involved in the biosynthesis of HC-toxin in A.
jesenskae. The genes for HC-toxin biosynthesis were duplicated in these two fungi and the
encoded orthologous proteins shared 75–85% amino acid identity [26].

2.7. Maculosin

Spotted knapweed (Centaurea maculosa) is a significant threat as a weed species in North
America, particularly in the northwestern United States and southwestern Canada [27,28].
Its invasion of rangelands, roadsides, and pastures has resulted in a decline in forage
production of about 70% and major losses in the millions of dollars. In 1984, an infected
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black-leaved orchid was found in Silver Bow County (Montana, USA), and A. alternata
was identified as the causal agent. Although seven diketopiperazines were isolated and
identified (Cyclo(-L-Pro-L-Tyr-), Cyclo(-L-Pro-L-Phe-), Cyclo(-L-Pro-D-Phe-), Cyclo—Pro-
Hle-), Cyclo(-Pro-Val-), Cyclo(-Pro-Leu-), and Cyclo(-Pro-Ala-)) from the liquid culture
of the orchid pathogenic strain of A. alternata, maculosin (Cyclo(-L-Pro-L-Tyr-), Figure 5)
was established as a major HST of spotted knapweed because it exhibited high toxicity to
spotted knapweed at 10 μM but no toxicity to other test plants even at 1 mM [108]. Thus,
it has the potential to be developed as a safe and environmentally friendly bioherbicide
against knapweed.

Figure 5. Chemical structures of maculosin, AS-I toxin, and ABR-toxin.

The target site of maculosin is the chloroplasts, since within 24 h of treatment with
maculosin there is a progressive decay of the chloroplasts. The core component of mac-
ulosin activity is the diketopiperazine ring, which contains proline. Subsequently, the
binding component of maculosin was identified as three large molecular weight proteins,
one of which was thought to be ribulose-1,5-biphosphate carboxylase (RuBPcase) [109].
Maculosin is also a potent blocker of the delayed-rectifying potassium channel in guinea
pig myocytes. It can increase alkaline phosphatase expression, induce differentiation, and
exert antibacterial and antioxidant effects [110,111]. To date, there is no report on the
biosynthetic pathway of maculosin. A systematic, in-depth study has yet to be conducted.

2.8. AS-I Toxin

In 1997, two phytotoxins were isolated from the culture filtrate of A. alternata that are
pathogenic to sunflowers [29]. The chemical structure of one toxin was deduced using
chemical and physicochemical methods as tetrapeptide Ser-Val-Gly-Glu and named as
AS-I toxin (Figure 5). AS-I toxin can cause chlorosis or necrosis on leaves, inhibit seed
germination of sunflowers, and lead to mild toxicity on tobacco and zucchini leaves, but has
no toxic effect on other plants. These phenomena suggest that AS-I toxin is an HST [29,38].
The mode of action, target, and biosynthetic pathway for AS-I toxin are still not clear, so
there is a wide research scope for this HST.

2.9. ABR-Toxin

Most HSTs are low-molecular-weight compounds and were discovered in liquid
cultures. In 2008, some researchers indicated that the spore suspensions of A. brassicae can
cause gray leaf spot disease on Brassica plants. After collecting spore germination fluid
(SGF) on leaves, a fraction with a high molecular weight (above 10 kDa) and toxicity to host
leaves was separated by ultrafiltration. Next, a new toxin was purified from that fraction
by chromatography and named ABR-toxin. Further investigation showed that ABR-toxin
was a protein toxin that loses its toxicity when treated at 60 ◦C or with proteinase K for
15 min. The isoelectric point of ABR-toxin was about 7.0 and the molecular weight was
27.5 kDa. It contains 21 amino acid residues (Ile-Val-Gly-Gly-Val-Pro-Ala-Val-Thr-Gly-
Asp-Leu-Leu-Pro-Tyr-Lys-Val-Ser-Val-Ala-Arg) with an unblocked N-terminus (Figure 5).
Biological activations showed that ABR-toxin at a concentration of 0.5–1 μg·mL−1 could
induce symptoms on Brassica leaves, but a concentration greater than 50 μg·mL−1 had
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no effect on non-host leaves. ABR-toxin at a concentration of 0.5–1 μg·mL−1 mixed with
non-pathogenic spores of A. alternata could lead to symptoms similar to those caused
by A. brassicae infection. The above results show that ABR-toxin not only triggered the
initial colonization of host plants, but also showed a relationship with disease development
that was different from that of destruxin B [23]. Currently, there are very few studies on
ABR-toxin, so further detailed studies need to be conducted.

3. Non-Host-Selective Toxins

So far, less attention has been paid to NHSTs of Alternaria compared to HSTs. However,
the role of NHSTs in virulence is more complex than that of HSTs. An in-depth exploration
of NHSTs may reveal new and unexpected aspects for applications in many fields. Here, we
detected 50 NHSTs from six families of Alternaria, including pyranones, quinones, tertramic
acid, cyclic peptides, macrolides, and phenols (Table 2).

Table 2. NHSTs produced by Alternaria species.

Family Toxins Alternaria Species References

Pyranones Radicinin A. radicina [112]
Radicinol A. radicina, A. chrysanthemi [112,113]

3-epiradicinol A. chrysanthemi, A. longipipes [113,114]
Deoxyradicinin A. helianthi [114]
Pyrenocine A A. helianthi [115]
Pyrenocine B A. helianthi [115]

Solanapyrones A A. solani [116]
Solanapyrones B A. solani [116]
Solanapyrones C A. solani [116]
Solanapyrones P A. tenuissima [117]

Alternariol A. tenuis [118]
Alternariol 9-methyl ether A. tenuis [118]

Altenuene A. tenuis [118]
Quinones Altertoxin I A. tenuis [119]

Altertoxin II A. tenuis [119]
Altertoxin III A. alternata [120]
Altertoxin IV A. tenuissima [121]
Altertoxin V A. tenuissima [122]
Altertoxin VI A. tenuissima [122]
Altertoxin VII Alternaria sp. PfuH1 [123]
Alterlosins I A. alternata [124]
Alterlosins II A. alternata [124]

Alteichin A. eichorniae [120]
Stemphyperylenol A. alternata [125]
Stemphyltoxin III A. alternata [125]

Altersolanol A A. solani [126]
Altersolanol B A. solani [126]
Altersolanol C A. solani [127]
Altersolanol E A. solani [127]
Altersolanol F A. solani [127]
Macrosporin A. solani [126]

Bostrycin A. eichhorniae [128]
4-Deoxybostrycin A. eichhorniae [128]

Physcion A. porri [129]
Erythroglaucin A. porri [129]
Alterporriol B A. porri [130]
Alterporriol K Alternaria sp. ZJ9-6B [130]
Alterporriol L Alternaria sp. ZJ9-6B [130]
Alterporriol M Alternaria sp. ZJ9-6B [130]
Alterporriol T Alternaria sp. XZSBG-1 [131]
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Table 2. Cont.

Family Toxins Alternaria Species References

Tertramic acid Tenuazonic acid A. alternata, A. longipes, A. tenuissima [132]
3-acetyl-5-isopropyltetramic acid A. tenuis [133]
3-acetyl-5-isobutyltetramic acid A. tenuis [133]

Cyclic peptides Tentoxin A. alternata, A. citri, A. longipes, A. mali, A. porri, A. tenuis [134–139]
Macrolides Brefeldin A A. carthami, A. zinnia [140,141]

7-Dehydrobrefeldin A A. carfhami [141]
Aldaulactone A. dauci [142]

Phenolics Zinniol A. zinnia, A. dauci, A. tagetica, A. solani, A. porri, A. carthami,
A. macrospora, A. cichorii [143–145]

α -Acetylorcinol A. tenuissima, A. brassicicola, A. dauci [146]
p-Hydroxybenzoic acid A. tagetica, A. dauci [146,147]

3.1. Pyranones

Pyranone is an important natural product that has attracted considerable attention
due to its intriguing stereoisomeric structure and impressive bioactivity [148]. Simple
pyranones and dibenzopyranones are the major groups of the pyranone family produced
by Alternaria spp.

3.1.1. Simple Pyranones

Pyranones without a benzene ring structure are defined as simple pyranones [6]. For
the NHSTs of Alternaria, we have described here ten simple pyranones (Figure 6).

Radicinin was first found from Stemphylium radicinum [149] and then also isolated
from A. radicina, including its analogue radicinol [112]. So far, many new simple pyranones
NHSTs have been found in Alternaria spp. Radicinol and 3-epiradicinol have been isolated
from other strains, such as A. chrysanthemi, which causes leaf spot disease in Leucanthemum
maximum [113]. Further, 3-Epiradicinol is also found in A. longipipes. Deoxyradicinin was
found in A. helianthi, an aggressive pathogen of sunflower (Figure 6a) [114].

Pyrenocine A and pyrenocine B were first described as products of the onion pink
root fungus Pyrenochaeta terrestris [150]. They were then also found in the liquid medium
of A. helianthi isolated from Helianthus tuberosus leaves with necrotic lesions. Pyrenocine
A proved to be lethal to both isolated protoplasts and whole leaf tissue of Helianthus
(Figure 6a) [115].

Solanapyrones A-C were isolated in 1983 from the phytopathogenic fungus A. solani,
the causal agent of early potato blight [116]. Recently, solanapyrone P was discovered from
A. tenuissima, an endophytic fungus in Salvia przewalskii (Figure 6a) [117].

Most compounds from this family showed lower phytotoxicity than radicinin [151].
Radicinin was found to be toxic to Coix lachryma-christi at 0.3 μg·leaf−1 [152]. It caused a
25% inhibition in root growth of carrot seedlings at a concentration of 10 μg·mL−1 [153].
In the structure of radicinin, the α, β-unsaturated carbonyl group at C-4, a free secondary
hy-droxyl group at C-3, and the stereochemistry of the same carbon and the unsaturation of
the propenyl side chain play key roles to exhibit activity [151]. Due to its targeting activity
against the host plant and the fact that it shows no toxicity to zebrafish embryos, radicinin
has the potential to be developed as a natural bioherbicide [151]. As another bioactivity,
radicinin exhibits antifungal, insecticidal, and antibiotic activity against Gram-positive
bacteria, including Staphylococcus aureus and Clostridium sp. [152,154].

Radicinol showed anticancer activity in various cancer cells due to modulating both
tumor suppressor protein (p53) and antiapoptic protein (BCL-2), which in turn increased
the expression of caspase-3 [155].
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Figure 6. Chemical structures of Alternaria NHSTs belonging to simple pyranones (a) and dibenzopy-
ranones (b) families.

Pyrenocine A caused leaf necrosis in the leaf injury bioassay and inhibited the growth
of many plants, especially greater foxglove and autumn crocus. Pyrenocine A and B in-
duced significant electrolyte loss in the leaf tissue of bermuda grass. However, pyrenocine
B showed much weaker phytotoxic activity than pyrenocine A [156]. Moreover, pyrenocine
A exhibited cytotoxicity against cancer cells with an IC50 value of 2.6–12.9 μM [157].
Pyrenocine B inhibited the gene presentation of primary dendritic cells (DCs) in mice [158].

Solanapyrone A and B showed phytotoxicity in chickpea, resulting in stem death.
Solanapyrone A was more toxic than solanapyrone B [159]. Solanapyrone A, C, and P
showed antibacterial activities against various bacteria such as Bacillus subtilis, B. mega-
terium, Clostridium perfringens, Micrococcus tetragenus, and Escherichia coli with minimum
inhibitory concentrations (MIC) ranging from 12.5 to 100 μg·mL−1 [117]. Solanapyrone A
can also inhibit mammalian DNA polymerase β and λ activities in vitro, with IC50 values
of 30 μM and 37 μM, respectively [160].

Among these simple pyranones, the biosynthetic pathway of solanapyrone A was also
discovered. Feeding experiments with [1-13C], [1, 2-13C] acetates, and [S13CH3] methionine
showed that solanapyrones were biosynthesized from an octaketide consisting of one acetyl-
CoA, seven malonyl-CoA, and two one-carbon units from methionine [161]. Recently, a
gene cluster for solanapyrone biosynthesis containing six genes, SOL1–SOL6, was identified
for the first time in A. solani, suggesting that solanapyrone biosynthesis requires eight
acetates and one S-adenosylmethionine (SAM) as precursors [162]. Of these genes, SOL1
encodes a polyketide synthase that initiates the solanapyrone biosynthetic pathway, and
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SOL5 encodes a Diels alderase that catalyzes both the oxidation and subsequent cyclization
of the immediate precursor compound of solanapyrone A [163].

3.1.2. Dibenzopyranones

The dibenzopyranone skeleton is found in many natural products and biologically
active molecules. Dibenzopyranone is of great importance as an intermediate for several
interesting bioactive compounds [6,164]. In this section, the three major dibenzopyranones
produced by Alternaria are presented, namely alternariol (AOH), alternariol-9-methyl ether
(AME), and altenuol (ALT) (Figure 6b).

AOH, AME, and ALT are structurally related mycotoxins produced by different
Alternaria strains, such as A. tenuis [118,132]. AOH and AME were first isolated and
described in 1953 [165], while ALT was discovered in 1971 [118]. Subsequent studies
showed that these three compounds are present in a wide range of vegetables, fruits,
mushrooms, cereals, grapes, and feeds [132,166,167]. AOH and AME are considered to be
the most important Alternaria toxins because they are produced in relatively large amounts
by most species and account for up to 20% of crude extracts of Alternaria isolates, while
ALT accounts for only 1–3% of extracts [119,168].

AOH and AME possess broad cytotoxicity, genotoxicity, and can induce oxidative
stress [169–173]. In vitro, AOH and AME showed cytotoxicity to Henrietta Lacks’s cervical
cancer cell line HeLa cells [119]. Further studies revealed that AOH was cytotoxic to
human colon carcinoma cell lines [174] and Caco-2 cells [172]. It effectively inhibited DNA
relaxation and stimulated DNA cleavage activities of topoisomerase I, IIα, and IIβ [170]
and had mutagenic activity in mammalian cell lines [175]. AOH was also able to induce
autophagy and senescence in murine macrophages and alter the morphology and cytokine
secretion of murine and human macrophages [176,177]. In 1992, it was suggested that
AOH and AME on cereals may be the most important factors for the increased incidence
of human esophageal cancer in Linxian County, China [178]. Both AOH and AME appear
to be highly mutagenic in the assay of B. subtilis and E. coli ND -160 [179]. Due to their
widespread occurrence and high toxicity, the European Food Safety Authority (EFSA) has
set the threshold of toxicological concern (TTC) for AOH and AME at 2.5 ng·kg−1 body
weight per day [180]. ALT is most acutely toxic in female mice with a LD50 > 50 mg·kg−1

body weight, compared to AOH and AME with a LD50 > 400 mg·kg−1 body weight [181].
Recently, ALT was reported to exhibit cytotoxic activity against HCT116 cell lines with an
IC50 value of 3.13 μM, and thus has the potential to be developed as a new antitumor drug
candidate [182].

As for phytotoxic activity, AOH possessed a significant cytotoxic activity in soybean
cells with an EC50 value of 4.69 μM. It was suggested that the phenolic hydroxyl group
played a key role in the toxicity to soybean cell culture [183]. AOH inhibited root growth of
Pennisetum alopecuroides, Medicago sativa, and Amaranthus retroflexus at 1000 μg·mL−1 [184].
AME inhibited the electron transport chain of spinach chloroplasts with an IC50 value of
29.1 μM, and inhibited the growth of Synechococcus by directly interacting with one or more
of the electron carriers involved in the electron transport chain [185]. Although there are
reports of genotoxic, estrogenic, and mutagenic effects in laboratory animals, the toxicity
of AOH and AME to humans and animals is low. Thus, these compounds represent a
new lead structure and have the potential to be developed as new herbicides for weed
control [185].

AOH, AME, and ALT are all polyketide-derived compounds. Due to their structural
similarity, the biosynthetic pathway of these compounds should be of importance. The
biosynthetic pathway of AOH was first studied in detail in 1961, which suggested that
AOH could be synthesized by head–tail condensations of acetate units [186]. Further
studies revealed that the formation of AOH occurs by the polycondensation of malonate,
which is formed by the carboxylation of acetate [187]. Later, an enzyme, alternariol-O-
methytransferase from A. alternata, was isolated that converts AOH to AME [188]. In 2019,
the gene cluster for the biosynthesis of AOH and several derivatives of A. alternata was
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found. The gene cluster contains PSKI, OMTI, MOXI, SDRI, and DOXI, which encode O-
methyltransferase, FAD-dependent monooxygenase, short-chain dehydrogenase, putative
extradiol dioxygenase, and estradiol dioxygenase, respectively. Production begins with
PKSI assembling an acetyl-CoA, together with six malonyl-CoA, to form the heptaketide
AOH. AOH is further converted to AME by the methyltransferase OMTI. Next, 4-hydroxy-
AME is catalyzed as an intermediate by the monooxygenase MOXI, followed by the opening
of the lactone ring by SDRI to form altenusin. Finally, the formation of ALT from altenusin
was catalyzed by DOXI for the rotation of the C-ring and lactonization [189].

3.2. Quinones

Quinones are an important species that interact with biological systems to promote
many beneficial agents or even induce toxicities [190]. Among Alternaria toxins, there are
three groups of quinones, including perylenequinones, anthraquinones, and bianthraquinone
derivatives that have been isolated so far. In this section, twelve perylenequinones, ten an-
thraquinones, and five bianthraquinones, as well as their unique bioactivities, are presented.

3.2.1. Perylenequinone Derivatives

Perylenequinones are a class of aromatic polyketides characterised by a highly con-
jugated pentacyclic core that gives them their potent bioactivity [191]. Here, twelve
perylenequinones produced by Alternaria are presented, including altertoxin I–VII, al-
terlosin I and II, alteichin, stemphyperylenol, and stemphyltoxin III.

There are many types of altertoxins (ATXs) (Figure 7). We have described seven types
of ATXs from Alternaria spp. ATX I and ATX II were first isolated from A. tenuis in 1973
and ATX III was isolated from A. alternata in 1983 [119,120]. The correct structure of ATX
I was elucidated in 1983 [120]. ATX IV was isolated from the fermentation broth of an
endophytic strain of A. tenuissima living in the stem of Tribulus terrestris [121]. ATXV and
VI were isolated from the fermentation broth of A. tenuissima QUE1Se, which inhabits the
stem tissue of Quercus emoryi [122]. Recently, ATX VII was isolated from the endophytic
fungus Alternaria spp. PfuH1 of patchouli (Pogostemon cablin). Further studies showed that
all of them are perylene derivatives, which can also be produced by other Alternaria spp.
including A. mali and A. eichorniae. Although ATXs were produced in very low amounts by
only a few species, they were important Alternaria toxins due to their high toxicity [168].
Among them, ATX II was the most potent [175,192].

Figure 7. Chemical structures of Alternaria NHSTs belonging to perylenequinone family.
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ATXs showed many activities; in particular, ATX I–III showed significant cytotoxicity,
mutagenicity, and possibly carcinogenicity. In an Ames test, ATX I–III proved to be clearly
mutagenic in TA98, TA100, and TA1537, with a ranking of ATX I < ATX II < ATX III [193].
ATX I and II were found to be highly toxic to the HeLa cells, with IC50s of 20 and
0.5 μg·mL−1, respectively [119]. ATX I–III were all cytotoxic to Chinese hamster V79 cells at
concentrations greater than 5, 0.02, and 0.2 μg·mL−1, respectively [175,194]. ATX IV showed
cytotoxicity to human osteosarcoma cell lines (MG-63) and human hepatocellular carci-
noma cell lines (SMMC-7721), with an IC50 at 14.81 and 22.87 μg·mL−1, respectively [195].
ATX V and VI showed the ability to inhibit HIV-1 viral replication in A3.01-infected cells.
ATX V showed higher activity and could completely inhibit HIV-1 virus replication at
concentrations of 0.5 μM. Thus, they have the potential to be developed as potent anti-HIV
drugs [122]. ATX VII showed antibacterial activities against S. agalactiae with MIC values
of 17.3 μg·mL−1 [123].

As the major NHSTs of Alternaria, the biosynthetic pathway of ATXs was revealed.
Based on the feeding experiment with 13C-labelled precursors, ATX I was used as an
example of the biosynthetic pathway of ATXs. Five acetate molecules were found to
be used for the synthesis of octalone analogues and tetralone analogues. ATXs were
synthesised by the oxidative coupling of two molecules of tetralone analogues [120].

Alterlosins (ALS) include two compounds (Figure 7), ALS I and II. They were first
isolated in 1989 from a host-selective strain of A. alternata, which is pathogenic on spotted
knapweed. Both exhibited reasonable phytotoxicity, and ALS II was more potent than ALS
I. ALS II was able to cause necrotic lesions on knapweed, lettuce, and Johnson grass at
10−4 M [124].

Alteichin (ALTCH) was isolated from A. eichorniae (Figure 7), a fungal pathogen of
water hyacinth [120,196]. ALTCH was shown to have antifungal activity against Valsa
ceratosperma and caused growth inhibition in lettuce seedlings [120]. Further studies
revealed that ALTCH at a concentration of 0.1 mg·mL−1 could induce necrotic spots on
the leaves of water hyacinth, tomato thistle, wheat, sunflower, and barley within 12 h. The
target of ALTCH can act directly on the plant cell and cause structural changes in plant
membranes [196].

Stemphyperylenol and Stemphyltoxin III could be found in the culture of Stemphylium
botryosum and A. alternata (Figure 7) [124,125]. Based on the bioactivity studies, stem-
phyperylenol is a toxin for finger millet [197]. Stemphyltoxin III showed an in vitro an-
tibacterial activity against B. subtifis, B. cereus, and E. coli, as well as phytotoxic activity
(Arnone et al., 1986). SOTTX-III was also mutagenic against Ames S. typhimurium TA98
and TA1537 [125,198].

3.2.2. Anthraquinone Derivatives

Anthraquinones (9,10-dioxoanthracenes), with the rigid planar tricyclic aromatic
system anthracene, form an important class of valuable natural products [199]. There are
many Alternaria NHSTs belonging to this family (Figure 8a).

Altersolanol A-C, E, F, and macrosporine could be isolated from A. solani, a pathogen
of solanaceous plants. Altersolanol A and B occurred only in the culture filtrate, while the
others could be isolated from either the culture filtrate or mycelia [126,127,200]. Bostrycin
and 4-deoxybostrycin were isolated from the culture filtrate of A. eichhorniae [128]. Physcion
and erythroglaucin were isolated from A. porri [129].
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Figure 8. Chemical structures of Alternaria NHSTs belonging to anthraquinone (a) and
bianthraquinone (b) families.

In bioactivity studies, altersolanols A and B showed an inhibitory effect on lettuce
and stone-leek seedlings [201]. Altersolanol A-C, E, and F could act as electron transport
inhibitors in the mitochondria of tobacco [202]. Altersolanol A could also cause necrosis
and twisting on tomato leaves [203]. Besides phytotoxicity, altersolanols A–C and E showed
antimicrobial activity against S. aureus, B. subtilis, M. luteus, and Pseudomonas aeruginosa.
Altersolanols F showed obvious inhibitory activity against HCT-116 and HeLa cell lines
with the IC50 values of 3.026 and 8.094 μM, respectively [131]. Recent studies showed that
altersolanol A exhibited cytotoxicity in vitro against 34 human cancer cell lines with an
IC50 (IC70) value of 0.005 μg·mL−1 (0.024 μg·mL−1). Altersolanol A was a kinase inhibitor
that induced cell death by apoptosis via the cleavage of caspase-3 and -9 and a decrease in
the expression of anti-apoptotic proteins [195,204].

Macrosporine exhibited antibacterial and phytotoxic activity, inhibiting Candida albi-
cans, B. subtilis, and S. aureus at a dose of 200 μg·disc−1, and induced significant necrosis by
singlet oxygenation in plants [205].

Bostrycin and 4-deoxybostrycin showed antibacterial activity against B. subtilis. Bostrycin
was also able to inhibit the growth of Mycobacterium tuberculosis in vitro and inhibit the activ-
ity of effector protein tyrosine phosphatase (MptpB) secreted by Mtb. In addition, bostrycin
also acted as an antitumor agent against various cancer cell lines [206–209]. Both toxins
showed a phytotoxic effect on water hyacinth at a concentration of 7 and 30 μg·mL−1,
respectively [128].

Physcion had various pharmacological properties such as anti-inflammatory, antimi-
crobial, and antitumor effects, including cytotoxic activity in HeLa, A549, HL-60, and
SW680 cells [210]. Physcion showed no mutagenicity in an Ames assay with TA100 and
TA2638 [211]. The phytotoxic activity of physcion showed that it inhibited root and
hypocotyl growth less at 7.0 × 10−4 M in green amaranth and timothy [212].

Erythroglaucine showed a DPPH (1,1-diphenyl-2-picrylhydrazyl) radical scavenging
property with an IC50 value of 62 μg·mL−1 [213].

Based on the incorporation experiment of 13C-labelled sodium acetate and acetate,
ageolanol A, macrosporin, and other similar pigments of A. porri were formed by eight
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acetates, which were condensed in a head-to-tail process to generate a linear octaketide.
Subsequent cyclization and enolization, decarboxylation, and oxidation produced the final
anthraquinone analogues [214,215].

3.2.3. Bianthraquinone

Many Alternara spp. can produce alterporriol, a member of the bianthraquinone
derivatives (Figure 8b). Alterporriol B was first described in A. porri in 1984. To date, many
alterporriols have been discovered in Alternaria. Alterporriol K, L, and M were obtained
from the extracts of Alternaria sp. ZJ9-6B and showed moderate cytotoxic activity against
MDA-MB-435 and MCF-7 cells with IC50 values ranging from 13.1 to 29.1 μM [130]. Alter-
porriol T was found in Alternaria sp. XZSBG-1 and showed an inhibition of α-glucosidase
with an IC50 value of 7.2 μM [131].

Some evidence suggests that preanthraquinones serve as precursors for a number of
dimers. Alterporriols are homodimers composed of two alterolanols. Alterporriol A, for
example, is formed by the oxidative coupling of a macrosporin and an alterolanol A. Other
alterporriols can also be biosynthesized by the same pathways as alterporriol A [214].

3.3. Tertramic Acids

Although they were isolated in the early 20th century, the various biological functions
of tetramic acids (2,4-pyrrolidinediones) were not discovered until the 1960s [216]. Tenua-
zonic acid, 3-acetyl-5-isopropyltetramic acid, and 3-acetyl-5-isobutyltetramic acid are three
classical analogues produced by Alternara [133].

Tenuazonic acid (TeA, (5S)-3-acetyl-5[(2S)-butan-2-yl]-4-hydroxy-1,5-dihydro-1H-pyrrol-
2-one, Figure 9), an amide metabolite originally isolated from the culture filtrate of A. tenuis,
is the simplest compound of the tetramic acids [217,218]. The structure and absolute
configuration of TeA were elucidated after TeA was degraded by ozonolysis followed
by acid hydrolysis [219]. Subsequently, TeA was also found in other species, such as
Phoma sorghina, Magnaporthe oryzae, Aspergillus spp., and Alternaria spp., especially in
A. alternata, A. longipes, and A. tenuissima [81,132,220–224]. Since its first isolation from
cotton, TeA has been found in various vegetable, fruit, and crop plants contaminated with
Alternaria [225–227].

Figure 9. Chemical structures of Alternaria NHSTs belonging to the tertramic acids family.

TeA has long been reported to be toxic in animals, exhibiting antibacterial, antiviral,
anticancer, and phytotoxicity effects [224,228–231]. The oral median lethal dose for male
and female mice is 182 or 225 mg·kg−1 and 81 mg·kg−1 body weight, respectively [228,232].
It is also toxic to chicken embryos [233]. TeA inhibits protein biosynthesis by inhibiting the
release of the polypeptide from the ribosome [234]. EFSA has evaluated the toxicity of TeA
and set the threshold of toxicological concern at 1500 ng·kg−1 body weight per day [235].
The first study on the effect of TeA on plant cells and seedlings was published in 1974. TeA
could not only cause a necrotic spot on rice leaves, but also showed a striking stunting
effect on the seedling growth of rice plants, mung beans, radishes, and turnips, as well as
on the growth of cells of soybean and rice plants grown in suspension [236]. In the last two
decades, an increasing number of articles have reported its phytotoxicity. TeA showed an
inhibitory activity against 4-hydroxyphenylpyruvate dioxygenase (HPPD) with an IC50
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of 18 μM [237] and plant plasma membrane (PM) H+-ATPase [238]. TeA was also able to
inhibit the elongation of seedling roots and shoots [239–241], and resulted in a significant
increase in multi-nucleolus of Vicia faba root tip cells at 400 μg·mL−1 [242]. Qiang et al.
found a crude extract named AAC-toxin containing 5% TeA produced by A. alternata, the
natural pathogen of Ageratina adenophora, a common noxious weed worldwide. Further
purification of the AAC-toxin and subsequent bioassays showed that TeA was primarily
responsible for herbicidal activity. It exhibited broad spectrum weed activity. Thus, TeA
had the potential to be used as a bioherbicide in cotton fields [224,243–246].

Detailed studies on the main mechanism of action of TeA phytotoxicity revealed
that TeA is a novel inhibitor of photosystem II (PSII), disrupting electron flow beyond
the primary quinone acceptor, QA, by interacting with the D1 protein in the PSII reaction
centers. The pyrrole ring, which contains an N-C=O group, is a core component of photo-
synthetic inhibitory activity [224,247,248]. TeA can induce a chloroplast-derived ROS burst
that causes a range of irreversible cell damage, including chlorophyll degradation, lipid
peroxidation, plasma membrane rupture, chromatin condensation, DNA cleavage, and
organelle disinfection, eventually leading to rapid cell destruction and leaf necrosis in host
plants [248]. TeA can also trigger the EXECUTER (EX) protein-dependent 1O2 pathway
leading to cell death in Arabidopsis seedlings [249]. A recent study suggests that cell death
triggered by TeA is an essential requirement for the pathogen A. alternata to successfully
infect host plants. Production of ROS was critical for pathogen invasion, proliferation, and
disease symptom formation during infection. TeA significantly increased the ability of the
pathogen to undergo invasive hyphal growth and spread [250].

Most tetramic acids are naturally derived from hybrid PKS and nonribosomal peptide
synthetases (NRPS) that come from polyketides and α-amino acids [224,251,252]. Thus,
TeA was also expected to be a product of a PKS–NRPS hybrid enzyme [224,253]. Previous
experiments with radioactive precursors showed that A. tenuis first used L-isoleucine and
two acetate molecules to synthesize N-acetoacetyl-L-isoleucine. Subsequently, TeA was
formed by the cyclization of N-acetoacetyl-L-isoleucine [133,216,224,254]. Recently, the TeA
biosynthetic gene TAS1 was discovered from M. oryzae. TAS1 encodes the TeA biosynthetic
enzyme TAS1, which is a NPRS–PKS hybrid protein consisting of a C (condensation)-A
(adenylation)-PCP (peptidyl carrier protein)-KS (ketosynthase) domain structure [252,255].
It was found that the C-A-PCP domain of TAS1 condenses L-isoleucine and acetoacetyl-CoA
to yield N-acetoacetyl-L-isoleucine, while the KS domain recognizes the N-acetoacetyl-
L-isoleucine hybrid to initiate the cyclization reaction to produce TeA [252,255]. In 2020,
the mechanism of cyclization to form the tetramic acid ring was illustrated by the KS
domain of TAS1 in the course of TeA biosynthesis. TAS1-KS contains a conserved catalytic
triad Cys179-His322-Asn376. The substrate N-acetoacetyl-L-isoleucine was transferred
from the PCP domain to Cys 179 via a thioester bond. The substrate was positioned by
a hydrogen bond to Ser 324, and then the methylene proton was abstracted by His-322,
which triggered a nucleophilic attack on the thioester carbonyl to give TeA. Asn376 could
stabilize the conformation of cis-N-acetoacetyl-L-isoleusin for the nucleophilic attack to
form TeA [252,256].

Much like the above biosynthetic pathway of TeA, the addition of L-isoleucine could
stimulate the production of 3-acetyl-5-isopropyltetramic acid and 3-acetyl-5-isobutyltetramic
acid. In this biosynthetic pattern, it is possible and useful to obtain tetramic acids with
different side chains at the 5-position by growing the organism in media fed with dif-
ferent L-amino acids. Gatenbeck and co-workers added 14C-carboxyl-labeled L-valine
or L-leucine to the culture media of A. tenuis. From the culture extracts, the 5-isopropyl
and the 5-isobutyl derivatives of the tetramic acids were prepared and purified, i.e., 3-
acetyl-5-isopropyltetramic acid (3-AIPTA) and 3-acetyl-5-isobutyltetramic acid (iso-TeA,
Figure 9) [133].

Based on a bioassay, 3-AIPTA showed phytotoxicity to a wide range of plants. It
inhibited the root and shoot length of seedlings and eventually killed seedlings of both
monocotyledonous and dicotyledonous weeds. 3-AIPTA was able to inhibit PSII electron
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transport rates and the growth of algal cells [257]. Further studies indicated that 3-AIPTA
had the same target and lethal mechanism as TeA on weeds, but the herbicidal effect was
much weaker compared to TeA [258].

3-Acetyl-5-isobutyltetramic acid, also called iso-tenuazonic acid (iso-TeA), was an
isomer of TeA. Because of its similar chemical structure to TeA (Figure 9), the two toxins
were thought to have similar toxicological relevance. Iso-TeA showed remarkable toxic
effects on Artemia salina, with a mortality rate of 68.9% compared to 73.6% for TeA [259].
Iso-TeA also showed antibacterial effect on B. megaterium [230]. It also showed significant
phytotoxicity, such as the inhibition of rice root growth with an ID50 (50% inhibitory dose)
of 0.28 mM and marked browning of rice leaves at 10 mM [260].

3.4. Cyclic Peptides

Cyclic peptides exhibit remarkable biological activities due to their condensed struc-
tures [261]. In this section, we have introduced tentoxin and its competing derivatives, all
of which belong to this family.

Tentoxin (TEN, Figure 10) is a secondary metabolite produced by several Alternaria
species, including A. alternata, A. citri, A. longipes, A. mali, A. porri, and A. tenuis [134–139].
Based on the analysis of the acidic hydrolysis products and spectroscopic properties of the
compound, it was found that tentoxin is a cyclic tetrapeptide containing glycine, L-leucine, N-
methyl-L-alanine, and N-methy-L-dehydrphenylalany. The complete structure of tentoxin is
cy-clo[N-methyl-L-alanyl-L-leucyl-(Z)-α,β-dehydro-N-methylphenylalanylglycyl] [262,263].
In addition to tentoxin, dihydrotentoxin (DHT) and isotentoxin (isoTEN) have also been
isolated as metabolites from Alternaria species [253]. Tentoxin can be found in many
products, including wheat, sorghum, fruit, and barley [264,265]. Therefore, the EFSA
applied the toxicological threshold of concern (TTC) approach to TEN in its preliminary
risk assessment, which was set at 1500 ng·kg−1 body weight per day [180,263].

Figure 10. Chemical structures of Alternaria NHSTs belonging to the cyclic peptide (Tentoxin)
macrolides (Brefeldin A, 7-dehydrobrefeldin A, and aldaulactone) and phenolics (Zinniol, a-
acetylorcinol, and p-hydroxybenzoic acid) families.

As a phytotoxin, tentoxin was found to induce chlorosis in germinating seedlings of
some dicotyledonous plants, but not in maize, tomatoes, and members of the Brassicaceae
and Poaceae families. This was explained by the fact that sensitive species might possess a
specific receptor site for tentoxin, resulting in the selective disruption of chloroplast func-
tion, reduction in the levels of chloroplast-specific lipids and proteins, and ultrastructural
changes in chloroplasts [137,266,267]. Further studies indicated that tentoxin is a specific,
non-competitive inhibitor of photophosphorylation and the site of action is associated
with chloroplast F1-ATPase (CF1) [268,269]. Interestingly, ATP hydrolysis and synthesis
were inhibited at a low dose of tentoxin, while ATPase activity was stimulated at high
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concentrations [270]. In 2002, the crystal structure of CF1 in complex with tentoxin showed
that the binding site was located in a cleft at the αβ-subunit [269]. Recently, the study of
the cryo-EM structure of CF1 in complex with tentoxin indicated that the cyclic ring of
tentoxin with the charged or polar residues (βAsp83, βThr82, αArg297, and αTyr271) and
its isobutyl and phenyl moieties interact with the hydrophobic residues (αIle63, αLeu65,
and αVal75) between the α- and β-subunit, leading to a decrease in enzyme activity [271]. In
addition, tentoxin also exhibits independent effects on plant metabolism, such as stomatal
movements, ion uptake and translocation, and internal ion concentrations [272].

Previous studies indicated that tentoxin appeared on day 5 after inoculation with A. al-
ternata, increased rapidly, and reached a maximum between days 9 and 12. After 14 days of
inoculation, the synthesis decreased [273]. Methionine is the carbon donor in the biosynthe-
sis of tentoxin and its precursor dihydrotentoxin [273,274]. In 1994, the tentoxin synthetase
was isolated, which is a polyfunctional multienzyme with an integrated methyltransferase
activity that contains active SH groups. The precursor amino acids were bound to the
enzyme, then N-methylation and peptide extension occurred. Finally, dihydrotentoxin
was formed by cyclization and then released to be converted into tentoxin [273]. Some
researchers reported that the NRPS gene CmNps3 was responsible for tentoxin biosynthe-
sis in C. miyabeanus, and predicted that the gene AaNps3 might be involved in tentoxin
biosynthesis in Alternaria species [275]. Recently, two genes for tentoxin biosynthesis, a
NPRS gene (TES) and a cytochrome P450 gene (TES1), were found in A. alternata [276].
TES encodes a protein of 5161 amino acids. TES1 was closely associated with TES in a
5′-end-to-5′-end arrangement and was predicted to be involved in dehydrophenylalanine
biosynthesis. Furthermore, a detailed analysis of TES revealed that it has a typical modular
NRPS organization and consists of four modules with N-methyltransferase domains in
both the second and fourth modules. The arrangement of the domains is A-T-C-A-M-T-C-
A-T-C-A-M-T-C. TES assembles four precursor amino acids, Gly, Ala, Leu, and DPhe. The
N-methylation of Ala and DPhe occurred in the N-methyltransferase domains, respectively.
The condensation domain was located in the termination module of TES, which is responsi-
ble for the formation of intramolecular macrocyclization and final tentoxin release [276].
These findings are helpful for further studies on NRPS proteins in fungi and the mechanism
of DPhe biosynthesis.

3.5. Macrolides

Brefeldin A (BFA) and its analogues 7-dehydrobrefeldin A (7-oxo-BFA) belong to the
macrolide family, which possess antibiotic properties (Figure 10). Previously, BFA was
isolated from Penicillium species and later found in Alternaria spp. such as A. carthami
and A. zinnia [140,141]. 7-Oxo-BFA is another macrolide that is a potent phytotoxin of
A. carthami [141]. BFA was particularly active. It could cause the rapid appearance of large
necrotic patches and a 70% reduction in chlorophyll content when Xanthium occidentale
leaves were treated with 10−4 M BFA [141]. One μg·mL−1 BFA was sufficient to inhibit both
the germination and growth of tobacco pollen tubes and also cause the collapse of Golgi
stacks [277]. Further studies showed that the Golgi stacks were the common target of BFA
and 7-oxo-BFA. 7-Oxo-BFA was a more potent destroyer of the Golgi stacks than BFA [278].
As a macrolide, BFA also exhibited other important bioactivities, including antifungal,
cytostatic, antimitotic, antiviral, and anticancer activities [279,280]. In most mammalian
cells, 1–10 μg·mL−1 BFA not only inhibited secretion [281,282], but also caused profound
morphological changes, including the decay of the Golgi apparatus and redistribution of
Golgi enzymes into the endoplasmic reticulum [278]. BFA showed high cytotoxicity against
HL-60, KB, Hela, MCF-7, and Spc-A-1 cell lines (IC50 = 1.0–10.0 ng·mL−1) [280]. There is
no report on the biosynthetic pathway of BFA and 7-oxo-BFA so far.

Aldaulactone was a 10-membered benzenediol lactone molecule and was firstly puri-
fied from A. dauci, which was toxic to a large range of dicotyledonous plants, especially
carrot. It was also indicated that aldaulactone was involved in both fungal pathogenicity
and plant resistance mechanisms. In phytotoxicity, aldaulactone was toxic to carrot cells,
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inducing a delay in embryonic development and a decrease in cell viability [142]. The
biological function and biosynthetic pathway of aldaulactone has not yet been defined.

3.6. Phenols

Zinniol (Figure 10), a member of the phenol family, was first isolated from A. zinnia
(Starratt, 1968) and later detected in culture filtrates of A. dauci [143], A. tagetica [144], A.
solani, A. porri, A. carthami, A. macrospora, and A. cichorii [145]. Zinniol showed a broad
phytotoxic spectrum that could cause necrotic leaf damage [144,283,284]. Zinniol could act
specifically on a certain class of plant calcium channels, but its target is not comparable to
calcium channel blockers [285]. The two hydroxymethyl groups of zinniol are essential for
its phytotoxic activity [143]. However, a few studies suggested that zinniol is not markedly
phytotoxic to embryogenic cellular cultures of Daucus carota [286] and the leaves of Tagetes
erecta [287] at physiological concentrations. In addition, Zinniol also showed cytotoxic
activity in rat embryonic fibroblasts with an IC50 of 264 μg·mL−1 [284]. In general, there is
still much room for research for this potential natural product.

α-Acetylorcinol is a resorcinol derivative that was first isolated from C. lunata in
1977 [288], and has also been reported as a secondary metabolite from various Alternaria
spp., including A. tenuissima, A. brassicicola, and A. dauci [146]. It exhibited phytotoxic activity
in many plants. It can induce necrosis to Sida Spinosa, Chenopodium album, Ipomoea sp., Datura
stramonium, Sorghum bicolor, S. halepense [289], and Nioctiana alata [146]. α-Acetylorcinol also
showed antifungal activity against Trichophyton rubrum and A. fumigatus [290].

There were many reports on the production of p-hydroxybenzoic acid by fungi, such
as A. tagetica [147] and A. dauci [146]. It was also produced by Epichloë bromicola and
Diaporthe gulyae, which were the phytopathogens of Elymus tangutorum and sunflower,
respectively [291]. p-Hydroxybenzoic acid could inhibit the germination and root length
of Rumex crispus [292]. Additionally, it also exhibited antibacterial [293], antioxidant [294],
antifungal [295], antialgal [296], antimutagenic [297], and estrogenic activity [298].

4. Summary and Outlook

Alternaria is a ubiquitous genus in many ecosystems, consisting of saprophytic,
pathogenic, and even endophytic species. Thus, they are a rich source of secondary
metabolites. The production of various HSTs and NHSTs can be considered as a crucial
reason for the survival of these fungi. In this review, we have listed only some parts of
the toxins of the known Alternaria species. The great structural diversity, high potency,
and exclusive mechanisms of action make these toxins extremely attractive for the discov-
ery of their bioactivity. Many Alternaria toxins exhibit excellent herbicidal, antimicrobial,
antitumor, and other bioactive properties. Some of them can be directly developed into
drugs or pesticides, while others can serve as lead compounds for the discovery of new
drugs or pesticides. However, several challenges must be overcome for their successful
development as drug or pesticide candidates in the future. First, the biological activities
and modes of action of most toxins are still unclear. Second, some active crude extracts
need further purification to discover the exact active components. Third, the content of
many toxins in Alternaria is low, so a deep exploration of their biosynthetic pathways is
needed to increase the yield of the useful bioactive parts.
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