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Abstract: The genus Trichoderma is widely recognized for its ability to secrete lignocellulosic enzymes,
establishing it as a crucial technological resource for the bioconversion of agro-industrial waste
biomass via fermentation. This review explores the potential of utilizing lignocellulosic waste from
diverse industries as a sustainable nutrient source for producing Trichoderma spp. and various
desirable metabolites via fermentation. Significant emphasis is placed on the enzymatic activities of
Trichoderma species in two critical stages of second-generation biofuel production. Firstly, in the pre-
treatment stage to break down complex polysaccharides of lignocellulosic biomass, thereby enhancing
production efficiency and yield, and, secondly, during the hydrolysis process to produce fermentable
sugars essential for biofuel production. Additionally, this review discusses other applications of
Trichoderma fermentation, such as enhancing animal feedstock nutrition and employing its spores
as biocontrol agents. Ongoing research efforts are directed at optimizing fermentation protocols,
identifying suitable waste substrates, and genetic manipulation of strains to enhance the economic
viability of Trichoderma’s biotechnological applications. This manuscript contributes to the field of
circular biotechnology by offering a detailed review of recent progress on the integration of agro-
industrial waste materials in Trichoderma-based bioconversion technologies, highlighting both current
achievements and future research directions necessary to enhance the economic and environmental
sustainability of waste biomass utilization.
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1. Introduction

The genus Trichoderma encompasses a diverse group of rhizocompetent filamentous
fungal strains found in various temperate and tropical ecosystems [1]. Trichoderma spp. are
highly successful colonizers of diverse habitats, as demonstrated by their efficient utiliza-
tion of many types of substrates, their high reproductive capacity, their rapid adaptation
to environmental changes, and their production of a wide array of secondary metabolites
(e.g., phytohormones, growth promoters, organic acids, and antibiotics) and extracellular
enzymes (e.g., cellulases, amylase, chitinase, and (3-glucanases) [1-3]. These characteristics,
combined with the fact that Trichoderma spp. can be easily established and maintained
under in vitro culture conditions and genetically manipulated [4,5], allow this genus and its
secreted metabolites to be extensively exploited in the production of single-cell protein, food
additives, recombinant proteins, biocontrol agents, and a wide spectrum of enzymes for the
biofuel, textile, pulp, and paper industries [5-10]. Amongst the enzymes produced by the
genus Trichoderma, those with cellulolytic (i.e., cellobiohydrolases (exogluconases), endoglu-
canase, and (3-glucosidades) and lignocellulolytic (i.e., xylanase and 3-xylosidase) potential
are the most studied due to their pivotal role in lignocellulosic biofuel production [11].

This study aims to review the multifaceted roles of Trichoderma’s enzymatic toolbox in
the bioconversion of lignocellulosic waste biomass through fermentation. While the main
emphasis is on the use of agro-industrial waste as a sustainable and cost-effective feedstock
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for producing Trichoderma-derived lignocellulolytic enzymes for bioethanol production,
alternative industrial-waste-based circular applications of the genus are also discussed.
Overall, this review highlights recent advancements in Trichoderma-based bioconversion
technologies, emphasizes current achievements, and outlines future research directions
essential for enhancing the economic and environmental sustainability of integrating waste
biomass utilization into biotechnological processes.

2. Structure and Composition of Lignocellulosic Biomass

Lignocellulosic biomass represents the most abundant renewable resource on Earth,
offering immense potential for sustainable energy production. It serves as the primary
supporting tissue in plant cell walls and is widely distributed among agricultural residues,
comprising 30-50% of the total dry weight of plants [11]. Lignocellulosic biomass consists
of a complex matrix predominantly composed of three main polymers: cellulose, hemicel-
lulose, and lignin [12]. These polymers are intricately intertwined within a matrix in which
the composition varies depending on the plant species and the tissue type [13].

Cellulose stands out as the predominant polymer in lignocellulosic biomass, making
up 35-50% of its dry weight. Composed of linear chains of (3-1,4-linked glucose units,
cellulose forms crystalline microfibrils that provide structural strength to plant cell walls
and exhibit high resistance to enzymatic degradation [14]. In contrast, hemicellulose
constitutes a heterogeneous group of polysaccharides, comprising 20-40% of lignocellulosic
biomass. Hemicellulose contains various sugar monomers, such as xylose, mannose,
galactose, and arabinose, often as branched or mixed-linkage polymers [15].

Lignin is a complex aromatic polymer comprising 15-25% of lignocellulosic biomass.
It is highly cross-linked and hydrophobic, forming a recalcitrated physical barrier that
protects cellulose and hemicellulose within the cell wall, thereby limiting the accessibility
of cellulolytic and hemicellulolytic enzymes [13].

Therefore, the bottleneck in the bioconversion of lignocellulosic biomass lies in effi-
ciently hydrolyzing these complex polymers into simple fermentable sugars [16]. Lignocel-
lulolytic enzymes play a pivotal role in this process, facilitating the breakdown of cellulose
and hemicellulose to enable their conversion into biofuels and other valuable products.

3. Bioethanol Production

The increasing pressure to reduce reliance on non-renewable fossil fuels as an energy
source has prompted scientists to explore sustainable alternatives, such as bioethanol pro-
duction using microbe-driven processes with second-generation lignocellulosic biomass
derived from agro-industrial waste [17]. Despite its potential as a technology for sustain-
able transportation fuels, the significant contribution of enzymes’ cost to the operating
expenses of lignocellulosic biomass-based biorefineries remains a critical factor affecting the
commercial viability of biofuel production [18]. Consequently, onsite enzyme production
using low-value substrates has been explored to enhance the economic feasibility and
environmental sustainability of bio-based facilities. Agricultural residues, such as husks,
bagasse, seeds, leaves, straw, stalks, pulp, and peel derived from crops, grains, and horti-
culture, along with biomass from paper and textile streams, are regarded as cost-effective,
renewable, and abundant sources of lignocellulosic biomass, offering viable alternatives to
conventional feedstocks like corn and sugarcane used in first-generation biofuels [19].

Figure 1 illustrates the conversion process involved in ethanol production from ligno-
cellulosic feedstocks, encompassing several critical steps: (1) pre-treatment, which can be
biological, physical, and/or chemical, (2) cellulose hydrolysis (saccharification), (3) fermen-
tation, and (4) product separation. Microbes, including bacteria, yeast, and/or fungi, play
crucial roles throughout these stages, beginning with biological pre-treatment to soften
biomass and release cellulose and hemicellulose from the complex lignin present in ligno-
cellulosic materials [20]. Subsequently, during hydrolysis, cellulolytic and hemicellulolytic
enzymes convert sugar polymers in pre-treated lignocellulosic biomass into fermentable
monomeric sugars, either through direct microbial growth on feedstocks with accompany-



Fermentation 2024, 10, 442

30f31

ing enzyme secretion or through the addition of purified enzymes [21]. In the fermentation
stage, microorganisms facilitate the conversion of sugars into ethanol [22]. Hydrolysis
may occur simultaneously with or separate from the fermentation process. Within this
framework, the primary role of Trichoderma spp. in bioethanol production is enzymatic
hydrolysis, facilitated by the many cellulolytic enzymes that effectively convert cellulose
into fermentable sugars. In addition to this central function, species within the genus
Trichoderma also play a role in degrading hemicellulose during biomass pre-treatment and
subsequent hydrolysis stages, and, to a lesser extent, in lignin degradation. Therefore,
this section will primarily focus on Trichoderma’s role in cellulase production from agro-
industrial waste biomass while also addressing its secondary roles in hemicellulose and
lignin degradation.

=0
chemical purified enzyme

simultaneous

‘ recovery

Figure 1. Schematic flow for the bioconversion of lignocellulosic biomass to bioethanol, which
typically consists of three main steps: pre-treatment, enzymatic hydrolysis, and fermentation. Green
arrows = inputs, orange arrows = outputs.

3.1. Trichoderma spp.’s Application in the Biological Pre-Treatment of Lignocellulosic Biomass

The cellulose-hemicellulose-lignin matrix is highly recalcitrant, thus hindering the
accessibility of cellulose and hemicellulose for enzymatic hydrolysis into reducing sug-
ars [23]. Therefore, pre-treatment of lignocellulosic biomass is required prior to enzymatic
hydrolysis to break down or modify the structural barriers of lignocellulose, making it
more accessible to hydrolytic enzymes and microorganisms in subsequent hydrolysis and
fermentation processes [24]. In this context, biological pre-treatment relies on the natural
ability of certain microbes to produce lignocellulolytic enzymes that can break down com-
plex structures, such as lignin and hemicellulose [25]. Considering that most studies on
Trichoderma’s application in biological pre-treatment focus on other biomass degradation
purposes (e.g., pulp bleaching) [26-28], this section will briefly explore the potential impact
of Trichoderma-driven pre-treatment in biofuel production.

While Trichoderma reesei is renowned for its robust cellulolytic activity, the lack of an
effective lignin-degrading enzyme system hampers its efficiency in producing fermentable
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sugars and increases the costs associated with biomass pre-treatment for biofuel pro-
duction [29]. However, successful efforts to heterologously express laccase [26-28,30,31]
and versatile peroxidase [29] genes in T. reesei—enzymes crucial for lignin degradation—
demonstrate the potential for engineering effective ligninolytic enzymes. Indeed, a ge-
netically modified T. reesei strain engineered to produce heterologous laccase exhibited
an enzyme mixture that significantly outperformed the host strain in converting corncob
residues into fermentable sugars [30]. These findings suggest that the newly introduced
enzyme enhanced cellulase efficiency by modifying the lignin surface to reduce non-
productive binding of cellulases and/or partial degradation of the lignin structure, thereby
improving cellulase’s access to cellulose. Likewise, the supernatant of T. reesei Rut-C30
expressing an exogenous versatile peroxidase gene (vpl) was employed in the simulta-
neous pre-treatment and hydrolysis of paddy straw, yielding 25.45 mg/mL of reducing
sugar in comparison to 18.69 mg/mL by the parent T. reesei strain [29]. However, the
treatments subjected to separate acid or alkali pre-treatment still exhibited the highest
saccharification rates. This highlights the need for further research in this area, particularly
considering that biological treatments, despite their environmental advantages, such as
low energy input and minimal disposal costs, are hindered by low efficiency and a slow
rate of lignin removal, which currently limit their scalability [32]. Future studies should
prioritize optimizing enzyme expression levels, enhancing enzyme stability, and improving
the compatibility of lignin-degrading enzymes to ensure that they can operate synergisti-
cally with cellulases and hemicellulases during enzymatic hydrolysis. For example, T. reesei
Rut-C30 has been successfully engineered to co-express 3-glycosidase and laccase for
enhanced cellulase system and lignin degradation, respectively [31]. However, despite
the anticipated improvement in hydrolysis from partial laccase-mediated lignin removal,
the crude enzymes produced by the strain engineered to co-express both genes resulted
in lower glucose levels during the degradation of acid-treated wheat straw compared to
the strain expressing only (-glycosidase. Nonetheless, the glucose levels were still higher
than those observed with the parent Rut-C30 strain. Further research should focus on
purifying and utilizing the secreted laccase to determine the optimal levels necessary for
significantly enhancing the hydrolysis process. These advancements offer a promising
pathway to significantly improve overall biomass conversion efficiency through integrated
pre-treatment and hydrolysis, thereby increasing yields of fermentable sugars and reducing
production costs. Another approach could involve enhancing the efficiency of engineered
lignin-degrading T. reesei strains through co-cultivation with other Trichoderma species with
known lignin-degrading capabilities.

For instance, the recent discovery of novel laccases from other Trichoderma species,
such as the copper-tolerant strain of Trichoderma asperellum Ts93 [33], creates potential for the
use of complementary species consortia or for genetically engineering an enhanced array
of laccase activity with improved tolerances into T. reesei. Additionally, other Trichoderma
species, such as T. harzianum, T. atroviride, and T. viride, have also been recognized as
laccase producers [34-36], offering further opportunities for synergistic effects in biocon-
version processes.

In addition to laccase, T. viride has been shown to secrete other lignin-degrading en-
zymes, such as lignin peroxidase and manganese peroxidase, during the bio-delignification
of rice straw [34]. The study showed that applying wet-milling and surfactant (Tween 80)
in the delignification process, along with optimizing key parameters, such as glucose
levels, the temperature, and the biomass-to-liquid ratio, resulted in enhanced biological
lignin removal and subsequent enzymatic hydrolysis of pre-treated rice straw biomass.
This underscores the extensive lignocellulolytic potential of T. viride and emphasizes the
importance of integrating pre-treatment methods and optimizing protocols for improving
the effectiveness and scalability of lignocellulosic biofuel production using Trichoderma
species. The efficacy of T. viride in biological pre-treatment was also demonstrated in
the lignocellulosic degradation of cocoa shell [37], where substrate treated with T. viride
showed the lowest percentages of lignin, cellulose, and hemicellulose content among five
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tested mold species, highlighting its potential in co-cultivation strategies with T. reesei.
Moreover, the study by Ghorbani et al. [34] reported a 21% conversion of cellulose to re-
ducing sugars during the pre-treatment stage of rice straw, further validating the potential
for achieving higher saccharification efficiency through simultaneous pre-treatment and
saccharification processes.

Within the scope of integrating Trichoderma species into microbial consortia, under-
standing the compatibility between different microbial species is crucial for optimizing
co-culturing strategies that rely on microbial interactions. Multiple microbes need to syn-
ergistically enhance enzymatic processes without outcompeting each other. If species are
found to be incompatible due to competition for resources or conflicting enzymatic activi-
ties, an alternative approach involves using a purified enzyme cocktails derived from these
microbes. Although this method adds to production costs, it offers a practical solution by
utilizing specific enzymatic activities essential for efficient biomass conversion. Despite the
increased costs, focusing on the purification and formulation of these enzymes can tailor the
enzyme cocktail to optimize performance in enzymatic hydrolysis processes. Additionally,
tailoring genetic engineering strategies to specific biomass can further enhance this process,
improving overall efficiency, scalability, and cost-effectiveness in biofuel production.

3.2. Application of Trichoderma spp. in Hemicellulose Production

Hemicellulose-degrading enzymes play a key role in breaking down lignocellulosic
materials for ethanol production. During pre-treatment, these enzymes modify and partially
degrade hemicelluloses, facilitating subsequent enzymatic hydrolysis. In the enzymatic
hydrolysis stage, where these enzymes are mainly employed, they further degrade hemicel-
luloses into fermentable sugars (e.g., xylose, arabinose, mannose), which are then converted
into ethanol through fermentation [38].

Hemicelluloses primarily consist of xylan, a heteropolysaccharide composed of a 3-
1,4-linked D-xylose backbone, with a substitution of different side chains with L-arabinose,
D-galactose, D-mannose, and glucuronic acid interconnected through glycosidic and ester
bonds [39]. Due to its complex structure, the degradation of xylan requires a combination
of several different hemicellulases, including key enzymes, such as endoxylanase and
-xylosidase [40]. Several review papers have discussed the status of xylanase in biofuel
production, including the different microbial sources, types of lignocellulosic substrates,
parameters affecting xylanase production, and different biotechnological approaches for
enhanced xylanase biofuel conversion efficiency [36—40].

While T. reesei has long been recognized as a leading producer of cellulase and xylanase,
other members of the Trichoderma genus, including T. atroviride, T. harzianum, Trichoderma
asperellum, and Trichoderma longibrachiatum [41-47], have also been reported as xylanase
producers utilizing a variety of lignocellulosic substrates, such as wheat bran, barley
bran, rice bran, rice straw, saw dust, sugarcane bagasse, corn stover, and olive mill po-
mace [41,42,44-47]. In this context, strategies to enhance xylanase activity and reduce sugar
yields using Trichoderma spp. include statistical modeling [41,44,47], different fermentation
methods [42,44], optimization of culture parameters [41,44,47], substrate selection [44,45],
particle size [42,44], nutrient supplementation [41,42], and genetic engineering [43,48,49].

Genomic and transcriptional analyses of T. reesei have shown the expression of di-
verse xylanolytic enzymes across multiple enzyme families, each with distinct cleavage
specificities towards xylan [49]. These findings highlight T. reesei’s potential as an industrial-
scale host for maximizing xylanases secretion for the bioethanol industry. However, tran-
scriptome studies comparing T. reesei, T. harzianum, T. atroviride, and Trichoderma virens re-
vealed that T. harzianum harbors the most comprehensive array of lignocellulosic-degrading
enzyme-encoding genes, totaling 24 compared to 14 for T. reesei [50]. Notably, an endo-
1,4-B-xylanase was the most highly expressed gene in T. harzianum when cultured in
delignified sugarcane bagasse, highlighting its potential application during enzymatic
co-hydrolysis. Moreover, T. harzianum demonstrated higher xylanase, endoglucanase (filter
paperase (FPase), and carboxymethyl-cellulase (CMCase)) activity when grown on pre-
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treated sugarcane bagasse compared to media containing synthetic glucose, cellulose, or
xylan [46]. These results suggest that biomass rich in complex polymers, such as sugarcane
bagasse, can effectively support the simultaneous production of various enzyme groups by
T. harzianum, thereby enhancing the efficiency of lignocellulosic biomass hydrolysis.

In a study using pre-treated corn stover as a substrate, the T. harzianum strain EM0925
secreted a diverse array of hemicellulases, including eight xylanases, one xylosidase, three
arabinofuranosidases, seven galactosidases, eleven mannosidases, one mannanase, and
eight carboxylesterases, demonstrating the complexity and diversity of the T. harzianum
enzymatic toolbox [45]. Furthermore, an enzyme cocktail from T. harzianum outperformed
commercial preparations by yielding higher enzymatic activity (FPase, 3-glucosidase, and
xylanase) and releasing 100% of glucose and xylose from pre-treated corn stover under the
tested conditions [45].

Another promising candidate for co-hydrolysis strategies with T. reesei would be
T. asperellum. The hemicellulase profile secreted by T. asperellum USM SD4 utilizing untreated
oil palm fruit waste biomass was dominated by 3-1,4-xylanase (activity = 186.30 U/mL) [47].
Accessory enzymes, such as 3-xylosidase, a-arabinofuranosidase, acetyl xylan esterase,
and B-glucosidase, were also present but exhibited low activity levels. Interestingly, the
crude enzyme profile of this strain showed minimal FPase (0.04 U/mL) and endoglucanase
(0.03 U/mL) activity. Subsequent enzymatic hydrolysis of alkaline-treated substrate us-
ing a commercial cellulase preparation in combination with T. asperellum’s hemicellulase
crude filtrate achieved a notable 91.7% saccharification yield, which was significantly
higher than the 77.9% yield without hemicellulase supplementation [47]. A Trichoderma
strain that predominantly secretes xylanase could significantly enhance synergistic co-
hydrolysis strategies by efficiently degrading hemicellulose into fermentable sugars (i.e.,
xylose), thereby increasing the overall yield of sugars available for ethanol fermentation.
Moreover, employing an efficient xylanase-producing strain during biomass pre-treatment
would not only ensure enhanced hemicellulose degradation, thus improving the acces-
sibility of cellulose to subsequent enzymatic hydrolysis, but also reduce the formation
of fermentation inhibitors and other by-products commonly generated during chemical
pre-treatment methods.

Significantly higher hemicellulase and 3-glucosidase enzyme activities compared to
T. reesei Rut-C30 were also observed for T. asperellum S4F8 under solid-state fermentation
(SSF) using sugarcane bagasse as a substrate [51]. A detailed analysis of the biological
functions and glycoside hydrolase family representation within the secretomes revealed
that T. asperellum SAF8 not only exhibited a greater diversity of hemicellulases and f3-
glucosidases but also had a greater abundance of these proteins compared to T. reesei
Rut-C30 [51]. Despite T. reesei’s ability to produce a complete set of extracellular cellulase
systems, 3-glucosidase activity for the species is known to be weak, which poses a critical
bottleneck in cellulase’s efficiency [52]. Therefore, integrating T. asperellum and T. reesei in a
microbial consortium could potentially enhance the commercial feasibility of biomass-to-
ethanol conversion processes by addressing both the low (3-glucosidase activity and the
limited repertoire of hemicellulases in T. reesei.

The significant impact of different induction conditions on Trichoderma’s secretome
profile emphasizes the importance of understanding the regulatory mechanisms governing
hemicellulase production in Trichoderma species. The integration of omics technologies,
such as genomics, transcriptomics, proteomics, and metabolomics, can facilitate the identi-
fication of key regulatory genes, pathways, and metabolic networks to be targeted in novel
biotechnological strategies and bioengineering approaches to further boost hemicellulase
production and overall biomass conversion efficiency. Furthermore, investigating novel
Trichoderma species and their distinct enzymatic capabilities across a range of lignocellu-
losic substrates holds promise for discovering untapped potential. This exploration could
lead to the development of optimized, substrate-specific protocols aimed at enhancing the
feasibility and broadening the scope of sustainable bioenergy solutions.
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3.3. Application of Trichoderma spp. in Cellulose Production

Trichoderma reesei is renowned for its significant contribution to bioethanol production,
primarily due to its ability to produce a robust extracellular cellulase enzyme system
comprising endoglucanases, exoglucanases (cellobiohydrolases), and (3-glucosidases [53].
Endoglucanases initiate cellulose degradation by cleaving internal glycosidic bonds within
cellulose chains, generating shorter oligosaccharides [54]. Exoglucanases then act on
the exposed ends of these oligosaccharides, releasing cellobiose units from the cellulose
surface [23]. Finally, 3-glucosidases hydrolyze cellobiose into glucose, which serves as the
preferred substrate for ethanol fermentation by yeast, thereby making it a key intermediate
in bioethanol production from lignocellulosic biomass [23]. In addition to cellulases, T. reesei
produces a variety of accessory proteins, including lytic polysaccharide monooxygenases
(LPMOs) and swollenins [55]. These proteins work synergistically with cellulases to
disrupt the cellulose structure, increase substrate accessibility, and enhance enzymatic
hydrolysis efficiency. Specifically, LPMOs facilitate the breakdown of crystalline cellulose
by introducing oxidative cleavages in the polysaccharide chains, thus creating additional
sites for cellulases to act upon and thereby accelerating the overall hydrolysis process [56].
Swollenins, on the other hand, target and modify the cellulose structure by inducing
physical changes, such as swelling and disruption, which make the cellulose less resistant
and more accessible to enzymatic attack [57].

Despite its strong cellulose-degrading properties, low -glucosidase production is
commonly reported for T. reesei [14]. Because an efficient cellulolytic system requires the
coordinated action of all three classes of enzymes listed above [13], increased research
efforts are devoted to the isolation or genetic manipulation of new Trichoderma strains
with enhanced (3-glucosidase activity, as well as the development of novel methods and
optimized fermentation protocols for (3-glucosidase secretion [15-18]. Such advancements
are crucial for maximizing the bioconversion potential of Trichoderma-based enzymatic
systems, ensuring sustainable bioethanol production from agricultural and industrial
lignocellulosic residues. The following sub-sections will explore the research efforts aimed
at harnessing the potential of the genus Trichoderma for bioconverting various lignocellulosic
waste biomasses into cellulolytic enzymes and fermentable sugars required for bioethanol
production. Table 1 provides an overview of the studies to be discussed, detailing the
species used, the source of agro-industrial waste biomass, the fermentation methods, and
the parameters assessed to evaluate the effectiveness of the protocols.

Table 1. The use of agro-industrial waste biomass for the production of cellulase via Trichoderma
spp. fermentation.

Species Waste Biomass Source Fer;/[n:tr;cggon Parameters Assessed Ref.
enzyme activity (FPA, BGA),
Trichoderma reesei rice straw not stated protein and sugar content, [58]
monosaccharide composition
. . rice straw, cauliflower waste, ..
leCheordi;lyZ : :ses;z, kinnow pulp, pea pod waste, SSF enzyme %Céllltg/( (I;I)JA' CMC, [59]
perg 3 wheat bran Y
Trichoderma reesei rice straw, sugarcane bagasse SmF er;i}g:res accetggiggf‘z;;?;?g [60]
Trichoderma k?nzngzz, Penicillium sugarcane bagasse SSF enzyme act.1V1t}.1 (BGA) chemical [61]
sp., Rhizomucor sp. characterization of substrate
Trichoderma reesei rice bran SSE enzyme aCtl.V ity (FPA, CMC, [62]
avicelase)
wheat bran (enzyme
. . production), sugar cane ..
Trichoderma reesei, bagasse, rice straw and water SSF enzyme activity (FPA, CMC, [63]

Aspergillus niger

hyacinth biomass BGL), reducing and total sugars

(saccharification)




Fermentation 2024, 10, 442 8 of 31
Table 1. Cont.
Species Waste Biomass Source Fermentation Parameters Assessed Ref.
Method
Trichoderma ;ZS:;’ Aspergillus corn stover FBF enzyme activity (FPA, BGA) [64]
Trzchodermu.re‘esez, Penicillium wheat bran SSF enzyme activity (FPA), reducing [65]
citrinum sugars
Trichoderma reesei, Aspergillus corn stover not stated enzyme actl.v1ty (FPA, BGA), [66]
niger fermentation parameters
Trichoderma reesei, Neurospora bagasse, wheat straw, waste enzyme activity (FPA),
newspaper, starch SSF . [67]
crassa fermentation parameters
hydrolysate
maize straw, jowar straw, enzyme activity (FPA, CMC,
Trichoderma virdii bajra straw, wheat straw, oat LSF BGA), reducing sugars, [68]
hay, berseem hay fermentation parameters
enzyme activity (FPA, cellobiose,
Xyn), biomass, glucose and
Trichoderma reesei corn stover FBF reducing sugars, protein [69]
concentration, fermentation
parameters
W;V;ia;rj;agf;csoirign enzyme activity (FPA, CMC,
Trichoderma asperellum ’ 4 SSF BGA), total sugar, reducing [70]
stover, cotton stacks, N
sugar, fermentation parameters
sugarcane bagasse
corn cob powder, palm oil enzyme activity (FPA, CMC,
Trichoderma harzianum p L p SFF BGA, Xyn, B-xyl), reducing [71]
empty fruit bunch .
sugars, protein content
enzyme activity (FPA), reducing
Trichoderma reesei pea hull SmF sugars, protein content, [72]
fermentation parameters
barley straw, empty fruit enzyme activity (FPA, CBH,
Trichoderma harzianum bunches, miscanthus, rice not stated CMC, BGL, Endo-Xyn), protein [73]
straw content
Trichoderma reesi, Aspergillus rye straw not stated reducing sugars, fermentation [74]
niger parameters
Colletgtrzchum aeschynomenes, enzyme activity (FPA, CMC),
Trichoderma harzianum, sugarcane molasses, soybean . .
. o SmF reducing sugars, protein content, [75]
Colletotrichum gloeosporioides, bran, corn bran . ..
. medium composition
Trichoderma sp.
enzyme activity (FPA, CMC),
Trichoderma reesei sorghum stover, wheat bran SSF reducmg sugat, glucosg [76]
concentration, fermentation
parameters
Trichoderma reesei sorghum fresh stalks FBF enzyme activity (FPA), reducing [77]
sugar, cell mass
Z)vjleaastssetraaw, 1zug§$2?: enzyme activity (BGA EG, EXG),
Trichoderma viridae & - aPpPi€ p ’ SSE protein content, fermentation [78]
orange peel, municipal paper
parameters
waste
Trichoderma longibrachiatum, enzyme activity (CMC), glucose
. . orange peel, pulp, and . .
Aspergillus niger, Saccharomyces albedo not stated production, fermentation [79]
cerevisiae parameters
Trichoderma viridae, Aspergillus pineapple, orange, and SmF enzyme activity (cellulase, EG, [80]
niger banana peel EXG), fermentation parameters
Trichoderma reesei pineapple fiber waste SFF enzyme activity (cellulase), [81]
fermentation parameters
Trichoderma reesei pineapple waste SmF enzyme activity (FPA), [82]

fermentation parameters
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Table 1. Cont.
Species Waste Biomass Source Fermentation Parameters Assessed Ref.
Method
Trichoderma harzianum, enzyme activity (CMC), glucose
Aspergillus niger, Fusarium banana peel and pulp SmF production, fermentation [83]
OXYsporum parameters
olive-mill solid waste, fungal growth, enzyme activit
Trichoderma sp. tomato pomace, grape SFF and LSF 5418 sy y [84]
(FPA, BGA)
pomace
Trichoderma reesei Luffa c.ylmd?'zca, Litchi SSE enzyme activity (FPA), [85]
chinensis peel microscopy
Trichoderma viridae cocoa fruit skin SmF fermentatlor;itelﬂ;z, bioethanol 86]
srayme sy (1, G,
Trichoderma reesei palm oil fiber, and waste SSE yn, vep . [86]
glucose yields, fermentation
newspaper
parameters
total reducing sugars and total
Trichoderma reesei palm wood FBF sugar content, fermentation [87]
parameters, bioethanol yields
. . fungal growth, enzyme activity
Trichoderma reesei copra waste wheat bran SSF (FPA, CMC, BGA) [88]
enzyme activity (FPA, CMC),
Trichoderma reesei coconut mesocarp FBF soluble pr otein content, [89]
fermentation parameters,
microscopy
Trichoderma reesei, Trichoderma
citrinoviridae, Trichoderma citronella, marc of SmEF enzyme activity (FPA, CMC, [90]
koningii, Trichoderma Artmemisia, garden waste BGA), pH

fasciculatum, Trichoderma virens

Trichoderma viridae

Trichoderma reesei

Trichoderma sp.
Trichoderma reesei

Trichoderma reesei, Bacillus
licheniformis, Candida
cylindracea, Aspergillus oryzae,
Escherichia coli, Pichia pastoris

Trichoderma viride, Aspergillus
oryzae, Penicillium citrinum

floral waste, plant litter, and
tea leaf waste, alongside
mixed fruit pomace
(pineapple, orange, and SSF waste biomass degradation [91]
pomegranate), vegetable
refuse, sugarcane bagasse,
sawdust
willow FBE enzyme activity (FPA), reducing
sugars, fermenter size
waste paper SmF enzyme activity (FPA), pH [93]
enzyme activity (FPA, CMC,
BGA), cell concentration, total

waste paper SmE reducing sugar content, glucose 541
concentration
deinking paper sludge, fungal biomass, enzyme activity

SmF (FPA, protease), total reducing [95]

meat-processing blood waste
sugar content

enzyme activity (cellulase),
SmF protein content, total reducing [96]
sugars

filter paper, newspaper and
office paper

Abbreviations: BGA = (3-glucosidase; BGL = f3-galactosidase; B-Xyl = 3-xylosidase; CBH = cellobiohydro-
lase; CMC = carboxymethyl cellulase; EG = endoglucanase; Endo-Xyn = endo-xylanase; EXG = exoglucanase;
FPA = filter paper activity; SSF = solid-state fermentation; SmF = submerged fermentation; FBF = fed-batch
fermentation, LSF = liquid-state fermentation; SFF = shake flask fermentation; Xyn = xylanase.

3.3.1. Grain-Derived Waste

Agricultural wastes derived from major production crops, such as corn, rice, wheat,
and sugar cane, are considered a sustainable and cost-effective source of lignocellulosic
biomass for biofuel production and are widely available as large quantities of biomass in
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the form of residual stalks, straw, leaves, roots, husks, sheaths, and bagasse [97,98]. Given
that species from the genus Trichoderma have long been considered the most productive
and powerful cellulase producers [99], these cellulolytic fungal strains have been widely
explored for the bioconversion of crop-derived waste material to produce hydrolytic
enzymes for lignocellulosic degradation required for the conversion of fermentable sugars
into bioethanol [7]. A few examples of the use of Trichoderma spp. in the bioconversion of
grain waste are discussed below.

Acid-treated, alkali-treated, and ball-milled rice straw were used as a substrate to in-
vestigate the effect of pre-treatment on cellulase production by T. reesei [58]. Compared with
growth on commercial cellulose, ball-milled rice straw yielded the highest protein content,
Fpase, and (3-glucosidase activity, which increased by 1.8-, 1.3-, and 2.2-fold, respectively.
The effect of different pre-treatments on the enzymatic activity (cellulase, CMCase, and
-glucosidase) of T. reesei was also reported when using canola meal as the fermentation
substrate [100]. Soluble polysaccharides (SPSs) produced during rice straw saccharification
on cellulase production substrates also showed a significant increase in FPase (1.5-fold)
and B-glucosidase (2.3-fold) when compared to media without SPS [58]. Moreover, the use
of the crude enzymes produced in cultures with SPS significantly increased the glucose
yield in subsequent saccharification. The study indicated that rice-straw-derived SPS could
play a key role in addressing the lack of 3-glucosidase activity produced by T. reesei. The
observed increase in 3-glucosidase production could be improved even further through the
use of mixed fungi cultures. For example, Dhillon et al. [59] found that bioconversion of rice
straw using mixed culture containing T. reesei and Aspergillus niger resulted in higher FPase,
-glucosidase, CMCase, and xylanase activity when compared to SSF by T. reesei alone.
The authors also demonstrated higher enzyme activity when rice straw was supplemented
with wheat bran at a 3:2 ratio [59]. According to Muthuvelayudham et al. [60], maximum
protein and enzyme production, including 3-glucosidase, could also be achieved by com-
bining a synthetic substrate (i.e., xylose or lactose) with the natural rice straw during batch
fermentation with T. reesei. However, enhanced cellulase activity was seen when xylose or
lactose were inoculated with sugarcane bagasse as opposed to rice straw [60]. Sugarcane
bagasse and Trichoderma koningii were also considered the most suitable of all substrates
and fungi species tested by Salomao et al. [61] in the production of cellulase by SSF. These
studies, altogether, suggest that further research on protocol optimization for achieving
optimum Trichoderma-derived (3-glucosidase synthesis is still required. For example, the
response surface methodology (RSM), which is a collection of statistical techniques for
designing experiments, building models, evaluating the effects of factors, and searching for
the optimum conditions, has been successfully employed by Rocky-Salimi and Hamidi-
Esfahani [62] to assess the impact of the aeration rate, particle size, and harvesting time on
FPase, avicelase and CMCase activities during SSF using T. reesei and rice bran as an alter-
native substrate. The same methodology could also be explored to maximize (3-glucosidase
production by Trichoderma spp.

Another possibility to improve cellulase production during biomass hydrolysis is to
employ an enzyme mix containing enzymes derived from different fungi species. Crude
cellulase and (3-glucosidases were produced by SSF on wheat bran substrate using T. reesei
and A. niger, respectively [63]. While the bioconversion of wheat bran by T. reesei resulted in
significant levels of FPase and CMCase activity but lesser of 3-glucosidases, bioconversion
of the same substrate by A. niger yielded reduced levels of FPase and CMCase and a
several-fold increase in (3-glucosidase activity. The combined crude enzyme mix was
tested for biomass saccharification of three waste types (i.e., rice straw, sugarcane bagasse
and water hyacinth) and the hydrolysate generated from the most effective substrate (i.e.,
rice straw) was successfully used for ethanol production [63]. These results suggest that
combining the enzymes produced by different fungal species could be an alternative for
overcoming the low 3-glucosidases yields usually observed for T. reesei. A similar mixed-
enzyme approach including the same two fungi species has also been shown to improve
enzymatic hydrolysis efficiency by 17.26% when using alkali pre-treated corn stover as the
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substrate [64]. Co-culturing two fungal species (i.e., T. reesei and Penicillium citrinum) on
wheat bran substrate, as opposed to combining the purified enzymes afterwards, has also
been evaluated as an alternative method to enhance cellulase complex production [65]. The
same study also demonstrated that comparable hydrolysis efficiency can be achieved by
using the whole fermented wheat bran biomass instead of purified cellulase extract, which
means that the enzyme extraction step could be avoided, thus improving the economic
feasibility of unit operations. Mixed co-culture of T. reesei and A. niger was also confirmed
as an effective method to enhance cellulolytic enzyme production when using steam-
exploded corn stover as the substrate [66]. Substrate pre-treatment methods [68], the type
of plant waste hydrolysates [63,67], and the fungi species [67] were also shown to affect
cellulase production with wheat bran substrate SSE. Other factors involved in wheat bran
SSF fermentation by T. reesei, such as the temperature, pH, inoculum dosages, particle
size, moisture percentage, and incubation period, have been effectively established by the
Box-Behnken design (BBD), which is a reliable tool for finding the optimal conditions of
process parameters used in cellulase production [67].

The concept of combining enzyme mixes produced by multiple fungi strains could
also be extrapolated to enzyme mixes derived from a single species but from different
lignocellulosic crop waste substrates. For example, liquid-state fermentation by T. viride
induced maximum endoglucanase and exoglucanase activity when using corn stover sub-
strate, while the highest 3—glucosidase activity was achieved using oat hay [68]. However,
the potential effect of combining both enzyme outputs on subsequent saccharification was
not assessed by the authors.

Engineered strains of Trichoderma spp. have also been explored as an alternative
strategy to enhance the titer and productivity of on-site waste-based cellulolytic enzyme
production [69,70,101,102]. A T. reesei strain has been developed to overexpress the cbh2
gene encoding cellobiohydrolase II, an exoglucanase that cleaves primarily cellobiose
units from the non-reducing end of cellulose and for which the expression levels are
usually low in T. reesei [69]. Improved enzymatic activity by the modified strain was
confirmed through fed-batch fermentation using alkali pre-treated corn stover as the
substrate in combination with synthetic glucose—sophorose as a soluble inducer for cellulase
production. Pre-treated corn cob [70] and corn cob powder [71] were also assessed and
deemed the most efficient amongst the tested substrates when evaluating the effectiveness
of similar engineered strains of T. asperellum and T. harzianum under SSF and shake flask
fermentation, respectively.

Lignocellulosic waste residues derived from other grains, such as pea [72], barley [73],
rye [74], soybean [75], and sorghum [77], have also been successfully investigated for
cellulase bioconversion by Trichoderma spp.

3.3.2. Fruit Waste

Fruit waste, generated in large quantities by the agricultural sector and fruit processing
industries, is a promising fermentation substrate due to its low cost, abundant availability,
and high content of fermentable sugars [103].

An indigenous strain of T. viride was employed by Irshad et al. [78] to produce cellulose-
degrading enzymes via SSF using various agricultural and paper industry waste as the
substrate (i.e., wheat straw, sugarcane bagasse, apple pomace, banana stalk, orange peel,
and municipal paper waste). Out of all of the tested substrate waste sources, orange peel
elicited the highest yields of the three major enzymes that form the cellulase enzyme system:
endoglucanase, exoglucanase and 3-glucosidase. Apart from the substrate type, the fermen-
tation time, temperature, pH, substrate concentration, and inoculum were other determi-
nants of cellulase production efficiency. The effect of the same fermentation parameters on
cellulase production was also seen by Omojasola and Jilani [79] when assessing the biocon-
version of orange wastes (i.e., peel, pulp, and albedo) to produce cellulase using different
fungi species (i.e., Trichoderma longibrachiatum, A. niger, and Saccharomyces cerevisiae). In this
case, the type of orange waste and the microorganisms employed also influenced the cellu-
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lase activity, with optimum levels being achieved using orange pulp and T. longibrachiatum.
Variable cellulase production according to fungi species and fruit waste type has also been
reported under submerged fermentation conditions [80]. However, as opposed to what
was seen by Omojasola and Jilani [79], the highest levels of cellulase were observed for
A. niger rather than for the targeted Trichoderma species (i.e., T. viridae). The same study
also showed that pineapple peel was more effective than orange and banana peel under
submerged fermentation. These studies combined demonstrate the importance of protocol
optimization to ensure optimum resource utilization. In this respect, the Plackett-Burman
design (PBD), BBD, Genetic Algorithm (GA), and RSM have been successfully employed to
assist the optimization of fermentation process variables and to maximize cellulase activity
by T. reesei when using pineapple waste as the substrate [81,82].

Raw waste material derived from banana [83], grapes [84], olives [84], lychee [85],
cocoa [104], apple, and strawberries [105] have also been assessed as useful feedstocks for
Trichoderma-derived cellulase production.

3.3.3. Wood /Husk Waste

Horticulture waste in the form of wood chips was successfully utilized as a substrate
to produce cellulase (i.e., FPase, CMCase, and (3-glucosidase) and hemicellulase (xylanase
and 3-xylosidase) activity under SSF by T. reesei [86]. The resultant T.-reesei-derived crude
enzyme mix hydrolyzed the lignocellulosic biomass of waste newspaper, wood chips,
wood dust, and palm oil fiber to its constituent sugars (i.e., glucose) more effectively than a
commercial enzyme cocktail. The results suggest that the fermentable sugars derived from
the saccharification of various waste biomasses can be effectively utilized as substrates
for ethanol production. Likewise, fermentable sugars produced by T. reesei during pre-
treated palm wood hydrolysis were also effectively employed to produce ethanol via
batch fermentation using Kluveromyces marxianus [87]. The use of copra waste from the
coconut-pressing process for cellulase production by T. reesei SSF was also attempted in
the presence and absence of wheat bran as the nitrogen source [88], demonstrating that
wheat bran supplementation significantly increased fungal growth and the production of
total cellulase, CMCase, and -glucosidase activity. The observed results are consistent
with what was found by Idris et al. [76], who showed that the addition of wheat bran into
sorghum stover substrate increased both growth and CMCase activity in SSF by T. reesei.
Coconut mesocarp has also been effectively utilized as a natural inducer of cellulase activity
in T. reesei, presenting a viable alternative to pure cellulose in fed-batch fermentation
processes. [89]. In this case, maximum cellulase expression was achieved through the
optimization of most influencing fermentation parameters via RSM.

3.3.4. Other Plant Waste

Delignified bioprocessing of medicinal and aromatic plants, namely citronella (Cymbo-
pogon winterianus) and marc of Artemisia (Artemisia annua), has been selected as a substrate
to assess the ability of six different Trichoderma species to produce cellulase activity un-
der submerged fermentation conditions [90]. The induction of specific enzymes of the
cellulase system (i.e., FPase, CMCase, and (3-glucosidase) was found to be species- and
substrate-specific. The results also demonstrated the importance of screening for optimum
substrates as, for example, T. virens was able to produce all three analyzed enzymes under
the bioprocessing of marc of Artemisia but not when other substrates were used, including
pure polymer cellulose. Floral waste, plant litter, and tea leaf waste, alongside mixed
fruit pomace (pineapple, orange, and pomegranate), vegetable refuse, sugarcane bagasse,
and sawdust, were also employed as substrates to assess the degradation potential of
T. viride under SSF [91]. Similarly to what was seen by Chandra et al. [90], the fermenta-
tion efficiency was substrate-dependent. In this case, the plant wastes were found to be
the ones resulting in the least biomass yield. The production of T. reesei cellulases using
steam-pre-treated willow (SPW) as the carbon source via batch fermentation has also been
investigated [92]. Surprisingly, the use of solid residues of enzymatically hydrolyzed SPW
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was found to be as effective as SPW, even though a 20% lower cellulose content was found
in the hydrolyzed residue. This could be attributed to deactivated enzymes remaining
adsorbed on the hydrolyzed residues, which reduces the adsorption of new enzymes and
thereby increases cellulase activity in the solution. Additionally, using delignified SPW
significantly reduced cellulase yields, indicating that the alkali pre-treatment used was
not compatible with the substrate. The reduction in cellulase yields may result from the
pre-treatment conditions being too harsh, leading to the degradation of cellulose fibers,
a reduction in the overall cellulose content, and the formation of degradation products
that inhibit enzyme activity. This underscores the importance of carefully optimizing treat-
ment conditions to prevent negative effects on the cellulose structure and ensure effective
enzymatic processes.

3.3.5. Paper Waste

The paper industry is considered one of the largest consumers of natural resources (e.g.,
wood and water) and energy (e.g., electricity and fossil fuels), and waste paper materials
also represent a significant portion of annual organic waste disposal [96]. Consequently,
there is a growing interest in finding sustainable methods to convert waste generated
during paper production into value-added products [106]. The high lignocellulosic content
in industrial paper residues positions them as promising and cost-effective raw materials
for bioprocesses that aim to convert cellulosic materials into cellulase. Despite this potential,
Trichoderma spp. have not been widely examined for the bioconversion of industrial waste
paper, although the existing literature supports their use for cellulase production from
lignocellulosic waste.

An evaluation of recent studies highlights several advancements and areas for fur-
ther research. For instance, Damisa et al. [93] utilized submerged fermentation to assess
the suitability of pre-treated waste paper as a substrate for cellulase production using a
Trichoderma sp. isolated from the soil. Similarly, the enzymatic hydrolysate of waste paper
has been evaluated as a soluble inducer of cellulase production in continuous cultures of
T. reesei [94]. These studies demonstrate that waste paper hydrolysate can induce cellulase
production with comparable efficacy to cellulose itself, producing a complete range of
cellulase components, including FPase, CMCase, and 3-glucosidase.

Further research into alternative substrates reveals the successful use of deinking paper
sludge and meat-processing blood waste as carbon and nitrogen sources, respectively, for
T. reesei cellulase production [95]. However, while animal-processing blood provides a more
cost-effective alternative to traditional nitrogen sources, such as urea, deinking sludge—
although not toxic to microorganisms—requires acid/base pre-treatment to improve its
suitability as a substrate for growth and enzyme production by T. reesei. Filter paper,
newspaper, and office paper have also been assessed for microbial fermentation to produce
cellulase using monocultures and mixed cultures of Penicillium citrinum, Aspergillus oryzae,
and T. viride [96]. Although the three strains showed good performance for the saccharifica-
tion of all waste papers, the maximum cellulase activity, protein content, and total reducing
sugars were obtained using a 2:2:2 mixed fungi culture ratio. A potential explanation for
the observed results could be the synergistic utilization of combined metabolic pathways
by all involved strains in a co-culture situation with shared metabolic burden [107]. This
indicates a promising direction for future research in optimizing co-culture systems to
enhance waste paper bioconversion processes.

Moreover, the potential of using various types of waste paper (e.g., office paper, corru-
gated board, magazine paper, and tissue paper) without pre-treatment for simultaneous
cellulase and xylanase production by T. longiflorum has been validated [108]. The study
highlighted that the structural features of different waste materials, such as raw wood
sources and papermaking processes, affect fermentation capacity. Remarkably, enzyme
activity improved by 56.86% when corrugated board was used in combination with wheat
bran. The ability of T. longiflorum to utilize natural waste paper substrates directly, with-
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out expensive pre-treatment, could greatly contribute to reducing the cost of enzyme
production and bioconversion using this species.

Overall, Trichoderma spp. play a pivotal role in bioethanol production from lignocel-
lulosic biomass due to their diverse enzymatic toolbox. Moving forward, future research
should prioritize enhancing overall biomass degradation efficiency by exploring synergistic
interactions between cellulose-degrading enzymes and other lignocellulosic enzymes, such
as hemicellulases and lignin-modifying enzymes. Investigating these interactions could
lead to the development of more efficient enzyme cocktails tailored for specific biomass
compositions and pre-treatment strategies. The integration of systems biology approaches,
such as metabolomics and fluxomics, can provide a holistic understanding of metabolic
pathways and enzyme kinetics involved in biomass degradation by Trichoderma species.
Leveraging these omics tools may identify metabolic bottlenecks and optimize enzyme
production and secretion pathways, thereby advancing the effectiveness and economic
feasibility of biofuel production from lignocellulosic biomass. Furthermore, unravelling the
regulatory networks governing enzyme production would deepen insights into the genetic
and molecular mechanisms underlying enzyme expression and secretion in Trichoderma
spp- Optimized cultivation conditions, enhanced enzyme yields, and tailored enzyme
cocktails for specific lignocellulosic substrates and pre-treatment methods should result
from the elucidation of these mechanisms. Continued exploration of genetic engineering
strategies to manipulate key regulatory genes would also further boost enzyme production
and overall biomass conversion efficiency.

However, ensuring the sustainability of Trichoderma-based processes requires a compre-
hensive assessment of their environmental impact, including substrate handling, enzyme
production, and waste management, in order to develop mitigation strategies. Economic
studies are equally crucial for evaluating the cost-effectiveness and feasibility of biomass
utilization across its lifecycle stages, including improving enzymatic activity, optimizing
protocols, and ensuring the practical scalability of developed technologies for commercial
deployment. Evaluating expenses related to collecting, sorting, and transporting biomass
considering certain factors, such as the distance to the processing facility, infrastructure
requirements, and seasonal biomass availability, is essential to overcome limitations that
could hinder the use of specific substrates. Additionally, assessing transport logistics and
the economic impact of selected biomass conversion technologies, including capital invest-
ment, operational expenses, and maintenance requirements, is crucial for evaluating the
economic feasibility of biofuel production technologies from lignocellulosic biomass.

4. Biocontrol Agent Production

The use of biological pesticides to control phytopathogens has been widely investi-
gated as a more sustainable strategy than the excessive use of agrochemicals, which are
not only costly but also toxic to the environment and consumers [109]. In this regard, the
genus Trichoderma holds great potential as a biological control agent, particularly against
pathogenic fungi that affect agriculture crops [110]. Reported mechanisms of action include
antibiosis, mycoparasitism, the production of lytic enzymes, and competition for nutrients
and space [111]. The use of agricultural waste as feedstocks to produce Trichoderma-derived
biocontrol agents through fermentation has also been explored (Table 2).
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Table 2. The use of agro-industrial waste as an organic substrate for the production of Trichoderma spp. to be used as a biological control agent.
Species Waste Source Fermentation Method  Target Pathogen Disease Parameters Assessed Ref.
Cladosporium cucumerinum, . .
Fusarium solani, Fulvia fuloa spore yield, fermentation parameters
. iy Botrytis cinerea, Aspergillus (water content, temperature, pH,
Trichoderma viridae grape marc and wine lees SSF . g not stated nitrogen source) enzyme activity [112]
niger, Aspergillus terreus, ire .
Penicillium oxalicum. Mucor (chitinase, 3-glucanase, pectinase),
sp., Rhizopuis sp ! in vitro antagonist assay
enzyme activity (3-glucosidase),
Trichoderma harzianum banana waste SSE Macrophomina phaseoline charcoal rot fermentation parameters (te.zmperat’ure, [113]
carbon sources, inoculum size, and pH),
in vitro inhibition assay
spore yield and viability, fermentation
coconut shell, sugarcane bagasse . parameters (tempe.:rature, inoculation
Trichoderma Brev T069 pineapple peels, banana SSE Fusarium oxysporum . sp. banana wilt concentration, moisture content, [114]
seudostem, cassava peels cubense material weight, pH, fan operating
P ’ parameters, bioreactor type), in vitro
antagonistic activity
rice husk, apple pomace, whisky . .
Trichoderma harzianum, draff, spent soy, rice fibers, wheat substrate properties, spore ylel.d’ total
. . SSF not tested not tested sugar, respirometry analysis, microscopy, [115]
Beauveria bassiana straw, beer draff, orange peel, potato . e
peel strain identification
spore yield and viability, enzyme activity
(cellulase), fermentation parameters
(moisture content, C:N ratio, harvest
Trichoderma asperellum mango waste SSE Colletotrichum gloesporioides anthracnose time), microscopy, in vitro antagonist [116]
assay, biocontrol efficacy (banana
seedlings’ growth performance, disease
index, biological control efficiency)
rice husk, crushed rice husk, rice
straw, rice bran, wheat bran, broom . Cqe .
sorghum grain, sawdust, cow dung substrate colonization, conidia yield,
Trichoderma harzianum suear beet pul 4 o bear; meal ’ SSF Rhizoctonia solani rice sheath blight disease shelf life and viability, field experiment [117]
pegnut pocilP baP;’Ieyygrain waste’ on rice plants (disease severity)
water fern
enzyme activity (amylase),
Trichoderma harzianum, . maize root and foliar TMICroorganism s Co—cgltlvatlon ratio,
maize waste SSF not stated efficacy as grain-dressing treatment (root [118]

Pseudomonas fluorescens

diseases

rot and damping, stalk rot, gray leaf
spot, late wilt, ear rot), microscopy

Abbreviations: SSF = solid-state fermentation.
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The production of T. viride as a biocontrol agent was successfully achieved using
winery wastes [112]. Trichoderma viride produced by SSF using grape marc and wine lees
as substrate not only yielded significant levels of extracellular enzymes important for
pathogen inhibition (i.e., chitinase, 3-glucanase, and pectinase) but also demonstrated a
high level of antagonistic activity towards several genera of pathogenic plant fungi, includ-
ing Cladosporium, Fusarium, Fulvia, Botrytis, Aspergillus, Penicillium, Mucor, and Rhizopus.
A fermentation protocol for extracellular (3-glucosidase secretion by T. harzianum using
agro-industrial banana waste has also been developed and optimized [113]. The efficacy
of the resultant 3-glucosidase as a biocontrol agent against Macrophomina phaseoline, a
fungal phytopathogen known to cause charcoal rot in plants, was confirmed using in vitro
plate inhibition assays. Banana waste (i.e., banana pseudostem), as well as cassava peels,
coconut shell, sugarcane bagasse, and pineapple peels, were also tested as substrates for the
production of the biopesticide Trichoderma Brev T069 [114]. In this case, cassava peel was the
optimal SSF substrate in terms of spore yields, which showed a 64.65% biocontrol efficiency
on banana fusarium wilt when employed in a pot experiment. Significant differences
in conidia yields were also observed during the evaluation of different agro-industrial
residues (i.e., rice husk, apple pomace, whisky draff, soy fiber, rice fiber, wheat straw, beer
draff, orange peel, and potato peel) as a substrate for T. harzianum production [115].

Solid-state fermentation using mango industrial waste as a carbon source and polyurethane
foam as an inert support matrix was employed to achieve high production of T. asperellum
spores [116]. Spores produced by mango waste fermentation survived storage at 4 °C for
7 days and were effectively tested in vitro as a biocontrol agent against the causative agent
of anthracnose, Colletotrichum gloesporioides. Spore shelf life and viability have also been
assessed for T. harzianum produced under SSF using several waste substrates: rice husk, rice
straw, rice bran, wheat bran, broom sorghum grain, sawdust, cow dung, sugar beet pulp,
soybean meal, peanut pod, barley grain, and water fern [117]. All substrates resulted in
successful fungus colonization and conidiation, albeit at different levels. However, a further
greenhouse experiment showed that the spores derived from these substrates all yielded
the same biocontrol efficacy against rice sheath blight disease caused by Rhizoctonia solani.

Extracellular production of amylase through the co-cultivation of T. harzianum and
the bacteria Pseudomonas fluorescens on maize waste was also investigated [118]. It was
demonstrated that supplementing fermentation with copper (Cu)—chitosan nanoparticles,
which enhance enzyme production by microorganisms through the biosynthesis of metal
nanoparticles, resulted in higher amylase yields. Moreover, a subsequent field experiment
showed that maize grains pre-treated with fermented maize waste media supplemented
with Cu—chitosan were more effective at preventing diseases than both nanoparticle-free
and fungicide treatments. That work reinforces previous findings with other yeast genera
where higher enzyme production was achieved using co-cultured fermentation conditions
with either a combination of multiple yeast species or yeast associated with bacteria as
opposed to single cultures. The increased enzymatic activity observed with mixed consortia
cultivation may stem from enhanced resource utilization through combined metabolic
activities, resulting in a reduced metabolic burden on each individual species due to either
antagonistic or symbiotic interactions [119]. Therefore, the production of biological agents
through agricultural waste fermentation using Trichoderma spp. in consortia association
with other microbes deserves to be further explored.

Apart from biological control, Trichoderma spp. has also been explored as a plant-
growth promoter. For instance, stevia residue supplemented with amino acids hydrolyzed
from animal carcasses was used for spore production from Trichoderma guizhouense by
SSF, with resultant spores significantly increasing corn plant growth when combined with
organic fertilizer [120]. Cellulose-rich by-products generated from paper production (i.e.,
paper sludge) have also been successfully explored as the sole carbon source used to obtain
spores from the fungus T. asperellum via SSF [121]. Fermented paper sludge showed a
positive effect on seedlings” growth when applied to Capsicum anuum seeds.
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While Trichoderma spp. demonstrate robust potential as biocontrol agents and growth
promoters, ongoing research is crucial to optimize fermentation processes, assess substrate
suitability, and further explore synergistic interactions with other microbes to enhance bio-
control efficacy and broaden the spectrum of targeted pathogens. Moreover, understanding
the complex interactions between Trichoderma, the host plant, and the target pathogen under
different environmental conditions is essential for predicting and enhancing biocontrol
outcomes. For example, the possibility of inconsistent efficacy under different environ-
mental conditions, such as temperature, humidity, and soil characteristics, could limit the
reliability of Trichoderma as a standalone solution for disease management. Integration of
Trichoderma spp. may also be incompatible with existing agricultural practices, such as
fertilization, irrigation, and pesticide application. Consequently, comprehensive knowledge
of persistence and long-term efficacy across diverse agricultural settings and crop systems,
including their impact on subsequent crop rotations, is essential. Assessing the potential
ecological effects of Trichoderma on indigenous microorganisms, such as beneficial fungi,
is also critical for integrated pest management strategies aimed at minimizing ecological
disruption. Such advancements are pivotal for maximizing the sustainable benefits of
Trichoderma-based biocontrol in agriculture while minimizing environmental impacts and
ensuring food security.

5. Animal Nutrition

The use of agro-industrial waste as organic substrates for the production of single-
cell protein (SCP) as an alternative to fish meal and plant-based protein in animal feeds
has gained increasing attention [122,123]. Additionally, microbiological treatments aimed
at enhancing the digestibility and nutritional profile of crop residues and low-quality
roughages for livestock nutrition have been extensively investigated [124,125]. Although
not traditionally considered for SCP production, the conversion of agricultural waste by
Trichoderma spp. has been explored as a method to enrich and add value to animal diets
(Table 3).

Table 3. The use of agro-industrial waste as an organic substrate for the production of single-cell
protein and as a means of enhancing and adding value to animal diets.

. Fermentation .
Species Waste Source Method Target Livestock Parameters Assessed Ref.
cels of maneo fermentation temperature,

Igran o a leg ! proximate analysis (CP, CF, ash,
Trichoderma harzianum 8¢, appie, SSF not stated free amino acids, total [126]

banana, and .

carbohydrate, nitrogen,
tomato i
phosphorus, and potassium)
Trichoderma reesei,
Trichoderma harzianum, enzyme activity, total protein
Trichoderma virdie, olive cake yield, amino acid composition,
Trichoderma koningil, sugar bee t’ ul SSF ruminant nutrition = chemical composition (DM, total [127]
Aspergillus oryzae, & pup protein, EE, CF, ADF, NDF,
Aspergillus fumigatus, phenols, ash, lignin, gross energy)
Aspergillus awamori
Trichoderma sp., chemical composition (CP, fiber
Phanerochaete corn stover not stated ruminant nutrition  fraction, NDF, ADF, AIA, [128]
chrysosporium cellulose, hemicellulose, lignin)
smty—fqur species of total reducing value, soluble
fungal isolates rotein, CP, reducing sugars
(including Trichoderma  rice straw not stated ruminant nutrition SN & Sugars, [129]
. cellulolytic activity (exo-f1,4 (C1)

harzianum and and endo-f31,4 (Cx) cellulases)
Trichoderma koningii) !
Trichoderma harzianum, duckweed not stated poultry nutrition CP, CF, zinc content [130]

Saccharomyces cerevisiae
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Table 3. Cont.

Species

Waste Source

Fermentation

Method Target Livestock

Parameters Assessed

Ref.

Trichoderma harzianum

Trichoderma reesei
Trichoderma
pseudokoningii

Trichoderma reesei

Trichoderma sp.

Trichoderma viride

Trichoderma viride

rice polishing

rice straw pulp

cassava residue

sugar beet pulp

rice straw

rice straw, corn
stalk

peanut hull

not stated poultry nutrition

SSF not stated

SSF not stated

SSF Barki lamb

not stated Barbados sheep

sheep nutrition
(Rhamani—-Ossimi
Cross)

SSF

not stated Ossimi rams

biomass production under
different culture conditions,
amino acid profile, compositional
analysis (moisture, CP, true
protein, crude fat, CF, ash, NFE,
cellulose), biological evaluation
(weight gain, mortality,
abnormality, feed consumption)
CP, lignin content, digestibility,
protein content under different
culture conditions

growth performance (DF]J, initial
and final live BW, average daily
gain, FC), digestibility coefficient
(DM, OM, EE, CF, CP), nutritive
value (NFE, TDN),
haematological analysis, N
utilization (intake, fecal N,
urinary N, N excreted, N balance)
enzyme activity (cellulase and
xylanase), carbohydrate
concentration (hexose, pentose),
proximate chemical analysis (CP,
DM, ash, NDF, ADF, and ADL),
microscopy observation, ferulic
acid and esterified ferulic acid
content, haematological analysis,
growth performance (initial
weight, feed intake, weight gain,
FRC, nutrient digestibility, NDF,
ADF), rumen fluid analysis
(protozoa, VFA, acetate, propionic
acid, isobutyric acid, butyric acid)
total fungi count, chemical
composition (DM, OM, CP, CE,
EE, NFE, ash, NDF, ADF, ADL,
cellulose, hemicellulose), nutrient
and cell wall digestibility, rumen
kinetics, feed intake, feed
conversion, feed conversion,
growth performance, economical
evaluation

chemical composition (DM, OM,
CP, EE, cell wall constituents,
NDF, ADF, non-fiber
carbohydrate, lignin, cellulose,
hemicellulose), nitrogen fractions,
in sacco rumen degradation (DM,
OM, CP), in vitro gas production,
feed intake, nutrient digestibility,
nutritive values, N balance,
rumen fermentation

[131]

[132]
[133]

[134]

[136]

[137]
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Table 3. Cont.

Species

Fermentation

Waste Source Target Livestock Parameters Assessed Ref.

Method

Trichoderma reesei

Trichoderma reesei

old corrugated batch
cardboard fermentation

corn stalks not stated Rahmani sheep

reducing sugar content, cellulase

activity, chemical composition

(DM, ash, crude fat, CF, CP, NFE,
rabbit nutrition starch), body weight, daily weight [138]
gain, feed intake, feed conversion
rate, survival, presence of
digestive disorder
growth performance (final weight,
total body weight gain, ADG, and
relative gain), daily feed intake,
feed conversion, nutrient
digestibility coefficients (DM, OM,
CP, CF, EE, NFE), cell wall
constituent digestibility
coefficients (NDF, ADF,
hemicellulose, cellulose), nutrient
values (TDN, DCP), rumen fluid
analysis (ruminal fermentations,
ruminal pH, ruminal
ammonia—nitrogen, TVFA’s
concentrations), blood plasma
constituents, economical
evaluation

[139]

Abbreviations: ADG = average daily gain, ADF = acid detergent fiber, ADL = acid detergent lignin, AIA = acid
insoluble ash, BW = body weight, CF = crude fiber, CFM = concentrate feed mixture, CP = crude protein,
DCP = digestible crude protein, DFI = daily feed intake, DM = dry matter, EE = ether extract, FC = feed con-
version, FCR = feed conversion ratio, N = nitrogen, NDF = neutral detergent fiber, NFE = nitrogen free extract,
OM = organic matter, SSF = solid-state fermentation, TDN = total digestible nutrients, TVFA = total volatile fatty
acid, VFA = volatile fatty acid.

Siada et al. [126] used SSF by T. harzianum to evaluate the protein enrichment of
different types of agro-industrial wastes (i.e., peels of mango, orange, apple, banana,
and tomato) for animal nutrition. Increases in crude protein content varied significantly
depending on the fermented substrate, with tomato proving to be the most effective
feedstock for protein enrichment (61.11% increase) and banana the least effective (8.1%
increase). These results show the importance of evaluating different waste sources when
developing protocols for microbial-derived protein production. However, selection of
suitable fungal strains is also required to ensure optimum fermentation outcomes. For
example, when evaluating the efficacy of seven fungi species, including T. harzianum,
T. reesei, and T. koningii, on the bioconversion of olive cake, Fadel and El-Ghonemy [127]
found that A. oryzae produced the highest total protein yields and achieved the greatest
reduction in fiber content through the production of lignocellulolytic enzymes. Differences
in strain performance were also seen when evaluating the effect of Trichoderma sp. and
Phanerochaete chrysosporium on corn stover fermentation [128]. In this case, Trichoderma
sp. was the most effective candidate for improving the nutritional value of ruminant
feed, as it significantly improved both crude protein content and fiber digestibility. The
ability of Trichoderma spp. to enhance fodder quality over other fungal species was further
highlighted by Helal [129]. Out of sixty-two fungal isolates, T. koningii exhibited the highest
cellulolytic activity and crude protein production when cultivated on rice straw under
controlled conditions.

Secondary metabolites produced by different fungi strains during the fermentation
process may have a synergistic effect and, therefore, should be explored to improve SCP
production outcomes. For example, a three-day fermentation process using T. harzianum,
followed by subsequent seven-day fermentation with S. cerevisiae, has been shown to sig-
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nificantly improve the nutritional value of duckweed substrate in terms of increased crude
protein content and lower crude fiber levels [130]. According to the authors, T. harzianum
fermentation provided a nitrogen source for the growth of S. cerevisiae, which, in turn,
was subsequently used as a raw material for the formation of amino acids. Trichoderma
harzianum was also used to produce fungal biomass protein with rice polishing [131]. The
results showed that the final fungal biomass not only contained all of the essential amino
acids at significant levels but also allowed for partial replacement of soybean meal to up to
60% without affecting poultry growth.

Rice-processing waste has also been explored as a substrate to produce T. reesei
SCP [132]. Solid-state fermentation using rice straw pulp combined with urea as a ni-
trogen source effectively reduced lignin levels from 7 to 0.63%, significantly improving the
digestibility of the grain waste. The highest total crude protein content achieved was 25%
with a substrate C/N ratio of 20:1. Similarly, a 48.1% increase in total protein content was
obtained when urea was added to the SSF of cassava residue using T. pseudokoningii [133].
Given that external nitrogen sources like urea can impact production costs, a more afford-
able and sustainable alternative could be to further recycle agricultural waste and use
composted manure as a nitrogen source. However, while manure is a nutrient-rich re-
source, its use in bioprocesses requires careful management to mitigate potential biosecurity
risks. Implementing sterilization protocols can address these concerns but may impact the
cost-effectiveness of using such a waste source. Therefore, exploring cleaner nitrogen-rich
alternatives, such as animal-processing blood, which has been shown to support T. reesei
growth [115], could be a viable option.

The effect of fermented T. reesei on animal nutrition has also been tested in vivo with
Barki lambs [134]. A 50% substitution of a concentrated feed mix with sugar beet pulp
treated with T. reesei, whether or not supplemented with urea, positively affected nutrient
digestibility, nutritional content, and growth performance compared to a diet containing
untreated sugar beet pulp at the same level. Omer et al. [139] also showed that corn
stalks treated with T. reesei can completely replace clover hay in the food ration of growing
Rahmani sheep. Sheep fed on diets containing biologically treated corn stalks exhibited
improved digestibility of nutrients and cell wall constituents, as well as enhancements in
final weight, total body weight gain, average daily gain, relative gain, and daily feed intake
compared to those fed the control ration. Despite these promising findings, challenges
remain. For instance, no significant differences in weight gain, feed intake, and feed conver-
sion ratio were seen when 25% of grass hay was replaced by rice straw fermented with a
strain of Trichoderma spp. and fed to Barbados sheep [135]. Nonetheless, higher nutritional
value, increased digestibility, and lower lipid oxidation were seen in the biologically treated
diet, indicating that fermented rice straw may still be used as a feed replacement with no
deleterious effect on animals.

Trichoderma viride has also been found to be suitable for upgrading the nutritional
value of animal feed through the fermentation of low-quality roughages. For example,
SSF by T. viride significantly increased the total feed intake, crude protein content, and
organic matter digestibility of rations containing either fermented rice straw or treated corn
straw when compared to untreated feeds [136]. Trichoderma viride was also successfully
employed to reduce organic matter and fiber content of peanut hull to be used as feed for
ruminants [137]. According to the authors, sheep fed with T.-viride-treated peanut hull also
showed increased digestibility, feed intake, and dry matter intake.

Apart from agricultural by-products, waste from the paper industry has also been
used as a carbon source for T. reesei fermentation for animal nutrition [138]. However, in
this case, the final goal was to produce feed additives (i.e., digestive enzymes) and not
to increase the nutritional value of low-quality crop residues. The results showed that
old corrugated cardboard served as an effective substrate for the production of cellulase
and amylase activity. A further feeding trial showed that rabbits fed diets supplemented
with T.-reesei-derived enzymes showed improved production traits, including enhanced
nutrient digestibility, which consequently reduced mortality rates associated with digestive
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disorders during the early post-weaning period. Production of vitamin B12 has also been
achieved through waste fermentation [140]. In this case, the resulting sugars obtained
from hydrolysis of the cellulose fraction in tomato pomace using T. reesei were used in a
subsequent fermentation with the bacteria Propionibacterium shermanii to produce vitamin
B12. Although the final concentration of B12 produced in the medium (52.7 mg/kg of dried
material) may not be economically feasible for human use, it compares very favorably with
the typical concentration of vitamin B12 employed in animal feed (e.g., 0.25 mg/kg for
commercial fish meal).

While using Trichoderma spp. to enhance the digestibility and nutritional profile of
agricultural waste for livestock nutrition presents exciting possibilities, it also involves
significant challenges and opportunities for future research. Scaling up Trichoderma spp.
treatment from laboratory to industrial or farm-scale settings while maintaining efficacy,
consistency, and cost-effectiveness is a substantial hurdle. For example, seasonal fluctua-
tions in the supply of agricultural waste biomass can alter its composition and availabil-
ity [141]. Variable factors, such as growth conditions, harvesting methods, and post-harvest
handling practices, can further exacerbate the challenges associated with variations in
biomass composition. These fluctuations not only create logistical challenges but also
highlight the need to develop optimized and standardized protocols that ensure consistent
feed formulations. Microbial interactions between Trichoderma spp. and substrate-specific
microbiota could also significantly impact fermentation outcomes and may lead to the
generation of unwanted microbial by-products, such as mycotoxins, which could pose
a significant threat to animal and public health [142]. Exploring and assessing biomass
sterilization during pre-treatment stages, and adopting best operating practices to circum-
vent contamination, are, therefore, highly desirable. Moreover, there is a crucial research
gap regarding the long-term effects of Trichoderma-treated feed on animal health, growth
performance, and product quality (e.g., milk, meat). Understanding these aspects is essen-
tial for assessing the overall benefits and potential adverse effects associated with using
Trichoderma in animal nutrition over extended periods. Addressing regulatory requirements
and safety assessments to ensure compliance with food safety regulations is also paramount.
This becomes particularly critical when considering the use of genetically modified strains,
which could face social acceptance challenges. In addition, assessment of the environmen-
tal sustainability and economic feasibility of integrating Trichoderma spp. into livestock
feeding systems is required. Conducting comprehensive cost-benefit analyses and life cycle
assessments will help promote adoption by farmers and stakeholders, demonstrating the
economic viability and environmental benefits of incorporating this approach into existing
feeding practices.

6. Engineering Strategies to Enhance Trichoderma’s Enzymatic Activity

Lignocellulose-based bioprocesses demand an enormous availability of cellulases and
other lignocellulose-degrading enzymes with high activities but low costs. As previously
mentioned, Trichoderma spp. can produce and secrete large quantities of cellulase-degrading
enzymes when provided with an appropriate lignocellulosic substrate. Still, T. reesei
cellulase production falls short of perfection for real-world applications, especially in
terms of the resultant product composition. As a result, genetic strategies have been
employed to develop superior Trichoderma strains for the production and secretion of
native cellulases and, therefore, to enhance the bioconversion efficiency of lignocellulosic
biomass [143]. These strategies include both targeted and untargeted modifications to the
Trichoderma genome, including the use of alternate promoters, signal peptides, possible
carrier proteins, the codon-optimized target gene, and alternate terminators [144,145].
Because Section 3.1 already covered genetic approaches to enhancing lignin-degrading
enzyme activity in Trichoderma spp., and given the critical role of cellulases in the effective
breakdown of lignocellulosic biomass into fermentable sugars, this section will primarily
focus on engineering strategies aimed at improving cellulase activity.
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Native production and secretion of cellobiohydrolase by T. reesei is controlled by
the inducible CBH1 promoter and utilizes the CBH1 secretion peptide signal. The CBH1
promoter, in turn, is regulated by the transcription repressors CRE1 and ACEI1 [146], as
well as the positive activators XYR1 [147], ACE2 [148], and the HAP2/3/5 complex [149].
In this context, promoter modification has been used to increase cellulase production. For
example, a recent study demonstrated that replacing binding sites for the negative regulator
ACE1 with the positive regulators for ACE2 and XYR1 improved promoter transcription
efficiency, resulting in increased expression of the target protein [145]. Upon engineering
the CBH1 promoter, where the CRE1 binding site was substituted with the binding site
of the transcriptional activator ACE2 and HAP2/3/5 complexes, the expression of green
fluorescent protein in T. reesei was significantly enhanced by more than sevenfold under
induction conditions. Also, cellulases produced by the T. reesei strain with the modified
CBH1 promoter resulted in a 40% increase in overall FPase activity compared to the
wild-type T. reesei Rut-C30 strain [150]. Moreover, restructuring the cis elements of XYR1
within the CBH1 promoter significantly increased the strength of the promoter by over
sevenfold [151].

Modifying transcription factors has also proven to be an effective method for enhanc-
ing enzyme production in T. reesei. For example, eliminating CRE1, which is responsible for
carbon metabolism repression, enhances cellulase production in T. reesei. Notably, CRE1-96
consistently binds to the upstream regulatory region of the key regulator XYR1 involved in
cellulase regulation. Interestingly, T. reesei carrying CRE1-96 exhibits superior cellulase-
induced production compared to strains lacking the ACRE1 gene [152]. The Trvib-1 gene,
encoding a possible transcription factor, was also overexpressed in T. reesei Rut-C30. As
a result, cellulase production and protein secretion in the T. reesei Vib-1 culture increased
significantly by 200% and 219%, respectively, compared to the parent strain [153]. A 40%
increase in glucose release from the pre-treated corn stover hydrolyzed was also observed
when the crude enzyme generated by the modified strain was employed.

Apart from the natural regulators, there is an alternative option for controlling cellulase
induction, which involves the expression of chimeric transcription factors. For instance, a
synthetic transcription activator incorporating the CRE1 binding domain fused with the
XYR1 regulator was engineered and consistently expressed in T. reesei Rut-C30. Notably,
the strain with this chimeric regulator exhibited an increase in FPase activity, even in the
presence of glucose as the carbon source, reaching a level 12.75 times higher than the
wild-type Rut-C30 [102]. Innovative transcriptional activators, comprising the DBD-Ace2
and the VP16 effector domain, markedly enhanced cellulase production when glucose
was the only carbon source. The FPase activity showed an improvement of over 25-fold
compared to the original T. reesei Rut-C30 strain [154]. The synthetic zinc finger proteins
AZFP-U5, AZFP-M2, and AZFP-U3, including the Cyc2-His2-type DNA binding domain,
increased cellulase production in T. reesei Rut-C30 [155-157]. The artificial transcriptional
activators, named DBDace2-VP16 and DBDcrel-VP16, were engineered by fusing DNA
binding domains from ACEII or CREI with the potent transcriptional activation domain
VP16 from the herpes simplex virus [158]. The minimal transcriptional activators DBDace2-
VP16 and DBDcrel-VP16 have the ability to increase cellulase production [154]. Recently,
a novel mutation (R434L) in xylanase regulator 1 (Xyrl) was identified, leading to the
significantly improved production of cellulases and xylanases in T. reesei [159].

In another study, the T. reesei Rut-C30 strain underwent six genetic modifications
engineered using clustered regularly interspaced short palindromic repeats (CRISPR-Cas9)
technology. These modifications included the overexpression of XYR1 activator, the addi-
tion of heterologous p-glucosidase CEL3A and invertase SUC1, as well as the deletion of
native repressor ACE1 and secreted proteases PEP1 and SLP1 [160].

Each of the T. reesei strains currently used in the industrial production of cellulase
enzymes originates from the one T. reesei strain, QM6a [161,162]. Since its discovery, QM6a
has had improvements in its secretion capability through random mutagenesis. One of
the most successful strains resulted from multiple random mutagenesis events, generating
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the T. reesei Rut-C30 strain [163]. The improvements in the organism’s ability to secrete
both native and recombinant proteins impact the production and secretion of the natively
produced cellulase. Further improvements in the cellulase production of T. reesei have been
demonstrated to be influenced by the truncation of a single transcription factor, ACE3 [134].
An engineered T. reesei strain harboring the introduced truncated version of the ACE3
gene has been revealed as a hyper-producer for the major cellobiohydrolase enzyme when
compared to a strain containing the full-length native ACE3 gene [134]. The truncated
ACES3 gene demonstrated an increase in the transcription levels of both positive regulators
ACE3 and XYR1, as well as the transcription levels of the CBH1 gene. Additionally, a
subsequent study demonstrated an enhancement in cellulase production in T. reesei through
the disruption of multiple protease genes identified through comparative secretomics. The
identified genes include three proteases: tre81070, tre120998, and tre123234 [135].

Another example using genetic engineering to optimize the cellulase system involves
T. reesei mutant SEU-7. This strain was developed from the Rut-C30 strain by introducing an
additional copy of the native gene [3-glucosidase (BGL1) through insertional mutagenesis
facilitated by Agrobacterium tumefaciens-mediated transformation (AMT). In contrast to
Rut-C30, SEU-7 exhibits significantly improved cellulase and hemicellulase activities when
cultured on either lactose or cellulose substrates [164]. Genetic engineering of the T. reesei
QEB4 strain resulted in the enhanced expression of native 3-glucosidase and endoglucanase,
as well as the production of cellulase enzymes with significantly enhanced bioconversion
of filter paper. This modification also increased saccharification efficiency, leading to a
remarkable 94.2% conversion of cellulose [165].

The potential methyltransferase Lael/LaeA, functioning as a global regulator in fungal
secondary metabolite production, is essential for (hemi-)cellulase expression in T. reesei.
Through molecular engineering of promoters and regulatory networks, T. reesei has been
genetically modified to express diverse heterologous proteins, overcoming the natural
cellulase repression induced by glucose in wild-type T. reesei [166]. A T. reesei chassis strain
was optimized for enhanced secondary metabolite biosynthesis through the deletion of
major (hemi-)cellulase genes and overexpression of the transcriptional factor XYR1A824V.
Significant improvements in ophiobolin F production were observed, with yields reaching
1187.06 mg/L in shake flask fermentation and 3072.45 mg/L under fed-batch conditions,
utilizing glucose, lactose, and corn steep as substrates [167]. A recent study investigated the
impact of Trctfl gene knockout on cellulase synthesis in T. reesei induced by different soluble
inducers. Enhanced cellulase activity was observed when lactose was employed, providing
insights into the regulation of cellulase synthesis by various inducers and facilitating the
development of high-yield cellulase gene-engineered strains [168].

One study has shown that site-directed mutagenesis of the T. harzianum {3-glucosidase
enzyme improved enzyme glucose tolerance, further optimizing the efficiency of this
enzyme to work under higher glucose concentrations and release glucose during saccha-
rification [169]. This dual amino acid substitution in the -glucosidase enzyme has the
potential to increase enzymatic hydrolysis of plant biomass in an industrial setting, further
freeing fermentable glucose for ethanol production. Another genetic engineering strategy
employed to enhance bioconversion of agro-industrial waste by T. reesei involves the re-
duction of secretion pressure through deletion of the endogenous cbhl gene—for example,
to enhance the heterologous expression of laccase (LacA) from Trametes sp. AH28-2 in
T. reesei [30].

In summary, the ongoing advancements in genetic engineering of Trichoderma species,
particularly T. reesei, highlight a promising trajectory towards optimizing enzyme produc-
tion for lignocellulose bioprocesses. The strategies explored, ranging from the modification
of native and synthetic promoters to the engineering of transcription factors and the appli-
cation of CRISPR-Cas9 technology, underscore the complexity and potential of tailoring
Trichoderma’s enzymatic systems. These innovations pave the way for more cost-effective
and efficient bioconversion processes, addressing the critical need for scalable cellulase
production in industrial applications. Moving forward, investigating the synergistic effects
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of combining multiple genetic modifications could lead to even greater improvements in
Trichoderma’s enzymatic capabilities and enzyme stability. Additionally, exploring the role
of post-translational modifications and their impact on enzyme performance might reveal
new avenues for optimization. Expanding the use of high-throughput screening techniques
to identify novel regulatory elements or genetic variations that enhance enzyme production
could accelerate the development of superior strains. Finally, integrating systems biology
approaches to model and predict the impact of genetic changes on the overall metabolic
network of Trichoderma could provide a more holistic understanding of the factors influenc-
ing cellulase production. These research directions hold the potential to drive significant
advancements in the field, contributing to more sustainable and efficient lignocellulose
bioprocessing solutions.

7. Conclusions

Waste lignocellulosic biomass from agricultural, forestry, and other industry sources
are being explored for use as renewable, clean, and abundant raw materials for the sus-
tainable production of value-added bioproducts through microbial fermentation. In this
respect, the genus Trichoderma has been widely investigated as the catalyst to successfully
achieve waste reduction and product development via the bioconversion of renewable
waste sources. Enzymatic hydrolysis of biowaste to yield fermentable sugars for subse-
quent bioethanol production, biological pre-treatment of crop residues to enhance animal
nutrition, and the production of biocontrol agents are amongst the most widely investigated
applications of fermentation-bioconversion by Trichoderma species. However, effective
biological degradation of cellulose and hemicellulose substrates requires an efficient extra-
cellular enzyme-secretion system. This has led to extensive research efforts to improve the
technological development of Trichoderma-derived enzymatic activity via the optimization
of pre-treatment and fermentation protocols, the identification of alternative waste sub-
strates and microbial strains, the application of different enzyme mixtures and additives,
and the development of genetically enhanced fermentative and cellulolytic microorganisms.
Although scientific research regarding Trichoderma bioprocesses has evolved rapidly, further
progress in key areas is still required in order to achieve economic viability at full com-
mercial scale. This includes understanding how the chemical and physical characteristics
of different lignocellulosic substrates affect enzyme production, as well as the microbial
metabolic pathways, secretome composition, and synergic interactions involved in the fer-
mentation process. Comprehensive research on and development of the economic aspects
of waste biomass microbial utilization, such as capital cost estimation, the implementation
of operation process standards, operating cost estimation, and profitability assessment, are
also necessary.
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