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Abstract

Fungal cell factories serve as a robust platform for sustainable biomanufacturing, owing to their
unparalleled metabolic diversity, enzymatic properties, and resilience to diverse environmental
conditions. Recent advances in fungal biotechnology have vastly enhanced the potential for fungi to
be used in the production of renewable bioenergy and functional biomaterials. Concurrent advances in
systems biology, metabolic engineering, and synthetic biology have enabled the fine-tuning of metabolic
fluxes to facilitate the enhanced biosynthesis of biofuels, including bioethanol, biodiesel, biogas, and
biohydrogen, as well as mycelium-derived biopolymers. The lignocellulolytic fungi like Trichoderma
reesei, Aspergillus niger, and Phanerochaete chrysosporium have been the main organisms of focus
with respect to engineering, which enhances hydrolytic enzyme excretion, growth on substrates, and
redox balance in these fungi. This engineering work parallels a new ability in omics technologies and
CRISPR—Cas genome editing, permitting the facilitation and identification of regulation of biosynthetic
gene clusters responsible for lipid accumulation, secondary metabolite production, and nanomaterial
synthesis in fungi. Furthermore, new fungal-derived biomaterials have been reported, such as chitosan,
B-glucans, and mycelium composites, which have been advanced as biodegradable alternatives to
plastics and building materials derived from petroleum. This review critically reviews some of the more
recent developments in respect of the reprogramming of fungal metabolism, process intensification
strategies and integrated biorefinery applications. This will illustrate the convergence of fungal
systems biology with the principles of circular bioeconomy and point out the technological, economic,
and regulatory bottlenecks which need to be overcome to fully realise the potential of fungi as the
biofactories of the future for the sustainable production of energy and materials.
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INTRODUCTION

Rapidly depleting fossil deposits along with
growing awareness of climate change, resources
insecurity and environmental degradation are
compelling the global community to search for
more sustainable alternatives for producing energy
and materials. The environmentally unsustainable
nature of traditional manufacturing systems
based on petrochemicals (i.e., their high carbon
footprint, lack of renewability, and contributions to
ecosystem imbalances) has also been recognized.*
Bio-based production platforms can represent a
way to support the transition from high-carbon
to low-carbon, circular, and resource-efficient
industrial systems. Of the various biological systems
that have been studied for biomanufacturing,
fungi have emerged as particularly suitable
candidates due to their vast metabolic capabilities,
ecological versatility and ability to utilize virtually
all forms of renewable and non-renewable waste
materials. Fungal organisms possess sophisticated
enzymatic systems that enable them to degrade
difficult-to-process lignocellulosic plant materials,
assimilate multiple carbon sources and produce
large quantities of chemically and structurally
diverse compounds.? The inherent biological
characteristics of fungi position them as ideal
biocatalysts for the efficient bioconversion of
biomass to (1) bioenergy carriers (e.g., biofuels)
and (2) advanced biomaterials, thereby enabling
the development of next-generation bio-based
industries. Fungal cell factories include strains of
fungi that are either naturally capable or have been
genetically modified for the efficient biosynthesis
of target products using their metabolic pathways.
Compared to standard microbial systems, fungal
organisms have superior secretion capabilities,
greater tolerance to environmental stress and
intrinsic mechanisms that allow them to perform
complex post-translational processes, which makes
them excellent candidates for large-scale industrial
use.? Fungal cell factories have proven effective in
producing bioenergy vectors (bioethanol, biodiesel
precursors, biogas, and biohydrogen) as well as
high-value biomaterials (biopolymers, mycelium-
based composites, and functional nanomaterials).
Rapid advances in genomic and systems biology
have changed the ability to analyze and engineer
fungal systems. As a result of the application of

advanced high-throughput “omics” technologies,
the complex mapping of fungal metabolic and
regulatory networks has become possible.*
Rather than simply being analytical tools, the
systemic insights provided by omics data are
now directly utilized to develop synthetic biology
platforms. For example, utilizing metabolic
maps as a guide for the precise modulation of
metabolic pathways and redirecting the flow of
carbon to produce significantly higher product
is possible using molecular editing technologies
such as CRISPR-Cas.> However, translating these
molecular advances into commercially viable
products requires parallel advances in bioprocess
engineering. To achieve economic viability and
scale for these engineered strains, advanced
upstream fermentation technologies and process
intensification systems must be utilized. After
successful scaling of these optimized bioprocesses,
they transition from merely being isolated
industrial processes to being crucial regenerative
nodes within a broader circular bioeconomy.
Fungal biorefineries provide regenerative nodes
within circular bioeconomic frameworks through
their active conversion of agricultural residues,
industrial by-products, and organic waste into
value-added products while simultaneously
minimizing waste, recovering resources, and
providing environmentally sustainable processes.®
Therefore, by integrating fungal bioprocesses into
biorefineries, fungal cell factories provide solutions
to energy demand, material shortage, and waste
management problems while contributing to
efforts to mitigate climate change and achieve
sustainable development goals. This review
aims to provide an up-to-date critical analysis of
recent technological advances in the development
of fungal cell factories for the bioenergy and
biopolymer industries. This review covers the
physiology and metabolism of fungal biofactories,
newly developed fungal platforms for renewable
energy and materials production, and advanced
methods of metabolic and genetic engineering and
process improvement to enhance the industrial
application of these technologies. Additionally,
ways to integrate fungal bioprocesses into circular
bioeconomic frameworks, as well as some of the
primary technological, economic, and regulatory
barriers that will need to be overcome for large-
scale implementation are also discussed. By

Journal of Pure and Applied Microbiology

www.microbiologyjournal.org



Thakur et al | J Pure Appl Microbiol. 2026. https://doi.org/10.22207/JPAM.20.3.24

synthesizing the latest discoveries and identifying
future research directions, this review will shed
light on how fungal biotechnology can change
low-carbon, sustainable industrial systems.

Physiological and metabolic basis of fungal
biofactories

The distinctive physiological
characteristics and flexible metabolic structures
of fungi make them ideal candidates for the use as
cellular factories. The adaptation of fungi due to
evolutionary changes related to diverse ecological
niches provides fungi the capability to metabolize
recalcitrant organic substrates, survive extremes
in environment, and modify complex regulatory
frameworks that control the secretion of enzymes
and metabolites produced.” The systems of fungi
used for the production of extracellular enzymes,
intracellular metabolic activity, and dynamic
mechanisms involved in stress responses function
collaboratively to create sustainable production
under industrially relevant conditions (Figure
1). These biological characteristics provide the
foundation to use fungi as models for developing
and utilizing fungal biofactories that are capable
of converting renewable biomass into bioenergy

carriers or advanced biomaterials with both high
efficiency and scalability.®

Diversity and functional roles of filamentous
fungi and yeasts

Filamentous fungi and yeasts represent
two key functional groups of fungi that can be
utilized in the area of fungal biotechnology.
Fungi exhibit both physiological and metabolic
characteristics that can be exploited for industrial
purposes through the use of filamentous fungi and
yeasts. The development of filamentous fungiand
yeasts as a combination provides complementary
biological traits that provide great flexibility for
designing efficient cell factories to produce biofuels
and biomaterials.’ There are many filamentous
fungi genera that exhibit a range of different forms
including multiple complex systems of mycelial
networks, such as Trichoderma, Aspergillus,
Penicillium and Phanerochaete. The filamentous
morphology of these fungi provides a high
surface area to volume ratio that promotes their
close association with solid substrates, thereby
enhancing nutrient uptake from heterogeneous
feedstocks.™

P

PHYSIOLOGICAL ADVANTAGES OF FUNGI AS BIOFACTORIES ]

Stress tolerance
High tolerance to
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temperature, osmotic,
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plasticity
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growth forms and adapt
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Post translational
modifications
Capability for complete

post-translational
modifications of
proteins and metabolites

>

Substrate Versatility
Capacity to metabolize diverse substrates including complex biomass and
industrial waste

]

Figure 1. Physiological advantages of fungi as biofactories
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Filamentous fungi have one of the most
significant industrial advantages in terms of their
unique ability to secrete protein, which enables
them to secrete large quantities of hydrolytic and
oxidative enzymes. The enzyme systems produced
by filamentous fungi (cellulases, hemicellulases,
pectinases, laccases, manganese peroxidases,
and lignin peroxidases) are critical for the
efficient breakdown of lignocellulosic biomass
to yield fermentable sugars and low molecular
weight compounds, and thus filamentous fungi
are also essential for the upstream operations
of a biorefinery (i.e., biomass pretreatment,
enzymatic hydrolysis, and consolidated
bioprocessing strategies).!! In addition to enzyme
production, filamentous fungi also produce
organic acids, secondary metabolites, and
structural biomaterials. The ability of filamentous
fungi to grow on inexpensive substrates, such as
agricultural residues and industrial by-products,
enhances their economic and environmental
significance in large-scale bioprocessing.*

Conversely, yeasts (e.g. Saccharomyces
cerevisiae, Yarrowia lipolytica, Rhodosporidium,
and Lipomyces sp.) exhibit rapid cell division,
single-cell morphology and highly regulated
metabolic networks that together lead to
high levels of process control, reproducibility,
and scalability under industrial fermentation
conditions. Furthermore, yeasts are highly
valued for their ability to produce bioethanol
and other fermentation-derived products due to
their efficient fermentative metabolism, osmotic
and ethanol tolerance and genetic tractability.*®
Additionally, oleaginous yeasts are a specialized
group of yeasts which can direct excess carbon to
intracellular lipid biosynthesis in a nutrient-limited
environment; these yeasts can produce lipids
that comprise 20%-70% of their total cellular dry
weight, primarily in the form of triacylglycerols,
which are similar to plant oils. The metabolic
characteristics of oleaginous yeasts make them
attractive micro-organisms as feedstock for
producing biodiesel, fatty acid-derived chemicals,
surfactants and bio-based polymers. Furthermore,
recent advances in metabolic engineering have
increased the lipid productivity of these organisms
while also expanding the number of value-
added products that can be produced from such
organisms.'

Together, filamentous fungi and yeasts
provide complementary functional roles that
enable their synergistic use in integrated and
sequential biorefinery systems. Filamentous
fungi carry out the upstream processes of the
biorefinery system (i.e., biomass depolymerization,
enzyme production, conditioning of substrates)
and yeasts and oleaginous yeasts perform the
downstream processes of fermentation and
biosynthesis to generate fuels and materials.”®
This division of labour provides a rational basis
for designing fungal biofactories that capitalize on
the strengths of the filamentous fungi and yeasts,
thereby allowing for flexibility in the design of
processes and configurations to produce specific
bioenergy carriers and biomaterial products.
The physiological variability and functional
specializations of filamentous fungi and yeasts
provide a robust biological foundation for ongoing
sustainable fungi bioprocesses and will support the
continued growth of next-generation bioenergy
and biomaterials industries.®

Central carbon metabolism and energy pathways

The metabolic framework of the fungi,
constructed by the central carbon metabolism,
is responsible for generating energy, maintaining
redox balance and providing the precursor
metabolites for biosynthetic production processes.
The fungi’s ability to produce ATP, reduce
equivalents, and produce building blocks for
macromolecular synthesis occurs efficiently via the
coordinated utilization of glycolysis, tricarboxylic
acid cycle (TCA) and pentose phosphate pathway
(PPP) and allows for the transformation of various
carbon sources into usable forms.'” Glycolytic
activity is the primary pathway for hexose sugars
catabolism. The product yields are not solely
governed by generalized regulation rates, but
instead are controlled through discrete metabolic
bottlenecks. Acetyl-CoA’s availability in the cytosol
for lipid and secondary metabolite pathways is one
such key bottleneck since it requires continuous
export of mitochondrial carbon through the
citrate-malate shuttle or the use of other carboxylic
acids to cross the mitochondrial membrane into
the cytosol. Additionally, downstream metabolic
pathways are strictly limited by how fast cofactor
NADPH can be regenerated, and accordingly
require selective enhancement of the oxidative
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branch of the pentose phosphate pathway (PPP).
However, with engineered fungi you can also utilize
pentose sugars (derived from agricultural waste
biomass) for catabolism via glycolysis; therefore
glycolysis will play an important role in converting
sugars to pyruvate and synthesizing ATP and
NADH.®

In addition to generating energy, glycolytic
intermediates can be used as a precursor to
synthesize amino acids, organic acids, and other
metabolites required for cell growth and industrial
products. Glycolytic flux is highly regulated by
substrate levels, energy needs and oxygen levels
so it is able to respond dynamically to metabolic
state changes associated with variations in
processing conditions. Consequently, pyruvate
generated by glycolysis is a hub of metabolism and
can be used for additional metabolic pathways.*
Under aerobic conditions, pyruvate is typically
transported to the mitochondria where it can
undergo oxidative metabolism via the TCA cycle.
Central to the TCA cycle is the distribution of

carbon flux and its conversion into reducing
equivalents (NADH and FADH2) that supply energy
for oxidative phosphorylation and thereby, key
biosynthetic precursors. For instance, several
metabolites produced by the TCA cycle (i.e., citrate,
o-ketoglutarate, succinyl-CoA, oxaloacetate) are
important for the biosynthesis of lipids, amino
acids, and secondary metabolites. The export of
citrate from the mitochondria into the cytosol
before its cleavage into acetyl-CoA is an important
bridge between basic metabolism and the
biosynthesis of fatty acids in fungal biofactories.
The pentose phosphate pathway (PPP) has a
two-fold function within metabolic processes;
it provides both the reduced cofactor (NADPH)
necessary for the synthesis of fatty acids, as well as
the precursor metabolites needed in this process.?

The oxidative PPP branch generates
NADPH, a necessary co-factor for biosynthetic
pathways leading to fatty acid, sterol, and
secondary metabolite biosynthesis. The non-
oxidative PPP branch produces ribose-5-phosphate
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.2
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Figure 2. Central carbon metabolism in fungal biofactories
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and erythrose-4-phosphate; these intermediates
are critical for the production of nucleotides
and aromatic amino acids. The regulation of
PPP flux is critical for maintaining a high level
of biosynthetic activity in restrictive growth
conditions encountered by oleaginous fungi. Lipids
accumulate when NADPH is available; therefore,
it is necessary to maintain efficient regulation
of PPP flux.?! The primary focus of metabolic
engineering when it comes to engineered
fungal strains is the redistribution of carbon flux
from glycolysis, the TCA cycle and the PPP. The
metabolic engineering strategies used to increase
the yield of biofuels and precursor biomaterials
have included: upregulation of NADPH producing
enzymes; reduction in competing pathways; and
the provision of sufficient acetyl-CoA,* as shown
in Figure 2. Continual adjustments to metabolic
pathways can dissociate cellular growth from the
production of new cellular components as well
as optimising carbon conversion. The metabolic
flexibility of filamentous fungi allows for the
dynamic adaptation to the range of substrates
available to the organism, and variations in the
environment.?

Fungi have the ability to metabolize
mixed sugar streams, organic acids, and complex
polymeric substrates, and alter the pathways
they use based on the availability of nutrients,
oxygen tension, and stress signals - this plasticity
is very beneficial in industrial applications
utilizing heterogeneous feedstocks such as
agriculture residues, industrial by-products and
waste-derived carbon sources. Systems biology
and metabolic engineering tools are needed to
harness and optimize this flexibility and enable the
development of robust, high-performance fungal
biofactories.?

Regulation of secondary metabolite and lipid
biosynthesis

The biosynthesis of secondary
metabolites and lipids in fungi is not dictated
by a single regulatory pathway but, rather, by
multisignal transduction cascades integrating
genetic, epigenetic, metabolic, and environmental
cues. These biosynthetic processes are not
constitutively turned on but tightly controlled in
space and time, such that fungi can utilize metabolic
resources effectively in response to changes

in their physiological state and the conditions
present in the environment. Such regulation is,
indeed, fundamental to the effectiveness of these
fungi as biofactories for producing bioenergy
carriers and biomaterial precursors.”® Secondary
metabolites include organic acids, pigments,
antibiotics, polyketides, non-ribosomal peptides,
and other categorizations of bioactive compounds-
all of which generally use discrete biosynthetic
gene clusters (BGCs) for synthesis. Within these
clusters are genes encoding core biosynthetic
enzymes, tailoring enzymes, transporters, and
pathway-specific regulators, some of which are
often transcriptionally silent under standard
growth conditions. Activation of BGCs is commonly
induced by environmental and physiological
signals, including nutrient limitation, oxidative
or osmotic stress, changes in carbon or nitrogen
availability, and specific stages of development.?®
Global regulatory proteins, chromatin remodelling
factors, and epigenetic modifications, such
as histone acetylation and methylation, are
important determinants of cluster accessibility and
transcriptional activation. This layered regulatory
process allows fungi to respond to environmental
challenges and quickly modulate secondary
metabolism, thereby minimizing any unnecessary
metabolic burden. In terms of metabolic shifting of
fungal metabolism occurs in the form of redirecting
acetyl-CoA away from the TCA cycle and toward
de novo fatty acid synthesis under conditions
of nitrogen-limitation and excess carbons. The
result of this metabolic reprogramming is the
accumulation of neutral lipids and primarily
triacylglycerides, which can account for 20%-70%
of dry cell weight in oleaginous fungi. The central
enzymes ATP-citrate lyase, acetyl-CoA carboxylase,
and fatty acid synthase are key control points in
lipid biosynthesis and provide the connection
between the mitochondrial carbon metabolism
and cytosolic fatty acid production.?” Another
important factor influencing lipid accumulation
is the availability of reducing power, specifically
NADPH. NADPH dependent reactions drive fatty
acid elongation and desaturation, such that
maintaining the redox balance is essential in
limiting lipid productivity. Therefore, the ability
of the pentose phosphate pathway, malic enzyme
activity and all alternative NADPH generating
pathways to be closely coordinated with the
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flux of lipid biosynthesis will determine lipid
yield and composition; thus, the importance
of these pathways will be exemplified in the
design of an effective fungal biofactory.?® At the
broader level, global metabolic controls, nutrient-
sensing signalling pathways and transcriptional
regulators all integrate environmental cues with
the intracellular metabolic state in order to
permit the fine-tuning of secondary metabolites
biosynthesis. Pathways that respond to nitrogen
sensing, carbon catabolite repression and stress
signalling can all influence the activation or
repression of the various fusion reactions.
Environmental conditions such as pH, temperature,

oxygen and substrate complexity also modify gene
expression, enzyme activity and metabolite profile,
contributing to the phenotypic plasticity of the
fungal production system.? Significant insight
into the regulatory logic of fungal secondary
metabolism and lipid biosynthesis developed
recently from advances in systems biology
and functional genomics. The intricacy of the
regulatory circuits and biosynthetic potential of
many fungal species have emerged from genome-
wide analysis, transcriptome expression profiling
and metabolomic mapping. Integrating these
insights into metabolic engineering strategies,
synthetic biology, and gene-editing will enable

Fungal platforms for bicenergy production

|
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Engineered yeasts
Pentose utilization
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Figure 3. Fungal conversion of renewable biomass into biofuels, biogas, and carbon-efficient energy systems
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the rational manipulation of key regulatory
nodes, derepression of silent gene clusters and
enhancement of the biosynthetic flux towards
desired products. Thus, these strategies provide
a means by which to exercise precise control over
the metabolism of fungi to develop high-yield,
robust fungal biofactories for the sustainable
production of bioenergy and biomaterials.°

Fungal platforms for bioenergy production

Bioenergy can be produced from a variety
of different fungal systems because of their ability
to depolymerize complex lignocellulose, ferment a
wide range of substrates, and function as part of
multi-organism bioenergy processing systems as
shown in Figure 3. The metabolic and enzymatic
flexibility of fungi, producing enzymes, and their
suitability for genetic and process engineering,
indicate that they will be key elements in the
development of next-generation bioenergy
technologies.?

Lignocellulosic biomass deconstruction
Lignocellulosic biomass is the most
plentiful source of renewable carbon on the planet;
however, the complex and recalcitrant nature of
this material has made bioenergy conversion
extremely difficult. Fungi are an important
contributor to the resolution of this problem
by secreting complete lignocellulolytic enzyme
systems. The lignocellulolytic enzymes include
cellulases (such as endoglucanases, exoglucanases
and B-glucosidases), hemicellulases (such as
xylanases, mannanase, and other accessory
enzymes) and lignin-modifying enzymes (such
as laccases, manganese peroxidases, and lignin
peroxidases).*! The cooperation of these different
enzymes performs efficient depolymerisation
of cellulose, hemicellulose and lignin to release
fermentable sugars and also to improve the
physical structure and substrate accessibility to
downstream microbial conversion. The white-rot
fungi are particularly efficient in removing lignin,
but they accomplish this by doing so in a selective
manner and not affecting the polysaccharides of
the lignocellulosic material. Recent improvements
in enzyme engineering, strain improvement and
consolidated bioprocessing approaches have all
enhanced the overall efficiency and economic

viability of deconstructing fungal biomass in
bioenergy industries.*

Metabolic engineering for bioethanol and
butanol production

Biofuels are produced from biomass and
vegetable oils using different technologies. Liquid
biofuels such as bioethanol and biobutanol can be
produced efficiently and at industrial scales using
fungi, particularly yeasts such as Saccharomyces
cerevisiae, which provide exceptional fermentative
efficiency, high tolerance to ethanol and robustness
under industrial conditions. As a result of several
genetic modifications targeting substrate
utilization, specifically the utilization of pentose
sugars derived from lignocellulosic hydrolysates,
the range of feedstocks available for producing
ethanol from fungi has now been extended to
include many additional sources.** Examples of
specific engineering strategies used to improve
fermentation rates include the enhancement of
several key fermentative pathways, optimization of
redox balance in fermentation, and minimization
of the carbon lost to products such as glycerol and
organic acids. More recently, significant strides
have been made toward improving the stress
tolerance of fungi so that they are better able to
withstand common inhibitors, osmotic pressure,
and elevated concentrations of ethanol; therefore,
higher product output and greater process
stability can be expected.** While less established
than the bacterial fermentation system for the
production of butanol, there are recent reports
indicating that fungal hosts can be engineered
to produce similar amounts of butanol through
the reconstruction of the butanol biosynthetic
pathway and the heterologous expression of the
butanol biosynthetic genes within the fungal host.
Thus, there is much potential for fungi to serve as
alternative hosts for the production of advanced
biofuels.®

Oleaginous fungi and biodiesel synthesis

The use of oleaginous fungi as biocatalysts/
hosts for producing biodiesel is growing because of
their ability to convert various carbon substrates
into intracellular lipids. Some of the key oleaginous
fungal species that have been identified include
Yarrowia lipolytica, Rhodosporidium and
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Mortierella. Fungi that grow in a high-carbon
and low-nitrogen environment can produce large
amounts of triacylglycerols (TAGs), which have a
fatty acid profile that closely resembles that of
vegetable oil. TAGs can be converted directly to
biodiesel by transesterification.?® The primary
focus of metabolic engineering efforts to further
increase the yield of lipids has been to increase
the availability of NADPH and acetyl-CoA, thereby
decreasing the flux through many competing
pathways. Process optimization techniques such as
performing continuous fed-batch fermentations,
regulating the level of oxygen availability during
fermentation and using low-cost substrates
(including byproducts from industrial activity) have
led to the consideration of oleaginous fungi as
candidates for sustainable biodiesel production.®”

Fungal consortia for biogas and biohydrogen
Fungiinanaerobicbioenergy systems have
significant benefits in increasing the operational
functionality of microbial consortia. Fungal-
bacterial consortia increase the productivity of
anaerobicfermentations by producingintermediate
products from hydrolysis reactions (i.e., simple
sugars and amino acids) that aid in the hydrolysis of
the insoluble organic materials used in anaerobic
digestion. The fungi also produce enzymes that
assist with converting lignocellulosic materials
into bioenergy, thereby resolving the bottleneck
of the hydrolysis phase of anaerobic digestion.3®
Fungal and bacterial interactions create synergistic
effects resulting in greater process stability, more
efficient substrate conversion, and higher rates
of methane production. Fungal pretreatment
techniques and co-culture systems have also been
shown to enhance hydrogen production via dark
fermentation, according to new findings from the
literature. Microbial mixtures can help to increase
biogas and biohydrogen yield from agricultural
waste, organic waste, and energy crop feedstock.**

Carbon sequestration and CO, biotransformation

Fungi play an important role in carbon
sequestration and decreasing carbon dioxide
(CO,) emissions by producing biofuels and
forming biomass, mineralization and chemical
transformations to remove carbon from their
surroundings. It is evident at the molecular
level that carbon sequestration occurs primarily

through the action of carbonic anhydrase (CA)
enzymes.* The principal function of fungi in carbon
sequestration is through the enzymes that create
bicarbonate and protons via the rapid, reversible
hydration of CO, (from ambient or metabolically
produced CO,) by CAs, most of which are in the beta
and alpha classes of metalloenzymes. By rapidly
generating bicarbonate in a localized fungus, the
chemical equilibrium is disturbed and a high local
supersaturation of carbonate ion is created.*
While this occurs, fungal hyphae produce and
secrete organic acids (e.g., citric acid, succinic
acid, oxalic acid) into their microenvironment,
thus weathering surrounding silicate and
aluminosilicate minerals to release divalent
cationic (e.g., Ca*™ or Mg**) minerals. Chemical
interaction (binding) of free-calcium cation and
other divalent cations to the negatively charged
functional groups (e.g., carboxyl and phosphoryl
groups) on the fungal cell wall (chitin and glucan)
allows for both cations to come into close physical
proximity to generate carbonate ions, facilitating
spontaneous precipitation of stable, crystalline
mineral phases like calcite (CaCO,) or magnesite
(MgCO0,).** Through enzymatic mineralization of
organic carbon, biological processes are linked
to long-term geological storage and to the
development of biotransformation systems that
can be used on a large-scale basis. Specifically,
fungi can be grown using carbon captured from
the air to create a structure that contains the
long-term biomass of the carbon. In addition,
by producing mineral carbonation, some fungi
enable the conversion of CO, into limestone-like
material - capable of stable long-term carbon
storage and significantly reducing total greenhouse
gases.® Finally, numerous species of fungi possess
metabolic pathways for biotransformation of
CO, (through either metabolic incorporation
or converting CO, using indirect metabolic
pathways), and using most of these pathways in
conjunction with bioenergy systems that recycle
CO, emitted from the generation of electricity as
part (in an interchangeable manner) of producing
energy from biological sources could increase the
efficiency of carbon recycling in energy generation
systems. Thus, coupling bioenergy and CO, capture
and use presents opportunities for developing
sustainable bioenergy systems and increasing the
rate of carbon efficiency.*
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Fungal systems for biomaterials development

Fungi are increasingly being recognized
as versatile bio-manufacturing systems, with great
potential for producing sustainable advanced
biomaterials in addition to their existing role as
a source of bioenergy. Compared to traditional
petrochemical-based processes, fungal biofactories
offer key advantages: bio-based renewable
feedstocks help to reduce reliance on fossil fuels;
low-energy processes minimize greenhouse
gas emissions; biodegradable products help to
reduce waste; and using Fungi produces a much
smaller ecological footprint than using petroleum.
Structurally diverse, fungal-derived polymers
can be engineered into biomaterials that have
mechanical, chemical and functional properties
that can be tailored through strain engineering
and process optimization.*

Mycelium-based materials and composites
Biomaterials based on mycelium are
largely obtained from filamentous basidiomycetes
and certain ascomycetes whose keys to developing
these biomaterials are the ability of their hyphal
networks to bind themselves together (self-

bind) as well as their mechanical strength and
durability (mechanical property). Examples
of species of fungi that have shown promise
to produce mycelium composites include
Ganoderma lucidum, Ganoderma applanatum,
Pleurotus ostreatus, Pleurotus eryngii, Pleurotus
florida, Trametes versicolor, Trametes hirsuta,
Fomes fomentarius, Schizophyllum commune,
Lentinula edodes, Hericium erinaceus, Pycnoporus
cinnabarinus, Phlebia radiata, Irpex lacteus, and
Coprinus comatus.* These fungi differ from each
other in hyphal diameter, frequency of branching,
composition of the cell wall, and ratio of chitin
to glucan. As such, the chemical and physical
characteristics of the materials made from mycelia
vary greatly in both density, compressive strength,
elasticity, and thermal characteristics among the
various species of fungi. For example, mycelia of
Ganoderma and Fomes species produce a dense,
mechanically strong mycelium suitable for making
load-bearing panels, while mycelium of Pleurotus
and Trametes species are produced with a lighter
density and are made to be optimally insulated
and packaged materials.”” Additionally, white-rot
fungi such as Trametes, Phlebia, and Pycnoporus

Fungal Cultivation & Fermentation
Sources — Key parameters influencing production — Type.s of
Fungal Biopolymers
Aspergillus, Penicillium, Carbon source, Nitrogen source, pH,
Rhizopus, Mucor, Temperature, Oxygen availability
Aureobasidium, Growth phase of the fungus
Schizophyllum, Ganoderma l l

Exopolysaccharides (EPS) —

Structural Biopolymers

Secreted Polymers (Cell Wall Components)
¥ ¥
v !} 1 ! ]
Schizophyllan Scleroglucan B-Glucans Pullulan Chitin Chitosan
+ Biomedical + Industrial «  Functional foods +  Edible films * Biodegradable packaging
materials thickening + Cosmetics +  Pharmaceutical materials )
* Immunotherapeutic agents * Biomedical Food coatings +  Water filtration
formulations * Stabilizers formulations *+ Biodegradable membranes
packaging *  Wound dressings

|

Customization Through Fermentation Control

Controlled parameters influence
*  Degree of branching

¢ Molecular weight distribution
*  Solubility and viscosity

* Drug delivery systems
* Agricultural coatings
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*Environmentally friendly production
+Consistent quality and scalability
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Figure 4. Fungal species produce diverse structural biopolymers and exopolysaccharides under controlled
fermentation conditions, enabling applications in biomedical, food, industrial, and environmental sectors while

offering sustainable alternatives to synthetic polymers
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will produce a degree of lignin degradation
(partial) on the substrates which will enhance the
binding ability of the fibers and produce a more
homogenous composite. The interaction between
the substrate and the fungi has a critical impact
on how a material will perform. The substrate is
composed of many different types of agriculture
residues such as wheat straw, rice husk, corn
stover, coconut coir, sawdust, and bagasse, which
are selectively colonized by particular fungi
based on their profiles of enzyme production
(composition of enzymes). Treatment of mycelia-
based composites after cultivation, such as heat
curing, compression molding, and application of
bio-based coatings, also help improve durability
and resistance to water damage. The number
of different species of fungi that can produce
mycelium composites demonstrates that this
technology can be scaled up and adapted as
necessary.*

Fungal biopolymers and polysaccharides
Fungal exopolysaccharides such as
scleroglucan, pullulan, and schizophyllan provide
diverse, flexible, and customizable frameworks
for industrial production that is dependent
on upstream fermentation conditions.***° For
example, the carbon-to-nitrogen ratio and
the level of oxygen can precisely tune a single
fermentation of Aureobasidium pullulans resulting
in different molecular weight dispersions and
different rheologically viscous matrices of
pullulan.®® This mechanical plasticity allows
a single production pathway to convert from
producing dense low permeability oxygen barrier
films for food packaging to producing highly
hydrated porous hydrogels used in biomedical
drug delivery devices.>>** Similarly, the properties
of schizophyllan and scleroglucan can be modified
through the local chemical environments
encountered during fermentation changing their
end useability from high shear viscosity industry
thickeners to highly compatible with tissue
engineering biomatrix applications.>>>® The matrix
versatility as well as the cross functionality of these
specific exopolysaccharides are shown in Figure 4.
Recent advances in synthetic biology
have moved beyond manipulating metabolism
of wild-type fungi to create genetically modified
species that produce advanced self-fabricating

living materials.’” For example, researchers can
genetically engineer Aspergillus niger to produce
a silica-forming enzyme (silicatein alpha) on its
hyphal surface thus allowing for the deposition
of silicate as a material on and throughout
the mycelium while it continues to grow. This
genetically modified method combined with
low-cost growth methods such as synthetic
lichen co-cultures may allow the development of
programmable technological advancements that
produce sustainable, reinforced and mineralized
mycomaterials.®

Fungal lipid-derived materials and bio-based
chemicals

A broad range of objectionable fungi
provides many different forms of industrial and
other applications which produce high levels of
intracellular lipids in response to various stimuli
(e.g., temperature, humidity). These fungi
produce significant levels of intracellular lipids
and have been cultured or engineered to produce
significant amounts of biofuels, pharmaceuticals
and other useful materials. Some of the most
commonly studied oleaginous fungi are Yarrowia
lipolytica, Yarrowia deformans, Rhodosporidium
toruloides, Rhodosporidium glutinis, Rhodotorula
mucilaginosa, Rhodotorula toruloides, Lipomyces
starkeyi, Lipomyces tetrasporus, Mortierella alpina,
Mortierella isabellina, Mortierella elongata,
Cunninghamella echinulata, Mucor circinelloides,
Trichosporon oleaginosus, and Cryptococcus
curvatus.®® Under conditions where nutrients
are limited but carbon sources are plentiful,
oleaginous fungi can produce between 20% and
70% lipid content of total cellular dry mass. The
lipids synthetic by these fungi typically contain a
very broad distribution of fatty acids, containing
all types of fatty acids, including long-chain
saturated, monounsaturated, and polyunsaturated
fatty acids (PUFAs). The genera Mortierella and
Cunninghamella are noted especially for their
ability to synthesize a number of high-value PUFAs,
including arachidonic acid and many others that
are of nutritional and industrial value.®® On the
other hand, Yarrowia spp. the Rhodosporidium
spp. are recognized as preferable platform
organisms for developing tailored lipids because
both have characteristics that make them highly
amenable to genetic modification, they have
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rapid growth rates, and can be manipulated using
metabolic engineering techniques. Fungal lipids
are capable of acting as renewable feedstocks
to manufacture a huge variety of bio-based
materials and bio-based chemicals (including
bioplastics, polyesters, polyurethanes, surfactants,
emulsifiers, lubricating agents, and coatings);
chemically and/or enzymatically modifying
fungal fatty acids can result in monomers and
oligomers suitable for polymer production as
sustainable alternatives to petroleum-based
feedstocks.®* Fungal lipid production platforms
provide several significant advantages over plant-
based oil production systems, including shorter
cultivation times than oilseed crops, independence
from climatic fluctuations or variability, reduced
pressure on land use and far greater compatibility
with carbon sources that are not from food.®?
Recent advancements in metabolic engineering
techniques have provided the means to more
precisely engineer lipid chain lengths, determine
degree of unsaturation, and engineer functional
groups by manipulating the flux of acetyl-CoA
through fatty acid synthesis, regulating desaturase
activity, and manipulating redox balance. These
improvements allow the design of specialized
lipids that will have enhanced performance
properties, therefore positioning the oleaginous
fungi to develop the next generation of bio-based
chemicals on a flexible and scalable basis.®

Fungal-derived nanomaterials and functionalized
biomaterials

Fungi are becoming an effective means
of producing environmentally safe materials due
to the ability of various species of fungus to carry
out metabolic activity and produce redox enzymes,
along with a wide variety of secreted biomolecules
associated with that process, when in existence. A
broad array of common fungal species, including
those previously listed in the preceding paragraph,
are able to produce metallic and metallic oxide
nanoparticles. Thus, a number of different
species of fungi, including Fusarium oxysporum
and others, are among the many types of fungi
being investigated for their ability to produce
a variety of different types of nanoparticles,
including silver, gold, and selenium nanoparticles,
among several other types of metal and metal
oxide nanoparticles, by means of multiple routes

of either enzymatic reduction mechanisms,
biomineralization processes, and by means
of intracellular or extracellular accumulation
mechanisms.®* A secretome derived from fungi
also contains various proteins, polysaccharides,
enzymes, and metabolites that can serve as both
reducing agents and protective capping agents for
producing nanoparticles from fungi, causing the
resulting nanoparticles with a more uniform size
distribution causing greater stability, and improved
biocompatibility than those of the conventional
chemical method of producing metals and their
oxides. The fact that fungi have been shown to
produce nanoparticles provides the possibility
of eliminating the requirement for the use of
toxic chemicals and harsh reaction conditions
typically associated with the manufacture of metal
materials through other means.®

In addition, many examples of the uses
of fungi-derived nanomaterials exist, including
in antimicrobial films, bioactive coatings, wound
dressings, biosensors, catalysts for a wide variety
of chemical reactions, as well as in remediation
of environmental damage. In addition, numerous
examples exist demonstrating how polysaccharides
(e.g., chitin) and proteins (e.g., many found in fungi)
have been used to develop functionalized surfaces.
There are several functionalized surfaces, including
but not limited to: enhancing adhesion; enhancing
antimicrobial properties; improving mechanical
support; and enhancing biocompatibility. Due
to the high level of concerns regarding health
and sustainability with regard to these types of
functionalization, these functionalized materials
are considered to be very attractive for use in
medical and environmental applications.®

Sustainability and life-cycle considerations
Production of fungal-derived biomaterials
offers several benefits compared to conventional
petrochemical production methods, particularly in
terms of sustainability. Fungi can utilize numerous
carbon sources and efficiently use agricultural
wastes, food processing wastes and other types
of “carbon feedstocks” (such as lignocellulosic
biomass and industrial by-products). Therefore,
fungi (e.g. Pleurotus, Trametes, Aspergillus,
Rhizopus, Ganoderma, Fusarium, Mucor, Yarrowia,
Aureobasidium, Mortierella, Trichoderma,
Penicillium, and Schizophyllum) could potentially
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produce biomaterials through low-cost and mixed
substrates, thus creating opportunities for the
valorisation of waste and the decentralisation
of manufacturing techniques.®” The studies of
life cycle assessments have proven consistently
that biomaterials produced from fungi exhibit
lower greenhouse gas emissions, less water
use, and superior energy efficiency as compared
to petroleum-based biomaterials. The overall
reduction of greenhouse gas emissions, lower
use of water, and increased energy efficiency
exhibited by biomaterials produced from fungi
can be attributed to factors associated with
their production, including conditions of mild
cultivation, reduction in high-temperature
processing, and limited reliance on hazardous
chemicals. Also, fungal-derived biomaterials
can be composted or returned back to natural
biogeochemical cycles through the biological
degradation process after they have served their
useful lifetime.®®%° The incorporation of fungal-
based biomaterials into circular bioeconomy
frameworks, such as the recycling of waste streams
into value-added products and reintegrating those
into production processes (circular production),
is an innovative method to achieve sustainable
production. Advancements made in areas such as
strain engineering, increase in production process
efficiency, and techno-economic optimization
are key elements of unlocking the industrially
and environmentally feasible output of fungal
biofactories.?

Metabolic and genetic engineering strategies
Advancements in systems biology,
synthetic biology and genome engineering
technologies over the past decade have resulted
in new types of fungal cell factories, facilitating
rational metabolic pathway redesigns; precise gene
expression control; and systematic biosynthetic
pathway optimisation. The combination of
computational modelling with experimental
validation has led to successful metabolic and
genetic engineering strategies that improve overall
product yield, as well as robustness and substrate
utilisation capabilities of fungal biofactories.?*

Omics-driven systems biology approaches
Omics-based systems approach to fungal
biotechnology are an integral part of modern-day

studies by providing extremely high resolution and
accuracy of biological processes at all stages of
cellular control. The availability of genomic data can
be used to discover the presence of biosynthetic
gene clusters, metabolic pathways, and regulatory
components that indicate the ability for fungi to
produce biofuels and bioproducts. There have
already been several genomics sequence data
generated for many industrially significant fungi
including Yarrowia lipolytica, Aspergillus niger,
Trichoderma reesei, Mortierella alpina, and
Rhodosporidium toruloides, with the availability of
high-quality genomic sequences greatly increasing
the ability to determine the extent of the metabolic
capacity and the number of biosynthetic pathways
that previously went undetected.” Transcriptomic
analysis further enhances this understanding
by characterizing the dynamic patterns of gene
expression in response to diverse nutritional
and environmental stimuli, and allowing for
identification of the key regulatory points of lipid
build-up, enzyme production, and synthesis of
secondary metabolites. Proteomics facilitates
a more accurate assessment of the biological
systems that control these metabolic processes
through the assessment of enzyme concentration,
post-translational modifications to enzymes,
and the levels of limitation or bottlenecks to the
metabolic pathways being utilized.” Through the
application of metabolomics, cellular flux and
metabolic intermediates can be quantitatively
measured in real-time. By integrating all of the
omics data obtained, an investigator can create
genome-scale metabolic models that can simulate
metabolic fluxes and inform the engineer’s rational
approach for modifying these strains. Therefore,
omics-based systems biology is the foundation
upon which data-driven optimization of fungal
biofactories is being developed.”

Synthetic biology Tools for pathway assembly
and optimization

The field of fungal metabolic engineering
is revolutionizing by utilizing synthetic biology
to create modular and programmable kits to
create biosynthetic pathways. Standardized
genetic components (promoters, terminators,
ribosome binding domains, etc.) have been
developed for use in fungal systems to provide
precise control over gene expression levels and
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biosynthetic pathway architecture through the
development of standard genetic elements. Now
that there are standardized element-based tools
for fungal metabolic engineering, we can recreate
native biosynthetic pathways and produce new
bioenergy carriers or biomaterials by using the
tools to build synthetic biosynthetic pathways
with a heterologous origin.’ Whole biosynthetic
pathways will be created by constructing multiple
gene pathway assembly approaches, allowing
for the synchronized expression of all the genes
involved, which helps alleviate any unbalance in
the ratio of the enzymes produced relative to the
amount of substrate available for metabolism
and helps minimize the burden of metabolism
on the fungus. Synthetic pathways created with
engineered biosynthetic elements can also provide
a means by which to create feedback circuits or
inducible or dynamic regulatory pathways, thereby
allowing for the temporal separation of the growth
and production phases to improve the overall
productivity of the system.”® The use of orthogonal
pathways and compartmentalized systems (e.g.,
targeting specific enzymes to the mitochondria or
peroxisomes) can also improve the flux through
metabolic pathways and reduce the potential for
metabolic interference between the pathways.
The engineering of synthetic biological systems is
also helping to engineer the regulatory networks
of biologically produced metabolites, thereby
enabling us to fine-tune the global regulatory
response to environmental stressors and enhance
the organism’s ability to withstand the stress of
fermentations at an industrial scale where there
is often a high level of variability and stress on the
fermenting organism.”

CRISPR—-Cas and RNAi-based genome engineering
in fungi

Genome editing using CRISPR—Cas systems
has revolutionized the field of fungal biotechnology
by providing a versatile tool for making rapid,
accurate, and multiple genetic modifications to
fungi. There are several fungi where CRISPR—Cas
genome editing technology has been successfully
applied, including Aspergillus, Trichoderma,
Yarrowia, Penicillium and Neurospora.” Fungal
genome engineering using CRISPR—Cas allows
targeted gene knockout, gene insertion and
regulatory modifications with high accuracy and

efficiency. With CRISPR technology, it is possible
to disrupt competing metabolic pathways, activate
silent clusters of biosynthetic genes or precisely
modulate key metabolic enzymes. Multiplexing
capabilities associated with CRISPR genome
editing enable the simultaneous modification of
multiple genes within a given fungal strain, which
has dramatically improved the speed at which
strains are developed and optimized.”® CRISPR
interference (CRISPRi) and CRISPR activation
(CRISPRa) systems provide reversible control
of gene expression, enable tunable control of
gene expression without creating a permanent
genetic alteration, and have the potential for
use in combination with other complementary
approaches such as RNA interference (RNAi). RNAI
remains an important complementary method for
partial gene silencing and the functional analysis
of essential genes. RNAi technology will provide
an opportunity to adjust metabolic flux patterns
and regulatory pathways in such a way that the
optimal balance is maintained during pathway
optimization while avoiding negative impacts on
cell viability. The combination of CRISPR—Cas and
RNAI creates a powerful set of tools to enable
genetic engineering of fungi.””

Adaptive evolution, promoter engineering, and
flux redirection

The coordinated use of rational genetic
engineering with evolutionary and regulatory
engineering is critical to maximize the potential
of fungal organisms as biofactories. Adaptive
laboratory evolution (ALE) makes possible the
development of fungal strains that are better
adapted to environmental stresses (e.g., high
levels of product, inhibitory compounds, osmotic
pressure and temperature variation) using
natural selection under controlled laboratory
conditions. Fungal strains developed by ALE
typically exhibit complex multigenic adaptive
responses that cannot be predicted through
rational means alone. The use of promoter
engineering allows for quantitative control of
gene expression by modifying the strength of
a particular promoter, regulatory motifs, and
responsiveness to environmental signals.”®
Promoter libraries made up of both constitutive
and inducible promoters will also allow for the
systematic tuning of enzyme expression levels to
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alleviate metabolic bottlenecks and achieve better
pathway balance. The generation of synthetic
promoters and hybrid promoters provides
for greater dynamic range in control of gene
expression in fungi. Flux redirection strategies to
maximize the efficiency of metabolizing carbon
into the desired end product involve redirecting
the flow of metabolic intermediates to that end
product by attenuating competing metabolic
pathways, improving the supply of precursors and
enhancing the availability of cofactors.” Common
targets for optimizing flux with respect to lipid
and secondary metabolite production are redox
balance, acetyl-CoA pool size, and regeneration of
NADPH. The combined use of adaptive evolution
with promoter engineering and flux engineering
allows for the development of robust, high-yielding
fungal strains suitable for large-scale production
of bioenergy and biomaterials.®

Industrial scaling and regulatory frontiers

The advanced CRISPR-Cas configurations,
multiplex workflows and use of different promoters
described in the previous sections provide an
unprecedented level of precision in the lab, but
scaling these engineered fungal strains to an
industrial bioreactor, the emergence of significant
physiological and evolutionary bottlenecks occurs
when transitioning from controlled and low-shear
shake flask conditions to one reflective of a higher
volume, industrial bioreactor. 8 The major challenge
to scalability is metabolic burden. Engineering
heterologous pathways at a high-copy-number
diverts large amounts of cellular energy, amino
acids and pools of precursors away from native cell
functions, ultimately reducing native cell fit and
ability to generate biomass.® The high-volume,
continuous and fed-batch fermentation conditions
typically used in an industrial fermentation create
a very intense selective environment that places
significant pressure on engineered strains. In
each consecutive generation strains can suffer
from genetic drift and phenotypic instability, as
spontaneous mutation and gene silencing can
delete the engineered constructs and favour the
faster-growing and non-producing revertant cells.??
To successfully scale these systems and circumvent
failures due to metabolic burden, strategies must
employ precise dynamic process parameters such
as modulating medium carbon-to-nitrogen (C/N)

ratios that decouple biomass accumulation from
target product biosynthesis and therefore limit
resource drain. In addition to the kinetic issues
associated with scale-up, the commercialization
of genetically-modified fungal cell factories will
require robust biocontainment strategies to
prevent the accidental escape and persistence
of synthetically engineered genes in natural
ecosystems.?* Traditional methods of physical
containment will not be feasible in an industrial
scale setting so the development of multi-layered
biological kill-switch strategies is necessary.
Multi-layered biological kill-switch strategies rely
primarily on passive containment of engineered
strains through synthetic auxotrophy. Under this
method, essential metabolic enzyme genes are
deleted so that the fungi in their engineered state
become strictly dependent on the continuous
artificial addition of specific nutrients and complex
metabolites that do not occur naturally in their
native environment.® These molecular safety
frameworks will dictate the pathway through the
complex international regulatory framework. In
the U.S.A. the commercialization of genetically
engineered fungal products must meet the
requirements outlined in the Coordinated
Framework for the Regulation of Biotechnology.
This framework is the basis for regulatory agencies’
evaluations of genetically engineered products
with regard to product safety, genetic modification
and environmental risk associated with the
intended use of said products.® Similarly, in the
European Union, all products produced through
modern genome editing are subject to extreme
scrutiny by regulatory authorities. Addressing
these translational friction points in early phases
of the molecular design process is imperative
to achieving the successful proliferation of
sustainable and commercially viable mycomaterial
industries that benefit from synthetic biology
toolkits.®”

Process intensification and fermentation
optimization

Due to advancements in strain ecology
that allow for enhanced levels of metabolism,
there will be many opportunities to improve the
efficiency and productivity of fungal cell factories.
However, in order for these new technologies to
economically viable, the processes used to produce
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metabolic products must be properly designed,
optimized, and scaled. Process intensification and
fermentation optimization are designed to increase
productivity, decrease costs, and improve resource
efficiency by integrating biological capabilities with
engineering principles. In fungal Biorefineries,
proper selection of fermentation mode; statistical
optimization of operational conditions; design
of advanced bioreactor systems; and waste
valorization methods are essential to achieving
economic and environmental sustainability.®
The industrial use of fungal cell factories
requires advanced optimisation (including process
intensification) to ensure the performance of the
biological system is balanced with the engineering
system. The intrinsic biosynthetic capacities of a
particular fungal strain can be established through
metabolic; however, realising that capacity at
an industrial scale requires the design, control,
and integration of upstream and downstream
processes in relation to the biopharmaceutical
industry. The ability to provide an efficient
bioprocessing system using fungi presents unique
challenges due to their morphological complexity,
diverse modes of growth, and sensitivity to their
growth environment, requiring carefully designed/
validated fermentation systems that provide
maximum levels of productivity, robustness, and
economic viability.®® A major consideration in the
design and optimisation of fungal bioprocesses is
the selection of an appropriate cultivation strategy.
At present, submerged fermentation is the primary
method of industrial cultivation because it is the
only strategy that can be supported using large-
scale bioreactors, that can be monitored using
automated sensors, and that has the ability to
provide tight control over severalimportant process
parameters including pH, temperature, dissolved
oxygen, and nutrients. The extent to which tight
control can be maintained within submerged
fermentation systems is particularly important
when producing enzymes, lipids, organic acids,
secondary metabolites, and recombinant proteins
because reproducible/consistent production is
very important.#” However, submerged systems
are generally characterised by their high-energy
consumption due to aeration and agitation along
with the associated challenges related to oxygen
transfer limitations and the increasing viscosity
of the broth due to filamentous growth. As a

result of these issues, solid-state fermentation is
receiving renewed interest as an efficient loss-cost
alternative to submerged fermentation for enzyme
production, conversion of lignocellulosic biomass,
and the manufacture of mycelium materials. The
utilisation of solid-state fermentation systems
more accurately mimic the natural habitats or
ecological niches of many filamentous fungi
thereby enhancing substrate colonisation,
increasing the stability of the final product and
therefore considerably decreasing the amount of
waste generated.®® Despite the significant progress
made in solid state fermentation, the scale-up of
fermentation utilizing solid states faces challenges
such as difficulty with mass and heat transfer, steam
control and process monitoring. Therefore, there is
agrowing interest in hybrid fermentation strategies
to combine the controllability of submerged to
utilize with efficiency of solid-state processing as
an important area for process intensification. The
use of statistical and computational optimization
methods in refining fungal fermentation processes
has become an essential part of the strategy.
Several multivariate statistical techniques such
as response surface methodology (RSM) and
design of experiments (DOE) allow for systematic
investigation of complex multi-parameter spaces
and capture the effect of interactions between
multiple variables that have traditionally been
overlooked by classical statistical optimization
techniques.?® The ability to identify optimum
operational ranges for production processes,
improve reproducibility and to significantly reduce
experimental burden is provided by statistical
and computational optimization methods. In
addition, when combined with systems biology
knowledge, statistical optimization methods
can provide a means for using data-driven
processes to refine fermented processes based
on the physiological characteristics and metabolic
excretion levels of the produced fungi. The design
and scale-up of bioreactors constitutes one of the
most complex and challenging elements in the
bioprocess development of fungal production. The
morphological (physical) heterogeneity of fungal
cultures; including dispersed mycelia (filamentous
network structures), pellets and clumps can greatly
influence the rheological properties of the culture,
the oxygen transfer efficiency and the nutrient
media distribution present in a given bioreactor.”
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These phenomena contribute to very different
production outcomes and present obstacles
to translating processes from laboratory-scale
operations to those conducted on an industrial-
scale basis. The configurations must be purposely
selected and designed to provide sufficient
mixing but not excessive shear within the reactor,
particularly in applications where the filamentous
organismis used for production. Innovative reactor
designs exist beyond conventional stirred-tank
systems (e.g., airlift reactors, bubble column,
packed bed systems, and rotating bioreactors) to
minimize mechanical stress and maintain mass
transfer. Within intensified fungal bioprocesses,
the judgement for in-line real-time monitoring
and control systems is being recognized as very
important.®® On-line monitoring systems can
dynamically adjust operating parameters through
monitoring dissolved oxygen, carbon dioxide
evolution, biomass concentration, and metabolic
indicators. As a result, performance can be
maintained when load changes occur. Digital tools
have been developed to improve predictive control
and scalability, including integration of digital tools
for process modelling and soft sensors. Within
long-term fermentations and substrate and waste-
based processes, substantial variation in substrate
composition can contribute to instability.

Fungal biorefines are still experiencing
a primary economic bottleneck due to long-time
consuming and costly downstream processing and
for this reason, which makes it one of the largest
percentages of total operating production costs.*?
However, during the period of active cultivation,
the build-up of target fungal mycomaterials
precursor products, secondary metabolites, and
organic acids often create extreme toxicities of
the end products, therefore creating feedback
inhibition of fungal growth and subsequently
limiting volumetric yields because of the chemical
toxicity. In the event that the momentum of
chemical toxicity continues to occur, continuous
shifting of the thermodynamic equilibria is
necessary to favourably increase the production
rates.®® This can be accomplished through
the integration of advanced in-situ product
recovery (ISPR) technology architecture within the
upstream phase of the cultivation process through
the use of targeted separation mechanisms
[e.g. pervaporation via selective permeable

membranes, gas stripping through sparging
the inert gas in the cultivation for the volatile
components, or biocompatible extractive liquid-
liquid fermentation (LLF)], which will permit
the removal of inhibitory compounds from the
product inventory without adversely impacting
the viability of the mycelium or breaking down
the fragile networks of the mycelium (hyphae).**
In addition to the need for the integration of
advanced ISPR technologies within the upstream
cultivation process (i.e. targeted separation),
the development of a process intensification
framework that includes the use of continuous
or semi-continuous multi-stage processing
cascades instead of stand-alone batch operations
is essential to achieving long-term industrial
scalability and economic viability through linking
advanced bioreactors (multi-stage operationally
isolated) in such a series, permits the ability to
dynamically optimise and isolate each stage of
operation according to the kinetic growth of the
fungus.®? For instance, the early stages could be
designed for the purpose of optimally cultivating
vegetative mycelium in a steady-state under
optimal nutrient load and the later stages could
quickly be altered from the continuous cultivation
of vegetative mycelium to trigger secondary
metabolic processes, initiate lysis of the mycelium,
and commence mineral-protein secretion of the
products. The multi-stage cascade approach would
effectively eliminate the high cost of the dead-time,
washing cycles, and extended lag-phase associated
with batch fermentation, thus maximising the
performance of the total production and stabilising
the economics of operation of the overall process.
A major benefit of this type of design is that it
lends itself well to using waste feedstocks from
agricultural and industrial sources; a significant
advantage of fungal cell factories over other
restricted methods (e.g. bacterial cultures), due
to the increased efficiency of the mycelium to
metabolise larger quantities of heterogeneous
lignocellulosic residues as well as wastes from
food and/or food processing.*> However, the highly
variable nature of the raw waste streams presents
a range of unique challenges in terms of process
control, requiring extensive strain development
and flexible fermentation management to
maintain stable, steady-state continuous outputs
of finished products. Ultimately, the integration
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of the processes and process intensification
strategies between upstream and downstream
operations with the circular bioeconomy model is
crucial for decreasing the life-cycle environmental
impacts.®® Continued innovations in the areas of
continuous multi-stage cascading, specialised in-
situ extraction technologies, and comprehensive
techno-economical evaluations will be the
determining factors in the successful transition
of these factories from single, isolated laboratory
studies to commercially viable and sustainable
bio-industries.?

Integration of Fungal Bioprocesses into the
Circular Bioeconomy

The integration of fungi into the circular
bioeconomy is a fundamental shift from linear
resource-dependent production models into
regenerative flexible industrial systems requiring
fewer resources. Fungi occupy a unique and
advantageous position within circular bioeconomic
frameworks due to their abundant metabolic
pathways, adaptive ecology and ability to convert
functionally diverse types of organic waste
into high-value bioenergy products/bio-based
materials. Unlike traditional bio-based production
systems which primarily rely on processed and
refined raw materials or monoculture crops as
a substrate, fungal-based systems are able to
efficiently cascade waste streams from agriculture,
food processing and other industries in order to
produce fuels, polymers, enzymes and functional
materials thus creating closed loops of raw material
usage and minimising waste generation.®” Techno-
economic analyses and life-cycle assessments
consistently show that fungal bioprocesses are
capable of producing competitive pricing while also
providing considerable environmental benefits
when viewed through system-level perspectives.
Fungi can grow under mild processing conditions
which significantly reduces energy inputs required
for the process. Waste products can provide
significant amounts of inexpensive raw material
for fungi-based systems, reducing input costs and
GHG emissions from waste disposal. Fungi-based
systems can be more economically viable and
have greater returns on investment when part
of a biorefinery system that produces multiple
products. Integrated valorisation strategies
are essential to providing financial solutions to

address the economic challenges preventing
the scaling of bio-based technologies.?® Fungal
bioprocesses are characterized by a number of
environmental advantages when compared to
petrochemical production methods and also
compared to crop-based bioprocesses. Fungal
bioprocesses generally produce lower GHG
emissions than either of these types of production
processes, use less water, and provide greater
land-use efficiencies as a result of their cultivation
methods.®” Additionally, because of their natural
qualities of biodegradability and biocompatibility,
fungal-derived materials provide opportunities for
positive end-of-life environmental outcomes such
as: composting, biodegradation and reapplication
into biological nutrient cycles. Additionally, the
formation and mineralization processes of fungal
biomass contribute to carbon sequestration
helping to establish an ecosystem that can
facilitate the mitigation of climate change. Fungal
bioprocesses are now being adopted by industries
in all sectors of the economy including bioenergy,
materials science and sustainable manufacturing.”
Mycelium composites are now commercially
available as sustainable substitutes for synthetic
foam products, leather and packaging, while fungal
enzymes continue to comprise the operational
backbone of large-scale bioconversion operations.
The work on oleaginous fungi has made progress
as bio-lipid producers for fuels, surfactants and
polymer precursors particularly in the utilization
of industrial waste streams. These advances
demonstrate that fungal-based systems can be
used in large-scale commercial applications if they
are developed correctly with regard to process
optimization, regulatory frameworks, and market
integration. While there is a number of potential
uses for fungal-based systems, continued efforts
in the areas of strain development and process
intensification as well as effective policies will be
necessary to promote widespread adoption of
fungi into the circular bioeconomy.'® Obstacles
continue with scaling over time, ensuring process
repeatability, and obtaining regulatory approvals;
these obstacles are also particularly relevant to
new types of fungal-based products (e.g., bio-
based chemicals). Addressing these obstacles can
be accomplished by advancing interdisciplinary
research, establishing public-private partnerships
to advance fungi as a bio-economy, and developing
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supportive policies that promote the maximum
potential of fungi as cell factories. Ultimately,
integrating fungal based bioprocesses into
the circular bioeconomy systems will provide
a science-based, environmentally sustainable
pathway for decarbonizing industrial production
and will create long-term sustainable access to
our natural resources.*

Challenges and future directions

Despite advances in fungal biotechnology,
barriers to full-scale implementation of fungal cell
factories for bioenergy and biomaterials continue
to exist, most notably scientific, technological,
and regulatory limitations. One of the greatest
obstacles is the genetic and phenotypic
instability associated with engineered fungal
strains during extended cultivation periods and
industrial fermentation processes.'! Filamentous
fungi typically possess complicated genome
architectures, are multinucleate (contain multiple
nuclei per cell) hyphal organisms, and exhibit
varying levels of epigenetic plasticity, all of
which can negatively impact the consistency of
expressing engineered pathways and decrease
product yield over time. In addition to the factors
listed above, heterologous pathway expression
may inadvertently create metabolic burdens
that may limit growth, stress tolerance, and
long-term stability of engineered strains.®?
Addressing these issues will require obtaining a
greater understanding of a fungal strains’ genomic
plasticity, transcriptional control, chromatin
remodelling, and post-transcriptional regulatory
mechanisms, developing genetically-stable strains
with robust genetic architectures and tightly-
controlled expression systems, and developing
modes of biosafety and regulatory protocols that
protect human health and the environment as
fungi-based technologies increasingly are used
in open/semi-open industrial systems. Using
genetically modified fungi in open or semi-open
systems, can create risks for environmental release
of transgenes via horizontal gene transfer, as well
as potential for human exposure via workplace
environments to genetically-modified organisms
(GMOs) during their manufacturing processes.®”
Moreover, some engineered strains will contain
pathogens or produce mycotoxins based on climatic
conditions allowing much stricter selection criteria

for the parent strains to be maintained to comply
with all regulatory requirements associated with
biosafety of fungi. Therefore, harmonization of the
international biosafety framework as it pertains to
GMOs associated with fungi and development of
clearer path for regulatory approval will ultimately
facilitate the industrialisation of fungal-based
biotechnologies while ensuring safe use for
individuals and safeguarding the ecosystem. In
the future, the use of data driven and artificial
intelligence based strategies are set to radically
change how fungal strains are developed and how
the development process is optimized. Because
of the incredible growth of the number and type
of multi-omic dataset types (including genomics,
transcriptomics, proteomics, metabolomics,
and fluxomics), able to gain greater insight into
how fungal organisms process resources within
a systems-level framework than ever possible
before.® Using models that are based on machine
learning and Al, can integrate nascent multi-
omic datasets in order to predict where there
are metabolic bottlenecks, identify engineering
targets that may not have been previously obvious;
rational pathway design can be facilitated with
much higher precision than has been achieved
in traditional trial-and-error approaches. Digital
twins of both fungal biology and the processes
used to produce fungi, through the combination
of modelling biological organisms with real-
time production data, will provide the means to
accelerate the development of improved strains of
fungi, optimise fermentation processes associated
with fungi production, increase production scales,
and lower development costs and timelines.
Along with providing a method for creating value
from waste carbon, the use of fungal biology will
play a major role in the transition to a carbon
neutral or net zero carbon economy.'® Fungal cell
factory systems will provide efficient, low carbon
and scalable replacements for fossil-derived
fuel, polymers, and chemicals while generating
value from the waste carbon streams created as
part of their production process. The industrial
greenhouse gas emissions resulting from the use of
fungal products can be greatly reduced when fungi
are used in carbon-neutral or carbon-negative
systems. By coupling fungal bioprocesses with
carbon capture technologies, using renewable
energy inputs to run the fungal bioprocesses and
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establishing circular biorefineries, it is possible
to create a minimal amount of carbon emissions
from the production process for fungi. Fungi are
also capable of carbon sequestration through their
ability to create biomass, stabilise soils and store
minerals, thus adding another level of potential
climate change mitigation that fungi provide.®’
Therefore, future research will need to advance
the ability to integrate all disciplines that are
involved in fungal biology, synthetic biology, data
science and engineering to provide a unified
structure for sustainability. Investment into multi-
disciplinary research, including the development
of standardized platforms and translationally
focused infrastructure, will be necessary to break
down barriers currently existing around fully
unlocking the potential of fungal biotechnology. As
the demand for sustainable production intensifies
globally, it is anticipated that the use of fungal cell
factories will not only be explored as alternative
production options but also within centralised
systems supporting) resilient, circular, and low-
carbon bio-economies.**

CONCLUSION

The use of fungal cell factories is very
versatile and reliable as a biological system to
produce energy carriers and high-end materials
sustainably. Fungi’s metabolic capabilities,
including the ability to use complex and low-
value feedstocks and produce enzymes, lipids,
polymers, and other functional products, give
them an advantage over many conventional and
petrochemical ways to manufacture products.
The fungi physiology and metabolism, which
includes their metabolic flexibility in central carbon
metabolism and their ability to regulate pathways
of secondary metabolic compounds, provide an
efficient way to create value-added products from
renewable feedstocks to produce value-added
products. The advancements made to date in
metabolic and genetic engineering technology
have significantly increased the overall capabilities
of fungi as the basis of biological systems for
producing products, by allowing researchers to
fully control the biosynthetic pathway in terms of
production levels and products produced. The use
of “omics” approaches to develop new strains using
synthetic biology techniques and genome editing

technologies has accelerated the development of
new strains, improved process predictability, and
increased scalability of plant-based products. In
addition, advances in fermentation optimization,
bioreactor design, and resource valorization
have resulted in increased economic feasibility
of the use of fungal-based processes for various
industries. Fungal-based biomaterials, such as
mycelium composites, biopolymers, lipids, and
biologically synthesized nanoparticles, have shown
excellent potential for biomedical uses, packaging,
construction, and other functional materials.
These biomaterials can be produced in an
environmentally friendly manner, are compatible
with the concepts of a circular bioeconomy,
and thus have the potential to be used to solve
some of the sustainability issues that are facing
the world today. LCA and techno-economic
assessments have consistently shown that fungal
biomaterials are better for the environment and
are more resource-efficient than products derived
from fossil fuels. Fungal biotechnology has made
great strides towards addressing many of the
challenges associated with fungal bioprocesses,
including issues relating to genetic stability,
regulatory issues, biosafety concerns, and large-
scale variability in manufacturing processes. By
working together and using a multidisciplinary
approach thatincludes biology, computer science,
and engineering, researchers will have the
tools necessary and ability to develop fungal
bioprocess technologies on a commercial scale
from laboratory innovations. Fungi will have a key
role in providing resilient, low-carbon, and circular
manufacturing systems as pressure continues to
increase to decarbonize industrial production
and decrease our reliance on non-renewable
resources. Fungi as cell factories represent
an outstanding route to produce sustainable
bioenergy and biomaterials and contribute to a
sustainable low-carbon industrial infrastructure.
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