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A B S T R A C T

Filamentous fungi drive carbon and nutrient cycling across our global ecosystems, through its interactions with
growing and decaying flora and their constituent microbiomes. The remarkable metabolic diversity, secretion
ability, and fiber-like mycelial structure that have evolved in filamentous fungi have been increasingly exploited
in commercial operations. The industrial potential of mycelial fermentation ranges from the discovery and bio-
production of enzymes and bioactive compounds, the decarbonization of food and material production, to
environmental remediation and enhanced agricultural production. Despite its fundamental impact in ecology and
biotechnology, molds and mushrooms have not, to-date, significantly intersected with synthetic biology in ways
comparable to other industrial cell factories (e.g. Escherichia coli,Saccharomyces cerevisiae, and Komagataella
phaffii). In this review, we summarize a suite of synthetic biology and computational tools for the mining, en-
gineering and optimization of filamentous fungi as a bioproduction chassis. A combination of methods across
genetic engineering, mutagenesis, experimental evolution, and computational modeling can be used to address
strain development bottlenecks in established and emerging industries. These include slow mycelium growth rate,
low production yields, non-optimal growth in alternative feedstocks, and difficulties in downstream purification.
In the scope of biomanufacturing, we then detail previous efforts in improving key bottlenecks by targeting
protein processing and secretion pathways, hyphae morphogenesis, and transcriptional control. Bringing syn-
thetic biology practices into the hidden world of molds and mushrooms will serve to expand the limited panel of
host organisms that allow for commercially-feasible and environmentally-sustainable bioproduction of enzymes,
chemicals, therapeutics, foods, and materials of the future.
1. Introduction

The largest and oldest known living organism on earth is a filamen-
tous fungus [1]. An individual mushroom-forming Armillaria ostoyae that
resides in Oregon spans an estimated 3.5 square miles and is at least 2400
years old [1,2]. An incredible variety of these mushroom-forming fungi
colonize terrestrial habitats through the formation of a mycelial network.
Unlike yeast, which grow as unicellular organisms, filamentous fungi
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grow vegetatively as multicellular hyphae filaments, which branch and
intermesh into underground mycelial networks (Fig. 1). This not only
facilitates the resource foraging and biomass growth of the organism it-
self, but also mediates interactions between different organisms and
ecosystems across space and time [3]. Combined with their mycelial
structure, filamentous fungi, in particular white-rot fungi in the class of
Agaricomycetes, secrete a diverse portfolio of carbohydrate-active en-
zymes (CAZymes) at the tips of their growing hyphae to degrade
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Fig. 1. Biochemical, ecological, and structural properties of filamentous fungi. Filamentous fungi drive carbon cycling in terrestrial systems - saprotrophic fungi
secrete primary metabolites to decompose organic litters, while mycorrhizal fungi associate with plant roots to store fixed carbon into recalcitrant biomass. Their root-
like structure, called mycelium, forms a network of branching, thread-like hyphae that are important crosswalks of interkingdom interactions. These biochemical and
ecological roles can be exploited for bioproduction of primary and secondary metabolites, bioremediation of organic contaminants, and carbon sink.
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lignocellulose biomass into oligosaccharides, cellobiose and glucose
[4–7]. The multifaceted versatility of filamentous fungi also relates to
their unique reproductive strategies and spore dispersal traits. Triggered
by environmental cues such as the availability of nutrients, Basidiomy-
cetes form large fruiting bodies widely known as mushrooms to generate
sexual spores [8,9]. While also able to form fruiting bodies, Ascomycetes
predominantly reproduce asexually by dispersible conidia or by frag-
ments [10].

Human interactions with filamentous fungi dates back to the history
of food foraging, with the first anthropological record of mushrooms in
the human diet predicted to be as early as the Upper Paleolithic Period
[11]. The domestication of filamentous fungi as a food source began as
mushrooms were cultivated in Asia, first by China in the 7th century,
followed by Europe in the 17th century [12]. Meanwhile, mixed cultures
of select species of molds, including Aspergillus and Penicillium, by virtue
of their metabolic richness, have been exploited in the traditional
fermentation of widely appreciated food and beverages such as salami,
blue cheese, soy sauce and sake [13].

Since World War II, the isolation of single filamentous fungal strains
and their secondary metabolites, such as the beta-lactam antibiotics (e.g.
penicillin and cephalosporin) launched a new era of biomanufacturing.
In addition, molds’ exceptionally high capacity of expressing and
secreting proteins made them ideal workhorses for producing native or
recombinant enzymes, accounting for over 50% of the industrial enzyme
market [14,15]. Today, interdisciplinary scientists are exploring novel
ways to utilize the metabolic, secretory, and structural properties of
filamentous fungi that can benefit human societies, animal welfare and
ecosystems at large. For example, fungal mycelium can be made into
bio-leather materials and fibrous, high-protein meat alternatives
[16–18]. Moreover, mycorrhizal fungi that form symbiotic relationships
with plants are applied to enhance crop production and climate resilience
[19,20]. Filamentous fungi are also being explored for its ability to
valorize agricultural and forestry waste [21,22], and biologically reme-
diate ecological hazards [23,24].

Despite their ecological and biotechnological importance, filamen-
tous fungi have been historically overlooked by synthetic biologists [25].
Although there is precedent for engineering mycelial networks (detailed
in Section 4), the development of molecular or synthetic biology tools,
both to study the biology of filamentous fungi and to genetically improve
the strains, has lagged behind compared to yeast and prokaryotes [17].
The increased complexity of their genomes (and their associated
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metabolic and cellular processes) paired with the lack of molecular tools
have greatly impeded the pace of innovation in filamentous fungi engi-
neering. As they are becoming attractive cell factories or biomass prod-
ucts, there is an increasing need to build a fungal synthetic biology
toolbox to improve endogenous or heterologous production of proteins
and bioactive compounds, and to develop final products with desirable
functional and structural characteristics [26,27]. In this review, we will
summarize the current applications and technical limitations in the
fungal biotechnology space, as well as the genetic engineering, compu-
tational, and other synthetic biology tools that are currently applied or
can be applied to address these technological challenges. The conver-
gence of synthetic biology andmycobiology may ultimately pave the way
for the next revolution in the bioeconomy.

2. Biomanufacturing and sustainability applications

2.1. Organic acids and industrial enzyme bioproduction

Since the early days of biomanufacturing, extracellular primary me-
tabolites derived from filamentous fungi sources have been extracted to
support a plethora of industry sectors, from food and pulp and paper to
textile, agriculture, animal health, bioenergy and bioremediation [28].
Lacking digestive systems, molds and mushrooms secrete various cata-
bolic enzymes into the surroundings of their mycelia to hydrolyze car-
bohydrates, proteins, and lipids from other organisms, converting them
into smaller molecules before transporting them into the cells [29,30].
For example, white rot fungi secrete several lytic enzymes to attack
plant-derived cellulose- and lignin-rich organic matter, cutting
high-molecular weight lignocellulose into shorter fragments [31,32].
These hydrolytic and oxidative enzymes play important roles in carbon
and nitrogen assimilation and are considered fundamental agents in the
generation of primary metabolites (e.g. amino acids, organic acids, nu-
cleosides) vital for the growth of the organisms. Due to high production
yields during industrial fermentation, simple cultivation methods and
simultaneous biomass production, filamentous-fungi derived enzymes
contribute to more than half of the industrial enzyme market, in partic-
ular up to 82% of the enzymes in the food and beverage sector [33].
Established industrial workhorse species include Aspergillus niger (citric
acid, gluconic acid, CAZymes), Penicillium chrysogenum (penicillin),
A. oryzae (amylase, pectinase), Trichoderma reesei (cellulase) (Fig. 2), and
more recently Myceliophthora thermophila [33,34].



Fig. 2. Overview of notable industrial filamentous fungi host species and their associated products, categorized into groups according to taxonomic class (order and
family not provided). Production of native enzymes, organic acids, and secondary metabolites (pharmaceuticals) by Ascomycota molds are the predominant appli-
cations for filamentous fungi in biomanufacturing. Emerging applications include use of Basidiomycetes organisms for food and materials biomanufacturing, as well as
use of established cell factories (e.g. Aspergillus, Penicillium) for heterologous protein production. Composite material shown is Ecovative's Mushroom® packaging,
mycelium leather is Bolt Threads Mylo™, and mycelium meat is MyForest Foods' MyBacon. The breadth of organisms used across industries is limited and the rich
diversity of the fungal kingdom is highly under-explored.
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2.2. Secondary metabolite discovery and therapeutic potential

In nature, the secretion of secondary metabolites, also known as
natural products, is critical to fungal development and defense, usually
triggered by intra-kingdom and inter-kingdom communications and in-
teractions with other fungi, plants, microorganisms or insects. For
example, when encountering the bacterium Ralstonia solanacearum
secreting lipopeptide ralsolamycin, Fusarium species form chlamydo-
spore and turn on the expression of bikaverin gene cluster responsible for
reducing the bacterium entry [35]. It is estimated that over 40% fungal
species exhibit antimicrobial or antifungal activities under natural con-
ditions [36]. This rich source of biologically active secondary metabolites
has been harnessed in the past hundred years – the most prominent
example is the discovery of penicillin, the first antibiotic compound
isolated from the mold Penicillium chrysogenum which revolutionized
drug discovery [37]. Many therapeutic agents have since then been
derived from fungal secondary metabolites, including fusidic acid and
griseofulvin as antimicrobials (isolated from Fusidium coccineum [38] and
Penicillium griseofulvum [39], respectively), anidulafungin and caspo-
fungin as antifungals (from Aspergillus rugulovalvus and Saccharopolyspora
erythraea, respectively [40]), paclitaxel as an anticancer drug (from the
3

endophyte Taxomyces andreanae [41]), lovastatin and mevastatin as
cholesterol-lowering agents (from Aspergillus terreus and Penicillium cit-
rinum, respectively [42]), cyclosporine and mycophenolic acid as im-
munosuppressants (from Cylindrocarpon lucidum [43] and Penicillium
brevicompactum [44], respectively) and ergometrine as vasoconstrictors
(from Claviceps purpurea [45]).

The explosion of genomic information and popularization of untar-
geted metabolomics techniques are unveiling the enormous biosynthetic
potential of fungi. Major classes of secondary metabolites encoded in
fungal genomes are categorized into polyketides (PKs), terpenes, non-
ribosomal peptides (NRPs), indole alkaloids, etc. based on the struc-
tural backbones that use acetyl-CoAs or amino acids as building blocks
[36,46,47]. These classes of secondary metabolites are mostly encoded
by biosynthetic gene clusters (BGCs) whose protein products catalyze
and regulate the synthesis and modification of the backbone scaffold of
the metabolite. Nowadays, bioinformatics algorithms predict on average
30–70 BGCs in each fungal species rich in secondarymetabolites [48]. An
estimate of 25,000 BGCs exists just considering the 693 species in the
Aspergillus and Penicillium genera alone. The number of BGCs harbored in
the fungal kingdom easily exceeds several million under significant un-
derestimation [36]. To explore the pharmaceutical potentials of these
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uncovered BGCs, synthetic biology methods can be utilized to screen for
biochemical activities of synthesized natural products to drug targets
[49] and to increase the metabolite production through native or het-
erologous expression [49].

2.3. Materials and food

Filamentous fungi extend their mycelium to reach organic food
sources in the surroundings and incorporate these particles into their
hyphal network, forming a composite material [50,51]. In the case of
mushroom-forming fungi such as Ganoderma lucidum and Pleurotus
ostreatus, their glucan- and chitin-rich hyphae bind plant-derived sub-
strates rich in cellulose and lignin together, conferring high rigidity to the
overall interconnected structure [52,53]. After being treated by heat
inactivation, these mycelium-based composite materials are mechani-
cally strong enough to serve as packaging materials and structural
components in furniture and installations at the architectural scale
[54–56]. Several filamentous fungi can use their mycelium as nucleation
sites for calcium carbonate biomineralization, further expanding the
usability of mycelium composites as structural materials [57,58]. Fungal
mycelia also synthesize a wide spectrum of pigments [59,60], form stable
communities with engineerable bacteria [61], and are compatible with
extrusion-based additive manufacturing [62], making them a popular
chassis for engineered living materials [63–67].

Pure mycelium consisting of only fungal biomass can be acquired
through the complete digestion of solid feedstock, isolating mycelium
pellets from liquid culture, or inducing aerial mycelium formation [68].
After compression and surface treatment, pure mycelium shows texture
and flexibility resembling animal hides. Recently, several companies
have explored using these materials as sustainable leather alternatives for
use in footwear, bags, and apparel [68]. Since the properties of pure
mycelium are largely determined by the growth of filamentous fungi,
genetically engineering these fungal strains could lead to materials
optimization where design parameters are tunable using synthetic
biology. For example, allowing genetically modified mycelium to express
unique pigments and animal proteins functionalizes the materials as they
grow and reduce the environmental impact of sourcing these elements
from other organisms.

Beyond leather products, pure mycelium is a prime candidate for
animal protein alternatives because of its fibrous texture and high protein
content with amino acid profiles similar to meat, with additional health
benefits. Mushrooms and food fermented by filamentous fungi have
played important roles over millennia in food cultures and technologies
worldwide [69]. For example, Tempeh, a traditional Indonesian soy food,
is prepared from soybean fermentation using the mold strain Rhizopus
oligosporus, whose mycelium binds the beans together and creates a rich
smoky flavor [70]. More recently, Fusarium species have become an
emergent player in manufacturing mycoproteins in industrial bio-
reactors, along with others such as A. oryzae, L. edodes, and P. ostreatus
[51,71,72]. These pure myceliummaterials grown in liquid or solid-state
bioreactors can be processed into various forms, including protein
powder or mimicking the texture of whole-cut meat when their hyphal
filaments are well aligned. The mycelial foam can also serve as a scaffold
for growing mammalian cells and cultured meat [73,74]. Growing these
versatile fungal foods are highly efficient in land and water use, emerging
as an indispensable solution for sustainable protein production.

Besides serving as the structural components of protein-rich food,
filamentous fungi are also attractive cell factories for efficient and large-
scale recombinant production of animal proteins, due to their cheap
feedstock requirements, powerful secretory pathways, and post-
translational protein modification ability. A number of animal protein
ingredients, mainly milk, dairy and egg proteins, have high market de-
mands because of their flexible functional properties such as gelling,
foaming and emulsification [75,76]. Bioproduction by filamentous fungi
could enable correct glycosylation of target animal proteins, which plays
a role in protein folding and maturation that are essential to replicating
4

the functional properties of the secreted ingredients [29].
For either biomass or precision fermentation, only a limited number

of fungal strains have been scaled up for commercial-level
manufacturing. Bioprospecting new strains with superior metabolic and
physiological properties to identify chassis with better protein quality,
less dependency on sugar-based feedstocks, and stable batch-to-batch
product yields in large fermenters are key innovation priorities [77].
Alternatively, current fungal strains can be improved with smart
breeding tools to select for higher protein and fiber contents, or geneti-
cally engineered to increase titers and yields of correctly folded and
decorated heterologous proteins [75]. To improve the scalability of the
fermentation process and drive down the cost, side streams from food
and beverage industry and crop harvesting, such as brewer spent grains
and corn residues, can be upcycled by certain fungal species identified
through experimental screening or computational prediction of potential
feedstock range [78,79].

2.4. Ecological bioremediation

Filamentous fungi, the main decomposers across a wide spectrum of
ecosystems, have been gaining scientific interest for its innate abilities for
bioremediation applications [31,32]. Compared with bacteria, which are
widely deployed for bioremediation and typically require a continuous
water phase to grow, filamentous fungi can extend their mycelia across
the air-liquid interface into air-filled pores in the soil [80]. Fungal
mycelia can thus reach areas inaccessible to bacterial biofilms and form
bridges transporting nutrients and chemicals across discontinuous mi-
crohabitats [81]. In these environments, fungal cells absorb molecules
from enzymatic degradation together with other chemicals, such as
heavy metals and metalloids, and convert them into less toxic forms
intracellularly.

Many secreted catabolic enzymes have low substrate specificity,
allowing filamentous fungi to degrade structurally diverse chemicals,
including various organic pollutants and plastics [31,82,83]. Extracel-
lular oxidoreductases, including laccases and various peroxidases, are
among the most seen in fungal-secreted enzymes that can degrade a wide
spectrum of pollutants like benzene, toluene, ethylbenzene, and xylenes
(BTEX) compounds, phenols, endocrine disrupting chemicals (EDCs),
synthetic dyes, polycyclic aromatic hydrocarbons (PAHs), explosives,
organochlorines, and methyl-tert-butylether (MTBE) [32]. Together with
versatile cell-bound enzymes like cytochrome P450 [23], these enzymes
make filamentous fungi ideal candidates for removing pollutants in waste
streams, topsoil, and water [24,84,85].

Toxic metals, including heavy metals and metalloids, are another
important category of pollutants contaminating our environment. Since
metals are not degradable, filamentous fungi actively remediate metal
pollution by converting them into more harmless species [86]. Mycelia
commonly use organic acids like citrate and oxalate to interact with
minerals and increase their solubility [87]. The dissolved metals can
enter the cells with the help of transporter proteins and translocate away
from the site of contamination through the mycelial network [88,89],
sometimes to the plants with which they have a symbiotic relationship.
Intracellular metals can also interact with proteins in the cytoplasm,
forming complexes for storage in different parts of the cell [90]. Some
fungal species excrete metal chelators like siderophores and
metal-sorbing glycoproteins that facilitate secondary mineral formation
near or on the fungal cell wall, immobilizing metals in the mycosphere
[91–93].

2.5. Mycorrhiza - symbiosis with plants

In terrestrial ecosystems, fungi and plants often form mutualistic re-
lationships called mycorrhizas [94]. Such symbiosis allows fungal cells to
acquire carbon fixed by photosynthesis from plants while providing ni-
trogen, phosphorus, and metal ions to plants in return [95,96]. Given the
large fungal biomass in soil, it is not surprising that mycorrhizas in
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addition to saprotrophic fungi, play an important role in the biogeo-
chemical cycle of carbon [97]. Specifically, filamentous fungi can form
different mycorrhizal types, such as arbuscular mycorrhiza (AM), ecto-
mycorrhiza (EcM), and ericoid mycorrhiza (ErM), depending on the ways
mycelia interact with plant roots [98]. Evidence shows that EcM sym-
bionts are major drivers of topsoil carbon accumulation because they
produce more recalcitrant biomass and immobilize most of the nitrogen
in it, preventing saprotrophic decomposition [99]. The global distribu-
tion of EcM plant biomass is positively related to the topsoil and subsoil
carbon stocks, showing the potential risk of reduced EcM caused by
human activities. However, our understanding of the underground fungal
network is still very limited. To address this gap in knowledge, the So-
ciety for the Protection of Underground Networks (SPUN) has launched a
series of efforts to map and study mycorrhizal fungi across the world
[25]. By understanding how specific filamentous fungi help plants grow,
we might be able to identify the key fungal species that could promote
carbon dioxide removal from the atmosphere and alleviate global
warming.

3. Synthetic biology toolkit

3.1. Synthetic biology

Over the past two decades, synthetic biology has grown into a mature
engineering field that enables the genetic enhancement of desirable traits
in a wide spectrum of organisms, including filamentous fungi, above
their native capabilities [100–104]. Synthetic biology brings new genetic
and computational tools, such as affordable genome sequencing, gene
synthesis, genome editing, and directed evolution technologies, to fungal
metabolic engineering, optimizing the production of native and exoge-
nous biomolecules such as proteins and metabolites [105–107] (Fig. 2).
However, compared with bacteria and yeasts, the synthetic biology
infrastructure is rather underdeveloped in filamentous fungi, especially
in the mushroom-forming species. Such gaps in technological develop-
ment in filamentous fungi result from biological factors, including slow
growth rate, low throughput of genetic transformation, and secretion of
unwanted enzymes [108]. Despite several filamentous fungal species
being established workhorses in biochemical and protein production, the
lack of highly engineerable chassis strains limits further optimizing them
for manufacturing higher-value biomolecules.

3.1.1. Standardized genetic parts and plasmid assembly
Elementary transformations in synthetic biology typically amount to

modifications of a gene or its expression logic, relevant for achieving a
desired engineering goal. A transcriptional unit is a DNA fragment
responsible for producing a protein (or a functional RNA) that consists of
a promoter, a coding sequence (CDS), and a terminator. The promoter
typically controls the recruitment of RNA polymerases and thus regulates
the overall gene expression [109]. Terminators are usually less important
but could contribute to unwanted homologous recombination if the same
element is used multiple times inside a fungal cell [110]. There are two
major categories of promoters: constitutive and inducible (Fig. 3a) [111].
Constitutive promoters are constantly active and drive the expression of
genes at various strengths that can be quantified from transcription
profile analyses. Most strong constitutive promoters are derived from
native promoter sequences in front of highly expressed genes throughout
different mycelial growth phases [26]. For example, the Pgpd promoter
directing the stable expression of the glyceraldehyde-3-phosphate de-
hydrogenase (GPD) gene is a commonly used strong constitutive pro-
moter in various filamentous fungi for constant expression of the
downstream coding sequences [112]. It is worth noting that using the
strongest constitutive promoters does not always guarantee optimal
protein production because it might slow down cell growth due to
competition for resources. Alternatively, in metabolic engineering, the
total yield can be maximized by separating the mycelial growth and
biomolecule production phases. Inducible promoters are useful in such
5

cases for turning on gene expression after an ideal cell density is reached
[113]. Synthetic inducible promoters based on the Tet system are
portable across multiple filamentous fungi and allow transcription acti-
vation based on chemical induction [114]. Other inducible promoters
that take various optical and chemical inputs have shown great potential
in yeast biomanufacturing and could contribute to filamentous fungal
strain development after minor modifications [115,116].

Multiple transcriptional units can be wired together using the gene
products of upstream units to control the expression of downstream units,
usually through activating or inactivating their promoters, allowing the
expansion of biological functionalities (Fig. 3a) [117]. To build such
genetic circuits with multiple transcriptional units, it is necessary to
ligate several standardized genetic parts into a single genetic payload,
often in the form of a circular plasmid. Modular Cloning (MoClo) based
on Golden Gate assembly has become a mainstream language for
designing genetic part libraries and assembling them into multiple
transcription units on a plasmid [118,119] (Fig. 3b). Recently, a MoClo
kit for filamentous fungi containing a collection of promoters, fluorescent
reporters, terminators, and selection markers has been constructed [26].
The assembled genetic payload can be integrated into the host genome
using a sacrificial plasmid or expressed as an episomal plasmid harboring
the AMA1 or UARS element that replicates independently of the chro-
mosomes [120,121]. While genome integration gives more stable gene
expression profiles, replicative plasmids are usually better for prototyp-
ing because they lead to higher transformation efficiency. However, the
number of stable episomal plasmid systems important for rapid proto-
typing in filamentous fungi is limited, and their portability across species
is mostly untested. This is a major bottleneck in mushroom-forming
species because no optimized, well-characterized episomal plasmids
(other than the Ustilago maydis UARS) are reported. Further exploration
and characterization of native plasmids in filamentous fungi are urgently
needed to expand the replicative plasmid toolkit.

3.1.2. Transformation methods
For either expressing a foreign protein or modifying the host genome,

physically transporting the plasmid or linearized DNA across the cell wall
and into the host cytoplasm is an essential step (Fig. 3c). Electroporation,
Agrobacterium-mediated transformation (AMT), and protoplast-
mediated transformation (PMT) are among the most well-established
methods in filamentous fungi [122]. Widely used for introducing DNA
into a variety of prokaryotes and eukaryotes, electroporation applies a
transient electric field to increase cell membrane permeability that fa-
cilitates genetic material transfer [123]. Although several factors, such as
electric field profile and buffer solution composition, could drastically
change the transformation efficiency across species and require indi-
vidual fine-tuning [124], electroporation is the simplest and most reli-
able technique for transforming new filamentous fungal species. AMT is
another broad host-range transformation method but usually has higher
transformation efficiency. It relies on the native gene transfer mechanism
of Agrobacterium to transport and randomly integrate the T-DNA
cassette, which harbors the desirable genetic payload, into the host
genome as a single copy [125]. However, AMT is incompatible with
episomal plasmid transformation and requires tedious preparation steps
involving setting up the co-culture system [122]. PMT is the most used
method to transfer circular and linear DNA into filamentous fungal cells
that are turned into protoplasts through enzymatic cell wall degradation.
Crowding agents like polyethylene glycol (PEG) and sorbitol protect the
protoplasts and promote their uptake of exogenous DNA [126]. Since the
cell wall structure varies between fungal species, each strain requires a
specifically optimized enzymatic digest protocol to ensure ideal proto-
plasting. Nevertheless, PMT is compatible with different cell types,
making it a popular, versatile technique in the field.

3.1.3. Genome editing
Altering the host genome by inserting, deleting, or substituting ge-

netic elements is crucial for generating stable mutants with heritable



Fig. 3. The synthetic biology workflow for strain engineering and optimization. (a) A transcription unit has three components: a promoter, the coding sequence, and a
terminator. An inducible promoter can be activated or inactivated by a regulator protein that undergoes conformational changes upon binding with small molecules.
(b) Part plasmids hosting promoters, coding sequences, terminators, selection markers, and origin of replication are assembled into a single plasmid using modular
cloning strategies. (c) Transformation methods such as PEG-mediated transformation (PMT), Agrobacterium-mediated transformation (AMT), and electroporation
transfer the assembled plasmid or linear payload into the fungal cells. The introduced DNA can either self-replicate independently or homologously recombine with
the host chromosome. Genetic payloads on an episomal plasmid or integrated into the host genome drive the expression of exogenous proteins or modify the genome,
generating mutants with various phenotypes. (d) Researchers often use colony morphology characterization, microplate assay, and continuous evolution techniques to
benchmark the mutants. Depending on the selection or evolution methods, the optimized strains could have desirable traits such as fast growth, feedstock change, or
higher protein secretion yield.
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modified traits. Traditionally, homologous recombination has been used
for generating gene knockouts and integrated genome modifications
(Fig. 4a). After a decade of rapid growth and intense development, the
CRISPR/Cas system is the dominant genome editing tool in almost all
living systems, including molds and mushroom-forming fungi
[127–130]. Cas protein, assisted by guide RNA aiming for a specific DNA
sequence on the fungal genome, modifies this locus through DNA
cleavage, which will later be fixed by DNA repair mechanisms such as the
6

non-homologous end-joining (NHEJ) and homologous directed repair
(HDR) (Fig. 4b) [131,132]. NHEJ usually involves the random insertion
of DNA base pairs leading to a loss of function mutation, while HDR uses
an exogenous DNA template to precisely edit the target genetic element.
The functionality of the CRISPR/Cas system can be further expanded by
fusing a deactivated Cas protein with proteins such as transcription
activator/inactivator for gene activation/inactivation and cytidine
deaminase for base editing [133]. In addition to CRISPR/Cas,



Fig. 4. Tools for generating mutants and modifying the fungal genome. (a) Homology arms on the genetic payload and the host genome promote homologous
recombination. Double crossover of DNA fragments result in swapping of the gene of interest with a selection marker, usually conferring resistance to antibiotics. (b)
Cas protein targets a specific DNA sequence on the host genome with the help from guide RNA (gRNA) and generates double-strand break (DSB). DSB repaired by non-
homologous end-joining (NHEJ) usually leads to loss of function of the gene. Alternatively, homology directed repair (HDR) uses a repair template, usually a provided
linearized DNA, to precisely edit the host genome. (c) Transposon harboring an outward-facing promoter either inactivates a gene when inserted in its coding sequence
or activates a previously inactive gene in the neighborhood of insertion, generating a diverse mutant library for downstream selection or Tn-Seq.
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recombineering based on phage-encoded recombinases has enabled
multiplex automated genome engineering in yeast and could potentially
be ported into filamentous fungi soon [134,135].

3.1.4. Transposon sequencing and mutagenesis
Since the implementation of gene knockouts is extremely important

for engineering purposes, but laborious to implement with editing tools
at the whole genome-scale, alternative approaches have been devised for
high-throughput generation of mutants. Transposon sequencing (Tn-
Seq), or transposon-insertion sequencing (TIS), uses transposon in-
sertions to generate many random mutants and characterize their fitness
profile under different environmental conditions using next-generation
sequencing [136]. In Tn-Seq, transposons cut themselves out from the
donor DNA, usually on a non-replicative plasmid, and paste themselves
into random genomic locations with low sequence preferences, leading to
loss-of-function mutations (Fig. 4c). Transposon mutagenesis can
generate a large library with millions of mutants in a single experiment,
orders of magnitudes faster than traditional site-specific gene knockout
methods. These mutants have a wide spectrum of fitness changes and can
be selected under growth conditions like different temperatures and
feedstocks. Random barcodes are usually included inside the transposon
to facilitate the downstream sequencing workflow [137]. Tn-Seq and
transposon mutagenesis are the most popular technologies to determine
gene essentiality and have been implemented in yeasts [138] and a few
filamentous fungi [139–142]. However, Tn-Seq has not yet been realized
in any mushroom-forming fungi and could potentially expand our un-
derstanding of these more complex fungal genomes. Moreover,
transposon-based mutagenesis is suitable for generating mutants for
breeding and directed evolution experiments. Incorporating additional
7

genetic elements enhances the mutagenesis capabilities of transposons
beyond inactivating genes [143–146]. For example, adding
outward-facing promoters can allow transposons to activate genes in the
immediate neighborhood of insertion, leading to greater mutant fitness
diversity [144,147].

3.1.5. Experimental screening and evolution
Traditionally, scientists characterize filamentous fungal mutants

generated by rational genetic engineering or random mutagenesis using
laborious and low-throughput methods like plating on solid media. For
example, measuring the colony size from germinating spores after
chemical mutagenesis is a common way to screen for fast growers, with
no selection or in the presence of antifungals and other chemicals
[148–150]. These assays’ high demand for resources often originates
from the slow growth of mycelium and its incompatibility in forming a
homogeneous liquid culture. New methods involving microplates [151]
and droplet microfluidics [152] for mutant separation could slightly
accelerate assay turnover but are still far behind the high-throughput
methods used in unicellular microorganisms. Several in vivo hyper-
mutation and continuous evolution technologies greatly facilitate the
automation of directed evolution experiments in bacteria and yeasts
[153]. For instance, the eVOLVER platform is an automated culturing
system that allows users to control hundreds of cultures' growth and
selection parameters independently [154]. We envision that these ex-
amples could soon inspire the development of evolution tools customized
for pellet and solid-state mycelium cultures (Fig. 3d). However, besides
survival and fast growth, traits shared among the entire population, such
as protein secretion, still require the physical separation of mutants and
remain challenging to automate.
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3.2. Discovery & chassis identification

Currently, more than 1000 fungal genomes, including 634 genomes
from Basidiomycota and 1488 from Ascomycota, have been sequenced
and shared in the Joint Genome Institute (JGI) Mycocosm database
[155]. The increasing availability of fungal genomics and other –omics
such as transcriptomics, proteomics, and metabolomics datasets offer a
unique opportunity for the biomining of industrially important enzymes,
metabolic pathways and bioactive compounds. These -omics information
also provide an important basis for the construction of genome-scale
metabolic models, to guide the design of fungal systems as cell fac-
tories to allow for endogenous or heterologous production of target
biomolecules.

3.2.1. In silico bioprospecting
Fungi are underexplored reservoirs of secondary metabolites that are

categorized into a number of structural classes such as polyketides (PKs),
terpenes, non-ribosome peptides (NRPs), and indole alkaloids [46]. To
computationally mine biosynthetic gene clusters (BGCs) from the fungal
genomic data, a number of bioinformatics tools, such as antiSMASH
[156], SMURF [157], PRISM [158], SMIPS-CASSIS [159], and TOUCAN
[160], have been designed to search for conserved motifs of scaffold
genes and the clustering patterns. Several strategies exist to link sec-
ondary metabolites to BGCs, and vice versa, although the association
remains unknown for the majority of secondarymetabolites [161,162]. A
targeted approach can be taken, if a closely related compound is pro-
duced by another organism, where a homology search is performed in the
genome of the target organism to identify the candidate BGC [162–164].
The second strategy is based on in silico retro-biosynthesis, to deduce
Fig. 5. Computational and experimental tools for the discovery, design and heterolo
genomes, combined with untargeted metabolomics approaches, are unlocking the che
cluster families, BGCs and specific metabolites can be linked and verified through dow
of organisms to achieve desirable metabolite flux into the target product. Omics data
into model construction to improve the mapping accuracy of the core metabolism
optimal host for heterologous production.
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enzymes involved in producing the backbone and decorated chemical
groups in the compound structure and subsequently locate putative
clusters in the genome responsible for these enzymatic activities [165,
166]. With the wealth of genomics and metabolomics data becoming
more readily available, newly sequenced BGCs can potentially be map-
ped to gene cluster families (GCFs) that catalog BGCs based on similar-
ities, some of which are paired to families of molecular scaffolds (Fig. 5a)
[167]. Conversely, to infer the direction from putative BGCs to secondary
metabolites, target BGCs are either transcriptionally activated if silent, or
mutated or deleted if active, to identify the associated secondary me-
tabolites detected or missing [159].

Another group of industrially import products secreted by filamen-
tous fungi are carbohydrate-active enzymes (CAZymes) that degrade
plant cell wall components such as cellulose, hemicellulose, lignin,
pectin, chitin, starch and inulin. These CAZymes are generally cataloged
into six major groups, namely glycoside hydrolases, glycosyl transferases,
polysaccharide lyases, carbohydrate esterases, auxiliary activity enzymes
and carbohydrate-binding modules. Online databases such as CAZy
[168] and CAZymes Based Ranking of Fungi (CBRF) [169] exist to
organize different classes of enzymes in fungal genomes based on ho-
mology search. In addition to comparative genomics studies, tran-
scriptomic and proteomic studies are nowadays more frequently
employed to detect dynamic genome-wide transcriptions and synergistic
activities among different families of CAZymes in response to culturing
on specific lignocellulosic substrates [170–172]. Combined with directed
evolution approaches based on random mutagenesis that screens for
enhanced enzymatic activities, these discovery and optimization efforts
will expand the enzyme repertoire accessible for industrial usage to
formulate cocktails of enzymes to ensure maximum synergistic action.
gous production of secondary metabolites. (a) BGC mining in sequenced fungal
mical diversity harbored in major fungal lineages. With known libraries of gene
nstream genetic approaches. (b) Genome-scale modeling guides rational design
(e.g. Tn-seq, transcriptomics, proteomics and metabolomics) can be integrated

and constrain the flux at each reaction. (c) Scalable platforms for selecting the
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3.2.2. Genome-scale modeling
The rational design of modified organisms for a specific goal can

greatly benefit from mathematical and computational tools able to
encode and process the large and complex network of biochemical re-
actions comprising an organism's metabolism. Ideally, such quantitative
approaches would quickly translate genomic information into predicted
metabolic phenotypes, enabling in silico identification of favorable ge-
netic or environmental modifications. A category of mathematical ap-
proaches collectively known as stoichiometric modeling, or constraint-
based modeling has emerged as a prominent avenue for this kind of
analysis in metabolic engineering [173–175]. These approaches typically
necessitate two components: the first is a formal encoding of knowledge
about the metabolism of an organism, also known as Genome-scale
metabolic model (or GEM); the second is a computational engine that
can transform a GEM and environment-specific boundary conditions into
prediction of metabolic fluxes for all reaction in the network. GEMs are
systems-level representations of the detailed stoichiometry of all known
biochemical reactions in a given organism (Fig. 5b). Once mainly con-
structed through manual curation [176], GEMS are now increasingly
produced through automated pipelines, which still require thorough
refinement and testing to reach sufficient accuracy [177]. A myriad of
computational algorithms can be applied to predict metabolic fluxes from
GEMs. For example, flux balance analysis (FBA) [178], one of the most
widely used approaches, employs a steady state approximation and linear
programming to identify cellular states that maximize a given objective
function [179]. This method has been successfully implemented to guide
metabolic engineering strategies, such as increasing the final product
yield through gene knock-outs [180,181], elevated native pathway pro-
duction [182], or optimized media input and environmental control
[183].

Numerous resources are now available to facilitate the construction
and implementation of GEM-base modeling. GEMs are reconstructed
from annotated genomes that map functions to genes, using databases
such as the KEGG and MetaCyc [184,185]. With the increasing avail-
ability of whole-genome sequencing data, and new developments in
automated model reconstruction pipelines including ModelSEED,
RAVEN, and PathwayTools, GEMs reconstruction of many non-model
organisms of filamentous fungi are becoming possible [186–189]. So
far, over 30 GEMs have been developed for filamentous fungi, mostly
molds and a few well-studied mushroom-forming fungi including Copri-
nus cinereus and Ganoderma lucidum [190–192]. With the G. lucidum GEM
platform prediction, a 38% increase in production of polysaccharide
(EPS), one of the main bioactive substances in Ganoderma, was validated
when phenylalanine was supplemented in the culture [192]. However,
accurate models are challenging to obtain in eukaryotes compared to
prokaryotes, due to their large genome sizes, compartmentalization, and
the abundance of unannotated or mis-annotated genes [193]. To evaluate
and refine the GEMs in eukaryotic models, recent efforts have integrated
essential gene analysis acquired from Tn-seq data to confirm predicted
roles of many gene products and assign potential functions to unchar-
acterized genes under one or more incubation conditions [194]. The
comparison of essential genes predicted through Tn-seq and in silico
modeling using GEMs can be used to evaluate gaps and redundancy in the
core metabolic pathways, and refine the gene-protein-reaction (GPR)
rules in the GEM, producing a comprehensive understanding of the core
cellular metabolism [195]. Other -omics approaches, primarily tran-
scriptomics but also proteomics, metabolomics and fluxomics, can be
similarly integrated to generate context-specific metabolic models by
constraining the upper and lower bounds of flux across each reaction
(Fig. 5b) [196–198].

3.2.3. Host selection
Large scale genomics unveiled a series of genes encoding the syn-

thesis of novel secondary metabolites and enzymes of pharmaceutical
and industrial relevance. In nature, fungi adapt their secondary metab-
olomes and proteomes to environmental stimuli that they encounter, or
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to certain developmental stages. However, replicating these environ-
ments in a laboratory condition is challenging, rendering many gene
clusters silent (no observed expression). A silent gene or cluster of genes
of interest can either be activated for transcription endogenously in its
natural host, or heterologously in a fungal chassis with better genetic
tractability. Endogenous activation of silent genes has mostly been ach-
ieved in fungi with an established genetic understanding such as the
Aspergillus, Fusarium, Penicillium, Trichoderma, and Pestalotiopsis species.
Clusters of genes have been activated mainly through promoter refac-
toring using a constitutive or inducible promoter, regulation of pathway-
specific transcription factors [199], epigenetic modifications using small
molecules [200], cocultivation of different organisms [48,201,202], and
screening in different culturing conditions [203]. However, a large
fraction of wildtype filamentous fungi are unculturable in a laboratory
condition or not amiable for genetic engineering due to low rate of ho-
mologous recombination (HR). Thus, the heterologous expression of
fungal enzyme-encoding genes or BGCs for the production of secondary
metabolites in strains with accessible genetic manipulation tool boxes
becomes a more versatile option (Fig. 5c). Selection of platform strains
has been extensively covered by M�ozsik et al., 2022 [204], numerating
genotypes created through either random mutagenesis, or rational edit-
ing to allow HR-mediated targeted gene integration and easy selection.
Most widely used heterologous hosts for fungal BGCs activation are
Saccharomyces cerevisiae and Aspergillus species [36]. For industrial
enzyme production, chassis including Aspergillus niger, Aspergillus oryzae
and Trichoderma reesei have been used for decades, and are granted as
Generally Recognized As Safe (GRAS) [205]. Strains with low levels of
protease activity, such as Aspergillus vadensis, and low background pro-
duction of unwanted enzymes are also preferable [206]. With the recent
strain banking and sequencing efforts from Basecamp Research and
SPUN to uncover nature's fungal genetic biodiversity, novel chasses that
harbor superior metabolic capacity or demonstrate improved stability
and robustness during fermentation processes might emerge, expanding
the host repertoire used in biotechnology.

For a given product, prediction of its most production suitable host is
still not possible, but rather practically determined by screening through
multiple strain backgrounds, expression systems and culturing conditions
[33]. A scalable synthetic biology platform has been implemented to
systematically refactor groups of pathways derived from ascomycete and
basidiomycete genomes in optimized S. cerevisiae strains [207]. Another
fungal gene expression platform based on four Aspergillus species, called
DIVERSIFY, was invented to search for the best chassis that enable the
production of a protein or natural product at a higher titer [208]. These
platforms can potentially be expanded to other fungal hosts with trans-
ferable synthetic biology tools.

4. Bottlenecks & bioengineering strategies

Many of the challenges encountered in filamentous fungi strain en-
gineering stem from the deep lack of understanding about filamentous
fungi physiology, cellular and metabolic processes, regulatory pathways,
and its resulting effects on metabolite and enzyme production. This is
further complicated by the cultivation context, including fermentation
type (e.g. solid-state or submerged fermentation), fermentation vessel,
and culture media/feedstock. Thus, forward genetic approaches using
large-scale mutagenesis screens have typically been used to identify
mutants with phenotypes of interest in set culture conditions. This toolkit
includes natural recombination techniques (e.g. sexual reproduction,
protoplast fusion), and mutagenesis by physical or chemical mutagens
(e.g. UV, ethyl methane sulfonate (EMS)). A key example of its successful
application is the development of citric acid hyper producers in A. niger.
In one 2004 example, an original yield of 31 g/L citric acid was
sequentially improved to 50 g/L by UV-mutagenesis, to 96 g/L by
chemical mutagenesis, and then to 114 g/L by culture media modifica-
tions [209]. With the explosion in omics data and advances in genetic
and metabolic engineering, there is an increasing ability to rationally
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engineer strains for even higher production yields. There was a recent
report as high as 174 g/L citric acid production via the identification and
targeted overexpression of glucose transporters in a mutant A. niger
background [210]. Despite the evident success in improving production
yields of metabolites and enzymes produced natively by the fungal hosts,
there remain key scientific mysteries and challenges that yet remain to be
solved.

Here we provide three key remaining challenges that hamper the
optimization of filamentous fungi strains for bioproduction, and detail
the identification/modification of its associated biological targets
(Fig. 6). First, heterologous production of mammalian proteins in
mycelial cultures has remained prohibitively low. Second, modifying
polar hyphal growth and morphogenesis for optimal metabolite/protein
production and mycelium material properties has remained elusive.
Third, our lack of understanding in regulatory and signaling pathways
and its related effects on cellular processes and downstream production is
still largely incomplete, preventing targeted transcriptional control. This
section will focus on work that has been carried out across the Ascomy-
cota phylum, which hosts industrially-relevant and relatively well-
characterized genera (Aspergillus, Trichoderma, Neurospora, and Myce-
liophthora), and in which the majority of filamentous fungal strain en-
gineering work has been established. If overcome, these bottlenecks may
serve as lucrative opportunities to program filamentous fungi as cell
factories for biomolecules, or further enhance the product characteristics
of future mycelial materials and food production (including alternative
leathers, whole-cuts, and bioplastics).
4.1. Improving heterologous protein production

Filamentous fungi have secretion capacities 10–1000 fold higher than
that of bacterial, yeast, or mammalian hosts - generally limited to
secretion titers lower than 10 g/L [211]. Despite this clear advantage, the
production of heterologous proteins by filamentous fungi has faced many
challenges that limit secretion titer. This limited production rate is much
lower than homologous protein production, ultimately restricting the
market penetration and capture of sustainably produced animal-based
and therapeutic proteins [212]. These challenges stem from the com-
plex and highly coordinated process of protein production and secretion
in fungi, which are covered in more detail in previous reviews
[212–214].

For the classical secretory pathway, genes encoding extracellular
proteins are transcribed to mRNA in the nucleus, bearing short (15–36
amino acid) signal secretion peptide tags on its N-terminal end [213].
Fig. 6. Overview of three key technical challenges for filamentous fungi strain eng
bioengineering targets along the polar growth of the hyphal tip. Improvements in h
apeutics, animal-based proteins, and novel materials. Characterizing and leveraging m
metabolite/protein production and mycelium material properties. ER: endoplasmic r
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The transcribed mRNA is transported to cytosolic ribosomes, which
attach to the membrane of the endoplasmic reticulum (ER) during
translation. The growing polypeptide is translocated to the lumen of the
ER, where the signal peptide moiety is cleaved and the polypeptide is
N-glycosylated and folded. The folded proteins are transferred to the
Golgi bodies, where they undergo further maturation and extension of
O-mannosylation [215], are then packaged into cytoplasmic vesicles,
escorted to the outer membrane at the apical hyphal tip, and released to
the extracellular environment by fusion to the cytoplasmic membrane
[212,214]. Growing evidence reveals the existence of unconventional
protein secretion (UPS) pathways, whereby secreted proteins bypass the
Golgi, and sometimes the endoplasmic reticulum, entirely – lacking
conventional signal peptides and post-translational modifications [216,
217]. Protein secretion has also been shown to take place in intercalary
regions (i.e. septal junctions); although the molecular mechanisms are
not yet well-understood, there is evidence that certain proteins and stress
conditions bias towards these alternative secretion pathways [218,219].
The high variability in regulation, processing, trafficking, and secretion
for specific host - heterologous protein pairs must be further explored.

4.1.1. Genetic modifications for improved protein yield
Multiple genetic approaches have been developed to improve protein

secretion yields, including the introduction of multiple copies of the
target-protein gene, codon optimization, protease depletion, and
knockout of native high-yield proteins. The difference in genetic se-
quences between degenerate codons can have significant effects on
mRNA stability and translation efficiency [161], making codon optimi-
zation a necessary tool for industrial protein production. For example, the
heterologous expression of xylanase in T. reesei only succeeded after
significant codon changes were implemented [220].

Provided that filamentous fungi produce a high diversity and quantity
of proteases, undesired proteolytic degradation can contribute to the low
yields of heterologous proteins. Indeed, early attempts at improving re-
combinant protein yields targeted proteolytic activity via UV/chemical
mutagenesis or direct gene knockout of highly secreted proteases or
associated transcription factors [221–223]. For example, deletion of the
prtT transcription factor increased extracellular activity of the recombi-
nant cutinase enzyme 36-fold in A. niger; prtT homologs have since been
found across the Aspergillus and Penicillium genus and shown to control
expression of both intra- and extracellular-proteases [113,224,225].
Improvements in -omics guided approaches, specifically in comparative
secretomics – the atlas of secreted proteins for a given strain and growth
condition – was recently used to identify and consequently delete 3
ineering in biomanufacturing, categorized by the general milieu of associated
eterologous protein production may enable the sustainable production of ther-
orphogenic and transcriptional control may enable significant improvements in
eticulum.
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proteases in T. reesei, leading to a 78% decrease in protease activity
[226]. Despite these attempts, residual levels of protease activity and
undesirable reduction in strain capacity can remain detrimental for the
scale-up of certain proteins and is an active area of research [29,227].

Disrupting the production of high-expression, native proteins has
been explored to increase heterologous expression by optimizing cellular
energy use [212] and liberating capacity in the secretory pathways
[228]. Indeed, cellobiohydrolase (cbh1/2) in T. reesei and glucoamylase
in A. niger account for the majority of their protein production and should
theoretically free up production burden in the cell [229,230]. In certain
cases, such as the deletion of cellobiohydrolase chb1 in T. reesei, there are
significant upticks in heterologous protein production [231–233], but
when certain other major secreted proteins are deleted, no effects have
been observed [234]. Improved efforts in dynamical flux analysis using
genome-scale models may elucidate key additional knockout targets to
improve production capacity.

4.1.2. Gene-fusion approaches
Another early attempt to improve protein secretion utilized “carrier-

based” gene-fusion approaches, wherein a gene expressing a highly
secreted homologous protein is fused in-frame to a heterologous protein.
This results in elevated expression of unfolded protein response and
protein secretion pathway genes, as well as enhanced proteolytic stability
[235]. Since its first reported development in 1990 by Ward et al. [236],
the approach has since been refined and used to increase the secretion
yields of, to name a few, human granulocyte colony stimulating factor
(G-CSF) [237], interleukin 6 [227], bovine chymosin [238], and E. coli
β-glucuronidase proteins [239]. These efforts have clarified that the
carrier-based approach is not always successful [240], the choice of
fusion carrier protein is critical for optimal secretion [239], and the ac-
tivity of the proteolytic cleavage sites (notably KEX-2 type protease
cleavage sites) can be highly contextual [212,227,241].

Signal peptides (SP) are another critical engineering target for the
high secretion of target heterologous proteins, and thus leveraged in
heterologous gene-fusion approaches. These signaling peptide moieties
are recognized by signal recognition particles (SRP), which target its
entry into the secretory pathway via the ER, where they further assist in
the initiation and maintenance of protein folding [242]. Fusion of a
heterologous protein with a native SP generally exhibits superior secre-
tion performance compared to fusion with non-native SPs [243,244],
with the SP of glucoamylase and cellobiohydrolase commonly used in
A. niger and T. reesei, respectively. Even minute differences in the peptide
motif sequence can significantly impact the resulting secretion titers, via
changes in protein conformation and disruption of SRP recognition [243,
245]. By pairing secretomics and advanced bioinformatic analyses, we
lend the possibility that signal peptide motifs can be rapidly identified in
non-model organisms, diversifying the panel of suitable host chasses in
industrial fermentation.

4.1.3. Rewiring the endoplasmic reticulum quality control
The endoplasmic reticulum (ER) serves as the primary site of the

protein folding process. This process leverages a plethora of molecular
chaperones, lectins, and foldases, including the binding immunoglobulin
protein (BiP), calnexin (ClxA), and protein disulfide isomerase (PDI)
[212,246,247]. The accumulation of unfolded proteins imposes stress
upon the ER, which is managed via three distinct cellular strategies: the
Unfolded Protein Response (UPR), Endoplasmic Reticulum-Associated
Degradation (ERAD), and Repression Under Secretion Stress (RESS)
[248–250]. Upon detection of a high burden of unfolded proteins in the
ER, the UPR is activated by a series of signal transduction reactions,
culminating in the downstream activity of a spliced Hac1 transcriptional
activator that induces the up-regulation of ER proteins that assist in
protein folding, including chaperones and foldases [251]. Proteins that
cannot be properly folded are transported out of the ER to be degraded by
the ubiquitin proteasome system, known as ERAD [212,235]. UPR and
ERAD are conserved across eukaryotic systems [252], but the RESS is an
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additional feedback regulation mechanism in filamentous fungi that in-
hibits the transcription of secreted proteins [250]. This serves to further
reduce stress throughout the secretory pathway.

The multi-faceted, ER-based protein quality control system has been
rightfully targeted to enhance the yields of heterologous proteins, by
increasing rates of proper folding and decreasing excessive protein
clearance. These efforts have been met with highly variable results,
demonstrating the importance of host and protein specific design con-
siderations. This is especially clear in reports of co-expression of indi-
vidual resident ER proteins with heterologous proteins. When PDI was
overexpressed in A. awamori, there was a five-fold increase in secretion of
plant thaumatin - a heterologous protein with eight disulfide bonds
[253]; however, when PDI was overexpressed in a strain of A. niger for
the production of hen egg white lysozyme, no increase in secretion yield
was observed [254]. In the case of BiP, while overexpression of the ER
chaperone in A. awamori (also for thaumatin production) and in T. reesei
(for glucose oxidase production) promoted heterologous protein secre-
tion [255,256], “seriously reduced” manganese peroxidase production
was observed in A. niger [257]. Constitutive induction of UPR by
expression of the activated form of the hacA transcription factor has seen
success, leading to significant enhancement of secretion in A. niger [258].
Similar variable results are observed when reducing ERAD activity, with
the deletion of a ERAD pathway component gene derA yielding improved
protein production in A. niger [259], while detrimentally affecting the
growth of A. fumigatus [260]. Careful consideration in ERAD modulation
must be made when product fidelity and functionality is required,
especially for therapeutics and food. Moreover, the overexpression of one
element of the secretion pathway has been shown to simultaneously
affect the expression of other elements [255]. Taken together, these re-
sults highlight the dearth of understanding behind the complex regula-
tion of the quality control mechanisms in place within the filamentous
fungal ER. Specific features of the target product, including
post-translational modification sites (e.g. glycosylation, disulfide bonds)
and hydrophobic/hydrophilic patches within the protein, as well
host-dependent effects need to be considered when tweaking elements of
the secretory pathway.

4.1.4. Mirroring mammalian protein glycosylation patterns
Filamentous fungi have garnered industry interest for the production

of mammalian proteins due to its superior capability of matching
mammalian patterns of glycosylation compared to prokaryotic and yeast
systems [227,261]. Nearly 50% of all eukaryotic proteins are decorated
with sugars [262], with site-specific glycosylation impacting the folding,
functionality, stability, serum half-life, localization, and immunogenicity
of a protein [263–265]; incorrectly glycosylated proteins are cleared
from the bloodstream, rendering intended human therapeutics obsolete
[227]. Additionally, incorrectly or under-glycosylated proteins are
recognized by ER quality control systems and may activate the ERAD and
RESS response [213,266]. Whereas yeast systems tend towards
hyper-glycosylation (of the mannose-type), filamentous fungi are more
conservative in hyper-mannosylation [264]. However, filamentous fungi
lack the terminal sialylation of the glycans – common and fundamental to
functionalized human proteins [228]. An additional challenge is the high
level of strain-dependence in patterns of N-glycosylation, which is further
altered across cultivation conditions [267,268].

Despite the scarcity of literature regarding the patterns and structures
of glycosylation across filamentous fungal-produced proteins, there have
been concerted efforts in engineering both the glycosylation sites within
the recombinant proteins and the glycosylation systems within the fungal
hosts themselves. The introduction of a N-glycosylation site in chymosin
yielded an order of magnitude increase in its expression [269].
Leveraging the close relationship between glycosylation and ER quality
control, deletion of N-glycosylation sites within the catalytic domain of
the natively produced CHB1 protein of T. reesei induced up-regulation of
UPR-associated genes [270] – demonstrating a potential for increased
secretion of heterologous targets. Concurrent deletion of an ERAD factor,
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doaA, and overexpression of a glycosylation enzyme, sttC, yielded
increased β-glucuronidase secretion in A. niger [271]. Towards human-
izing the fungal glycosylation pathway, strides have been made in
expressing human glycosylation machinery in Aspergillus and Tricho-
derma [272–274]. However, given the incredibly complex and poorly
understood nature of the glycosylation pathways, targeted engineering of
glycosylation sites in the protein remains the preferred strategy.

Towards increasing the yield and functionality of heterologous pro-
teins, reported efforts have clearly demonstrated that the native protein
production, secretion, and regulation pathways of filamentous fungi can
and have been harnessed. By leveraging traditional mutagenesis and
screening, or targeted gene-editing strategies, the protease activity,
signaling peptide activity, and ER quality control mechanisms have been
successfully modified for higher recombinant protein titers. Looking
forward, a systems-level understanding of the mechanisms that underlie
the high variability in success across the fungal strain–recombinant
protein–engineering target landscape is necessary to realize the vision of
sustainable mammalian protein production. Future multidisciplinary ef-
forts that pair the in vitro generation of highly diverse mutational libraries
(e.g. transposon mutagenesis) and in silico modeling of cellular protein
production (e.g. genome-scale models) will lead us to a new frontier of
filamentous fungi-based biomanufacturing.

4.2. Morphogenesis, cell-wall remodeling, and development

4.2.1. Morphogenesis in submerged mycelial fermentation
Filamentous fungi exhibit a diversity of macro-morphologies in both

solid and liquid fermentation lifestyles. A 2019 review by Cairns et al.
systematically lays out the various forms filamentous fungal cultures can
take in submerged fermentation and its impact on downstream bio-
physical properties and production yields of proteins and metabolites
[214]. In short, mycelial growth can range from compact pellets to
dispersed hyphae, each with its own advantages and shortcomings
respective to the target product to be produced. Although compact pellets
exhibit resistance to shear stress and minimize the viscosity of the
cultivation media – facilitating downstream compound purification and
processing – the mycelia at the inner core of the pellet experience low
oxygen and nutrient diffusion and thus low growth and metabolism.
Dispersed hyphae do not suffer from local nutrient starvation, but do
increase the medium viscosity and are more susceptible to shear stress
[275–277]. Controllable fermentation parameters, including media
composition, pH, bioreactor-type, agitation, and addition of microparti-
cles can additionally impact the macro-morphology and associated
physiology of the fungal cell (e.g. number of hyphal tips) [212]. Im-
provements in a systems-level understanding of the effects of morpho-
logical development on the differential secretion of primary/secondary
metabolites and proteins is required to precisely determine optimal
production-process parameters. However, generalizable principles have
since been learned and leveraged in industrial-scale fermentation.

4.2.2. Hyper-branching for enhanced protein secretion
There exists an intrinsic relationship between polar mycelial growth

and protein secretion. Extracellular proteins are generally secreted from
the apical hyphal tip, where the hyperbranching phenotype encourages
higher yields of protein secretion [212,214,228]. Protein secretion is
highest during active periods of growth, during which rapid hyphal
extension occurs. A shortened mycelial phenotype is often coincident
with hyper-branching mutants, which allows for high-density, low--
viscosity cultures – ideal for highly-productive fermentation [278]. The
COT-1 pathway plays a key role in cell-wall remodeling, cell differenti-
ation, and polarization in filamentous fungi [279,280]. A key mediator of
cell-wall remodeling within the COT-1 pathway, gul1, was disrupted in
strains of Neurospora crassa leading to increased protein secretion (25%),
increased β-glucosidase activity (56%), and markedly reduced medium
viscosity [278–280]. Another interesting target is the Rho GTPase RacA,
involved in actin polymerization at the mycelial tip. RacA deletion in
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A. niger significantly increases the number of hyphal tips (20%) and
post-Golgi secretory vesicles. In this background, overexpression of glu-
coamylase using a metabolism-independent gene switch Tet-on yielded a
4-fold increase in protein secretion [219,281]. Growing knowledge of
unconventional protein secretion (UPS) pathways also pose possible
targets for overexpression of heterologous proteins.

4.2.3. Morphogenesis and metabolite production
Organic acid and secondary metabolite synthesis are tied to specific

stages of mycelial growth. Studies in A. niger have demonstrated that the
hyper-branched and short-hyphae phenotypes increase citric acid pro-
duction [282,283] and a shift to phosphate-limited growth induces oxalic
and citric synthesis [284]. Moving forward, it would be critical to iden-
tify key transporters of these metabolites and determine their dynamic
distribution across the mycelial surface (e.g CexA – responsible for citrate
production [285]). This will allow us to define optimal morphologies to
maximize secretion in production cultures. Fungal secondary metabolites
generally seem to be synthesized during periods of very low, or stagnant
growth [47]. The production of mycelial pellets with densely-packed
cores should limit oxygen and nutrient diffusion at the center –

inducing secondary metabolism [214]. This likely explains the increase
in product titers observed in production of lovastatin during pelleted
fermentation of A. terreus [286]. A heightened understanding of what
triggers the transcriptional activation of specific metabolites, as well as
which biological factors coordinate morphogenesis is thus critical in
developing a microbial-systems awareness of protein and metabolite
production, processing, and secretion.

4.2.4. Modifications in cell-wall architecture
Biomass fermentation, unlike precision fermentation, relies on pure

mycelial cultures for the production of materials (e.g. mycelial leather)
and mycelium whole-cut meat alternatives (e.g. mycelium bacon). The
precision modification of cell-wall architecture and resulting material
properties is thus an alluring strategy for the generation of novel mate-
rials with improved performance or foods with enhanced mouth-feel and
taste. The active process of cell wall growth, remodeling, and degrada-
tion is a highly coordinated process requiring more than 1000 genes and
proteins [287]; this process alone dictates the shape and
macro-morphology of the fungus and is well conserved across fungi
[288]. A basic filamentous fungi have an inner cell wall composed of
rigid polysaccharides (e.g. chitin, β-1,3-glucan, and α-1,3-glucan)
impartingmechanical strength to themycelial structure, and an outer cell
wall composed of polymers and glycosylated proteins [289]. Key per-
formance properties of mycelial materials may be improved by the
modification of this intricate structure, including strength and elasticity,
hydrophobicity, porosity and permeability [288]. Due to the highly co-
ordinated and complex processes underlying cell-wall remodeling and
emergent structure, scalable methods to discern global architecture is
required. High-throughput genetic methods (e.g. CRISPR screens) and
high-throughput screening methods (e.g. automation or droplet micro-
fluidics) are together required to further characterize and leverage
morphology as a toggle for improved biomass and precision fermentation
performance. Further research, specifically in host strains such as
G. lucidum and P. ostreatus, used in materials and food applications is
especially desired.

4.2.5. Reproductive development
The (a)sexual reproduction of filamentous fungi is linked to enhanced

secondary metabolite production, and inhibiting enzyme secretion and
biomass growth [46,290,291]. In sporulating zones of A. niger, produc-
tion of proteins was not observed; deletion of the flbA gene abolishes
sporulation and reduces protein secretion heterogeneity across the
mycelial colonies [292]. Moreover, flbA affects multiple transcription
factor genes – which should be considered for future targets of
hyper-secreting mutants [293,294]. Furthermore, several transcription
factors (e.g. mpkB, steA, medA) have been identified within the MAPK
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phosphorylation pathway that have been shown to affect (a)sexual
development in the model system A. nidulans [214].

4.3. Transcriptional control of regulatory and signaling pathways

4.3.1. Transcription factors
Transcription factors involved in metabolic processes have been tar-

geted to optimize production. Gene expression can be regulated to
optimize downstream production by modulating transcription factor
activity [213,295]. As previously described, transcription factors
involved in proteolytic digestion and endogenous ER-dependent
unfolded protein responses (UPR, ERAD, RESS) were successfully tar-
geted to restructure the protein processing and secretory pathways
[212]. Deletion of creA, a Cys2His2-type transcription factor involved in
carbon catabolite repression, has been shown to increase expression of
endogenous CAZymes [213]. Trans-regulatory elements responsible for
alternative nitrogen metabolism (AreA) [213], arabinan degradation
(AraR) [295], pectin catabolism (GaaX) [296], and xylan & cellulose
degradation (XlnR) [297] have been identified, adding to a list of engi-
neering strategies to optimize cellular productivity. As with many areas
of filamentous fungal physiology, the prior limitations of traditional basic
science approaches (inherently restricted by lack of scale and breadth
across mutational landscapes and screening capacity) leaves scientists
with a limited number of putative engineering targets for
transcriptional-level control.

4.3.2. Epigenetics
Certain links between epigenetic control and protein and secondary

metabolite production are relatively well-established. The genomic
integration of heterologous genes into transcriptionally active regions
and well-accessible regions within the genome is known to facilitate high
transcription and improve mRNA stability [213]. Traditionally, integra-
tion at sites of high endogenous production, including the cellobiohy-
drolase loci in T. reesei (cbhA/B) and the glucoamylase loci in A. niger
(glaA/B), have achieved improved heterologous production. Targeted
methods (e.g. CRISPR-based or homologous-guided recombination
methods) are ideal, if reasonable transformation efficiency can be ach-
ieved and appropriate sites are identified. Furthermore, a forward
UV-mutagenesis genetics screen revealed that a point mutation in laeA, a
putative methyl-transferase-domain protein, c5auses a non-citric acid
producing phenotype in A. niger [298]. The heterotrimeric velvet com-
plex in filamentous fungi aids in the coordination of light response, hy-
phal growth and secondarymetabolism [299]. LaeA - a key component of
the velvet complex - is hypothesized to reverse formation of transcrip-
tionally silent heterochromatin by H3K9 methylation activity [235]. This
has been an attractive target in boosting secondary metabolite activity
(e.g. β-lactam in Penicillium chrysogenum [300]) and modulating
macro-morphology [301], but demonstrated divergent regulatory func-
tions in T. reesei [302]. A panel of epigenetic-regulatory targets will
continue to be identified (e.g. StuA, FlbA, BrlA) as transcriptomic ana-
lyses shed light on the role of epigenetics in cellular activity [46,303].

4.3.3. Signaling cascades
Numerous studies have supported the hypothesis that a diversity of

cell-signaling networks coordinate the polar growth, macro-morphology
and development in filamentous fungi [304,305]. These signaling cas-
cades, including the TORC2, CWI, MAPK, PKA/cAMP and calcium/cal-
cineurin signaling, transduce external cues into a wide breadth of
intracellular responses; this subject has been previously well-reviewed
[214]. The concerted regulation of the rapamycin kinase (TORC2) and
cell-wall integrity (CWI) signaling pathways affect sterol, ion transport,
amino acid metabolism and protein trafficking [306]. The MAPK
pathway senses pheromone and nutrient availability, regulating down-
stream spore formation, oxidative/osmotic stress responses, and cell wall
integrity, via trans-membrane transduction of G-protein coupled re-
ceptors (GPCRs) [307–310]. The signal cascades through a phosphorelay
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system, ultimately affecting the expression of chromatin remodeling
proteins, transcription factors, and co-regulatory proteins [304]. The
PKA/cAMP pathway senses environmental carbon, regulates vegetative
growth, and acts via activation of protein kinase A (PKA) by a
GPCR-activated, ATP-derived cAMP [214]. These activated PKA phos-
phorylates target transcription factors, facilitating entry into the nucleus,
modulating gene expression. They have been targeted to affect
macro-morphology (e.g. compact colony morphology by PkaC over-
expression in A. niger [311]) and secondary metabolism (e.g. elevated
production of penicillin and reduced conidiation by fadA overexpression
– an α-subunit of a G-protein – in A. nidulans [312]). The calcium/cal-
cineurin signaling pathway regulates reproductive development and is
well-characterized due to its role in the virulence of human fungal
pathogens [313,314], as well as its role in asexual development [315].
Deletion of CrzA, a calcineurin target, caused a hyperbranched pheno-
type in T. reesei causing concomitant increases in hemicellulose secretion
[316]. The complex effects of these signaling cascades confound strain
engineering efforts, but may become easier to engineer as broad
systems-level understanding is developed.

5. Future remarks and conclusion

Previous efforts in engineering protein secretory pathways and
signaling cascades clearly demonstrate the importance of considering
specific host and protein features to inform appropriate molecular tar-
gets. Efforts to overcome three key bottlenecks in filamentous fungal
strain engineering (heterologous protein production, culture morpho-
genesis and development, and transcriptional control), clarifies the stark
lack of understanding across many areas of fungal biology. This is largely
due to the limits in scale and specificity inherent to traditional methods,
namely the classical UV/chemical mutagenesis and manual colony
screening pipeline. The application of high-throughput and single-cell
resolution methods, already broadly applied within the synthetic
biology community, can ultimately yield an integrated and iterative cycle
that accelerates both systems biology characterization and target trait
breeding. Upstream of the cycle, better genome-wide mutational strain
libraries may now be developed using techniques such as CRISPR screens
and transposon mutagenesis, moving beyond simple point mutations and
towards large genomic rearrangements and gene-enrichment libraries.
Downstream of the cycle, innovations in high-throughput experimental
evolution, micro-droplet fluidics, and lab automation platforms greatly
improves the power and scale of mutant selection and screening. The
greatest challenge that remains to be overcome is the validation, devel-
opment, and integration of these distinct approaches across a breeding
pipeline that enables iterative learning through systems-level charac-
terization and modification. Overcoming these challenges promises
previously unprecedented improvements in fermentation performance
for industrial biomanufacturing.

Innovations also continue to emerge across cultivation and
production-process techniques. This includes a re-emergence in solid-
state fermentation research for improved and novel enzyme production
[317–319], and improved dynamic modeling of growth in increasingly
advanced bioreactors [320]. Microbial mixed cultures are also being
explored due to emerging evidence that novel cryptic compounds are
only expressed upon co-culture induction [321–323]. Our growing un-
derstanding of the complex regulatory and signaling systems in fila-
mentous fungi that coordinate their metabolism, polar growth, protein
processing/secretion, morphogenesis, and material properties extend the
possibility of commercially-feasible mammalian-protein cell factories,
enzymatic workhorses in a circular bioeconomy, and biological agents of
carbon capture and remediation [25,51,324,325].

To meet the climate goal set out in the Paris Agreement – constraining
global warming to 1.5 �C above pre-industrial levels – the world must
take urgent and bold actions to cut 43% of emissions by 2030 and achieve
net-zero emissions by 2050 [326]. The fungal biotechnology embodies a
myriad of innovations that are clean, versatile and yet functional. Just
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considering its potential impact on decarbonizing animal protein pro-
duction alone, fungal-derived proteins chart out an effective way of
producing protein-rich biomass and animal functional proteins at
cost-parity. A landmark life cycle assessment demonstrated that even a
20% displacement of ruminant meat by mycoproteins can offset its
associated annual deforestation and related CO2 emissions in half, as well
as significantly lower global methane emissions from animal agriculture
[327]. Fungal bio-composite materials, on the other hand, can act as a
CO2-sink material with a negative embodied carbon (EC) value, 39.5 kg
CO2 eq m�3 [328]. Beyond its potential in decarbonizing the food and
material industries, filamentous fungi, specifically mycorrhizal fungi that
form mutualistic relationships with plants, naturally sink billions of tons
of fixed atmospheric carbon annually in the underground fungal network
[329]. It represents a unique, unexplored climate opportunity for
creating massive carbon sinks at a global scale. To realize the full po-
tential of filamentous fungi in these novel decarbonization and carbon
sequestration avenues, the crosstalks between the synthetic biology
community, the mycology community, and the materials science com-
munity are needed now more than ever. This review serves as a primer
for initiating such collaboration, and calls for holistic solutions that
benefit human society, animal welfare and the planetary health at scale.
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