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Abstract

Current food systems are highly complex, with interdependencies across regions, resources,
and actors, and conventional food production is a major contributor to climate change.
Transitioning to sustainable protein sources is therefore critical to meet the nutritional
needs of a growing global population while reducing environmental pressures. Filamen-
tous fungi present a promising solution by converting agro-industrial side streams into
mycoproteins—nutrient-dense, sustainable proteins with a carbon footprint more than ten
times lower than beef. This review evaluates the potential of mycoproteins derived from
fungi cultivated on low-cost substrates, focusing on their role in advancing sustainable
food systems. Evidence indicates that mycoproteins are rich in protein (13.6–71% dw),
complete amino acids, fiber (4.8–25% dw), essential minerals, polyphenols, and vitamins
while maintaining low fat and moderate carbohydrate content. Fermentation efficiency
and product quality depend on substrate type, nutrient availability, and fungal strain,
with advances in bioreactor design and AI-driven optimization enhancing scalability and
traceability. Supported by emerging regulatory frameworks, mycoproteins can reduce
reliance on animal-derived proteins, valorize agricultural by-products, and contribute to
climate-resilient, nutritionally rich diets. Integration into innovative food products offers
opportunities to meet consumer preferences while promoting environmentally sustainable,
socially equitable, and economically viable food systems within planetary boundaries.

Keywords: mycoprotein; filamentous fungi; sustainable production and consumption;
future food systems; agro-industrial side-streams

1. Introduction
By 2050, the global population is projected by United Nations to reach 10 billion,

intensifying the demand for protein-rich foods and putting pressure on existing food system.
This surge in demand, driven by diverse dietary needs, and amplified by urbanization, and
aging populations, is straining land and natural resources. The global food system is now
undergoing a major transition, making it essential to accelerate the shift toward healthier,
more ethical, and environmentally sustainable protein sources [1].

Concerns about global protein shortages have grown since the 1960s, prompting
research into alternatives to conventional animal-sourced proteins [2]. Currently, around
one billion people worldwide do not consume sufficient protein [3]. Food insecurity is
driven by persistent inequalities, weaknesses in food systems, and the impacts of climate
change, including extreme weather that reduces crop yields. Given these challenges,
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developing sustainable and resilient food systems is essential to achieve global hunger
reduction targets, highlighting the need for alternative protein and food production [4].

Simultaneously, a rising number of conscious consumers are reducing or eliminating
meat intake through vegetarian or vegan diets, which is often tied to religious, philosoph-
ical, or ethical beliefs. If these diets are not properly balanced, they can lead to protein
deficiencies and related nutritional issues. Both the public health and environmental con-
cerns of meat consumption increased the demand for meat substitutes. Thus, promoting
sustainable land use, reducing the global environmental impact of protein production, and
addressing the challenges of meeting future protein demand are essential. Shifting from
high-impact animal proteins, to alternative proteins such as plant-based, fungal, microbial,
algal, or insect proteins [5], can substantially reduce land demand and environmental
impact, helping to create more efficient and sustainable food systems.

Filamentous fungi have recently attracted considerable interest in research due to their
potential for innovative applications in various food products, particularly for their well-
recognized use as alternative protein sources [6–9]. Mycoprotein production by filamentous
fungi does not depend on agricultural land or specific climatic conditions and has a carbon
footprint up to ten times lower than that of animal protein. It also requires fewer resources
than traditional animal or plant proteins. Filamentous fungi offer significant benefits
by biotransforming agricultural by-products and side-streams from agri-food industries
into protein-rich fungal biomass. This process helps address food security and waste
management challenges while promoting recycling and enabling resource recovery in line
with circular-economy principles [10].

Currently, microbial protein serves as a valuable source of nutrition in the food indus-
try. Fungal-based proteins are attracting increasing interest due to their highly efficient
production processes, which function independently of agricultural inputs and climatic
constraints, as well as their favorable amino acid compositions [5]. When added to food
products, especially meat analogues, mycoprotein improves their quality, functional prop-
erties, and culinary value. Moreover, mycoprotein is a nutrient-dense food, providing
a complete amino acid profile in the level required by FAO standards [11]. In addition,
they provide good sources of dietary fiber (β-glucan), healthy fats, essential minerals, vita-
mins, and bioactive compounds [10]. These nutritional and functional properties establish
mycoprotein as a recognized sustainable protein source [5].

Various edible fungal species and substrates have been explored for biotechnological
applications in both food (e.g., nuggets, ready-to-eat sausages, salami, and burgers) and
animal feed (for calves, pigs, poultry, and fish) [12]. Quorn™ is a notable commercial
mycoprotein derived from Fusarium venenatum. There are other fungal species considered
for use as mycoprotein including Aspergillus, Rhizopus, Trichoderma, and Neurospora [5,13].
However, the feasibility, regulatory hurdles, production technologies, and consumer ac-
ceptance of fungal proteins remain key challenges for their integration into European and
global food systems and commercialization.

This review introduces a new perspective by situating filamentous fungi within the
broader transformation of global food systems, emphasizing their capacity to meet rising
protein demands while staying within planetary boundaries. Although filamentous fungi
are increasingly recognized for their ability to convert low-value agro-industrial streams
into nutrient-dense mycoproteins, most existing reviews center on conventional production
strategies and overlook emerging technological innovations. To address this gap, this
work integrates recent advances in fungal strain bioengineering, process optimization,
food structuring, and AI-driven fermentation system, offering a comprehensive synthesis
of these rapidly evolving domains. By examining the latest scientific and regulatory de-
velopments, this review highlights the significant potential of fungal biomass to reduce
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environmental burdens, support circular-economy principles, and contribute to resilient
and equitable food systems. It further identifies emerging opportunities for fungal proteins
in next-generation food applications and delineates key challenges related to compositional
attributes, safety, sensory quality, and regulatory compliance. This integration of emerging
fungi-based foods and specialized compounds with novel processing technologies estab-
lishes a foundation for developing high-quality, consumer-oriented fungal products that
promote sustainable diets, strengthen food security, and alleviate environmental pressures.

1.1. Sustainability of Protein-Rich Food Production Systems

Sustainability is a fundamental element and prerequisite for food security, while
nutrition underpins the availability, stability, accessibility, and utilization of food. The
rapid increase in production driven by population growth and high meat consumption
has raised concerns about environmental degradation, public health, ethics, and resource
management [4]. Population growth drives increased food demand, production, and
consumption, while simultaneously generating larger amounts of agri-food waste rendering
current global food systems and consumption patterns unsustainable.

Nearly all agri-food production requires substantial land, with approximately 50% of
the world’s habitable land currently devoted to agriculture (Table 1).

Table 1. Breakdown of global habitable land used for agri-food production and its contribution to
protein and calorie supply. Data source: Our World in Data [14].

Category Subcategory % of Category Area
(Mln km2)

Earth’s Surface
Land 29% 141
Ocean 71% 369

Land Surface
Habitable land 76% 107

Glaciers 10% 14
Barren land 1 14% 20

Habitable Land

Agriculture 45% 48
Forests 38% 40
Shrub 13% 14

Urban and built-up land 2 1% 1
Freshwater bodies 3 2% 2

Agricultural Land
Livestock (meat, dairy) 80% 38 (6 Mln km2 cropland for

feed + 32 Mln km2 grazing land)
Crops for food 16% 8

Non-food crops 4 4% 2

Global Calorie Supply 5 From meat & dairy 17% —
From plant-based food 83% —

Global Protein Supply 5 From meat & dairy 38% —
From plant-based food 62% —

1 Deserts, salt flats, beaches, dunes. 2 Includes settlements and infrastructure. 3 Lakes, rivers, coastal bodies.
4 Biofuels, cotton, etc. 5 Includes fish and seafood from aquaculture production, which uses land for feed. If wild
fish catch is also included, animal products would provide 18% of calories and 40% of protein.

Livestock production dominates agricultural land use, occupying roughly 80%
(~38 million km2) of total agricultural land, while crops occupy only 16% (~10 million km2),
despite providing a smaller share of global protein (38% from livestock and 62% from
crops) [14]. The allocation of land strongly influences food system operations and has direct
implications for land quality, water resources, and climate [4]. This disproportionate alloca-
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tion highlights the inefficiency of land use in traditional animal-based protein production
and underscores its environmental implications.

Comparison of environmental impacts across various protein production systems
average values for land and water use per 100 g of protein, as well the average value for
greenhouse gas (GHG) emissions per 100 g of protein, expressed as kg CO2-equivalent
(Table 2). Data include traditional animal-based proteins (beef, lamb, pork, chicken, eggs,
milk, cheese), seafood (farmed fish, shrimp/prawns), plant-based proteins (beans, peas,
grains, nuts, groundnuts), and alternative proteins (insect, microalgal, bacterial, mycopro-
tein, cultured meat).

Table 2. Comparison of environmental impacts across various protein production systems average
values per 100 g of protein.

Category Land
(m2)

Water
(L)

GHG
(kg CO2-eq) Reference

Beef 164 728 25

[15–20]

Lamb & mutton 185 901 20
Pork 11 1110 6.5

Chicken 7 381 4.3
Eggs 6 521 3.8
Milk 27 1904 1.4

Cheese 40 2539 8.4
Farmed fish 3.7 1619 3.5

Farmed shrimp/prawns 2 2380 10
Beans 7.3 203 0.65
Peas 3.4 178 0.36
Nuts 7.9 2531 −0.8

Groundnuts 3.5 708 0.4
Grains 4.6 3167 0.2

Insect protein 0.35 200 0.82
Microalgal protein 0.35 500 12.9
Bacterial protein 0.04 36.4 1 0.44

Mycoprotein 0.082 53.9 0.58
Cultured meat 0.2 445 2.05

1 Bacterial protein is estimated to use up to 20 times less water than animal-based (beef) proteins. GHG: greenhouse
gas emissions.

Land requirements per 100 g of protein vary widely across protein sources, with
beef and lamb exhibiting the highest land use (164–185 m2), while plant-based proteins
such as peas and beans require far less land (3–7 m2), and alternative proteins like insect,
mycoprotein, and microalgal protein are particularly land-efficient (≤0.35 m2).

Agriculture accounts for approximately 70% of global freshwater consumption according
to FAO’s AQUASTAT. Water requirements per 100 g of protein follow patterns similar to
land use: beef and lamb are the most water-intensive (728–901 L), followed by pork and
dairy products (381–1110 L), while plant-based proteins generally require considerably less
water (178–708 L). Among alternative proteins, mycoprotein (54–78 L), insect protein (~200 L),
and microalgal protein (~500 L) demonstrate substantial water-use efficiency compared
to conventional meats. Studies consistently show that replacing animal-based foods with
nutritionally equivalent plant-based foods significantly reduces the water footprint (WF)
of diets, with reductions ranging from 15 to 41% depending on the region and dietary
shift [21]. These findings emphasize that shifts toward plant-based or alternative proteins
could significantly reduce pressure on freshwater resources while maintaining protein supply.

Greenhouse gas (GHG) emissions associated with protein production vary markedly
depending on the source and production system. Protein-rich foods vary widely in their
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greenhouse gas emissions per 100 g of protein, with significant implications for sustainable
diets. Animal-derived proteins typically exhibit the highest carbon footprints. Beef and
lamb are the most GHG-intensive, emitting approximately 25 and 20 kg CO2-eq per 100 g of
protein, respectively. Other animal-based protein products, including cheese, pork, chicken,
and eggs, also contribute substantially to GHG emissions, ranging from 3.8 to 8.4 kg CO2-eq
per 100 g of protein. Farmed fish has intermediate emissions (3.5 kg CO2-eq), and higher
emissions has farmed shrimp release (10 kg CO2-eq) per 100 g of protein. In contrast,
plant-based proteins such as beans, peas, and grains have much lower carbon intensities,
with GHG emissions ranging from 0.36 to 0.65 kg CO2-eq per 100 g of protein, and nuts,
which can even have negative emissions (−0.8 kg CO2-eq) due to carbon sequestration
in tree crops. This reflects their relatively efficient resource use and lower dependence on
energy- and methane-intensive production systems. Alternative protein sources, including
insects, microalgae, bacteria, and mycoprotein from filamentous fungi, present a promising
pathway to reduce the dietary carbon footprint. Among these, bacterial protein exhibits
the lowest emissions (0.44 kg CO2-eq per 100 g of protein), while microalgal protein shows
higher GHG emissions (12.9 kg CO2-eq per 100 g), due primarily to energy-intensive
cultivation and processing. Mycoprotein represents a low-impact microbial option, with
emissions of 0.58 kg CO2-eq per 100 g of protein, indicating its potential as a sustainable
alternative to traditional animal-based proteins.

Conventional protein production uses water, soil, fertilizers, and energy, which can
harm biodiversity and the environment. Animal-based proteins use the most resources,
causing habitat loss, water stress, and environmental damage. Transitioning from high-
impact animal proteins to alternative proteins that need less land, and water can reduce
environmental burden of protein production globally and help create a more sustainable
food system.

1.2. Sustainability in Dietary Protein Patterns from Conventional to Revolutionary

A sustainable diet is “. . . a dietary patter that promote all dimensions of individuals’ health
and wellbeing, have low environmental pressure and impact; are accessible; affordable; safe and
equitable; and are culturally accessible” [22]. This dietary pattern emphasizes ecological
consumption, focusing on modifying food choices to minimize negative environmental
impacts. Reducing the intake of meat and other animal-based foods provides dual benefits
for health and the environment, contributing to climate change mitigation. Lucas et al. [23]
found that about one-third of the health gains are linked to lower dietary risks, while two-
thirds arise from reduced production impacts. Transitioning from a flexitarian to a vegan
diet can cut greenhouse gas emissions by 54–87%, freshwater use by 2–11%, cropland uses
by 8–11%, and fertilizer use (nitrogen and phosphorus footprints) by 41–46%. Furthermore,
antibiotic and drug use in livestock and agriculture carries adverse environmental and
health impacts. On average, producing 1 kg of animal protein requires about 6 kg of plant
protein, and these supply chains contribute approximately 14.5% of global greenhouse gas
emissions, along with increased carbon footprints and water pollution [4]. Such production
systems place substantial pressure on the environment, underscoring the urgent need for
sustainable alternatives.

Transforming current dietary patterns is essential to mitigate climate change, sup-
porting global and regional initiatives such as the UN SDGs [24] and the European Green
Deal [25]. These initiatives aim to eradicate hunger, ensure food security, improve nutrition,
and promote sustainable agriculture, particularly through the “Farm to Fork” strategy and
the adoption of sustainable dietary guidelines across EU countries [26]. Shifting from meat
to alternative protein sources, such as mycoprotein, offers a practical pathway to achieve
these goals by reducing environmental impacts while providing high-quality nutrition.
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Realizing this transition requires collaboration among the food industry, regulatory agen-
cies, and the scientific community to drive innovation, implement sustainable production
strategies, and support policy development [27].

Evidence shows that sustainable consumption is linked to reduced meat intake, increased
plant-based food consumption, and improved nutritional quality, alongside growing openness
to emerging protein sources. Overall, these trends suggest that consumers are increasingly
integrating ecological and sustainable principles into their diets. However, to address the ‘diet–
environment–health’ trilemma for present and future generations, it is essential to promote
sustainable and ethically justified alternative foods to conventional meat [4].

Animal-based proteins remain the dominant source of dietary protein worldwide,
with global production and consumption projected to reach nearly 470 million tons by 2050
and average per capita meat intake rising from 40 kg to 52 kg annually [28]. Data from the
Global Dietary Database reveals substantial disparities in animal-source food consumption.
Between 1990 and 2018, mean global intakes of unprocessed red meat (51 g/day), processed
meat (17 g/day), seafood (28 g/day), eggs (21 g/day), milk (88 g/day), cheese (8 g/day),
and yoghurt (20 g/day) varied by country, education, and urbanization [29], with persistent
disparities between low- and high-income countries. The global minimum protein intake
declined from 36 g/capita/day in 2000–2002 to 29.6 g/capita/day in 2020–2022 (FAOSTAT),
while the maximum increased from 124.3 g/capita/day to 150.6 g/capita/day, reflecting
a widening range of consumption (Figure 1a).

Addressing this trajectory requires a systemic shift toward sustainable protein sources,
including plant-based, fungal, single-cell, insect, and cultivated proteins, guided by inte-
grated nutritional, environmental, and socio-economic frameworks to ensure that future
protein systems are both nutritionally adequate and environmentally resilient [30].

Emerging alternative proteins will be the base protein ingredient of future foods
(Figure 1b). Plant-based proteins, derived from sources such as soy, peas, legumes, nuts,
oats, wheat, quinoa, amaranth, and beans, are widely utilized in products including burgers,
sausages, nuggets, tofu, tempeh, and plant-based milk and meat alternatives, contributing
to reduced reliance on conventional meat. Microalgae, including Spirulina, Chlorella, and
Nannochloropsis, are incorporated into protein powders, shakes, fortified pasta, snacks,
and functional foods, offering nutrient-dense options. Edible insects, such as crickets,
mealworms, and locusts, serve as efficient protein sources in biscuits, crackers, breads, meat
pies, and sausages. Cultivated meat, produced from animal muscle cells in vitro, replicates
the nutritional and sensory properties of conventional meat. Fungal proteins, derived
from mushrooms and mycoprotein (Fusarium venenatum, used in QuornTM products), are
employed in protein-rich snacks and meat analogs. Finally, single-cell proteins (SCPs)
from bacteria and yeast are processed into protein powders, fermented foods, and fortified
baking ingredients, providing nutrient-rich and climate-resilient protein sources [4].

Furthermore, alternative protein sources support several SDGs: goal 2 (zero hunger) by
providing affordable, high-quality protein; goal 9 (industry, innovation, and infrastructure)
by fostering sustainable fermentation and green industrial growth; goal 12 (responsible
consumption and production) by using significantly less land and water than conventional
meat and promoting circular bioeconomy practices; goal 13 (climate action) by reducing
greenhouse gas emissions; and goal 15 (life on land) by minimizing land use and preventing
deforestation and soil degradation [17].
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Figure 1. (a) Global choropleth map showing the 3-years average protein supply per capita per day
over the last 20 years (average values between 2000–2002 and 2020–2022). Darker shades indicate
higher per capita protein availability (range 29.6–150.6 g/cap/day), while grey areas represent
countries with no available data. Data sourced from: Global Dietary Database and FAOSTAT
database. (b) Protein sources supply in our food systems: conventional animal-based and plant-based
proteins and emerging alternative proteins for future food systems supporting UN SDGs.

2. Materials and Methods
A comprehensive literature review was conducted to analyze scientific publications

on sustainable food production, dietary patterns, and alternative protein sources derived
from filamentous fungi. Literature was retrieved from the Web of Science. The search
strategy combined several keywords, including sustainable food production, sustainable
diet, alternative protein sources, mycoproteins, production, applications, safety, regulation,
consumer acceptance, market penetration, side-stream valorization, and fermentation.

The search was further limited to open access articles, published between 2020 and
2025, written in English, and classified under the research areas of Food Science & Technol-
ogy, Biotechnology & Applied Microbiology, and Microbiology. A total of 7062 relevant
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publications were selected for detailed analysis. The final dataset was exported in plain
text format and analyzed using VOSviewer software (version 1.6.18, Leiden University,
Leiden, The Netherlands) to identify major research clusters, co-occurrence patterns, and
emerging trends in fungal-derived alternative protein research. A co-occurrence map-based
analysis, based on the title and abstract fields with full counting and a minimum occurrence
threshold of 30 terms, resulted in 3917 terms that met the threshold. These terms were
further refined using a thesaurus to remove irrelevant terms, resulting in the identification
of five main thematic clusters comprising 333 items.

Other data extracted from publicly available databases (FAOSTAT https://www.
fao.org/faostat/en/#data, accessed on 28 October 2025, AQUASTAT https://www.fao.
org/aquastat/en/, accessed on 31 October 2025, PATENTSCOPE https://patentscope.
wipo.int/search/en/search.jsf, accessed on 2 November 2025, Global Dietary Database
https://globaldietarydatabase.org/, accessed on 1 November 2025, and Our World in Data
https://ourworldindata.org/, accessed on 5 October 2025), for visualization were imported
into Origin software version 2025b and into Datawrapper 2025 for choropleth map creation.
In parallel, illustrations were created using BioRender.

3. Results and Discussion
3.1. Production Platforms of Filamentous Fungi Proteins and Bioactive Compounds for Sustainable
Food Systems

Fungi represent one of the most biodiverse kingdoms of life, with over 97,000 species
described to date, estimated to comprise only about 6% of their total global diversity.
Among them, filamentous fungi stand out for their exceptional metabolic versatility and
offer a promising biotechnological solution. Filamentous fungi, particularly Mucoromy-
cota (formerly Zygomycetes): Actinomucor elegans, Amylomyces rouxii, Mucor circinelloides,
Mucor hiemalis, Mucor racemosus, Rhizopus oryzae, Rhizopus oligosporus, Rhizopus azygosporus;
and Ascomycota such as Aspergillus oryzae, Aspergillus sojae, Aspergillus tamarii, Fusarium
venenatum, Geotrichum candidum, Monascus purpureus, Monascus ruber, Neurospora crassa,
Neurospora intermedia, Neurospora sitophila, Paecilomyces variotii, Penicillium nalgiovense, Peni-
cillium roqueforti, offer multiple advantages in food systems by providing high-quality
protein, producing enzymes, natural colorants, and bioactive compounds, and converting
diverse substrates into a wide range of value-added food ingredients (Table 3).

Table 3. Proteins and bioactive compounds from filamentous fungi with industrial and nutritional
relevance for food systems.

Compound
Category

Filamentous
Fungi (GRAS

Species)

Fungal
Metabolites

Industrial
Application

Growing
Substrate References

Mycoprotein

Fusarium
venenatum,

Aspergillus spp.
(oryzae, sojae),
Rhizopus spp.

(oryzae, delemar),
Amylomyces rouxii,

Neurospora spp.
(intermedia, crassa,
sitophila), Mucor

spp. (circinelloides,
miehei, azygosporus),
Paecilomyces variotii

Proteins (>40%)

Meat alternatives,
protein-rich foods,

fortified and
functional foods

Plant and
industrial side
streams (potato

starch and liquor,
whey, bread, pea,
oat, grape marc,

wine lees, vinasse,
olive mill water,

Oncom substrate)

[15,31–37]
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Table 3. Cont.

Compound
Category

Filamentous
Fungi (GRAS

Species)

Fungal
Metabolites

Industrial
Application

Growing
Substrate References

Bioactive peptides

Aspergillus spp.
(oryzae, sojae),
Monascus spp.

(purpureus, pilosus),
Neurospora
intermedia,
Rhizopus

oligosporus,
Fusarium

venenatum,
Cordyceps militaris

Cordymin and
other bioactive

peptides

Functional foods and
nutritional

fortification through
bioactive peptides

with multiple
health-promoting

activities
(antihypertensive,

antioxidant,
antidiabetic,
anticancer,

antithrombotic, and
immunomodulator)

Koji, rice, corn, pea
by-products, bread

leftovers,
semi-synthetic

media, grain-based
substrates,

silkworm pupae

[36,37]

Lipids

Mucor spp.
(circinelloides,

miehei, azygosporus),
Rhizopus oryzae,

Geotrichum
candidum

Triglycerides,
polyunsaturated

fatty acids
(γ-linolenic acid)

Nutritional lipids,
functional lipids

Whey, plant
substrates,

industrial residues
[31,38–40]

Polysaccharides/
dietary fibers/

prebiotics

Mucor rouxii,
Rhizopus spp.,

Aspergillus spp.,
Neurospora spp.,

Fusarium
venenatum,

Cordyceps militaris,
Paecilomyces variotii

β-glucan, chitin,
chitosan, chi-

tooligosaccharides,
fructooligosaccha-

rides (FOS)

Functional foods and
prebiotics with
potential health

benefits: promoting
gut microbiota,

anticancer,
antidiabetic,

immunomodulatory,
antioxidant, and
antitumor effects

Rice, wheat, plant
flours, grain-based

substrates,
silkworm pupae,
semi-synthetic

media,
agro-industrial
residues (potato

liquor, whey, bread
leftovers, spent
coffee grounds,

vinasse, olive mill
water, fish

industry residues)

[34,37,41,42]

Essential minerals

Neurospora
intermedia,

Aspergillus oryzae,
Rhizopus spp.

Iron (Fe), Zinc (Zn),
Calcium (Ca),
Copper (Cu),

phosphorus (P)

Mineral-enriched
foods, enhances

micronutrient intake,
and mineral
accessibility

Grape marc, wine
lees, vinasse, stale

bread, brewers’
spent grain,

mineral-
enriched media

[33,43,44]

Bioactive
compounds/
Polyphenols

Aspergillus spp.,
Rhizopus spp.,
Actinomucor

elegans,
Amylomyces rouxii,

Monascus spp.,
Mucor spp.,

Neurospora spp.,
Fusarium spp.,

Cordyceps militaris

Caffeoylquinic
acid, ellagic acid,

quercetin and
kaempferol
glycosides,
flavones,

hydroxycinnamic
acids, carotenoids,

ergosterol,
γ-aminobutyric
acid, L-carnitine,

cordycepin,
adenosine

Functional foods,
antioxidant-rich,

natural
preservatives,

nutraceuticals with
anti-inflammatory,
antihypertensive,

antidiabetic,
anti-fatigue, and

antitumor properties

Koji, rice, corn,
wheat, Oncom

substrate, bread
leftovers, silkworm
pupae, grain-based

substrates, semi-
synthetic media

[36,37,39,45–47]
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Table 3. Cont.

Compound
Category

Filamentous
Fungi (GRAS

Species)

Fungal
Metabolites

Industrial
Application

Growing
Substrate References

Vitamins

Ashbya gossypii,
Neurospora
intermedia,

Rhizopus oryzae,
Aspergillus oryzae

Riboflavin
(Vitamin B2),

Vitamin E, Vitamin
D2, B-group

vitamins (B1, B2,
B3, B6)

Vitamin-enriched
food and nutritional

fortification

Glucose media,
stale bread,

brewers’
spent grain

[43,48,49]

Enzymes

Aspergillus spp.,
Rhizopus spp.,

Trichoderma reesei,
Mucor spp.,
Neurospora
intermedia

Proteases,
amylases, lipases,

cellulases,
hemicellulases,
β-glucosidase,

feruloyl esterase,
endo-1,4-β-

xylanases (GH10,
GH11), and other

hydrolytic
enzymes

Food processing
applications,

proteolysis and
protein modification

(soft, cheese-like
gels), starch and
fiber hydrolysis,

prebiotic production,
bread and beverage
improvement, olive

oil hydrolysis.

Koji, Tempeh,
Oncom, Sufu,

plant flours, bread
leftovers,

buckwheat,
quinoa, ginseng,

tangerine peel, oat,
semi-synthetic

media,
Adams’ medium

[31,36,37,39,50]

Organic acids

Aspergillus spp.,
Rhizopus spp.,

Neurospora
intermedia,

Monascus spp.,
Fusarium

venenatum,
Cordyceps militaris

Lactic, fumaric,
citric, gluconic,
and kojic acids

Food acidification,
flavor enhancement,

antioxidant and
preservative effects,
prebiotic potential

Koji, rice, corn,
Oncom substrate,
bread leftovers,

wheat bran,
tomato pomace,
fruit/vegetable

by-products,
industrial residues,

semi-
synthetic media

[31,36,37,39,50]

Aroma & Flavor
Compounds

Geotrichum
candidum,

Penicillium spp.
(roqueforti,
camemberti,
nalgiovense,

chrysogenum),
Rhizopus oryzae,

Neurospora crassa

Proteolytic and
lipolytic

metabolites,
glutamate,

methionine,
cysteine, volatile

aroma compounds
(smoky, cheesy,

floral notes)

Enhances aroma and
umami flavor in
fermented dairy,

meat, and soybean
products, improving

sensory appeal.

Whey, cheese,
meat, soybean

substrates
[31,51]

Pigments/
bioolorants

Monascus spp.,
Neurospora
intermedia

MonAzPs
pigments, yellow

(monascin,
ankaflavin), orange

(rubropunctatin,
monascorubrin),

red
(rubropunctamine,
monascorubramine);
carotenoids (neu-
rosporaxanthin))

Natural red, orange,
and yellow food

biocolorants with
high-yield

production from
low-cost substrates;

suitable for
commercial use.

Rice, rice flour,
corn molasses,

Oncom substrate
[37,39,50,52,53]

While traditional fungal fermentation processes include the production of soy sauce,
sake, rice vinegar, koji, oncom, and miso, as well as the fermentation of soybeans, mold-
ripened cheeses, and various beverages, the targeted use of fungi for mycoprotein produc-
tion represents a relatively recent innovation. The selection and optimization of strain is
pivotal as it can have a significant impact on the substrate conversion efficiency, fungal
biomass productivity, morphology, nutritional value, flavor and color [6]. In the food
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industry, microbial protein is generally obtained in two main forms: whole fungal biomass
or protein extracted from the biomass.

Filamentous fungi are not only a source of high-quality protein but also produce
a wide range of bioactive compounds and specialized metabolites with industrial and
nutritional relevance. They are prolific producers of bioactive peptides, including cordymin
and other functional peptides, generated by Aspergillus oryzae, A. sojae, Monascus purpureus,
M. pilosus, Neurospora intermedia, Rhizopus oligosporus, Fusarium venenatum, and Cordyceps
militaris. These peptides exhibit antihypertensive, antioxidant, antidiabetic, antithrombotic,
anticancer, and immunomodulatory activities, supporting their growing use in functional
foods and nutraceuticals [36,37].

Advances in fungal biotechnology continue to enhance the versatility of GRAS fil-
amentous fungi as robust cell factories. Several species, such as Mucor circinelloides, M.
miehei, M. azygosporus, Rhizopus oryzae, and Geotrichum candidum, efficiently synthesize oleic
and γ-linolenic acid, making them promising sources of nutritional lipids for functional
foods and supplements [31,38–40]. Filamentous fungi can be enriched in lipids without
compromising protein content through culture medium modification and high-lipid yeast
immobilization, offering a sustainable and promising alternative to traditional meat for the
food industry [54]. New and improved fungal strains are being developed for precision
fermentation, including oleaginous species that accumulate specific lipids or fatty acids [9].

Fungi metabolic diversity extends to polysaccharides and dietary fibers, including
β-glucans, chitin, chitosan, chitooligosaccharides, and fructooligosaccharides (FOS), pro-
duced by Mucor rouxii, Rhizopus spp., Aspergillus spp., Neurospora spp., Fusarium venenatum,
Cordyceps militaris, and Paecilomyces variotii. These compounds demonstrate immunomodu-
latory, antioxidant, antitumor, and antidiabetic activities [34,37,41,42], function as prebiotics
and can improve gut health [9].

Filamentous fungi also contribute to micronutrient enrichment. Species such as Neu-
rospora intermedia, Aspergillus oryzae, and Rhizopus spp. accumulate essential minerals
(iron, zinc, calcium, copper, phosphorus), enabling the development of mineral-fortified
foods aimed at mitigating micronutrient deficiencies [33,43,44]. In addition, species such
as Ashbya gossypii, Neurospora intermedia, Rhizopus oryzae, and Aspergillus oryzae serve as
capable producers of riboflavin (vitamin B2), vitamin E, vitamin D2, and B-group vitamins
(B1, B2, B3, B6), supporting applications in nutritional fortification [43,48,49]. Application
of UV irradiation has enhanced vitamin D2 content, by converting ergosterol naturally
present in mycelia, with potential to offer a supplement base to produce fortified food
products/ready-to-eat processed foods [55].

Fungi play a pivotal role in applied biotechnology, particularly in the production of en-
zymes and organic acids for food and beverage applications. Species such as Aspergillus spp.,
Rhizopus spp., Trichoderma reesei, Mucor spp., and Neurospora intermedia produce broad enzyme
suites, including proteases, amylases, lipases, cellulases, hemicellulases, β-glucosidase, feru-
loyl esterase, and endo-1,4-β-xylanases (GH10, GH11), which are employed in protein mod-
ification, starch and fiber hydrolysis, bread and beverage improvement [31,36,37,39,56–58].
Similarly, filamentous fungi such as Aspergillus spp., Rhizopus spp., Neurospora intermedia,
Monascus spp., Fusarium venenatum, and Cordyceps militaris synthesize organic acids, such as
lactic, fumaric, citric, gluconic, and kojic acids, used for food acidification, flavor enhancement,
and providing antioxidant and preservative benefits [31,36,37,39,51].

Additionally, Aspergillus spp., Rhizopus spp., Actinomucor elegans, Amylomyces rouxii,
Monascus spp., Mucor spp., Neurospora spp., Fusarium spp., and Cordyceps militaris produce
polyphenols and other secondary metabolites, including caffeoylquinic acid, ellagic acid,
quercetin and kaempferol glycosides, flavones, hydroxycinnamic acids, carotenoids (e.g., neu-
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rosporaxanthin), ergosterol, GABA, L-carnitine, cordycepin, and adenosine, with antioxidant,
anti-inflammatory, antibacterial, antidiabetic, and anti-fatigue benefits [36,37,39,45,46].

3.1.1. History of Mycoprotein

From ancient Asian fermentations to modern fungal-based proteins, the production of
fungal ingredients for food has evolved significantly. Traditional foods like Koji, fermented
with Aspergillus oryzae [59]; Tempeh, with Rhizopus oligosporus [60]; Sofu, with Actinomucor
elegans, Mucor spp., or Rhizopus spp. [61] and Oncom, with Rhizopus oryzae [62] and Neu-
rospora intermedia [63], harnessed filamentous fungi to convert plant-based substrates and
agro-industry side streams into protein-rich products. In European gastronomy, filamen-
tous fungi such as Penicillium nalgiovense, P. chrysogenum, P. camemberti, and P. roqueforti
have long been essential for ripening and preserving meats and cheeses, contributing to
their characteristic flavors, textures, and microbial stability. Today, these same species are
also used in fungal-fermented vegan cheeses, reflecting a growing trend to adapt traditional
fermentation techniques for sustainable, plant-based foods [61].

Building on these fermentation traditions, in the 1960s–70s the filamentous fungus
Fusarium venenatum (strain A3/5, ATCC PTA-2684) was isolated and selected for its ability
to convert glucose (or other carbon sources) and ammonia into a fibrous, protein-rich
biomass [13,64]. From the early 1970s through the 1980s, intensive work was carried out
to scale up fermentation processes (e.g., continuous or air-lift fermenters), reduce RNA
content and ensure robust safety and nutritional profiles of the fungal biomass [65]. After
thorough safety evaluation on toxicology, allergenicity, nutritional aspects and production
processes, the Ministry of Agriculture, Fisheries and Food in the United Kingdom in 1984,
mycoprotein derived from F. venenatum was approved for human consumption [66]. The
first commercial mycoprotein product was launched in the UK in 1985 by Quorn [64], and
is now permitted for sale across all EU member states. Around 2002 was approved in the
U.S. by the FDA, and other regulatory approvals were obtained in Switzerland, Australia,
Japan, Thailand, Malaysia, and Canada.

Figure 2 shows the progress in mycoprotein production and commercialization, high-
lighting key technological, regulatory, and market milestones that underpin its potential to
contribute to transformative change in global food systems by 2050.

Figure 2. Seventy-five years of progress in mycoprotein production and commercialization toward
transformative change in global food systems by 2050.
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QuornTM offers an extensive lineup of products including meat-free mince, burgers,
sausages, and even ready-to-eat meals. The brand and technology were scaled up and with
continuous processes for mycoprotein-based product formulations [65].

Beyond the original product, new companies are developing different strains, substrates,
and bioreactor configurations, aiming to broaden the commercial footprint of fungal-based
proteins. In the culinary setup, mycoprotein products are incredibly versatile. Chefs and
home cooks alike are incorporating them into a myriad of dishes, from classic comfort foods
like shepherd’s pie and meatloaf to international cuisines such as curries and stir-fries [2].

3.1.2. Fungal Cultivations and Fermentation Modes

The production of fungal proteins involves two main steps: fermentation and extrac-
tion, both of which have seen significant innovation in recent years. Fungal fermentation in
carbon-rich media supplemented with nitrogen and essential micronutrients [67] under
aerobic conditions can proceed via submerged or solid-state modes, ultimately yielding
fungal biomass. Submerged fermentation (SmF) involves cultivating microorganisms in
nutrient-rich liquid media, typically within stirred-tank or airlift bioreactors. This method
enables efficient microbial growth, precise process control, and scalability. Beyond fungal
biomass production, SmF is widely employed in the manufacture of enzymes, organic
acids, antibiotics, vitamins, flavoring agents, biopesticides, animal feed, and bioplastics.
SSF, in contrast, supports fungal growth on moist, solid substrates. Under favorable condi-
tions with improved oxygen availability, SSF promotes mycelial germination and enzyme
synthesis. It offers several advantages, including high productivity, low energy and water
consumption, and minimal wastewater generation. SSF is increasingly recognized for its
potential in fungal biomass and secondary metabolite production; however, its large-scale
application remains limited by challenges in process control, substrate heterogeneity, and
heat and mass transfer. Recent advances have demonstrated the synergistic combination
of SSF and SmF, known as the sequential fermentation method, has proven effective in
enhancing fungal adaptability and productivity while optimizing resource use, making
it a valuable approach for industrial biotechnology. However, this dual-mode strategy
remains limited, and further technological innovation and process engineering are needed
to address operational and scale-up challenges [28].

Controlling bioprocess parameters in submerged or solid-state fermentation is crucial,
as these variables directly influence fungal growth and metabolism, ultimately affecting
both the yield and quality of the final product. The bioreactor functions as a controlled
system designed to support the growth and metabolic activity of microorganisms. It enables
the efficient transfer of nutrients and oxygen to the culture medium while allowing precise
regulation of key parameters such as mixing, agitation, temperature, and humidity, all of
which collectively enhance process efficiency and product yield. Most fungi are known
to grow well at temperatures between 20 and 30 ◦C and prefer a neutral pH of medium.
Aeration is crucial in fungal fermentation to supply oxygen, dissipate metabolic heat, and
prevent excess moisture and CO2 accumulation, while agitation can enhance mass transfer.
For large-scale industrial applications SmF is the preferred method, due to precise control
of pH, temperature, aeration, and dissolved oxygen [28].

Advanced bioreactor technologies with integrated real-time monitoring have greatly
improved fermentation processes by tracking pH, temperature, oxygen, and biomass with-
out sampling, reducing contamination and enhancing batch consistency [68]. Additionally,
when combined with software models, they enable smart control, process prediction, and
automation, optimizing growth conditions and ensuring reliable, high-quality production [69].
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3.1.3. Alternative Feedstock and Biovalorization Strategies

To support sustainability a transformative change from farm to waste is required in
actual food production and consumption models. Agri-food industries generate substan-
tial volumes of organic side streams, including peels, seeds, slaughterhouse wastewater,
dairy effluents, and residues from edible oil production, which, if not properly managed,
can contribute to environmental pollution and increase waste management costs. Tradi-
tional valorization approaches of agri-food industries side streams include their use as
animal feed or fertilizers. These materials are typically rich in organic matter and often
exhibit high biochemical oxygen demand and chemical oxygen demand. Their compo-
sition and biodegradability vary considerably, reflecting differences in C/N ratio, lignin,
cellulose, hemicellulose, protein, phenolic content, and the presence of potential inhibitory
compounds. Improper handling of these side streams can lead to the formation of toxic
substances, pathogen proliferation, and environmental degradation. Filamentous fungi can
grow on a wide range of feedstocks (Figure 3), including fruit and vegetable pomaces, cereal
husks and brans, brewery spent grain, coffee grounds, edible oil cakes, potato peels, fish and
poultry by-products, winery and distillery residues, molasses, vinasse, and combinations
thereof, making them versatile platforms for sustainable bioprocessing [11,28].

Figure 3. Production platforms of filamentous fungi proteins and bioactive compounds for food
systems. General overview of the alternative feedstocks plant-based or food and beverage industry
side-streams and agro-industrial residues, and their biotransformation through submerged fermenta-
tion or solid-state fermentation into mycoprotein rich in bioactive compounds for new fungi-based
foods formulation.

The utilization of nutrient-rich, waste-derived feedstocks can markedly reduce the
environmental footprint of fungal mycoprotein production by lowering greenhouse gas
emissions, water and land use, and eutrophication potential compared with conventional
animal-based protein production systems. Integrating these side streams into fungal
biorefineries provides a sustainable strategy to produce value-added products such as
protein-rich fungal biomass, enzymes, hydrocolloids, dyes, citric acid, xanthan gum, and
other high-value products [70–72].
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Dairy wastes, particularly whey which contain 5–6% lactose, 1% protein, fat, serve
as excellent substrates for fungal fermentation [72,73]. Legume and oilseed byproducts,
including oilseed cakes, soybean okara, and legume husks, are nutrient-dense and provide
ample proteins and carbohydrates for fungal growth [74]. Likewise, fruit and vegetable
by-products, rich in sugars, proteins, cellulose, hemicellulose, lignin, pectin, minerals,
and phenolic compounds, can support diverse fungal fermentations [72]. Cereal-derived
residues such as wheat, rice, and corn straw, corn stover, cereal bran and oat are abundant
lignocellulosic materials rich in cellulose, hemicellulose, lignin, proteins, and phenolic
compounds [75,76]. Several lignocellulosic agricultural residues can serve as cost-effective
feedstocks for fungal fermentation [77]. Sugarcane bagasse, a fibrous residue with high
cellulose (26–50%) and hemicellulose (24–34%) content, is also a promising feedstock for
fungal bioconversion [78]. Additionally, brewer’s spent grain (BSG) containing ~64.9%
polysaccharides, ~22.6% proteins and ~15.7% lignin has shown potential when integrated
in fungal biorefinery with multiple products [79], also winery and distillery by-products
(grape marc, wine lees, and vinasse) are rich in organic matter, contain proteins, minerals,
and phenolic compounds that support fungal fermentation [32,33]. Spent coffee grounds
are an abundant agro-industrial residue rich in carbon and phenolic compounds, offer-
ing significant potential as a substrate for fungal fermentation to generate value-added
bioproducts under both submerged and solid-state conditions [80]. Seafood, meat, and
poultry processing generate millions of tons of protein-rich by-products annually, offering
significant potential for valorization through fungal fermentation. Wasted bread, con-
taining 52.5% starch, 4.9% crude fat, 2.3% total nitrogen, and 2.4% ash, has potential for
valorization through scalable fermentation using Zygomycete fungi [81]. Agro-industrial
effluents are rich in organic matter and phenolics, and filamentous fungi can effectively
remediate through diverse bioremediation mechanisms [82]. Olive pomace is highly acidic,
polyphenol-rich with antimicrobial activity and fatty acids, and organically loaded ma-
trix [83]. Filamentous fungi are capable to degrade lipids of these residues into glycerol
and fatty acids, which are likely metabolized or stored within the fungal cells. Collectively,
these substrates demonstrate the remarkable adaptability of fungi and their key role in
advancing circular and low-waste bioprocessing systems [11,28].

However, industrial adoption of agri-food side stream biovalorization is limited by
challenges such as cleaning heterogeneous residues and navigating [28]. Another concern
is the presence of contaminants, heavy metals, or pesticide residues in the substrate, which
further limits its suitability for mycoprotein production. Additionally, substrates may
contain compounds that either stimulate or inhibit fungal growth; for example, essential
oils in lemon, orange, or grapefruit peels have antimicrobial properties that can reduce
biomass yield [84].

3.1.4. Upstream and Downstream Processes

Substrate pretreatment is a critical step that could significantly enhance the efficiency
of the process, based on physical, chemical, and biological methods. Agro-industrial sub-
strates undergo various pretreatments to enhance fungal fermentation, including acid
precipitation, thermal denaturation, physical grinding, soaking, dilute acid or alkali treat-
ment, organosolv, hydrothermal processing, enzymatic hydrolysis, defatting, extrusion,
hot water washing, steam explosion, and detoxification via liquid–liquid extraction, or
a combination of methods [28].

The complex and regulated process of protein production consists of three phases,
synthesis, modification, and secretion [85]. As the fungus grows and synthesizes protein,
the cultivation period is a critical factor in determining optimal protein content. Variations
in total protein content during fungal fermentation are influenced by the specific interaction
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between the substrate and the fungal strain. Mycoprotein is derived from the mycelium,
the vegetative part of the filamentous fungus. The mycoprotein produced contains dietary
fiber, composed of approximately one-third chitin and two-thirds β-1,3 and β-1,6 glucans
derived from the mycelial cell walls.

After fermentation, filamentous fungal biomass is harvested and can undergo down-
stream processing steps such as washing, cell disruption, the fermenter broth is heated to
stop growth and also to reduce the amount of RNA in the mycoprotein (approximately
1% w/w) through the action of natural nuclease enzymes in the mycelium, followed by
vacuum chilling [86], protein extraction, purification, and drying [11].

Extraction of fungal proteins involves careful consideration of safety and efficiency.
Nucleic acid reduction through heat, chemical, or enzymatic treatments ensures safe con-
sumption, while effective cell disruption techniques, including high-pressure homogeniza-
tion, ultrasound, enzymatic degradation, and autolysis, maximize intracellular protein re-
lease [87]. Crude protein separation is achieved using ultrafiltration, salinization, isoelectric
precipitation, or graded solvent extraction, with optimization via response surface methods
enhancing yield and quality [88]. Fine purification is performed using chromatography,
molecular sieves, electrophoresis, crystallization, or recrystallization, and extracellular
enzymes can be directly isolated from culture media [89]. Modern extraction technologies,
including ultrafine grinding, cavitation-assisted extraction, microwave-assisted extrac-
tion, and pulsed electric fields, improve efficiency while influencing protein functional
properties, highlighting the need for careful control and further systematic studies on the
relationship between extraction conditions, protein structure, and functionality [90].

3.2. Biotechnological Innovations of Filamentous Fungi in Food Applications

Over the last 15 years, 115 patents have been published on alternative proteins, with
plant-based proteins dominating (72 patents), followed by microorganism-based proteins
(31 patents) and insect-based proteins (10 patents) [91]. The number of patents has in-
creased notably in the last five years, reflecting concentrated investment, technological
development, and consumption in North America, Europe, and the Asia-Pacific region.
This growth may be driven by the WHO promotion of sustainable protein alternatives and
the growing interest of scientists and nutritionists in novel sources such as plants, insects,
and microalgae [92]. The predominance of alternative protein patents also reflects greater
consumer familiarity and acceptance of meat-free products [93].

This study analysis was conducted using the WIPO database via the PATENTSCOPE,
considering patents published between 2020 and 2025 that included the keywords “myco-
protein” “mycelium”, “filamentous fungi” and “food.” The results enabled the recovery
of 22 patent records that utilize mycoprotein as a primary component for the invention.
Between 2020 and 2025, a total of 21 product-related patents concerning mycoprotein and
filamentous fungi were identified across 13 applicants from six countries. The majority
originated from Europe (Sweden, The Netherlands, UK, Germany, Switzerland) and China,
reflecting global innovation in sustainable food biotechnology. Patent activity peaked in
2024, with 12 applications focusing on fermentation optimization, structured mycoprotein
foods, and dairy alternatives (Table 4). Emerging technologies include AI-assisted fermen-
tation monitoring, solid-state bioprocess control, and functional mycoprotein ingredients
for health-oriented foods (Figure 4a).

In addition to analyzing patents, the recent literature (2020–2025) was reviewed using
the Web of Science Core Collection to identify scientific publications related to sustainable
food production and alternative protein sources derived from filamentous fungi (Figure 4b).
Network analysis of mycoprotein research reveals a highly interconnected landscape
comprising five main thematic clusters. The green cluster focuses on filamentous fungi
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biomass, encompassing fermentation processes and biotechnological applications in food,
including quality, sensory properties, and consumer acceptance.

Table 4. Summary of recent patents (2020–2025) related to mycoprotein derived from filamentous
fungi in food applications. Data source: WIPO’s PATENTSCOPE database.

Country Applicant Product Application Biotechnological Innovation

2025

Sweden (EP) Millow Holding AB Edible mycelium-
based products

Application of electrical, static
magnetic, and low electromagnetic
fields in solid-state fermentation of
non-mushroom filamentous fungi

to enhance production.

Sweden (EP) Millow Holding AB Mycelium-based food
and feed

AI- and NIR spectroscopy-assisted
method to monitor and control

high-solid fermentation of edible
filamentous fungi.

Netherlands (EP) Meatless B.V. Structured food product
Mycoprotein–alginate system
forming fibrous textures via

calcium-induced curing

Netherlands (EP) Meatless B.V. Cheese alternative
Mycoprotein (fungal hyphae) as
structural component in vegan

cheese formulations

Japan Kikkoman Corporation Fermented koji mold product
High ergothioneine-content

mycoprotein fermented material for
functional foods

2024

Sweden (US) Millow Holding AB Protein-rich biomass

Solid-state fermentation of edible
filamentous fungi under controlled
conditions (temperature, humidity,

pH, light, gas flow) to produce
protein-rich biomass.

Sweden (EP) Millow Holding AB Protein-rich biomass

Controlled solid-state fermentation
of edible filamentous fungi with

environmental parameter
monitoring for optimized biomass.

United Kingdom Marlow Foods Ltd. Hard vegan cheese

Fusarium venenatum mycoprotein
with starch and vegetable oil,

formulated with low
hydrocolloid content.

United Kingdom Marlow Foods Ltd. Soft vegan cheese

Fusarium venenatum mycoprotein
and oil–starch system creating

smooth texture with
minimal hydrocolloid.

Switzerland (WO) Planetary SA Dairy substitute

Mycoprotein dispersed in water
with high-acyl gellan gum,

providing milk- or
cream-like texture.

Switzerland (EP) Planetary SA Milk/cream substitute Mycoprotein dispersed in water/oil
for dairy-like sensory profile

Germany (WO) Nosh.Bio GmbH Mycoprotein-based meat
analogue

Filamentous fungal biomass
processed to achieve desired texture

and dry-matter characteristics.

Germany (WO) Nosh.Bio GmbH Functional mycoprotein
ingredient

Alkali-treated and homogenized
fungal biomass enhancing

functional properties.
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Table 4. Cont.

Country Applicant Product Application Biotechnological Innovation

China Qingdao Qian Dikang
Functional Foods Co., Ltd. Fermented detox food

Mycoprotein–probiotic formulation
promoting detoxification and

health restoration.

China Qingdao Qian Dikang
Functional Foods Co., Ltd.

Tianjin Institute of Industrial
Biotechnology, Chinese
Academy of Sciences

Fermented mycoprotein fried
chicken nuggets

China Qingdao Qian Dikang
Functional Foods Co., Ltd.

Guizhou Hongqi
Biotechnology Co., Ltd. Plant amino-acid mycoprotein

Netherlands (EP) Meatless B.V. Structured food product
Mycoprotein–alginate hydrocolloid
premix forming skin-cured texture

through calcium crosslinking.

Netherlands (WO) Meatless B.V. Structured food product
Mycoprotein-based premix using

alginate hydrocolloid curing (earlier
patent family).

2022

Sweden (WO) Millow Holding AB Protein-rich biomass

Early method for high-solid
fermentation of edible filamentous
fungi with continuous monitoring

of environmental parameters to
produce protein-rich biomass.

2021

United Kingdom Marlow Foods Ltd. Meat-free food product
Mycoprotein (Fusarium venenatum)

blended with potato and plant
proteins; vegan meat analogue

China Zhongxiang Xingli Food
Co., Ltd.

Edible fungus soluble
protein product

Mycoprotein-enriched fermented
product with improved digestibility

and nutrient availability.

2020

China Suqian Yibai Feed
Co., Ltd. River crab feed

Feed formulation containing 1–4%
mycoprotein to improve nutrition

and growth performance.

WO: World Intellectual Property Organization Publication, EP: European Patent; US: United States Patent.

The red cluster emphasizes technological innovations aimed at enhancing production
efficiency and process optimization, and is closely associated with the purple cluster, which
highlights the application of biosensors, artificial intelligence, and deep learning for scalable
mycoprotein production, real-time monitoring, and traceability. The literature also high-
lights emerging trends including circular economy approaches for by-product valorization,
the expansion of alternative protein research driven by sustainable consumer demand, and
ongoing optimization of fermentation and enzymatic processes to improve yield and func-
tionality. The yellow cluster addresses food safety concerns, such as mycotoxin-producing
fungi, contamination, and allergenicity, emphasizing monitoring, regulatory compliance,
and impacts on animal and public health, thereby underscoring broader food safety and
biocontrol strategies. The blue cluster reflects a growing body of research investigating
the health-promoting properties of mycoprotein, particularly its effects on gut microbiota
and other health benefits. The collected evidence highlights the multidimensional nature
of mycoprotein research, encompassing advances in biotechnology, food safety, health
benefits, and consumer-centered innovation.
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Figure 4. (a) Number of published patents by country and regional innovation trends related to
mycoprotein derived from filamentous fungi in food applications between 2020 and 2025. (b) Network
visualization of recent research on mycoprotein derived from filamentous fungi (2020–2025) generated
using VOSviewer.
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3.3. Novel Process Development for Fungi-Based Foods
3.3.1. Emerging Fungi-Based Foods

While mycoprotein-based foods have been available since the 1980s, recent develop-
ments in mycelium-structured meat alternatives and precision fermentation are rapidly
reshaping the alternative protein sector and expanding the range of fungal-based products.
Over the past decade (2015–2025), numerous companies focused on fermentation-enabled
alternative proteins have emerged, with several developing product pipelines based on
filamentous fungi [9]. Driven by growing interest and investment, the global fungal protein
market is projected to reach USD 6.7 billion by 2034, growing at a compound annual growth
rate (CAGR) of 6.1% [94], underscoring strong demand for fungal-based products.

Fungal applications in food biotechnology have expanded well beyond traditional
fermentation to include mycoprotein-based meat alternatives, self-structured mycelium
whole cuts, and precision-fermented ingredients, offering sustainable replacements for
conventional animal products. Species such as Fusarium venenatum, Aspergillus oryzae,
A. sojae, Rhizopus oryzae, R. delemar, Amylomyces rouxii, Neurospora intermedia, N. crassa,
N. sitophila, Mucor circinelloides, M. miehei, and Paecilomyces variotii produce over 40%
protein, supporting applications in alternative meats, chicken patties, sausages, burgers,
fungi-based steak, bacon, and fortified foods [6,15,31–37].

Fungal proteins serve as clean-label ingredients, with remarkable functional properties
including solubility, foaming, emulsifying, water- and oil-holding capacities, and gelation [95].
They enhance nutritional value, texture, flavor, shelf-life, and sensory attributes while provid-
ing health benefits including digestive regulation and metabolic support [96]. Fungal-derived
fats, muscle-like textures, pigments, and flavor compounds can transform dairy and meat
alternatives, enhancing sensory qualities without relying on artificial additives [97].

Recent innovations are exploring diverse applications of fungi in fermented beverages
(e.g., low-sugar, rich in protein, fiber, and mono- and polyunsaturated fats), high-protein
milk analogs, dairy-free cheeses and yogurts, fat replacers, and functional ingredients
enriched with bioactive compounds that may support gut health and immunity [6,98].
Similarly, Pleurotus albidus mycoprotein has been employed to replace wheat flour in
cookies, significantly enhancing protein, dietary fiber, and phenolic content, while also
modifying texture and color [6]. In chiffon cakes, replacing up to 40% of low-gluten flour
with mycoprotein powder from Fusarium venenatum not only increases protein and fiber
content but also improves water and oil retention and preserves desirable crumb structure
and sensory quality; however, higher substitution levels lead to increased batter viscosity,
resulting in denser, darker cakes [99]. Protein bars formulated with 10–30% mycoprotein,
showed that modest amounts enhance nutritional value and sensory quality, whereas
higher levels accelerate hardening during storage and reduce protein digestibility [100].
Furthermore, mycoprotein could be used in hybrid products, meat and protein blends,
fish/seafood analogues, pet food [64].

Additionally, fungal foods are emerging in clinical nutrition and personalized diets,
with studies exploring their bioactive compounds for supporting metabolic health, immune
function, and cognitive performance [97]. Such advantages positioning fungi as adaptable
ingredients in food processing that tackle environmental and energy pressures while
supporting the rising demand for nutritious, healthy and eco-friendly foods.

3.3.2. Bioengineered Fungal Strain to Advance Fungal Food Fermentations

Filamentous fungi have emerged as powerful platforms for strain engineering owing
to their rapid growth, metabolic versatility, and increasingly sophisticated genetic toolkits.
Recent advances integrate random mutagenesis, targeted genetic transformation, and
modern genome-editing systems to enhance traits relevant to food, fermentation, materials,
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and metabolite production. Chemical and irradiation-based mutagenesis remain effective
for generating phenotypic diversity and improving stress tolerance, secretion capacity, and
metabolite yields [101].

Precision fermentation is transforming fungal-based foods by using genetically opti-
mized strains to produce targeted proteins, pigments, enzymes, fats, and bioactive com-
pounds with high specificity [98,102,103]. It is increasingly applied to generate enzymes,
pigments, fungal-derived fats and volatile flavor compounds that replicate the taste and
aroma of animal-based foods [104,105]. Fungal enzymes, in particular, are known to en-
hance sensory attributes and improve texture. Filamentous fungi are also explored as
biofactories for natural food additives, such as exopolysaccharides, including β-glucans
and galactomannans, which function as thickeners, emulsifiers, and stabilizers [106]. My-
cotechnologies, commercial mycelial fermentation platforms, have advance in production
of flavor modulators and sweeteners that improve umami, reduce bitterness, and enhance
protein digestibility [61].

As new molecular tools and systems biology approaches advance, the metabolic
capabilities of these organisms will continue to expand. Innovations such as clustered regu-
larly interspaced short palindromic repeats associated protein (CRISPR/Cas) technologies,
high-throughput screening, and global transcription machinery engineering are enhancing
substrate conversion efficiency, leading to increased production of enzymes, organic acids,
and specialized metabolites [9,107]. CRISPR/Cas9 now allows precise, predictable modi-
fications, accelerating engineering of pathways involved in biomass formation, pigment
production, and cell-wall biosynthesis [108,109].

To improve in situ nutritional content, the synthetic-biology toolkits provide an emerg-
ing route to overproduce desirable nutrients or cofactors, e.g., pathways for heme, vitamins,
or enzymes that increase substrate conversion to desirable metabolites [103].

Increasingly, strain-engineering strategies target cell-wall-integrity pathways that
regulate hyphal morphology and mechanical properties, critical determinants for opti-
mizing fungal biomass for food applications, bioprocessing performance, and emerging
bio-based materials [110].

Furthermore, multi-omics integration with UHPLC-ESI-MS/MS enables the identifica-
tion and optimization of high-value bioactives, positioning filamentous fungi as key pro-
ducers of industrially relevant biomolecules [111,112]. Additionally, advances in metabolic
and morphological engineering continue to support the discovery and characterization of
novel bioactive metabolites, reinforcing their industrial and nutritional significance [113].

Combined with modern processing methodologies, these genetic tools can enhance
productivity across the fungi-based product value chain by improving protein, fiber, and lipid
profiles, increasing functionality, and enabling removal of allergenic or undesirable genes,
thereby accelerating industrial adoption. However, the integration of genetically modified
filamentous fungi into food systems remains constrained by complex regulatory requirements
and the cost and design challenges associated with large-scale production facilities [9].

3.3.3. Next-Generation Smart Fermentation Systems

The digitalization of biomanufacturing is accelerating next-generation smart fermen-
tation systems that integrate continuous data acquisition, machine learning (ML)-based
prediction and intelligent decisions, biosensor feedback, and adaptive automated control.
These tools enable adaptive, data-driven processes for fungi-based production, with artifi-
cial intelligence (AI) models optimizing environmental conditions to improve reliability
and productivity, and low energy consumption and processing time. Such technologies
could support more efficient large-scale manufacturing of fungal proteins while preserv-
ing nutritional quality [114–116]. Furthermore, a smart fermentation approach supports
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multiple UN SDGs by advancing innovation, improving nutrition and health, promoting
sustainable economic growth, and reducing environmental impact through more efficient
and responsible food production [117].

The growing availability of affordable internet of things (IoT) devices and open digital
platforms is also transforming the landscape of fungi-based food production. Moreover,
predictive modeling enables the design of digital twins: virtual versions of the fermentation
process that can be used to explore alternative conditions and fine-tune variables without
interfering with ongoing production [118].

Electronic (E)-noses and E-tongues use sensor arrays to monitor aroma and taste in
fermentations, including fungal-based foods. E-noses detect volatile compounds in the
headspace, while E-tongues profile dissolved taste compounds such as acidity, sweetness,
and umami. These systems enable real-time monitoring of fermentation, detect off-odors
or taste changes before humans can, and help standardize flavor development in products
like tempeh, miso, and mycelium-fermented foods [119,120].

Additionally, integration of AI with synthetic biology hold promise for more precise
metabolic control, higher yields, and tailored sensory and nutritional profiles, advancing scal-
able, functional fungal ingredients for fungi-based and hybrid foods [121]. Wang et al. (2026)
presented the framework as a “blueprint for intelligent (precision) fermentation in fila-
mentous fungi” [122]. This AI-driven fermentation framework, a combination of machine
learning with Raman spectroscopy and metabolic-network analysis, boosted production of
a fungal enzyme (α-amylase) by ~46% over conventional control, and shortened fermenta-
tion time by 28 h. Furthermore, ML applications in metabolic engineering facilitate more
efficient strain development and optimization of metabolic flux [123].

Smart fermentation technologies introduce new possibilities for fungi-based food
production. These systems can reduce waste, minimize batch to batch variability, and
boost biocontrol, while enabling efficient large-scale manufacturing of fungal proteins and
preserving their nutritional quality. They also hold significant potential to drive innovation
and enhance sustainability across the sector. Despite these benefits, the adoption of AI-
and automation-driven approaches in fungi-derived food production remains limited,
hindered by economic constraints, technical complexity, insufficient standardization, and
regulatory barriers [12,98,124–126].

Future innovations integrating AI-driven bioprocess optimization with synthetic
biology are expected to accelerate the development of fungal-based functional foods and
enhance their nutritional value. However, translating these innovations into reliable, large-
scale production poses significant technical and operational challenges, as industrial-scale
manufacturing requires precise environmental control, strict regulatory compliance, and
substantial initial investment.

3.3.4. Advanced Structuring Technologies for Fungi-Based Foods

Filamentous fungi are an emerging and promising resource for future foods. Beyond
traditional mycoprotein applications, their use is expanding to emulate challenging tex-
tures such as steak and bacon, and to develop beverages, baked goods, and other novel
food products.

Fungal proteins have been successfully integrated into 3D printing technologies,
offering additional potential to enhance or tailor the texture and nutritional profiles of
these products. 3D food printing is an emerging area of research and commercial interest,
offering precise control over the shape and composition of final food products. Commercial
entities are exploring extrusion-based 3D printing to produce plant-based steak and pork
alternatives [127]. Recently, 3D printing has been explored using fungal biomass specifically
for food applications [128]. In these studies, substrates derived from agricultural waste were
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inoculated with edible fungi and printed into defined shapes and sizes, while preserving
the biological activity of the fungi. This suggests potential for developing 3D-printed
fungal foods with ‘probiotic’ or ‘biologically active’ properties, opening opportunities
for functional and health-promoting food products. However, printing fungal biomass
presents several challenges, including nozzle clogging, poor print quality, contamination,
and potential loss of fungal activity. Many knowledge gaps remain, such as optimizing
environmental conditions for fungal colonization, mixing protocols, operational parameters
during printing, and post-printing processes like drying or additional processing. Although
still in its infancy, 3D printing of fungal foods holds promise for precisely shaping and
tailoring products, with future applications potentially focusing on replicating or enhancing
the characteristics of conventional foods [129,130].

The use of shear-cell technology for structuring filamentous fungal biomass in food
applications remains largely unexplored. Recent research has focused on hybrid meat
analogues that combine fungal mycelium with plant-derived proteins. Mandliya et al. [131]
applied twin-screw extrusion to low-moisture meat analogues formulated with up to 30%
w/w mycelium (Pleurotus eryngii) and pea protein isolate (PPI), resulting in a fibrous, porous
microstructure with enhanced water and oil absorption and improved rehydration and
solubility properties.

Another innovative approach involves cultivating fungal mycelium within engineered
hydrogel frameworks, whose composition and architecture can be tailored to specific
requirements. Santhapur et al. [132] showed that incorporating mycelial hyphae into
a potato protein matrix generated hybrid gels with stronger gelation, superior rheological
and textural characteristics, and a fibrous microstructure compared to potato-protein gels
alone. These hydrogel-based frameworks support controlled nutrient distribution and
growth patterns, while integration with 3D printing allows precise control over texture,
shape, and mouthfeel. Such strategies offer exceptional ability to design high-quality
mycelium-based meat alternatives with customized structural and sensory properties [61].

3.4. Nutritional Value, Sensory and Textural Advantages of Mycoprotein

Dietary proteins, whether of plant, animal, or microbial origin provide essential
amino acids necessary for human growth and health. Their role in promoting healthy
aging and maintaining a balanced diet is increasingly recognized. Most dietary protein
recommendations are based on the assumption of high-quality protein intake, in other
words, the essential amino acid composition in food proteins should be close to the human
body’s need [133]. In this context, incorporating microbial protein into human diets offers
a viable strategy to address global protein insufficiency [11].

Microbial proteins can match or even surpass animal-based foods in terms of nu-
tritional value, digestibility, and processing properties [5]. During fermentation, fungal
biomass can achieve a relatively high protein content, reaching up to 76% in Fusarium
venenatum. Mycoprotein, is increasingly recognized as a high-quality alternative protein
source due to its favorable nutritional profile, health-promoting properties, and sustainabil-
ity. Mycoprotein is particularly valuable viable to replace both animal- and plant-based
proteins and as a meat alternative because. It supports satiety, metabolic function, and
overall nutrition.

Mycoproteins demonstrated high nutritional value, with crude protein content ranging
from 13.6% to 71% dry weight (dw) and a complete amino acid profile. It boasts a complete
amino acid profile, ensuring it provides all essential amino acids necessary for dietary
needs. Commercially available wet products, such as Quorn™, provide 11.25 g protein,
6.25 g fiber, 3.25 g fat, and 85 kcal per 100 g [134]. The protein quality of mycoprotein
is high, with a PDCAAS of 0.996 which is comparable to that of high-quality animal
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proteins [135], and excellent net protein utilization. It is also rich in BCAAs, including
leucine, isoleucine, and valine, which support muscle protein synthesis and metabolic
health [136], making it a viable option for supporting anabolic responses in both young and
older adults [135]. However, mycoprotein has lower protein content compared to animal
protein sources, and individuals with high protein needs may necessitate larger portion
sizes or supplementation with other protein-rich foods to meet dietary requirements.

It is valued for its high fiber content (4.8–25% dw), predominantly insoluble (88%)
with 12% soluble fiber, consisting of a chitin and glucan matrix, which are known to aid fat
metabolism and boost immune function that is beneficial for intestinal health. Consumption
has been associated with reductions in LDL and total cholesterol by 4–14%, highlighting
cardiovascular benefits [66]. The fungal biomass contains moderate levels of carbohydrates
(>5.0% dw). Interestingly, mycoprotein fibrous matrix promotes satiety, regulate blood
sugar, the glucose homeostasis, and insulin sensitivity, and contributes to lipid metabolism
and offer several other nutritional benefits [1].

Mycoprotein lipid content typically ranges from 2 to 3.5%, and the fatty acid profile
of the fungal biomass more closely resembles that of plants rather than animal fat. It is
rich in mono- and polyunsaturated fatty acids contains less than 1.5 g of both long- and
short-chain saturated fatty acids per 100 g. The ratio of unsaturated and saturated fatty
acids ranges from 2:1 to 3.5:1 in F. venenatum biomass [6].

Additionally, mycoprotein is a good source of several water-soluble B vitamins, in-
cluding pyridoxine (0.1 mg), folate (114 µg), and cobalamin (0.72 µg). It is particularly rich
in essential minerals including calcium, potassium, sodium, magnesium, sulphur, zinc,
phosphorus, iron [11,32,33]. Additionally, total polyphenol content exceeded 0.14% dw,
and may produce secondary metabolites like statins and L-carnitine, enhancing their func-
tional properties as food ingredients [32,33,36]. Moreover, studies indicate that regular
consumption of these foods enhances short-chain fatty acid (SCFA) production, which
supports intestinal barrier integrity and helps reduce inflammation [137].

Fungi-based food properties, including flavor, texture, color and nutritional profile,
should align with the expectations of regional markets, culturally tailored products that
align with growing consumer demand for sustainable protein alternatives. From a sensory
and textural perspective, mycoprotein offers a distinct advantage due to its meat-like fibrous
structure and neutral taste. This makes it particularly suitable for meat alternatives such
as Quorn™, which closely replicates the chewiness and mouthfeel of animal protein [1].
Variations in composition and sensory attributes are influenced by substrate type and
concentration, nutrient availability, and the fungal strain employed.

Filamentous fungi also contribute significantly to aroma and flavor development.
Geotrichum candidum and Penicillium spp. (P. roqueforti, P. camemberti, P. nalgiovense,
P. chrysogenum) generate volatile compounds and proteolyticlipolytic metabolites essential
to the sensory characteristics of cheeses, cured meats, and fermented soy products [31,51].
The flavor of fungi-based food is largely determined by the choice of fungal strain and the
cultivation medium [6]. Sensory properties of mycoprotein-based foods are generally de-
scribed as mild and umami, but a subtle earthy or mushroom-like taste may be off-putting
for some consumers [66].

Texture is critical for consumer acceptance of fungi-derived foods, and fungal mor-
phology strongly influences it: large pellets can form hollow, low-density cores, while
smaller pellets promote uniform biomass distribution. Post-cultivation treatments, such
as pressing, extrusion, or the addition of binders (e.g., albumin in Quorn™), can further
enhance fibrous structure [6]. In contrast, whole self-structured mycelium foods leverage
the natural filamentous growth of species such as Rhizopus, Ganoderma, and Pleurotus to
produce whole-cut meat alternatives without mechanical processing or binders. The dense,
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interlacing hyphae, combined with the inherent fiber-like structure resulting from the
fibrous chitin–glucan matrix and water- and fat-retention properties of filamentous mycelia,
naturally create rich, meat-like textures, and a fibrous mouthfeel that closely mimic animal
tissues [138]. Emerging whole-cut meat analogs use fungi to replicate traditional meat and
seafood textures. While there is potential for products such as steak-like cuts (Hericium
erinaceus), bacon and scallop substitutes (Pleurotus eryngii), and chicken-like textures (Pleu-
rotus ostreatus), challenges remain in scaling production, maintaining consistent quality,
and optimizing sensory and nutritional properties to satisfy consumer expectations [61].

Many filamentous fungi produce natural pigments and biocolorants. Monascus spp.
synthesize a range of MonAzPs pigments, including yellow (monascin, ankaflavin), orange
(rubropunctatin, monascorubrin), and red pigments (rubropunctamine, monascorubramine),
while Neurospora intermedia contributes carotenoids [37,39,50,52,53]. Color is influenced by
the fungal strain and cultivation media, types of C and N sources and C:N ratio, the pres-
ence of organic acids and minerals, and on fermentation strategy used [139]. Further color
can be affected by the organism’s own pigments, enzymes, or other metabolic products [6].
Depending on the desired application of fungi-based foods, the colors and pigments can be
modified during or after cultivation of the fungal biomass [140], while encapsulation of the
fungal pigment into chitosan microsphere have been shown to be efficient application for
food industry [141].

Overall, mycoprotein represents a nutritionally valuable and environmentally sus-
tainable protein source with multiple potential health benefits, particularly in relation to
lipid metabolism, muscle protein synthesis, and appetite regulation. However, its lower
protein density, potential allergenicity, digestive considerations, and processing require-
ments highlight the need for careful dietary integration. Further long-term clinical studies
are warranted to fully establish the health outcomes associated with regular mycoprotein
consumption and to optimize its formulation for broader consumer acceptance.

3.5. Safety, Regulatory Issues and Consumer’s Acceptance of Mycoprotein

Ensuring safety is paramount when introducing novel proteins into the food supply.
From a safety perspective, the use of filamentous fungi in food production requires compre-
hensive risk assessments to protect consumers. Evaluations include analyses of chemical
composition, production controls, digestibility, toxicology. Clinical studies are essential to
demonstrate that can be effectively digested and metabolized by humans prior to broader
market introduction. The primary concern associated with mycoprotein is allergenic-
ity. Although data are limited, adverse reactions have been reported in individuals with
a history of mold allergies, individuals sensitive to chitin or β-glucans [16]. In 2018,
an analysis of self-reported adverse events from 1752 individuals consuming Quorn™
products, produced using Fusarium venenatum A3/5, found that the majority involved aller-
gic reactions (e.g., hives and anaphylaxis) or gastrointestinal symptoms (e.g., vomiting and
diarrhoea) [142]. Although a small number of mycoprotein-specific allergic cases have been
reported in the clinical literature [143], systematic reviews and market surveillance indicate
that its overall allergenic potential is very low compared with common food allergens [135].
Several promising fungal species for food have also been explored, demonstrating low
toxicity, genotoxicity, pathogenicity, and allergenic potential [5].

Concerns regarding RNA content, potentially linked to purine-related hyperuricemia,
are mitigated by heat treatment, reducing RNA from nearly 10% to below 2% [13]. Addi-
tionally, mycotoxin contamination may be a concern when alternative carbon sources (other
than highly refined glucose syrup) are used for fungal growth, and heavy metals, pesticides,
contaminants may be present if fermentation substrates are derived from agri-food industry
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side streams. The occurrence of such adverse effects may also depend on the type of fungus
strain and the substrate [16,144].

The introduction of new fungal species or production processes into the European food
system is strictly regulated by the EFSA. Under the Novel Food Regulation (Regulation
(EU) 2015/2283), all novel food products must undergo comprehensive safety evaluations
before commercialization. Products such as Quorn™ have been subjected to rigorous
safety assessments prior to market authorization in multiple countries, including the
U.S., Canada, Australia, and EU member states [13]. However, clear and harmonized
frameworks for assessing fungi-based proteins and fermentation-derived ingredients are
still lacking [145]. In the United States, for instance, the FDA may grant GRAS status to
ingredients, including microbial proteins, based either on a documented history of safe use
or on scientific evidence demonstrating safety. This regulatory inconsistency continues to
pose a major challenge to the global commercialization of mycoprotein, creating uncertainty
for manufacturers and slowing the broader market adoption of fungi-based proteins within
future food systems.

Recent studies suggest that consumer acceptance of mycoprotein remains uneven
and strongly dependent on familiarity, product format. A large cross-national survey
(N = 4088) found that key drivers of willingness to try or pay a premium for mycoprotein
were perceived healthiness, nutritional benefits, safety, and sustainability. By contrast,
taste, texture, and smell of conventional meat often reduced willingness to replace meat
with fungi-based alternatives [146]. Disgust and perceived naturalness remain central
to acceptance of mycelium [124]. Furthermore, a 2022–2023 European survey found that
consumers with greater familiarity were more willing to try mycoprotein, while sensory
attributes (taste, texture, smell) and associations with mould or fungi remained key barriers
to acceptance [147].

Despite the long history of some brands, many consumers remain unfamiliar with myco-
protein (especially outside Europe and North America). Wider adoption will require education
about benefits, cooking versatility, taste, and reassurance about safety and naturalness [148].

The successful integration of mycoproteins into modern diets continues to be con-
strained by consumer acceptance, which is shaped by intricate social, psychological, and
cultural factors Compared with conventional animal proteins, alternative protein sources
are often perceived as less appealing due to concerns about taste, texture, and nutritional
quality, as well as skepticism surrounding their processing methods and safety. These per-
ceptions are largely influenced by food neophobia, perceived naturalness, cultural attitudes
and familiarity toward novel protein sources [91].

Targeted education and awareness initiatives, along with co-creation approaches and
persuasive communication, can enhance consumer understanding of the advantages and
limitations of mycoproteins or fungi-based foods. Efforts in product design, packaging,
branding and transparent labelling strategies can further foster broader acceptance of
mycoprotein and other sustainable protein sources [149]. Compared to emerging protein
sources, mycoprotein stands out for broader consumer acceptance due to its favorable taste,
texture, and versatility in everyday foods [1].

3.6. Future Opportunities and Challenges of Mycoprotein

Since its commercialization, it has established itself as a safe, nutritious, and widely
accepted vegetarian alternative for individuals seeking to reduce or eliminate meat con-
sumption. In recent years, interest in mycoprotein has surged, with numerous companies
introducing innovative products, exploring diverse fungal species, and adopting novel cul-
tivation techniques. Despite these advances, questions remain regarding the sustainability
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and robustness of mycoprotein production, as well as its potential for continued global
market expansion.

Recent scientific literature confirms that mycoprotein, derived via fungal fermentation,
remains one of the most promising alternative proteins for a sustainable, nutritious, and
potentially health-promoting diet. Given the current evidence, the next decade could see
mycoprotein evolving from a niche meat substitute to a core component of a sustainable
and diversified protein supply, provided certain conditions are met.

Production must be scaled up using waste-derived and lignocellulosic feedstocks.
This approach would help optimize yield, minimize biomass losses, and ensure consistent
quality while maintaining safe contaminant and toxin profiles. In addition, the strain
portfolio should be broadened beyond the traditional Fusarium venenatum to exploit fungi
with high protein yield, robust growth on varied substrates, and favorable nutritional
profiles. Long-term clinical and epidemiologic studies are also needed to assess health
outcomes, including metabolic health, gut microbiome modulation, and allergy potential
across diverse populations.

Active engagement with the food industry, including ingredient suppliers, alternative-
protein manufacturers, and regulatory bodies, is essential to integrate mycoprotein into
mainstream food supply chains. This integration can occur as ingredients, analogues, or
hybrid products that meet cost, safety, taste, and nutritional standards.

Despite these opportunities, substantial challenges remain. Scaling production eco-
nomically and safely, ensuring consistent quality, and achieving broad consumer acceptance
are critical hurdles. As research intensifies and technology advances, mycoprotein has the
potential to play a central role in shaping a more sustainable global protein supply.

4. Conclusions
This comprehensive review highlights the significant potential of filamentous fungi

as a safe, high-quality protein suitable for diverse dietary patterns, emphasizing their
contributions to sustainable food systems, healthy diets, and the promotion of environ-
mental protection and circular bioeconomy principles. Mycoprotein, in particular, offers
a complete amino acid profile, high digestibility, and functional properties that make it
suitable for diverse food applications. It is also environmentally sustainable, providing
the opportunity to address global protein deficiencies, reduce reliance on animal-derived
proteins, and support resilient, sustainable diets.

Biotechnological innovations are transforming filamentous fungi into versatile plat-
forms for next-generation foods. Leveraging strain bioengineering, combined with pre-
cision fermentation and smart fermentation systems integrating AI, IoT, and synthetic
biology, can enhance production efficiency, metabolic control, nutritional content, flavor,
functional properties and biosafety. Meanwhile, advanced structuring technologies, such
as 3D printing, hydrogel frameworks, and extrusion, enable the creation of fungal foods
with textures and functionalities that closely replicate conventional products, supporting
scalable, sustainable, and innovation-driven protein solutions for future foods.

Successful integration of fungi-based food into global food systems will require the
development of new value chains, alongside careful attention to feasibility, scalability,
food safety, consumer acceptance, and harmonized regulatory frameworks. Future studies
should explore personalized nutrition solutions tailored to individual dietary needs, along
with the long-term health impacts of fungal-based diets, particularly regarding microbiome
modulation, metabolic function, and immune responses. With these foundations, fungi-
based foods can play a pivotal role in building sustainable and consumer-focused future
food systems.
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Abstract: In the process of screening for new bioactive microbial metabolites we found a novel ƴ -
pyrone derivative for which we propose the trivial name luteapyrone, in a recently described 
microscopic filamentous fungus, Metapochonia lutea BiMM-F96/DF4. The compound was isolated 
from the culture extract of the fungus grown on modified yeast extract sucrose medium by means 
of flash chromatography followed by preparative HPLC. The chemical structure was elucidated by 
NMR and LC-MS. The new compound was found to be non-cytotoxic against three mammalian cell 
lines (HEK 263, KB-3.1 and Caco-2). Similarly, no antimicrobial activity was observed in tested 
microorganisms (gram positive and negative bacteria, yeast and fungi). 

Keywords: actinopyrones; fungal metabolites; verticipyrone; Verticillium-like species 
 

1. Introduction 
The microscopic fungus, Metapochonia lutea (Ascomycota, Hypocreales, 

Clavicipitaceae), has been isolated and described as a novel taxon during a mycological 
survey of environmental samples from a coastal-zone water of the Danube river in Tulln 
an der Donau, Austria (EU) [1]. In general, the genus Metapochonia (and related Pochonia) 
comprises species living mainly in soil, often with a potential to parasitize nematode cysts. 
Their ecology, distribution and potential application as biological control agents against 
nematodes has been comprehensively reviewed [2–4]. As indicated earlier [5], many novel 
bioactive compounds can be expected to be discovered from these species. Indeed, these 
fungi are producing secondary bioactive metabolites with antifungal, antiviral and 
anthelmintic activities [6,7]. 
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