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Mycoproteins are gaining attention as alternative protein sources that have the potential to address the
nutritional and environmental issues linked to animal products consumption. Since the discovery of
Fusarium venenatum as a viable source of mycoproteins, numerous other fungal strains have been
explored, leading to products with improved nutritional profiles. From a nutritional perspective, they
provide high-quality, digestible proteins with potential gastrointestinal, metabolic and cardiovascular
benefits. Regarding the environmental impact, production methods require significantly less land, water
and energy compared with animal-based products, which results in lower greenhouse-gas emissions.
Economically, mycoproteins fit well into circular systems by integrating various agro-wastes and
industrial by-products into the fermentation process. However, potential allergenicity, limited long-term
clinical data, scalable production optimization and consumer acceptance are still important challenges
to be taken into consideration. This review investigates both the benefits and drawbacks of conventional
technologies, while identifying existing gaps and innovation potential driven by artificial intelligence-
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Sustainability spotlight

The review highlights the benefits and drawbacks of mycoprotein as one of the most promising sustainable alternatives for traditional animal-derived proteins.
Its production uses significantly less land, water and energy than animal farming, while avoiding the high greenhouse gas emissions and biodiversity loss
associated with meat production. By incorporating renewable energy and secondary agricultural flows as raw materials, the production of mycoproteins
supports circular bioeconomy strategies. This paper serves as aid for researchers, stakeholders and consumers alike to better understand the innovative
potential of mycoproteins, which strongly allign with the UN's Sustainable Development Goals SDG 2 (Zero Hunger), SDG 12 (Responsible Consumption and
Production), and SDG 13 (Climate Action).

interest for finding sustainable alternatives to conventional
agriculture, as well as provide nutritious, abundant food sour-
ces with lower environmental impact and more health benefits.
Dietary challenges play an influential role in health, well-being

1. Introduction

The growing interest in sustainable and nutritionally balanced
foods has drawn greater attention towards mycoproteins,

products derived from fungal biomass, as a valuable alternative
with applications in biotechnology, circular economy and
climate change mitigation efforts.

Current demographic statistics indicate that the global
population will exceed 8.5 billion people by 2030, and could
reach 9.7 billion by 2050." The rapid population growth,
coupled with the increasing demand for food, has amplified the

National Research & Development Institute for Chemistry &Petrochemistry —
ICECHIM, Biotechnology and Bioanalysis Department, 202 Spl. Independentei,
060021, Bucharest, Romania. E-mail: ana-maria.gurban@icechim.ro; mihaela.
doni@icechim.ro

+ These authors contributed equally to this work.

© 2026 The Author(s). Published by the Royal Society of Chemistry

and overall socioeconomic evolution, both in developing
countries, where deficiencies and food scarcity tend to be
frequent, while in developed countries overconsumption and
food waste represent a more prevalent issue.>® Furthermore,
conventional farming is associated with a number of drawbacks
such as high greenhouse gas emissions, extensive land use and
water consumption, environment degradation, animal welfare
concerns and agrochemicals overuse.* Meat production has
reached over 350 million tons per year globally, while associated
greenhouse gas emissions, representing 6% of the total emis-
sions worldwide, reached over 3 Gt CO,e per year in 2021.>° For
this reason, alternative protein sources have gained consider-
able attention, deriving from sources that are considered to be
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more sustainable, such as cell cultures, plants, algae, fungi and
even insects.

Alternative protein sources may seem as desirable options
for addressing multiple global concerns; however, lab-grown
meat or insect-based proteins are still quite controversial and
more studies are required to assess the safety, health effects and
environmental impact of meat alternatives. As shown in the
State of Global Policy Report issued in 2023 by the Good Food
Institute Europe,” governments around the world are investing
heavily in research & development and commercialization of
alternative protein sources, all in support of climate change
mitigation, economic development, food security and public
health. Even so, several countries still oppose or stall the
production and commercialization of lab-cultured meat and
even insect-based products. Examples include the United
States, Australia, New Zealand, and European countries such as
Italy, France, Hungary, Romania, and Sweden.®

Taking into consideration the limitations regarding public
perception and legislation when it comes to alternative
proteins, fungal-based proteins, also known as mycoproteins,
are desirable for their low production costs, high nutritional
value especially in terms of their amino acid profile, resistance
to seasonal variations and low environmental impact, being
even able to convert waste materials into valuable biomass.®
Their production process involves the fermentation of various
substrates through fungal metabolism, requiring less land and
water use and generating less greenhouse gas emissions
compared with meat products and even plant-based products,
rendering them as affordable, more environmentally friendly
protein sources.

Particularly in the last decades, numerous start-ups and
projects have emerged, attempting to substitute meat-derived
protein in products, with companies such as Quorn, Nature's
Fynd, Better Meat Co. or Adamo Foods gaining more recogni-
tion.™** This trend is also highlighted in the interest of
researchers for the subject. An analysis of Google Scholar
records on publications from 1990 to 2025 revealed an expo-
nential growth of interest in alternative protein sources starting
in 2012, while research specifically focused on mycoproteins
has grown considerably, especially from 2022 onward (Fig. 1).
This observed trend can be justified by an increase in health

awareness and environmental safety consciousness,
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Fig. 1 Number of publications on the subject of alternative protein
sources (bars) and mycoproteins (line) between 1990-2025.
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concentrated especially in developed countries characterized by
high food security and income.* It is important to note that
a decline in publications on the particular topic of alternative
protein sources was observed starting from 2022. Correlated
with the significant growth in publications on mycoprotein, this
indicates a transition towards more specialized topics and
technologies in the field. In addition, several market and
economic factors have also influenced the evolution of the
alternative-protein sector. After a period of rapid expansion,
global investments in alternative proteins have started to
decline, accompanied by an increase in inflationary trends
which have affected market dynamics.** In that sense, while the
alternative protein market reaches a point of stagnation,
research focuses on more in-depth technological and method-
ological development.

Mycoproteins open up new opportunities aligned with
important global priorities, such as the Sustainable Develop-
ment Goals (SDGs), and the One Health Initiative by promoting
circular economy and holistic ecosystemic practices. More
specifically, they can contribute to achieving several SDGs, such
as zero hunger, good health and well-being, responsible
consumption and production, sustainable cities and commu-
nities, sustainable industrialization and innovation, decent
work and economic growth, climate action and land conserva-
tion."™'® By strengthening the essential link between environ-
mental integrity and food security, this approach can not only
aid in environment protection by reintegrating organic waste
into the economic cycle and using less water and energy for
production compared to conventional animal-based prod-
ucts,'”'® but it can also contribute to mitigating poverty and
food insecurity.'>** New industrial sectors can be developed as
mycoprotein production is further included in research, devel-
opment and commercialization. Furthermore, numerous
organic wastes may be used as substrates, such as seaweed;*
pea processing byproducts;* date production;* soybean whey>*
or apple pomace® to be transformed into value-added products.

Since the discovery of Fusarium venenatum as the first strain
used and marketed for meat-analogous proteins, numerous
other fungal species have been explored, both in the category or
micromycetes (filamentous fungi) as well as macromycetes
(mushrooms), presenting advantages as well as disadvantages.
While micromycetes offer high yield and productivity with less
resources, the main risks lie with mycotoxin production and
allergic reactions, requiring strict regulation and monitoring.>®
On the other hand, macromycetes, particularly edible mush-
rooms, are more desirable in terms of consumer acceptance,
safety, nutritional profile and the presence of medicinal bioac-
tive compounds which may offer additional health benefits.””

To ensure clarity and argumentative coherence of the
manuscript, this review follows a structured and integrative
approach to guide the reader through key aspects of mycopro-
teins as an alternative source of sustainable protein. First, an
overview of the mycoprotein production process is provided,
with a focus on filamentous fungal fermentation technologies
and key technological parameters that influence biomass
generation and product characteristics. Subsequently, the
technological and nutritional contributions of mycoproteins are

© 2026 The Author(s). Published by the Royal Society of Chemistry
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discussed, highlighting functional properties in food formula-
tions, protein quality and potential health benefits. This review
also addresses potential risks, limitations, and safety consid-
erations associated with the consumption and production of
mycoproteins, including allergenicity, processing constraints,
and consumer perception issues. Particular attention is also
paid to the environmental implications of mycoprotein
production, along with the current regulatory frameworks gov-
erning their approval, labeling, and marketing in different
regions. Finally, the review explores future prospects and
emerging research directions, highlighting advances in
fermentation technologies, strain development and optimiza-
tion, and innovative applications of mycoproteins within next-
generation sustainable food systems.

1.1 Review methodology

This review is based on a structured literature search conducted
across Web of Science, PubMed, Scopus, and Google Scholar,
covering all relevant publications up to 2025 on alternative
proteins and mycoproteins. We included peer-reviewed journal
articles published in English, alongside relevant websites from
official institution. Studies were selected if they met one or more
of the following criteria: (1) described or evaluated mycoprotein
production methods, including conventional and emerging
approaches; (2) focused on process innovation; (3) reported
studies regarding safety and health assessments of fungal-
based proteins; (4) advanced technological strategies, in
particular, synthetic biology, machine learning and Artificial
Intelligence-driven approaches with applicability for mycopro-
teins; or (5) highlighted challenges and knowledges gaps related
to process scale-up or expansion to new strains and by-products,
consumer awareness, regulatory implementation and multi-
sectorial applicability.

2. Mycoprotein production methods

Mycoprotein production is generally based on controlled fungal
fermentation processes that transform carbohydrate-rich
substrates into high-quality biomass. The principles under-
lying these processes include selecting a safe, fast-growing
filamentous fungus, optimizing the composition of nutrients
required for its growth, and maintaining stringent culture
media conditions - such as temperature, pH, aeration, and
agitation - to obtain consistent growth and metabolite profiles.
Successful mycoprotein production is conditioned by efficient
harvesting of the fungal biomass and precise heat treatment to
lower RNA levels, followed by texturing processes that give the
final product its characteristic meat-like structure. Overall,
mycoprotein production must primarily consider the safety,
scalability, and sustainability of the entire process to ensure
a nutritious and reliable alternative source of protein.

The main technologies available for mycoprotein production
harness the natural fermentative properties of fungi by three
approaches, with distinct mechanisms and applications: solid-
state fermentation (SSF), submerged fermentation (SmF), and
surface culture fermentation (Fig. 2).>®
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Fig. 2 Main methods for obtaining mycoproteins on a laboratory and
industrial scale.

Generally, the first two methods are efficient for large-scale
production, while surface culture method is more preferable
in laboratory scale settings, as it is more expensive to upscale.>®
Although solid-state fermentation (SSF) and submerged
fermentation (SmF) represent well-established approaches for
fungal cultivation, over the years advances in bioreactor
designs, integrated bioprocess engineering, as well as improved
control and monitoring of fermentation parameters, have been
reported to significantly influence fungal growth, biomass yield,
and protein quality. These innovations contribute to improving
the efficiency and industrial feasibility of large-scale mycopro-
tein production, with novel producers emerging on the market
of alternative proteins by harnessing advances in microbial
biotechnology. Accordingly, the subsequent section will
examine the advantages and disadvantages of each method,
highlighting their contribution to sustainable food production
and emerging biotechnological innovations.

2.1. Solid-state fermentation (SSF)

Solid-state fermentation (SSF) represents a high-potential
approach for mycoprotein production, as it allows filamen-
tous fungi to grow on minimally processed agro-industrial
residues under low-humidity conditions, mimicking their
natural environment.

Solid-state fermentation (SSF) is a traditional bioprocess
widely used for the production of fermented foods such as miso,
tempeh and soy sauce, as well as metabolites such as antibi-
otics, organic acidsand biosurfactants.” Recently, SSF has
gained new interest for the possibility of using agro-industrial
byproducts, with multiple applications in bioremediation, the
production of bioactive compounds and biofuels.** The process
requires the cultivation of the selected fungal strains on moist
solid substrates, in the absence of free-flowing water. A wide
range of materials may be used as carbon and nitrogen sources,
such as starchy products, proteinaceous products, lignocellu-
losic products, and substrates rich in soluble sugars. The
moisture content of the medium typically ranges between 30%
and 75%, particular values being adjusted to support microbial
growth and metabolism. The main advantages of the method
are high productivity, reduced production costs, low energy
requirements and minimal risk of microbial contamination.?®
These advantages stem from the particularities of the process.
The limited water requirement and inherent low water activity
provide a reduced contamination risk compared with
submerged fermentation practices.*® Also, a high inoculum
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density is often used in SSF processes, which is associated with
faster hyphal development, competitive exclusion of potential
contaminants and a more efficient utilization of the
substrate.**> Furthermore, by repurposing wasteful materials,
the method has the potential to be inexpensive, depending on
the type of byproduct used. For instance, a techno-economic
analysis conducted by Cao et al.** revealed that using almond
hull as feedstock for fungal biomass production requires lower
costs compared to using glucose or rice straw. However, the
authors highlight that raw materials represent a significant
variable influencing overall operating costs. Lignocellulosic
biomass is an abundant resource, but the main limitation is the
complexity of pretreatments certain materials require for their
conversion into fermentable sugars.** Therefore, it is important
to identify promising feedstock options for the optimization of
costs, production efficiency and substrate valorisation. Addi-
tionally, the environmental impact is low, derived from a low
production of wastewater and reduced downstream process,
with easy recovery of products.*?** However, the method is
difficult to monitor and control on a large scale, the mass and
heat transfer within the substrate is not homogenous and can
generate uneven growth, along with the long fermentation time
required, which pose a challenge for wupscaling to
biorefineries.*®

SSF has gained attention in the biotechnological sector over
the years, for the production of a wide range of compounds such
as biopesticides, bioactive molecules, antibiotics, bi-
osurfactants and biofuels. The heterogeneity in heat and mass
transfer can be addressed through various types of bioreactors,
such as static, or dynamic. In terms of scalability, tray biore-
actors are considered feasible, easy to maintain, with minimal
damage to the mycelium. In this method, the substrate is evenly
distributed onto trays stacked in layers, with controlled airflow,
humidity and temperature conditions. This setting allows the
even and rapid growth of fungal mycelium due to a larger
surface area exposed to air compared with a submerged
setting.?” Various bioreactor designs, such as rotary disc, rotary
drum, static bed, packed-bed, or trickle bed and horizontal tube
systems also enhance oxygen availability and uniformize growth
conditions throughout the substrates. Several established
companies have developed mycelium-based products through
SSF. For instance, Ecovative has established important break-
throughs in numerous domains with mycelium-based bioma-
terials, from packaging, construction materials, to consumer
goods such as plant-based meat alternatives. Their process
involves growing Pleurotus sp. biomass on trays containing
agricultural byproducts, using over 90% less land, less water
and generating 33% less CO,eq compared to pork, according to
their official information.*® The company leverages patented
SSF techniques to control mycelium growth into a highly orga-
nized network of hyphae, with enhanced mechanical proper-
ties.* Other companies, such as New Culture, Prime Roots or
NovoNutrients produce alternative products from plant-based
protein sources, processed through fungal fermentation, with
similar sustainability claims as those mentioned by
Ecovative.** In recent years, substrate design has become
more targeted towards improving functional properties of
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plant-based proteins, as well as designing nutrient-enhanced
biomass from industrial bi-products.*

Few pilot-scale studies describe the optimization of SSF to
address these limitations and improve the protein content in
fungal-based products. New designs are being developed in
order to create more controlled environments that allow the
uniform transfer of nutrients and oxygen to the substrate, with
potential large-scale implementation. A tray bioreactor config-
uration, which is already implemented for the industrial
production of enzymes, is more preferred for its simple opera-
tion, minimal mechanical involvement and efficient growth of
the fungal strains as a result of extended surface area.** Manan
and co-authors developed a multi-layer tray bioreactor system,
employing the optimization of key parameters to improve
fungal growth and metabolism, coupled with real-time moni-
toring.*” Their findings offer a promising configuration for
process control and scale-up potential.

The advantages of this SSF method of obtaining mycopro-
teins consist of higher biomass yields, improved textural
properties and reduced energy requirements compared to
submerged fermentation. Furthermore, this method can utilize
inexpensive by-products such as cereal bran or fruit pomace,
thus increasing sustainability and reducing production costs.
However, precise control of parameters such as humidity,
aeration and heat transfer is essential to ensure consistently
high quality and safety of mycoproteins.

2.2. Submerged fermentation (SmF)

Submerged fermentation (SmF) is the most well-known and
widely used method for producing mycoproteins, based on the
growth of filamentous fungi in nutrient-rich liquid media under
strictly controlled conditions. SmF requires the cultivation of
microorganisms in large quantities of liquid medium for the
decomposition of the substrate and the production of fungal
biomass.

The method has the advantages of accessible process control
and reproducibility, high yield and suitability for air-lift biore-
actors or stirred-tank reactors, allowing for precise control of
key parameters such as pH, temperature, dissolved oxygen and
agitation, while maintaining constant biomass quality and
productivity, making it suitable for industrial-scale applica-
tions.*®* The process allows a better control and monitoring of
the physical parameters and final nutrient composition
compared with SSF, however, this level of precision also
involves a higher energy consumption and higher operating
costs.”® Also, there is a risk of increased shear stress at high
agitation rates, which may cause damage to the mycelial
structure.*

As the benefits eventually outweigh the disadvantages, SmF
has been the production method employed by Quorn™ for
decades, providing significant experience in optimization of
yield and efficiency.*® Several technical innovations have been
implemented since the development of this method. While the
initial setting was designed as a pilot-scale fermenter, over the
years an airlift fermentation process was developed, which
optimized oxygen transfer and improved the structure and

© 2026 The Author(s). Published by the Royal Society of Chemistry
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texture of the fungal biomass, leading to higher yield and
consistent quality. However, the main limitation of this process
is the requirement for constant, rigorous sterilization in order
to prevent the emerging of mutant strains.” An efficient
approach for addressing such issue has been proposed in the
form of integrative omics, which enable continuous genetic
monitoring of parental strains, identifying genes responsible
for mutations and through further genetic engineering,
improving stability and preventing mutant emergence.'>**
Pneumatic bioreactors, such as the aforementioned air-lift type,
as well as bubble column reactors, represent promising alter-
natives to stirred tanks, allowing for more careful aeration and
reducing shear stress onto the fungal biomass.** To these
structures, a number of improvements were implemented
throughout the years, such as the addition of internal draft
tubes which improve circulation, as well as computational fluid
dynamics modelling, with more complex software and more
detailed technologies allow the optimization of mixing, oxygen
transfer and growth profiles.®® Modern SmF processes also
integrate real-time monitoring of key parameters such as pH,
biomass production, glucose consumption and dissolved
oxygen, allowing for accurate adjustments throughout the
process as well as reduced variability. Additionally, advance-
ments have been made in the customization of bioreactor
equipment and mechanisms, to allow a variety of cell prepara-
tion methods, expanding beyond simple culture growth towards
the production of biopharmaceuticals, biofuels and even the
microbial breakdown of pollutants.>*

Several recent studies attempt to not only identify the
potential of new fungal strain for mycoprotein production, but
to also determine cost-effective substrates and optimal condi-
tions for efficient mycoprotein production.®>*® Furthermore, the
bioactive compound content in mycoproteins can also be
improved. Using seawater fermentation, Yang et al., increased
the iron and calcium content in mycoproteins produced with
Fusarium venenatum biomass, with a 50% less freshwater waste
for production. However, the authors recognize that the study
still has limitations when it comes to ensuring a continuous
flow culture system, and gaps in long-term consumption
effects.””

The SSF and SmF methods can be integrated into sequential
or hybrid systems to harness the advantages of each approach,
enabling the co-production of valuable secondary metabolites
alongside mycoproteins, and enhancing the bioavailability of
micronutrients in the resulting biomass.*® Additionally, this
combined method allows the valorization of agro-industrial
byproducts in order to obtain products with high protein
content, improved amino acid profile and high polyphenol
content, with results comparable with other plant-based alter-
natives such as soybean meal.” The combined use of SSF and
SmF can streamline the fermentation process by coupling their
complementary steps. In such systems, SSF is often employed as
a pretreatment or initial phase to promote enzyme production
and partial substrate hydrolysis, generating the required feed-
stock for SmF, enhancing substrate utilization efficiency and
facilitating the bioconversion of complex materials or wastes.*

© 2026 The Author(s). Published by the Royal Society of Chemistry
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Although SmF can be energy-intensive due to aeration and
mixing requirements, often involving subsequent steps to ach-
ieve the desired texture, SmF remains a robust and reliable
platform for obtaining safe, high-quality mycoproteins on
a large scale.

2.3. Surface-culture fermentation

Surface culture fermentation involves growing filamentous
fungi as a thin mycelial layer on the surface of a liquid or semi-
solid substrate, representing an intermediate approach between
solid-state and submerged systems. While the two methods
described above have industrial potential, surface-culture
methods are mainly used in laboratory settings for screening,
evaluation and optimization strain, due to the considerable
labor cost and space that would be required for up-scaling.** For
this reason, attention is often focused on SSF and SmF for large-
scale mycoprotein production. A screening of the mycoprotein
production potential was demonstrated using several edible
fungal strains such as F. venenatum,Aspergillus oryzae, Monascus
purpureus, Neurospora intermedia and Rhizopus oryzae cultivated
on pea processing byproducts through surface-culture fermen-
tation, with the ulterior purpose for the most efficient strains to
be further scaled-up in a bench airlift bioreactor.> The method
can be mainly used to identify the optimal culture conditions
for secondary metabolite production® and biomass accumula-
tion.*® For certain species and target molecules (cordycepin),
surface culture can induce the upregulation of specific genes
encoding the biosynthesis of desired metabolites, thus
increasing their yield, compared with submerged culture.**

This method offers a number of advantages such as the need
for simpler equipment, lower shear stress on the fungal biomass,
and the ability to form naturally structured mycelial mats with
desirable textural properties for mycoprotein applications.
Although this method of surface culture fermentation reduces
energy consumption compared to fully submerged fermentation,
it also has limitations, such as slow biomass accumulation,
difficulty in maintaining uniform growth conditions, and low
scalability. Even so, surface culture fermentation remains a viable
and potentially valuable technique for producing structured
fungal biomass with minimal processing.

The main operational characteristics, advantages, and chal-
lenges associated with the main methods for mycoprotein
synthesis are summarized in Table 1.

In conclusion, the selection of the appropriate fermentation
strategy depends on the production performance of the target
strain, substrate availability, desired product characteristics, as
well as the economic and environmental constrains of the
complete process. Continuous advances in reactor design,
bioengineering and monitoring technologies are expected to
further enhance the efficiency and scalability of these fermen-
tation processes, along with the broadening of strains and
substrate options to be used, supporting the sustainable
development of mycoproteins as a well-established alternative
protein source. Hereinafter, we will expand on the nutritional
benefits of mycoproteins as well as potential health consider-
ations as emerging food products.

Sustainable Food Technol.


http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
https://doi.org/10.1039/d5fb00914f

Open Access Article. Published on 17 April 2026. Downloaded on 4/17/2026 10:39:52 PM.

Thisarticleislicensed under a Creative Commons Attribution 3.0 Unported Licence.

(cc)

Sustainable Food Technology

View Article Online

Review

Table 1 Comparison of submerged,?26:29.36:4648.49.65 golid-state, 2636515667 hybrid®® and surface culture???498 fermentation methods for

mycoprotein production

Mycoprotein

nutritional profile/yield Substrate

Fungal strains

Advantages

Disadvantages

Submerged fermentation (SmF)
Protein: 21-31% o Seaweed™!

21

Fat: 1.2-4% e Seaweed waste

Carbohydrates: 30-75% e Apple®

e Pomegranate®’
e Aronia®
o Leaf spinach®

Energy: 253 kcal/100 g
Yield: 250-600 g kg™

o Beet molasses®

Solid state fermentation (SSF)
Protein: 22-47%; e Stale bread®®

Fat: 4.4%; e Brewer-spent
grain®®
Carbohydrate: 42% e Grape bagasse®’

Energy: 326 Kcal/100 g

Yield: 125 g kg™ (for
Pleurotus albidus)

260 g kg (for
Neurospora intermedia)
Total amino acids:
7.85%

Fiber: 34.35%

Hybrid fermentation (combining SmF and SSF)
Protein: 33% eStale bread®

Fat: 26%

Carbohydrates: 4.63%

Yield: 152 x 10°> g kg™*

Surface culture fermentation (SCF)

Yield: —0.26 g~ " of e Pea by-
byproduct®* products;**
Protein: 46.48%° o Date extract®®

e Paradendryphiella
salina®

e Agrocybe aegerita
(AAE)*

o Pleurotus sapidus®®

o Lentinula edodes®

e Wolfiporia cocos®®

o Stropharia
rugosoannulata®®

e P. sajorcaju®

e P.salmonetramineus®

e Neurospora
intermedia®®
., 66
® Rhizopus oryzae
. 67
o Agaricus blazei
o Auricularia

fuscosuccinea®”

e P. albidus®”

oN. intermedia®®

e Aspergillus oryzae™

o F. venenatum®®

3. Nutritional aspects and health

considerations

Mycoproteins

are fungal-derived protein-rich biomasses,

primarily produced from filamentous fungi such as Fusarium

Sustainable Food Technol.

e Uniform distribution of
nutrients>®*°

e Precise control of
parameters>®

e Shorter fermentation time®®

e High biomass homogeneity*®
e Fully automated process with
high reproducibility*®

e Minimum water
consumption and wastewater
generation®®®"

e Low energy consumption®"

e Small fermenters®

¢ Inexpensive media, substrate
as agricultural or industrial
waste”>°!

e Process control can be
improved with sensors
integration®®

e Valorizesa multiple waste
streams in one workflow™®

e Multiple valuable outputs
(ethanol, biomass, secondary
metabolites, proteins,
enzymes)*®

e Enhanced bioconversion of
complex substrates®®

e Combined operational
precision with resource
utilization efficiency’®

e Simple, low-tech method*’

o Small-scale optimization®®
e Waste valorization®’

e High production costs*®

e Strict monitoring required
for mutations and mycotoxin
production®*

e Strict control requirements
for cultivation parameters and
sterilization*®

e Higher risk of shear stress on
fungal biomass*®

e Species selectivity for growth
substrate, limiting the
potential use of other
strains*®*°

o Difficulties in automation
and quality control®®

e Biomass heterogeneity**

e Heat and mass transfer

gradients limit up-scaling®®*®

e Added process complexity*®

e Longer processing time>®

e Intermediate processing
required®®

e Low productivity*’

e Labour-intensive®”
e High contamination risks*’
e Limited process control***°

venenatum, and have emerged as one of the most innovative and
sustainable protein sources in modern food biotechnology.®
Originally conceived in the 1960s as part of research based on
single-cell protein production (SCP), mycoproteins have been
developed as a strategic response to growing global concerns

© 2026 The Author(s). Published by the Royal Society of Chemistry
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about food scarcity and protein-energy malnutrition. These
early efforts aimed to harness microorganisms as efficient bio-
logical factories for nutrient-rich biomass, providing a scalable
solution to major nutritional deficits in developing countries.

The unique combination of high nutritional value, minimal
ecological footprint and functional food properties has led to
a growing interest in mycoproteins among consumers, policy
makers and researchers alike. The decades-long commerciali-
zation of F. venenatum-based products under the brand Quorn
has transformed a scientific innovation into a globally recog-
nized food product, demonstrating the industrial and nutri-
tional feasibility of fungal biomass as a high-quality food
source, but also the willingness of consumers to adopt
mycoprotein-based foods as meat substitutes.”

Given this historical and technological context, a more in-
depth analysis of mycoproteins must consider both their
nutritional profile and potential health implications. Beyond
the issues of their sustainable production and increasing
consumer acceptance, the true value of mycoproteins lies in
their biochemical composition and physiological effects. In
order to fully understand their role as a viable alternative
protein source, it is essential to understand in depth the
potential health benefits that lie in their macro- and micro-
nutrient profile, as well as any safety considerations.

The following subchapter reviews the basic nutritional
aspects of mycoproteins in modern diets, presenting the
potential benefits of consuming mycoprotein-based products,
along with safety considerations in the case of particular aller-
gies or immunological sensitivities, in order to aid in research
prioritization and maximization of the potential mycoproteins
hold as sustainable “functional foods”.

3.1. Nutritional benefits of mycoproteins

The nutritional profile of mycoproteins positions them between
traditional animal- and plant-derived protein sources,
combining the advantages of both categories. With a protein
content typically exceeding 45% of the biomass dry weight,
mycoproteins provide a complete and well-balanced essential
amino acid profile, similar to animal proteins. They are
particularly rich in lysine and methionine—amino acids often
limited in grain-based diets, making them suitable for sup-
porting essential physiological functions, including the main-
tenance of muscle mass (Fig. 3).7%7>

Carbohydrates (%)

Fiber (%)

Total Lipids (%)

Moisture (%)

Fig. 3 Nutritional attributes of mycoproteins.
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In addition, mycoproteins are rich in dietary fibre, mainly B-
glucans and chitin, which have been associated with supporting
the gastrointestinal health, the modulation of glycemic response
and increased satiety. Compared with animal proteins, myco-
proteins have an advantageous lipid profile, characterized by
a low content of saturated fats and the absence of cholesterol,
which makes them particularly suitable for populations at risk of
cardiovascular disease.”” Comparative studies have shown that
replacing red meat in the diet with mycoproteins can improve
lipid metabolism and insulin sensitivity, while maintaining
sensory satisfaction, highlighting their potential role in the
prevention of chronic diseases.” Furthermore, recent clinical and
epidemiological studies strengthen the argument for the benefi-
cial effects of mycoprotein consumption on improved plasma
lipid and glycemic profiles, along with reduced postprandial
insulin response,’>”® supporting its role in managing obesity, type
2 diabetes, and cardiovascular disease. These metabolic benefits
are attributed to its low glycemic index and fibre-mediated
modulation of the gut microbiota, which collectively improve
metabolic homeostasis.

Beyond their macronutrient profile (Table 2), mycoproteins
contain micronutrients and bioactive compounds that further
enhance their functional properties, such as B-complex vita-
mins (B1, B2, B3, folate), trace elements such as riboflavin, zinc
and selenium, and antioxidant compounds capable of miti-
gating oxidative stress.””

The hybrid nutritional profile makes mycoprotein a compel-
ling alternative for consumers looking for sustainable, health-
promoting protein sources without compromising on quality
or functionality. Notably, the bioavailability of these constituent
essential minerals and vitamins is enhanced by the absence of
antinutritional factors that are usually found in certain plant
proteins, such as lectins and phytates.®* Emerging studies
suggest that the fermentation of these mycoproteins may
further enhance their bioavailability, as fungal metabolic
activity releases bound nutrients and generates bioactive
peptides with potential antioxidant and immunomodulatory
properties.®>

As such, the combination of these nutrients makes myco-
protein a functional ingredient that not only meets basic dietary
requirements, but also contributes to the maintenance of long-
term health and disease prevention. All of these health benefits,
along with a meat-like texture and versatile sensory properties,
have facilitated consumer acceptance, especially among flex-
itarian and vegetarian populations looking for nutritious yet
sustainable protein alternatives.

3.2. Health risks and safety considerations

Advances in engineering and synthetic biology have led to an
acceleration of the optimization of fungal strains for improved
productivity and nutritional performance.*® From a health and
consumer perspective, mycoproteins have gained great interest
in addressing contemporary dietary challenges related to
excessive consumption of animal proteins. Research and
epidemiological evidence consistently associate red and pro-
cessed meat consumption with significantly increased risks of
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Table 2 Analysis of mycoprotein composition compared to vegetable and animal protein sources?®6178-80
Plant based

Fungal based protein protein Animal based protein
Content Mycoprotein Soybean Beef Chicken Pork
Essential amino acids (EAAs) (g)
Protein (g) 11.25 14.00 20.20 24.00 21.80
Histidine 0.35 0.60 0.66 0.72 0.89
Isoleucine 0.52 1.10 0.87 1.22 1.06
Leucine 0.86 1.80 1.53 1.82 1.83
Lysine 0.83 1.40 1.60 1.39 2.05
Methionine 0.21 0.30 0.50 0.68 0.60
Phenylalanine 0.49 1.10 0.76 1.17 0.91
Tryptophan 0.16 0.30 0.22 0.19 1.03
Threonine 0.55 0.80 0.84 0.71 0.28
Valine 0.62 1.10 0.94 1.21 1.24
Micronutrients
Iron (mg) 0.50 3.00 3.50 0.40 0.80
Zinc (mg) 9.00 0.90 0.40 0.70 2.10
Sodium (mg) 5.00 1.00 43.00 60.00 63.00
Selenium, pg Selenium, pg 5 1.00 12.00 13.00
Vitamin B12 (ug) Trace Trace 0.40 Trace Trace
Macronutrients
Total carbohydrate (g) 3.00 5.10 0.06 Trace Trace
Sugar (g) 0.50 1.64 Trace Trace Trace
Fat (g) 2.90 7.30 4.30 1.10 4.00
Saturated fatty acid (SFA) 0.60 0.90 1.70 0.30 1.40
Dietary fiber (g) 6.00 6.10 0 0 0
Digestibility 0.996 1.00 1.00 1.00 1.00
“PDCAAS

“ PDCAAS - protein digestibility-corrected amino acid score.

cardiovascular disease, and metabolic
disorders.®*

Advances in the biotechnological production of mycopro-
teins for texturizing and flavour development through fermen-
tation and extrusion have significantly improved consumer
acceptance, allowing mycoprotein-based products to mimic the
taste and mouthfeel of poultry, beef, or seafood analogues.®
The high satiety value and favourable lipid profile of mycopro-
teins make them particularly attractive for weight management
and cardio-metabolic health, while their sensory similarity to
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Fig. 4 Health effects of fungal-based protein consumption.
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meat facilitates dietary transitions to plant-based dietary
patterns (Fig. 4).

Although mycoproteins are generally considered safe by
major regulatory authorities such as the European Food Safety
Authority (EFSA) and the US Food and Drug Administration
(FDA), and despite their nutritional benefits, their consumption
can be associated with certain health risks for sensitive indi-
viduals. The most commonly reported adverse reactions are
mainly allergic responses, mild gastrointestinal upset (bloating,
flatulence, abdominal discomfort, in rare cases nausea or
diarrhoea) and rarely, anaphylaxis.®® These effects are largely
due to the chitin and fungal cell wall glycoproteins capable of
triggering immune sensitization in susceptible consumers.
Furthermore, as mycoprotein products are often extensively
processed to achieve desired sensory characteristics, an
assessment of the impact of processing on protein digestibility,
amino acid oxidation, and potential formation of undesirable
compounds is necessary.®” A limited number of cases of allergic
reactions have been reported, with symptoms ranging from
mild skin irritation or hives to, in very rare cases, anaphylaxis.

Since the introduction of Quorn's microprotein-based
products, there have been several complaints from consumers
reporting adverse gastrointestinal reactions after ingestion.

Tee et al. showed by cross-reactivity studies that mycoprotein
Quorn has several allergenic factors in common with Aspergillus

© 2026 The Author(s). Published by the Royal Society of Chemistry
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fumigatus, Cladosporium herharum and some with Alternaria
alternata, thereby inducing a negative reaction in patients
allergic to mold after inhaling or ingesting mycoproteins.®®
Screening for specific IgE antibodies to mycoprotein (antigen 1)
carried out on 12 workers in the mycoprotein production over
a 2 year period showed that only 2 of them had a specific RAST
binding more than 2%, but both of them without any symp-
toms. Other two of the 10 patients were admitted to hospital
with vomiting and diarrhoea after ingesting mycoprotein, the
skin prick tests and RAST measurements for all three myco-
protein antigens showing a swelling of 2 mm, but none had
significantly elevated antibody levels.*®

Another example is represented by a case report documented by
Hoff et al., of an asthmatic patient with severe hypersensitivity
reactions to ingested mycoprotein. In order to identify and char-
acterize the potential responsible allergen, specific IgE antibodies
from the patient's serum were used to screen a Fusarium culmorum
cDNA expression library.* The patient was shown to have high
sensitization to several known aeroallergens, but, apart from
Quorn, not to any other food samples tested. The patient had
a history of respiratory sensitivity to mold allergens and subsequent
oral ingestion of cross-reacting proteins led to severe food allergic
reactions. The study revealed that the 60S acidic ribosomal protein
P2 from F. venenatum was likely the cause of the patient's severe
hypersensitivity reactions to Quorn mycoprotein, due to its poten-
tial cross-reactivity with the allergen Fus c 1 from F. culmorum.

A study conducted by Jacobson®® et al. based on the analysis of
self-reports (online questionnaire https://
www.quorncomplaints.org) of adverse reactions to Quorn
mycoprotein, identified 1752 adverse reactions such as allergies
and gastrointestinal symptoms after consuming Quorn
products, with another 312 people reporting allergic reactions
such as wurticaria and anaphylaxis after 4 hours from
mycoprotein consumption. The authors reported that of the
45.8% of reactions, 1 was fatal, within 1 hour of exposure, and
188 of the 312 people with allergic and gastrointestinal
reactions experienced repeated reactions after repeated
consumption of Quorn.*® The study found that Quorn-type
mycoprotein-based foods caused gastrointestinal symptoms,
including vomiting and diarrhoea, within 8 hours of consump-
tion. Thus, the wide acceptance and distribution of mycoproteins
in the food supply should be reconsidered as it was demonstrated
that can cause numerous allergic and gastrointestinal reactions,
some of them potentially life-threatening.

Beyond their nutritional advantages and health-related
aspects, the growing interest in mycoproteins is also closely
linked to their low environmental impact compared to
conventional protein sources. Therefore, the following section
examines the sustainability aspect associated with mycoprotein
production systems.

4. Environmental impact and
sustainability

According to the planetary boundaries framework, six of the
nine boundaries have already been exceeded, in climate change,
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biosphere integrity, land-system change, freshwater change and
biogeochemical flows, highlighting an increasing pressure on
the stability and safety of our planet (Stockholm Resilience
Centre). Conventional livestock farming is estimated to account
for up to 80% of the negative environmental impact of agri-
culture in the form of greenhouse gas emissions, biodiversity
loss, land conversion and intensive agrochemical use. For this
reason, it is important to identify and implement food practices
and dietary changes with a lower environmental impact and
benefits for the consumer. Plant-based alternatives to conven-
tional meat products have increased in popularity and demand
in the past decades, being promoted as healthier, cruelty-free
and sustainable.”® However, numerous studies indicate that
there are still several drawbacks to be taken into consideration.
Extensive land use and land conversion required for both live-
stock feeding as well as plant-based products exerts a significant
impact on local biodiversity, affects global biogeochemical
cycles and climate patterns such as temperature and precipi-
tation, as well as decreases environmental stability to
stressors.”

Another crucial aspect of interest regarding plant-based
proteins has been genetically engineering crops for the
purpose of increasing yield, quality and tolerance to environ-
mental factors. Up to 90% of all genetically modified crops are
represented by soy, cotton, maize and canola. Although genet-
ically modified crops bring agricultural, economic and nutri-
tional benefits, the main concerns lie with the transfer of
resistant genes from transgenic crops to wild varieties, thus
reducing genetic diversity, as well as promoting the evolution of
pesticide-resistant weeds, disrupting the soil microbiota and
leading to biological diversity in insects and plant species,
ultimately affecting ecosystem stability.”> Moreover, mono-
culture practices are prevalent for staple crops used in plant-
based products, which significantly affect biodiversity, soil
fertility and structure and may require more pesticides, agro-
chemicals and water, as well as intensive use of machinery and
fossil fuels.”

In the light of these disadvantages, one of the main argu-
ments in favour of mycoproteins is their low environmental
impact. The general consensus is that mycoproteins require
lower costs and resources for production, while containing
essential amino acids, fibres, vitamins, antioxidants and
carbohydrates, with a lower carbon and water footprint, as well
as significantly less land use than the requirements for animal
products.®*** According to Quorn®, mycoprotein based prod-
ucts produce 80% less GHG emissions, 60% less land use and
65% less water compared with livestock farming, representing
even less than other plant-based alternatives such as soybeans
and peas (Fig. 5).°° Furthermore, various waste or industrial by-
products have been successfully used as substrates for the
production of mycoproteins, offering economic and environ-
mental benefits, in the light of a circular economy approach.®”*°

Research independent from Quorn®'s own data on the
environmental impact of mycoproteins is still scarce and
currently, opinions are divided. Firstly, the functional unity for
comparison between food products varies, such as kg of
product, kg of protein, or kg of protein corrected by digestibility
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score, thus creating variability throughout studies.'® In that
sense, the most significant differences between products ana-
lysed by LCA are when mass is replaced by g of proteins as
functional unit. Accordingly, using protein digestibility as
a complementary unit presented a lower impact on LCA results
compared to the other functional units and better accuracy.**
Secondly, methodological variations such as formulation
inputs, processing energy, waste management and byproduct
valorisation offer different results which influence the conclu-
sions on mycoprotein benefits in comparison with conventional
food sources. Various life-cycle analyses (LCA), assessing the
sustainability from cradle-to-factory of mycoproteins, reveal
contradictory results.

A LCA conducted by Shahid et al. observed the differences in
greenhouse gas emissions, land use and freshwater use between
plant-based products, mycoprotein-based products and meat
products.’® Mycoprotein-based products presented significantly
lower values compared with meat and meat-based products;
however, completely replacing meat with either mycoproteins
or other plant-based alternatives did not significantly reduce
freshwater use. Additionally, an important point has been made
by Humpendder et al. regarding potentially replacing meat with
microbial protein at large scale.” Animal by-products not
directly used for human consumption, such as pet food, leather
products, chemical products and fertilizer would also need to be
replaced with synthetic alternatives, which may generate addi-
tional GHG emissions and further environmental impacts.
Moreover, the production of mycoprotein-based meat alterna-
tives can still present an increased environmental footprint,
primarily due to the land and water demands for the raw
materials, along with the use of fertilizers used in crop culti-
vation that serve as substrates. Upcraft et al. analysed the
sustainability of producing mycoproteins derived from ligno-
cellulosic residues, in the form of rice straw.” Results obtained
were higher than beef, chicken and tofu in terms of water
consumption, and comparable with chicken regarding GHG
emissions and freshwater eutrophication. For these effects, the
main contributing factors were concluded to be caused straw
production, involving the irrigation of rice fields, electricity use
and production particularities. Other studies indicate that
using glucose, egg white albumin or other by-products,
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significantly increases the global warming potential of myco-
proteins, with effects similar to pork and chicken.******

In that sense, although plant-based alternatives present
numerous benefits compared with livestock farming, when
envisioning a complete shift from traditional practices towards
more sustainable, green alternatives, several inputs and outputs
must be taken into consideration. Significantly decreasing
large-scale production and consumption of animal-based
products presents environmental and health benefits,
however, balance and optimization of the desired processes and
sectors is important for the proper implementation of global
sustainable objectives.

Mycoproteins represent promising options for a more
sustainable and efficient society, yet research is still needed in
order to obtain products with a notably lower impact on the
environment, compared with conventional and alternative
protein sources. As the alternative protein market continues to
evolve, its consolidation depends not only on technological
advancement, but also on a uniform regulatory framework
governing production, safety assessment, labelling and market
authorization, to ensure safety and well-informed choices for
the consumers. In this context, the following section touches
the current legislative landscape and regulatory considerations,
relevant for the commercialization of mycoprotein-based
products.

5. Legislative considerations and
compliance requirements for
mycoprotein-based foods

Meat analogues have to undergo strict food regulations in order
to be available on the market. In EU countries, mycoproteins
along with other alternative proteins were first regarded as
novel foods within the Novel Food Regulation (EC/258/1997),
requiring pre-market approval based on risk assessment
regarding the safety and nutritional risks of the products.'® The
main criteria for food to be considered novel was the absence of
consumption to a significant degree within EU member states
before 1997. Mycoproteins are not specifically mentioned in this
regulation, however they fall within the definition of novel
foods, as “foods and food ingredients consisting of, or isolated
from microorganisms, fungi or algae” (Regulation (EU) 2015/
2283).'¢ Since then, regulation 2015/2283 replaced EC 298/97 in
2018, offering a centralized EU list of authorized novel foods,
and since 2024, the European Commission concluded that
mycoproteins derived from the Fusarium venenatum strain A3/5
and produced under the same aerobic fermentation process as
Quorn® qualify as traditional food, not requiring novel food
authorization due to its long history of consumption before
1997 (ARTICLE 4 REQUEST Regulation (EU) 2015/2283).1¢
Besides commercialization control, labelling is also strictly
regulated. Claims such as “high in protein”, “source of fibre” or
“source of vitamins and minerals” must be met by specific
quantitative thresholds. Health claims must be sustained by
generally accepted scientific data and justified by the business
operator making these claims. While mycoproteins are not
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directly mentioned in these regulations, they fall within the
definition of “food” accepted within the regulation, meaning
any substance or product intended to be ingested by humans
(Regulation (EC) No 178/2002;'” Regulation (EC) No 1924/
2006)."® It is important to mention that mycoproteins are not
included in the EU list of allergens (Regulation (EU) No 1169/
2011),"” and including such information on mycoprotein-based
product labels is not mandatory.

In the United States, mycoproteins are regulated by the Food
and Drug Administration (FDA) under the Generally Recognized
as Safe (GRAS) framework since 2002."*° Marlow Foods Ltd, the
founder of Quorn™, submitted a notification in 2001 for the
recognition of mycoproteins as safe for general food use,
allowing the introduction of several mycoprotein based-
products into the food supply chain (FDA, 2001)."*° Under the
Federal Food, Drug, and Cosmetic Act, all food ingredients
must meet general requirements for safety, GRAS status being
acquired based on generally accepted scientific data and
substantial history of consumption.** The GRAS system func-
tions on a voluntary informing mechanism, in which individ-
uals submit notifications for the approval of foods and food
ingredients as GRAS, exempting them from pre-market
approval, while having to meet common safety standards.'*>
Similarly to European law, mycoproteins are not explicitly listed
or defined in food labelling law, however they undergo the same
requirements as common packaged foods for sustained nutri-
tional and health claims as well as clear ingredient listing (US
Code of Federal Regulations, 1977)."** Mycoproteins are not
included in the principal list of allergens, however precau-
tionary labelling is encouraged, due to the increased number of
allergic reactions reported by consumers over the years, the
most severe one being anaphylaxis.®®

Currently, mycoproteins products are available in European
countries such as the United Kingdom, Denmark, Norway,
France, Germany and Switzerland, Asian countries such as
Singapore, Thailand and China, as well as the United States and
Canada.” The global market for fungal-based products is ex-
pected to grow, with numerous countries potentially intro-
ducing novel products on the market and new fungal strains
being tested besides Fusarium venenatum.'® Despite growing
interest in alternative proteins, there is still a lack of clear
guidelines that align across countries, both in terms of
consumer safety, as well as fair trade between companies."**

Overall, current regulations continue to evolve, demon-
strating both the growing recognition of mycoproteins as safe
and valuable food ingredients and the need for continued
alignment of standards to support innovation, consumer
protection, and global market expansion. As regulatory bodies
continue to adapt to the rapid development of the alternative
protein sector, new opportunities and demands arise for
researchers, producers and policymakers alike. Therefore, the
following section will discuss the future perspectives and
research directions that further support the development.
Scalability and global recognition of mycoprotein-based foods,
as well as limitations and gaps in knowledge that still need to be
addressed.
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6. Future perspectives

Given the continued evolution of research and industrial
interest in mycoproteins as a protein source, it is evident that it
is important to explore emerging opportunities that could
shape their development. Also, consumer expectations and
legislative frameworks regulating the use of mycoproteins as
a source of protein in foods will likely influence how mycopro-
teins integrate into global food markets (Fig. 6).

Advances in biotechnology, fermentation engineering, and
sustainable food systems offer new perspectives for improving
production efficiency, nutritional quality, and product
diversification.

This section presents the main trends, challenges and
perspectives that will define the evolution of mycoprotein-based
foods.

6.1. Artificial intelligence-driven innovation

Artificial intelligence (AI) and machine learning (ML) can be
used to enable data-driven decision-making, automation and
optimization in order to allow advancements in biotechnolog-
ical sectors both in research & development as well as market. In
the alternative protein sector, these technologies can tackle
issues regarding safety, consistency and efficiency. Eco-
innovative food products have been successfully developed
and commercialized with the use of AI, one example being the
plant-based alternatives by NotCo™. Yet, its full potential to
enhance nutritional functionality, sustainability and consumer
relevance is still insufficiently explored."™ In mycoprotein
development, Al and ML can reduce costs, minimize risks and
advance the development of more sustainable and high-quality
products.**®

As new fungal strains are explored for mycoprotein produc-
tion, several challenges need to be addressed, such as the
selection of safe strains, evaluating their potential in protein
production and assessing the optimal growth and development
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Fig. 6 Advance trends and innovation in alternative protein industry.

Sustainable Food Technol.


http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
https://doi.org/10.1039/d5fb00914f

Open Access Article. Published on 17 April 2026. Downloaded on 4/17/2026 10:39:52 PM.

Thisarticleislicensed under a Creative Commons Attribution 3.0 Unported Licence.

(cc)

Sustainable Food Technology

conditions in laboratory or bioreactor settings. In that sense,
the operational setpoints can be explored through Al-driven
optimization methods, which can enable the development of
robust up-scaling with fewer resources and time required.**” ML
algorithms trained on genomic and metabolomic data can
identify key biomarkers for food safety and improved produc-
tion. Incorporating selection methods, such as random forests
or decision trees, can help identify genes linked to toxin
synthesis, as well as metabolic pathways associated with
specific enzymatic function, amino acid profiles or probiotic
activity."®

Furthermore, Al-based frameworks can define optimal
growth and fermentation conditions, while uncovering
complex, nonlinear relationships between bioprocess parame-
ters, by integrating data from multi-omics and techno-
economic models. Techno-economic assessments (TEAs) can
identify attributes that are impactful to capital and operating
costs, thus allowing the evaluation of feasibility, scalability and
profitability of the production process. However, many of them
utilize simulation software's that require economic invest-
ments, proper training in order to be used, and exploring the
multiple scenarios tailored to process particularities can be
time-consuming as well."*® AI/ML tools can be paired with
classical optimization models such as Design of Experiments
(DOE) and Bayesian Optimization (BO) in order to obtain
technologies with higher accuracy, efficiency and flexibility.'*
Process control can also become adaptive and autonomous
through reinforcement learning (RL), allowing real-time closed-
loop control of key parameters in order to maximize product
output.*** Additionally, predictions can be achieved through
virtual models such as digital twins (DT) that simulate in silico
scenarios, thus predicting the effect of changes in parameters or
scale, on productivity and composition.**

Al can also be integrated into genetic engineering tools to
efficiently improve protein yields while minimizing metabolic
burden, reduce the time required for design cycles and identify
biological pathways for synthesizing antioxidants and other
bioactive compounds responsible for flavor, texture and nutri-
tional enhancement. In this way, the design of more appealing
and sustainable products that align with industrial efficiency
requirements, consumer health needs and environmental
responsibility.’*® Although not yet applied directly for myco-
protein production, many of the elements that can be trans-
ferable towards its development have been demonstrated, such
as ML for Clustered Regularly Interspaces Short Palindromic
Repeats (CRISPR) design, accurate genotype to phenotype
mapping, autonomous design-build-test-learn (DBTL) cycles
and synthetic biology toolkits for enhancing specific traits such
as nutritional value and sensory appeal.***"** The applicability
of genetic engineering for mycoprotein development will be
treated in more detail in the following subsection.

6.2. Genetically engineering the pathway towards
mycoprotein innovation

Synthetic biology and genetic engineering tools can be used to
significantly improve the use of microorganisms as cell
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factories for numerous applications in biotechnology. Both the
fermentation process as well as the traits of the strains used can
be enhanced and tailored for targeted purposes through genetic
manipulation.”” Advancement strategies regarding mycopro-
tein production generally focus on increasing biomass
productivity, improving protein quality and yield, digestibility
and bioavailability, securing food safety and enhancing
substrate use for new side streams, while minimizing the
environmental impact of the fermentation processes.'*®

Conventional strain improvement techniques focus on
enhancing microbial metabolic performance through physical
and chemical mutagenesis, adaptive evolution, and random
recombination by protoplast fusion or genome shuffling, for the
production of interspecific or intergeneric hybrids. These
practices have been used to improve microbial fitness in terms
of biomass production, substrate utilization, adaptation and
production yields for various traits and biomolecules of
biotechnological importance. However, these methods can be
time consuming, laborious, with limited precision and genetic
instability.*?13°

Synthetic biology tools offer targeted solutions to these
limitations by enabling precise and effective editing of genomic
sequences in order to alter targeted functions, expression
systems or regulatory factors.”" In the context of mycoprotein
development, the general consensus recognizes the difficulty of
employing certain gene editing procedures for Fusarium vene-
natum, as a result of the strain's low transformation frequency
and low rate of homologous integration.****** One of the most
widely recognized gene editing platforms, CRISPR/Cas, has
been used in other Fusarium strains, such as F. fujikuroi, F.
graminearum and F. proliferatum, to enhance the production of
gibberellic acid, which plays an important role in plant growth
regulation,’** or aurofusarin, a pigment with potential antimi-
crobial properties.™** Additionally, the polyketide synthase gene
(FUM1) responsible for the production of the mycotoxin
fumonisin in F. proliferatum was successfully deleted through
a modified CRISPR/Cas9 system, with reduced risk of off-target
mutation.**

For Fusarium venenatum, the fibrous cell wall rich in -
glucans and chitin control protein bioavailability and digest-
ibility.**” Therefore, the alteration of mycelial structure could
influence nutrition and digestive behaviour. For example,
through integrated transcriptomics and proteomics techniques,
it was observed that mycoprotein yield, extractability and
digestibility can be significantly increased in F. venenatum by
deleting chitin synthases (Chs) from its genetic code, thus
reducing cell wall rigidity.**® Similarly, Hong et al. identified
that through knockout of the FvChs2 gene, a significant
reduction in the chitin content of the cell wall was also associ-
ated with mycelial expansion, decreased ethanol production
during fermentation, with a higher carbon conversion effi-
ciency, upregulated nitrogen metabolism and increased protein
production.**

Studies regarding direct mycoprotein optimization through
genetic engineering mechanisms in the standard F. venenatum
strain are still scarce, however the existent studies on other
lay the foundation for further

Fusarium strains could

© 2026 The Author(s). Published by the Royal Society of Chemistry
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applications in targeted activation of genes involved in impor-
tant metabolic pathways such as biosynthesis and resistance, or
for the deactivation of genes responsible for mycotoxins and
other allergens. Besides the Fusarium genus, other fungal
genera are being studied for mycoprotein synthesis, that may
also be suited for improvement through genetic engineering
and represent a novel opportunity for expanding research and
development in this sector.

Aspergillus oryzae is considered a promising candidate, being
extensively used in industrial-scale enzyme production and
recognized as GRAS status by the FDA and WHO. Aflatoxin
production is absent in A. oryzae, and no systemic infections
have been reported in healthy individuals, with a limited
number of reported allergic reactions.'*® Genetic manipulation
has been successfully applied to enhance the production of
secondary metabolites and proteins through protoplast trans-
formation, multiplexed CRISPR/Cas9 and Agrobacterium-medi-
ated transformation, however the production capacity requires
further improvement.****> Other possible strains with GRAS
status, already integrated in bioprocesses of the food industry,
include Aspergillus spp., Rhizopus spp., Neurospora spp., Peni-
cillium spp.,"* which have been subjected to genetic engi-
neering in order to improve enzyme and secondary metabolites
production, protein expression or biomass accumulation.'****

In summary, the integration of genome editing into alter-
native protein development represents an important step
towards higher-quality, safer and more sustainable products. As
genome editing and synthetic biology techniques continue to
evolve alongside the global interest in alternative protein
sources, future research has the potential to accelerate the
development of safer, more precisely optimized, higher-quality
fungal-based products that contribute to a more sustainable
and resource-efficient food system.

6.3 Gaps in knowledge to be addressed

The full potential of fungal-based proteins is still not suffi-
ciently explored and large-scale, long-term studies are necessary
to properly assess systemic effects of mycoprotein consump-
tion. Studying more non-model, food-safe fungal strains with
potential high yield, nutritional value or health benefits is
promising in terms of revolutionizing mycoprotein produc-
tion.™® For instance, mycoproteins obtained from the fermen-
tation of edible fungi and food-industry by-products were
recently discovered to possess antioxidant and anti-
inflammatory properties.*” Additionally, there is limited data
on the thermal and chemical stability of various bioactive
compounds with known antiviral, anti-tumoral and antimicro-
bial properties, yet it is not known if they may be retained in the
final products after industrial processing.***

Furthermore, the long-term metabolic and immunologic
effects of mycoprotein consumption are not sufficiently studied.
A meta-analysis of 9 randomized control trials (178 participants)
revealed that mycoprotein consumption reduces total choles-
terol, with a significant effect on LDL cholesterol. Notably, the
authors highlight the need for larger-scale, randomized trials to
support their findings."® Moreover, the mechanistic

© 2026 The Author(s). Published by the Royal Society of Chemistry
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understanding of glycaemic control and energy intake regula-
tion exerted by mycoprotein consumption is still quite scarce,
and not explored in extensive human trials."*® Besides the high-
fibre content of mycoprotein products which may pose several
health benefits,” recent studies indicate that the unique fibre
profile of mycoproteins, an insoluble matrix comprised of B-
glucan and chitin may be more influential in modulating the
digestive and metabolic properties of mycoproteins than its
total amount.™ It is important to mention that we could not
find clinical trials enrolling immunocompromised individuals
or chronically ill patients in the context of potential effects of
consuming fungal-based products.

The effects of mycoproteins on intestinal microbiome are
also still insufficiently understood. In vitro studies indicate
a shift towards B-glucans degrading taxa such as Bacteroides,
which in murine models have been shown to improve gut
barrier function, reduce gut epithelial inflammation and
modulate bile acid profiles.”®”***> A higher microbial diversity
may be associated with a high-fibre diet and consequently with
a lower colorectal cancer risk. A recent study conducted by Farsi
et al. compared the effects of mycoprotein consumption with
those of red and processed meat on intestinal heath markers
and genotoxins production.”®® A test period of two weeks
revealed an increase in the relative abundance of microbial
genera such as Lactobacillus, Akkermansia and Roseburia, which
may be linked to improved gut health and metabolic function.
Furthermore, an increased consumption of mycoproteins
reduced faecal water genotoxicity, a surrogate risk marker for
carcinogenicity. However, there is a lack of long-term human
studies connecting mycoprotein intake with shifts in gut
microbiome composition.

Despite the decades-long history of studies on mycoprotein
production, research is still limited regarding the broader
bioactive and therapeutic potential of fungal-based products,
including the stability and functionality of strain-specific
compounds, as well as their long-term physiological, meta-
bolic, immunological and microbiome modulatory effects. In
that sense, there is continuous research potential for medical,
pharmaceutical and biotechnological applications.

7. Conclusions

The transition of nutrition and cultural trends towards more
environmentally-conscious and healthy options plays a signifi-
cant role in the rising interest for mycoprotein products. As
more people move toward vegetarian or flexitarian eating
habits, the market for alternative proteins continues to expand.
Younger consumers (18-34) tend to be more open to
mycoprotein-based foods compared with older generations,
according to the Good Food Institute,"* focusing on the
perceived health advantages, ethical sourcing, and sustain-
ability benefits. However, acceptance still varies widely by
region, driven by differences in culinary traditions, varying
levels of familiarity, and regulatory environments. These
regional differences underscore the need for more transparent
communication between researchers, decision-makers and
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consumers in order to align regulatory and safety standards,
along with improvements in public outreach.

As a novel food derived from filamentous fungi, mycopro-
teins pose particular biochemical traits that may have potential
health benefits that are still not sufficiently explored through
long-term, broad clinical trials. Furthermore, allergenic or
metabolic effects of new strains and substrates require more in
depth attention.

Emerging production practices and innovative technologies
that integrate synthetic biology or artificial intelligence tools
targeted towards optimized fermentation, strain development,
and product design can address existing limitations and
support the growing role of mycoproteins in future food
systems.

In conclusion, mycoproteins represent a promising option as
alternative proteins, highlighted by their nutritional profile,
sustainable production methods, which can be considered
a promising solution to major global challenges—including
food security, environmental pressures, and public health.
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