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Abstract

The global demand for protein is rapidly increasing due to population growth and changing dietary preferences,
highlighting the need for sustainable alternatives to traditional animal-based proteins. This review explores culti-
vated meat and microbial alternative proteins, focusing on their potential to meet nutritional needs while mitigating
environmental impacts. It also examines the production of cultivated meat as well as various sources of microbial
proteins, including mycoproteins, bacterial proteins, and microalgae, highlighting their nutritional profiles, production
methods, and commercial applications. This includes an evaluation of the state of commercialization of mycoproteins
and the innovative use of agricultural and industrial by-products as substrates for microbial fermentation. The integra-
tion of microbial protein production with the bioenergy sector is evaluated as a relevant alternative to attain a syner-
getic effect between energy and food production systems. Ultimately, this work aims to underscore the importance
of microbial proteins in advancing towards a more sustainable protein production system, offering insights into cur-

rent challenges and future opportunities in the field of fermentation to produce alternative proteins.

Keywords Biomass fermentation, Environmental impact, Agricultural by-products, Bioenergy integration, Circular

economy

Introduction

The global population has been steadily increasing,
reaching 8 billion in 2022, with forecasts predicting
it will approach 9.7 billion by 2050 [1]. To meet daily
nutritional needs, 1.0 to 1.6 g of protein per kg of body
weight, depending on the level of physical activity, is rec-
ommended [2]. The global meat production reached 333
million tons in 2018 [3], and it is expected to increase
to 470 million tons annually by 2050 [4]. However, the
environmental degradation caused by meat production
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is significant, contributing immensely to greenhouse gas
emissions, land and water degradation, and toxicity from
pesticides used in feed cultivation [5]. Meeting the food
demands of this growing population requires innovative
technologies and sustainable approaches to enhance agri-
cultural productivity.

In 2024, global meat consumption remains substan-
tial, with meat preferences varying across different global
regions [6]. Total global meat consumption was projected
to reach around 360 million tons in 2022, with countries
like the United States and Australia showing the highest
per capita consumption, while Southeast Asian nations
consumed less animal-based protein [7]. However, the
agricultural sector, particularly livestock production, is a
major contributor to greenhouse gas emissions, land deg-
radation, and inefficient use of natural resources, raising
sustainability concerns for climate change [8, 9].
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As a response, alternative protein sources like plant-
based meat analogs, cultivated meat, and microbial
proteins, such as mycoprotein proteins, have garnered
significant attention as more sustainable protein options
when compared to traditional meat from animal sources,
being capable of addressing the growing demand for pro-
tein without jeopardizing natural resources on the way to
meet those demands. Mycoproteins, derived from fungal
biomass produced through aerobic fermentation, are rec-
ognized as a cost-effective, scalable, and consumer-pre-
ferred alternative [10, 11]. These protein ingredients are
not only nutritious, high in protein, but also low in satu-
rated fat and cholesterol, making them a healthier option
while reducing the environmental footprint associated
with traditional livestock farming [12]. In this sense,
microbial sustainable protein alternatives represent a
crucial innovation in addressing both global nutritional
needs and environmental sustainability.

This scoping review aims to discuss alternative proteins
for meat alternatives, specifically microbial proteins and
cultivated meat. The review was conducted by system-
atically searching scientific literature without time con-
straints, with a focus on recent applications within the
last 10 years. Inclusion criteria for scientific literature
included peer-reviewed articles that discuss microbial
proteins and cultivated meat. To understand and discuss
industrial perspectives and international regulations, the
search was expanded to include reports from govern-
mental and non-governmental organizations, industry
publications, and news outlets published within the last
5 years.

Animal protein demand as food and its
environmental impacts

Animal protein have long been a staple in human diets,
offering a rich source of essential amino acids, vitamins
and minerals. Traditional meat proteins are derived from
livestock production, including cattle, poultry, pigs, and
seafood. According to the Food and Agriculture Organi-
zation, livestock production and consumption have
grown exponentially in recent decades [6, 7]. The world
yearly production of meat increased from 70.563 million
tons in 1961 to 355 million tons in 2022 with the Asian
region emerging as the leading region in meat produc-
tion, accounting for a significant share of the total global
output. In 2023, China produced about 96.41 million
metric tons of meat, of which 57.94 million metric tons
of pork accounted for about 60% of national meat output,
followed by poultry at 24.31 million metric tons account-
ing for about 20% and beef and veal at 8.62 million metric
tons accounting for 8.9%. The United States, the second-
largest meat producer and the largest poultry producer
globally, produced 48 million metric tons of meat in 2023.
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Poultry meat (broiler chicken) accounted for 21 million
metric tons, representing 44% of its total meat produc-
tion that year. Pork, beef, and turkey comprised 26%,
25%, and 4% of the production, respectively, while other
varieties such as lamb and mutton accounted for less
than 1% [6, 13]. Production growth is in place to meet
the growing meat demand, with the global consumption
in 1961 and 2013 for beef and buffalo, pork, poultry and
sheep and goat showing a 39.23, 87.5, 100.1 and 8.02 mil-
lion tons increase respectively. This consumption growth
is projected to continue with an expected 36% consump-
tion increase in buffalo and beef, 21% for pork, 40% for
poultry and 44% for sheep and goat by 2050 [6, 7].

Despite the functional and nutritional benefits of meat,
its production and consumption have significant impacts
on the environment, notably contributing to the green-
house effect and other ecological challenges. The green-
house gases emitted through livestock farming include
methane (CH,), primarily from enteric fermentation in
ruminants like cattle; nitrous oxide from manure man-
agement and fertilizer use for feed crops; and carbon
dioxide (CO,) from deforestation and land use changes
[14]. Methane, although short-lived compared to CO,,
has a high global warming potential, with estimates sug-
gesting it is 28 to 36 times more effective at trapping heat
than CO,, over a 100-year period [15].

Beef/cattle production has been identified as one of
the largest contributors to the livestock sector’s environ-
mental footprint, with emissions ranging from 27 to 60
kg CO,-eq per kilogram of meat produced. This is due
to methane emissions from enteric fermentation, exten-
sive land use, and the long maturation period of cattle
[14, 16]. Additionally, cattle ranching is a primary driver
of deforestation, particularly in the Amazon region [17].
Pork production emits less greenhouse gases than beef
but more than poultry, with emissions estimated between
7 and 12 kg CO,-eq per kilogram of meat, mainly from
feed production, manure management, and energy use in
farming and processing [18]. Although pigs do not pro-
duce methane at the same level as ruminants, their con-
centrated waste systems still pose environmental risks.
Poultry has the lowest greenhouse gases emissions of the
three, with about 6 kg CO,-eq per kilogram of chicken
meat [19]. The shorter life cycle to slaughter and efficient
feed conversion reduces emissions, but the scale of pro-
duction can lead to substantial environmental impacts,
particularly in terms of water and air pollution from con-
centrated animal feeding operations [20].

The mentioned environmental implications of meat
consumption and production, combined with the specific
functional properties that dictate meat quality, highlight
the complex position of this food source in the modern
world. In this sense, there is a need for sustainable meat
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production strategies as well as the exploration of meat
alternatives that can balance nutritional needs, cultural
preferences, expected sensorial properties and environ-
mental impacts.

Meat-like alternative proteins

Meat-like alternative proteins can be defined as pro-
teins derived from non-traditional sources that can be
obtained with low environmental impacts and provide
a similar sensory experience as their animal counter-
part. They can be classified based on their source such as
plants, microbial, cultivated (meat) and microalgae [21].
In recent times, several of these proteins have been stud-
ied and developed for commercial use, employing mod-
ern extraction methods that highlight their potential as
sustainable replacements for animal-based proteins.

In this scenario, plant-based protein products and
ingredients spearheaded the work of educating con-
sumers on alternative ways to have meat alternatives,
penetrated and created their own market. Currently,
plant-based protein leads the food industry as the most
utilized alternative protein [22]. As ways to further
advance the development of plant proteins products,
efforts have been made to apply new technologies using
novel extraction techniques like high-pressure process-
ing, microwave-assisted extraction, enzymatic-assisted
extraction and ultrasound-assisted extraction. However,
challenges related to sensory attributes, allergenicity and
functional properties have limited plant protein further
growth and broader acceptance [23].

In general, consumers have a limited pre-existing
knowledge of microalgae protein. However, consumers
are open to consuming (no preconceptions) and accept-
ance of the consumption of microalgae protein has foun-
dations on novelty, edibility, affordability, sustainability
and healthiness [24]. The protein content in microalgae
can vary from 30 to 70% in dry mass and this variation is
based on different species, incubation and process condi-
tions. In recent years, studies have been done to evaluate
the functional properties of microalgae protein, such as
emulsification properties, stability at different pH values
and salt concentrations [25-28].

Cultivated meat, also known as lab-grown, cell-based,
or cultured meat, is a rapid-growing concept in the food
industry that involves producing authentic animal meat
by cultivating animal cells, bypassing traditional farming
methods [29]. This process aims to replicate the sensory,
nutritional, and culinary characteristics of conventional
meat in a more sustainable and ethical manner. Defini-
tions from various organizations highlight the techno-
logical process of growing cells in bioreactors to develop
meat without requiring an animal’s full lifecycle, empha-
sizing its potential to reduce the environmental impact of
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meat production [30, 31]. Overall, cultivated meat repre-
sents a significant technological advancement and a shift
towards more sustainable and humane food production
practices.

Microbial protein consists of dried cells of microor-
ganisms used in both animal and human nutrition [32].
It is highly nutritious, containing not only protein but
also sugars, lipids, vitamins, minerals, and free amino
acids [33, 34]. Microbial protein offers several advan-
tages over plant-based protein, such as higher protein
content, faster growth, and production, and independ-
ence from seasonal variations [35]. It can be cultivated
on non-arable land and convert waste materials into
valuable biomass, thus reducing greenhouse gas emis-
sions and promoting waste valorization [33, 36, 37]. The
rapid growth rate of these organisms allows for quick
production cycles [38]. Microbial proteins are versatile,
with applications ranging from human consumption and
animal feed to biofuels and cosmetics, making them an
attractive option for diverse industrial uses while sup-
porting food security and environmental sustainability
[39-41]. Main sources include microalgae, fungi, yeast,
and bacteria, many of which are Generally Recognized as
Safe (GRAS) [41].

Consumers consider a good meat-like alternative pro-
tein as one that closely replicates the sensory and func-
tional characteristics of traditional meat while aligning
with their dietary restrictions. Soy protein, a common
ingredient in plant-based meat analogues, is especially
valued for its high protein content, evidenced by a Protein
Digestibility Corrected Amino Acid Score (PDCAAS) of
1, and for its functional versatility in creating meat-like
textures [42]. Similarly, pea protein combined with wheat
gluten has become prominent due to wheat gluten’s abil-
ity to enhance flavor and sensory qualities in meat ana-
logs. However, concerns over allergies and sensitivities
associated with soy and gluten-based meat-like prod-
ucts have limited their broader adoption and increase in
consumption. Several studies have examined the protein
digestibility of meat analogs compared to animal meat. In
one of these studies, an in-vitro comparison of the pro-
tein digestibility and gastrointestinal behavior of meat
analogs with that of beef was performed, finding that
proteins in beef were more easily digested in the stom-
ach than those in soy-based meat analogs [43]. Similarly,
another study investigated the digestible indispensa-
ble amino acid score (DIAAS) and true ileal amino acid
digestibility (TID) of plant-based proteins, comparing gel
and emulsion properties. The study concluded that pro-
tein digestibility is influenced by both the protein source
and processing methods. These differences can be attrib-
uted to the structural properties of plant-based meat-like
products [44].
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Plant-based proteins

Over the last 20 years, plant proteins have spearheaded
the path for alternative protein to gain consumers interest
as well as market penetration. In general, some consum-
ers perceive plant protein products as"freedom foods"due
to their lower environmental impact and minimal health
and safety concerns, when compared to their animal
counterparts. The keyword"plant-based"has seen a rise
over the past decade, being among the top three global
food trends in 2020 [45, 46]. Currently, more than 90% of
the plant protein market consists of soy, wheat, and pea
protein [47]. However, wheat and soy are among the “Big
8” allergens [48]. Protein from cereals, pseudo cereals and
legumes has been used around the world, contributing to
promising nutritional and functional attributes [49, 50].
The use of plant protein as an ingredient has nutritional
and marketing impacts, such “Clean Label’, “Vegan’
“(Good/Excellent) Source of Protein’, “Green” labels are
effective ways to encourage the consumer to purchase
plant protein-based products [51-55]. The main motiva-
tors driving purchasing habits of plant protein products
are taste, cost, convenience, health and wellness, safety,
environmental concern, animal welfare, and consumer
familiarity with the protein source. On the other hand,
the main consumer demotivators are health concerns,
such as antinutritional factors and allergenicity, lack of
familiarity, and desire for “meat-like” sensory experi-
ence. These motivators/demotivators are not absolute,
since age, income, gender, education, and geographic
location are also factors that influence consumers’ deci-
sions [56]. Considering new techniques to improve func-
tional properties and utilizing pulses instead of soy due
to allergenicity concerns, previous studies evaluated the
functional properties of protein concentrates from yel-
low pea, chickpea and lentil extracted using ultrafiltra-
tion and isoelectric precipitation methods [57]. Although
these pulses showed high protein content yield and cer-
tain functional properties improvement (excluding water
holding capacity), there were notable variations depend-
ing on the type of pulse. However, the functional prop-
erties and protein profile of these protein ingredients
remained inferior to those of animal protein and soy
proteins. Other current challenges faced when relying on
plant proteins for further market advancement of alterna-
tive proteins include sensorial and functional challenges,
low protein yield, and dependence on seasonality [35]. In
this sense, there is a need for other sources of alternative
proteins that, alongside plant proteins, can meet con-
sumer demands and mitigate the current environmental
impacts of animal protein production.
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Cultivated meats

Cultivated meat, often interchangeably referred to as lab-
grown, cell-based, or cultured meat, has emerged as a
groundbreaking concept in the food industry. According
to the [29]. This approach aims to replicate the sensory,
nutritional, and culinary characteristics of conventional
meat in a more sustainable and ethical manner.

Cultivated meat can be defined as an animal pro-
tein produced by performing a biopsy from an animal,
growing these cells in a bioreactor with a nutrient-rich
medium, and allowing them to proliferate into tissues
that resemble traditional meat in both structure and
function [29]. This definition highlights the technological
process by which cells are nurtured to develop into meat
without requiring the full animal life cycle [58]. Similarly,
the World Economic Forum describes cultivated meat as
animal protein grown from animal cells in bioreactors,
emphasizing its potential to replicate the appearance,
taste, and texture of conventional meat while significantly
reducing its environmental footprint [59]. This perspec-
tive underscores the sustainability-driven motivation
behind the technology, aiming to lessen the ecological
impact of meat production. Collectively, these definitions
suggest that cultivated meat represents not only a tech-
nological advancement but also a shift towards more sus-
tainable and humane food production practices.

The concept of growing meat outside an animal’s body
has been considered since the early twentieth century, but
it only became feasible in the early twenty-first century.
These cells are then cultured in a nutrient-rich medium
that resembles the body’s internal environment, promot-
ing cell growth and division [60]. However, to achieve a
meat-like structure, cells are often grown on scaffolds
that provide a framework, which may be edible or bio-
degradable, or in bioreactors that regulate the growth
environment, including temperature, pH, substrate and
oxygen levels. The differentiation step is critical, as spe-
cific conditions stimulate precursor cells to develop into
muscle, fat and connective tissues, which are essential for
achieving the desired texture and flavor [61].

Beef is one of the earliest and most researched types
of cultivated meats. This is largely due to the demand
associated with it, as well as the environmental impact of
cattle farming, which includes high greenhouse gas emis-
sions and land use. Companies like Mosa Meat have pio-
neered beef cultivation, with the historic first'lab-grown
burger’showcased in 2013. Previous works focused on the
use of muscle satellite cells from cows to grow meat and
explored growing fish and beef muscle in vitro, providing
foundational knowledge for cultivating beef cells [60, 62,
63]. These works paved the way for advancing cultivated
beef toward commercialization.
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Chicken and other poultry products play a significant
role in the cultivated meat sector, with Eat Just becoming
one of the first companies to achieve regulatory approval
for its cultured chicken product in Singapore in 2020.
Recent studies explored optimizing the culture condi-
tions of chicken satellite cells to improve growth rates
and tissue formation [64], and the inhibition of p38 mito-
gen-activated protein kinase in chicken muscle stem cells
to enhance their proliferation and differentiation during
cultivation [65], significantly contributing to the knowl-
edge of cultivated poultry.

Cultivated pork is gaining traction, with companies
like Meatable leading the way, with works that investi-
gated the potential of porcine stem cells to differentiate
into edible muscle tissue on microcarriers, providing key
insights into the biology of pork cultivation [66]. Addi-
tionally, the evaluation of the use of porcine-derived graft
and the impact of scaffold materials on meat quality was
described, contributing to the development of cultivated
pork products [67]. Together, these studies are essential
for refining techniques to produce lab-grown pork that
can commercially and technologically compete with tra-
ditionally farmed meat.

Seafood and exotic meat cultivation, including the
production of fish and shellfish, aims to address sustain-
ability issues such as overfishing and pollution. A recent
study evaluated the potential of cell-based fish produc-
tion [68], while another study research has focused on
the characterization of proliferation and differentiation
for species like trout through in vitro assays to develop
scalable seafood cultivation methods [69]. Although
there is currently no well-established market for exotic
meats, efforts are underway to produce exotic meat sub-
stitutes through cell cultivation, which are driven by both
novelty and conservation motives. Efforts have been put
into less common meat varieties as well, such as duck
meat cells and its growth media requirements, and other
less common species for meat production, with the goal
of broadening the scope of cultivated meat and protect-
ing wild species [63, 70].

Some companies blend cultivated meat with plant-
based ingredients to create hybrid products that enhance
sensory properties and reduce costs."GOOD Meat"by Eat
Just exemplifies this approach [71]. Recent studies have
explored the integration of cultivated meat cells with
plant-based matrices to mimic the texture and nutri-
tional profile of traditional meat products. In addition,
the use of textured soy protein scaffolds in conjunction
with bovine muscle tissue has been evaluated, aiming
to achieve a more meat-like product through structural
integration [72, 73]. These hybrid approaches could make
cultivated meat more accessible and appeal to a broader
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consumer base, potentially accelerating its market
acceptance.

The cultivated meat market is on the verge of a major
transformation, with the potential to redefine meat con-
sumption in a more sustainable, ethical manner that
aligns with modern consumer values. Despite advance-
ments, cultivated meat still faces research challenges,
including cell type selection, growth media optimization,
mass transfer issues in the bioreactor and the engineer-
ing of texture and flavor. Further research is essential to
refining these technologies, ensuring that cultivated meat
becomes a viable alternative to conventional meat in
terms of taste, nutrition, and environmental impact [30,
74].

Production of cultured meat

The production of cultured meat represents an innova-
tive approach to creating meat products by cultivating
animal cells in a controlled environment, eliminating the
need for traditional animal slaughter. The process begins
with cell sourcing, where a small biopsy is taken from an
animal, such as a cow, chicken, or fish, to obtain stem
cells or myoblasts capable of differentiating into muscle
tissue [60]. These cells are then expanded in bioreactors,
regulating environmental conditions like temperature,
pH, and oxygen levels, providing a nutrient-rich medium
containing amino acids, vitamins, minerals, and growth
factors to promote cell proliferation [75]. Originally, fetal
bovine serum (FBS) was a common component of this
medium, but ethical and sustainability concerns have
driven research toward serum-free alternatives [61].
Once sufficient cell numbers are achieved, differentiation
is induced by altering the culture conditions to encour-
age the formation of muscle and fat cells, mimicking the
composition of conventional meat. The final step involves
structuring these cells into a meat-like product, often
using edible scaffolds (like collagen) or advanced tech-
niques such as 3D bioprinting to replicate the fibrous
texture and layered structure of muscle tissue, as demon-
strated by companies like Mosa Meat [76].

The extraction phase follows production, where the
cultured meat is harvested from the bioreactors upon
reaching the desired growth stage. This process var-
ies depending on the production method: scaffold-
based approaches require detaching the meat from its
framework, while suspension cultures may involve cen-
trifugation or filtration to collect the biomass [61]. Post-
harvesting, the meat is processed to ensure safety and
consumer readiness, which includes washing to remove
residual culture medium, shaping it into forms like nug-
gets or steaks, and sometimes applying initial cooking or
texturizing treatments. This step is critical to meet food
safety standards and regulatory requirements, ensuring
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the product is free from contaminants and suitable
for consumption, as outlined by agencies like the U.S.
Department of Agriculture [77].

Market and regulations of cultured meat

The market for cultivated meat is currently in its devel-
oping phase but is experiencing exponential growth.
This sector is propelled by consumer demand for sus-
tainable alternatives to traditional meat and by signifi-
cant advancements in cellular agriculture technology.
By 2023, the cultivated meat industry, though still niche,
has attracted considerable investment, with billions of
dollars invested into research and development over the
last decade [78]. Market research suggests that the sector
is expected to grow at a compound annual growth rate
(CAGR) exceeding 15% in the coming years, potentially
reaching multi-billion dollar valuations by 2030, driven
by increased consumer acceptance, technological innova-
tions and regulatory breakthroughs [79, 80].

Several companies are leading the cultivated meat
industry, including Mosa Meat, Eat Just (with its GOOD
Meat Brand), Aleph farms, UPSIDE Foods and Blue-
Nalu. These companies focus on a variety of meat types,
from beef and chicken to seafood and even exotic meats.
The primary products introduced into the market so far
include chicken nuggets and burgers. Mosa Meat has
been considered a pioneer with cultivated beef, while
BlueNalu focuses on high-value seafood products like
bluefin tuna while Aleph Farms is targeting the steak
market. Notably, GOOD Meat received the first regula-
tory approval for its chicken products in Singapore in
2020, followed by UPSIDE Foods and GOOD Meat gain-
ing approval for chicken in the U.S in 2021 [81, 82].

Consumer acceptance of cultivated meat is multi-
faceted. There is enthusiasm among some consumers,
particularly millennials and those concerned about sus-
tainability, but skepticism persists due to unfamiliarity,
the novel production method and concerns over costs
and taste [83]. The industry is investing in consumer edu-
cation to demystify the process and highlight the benefits
of cultivated meat in terms of safety, ethics and environ-
mental impact. For cultured meat to gain widespread
acceptance, it must not only be safe but also deliver the
sensory qualities of traditional meat [84].

The sector has seen robust investment from venture
capitalists, corporations and even government bod-
ies, underscoring a belief in the potential of cultivated
meat to transform the food industry. This capital being
directed towards research and development, particu-
larly in the areas of bioreactor technology, cell culture
media formulation and scaffold materials, which are
crucial for reducing production costs and scaling opera-
tions [85]. Advances in 3D bioprinting and other scalable
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production methods are also pivotal for enabling the
food industry to meet future demand [63].

Cultivated meat offers substantial environmental ben-
efits, including reduced greenhouse gas emissions, less
land and water use and the potential to leverage renew-
able energy sources for production [75]. From an ethical
standpoint, it addresses concerns about animal welfare
by producing meat without the need for animal slaugh-
ter, aligning with the growing consumer interest in more
humane and sustainable protein sources [86]. However,
navigating the regulatory environment is a critical aspect
for companies in the cultivated meat sector. Singapore’s
trailblazing approval set an international precedent,
demonstrating that cultivated meat could meet stringent
food safety standards [87]. The U.S has followed suit with
selective approvals, highlighting the importance of safety
allergenicity and nutritional equivalence to conventional
meat products [31]. Nonetheless, the regulatory process
varies significantly across countries presenting both chal-
lenges and opportunities for global market expansion.
Companies must prove their products’ safety, nutritional
value and compliance with labeling laws, making the
approval a complex and time-consuming process.

Despite the promising outlook, challenges remain,
particularly in scaling production to achieve price parity
with conventional meat, which is essential for widespread
consumer adoption. Moreover, while initial products
have entered niche markets, achieving broader market
penetration will require not only technological advance-
ments but also strategic marketing, effective distribution
channels and continued regulatory navigation [76].

Limitations and opportunities of cultured meat

The production of cultivated meat encounters several
limitations that impede its widespread adoption. Scala-
bility remains a primary challenge, as current methods
struggle to produce meat at a scale and cost-compet-
itive with traditional livestock farming. Bioreactors,
while effective for small-scale production, require
significant scaling to meet global demand, which
increases energy consumption and infrastructure costs
[76]. Culture media cost is another hurdle,traditional
media, such as those containing fetal bovine serum,
are expensive and ethically contentious, while serum-
free alternatives are still in development and often
less efficient at promoting cell growth [75]. Regula-
tory uncertainty poses a barrier, with varying inter-
national standards necessitating extensive testing to
prove safety, nutritional equivalence, and the absence
of allergens, delaying market entry. Consumer accept-
ance is limited by skepticism regarding taste, texture,
and the “unnatural” perception of lab-grown meat,
requiring substantial efforts in education and sensory
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optimization [82]. Lastly, technical complexity in repli-
cating the full structure of meat, including muscle, fat
and connective tissues, adds layers of difficulty, as cur-
rent products often lack the complexity of traditional
cuts like steak [60].

Despite these limitations, cultivated meat benefits
from numerous technological opportunities that could
overcome current challenges. Bioreactor Innovation
offers a pathway to scalability, with advancements in
large-scale bioreactor design, such as perfusion sys-
tems and continuous culture technologies, enhanc-
ing cell density and reducing production costs. These
innovations aim to mimic industrial fermentation pro-
cesses, improving efficiency [88]. The development of
serum-free media presents a significant opportunity,
with research into upcycled agro-industrial plant-
based or synthetic alternatives reducing reliance on
FBS, lowering costs, and aligning with ethical pro-
duction goals. Studies are exploring amino acid and
growth factor formulations to optimize cell prolifera-
tion without animal-derived components [89]. Genetic
engineering provides opportunities to enhance cell
lines, enabling faster growth rates, increased resil-
ience, or the ability to produce essential nutrients
internally, potentially simplifying the culture process
and reducing medium costs [90]. 3D bioprinting and
scaffold technology are advancing to address struc-
tural complexity, allowing precise layering of muscle,
fat, and connective tissues to mimic traditional meat
more accurately. This technology could lead to prod-
ucts like cultivated steaks with improved texture and
appeal [61]. Integration with plant-based Ingredients
offers a hybrid approach, blending cultivated meat
with plant proteins to enhance flavor, nutrition, and
cost-effectiveness, as demonstrated by companies like
GOOD Meat [71]. Finally, automation and artificial
intelligence incorporated into production processes
can optimize conditions in real-time, improving yield
consistency and reducing labor costs, drawing parallels
with precision fermentation advancements [91].

In summary, scalability, cost, regulatory hurdles,
consumer acceptance and technical complexity cur-
rently are still challenges to the cultivated meat indus-
try. However, innovations in bioreactor design, media
development, genetic engineering, and structuring
techniques offer pathways to overcome these barriers.
As these technologies mature, cultivated meat has the
potential to become a viable, sustainable alternative to
conventional meat, reshaping the global food landscape
while addressing environmental and ethical concerns.
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Microbial protein

Microbial protein consists of dried cells of microorgan-
isms used in animal and human nutrition (e.g. myco-
protein) [32]. Despite its name, microbial protein is not
exclusively composed of protein but has several impor-
tant nutrients such as sugars, lipids, vitamins, miner-
als, and free amino acids [33, 34]. Microbial protein has
been proven to be highly nutritious and to have an excel-
lent amino acid profile, particularly highlighting lysine,
methionine, and threonine, which makes microbial pro-
tein an excellent source for balanced human and animal
nutrition, with a PDCAAS close to 1 [40].

Also, it offers several advantages when compared to
plant-based protein, such as higher protein content,
faster growth and production, and independence of sea-
sonal variations [35]. They can be cultivated using non-
arable land and can convert various waste materials
into valuable microbial biomass. This includes CO, for
microalgae, agricultural by-products for fungi, and even
methane or hydrogen for some bacteria, thus reducing
greenhouse gas emissions and pollution while promoting
waste valorization [33, 36, 37]. One of the most compel-
ling advantages of microbial protein is the rapid growth
rate of these organisms. Under optimal conditions, they
can double their biomass in hours, allowing for quick
production cycles and the potential for continuous or
semi-continuous harvesting, which contrasts with the
much slower growth of traditional protein sources like
livestock or plant proteins [38].

The versatility of microbial proteins is also remarkable.
Their applications span from direct human consumption
(e.g., spirulina supplements or fungal-based meat alter-
natives) to animal feed, aquaculture, nutraceuticals, bio-
fuels, and even the formulation of functional foods and
cosmetics [39-41]. This adaptability makes microbial
proteins an attractive option for diverse industrial appli-
cations, supporting both food security and environmen-
tal sustainability goals.

Microalgae, bacteria and fungi are the main sources of
microbial protein, and many of these microorganisms are
categorized as Generally Recognized as Safe (GRAS) [41].

Microalgae protein

Microalgae represent a diverse group of photosynthetic
organisms that are recognized for their potential for
protein production. Several species have been studied
for their high protein content and nutritional profile.
Arthrospira platensis (Spirulina) is a renowned cyano-
bacterium known for its high protein content, often
exceeding 60% on a dry-weight basis [92]. Spirulina
is not only rich in essential amino acids but also con-
tains a plethora of vitamins, minerals, and antioxidants,
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making it a superfood in the health food sector. Chlo-
rella vulgaris is another well-studied microalga, con-
taining protein levels around 50 to 60% [93]. It’s
particularly noted for its ability to enhance the immune
system, detoxify heavy metals, and support digestive
health due to its unique cell wall composition. Nanno-
chloropsis granulata is recognized for its high protein
content, which can reach up to 50% (dry weigh w/w),
Nannochloropsis species are also valued for their sig-
nificant lipid content, which is beneficial for both
nutritional and biofuel applications [94]. This genus is
particularly adaptable to various cultivation conditions,
which contributes to its commercial viability.

The Arthrospira strain is utilized in human nutrition
due to its high protein content and nutritional value.
It can be used as a protein ingredient for the prepara-
tion of cookies, yogurt, and sausages [93, 95]. Addition-
ally, this microalgae may offer several health benefits,
including reducing high quality lipid levels, lowering
blood pressure, protecting against kidney failure, acting
as a prebiotic promoting the growth of beneficial intes-
tinal bacteria such as Lactobacillus, and helping to con-
trol elevated serum glucose levels [96].

The protein content in microalgae, in general, ranges
from 35 to 70% of their dry biomass, with the rest com-
prising carbohydrates (10 to 30%) and lipids (5 to 28%).
This composition can vary based on factors like species,
cultivation conditions (light, nutrients, temperature),
and the growth phase. Numerous studies regarding
the gross chemical composition of various algae have
been documented in academic literature. To provide a
comprehensive overview of the principal constituents,
selected data pertaining to multiple micro-algal species
have been compiled in Table 1.
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Bacterial protein

Bacteria form a diverse group of microorganisms known
for their potential in microbial protein production. They
possess the ability to thrive on a wide range of sub-
strates, from simple sugars to complex industrial wastes,
highlighting bacteria as a sustainable protein source
and contributing to waste management while offering
high-quality nutrition [105, 106]. Their role extends into
various sectors of food technology, from protein supple-
ments to innovative food products, showing the versatil-
ity of bacterial proteins in contemporary applications.
Bacteria offer specific advantages such as rapid growth
rate and high protein quality and content. Nevertheless,
their high nucleic acid levels, reaching up to 16% (w/w)
of dry weight, may render some of the bacterial protein
inappropriate for human consumption [107].

Several bacterial species have been investigated for
their high protein content and nutritional versatility. The
adaptability of bacteria to different growth media and
their rapid reproduction rates make them an attractive
option for scalable and high-yield protein production.
Moreover, the genetic manipulability of many bacte-
rial strains allows for tailored protein production and
decrease on nucleic acid levels, enhancing their applica-
tion in both food and non-food industries. This positions
bacterial proteins as a key player in addressing global
protein demand sustainably. Methylophilus methylotro-
phus, for instance, is recognized for its use in producing
single-cell protein (SCP) for animal feed, reaching up to
70% of protein content (dry weight) [108, 109]. Its abil-
ity to grow on methanol, a byproduct of industrial pro-
cesses, exemplifies the sustainable aspect of bacterial SCP
production. The proteins from this bacterium can sup-
port animal growth and health by providing a balanced
amino acid profile, enhancing immune function, and
potentially improving gut flora in animals. This indirectly

Table 1 General composition of different microalgae (% of dry matter) and its applications

Source Protein Lipid Carbohydrate (%) Application Reference
(%) (%)
Arthrospira maxima 60-71 6-7 13-16 Meat sausages [95, 971
Arthrospira platensis (spirulina) 68.9 10.7 12.8 Yogurt, cookies [92,93]
Chlorella vulgaris 51-58 14-22 12-17 Cookies, Colorant, emulsifier, [93,97-99]
nutraceutical, animal feed
Tetraselmis suecica 40.2 285 10.2 Cookies [93]
Phaeodactylum tricornutum 38.8 19.3 11.0 Cookies [93]
Nannochloropsis granulata 458 285 14.9 Animal feed [94, 100]
Nannochloropsis gaditana 416 8.1 186 Colorant, cosmetics [99, 101, 102]
Nannochloropsis oculata 42.1 156 16.7 Omega- 3 additive [99]
Phaeodactylum tricornutum 39.0 149 154 Thickening, emulsifier [99, 103]
Scenedesmus obliquus 50-56 12-14 10-17 Emulsifier [97,104]
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benefits human health through safer and more nutritious
animal products [110]. Bacillus subtilis is another bacte-
rial species with significant protein content, around 40 to
50% [111], and is well-regarded for its industrial applica-
tions, including enzyme production and fermentation
processes. Bacillus subtilis has also been explored for its
probiotic properties, adding nutritional value beyond just
protein content and quality [112]. Rhodopseudomonas
palustris, known for its versatility in anaerobic and aero-
bic conditions, can reach protein contents of around 70%
(dry weight w/w) [113]. This bacterium is particularly
interesting for its ability to utilize a wide range of carbon
sources, including waste materials, making it a candidate
for sustainable protein production in bioremediation
contexts.

Overall, the protein content in bacteria can vary widely,
typically ranging from 40% to over 70% of the dry bio-
mass, with the rest composed of nucleic acids, lipids, and
other cellular components. This variability is influenced
by factors like species, substrate type, fermentation con-
ditions (including oxygen levels, pH, and temperature),
and growth stage. An overview of the principal compo-
nents of various bacterial species is compiled in Table 2.

Fungal protein
Fungi constitute a diverse group of heterotrophic organ-
isms that have gained significant attention for their
potential in microbial protein production. Fungi’s adapt-
ability to grow on a wide array of substrates, including
agricultural and industrial waste, positions them as a sus-
tainable source of protein, aiding in waste management
while providing high-quality nutrition [121, 122]. Their
potential in food technology, from meat alternatives to
nutritional supplements, underscores the multifaceted
utility of fungal proteins in modern diets and industries.
Various fungal species are explored for their high pro-
tein content and versatile nutritional profile. Fusarium
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venenatum is perhaps the most commercially known,
used in the production of mycoprotein, which forms the
basis of the meat substitute Quorn [123]. This filamen-
tous fungus can produce proteins that constitute up to
45% of its dry weight. Fusarium venenatum is particu-
larly valued for its textural properties, mimicking meat,
and its rich content of essential amino acids, fiber, and
vitamins [124]. This fungus can be processed into vari-
ous food products like burgers, nuggets, and even pasta,
offering a versatile protein source. Beyond its nutritional
profile, Fusarium venenatum has been linked to health
benefits, including improved digestive health due to its
high fiber content, potential cholesterol-lowering effects,
and the provision of essential vitamins and minerals that
contribute to overall well-being [124]. Aspergillus oryzae,
another well-studied fungus, is utilized in both food fer-
mentation and protein production, offering protein con-
tents of around 40% [125]. It’s renowned for its role in
traditional foods like soy sauce and sake but has also been
engineered to enhance its protein yield and nutritional
profile [126]. Aspergillus oryzae is noted for its ability to
produce a variety of enzymes and bioactive compounds,
contributing to its health benefits. Saccharomyces cerevi-
siae (baker’s or brewer’s yeast) is a yeast with significant
protein content, typically around 40-50% of its dry mass
[127]. Known for its role in baking and brewing, yeast
is also appreciated in the health sector for its B-vitamin
content, minerals, and fiber, making it a valuable supple-
ment for both humans and animals [39].

The protein content in fungi can range broadly from
30% to over 60% of dry biomass, with the remainder
including carbohydrates, lipids, and fiber. This com-
position varies significantly with species, cultivation
substrates (which can range from simple sugars to
complex lignocellulosic materials), fermentation condi-
tions (oxygen availability, pH, temperature), and growth
phase. Research into the biochemical composition of

Table 2 General composition of different bacteria (% of dry matter) and its applications

Source Protein Lipid Carbohydrate Application Reference
(%) (%) (%)

Bacillus subtilis 40-71 8 NR Fermentation agent, protein production, [111, 114]

probiotic

Escherichia coli 66 8 NR [114]

Lactobacillus acidophilus 68-71 NR NR Fish feed, high protein ingredient [107]

Methylococcus capsulatus 53-81 8 NR Fish feed, antioxidant, [108,115]

Methylophilus methylotrophus 40-70 7 NR Animal feed [108, 109, 116]

Rhodocyclus gelatinosus 68 1 28 Animal feed, biofertilizer [117]

Rhodopseudomonas palustris 55-70 1-12 4-11 Animal feed, biofertilizer [113,118]

Rhodopseudomonas sphaeroides 52-67 NR NR Animal feed, high protein ingredient [119,120]

NR Not reported
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fungi has led to extensive documentation in the liter-
ature. To offer an overview of their key components,
data from various fungal species have been synthesized
in Table 3.

Microbial protein production fermentation systems
Microbial protein production can be achieved through
two primary methods: solid-state fermentation and
submerged fermentation. After fermentation, the
microbial biomass undergoes downstream processing
for further refinement.

Solid-state fermentation

Solid State Fermentation involves cultivating micro-
organisms on solid substrates in the absence of free
water, closely simulating their natural environments
and facilitating efficient substrate utilization [142].
Suitable substrates include pretreated biomasses like
sugarcane bagasse, rice straw, and corn stover, which
provide accessible carbohydrates for microbial growth.
For example, Samadi et al. [143] utilized alkali-treated
bagasse with Saccharomyces cerevisiae, achieving a
microbial protein content of 13% in the final biomass.
Similarly, Khalil et al. [144] fermented pretreated rice
bran and bagasse with Pleurotus sajorcaju, resulting
in 26 g of microbial protein per kg of substrate. Lou-
rens [145] demonstrated the efficacy of deacetylated
and disk-refined bagasse fermentation with Pleurotus
ostreatus and Fusarium vemnenatum, yielding 25 and
33 g of protein per kg of treated bagasse, respectively.
However, these findings are based on laboratory-scale
experiments, and the feasibility of scaling up to biore-
finery levels remains to be explored.
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Submerged fermentation

In contrast, submerged fermentation involves growing
microorganisms in liquid media, which offers better con-
trol over environmental parameters, nutrient availability,
and process scalability. This method can utilize sugar-rich
enzymatic hydrolysates for microbial protein produc-
tion. Zhao et al. [146] demonstrated the use of bagasse
hydrolysate with Candida utilis, which resulted in 132
g of microbial protein per kg of bagasse, with 56% of it
being crude protein. In another study by Sun et al. [147]
used Trichoderma cutaneum to ferment sugars from the
enzymatic hydrolysis of ammonia-treated brewer’s spent
grain, achieving 310 g of protein per kg of substrate.
However, the use of sugar hydrolysates for microbial
protein competes with ethanol production. Alternatives
include lower-value biorefining streams like pretreatment
liquor or vinasse from distillation. Pretreatment liquor,
rich in acetate and lignin, is obtained after lignocellulosic
biomass pretreatment, while vinasse, an acidic slurry
with high organic content, comes from the distillation
process. If not managed properly, both can pose environ-
mental risks. Nair and Taherzadeh [148] used Neurospora
intermedia and Aspergillus oryzae to ferment vinasse,
producing 202 and 223 g of fungal biomass with approxi-
mately 40—-45% microbial protein. Nitayavardhana et al.
[149] also fermented vinasse in an airlift bioreactor with
Rhizopus oligosporus, yielding 8 g of fungal biomass per
g of initial biomass. The advanced control in submerged
fermentation can potentially lead to higher-quality
microbial products that are suitable for applications in
monogastric and fish feeds or even human consumption.
Table 4 presents an overview of different microorganisms
and substrates used in submerged and solid-state fer-
mentation for microbial protein production.

Table 3 General composition of different fungi (% of dry matter) and its applications

Source Protein Lipid Carbohydrate Application Reference
(%) (%) (%)
Aspergillus niger 49-51 NR NR Fermentation agent, biofilm forming isolate, protein production ~ [107, 122, 128]
Aspergillus oryzae 40-48 3 44 Fermentation agent, protein production [125, 129, 130]
Candida utilis 26-56 3-4 2-4 Flavoring and seasoning agent, feed ingredient [131- 133]
Cryptococcus aureus 52-57 NR NR Fish feed [134,135]
Fusarium venenatum 45 13-24  10-25 Meat substitute Quorn [123,124,136]
Neurospora crassa 42-48 3-4 35-41 Meat substitute, enhance meat-based products [1371
Neurospora intermedia 55 16 56 Meat substitute, enhance meat-based products [129]
Pleorotus ostratus 14-42 05-5 37-48 Edible mushroom, nutraceutical, improvement of antioxidant [138-140]
ability and rheological properties in yogurts
Rhizopus oligosporus 50 NR NR [129]
Saccharomyces cerevisiae ~ 40-48 0.5-2 31-39 Antioxidant, emulsifier, foaming agent, high protein ingredient [127,141]

NR Not reported
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Table 4 Examples of microorganisms and substrates for microbial protein production in submerged and solid-state fermentation

Production method Microorganism Substrate Reference

Submerged fermentation Bacillus subtilis Ram horns [114]
Candida tropicalis Sugarcane bagasse [150]
Candida utilis Pineapple cannery effluent [151]
Cryptococcus aureus Jerusalem artichoke extract [134]
Escherichia coli Ram horns [114]
Fusarium venenatum Glucose [152]
Fusarium venenatum Date waste [153]
Rhodopseudomonas sp Municipal wastewater [154]
Rhodopseudomonas gelatinosa Wheat bran infusion [155]
Saccharomyces cerevisiae Potato, orange, carrot and apple peels [156]

Solid-state fermentation Aspergillus niger Rapeseed cake [157]
Aspergillus orizae Black-eyed pea seed flour [158]
Candida utilis Wheat bran [159]
Fusarium venenatum Sugarcane bagasse [145]
Neurospora intermedia Waste bread [160]
Rhizopus oligosporus Wheat bran [159]
Rhizopus oligosporus Soybean meal [161]
Pleorotus ostratus Sugarcane bagasse [145]
Pleorotus ostratus Canola meal [162]
Saccharomyces cerevisiae Sugarcane bagasse [145]

Use of agro-industrial by-products as macro

and micronutrients for fermentation

Many efforts have been made in order to advance the use
of agro-industrial by-products for anaerobic and aero-
bic submerged fermentations. This section presents and
discusses the knowledge on the use of agro-industrial
by-products as sources of carbon, nitrogen and micronu-
trients for fermentation for the production of bioethanol
and other chemical reagents.

Carbon sources

Fermentation processes traditionally use readily avail-
able, food-grade, or easily fermentable carbon sources as
macronutrients. These carbon sources typically do not
require extensive pretreatment compared to by-prod-
ucts or agricultural waste. They include simple sugars or
refined carbohydrates that microorganisms can directly
metabolize. Conversely, carbon sources derived from
by-products and agricultural waste offer a sustainable
alternative to conventional substrates, reducing costs and
environmental impact. However, these materials require
pretreatment to break down complex structures into fer-
mentable sugars and eliminate inhibitors that could hin-
der microbial fermentation efficiency.

Lignocellulosic biomass, encompassing agricultural
residues such as corn stover, wheat, rice and soybean
straw, and sugarcane bagasse, constitutes a significant
carbon source due to its widespread availability and

economic viability. These residues contain approximately
50-100 g/L of total sugar, predominantly glucose and
xylose, following pretreatment. Pretreatment methods
include physical, chemical or biochemical/enzymatic dis-
mantling the cellulose, hemicellulose, and lignin matrix
into fermentable sugars. Nonetheless, acid hydrolysis,
while effective, produces inhibitors like furfural and
hydroxymethylfurfural (HMF), requiring detoxification
via overliming or activated carbon treatment [163].
Currently, many efforts have been made to utilize agri-
cultural by-products to produce bioethanol to be used
mainly as fuel. Saccharomyces cerevisiae engineered for
xylose metabolism utilizes hydrolysates with 60 g per liter
of glucose and 30 g per liter of xylose to produce ethanol
at high yields [164]. Molasses, a by-product of sugar refin-
ing from sugarcane or beets, have been used due to its
cost-effectiveness. However, its high impurities require
intensive downstream purification. For ethanol pro-
duction, Saccharomyces cerevisiae ferments pretreated
molasses at 200 g per liter of sucrose producing 70 to 100
g per liter of ethanol in 48 to 72 h [165]. Similarly, Asper-
gillus niger employs molasses at 140 to 200 g per liter for
citric acid production, achieving yields exceeding 100 g
per liter after 5 to 7 days under submerged fermentation
[166]. Cheese whey, a co-product from cheese manufac-
turing, contains lactose that can be fermented by lactic
acid bacteria to lactic acid. Its high-water content and
presence of proteins and salts require ultrafiltration to
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concentrate lactose to 100 to 150 g per liter and remove
proteins, or enzymatic hydrolysis with [B-galactosidase to
produce glucose and galactose for organisms lacking lac-
tose metabolism. Kluyveromyces marxianus fermented
pretreated whey at 100 g per liter of lactose, generating
40 to 50 g per liter of ethanol, with yields optimized by
pH and temperature control [167]. In addition, Propioni-
bacterium species utilize whey lactose at 30 to 50 g per
liter for propionic acid production, achieving 15 to 20 g
per liter following pretreatment [168].

Nitrogen sources

Nitrogen sources are critical in fermentation processes,
providing the essential building blocks for microbial
growth, protein synthesis and metabolic activities. While
conventional sources like ammonium salts and urea are
widely used, by-products and agricultural wastes offer
sustainable alternatives. However, these alternatives
require pretreatments to make nitrogen bioavailable or to
remove inhibitors. Several studies have successfully uti-
lized nitrogen-rich by-products and wastes in fermenta-
tion following appropriate pretreatments.

Corn steep liquor (CSL), a by-product of corn wet-
milling, is rich in organic nitrogen (20 to 50 g per liter
total nitrogen, including amino acids, peptides and pro-
teins). Its complex composition, including high solids
and salts, necessitates pretreatments to remove insolu-
ble residue and sometimes dilution to 10 to 30% (v/v) to
adjust nitrogen levels (5 to 15 g per liter) and reduce vis-
cosity. In Clostridium acetobutylicum acetone-butanol-
ethanol fermentation, CSL at 10 to 20 g per liter served
as a cost-effective substitute for yeast extract by enhanc-
ing solvent production (20 to 25 g per liter of solvents)
[169]. Similarly, Lactobacillus species utilizes CSL at 5 to
10 g per liter for lactic acid production, achieving com-
parable yields to chemically defined media after opti-
mized pH control [170]. Soybean meal, a by-product of
soy oil extraction, contains 40 to 50% (w/w) protein (70
to 80 g per liter of nitrogen on a dry basis) and serves
as a low-cost nitrogen source in fermentation. Acid or
enzymatic hydrolysis breaks down protein into peptides
and amino acids improving bioavailability. Neutraliza-
tion or filtration removes residual solids and inhibitors
like phytic acid. Bacillus subtilis ferments soybean meal
hydrolysate at 15 to 20 g per liter of nitrogen for protease
production, with enzyme yields reaching 200 to 300 U/
mL [171]. Saccharomyces cerevisiae uses soybean meal
hydrolysate at 10 to 15 g per liter of nitrogen for etha-
nol production, with yields comparable to defined media
[165]. Fish waste, including offal and trimmings from
seafood processing contains 10 to 15% of protein (20 to
30 g per liter of nitrogen), which can be hydrolyzed with
enzymes or acids to yield peptides and amino acids with
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5 to 15 g per liter of soluble nitrogen. Propionibacterium
freudenreichii and Candida utilis ferments fish waste
hydrolysate at 10 g per liter of nitrogen to yield 15 to 20
g per liter of propionic acid and 20 to 30 g per liter bio-
mass respectively [168, 172]. Distillers’ Dried Grains with
Solubles (DDGS), a by-product from corn ethanol pro-
duction from grains, provides 25 to 35% protein (40 to 69
g per liter of nitrogen). Pretreatment involves enzymatic
hydrolysis with proteases or acid treatment to solubilize
proteins into peptides and amino acids (about 5 to 15 g
per liter nitrogen) after processing. The pretreatment
is concluded with filtration or centrifugation to remove
insoluble fiber. Aspergillus niger fermented DDGS hydro-
lysate at 10 g per liter nitrogen for citric acid production,
achieving 80 to 100 g per liter with optimized process
conditions [166]. Similarly, Saccharomyces cerevisiae uti-
lized DDGS hydrolysate at 5 to 10 g per liter of nitrogen
for bioethanol fermentation, reaching 30 to 40 g per liter
[173]. Other nitrogen-rich agro-industrial wastes like
poultry feather meal, rice bran, and soy molasses have
also been successfully valorized via microbial fermenta-
tion through appropriate pretreatment and optimiza-
tion [166, 171]. When comparing nitrogen and carbon
sources, the current scientific knowledge will greatly ben-
efit from more fundamental and applied research on the
utilization of alternative nitrogen sources, considering
the economic and environmental costs associated with
standard nitrogen sources.

Micronutrients

Micronutrients, including vitamins and minerals, are
vital in fermentation processes by acting as cofac-
tors, catalysts, or structural components that enhance
microbial metabolism, growth, and product formation.
Although needed in trace amounts, these nutrients sig-
nificantly influence fermentation efficiency and yield
[174, 175]. In addition to conventional sources, upcycled
materials provide sustainable alternatives for supplying
these micronutrients, thereby reducing costs and envi-
ronmental impact.

Magnesium is a critical mineral in fermentation, acting
as a cofactor for enzymes such as hexokinase and phos-
phofructokinase in glycolysis, and stabilizing ATP. Con-
centrations typically range from 0.1 to 5 mM in media,
depending on the organism and process. In ethanol pro-
duction by Saccharomyces cerevisiae, magnesium at 0.5
to 2 mM enhanced yeast growth and ethanol yields, often
reaching 50 to 60 g per liter from 150 g per liter glucose.
Magnesium can be sourced from spent grains, a by-prod-
uct that contains 1 to 2 mg magnesium/g spent grain in
dry weight [176, 177]. Zinc (Zn2") is essential for fermen-
tation, serving as a cofactor for alcohol dehydrogenase
in ethanol production and supporting protein synthesis.
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Typical concentrations range from 0.01 to 0.5 mM. For
Saccharomyces cerevisiae, zinc at 0.1 to 0.2 mM improves
fermentation efficiency, elevating ethanol concentrations
by 10 to 15%. Seafood processing waste can be upcycled
as a source, as it contains zinc concentrations of 200 pg/g
dry weight [178, 179]. Iron (Fe2*/Fe3") plays a role in
fermentation as a component of cytochromes and iron-
sulfur proteins in the electron transport chain, support-
ing respiration and redox balance. Typical requirements
range from 0.001 to 0.1 mM due to its low solubility and
potential toxicity at higher levels. In citric acid produc-
tion by Aspergillus niger, iron at 0.01 to 0.05 mM opti-
mizes yields, reaching 100 to 120 g per liter from 200 g
per liter of sucrose. Iron can be sourced from molasses, a
sugar refining by-product, containing 0.1 to 1 mg/g iron
[166]. Vitamin B Complex, including biotin (B7) and thia-
mine (B1), supports fermentation by aiding coenzyme
functions. Biotin, at 0.001 to 0.01 mg/L, enhances lipid
synthesis and carboxylase activity in Propionibacterium
species, boosting propionic acid yields to 15 to 20 g per
liter from 40 g per liter glycerol [168]. Thiamine, at 0.1
to 1 mg per liter, improves glycolysis in Saccharomyces
cerevisiae, increasing ethanol production by 5 to 10%.
Brewer’s yeast sludge, a brewery waste, could be upcy-
cled as a source of vitamin B complex as it is rich in B
vitamins (0.5 to 2 mg/g dry weight) [180]. Lastly, manga-
nese (Mn2") acts as a cofactor for enzymes like superox-
ide dismutase, protecting microbes from oxidative stress,
and is used at 0.01 to 0.5 mM. In Lactobacillus lactic acid
fermentation, manganese at 0.05 to 0.2 mM enhances cell
viability and yields, achieving 80 to 90 g per liter lactic
acid from 100 g per liter glucose. Manganese is present
in fruit and vegetable peels, providing a renewable source
for fermentation. However, alkaline extraction or com-
posting pretreatments need to be done to increase man-
ganese’s bioavailability [170].

Upcycled products like spent grains, seafood wastes,
molasses, brewer’s yeast sludge and fruit/vegetable peels
show promise as sustainable sources of micronutrients
in fermentation, requiring moderately complex pretreat-
ments like composting, extraction or hydrolysis to ensure
the micronutrient’s bioavailability. Leveraging those
residues has the potential to not only reduce fermenta-
tion costs but also to reduce the environmental impact
of both the disposal of waste as well as the production of
synthetic forms of micronutrients.

The overall number of studies evaluating alternative
sources of micronutrients, when compared to carbon
or even nitrogen sources, is limited. In this context, the
utilization of agro-industrial by-products as sources of
micronutrients for fermentation will significantly ben-
efit from more studies on evaluating new and current
sources, processing techniques to improve bioavailability,
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as well as a better understanding of the economic and
environmental impacts associated with it.

Strategies for the upcycling of agro-industrial
by-products for microbial protein production
The utilization of agricultural and agro-industrial by-
products for microbial protein production represents a
promising and sustainable strategy for reducing waste
while simultaneously addressing global protein demands.
By-products generated from agricultural and processing
activities are typically rich in carbohydrates, proteins, or
other essential nutrients that can serve as substrates for
fungal fermentation. Many of these by-products fall into
the category of lignocellulosic residues, which include
leafy or woody biomass that are abundant, widely avail-
able, and underutilized. These residues are primarily
composed of cellulose, hemicellulose, and lignin, which
require pretreatment to release fermentable sugars
for fungal growth. Another key group of by-products
includes fruit waste—such as peels, cores, and seeds from
oranges, bananas, and apples—which are rich in carbo-
hydrates, vitamins, and minerals, providing nutrient-
dense media for microbial fermentation. Key examples of
agro-industrial by-products include the following:

Sugarcane bagasse

This fibrous residue is generated after sugar extraction
from sugarcane stalks. It is a lignocellulosic material rich
in cellulose and hemicellulose, making it an excellent
substrate for fungal fermentation. However, its sugars are
not readily bioavailable, and pretreatment techniques,
such as alkaline deacetylation or steam explosion, are
often required to break down its structure [145].

Corn stover

Comprising the leaves, stalks, and cobs left after corn
harvesting, corn stover is another lignocellulosic residue
with high cellulose and hemicellulose content. Pretreat-
ment is essential to solubilize its sugars for fungal metab-
olism, as its lignin fraction can limit accessibility [181].

Wheat straw

A by-product of wheat harvesting, wheat straw consists
of lignin, cellulose, and hemicellulose. Its widespread
availability and carbohydrate composition make it a valu-
able feedstock for fungal fermentation processes, though
its structural complexity also necessitates pretreatment
[182].

Rice straw

Generated after rice harvesting, rice straw is a ligno-
cellulosic material similar to wheat straw but often more
abundant in rice-producing regions. It has significant
potential as a fungal substrate following appropriate pre-
treatment [183].

Soybean hulls
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These outer shells are a by-product of soybean pro-
cessing and are rich in fiber, proteins, and carbohydrates.
They are a promising resource for fungal protein produc-
tion with suitable nutrient adjustments [184].

Cotton stalks

These are the woody residues left after cotton harvest-
ing. Cotton stalks are lignocellulosic materials rich in
cellulose and hemicellulose, making them suitable sub-
strates for fungal fermentation. Their abundance in cot-
ton-producing regions and the potential for valorization
through pretreatment processes highlight their impor-
tance as a sustainable resource for mycoprotein produc-
tion [185].

Almond hulls

These fibrous by-products are generated during
almond processing and consist of the outer layers of the
almond fruit. Almond hulls are rich in carbohydrates,
fiber, and some residual sugars, making them a viable
substrate for fungal fermentation [186].

Rice bran

A by-product of rice milling, rice bran is nutritionally
dense, containing proteins, fats, and carbohydrates. Its
minimal processing requirements make it highly suitable
for fungal fermentation, offering a cost-effective and sus-
tainable substrate [187].

Wheat bran

Produced during flour milling, wheat bran is composed
of starch, protein, and dietary fiber. Its composition sup-
ports fungal growth, especially when supplemented with
additional nutrients [159].

Brewer’s spent grain

This by-product of beer brewing consists of residual
grains left after malt extraction. Rich in proteins and
fibers, Brewer’s spent grain provides a nutrient-dense
medium for fungal fermentation, with significant poten-
tial for upcycling into mycoprotein [188, 189].

Molasses

A viscous, sugar-rich residue from sugar refining pro-
cesses, molasses is an inexpensive and readily available
carbohydrate source. It is widely utilized in microbial fer-
mentations, including those for mycoprotein production,
due to its affordability and high sugar content [190, 191].

Fruit waste

This includes residues such as peels, cores, and seeds
generated during juice or food processing. Examples
include orange peels, banana peels, and apple cores,
which are rich in carbohydrates, dietary fiber, and vita-
mins, providing excellent substrates for fungal growth
[192, 193].

While lignocellulosic residues offer considerable poten-
tial for microbial protein production, their complex
structure often limits direct utilization. Pretreatment
techniques are necessary to break down cellulose and
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hemicellulose into fermentable sugars. These methods
also help solubilize lignin, which, while recalcitrant and
non-fermentable, can sometimes be utilized as an addi-
tional carbon source under specific conditions [194].
Effective pretreatment strategies thus play a critical role
in enhancing substrate bioavailability and ensuring effi-
cient fungal fermentation for mycoprotein production.

Pretreatments for lignocellulosic biomass prior

to microbial fermentation

The utilization of lignocellulosic biomass for mycoprotein
production requires overcoming its natural recalcitrance
to microbial degradation. Lignocellulose is composed
of a complex matrix of cellulose, hemicellulose, and
lignin, where cellulose and hemicellulose serve as carbon
sources for fungal growth [195]. However, the rigid struc-
ture, reinforced by lignin, restricts the bioavailability of
fermentable sugars. To enhance the accessibility of these
sugars, various pretreatment techniques are employed.
Pretreatments aim to disrupt the lignocellulosic struc-
ture, remove lignin or hemicellulose, and increase the
surface area for enzymatic hydrolysis or microbial activ-
ity [196]. These methods can generally be categorized
into physical, chemical, physicochemical, and biologi-
cal. The choice of pretreatment depends on the substrate
characteristics, desired sugar yields, process economics,
and environmental impact.

Physical pretreatments

Physical pretreatments involve mechanical and physi-
cal processes to reduce particle size, increase the surface
area, and alter the physical structure of lignocellulosic
biomass. The primary objective is to increase the acces-
sibility of cellulose and hemicellulose by reducing crys-
tallinity and improving porosity. Common physical
pretreatment methods include:

Milling and Grinding

These processes involve reducing the particle size of bio-
mass using equipment such as hammer mills, ball mills,
or knife mills. By reducing the biomass to smaller parti-
cle sizes, milling increases the surface area available for
enzymatic attack and microbial growth. However, the
energy demand for fine milling can be high, and combin-
ing this approach with other pretreatments, such as dea-
cetylation, can help reduce energy costs [197].

Chipping and extrusion

Chipping reduces the biomass into larger, coarse pieces,
making it more manageable for subsequent pretreat-
ment steps. Extrusion, on the other hand, applies heat,
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pressure, and shear forces to disrupt the lignocellulosic
structure, reducing crystallinity and improving digestibil-
ity [198].

Ultrasound-assisted pretreatment

Ultrasound treatment utilizes high-frequency sound
waves (20-100 kHz) to generate cavitation bubbles in a
liquid medium. These bubbles collapse, releasing local-
ized high energy that causes shear forces and disrupts the
biomass structure. Ultrasound-assisted pretreatment can
enhance enzyme accessibility, reduce cellulose crystal-
linity, and increase surface area. Additionally, it has the
advantage of being a non-thermal method, making it par-
ticularly suitable for heat-sensitive biomass components
[199].

Cold plasma

Plasma is the fourth state of matter which is composed
of high energy and it can be used in several fields such as
semiconductors, food processing, medical sterilization,
waste degradation and enhancing substrate utilization
and biomass yields. Recent studies have used cold plasma
to detoxify sugar cane hydrolyzed biomass enhancing its
applicability as a carbon source for microbial fermenta-
tion and, in combination with Fe**, was used to depolym-
erize the cellulose structure in pineapple peel [200, 201].

Chemical pretreatments

Chemical pretreatments are designed to alter the chemi-
cal composition of lignocellulosic biomass, either by
removing lignin, solubilizing hemicellulose, or reduc-
ing the crystallinity of cellulose. These pretreatments
improve the release of fermentable sugars, making them
highly effective for fungal fermentation processes.

Alkaline pretreatment

Alkaline pretreatment involves using alkaline agents
such as sodium hydroxide (NaOH), potassium hydroxide
(KOH), or aqueous ammonia to remove lignin and dis-
rupt the lignocellulosic matrix. This process increases
the porosity of the biomass and improves cellulose acces-
sibility. Sugarcane bagasse and corn stover, for instance,
are commonly pretreated with NaOH to enhance sugar
yields. Alkaline treatments are particularly advantageous
due to their ability to minimize sugar degradation and
the formation of inhibitory compounds [202, 203].

Acid pretreatment

Acid pretreatment uses diluted acids, such as sulfu-
ric acid (H,SO,) or hydrochloric acid (HCI), to hydro-
lyze hemicellulose and release fermentable sugars. This
method effectively solubilizes hemicellulose into mono-
meric sugars, but it can generate inhibitory compounds
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such as hydroxymethylfurfural (HMF) and acetic acid,
which may hinder microbial fermentation. As such,
detoxification steps may be necessary following acid pre-
treatment [204, 205].

Organosolv pretreatment

Organosolv pretreatment involves the use of organic sol-
vents, such as ethanol or acetone, often in combination
with acidic or alkaline catalysts. This method selectively
removes lignin while preserving cellulose and hemicel-
lulose, making the biomass more amenable to enzymatic
hydrolysis. Additionally, lignin recovered from organo-
solv pretreatment can be valorized for other applications,
enhancing the economic feasibility of the process [206].

Oxidative pretreatment

Oxidative pretreatment employs oxidizing agents such
as hydrogen peroxide (H,O,) or ozone to break down
lignin and reduce its inhibitory effects on microbial
growth. For example, hydrogen peroxide pretreatment of
almond hulls and rice straw has demonstrated significant
improvement in sugar release and fungal fermentation
efficiency [207].

Ammonia fiber expansion (AFEX)

AFEX pretreatment uses liquid ammonia to swell the
lignocellulosic structure and break the hydrogen bonds
within cellulose. This process enhances the digestibil-
ity of cellulose and hemicellulose while preserving their
structural integrity. AFEX is particularly effective for
agricultural residues such as corn stover and wheat straw
[208-210].

Physicochemical pretreatments

Physicochemical pretreatments combine physical and
chemical processes to enhance biomass deconstruction.
These methods are well-suited for large-scale operations
due to their effectiveness and reduced chemical inputs
compared to purely chemical methods. Two of the most
widely used methods are:

Steam explosion

This method involves exposing biomass to high-pressure
steam followed by rapid depressurization. The sudden
pressure drop disrupts the biomass structure, solubilizing
hemicellulose and reducing lignin content. Steam explo-
sion is an energy-efficient approach and is particularly
effective for materials like sugarcane bagasse, corn stover,
and wheat straw [211].

Liquid hot water (LHW)
LHW pretreatment involves treating biomass with
hot water (160-230 °C) under pressure. The heat and
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pressure promote hemicellulose solubilization without
requiring chemicals, reducing the risk of inhibitor forma-
tion [212, 213].

Biological pretreatments

Biological  pretreatments utilize = microorganism’s
enzymes, primarily fungi, to degrade lignin and hemicel-
lulose selectively. White-rot fungi (e.g., Phanerochaete
chrysosporium or Trametes versicolor) produce lignino-
lytic enzymes, such as lignin peroxidase, manganese per-
oxidase, and laccase, which target lignin while preserving
cellulose for hydrolysis. Biological pretreatments are
environmentally friendly, require mild operating condi-
tions, and produce fewer inhibitors. However, they are
slower compared to physical or chemical methods, often
requiring weeks to achieve significant biomass degrada-
tion. Despite their longer processing times, biological
pretreatments can be integrated with other methods to
reduce energy and chemical inputs while maintaining
high efficiency [214].

Life cycle assessment of the use of agro-industrial
by-products on fermentation-based processes
Life Cycle Assessment (LCA) is a standardized method-
ology, as outlined in ISO 14040 and 14,044, used to eval-
uate the environmental impacts of products or processes
across their entire life cycle, from raw material extraction
to end-of-life disposal [215]. LCA can provide valuable
insights into the sustainability of using upcycled by-prod-
ucts and by-products as potential feedstocks for fermen-
tation, cultivated meat, and microbial protein [216-218].
The goal of this section is to present and discuss the cur-
rent literature on LCA of fermentation-based processes
using upcycled feedstocks, detailing their environmental
impacts, key findings, and potential benefits.
Fermentation processes often leverage upcycled by-
products to produce value-added products like biofuels,
organic acids, and enzymes. However, not enough stud-
ies have been done on fermented products using upcy-
cled feedstock. One study assessed the environmental
impacts of cultivated meat production compared to con-
ventional meat [75]. While the study primarily used con-
ventional feedstocks, it provides a baseline GWP of 4.7
kg CO,-eq per kg of cultivated meat, significantly lower
than beef (27 kg CO,-eq per kg). The study suggests that
using upcycled feedstocks, such as brewer’s spent grain
or whey, could further reduce impacts, aligning with
the potential for lower GWP and land use seen in other
upcycled processes. Another research used LCA to com-
pare the environmental impacts of producing microbial
protein ovalbumin using Trichoderma reesei culture and
suggested that low-carbon energy diminishes the envi-
ronmental impact of chicken-egg-derived ovalbumin
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[219]. The microbial process could potentially utilize
upcycled feedstocks like lignocellulosic hydrolysates.
The research noted industrial processes associated with
glucose consumption as an environmental hot spot,
highlighting the environmental advantage of microbial
processes with upcycled inputs [75, 219]. These LCA
studies consistently demonstrate that fermentation, cul-
tivated meat and microbial protein production processes
leveraging upcycled by-products and waste streams can
significantly reduce environmental impacts, with GWP
reductions ranging from 20 to 90% when compared to
conventional methods. However, challenges include
energy-intensive pretreatments (15 to 60% of impacts)
and scalability, suggesting areas for further research to
optimize processes and reduce energy use [220].

Mycoproteins, a case study of microbial protein
commercial success

Among the microbial proteins commercially available
or used for the production of meat-like products, myco-
proteins from various sources have been particularly
successful. They have established economically viable
production systems, penetrated the alternative protein
market, and gained significant consumer acceptance
[221].

Quorn/Monde Nissin Corporation is the most well-
known producer of mycoprotein, using Fusarium vene-
natum biomass as the main ingredient in their Quorn
products since 1970 [222]. Another company that utilizes
Fusarium venenatum is ENOUGH (3fbio Ltd) produc-
ing ABUNDA mycoprotein which operates alongside a
Cargil starch facility that provides fermentable sugars,
decreasing the environmental impact of the mycopro-
tein production, showcasing a successful case study of
the application of new technologies to improve the sus-
tainability of alternative proteins [223]. Another com-
pany Nature’s Fynd in Chicago, Illinois, for example,
uses Fusarium flavolapis, a fungus found originally in
Yellowstone Park in Wyoming, to make meatless patties
and a cream-cheese alternative [224].

Mycoprotein, produced from the filamentous fungus
Fusarium venenatum, was first developed in the 1960 s
when concerns over global food security led to efforts
to identify alternative protein sources that could be pro-
duced efficiently [152]. Initial research by British scien-
tists, who focused on fungal fermentation to produce
protein-rich biomass, eventually led to the commercial
product known today as Quorn, which was introduced
in the UK in the 1980 s. Advancements in fermenta-
tion technology have driven the evolution of mycopro-
tein. Unlike traditional livestock protein, which requires
extensive resources, mycoprotein is produced through
continuous fermentation in controlled conditions,
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significantly reducing land, water, and energy use and
offering a more environmentally efficient alternative
[124]. Consumer acceptance has been essential to the
evolution of mycoprotein. Initially, its market was lim-
ited to the UK,however, as global demand for sustainable
proteins has increased, Quorn and other mycoprotein-
based products have expanded into markets across the
United States, Europe, and Asia. Today, mycoprotein is
among the leading microbial protein sources, appeal-
ing to vegetarians, flexitarians, and individuals con-
cerned with the environmental impact of conventional
meat production, with its health and nutritional benefits
being primary factors in consumer choice [225]. Further
research is needed focusing on optimizing mycoprotein
production to improve texture, flavor, and nutritional
properties. Additionally, developments in genetic and
metabolic engineering may allow enhanced strains with
higher nutrient density and digestibility. However, chal-
lenges remain, including reducing production costs to
make mycoprotein more accessible and addressing reg-
ulatory issues in new markets. Fusarium venetatum is
known to be mechanical labile and the shear applied by
stirred tanks during submerged fermentation may pose
some challenges. In this sense, it is commonly produced
using airlift bioreactors [226]. However, there are still
challenges when working towards bioprocessing scale-
up, due to low oxygenation during the descending phase
in the bioreactor which may decrease production yield or
cause fungal mutation [226, 227].

Other than Fusarium venenatum, Neurospora crassa is
another fungal strain of commercial importance in the
mycoprotein market [137]. Meati Foods and The Better
Meat Co., both based in the United States of America,
utilize Neurospora crassa to produce their mycoprotein
products and ingredients [228-230]. One advantage
of Neurospora crassa is its biomass’s superior resistance
to mechanical stress compared to Fusarium venena-
tum [231]. This allows for the use of stirred tank biore-
actors, which are cheaper, readily available, and better
understood in terms of general operation and param-
eter optimization [232, 233]. The journey of Neurospora
crassa as a mycoprotein source for meat alternatives can
be traced back to its natural occurrence and historical
use in food. Neurospora crassa, commonly known as red
bread mold, has been part of human dietary practices,
particularly in Southeast Asia, where it is used to pro-
duce “oncom’; a fermented food like tempeh. Oncom is
made from by-products like peanuts press cake or okara
(soybean residue), showcasing Neurospora crassa’s ability
to convert agricultural waste into nutritious food [234].
Neurospora crassa first gained scientific attention not for
its food potential but for its utility in genetic research.
Its life cycle, ease of cultivation and well-characterized
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genetics made it a model organism for genetic stud-
ies beginning in the mid-twentieth century. The work of
George Beadle and Edward Tatum on Neurosopora crassa
in the 1940 s, which earned them a Nobel Prize in the
1940 s, highlighted its role in understanding gene func-
tion, laying the groundwork for its later exploration in
food science [235].

The shift toward considering Neurospora crassa as a
mycoprotein for food applications came with increased
interest in sustainable protein sources amid growing con-
cerns about the environmental impact of traditional meat
production. Unlike Fusarium venenatum, the fungus
behind the well-known mycoprotein Quorn, Neurospora
crassa has a broader historical use in food, which might
ease regulatory approval and consumer acceptance. Early
studies focused on the safety and nutritional profile of
Neurospora crassa mycoprotein. Research confirmed its
long history of safe use in Asian cuisines, high protein
content (up to 45% in dry weight), essential amino acid
composition comparable to animal proteins, and the
presence of beneficial nutrients like dietary fiber, vita-
mins and minerals [137]. Furthermore, the application
of biotechnological techniques such as submerged fer-
mentation and solid-state fermentation, has been pivotal
in scaling up production from Neurospora crassa. These
methods allow for high yields of biomass with controlled
nutritional content, effectively adapting traditional fer-
mentation processes to modern industrial standards.

Additional information on startups and established
companies in the field of fungal biomass for mycoprotein
for commercial application is presented in Table 5.

Once the fungal biomass is produced one important
step to ensure that the mycoprotein is safe for human
consumption is the reduction of the RNA content to
below 2% (w/w on dry mass) [246, 247]. This is achieved
by subjecting the fungal biomass to thermal treatment
of 72 to 75 °C for 30 to 45 min [12, 227]. Since this is
a step that demands high thermal energy for a long
period of time, investigating alternatives to optimize
this step without sacrificing the safety and quality of
the final product is needed [248]. There is great poten-
tial for the use of emerging technologies as possible
alternatives to reduce RNA content in a more efficient
time and energy manner [249-251]. After reducing the
RNA content, the biomass is concentrated by centrifu-
gation to 20% to 25% in solids, and then it goes through
a series of steaming, chilling and freezing operations to
texturize the mycoprotein into a meat-like product or it
can undergo protein extraction to be used as an ingre-
dient in product formulation (Fig. 1) [12, 248, 252].
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Table 5 Companies commercializing and/or developing mycoprotein products and ingredients

Company name Fungal Strain Country Reference

Quorn/Monde Nissin Corporation Fusarium venenatum United Kingdom [222]

ENOUGH Fusarium venenatum The Netherlands [223]

Nature's Fynd Fusarium flavolapis United States of America [224]

Meati Foods Neurosopora crassa United States of America [229]

The Better Meat Co Neurosopora crassa United States of America [228]

Enifer Paecilomyces variotii Finland [236,237]

MyForest Foods Pleurotus ostreatus United State of America [238]

Mycorena Not disclosed Sweeden [239]

Mycovation Not disclosed Singapore [240]

Aqua Cultured Foods Not disclosed United States of America [241]

KIDEMIS GmbH Not disclosed Switzerland [242]

Funki Not disclosed Estonia [243]

Libre Foods Not disclosed Spain [244]

Tempty Foods Not disclosed Denmark [245]
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Fig. 1 Example of unit operations for the production of mycoprotein for alternative meat-like products or protein extraction to be used

as an ingredient

Limitations and opportunities for microbial protein
production

Many of the technical limitations observed for culti-
vated meats are also true for microbial proteins. One of
the foremost challenges in microbial protein produc-
tion is the transition from laboratory scale to industrial
scale. While small-scale experiments can yield promis-
ing results, scaling up these processes involves significant
hurdles. Issues like maintaining consistent conditions
across larger volumes, managing heat and mass trans-
fer problems, and ensuring uniform nutrient distribu-
tion become critical [253]. Similarly, with cultivated

meat production, the complexity of bioreactor design for
mycoprotein increases with scale, requiring sophisticated
control systems to manage variables like pH, oxygen lev-
els, and temperature. Additionally, the economic viability
of scaling up must be considered, as the costs associ-
ated with larger reactors, energy, and maintenance can
be prohibitive [38]. Efficient bioprocess engineering and
optimization are essential to make microbial protein pro-
duction commercially feasible on a large scale.
Contamination is another significant challenge in
both solid-state and submerged fermentation systems.
Microbial cultures are susceptible to contamination by
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Fig. 2 Synergist integration between energy, food and animal feed production

undesirable bacteria, fungi and viruses, which can com-
promise the quality and safety of the protein product
[109]. In solid-state fermentation, the solid substrates can
harbor unwanted microbes, making sterilization or sani-
tation of the substrate a complex task. In submerged fer-
mentation, despite better control, contamination can still
occur if there are failures in sterility maintenance of the
media or equipment. Ensuring purity involves rigorous
monitoring employing sterile techniques, which can add
to production costs and raise concerns about residues in
the final product. The challenge is to achieve high yields
of microbial protein while maintaining a sterile environ-
ment to guarantee product safety and quality.

The acceptance of microbial proteins as a food source
among consumers is a considerable cultural and may
be a psychological barrier. Despite the nutritional ben-
efits, there’s a general wariness towards foods produced
through microbial processes, often associated with unfa-
miliarity or misconceptions about fermentation and bio-
technology [254]. Public education on the safety, benefits,
and sustainability of microbial proteins is necessary to
change perceptions. Regulatory approval for human con-
sumption can also be a lengthy process, requiring exten-
sive safety assessments and consumer studies to ensure
the product meets health standards and public expec-
tations. Overcoming this challenge involves not only
scientific validation but also effective communication
strategies to demystify microbial proteins and highlight
their role in sustainable food systems.

Even when microbial proteins are accepted, ensuring
they meet nutritional standards and sensory expecta-
tions is challenging. Microbial proteins might have high
nucleic acid content, which can be a health concern if
consumed in large amounts, necessitating additional pro-
cessing steps to reduce them [255]. The taste, texture, and

overall sensory profile of microbial proteins often differ
from traditional protein sources, potentially limiting their
use in food applications unless modified. Techniques
like 3D printing, texturization, or blending with other
ingredients are used to improve acceptability, but these
processes can complicate production and increase costs
[256]. Furthermore, the nutritional profile, including the
balance of amino acids, vitamins, and minerals, needs to
be tailored or supplemented to match or exceed those of
conventional proteins, which requires additional research
and development in bioprocessing and formulation.

Each of these challenges requires a multifaceted
approach involving biotechnology, engineering, regula-
tory, and consumer education to further advance micro-
bial protein production and acceptance as a sustainable
and integral part of the global food supply chain.

Integration of microbial protein production

with the bioenergy sector

The synergy between microbial protein production and
the bioenergy sector offers a multifaceted approach to
addressing both energy and protein needs sustainably.
Starting with lignocellulosic biomass, a prevalent raw
material in bioenergy production, the process begins
with pretreatment to break down the complex structure
of the biomass, making its components more accessible
for further conversion [202, 257, 258]. This pretreated
biomass can be directed towards two primary pathways:
one for biofuel production and another for protein-rich
feed and food (Fig. 2).

In the biofuel pathway, the pretreated biomass under-
goes enzymatic hydrolysis to convert cellulose and
hemicellulose into fermentable sugars, followed by fer-
mentation to produce ethanol. The distillation process
then separates ethanol from the fermentation broth,
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yielding ethanol as the final product alongside vinasse,
a nutrient-rich byproduct. This biofuel route not only
attends the energy sector but also generates byproducts
that can be repurposed for protein production.

Parallel to this, the second pathway integrates the food
sector by using the pretreated biomass, hydrolysate from
enzymatic hydrolysis, and vinasse from distillation as
substrates for submerged fermentation. This method
allows for the cultivation of microorganisms in liquid
media, where they can convert these substrates into
microbial proteins suitable for human consumption. The
proteins produced can be tailored for specific nutritional
profiles or functional properties, becoming ingredients in
food products ranging from protein supplements to meat
and dairy alternatives.

The third pathway integrates the feed sector by using
the pretreated biomass in solid-state fermentation. Here,
the biomass supports the growth of protein-producing
microorganisms, resulting in lignocellulosic biomass
infused with high-quality microbial protein. This product
can directly serve as a nutritional feed for livestock, offer-
ing an alternative to conventional protein sources like soy
or fishmeal, which are often linked with significant envi-
ronmental impacts.

This approach not only valorizes waste streams from
biofuel production but also contributes to sustainable
food and feed production by reducing reliance on tradi-
tional agricultural practices that consume vast amounts
of land and water. By integrating microbial protein pro-
duction within the bioenergy sector, a closed-loop system
can be created where waste from one process becomes
the feedstock for another, thus enhancing the overall
efficiency, sustainability, and economic viability of both
energy and food production systems.

Conclusions

Microbial proteins and cultivated meat have the poten-
tial to advance sustainable protein production, address-
ing both demand and nutritional needs, as well as
environmental concerns. The successful commercializa-
tion of mycoproteins demonstrates the viability of micro-
bial proteins as a mainstream food source. These proteins
offer significant advantages, including high nutritional
value, efficient production processes, and reduced envi-
ronmental impact compared to traditional animal-based
proteins.

The use of agricultural and industrial by-products as
substrates for microbial protein production is a promis-
ing strategy to enhance sustainability. By upcycling waste
materials like sugarcane bagasse, corn stover, and fruit
peels, the environmental footprint of protein production
can be reduced while simultaneously addressing waste
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management issues. This approach not only provides a
cost-effective feedstock for microbial fermentation but
also contributes to a circular economy, where waste is
transformed into valuable resources.

Furthermore, the integration of microbial protein pro-
duction with the bioenergy sector offers a synergistic
solution to global energy and food challenges. Utiliz-
ing by-products from biofuel production as substrates
for microbial fermentation moves current bioenergy
production systems towards a closed-loop system that
maximizes resource efficiency and minimizes waste. This
integration has the potential to significantly reduce the
costs and environmental impact of both protein and bio-
fuel production.

The potential of using agricultural by-products in the
growth media for cultivated meat is another relevant
avenue for reducing costs and environmental impacts.
Cultivated meat, produced through cellular agriculture,
requires nutrient-rich media for cell growth. By incor-
porating agricultural by-products into these media has
the potential to lower production costs and enhance the
sustainability of cultivated meat, making it a more viable
alternative to conventional meat.

In conclusion, microbial proteins, particularly myco-
proteins in the current state along with cultivated meat,
are at the forefront of sustainable protein innovation for
meat-like products. Their ability to utilize diverse sub-
strates, including agricultural by-products, positions
them as key components in the transition towards a more
sustainable and resilient food system. Continued research
and development in this field will be crucial to overcom-
ing current challenges and unlocking the full potential
of alternative proteins in addressing global food security
and environmental sustainability.
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