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Abstract 

The growing worldwide need for sustainable, high-quality protein sources has intensified interest in 
single-cell protein (SCP) production, particularly mycoproteins derived from filamentous fungi. 
Concurrently, the agricultural sector generates vast quantities of starch-rich by-products, such as 
broken rice, cassava peels, potato waste and cereal processing residues, that remain largely 
underutilized despite their high carbohydrate content. This literature review examines the potential 
of starch-based agricultural by-products as low-cost, renewable feedstocks for mycoprotein 
production. Key topics include the chemical characteristics of starch residues, pretreatment and 
enzymatic hydrolysis strategies for efficient saccharification and the metabolic suitability of fungal 
strains such as Neurospora and Fusarium spp. for biomass and protein synthesis. In addition, the 
review evaluates optimization of fermentation processes, including maximizing biomass yield and 
improving overall feedstock valorization to enhance process efficiency. Furthermore, considerations 
related to process design, environmental benefits and techno-economic feasibility are evaluated in 
the context of converting starch residues into fungal protein. In summary, the evidence suggests that 
valorizing starch by-products for mycoprotein fermentation, used as a protein alternative and as an 
ingredient, represents a promising strategy to reduce waste, lower production costs and support 
global food sustainability. 

Keywords: mycoprotein; starch by-products; valorization; sustainability; circular bioeconomy 
 

1. Introduction 

The global population growth crisis has become one of the most pressing issues of the 21st 
century, impacting economic, environmental, and social systems worldwide. Over the last decade, 
the world population has increased exponentially, reaching 8 billion in 2022 and it is expected to 
exceed 9.7 billion by 2050 (United Nations, 2022). This rapid expansion has buĴressed the need for 
sustainable and efficient food production methods to meet the growing demand for protein and other 
essential nutrients. Traditionally, animal husbandry has been the fundamental source of protein for 
human consumption, with global meat production recorded at 371 million tons in 2023 and expected 
to increase to 500 million tons annually by 2050 (FAO, 2024). However, the environmental 
degradation of meat production is significant, contributing immensely to greenhouse gas emissions, 
land and water degradation, and toxicity from pesticides used in feed cultivation (Röös et al., 2013). 

This demographic pressure, projected to increase protein requirements by 30–50% in developing 
regions, has catalyzed innovations in plant-based proteins like pea and soy isolates, which mimic 
meat textures in products from companies such as Beyond Meat and Impossible Foods, offering 
complete amino acid profiles with lower environmental footprints (GFI, 2024; Poore & Nemecek, 
2018). Similarly, alternative protein platforms have emerged to address sustainability and nutritional 
challenges associated with conventional animal proteins. Mycoprotein derived from filamentous 
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fungi, such as Fusarium venenatum used in Quorn products, provides high protein content and dietary 
fiber while enabling scalable production from low-cost agricultural substrates (Finnigan et al., 2019). 
In parallel, cultivated meat technologies aim to replicate animal proteins at the cellular level with 
substantially lower greenhouse gas emissions while insect- and algae-based proteins offer protein-
rich, nutrient-dense options that are increasingly adopted in global food and feed markets to meet 
rising future protein demands (Caporgno & Mathys, 2018; van Huis, 2020;Tuomisto & Teixeira De 
MaĴos, 2011). These alternatives collectively mitigate the protein gap by diversifying sources, 
reducing reliance on land-intensive farming, and enhancing nutritional equity, though scalability and 
consumer acceptance remain key hurdles (Santo et al., 2020). 

Agricultural and agro-industrial by-products, including crop residues, bran, spent grains, and 
fruit processing wastes, remain largely underutilized despite their abundance and nutritional 
potential, often being diverted to low-value uses or disposal (Ayoo et al., 2020). This inefficiency, 
driven by factors such as high moisture content, lignocellulosic recalcitrance, and contamination 
risks, results in significant environmental burdens and economic losses, while representing a missed 
opportunity for sustainable valorization within the bioeconomy (Lynch et al., 2016; Ravindran & 
Jaiswal, 2016). However, recent literature highlights their substantial potential as feedstocks for 
mycoprotein production, where filamentous fungi such as Fusarium venenatum or Neurospora crassa 
can ferment these residues into protein-rich biomass (45–60% protein dry weight) via solid-state or 
submerged fermentation, converting low-cost substrates like wheat bran or rice husks into edible 
mycoprotein with complete amino acid profiles and high digestibility (Souza Filho et al., 2018). 
Nevertheless, comprehensive studies focusing on the valorization of specific agricultural by-
products, particularly starch-rich grains, for single-cell protein production remain limited, especially 
with respect to their potential contributions to sustainability goals (Betoret et al., 2024). 

This review examines the potential use of cereal by-products (brewers’ spent grains and broken 
rice kernels) as well as starch-rich agro-industrial by-products (potato peel waste and cassava 
bagasse) substrates for single-cell protein production and considers the broader implications of this 
utilization for the development of sustainable food systems. 

1.1. Method 

This literature review examines the current state of knowledge on the conversion of agricultural 
by-products, specifically upcycled starch-based grains, into single-cell protein via microbial 
fermentation processes. The review synthesizes evidence from peer-reviewed journals, books, and 
other scholarly sources identified through systematic searches using the Google Academic search 
engine. The literature considered spans publications from 1866 to 2025. 

1.2. Production and Consumption of Animal Proteins 

Animal protein has long been a staple in human diets, offering a rich source of essential amino 
acids, vitamins and minerals. In the food industry, animal-derived proteins like meat, dairy and eggs 
play pivotal roles in both traditional and processed foods due to their nutritional value, taste and 
functional properties. Traditional meat proteins are obtained from livestock and poultry production 
systems, including caĴle, poultry, pigs, and sheep, as well as from seafood sources (Adejumo & 
Adebiyi, 2024). According to the Food and Agriculture Organization (2023) and data summarized by 
OurWorldinData (Table 1), livestock production and consumption have skyrocketed in recent 
decades. 

Table 1. Global meat production between 1960 and 2022. 

Region Production per year  

1961 (million tons) 2022 (million tons) Relative change 
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Africa 3.681 22.742 +518% 

Asia 9.034 155.082 +1617% 

Europe 29.454 59.082 +101% 

North America 19.582 63.992 +227% 

Oceania 2.296 6.537 +185% 

South America 6.516 48.023 +637% 

Source: Data obtained from FAO-United Nations (2025). 

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 production, accounting for 
a significant share of the total global output. In 2023, China produced about 96.41 million metric tons 
of meat, pork dominated with 57.94 million metric tons accounting for about 60% of national meat 
output, followed by poultry at 24.31 million metric tons accounting for about 20% and beef and veal 
at 8.62 million metric tons accounting for 8.9% (Statista, 2025). The United States, the second-largest 
meat producer and the largest poultry producer globally, produced 48 million metric tons of meat in 
2023. Poultry meat (broiler chicken) accounted for 21 million metric tons, representing 44% of its total 
meat production that year. Pork, beef, and turkey comprised 26%, 25%, and 4% of the production, 
respectively, while other varieties such as lamb and muĴon accounted for less than 1% (FAO, 2024; 
Statista, 2025). Consumption has accompanied this production growth, 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 million tons increase respectively. This consumption growth is projected to continue with 
an expected 36% consumption increase in buffalo and beef, 21% for pork, 40% for poultry and 44% 
for sheep and goat by 2050 (FAO, 2025). 

1.3. Nutritional, Functional, Sensorial and Religious Reasons of Meat Consumption 

Humans consume meat for consumption for various reasons, including its high nutritional 
density, functionality, and cultural significance (Leroy et al., 2023). For instance, consumers accept 
and enjoy the flavor and roasted aroma of meat seasoned with sugars. This characteristic meat-like 
flavor arises from Maillard reactions between amino acids and reducing sugars, a process that is 
further enhanced by lipid degradation during cooking, leading to the formation of brown coloration 
and desirable flavor compounds (MoĴram, 1998). Thermal degradation of lipids, present as 
triglycerides, phospholipids, and free faĴy acids, via oxidation, pyrolysis, and Maillard-related 
pathways generates reactive carbonyls and heterocyclic volatiles responsible for roasted, meaty, and 
caramelized aromas, while saturated faĴy acids such as palmitic and stearic acids decompose into 
aldehydes, ketones, and alcohols that contribute faĴy and waxy flavor notes (Li et al., 2021; MoĴram, 
1998). 

Conversely, unsaturated faĴy acids, particularly polyunsaturated acids such as linoleic and 
arachidonic acids, are essential for meat flavor (Wang et al., 2021). They oxidize into a more complex 
array of aromatic volatile compounds like hexanal, nonanal, and other volatiles, contributing to 
green, grassy or faĴy notes. However, the oxidation of omega-3 faĴy acids, prevalent in fish or grass-
fed beef, can introduce flavors described as fishy or metallic which are often not preferred (Shahidi 
& Pegg, 1994). Lipid profiles vary among meat species, influencing the flavor compounds produced. 
Beef, which is rich in oleic acid and saturated fats, generates compounds such as 2,3-octanedione and 
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2-methyl-3-furanthiol, contributing to its roasted, beefy aroma. Pork, with its higher linoleic acid 
content, produces more hexanal and pentanal, which creates its distinctive ‘porky’ flavor. Poultry, 
due to its unique faĴy acid composition, develops milder grilled or savory flavors aĴributed to the 
presence of arachidonic and linoleic acids. Lamb’s flavor is characterized by branched-chain faĴy 
acids, such as 4-methyloctanoic acid, which impart its signature ‘sheep-like’ notes (Elmore et al., 2005; 
(Jones & Woods, 1986). 

The texture of meat is widely regarded as a critical determinant of product quality and a key 
factor influencing consumer acceptance and purchasing decisions. Tenderness, juiciness, and 
chewiness, the three principal textural aĴributes, depend significantly on muscle composition, the 
degree of connective tissue, and the meat’s water-holding capacity (WHC). Myofibrillar proteins and 
collagen are two key protein components responsible for meat texture. Collagen transforms into 
gelatin upon heating, contributing to the gelling properties required for products like sausages, pâtés, 
and gelatin-based items. This gelling not only affects mouthfeel and firmness but also helps bind 
meat particles, creating a cohesive structure in processed meats. Proteins such as actomyosin form a 
matrix that holds other ingredients together, ensuring product integrity (Huff-Lonergan & Lonergan, 
2005; Chang et al., 2011). 

Myofibrillar proteins also play a vital role in water retention, with WHC being influenced by 
factors such as pH, ionic strength, and muscle structure integrity. High WHC reduces cooking loss, 
preserving meat’s moisture and sensory qualities, while also impacting economic factors by 
minimizing weight loss during processing (Huff-Lonergan & Lonergan, 2005). The emulsification of 
meat products is facilitated by the amphiphilic nature of muscle proteins, which stabilize fat and 
water. Pork and poultry proteins are particularly effective at this, enabling even dispersion of fat in 
products such as emulsified sausages. This not only enhances sensory qualities but also extends shelf 
life by preventing fat separation. Maintaining stable emulsions is essential for ensuring consistent 
texture and flavor (Jime’nez-Colmenero et al., 2001). 

Beyond these technical aĴributes, the consumption of meat has deep cultural roots. Throughout 
human history, meat has been more than sustenance; it has served as a symbol of status, celebration, 
and cultural identity. In many cultures, meat consumption is intertwined with religious rituals, social 
interactions, and economic prosperity. For instance, lamb is central to the celebration of Easter in 
many Christian cultures, while pork plays a significant role in the Chinese New Year celebrations. 
Additionally, the act of sharing meat can strengthen social bonds, symbolizing hospitality and 
prosperity. Meat’s role in cultural traditions further emphasizes its importance beyond just its 
nutritional and functional properties (Fiddes, 2004). 

1.4. Meat Production Environmental Impact 

Despite the functional and nutritional benefits of meat, production and consumption have 
significant impacts on the environment, notably contributing to the greenhouse effect and other 
ecological challenges. The greenhouse gases (GHG) emiĴed through livestock farming include 
methane (CH4), primarily from enteric fermentation in ruminants like caĴle; nitrous oxide from 
manure management and fertilizer use for feed crops; and carbon dioxide (CO2) from deforestation 
and land use changes (Gerber, 2013). Methane, although short-lived compared to CO2, has a high 
global warming potential, with estimates suggesting it is 28 to 36 times more effective at trapping 
heat than CO2, over a 100-year period (Shindell et al., 2013). 

Although comparing the environmental impact of traditional meat across studies is challenging 
due to difference in functional unit and country of evaluation, beef/caĴle production has been 
identified as one of the largest contributors to the livestock sector’s environmental footprint, with 
emissions ranging from 80 to 99.48 kg CO₂-eq per kilogram of meat produced. This can be aĴributed 
to methane emissions from enteric fermentation, extensive land use, and the long maturation period 
of caĴle. Additionally, caĴle ranching has been established as a primary driver of deforestation, 
particularly in the Amazon region (Gerber et al., 2013; Strassburg et al., 2014). Pork production emits 
less GHG than beef but more than poultry, with emissions estimated between 10 and 12.31 kg CO₂-
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eq per kilogram of meat, mainly from feed production, manure management, and energy use in 
farming and processing (Poore & Nemecek, 2018). Although pigs do not produce methane at the 
same level as ruminants, their concentrated waste systems still pose environmental risks. Poultry has 
the lowest GHG emissions of the three, with about 6 kg CO₂-eq per kilogram of chicken meat (Leip, 
2010; de Vries & de Boer, 2010). The shorter life cycle to slaughter and efficient feed conversion 
reduces emissions, but the scale of production can lead to substantial environmental impacts, 
particularly in terms of water and air pollution from concentrated animal feeding operations (Walker 
et al., 2005). 

In conclusion, these environmental and cultural implications of meat consumption, combined 
with the specific functional properties that dictate meat quality, highlight the complex position of this 
food source in the modern world. There is a need for sustainable meat and protein production 
strategies and the exploration of meat alternatives that can balance nutritional needs, cultural 
preferences, and environmental impacts. This review will explore mycoproteins as one potential 
solution, examining their fermentation from Neurospora crassa using rice as a carbon source. 

2. Single-Cell Protein 

Single-cell protein (SCP) refers to protein-rich biomass derived from microorganisms such as 
bacteria, yeasts, fungi, and algae, cultivated on various carbon sources for use as nutritional 
supplements in human food, animal feed, and aquaculture (Ugalde & Castrillo, 2002). First 
introduced in 1966 by Carroll Wilson to replace less appealing terms like “microbial protein,” SCP, 
also known as microbial biomass, typically contains more than 300 g/kg protein (dry weight) and is 
distinguished from single-cell oils (SCO), which can contain up to 800 g/kg lipids (Chamodi et al., 
2025; Galán et al., 2019). Although the deliberate use of microorganisms in foods dates back 
thousands of years, modern SCP production gained prominence during the two World Wars, when 
yeasts such as Saccharomyces cerevisiae and Candida utilis were cultivated at scale to mitigate protein 
shortages. Commercial developments continued through the 1970s with products such as pruteen 
and, more successfully, with mycoprotein from Quorn, produced via submerged fermentation since 
1985 (Trinci, 1994; Ye et al., 2024). SCPs offer several advantages over conventional protein sources, 
including balanced amino acid profiles, low fat content, high protein-to-carbohydrate ratios, rapid 
microbial growth, and independence from agricultural land, climate conditions, or seasonal 
variability (Sharif et al., 2021). 

Table 2. Nutrient composition of SCP from different sources. 

 Protein Fat Ash Nucleic acid 

Fungi 30-45 2-8 9-14 7-10 

Macroalgae 40-60 7-20 8-10 3-8 

Yeast 45-55 2-6 5-10 6-12 

Bacteria 50-65 1-3 3-7 8-12 

Source: Li et al. (2024). 

SCP systems may be first generation or second generation. First-generation SCP systems rely on 
microorganisms converting food-grade substrates such as sugars and raw food crops into biomass, 
whereas second-generation approaches incorporate agricultural residues (co-products or by-
products) and other nonfood feedstocks, along with genetically engineered strains and advanced 
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bioreactor designs, to improve yields and reduce production costs (Abdul Manan & Webb, 2017; 
Braho et al., 2024). These innovations also enable the exploration of specialty proteins such as 
bioactive peptides. SCP production differs from cultured meat in that it focuses on microbial protein 
rather than animal cell proliferation; inactivated microbial cells may be fed directly to animals, while 
SCP intended for human consumption typically undergoes additional purification (Post, 2012; 
Ugalde & Castrillo, 2002). By leveraging low-cost substrates, including agro-wastes such as fruit peels 
or sugarcane bagasse, SCP contributes to sustainable protein production and aligns with global 
efforts to reduce food loss and waste under Sustainable Development Goal 12 (United Nations, 2025). 

Single-cell proteins contain essential vitamins, amino acids, minerals, nucleic acids, and lipids, 
enabling their use not only in food and feed applications but also in broader industrial sectors such 
as paper manufacturing (Khumchai et al., 2022). Their production draws from a wide variety of 
carbon sources, including sugars and starches, as well as side streams and waste substrates such as 
fruit residues, molasses, methane, methanol, ethanol, and other combustible by-products (Rodero et 
al., 2024). In particular, SCP generated through gas fermentation has gained significant interest, as 
syngas (CO/H₂) and biogas (CH₄) can be derived from numerous waste biomass streams, while 
H₂/CO₂ systems enable the direct recycling of carbon dioxide from industrial emissions or 
atmospheric capture (Li et al., 2024; Rodero et al., 2024). The ability to convert low-cost or waste-
derived inputs into high-value protein-rich biomass offers considerable environmental and economic 
advantages, reducing reliance on conventional agricultural resources while mitigating waste 
accumulation and greenhouse gas emissions. 

2.1. Fungal Scp as Alternative Protein 

Alternative proteins are proteins derived from non-traditional sources of proteins. They can be 
classified based on their source such as plants, microbial, cultured and algae. In recent times, several 
of these proteins have been studied and developed for commercial use, employing modern extraction 
methods that highlight their potential as sustainable replacements for animal-based proteins, with 
plant-based proteins currently leading the food industry as most utilized (Pojić et al., 2018). Non-
traditional proteins sources such as soybean, almonds, and rice-based milk alternatives, extracted 
using novel extraction techniques like high-pressure processing, microwave-assisted extraction and 
ultrasound-assisted extraction, have gained popularity among consumers seeking healthier, 
environmentally friendly options. However, challenges related to sensory aĴributes, allergenicity 
and functional properties have limited their broader acceptance (Jeske et al., 2018). Boye et al., 2010 
studied the functional properties of protein concentrates from yellow pea, chickpea and lentil 
extracted using ultrafiltration and isoelectric precipitation methods. Although these pulses showed 
high protein content yield and certain functional properties improvement (excluding water holding 
capacity), there were notable variations depending on the type of pulse. However, the functional 
properties and protein profile of these concentrates remained inferior to those of animal protein and 
soy proteins. 

Consumers consider a good alternative protein as one that closely replicates the sensory and 
functional 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 (Herĵler et al., 2020). Similarly, pea protein 
combined with wheat gluten has become prominent due to the wheat gluten’s ability to enhance 
flavor and sensory qualities in meat analogues. However, concerns over allergies and sensitivities 
associated with these meat analogues have limited their broader adoption. Several studies have 
examined the protein digestibility of meat analogues compared to animal meat. Zhou et al. (2021) 
and a team of colleagues conducted an in-vitro comparison of the protein digestibility and 
gastrointestinal behavior of meat analogues with that of beef, finding that proteins in beef were more 
easily digested in the stomach than those in soy-based meat analogues. Similarly, Reynaud (2021) 
investigated the digestible indispensable amino acid score (DIAAS) and true ileal amino acid 
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digestibility (TID) of plant-based proteins, comparing gel and emulsion forms. The study concluded 
that protein digestibility is influenced by both the protein source and processing methods. These 
differences can be aĴributed to the structural properties of plant-based meat analogues. Mycoprotein, 
a protein-rich biomass derived from the fungal fermentation of the filamentous fungus Neurospora 
crassa, has gained notable aĴention in recent years as an aĴractive alternative protein source due to 
its nutritional profile and environmental sustainability. Although mycoprotein has a lower 
immediate protein digestibility compared to whey protein isolate, it has an amino acid profile 
comparable to meat and a higher essential amino acid content than plant-based proteins (You et al., 
2024; Ahangi et al., 2008). 

2.2. Evolution of Mycoprotein as Alternative Protein 

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 
produce “oncom”, a fermented food like tempeh. Oncom is made from by-products like peanuts 
press cake or okara (soybean residue), showcasing N.crassa’s ability to convert agricultural waste into 
nutritious food (Perkins & Davis, 2000). 

N. crassa first gained scientific aĴention not for its food potential but for its utility in genetic 
research. Its life cycle, ease of cultivation and well-characterized genetics made it a model organism 
for genetic studies beginning in the mid-20th century. The work of George Beadle and Edward Tatum 
on N. crassa in the 1940s, which earned them a Nobel Prize in the 1940s, highlighted its role in 
understanding gene function, laying the groundwork for its later exploration in food science. 

The shift toward considering Neurospora crassa as a mycoprotein for food applications came with 
increased interest in sustainable protein sources amid growing concerns about the environmental 
impact of traditional meat production. Unlike Fusarium venenatum, the fungus behind the well-known 
mycoprotein Quorn, N. crassa has a broader historical use in food and it is known not to produce 
mycotoxins even under stress, which might ease regulatory approval and consumer acceptance 
(FDA, 2025; Z. Wang et al., 2022). Early studies focused on the safety and nutritional profile of N. 
crassa mycoprotein. Research confirmed its long history of safe use in Asian cuisines, high protein 
content (up to 45% dry weight), essential amino acid composition comparable to animal proteins, and 
the presence of beneficial nutrients like dietary fiber, vitamins and minerals (Perkins, 1992). 
Furthermore, the application of biotechnological techniques such as submerged fermentation and 
solid-state fermentation has been pivotal in scaling up production from N. crassa. These methods 
allow for high yields of biomass with controlled nutritional content, effectively adapting traditional 
fermentation processes to modern industrial standards (Singh Nee Nigam & Pandey, 2009). 

Mycoprotein, produced from the filamentous fungus Fusarium venenatum, was first developed 
in the 1960s when concerns over global food security led to efforts to identify alternative protein 
sources that could be produced efficiently (Wiebe, 2002). Initial research by British scientists, 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 1980s. Advancements in 
fermentation technology have driven the evolution of mycoprotein. Unlike traditional livestock 
protein, which requires extensive resources, mycoprotein is produced through continuous 
fermentation in controlled conditions, significantly reducing land, water, and energy use and offering 
a more environmentally efficient alternative (Finnigan et al., 2019). Consumer acceptance has been 
essential to the evolution of mycoprotein. Initially, its market was limited 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 single-cell protein sources, appealing to vegetarians, flexitarians, and individuals 
concerned with the environmental impact of conventional meat production, with its health and 
nutritional benefits being primary factors in consumer choice (Dean et al., 2022). Further research is 
needed focusing on optimizing mycoprotein production to improve texture, flavor, and nutritional 
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properties. Additionally, developments in genetic and metabolic engineering may allow enhanced 
strains with higher nutrient density and digestibility. However, challenges remain, including 
reducing production costs to make mycoprotein more accessible and addressing regulatory issues in 
new markets. 

3. Fermentation 

Fermentation has been a fundamental process in the food industry for thousands of years, 
transforming the culinary landscape and preserving food long before the advent of modern food 
processing and preservation techniques. The earliest evidence of fermentation dates to around 7000 
BCE in the Fertile Crescent (crescent shaped region in the middle east), where archeological findings 
suggest that fermented beverages like beer and wine were produced (McGovern, 2009). These 
practices were not only used for creating alcohol but also for preserving grains and fruits that would 
otherwise spoil quickly. In Asia, fermentation was pivotal in producing foods like soy sauce, miso 
and various fermented foods vegetables such as kimchi and sauerkraut, which originated from 
preservation of cabbage by Germanic tribes around 1000 BCE (Steinkraus, 1996). These foods not only 
extended shelf life but also enhanced flavor, nutrition and digestibility. By the Middle Ages in 
Europe, fermentation had become central to bread making, with yeast fermentation enabling the 
production of leavened bread. The Industrial Revolution in the 19th century marked a significant 
shift toward understanding fermentation at a scientific level, as Louis Pasteur’s work in the 1850s 
established the role of microorganisms in fermentation processes (Pasteur, 1866). This breakthrough 
laid the foundation for controlled fermentation in food production, leading to the development of 
modern fermented dairy products such as cheese and yogurt. In the 20th century, fermentation 
expanded into industrial applications, including the production of antibiotics like penicillin, 
demonstrating its role beyond food preservation to include health benefits (Chain et al., 1940). Today, 
fermentation is widely used in the production of various foods, from traditional items like beer, wine, 
cheese, and bread to emerging applications in alternative proteins, probiotics and meat substitutes. 

Mycoprotein, commonly produced through the fermentation of Fusarium venenatum, has been 
extensively described in literature, with few modifications by Edwards (1986), followed by 
comprehensive process analyses by Trinci (1994). Industrial manufacture is based on submerged, 
continuous, aerobic fermentation conducted in large, aseptic stainless-steel airlift bioreactors, 
typically pressure-cycle vessels with volumes above 130,000 L. In this system, F. venenatum is 
cultivated under nutrient-excess conditions with a continuous supply of glucose as the primary 
carbon source and ammonium as the nitrogen source, supplemented with essential vitamins and 
minerals, while critical operational parameters, including temperature (28–30 °C), pH (~6.0), and 
carbon dioxide evolution, are tightly regulated to sustain rapid growth, ensure process stability, and 
maintain high productivity. Under these optimized conditions, the fungus aĴains specific growth 
rates of 0.17–0.20 h⁻¹, generating approximately 300–350 kg of dry biomass per hour, while 
continuous withdrawal and replacement of the culture medium every 5–6 hours maintain a constant 
fermenter volume (Trinci, 1994; Wiebe, 2002). Figure 1 shows a flowchart of the production of Quorn 
mycoprotein. 

After fermentation, the harvested culture is subjected to an RNA reduction step, which is 
essential due to the inherently high RNA content of fungal biomass (approximately 10% on a dry 
weight basis). This step aims to lower purine intake and reduce the risk of hyperuricemia-related 
diseases, by applying controlled thermal treatment to activate endogenous ribonucleases (Denny et 
al., 2008). Traditional protocols involve heating the biomass to 64–65 °C for 20–30 minutes; however, 
more recent approaches use rapid heating above 68 °C, optimally at 72–74 °C, which enhances protein 
retention and decreases biomass losses from roughly 35–38% to 30–33% (Wiebe, 2002). The process 
subsequently includes heating to 90 °C, centrifugation to remove liberated nucleotides, and 
concentration of the mycelium into a paste containing more than 20% solids. This concentrated 
biomass is then combined with binding agents, such as egg albumen, and mechanically aligned to 
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produce a fibrous texture analogous to meat, facilitating the manufacture of a wide range of food 
products, including mince, chunks, fillets and steaks (Denny et al., 2008; Wiebe, 2002). 

 

Figure 1. Flowchart of Fuzarium venetatum mycoprotein production. 

3.1. Types of Fermentation and Technological Advances of Fermentation 

Fermentation can be broadly classified into two main types: solid-state fermentation (SSF) and 
submerged fermentation (SMF) (Cedeno et al., 2025). Solid-state fermentation involves the growth of 
microorganisms on solid substrates with low moisture content. SSF is widely used in Asia for 
producing traditional foods such as koji, which is essential for soy sauce and sake production, as well 
as tempeh. This method offers several advantages, including lower water requirements, reduced 
energy costs, and the ability to utilize agricultural by-products (Pandey et al., 2009). 

SSF closely mimics the natural growth conditions of many fungi and bacteria involved in food 
fermentation. For this reason, it is commonly employed in propionic fermentation, which is essential 
for Swiss cheese production. In this process, propionibacteria convert lactic acid into propionic acid 
and carbon dioxide, creating the characteristic holes and distinctive flavor of Swiss cheese (Fox et al., 
2000). Conversely, submerged fermentation (SMF) involves the growth of microorganisms in a liquid 
medium and is commonly used in the production of antibiotics and metabolites. This method allows 
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for beĴer control of key conditions such as oxygenation, temperature, and pH, making it more 
efficient for large-scale biomass or metabolite production (Stanbury et al., 2008). However, SSF has 
been observed to yield higher levels of enzymes and β-glucans from hulled barley compared with 
submerged fermentation SMF (Lee & Ra, 2021) 

In the food industry, SMF is utilized in various fermentation processes, including lactic acid, 
alcoholic, and acetic acid fermentation. Lactic acid fermentation involves lactic acid bacteria 
converting sugars into lactic acid, as seen in foods like sauerkraut, kimchi, and yogurt. This process 
improves the nutritional value and shelf life of the product by inhibiting microbial spoilage (Hutkins, 
2007). Alcoholic fermentation, driven by yeasts, converts sugars into alcohol and carbon dioxide, 
playing a crucial role in brewing beer, making wine, and leavening bread, thereby enhancing both 
preservation and flavor (Boulton et al., 1999). Acetic fermentation, carried out by bacteria such as 
Acetobacter, converts ethanol into acetic acid, a vital process in vinegar production that contributes to 
both preservation and taste (Soibam et al., 2014). 

Despite its many benefits, fermentation faces several challenges. One significant challenge is the 
risk of contamination by unwanted organisms, which can spoil the fermented product, alter its taste 
or even pose health risks. This is common in various types of fermentation, as noted by Hutkins 
(2007), who discussed the importance of hygiene in preventing contamination in lactic acid 
fermentation. Additionally, Stanbury et al. (2008) highlighted that fermentation can be time-
consuming, requires high energy inputs and lack precise control over factors such as temperature, 
pH and oxygen, particularly in large-scale production. Variabilities in solid-state and submerged 
fermentation can also lead to inconsistencies in product quality (Pandey et al., 2009). Lastly, consumer 
acceptance remains a challenge, as novel fermented products may face resistance due to unfamiliar 
flavors or misconceptions about fermentation and genetically modified organisms (GMOs), similar 
to perception issues in synthetic biology applications (Paddon et al., 2013). 

Recent technological advances have significantly improved the efficiency of fermentation 
processes despite their drawbacks. The advent of precision fermentation, also known as cell factory 
engineering, has revolutionized microbial production by leveraging molecular biology and metabolic 
engineering techniques to construct microorganisms optimized for high-yield production of specific 
target compounds. This approach allows for more controlled, predictable and scalable fermentation, 
while expanding the ability to produce a wider range of products beyond the natural capabilities of 
microbes. One key advantage of precision fermentation is its ability to produce high-value, specific 
proteins without relying on animal sources, thereby reducing environmental impact. However, high 
production costs, consumer skepticism and regulatory complexities associated with this emerging 
technology remain significant hurdles for large-scale commercial adoption (Chai et al., 2022). 
Numerous studies have explored the potential of precision fermentation techniques to enhance 
traditional food fermentation processes. Augustin etal. (2024) reviewed several of these 
advancements, highlighting the patent prospects as well as the business and market potential for 
major fermentation-derived food ingredients. 

Similarly, high-throughput screening (HTS) has enabled the rapid identification and 
optimization of microbial strains. Like precision fermentation, HTS aims to optimize biological 
processes, though this optimization may come at a high equipment cost. Despite this, HTS accelerates 
product development and enables the screening of a vast number of strains. However, its cost and 
complexity make it less feasible as a routine production tool for smaller-scale operations. Several 
studies have explored the potential of HTS in identifying beneficial microbial strains. For example, 
Wanget al. (2022) used HTS for identifying mutant strain of Saccharomyces cerevisiae with enhanced 
ethanol production. Their research reported a 20.5% increase in ethanol yield and an 81.6% increase 
in sucrose utilization using the optimized strain (Wang et al., 2022). 

Furthermore, metabolic engineering represents a significant advancement in fermentation 
technology. This technique involves modifying microbial pathways, gene editing, or enzyme 
enhancement to improve efficiency and increase the yield of desired compounds. Substantial efforts 
have been made to engineer Saccharomyces cerevisiae to co-ferment D-xylose and L-arabinose, two 
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prevalent sugars in lignocellulosic hydrolysate, thereby boosting ethanol yields by 20–40%. Similarly, 
considerable efforts have been made to minimize glycerol formation during bioethanol production 
using S. cerevisiae. Glycerol accumulation can be reduced by deleting the genes encoding cytosolic 
NADH-dependent glycerol-3-phosphate dehydrogenases, GPD1 and GPD2. However, this 
modification has been observed to impact both growth and ethanol productivity (Nielsen et al., 2013). 

Lastly, advanced bioreactors (fermenters) provide beĴer mixing and aeration, improving 
performance and consistency of both SSF and SMF. Automated monitoring systems and advanced 
control algorithms also enable tighter regulation of crucial fermentation parameters like pH, 
temperature and dissolved oxygen levels of bioreactors. These enhanced control and monitoring 
capabilities improve scalability, efficiency and versatility in various fermentation processes over time. 
However, like precision fermentation and HTS, the high costs associated with complex bioreactor 
setups remain a significant barrier to adoption, particularly for smaller producers. Several studies 
have demonstrated the benefits of advanced bioreactor designs in food fermentation. For instance, 
Fink et al. (2021) investigated the use of Biolector micro-bioreactors as a high-throughput screening 
platform for E. coli clones producing recombinant proteins for biopharmaceutical applications. Their 
findings show strong transferability between micro-bioreactor screening data and performance 
observed in fully controlled fed-batch bioreactors, with consistent clone growth, expression profiles, 
and ranking. Figure 2 shows airlift and stirred tank bioreactors used in fungal biomass production. 

 

Figure 2. Examples of bioreactor designs: a. Stirred tank and b.  Airlift bioreactors. 

4.0. Agricultural and Agro-Industrial Byproducts 

Agro-industrial waste, also referred to as agro-waste, is broadly defined as the unwanted or 
unsalable materials generated from agro-industrial processing activities, encompassing residues 
from food manufacturing, beverage production, and related operations (Zhang et al., 2021). These 
waste streams are commonly underutilized and are often disposed of through landfilling, 
incineration, or low-value applications, contributing to environmental pollution and resource 
inefficiency (Solanki et al., 2024). However, for the purpose of this review, we would be limiting our 
analysis to some agricultural/agro-industrial co-products and by products. 

Many of these materials, whether co-products or by-products, contain valuable carbohydrates, 
lipids, proteins, vitamins, and minerals that can be repurposed to mitigate the environmental and 
economic impacts associated with their disposal (Megavitry & Silamat, 2024). 

Cereal by-products are generated during the industrial processing of grains such as wheat, corn, 
and barley, including milling, brewing, and starch or ethanol production. During these processes, 
valuable components such as the nutrient-rich germ, fiber-dense bran, hulls, and gluten are separated 
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from the starchy endosperm, which serves as the primary source of flour and starch (Bamigbade et 
al., 2025). Upcycling byproducts are dependent on the nature of these byproducts and yield of useful 
compounds to be obtained responsibly. This approach provides an opportunity to convert 
underutilized biomass into high-value microbial proteins, thereby addressing food waste and 
supporting a circular bioeconomy (Koukoumaki et al., 2024; Rasool et al., 2023). 

5. Starch 

Starch, a polymeric carbohydrate composed of numerous glucose units linked by glycosidic 
bonds, serves as the primary energy storage molecule in plants and a crucial dietary component for 
humans, supplying significant nutritional sustenance (Rashwan et al., 2024). Similarly, animals store 
glucose as glycogen, a structurally analogous but more highly branched polysaccharide that fulfills 
the same role as starch in plants. This highly branched glucose homopolymer is densely packed and 
serves as a temporary or long-term energy reserve, produced by plants because of photosynthesis 
(Junejo et al., 2022). 

Starch, a major dietary carbohydrate widely present in cereal grains (e.g., maize, wheat, rice, 
sorghum, and barley) and tuber crops (e.g., potato, cassava, yam, and sweet potato), consists 
primarily of two polysaccharides: amylose, a predominantly linear α-1,4-linked glucan, and 
amylopectin, a highly branched polymer containing α-1,6 linkages. Variations in the proportion and 
molecular architecture of these components influence key physicochemical properties, such as 
gelatinization, retrogradation, and rheological behavior, which in turn determine starch functionality 
in food systems, including its roles as a thickener, stabilizer, gelling agent, emulsifier, and fat replacer 
(Rashwan et al., 2024; Wang et al., 2024). Table 3 presents the percentages of total starch, amylose, 
amylopectin, and relative crystallinity across various cereals, roots, and tubers, thereby illustrating 
the functional diversity of starch and its varied applications within the food industry. 

Table 3. Total starch, amylose, amylopectin and relative crystallinity of some cereal, roots and tubers. 

Starch Amylose (%) Amylopectin (%) Ratio Relative 

crystallinity 

References 

Wheat 20-30 70-80 20:80 to 

30:70 

27-30 Prückler et al. 

(2014) 

Rice 15-35 65-85 15:85 to 

35:65 

34 C. Zhang et al. 

(2023) 

Rice (waxy) <1 >99 <1:99 30-35 Waterschoot et 

al. (2015) 

Maize (corn) 25-30 70-75 25:75 to 

30:70 

32-33 Ranum et al. 

(2014) 
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Maize (high) >50 <50 >50:<50 20-25 Li et al. (2008) 

Potato 20-30 70-80 20:80 to 

30:70 

37-38 Waterschoot et 

al., 2015 

Sweet potato 15-25 75-85 15:85 to 

25:75 

33 Singh et al. 

(2003) 

Cassava 15-25 75-85 15:85 to 

25:75 

38-40 Pulido Diaz et 

al. (2016) 

Yam 20-30 70-80 20:80 to 

30:70 

25-35 Riley et al. 

(2006) 

Maize 

(waxy) 

<1 >99 <1:99 35-40 (Buléon et al., 

1998) 

Starch-derived materials are widely used in numerous sectors, such as food, textiles, plastic, 
cosmetics, adhesives, and pharmaceutical industries. However, native starch performs poorly in 
processing, often requiring modification to enhance its functional properties for specific applications 
(Bashir & Aggarwal, 2019; Dar et al., 2018). Several methods are employed to modify native starch, 
aiming to enhance or suppress its intrinsic aĴributes or confer specific properties to align with 
industrial needs. These modifications are broadly divided into four main categories: physical, 
chemical, enzymatic, and genetic alterations, each imparting distinct changes to the starch granule 
structure and functional characteristics (El Farkhani et al., 2024) 

5.1. Starch Modifications for Use as A Feedstock for Fermentation 

Starch to be used as feedstock for fermentation usually undergoes enzymatic or acid 
modification. These chemical and enzymatic hydrolysis serve as central pretreatment strategies for 
converting starch-rich agricultural residues into fermentable substrates suitable for fermentation. 
Chemical hydrolysis typically employs dilute mineral acids such as hydrochloric or sulfuric acid, 
operating at elevated temperatures to disrupt the granular structure of starch and rapidly cleave α-
1,4 and α-1,6 glycosidic linkages (Wang & Copeland, 2015). This process, which involves a series of 
liquefaction and saccharification reactions, yields glucose, maltose, and short-chain dextrins, with 
maximum glucose conversion yield of about 60%; however, it requires careful optimization to 
prevent excessive degradation that can result in the formation of fermentation inhibitory compounds 
such as hydroxymethylfurfural (HMF) and furfural, by-products known to impair fungal growth, 
enzyme secretion, and biomass accumulation (Feldman et al., 2019). Despite these challenges, acid 
hydrolysis remains aĴractive for industrial applications due to its rapid reaction kinetics and 
compatibility with high-solids processing. However, challenges with environmental concerns and 
downstream processing remain significant drawbacks (Cabeza et al., 2025). 
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In contrast, enzymatic hydrolysis utilizes highly specific amylolytic enzymes to catalyze the 
controlled depolymerization of starch under mild conditions. α-Amylase facilitates endo-hydrolysis 
of α-1,4 linkages, decreasing starch viscosity and producing linear and branched dextrins; 
glucoamylase subsequently cleaves both α-1,4 and α-1,6 bonds to generate high-purity glucose 
suitable for microbial fermentation (Liu et al., 2023). Debranching enzymes such as pullulanase and 
isoamylase enhance saccharification efficiency by removing α-1,6 linkages that restrict enzyme 
accessibility, improving overall conversion yields (Hii et al., 2012). Enzymatic pretreatment offers 
several advantages over chemical methods, including reduced inhibitor formation, improved 
selectivity, lower energy input, and enhanced compatibility with fungal species that prefer consistent 
and gradual glucose release. Recent studies demonstrate that optimized enzymatic hydrolysis can 
significantly increase substrate digestibility and support higher fungal biomass productivity, 
particularly for strains of Neurospora intermedia, Fusarium venenatum, and Rhizopus oryzae, which 
exhibit strong amylolytic and carbohydrate-utilization capacities (Braho et al., 2024; Liu et al., 2023). 

5.2. Brewers’ Spent Grain 

Brewers’ spent grain (BSG) is the principal by-product of the brewing industry, generated as the 
insoluble residue remaining after malted barley undergoes mashing and lautering, during which 
enzymes convert starches into fermentable sugars and the resulting wort is separated from the solid 
grain fraction (MussaĴo, 2014). Representing approximately 85% of total brewing by-products, BSG 
is produced at an estimated rate of 20 kg per hectoliter of beer, contributing to a global annual output 
of 36–40 million metric tons, with the European Union alone generating about 10 million metric tons 
(Wilkinson et al., 2016). Its composition, derived largely from the husk, pericarp, and seed coat layers 
of barley along with residual endosperm, consists of lignocellulosic material rich in cellulose (20–
25%), hemicellulose (20–40%), lignin (12–28%), protein (15–30%), lipids (5–10%), and minor levels of 
β-glucan (approximately 1%) (MussaĴo et al., 2007; Waters et al., 2012). Although its precise chemical 
profile varies with barley variety, malting conditions, mashing efficiency, and brewery practices, BSG 
consistently exhibits a high dietary fiber content (25-50%) (Prentice et al., 1978; Waters et al., 2012), 
significantly exceeding that of many cereals and legumes. Hemicellulose, particularly arabinoxylan, 
is its predominant fiber component and has been associated with potential health benefits such as 
prebiotic effects, improved glycemic regulation, and antioxidant activity (Mitri et al., 2022; Nyhan et 
al., 2023). Despite its abundance, BSG’s high moisture content and susceptibility to microbial spoilage 
limit its shelf life and contribute to its predominant use as low-value animal feed or, in some regions, 
disposal via landfill, practices that are environmentally burdensome, with each metric ton of 
landfilled BSG emiĴing approximately 513 kg CO₂-equivalent greenhouse gases (Lynch et al., 
2016;Kavalopoulos et al., 2021). Although drying can extend its usability and facilitate incorporation 
into food systems, the inclusion of BSG may negatively affect product techno-functional and sensory 
properties, highlighting the need for value-added applications that can capitalize on its rich 
nutritional and lignocellulosic profile (Waters et al., 2012). 

BSG contains approximately 30% protein and 30% residual starch on a dry weight basis 
(MussaĴo et al., 2006), exceeding the protein content of most cereals, including wheat, barley, and 
oat, and aligning with levels observed in several legume sources such as lentils, chickpeas, peas, and 
faba beans. Although its protein concentration is lower than that of high-protein legumes like 
soybeans, BSG exhibits an essential amino acid profile typical of cereal proteins, with essential amino 
acids comprising up to 38% of total protein and lysine contributing as much as 87% of the 
recommended requirement per gram of protein (Nyhan et al., 2023). In addition to its protein 
composition, BSG offers functional advantages, such as enhanced foaming and gelation, and a 
notably high dietary fiber content (up to 50%), characteristics that frequently surpass those observed 
in conventional cereals and legumes and expand its applicability in food systems. This makes BSG 
araw material of interest for both food and non-food applications, as it contains bioactive constituents 
such as arabinoxylans and ferulic acid, which have been associated with improved gut health and 
antioxidant activity (Celus et al., 2007; Jaeger et al., 2023; Vogelsang-O’Dwyer et al., 2020). However, 
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its lignocellulosic structure often necessitates pretreatment to enhance digestibility, as protein 
bioavailability is generally lower than that of legume proteins. 

Protein quality indicates that a BSG-derived barley–rice protein isolate exhibits a DIAAS of 
approximately 51%, comparable to that of other cereal proteins but lower than the values reported 
for pea and faba bean proteins (64–76%) and soy protein (98–103%) (Herreman et al., 2020; Mathai et 
al., 2017). Nevertheless, the complementary amino acid profiles of BSG and legumes, particularly the 
combination of BSG’s sulfur-containing amino acids with the lysine-rich nature of legume proteins, 
present a strategic opportunity to improve overall DIAAS and enhance protein quality in blended 
formulations. Although the protein and fiber composition of brewers’ spent grain has been 
extensively documented, systematic investigations into its residual starch and overall carbohydrate 
profile relevant to fermentation processes remain limited, underscoring the need for further research 
to clarify effective valorization of these fractions in microbial bioprocesses for sustainable protein 
production 

As a fermentation feedstock, BSG’s favorable nutrient profile, rich in fermentable carbohydrates, 
proteins, and minerals, supports microbial bioconversion into value-added products and aligns with 
circular economy strategies in the food sector. However, its carbohydrates and proteins are largely 
embedded within complex biopolymeric matrices, necessitating chemical or enzymatic 
depolymerization to release fermentable sugars and bioavailable nutrients to achieve sustainability 
goal (Su et al., 2015; Mitri et al., 2022). 

The chemical cleavage of brewers’ spent grain (BSG) biopolymer units typically involves 
hydrolytic processes aimed at depolymerizing cellulose and hemicellulose into fermentable sugars 
suitable for downstream bioprocessing, such as ethanol and other fermentation-derived products. 
Acid pretreatments, including the use of dilute phosphoric acid, have been shown to enhance 
carbohydrate solubilization (Rojas-Chamorro et al., 2020). Sequential alkaline–acid treatments, for 
example sodium hydroxide followed by sulfuric acid, further improve delignification efficiency, 
achieving up to 80% lignin removal and increasing cellulose accessibility, with reported glucose 
concentrations of up to 75 g/L in resulting hydrolysates for ethanol fermentation (Liguori et al., 2015). 
In addition, physical approaches such as subcritical water hydrolysis (200–250 °C, 12–25 MPa) offer 
a comparatively green alternative, enabling the cleavage of hemicellulose into xylooligosaccharides 
and glucose without the use of chemical reagents, and yielding approximately 40–60% total sugars 
(Nunes et al., 2024). Despite these advantages, such pretreatment strategies are associated with 
notable limitations, including the formation of inhibitory compounds (e.g., furfural), high energy 
requirements, and variability in BSG composition, all of which can adversely affect process efficiency 
and yield consistency (Mitri et al., 2022). 

Enzymatic hydrolysis, employing cellulases and hemicellulases, offers a milder approach, often 
yielding higher sugar concentrations and fewer inhibitory compounds, though enzyme costs can be 
substantial (Paz et al., 2019). Several studies have documented BSG’s use in fermentation. In lactic 
acid fermentation, BSG functions as a self-sufficient substrate for producing optically pure L-lactic 
acid by Lactobacillus strains, achieving yields of 5.4 g/L following enzymatic pretreatment to 
hydrolyze its polysaccharides (MussaĴo et al., 2007). For bioethanol production, its hemicellulose 
and residual starch fractions can be efficiently fermented by Fusarium oxysporum, generating ethanol 
concentrations of approximately 109g per kg of dry BG after enzymatic hydrolysis and offering a 
sustainable alternative to first-generation biofuel substrates (Xiros & Christakopoulos, 2009). 

Brewers’ spent grain (BSG) serves as an effective substrate for the cultivation of edible 
filamentous fungi, such as Rhizopus oligosporus, and shows potential as a growth substrate for 
Fusarium venenatum, enhancing amino acid profiles, citric acid production and nutritional values, 
thereby supporting its application in meat analog formulations (Cooray & Chen, 2018). Similarly, 
fermentation with Rhizopus oryzae has yielded a protein content of 23.3%, demonstrating improved 
protein solubility and the formation of protein structures that enhance surface bonding within the 
fermented matrix compared to untreated BSG (Rusbjerg-Weberskov et al., 2025). Furthermore, in the 
energy sector, BSG is also utilized in anaerobic digestion, where its organic maĴer is converted into 
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biogas with methane yields ranging from 10.53 L CH4/ kg, thereby integrating food waste valorization 
with renewable energy production (Sganzerla et al., 2023) 

Despite these advantages, several limitations constrain the utilization of BSG. Its high moisture 
content (70–80%) promotes rapid microbial spoilage and increases transportation and storage costs, 
while its lignocellulosic structure necessitates energy-intensive pretreatment processes to release 
fermentable sugars. Potential contaminants, including mycotoxins and heavy metals originating 
from barley cultivation, pose additional safety concerns and require stringent quality control 
measures (Drakopoulos et al., 2021; Kavalopoulos et al., 2021). 

5.3. Rice Byproducts 

Rice by-products refer to the secondary materials generated during rice processing, primarily 
including husks (also known as hulls), bran, straw, and broken kernels, which are lignocellulosic 
residues rich in cellulose, hemicellulose, lignin, and minor nutrients (Sharif et al., 2014). These by-
products arise from the rice milling process in the food industry, where paddy rice undergoes hulling 
to remove the outer husks (20–22% of paddy weight), followed by polishing to separate the bran layer 
(5–8% of paddy weight), resulting in white rice as the primary product and by-products as waste 
streams (Muthayya et al., 2014). Annually, global rice production for 2025/26 is projected at 
approximately 313.4 million cwt (hundredweight), generating substantial by-products: rice 
husks/hulls at 130–170 MMT and bran at 40–50 MMT, with total residues (including straw) exceeding 
750 MMT when accounting for field wastes (Research Nester, 2025; USDA, 2025). This derivation 
occurs in rice mills worldwide, particularly in Asia (e.g., China and India, producing over 50% of 
global rice), where mechanical dehulling and abrasive polishing minimize losses but produce 
nutrient-dense wastes often underutilized or discarded (FAO, 2025). 

Rice straw and husk are the most frequently upcycled rice by-products. These by-products are 
primarily composed of cellulose, hemicellulose, and lignin, providing substantial carbon sources 
with fixed carbon contents of approximately 15.9% and 16.2%, respectively, that can be transformed 
into value-added products through microbial processes (Jenkins et al., 1998). Bioconversion 
strategies, commonly demonstrated with Saccharomyces cerevisiae, typically require physicochemical 
pretreatment to disrupt the recalcitrant lignocellulosic matrix, followed by enzymatic hydrolysis and 
fermentation. For instance, microwave–acid–alkali pretreatment of rice straw has been reported to 
yield a theoretical ethanol production of 0.42 L/kg dry solids (Binod et al., 2010; Zhu et al., 2006). 
Nevertheless, strong cross-linking among lignin, cellulose, and hemicellulose necessitates energy-
intensive and costly pretreatment steps, constraining process efficiency. In contrast, rice bran exhibits 
a comparatively nutrient-dense profile, containing 12–17.5% protein, 13.1% lipids, 50–52.3% 
carbohydrates, substantial dietary fiber, and antioxidant compounds (Faria et al., 2012; Manzoor et 
al., 2023), and has been applied in alcoholic fermentation for bioethanol production and in solid-state 
fermentation to enhance bioactive properties (Oliveira et al., 2012; Siepmann et al., 2020). Despite 
these demonstrated applications and the low cost and global availability of rice by-products, their 
use as substrates for single-cell protein production remains underexplored, highlighting a significant 
opportunity for future research into sustainable microbial protein bioprocesses (Ghosh et al., 2017; 
Morya et al., 2023; W. Zhang et al., 2023). 

Broken and immature rice kernels, which account for 10–25% of milled rice, with even higher 
proportions in small mills due to moisture-related breakage or grain chalkiness, present strong 
potential as fermentation feedstocks because of their high starch content (70–80%) and minimal 
pretreatment requirements (USDA, 2025; Muthayya et al., 2014). In industrial applications, these 
milling by-products have been used for bioethanol production, yielding 449–483 L/MT through 
simultaneous saccharification and fermentation using granular starch–hydrolyzing enzymes and 
yeast, as demonstrated in no-cook ethanol processes employing Indian broken rice (Gohel & Duan, 
2012). Low-quality rice fractions, including immature kernels often classified under broken kernels, 
can also be effectively valorized through microbial fermentation, capitalizing on their readily 
accessible carbohydrates and proteins for biomass and metabolite synthesis (Babini et al., 2020). 
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Despite this demonstrated utility, further research is necessary to assess their suitability as substrates 
for fermented foods, including single-cell protein production, where rice kernels may generate 
protein-enriched biomass and provide cost-effective alternatives to whole grains while mitigating 
food waste. 

5.4. Cassava Bagasse 

Cassava bagasse, the fibrous residue remaining after starch extraction from cassava roots 
(Manihot esculenta), is a major agro-industrial by-product in tropical regions where cassava is a staple 
crop. Derived in the food industry during wet milling processes, where roots are peeled, grated, 
pressed, and sieved to separate starch, bagasse comprises 15–20% of the root weight and consists of 
cellulose (30–50%), hemicellulose (20–30%), residual starch (10–20%), and minor proteins and lipids 
(Pandey et al., 2000). Globally, cassava production exceeds 300 million metric tons annually, yielding 
approximately 45–60 million metric tons of bagasse, primarily in Africa, Asia, and Latin America, 
where it is often discarded or used as low-value fuel (FAOSTAT, 2025). This derivation generates a 
starch-rich waste stream suitable for bioconversion, though its high moisture (60–80%) lignocellulosic 
structure and cyanide content pose processing challenges (Mukhtar et al., 2023). 

As a substrate for fermentation and single-cell protein (SCP) production, cassava bagasse 
generally requires physicochemical pretreatment, such as acid hydrolysis or steam explosion, to 
disrupt its lignocellulosic matrix and liberate fermentable monosaccharides, principally glucose and 
mannose, that are readily assimilated by microorganisms. Empirical studies have demonstrated the 
feasibility of utilizing pretreated cassava bagasse in submerged fermentation systems with Candida 
utilis, resulting in SCP biomass yields with protein contents of approximately 40–50% and volumetric 
concentrations ranging from 8 to 12 g/L (Ezekiel et al., 2012). In parallel, solid-state fermentation 
approaches employing Trichoderma pseudokoningii have been reported to substantially enrich the 
protein content of cassava bagasse to levels of 36.9–48.1%, thereby improving its nutritional quality 
and suitability for animal feed applications (Bayitse et al., 2015). In general, the integration of cassava 
bagasse into biorefinery-based processing frameworks represents a promising strategy for the 
concurrent production of single-cell protein and bioethanol, enabling the efficient valorization of up 
to 70–80% of its lignocellulosic fraction while contributing to sustainable protein production and 
improved nutritional security in resource-limited regions (Pandey et al., 2000) 

5.5. Potato Peel Waste 

Potato peel, a starchy waste from potato processing, is generated during peeling and cuĴing in 
the food industry for products like chips and fries, comprising 15–40% of the tuber weight with 
cellulose (20–30%), starch (10–20%), and minor proteins (5–10%) (Arapoglou et al., 2010). Annual 
global potato production of ~383 million metric tons yields 50–150 million metric tons of peels, 
primarily in Europe, Asia, and North America, often landfilled or composted (FAO, 2023). This 
derivation produces a nutrient-dense residue suitable for valorization, though its high phenolic 
content can inhibit microbial activity (Gebrechristos et al., 2020). 

Potato peel, similarly to its use in bioethanol processes, typically undergoes chemical or 
enzymatic pretreatment to liberate fermentable sugars; however, enzymatic hydrolysis is generally 
preferred due to its operation under mild conditions, biodegradability, improved sugar yields, and 
reduced energy, water consumption, and by-product formation compared with acidic treatments 
(Arapoglou et al., 2010). Following pretreatment, submerged fermentation with Saccharomyces 
cerevisiae has been reported to yield SCP biomass containing approximately 12.5–21.9% protein 
(Maxwell et al., 2019), while solid-state fermentation with Aspergillus parasiticus can enrich potato 
peel substrates to protein levels of up to 51.1%, enhancing digestibility for feed applications (Khan et 
al., 2021). More recently, integrated multi-waste fermentation strategies, including co-fermentation 
with fruit peels, have been proposed to further enhance SCP yields to up to 50% protein, thereby 
reducing waste streams in potato-processing industries and supporting circular economy objectives 
(Tropea et al., 2022). 

Preprints.org (www.preprints.org)  |  NOT PEER-REVIEWED  |  Posted: 9 March 2026 doi:10.20944/preprints202603.0658.v1

© 2026 by the author(s). Distributed under a Creative Commons CC BY license.

https://doi.org/10.20944/preprints202603.0658.v1
http://creativecommons.org/licenses/by/4.0/


 18 of 29 

 

6. Life Cycle Assessment 

The objectives of a circular bioeconomy cannot be fully realized without the application of Life 
Cycle Assessment (LCA). LCA is a critical methodological framework for evaluating the 
environmental sustainability of products and processes within a circular bioeconomy, providing a 
comprehensive analysis of impacts across the entire life cycle—from raw material extraction to end-
of-life (ISO, 2006). Originating in the late 1960s through early resource and energy analyses conducted 
by industry and research institutions, LCA evolved into a formalized scientific approach during the 
1990s through the efforts of the Society of Environmental Toxicology and Chemistry (SETAC) and 
the development of standardized guidelines (Klöpffer, 2006). Subsequent international 
standardization by ISO through the ISO 14040 and 14044 series established LCA as a globally 
recognized and consistent assessment methodology (ISO 2006a; ISO, 2006b). Over time, LCA 
expanded beyond energy and waste metrics to encompass broader environmental indicators such as 
greenhouse gas emissions, water and land use, and resource depletion, supported by advancements 
in software tools, databases, and impact assessment methods (Finnveden et al., 2009; (Goedkoop & 
Huijbregts, 2008). Today, LCA is widely applied across sectors, including agriculture, manufacturing, 
and alternative protein production, to inform sustainability decisions and policy development, 
although ongoing research continues to address challenges related to data quality, regional 
specificity, and the integration of socio-economic dimensions into environmental assessments(Bare 
et al., 2003; Hauschild et al., 2017). 

Several Life Cycle Impact Assessment (LCIA) methodologies have been developed to evaluate 
environmental impact within LCA, with several frameworks gaining widespread adoption due to 
their scientific rigor, comprehensive coverage, and regulatory relevance. ReCiPe is a widely used 
method that integrates midpoint indicators, representing specific environmental mechanisms such 
as climate change and eutrophication, and endpoint indicators that assess damage to human health, 
ecosystems, and resource availability, enabling both detailed and holistic analyses (Goedkoop & 
Huijbregts, 2008). CML method, developed at Leiden University, emphasizes midpoint impact 
categories and is recognized for its structured, mechanism-based evaluation of environmental effects 
(Guinee, 2004). TRACI, created by the U.S. Environmental Protection Agency, focuses on midpoint 
indicators tailored to the U.S. regulatory and geographical context, covering impacts such as global 
warming, acidification, and smog formation (Bare et al., 2003). IMPACT 2002+ combines midpoint 
and damage-oriented approaches, linking multiple midpoint categories to broader damage areas 
including human health, ecosystem quality, climate change, and resource depletion, thereby offering 
an integrated framework for comprehensive environmental assessment (Jolliet et al., 2003). 

6.1. Lca on Mycoprotein 

Numerous LCA studies have evaluated the environmental burdens associated with 
conventional livestock-based food systems, including beef, pork, and poultry, and have compared 
these impacts with those of meat alternatives (Smetana et al., 2015). Traditional livestock production 
exerts substantial environmental pressure, contributing approximately 27–34% of anthropogenic 
greenhouse gas emissions, accounting for nearly 45% of global land use, and consuming around 70% 
of freshwater resources (GFI, 2024). However, relatively few studies have comprehensively evaluated 
the environmental footprint of emerging alternative protein sources, particularly mycoprotein-based 
single-cell proteins derived from agricultural by-products, including detailed comparisons of land-
use requirements and water scarcity impacts (Fernández-López et al., 2024). 

Upcraft et al. 2021 evaluated F. venenatum cultivated from lignocellulosic agricultural residues, 
including rice straw. The findings demonstrated a promising strategy for reducing the carbon 
footprint associated with conventional animal- and plant-based protein production. Techno-
economic and life cycle assessments indicated that lignocellulosic-derived mycoprotein can be 
produced at competitive costs. Additionally, greenhouse gas emissions were substantially lower, 
accounting for less than 14% of those associated with beef protein. These results underscore the 
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potential of lignocellulosic-derived mycoprotein as a sustainable alternative protein source. (Upcraft 
et al., 2021). Similarly, economic modeling analysis of continuous mycoprotein production using 
airlift bioreactors, incorporating extensive process and cost inputs, indicated that mycoprotein has 
the potential to be cost-competitive with beef when evaluated on a price-per-protein basis. Sensitivity 
analyses further identified key process parameters influencing economic feasibility and supported 
the development of customizable production scenario tools for industry stakeholders. However, 
despite these advantages, mycoprotein may remain less economically competitive relative to lower-
cost animal protein sources, such as chicken or meat by-product streams commonly used in pet food, 
highlighting both its commercial promise and current market limitations (Risner et al., 2023). Further 
optimization in saccharification yields and feedstock utilization, particularly using high-cellulose 
feedstocks, could significantly reduce production costs, making mycoprotein a more viable and 
sustainable protein alternative. 

Conclusions 

This review highlights the substantial potential of starch-rich agricultural by-products as 
sustainable substrates for the production of fungal single-cell protein, particularly mycoprotein 
derived from filamentous fungi. The collective evidence demonstrates that residues possess 
significant carbohydrate content that can be efficiently converted into fermentable sugars through 
appropriate pretreatment and enzymatic saccharification strategies. When coupled with optimized 
submerged or solid-state fermentation systems, these substrates support robust fungal growth, high 
biomass productivity, and the generation of nutritionally valuable protein-rich products. 

Advances in fermentation process engineering, strain selection, and biorefinery integration 
further strengthen the feasibility of converting low-value starch residues into functional protein 
ingredients suitable for food and feed applications. Moreover, techno-economic assessments and life 
cycle analyses consistently indicate that valorization of agricultural by-products can reduce raw 
material costs, minimize waste streams, and lower environmental burdens associated with 
conventional meat production systems. Despite these advantages, challenges remain, including 
feedstock variability, pretreatment energy requirements, scalability constraints, and the need for 
standardized downstream processing approaches that ensure product safety and consistent quality. 

Overall, the integration of starch-based agro-industrial residues into mycoprotein production 
frameworks represents a viable pathway toward circular bioeconomy objectives by transforming 
underutilized agricultural residues into high-value protein resources. Continued research focused on 
process optimization, strain improvement, and comprehensive sustainability assessment will be 
critical to advancing industrial adoption and ensuring that fungal SCP contributes meaningfully to 
future resilient, resource-efficient, and environmentally responsible protein supply systems. 
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