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Understanding the potential of microbial protein as a more sustainable 
food source 

Summary and Abstract 
Summary  
The rising global protein demand and the unsustainability of the food chain challenge conventional 
food systems. Adopting more sustainable alternatives like microbial protein holds promise. Despite its 
potential to address environmental concerns and meet human nutritional needs, aspects such as 
carbon footprint, conversion to appealing food, legal considerations, and public acceptance require 
further investigation. 
 
Abstract  
The increasing global demand for protein, driven by population growth and dietary shifts, poses a 
challenge to conventional, inefficient food production systems. In response, alternative protein 
sources like microbial protein have gained traction for their potential to supply nutritional food more 
sustainably. Microbial protein, the protein-rich biomass of microorganisms, offers a promising 
solution due to its high nutritional value, resource efficiency, and climate resilience. However, 
challenges persist in transitioning to the use of sustainable feedstocks and navigating complex 
legislative frameworks, hindering widespread adoption. Effective legislative reforms, streamlined 
regulatory processes, and technological innovations are essential to unlock the full potential of 
microbial protein as a more sustainable food source. Moreover, consumer acceptance and behavioral 
changes are crucial for driving adoption and harnessing the environmental benefits of microbial 
protein. Ultimately, collaborative efforts across stakeholders, informed consumer choices, and policy 
interventions are imperative for realizing a sustainable food future, with microbial protein playing a 
pivotal role in this transformative journey. 

Keywords 
alternative food production; circular economy; consumer acceptance; environmental sustainability; 
food law regulation; food product development; food safety; microbial food; single cell protein; 
sustainable protein sources; techno-functional food properties 

Learning Outcomes 
1. Explain the significance of microbial protein as a healthy and sustainable food source. 
2. Compare primary resource-based and recovered resource-based approaches for microbial 

protein production. 
3. Describe the processes involved in the production of microbial foods. 
4. Explain the importance of converting microbial protein into appealing food products for 

societal acceptance. 
5. Acquire knowledge on the legal and regulatory frameworks governing microbial protein 

production and distribution. 
6. Identify challenges and opportunities in microbial protein production and its integration in the 

global food system. 
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Which Sustainable Development Goals (SDGs) Does the Case Support? 
Goal 2: Zero hunger – Microbial protein production can be viewed as a more sustainable, climate 
independent and scalable solution to address food insecurity, offering nutritious alternatives to 
conventional protein sources and enhancing food accessibility worldwide. 

Goal 3: Good health and well-being – Microbial protein can provide a multitude of essential 
macromolecules and nutrients and be part of a healthy diet. 

Goal 9: Industry, innovation, and infrastructure – Exploring innovative production methods for 
microbial protein and discussing technological advancements in this field may contribute to fostering 
innovation and sustainable industrial practices. 

Goal 12: Responsible consumption and production – Microbial protein has the potential to be a more 
sustainable food source, thus promoting more efficient resource utilization and environmentally 
friendly production practices. 

Goal 13: Climate action – Highlighting microbial protein as a sustainable alternative to traditional 
animal agriculture can help mitigate greenhouse gas emissions and promote climate-resilient food 
production.  

Background and Context 
The world's need for protein is forecasted to increase by up to 78% by 2050 compared to 2017, driven 
by a growing population and the adoption of protein-rich diets (Henchion et al., 2017). Meeting this 
demand presents a significant challenge, posing a threat to conventional food production, which not 
only struggles to keep up with this rising protein demand but also contributes to resource depletion 
and environmental degradation (Dury et al., 2019).  

Recognizing these issues, various sustainable protein sources, such as cultured meat, insects 
(Onwezen et al., 2021) and microbial protein (Ravindra, 2000), have emerged as potential alternatives. 
Microbial protein, the protein-rich biomass of bacteria, yeasts, fungi, or microalgae, which is also 
referred to as single-cell protein (Goldberg, 1985), presents a compelling solution to address food 
scarcity (Goldberg, 1985), more sustainably than conventional agriculture (Leger et al., 2021), while 
being highly nutritional for humans (Finnigan, Needham and Abbott, 2016).  

Despite its historical association with alleviating food scarcity (Cooney and Levine, 1972), microbial 
protein is gaining renewed attention due to its potential as a putatively sustainable protein source. 
Due to its production in closed bioreactors, the shift towards microbial protein offers the possibility 
of bypassing traditional agricultural practices, thereby reducing the associated environmental impacts 
(Leger et al., 2021). Indeed, microbial protein can be more sustainable than animal-derived proteins. 
Substituting animal-derived proteins with microbial protein can reduce land use by 40,000 times 
(Cumberlege, Blenkinsopp and Clark, 2016) and water requirements by 20 times (Pennings et al., 2013; 
Karl Hsu, John Kazer, 2018) while having 10 times higher nitrogen efficiency (Pikaar et al., 2017) and 
10 times higher protein yield (Ravindra, 2000). Additionally, microbes double their weight 700 times 
faster compared to animals (Goldberg, 1985). Finally, the potential climate independence of microbial 
protein production in engineered systems offers resilience against climate variability. 

Understanding the role of microbial protein as a more sustainable protein source is pivotal for 
addressing pressing global food security challenges and environmental concerns. Thus, this case study 
provides a comprehensive exploration of the potential of microbial protein, facilitating informed 
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discussions and fostering a deeper understanding of the complexities surrounding protein production 
and consumption. 

Finally, it should be noted that microbial food ingredients can be produced using synthetic biology 
approaches, such as utilizing the entire biomass of genetically modified microbes or solely their 
extracellular products produced via precision fermentation. However, this case study will exclusively 
focus on utilizing the entire biomass of microbes with natural metabolisms. 

What resources do we need to produce microbial protein?  
Microbial protein stands out from traditional sources due to its flexibility in utilizing diverse feedstocks 
for its production. These feedstocks should contain macronutrients (e.g. carbon, nitrogen, 
phosphorus), micronutrients (e.g. copper, iron) and vitamins, to support microbial growth. Carbon, 
nitrogen, and phosphorus, the elements that need to be supplied in larger amounts in comparison to 
the rest, can be organic or inorganic sources as well as gaseous, liquid, or solid. For example, carbon 
sources range from CO2 and methane to complex organics like sugars or alcohols, while common 
nitrogen sources include ammonia or proteins. Phosphorus, is mostly supplied in its inorganic (PO4

2-) 
form. Carefully selecting the source of the feedstock used is vital, as the substrate can substantially 
affect the environmental footprint of the process, contributing up to 50% of the greenhouse gas 
emissions in microbial protein production (Finnigan et al., 2010). 

The use of primary resources 
Industrial microbial protein production currently relies on essential macronutrients (carbon, nitrogen, 
phosphorus) sourced from primary resources (Fig. 1). For instance, carbon-rich feedstocks such as 
food-grade sugars derived from wheat or natural gas are commonly utilized. However, sugar 
production contributes significantly to CO2 emissions, responsible for about 50% of the emissions 
related to microbial protein production (Finnigan et al., 2010), and also uses fertilizers containing 
nitrogen and phosphorus to produce them, thereby indirectly contributing to the well-known 
environmental impacts of conventional agriculture. Nitrogen in the form of ammonia is synthesized 
through the energy-intensive Haber-Bosch process, which relies on fossil methane and contributes 
about 2% of global greenhouse gas emissions (Humphreys, Lan and Tao, 2021). Regarding phosphorus, 
inorganic phosphorus from mined phosphate rock is predominantly used, emitting approximately 950 
kg of CO2 per ton of P2O5 produced (Belboom, Szöcs and Léonard, 2015). Apart from the carbon 
footprint, extracting primary resources from the environment leads to, among others, water pollution, 
biodiversity loss, and generates large quantities of waste. Even though microbial protein is more 
resource-efficient compared to traditional sources, their reliance on primary and finite resources 
remains an environmental concern. 

Towards a circular economy using recovered resources for protein production 
The inefficiency of the conventional linear approach to sourcing primary (macro)nutrients for 
microbial protein production highlights the urgency for transitioning to a more sustainable, circular 
model. Alternative substrates like sugars contained in side-streams (e.g. cheese whey permeate, fruit 
processing residues) present potential alternatives (Fig. 1). Additionally, CO2 can serve as a gaseous 
substrate (Kerckhof et al., 2021) or be converted into platform chemicals such as (m)ethanol, formic 
acid, and acetic acid through biological or physicochemical processes (Van Peteghem et al., 2022).  

Instead of relying solely on Haber-Bosch-derived ammonia, nitrogen recovery via air stripping from 
wastewater treatment plants offers a promising avenue for significant greenhouse gas emission 
reduction, potentially lowering emissions by up to six times per ton of NH3 produced (Kar et al., 2023). 
Recent studies have demonstrated the feasibility of this approach without adversely affecting protein 
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content, biomass yield, and growth rates compared to primary resources (Van Peteghem et al., 2023). 
As for phosphorus, recovering struvite from industrial side streams presents an alternative to 
phosphate rock mining (Muys et al., 2023), with net negative greenhouse gas emissions of 1.40 kg CO2 
eq. per kg of P2O5 produced. Although the recovery of nutrients is a promising concept, these 
processes are driven by electricity. Globally, electricity generation is still partly relying on using fossil 
fuels resulting in a high carbon footprint (Sun et al., 2018), which can compromise their goal. Given 
the anticipated decreases in the carbon footprint of electricity generation by 2030, CO2 emissions 
associated with microbial protein production from recovered resources could be significantly lower 
compared to current levels (Van Peteghem et al., 2022). Despite the technical feasibility, challenges 
persist within the European Union’s (EU) legal framework concerning the reuse of by-products from 
the food production chain, hindering the widespread adoption of recovered resources for microbial 
protein production (Van Raamsdonk et al., 2023).  

 

Fig. 1: Primary resources often used for microbial protein production, and suggested recovered 
resources as putatively more sustainable alternatives. Only the main macro-nutrients (carbon, 
nitrogen, phosphorus) needed for microbial growth are considered. 

How will microbial protein be converted to microbial foods? 

After bioproduction, microbial protein finds versatile application in the food industry, where it can be 
utilized as a whole-cell ingredient, protein concentrate, isolate, and hydrolysate (Soto-Sierra, Stoykova 
and Nikolov, 2018), depending on the downstream processing (Fig. 2). The process of obtaining whole-
cell ingredients typically involves harvesting biomass, often through centrifugation or filtration, 
followed by stabilization, commonly achieved by spray drying for bacteria and yeasts (Leger et al., 
2021), and chilling for fungal biomass to preserve its filamentous morphology (Wiebe, 2002). 
Additionally, reducing the high nucleic acid content of microbial protein, which can have adverse 
health effects if not kept below the safe limit (Parajo, Santos, & Dominguez, 1995), is a common step 
in processing, often accomplished through treatments like the endogenous RNAase-heat-shock 
process resulting in biomass losses (Wiebe, 2002), and denaturation of proteins (Marson et al., 2022). 
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While whole-cell ingredients offer benefits such as improving nutritional quality when included in 
small quantities (e.g. increasing the protein content in meat analogues), their use as the main 
ingredient faces challenges due to their inherent low functionality, such as low solubility (Kinsella and 
Shetty, 1978). 

Evaluating techno-functionality throughout downstream processing is crucial to determine the 
suitability of the final product for various applications. Parameters of techno-functionality enable food 
scientists to assess properties like water and oil retention, foam stability, gel and emulsion formation, 
and pH-dependent solubility. Further enhancement of techno-functionality and protein content for 
specific food and/or health applications can be achieved by concentrating whole-cell ingredients into 
protein concentrates, isolates, hydrolysates (i.e. hydrolyzed isolates), and bioactive peptides (i.e. short 
peptides of around 3-40 amino acids) (Soto-Sierra, Stoykova and Nikolov, 2018) (Fig. 2) using process 
steps such as cell disruption and protein extraction. 

Downstream processing methods vary depending on the starting material (e.g. type of microbial 
biomass) and desired end-product. For example, the rough cell wall of microalgae makes cell 
disruption challenging, while the high protein content of bacteria simplifies downstream processing. 
Sustainability should always be a key consideration in choosing downstream processing strategies to 
maximize the eco-friendliness of microbial protein production. Additionally, increased purification and 
extraction steps raise production costs, reducing cost-competitiveness and accessibility. A potential 
solution lies in co-extracting multiple ingredients from the production line of whole-cell products   
(Suarez Ruiz et al., 2018; Lonchamp et al., 2020). 

These microbial ingredients find application as main or secondary components in alternatives to 
animal-derived products, such as meat and dairy analogues, as well as in microbial ingredient-enriched 
food and beverages like snacks, smoothies, and pasta (Fig. 2). Achieving the desired texture and flavor 
often requires additional plant-based or microbial-based ingredients. While the addition of these 
ingredients can offer nutritional and health benefits, the environmental sustainability perspective 
favors the use of microbial protein as the main ingredient. However, the optimization and 
understanding of the interplay between sustainability, techno-functionality, and nutritional value of  
microbial food ingredients, dependent on the microbial strains used and process steps employed, 
remain areas of significant under-exploration. Finally, production processes should reflect the end-
goal: mimicking existing products or creating new ones with appealing qualities. 

 

Fig. 2: Microbial ingredients derived from natural metabolisms for the production of microbial foods. 
These encompass alternatives to animal-derived products (i.e. meat, dairy, eggs) where microbial 
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ingredients serve as either main or secondary components, as well as microbial ingredient-fortified 
foods and beverages (i.e. cookies, pasta, smoothies) where microbial ingredients act as secondary 
components. 

Are microbial foods a healthy food source?  
As a whole-cell ingredient, microbial protein can reach a protein content up to 83% in cell dry weight, 
with an amino acid composition comparable to that of animal products and meeting the FAO/WHO 
standard for human nutrition (Matassa et al., 2016). However, the composition of microbial protein 
can vary significantly based on various factors, including the type of organism(s) employed and 
downstream processing. Generally, whole-cell bacteria demonstrate the highest protein content (50-
83%), followed by microalgae (42-75%), yeasts (45-55%), and fungi (10-70%) (Ravindra, 2000; Ritala et 
al., 2017). Furthermore, a fungi-based (also known as mycoprotein) meat alternative, has a protein 
content of 11% in wet weight (Finnigan, Needham and Abbott, 2016), falls below that of chicken (26%) 
and red meat (20-24%) (Wyness, 2016), suggesting a higher consumption requirement to meet the 
nutritional needs with mycoprotein. 

Moreover, protein quality is influenced by factors such as digestibility and bioavailability (Otero et al., 
2022). To assess protein quality for human consumption, parameters like the Protein Digestibility-
Corrected Amino Score (PDCAAS) are crucial. While there is limited data on these parameters for 
microbial food products, downstream processing can improve them (Ben-Shitrit et al., 2022). 
Mycoprotein-based meat analogues, for instance, exhibit a remarkable PDCAAS of 99.6% (Finnigan, 
Needham and Abbott, 2016), surpassing beef at 92% (Schaafsma, 2000), pea (67%), and soy (91%), 
and closely aligning with milk and eggs (100%) (van Vliet, Burd and van Loon, 2015).  

In addition to protein, microbial biomass contains other macro- and micro-nutrients that enhance its 
nutritional value, food and health applications. For example, polyunsaturated fatty acids, essential in 
human diets, can accumulate in microbial biomass up to 80% in dry weight (Ochsenreither et al., 
2016). Microbial carbohydrates can serve as dietary fibers (Majumder et al., 2023), while key minerals 
(e.g. iron and zinc) and vitamins (e.g. vitamin B12, which is often limiting in vegan diets) can also be 
provided through microbial foods (Pawlak, 2021). Health benefits have also been reported for 
microbial foods. For example, lower cholesterol levels, prevention of obesity and diabetes, muscle 
protein production in youngsters have also been described for the consumption of fungi-derived 
microbial protein (Khan et al., 2023). Furthermore, microbial foods can have prebiotic (de Schryver et 
al., 2010) and probiotic (Gil de los Santos et al., 2012) properties. 

A significant drawback of microbial protein production is the higher nucleic acid content of 
microorganisms (up to 25%) (Makino et al., 2003) compared to other food sources such as plants and 
animal-derived foods (≤1%) (Lassek and Montag, 1990; Nissen, Jorgensen and Oksbjerg, 2004). This 
content is dependent on the type of microbial biomass (Table 1) and requires reduction through 
downstream processing to prevent adverse health effects. Unlike some animals, humans lack the 
ability to metabolize the uric acid resulting from the metabolism of nucleic acids, which can lead to its 
accumulation in the body and the development of gout and kidney stones (Ravindra, 2000). 

The nutritional and health benefits of microbial protein depend largely on downstream processing. 
While some nutrients may be lost during this process as protein is concentrated, others may be 
converted to components offering health benefits (e.g. bioactive peptides) (Wang et al., 2023). 
Additionally, downstream processing can improve techno-functionality, influencing the physical, 
chemical, and sensory attributes of food products derived from protein-rich microbial biomass and its 
social acceptance. 
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Table 1: Average macromolecular composition of different types of microbial protein (whole-cell ingredient and 
meat analogue) and comparison with conventional plant and animal-based food products (in % dry weight) 

 Protein  Fats/Lipids  Nucleic acids References 
Microbial protein     

Bacteria 50-83 1-3 8-25 
(Ravindra, 2000; Makino et al., 2003; 
Ritala et al., 2017)  

Yeast 45-55 2-8 6-12 
Fungi 30-70 2-6 7-10 
Microalgae 42-75 7-20 3-8 
Mycoprotein meat 
analogue 

45 13 <2 
(Finnigan, Needham and Abbott, 
2016; Aulia et al., 2023) 

Plants     
Soybeans 34-57 8-24 1 (Di Carlo, Schultz and Kent, 1955) 
Plant-based meat 
analogue 

42-44 28 ND* (Yang et al., 2023) 

Animals     

Beef 46-76 17-68 1-3 
(Cieślewicz et al., 1988; Troy, Tiwari 
and Joo, 2016) 

Chicken 64-82 9-18 1-3 
(Cieślewicz et al., 1988; Moustafa 
Edris et al., 2012) 

*ND = not disclosed 

Exploring the factors that affect the appeal of microbial foods to 
consumers 
While the quality of microbial protein is promising for food applications, its commercial success greatly 
depends on public and consumer acceptance, along with the economic feasibility of this 
unconventional protein source. Public approval of microbial protein as a food ingredient is influenced 
by various psychological, social, cultural, ethical, and religious factors, as well as the general 
perception of products originating from microbes (Nasseri et al., 2011; Happer and Wellesley, 2019). 
Indeed, despite the growing consumer preference for sustainable food options in the EU, factors like 
taste, texture, and price remain primary considerations (Torán-Pereg et al., 2023). Some individuals 
may desire more sustainable diets but face barriers such as accessibility and affordability. For example, 
meat analogues are currently 3 times more expensive than animal products (GFI, 2024), posing an 
accessibility barrier, particularly for economically disadvantaged populations. However, as microbial 
protein production technologies develop (e.g. using low-cost feedstocks, optimizing ingredient 
formulation), projections indicate that by 2025, microbial protein-based meat alternatives could 
potentially reach price parity with traditional animal products (Witte et al., 2021). 

The sensory experience of food, involving taste, smell, sight, touch, and hearing, significantly 
influences consumer acceptance (Hoppu, Puputti and Sandell, 2020). Flavor, the combination of taste 
and scent, is a primary criterion for food ingredient acceptability (Lawless, 1991). Sensory properties 
outweigh factors like nutrition and price in consumer preference (Muñoz and Civille, 1987). For 
instance, unpleasant odors affect the food choice and portion size, they can hinder the adoption of 
novel food sources, impacting their commercial viability (Ferriday and Brunstrom, 2008). While 
microbial protein exhibits aroma profiles influenced by substrate and microorganism selection 
(Sakarika et al., 2020), it is unknown whether achieving a pleasant or neutral smell with all types of 
microbial protein is possible. Moreover, due to limited knowledge regarding the taste profiles of 
microbial protein, it remains uncertain whether and how the taste can be manipulated. 

Texture, often more critical than flavor, significantly influences food acceptance, particularly among 
young age groups (Werthmann et al., 2015; Nederkoorn, Houben and Havermans, 2019). Cultural, 
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social, and economic factors shape the perception of “right” and a “wrong” textures, indicating the 
necessity for careful consideration in food ingredient development (Muñoz and Civille, 1987). Taking 
meat analogues as example, commercially-available products made from mycoprotein, that have been 
successfully incorporated to the market, mimic meat texture due to the filamentous nature of fungi 
(Trinci, 1992). For microbial protein products originating from other cell types (bacteria, yeast, 
microalgae), texturization has only recently started to be explored and much remains unknown. 

In conclusion, there is a clear need for additional research to develop microbial foods that are 
appealing to consumers, as consumer appeal is a crucial factor for the integration of microbial foods 
into our diets. 

Current legislation regarding microbial protein as a food source 
Legislation regarding the production and development of microbial protein-based products varies 
across different regions, often posing a significant barrier to their development and commercialization 
(Piercy et al., 2022). This is particularly the case in the EU, where the process of approval can take 
from 18 months to up to 3 years. Foods derived from microorganisms typically fall under the "novel 
food" regulation if they lack a significant history of consumption prior to the regulation's 
implementation (EU, 2015; GFI, 2023). For instance, baker’s yeast (Saccharomyces cerevisiae), certain 
microalgal strains (e.g., Spirulina sp.), and a mycoprotein-derived meat alternative (Fusarium 
venenatum) are exempt from this regulation (Lähteenmäki-Uutela et al., 2021). In other cases, a 
comprehensive toxicological and safety assessment of the microorganism, as well as a 
characterization of its production, metabolism, and nutritional composition, is required (Miquel et al., 
2015). Specifically, the product must adhere to permissible toxin levels, particularly important for 
fungi- and bacteria-derived microbial protein where toxin production may occur (Ritala et al., 2017), 
and must not provoke widespread medical conditions. Proving the safety of the microorganism is 
facilitated if it already holds Qualified Presumption of Safety (QPS) status (EFSA, 2024). Other regions, 
such as Singapore and USA, have a more brief and efficient process. For example, in Singapore, 
regulatory approvals take between 9-12 months, considerably less than the EU. 

Regulations become more complex regarding the utilization of recovered substrates for novel food 
production (Vapnek J., Purnhagen K. and Hillel B., 2021). Recovered substrates may contain 
contaminants (e.g., heavy metals) that can accumulate in the microbial biomass during production 
(Van Peteghem et al., 2023), potentially hindering its approval under regulatory frameworks. EU 
legislation, for example, provides maximum levels for certain contaminants in food and fertilizers 
produced from recovered nutrients for food or feed production (European Commission, 2019). It is 
expected that if recovered resources are used for microbial protein production, not only is the human 
health impacts expected to be thoroughly assessed, public acceptance of microbial products derived 
from these sources is imperative. 

Lastly, the FAO/WHO/UNICEF has recommended a daily additional dietary nucleic acid intake of 2g 
from microbial protein (Parajo, Santos and Dominguez, 1995). Consequently, many industrial 
microbial protein processes include a step to reduce the nucleic acid content to mitigate potential 
health risks. For consumer transparency, there is currently no obligation to include nucleic acid 
content in food labelling in the listing of nutrients (FAO, 2013).  
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Can the adoption of microbial protein in our diets solve the issue of 
unsustainability in the food chain? 
To address the question of whether microbial protein can contribute to a more sustainable food chain, 
it is essential to first identify the factors currently rendering the food chain unsustainable. Here we 
will focus on the greenhouse gas emissions, given that the lower environmental impacts of microbial 
protein compared to common food sources on other impact categories are (relatively) well 
established. Greenhouse gas emissions play a significant role in the unsustainability of the food chain, 
with the majority arising from primary production (39%), land use (32%) and end-of-life food disposal 
(9 % of total) (Crippa et al., 2021).  

Comparing the environmental footprint of microbial protein production to conventional protein 
sources reveals promising insights. Despite the energy-intensive steps involved, current calculations 
indicate that microbial protein can yield lower emissions than beef and lamb (Van Peteghem et al., 
2022). Furthermore, microalgal microbial protein has a significantly lower carbon footprint than egg 
protein concentrate, and mycoprotein-based meat analogues exhibit comparable CO2 emissions to 
chicken (Smetana et al., 2015). However, certain commercially available microbial protein-based 
products have a 1.6 times higher carbon footprint compared to traditional plant-based protein sources 
(Blonk, Kool and Luske, 2008; Smetana et al., 2017). Approximately 50% of the total greenhouse gas 
emissions from microbial protein production are attributed to feedstock production, primarily due to 
CO2 generation from electricity production (Finnigan et al., 2010; Van Peteghem et al., 2022). 
Transitioning to recovered or CO2-derived feedstocks, coupled with using renewable electricity, could 
substantially reduce CO2 emissions (Van Peteghem et al., 2022). 

Another notable drawback is the need for reduction of nucleic acid content. Current methods result 
additional capital and operational costs, resulting in a potential 40% increase in total carbon footprint 
(Van Peteghem et al., 2022). However, calculations show that carbon-neutral microbial protein 
production can be achieved when linking carbon capture and utilization, and recovering and reusing 
the metabolically-produced CO2 (Van Peteghem et al., 2022). Unlike conventional agriculture, which 
faces challenges in reducing CO2 emissions due to inherent inefficiencies (Delarue et al., 2011), 
microbial protein production is done within a closed system, which can be better controlled, thereby 
offering the possibility to recover and reuse resources.  

Technological advancements in the electricity, chemical and biotech sectors present avenues for 
further minimizing the environmental footprint of microbial protein. Notably microbial protein 
production does not substantially contribute to land-use emissions, as the required infrastructure 
occupies minimal space – in the order of magnitude of 0.05 m2/kg product (Cumberlege, Blenkinsopp 
and Clark, 2016). In cases where agriculture-derived substrates like glucose are used (where the land 
required for substrate production should be considered), the CO2 footprint of microbial protein is 
drastically reduced to only a fraction (3 – 36 %) of that of animal products (Kazer, Orfanos and Gallop, 
2021). It was also recently shown that a full replacement of livestock production with cellular 
agriculture (cultured meat and microbial protein) can reduce annual emissions by 52%, reduce 
phosphorus demand by 53% and use 83% less land compared to traditional agriculture (El Wali et al., 
2024). These findings show the potential for microbial protein to emerge as a more sustainable protein 
source compared to animal protein. 

However, for microbial protein or any alternative protein source to have a meaningful environmental 
impact, widespread adoption is necessary. Texture and flavor remain to be optimized to be appealing 
for the consumer. Balancing economic and environmental considerations may require trade-offs to 
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achieve an appealing product, and understanding public perceptions is crucial in this regard (Eskelinen 
and Kajanus, 2020). Communication strategies aimed at increasing consumer awareness play a crucial 
role in driving the adoption of (more) sustainable diets (Poore and Nemecek, 2018). Higher consumer 
awareness can lead to dietary shifts and influence consumer choices towards low-impact products. 
Moreover, public opinion strongly influences decision-making, highlighting the importance of 
consumer demand in shaping production systems (Croney et al., 2018). Incorporating the 
environmental footprint into food prices, thereby reflecting the "climate cost" of each product, could 
incentivize consumers to opt for more sustainable choices (Pieper, Michalke and Gaugler, 2020). 

A global shift towards more plant-based diets, improved technologies and management, or reduced 
food losses or waste would not be sufficient to decrease the impact of food production on our 
environment. Rather, a combination of different new measures is required to counteract 
environmental pressure (Springmann et al., 2018). In such context, a swift transition towards secure 
protein production strategies, with low environmental impacts in terms of greenhouse gas emissions 
and biodiversity loss, is necessary (Davis et al., 2016; Linder, 2019).  However, achieving widespread 
behavioral changes for adoption of microbial protein in diets within the necessary timeframe (e.g. to 
effectively minimize global warming, biodiversity loss) poses significant challenges.  

Therefore, while microbial protein and alternative protein sources offer potential sustainability 
benefits, effective communication strategies, coupled with pricing mechanisms that reflect 
environmental impacts, are essential for driving widespread adoption of sustainable diets and 
promoting a more environmentally friendly food chain. 

Conclusions 
Addressing the increasing global demand for protein while ensuring the sustainability of food systems 
is a pressing challenge. Exploring alternative protein sources has become paramount, with microbial 
protein emerging as a promising solution. Microbial protein, the protein-rich biomass of 
microorganisms, offers a more sustainable means of meeting nutritional needs and plays a crucial role 
in shaping future food systems. Its potential climate independence provides resilience against climate 
variability, enhancing food security in the face of environmental challenges. 

One of the key advantages of microbial protein lies in the versatility of feedstocks suitable for its 
production. This versatility offers opportunities to transition towards more sustainable practices in 
protein production. However, current processes often rely on primary and finite resources such as 
food-grade sugars, natural gas, fossil fuel-derived nitrogen and mined phosphorus. Transitioning to a 
circular economy model, where recovered resources are used for protein production, could mitigate 
these challenges. By repurposing side-streams such as agricultural residues, significant improvements 
in resource efficiency can be achieved. Nonetheless, challenges persist in reducing CO2 emissions and 
ensuring the scalability and cost-effectiveness of these approaches. 

Microbial protein can be utilized in various forms in the food industry, such as whole-cell ingredients, 
protein concentrates, isolates, and hydrolysates, to form alternatives to animal-derived products. The 
evaluation of techno-functionality and optimization of downstream processing techniques is crucial 
to determine the suitability of the final product for different applications. Sustainability considerations 
are essential in choosing downstream processing strategies, with co-extraction of multiple ingredients 
from whole-cell products as a potential solution to reduce costs and increase eco-friendliness.  

Effective legislative frameworks are essential for the widespread adoption of microbial protein as a 
food source. Streamlining regulations and approval processes can accelerate market entry for novel 
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foods, promoting consumer acceptance and encouraging further innovation in this field. However, 
existing legislation often creates obstacles to the development and commercialization of microbial 
protein-based products. Overcoming regulatory complexities and ensuring efficient safety 
assessments are crucial steps in promoting the widespread adoption of microbial protein. 

While microbial protein holds promise as a sustainable protein source, its environmental benefits rely 
on widespread adoption. Effective communication strategies, coupled with pricing mechanisms that 
reflect environmental “costs”, can incentivize consumer choices towards more sustainable diets. 
Overcoming barriers to accessibility and affordability will be critical in realizing the potential of 
microbial protein to contribute to a more sustainable food chain. In conclusion, collaboration across 
stakeholders, innovative technologies, regulatory bodies, and informed consumer choices are 
essential for realizing a sustainable food future, with microbial protein playing a central role in this 
transformation. 

Exercises / Group Discussion Questions 
Group Discussion Questions 

 What would motivate you to consume or stop you from consuming microbial protein? 
 Is the environmental impact of the food you consume important for you? 
 How can we mitigate the environmental impacts of microbial protein production while 

ensuring scalability and economic viability? 
 How can we address potential barriers to the widespread adoption of microbial protein as a 

food source? 
 How can intensive downstream processing improve or reduce consumer acceptability of 

microbial protein? 
 How can we ensure that microbial foods meet nutritional requirements and contribute to 

overall health and well-being? 
 What policy interventions are needed to support sustainable and responsible production and 

consumption of microbial foods? 
 How can research and innovation contribute to addressing remaining challenges and 

optimizing the sustainability and efficiency of microbial protein production? 

Exercises 

Case study: 

 Divide participants into groups and provide them with case studies related to microbial 
protein production from different regions or industries. 

 Ask each group to analyze the case study, considering factors such as environmental impact, 
societal acceptance, health implications, and economic viability. 

 Have groups present their findings and discuss the potential implications for sustainable 
consumption and production. 

Scenario planning: 

 Present participants with hypothetical scenarios related to challenges or opportunities in 
microbial protein production (e.g., technological advancements, regulatory changes, market 
trends). 

 Ask participants to brainstorm potential responses to each scenario, considering 
sustainability, innovation, and stakeholder engagement. 
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 Encourage participants to discuss the potential outcomes and trade-offs associated with 
different strategies. 

Conflict of Interest 
The authors have no conflict of interest to declare. 

Further Reading 
Humpenöder, F., Bodirsky, B.L., Weindl, I., Lotze-Campen, H., Linder, T. and Popp, A. (2022) ‘Projected 
environmental benefits of replacing beef with microbial protein’, Nature, 605(7908), pp. 90–96. 
Available at: https://doi.org/10.1038/s41586-022-04629-w. 

Leger, D., Matassa, S., Noor, E., Shepon, A., Milo, R. and Bar-Even, A. (2021) Photovoltaic-driven 
microbial protein production can use land and sunlight more efficiently than conventional crops, 
Proceedings of the National Academy of Sciences of the United States of America, 118(26). Available 
at: https://doi.org/10.1073/pnas.2015025118. 

Linder, T. (2019) Making the case for edible microorganisms as an integral part of a more sustainable 
and resilient food production system, Food Security, 11(2), pp. 265–278. Available at: 
https://doi.org/10.1007/s12571-019-00912-3. 

Reisch, L., Eberle, U. and Lorek, S. (2013) ‘Sustainable food consumption: an overview of contemporary 
issues and policies’, Sustainability: Science, Practice and Policy, 9(2), pp. 7–25. doi: 
10.1080/15487733.2013.11908111. 

References 
Aulia, R., Amanah, H.Z., Lee, H., Kim, M.S., Baek, I., Qin, J. and Cho, B.-K. (2023) ‘Protein and lipid 
content estimation in soybeans using Raman hyperspectral imaging’, Frontiers in Plant Science, 14. 
Available at: https://doi.org/10.3389/fpls.2023.1167139. 

Belboom, S., Szöcs, C. and Léonard, A. (2015) ‘Environmental impacts of phosphoric acid production 
using di-hemihydrate process: A Belgian case study’, Journal of Cleaner Production, 108, pp. 978–986. 
Available at: https://doi.org/10.1016/j.jclepro.2015.06.141. 

Ben-Shitrit, E., Tomsov, A., Mandelik, D., Dikovsky, D. and Silberstein, S. (2022) ‘Meat analogues and 
methods of producing the same’. 

Blonk, H., Kool, A. and Luske, B. (2008) Milieueffecten van Nederlandse consumptie van eiwitrijke 
producten, Blonk Milieu Advies, Gouda. 

Di Carlo, F.J., Schultz, A.S. and Kent, A.M. (1955) ‘Soybean nucleic acid’, Archives of Biochemistry and 
Biophysics, 55(1), pp. 253–256. Available at: https://doi.org/10.1016/0003-9861(55)90562-2. 

Cieślewicz, J., Koziara, Z., Ćwiklińska, W. and Bartoszek, A. (1988) ‘The Toolbox of Methods for 
Multidirectional Characterization of Dietary Nucleic Acids; Verification for Raw and Processed Food 
Products’. Available at: https://doi.org/10.1007/s12161-021-01988-4/Published. 

Cooney, C.L. and Levine, D.W. (1972) ‘Microbial Utilization of Methanol’, Advances in Applied 
Microbiology, 15(C), pp. 337–365. Available at: https://doi.org/10.1016/S0065-2164(08)70096-0. 



 

14 
 

Crippa, M., Solazzo, E., Guizzardi, D., Monforti-Ferrario, F., Tubiello, F.N. and Leip, A. (2021) ‘Food 
systems are responsible for a third of global anthropogenic GHG emissions’, Nature food, 2, pp. 198–
209. Available at: https://doi.org/10.1038/s43016-021-00225-9. 

Croney, C., Muir, W., Ni, J.-Q., Widmar, N.O. and Varner, G. (2018) ‘An Overview of Engineering 
Approaches to Improving Agricultural Animal Welfare’, Journal of Agricultural and Environmental 
Ethics, 31, pp. 143–159. Available at: https://doi.org/10.1007/s10806-018-9716-9. 

Cumberlege, T., Blenkinsopp, T. and Clark, J. (2016) Assessment of environmental impact of FeedKind 
protein. Available at: https://www.carbontrust.com/media/672719/calysta-feedkind.pdf. 

Davis, K.F., Gephart, J.A., Emery, K.A., Leach, A.M., Galloway, J.N. and D’Odorico, P. (2016) ‘Meeting 
future food demand with current agricultural resources’, Global Environmental Change, 39, pp. 125–
132. Available at: https://doi.org/10.1016/j.gloenvcha.2016.05.004. 

Delarue, E., Meeus, L., Belmans, R., D’haeseleer, W. and Glachant, J.M. (2011) Decarbonizing the 
European electric power sector by 2050: A tale of three studies, EUI Working Papers. 

Dury, S., Bendjebbar, P., Hainzelin, E., Giordano, T. and Bricas, N. (2019) Food systems at risk. New 
trends and challenges, Food systems at risk. New trends and challenges. FAO, CIRAD and European 
Commission. Available at: https://doi.org/10.19182/agritrop/00080. 

EFSA (2024) Qualified presumption of safety (QPS). Available at: 
https://www.efsa.europa.eu/en/topics/topic/qualified-presumption-safety-qps (Accessed: 14 April 
2024). 

Eskelinen, T. and Kajanus, M. (2020) ‘Circular Economy Business Models Addressing Social 
Acceptance’, in The ISPIM Innovation Conference – Innovating Our Common Future, p. 12. 

EU (2015) REGULATION 2015/2283 OF THE EUROPEAN PARLIAMENT AND OF  THE  COUNCIL - of 25 
November 2015 on novel foods, amending Regulation (EU) No 1169/2011 of the European Parliament 
and of the Council and repealing Regulation  (EC) No 258/97 of the European Parliament and of the 
Council and Commission Regulation (EC) No 1852/2001. 

European Commission (2019) ‘Regulation (EU) 2019/1009 of the European Parliament and of the 
Council of 5 June 2019 laying down rules on the making available on the market of EU fertilising 
products and amending Regulations (EC) No 1069/2009 and (EC) No 1107/2009 and repealing Regula’. 
Available at: https://eur-lex.europa.eu/legal-content/EN/TXT/?uri=OJ:L:2019:170:TOC (Accessed: 20 
April 2024). 

FAO (2013) CAC/GL 2-1985 GUIDELINES ON NUTRITION LABELLING. 

Ferriday, D. and Brunstrom, J.M. (2008) ‘How does food-cue exposure lead to larger meal sizes?’, 
British Journal of Nutrition, 100(6), pp. 1325–1332. Available at: 
https://doi.org/10.1017/S0007114508978296. 

Finnigan, T., Needham, L. and Abbott, C. (2016) ‘Mycoprotein: A Healthy New Protein With a Low 
Environmental Impact’, in Sustainable Protein Sources. Elsevier Inc., pp. 305–325. Available at: 
https://doi.org/10.1016/B978-0-12-802778-3.00019-6. 

Finnigan, T.J.A., Lemon, M., Allan, Brooks. and Paton, I.K. (2010) ‘Mycoprotein, life cycle analysis and 
the food 2030 challenge.’, Aspects of applied biology, pp. 81–90. Available at: 
https://api.semanticscholar.org/CorpusID:129994323. 



 

15 
 

GFI (2023) About GFI’s State of the Industry Report series. 

GFI (2024) Reducing the price of alternative proteins. 

Gil de los Santos, J.R., Storch, O.B., Fernandes, C.G. and Gil-Turnes, C. (2012) ‘Evaluation in broilers of 
the probiotic properties of Pichia pastoris and a recombinant P. pastoris containing the Clostridium 
perfringens alpha toxin gene’, Veterinary Microbiology, 156(3–4), pp. 448–451. Available at: 
https://doi.org/10.1016/j.vetmic.2011.11.019. 

Goldberg, I. (1985) Single cell protein. 1st edn, Vol. 4Springer-Verlag, Heidelberg. 1st edn. Springer 
Science & Business Media. Available at: https://doi.org/10.1007/978-3-642-46540-6. 

Happer, C. and Wellesley, L. (2019) ‘Meat consumption, behaviour and the media environment: a 
focus group analysis across four countries’, Food Security, 11(1), pp. 123–139. Available at: 
https://doi.org/10.1007/s12571-018-0877-1. 

Henchion, M., Hayes, M., Mullen, A., Fenelon, M., Tiwari, B., Henchion, M., Hayes, M., Mullen, A.M., 
Fenelon, M. and Tiwari, B. (2017) ‘Future Protein Supply and Demand: Strategies and Factors 
Influencing a Sustainable Equilibrium’, Foods, 6(7), p. 53. Available at: 
https://doi.org/10.3390/foods6070053. 

Hoppu, U., Puputti, S. and Sandell, M. (2020) ‘Factors related to sensory properties and consumer 
acceptance of vegetables’, Critical Reviews in Food Science and Nutrition [Preprint]. Taylor and Francis 
Inc. Available at: https://doi.org/10.1080/10408398.2020.1767034. 

Humphreys, J., Lan, R. and Tao, S. (2021) ‘Development and Recent Progress on Ammonia Synthesis 
Catalysts for Haber–Bosch Process’, Advanced Energy and Sustainability Research. John Wiley and 
Sons Inc. Available at: https://doi.org/10.1002/aesr.202000043. 

Kar, S., Singh, R., Gurian, P.L., Hendricks, A., Kohl, P., McKelvey, S. and Spatari, S. (2023) ‘Life cycle 
assessment and techno-economic analysis of nitrogen recovery by ammonia air-stripping from 
wastewater treatment’, Science of the Total Environment, 857. Available at: 
https://doi.org/10.1016/j.scitotenv.2022.159499. 

Karl Hsu, John Kazer, T.C. (2018) ‘Quorn Footprint Comparison Report’, Carbon Trust Advisory Limited, 
44(06274284), pp. 27–45. 

Kazer, J., Orfanos, G. and Gallop, C. (2021) ‘Quorn Footprint Comparison Report’. Available at: 
https://www.quorn.co.uk/assets/files/content/Carbon-Trust-Comparison-Report-2021.pdf. 

Kerckhof, F.-M., Sakarika, M., Van Giel, M., Muys, M., Vermeir, P., De Vrieze, J., Vlaeminck, S.E., 
Rabaey, K. and Boon, N. (2021) ‘From Biogas and Hydrogen to Microbial Protein Through Co-
Cultivation of Methane and Hydrogen Oxidizing Bacteria’, Frontiers in Bioengineering and 
Biotechnology, 9(August), pp. 1–17. Available at: https://doi.org/10.3389/fbioe.2021.733753. 

Khan, R., Brishti, F.H., Arulrajah, B., Goh, Y.M., Abd Rahim, M.H., Karim, R., Hajar-Azhari, S., Kin Kit, S., 
Anwar, F. and Saari, N. (2023) ‘Mycoprotein as a meat substitute: production, functional properties, 
and current challenges-a review’, International Journal of Food Science & Technology [Preprint]. 
Available at: https://doi.org/10.1111/ijfs.16791. 

Kinsella, J.E. and Shetty, K.J. (1978) ‘Yeast proteins: recovery, nutritional and functional properties’, in 
M. Friedman (ed.) Nutritional Improvement of Food and Feed Proteins. Advances in Experimental 
Medicine and Biology. Boston: Springer, pp. 797–825. 



 

16 
 

Lähteenmäki-Uutela, A., Rahikainen, M., Lonkila, A. and Yang, B. (2021) ‘Alternative proteins and EU 
food law’, Food Control, 130, p. 108336. Available at: 
https://doi.org/10.1016/j.foodcont.2021.108336. 

Lassek, E. and Montag, A. (1990) ‘Nucleostoffe in kohlenhydratreichen Lebensmitteln’, Zeitschrift für 
Lebensmittel-Untersuchung und -Forschung, 190(1), pp. 17–21. Available at: 
https://doi.org/10.1007/BF01188257. 

Lawless, H. (1991) ‘The sense of smell in food quality and sensory evaluation’, Journal of Food Quality, 
14(1), pp. 33–60. Available at: https://doi.org/10.1111/j.1745-4557.1991.tb00046.x. 

Leger, D., Matassa, S., Noor, E., Shepon, A., Milo, R. and Bar-Even, A. (2021) ‘Photovoltaic-driven 
microbial protein production can use land and sunlight more efficiently than conventional crops’, 
Proceedings of the National Academy of Sciences of the United States of America, 118(26). Available 
at: https://doi.org/10.1073/pnas.2015025118. 

Linder, T. (2019) ‘Making the case for edible microorganisms as an integral part of a more sustainable 
and resilient food production system’, Food Security, 11(2), pp. 265–278. Available at: 
https://doi.org/10.1007/s12571-019-00912-3. 

Lonchamp, J., Akintoye, M., Clegg, P.S. and Euston, S.R. (2020) ‘Functional fungal extracts from the 
Quorn fermentation co-product as novel partial egg white replacers’, European Food Research and 
Technology, 246(1), pp. 69–80. Available at: https://doi.org/10.1007/s00217-019-03390-1. 

Majumder, R., Miatur, S., Saha, A. and Hossain, S. (2023) ‘Mycoprotein: production and nutritional 
aspects: a review’, Sustainable Food Technology, 2(1), pp. 81–91. Available at: 
https://doi.org/10.1039/d3fb00169e. 

Makino, W., Cotner, J.B., Sterner, R.W. and Elser, J.J. (2003) ‘Are bacteria more like plants or animals? 
Growth rate and resource dependence of bacterial C:N:P stoichiometry’, Functional Ecology, 17(1), 
pp. 121–130. Available at: https://doi.org/10.1046/j.1365-2435.2003.00712.x. 

Marson, G.V., Lacour, S., Hubinger, M.D. and Belleville, M.P. (2022) ‘Serial fractionation of spent 
brewer’s yeast protein hydrolysate by ultrafiltration: A peptide-rich product with low RNA content’, 
Journal of Food Engineering, 312. Available at: https://doi.org/10.1016/j.jfoodeng.2021.110737. 

Matassa, S., Boon, N., Pikaar, I. and Verstraete, W. (2016) ‘Microbial protein: future sustainable food 
supply route with low environmental footprint’, Microbial Biotechnology, 9(5), pp. 568–575. Available 
at: https://doi.org/10.1111/1751-7915.12369. 

Miquel, S., Beaumont, M., Martín, R., Langella, P., Braesco, V. and Thomas, M. (2015) ‘A proposed 
framework for an appropriate evaluation scheme for microorganisms as novel foods with a health 
claim in Europe’, Microbial Cell Factories. BioMed Central Ltd. Available at: 
https://doi.org/10.1186/s12934-015-0229-1. 

Moustafa Edris, A., Moustafa Ibrahim, H., Shaltout, F. and Elshater, M. (2012) CHEMICAL ANALYSIS OF 
CHICKEN MEAT WITH RELATION TO ITS QUALITY. Available at: 
https://www.researchgate.net/publication/278965850. 

Muñoz, A.M. and Civille, G.V. (1987) Factors affecting perception and acceptance of food texture by 
American consumers, Food Reviews International. 



 

17 
 

Muys, M., González Cámara, S.J., Derese, S., Spiller, M., Verliefde, A. and Vlaeminck, S.E. (2023) 
‘Dissolution rate and growth performance reveal struvite as a sustainable nutrient source to produce 
a diverse set of microbial protein’, Science of the Total Environment, 866. Available at: 
https://doi.org/10.1016/j.scitotenv.2022.161172. 

Nasseri, A.T., Rasoul-Ami, S., Morowvat, M.H. and Ghasemi, Y. (2011) ‘Single Cell Protein: Production 
and Process’, American Journal of Food Technology, 6(2), pp. 103–116. Available at: 
https://doi.org/10.3923/ajft.2011.103.116. 

Nederkoorn, C., Houben, K. and Havermans, R.C. (2019) ‘Taste the texture. The relation between 
subjective tactile sensitivity, mouthfeel and picky eating in young adults’, Appetite, 136, pp. 58–61. 
Available at: https://doi.org/10.1016/J.APPET.2019.01.015. 

Nissen, P.M., Jorgensen, P.F. and Oksbjerg, N. (2004) ‘Within-litter variation in muscle fiber 
characteristics, pig performance, and meat quality traits’, Journal of Animal Science, 82(2), pp. 414–
421. Available at: https://doi.org/10.1093/ansci/82.2.414. 

Ochsenreither, K., Glück, C., Stressler, T., Fischer, L. and Syldatk, C. (2016) ‘Production Strategies and 
Applications of Microbial Single Cell Oils’, Frontiers in microbiology, 7, p. 1539. Available at: 
https://doi.org/10.3389/fmicb.2016.01539. 

Onwezen, M.C., Bouwman, E.P., Reinders, M.J. and Dagevos, H. (2021) ‘A systematic review on 
consumer acceptance of alternative proteins: Pulses, algae, insects, plant-based meat alternatives, 
and cultured meat’, Appetite. Academic Press. Available at: 
https://doi.org/10.1016/j.appet.2020.105058. 

Otero, D.M., da Rocha Lemos Mendes, G., da Silva Lucas, A.J., Christ-Ribeiro, A. and Ribeiro, C.D.F. 
(2022) ‘Exploring alternative protein sources: Evidence from patents and articles focusing on food 
markets’, Food Chemistry, 394, p. 133486. Available at: 
https://doi.org/10.1016/J.FOODCHEM.2022.133486. 

Parajo, J.C., Santos, " V and Dominguez, H. (1995) ‘NH4OH-Based Pretreatment for Improving the 
Nutritional Quality of Single-Cell Protein (SCP)’, Applied Biochemistry and Biotechnology, 55, pp. 133–
149. 

Pawlak, R. (2021) ‘Vitamin B12 status is a risk factor for bone fractures among vegans’, Medical 
Hypotheses, 153. Available at: https://doi.org/10.1016/j.mehy.2021.110625. 

Pennings, B., Groen, B.B.L., van Dijk, J.W., de Lange, A., Kiskini, A., Kuklinski, M., Senden, J.M.G. and 
van Loon, L.J.C. (2013) ‘Minced beef is more rapidly digested and absorbed than beef steak, resulting 
in greater postprandial protein retention in older men’, American Journal of Clinical Nutrition, 98(1), 
pp. 121–128. Available at: https://doi.org/10.3945/ajcn.112.051201. 

Van Peteghem, L., Matassa, S., Rabaey, K. and Sakarika, M. (2023) ‘Microbial protein from recovered 
nitrogen: Nutritional quality, safety, and feasibility assessment’, Science of The Total Environment, p. 
164525. Available at: https://doi.org/10.1016/j.scitotenv.2023.164525. 

Van Peteghem, L., Sakarika, M., Matassa, S., Pikaar, I., Ganigué, R. and Rabaey, K. (2022) ‘Towards new 
carbon–neutral food systems: Combining carbon capture and utilization with microbial protein 
production’, Bioresource Technology, 349(December 2021). Available at: 
https://doi.org/10.1016/j.biortech.2022.126853. 



 

18 
 

Pieper, M., Michalke, A. and Gaugler, T. (2020) ‘Calculation of external climate costs for food highlights 
inadequate pricing of animal products’, Nature Communications, 11(1), p. 6117. Available at: 
https://doi.org/10.1038/s41467-020-19474-6. 

Piercy, E., Verstraete, W., Ellis, P.R., Banks, M., Rockström, J., Smith, P., Witard, O.C., Hallett, J., 
Hogstrand, C., Knott, G., Karwati, A., Rasoarahona, H.F., Leslie, A., He, Y. and Guo, M. (2022) ‘A 
sustainable waste-to-protein system to maximise waste resource utilisation for developing food- and 
feed-grade protein solutions’, Green Chemistry. Royal Society of Chemistry, pp. 808–832. Available at: 
https://doi.org/10.1039/d2gc03095k. 

Pikaar, I., Matassa, S., Rabaey, K., Bodirsky, B.L., Popp, A., Herrero, M. and Verstraete, W. (2017) 
‘Microbes and the next nitrogen revolution’, Environmental Science and Technology. ACS Publications, 
pp. 7297–7303. Available at: https://doi.org/10.1021/acs.est.7b00916. 

Poore, J. and Nemecek, T. (2018) ‘Reducing food’s environmental impacts through producers and 
consumers’, Science, 360(6392), pp. 987–992. Available at: https://doi.org/10.1126/science.aaq0216. 

Van Raamsdonk, L.W.D., Meijer, N., Gerrits, E.W.J. and Appel, M.J. (2023) ‘New approaches for safe 
use of food by-products and biowaste in the feed production chain’, Journal of Cleaner Production. 
Elsevier Ltd. Available at: https://doi.org/10.1016/j.jclepro.2023.135954. 

Ravindra, P.A. (2000) ‘Value-added food: Single cell protein’, Biotechnology Advances, 18(6), pp. 459–
479. Available at: https://doi.org/10.1016/S0734-9750(00)00045-8. 

Ritala, A., Häkkinen, S.T., Toivari, M. and Wiebe, M.G. (2017) ‘Single cell protein-state-of-the-art, 
industrial landscape and patents 2001-2016’, Frontiers in Microbiology, 8(OCT). Available at: 
https://doi.org/10.3389/fmicb.2017.02009. 

Sakarika, M., Tzompa Sosa, D.A., Depoortere, M., Rottiers, H., Ganigué, R., Dewettinck, K. and Rabaey, 
K. (2020) ‘The type of microorganism and substrate determines the odor fingerprint of dried bacteria 
targeting microbial protein production’, FEMS microbiology letters, 367(18). Available at: 
https://doi.org/10.1093/femsle/fnaa138. 

Schaafsma, G. (2000) Criteria and Significance of Dietary Protein Sources in Humans The Protein 
Digestibility-Corrected Amino Acid Score 1, J. Nutr. Available at: https://academic.oup.com/jn/article-
abstract/130/7/1865S/4686203. 

de Schryver, P., Sinha, A.K., Kunwar, P.S., Baruah, K., Verstraete, W., Boon, N., de Boeck, G. and 
Bossier, P. (2010) ‘Poly-β-hydroxybutyrate (PHB) increases growth performance and intestinal 
bacterial range-weighted richness in juvenile European sea bass, Dicentrarchus labrax’, Applied 
Microbiology and Biotechnology, 86(5), pp. 1535–1541. Available at: https://doi.org/10.1007/s00253-
009-2414-9. 

Smetana, S., Mathys, A., Knoch, A. and Heinz, V. (2015) ‘Meat alternatives: life cycle assessment of 
most known meat substitutes’, International Journal of Life Cycle Assessment, 20(9), pp. 1254–1267. 
Available at: https://doi.org/10.1007/s11367-015-0931-6. 

Smetana, S., Sandmann, M., Rohn, S., Pleissner, D. and Heinz, V. (2017) ‘Autotrophic and heterotrophic 
microalgae and cyanobacteria cultivation for food and feed: life cycle assessment’, Bioresource 
Technology, 245, pp. 162–170. Available at: https://doi.org/10.1016/j.biortech.2017.08.113. 



 

19 
 

Soto-Sierra, L., Stoykova, P. and Nikolov, Z.L. (2018) ‘Extraction and fractionation of microalgae-based 
protein products’, Algal Research, 36, pp. 175–192. Available at: 
https://doi.org/10.1016/J.ALGAL.2018.10.023. 

Springmann, M., Clark, M., Mason-D’Croz, D., Wiebe, K., Bodirsky, B.L., Lassaletta, L., de Vries, W., 
Vermeulen, S.J., Herrero, M., Carlson, K.M., Jonell, M., Troell, M., DeClerck, F., Gordon, L.J., Zurayk, R., 
Scarborough, P., Rayner, M., Loken, B., Fanzo, J., Godfray, H.C.J., Tilman, D., Rockström, J. and Willett, 
W. (2018) ‘Options for keeping the food system within environmental limits’, Nature, 562(7728), pp. 
519–525. Available at: https://doi.org/10.1038/s41586-018-0594-0. 

Suarez Ruiz, C.A., Emmery, D.P., Wijffels, R.H., Eppink, M.H.M. and van den Berg, C. (2018) ‘Selective 
and mild fractionation of microalgal proteins and pigments using aqueous two-phase systems’, Journal 
of Chemical Technology and Biotechnology, 93(9), pp. 2774–2783. Available at: 
https://doi.org/10.1002/jctb.5711. 

Sun, D., Gao, Y., Hou, D., Zuo, K., Chen, X., Liang, P., Zhang, X., Ren, Z.J. and Huang, X. (2018) ‘Energy-
neutral sustainable nutrient recovery incorporated with the wastewater purification process in an 
enlarged microbial nutrient recovery cell’, Journal of Power Sources, 384, pp. 160–164. Available at: 
https://doi.org/10.1016/j.jpowsour.2018.02.049. 

Torán-Pereg, P., Mora, M., Thomsen, M., Palkova, Z., Novoa, S. and Vázquez-Araújo, L. (2023) 
‘Understanding food sustainability from a consumer perspective: A cross cultural exploration’, 
International Journal of Gastronomy and Food Science, 31. Available at: 
https://doi.org/10.1016/j.ijgfs.2022.100646. 

Troy, D.J., Tiwari, B.K. and Joo, S.T. (2016) ‘Health implications of beef intramuscular fat consumption’, 
Korean Journal for Food Science of Animal Resources. Korean Society for Food Science of Animal 
Resources, pp. 577–582. Available at: https://doi.org/10.5851/kosfa.2016.36.5.577. 

US Law (1976) Resource Conservation and Recovery Act of 1976. Available at: 
https://www.law.cornell.edu/topn/resource_conservation_and_recovery_act_of_1976 (Accessed: 
20 April 2024). 

Vapnek J., Purnhagen K. and Hillel B. (2021) ‘Regulatory and Legislative Framework for Novel Foods’, 
in S. Pathania and B.K. Tiwari (eds) Food Formulation: Novel Ingredients and Processing Techniques. 
First. John Wiley & Sons Ltd., pp. 285–308. Available at: 
https://doi.org/10.1002/9781119614760.ch14. 

van Vliet, S., Burd, N.A. and van Loon, L.J.C. (2015) ‘The skeletal muscle anabolic response to plant- 
versus animal-based protein consumption’, Journal of Nutrition, 145(9), pp. 1981–1991. Available at: 
https://doi.org/10.3945/jn.114.204305. 

El Wali, M., Rahimpour Golroudbary, S., Kraslawski, A. and Tuomisto, H.L. (2024) ‘Transition to cellular 
agriculture reduces agriculture land use and greenhouse gas emissions but increases demand for 
critical materials’, Communications Earth and Environment, 5(1). Available at: 
https://doi.org/10.1038/s43247-024-01227-8. 

Wang, B., Shi, Y., Lu, H. and Chen, Q. (2023) ‘A critical review of fungal proteins: Emerging preparation 
technology, active efficacy and food application’, Trends in Food Science and Technology. Elsevier Ltd. 
Available at: https://doi.org/10.1016/j.tifs.2023.104178. 



 

20 
 

Werthmann, J., Jansen, A., Havermans, R., Nederkoorn, C., Kremers, S. and Roefs, A. (2015) ‘Bits and 
pieces. Food texture influences food acceptance in young children’, Appetite, 84, pp. 181–187. 
Available at: https://doi.org/10.1016/J.APPET.2014.09.025. 

Wiebe, M. (2002) ‘Myco-protein from Fusarium venenatum: a well-established product for human 
consumption’, Applied Microbiology and Biotechnology, 58(4), pp. 421–427. Available at: 
https://doi.org/10.1007/s00253-002-0931-x. 

Witte, B., Obloj, P., Koktenturk, S., Morach, B., Brigl, M., Rogg, J., Schulze, U., Walker, D., Koeller, V., 
Dehnert, N. and Grosse-Holz, F. (2021) Food for Thought The Protein Transformation. Available at: 
www.bluehorizon.com. 

Wyness, L. (2016) ‘The role of red meat in the diet: Nutrition and health benefits’, in Proceedings of 
the Nutrition Society. Cambridge University Press, pp. 227–232. Available at: 
https://doi.org/10.1017/S0029665115004267. 

Yang, Y., Zheng, Y., Ma, W., Zhang, Y., Sun, C. and Fang, Y. (2023) ‘Meat and plant-based meat analogs: 
Nutritional profile and in vitro digestion comparison’, Food Hydrocolloids, 143. Available at: 
https://doi.org/10.1016/j.foodhyd.2023.108886. 

  

 


