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Abstract

The term mycoprotein refers to the protein-rich food made of filamentous fungal biomass that can be consumed as an alterna-

tive to meat. In this paper, the impact caused by the substitution of animal-origin meat in the human diet for mycoprotein on 

the health and the environment is reviewed. Presently, mycoprotein can be found in the supermarkets of developed countries 

in several forms (e.g. sausages and patties). Expansion to other markets depends on the reduction of the costs. Although 

scarce, the results of life cycle analyses of mycoprotein agree that this meat substitute causes an environmental impact 

similar to chicken and pork. In this context, the use of inexpensive agro-industrial residues as substrate for mycoprotein 

production has been investigated. This strategy is believed to reduce the costs involved in the fungal cultivation and lower 

the environmental impact of both the mycoprotein and the food industry. Moreover, several positive effects in health have 

been associated with the substitution of meat for mycoprotein, including improvements in blood cholesterol concentration 

and glycemic response. Mycoprotein has found a place in the market, but questions regarding the consumer’s experience on 

the sensory and health aspects are still being investigated.

Keywords Alternative protein · Amino acids · Human health · Life cycle analysis · Meat substitute · Mycoprotein

Introduction

During the past 60 years, the global agricultural production 

has been thoroughly improved to meet the demands of a rap-

idly growing population. With an increase of just 10% in the 

amount of agricultural land used, the global food production 

doubled (FAO 2010). This strategy, however, together with 

changes in the lifestyle, poverty, population pressures, and 

urbanization, has deeply affected the human diet and health 

(Augustin et al. 2016).

The food sector constitutes one of the largest contributors 

to both local and global environmental impact and resource 

use. Several studies associate losses of biodiversity and deg-

radation of ecosystems with food production (Dunne et al. 

2002; Röös et al. 2013; Tscharntke et al. 2012). It is esti-

mated that between 70 and 85% of the water footprint caused 

by human activities is associated with the agricultural activ-

ity (Smetana et al. 2015). Moreover, more than 30% of the 

total greenhouse gases (GHG) emitted by humans are a side 

product of the agricultural sector, with more than half of it 

(approximately 18%) being connected with the production 

of meat (Smetana et al. 2015; Steinfeld et al. 2006).

The global population is estimated to decelerate its 

growth, reaching a plateau at around 9 billion people near 

the middle of this century; providing food to this population 

will add extra pressure to the food system (Godfray et al. 

2010). These facts are regarded as challenges to the future 

of the food and nutrition security, and led to the proposition 

of new food systems to improve public health. The proposi-

tions are based on the concept of a sustainable diet, i.e., a 

diet with reduced environmental impact and that contributes 

to the elimination of poverty, food and nutrition insecurity, 

and poor health outcomes (Johnston et al. 2014). The con-

cept is similar to the Food and Agriculture Organization 

(FAO) definition of a climate-smart agriculture, a system 

that fights climate changes while consequently enhancing 

food security, as both are closely related (FAO 2010). It is 

part of a sustainable diet to reduce the consumption of meat: 
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livestock production represents the largest emitter of meth-

ane as well as the largest user of land resources, causing land 

degradation and deforestation (FAO 2010). It is important 

to notice that the food products used to replace the meat 

should provide the same nutritional benefits, with less harm 

to the environment. The products that fit these demands are 

known as meat substitutes, meat analogues, meat replac-

ers, or meat alternatives (Hoek et al. 2011) and they can be 

based on plant (e.g. soy, pea, and oat), animal (e.g. milk and 

insects) or microbial products (e.g. mycoprotein) (Smetana 

et al. 2015).

Socially, the consumption of meat has been justified by 

the so-called 4Ns—the belief that it is natural, normal, nec-

essary, and/or nice (Piazza et al. 2015). However, ethical 

and environmental concerns have recently induced a rapid 

expansion of the meat substitute market (Godfray et al. 

2018), which is predicted to have an annual turnover of $6 

billion in 2022 (Ritchie et al. 2017). The main reason for the 

substitution of the meat in a consumer’s diet is the possible 

nutritional benefit it can bring. Several studies have reported 

that red meat consumption may increase mortality (Pan et al. 

2012; Rohrmann et al. 2013; Snowdon et al. 1984). Yet, 

to remove the meat from the diet, the taste and variety of 

the options are also considered (Asgar et al. 2010). Elzer-

man et al. (2011) reported out that replacing meat in a non-

vegetarian’s diet is easier when the meat substitute fits in a 

meal, compared to when it is tasted separately. Therefore, 

a meat alternative does not necessarily need to resemble 

meat in texture, taste, and flavor, but it needs to look like 

meat. In this context, the substitution of meat by mycopro-

tein is considered a more realistic scenario than the change 

to protein-rich plants because mycoprotein is more similar 

to meat, easing the consumers’ acculturation process (Raats 

2007). A comparison of different meat and meat alternative 

options is presented in Table 1.

Mycoprotein refers to the proteinaceous food obtained 

from filamentous fungal biomass which can be used for 

human consumption. Mushrooms and truffles, also belong-

ing to the Fungi Kingdom, have been part of the diet of 

many cultures thanks to their pleasant taste (Boland et al. 

2013). However, they are not considered good meat sub-

stitutes because of their low content of proteins. Rapid 

growth and high protein content, on the other hand, make 

filamentous fungi important potential sources of protein for 

food (Anupama and Ravindra 2000). These fungi have been 

consumed for many years by humans as components of fer-

mented food, aiming to prolong the shelf-life, reduce the 

volume, shorten the cooking time, and improve the nutri-

tive value of the food (Nout and Aidoo 2002). In Europe, 

Penicillium roquefortii and Penicillium camembertii are 

used in the production of blue (Roquefort, Gorgonzola) and 

soft-ripened (Camembert and Brie) cheese, respectively. In 

Asia, Monascus purpureus is used in the production of red 

yeast rice; Aspergillus oryzae ferments soybeans to produce 

hamanatto, miso and shoyu (Moore and Chiu 2001). Alter-

natively, the filamentous fungal biomass can be processed 

and used as food, that is, mycoprotein. Mycoprotein has been 

designated as GRAS—Generally Recognized As Safe—by 

the Food and Drug Administration (FDA) in the US since 

2002 (Denny et al. 2008).

Presently, one company  (Quorn®, Marlow Foods, UK) 

commercializes mycoprotein products in supermarkets of 19 

countries (Marlow Foods Ltd 2019). The fungus Fusarium 

venenatum is grown in a defined medium, treated to have its 

RNA content reduced, and added egg albumen, color and 

flavor compounds to mimic the texture and aspect of meat 

(Wiebe 2002). Research on appearance, texture, and mouth-

feel of mycoprotein is limited to that associated with the 

production of Fusarium venenatum mycelial biomass. The 

present production method is costly, what results in market 

prices for mycoprotein similar to those of meat (Ritchie et al. 

2017). The reduction of the cost involved in the production 

is one of the challenges to encourage the consumption of 

mycoprotein. Public awareness of the health and environ-

mental benefits can also contribute to popularize mycopro-

tein. The present review provides a current environmental 

and health perspective of mycoprotein and future research 

avenues to encourage its production and consumption.

Environmental aspects

According to Siegrist and Hartmann (2019), the consumer’s 

behavior is influenced by both the knowledge about the nutri-

tional value and the perception of the environmental impact 

caused by the food. Therefore, the first step to popularize 

the consumption of the meat substitutes is to increase the 

public knowledge about the environmental impact of their 

dietary habits. The literature about life cycle analyses (LCA) 

of mycoprotein is scarce. Yet, they agree that mycoprotein 

causes less impact to the environment than beef. Finnigan 

et al. (2010) used an LCA to compare  Quorn® mince with 

beef mince and determined that, considered the same weight, 

the meat alternative generates only 48% of the global warm-

ing potential the animal protein causes. Uncertainties about 

the required amounts of glucose and egg albumen in the for-

mulation of the mycoprotein product can increase this value 

to 60%. This study limited the system boundaries from the 

production of the raw materials to the factory gate.

Smetana et  al. (2015) compared the environmental 

impact of mycoprotein produced from sugar beet molasses 

to chicken, lab grown meat, and dairy-, insect-, gluten- and 

soy based options. The bases used for the comparison were 

the weight, the calorific energy value, and the content of 

digestible bulk protein of each product. This was the first 

study involving mycoprotein to evaluate local and regional 

impact categories such as acidification, eutrophication and 
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land use. According to the authors, the production of 1 kg of 

mycoprotein and 1 kg of chicken meat has similar impacts; 

and they are only lower than cultured meat (a technology in 

its early stages of development). Almost half of the myco-

protein overall impact (45%) comes from the mycoprotein 

processing; other 25% is the result of the frying at consumer, 

and 21% is associated with the components used in its pro-

duction (10% for the egg white and 11% for the nitrogen 

fertilizer needed to grow the crops used as fungal substrate).

In the same work, the global warming potential for the 

mycoprotein has been determined to be 5.55–6.15 kg  CO2eq 

per kg of fungal product. Comparatively, chicken and pork 

have a global warming potential of 2–4 and 4–6 kg  CO2eq per 

kg of meat, respectively. When comparing the environmen-

tal impact of mycoprotein considering the calorific energy 

value and the content of digestible proteins, mycoprotein 

performed poorly. Only the impact of the cultured meat was 

superior to the mycoprotein.

In another work, Smetana et al. (2018) have reported the 

energy, land and water used in the production of meat substi-

tutes. Mycoprotein figures among the most efficient alterna-

tives when considering land (< 2  m2a/kg; compared to 5–7 

 m2a for chicken and 7–8  m2a for pork) and water use (~ 500 

L/kg). For the energy consumption category, mycoprotein 

was as efficient as dairy alternatives (15–20 kWh/kg), but 

less efficient than vegetables and insects (less than 10 kWh/

kg and 5–15 kWh/kg, respectively).

The use of LCA as a tool to compare the protein sources 

is important to provide information about the environmental 

impact of the food to the consumers. However, the definition 

of a functional unity for comparison of the food products 

still needs validation. Parameters such as kg of product, kg 

of protein, and kg of protein corrected by its digestibility 

score have been studied (Sonesson et al. 2017). Additionally, 

when focusing the comparisons on the protein content, other 

nutrients are neglected. In a preliminary study, Jungbluth 

et al. (2016) have determined the impacts of a complete 

home-cooked meal prepared with meat alternatives based 

on the Swiss ecological scarcity method from 2013. The 

meals were planned to provide a good balance of differ-

ent nutrients. The mycoprotein option performed the worst 

among the vegetarian options studied, but was better than 

the meat and fish options used for comparison.

Utilization of agro-industrial residues for the manufactur-

ing of mycoprotein is another strategy that can be considered 

to decrease the environmental impact of this meat substitute. 

Lignocellulosic materials without pretreatment can be used 

by filamentous fungus for the production of mycoprotein 

in submerged culture as well as in solid-state fermentation 

(Satari and Karimi 2018). The challenge in this alternative 

is to find agro-industrial waste streams that have beneficial 

nutritional composition to guarantee an efficient production. 

Moreover, if such streams are currently used for animal feed, Ta
b
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the environmental impact caused by the replacement of these 

materials in the animal production can lead to an increased 

environmental impact. The successful utilization of the agri-

food waste in the production of mycoprotein could reduce 

the environmental impact to 2–4 kg  CO2eq, the use of land to 

0.5  m2a, and the consumption of water and energy to 250 L 

and 10 kWh, respectively, per kg of mycoprotein (Smetana 

et al. 2018). However, the implementation of this technology 

in an industrial scale needs to previously overcome remain-

ing challenges such as regulatory and safety approval, scale 

up of production, and large-scale trials (Lee et al. 2015).

Nutrition and health

The human diet has rapidly changed over the last decades 

and our food is often suboptimal (Popkin et al. 2012). For 

food planning purposes, an appropriate protein intake should 

be of approximately 15 E% (i.e., 15% of the total energy 

intake). This corresponds to about 1.1 g of proteins per kg 

of body weight and day. For the elderly (≥ 65 years), an 

appropriate goal should be 18 E%, i.e., 1.2 g of proteins 

per kg of body weight and day (Nordic Council of Minis-

ters 2014). An inadequate intake of proteins can result in 

edemas, muscle weakness, and detrimental changes in hair 

and skin (Nordic Council of Ministers 2014). Malnutrition 

over an extended period of time can lead to Protein-Energy 

Malnutrition (PEM) and result in serious diseases, such as 

kwashiorkor and marasmus (Batool et al. 2015).

Dunlop et al. (2017) investigated the impact of the myco-

protein ingestion on healthy young men, in a dose–response 

manner, on acute postprandial hyperaminoacidaemia and 

hyperinsulinaemia. The results demonstrated that the bio-

availability of all amino acids (including the essential ones) 

in the mycoprotein is similar to milk and better than the 

plant-based protein sources. Additionally, an amount of 60 g 

of mycoprotein was determined to give an optimal response 

regarding muscle protein synthesis (Dunlop et al. 2017). 

Further research is needed in order to determine the optimal 

dose for various populations.

Mycoprotein is a low-fat, high-protein and high-fiber food 

component. On the other hand, its high RNA content raises 

some concerns. The fungal biomass originally contains 10% 

(dry weight) of RNA. Comparatively, edible offals such as 

beef liver and heart contain approximately 2 and 0.6% of 

RNA, respectively. Muscles contain even less (Jonas et al. 

2001). The consumption of excessive quantities of RNA can 

lead to an increased amount of uric acid in the body, being 

therefore a risk factor for gout (Denny et al. 2008; Jonas 

et al. 2001). During its production, the biomass of Fusarium 

venenatum is submitted to a heat treatment. By rapidly heat-

ing the fungal biomass (still in the broth) to temperatures 

above 68 °C, and keeping it for 20–45 min, the RNA content 

of the mycoprotein is reduced to less than 2%. The thermal 

treatment acts by degrading the RNA into monomers that 

diffuse out of the cells (Raats 2007).

The mycoprotein contains a little amount of sodium and 

is a good source of zinc, selenium and antioxidants (Denny 

et al. 2008; Smith et al. 2015); yet the levels of iron and 

vitamin B12 are low compared to those found in red meat 

(Denny et al. 2008). Whether or not iron or other substances 

can be added to the growth medium in order to produce 

an enriched mycoprotein, with increased bioavailability, is 

worthy of further study.

The fiber present in the mycoprotein is composed of 

two-thirds β-glucan and one-third chitin, creating a “fibrous 

chitin–glucan matrix” with low water solubility (88% insolu-

ble) (Bottin et al. 2016). The chitin is a polymer formed by 

N-acetylglucosamine monomers not commonly present in 

the human diet. Some potential effects the chitin ingestion 

causes in the health include the relief of joint pain in osteoar-

thritis and the stimulation of beneficial bacteria in the colon 

(Sadler 2004). Moreover, the mycoprotein’s fibers appear to 

improve the glycemic profile in a not-completely understood 

mechanism (Bottin et al. 2016; Denny et al. 2008; Turnbull 

and Ward 1995). Bottin et al. (2016) studied the effect of the 

consumption of mycoprotein in overweight and obese volun-

teers. Three amounts of mycoprotein were tested (44, 88 and 

132 g per meal) and their results were compared to chicken 

meals containing the same energetic values. The ingestion of 

a meal containing mycoprotein improved the insulin sensi-

tivity and decreased the insulin concentrations. Turnbull and 

Ward (1995) have reported that, for healthy individuals, the 

ingestion of mycoprotein has substantial effects on both gly-

cemic and insulinemic variables 60 min after the meal, com-

pared to a milk and soy flour option. More recently, Dunlop 

et al. (2017) also compared mycoprotein to milk in health 

subjects and concluded that the mycoprotein caused a slower 

but longer hyperinsulinaemia, i.e., the level of insulin in the 

blood increased less but was sustained for a longer period 

(the insulin peak was observed 45 min after the mycoprotein 

meal but only 15 min after the milk meal).

The consumption of mycoprotein possibly lowers the 

total blood cholesterol and the greatest benefits have been 

observed in subjects with raised cholesterol levels at baseline 

(Ruxton and McMillan 2010). Although an optimal intake 

of mycoprotein was not determined, the results suggest there 

might be a dose-dependent relationship (Denny et al. 2008). 

Additionally, compared to other protein sources such as 

chicken, the mycoprotein presents advantages regarding sati-

ety (Bottin et al. 2016; Williamson et al. 2006). This might 

be due to the protein content as well as the fiber content, 

since both proteins and fibers have the ability to increase 

the feeling of satiety (Paddon-Jones et al. 2008; Slavin and 

Green 2007). It is possible that a diet including mycopro-

tein may fight hunger, reduce energy intake and facilitate 

weight loss. There is a need of longer-term studies with large 
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sample sizes in order to fully understand the potential role 

of mycoprotein in relation to health and non-communicable 

diseases. More research is also needed to establish an opti-

mal dose of mycoprotein to boost health for men, women, 

children, and older adults.

Conclusion

Human dietary habits have changed and deeply affected 

our health, environment and society. Climate-smart food 

systems can help to reduce the negative impacts of this 

sector. Accordingly, substitution of the meat by meat ana-

logues can present beneficial results in both personal and 

societal aspects. Mycoprotein is an interesting source of 

good-quality proteins, with good acceptance among con-

sumers, and proven positive impacts in cholesterol, sugar, 

and insulin blood levels. On the other hand, the high price 

of this meat substitute narrows its consumption to developed 

markets, and the raw materials used in the product formula-

tion impose a high environmental impact compared to other 

vegetarian options. Hence, alternative production processes 

using agro-industrial residues as substrate and solid state 

fermentation have been the subject of investigation.
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