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Introduction 

Stacy Pyett 1, Wendy Jenkins 2,3, Barbara van Mierlo 4, Luisa M. Trindade 5,  

David Welch6, Hannah van Zanten 2,3

1 Wageningen Food & Biobased Research, Wageningen University & Research; 

2 Farming Systems Ecology group, Wageningen University & Research; 3 Depart-

ment of Global Development, Cornell University; 4 Knowledge, Technology and 

Innovation group, Wageningen University & Research; 5 Plant Breeding, Wagenin-

gen University & Research; 6 Synthesis Capital

What do we mean by the protein transition? 

The term protein transition means many things to many people. For some, it 

refers to the specific need to reduce meat consumption, while for others it is 

broad enough to include biodiversity, sustainable animal farming, food equity, 

and cultured meat. We, the editors of this publication, aim to present a view 

of a broadly scoped protein transition involving multiple future visions and 

pathways of technical and societal change. 

As an editorial team, we deliberately structured this book to present mul-

tiple, sometimes diverging, viewpoints. The aim in doing so is to represent 

the diversity of (scientific) opinion related to the protein transition. We also 

deliberately chose to approach this subject in different ways. Some chapters 

summarise the state of scientific knowledge while others may be read as a 

future vision or position paper. Again, our aim was to enable presentation of 

a broad set of perspectives, and to contribute to the dialogue between those 

perspectives.
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We focus on proteins because proteins are both an essential macronutrient and 

protein-rich foods are the major contributor to the environmental burdens 

of food production. Considering current food production and consumption 

through the lens of protein brings the global challenges of the total food 

system into sharp focus. Yet, each posited solution for the protein transition 

should not be considered in isolation but held up to a holistic benchmark that 

considers broader systemic impacts. 

Planet-friendly systems

It should be obvious that our food systems need to exist within planetary 

boundaries. Our current global reliance on food systems that are clearly not 

within planetary boundaries means we are essentially accelerating full throt-

tle toward a global food crisis and to depletion of our natural resources. The 

questions are how quickly the crisis will worsen and whether we will have tran-

sitioned our way out of it on time. 

The first goal of the protein transition is to mitigate the severity of 

the future crisis by limiting the planetary impact of food production and 

consumption as far as possible and as quickly as possible. This requires well-

informed decision-making by a broad collection of stakeholders, including 

policymakers, industry, farmers, researchers, consumers, and citizens alike. 

Too often, proposed innovations within the protein transition are contrasted 

through the lens of a single expertise. For example, proponents of plant-based 

foods tend to focus on greenhouse gas (GHG) emissions as the major issue at 

hand, ignoring the high water usage of nut cultivation or protein extraction 

processes. Proponents of cultivated animal tissue lead with references to land 

use and leave the novice reader to plough through complex sets of assump-

tions in assessing potential GHG emission reductions. Potential high-impact 

innovations in the animal sector, such as feed additives which reduce methane 

emissions, can be under-attended due to stakeholder focus on ‘alternatives’ for 

meat. In the early stages of a transition, it is valuable and even essential to pur-

sue a broad set of technological and social solutions even while not all impact 

factors can be accurately assessed. Yet, when it comes to implementation frank 

and honest comparisons across emissions, land use, and water use are unmiss-

able decision-making tools. Even more advanced decision-making would also 

consider harder-to-quantify yet still crucial planetary goals like soil quality 

maintenance, reduced fertiliser usage, and increased biodiversity. 

To position ourselves to respond to a climate-driven food crisis, it is essen-

tial that we also focus efforts on developing solutions that are already adapted 

to future climate conditions and resilient to extreme weather events. Some 

isolated efforts to do so are underway, for example in development of drought- 
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or salt-tolerant varieties of (staple) crops. The magnitude of these efforts is 

unfortunately still far too limited. Development and introduction of new crop 

varieties takes years or even decades, and without major collective effort now 

we will find ourselves woefully underprepared for the next global crisis. 

A just transition

Our broadly scoped vision of the protein transition includes the need for more 

equitable protein systems. Equitable is not the same as equal. In an equitable 

system each person would receive according to their specific need. That the 

current global food system is far from equitable cannot be disputed. Stunt-

ing, a condition in which children are unable to reach an age-appropriate 

weight and height due to nutritional deficiencies, affects 23% of the world’s 

children [UNICEF/WHO/World Bank Joint Child Malnutrition Estimates]. 

While stunting can occur due to protein amino acid deficiencies, it can also 

occur due to a lack of essential micronutrients. Common missing micronutri-

ents, like iron and vitamin B12, are readily available in animal-sourced foods, so 

either way equitable protein access is an effective means to address nutritional 

deficiencies. The data on protein consumption paint a clear picture of over-

abundance in high-income countries and significantly less protein per capita 

in lower-income countries. The FAO has further reported on the linear correla-

tion between GDP and animal-sourced foods consumption. 

Yet food insecurity is not a problem exclusive to low-income countries. 

Low socio-economic status (SES) consumers in even the wealthiest countries 

suffer from lack of access to healthy food. Data from the USDA indicates that 

approximately 11% of the US population, more than 38 million people, includ-

ing 12 million children, are food insecure. Nutritious and sustainable food is 

unfortunately not readily available to many low SES consumers. Our research 

and that of numerous others shows that, to the contrary, low SES consumers 

are the most likely to live in areas with less plant-based and fresh food and a 

higher density of non-nutritional yet calorie dense foods. The first generation 

of consumer products launched with the aim of promoting the protein tran-

sition have done little to address these systemic injustices. Many plant-based 

alternatives to animal-sourced foods remain more expensive than the products 

they aim to replace. 

Another aspect of equitability in food that is underattended as an element 

of the protein transition is ‘fair share’ food chains that provide reliable liveli-

hoods for farmers. Meat and dairy supply chains are highly optimised and have 

been predictable over the last decades. Shifting to plant-based protein sources 

requires farmers in many contexts to take a risk, both in capital expenditure 

and in supply chain commitments. Commodity prices for plant-based start-
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ing materials are low. High-income country farmers wishing to transition to 

cultivation of plant protein crops must compete on the global market with 

countries where land prices are significantly lower and crop cycles often 

shorter. Regulatory landscapes that support animal-sourced food production 

make the transition to plant protein sources even harder.

Our own dialogue with farmers in Western Europe does indicate that there 

is a substantial untapped interest in combining traditional plant cultivation 

with high-tech solutions. For example, cultivation of pulses might coexist on 

the farm with fermentative transformation of agricultural residues to bacte-

rial or fungal proteins. Another model for improving farmers’ livelihood is the 

movement toward local food production and consumption. Farm or regional 

level food processing facilities can shorten supply chains, keeping more of the 

profit for the farmer, and may even command a price premium from the con-

sumer. Transitioning to fully local food systems does not come without loss 

and risks. The livelihoods of farmers in export-driven economies are no less 

socially important, and access to high-income markets can jump-start cultiva-

tion of protein rich crops in less economically developed regions. While global 

supply chains are susceptible to disruptions due to shipping capacity scar-

city or trade disputes, they are resilient to local disruptions such as extreme 

weather events in a way that local supply chains are not. Furthermore, local 

supply chains are not by definition lower in environmental impact. Distribu-

tion represents a small part of total emissions for many protein sources, and the 

environmental cost of distribution can be more than compensated by gains in 

other areas. Therefore, while a move toward local production may be helpful in 

achieving the protein transition in certain contexts, the editors of this publica-

tion advocate a cautious approach to balancing global and local supply chains 

optimised for equitable livelihoods and resilient supplies. 

Global well-being

The protein transition can contribute positively to global well-being in multiple 

ways. Done right, the protein transition can support a move toward healthier 

diets. The current crisis of undernutrition co-exists with an unchecked epi-

demic of obesity and chronic disease. There is no lack of knowledge about 

what constitutes a healthy diet. Relative to the current consumption patterns, 

a healthy diet is one that is varied and includes fruits and vegetables, whole 

grains, and legumes. Most scientists (with exceptions, including some of the 

contributing authors to this publication) do not consider animal-sourced foods 

categorically unhealthy, but agree that they are problematic insofar as their 

overconsumption reduces intake of these other healthy foods. How modern 
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plant-based foods fit into this picture is as yet unknown, as scientific evidence 

on the holistic and long-term health impacts of these foods remains scarce.

‘Eat beans’ is a reasonable slogan for a low-tech protein transition that 

would largely address dietary imbalances across most high-income countries. 

As realists, we acknowledge that a dietary transition to consumption according 

to the global-consensus healthy diet is unlikely to happen without supportive 

transitional products. Plant-based alternatives that resemble meat, dairy, and 

eggs, are likely useful routes to reach a broader segment of consumers than 

dry beans might be. Yet their very nature as ‘substitutes’ raises the question of 

what their nutritional contribution should be. One might argue that a product 

that resembles a beef burger should deliver equal nutritional value and thus be 

compositionally as similar as possible – if protein levels in the plant-based ver-

sion are lower consumers might justifiably feel misled. One might also argue 

that a transitional product offers an opportunity to achieve a dietary shift by, 

for example, reducing protein which is generally consumed at sufficient levels 

in favour of fibre which is not. There is unlikely to be a single answer to this 

trade-off but rather a need for an ongoing dialogue between policymakers and 

the food industry to set locally appropriate guidelines. 

Our vision for the protein transition includes radically rethinking animal 

protein production systems. Those advocates who aim for an animal-free food 

system of the future are valuable accelerators for change, but as realists we 

acknowledge that animal production systems are likely to be around for the 

foreseeable future and therefore we consider improvements to those systems 

to be a great potential contributor to change. We will discuss the options for 

making animal production systems more environmentally sustainable in later 

chapters of this book. 

In considering well-being we cannot ignore the cruelty and suffering 

induced by some current animal production systems. This is not to paint all 

animal system production with a single brush. Happy cows grazing on fresh 

spring grass are far removed from chickens immobilised by their breast capac-

ity, de-beaked, crowded together, and living their entire lives in darkness. 

Policymakers have an essential role in outlawing animal cruelty, while citi-

zens and consumers have a responsibility to educate themselves about animal 

farming practices. The current system is only made possible through a certain 

amount of strategic ignorance as a way to deal with personal ambivalence. 



18 What do we not mean by the protein transition?

Narrow lenses

We observe several single-issue usages of the word ‘protein transition’ that we 

do not consider to sufficiently capture the holistic nature of the needed changes. 

To start with, the world does not need more protein. Global protein production 

is above 630 million tonnes per year, while the minimum required amount to 

feed 9 billion people is around 220 million tonnes. Many people assume that 

eliminating animal protein from the system would mean increasing plant pro-

tein production accordingly, but that is not the case. Of the 630 million tonnes 

of total protein produced from arable land, about 490 million tonnes is plant 

protein, more than enough to meet global protein requirements. Our calcula-

tions show that more than 40% of global plant protein produced is ultimately 

used for animal feed. Animals could be eliminated from the system and the 

current amount of used arable land would not need to be increased—rather 

it could be decreased since there would be no need to cultivate plants for feed. 

The most common usage of protein transition as a single-issue topic is 

reduction of meat consumption to be replaced by ‘alternative’ proteins in high-

income countries. While we agree that this is an important part of the protein 

transition, we argue that it is an unnecessarily narrow lens through which to 

view the food system. A reduction of meat consumption in high-income coun-

tries might contribute to reduction of GHG emissions from the food system 

but growing demand for animal-sourced foods in the emerging middle class in 

low- and middle-income countries may dwarf that effect. Furthermore, view-

ing the protein transition through this narrow lens does neither advance the 

societal dialogue about food equity nor address global nutritional deficiencies. 

It is simply not enough.

We further note that solutions in the protein transition are as subject to 

boom and bust as in any market sector. For a while, investors were pouring 

into plant-based alternatives as the next great ‘tech’ boom, despite that the 

food industry is one of high competition and narrow margins. We suspect that 

cultivated meat, precision fermentation, and 3D printing may be subject to 

similarly fleeting overheated enthusiasm. Simply put, the promissory narra-

tives for some high-tech solutions and products lack subtlety. There will not 

be a one-size-fits-all single solution to the transition, but rather a portfolio of 

options that address varied needs for varied geographies and market segments. 

More holistic communication about the benefits and limitations of proposed 

solutions, more frequent acknowledgement of trade-offs, and increased atten-

tion to moderate voices can all help.
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19Conflicting narratives

We identify three narratives of the protein transition which directly conflict. 

Unease in the protein transition dialogue can often be traced back to the differ-

ing perspectives represented by these narratives, yet we also recognise conflict 

as a necessary part of any transition. Transitions include social, institutional, 

and technological changes; there will always be some groups and individuals 

who lose out. Conflict is productive when it leads to increased dialogue and 

dynamism and counterproductive when it results in dug-in polarity, i.e., fro-

zen conflict. Focusing only on new developments without attention for socially 

responsible phasing-out of the old systems can be likewise counterproductive.

First, and most visibly, there is a divide between those proponents of the 

protein transition who aim to eliminate animals from the food system alto-

gether and those who advocate for animal-sourced foods (ASF) as part of a 

healthy diet and circular food system. The motivations of those who advocate 

for total veganism are most often connected to animal welfare and personal 

health concerns. Advocates who focus on achieving consumption in line with 

global dietary guidelines point out that ASF are a valuable source of complete 

amino acid nutrition and micronutrients. That is true, but it is also true that 

complete amino acid nutrition can be acquired solely through consumption 

of a sufficient variety of plants. Transitioning to a fully vegan diet does require 

increased attention to micronutrient availability. Specific micronutrients per 

target group can be made available in non-animal foods through fermentation 

of plant sources, direct consumption of microbial proteins, or supplementa-

tion. A further issue in the vegan-versus-animal debate relates to land use. The 

‘circularity’ diet which includes consumption of ASF produced using natural 

grasslands, open seas, and agricultural and food processing residues, reduces 

the amount of arable land required for food production. Due to its potential for 

land use reduction, we advocate for a transition to circular animal production 

systems. It is also possible to envision a long-term future in which grasslands 

are used for low-yield food production, for example with alfalfa, and agricul-

tural and food industry residues are upcycled using fermentation. The decision 

to work toward a food system that includes animals or one that is fully animal 

free is thus societal and ethical rather than scientific.

The second narrative conflict, and one to which we have already alluded, 

is between the ‘high-tech’ utopists and the ‘low-tech’ advocates. The low-tech 

narrative says that sustainable, healthy, inexpensive foods are already widely 

available; what we need to do is shift away from ASF in favour of legumes and 

whole grains. Again, all quite true, yet consumers do not massively embrace 

beans or other legumes as the main dish at dinner. Proponents of this narra-

tive would argue that it is a matter of education, but governments have been 
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20 educating people on healthy diets for decades without noticeable effect. We 

thus conclude that transitional products which minimise the changes needed 

in cooking and consumption practices have a valuable role to play. The other 

side of this conflict is the premise that high-tech solutions are going to fully 

resolve any dilemma for the consumer. Cultivated meat will one day replicate 

steak with little or no land use requirements and low GHG emissions. Through 

precision fermentation, genetically modified yeasts will provide animal-iden-

tical milk which will be applied to provide a full range of dairy products. The 

most problematic part of subscribing to this narrative is the issue of time. Most 

realistic estimates of the technology readiness level of cultivated meat place 

large-scale commercial implementation well into the future. Not only is the 

technology not yet capable of producing anything like a meaty texture at a 

meaningful scale, but costs are still unrealistically high. Studies of the environ-

mental footprints of cultivated meat often make optimistic assumptions, for 

example that all energy inputs will be from renewable zero-emission sources 

and that current animal-derived medium or pharmaceutical-grade ingredients 

will be replaced by low-cost, scalable plant sources. We do agree that technol-

ogy innovations will eventually make this a viable option, but the world cannot 

afford to wait for a future solution to begin making change. 

The high-tech versus low-tech narrative conflict relates to but is not quite 

the same as the conflict between the ‘production shift’ narrative and the 

‘consumption shift’ narrative. The production shift narrative argues that 

supply-side changes can drive the transition. Some aspects of the protein 

transition might even be suited to full production-side change while remain-

ing invisible to the average consumer. A good example of this is the dialogue 

around animal feed. Most consumers do not connect a pork cutlet to Amazo-

nian soy cultivation. A gradual phasing out of imported soy for animal feed and 

corresponding replacement by locally cultivated European alternatives could 

be achieved largely invisibly. That said, for change to happen it must be moti-

vated by some kind of driving force. Governments and policymakers initiate 

change when it is demanded by their constituents. Food companies invest in 

products that consumers buy and eliminate products that are not taken up by 

the market. Production-side changes are certainly required but attempting to 

drive change solely from the production side would be a mistake. However, 

solely waiting for ‘the market’ to ask for meat alternatives is equally a mistake.

Our goal with explicitly acknowledging these narrative conflicts is to stim-

ulate a more conscious dialogue among protein transition advocates. Before 

jumping into a discussion about the protein transition, it is useful to ask a 

conversation partner what the protein transition means to them. By finding 

common ground and focusing on shared and complementary goals, we believe 
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21that integration of the various, fragmented aspects of the protein transition 

is possible. Although it can be a messy process, the protein transition is well 

on its way. A variety of solutions are being pursued by a diverse set of actors 

for a broad set of reasons. That is not a problem but an opportunity. Coopera-

tion between the enthusiasts pursuing different protein transition narratives 

to share knowledge and create joint successes is the next step in accelerating 

change. One great example of this is the pursuit of hybrid production processes 

which combine plant-based textures with cultivated meat for flavour, aiming 

to achieve the best of both options. Cooperation is also the key to achieving 

change that is socially responsible – high-tech solutions should include, not 

bypass the farmer, and citizens, consumers, and food industry workers should 

be invited to co-create their own future. 

How does the protein transition fit in broader food  
system change?

Of course the protein transition is not the only essential issue in the food sys-

tem. Our broad understanding of what the protein transition entails does 

highlight aspects of the other challenges, while they are clearly broader than 

protein alone. Above, we have discussed the prevalence of micronutrient 

deficiencies in low-income countries and equitable access to healthy food for 

consumers of low socio-economic status in high-income countries. In this 

book, we focus on how protein transition can improve well-being. That does 

not mean this is always the only or even preferred way to improve livelihoods 

in all regions or for all vulnerable groups. We could write another book on fresh 

fruits and vegetables that might be equally compelling. 

Sustainability is a key driver for most actors in the protein transition, and 

reducing GHG emissions, deforestation, and water use is tremendously impor-

tant. Yet footprint reduction is not the only worthy planetary goal. Global 

biodiversity is collapsing. The food system has certainly played a part in creat-

ing this collapse with its tradition of intensive monocropping and pesticide 

and fertiliser use. The protein transition can contribute to reversing biodi-

versity loss when it succeeds in stimulating consumption of a variety of crops 

suited to regional conditions, stimulating healthy insect populations, and 

reducing the need for nitrogen fertilisers. Biodiversity and reforestation are 

important goals, and if the protein transition can free up lands for alternative 

uses, these should have priority.  

A final essential consideration that is broader even than the food system is 

the global biomass system. By biomass we mean the collective weight of plant, 
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22 animal, and microbial matter produced in the world. In designing a future 

food system, one is confronted quickly with the need to prioritise how this 

biomass will be used. For example, the same plot of arable land could be used 

to cultivate corn for bioethanol production, animal feed, or direct human con-

sumption. The relative prioritisation given to the energy transition, material 

transition, and food system transitions is a matter for societal dialogue. With 

exceptions for specific local needs, our guiding principle is to work in order of 

quality requirements. Human food has a higher standard of quality and safety 

than animal feed, while biomass destined for energy production can be of the 

lowest quality. We therefore define a prioritisation food, feed, biomaterials, 

energy while acknowledging their interconnectedness. 

We also acknowledge that making a protein transition means also making 

a corresponding transition in fats and carbohydrates. Reducing animal protein 

production also means reducing animal fat production. Increasing cultivation 

of protein crops for direct human consumption like legumes and grains results 

in more plant starches and fibres as well. Where relevant, we will address the 

subject of these other macronutrients as well.

What is the path forward?

We outline our vision of the path toward a protein transition in five lines. 

1. Achieving sustainable and healthy diets for the global population includes 

rebalancing toward plant-based diets in high-income countries. This could 

be achieved with diversification of protein crops and encouraging direct 

consumption of legumes and whole grains as a particularly worthy aspect 

of the protein transition. This will require the development of protein crop 

varieties that can be produced economically in different locations around 

the world. We maintain that innovative products and technologies are an 

essential part of inviting consumers to make a shift.

2. The world has sufficient protein to feed all citizens with complete protein 

nutrition, yet access to high-quality protein remains highly inequitable. 

While funding pours into innovations that address protein transition needs 

for high-income country consumers, the level of attention for providing fair 

access to proteins in M/LIC lags far behind. As pressure on the global food 

system increases with climate change, action now is essential to prevent a 

humanitarian disaster. A greater diversity in protein sources and technolo-

gies (old and new, high- and low-tech) would enable resource-scarce regions 

to ensure resilient supply. We call for scientists, policymakers, philanthro-
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23pists, and the food industry to unite to increase the focus on equity in the 

protein transition. 

3. Achieving global protein systems that fit into planetary boundaries means 

rethinking our production systems, including eliminating food-feed 

competition. Unfortunately, the urgency to work toward circular animal 

systems is globally lacking. This is partly due to economic factors, since 

imported soy is by far the cheapest source of feed protein, and partly due to 

the lack of consumer awareness of how their animal-sourced foods are pro-

duced. The most vocal advocates for the protein transition hardly mention 

the role of livestock in future food systems or aim for eliminating animals 

in the food system altogether, meaning that there is far less dialogue about 

how to make animal production systems better and integrate them in a sus-

tainable food system. Collaborations toward a sustainable role for livestock, 

with greater attention for animal welfare, emissions and labour conditions 

for farmers amongst others, is a major yet under-attended opportunity.

4. Investor attention and startup culture are a valuable part of the innovation 

landscape. Early stage startup-led innovation is an important mechanism 

for pushing technology boundaries. Yet the current early stage market 

must ultimately mature into a stable growth market to reach the broadest 

impact. Food traditions are deeply embedded in our culture, family lives, 

and social fabric. Food is never going to match tech as a market with totally 

new technologies creating never-considered global markets. Innovation in 

food is essential to change and differentiated products will always find con-

sumers ready to pay a premium. Eventually we expect the market to settle 

into the steady growth that is more typical for food. We hope to see investors 

turn their focus to addressing under-attended but key long-term bottle-

necks to the transition. Eventually a balanced mix of venture capitalists, 

private equity, and public markets will collaborate to overcome bottlenecks. 

Policymakers can contribute by de-risking private sector investments in 

transition-related infrastructure and long-term developments. Private sec-

tor investors who aim to stimulate the transition should balance quick wins 

with ‘patient’ money dedicated to domains with highest societal impact. 

5. In designing this publication, we found it important to allow many poten-

tial solution directions to co-exist. It represents our philosophy that diverse 

solutions could work together, each in a different context addressing dif-

ferent needs. We advocate for an and-and approach and invite our readers 

to join us in an inclusive, holistic dialogue about how to achieve our shared 

goals as quickly and effectively as possible. 
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24 What concrete actions can be taken now to accelerate  
the transition?

While we would like to see food regulatory environments, tax policy, and 

subsidy agendas changed to support climate and innovation agendas, we rec-

ognise that the pace of changing regulatory policy is slow. For example, meat 

taxes might advance the protein transition but require major political shifts. 

Governments and policymakers should not shy away from initiating action in 

this domain, but in the meantime also use their other powers to support the 

transition. Research funding in some parts of the world already does focus on 

supporting climate action and food system transformation, but international 

coordinated efforts would have a much greater impact. Further, all public 

actors can use the power of the purse to procure food in line with climate goals 

and food policy agendas. While public sector buyers might represent a small 

slice of the market, the impact of such an action can be even greater by provid-

ing a market outlet to early movers in the transition. 

We observe that social scientific research into the protein transition is 

chronically under-funded, leading to technological innovations that are not 

necessarily impactful. In the Netherlands, two-thirds of the population identi-

fies as flexitarian, but meat consumption remains largely steady. Studies from 

other transitions indicate many possible reasons for this effect. The so-called 

halo effect occurs when consumers compensate or even over-compensate for 

good behaviour, eating a vegan burger on Monday and subsequently allow-

ing themselves a second portion of ribs on Friday. It is also possible that there 

is a movement and a backlash, with some subgroups indeed decreasing meat 

consumption while others exert their food autonomy by increasing meat con-

sumption. It is also entirely possible that consumers are simply reporting good 

intentions that they either do not intend to keep or find themselves without 

the willpower to keep. Unfortunately, we simply do not know. Without major 

coordinated social scientific research to provide a solid knowledge basis in this 

domain, the products that are meant to advance the transition may have little 

or no measurable impact. We further note that the increase in plant-based foods 

consumption in Western Europe and North America in recent years was not 

matched by a corresponding decline in meat consumption. A second essential 

pillar of social scientific research requires investment in understanding how 

consumers use plant-based foods to elucidate this discrepancy. If plant-based 

burgers are replacing lunchtime salads rather than dinnertime meat burgers, 

our best innovative efforts may turn out to have been counterproductive. If 

we do understand when and how consumers are using the current generation 

of plant-based products, we can tailor the next generation of products toward 
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25maximum impact in stimulating sustainable choices. Social-scientific stud-

ies should expand their lens from consumers to other important players in 

the field, such as policymakers, companies, research institutes and financiers. 

What choices they make, and on what (often hidden) values decisions are made 

and how diverse values could be integrated, can thus be revealed; similarly 

for understanding hindrances in the protein transition better by explicating 

conflicting interests and controversies, and identifying novel directions of 

solutions, thus connecting technological innovations with social change. 

Looking toward the goal of providing healthy diets, there is also much to 

win with the next generation of plant-based products. With meat, the least pro-

cessed product tends to be the highest value and highest quality. The opposite 

is currently true in the plant-based domain: whole beans are significantly less 

expensive than a highly processed bean burger. Plant-forward innovations that 

stimulate consumption of whole beans and grains are part of the solution, as 

are less processed alternatives. These products also present an opportunity to 

address dietary shifts if they are formulated correctly, which means reducing 

salt and additives and, for example, increasing fibre. 

Companies who promote themselves as supporters of the transition need 

to be called to account for the success of farmers who choose to cultivate plant 

protein crops. This requires sustained pressure on retailers and consumer 

goods manufacturers to share profits along the supply chain. We can imagine 

a movement that translates fair trade labels into a corresponding local equiva-

lent, rewarding retailers and brands that truly support agriculture. 

Addressing global nutritional needs can be achieved along multiple path-

ways, and in some cases the most straightforward route to change is bypassed 

due to economic factors. Improvements in the nutritional quality of staple 

crops like rice, wheat, corn, and cassava could have a major impact. We call for 

breeding programs that improve their nutritional profiles, increase the digest-

ibility of the protein present, and ensure their climate resilience. 

Finally, we end with the topic that brought our team together. We are 

convinced that transdisciplinary collaboration is the key to success in the tran-

sition. Multidisciplinary work in which researchers pursue their own focus 

and exchange information at regular intervals is the current norm, with truly 

transdisciplinary collaborations being few and far between. In making this 

publication we aimed to make each of our focus areas accessible to each other, 

and hopefully thereby to the broader set of stakeholders working on the tran-

sition. We also hope it will be used to train the next generation of researchers 

for whom the distinction between science domains is far less important than 

the impact achieved in collaboration with industry, governments and others. 
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Plants

Luisa M. Trindade

Plant Breeding, Wageningen University & Research   

P lants are photosynthetic organisms able to fixate atmospheric carbon 

and convert light energy into chemical energy. This chemical energy is 

stored in carbohydrates, lipids, proteins and plant compounds that are 

important for the good functioning of the plant, but are also a major source 

of nutrients for heterotrophic organisms such as humans. In this book we 

will focus on cultivated plant species, also called crops, that accumulate large 

amounts of proteins. We will introduce different crops that are, or can become, 

important sources of plant proteins for food and feed. 

One important aspect that needs to be considered is that the global transi-

tion from diets high in animal protein to ones high in plant protein will require 

large-scale changes in protein production coming from food crops. The choice 

of crops that will be cultivated in different parts of the globe will depend on 

different factors, both related to how well the crops are adapted to the specific 

climates but also their cultural and historical backgrounds. In many cases crops 

will be chosen from varieties of native crops autochthonous to a given region 

and in some cases improved varieties of foreign species will be preferred. 

However, ultimately choice of crops will be motivated by which crops provide 

a better income to the farmer and thereby are dependent on aspects such as 

policy, demand and accessibility but also aspects such as yield and input costs. 

In this section we present eight crops, including six legumes (soybean, 

pea, faba bean, Bambara nut, lupins and beans), quinoa and the aquatic plant 

water lentils. The crops in these chapters have been described from different 
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perspectives, taking into account the different economic contexts and differ-

ent opportunities per geographical region, from Europe to Africa to Australia. 

Each crop presented contains its own unique profile of benefits. For example, 

legumes have the advantage of being able to fixate atmospheric nitrogen cir-

cumventing the need for N fertiliser inputs and thus improving environmental 

impact. Quinoa in turn can grow well in saline soils.

The last chapter investigates how crops can be grown in production sys-

tems. Specifically, this chapter looks at diversification of crop species on the 

field and the competitive balance between species being grown alongside one 

another. Legumes in particular have been shown to have great benefit for use 

in different production systems and agronomic practices, such as rotations and 

intercropping. In intercropping contexts legumes can both contribute to soil 

improvement and increase the production of plant proteins for food and feed. 

Despite the clear benefits of legume cultivation this has not yet prompted a 

large increase in the cultivation area of legumes. Like with many innovative 

protein crops described in this section, this lack of large-scale uptake is to a 

great extent due to the limited availability of high-yielding robust varieties of 

good quality for food. 

As described in the chapters to come, each crop has its strengths and short-

comings. Plant breeding strategies explored in these chapters provide one way 

to improve their economic viability, potentially contributing to their increased 

uptake. It is clear that for most of the crops, breeding is in its infancy. There is 

still a lot to be gained in the development of improved varieties, for farmers as 

well as for the processing industry and consumers.

This section also examines the chemical compositions and nutritional value 

of each of the eight crops. Because little is known about the properties and 

functionalities of proteins from the different plant species their full potential 

is yet to be explored, which will be done in this and other sections of this book.
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Soybean is the number one protein crop in the world. A rising star now 

covering 8% of the global cropland, which doubled between 1961 and 1991 

and again more than doubled in the last 30 years. But Europe is import-

ing most of its soybean. What about European soybean production?

S oybean (Glycine max L. Merr) is native to East Asia but is nowadays 

widely grown across the globe. It is the world’s fourth crop in terms 

of area, covering almost 8% of the cropland (121 Mha). The top five pro-

ducers in terms of area are Brazil, USA, together taking more than half of the 

global area, Argentina, India and China. In terms of production Brazil and the 

USA take even almost two-thirds of the global total (all data from FAOSTAT, 

2021). Indeed, Europe does not feature in this list. While it is an important con-

sumer of soybean (see below), it accounts for only 5% of the global soybean area.

Soybean is a leguminous plant, which means that it can biologically fix 

nitrogen through a symbiosis with Rhizobia bacteria. Its flowering and hence 

generation of pods is triggered by relatively short daylengths, although cur-

rent varieties show a wide variation in responding to daylength (Box 1). 

Soybean favours warmer climates and is considered a grain legume crop, like 

for instance pea and faba bean. 

Soybean is very rich in protein and oil, which makes it distinct from the 

three largest crops in the world (wheat, rice and maize) which are much richer in 

carbohydrates, but also from many other grain legumes which are generally rich 

in proteins but less in oil. Dry soybeans (approx. 10% moisture) contain approx. 

36% protein, 20% oil and 30% carbohydrates. The main soybean products are 

beans, oil, and meal. Beans are mostly directly consumed as human food but 

need to be boiled because of the high content of protease inhibitors which pre-

vent digestion by monogastric animals, including human beings. Extracted oil 

is mostly used for human consumption but it is also used for biodiesel. After 

the oil is extracted what is left is meal or cake (approx. 50% in protein), which is 

mostly used for animal feed, but also for human consumption.



32 Soybean consumption and balance in Europe

Use of soybean

Soybean in Europe is mainly used as feed in the livestock industry. The live-

stock sector in Europe depends highly on soybean meal, as it is a major source 

of the essential amino acid lysine, which is the most limiting amino acid for 

pigs and the second for poultry (de Visser et al., 2014). As is true for most grain 

legumes, only a small share (less than 20%) is consumed directly by humans 

(Zander et al., 2016). The vast majority of soybean cultivated in the Americas 

is genetically modified (GM) and tolerates the herbicide glyphosate. While 

there are no restrictions as to the import of genetically modified soybean 

for livestock, import into the EU for human consumption is not permitted. 

This creates a clear advantage for (European) GM-free soybean cultivation for 

human consumption, which receives a price premium. While today’s share of 

soybean used for human consumption is relatively small, it is gaining momen-

tum in the context of the protein transition. It is used to produce various 

products such as soy sauce, soy milk, tofu, soy meal, soy flour, textured vegeta-

tive protein and soybean oil. Soybean can be processed to produce a texture and 

appearance similar to many other foods, including dairy products and meat. 

Another argument in favour of expanding European production of soybean 

relates to the fact that the vast increase in soybean area, in particular in Latin 

America, is often associated with deforestation and conversion of other impor-

tant ecosystems. This has triggered the development of the EU Soy Monitor 

to enhance European consumption of responsible and deforestation-free soy 

(IDH and IUCN NL, 2021).

Soybean balance for Europe

While consumption of soybean in Europe is high, only 14% (average of 2009-

2019) of this consumption is produced in Europe (Figure 1) (FAOSTAT, 2021). 

The main soybean exporters to Europe are the USA and Brazil (Eurostat, 2021). 

The large import of soybean is to an important extent rooted in the post-World 

War II international trade agreements between the European Union (EU) and 

the USA that exempted oil crops from custom duties (import taxes) as opposed 

to cereals. Although this changed in the 1970s, leading to an increase in the 

cultivation of grain legumes in the EU, European areas came to a standstill and 

in fact decreased in the early 1990s due to another change in the EU’s Common 

Agricultural Policies (moving away from price support to direct aid payments 

to farmers) (Magrini et al., 2016). The processes of simplification and speciali-

sation of cropping systems also played a role, with a resulting focus on a few 

cereal crops and several root and tuber crops (potato, sugar beet, onion).
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Figure 1: European soybean 
production (closed circles) 
and import (open circles) 
over the years, Russian  
Federation excluded 
(Source: FAOSTAT, 2021)

Current and future soybean production in Europe

Today, less than 2% of the cropland in Europe is used for soybean cultivation. 

Production is low due to several reasons, e.g., unfavourable climate (especially 

in Northern Europe), relatively small European farm sizes and unfavourable 

economic results compared to other crops (Bertheau and Davidson, 2011). How-

ever, soybean production and area are increasing across Europe, especially 

Eastern Europe (FAOSTAT, 2021). Europe’s soybean area (excluding the Rus-

sian Federation) increased from 0.8 Mha in 2004 to 2.8 Mha in 2019 (Eurostat, 

2021), with Ukraine being Europe’s main producer (Figure 2). The area almost 

doubles (to 5.5 Mha) when including the Russian Federation. The growth of 

soybean in Europe is driven by the demand for (more) locally produced non-

GM soybean and the strategy of the EU to increase the uptake of responsible 

and deforestation-free soy in the European market (IDH and IUCN NL, 2021). 

There are also clear agro-ecological reasons in favour of increasing grain leg-

ume production in Europe (Bertheau and Davidson, 2011; Zander et al., 2016). 

These mainly have to do with crop diversity offering options to widen crop rota-

tions, breaking the cycle of pests and diseases in (cereal-dominated) rotations, 

and other benefits including reduction in use of mineral nitrogen fertiliser due 

to nitrogen fixation in soybean and nitrogen-rich residues and roots’ positive 

effects on soil fertility, boosting the yield of subsequent crops. 

Todays’ average soybean yields in Europe are well below the global aver-

age (2.1 vs 2.8 t/ha, while average yields in Brazil, USA and Argentina exceed 
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3 t/ha). However, actual yields are lower than potential yields, i.e., the yields 

that are achieved in a given location under perfect management avoiding abi-

otic (water and nutrients) and biotic (weeds, pests and diseases) stresses. The 

difference between potential and actual yields (Ya) is called the yield gap and 

indicates the scope to increase production on existing crop area. Depending 

on whether today’s cultivation practices are irrigated or rainfed, the potential 

yield is calculated for unlimited (irrigated - Yp) or limited (depending solely on 

precipitation and soil water - Yw) water supply. Yield gaps of main food crops, 

including soybean, are estimated in the Global Yield Gap Atlas (www.yieldgap.

org; Van Ittersum et al., 2013). 

A recent analysis for Europe indicates that the weighted average actual 

yields of soybean in the main producing countries are estimated to be 51% of 

their weighted potential (Figure 3 and Table 1). The actual yields and water-

limited potential yields of the three main soybean producing countries in the 

world, i.e., Brazil, USA and Argentina, are generally higher compared to those 

in Europe (Table 1). To reduce high soybean imports (Figure 1) actual yields 

may be increased, up to approx. 80% of the potential yield. This would imply 

a 58% increase of actual yields. It should be noted that for farmers, achieving 

yields higher than 80% of the potential is hardly feasible from an economic and 

environmental perspective due to diminishing returns on inputs. In addition, 

progress in breeding for suitable cultivars for Europe may be instrumental.

The yield gap analysis indicates that European soybean production can be 

increased. But to fulfil the demand area expansion will also be needed, which 

Soybean production 
 (kTons)
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Figure 2: Map of Europe indicating the soybean production quantities per 
country, average of 2009-2019 (Source: FAOSTAT, 2021)
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raises the question why current areas are not larger. This is likely an outcome 

of economic forces that favour specialisation over diversification: protein crops 

are insufficiently competitive compared to cereal crops, let alone cash crops 

such as potato or onion (de Visser et al., 2014; Magrini et al., 2016; Zander et 

al., 2016). Yields and prices will have to increase substantially (and be stable) to 

compete with gross margins of crops that farmers grow today. Higher yields 

will, in the first place, require suitable varieties for European climatic condi-

tions (more tolerant to drought and relatively cool and short growing seasons), 

and in the second place, good agronomy to exploit (the enhanced) yield poten-

tial (see also Box 1). The latter will not be trivial as not many farmers in Europe 

are used to cultivating soybean and thus this challenges the entire knowledge 

system and farm technical infrastructure (de Visser et al., 2014). In addition, in 

countries where cultivated areas are currently small, the processing industry 

Figure 3: Relative yield gap closure of main soybean producing countries in 
Europe, for irrigated and rainfed conditions. The relative yield gap closure is 
defined as (Ya/Yp)*100 for irrigated systems and as (Ya/Yw)*100 for rainfed 
systems; Yp: potential yield; Yw: water-limited potential yield; Ya: actual farmers’ 
yield. Source: www.yieldgap.org
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Country Water  
regime 
(dominant)

Total  
harvested 
area (rainfed 
and irrigated)

Yw Yp Ya Yg Relative 
yield

106 ha t/ha t/ha t/ha t/ha %

Croatia Irrigated 0.05 5.8 2.5 3.3 43

France Irrigated 0.04 5.0 2.3 2.8 45

Hungary Rainfed 0.04 3.8 2.5 1.4 64

Italy Irrigated 0.15 5.9 3.5 2.5 59

Moldova Rainfed 0.05 2.6 0.9 1.7 34

Romania Rainfed 0.05 3.2 2.0 1.2 63

Irrigated 0.02 5.7 2.5 3.2 43

Serbia Irrigated 0.16 6.1 2.6 3.5 42

Ukraine Rainfed 0.76 2.9 1.7 1.3 57

Irrigated 0.16 5.6 1.8 3.8 32

Argentina Rainfed 17.11 3.9 2.7 1.2 68

Brazil Rainfed 21.52 5.4 3.0 2.4 55

USA Rainfed 26.41 4.2 3.2 1.7 66

Irrigated 2.55 5.9 3.6 2.3 62

Table 1: Harvested soybean areas in several countries in Europe and USA, Brazil 
and Argentina and the dominant water regime, Yw = water-limited potential 
yield, Yp = potential yield and Ya = actual yield. In the last columns the yield gap 
(Yg=(Yp – Ya) or (Yw – Ya)) and the Relative yield ((Ya/Yw)*100 or (Ya/Yp)*100) 
are provided. Source of data: www.yieldgap.org. Note: harvested areas were 
based on SPAM2010 (https://www.mapspam.info/), so recent changes are not 
included.

will need to develop and increase the total amount of crushing capacity, which 

is today mostly tuned to the supply through overseas imports. At the same 

time, new markets, in particular those geared towards GM-free production for 

human consumption, must develop and may provide opportunities. Having 

said that, these markets are currently still very fragile (Box 2). Yet, the needed 

protein transition to combat the large environmental footprint of today’s agri-

cultural production and food consumption and the need to diversify cropping 

and lower external inputs may offer new incentives and change price ratios of 

inputs and outputs and of different commodities. This includes the valuation 

of ecosystem services provided by diversification with grain legumes capable 

of biologically fixing nitrogen. 
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37Will climate change support such a transition? A recent study (Guilpart et al., 

2022) concluded that 50% (100%) self-sufficiency at European level, including 

the Russian Federation, can be achieved if 4-5% (9-12%) of the current Euro-

pean cropland is dedicated to soybean production. Potentially, the suitable area 

for soybean cultivation may be 100 Mha rather than today’s 5 Mha, suggesting 

that self-sufficiency is possible. To avoid crop area expansion (and associated 

environmental and ecological consequences) soybean would have to be sub-

stituted for other crops, most likely cereals. Given the similarities in optimum 

temperatures between soybean and maize, substitution of maize seems logical. 

Climate change is projected to impact positively on soybean yields (Guilpart et 

al., 2022), even without accounting for CO2 concentration effects. Suitable areas 

travel north and east (and contract in the south). 

Box 1 – Varieties and agronomy of soybean

Varieties of soybean are divided into groups according to their rela-

tive times of maturity. The flowering of soybean is determined by an 

interaction between temperature and daylength: low temperature and 

long daylength delay flowering. Currently, 13 maturity groups are dis-

tinguished, labelled with 000, 00, 0, I, II, ... X). Triple zero varieties are 

short-season (‘early’) varieties that tolerate relatively cool temperatures 

and long daylengths, while the reverse is true for X (‘late’) varieties. In 

Europe 000-II varieties are commonly used, while in the USA, Brazil and 

Argentina even IX varieties are grown (Kurasch et al., 2017). 

Several growth and management factors are important for cultivat-

ing a good soybean crop. Variety choice must be tailored to the location 

and fine-tuning of the growing season (sowing date) is important to 

avoid frost early in the season and to allow the crop to mature. Inocula-

tion with the proper Rhizobia bacteria (as these do not normally occur 

in European soils) is critical for biological nitrogen fixation. Although the 

crop biologically fixes much of its nitrogen need, some nitrogen uptake 

from the soil is needed for a good crop, and adequate provision (depend-

ing on soil pH, among other things) of other crop nutrients (in particular 

phosphorus) is key.
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Box 2 – Soybean in the Netherlands

Soybean cultivation in the Netherlands is still in its infancy. In 2016 the 

Green Deal for Dutch Soy set the ambition of growing soy on 10,000 

hectares of Dutch cropland in the near future. In 2018, 91 participat-

ing farmers grew dry soybean on 475 hectares of cropland, with a total 

production of approx. 1,200 tonnes. But in 2020, the area was back to 

140 ha, illustrating the rocky road of increasing grain legume areas in 

Northwestern Europe. Soybean was also cultivated for fresh human con-

sumption under the label Dutch ‘Edamame’ or ‘Nedersoja’ on some 30 

ha. But it was only sold only in German supermarkets, while Dutch super-

markets were selling imported fresh beans.
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“
“We believe in our holistic approach”

From plant-based protein sources to waste-stream valorisation and sin-

gle-cell production: Cargill is working together with partners across the 

supply chain to develop a broad range of sustainable proteins. Novel-

ingredients leader for alternative proteins Ralf Jakobi reveals how. 

N ourishing the world, and bringing together people, ideas and resources 

to build thriving businesses and communities. For over 150 years, that’s 

been Cargill’s mission. “We have kept evolving with evolving market 

needs and have always chosen the ‘agrifood is the future’ route,” says Jakobi. 

Operating in different business segments – from animal nutrition to food 

ingredients, grains, oilseeds and meat, and agricultural products – and serv-

ing customers in 70 countries, the multinational is one of the world’s major 

players in food and feed. “It is through the collaboration across our different 

businesses that we can offer our customers a diverse protein portfolio, coupled 

with expertise in supply chain management, ingredients, process technologies 

and market knowledge,” says Jakobi. “This uniquely positions us to accelerate 

the protein transition.” 

‘Yes and’ conversation

According to Jakobi, the conversation on how to feed all of us should be a ‘yes 

and’ conversation, not an ‘either or argument’: “It should include animal, 

plant- and cell-based proteins, and perhaps even innovations that haven’t 



43been introduced to the marketplace yet – for food and feed. We need to explore 

all sources that are out there in order to establish a sustainable, stable supply 

chain.” 

“Moreover, not one protein fits all the requirements,” he stresses. “Some 

proteins are better suited to bakery products, others to dairy. There are also 

consumer preferences, and the needs of specific target groups, such as children 

and the elderly, to take into consideration.” 

Cargill is therefore exploring the opportunities of developing proteins 

from many different alternative sources: high-protein crops like sunflowers, 

pulses and rapeseed, as well as agricultural side streams and insects. “We are 

also investing in novel processing technologies such as the production of sin-

gle-cell proteins via fermentation,” Jakobi explains. 

100% circular

Cargill’s holistic approach is also reflected in the optimal use of crops. “Most of 

our soy, grains, pulses and other crops are 100% circular, produced waste free, 

except for packaging material and cleaning agents,” Jakobi stresses. “Produc-

tion side streams are often valuable in feed applications or can be upcycled for 

food applications.” 

The multinational is working towards a strict target of 30% reduction in 

Scope 3 (or supply chain) greenhouse gas emissions in 2030. “We see this as 

an effort that not just applies to ourselves, but to the whole industry. We are 

therefore continuously looking for partnerships across the supply chain, with 

stakeholders that share the same ambitions,” says Jakobi. Examples include 

the Sea Further initiative for sustainable aquaculture, in which Cargill works 

together with partners across the chain, and the BeefUp Sustainability initiative.

SeaFurther™ Sustainability is an initiative where Cargill works with part-

ners through the value chain to reduce the total greenhouse gas footprint of its 

aquaculture feed customers. Raw material inputs for feed production drive up 

to 80% of the footprint of the farmed seafood, so working on the feed ingredi-

ents is key. Using by-products and co-products not only ensures that nutrients 

that could be lost from food systems are utilised, but also greatly reduces 

the footprint of the feed compared to using primary products. Cargill is also 

partnering with suppliers to develop new feed ingredients which utilise by-

products or use inputs which do not rely on materials that could be used for 

direct human consumption.



44 BeefUp Sustainability

In 2019, Cargill launched BeefUp Sustainability, an initiative committed to 

achieving a 30% greenhouse gas (GHG) intensity reduction across its North 

American beef supply chain by 2030. The opt-in initiative will reduce GHG 

emissions throughout Cargill’s North American beef supply chain from a 2017 

baseline, measured on a per pound of product basis.

Through this initiative, Cargill will invest in science-based practices, build-

ing tailored programmes in four key areas:

• Grazing management – exploring different practices with ranchers, such as 

grazing management planning and adaptive management, to understand 

how they impact sustainability outcomes related to carbon storage, wildlife 

habitats, water, and other ecological and economic parameters

• Feed production – working with farmers to help implement soil health 

practices in row crops, such as fertiliser optimisation and cover crops that 

lower greenhouse gas emissions from cattle feed ingredients

• Innovation – investing in emerging technologies and introducing new 

ideas to reduce emissions

• Food waste reduction – identifying ways to partner with customers to 

reduce food waste and advancing efforts, such as packaging innovation and 

shelf-life extension

Recently, Cargill chose to collaborate with farmers that work according to 

European guidelines for sustainable crop production, Soil Capital. This part-

nership allows the company to continue to invest in soil health principles that 

contribute to improving farmers’ livelihoods while reducing GHG emissions. 

Moving at different speeds

Jakobi is happy to see changes, across the chain, already taking place: “For 

example, the market for sustainably produced soy from Europe is growing, 

which provides sustainable local alternatives to soy from Latin America.” How-

ever, the global strategic growth platform leader for alternative proteins would 

like to see things moving faster.

The key challenge in establishing a global protein shift, according to Jakobi, 

is the number and variety of actors in the supply chain, and that they all are 

moving at different speeds. “Consumer opinions – for example on soy –can 

change quickly from one year to the other, but farmers and seed breeders need 

several years to change their business models,” he explains. Also, food manu-



45facturers need to learn how to use the proteins derived from new sources to 

create products that are accessible, healthy, tasty and affordable. That’s why we 

need to keep a sense of urgency.”

For this reason Jakobi argues for a regulatory framework and infrastruc-

ture that facilitates cooperation between governments, companies, academia 

and research institutes. “We need to work together in innovative ecosystems, 

conduct fact-based discussions, and educate consumers about the benefits 

and safety of alternative proteins,” he illustrates. “The policy initiatives in the 

European Green Deal are a good first step, underlining the consensus across 

the chain on the importance of the protein transition.” 

www.cargill.com  

”

http://www.cargill.com


46 The land crop pea

Claire Domoney

Department of Biochemistry and Metabolism, John Innes Centre,  

Norwich Research Park  

Pea is one of the first domesticated crops and currently a major pulse 

crop worldwide. Besides its agronomic and nutritional value, pea is also 

a model crop for genetic studies and the development of breeding tools.

F or many people, pea is associated with a variety of life scenarios, rang-

ing from an accompaniment to fish and chips, school meals in various 

forms through to early lessons in the basic principles of genetics and 

inheritance. Familiarity with the last will associate the name of Gregor Mendel, 

a monk in a Moravian monastery in the 1800s, with the earliest revelations of 

how traits can be inherited as discrete units. Mendel carried out many breed-

ing experiments in pea that are still of interest today, 200 years since his birth. 

Despite the fact that we now live in a genomics age with high-fidelity and chro-

mosome-level sequencing capabilities, three of Mendel’s traits have yet to be 

described in molecular terms. Of the seven traits he studied, several remain rel-

evant to the use of pea as a food and feed crop and two can impact the amount 

and/or type of proteins that accumulate in seeds.

Pea (Pisum sativum L.) is one of the first domesticated crops and is grown in 

most temperate regions of the world. As a member of the Leguminosae family, 

pea is capable of fixing atmospheric nitrogen, thereby addressing the current 

pressing need for a more sustainable agriculture and contributing to this goal 

through reducing reliance on petrochemical-based inputs, greenhouse gas 

emissions and the environmental footprint of current systems. In well-man-

aged systems, the nitrogen which is fixed by legume crops can become available 

to the following crop, providing additional environmental benefits. The prin-

cipal greenhouse gas emissions are nitrous oxide and methane, the latter being 

largely attributed to meat and dairy production. Therefore, legumes such as 

pea can also contribute to reducing methane through delivering a valuable 

plant-based protein from its seeds.

As a non-oilseed legume crop harvested for its mature dry seed, pea ranks as 

a major pulse crop globally, second only to common bean (Phaseolus vulgaris L.) in 

terms of production volume (Warkentin et al., 2015). The major dry pea produc-

ing areas are North America (chiefly Canada), Europe, China and India. World 

production of dry pea has increased dramatically in recent years (FAOSTAT; 

http://www.fao.org/faostat/en/#data/QCL, accessed 11/08/2021), peaking at 
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over 16 Mt in 2017 compared to 10.5 Mt in 2012 (Figure 1). Over the same period, 

world production of vegetable (green) pea has also increased steadily from 17 

Mt to almost 22 Mt (Figure 2). While the world average yield of dry pea was just 

under 2 tonnes per hectare, that of vegetable pea was just under 8 tonnes per 

hectare; for the latter, at least half the value reflects the water content of the 

immature seeds in contrast to ~12-15% moisture in a mature pea seed harvest. 

While the world average yield of dry pea remains low, impressive yields can 

be obtained given optimal growth conditions and care of the crop; for exam-

ple, a value of almost 7.5 tonnes per hectare was achieved by a UK grower in 

2019 (https://www.farminguk.com/news/lincolnshire-grower-breaks-world-

record-for-pea-yields_53871.html), indicative of the yield potential of this crop. 

The relatively recent global increase in demand for ‘dry’ pea reflects the 

growing interest in using plants as alternative sources of protein. This is asso-

ciated with changes in dietary habits, together with a growing appreciation 

of the environmental impact of food production and increasing awareness of 

the importance of quality dietary protein in preventing muscle loss during 

ageing. In contrast to crops which have dietary, ethical or additional perceived 

problems associated with their consumption – for example, some contain 

well-documented allergens and other proteins requiring inactivation or dena-

turation by heat treatment to facilitate digestion, some are grown in areas of 

the world which are being deliberately deforested at an alarming rate, and/or 

may be genetically modified – pea satisfies many consumer demands in terms 

of its low allergenicity index, the geographical areas in which it is produced 

and its ‘natural’ credentials, appreciated by many consumers. Current global 

demand far outstrips supply, and pea and its derived products are currently 

used in a wide range of foodstuffs, ranging from soups, hummus, snacks, bak-

ery and meat-substitute products, utilising seeds which are whole, split, milled 

to a flour, extruded (for example in snack products) or wet/dry-extracted to 

yield protein and other by-products. 

Research on seed quality traits in pea is linked historically with the pio-

neering studies of inheritance carried out by Gregor Mendel (see above). One 

of the traits which Mendel studied was seed shape: whether the seed was 

round or wrinkled. Over a hundred years later, the molecular control of this 

seed shape trait was shown to be a starch biosynthetic gene, starch-branching 

enzyme I, where a genetic mutation is associated with the wrinkled-seeded 

shape. The reduced starch in wrinkled pea seeds shows distinct properties as 

a consequence of its less branched structure (Petropoulou et al., 2020) but is 

also associated with a higher concentration of seed protein. Mutations which 

have extreme effects on the starch biosynthetic pathway (e.g., phosphoglu-

comutase mutations) have been shown to result in pea seeds having protein 

https://www.farminguk.com/news/lincolnshire-grower-breaks-world-record-for-pea-yields_53871.html
https://www.farminguk.com/news/lincolnshire-grower-breaks-world-record-for-pea-yields_53871.html
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Figure 1: Global yield of dry pea (mature seed, Mt) from 2012 to 2019. FAO data 
accessed 11/08/2021

Figure 2: Global yield of green pea (fresh, immature seed, Mt) from 2012 to 2019. 
FAO data accessed 11/08/2021
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49concentrations of over 40%. At maturity, round pea seeds contain up to 30% 

protein, dependent on genotype, environmental conditions and plant health. 

Several studies have identified genetic loci associated with variation in protein 

concentration in round-seeded types of pea. Although breeding for higher seed 

protein remains an objective of breeding programmes, the emphasis should 

be not simply to increase protein concentration per se but rather to increase 

the amount of digestible protein. For many years, it has been clear that seed 

proteins differ in their digestibility, with some passing through animal gut 

systems without structural change. In pea, such proteins comprise a group of 

albumins, chiefly pea albumin 2 and lectin, while seed proteins which act as 

inhibitors of digestive enzymes have also been described for pea, soybean and 

many other legume species.

Proteins in pea and other leguminous seeds fall into two main types: globu-

lins, which are salt soluble but water insoluble, and albumins, which are water 

soluble, making an initial separation of these fractions relatively straightfor-

ward. The major pea seed proteins are the globulins, legumin and vicilin, where 

the latter includes a closely related larger protein, convicilin. The globulins 

are encoded by two large multi-gene families, clustered at distinct genetic loci, 

each containing several genes which share a high degree of sequence homol-

ogy (>90%). The arrangement of the individual loci is such that genes within a 

locus are inherited as a block, but the distinct loci can be readily recombined by 

traditional crossing and breeding.

Compared with legumins, vicilin proteins have lower concentrations of 

sulphur-containing amino acids, which are essential for human health and 

have been identified as limiting in many legumes. It should be noted however 

that, in a balanced diet containing cereals, the limiting amino acids of both 

legumes and cereals are perfectly complemented. Food manufacturers wish-

ing to utilise high concentrations of pulse products in meat-replacement and 

related food products desire high concentrations of S-containing amino acids 

for nutritional and possible functional (cross-linking) properties. Increasing 

the concentrations of sulphur-containing amino acids and tryptophan has also 

been identified as a target for the nutritional improvement of pea and other 

pulse crops, with an overall interest in examining the impact of enhancing 

the production of proteins which are rich in these amino acids, while reducing 

others, e.g., vicilins (Robinson and Domoney, 2021). In pea cotyledonary cells, 

vicilin has been shown to form protein aggregates with specific physicochemi-

cal properties, including resistance to gastrointestinal digestion (Antonets 

et al., 2020). Estimates of the numbers of vicilin genes vary, with proteomic 

studies suggesting that there are at least 24 vicilin genes in the pea genome, fol-

lowing construction of a pea seed proteome reference map, a number that is in 
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50 broad agreement with earlier measurements of gene copy number (Casey and 

Domoney, 1999). This gene number contrasts with those reported from a pub-

licly available genome sequence for the pea cultivar (cv.) Caméor, where nine 

vicilin genes and two convicilin genes were annotated; for vicilin the number is 

considerably lower than that deduced from earlier studies where copy number 

was determined by hybridisation and molecular cloning (Casey and Domoney, 

1999). It seems likely that the high degree of homology between the individual 

genes at any one locus has led to an underestimate of the actual number in the 

Caméor genome, with several highly similar genes being assembled as one in 

the genome assembly. This problem is being addressed by long-range sequenc-

ing, where individual genes and their genomic relationship to each other are 

more clearly defined. 

The albumin proteins in pea seeds have been shown to contain dispropor-

tionately high concentrations of sulphur-containing amino acids compared 

with globulin protein fractions. Therefore, pea albumins may convey a nutri-

tional benefit with respect to amino acid composition, despite concerns over 

possible allergenic effects and resistance to digestion of some (see earlier). Pea 

seed albumins have been associated with a range of biological activities and 

so it could be argued that they may be less amenable to genetic manipulation 

than the globulin proteins. For example, pea albumin 1 subunit b (PA1b) from 

pea shows insecticidal properties against a range of cereal pests and so may con-

fer biological protection to the seed. PA1a and PA1b subunits are derived from 

the products of PA1 genes, of which there are estimated to be approximately 

eight in pea. Pea albumin 2 is poorly digested but has been associated with the 

balance of polyamines in seeds, suggesting that this protein may also have a 

role in development and stress responses; nine gene sequences coding for PA2 

have been identified in the cv. Caméor genome assembly. Pea lectin and trypsin/

chymotrypsin inhibitors are albumins, shown to be poorly digested and/or to 

interfere with digestion, while also classified as having insecticidal properties. 

Pea lectin is encoded by a single gene, which is also involved in the response of 

pea roots to Rhizobium symbiotic bacteria. Despite this array of reported bio-

logical activity, mutants lacking pea albumin 2, lectin (Domoney et al., 2013) 

and the major trypsin/ chymotrypsin inhibitors have been identified (see Fig-

ure 3). No deleterious consequence for plant or seed health has been reported 

for the individual mutants, and the lectin-less mutant demonstrated normal 

nodulation. Combinations of these mutations therefore offer the prospect of 

improved protein digestibility, while overall amino acid profile and functional 

properties of the protein may also be altered. 
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Mutations impacting on the synthesis of vicilin proteins have also been gener-

ated; although these proteins are encoded by multiple genes at each of several 

genetic loci (see above), fast neutron mutagenesis offered the possibility of 

deleting individual loci (Domoney et al., 2013). Lines carrying stacked vicilin 

and albumin deletions are currently being studied under laboratory condi-

tions. Besides the effects on protein digestibility, it can also be predicted that 

functional properties of the seed protein fraction will be impacted by such 

large changes to composition. 

Lipoxygenases (LOX) are additional albumin seed proteins, which are 

abundant in pea seeds and have a well-established enzymatic activity. These 

iron-containing enzymes catalyse the synthesis of hydroperoxides from fatty 

acids, and further modification of some of these products leads to the produc-

tion of compounds considered as off-flavours by consumers. The enzymes are 

of great interest to the industry wishing to remove off-flavours from foods and 

ingredients derived from pea and present a target for genetic improvement. 

The pea seed enzymes are of two types, LOX-2 and LOX-3, each encoded by two 

or three genes at one genetic locus. A naturally occurring mutation in LOX-2 

was identified among wild germplasm of pea. This mutation is not the result 

of a deletion of LOX genes, but likely reflects a rearrangement of genetic infor-

mation present in the LOX-2 promoter of the mutant line. Introduction of the 

mutation into cultivated pea has been achieved and changes to the profile of 

hydroperoxides observed. Although the mutation might have provided advan-

tage to the vegetable pea industry, where rapid freezing of harvested products 

is needed to reduce the formation of off-flavours, there is much greater interest 

nowadays in utilising this mutation to eliminate ‘pea flavour’ from commercial 

products derived from mature seeds.

Figure 3: Total proteins extracted 
from pea seeds and separated 
on a gel. Three proteins which 
have a negative effect on protein 
digestibility are highlighted (blue 
arrows). Quantitative variation 
for some proteins is evident; for 
example, a pea line with lower 
amounts of pea albumin 2 (PA2, 
~25,000 molecular weight) 
is shown in lane c. Standard 
proteins of known size are shown 
in the left-most lane and their 
sizes indicated (x10-3). 
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52 The above examples illustrate how genetic variation affecting individual pro-

teins can be utilised to change the profile of proteins in pea seeds. The overall 

control of the expression of storage proteins in pea seeds can be attributed to 

various sequence motifs, which confer seed-specific activation of the encoding 

genes as well as responses to both developmental and environmental clues. For 

example, a very common sequence motif (CATGCATG) is located upstream of 

several of the seed storage protein genes identified in the Caméor genome. The 

possibility of fine-tuning the expression of seed proteins by manipulating 

transcription factor binding sites will be enabled in future by novel and precise 

gene editing tools, based on a growing understanding of genome organisation. 

Such knowledge may also in due course permit the protein concentration of 

pea and other crops to be enhanced beyond that which is available currently 

through natural or induced variation.

Currently the number of foods which utilise pea as an ingredient is growing 

rapidly, with demand far outstripping supply in many countries. The majority 

demand is for its high-quality plant protein, largely for meat-free products, 

although starch variants are also being considered in parallel by some indus-

tries focussing on delivering healthy ‘resistant’ starch. Other markets include 

‘gluten-free’, where pea plays an important role alongside other pulses as a 

source of gluten-free seed protein, and protein-enriched products; for exam-

ple, wheat bread fortified with pulse flour delivers higher protein and minerals 

in the diet than wheat alone. Variants of pea with major alterations to their 

seed proteins already exist and have the capacity to deliver improved emulsifi-

cation, foaming and whipping properties to a wider range of foods. Overall, the 

demand is for blandness, where added spices and flavourings can predominate 

in a range of products, where pea flavour may itself be a negative attribute. 

Extrusion texturisation and other heat-processing steps result in lower ‘pea 

flavour’, often described as ‘grassy beany’. However, using genetics to eliminate 

these organoleptic traits offers the possibility of retaining more nutrients and 

functionality in minimally processed foods.  
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54 Faba bean, the protein king of the  
temperate region
Udo Prins and Willemijn Cuijpers

Louis Bolk Instituut

Faba bean has played an important role for a long time in global plant 

protein production due to its exceptionally high yield potential. The 

development of varieties with better quality and resistance to biotic and 

abiotic stresses would enhance the cultivation of this crop in temperate 

climates.

F aba bean has been an important source of protein since the beginning 

of agriculture 10,000 years ago, with at least part of its genetic base 

originating from the Levant (Caracuta et al., 2015; 2017). Specimens of 

faba bean have recently been discovered in 14,000-year-old campsites in Israel 

(Caracuta et al., 2016). Although faba bean is still part of human food culture 

in some areas of the world, it most areas it is merely used as a source of animal 

feed. However, with the renewed interest in plant-based proteins, faba bean is 

on the brink of renewed appreciation as a promising, healthy and sustainable 

protein source for our future food system.

During its long course of cultivation and domestication, faba bean has 

adjusted to growing under a wide variety of climatic conditions, transforming 

into an equally large variety of subspecies, landraces and varieties that have 

played an important role in human and animal nutrition throughout history. 

In general, three different subspecies are recognised: Vicia faba subsp. minor, 

equine and major, with some adding a fourth: subsp. paucijuga.

Paucijuga and minor produce the smallest seeds with thousand kernel 

weights (TWK) of less than 250g and 500g respectively, but they only play a 

minor role in faba bean production worldwide as their yields cannot match 

that of the other subspecies. Currently in northern Europe, the most com-

monly used subspecies and most productive for dry harvest is equina, or horse 

bean, with an intermediate seed size of 500-1000 grams TKW. Although desic-

cation of these somewhat larger beans takes more time, growing seasons of 

120-150 days tend to be long enough to ensure timely ripening for dry harvest. 

The subspecies with the largest bean size is major, with TKW of more than 1000 

grams. In northern Europe, with its temperate climate, this bean is mostly used 

for fresh consumption, although dry harvest is more common in the Mediter-

ranean area where it is grown for both food (dried and fresh) and feed. From 



55this region, in the 16th century, major also found its way to Southern and Cen-

tral America (Singh et al., 2012).

Current production and use

In the course of agricultural history, faba bean has always played a significant 

role in global plant protein production, however currently it is the eighth big-

gest grain legume. One of the reasons for this is the fact that faba beans react 

poorly to drought and high temperatures, making it less profitable to grow 

on soils with low water retention like sandy soils or under harsh climatic con-

ditions compared to more frequently grown crops like soybeans, cow peas, 

chickpeas, peas, pigeon peas and lentils. Faba bean production is therefore 

found in regions with higher and more reliable rainfall or on loamy and clay 

soils with better water retention. However, these areas and soils tend to have a 

larger number of potential competing crops, restricting the area for faba bean 

cultivation.

With 2.5 million hectares harvested in 2019 and a production of 5.4 mil-

lion tonnes, faba bean’s significance is modest compared to that of the most 

frequently grown grain legume: soybeans (120 Mha) (FAOSTAT, 2019). Its main 

producing countries are China and Ethiopia, both in terms of harvested area 

(840/467 kha) and production volume (1.7/1.0 MT), followed by Australia and 

the UK.

Although China and Ethiopia are by far the largest producers, they hardly 

contribute to the faba world market. More than 97% of the production is used 

within China and Ethiopia itself. The main cause for this high level of subsist-

ence is the fact that faba bean is an integral part of both traditional agriculture 

and local food culture. Faba bean is used for food, dried and fresh, but also for 

feed (stems, leaves and pod shells) and green manure. A wide range of tradi-

tional dishes are based on faba bean, including bean-starch vermicelli, sheet 

jelly, pastries, sauces and pastes in China, and stews like shiro wot in Ethiopia.

On the other hand, the third largest producing country, Australia, does not 

have a history of faba bean use and consumption, and it exports more than 80% 

of the production volume (266 kT), making it the largest faba bean exporter in 

the world followed by the UK, Lithuania and Egypt. Egypt is also the world’s 

biggest importer with a volume of 300 kT annually as faba bean is an important 

food item in the northern African region. It is a staple of many traditional Egyp-

tian dishes such as bean stew (foul mudammas) and the well-known deep-fried 

falafel. As the domestic production of faba bean in northern Africa is limited, 

most is imported by Egypt and redistributed to the surrounding countries.
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56 Apart from China and North Africa with a thriving food culture that includes 

faba bean, in other areas this grain legume is mainly used grown for feed for 

farm animals (cattle, pigs, chicken) and fish. To date, the use of faba bean for 

human consumption, for example in flour as a functional ingredient in bakery 

products, for the whitening effect in white bread or as a dough improver, has 

been very limited. When used for this purpose, the amount of faba bean flour is 

so minimal compared to the other ingredients that most people or not aware of 

its use. In northern Europe, faba bean is mainly used as a fresh product, mostly 

Vicia faba major, either bought as a fresh vegetable with the beans still in the 

pod or as a ready-to-use product in a tin or jar. Given its area of production in 

northern Europe, most of the crop is used for feed. For the largest UK producer 

of faba bean in Europe, it has been estimated that less than 2‰ of the produc-

tion is for human consumption in the UK itself (Kezeya Sepngang et al., 2019).

Compelling benefits of faba beans

The most compelling benefit of faba bean production is its yield potential. 

When grown in optimal conditions, good availability of moisture and neutral 

to alkaline soil, faba bean can outperform any other grain legume. In the Neth-

erlands, farm yields of 7-8 t/ha are no exception under optimal conditions, 

resulting in protein yields of more than 2.2 t/ha, whereas competing crops 

generally manage no more than 1.2-1.5 t/ha (Cuijpers, 2018). This high produc-

tion potential makes faba bean an interesting proposition for clay or loam soils, 

especially in more temperate regions with ample amounts of rainfall.

Another convincing benefit from an agricultural perspective is the fact that 

faba bean is frost tolerant, making it suitable to be autumn sown in areas as far 

up as the Netherlands, northern Germany and large parts of England, although 

in those areas spring sowing is more common. In the Mediterranean area faba 

bean is primarily sown in autumn to ensure enough crop and yield develop-

ment before the summer droughts. The same shift of autumn-sown crops in 

the subtropical regions to spring-sown crops under more temperate climatic 

conditions is described for all the regions where faba bean is cultivated.

A last undeniable benefit of faba bean is related to its contribution to the 

overall biodiversity in the agricultural landscape. Due to its relatively long 

flowering period and floral abundance, it plays an important role in the res-

toration of the population of flower-visiting insects and thereby the broader 

recovery of biodiversity of, for instance, farmland birds.

When it comes to compelling benefits of faba bean as an ingredient for 

human nutrition, much still needs to be discovered. One important advantage 
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57for industrial processing is the fact that faba bean lacks allergenic potential. 

Theoretically, all proteins can induce an allergic reaction, but the allergenic 

potency differs between food proteins. In a comparative study of 10 legumes 

(Smits et al., 2021), faba bean and green lentil showed the lowest prevalence of 

allergic reactions, with peanut, soybean and white lupin at the high end. As a 

relatively new ingredient in the food industry, this is a great advantage as com-

panies tend to prefer to avoid any risk of introducing a new allergen. 

Recent rekindled interest in plant-based proteins due to the anticipated pro-

tein transition in northern Europe has brought a growing interest in faba bean 

as an important ingredient in plant-based diets. Experiments to make protein-

enriched bread and pasta by replacing substantial amounts of the wheat with 

faba bean flour have been successful (Coda et al., 2017 and Rizello et al., 2017). 

The first meat and fish analogues/substitutes have been made from faba bean 

protein concentrates or protein isolates and serve as a much-desired alternative 

to soy. A growing group of vegans, vegetarians and flexitarians are actively look-

ing for more variety in their choice of plant-based protein sources and are open 

to using faba beans, especially if this plant protein can be grown locally.

Hurdles: how to overcome them 

Despite its promising future as part of the solution to a more plant-based diet, 

both the cultivation and the processing of faba bean are hindered by a number 

of important hurdles. In agricultural production, yield can be greatly affected 

by fungal diseases, pests and drought, or a lack of pollinating insects. Improv-

ing drought resistance through breeding should make the crop more suitable 

to a wider range of soil types, especially more shallow and sandy soils. Breeding 

could also be directed at improving resistance to the most important fungal 

problems: brown rust (Uromyces viciae-fabae), chocolate spot disease (Botrytis 

fabae), and ascochyta-blight (Ascochyta fabae). 

Major pests of faba bean in the field include aphids, broadbean weevil (Bru-

chus rufimanus) and pea leaf weevil (Sitona lineatus), all of which can seriously 

hinder crop growth and pod setting even to the point of total crop loss. Some 

bruchids like Bruchidius incarnatus, Callosobruchus maculatus and C. chin-

ensis can cause serious problems during seed storage, making the product 

unsuitable for trading and processing for human consumption. As bruchid 

damage is a major cause of the large-scale decline in production and trade from 

countries like France and the UK, more effective means of pest control need to 

be developed. Although these pests can be managed using chemical crop pro-
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58 tection, a more integrated approach is urgently needed as many insecticides 

also kill some of the beneficial insects. 

Using more selective insecticides is therefore a major step forward, but 

avoiding crop damage by increasing the presence of predator insects is pref-

erable as it optimises the contribution of an abundantly flowering crop like 

faba bean to the recovery of the overall biodiversity in farmland. Using inter-

cropping methods or narrow strip cropping can also contribute to increased 

biological control of pests and diseases (Hansen et al., 2008). Finally, breed-

ing can play a role in reducing the problem of insect damage to the faba bean 

crop, too. Known genetic differences in susceptibility to bruchid infestation are 

related to bean colour (dark beans being more resistant) and content of second-

ary metabolites (Duan et al., 2014). 

With regards to hurdles in the use of faba bean ingredients for human 

consumption, many of the functional and sensory properties still need to be 

discovered by the industry as it is a relatively new crop.  In a recent EU research 

project intended to develop new food chains for plant-based proteins (www.

protein2food.eu), there was an issue with the strong beany flavour of whole-

grain flours in some food applications (e.g., plant-based milk, yoghurt), while 

in other applications (e.g., bread, pasta) this was not a problem.

However, we are currently seeing rapid developments in faba bean use, and 

new food applications such as plant-based fish replacers or faba bean burgers 

are emerging rapidly. The fact that the processing industry responsible for 

transforming whole beans into raw materials for the food industry (flours, 

protein concentrates, protein isolates, texturised proteins) is recognising the 

potential of faba bean on a relatively large scale in northern Europe (new fac-

tories in Germany, France, Belgium, the Netherlands and Denmark) is a sign 

that this process has only just started and that it is not unlikely that faba bean 

will play a pivotal role in the protein transition alongside more widely known 

ingredients like soybean and pea.
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Industry interview with  
Anker Sørensen, Vice President of 

New Business, and Dr Diana Rigola, 
Scientist, Keygene 

IMPROVING YIELD  
AND QUALITY OF  

CROPS THROUGH 
PLANT BREEDING



“
“Faba beans: Northwest Europe’s next  
super crop”

Improving the yield and quality of crops through molecular breeding 

has been Keygene’s core business since 1989. Today, this crop innovation 

company is putting extra focus on legumes, and faba beans in particular. 

Vice-President of New Business, Anker Sørensen, and scientist Dr Diana 

Rigola, explain why and how.

“We want to make a societal impact with the work we do,” says Sørensen. “And 

we believe we can make a difference in how protein-rich crops are improved – a 

theme in which issues like food security, health, the environment and econom-

ics all come together.” 

Molecular breeding

Keygene specialises in crop improvement through molecular breeding. “This 

non-GM approach is the fastest and most cost-effective technique to sup-

port breeding and food companies to bring better crops to market,” Sørensen 

explains. 

The company is deploying six crop-innovation platforms, providing tailor-

made support to plant breeders wanting to improve crop yield and quality. 

The platforms range from trait discovery to digital phenotyping and preci-

sion breeding. With this approach, Keygene has enabled and facilitated the 

improvement of many different crops for food and feed – from rice with higher 



65yields, and disease resistant peppers, tomatoes and bananas to chicory without 

its familiar bitter taste. 

Saving fertilisers

“For a few years now, we have been using our knowledge and technologies 

to improve protein-rich crops for human nutrition, especially legumes,” says 

Rigola. Legumes are able to extract nitrogen from the air and fix it in the plant 

tissue, thereby making a positive impact on the European agro-ecological 

plan, which includes agreements on crop rotation. “Farmers who plant these 

crops don’t need to give their plants any nitrogen during the growing year and 

the crop in the following year is positively affected as well. This significantly 

reduces fertiliser use and cost, with a parallel reduction in the CO2 emissions 

caused by their production and transport, when these crops are grown in 

Europe as opposed to being imported.”  

From the thousands known legume species, about 50 are currently used 

in agriculture. Sørensen and Rigola see faba beans as the most promising 

candidate for northwestern Europe. “We believe this species has the greatest 

potential in terms of protein yield per hectare and its capacity to extract nitro-

gen from the air,” Sørensen explains. 

As a comparison, in the US the focus is on yellow pea, because this crop fits 

best into the local rotation plan and existing production plants are specially 

designed for processing yellow pea. “Scientists from Keygene’s US company are 

working, together with local partners, to improve this crop.”   

Orphan crop

Faba beans are often called an orphan crop as, to date, they haven’t been the 

subject of much research compared to many other crops. Sørensen: “For a long 

time they have been the poor man’s ‘meat’ and their tendency to cause flatu-

lence has tarnished their reputation somewhat. This has restrained the growth 

of the faba bean market, but we believe this will change when we increase and 

improve the intrinsic qualities of this crop.”  

For faba beans, Keygene has made an extensive assessment to determine 

what traits are most important to improve, and is researching which genes 

determine these traits. “We are using a non-GM technology to alter these 

traits,” Rigola says. “The genetic variations that come out of this process can 



66 be applied in crop breeding.” The challenge is to improve the traits without 

compromising existing qualities, such as robustness and yield.

Top of the to-be-changed list are taste and colour. “Faba beans have a bitter 

aftertaste, a real hurdle to using them in meat and dairy replacers,” Sørensen 

continues. “And it is energy and cost intensive to remove the bitterness during 

the processing steps.” 

Preventing favism

According to Rigola, faba beans also have antinutritional challenges to over-

come. “Consumption of faba beans can cause favism, an allergic-like reaction, 

in people with a congenital deficiency of the enzyme glucose-6-fosphate dehy-

drogenase. Such defect causes red blood cells to break down prematurely. 

Rigola: “The deficiency occurs mainly in the Middle East and the Mediterra-

nean basin, affecting about 400 million people worldwide. Reason enough to 

tackle this issue.” 

Showcases

Keygene is determined to turn faba beans into a mainstream protein crop, by 

working together with partners across the value chain – from farmers, col-

lectives and cooperatives, to manufacturers and retailers. The company is 

involved in Foodvalley NL, an independent platform for innovation and tran-

sition in the global food system, and is planning to join a European consortium 

dedicated to realising the potential of the faba bean. “We want to come up with 

showcase examples within a few years: first for faba beans and then for other 

legumes such as lupine,” Sørensen adds. 

The will to invest

The Vice-President New Business is convinced that with the right knowledge 

and technology the agrifood sector can become adept in the rapid improve-

ment of crops and plant-based foods. “Companies should, however, be willing 

to invest in appropriate emerging technologies, and accept that such leading-

edge innovation processes come with risks,” he stresses. 

Moreover, companies need to think about the whole system and not just 

their own interests. “Every partner across the chain should benefit from the 



67developments, not just the retailers.” This requires a long-term vision on sus-

tainability instead of cost-driven considerations. “If your main focus is price 

reduction, inevitably it is farmers who will suffer the most.” 

Tipping point

Rigola: “I do see progress, but no real systems change yet. The government 

could accelerate development by drafting policies that facilitate the necessary 

(chain-wide) protein transition. If we all reach out and work together with 

partners with different backgrounds and perspectives, we will reach a tipping 

point where change becomes unstoppable.”

”



68 Bambara groundnut: an underutilized  
indigenous crop
Nokuthula Vilakazi and Lindiwe Majele Sibanda

University of Pretoria

Bambara groundnut is a crop with great potential for sub-Saharan 

Africa as a source of dietary diversity, particularly as a protein-rich food 

source. Importantly, because of its drought tolerance ability, it is able to 

grow in areas where other crops fail. 

T he world’s population is estimated to reach 9.8 billion in 2050. Cou-

pled with the effects of climate change on high-intensity agricultural 

practices, we need to invest in sustainable and less destructive ways of 

meeting our current and future food needs. A possible solution is to investi-

gate the potential of underutilized but nutrient-dense indigenous crop species 

to diversify local food systems. This chapter explores the Bambara groundnut 

(Vigna subterranea (L.) Verdc), an indigenous African legume that is naturally 

adapted to the African environment, can enhance dietary diversity, and con-

tribute to improving rural and urban nutrition, and the sustainability of the 

African food system.

Origins and spread of the Bambara groundnut in Africa

Bambara groundnuts (Vigna subterranea (L.) Verdc.) are indigenous to Africa and 

widely cultivated in the arid and semiarid areas of sub-Saharan Africa. The 

Bambara crop has its origins in West Africa in the Jos Plateau and North Yola 

province of Nigeria and has spread to Garoua in Cameroon, and further to 

southern Africa via Central Africa (Hillocks, Bennett, & Mponda, 2012).

Although the Bambara groundnut is widely cultivated in Africa, there is 

little scientific evidence of the importance of this legume in the sub-Saharan 

African region. Burkina Faso, Cameroon, Niger, Mali, Togo, and the Democratic 

Republic of Congo (DRC) in West Africa and Zimbabwe in Southern Africa are 

the main African producing countries of the Bambara groundnut (FAOSTATS, 

2020). Other Southern African countries where the Bambara groundnut crop 

is grown include Swaziland, South Africa, Uganda, and Zambia (Hillocks et 

al., 2012). In 2020, the production of Bambara groundnut in Africa was esti-

mated at 230,619 tons, with the highest production coming from Burkina Faso 



69(57,428 tons) and the Democratic Republic of Congo being the lowest (11,125 

tons) among the producing countries (Table 1) (FAOSTATS, 2020).

Countries Production (T)

Burkina Faso 57,428

Cameroon 39,809

Niger 55,570

Mali 26,996 

Democratic Republic of Congo 11,125

Togo 19,893

Zimbabwe 19,798

Total 230,619

Table 1: 2020 production estimates of Bambara groundnut per country in Africa 
(FAOSTATS, 2020) 

Agronomic attributes of Bambara groundnut

Although Bambara groundnut is an underutilized legume, in sub-Saharan 

Africa it has agronomical value as a drought-resistant crop, as such thrives in 

places where other crops fail (Mayes et al., 2019). Like many legumes, it has the 

ability to fix atmospheric nitrogen to replenish soil nitrogen as a companion 

crop in intercropping and rotational systems. Other benefits include the ability 

to supply organic matter to the soil, enhance fertilizer uptake, suppress weeds, 

and lower the greenhouse gas footprint, resulting in improved crop yields.

The Bambara groundnut landraces have an additional advantage in 

drought-prone areas because it has proven resilient to reduced water avail-

ability (Mabhaudhi, O’Reilly, Walker, & Mwale, 2016). The Bambara crop has 

the ability to reduce growth indices of plant height, leaf number, leaf area 

index, and close its stomata, which helps it to minimize water losses. The crop 

grows well in poor-leached soils with low levels of Nitrogen (N), Phosphorus 

(P), Potassium (K), Calcium (Ca), and Magnesium (Mg) and under conditions of 

high temperature. The Bambara crop is fast growing, and can be grown suc-

cessfully in areas with less than 500 mm rainfall.

Nutritional contribution

The most commonly used part of the Bambara groundnut crop is the seed 

(Halimi, Barkla, Mayes, & King, 2019). Nutritionally, in terms of micronutri-

ent content, Bambara groundnut compares favorably with other well-known 
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legumes such as cowpea and chickpea (Table 2) (Hillocks et al., 2012). Bambara 

groundnuts are therefore a good source of food and nutrition security in arid 

and semi-arid areas where other crops fail.

Bambara groundnuts are a good source of protein (15.6-21.8g), carbohy-

drate (52.7-61.9g), dietary fiber (2.1-3.6g), and fat (6.0-8.7g) (Mubaiwa, Fogliano, 

Chidewe, & Linnemann, 2018). Bambara groundnuts are a particularly valu-

able source of amino acids, especially the essential amino acid lysine which 

is important in the nutrition of growing children. The addition of Bambara 

groundnuts to cereal-based diets is important, especially in sub-Saharan Africa 

where it serves as a complement to lysine-poor proteins from cereals (Mubaiwa 

et al., 2018). Legumes also have reported health benefits such as antioxidant, 

antidiabetic, cardio-protective, antitumor, immune-stimulating, and neuro-

protective properties.

Despite their high nutritional value, Bambara groundnuts like most leg-

umes also contain anti-nutritional factors. The anti-nutritional factors have 

been blamed for the reduced interest because of the adverse effects it has on 

consumption. Anti-nutrients like tannins affect protein digestibility and the 

availability of essential amino acids while phytic acid and saponins bind to 

minerals such as zinc, iron, magnesium, and calcium to form complexes result-

ing in reduced bioavailability, as well as causing bloating. Processing methods 

such as soaking, milling, de-braning, roasting, cooking, germination, and 

fermentation, can reduce the anti-nutrient content to levels that are safe for 

human consumption and nutrition.

The Bambara groundnut value chain in Africa:  
from farm to fork

In terms of importance among other legume crops, the Bambara groundnut 

ranks third after groundnuts, and cowpeas in Africa. Reliable production fig-

ures and utilization rates are not easy to ascertain because it is mostly grown by 

Nutrient Bambara ground 
nut

Cowpea Chickpea

Calories (KJ) 390 333 364

Carbohydrate (%) 61.9 60.0 60.6

Protein (%) 21.8 23.6 19.3

Fat (%) 6.6 0.8 6.0

Table 2: Macronutrient value of Bambara ground nut, Cowpea and Chickpea 
(Hillocks et al., 2012)S
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71local subsistence farmers for domestic consumption with small amounts sold 

in local markets. Bambara groundnut has restricted significance compared to 

other legumes with proven economic potential such as soybean (Hillocks et 

al., 2012). Thus, little research regarding the improvement and commercial 

potential of the legume has been conducted because of the limited interest 

from commodity traders and international research agencies. Available Bam-

bara groundnut research has mainly concentrated on breeding and agronomy 

traits, with little consideration paid to its production, post-harvest handling 

practices, and processing activities (Hillocks et al., 2012). This current lack of 

research interest does not alter the fact that Bambara groundnut has a lot of 

potential as a subsistence crop among the poor populations in the sub-Saharan 

region. Bambara groundnuts are mostly produced by smallholder subsistence 

farmers to support their household nutrition, and for nitrogen fixing of the 

maize-based farming system. In terms of preparation, the legume is prepared 

as a traditional local delicacy, either alone as a snack or complemented with 

cereal. Figure 1 shows the diversity of dishes made using Bambara groundnut 

and their names across Africa (Tan et al., 2020). 

Bambara groundnuts have different uses across Africa. The Bambara seeds 

are kept as a dried product that can be preserved for several months, roasted, and 

boiled either shelled or unshelled fresh after harvest (Hillocks et al., 2012). Bam-

bara can also be consumed as immature fresh seeds combined with immature 

groundnuts or green maize, milled into flour to make cakes or cooked into a stiff 

porridge, or crushed and prepared into a relish to be consumed with porridge.

Figure 1: Traditional local delicacies prepared using Bambara groundnut and their 
local names from different African countries (Tan et al., 2020)

Croquettes and grilled flatbreads, 
“tô” pounded seeds mixed with 

millet or sorghum flour 

“Koose” (savory fried bean paste) 
“tubani” (bean paste steamed in leaves) 

and “gablee” (boiled bean paste).  
Boiled beans eaten with shea butter 

oil, rice or “gari”

“Okpa” (steamed bean pudding), “kunnu”. 
“tuwo”, “dawadawa”, “akara”, “moin-moin”, 
“allele”, “alelen ganye”, “danwake”, “gauda”, 

“kosai”, and “waina”

“Koki”, “akara” (fried bean 
paste), stews, couscous, soup 

and porridge Eaten with maize in the form of 
thin porridge, salted stiff dough 

ball or thick sticky dough

“Ditloo” Boiled and salted  
and “dikgobe” boiled seeds with  

dried maize 

Boiled seeds “mutakura” can be 
turned into relish, fritters and soup 

Relish, snacks, stew, porridge 
and cookies 

Roasted beans milled  
and prepared as soup or stiff 

porridge 

Stiff porridge made from flour 
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72 Challenges faced by Bambara groundnut in Africa

Barriers to advancing the Bambara groundnut economically include the crop’s 

poor yield, which has received little attention for improvement due to the 

lack of international and donor interest in research. Even though the crop 

is drought resistant and can be grown in areas with of erratic rainfall, other 

barriers include the inability of small-scale farmers to afford input and use of 

fertilizers, and labor constraints.

Although Bambara groundnut genotypes have evolved under domesti-

cation directly from their wild relatives, its commercial uses and research to 

enrich and improve its agronomic traits and improve yields remain ignored 

(Hillocks et al., 2012). Bambara groundnuts have a low species adaptation due 

to the legume’s low yield coupled with poor management practices. Another 

constraint to the reduced production of Bambara groundnut is associated with 

difficulties in cultivating and harvesting the crop compared to other legumes. 

In addition, most Bambara groundnut in the region is grown on nitrogen-defi-

cient soils by smallholder farmers who cannot apply the necessary fertilizers 

because of the high costs. 

In many countries, such as Niger and Burkina Faso and the northern part of 

Ghana, the crop is produced using traditional methods on small plots by female 

farmers. It is mainly grown for household food and nutrition security, with any 

excess sold in the local market for cash. The crop is known as a women’s crop 

because a major portion of its primary production operations are performed by 

women. Females in many rural farming communities tend to be involved in the 

production of minority crops to boost household food and nutrition security. 

In parts where Bambara groundnut produced by female small-holder farmers 

has been commercialized can be attributed to the involvement of extension 

services that help to encourage farmers to improve production.

Future development prospects and conclusion 

While breeding attempts to improve the nutritional properties of Bambara 

groundnut are yet to start, there is increased interest to improve other Afri-

can legumes (Halimi et al., 2019). There is evidence that the availability of its 

underlying genetic variation makes it suited to be developed as a carbohydrate 

or as a plant-based protein source so that it can be extended beyond the current 

geographies.

Investing in research towards improving the breeding of nutritionally 

enhanced varieties comparable to similar legumes will increase food security 
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73and quality (Halimi et al., 2019). As an indigenous crop that is well adapted 

to cope with stress factors of the local conditions in the region; Bambara 

groundnut has the potential to contribute to the mitigation of the effects of 

climate change on food production and nutrition security. Due to its potential 

to improve food and nutrition security in arid and semi-arid areas in Africa, 

there is a need for research to develop improved varieties (Mayes et al., 2019), 

including genome research and genetic mapping to identify desirable traits. 

Increasing the value of underutilized crops such as Bambara groundnut is 

expected to increase the diversity and choice of crops in local food systems. To 

achieve this, policies need to be geared towards supporting the cultivation of 

underutilized indigenous crops that strengthen a diverse locally driven food 

system.
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74 Quinoa: a new protein source

Robert van Loo

Plant Breeding, Wageningen University & Research

When considering new protein-rich crops, people commonly propose 

leguminous crops. However, we show that a non-legume like quinoa has 

a good protein content, an excellent amino-acid composition, no glu-

ten, and produces good yields under less favourable conditions (salinity, 

drought).

M ore than 7,000 years ago, quinoa (Chenopodium quinoa Willd.) was 

already a major food source in South America among the native peo-

ples (Bazile et al., 2013). As a plant species, quinoa is much older; it 

evolved over 7 million years ago on the saline plains in the high Andes. Native 

Southern Americans domesticated quinoa by selecting those plants with 

improved traits: better seed yield, seed retention (as opposed to seed shatter-

ing), larger seeds, more even maturation, and no seed dormancy. The crop cycle 

length of quinoa varies between two and ten months. It can tolerate mild night 

frosts but is never grown as a winter crop like winter wheat. Quinoa thrives 

in temperatures between 10 and 30°C but does not grow well in temperatures 

above 35°C, although heat-tolerant varieties have been developed (Rodriguez 

et al., 2018). Quinoa seeds have high content of essential amino acids and no 

gluten (Table 1), making it a suitable ingredient in the diet of patients with 

coeliac disease.

Table 1: Composition of quinoa grain: good proteins and no gluten

Quinoa

Nutrient g/100 g DM

Energy 423.0

Protein  15.5

 Essential amino acids   1.2

Plant oil   6.0

Starch  66.0

Dietary fibre   8.7

Gluten none



75Efficient water use

Quinoa has a moderate need for water and produces grain even with low water 

availability; at 270 mm of available water, it can still produce 2000 kg grain 

per ha (Çolak et al., 2021). This means the water productivity (grain yield per 

amount of water needed) is 2,000/270 = 7.4 kg grain/ha per mm of water use 

(soil evaporation and crop transpiration). At 500 mm water use (or 5,000 m3 per 

ha), quinoa can yield 3,500 kg grain per ha.

Crop requirements

As quinoa is not a legume, when crops are harvested nitrogen is removed from 

the plant/soil system. This nitrogen needs to be replenished with manure or 

artificial fertiliser. For each 1000 kg of grain per ha, a fertiliser application of 40 

kg N per ha is needed. The current European fertiliser recommendation under 

good conditions is 150 kg N/ha, which can sustain quinoa grain yields up to and 

exceeding 4,000 kg/ha. The crops have a growing season of two to 10 months, 

so varieties can be adapted to suit specific regions. Sowing with standard equip-

ment in the Netherlands is commonly between the end of March, with a risk of 

night frost, until the end of April. With seeds of only about 2 mm in diameter, 

a fine seed bed is needed. Farmers apply row distances of 15 to 50 cm with the 

optimal row distance depending on farmer’s options for weed control: wide 

rows allow for mechanical weeding, but narrow rows suppress weeds better. 

The crop can be harvested with a combine harvester and the harvest period (in 

the Netherlands) is from early to late August. In Spain, sowing takes place in 

February and in mid-France (Loire) from the end of February to mid-March, 

with earlier harvests in these warmer regions.

Global quinoa production has increased significantly since 2000 to current 

levels of around 250,000 tonnes per year (Figure 1), of which 20,000 tonnes are 

produced outside of South America. About 200,000 tonnes of quinoa produced 

in South America is exported. At present, the rate of increase in global demand 

has slowed down a bit to 5% per year. This demand is increasingly being ful-

filled in regions outside South America where quinoa production is cost 

effective. In the past, production was restricted to regions in South America 

with low rainfall, low fertilisation rates and/or saline soils where other crops 

perform poorly such as the high Andes,, and where quinoa provides farmers 

with a better return than other crops. As both the demand for and consumer 

prices of quinoa have increased, production has become more competitive in 

other areas. New varieties have been developed from crosses of Southern Chil-
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Figure 1: Quinoa global grain production since 1960 (FAOstat). Stock of quinoa is 
relatively small, so production on average equals consumption 

ean and Andes accessions that also perform well under the longer day lengths 

in regions further away from the equator, including Europe, Southern Aus-

tralia, Canada and even northern parts in Vietnam. Yields can vary greatly, from 

less than 500 to over 4,000 kg/ha.

Unique benefits of quinoa as a source of protein 

Quinoa has a strong potential to contribute to both a more sustainable food 

production system and the transition from animal to plant-based protein diets, 

and its potential extends far beyond its current production level as a niche 

product. Quinoa’s strengths include:

1. High nutritional quality: Quinoa has about 15% protein (range 12-20%) on a 

product basis at standard moisture content of 12%, compared to, for example, 

chicken breast with a protein content of 22.3%. At this level, a portion of quinoa 

grain of 100 g (dry matter) supplies as much protein as 67 g of chicken breast 

(voedingswaardetabel.nl, chicken breast). Simultaneously, the ‘food print’ 

of quinoa for the same amount of protein is much lower as chicken protein 

requires 2.5 kg of feed protein.
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772. High level of essential amino acid in the seed protein: Quinoa’s amino acid com-

position resembles that of cow’s milk with about 41 g essential amino acids per 

kg protein (USDA nutrition data) and milk about 53 g/kg (Friesland Campina, 

2022). The contents of the essential amino acids of quinoa milk are highly 

correlated for the different amino acids (R2=0.98 for 8 amino acids). The only 

exception is the methionine content, which in quinoa is more than double the 

content in cow’s milk (in g/kg protein). 

3. High tolerance to salinity stress: Quinoa can be grown to mature with irri-

gation water containing more than 250 mM NaCl (half of sea water salt 

concentration) and can tolerate salinity up to at least 400 mM NaCl (Jaramillo 

et al., 2020, 2021). However, this strength should not be used to set up a pro-

duction system with water with high salinity as this may aggravate salinity 

problems. A good use might be to grow it in areas with soil salinity problems 

due to, for example, overirrigation, climate change increasing crop and soil 

evapotranspiration, inundation near coastal zones, or in soil reclamation areas. 

In these cases, the crop transpiration must not exceed the supply of fresh water 

by irrigation or rainfall. This makes it possible to grow a high-quality food 

with good protein content and composition in areas where other food crops 

would fail. Quinoa can also result in a slow removal of salt from the soil when 

crop residues with high salt content are removed.

4. High water extraction power due to low wilting point: Due to its salinity toler-

ance, quinoa also has a low wilting point; it can tolerate a soil salinity level of 

over 40 dS/m, which means a soil water potential of -30 bar (-3 MPa) (Jaramillo 

et al., 2020, 2021). At such low soil water potential, quinoa varieties can still 

extract water  even under long-term drought stress; they reduce the stomatal 

conductance, grow less fast, but preserve water until the grain filling phase. 

5. Easy to replace existing food products while reducing footprint: Cooked quinoa 

grain can easily replace plant products like potato, pasta or rice in diets. Sub-

stitution can improve dietary protein content, reducing the amount of protein 

from meat and dairy products. The growing popularity of products such as qui-

noa burgers is an example of this.

6. New non-bitter varieties for higher latitudes: For higher latitude (> 20° N or S), 

a range of varieties have been developed that are non-bitter and early matur-

ing. The original varieties from the Andes in South America are not suitable for 

European cultivation. Under longer daylengths, they are not able to produce 

mature seeds in time and most seeds have a bitter outer layer that has to be 

removed by polishing and washing. 
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78 Solving bottlenecks and hurdles: quinoa in the genomics era

New quinoa germplasm

The growing demand for quinoa has led to an increase in its cultivation in vari-

ous countries. Today the plant is under testing in over 80 countries (Bazile et al., 

2016). This has triggered a need to develop new varieties that are more adapted 

to these different environments. Breeding new varieties requires a wide range 

of genetically diverse plant materials. Most quinoa lines grown in Europe come 

from a limited number of non-bitter initial parents: Nestlé Ecuador and a set 

of South Chilean lines from gene banks in Europe. A much wider genetic vari-

ability can be found in South America but there are difficulties associated with 

their use in plant breeding. The exchange of germplasm is hampered by new 

regulations based on the Nagoya Protocol of the Convention for Biodiversity, 

while more germplasm exchange is needed to speed up genetic improvement 

(Bazile et al., 2016).

Leap in productivity

Breeding quinoa for different regions is steadily taking off. Breeding pro-

grammes in Peru, Bolivia and Ecuador are starting to collaborate with the 

global scientific community. The International Centre for Biosaline Agri-

culture (ICBA) in Dubai has begun selecting heat-tolerant quinoa varieties, 

Washington State University has a programme to develop varieties for organic 

farming, and King Abdullah University of Science and Technology in Saudi-

Arabia has set up a large genomics and physiology quinoa programme.

A leap in productivity may be possible by using F1-hybrids. Recent results 

on heterosis in F1 offspring showed that some F1 hybrids exceeded the per-

formance of the best inbred lines in crosses with European germplasm. 

Wageningen University & Research is working with companies to set up F1 

hybrid seed production systems using cytoplasmic male sterile lines.

With all these efforts towards locally adapted quinoa varieties, yield lev-

els are expected to increase. The global yield per hectare of quinoa averages 

under 1,000 kg/ha, but more intensive production systems show yields of 4,000 

to 5,000 kg/ha; crop growth modelling reveals large gaps between potential 

yields and standard yields at farm level. In 2020, the medium-early variety 

Bastille achieved yields of 5,000 kg/ha in both field experiments and practical 

farming thanks to its optimal grain filling duration. To close the gap, tools are 

being developed using remote sensing with unmanned aerial vehicles (Kon-

stantin et al., 2018) and satellites (e.g., by Radicle Crops) to analyse productivity 

at the farm level and to identify the causes of unstable yields (Figure 2). Colour 

and spectral image data can be used to determine plant density, flowering time, 
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start of grain filling, crop cover and light interception, and occurrence of pests 

and diseases at a much faster speed than ground-based human observers can.

New genomic tools and phenotyping technologies

To speed up breeding programmes, fast phenotyping tools are needed as well 

as an improved understanding of the genes responsible for positive traits. For 

example, in breeding non-bitter varieties, the bitterness of a new line can only 

be evaluated in the third generation after the initial cross. With knowledge 

of the responsible gene, instead of seed testing, DNA-markers can be used to 

select already non-bitter lines in the seedling stage of a new line, saving both 

time and space. Currently, genomic tools and knowledge on quinoa genes and 

how they are expressed is developing quickly. The genome sequence of quinoa 

has been published by Jarvis et al. (2017), and by using it, the gene responsible 

for the non-bitter trait in our varieties was discovered. Initial results of stud-

ies using the genome sequence and genomic tools are now becoming available 

(e.g., studies on flowering time genes by Patinirage et al., 2020).

Quinoa: lower ‘food print’ than animal protein; cost price a bottleneck

Quinoa’s cost price (farm gate 0.70 to 1.25 euro/kg) is close to the total nutri-

tional value of its main components. At this price, quinoa is a nutritional and 

environmental substitute for meat and dairy in food products. Comparatively, 

quinoa at 2,000 kg/ha (today’s average in Europe) requires 33 m2 of land for 

1 kg of protein and 20 m3 of water (2.95 m3/kg grain at 15% protein, Çolak et 

al., 2021). At 4,000 kg/ha, a kg of protein would only need 17 m2 land and 10 m3 

water, reducing consumer price per kg of protein to less than EUR 24 versus 

Figure 2: Left: a series of quinoa plots (3 x 8 m each); Right: close-up of red 
rectangle on leaf. Here, individual heads of quinoa plants are visible. Dark-
coloured plots are from the same variety of quinoa which has red leaves 
(betacyanin plus chlorophyll gives dark-green/red leaves). 
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80 EUR 50 for chicken breast.  This makes quinoa an even more appealing and 

sustainable protein source, with the potential to become an important addi-

tion to plant-based diets.
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82 Lupins: the reclaim of an ancient super food
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Lupins are ancient legumes that evolved in two distinct geographical 

regions in the world into valuable protein-source crops, the Old World 

lupins in the Mediterranean area, and the New World tarwi in the 

Andean area. The high protein content and absence of starch in the seeds 

make it an interesting food or food ingredient.

W hen told about a protein-rich super food called lupin, many peo-

ple react surprised as they only know lupins as an ornamental 

plant in their back yard. Not surprisingly, because Lupinus is the 

name of a genus that comprises more than 200 different species worldwide, 

ranging from small annual herbs to perennial trees. Most of them produce 

attractive flowers and sweet scents, making them very suitable as a garden 

plant. What is less known is that already thousands of years ago lupins were 

recognised by ancient civilisations as highly nutritious, protein-rich seed pro-

ducers. This led to the consumption of lupins from two distinct crops that 

developed independently from each other due to their geographical separa-

tion, in the Mediterranean area (white lupin - Lupinus albus) and the Andean 

region (tarwi or chocho – Lupinus mutabilis). This ancient tradition continues to 

this day, and in these regions lupin is more synonymous with food than with 

an ornamental plant. Since the beginning of the 20th century more species of 

lupin were added to the list thanks to the efforts of Germany’s plant breeder 

Reinhold von Sengbusch, who succeeded in finding mutations in two Mediter-

ranean species, yellow lupin (Lupinus luteus) and narrow-leaved lupin (Lupinus 

angustifolius), making them suitable for animal feed and later on also for direct 

human consumption.

The sweet narrow-leaved lupin found its way to Australia where it thrived, 

increasing from less than 100,000 ha in 1981 to over 1,000,000 ha in 1994, mostly 

in Western Australia. Although yields are relatively low (a little over 1 t/ha), the 

nitrogen-fixing crop makes a good addition to other dominant crops in that 

region, such as wheat and canola, and also provides good grazing grounds for 

sheep feeding on the stubble (Cowling & Stephens, 1997; Cowling et al., 1998). 

However, due to increased periods of drought the risk of cultivating lupins has 



83increased, causing the area of narrow-leaved lupin cultivated in Australia to 

decline significantly again to slightly less than 400,000 ha (Wilkinson, 2018).

The second ‘new lupin’ (yellow lupin) stayed in Europe, where considerable 

areas are cultivated for animal feed, mostly on sandy soils in the centre, east 

and southwest of the continent, with an average area of 140,000 ha in Poland 

(to which another 60,000 ha is added of narrow-leaved lupin) (Cowling, 1998) 

and 40,000 ha in Portugal for sheep grazing (Abreu, 1994). 

The cultivation of the ‘old lupins’ (white lupin and tarwi) continued in the 

areas of origin: the Mediterranean for white lupin and the Andes region for 

tarwi, but areas tended to decline over time, with both the cultivation and con-

sumption considered as traditional and old fashioned. The cultivation of tarwi 

for example has long been neglected and restricted to small parcels (usually 

less than 1-2 ha), totalising a few thousands of hectares across its cultivation 

zone (Peru, Bolivia, Ecuador and Colombia) (Tapia et al., 1988). The same is true 

for white lupin where the production area in the original regions of cultivation 

have been reduced to a few hundred to a few thousand hectares in countries 

like Italy, France, Spain and Portugal and a somewhat larger remaining area in 

Greece (15,000 ha of lupins in 2019, FAOSTAT). In the past 30 to 40 years sev-

eral attempts have been made to substantially increase the area of production 

of this lupin species, but susceptibility to the fungal disease anthracnose has 

severely hindered the increase of area in both Europe and Australia. 

The four biggest producing countries in the world are Australia (484 Kha), 

Poland (117 Kha), Morocco (102 Kha) and the Russian Federation (79 Kha), 

according to FAOSTAT 2019. Most of the lupins produced end up in the animal 

feed industry. Lupins’ high protein content makes them highly suitable for use 

as animal feed for cows and pigs as an alternative to soya. Recently this market 

has been complemented by the emergence of the fast-growing market for fish 

feed, especially in the salmon industry. As a food ingredient, the market for 

lupins is still relatively small. Traditionally there has always been a market for 

lupins as food in the traditional areas of production, although consumption 

has been decreasing steadily. Companies seeking alternatives to soya have been 

interested in lupins for use in other areas than the traditional market as early 

as the 1990s, but its main use has been as flour for bakery products.  It is only 

recently that consumers and food industry have rediscovered the potential of 

lupins as a main ingredient for food items due to the growing interest in the 

protein transition and plant-based proteins (Martínez Flores et al., 2016; Bebeli 

et al., 2020). They are currently used, for example, in plant-based analogues for 

both dairy and meat products.  
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84 Compelling benefits

As legumes, lupins present several agronomic and environmental advantages 

related to their ability to fix atmospheric nitrogen through symbiosis with 

rhizobia. This nitrogen fixation decreases the need for input of chemical fer-

tilisers, not only for the crop itself but also for the following crop (Lucas et al., 

2015). Among pulses, lupins also stand out due to the high protein content of 

their seeds, which only contain a limited amount of antinutritional factors 

such as protease inhibitors or hemagglutinins. The exception is the presence 

of alkaloids, which can be removed by processing (and used in the pharma-

ceutical industry). Alternatively, low-alkaloid (sweet) varieties are available for 

most lupin crops. As compared to other pulses, lupins present high adaptation 

to marginal cropping conditions, among which the adaptation to drought and 

low soil pH as one of the most relevant traits. Additionally, lupins are becom-

ing increasingly recognised as capable of using a non-mycorrhizal phosphorus 

acquisition strategy based on exudation of carboxylates, by contrast with other 

legume crops, reducing the need for phosphorous fertilisers that are increas-

ingly getting into short supply worldwide (Lambers et al., 2013).

As food ingredients, lupins have the compelling benefit of being high in 

protein, ranging from 33% in narrow-leaved lupin to 50% in tarwi. Since the 

1990s, lupin flour has been used for its emulsifying properties and to improve 

functional properties in bakery products such as water binding capability and 

crunch. Another interesting feature of lupins is their carbohydrate composi-

tion, mostly present as a high fraction of soluble fibres. Its health benefits (e.g., 

ability to improve gut health, lower blood sugar levels and reduce the risk of 

heart and vascular diseases) has led to increased interest in the legume.

Hurdles

However, there are also disadvantages associated with lupins when compared 

to other legumes, which can be partly attributed to its relatively recent domes-

tication history. One of these disadvantages is the low harvest index, mostly 

because of a high proportion of the pod wall weight in the whole mature fruit, 

varying from 33% in L. albus and L. angustifolius to 46% in L. luteus and L. mutabi-

lis, whereas this value is only of 13% in pea (Cowling, 1998). A similar situation 

is found in the relative proportion of the seed coat as compared to the total 

seed weight, reaching 25% in L. angustifolius and L. luteus (Cowling, 1998) as 

opposed to 9% in soya (Hondelmann, 1984). Compared to other legume crops, 

lupins are also less responsive to factors influencing fertility or technological 
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85improvement, making them less preferred crops. Susceptibility of lupins to 

anthracnose, caused by Colletotrichum lupini, has limited the expansion of the 

crop in the recent decades, although breeding efforts to overcome this hurdle 

are in place for the different lupin crops (Talhinhas et al., 2016).

An additional challenge is the cultivation of modern cultivars in regions 

where wild germplasm occurs. There is the possibility of genetic erosion with 

outcrossing wild plants with cultivated lupins, as well as a decrease in desirable 

traits in the modern cultivars. For instance, low-alkaloid cultivars could easily 

lose this trait, as the single recessive low alkaloid content allele may be lost 

upon insect-led cross-pollination with wild plants.

The main hurdle for lupins as a food ingredient is the fact that it is a rela-

tively unknown ingredient in the food industry, as processes have not yet been 

optimised for this species. The introduction of this new ingredient has even 

become more difficult since 2012 when the EU added lupins to the list of aller-

gens that must be declared on food labels. While this is accepted practice for 

established ingredients such as wheat and soya, it has made it more difficult to 

introduce lupin ingredients to a wider market. 

Reaching full potential

Major advances can still be made in the area of production. Compared to other 

grain legumes, yields have been low and unstable over the years. However, 

as lupins are only major crops in a few specific areas in the world, breeding 

efforts geared towards crop improvement have been restricted, leaving more 

room for improvement compared with many other grain legumes (Wolko et 

al., 2011). Overall productivity could be improved by focusing on increasing 

the efficiency of photo-assimilates conversion to seed content, through breed-

ing. Targeted breeding programmes could also increase both yield and yield 

stability by targeting specific yield-restricting traits, depending on the area of 

cultivation, like early and even ripening for the temperate regions (determi-

nate genotypes), early seed setting for areas with drought early in the growing 

season (early flowering and restricted branching), disease resistance (especially 

anthracnose resistance) and winter hardiness for northern Europe to make 

autumn sowing possible. But also more consumer-targeted crop improve-

ments could be included like adjusting seed size or using white lupin seeds 

with a thinner seed coat to improve consumption of whole beans without the 

need for dehulling.

Apart from overall crop improvement through breeding, the positive role 

of lupins in building a sustainable crop rotation could be emphasised more. As 
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86 mentioned earlier, nitrogen fixation and phosphorus mobilisation can reduce 

the need for chemical fertilisers that are increasingly becoming more expan-

sive, thereby reducing costs for farmers. Also, the positive effects of lupins for 

maintaining and improving biodiversity in the agricultural landscape (e.g., 

wild bees and other flower-visiting insects) could lead to additional payments 

for ecosystems services, making the crop more attractive for farmers as well.

Lupins not only outperform other grain legumes in terms of their ecological 

role in nature and agriculture, they also provide an excellent and high-quality 

source of protein. However, overall productivity is still lagging behind other 

major grain legumes and breeding objectives still need to focus on increasing 

the efficiency of photo-assimilates conversion to seed content.

There is substantial room for improvement to increase the use of lupins as 

a food ingredient or food item. Especially consumers outside the traditional 

areas of production have to get acquainted with the use of lupins or lupin-

based products. Both chefs and bloggers can help in this process. Finding 

more new and promising uses for lupins to overcome the hurdle of accepting a 

new allergen into production facilities is of particular importance for the food 

industry. Innovation centres and research institutes could play a role in this 

respect. However, there is a danger that technological innovations will cause 

lupins to become overly processed. This would be a pity because this may com-

promise properties such as high protein and high fraction of soluble fibre. It 

would therefore be good if new applications were found in which the seeds are 

used whole (or as whole as possible), for instance as an ingredient in bakery 

products or an addition to salads. 
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Industry interview with  
Bert-Jan van Dinter,  

Director and Owner, Vandinter  
Semo Seed & Services 

CROP BREEDING FOR 
NATIVE SPECIES



“
“Farmers have the right to earn a good living”

Sustainable protein production should focus on cultivating crops in 

their lands of origin or under conditions they are well adapted to, is the 

firm belief of Bert-Jan van Dinter, director of Vandinter Semo. The Neth-

erlands-based company is dedicated to developing a lupine variety that 

will combine high protein levels with high production yields.  

Don’t come to Van Dinter with plans for the cultivation of soy or other ‘exotic’ 

crops on Dutch soil. “I believe every region in the world should focus on grow-

ing what they are good at,” he explains. “In the Netherlands we will never 

achieve the high soy crop yields that tropical countries do. In our country we 

can harvest it only once a year, whereas in Brazil, they can do it twice; the crop 

grows faster over there, due to rainfall and temperatures between 20 and 30 

degrees Celsius. Cultivation of such crops will therefore never be profitable 

enough in Europe. But what can be profitable, and grows well here, is lupine.” 

High protein quality

Across Europe, lupine is well known for its eye-catching yellow, white and 

other beautifully coloured flowers. It is a leguminous crop, has the ability to fix 

nitrogen and improve poor soil and, as it needs relatively few nutrients, can be 

cultivated on marginal land. Lupine’s protein is high in quality, quite similar 

to soy, and is already processed into a variety of meat replacers. “However, pro-

duction yields in Europe are currently too low to provide lupine farmers with 



91a good living,” says Van Dinter. “The Netherlands imports most of its lupine 

from Australia, where lupin cultivation is more common and cost effective.”  

Vandinter Semo has built up an international reputation for nematode-

resistant crop varieties that contribute to better soil quality and reduced 

chemical use. But improving the yields of locally cultivated protein-rich crops 

also has priority. “As a family business we want to contribute to a sustainable 

society,” says Van Dinter. 

Doubling yields

The company is one of 14 partners in LIBBIO (2016-2021), a European Public-

Private Partnership working to double lupine yields from 4 to 8 tonnes per 

hectare while increasing the crop’s protein levels. “We are using modern crop 

breeding technologies to develop varieties that will deliver high yields and pro-

duce seeds that have more than 40% protein.” 

The consortium also develops and optimises pre-industrial processing for 

lupine. Properties of the different fractions are analysed and their applicabil-

ity to different industrial applications –processing into meat replacers or into 

compound feed and homecare products, for example –is evaluated. In addition, 

the partners will develop a range of demonstration products. The evaluation 

process will also investigate issues like social and environmental impact, 

techno-economic viability, and the effect on farm and biorefinery income.

New lupine variety

The first lupine variety with increased yield and cold tolerance was registered 

in Europe early in December 2020: a milestone for Van Dinter. “Getting a new 

variety approved is not just a matter of sending a bag of seed to the authorities; 

it is an exhaustive procedure requiring you to prove that harvests and protein 

quality will be consistently high,” he says with some pride. The breeding pro-

cess itself is no walk in the park either: it takes perseverance to collect sufficient 

starting material and carefully treat thousands of seedlings.

But, according to Van Dinter, they have yet to reach their ultimate goal. 

“We need to fine-tune the newly approved variety, and further improve yields 

and protein levels of varieties in the pipeline. On a scale of 100, we have only 

reached 25,” he says. “This is a business with great potential.”



92 CRISPR-Cas

The entrepreneur expects the first high-yield, protein-rich lupine to be on the 

market within ten years. “Breeding is a lengthy process, with multiple cycles of 

selecting, crossing and cultivating plants,” Van Dinter explains. 

Application of advanced molecular techniques like CRISPR-Cas could 

make the process substantially cheaper, more accurate and faster. “Unfortu-

nately, in Europe this approach has not yet been approved,” says Van Dinter. 

“We have been in discussions with the European authorities and hope the tide 

will turn within a few years; we want to accelerate our work and make lupine a 

key contributor to future global protein needs.”   

www.vandintersemo.nl 

www.libbio.net

”

http://www.vandintersemo.nl
http://www.libbio.net


93Counting on beans: why are they important  
in Africa?
Robert Fungo

School of Food Technology, Nutrition & Bio-Engineering, Makerere University,  

the Alliance of Bioversity International and CIAT

Nutrient-packed beans are not just a great source of 
proteins, they are finding their way back on to our plates.

The origin of common bean (Phaseolus vulgaris) goes way back to Central and 

South America, where it was first domesticated before being introduced to the 

rest of the world (Afro-Eurasia) by the Spaniards and Portuguese explorers, 

slave traders and missionaries. The crop spread into Africa during the slave 

trade and European colonization in the sixteenth century, and is now culti-

vated as a major food crop in many countries. 

Production methods 

Common bean grows from sea level to an altitude of 2,200-3,000 m, withstand-

ing annual rainfalls between 300 mm and 4,300 mm and average temperatures 

between 15°C and 23°C. Beans are a major staple crop in the majority of Afri-

can countries and is produced mainly in subtropical and tropical regions, by 

smallholder farmers. In Africa it is widely consumed in various forms (leaves, 

green pods, fresh and dry grains) and regarded as the most important pulse 

crop in the human diet. In terms of production and growth habit, two types of 

beans are cultivated in Africa: bush beans and climbing beans. Bush beans are 

cultivated as a short-season crop, with maturity ranging between 65-90 days, 

yielding about 2.5 tonnes per hectare. The short maturity duration implies 

beans can act as a food security crop during famine and emergencies such as 

refugee situations. Climbing beans are cultivated as long-season crops with 

longer growing periods of 85−120 days and at times up to 240 days, with a 

yield potential of 4.5 tonnes per hectare. Both bush beans and climbing beans 

adapted to lower elevations can be grown in two seasons. 

In Africa, the majority of small holder farmers intercrop beans with maize, 

bananas and root or tuber crops, while some farmers grow beans in pure stands. 

In addition, during early establishment of cash crops such as coffee, the bean 

crop is intercropped between the rows. Intercropping is frequently practised, 



94 to overcome the risks related with complete failure of one crop and for diver-

sity and complementarity in both crops, food systems and incomes. Beans and 

maize are the most intercropped crops for two main reasons. Firstly, to enhance 

the productivity of maize, and secondly, to produce high-quality bean grain. In 

deciding which crops to intercrop, farmers consider their density and the labor 

needed to cultivate and maintain the intercrops.

Crop rotation is another farming method used to produce beans across 

Africa. This method normally follows intercropped crops, with beans being 

planted as pure crop, to intensify the bean crop. Studies in Tanzania revealed 

that higher bean yields of up to 3 tonnes per hectare can be achieved using 

monoculture production systems. It is recommended that while practising 

crop rotation, agricultural inputs such as fertilizers are applied to realize 

maximum yield. Furthermore, some farmers plant beans off season to take 

advantage of residual moisture in the soil, an aspect that often goes uncap-

tured in official statistics. For example, production of beans, during off season 

is practised in lowland areas of Madagascar, Malawi, Mozambique, and DR 

Congo after another crop has been harvested. Worth noting, bean production 

is mainly rain-fed across several African countries, except in Mauritius and the 

Nile Valley of Sudan where the crop is irrigated. 

Quantities of beans produced, traded and consumed  

Currently, Africa produces about 7.1 million tonnes of beans, corresponding 

to about 25% of the global volumes of 28.9 million tonnes. The highest pro-

duction of dry beans in Africa is in Eastern African region, where a production 

of 4.8 million tonnes of beans is estimated currently. Beans produced in East 

Africa include red mottled, yellow beans, white pea, large white beans, sugar 

and red kidney beans. The East African region is followed by the Southern 

African region, producing about 0.7 million tonnes, and Western and Central 

Africa both accounting for about 0.59 million tonnes of dry beans. The top bean 

producing countries (in tonnes) are Tanzania (1.2 million), Uganda (0.9 mil-

lion), Kenya (0.7 tonnes), Rwanda (0.5 million) and Ethiopia (0.5 million). 

Africa’s share of the globally traded bean market in terms of volumes is 

about 18%, accounting for only USD 350 million out of the total global mon-

etary value of beans. In 2019, beans in Eastern Africa earned more than USD 

238 million, followed by beans traded in Southern Africa (USD 26 million) 

and Western and Central Africa earning about USD 5 million. It is further 

estimated that rural poor farmers in Africa trade about 40% of their product 

internally within their countries and neighboring countries. Key factors that 
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95influence bean trade include commercial traits defined in terms of bean color, 

shine, shape, and size, characteristics often considered by breeders during the 

development of the varieties or by consumers when buying. Nutritional factors 

relate to nutrient composition of the beans. Culinary factors of beans include 

short cooking time, thick broth, flavor, soft texture, thin skin, color stability, 

quick hydration and moderately cracked beans. These are all desirable factors 

to consumers. At an industrial scale, a bean with a short cooking time repre-

sents less expense to obtain the final product. 

An estimated 400 million people in East and Southern Africa prefer con-

suming common beans. Some of the highest per capita consumption rates of 

beans in Africa are in range of 50 and 60 kg per capita in Kenya, Rwanda and 

Burundi. For example, in Rwanda, about 79-88% of beans that are produced 

are consumed by farmers, with the rest sold. Then again, in Rwanda, more 

than 1.8 million households (about 15% of the population) consume beans that 

have been biofortified with iron and zinc. Studies have documented an aver-

age daily consumption of beans (dry weight) for women and children aged 36 

to 59 months in rural households of Rwanda being 123 grams and 65 grams, 

respectively. Beans are also consumed as vegetables in form of leaves and pods 

offering a staggered and prolonged food supply, as the crop matures. In East 

Africa, the fresh form of grain is the most preferred because of its palatabil-

ity, flavor and natural taste, and because it requires much less time to prepare 

(about 40 minutes). However, fresh beans are highly perishable, making stor-

age more challenging. 

Nutrition composition and health benefits of beans

Beans are nutritionally superior legumes that serve as a good source of essen-

tial nutrients. They are good sources of proteins, folic acid, soluble dietary fiber, 

minerals such as iron, magnesium, calcium, copper, phosphorous, potassium, 

and zinc, vitamins (thiamine, riboflavin, niacin, vitamin B6 and folic acid), 

unsaturated fatty acids and complex carbohydrates. Regarding minerals con-

centrations, beans can hold average mineral concentrations of 18 mg/kg for 

copper, 60-80 mg/kg for iron, 23 mg/kg for manganese and 29 mg/kg for zinc. 

The relatively high concentration of zinc in some biofortified beans help for-

tify the immune system. Then again, beans are inexpensive alternate sources 

of proteins, substituting animal protein sources in low-income African coun-

tries and are referred to as poor man’s meat. The protein content of most beans 

averages 20 to 25% by weight from a single serving. A serving of beans of about 

125 ml or 100 g cooked provides ~30% of the recommended dietary allowance 
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96 (RDA) for the protein requirements of a 70-kg adult. When beans are prepared 

or served with starch staples, the proteins in the starch staples compliment 

the bean proteins, because amino acids in beans and starch staples are comple-

mentary. For instance, beans are high in lysine, thus complementing the low 

proteins (such as lysine and tryptophan) found in maize, rice and cassava.

With the increased occurrences of chronic diseases in Africa, consumption 

of beans is associated with reduced risk of non-communicable diseases, includ-

ing cancer, diabetes, or coronary heart diseases. Beans have substantial amounts 

of bioactive compounds that are related to health benefits. Antioxidant capaci-

ties and cancer cell proliferation inhibitory effects have been documented in 

colored beans (black bean, pinto bean, red kidney bean and small red bean). 

Therefore, colored beans are essential dietary sources of natural antioxidants 

for minimizing oxidative stress and preventing cancer. In addition, the die-

tary fiber in beans has been shown to be protective against diabetes, stroke or 

coronary heart diseases. Of recent, dieticians and nutritionists recommend 

inclusion of colored beans in therapy prescriptions for weight management 

and controlling diabetes because of their high contents of resistant starch, 

high satiety level and low glycemic index. This is because beans are low in fat 

and cholesterol free. Furthermore, beans act as an appetite suppressant as they 

digest slowly and hence cause a low sustained increase in blood sugar. 

Amino acids in beans

The amino acid composition of beans plays important biological and physio-

logical roles in humans, when consumed in adequate amounts. Several studies 

conducted over time reveal that beans are rich in aromatic amino acids (lysine, 

leucine, isoleucine, aspartic acid, and glutamic acid), low in content of valine 

and threonine, and deficient in sulfur amino acids including methionine and 

cystine. Methionine and cysteine are the limiting amino acid while glutamic 

acid is the most prevalent in all beans. The protein digestibility of raw beans 

varies from 25% to 60% and can be increased up to 93.2%, depending on the 

bean variety and cooking methods.

Bean proteins contain 50-70% globulins and 10% albumins, with the minor 

fractions comprising of prolamins and glutelins. The two protein fractions are 

classified according to sedimentation coefficient, where globulins are classi-

fied into 7S and 11S the natural oligomers. Globulins are salt-soluble proteins, 

which are rich in leucine, lysine, glutamine, and asparagine. They are majorly 

constituted with phaseolin, accounting for about 40-50% of the total globulins, 

making it the most prevalent group of proteins in beans. Phaseolins are glyco-
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proteins that mainly contain mannose, a neutral sugar. However, because of 

low content of sulphur amino acids and it is resistance to enzymatic hydrolysis, 

the nutritive value of phaseolin is limited. This explains why raw phaseolin is 

resistant to in vivo and in vitro digestion. Furthermore, the raw albumin and 

glutelin fractions of the bean proteins have low digestibility, because of the 

high number of disulfides bridges and the presence of carbohydrates in albu-

mins, suggesting that the low protein digestibility in beans could be improved 

by cooking. Cooking degrades lectin phytohemagglutinin, a compound that 

causes gastric upset and flatulence-causing raffinose oligosaccharides. Cooking 

has also been documented to improve flavor, palatability and nutritional value 

by reducing antinutrients, such as phytic acid and tannins, thus improving 

protein and starch digestibility. Cooking can however also lead to degradation 

of amino acids, vitamins, and minerals, leading to low bioavailability of these 

products. 

Preparation, processing and bean recipes 

Beans can be processed into various products: precooked beans, baked beans, 

canned beans, frozen beans, bean soup and bean flour formulations that can be 

used to produce related confectionary products like snacks and cereal products. 

Precooked beans is one product where beans that are ready for consumption act 

as a convenient alternative to dry beans. Within Africa, considerable progress 

has been made by PABRA to promote value addition to beans over years, with 

Table 1: Essential amino acid composition (mg/g) from the total and different 
protein fractions of beans

Leu Lys Phen Arg Val Ile Thr Hist Met

Total protein 95 76 65 63 57 48 47 30 12

Albumin 66 109 40 65 49 43 74 35 10

Glutelin 114 81 54 61 66 62 46 35 20

Phaseolin 7S 101 59 74 71 79 57 39 24 16

11S 87 78 36 48 70 49 49 30 15

Note: Leu: Leucine; Lys: Lysine; Phen: Phenylalanine; Arg: Arginine; Val: valine; Ile: Isoleucine;  
Thr: Threonine His: Histidine; Met: Methionine.

C
O

U
N

T
IN

G
 O

N
 B

E
A

N
S

: W
H

Y
 A

R
E

 T
H

E
Y

 IM
P

O
R

T
A

N
T

 IN
 A

F
R

IC
A

?



98 the cumulative number of consumers accessing bean-based flours and other 

bean-based products increasing from 907,784 in 2017 to 3,703,182 in March 

2021. Of the documented cumulative African consumers, 65% (2,407,068) are 

women. Access to the value-added products is on the rise because govern-

ments and development agents are increasingly getting involved in promoting 

beans as a cash crop. For example, in Tanzania, government has successfully 

mainstreamed beans in the school feeding programs while in Zimbabwe, the 

government policy of biofortification drove private sector to embrace value 

addition. These favorable policies and engagements of key stakeholders raised 

the awareness among consumers and subsequently stimulated demand. The 

increased demand is further sustained by the fact that beans and the associated 

products have met the expectations of consumers as demonstrated by high 

levels of consumer satisfaction. Bean-based products are tasty, nutritious and 

appealing to the eye. On the other hand, locally, there various recipes in which 

beans are prepared, influencing the varieties preferred for use. For instance, in 

Kenya, Uganda, Malawi and Tanzania, beans are generally consumed as dry 

boiled beans (either as stew or githeri/makande). Thus bean varieties with soft 

textures when cooked and thin skins are more preferred. 

Environmental limitations on bean production in Africa

Beans grow in warm environments and do not tolerate long near-freezing peri-

ods at any stage. Growth periods of beans ranges from 2 to 10 months depending 

on environment, making beans suitable for a range of production niches. In 

Eastern Africa, beans are produced twice a year, i.e., during the months of 

March to June/July and during the months of September to December/January, 

except in Ethiopia where beans are produced once a year during the months of 

June to September. In Southern Africa, beans are produced during the months 

of December through February. Because of the long-term impacts of climate 

change, scientists predict that by 2050 some bean-growing areas in South and 

Eastern Africa will be unsuitable for bean cultivation due to changes in tem-

perature and precipitation. An increased concentration of atmospheric carbon 

dioxide (CO2) due to deforestation and loss of vegetation has been attributed to 

an increase in temperatures and a reduction in precipitation, significantly lead-

ing to a decline in yields and nutritional value. Drought and low ground water 

is positively associated with low yields and poor quality of beans. Because of 

drought, the number of pods per plant and seed number in each pod decrease 

significantly. Moreover, scientists have documented how water shortage sever-

ally affects seed development after the flowering stage, resulting in wrinkled 
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99seeds during production. Furthermore, it has been reported how low soil fertil-

ity is related with long-term effects on yield of beans, thus classified as the most 

limiting factor for bean production. Lack of crop rotation or crop intensifica-

tion has been attributed to soil degradation, decreased fertility, and increased 

pest and disease pressure. Diseases cause 80–100% yield loss in beans, while 

pest damage, particularly during the initial seedling stage and pod formation, 

causes significant yield losses. On the other hand, beans naturally make atmos-

pheric nitrogen available to the plant, through a process known as nitrogen 

fixation. This is facilitated by a bacterium referred to as Rhizobium spp in the 

root nodules of the plant, through a symbiotic relationship. The bacterium uti-

lizes plant sugars. Generally, climbing beans fix higher amounts of nitrogen 

than bush beans. This implies that climbing beans contribute to a larger extent 

towards long-term improvements in soil fertility than bush beans. 

Perspectives of beans in Africa

The production of bush or climbing beans in Africa is majorly done using sub-

sistence means, either through intercropping or crop rotation methods. Input 

use during bean production leads to substantial increases in productivity. Bean 

production, trade and consumption is highest in East Africa, followed by the 

Southern Africa region block and West and Central Africa. Beans are nutri-

tionally and economically important food crop in Africa. Besides providing 

essential amino acids, dietary fiber, minerals including iron and zinc, carbo-

hydrates and vitamins, they also contain a wide range of healthful bioactive 

compounds which are beneficial healthwise. This review mainly focuses the 

important nutritional aspects of beans as well as their contribution in decreas-

ing the risks of chronically degenerative diseases.
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101Water lentils (duckweed) as new plant  
protein source
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1 Wageningen Plant Research, Wageningen University & Research 

2 Wageningen Food & Biobased Research, Wageningen University & Research

‘Duckweed, is that really something we can eat? Isn’t that the 
green stuff growing in ditches?’ 

This is certainly not the image we want people to have of this little plant, which 

we would like to see as new protein crop. We intend to grow these plants safely 

and hygienically in sanitised water in a greenhouse or via an indoor farming 

system. We therefore prefer to call them water lentils, the ancient name for 

duckweed which is used in many different languages.  

As one of the fastest growing plants on earth, water lentils are not only very 

attractive as a new food crop, they also positively support sustainability goals. 

Because the plant lacks stems, almost never produces flowers and seeds and 

hardly has any roots, it can invest a large fraction of its energy in producing 

leafy biomass. The plant multiplies vegetatively by meristems inside lateral 

pouches. Daughter plants tie off from the mother plant, almost like the bud-

ding of yeast. This enables very rapid, exponential growth of a population. 

Due to its exponential growth rate, it is often regarded as a pest. We, however, 

believe water lentils have great potential as a protein source for humans, pre-

cisely because of their tremendous capacity for rapid growth and abundant 

plant material with relatively high protein content. 

This little plant is unique: it can double its biomass in two to three days, 

and continues to do so under optimal environmental conditions. This means 

there is no specific seasonality for sowing the seeds, growing the plant and har-

vesting the product or whole crop. For water lentils, cultivation of the plant 

means a continuous multiplication and harvesting of the biomass, which can 

be done year-round if the conditions are right. For example, the production 

of biomass (in dry weight) via water lentils can be 6-7 times higher per hectare 

per year compared to the production of soybean on that same hectare. As the 

plant only needs a relative shallow layer of water, some light and nutrients, it 

can also be grown in  multilayer, vertical farming systems, either indoor or in 

greenhouses. It does not require precious arable land, which means these farm-

ing systems can be built on marginal lands in any location around the world 

where water is available. We therefore see water lentils as one of the most sus-



102 tainable crops, although a Life Cycle Analysis should be performed when final 

commercial production systems have been optimised.

The optimal places to cultivate water lentils are geographic regions with 

warm climates and long daylight periods. However, with sustainable energy 

sources available, one could also use LED light systems in industrial areas for 

indoor cultivation. Especially industrial hubs with a surplus of heat and CO2 

could be a perfect location for indoor water lentil cultivation. The heat from 

surrounding industry can be used to heat up the water or air temperature, and 

CO2 can further enhance growth rates and harvestable biomass. Industries 

could use this cultivation system as part of their strategy to reduce their CO2 

emissions. It is expected that different water lentil species and strains will have 

differences in optimal growth temperatures and CO2 concentrations in which 

they thrive. Therefore, this plant has the potential to enhance global plant bio-

mass and protein production from the subtropical highlands of Africa up to 

Northern Europe and America.

You might have noticed that not all green floating plants on ponds look 

the same. Some of these plants indeed may not belong to the Duckweed fam-

ily. Also, species with the same family can exhibit considerable differences. 

The Duckweed family includes 37 species divided into five genera. There are 

species with recognisable leaves, like those within the genera Spirodela (2 spe-

cies), Landoltia (1 species), and Lemna (13 species, including Lemna minor and 

Lemna gibba), as well as species that are very small with barely any recognisable 

leaves, which float on the water and look like tiny eggs, such as Wolffia (11 spe-

cies including Wolffia arrhyza and Wolffia globosa). The species belonging to the 

genus Wolffiella (10 species) have a more propellor- or spider-like phenotype 

with  thin but long leaf-like structure. Duckweed species are adapted to a wide 

variety of geographic areas and climatic zones, and many species can survive 

in extreme temperatures. As the plants easily stick to the feathers of migratory 

birds, most species have a wide geographic distribution area. Besides differ-

ences in plant phenotype, we have seen differences in appearance of senescent 

leaves and other specific characteristics important for food applications, such 

as taste.

Officially, duckweeds are the smallest flowering plants in the world, but 

little is known about how to induce flowering and how do they reproduce sex-

ually. Therefore, breeding for specific traits is not possible at present but will 

be interesting to study in the future. Also, seed storage is not possible yet. Cur-

rently, different species and accessions from all over the world are being stored 

in biobanks, a type of repository of biological material to store species and lines 

that can be used to select lines with interesting traits. 
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Duckweed plants are perfect for use as feed for a wide variety of animals, includ-

ing cows, goats, pigs, chicken and fish. Without having an effect on growth 

performance, they can replace up to 20% of the animals’ usual diets. From the 

point of view of the protein transition, duckweed could replace good vegetable 

protein sources like soybean which is now being fed to animals, so that these 

protein sources can be used for direct human consumption. Several companies 

have set up small, local production systems, even trying to close the nitrogen 

and phosphate cycle by cultivating using locally produced manure. These 

efforts have not yet led to large volumes of sales due to legislation restrictions, 

but this might change in the future as research is ongoing and more companies 

are showing interest in producing duckweed as feed either in Europe, Africa or 

South-East Asia. 

But water lentils also have potential as a food source for humans. Plants 

from the duckweed family have long been consumed in Asian countries. 

The specific species used are not well documented but are often classified as 

Wolffia arrhiza and Wolffia globosa (also known and marketed under the name 

Mankai). The plants that are consumed in Asia are mostly collected from open 

ponds. The European Food Safety Authority (EFSA) has stated that the use of 

these species is safe for consumers in Europe, provided they are clean and cul-

tivated in a hygienic way. In December 2021, this resulted in EU legislation, 

authorising the placing on the market of fresh plants of Wolffia arrhiza and/or 

Wolffia globosa as a ‘traditional food from a third country’ under Regulation (EU) 

2015/2283 of the European Parliament. Production in good hygienic cultiva-

Figure 1: Repository of the species and accessions via sterile storage of the living 
plant material (biobanking)
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104 tion systems (as performed by Hinoman and GreenOnyx Ltd., both in Israel) 

is currently very limited but will soon increase. All other species of the duck-

weed family, and derived products, are seen as ‘novel food’ for which approval 

via EFSA/EC applications is required before they can enter the European mar-

ket. Over the past six years, all scientific and technological evidence needed for 

such an approval has been generated at Wageningen University & Research to 

show that water lentils can be produced and consumed as vegetable in a safe 

and controlled way and can be used for human consumption. In May 2020, 

Wageningen Plant Research submitted the Novel Food dossier for the use of 

Lemna minor and Lemna gibba as vegetable for human consumption to the EFSA. 

However, in November 2022 the EFSA concluded that the concentration of 

manganese (5-21 mg/kg FW in the five batches provided for each species) was 

higher compared to spinach and that safety could therefore not be guaranteed. 

This is remarkable as, firstly, no Upper Limits for manganese intake are set by 

EU legislation, and secondly, since many plant-based food products that we 

consume, such as potato, oats, wheat, nuts and chickpeas contain similar or 

much higher concentrations of manganese as found in Lemna. Furthermore, 

the two accepted duckweed species, Wolffia globosa and Wolffia arrhiza had man-

ganese concentration between 20-32 mg/kg FW but still were approved by the 

EFSA panel as long as they would try to get lower level than 6 mg/kg FW.  As 

mineral content of the plants is highly influenced by the fertilisers given dur-

ing cultivation, we already demonstrated that we can produce Lemna with 

manganese levels <6mg/kg FW. Discussions with the EFSA are continuing 

hoping to get Lemna approved and allowed as new sustainable, protein-rich 

vegetable for human consumption in Europe.

The first thing most people ask when discussing water lentils as new 

food crop is: ‘How does it taste?’. This depends on how you eat it and what 

processing steps were involved in the preparation of the ingredient or final 

food product. The first application is to use the fresh or fresh-frozen plants 

as vegetable. Water lentils have a very neutral taste when harvested fresh and 

eaten as part of a green salad or added to a stir fry, vegetable-based sauce or 

mashed potato base. The cooked vegetable can also be added to meals, where 

it will take on the flavour of the dish. As a vegetable, water lentils have a mild, 

leafy or nutty flavour and a firm bite. Their neutral flavour makes them ver-

satile, so they can be incorporated into a wide range of meals, dishes and food 

products. In a human trial to study the safety of the product, people had to 

consume water lentil-based products for 11 days in a row (Mes et al., 2022b). The 

respondents’ scores on flavour were very similar to those of the control group, 

who consumed the same meals containing spinach. In our research, we also col-

laborated with chefs that developed very tasty meals with substantial amounts 
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105of water lentils plant material. These dishes were evaluated by a consumer taste 

panel and were very well appreciated. On a fresh weight basis, the plant leaves 

contain 2-3% protein. We also analysed how efficiently the proteins present in 

water lentils are released by our intestinal tract (Zeinstra et al., 2019). 

On a dry weight basis these plants can contain 35-43% of protein which is very 

high for plant leaf material. A second application of the water lentils is therefore 

just using it as dry powder by drying the plants, potentially followed by milling 

(likely not needed for the smaller Wolffia species). The dried material tends to 

have a more ‘grassy’ smell and taste, but this might differ between species or cul-

tivation methods and most likely can be modified by specific treatments. Taste 

can often be masked by other ingredients or by the food matrix. That also means 

the dried powder as a product can be used in many applications after optimisa-

tion of product formulation. Companies like Parabel Ltd. in the US already sell 

such dried products (a mixture of different types of Lemnaceae species) under 

Figure 2: Various meals containing water lentils that were evaluated by a 
consumer taste panel
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106 the names LENTEIN™ Complete and De-greened LENTEIN™ Complete as 

ingredient in bars and drinks. This dried water lentils powder is allowed in the 

US and some other countries, but it has not been accepted in Europe as can be 

concluded from EFSA’s scientific opinion (EFSA NDA panel, 2021).

A third use of the plant as new protein crop is based on the extracted 

protein. Methods have been developed to isolate total protein or specifically 

RuBisCO protein which is the major protein in plant leaves (Nieuwland et al., 

2021). The extraction of RuBisCO protein from water lentils resulted in an off-

white protein concentrate with appealing functionalities for a diverse set of 

food applications. The amino acid composition matches very well with the 

optimum amino acid requirements for human consumption. The digestibility 

of water lentil protein is 60.4%, comparable to that of casein, a very widely con-

sumed animal-based protein (Mes et al., 2022a). However, water lentil protein 

is also not yet allowed to enter the European food market, and its EFSA dossier 

is still pending. To make the product even more sustainable, food applications 

should also be developed for the co-stream of this extraction method that 

will contain dietary fibres and other nutrients. But such co-stream will again 

require EFSA approval.

But why have we not consumed this product before? Are there still any chal-

lenges that need to be overcome? We are not sure why water lentils were not yet 

consumed on a large scale before 1997. In Asian countries it is actually consid-

ered a poor man’s diet. Probably because it is often collected from open ponds 

and eaten by people who cannot afford other products. These ponds do not 

form a good hygienic culture system and might not produce a very healthy and 

tasty product. This can all be changed by using proper agronomic cultivation 

systems as our knowledge on hydroponic cultivation has grown enormously 

in the past decade. Also, the introduction of fully controlled indoor farming 

systems, and recycling of water and nutrients has generated the need to have a 

very sustainable cultivation leading to high plant quality and control of pest. 

What do we see as challenges? The plants are known for their efficient uptake 

of contaminants and minerals from the water, which is one of the reasons they 

are used for water remediation (i.e., purifying the water from contaminants 

such as heavy metals and pesticides). Attention should therefore be given to 

the water used in the production systems as low traces of copper or cadmium 

can result in levels that exceed the allowance for some food products. A second 

challenge might be the number of bacteria that are allowed to be present on 

food products. For products like lettuce this is already challenging. But with 

floating plants that are continuously in contact with fertilised water containing 

nutrients, we have to develop good sanitary treatments to keep bacterial counts 
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107low. The same holds for a putative co-cultivation of algae that might also grow 

in the same cultivation water. We are aiming for a cultivation of water lentils 

without the use pesticides or other decontaminating agents. But with large and 

widescale production also other pests, like water insects or pathogenic fungi, 

may pop up. At this moment we foresee that EFSA/EC approval to enter the 

European market is still the biggest hurdle.

And when it is accepted, how long before we can eat this new plant protein 

crop and what changes will it bring for the protein supply and the sustainabil-

ity of our food production system? This will heavily depend on investments 

and pioneers that start to work on further developing the cultivation systems, 

and optimise closed and efficient fertilisation systems. Control of water quality 

and fertilisers is key as well as putative contaminations by algae and bacteria 

for which strict hygiene and sterilisation processes must be implemented. 

Figure 3: Large scale production of water lentils in a greenhouse
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108 Another crucial player in this process are food producers that will have to 

include water lentils (protein) in their product portfolio. Profitable market 

concepts on protein concentrates or isolates will be challenging and might only 

grow in volume when these proteins have unique food functionalities. 

Concluding, water lentils are very easy to grow and easy to harvest, which 

makes them suitable for use as new protein crop for smallholder farmers in 

developing countries, as well as in developed countries with an overdepend-

ence on soy protein. The very high biomass production rate results in a high 

putative protein yield (per ha) which is six to seven times higher than soybean 

on a yearly basis. And if we can grow this plant in ten levels on top of each other 

via vertical farming, the production per hectare will really make a difference. 

This little plant can therefore contribute to the protein transition we are aim-

ing for and to the increased sustainability of our food production system.
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110 Exploring crop diversity to develop better 
systems for protein production
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Feeding the growing world population in a sustainable way is one of 

the greatest challenges of our time. Crop diversification with legumes 

contributes to improved availability of plant-based proteins, next to 

additional farming system benefits. The competitive balance between 

species and the technological requirements to develop economic and 

environmentally attractive systems are key matters of concern.

W hile increases in crop production and productivity are required 

to feed the growing world population, they need to go hand in 

hand with a shift in consumption towards more plant-based diets 

– particularly in high-income countries – and a substitution of animal-based 

with plant-based proteins. All food crops produce proteins, yet legume crops 

such as beans, peas, chickpea, lupins and soybean are especially rich in protein. 

These legumes have the capacity to fix nitrogen (N2) from the air. This capacity 

provides the basis for a high nitrogen content in legumes, ranging between 

23% to 40% compared with 9% to 13% for cereals (Bues et al., 2013), while not 

requiring fertiliser nitrogen input. 

Legumes’ capacity to fix nitrogen also provides benefits in crop produc-

tion. Legume residues that are left on the field after harvest provide a source 

of nitrogen for uptake by subsequent crops. Furthermore, a rotation with leg-

umes can reduce the build-up of pests and diseases in major cereal staple crops, 

which occurs when the latter are grown year after year on the same piece of 

land (repeated monocropping). Also in organic agriculture, legumes are essen-

tial crops to supply nitrogen to the soil and serve as a local sources of animal 

feed. Intercropping cereals with legumes generally contributes to improved 

productivity of land compared with sole cropping (Yu et al., 2016). Intercrop-

ping may also slow down the spread of pests and diseases. Crop diversification 

with legumes, either in rotations or as intercrops, therefore provides key ben-

efits for both the availability of plant-based proteins as well as for sustainable 

production systems. 

Despite the benefits of diversification of (cereal) cropping systems with 

legumes, the area planted with legumes has only gradually increased over the 

past decades, and global production of legumes lags far behind that of cereals 
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(Foyer et al., 2016). In Europe, the area under legume production is small and 

has even declined from 4.7% to 1.8% of the total arable land between 1961 and 

2013 (Bues et al., 2013). Moreover, while wheat yields in Europe have steadily 

increased since the 1960s, legume yields have lagged behind. Wheat yields in 

Europe are now double those of soybean (Figure 1), which gives the production 

of cereals a comparative advantage over legumes in Europe (unlike in the USA, 

where soybean yields roughly equal wheat yields). Besides, legume yields are 

considered unstable between seasons, and gross margins are less favourable 

than for cereals (Bues et al., 2013). Hence, legumes often face a lack of economic 

competitiveness. On top of that, legumes are generally considered to be more 

labour intensive than cereals. The latter is especially a concern in systems 

which depend on manual labour like in Africa and parts of China. But also in 

mechanised systems, growing a mixture of two crops in the same field poses 

challenges in terms of the sowing and harvesting times of the two crops and 

the machinery required for separate harvesting or separation after harvesting. 

Opportunities for legumes in cropping systems

Until recently, the drive for large-scale, efficient and low-labour demand-

ing systems has limited the possibilities for legumes in cropping systems 

in Europe or the USA. Two developments have opened up opportunities to 

Figure 1: Average yields of wheat and the main grain legumes in the EU-27  
(1961 – 2020) Source: FAOSTAT, 2022
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112 address the drawbacks in mechanised cropping systems. The first is the idea of 

strip intercropping. In this system, two or more crops are grown in alternate 

strips instead of as sole crops on separate fields. The strip width is co-deter-

mined by the width of a farmer’s current machinery, so that a farmer does not 

need to invest in new machines. This way, crop diversity can be achieved with 

limited investment from farmers. A main advantage of this diversity within a 

field is the slowing down of the spread of pests and diseases, thereby reducing 

the need for chemical control measures. 

Making full use of the synergies of legume-cereal intercropping in terms 

of nutrient, water and light acquisition, weed suppression and erosion con-

trol, however, requires legume and cereal plants to be growing sufficiently 

close together to complement each other. Especially in systems with limited 

inputs of nitrogen, close spacing of legumes and cereals forces legumes to rely 

on larger quantities of N2 fixed from the air, as legumes generally lose the com-

petition from cereals for available soil nitrogen. Increasing the spacing of the 

two crops to more than two rows per species reduces the efficacy of this process. 

Such close spacing has the disadvantage that either species and variety 

choice for mixtures is limited to fully synchronised combinations in terms 

of sowing and harvesting time, or that sowing and/or harvesting has to be 

performed separately. When crops are sown and harvested simultaneously 

and seed of both crops are fully mature, post-harvest separation is an option, 

although complete separation still poses a challenge. The time to maturity for 

cereals and legumes tends to differ between seasons. Therefore, the timing of 

harvest is problematic without quality loss. Breeding may further help in find-

ing synchronised crop and variety pairs that maximise complementarity and 

allow post-harvest separation.

A second emerging option is provided by size reduction in farm equip-

ment given the rapid development of autonomous small robots and swarm 

technologies, also for use in agriculture. Such equipment could allow for not 

fully synchronised cultivation of legumes and, for example, cereals grown as 

row or narrow strip intercrops. Without the need for full synchronisation of 

sowing and harvesting, a wider range of species and cultivar mixtures would 

become available and management might be optimised based on production 

goals including relative profit margins (Yu et al., 2016). Robots would have 

to be designed and probably trained to differentiate management (including 

sowing, nutrition, weeding, crop protection and harvesting) between rows, 

depending on the row-specific target species. A major challenge that remains 

is the in-field transport of larger amounts of produce.   
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113Legumes and the need for nitrogen fertiliser

A key contribution of legumes in cropping systems with either high inputs 

of mineral fertiliser or with a lack of mineral fertiliser is the reduced need for 

mineral nitrogen. In high-input systems legumes may contribute to reduced 

fertiliser inputs and thereby greenhouse gas and nutrient emissions. In low-

input systems legumes may contribute to improved soil fertility. 

The amount of nitrogen that legumes can contribute highly depends on 

the legume species. So-called green manures are crops that are grown specifi-

cally with the purpose to be turned into the soil to improve N availability and 

soil quality. All the nitrogen that these legumes fix in their biomass is used for 

this purpose. In contrast, grain or fodder legumes are grown for their harvest-

able products, and a considerable part of the fixed nitrogen is removed from 

the field. In land constrained areas, farmers often prefer grain legumes as they 

contribute to food and income, whereas in the global north green manures that 

include legumes are relatively more important, especially in organic farming 

systems. 

At the crop level, legumes often yield less and have a lower economic value 

than cereals. However, considering the wider systems benefits, a proper design 

of cropping systems may increase the economic value of rotations or intercrops 

with legumes compared with systems without legumes. In rotations in both 

European and African systems, legumes were found to increase the yield of 

subsequent crops by 0.5 to 1.5 ton per hectare (Franke et al., 2018; Preissel et 

al., 2017). In intercropping, more grain is harvested per hectare than compared 

with monocropping, especially when additive rather than substitutive designs 

are used. In both systems, costs for mineral nitrogen fertiliser and other chemi-

cals can be reduced, and potentially also costs for weeding and tillage (Preissel 

et al., 2017). 

Future production of plant proteins

Boosting production of legumes is central to a transition to greater reliance on 

plant-based proteins, not least due to the broader range of amino acids they 

provide. Globally soybean is by far the most important legume with 350 Tg 

of grain produced each year compared with a total of only 140 Tg of all other 

legume crops. The dual role that soybean plays in providing both oil and pro-

tein-rich animal feed means that it is likely to remain an important crop in 

the protein transition. Indeed, current research focuses on breeding soybean 

varieties adapted to cooler climates of the northern hemisphere. Yet other 
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114 pulses such as peas, beans, lentils and chickpea provide an additional, rich 

diversity of flavours and ingredients for human consumption. Further, these 

grain legumes for human consumption are better adapted and more versatile 

for production in intercrops and across a wider range of agroecological condi-

tions. For cooler regions, peas and beans can currently be grown also as winter 

crops. In drier regions, lentils and chickpeas are very well adapted. A more 

diverse product portfolio of plant-based protein rich products would need 

simultaneous and synchronised designs for both food products and a fit in crop 

production systems. Breeding for higher productivity also in these legumes is 

needed to make them more attractive for farmers, next to boosting consumer 

demand. Increasing the production of a wide range of legumes for food and 

feed would reduce the need for imports over large distances. Combined with 

the benefits that legumes provide in terms of reduced dependence on nitrogen 

fertiliser and other inputs will secure their increased role in future sustainable 

and more circular food systems.

A first step to achieve sustainable diverse systems with legumes is to 

develop appropriate intercropping systems and rotations and that maximise 

the benefits from legumes. Such systems require balancing the cereal/ legume 

intercrops for the best relative performance both in each season and over the 

crop rotation. Also, a diversity of legume crops needs to be considered either 

at rotation or mixture level, as legumes themselves are susceptible to pests 

and diseases. Peas, for instance can only be grown every five to seven years in 

northwest Europe to avoid build-up of soil related diseases. Strip cropping also 

requires a design that optimises the rotation of the crops in each strip. There 

is evidence that soil-borne diseases and pests developing in too narrow rota-

tions of sole crops occur less frequently in rotations of mixtures in the same 

frequency. Underlying mechanisms are still unclear so there is a need for fur-

ther research. 

Second, as discussed above, a transition to appropriate machinery is 

required. In Europe and the USA, the indicated development of smaller self-

propelled equipment and robotics technologies seem promising. In China, an 

industry that produces small size copies of the current large size equipment is 

developing. Such small equipment may also be suitable for cropping systems 

in other emerging economies in Asia or Africa and could reduce the additional 

labour burden associated with legume crops and intercrops.
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115Levers for change: recognise environmental (public) benefits 
of legumes

Appropriate cropping systems with legumes could offer economically attractive 

options for individual farmers especially if the market for plant-based proteins 

will grow [see chapter ‘No protein transition without societal acceptance’]. But 

beyond benefits at the individual farm level, legumes provide environmental 

(public) benefits such as the reduction in greenhouse gas emissions and nutri-

ent losses due to the reduced need for mineral fertiliser, as well as increased 

biodiversity. Recognising such benefits could help to identify levers, including 

public policy interventions, for expanding legume area and use. Levers include 

increased prices of nitrogen fertilisers, increased prices of imported legumes 

to support local production, or more stringent crop diversification, climate 

protection or nutrient use policies (Bues et al., 2013). Also, true pricing of meat 

and animal-based protein could result in spurring the demand for plant-based 

protein from consumers. 

With respect to the latter, the animal production sector and feed industry 

are major stakeholders that are likely to lose from a transition towards plant-

based proteins. Monetising the environmental costs of animal-based protein 

systems and of high mineral nitrogen inputs could result in extra (tax) income 

that could be used to incentivise livestock and crop farmers to transition 

towards more sustainable systems. Engaging actors in the livestock sector in a 

dialogue on what role they could play in plant-based protein production could 

help to accelerate the transition.

In conclusion, increasing the importance of legumes in cropping sys-

tems increases diversity and sustainably enhances production and reduces 

dependence on chemical inputs. Whereas a lot of research and policy attention 

(including price support policies and research funding) has focused on cereals, 

much less emphasis has been placed on legumes. Increased technical support 

and policy efforts to improve the competitive advantage of legumes in com-

parison with cereal or oil crops is a crucial step to achieve better systems for 

protein production (Foyer et al., 2016; Preissel et al., 2017). 
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Hannah van Zanten
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Global Change department, Cornell University

T here is ongoing scientific debate on what sustainable foods and food 

systems should look like and the targets to be set to achieve them. More 

specifically, recommendations for protein-rich foods are a major source 

of contention. Disagreements particularly centre around the degree to which 

animal-sourced food (ASF) should be included in food systems, if at all. 

One of the main reasons for halting the production and consumption of 

ASF relate to their environmental impact. It is widely recognised that food 

production, especially animal production, generates a broad range of envi-

ronmental impacts, increasing the pressure on the Earth’s system. The food 

system is responsible for roughly 25% of total anthropogenic greenhouse gas 

(GHG) emissions with the animal sector contributing 60% of GHG emissions 

to this total. In addition to land required for agricultural grasslands the animal 

sector also uses about 40% of all crop land. This land is used to produce high-

quality feed products that we could also eat, resulting in a competition for land 

between feed and food production. As the global population grows, becomes 

wealthier, and demands more ASF, feed-food competition is likely to worsen. 

This will further threaten the Earth’s system, as the expansion of crop land 

leads to many adverse and irreversible environmental consequences.

However, it should be noted that ASF have played and still play an impor-

tant role in human diets for many populations. Terrestrial and aquatic ASF 

supply nearly 40% of the world’s protein supply and play a critical role in 
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reducing malnutrition, especially in low-income countries, by providing 

essential macro- and micronutrients. Milk, for instance, includes relatively 

high amounts of calcium, beef is a high-quality source of bioavailable vitamin 

B12 and zinc, and seafood contains high concentrations of essential omega-3 

fatty acids. On the other hand, the high intake of red and processed meat in 

high-income countries is associated with noncommunicable diseases such as 

coronary heart disease and cancer.

The future role of animals in the food system is therefore a contentious sub-

ject within the scientific community. In this section, we provide an overview 

of different animal production systems, their consumption aspects, and their 

impact on the environment. 



123Insects: why we need them on our plates
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Concerns about the environmental impact of animal protein production 

in industrialised countries have stimulated a new and rapidly growing 

industry of insect mass production. Making use of their natural func-

tion in nutrient recycling, insects can be produced more sustainably 

than traditional animal protein sources. 

I n the course of over ten thousand years of cultural heritage1, more than 

2,100 insect species have been recorded as being consumed by humans2. In 

other words, there is a great deal of choice; the insect world is diverse and 

currently we are just beginning to explore how we can leverage insects for food 

and feed. Most edible insect species belong to either the beetles (Coleoptera; 

33%), the largest insect order with a total of over 300,000 described species; 

larvae (caterpillars) of butterflies and moths (Lepidoptera; 16%); larvae of ants, 

bees and wasps (Hymenoptera; 15%); nymphs and adults of grasshoppers and 

crickets (Orthoptera; 13%) and true bugs (Hemiptera; 11%) (Figure 1). Most edi-

ble insects have a vegetarian diet, whereas ants and wasps prey on other insects 

to feed their larvae, and still others feed on decaying organic material. The veg-

etarians consume a diversity of plant species which to a large extent explains 

the substantial variation in their body nutrient composition3.

Insect protein content and nutritional quality 

Conventional animal-based, protein-dense foods such as meat, eggs, and dairy 

products are considered high-quality protein sources because they meet all 

our indispensable amino-acid (IAA) requirements and are easily digested and 

absorbed in the intestine. Insects are also a protein-dense food source: on a 

fresh-weight basis, the protein content (g/100 g) of edible insects belonging 

to the five orders mentioned above ranges from 14–20, which is comparable 

with the fresh-weight protein content of, for example, beef (19–26) and tilapia 

(16–19)3,4. Insect proteins contain all the amino acids indispensable to human 

needs in favourable proportions for human protein synthesis4.
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Environmental impacts of farming insects

The sustainability of current animal protein production is increasingly being 

questioned. This is, among other things, because the available agricultural area 

is not sufficient to meet the global increasing demand for meat. Livestock is also 

responsible for 8-15% of global greenhouse gas emissions and 70% of ammonia 

emissions, the latter leading to acidification of the environment. The produc-

tion of insects as food is considerably more sustainable than the production of 

other animal proteins due to lower land and water use and lower emissions of 

greenhouse gases and ammonia per kilogram of protein produced.

To achieve a similar protein yield, the production of one kilogram of crick-

ets requires approximately 2 kg of feed, while one kilogram of beef requires 

25 kg of feed. Thus, insect protein production requires much less agricultural 

land. Moreover, several insect species can be reared on residual streams or by-

products of agriculture and regular food production, which further reduces 

agricultural land use. In addition, production of one kilogram of cricket pro-

tein requires only 20% of the volume of water compared to the same quantity of 

beef protein. This makes insects a valuable source of high-quality animal pro-

teins with a relatively small ecological footprint. After the insects are harvested, 

Figure 1: Number of edible insect species known for five insect orders and the 
remaining number of edible insect species belonging to other orders2.
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125a residue remains called ‘frass’: the uneaten feed mixed with insect faeces and 

moulted skins, a residue which appears extremely suitable as organic fertiliser. 

Its application promotes crop growth and strengthens resistance to pests. This 

in turn can contribute to a reduced need for chemical fertilisers and chemical 

pest control and thus to more sustainable crop production5. Rearing insects on 

food crop residues like potato peel, grain residues from beer production, or fruit 

peels, enhances the overall circularity of agricultural production (Figure 2).

Figure 2: Insect protein 
production as central 
component in a circular 
food system as outlined in 
the text. 

Insects are vital for nutrient cycling

A large part of the environmental benefits stems from the fact that insects can 

play a crucial role as nutrient recyclers. An estimated 25% of the one million 

insect species live on decaying organic material such as plant remains and 

animal excrement: these substrates are their natural food. The conversion of 

organic material into insect biomass fulfils an important ecological function 

in the cycle of nutrients because they form high-quality food for many other 

animals, including fish, birds and mammals. In today’s livestock production 

systems, manure, the surplus of undigested food, is a major problem. Insects 

provide a solution by converting manure into insect proteins. Recent research 

has shown that insect species living on organic residual streams have entered 

into a sustainable and successful collaboration with microorganisms that per-

form important functions in the digestion in the insect gut and in the defence 

against harmful microorganisms. We are only at the beginning of unravelling 

the long evolutionary history of these collaborations that to date have played 
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126 no or little role in food production. There is still much to discover about how 

insects contribute to closing nutrient cycles.

Insects and the United Nations Sustainable  
Development Goals

Ensuring both food security and food quality for the future of humankind 

requires innovative developments. Increasing food production as practised 

thus far has not proven a solution, given planetary constraints and the result-

ing global climate change. Felling forests may provide a temporary solution but 

this will lead to a further reduction of biodiversity. As the world faces many 

challenges, the United Nations has drawn up a coherent set of 17 Sustainable 

Development Goals (SDGs). The first of these is ‘no poverty’ and the closely 

linked second goal is ‘no hunger’. Other goals include responsible consump-

tion and production (SDG 12), climate action (SDG 13), and conservation and 

sustainable use of marine and terrestrial resources (SDGs 14 and 15 respectively). 

The use of insects as food or animal feed has thus gained momentum due 

to the opportunities they provide for obtaining a sustainable protein source. It 

has gradually become apparent that this development will have positive effects 

on the achievement of various other SDGs. Replacing regular meat, especially 

beef, with insects as a source of animal protein and other nutrients supports 

SDG 12 and greatly reduces the contribution of food production to climate 

change (SDG 13). Replacing fishmeal with insect meal can ease pressure on fish 

stocks in the oceans (SDG 14). Moreover, as insect production uses less land 

than livestock, it can reduce the pressure on terrestrial biodiversity (SDG 15). 

Because several edible insect species can be produced by small farmers with lit-

tle investment and can thus offer an alternative to expensive imports of animal 

feed, local economies can also be stimulated. In this way, small-holder farmers 

in developing countries can increase their productivity and standard of living 

(SDGs 1 and 2), thereby raising their social status and societal integration. The 

combined effects can lead to social stability and peace (SDG 16).
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127Make it happen but how?

Insects are traditional protein sources in human diets 
globally, except in the western world

Insects are commonly eaten in various parts of the world, in particular in 

South-East Asia, Africa, and Central and South America. In these areas insects 

are traditional dietary components, for example, grasshoppers can be found at 

food markets in Mexico, while in southern and central Africa, mopane caterpil-

lars are for sale. They are seasonally collected and considered a delicacy. Insects 

are rich in proteins, poly-unsaturated fatty acids, minerals and vitamins, mak-

ing them an excellent food source. They are closely related to shrimps and 

lobsters and the Aborigines in Australia call grasshoppers the ‘shrimp of the 

land’. In the western world, however, insects are not a traditional dietary com-

ponent and in the European Union only 2% of the population was estimated to 

have consumed insects in 2019. New strategies are being developed to increase 

the willingness of western consumers to eat insects or insect-containing prod-

ucts. Examples of these are incorporating insect ingredients in common food 

products such as protein bars, pasta, burgers, nuggets, and spreads; ensuring 

excellent taste; providing a tasting experience at events; giving information 

about sustainability and health effects; using role models such as TV or sport 

celebrities to promote products; and offering these products at competitive 

prices.

Upscaling insect protein production 

It is only recently that in Europe and North America insects are increasingly 

mass-reared for human consumption, particularly crickets, grasshoppers and 

flour beetle larvae, i.e., yellow mealworm and buffalo worm. The insects are 

sold whole or as a processed product. A range of insect-containing products 

are rapidly reaching the market including tofu-like products and dried insects 

ground to powder as protein-rich ingredients of pasta or bread. In the Euro-

pean Union, legislation has been developed to ensure that the production of 

insects for food meets the same quality and hygiene requirements as other ani-

mal products.

Global mass production of edible insects for both food and animal feed was 

estimated at 10,000 metric tons in 2020, most of which is used in animal feed. 

Predictions are that this will increase to 730,000 metric tons by 2030. To date, in 

Europe, North America and China, mass production has been limited to only a 
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128 few of the 2,100 edible insect species known, i.e., black soldier flies, house crick-

ets and mealworms, and it takes place in large facilities that require substantial 

financial investments and transport of organic residues to these facilities. In 

Africa, Latin America, and South-East Asia, insects are produced on individual 

farms or in small cooperatives that make use of locally available agricultural or 

food market residues. 

Obstacles in realising the full potential of insects as protein 
sources and ways to overcome them

As noted above, edible insects generally meet protein nutritional requirements, 

however, some cases of antinutritive components and harmful ingredients 

have been reported. Harmful ingredients that deserve attention are heavy met-

als, some of which may accumulate to toxic levels in insect species where the 

feed substrate on which they are reared contains currently permitted levels. It 

is thus important to monitor heavy metal concentrations in residual organic 

streams to avoid accumulation. Allergic reactions to insect proteins, for which 

in particular people with a known allergy to shrimp or house dust mite are at 

risk, can be prevented by proper labelling as is customary for other food prod-

ucts. Mechanisation, automation and personal protection against inhalation 

can contribute to prevention of excessive exposure to airborne insect allergens 

for personnel in large-scale production facilities. Another known hazard is 

the contamination of insects with microbial pathogens during production, 

processing or storage. Such pathogens may occur in the insect feed and scarce 

information is available on their fate in the insect body. Prevention relies on 

hygiene and monitoring protocols and standards as is common for other food 

products. 

Whereas in other parts of the world regulations are less restrictive, insects 

are considered novel food under European Union food legislation. Due to the 

costs and time associated with filing insect products for approval by the regula-

tory EU authorities, the potential of insects as a novel and sustainable animal 

protein source has been curtailed. An important step forward was EU approval 

granted in 2021/22 for both yellow and lesser mealworms and crickets as the 

first insect species approved for food use. This is expected to pave the way for 

admission of other insect species on the EU food market. A major step forward 

in the use of insects as animal feed is the August 2021 EU approval for poultry 

and pig feed, opening up new opportunities for the EU feed market.
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129Conclusions

Insect mass production for food and feed is an upcoming sector, currently tap-

ping the potential of just a handful of species. From a nutritional perspective, 

insects are protein rich with favourable indispensable amino acid profiles. 

From an environmental perspective, production of insect protein has two 

major benefits compared to traditional animal protein. Firstly, insects are able 

to retrieve nutrients from organic residues that are unsuitable as feed for other 

animals, contributing substantially to nutrient cycling, and secondly, insect 

mass production has a considerably lower environmental impact due to lower 

land and water use and lower greenhouse gas emissions. Moreover, insect pro-

duction supports several environmental and socio-economic SDGs. In order 

to increase the future share of insect proteins in global protein needs while 

paying due attention to food and feed safety, both increased western-world 

consumer acceptance and upscaling insect production are required.
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Industry interview with  
Kees Aarts, Chief Officer  

and Founder, Protix 

INSECTS AND  
THEIR MANY USES



“
“We aim to be the world leader in  
insect-based nutrition” 

From fish and chicken feed to soil improvers, Protix uses protein-rich 

insects, grown on fruit and vegetable waste streams to create a wide vari-

ety of products. In 2019, the company opened the world’s first large-scale 

insect factory. An interview with founder Kees Aarts.

T he Protix story begins in 2009, in Mozambique. Aarts, a McKinsey con-

sultant at the time, goes diving around a coral reef and is shocked at 

how few fish he encounters. While fish consumption has undeniably 

contributed to declines in wild stocks, a strikingly large portion of fish catch is 

processed and fed to other animals. This inefficacy led Aarts to think: Why not 

make animal feed from insects? Since he was a child, Aarts has been fascinated 

by insects and their role in nature: eating leftovers and serving as a source of 

nutrition for so many other animals. David Attenborough’s BBC documentary 

series Life in the Undergrowth was another great source of inspiration for him.  

Sustainable food system

A few months later Aarts founds Protix (www.protix.eu), together with Tarique 

Arsiwalla. Their mission: to contribute significantly to a sustainable food sys-

tem by creating ingredients from insects. “Insects have a low CO2 footprint, 

grow quickly, and have rapid reproduction cycles,” he explains. “They easily 

convert low-value materials into high-quality nutrients.”



133The company specialises in growing and processing Black Soldier Fly (Her-

metia Illucens) larvae, an insect that can be grown 100% circularly, using only 

waste streams. “One kilo of ‘our’ protein saves four kilos of CO2, compared to, 

for example, fishmeal and proteins from soy.”

Pioneers

The two founders were absolute pioneers. “When we started, insects were not 

permitted for aquaculture. In the early years, especially, our energy went into 

helping to create new EU regulations and developing safety guidelines; all 

from scratch,” says Aarts. 

Innovation begets legislation, is his experience: “Entrepreneurs should not 

let regulations put them off; if their product is good, they’ll get the certifica-

tions they need.”

Ultramodern factories

Today, the industrial-scale, ultramodern insect factory, in Bergen op Zoom, 

runs 24/7 and manages all stages of the lifecycle of the BSF in-house. The 

insects grow on local residual streams, complying with strict European food 

safety standards such as GMP+ and SecureFeed. High-quality proteins and fats 

are extracted from the insects and processed into raw materials, primarily for 

fish feed, animal feed and pet food, serving customers in 20 countries. Protix 

has also launched the concepts Friendly Fish© (farmed fish fed with insect pro-

teins instead of fish meal) and OERei© (eggs from chickens fed on live insects).

The facility in Bergen op Zoom (the Netherlands) opened in 2019, increas-

ing capacity by a factor of 15. “Now we process over 70,000 tonnes of residual 

flows per year, a serious contribution to the circular economy,” Aarts illus-

trates. The factory’s highly efficient production system is fully automated and 

equipped with, for example, agrorobotics and sensors.

Novel food dossiers

For the pioneers this is just the beginning. “We are preparing novel food 

dossiers for the use of insect-based ingredients in foods for humans: as taste 

enhancers but also for direct consumption. Recently we launched ENOUGH 

(enoughinsects.com), a range of insect-based snacks and culinary ingredients.” 



134

”

Aarts smiles: “Like fish, crustaceans, algae and other products from the sea, 

insects offer a wealth of flavours to be discovered.” 

Protix isn’t stopping here: they are in ongoing discussion with the European 

government about capitalising on low-grade waste streams. The International 

Platform of Insects for Food and Feed (IPIFF) initiated by Protix in 2012, is 

making a strong case for this. 

The company wants to further grow as a world leader in its field, expanding 

production capacity where the demand for sustainable, high-quality protein 

is highest: Northwestern Europe, the USA and Asia. “Within two years we will 

have large, international production facilities and our customer base will be 

truly global.”

Structural collaboration

According to Aarts, pioneers like Protix cannot succeed without structural 

collaboration. “From product development to regulatory lobbying, we do eve-

rything together with partners such as Rabobank, Wageningen University & 

Research and the HAS University of Applied Sciences. We also have partner-

ships with Bühler, Hendrix Genetics and Nutreco, among other companies.”

Aarts believes cooperation is also crucial to achieving a circular economy: 

“We must move towards a global network, in which each party takes personal 

responsibility for everything it passes up or down the chain. The more raw 

materials we make available, the more applications we can mine. There is still 

so much potential. This requires not just novel technology, but a totally differ-

ent mindset.”

Broad, open vision

The mindset needed is a broad, open vision of sustainability. “Too often, 

we judge what others are doing as either right or wrong,” the entrepreneur 

stresses. For example, vegetarians don’t eat meat and some of them can make 

meat eaters feel guilty. But these meat eaters might travel by air much less often 

than the vegetarians do and have a significantly smaller individual CO2 foot-

print. “We need to turn that negative attitude into a constructive conversation 

about what each of us can contribute to the circular economy. We can only make 

things happen if we work together, and by being the change we want to see.”
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Johan O. Karlsson and Elin Röös

Department of Energy and Technology, Swedish University of Agricultural Sciences

Livestock have been an integral part of human societies and food sys-

tems for more than 10,000 years. Livestock products currently provide 

33% of global protein intake, albeit with substantial regional variation. 

Large environmental impacts, high resource use and negative health 

outcomes associated with over-consumption of livestock products have 

however led scholars and influential organisations to push for contrac-

tion and convergence rather than continued expansion of the global 

livestock sector.

L ivestock are domesticated animals kept for food or other services and 

materials. The focus in this chapter is on food production and on the 

species that currently (and historically) dominate in this regard. These 

include bovine animals (cattle and buffalo) and sheep and goats kept for meat 

and milk, pigs kept for meat, and poultry (including chickens, ducks, turkeys, 

etc.) kept for meat and eggs. Collectively bovine animals, sheep and goats are 

referred to as ruminants due to their complex gut that allows them to digest 

coarse plant materials. Pigs and poultry are referred to as monogastric animals 

as they are equipped with a simpler digestive system.

Domestication of wild animals occurred independently in many areas, 

but the earliest signs of domestication are from more than 10,000 years BP1 

in the Middle East’s Fertile Crescent (Zeder Melinda 2008). Sheep and goats 

were probably the first species to be domesticated in the region, with signs of 

herd management of wild goats dated to 12,000 years BP (Zeder Melinda 2008). 

Similarly, signs of management of wild boars introduced by humans to Cyprus 

have been dated to 11,400 years BP (Vigne et al., 2009) while cattle domestica-

tion is thought to have occurred at around 10,500 years BP in the same region. 

Chicken, on the other hand, were first domesticated in China and South-East 

Asia around 7,500 years BP, probably in multiple domestication events involv-

ing several wild ancestors (Liu et al., 2006). Since these first domestication 

events, livestock production has spread across the globe and become an inte-

gral part of agriculture and food systems in essentially all regions of the world 

(Figure 1).

1 BP (‘before present’) in archaeology refers to years before the standard commencement date of  
1 January 1950
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Figure 1: Global distribution of bovine animals (cattle and buffalo), sheep and 
goats, pigs and chicken around year 2010. Livestock densities are shown in 
relative terms so that a point with the darkest shade indicates that the livestock 
density is higher in this point than in 99% of all places across the world. Data 
source: GLW v.3 (Gilbert et al., 2018)
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137Throughout history, the management of livestock and their role in human 

societies have changed, influenced by different agricultural practices and local 

conditions. In pre-industrial Europe, ruminants were often kept outdoors, for-

aging in forests and grasslands around the villages. These animals often had an 

important function in transferring nutrients from the surroundings to arable 

fields closer to the villages (Emanuelsson et al., 2009) and the need for manure 

influenced housing practices and winter-feeding strategies (Emanuelsson et 

al., 2009; Hartung, 2013). Similarly, pigs often foraged in forests in Europe into 

modern times, while higher population densities led their Chinese counter-

parts to be penned at an earlier stage and fed with household wastes and other 

biomass collected for them (Lander et al., 2020). In addition to the food they 

produced and their manure, many animals were also valued for services such as 

providing draught power or getting rid of wastes (Hartung, 2013; Lander et al., 

2020). Alongside the livestock systems found in fertile and densely populated 

areas, pastoral systems where herds of livestock move over large areas, have 

always been important where climatic or morphological conditions make ara-

ble farming difficult or impossible. Until today, pastoralism persists in 75% of 

countries and engages 200-500 million people worldwide (Mbow et al., 2019).

In the second half of the 20th century, increased agricultural mechanisation 

and large-scale adoption of mineral fertilisers diminished the role of livestock 

in providing manure and draught power in most parts of the world (Peyraud et 

al., 2014; Lander et al., 2020). Instead, livestock production came to be governed 

by the demand for meat, milk and eggs and their manure has, in some cases, 

turned from a valued resource to an environmental nuisance (Peyraud et al., 

2014; Wang et al., 2018; Lander et al., 2020). International trade in grains and 

oilseed meals has also allowed an increasing geographical separation of live-

stock and feed production (Peyraud et al., 2014; Wang et al., 2018). For example, 

23% of the cropland currently used to provide feed for livestock in the Euro-

pean Union (EU) originates from other regions, mainly from the vast soybean 

fields of the Americas (Karlsson et al., 2020).

The demand for livestock products has increased rapidly in recent decades 

(Figure 2a) due to population growth and increased wealth that push up per 

capita consumption of meat, milk and eggs (Figure 2b). To meet this demand, 

the global livestock herd has grown to a size that is hard to conceive and it 

now outweighs wild mammals and birds by a factor ten (Bar-On et al., 2018). At 

the same time, developments in animal breeding and feeding have allowed a 

dramatic increase in production intensity in most regions of the world (Figure 

2c-d), but livestock systems involved in meeting the global demand for live-

stock products still vary in their levels of intensity. Herrero et al. (2013b) mapped 

global livestock production onto different production systems and found that 
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more than half of meat and milk from ruminants is produced in mixed crop-

livestock systems where crops and livestock geographically coincide. This does 

however not mean that crops and livestock are well integrated at farm level 

(Peyraud et al., 2014). Grazing systems are locally important for cattle meat in 

e.g., South America and for sheep and goat meat production in many regions. 

In many African countries, pastoralism is important and contributes 10% - 44% 

of GDP (African Union, 2010). For pig meat and poultry products, more than 

three-quarters of global production is now in industrialised systems, while 

smallholders make important local contributions in e.g., parts of Africa and 

South Asia (Herrero et al., 2013b).

Figure 2: Trends in total (a) and per capita (b) consumption of protein from livestock products 
as well as the intensity in cow’s milk (c) and pig meat (d) production from 1961 to 2019. Data 
source: FAOSTAT
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Livestock feeding and resource use

The global livestock herd has been estimated to consume six billion tonnes 

of dry matter feed annually, which equates to fifteen times the weight of the 

global human population2. Around half the world’s agricultural land and 40% 

of its cropland is used to produce these feeds (Mottet et al., 2017). At a global 

level, the majority (73%) of livestock feed comprises grass and other roughages, 

while human-edible grains and other feeds account for only 14%. As shown in 

Table 1, there are large variations in the composition of livestock diets across 

production systems and world regions. In general, higher-income regions such 

as the EU tend to use more high-quality feeds such as grains and oilseed meals 

in livestock feed, while in lower-income regions roughages make up a larger 

share. 

Livestock production always involves metabolic losses where parts of 

the energy, protein and other nutrients present in feeds are lost as heat and 

manure. In most cases, it would therefore be more efficient to use human-edi-

ble crops directly as food instead of feeding them to animals. An increasing 

global population, dietary changes and changing energy systems are expected 

to increase the competition for agricultural biomass, which makes it crucial to 

use agricultural resources as effectively as possible to avoid further encroach-

ment of agriculture into natural ecosystems. A potential way forward for the 

2 Based on the total human biomass weight in Bar-On et al. (2018)

Table 1: Composition of the average feed ration (percentage of dry matter) for ruminant 
and monogastric animals in non-OECD countries and in the European Union (EU)

Ruminants
(Bovines, sheep and goats)

Monogastrics
(Pigs and poultry)

Total
(All livestock)

Non-OECD EU
Non-
OECD

EU
Non-
OECD

EU

Roughage 91% 84% 5% - 77% 60%

Grains and other edible 2% 8% 46% 73% 10% 27%

Oilseed meals* 1% 2% 3% 7% 1% 4%

Soybean meal 0% 3% 15% 10% 3% 5%

By-products and wastes 5% 3% 31% 10% 10% 5%

Data sources: Mottet et al. (2017) for non-OECD countries and Karlsson et al. (2020) the European Union (EU)
* Excluding soybean meal
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140 livestock sector is to source feeds from land and biomass that are not directly 

available for plant-source food production. This has been explored in several 

recent scenario analyses, which generally conclude that such a future would 

imply a reduced consumption of animal products in higher-income settings, 

and a focus on ruminant products rather than pig and poultry meat (Röös et 

al., 2017; Van Zanten et al., 2018; Karlsson & Röös, 2019; van Selm et al., 2022).

Livestock products in diets and nutrition

Livestock make an important contribution to global diets and nutrition. Of the 

global intake, livestock products supply 17%, 33% and 43% of calories, protein 

and fat, respectively (FAO, 2022). The share of protein from livestock prod-

ucts varies strongly across regions of the world, ranging from 50% and 59% 

in Europe and North America to only 17% in Africa (FAO, 2022). Apart from 

macronutrients, livestock products also supply a range of micronutrients that 

may be hard to consume in sufficient quantities in diets lacking animal-source 

foods. Vitamins A, B12 and riboflavin as well as iron, calcium and zinc have 

been found to be low in completely plant-based diets (Murphy & Allen, 2003) 

and vitamin B12 is only found in animal-source foods and must be supplied as 

supplement in entirely plant-based diets. Vitamin A deficiencies are a leading 

cause of childhood morbidity and mortality in low-income countries (Bailey 

et al., 2015) while in high-income regions such as Europe, intake generally 

meets recommendations and deficits are uncommon (Efsa Panel on Dietetic 

Products, Nutrition, and Allergies, 2015). This reflects the uneven consumption 

of livestock products across countries, with yearly per capita meat consump-

tion ranging from over 100 kg carcass weight in high-consuming countries like 

the USA and Argentina to below 20 kg in many African countries (FAO, 2022). 

While moderate intake of animal products can alleviate nutrient deficiencies, 

especially among children in low-income settings, high consumption of red 

and processed meat has been associated with increased risks of several major 

chronic diseases and preterm mortality (Wolk, 2017). Scholars therefore call for 

strategies of convergence in animal product consumption, i.e., a decrease in 

high-consuming countries and an increase in low-consuming settings (McMi-

chael et al., 2007; Herrero et al., 2009).
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141Environmental impacts and other sustainability challenges

Livestock production is associated with a range of environmental impacts that 

presents major obstacles for the expansion of livestock production. Several 

influential organisations including the FAO (FAO, 2018), the IPCC (Ipcc, 2022) 

and the IPBES (Ipbes, 2019), highlight the potential of reductions in global 

livestock production to reduce environmental pressures. The food system is 

already the main cause of several of these pressures, heavily transgressing what 

has been defined as safe boundaries (Willett et al., 2019), and livestock produc-

tion is a major driver of most environmental impacts associated with food 

production (Poore & Nemecek, 2018; Henry et al., 2019).

Of the total global anthropogenic greenhouse gas emissions, livestock are 

responsible for approximately 15%, with cattle causing the majority (Gerber et 

al., 2013). The two main sources of emissions in livestock production are enteric 

fermentation in ruminants, and feed production including nitrous oxide emis-

sions from fields and carbon dioxide emissions related to deforestation and the 

use of fossil fuels in field machinery, mineral fertiliser production, and feed 

processing. Manure management and energy use in livestock rearing are addi-

tional, but in comparison, smaller sources of greenhouse gas emissions. Feed 

production and manure management are both major drivers of eutrophica-

tion, e.g., it has been estimated that in the EU, 73% of water pollution from 

nitrogen and phosphorous is associated with livestock production (Leip et al., 

2015). Livestock production is also a major driver of biodiversity loss through 

the use of vast areas of land for feed production and grazing (Ipbes 2019), as 

well as driving additional deforestation (Pendrill et al., 2019). Impacts are how-

ever highly variable across livestock species and production systems.

Roe et al. (2022) suggest two main mitigation options for reducing envi-

ronmental pressures from livestock. Firstly, increasing productivity through 

breeding and improved feeding, housing and management (especially in 

low-income settings; Figure 2), hence reducing the impact per kg of product 

produced. Secondly, implementing established or innovative technologies 

including vaccines and feed additives to reduce methane from enteric fermen-

tation in ruminants, the digestion of manure, as well as enhanced management 

of croplands and grasslands to enhance carbon sequestration (Roe et al., 2021). 

However, some mitigation options, especially continued intensification, come 

with a substantial risk of trade-offs related to animal welfare and other objec-

tives. In typical intensive livestock production systems, a range of diseases 

and injuries are common, including mastitis in dairy cows (Jamali et al., 2018), 

pneumonia in pigs (Merialdi et al., 2012) and leg disorders in broilers (Hartcher 

& Lum, 2020). Animals are also often kept in cramped and barren environments 
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142 that elicit negative effects including anxiety, frustration, and boredom (Mellor, 

2016). Despite growing concerns among consumers about the rights and wel-

fare of animals, there is conflicting evidence to which extent this will pose a 

barrier to increased livestock production and intensification; while many peo-

ple find animal suffering disturbing and unethical, most people still consume 

foods associated with seriously impaired animal welfare, a concept coined ‘the 

meat paradox’ (Loughnan et al., 2014). Additional challenges associated with 

livestock production include ensuring restricted and responsible use of anti-

biotics to prevent antimicrobial resistance (Tang et al., 2017) and to minimise 

the risks of zoonosis outbreaks (Rohr et al., 2019).

Livestock and landscapes, ecosystems and livelihoods

Despite the large negative impacts of livestock systems in general, livestock 

production can in some cases provide additional benefits to society beyond 

food production by e.g., sustaining agricultural landscapes that support bio-

diversity and other non-provisioning ecosystem services. An example are the 

temperate semi-natural grasslands of Europe. Although the exact origin of the 

species found in these landscapes is contested (Emanuelsson et al., 2009) they 

currently represent one of the most biodiverse habitats in Europe (Pärtel et al., 

2005; Emanuelsson et al., 2009) and rely on grazing livestock in order not to 

overgrow and lose their biodiversity. These landscapes also support several 

ecosystem services by e.g., providing habitats for beneficial insects (Öckinger 

& Smith, 2007; Alignier et al., 2014) and areas for nature recreation (Lindborg 

et al., 2008; Karlsson et al., 2022). Similarly, pastoralist communities have 

shaped their surrounding landscapes, and their grazing activities have been 

shown to be important to preserving ecosystems that have co-developed with 

human disturbance in e.g., East Africa (Little, 1996) and the Himalayas (Ingty, 

2021). Another example is the integration of perennial fodder crops into arable 

crop rotations in so-called mixed crop-livestock systems, which can benefit the 

long-term sustainability of these cropping systems. Such practices can build 

soil carbon, fix nitrogen from the air, and avoid problems with pests and weeds, 

thereby reducing the need for mineral fertilisers and crop protection chemicals 

(Albizua et al., 2015; Martin et al., 2020). It is, however, important to bear in 

mind that the share of arable land available for food crop production is reduced 

if fodder crops are introduced.

In low-income settings, livestock are also important for rural livelihoods 

and the economies; a majority of those living on less than two dollars a day 

in Africa keep livestock (Herrero et al., 2013a). Apart from providing food 
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143and income, in these settings livestock provide a range of additional services 

including draught power and manure, supporting crop production, upcycling 

of low-quality biomass (e.g., crop residues) to nutrient-dense foods, insurance, 

and financial security. In all contexts, livestock and animal products are deeply 

entrenched in global cultural and social rituals, aspects that cannot be ignored 

when striking a balance between the positive and negative values of livestock 

production.
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148 Seas and oceans for future animal proteins 
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Will the oceans feed the world? Optimistic views on a ‘Blue Revolution’ 

have recently been challenged and in particular the future role of marine 

fish culture is questioned. Important steps in raising global production 

of protein-rich animal seafood can only be expected from aquaculture of 

low-trophic organisms such as shellfish. Additional to the provisioning 

of healthy marine protein products, shellfish culture has many benefits 

as it causes little environmental impact, and provides the opportunity 

to contribute to ecosystem services. 

Fish and other marine animals, as for example the many edible arthropod spe-

cies (lobsters, crabs, crayfish, shrimps and prawns) and mollusc species (clams, 

mussels, oysters, scallops, octopuses, cuttlefish and squids) provide nutritious 

and protein-rich food. Although worldwide fishery products contribute to 

less than a meagre 1-2% of human food in terms of dry mass, about 7% of total 

protein intake and 17% of the consumption of animal proteins comes from 

fisheries and aquaculture (FAO, 2022). Fish consumption differs considerably 

among countries (FAO, 2015). For people from seafaring nations like Iceland, 

Japan and many other oceanic islands, it is a much more important source of 

proteins than the global average suggests. Inhabitants from these countries 

rely for 20% or more on fishery products for their overall protein consumption. 

But for some inland countries, like Ethiopia, Sudan or Tajikistan, the situation 

is completely different. In these countries less than ½% of the total protein 

intake originates from fish and other seafood. In this chapter we discuss the 

future prospects of fisheries and explore whether aquaculture of marine ani-

mals could result in a fundamental transition in the way the seas and oceans 

provide protein-rich animal-based food for humans. 



149Global fisheries 

Global fish catch has hardly increased since the 1980s, fluctuating for dec-

ades around 90 million tonnes, most of which is marine (FAO, 2022). World 

population increased over this period from 5.0 billion in 1986 to 7.8 billion in 

2020. So, per capita, production of wild-caught marine fishery products even 

decreased over this period: from almost 16 kg per person per year in 1988 to 

slightly more than 10 kg per person per year in 2020 (Figure 1). Major future 

increases in global catches are not very likely. It is true that improved manage-

ment of presently exploited populations could result in larger worldwide fish 

yields compared to the present situation. It is assessed that total harvest might 

increase by 13% (Arnason et al., 2017) to 18% (Costello et al., 2020) if all stocks 

are managed at Maximum Sustainable Yield (MSY) levels. Fishery products can 

also be used more efficiently, if the smaller pelagic fish, the so-called forage 

fish that is now often turned into fishmeal and fish oil (Costello et al., 2020) 
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Figure 1: World marine capture fisheries (orange line), aquaculture production 
(blue line) and their sum (black line), all expressed per person. Data exclude 
aquatic mammals, crocodiles, alligators and caimans, seaweeds and other aquatic 
plants. Fisheries and aquaculture data from FAO (2022)
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150 is directly used for human consumption. Perhaps presently unexploited and 

largely unknown stocks, such as the mesopelagic fish of the open ocean, may 

even contribute to some further increase. But overall, large future gains are not 

to be expected from fisheries. 

Limits to marine aquaculture production 

Although at present most fishery products are still captured from the wild, 

the contribution of aquaculture has been steadily increasing over the last few 

decades, from a few million tonnes in 1985 to more than 87 million tonnes in 

2020. Freshwater fish, mainly carp from China, dominates. Global aquacul-

ture production in marine waters contributed to 33 million tonnes in 2020 

(FAO, 2022). Aquaculture seems thus a promising way forward, and the recent 

growth in aquaculture is indeed by many people seen as a hopeful signal that 

the seas and oceans can provide much more food than they do now (Pharo and 

Oppenheim, 2019; Costello et al., 2020). For the marine realm expectations vary 

from a six-fold increase in overall food production to even an increase by orders 

of magnitude, once the step has been made from fishing, basically primitive 

hunting, to aquaculture. However, these optimistic views have recently been 

challenged (van der Meer, 2020), and in particular the future role of finfish 

marine aquaculture in global food production is seriously questioned. 

The main underlying reason for these doubts lies in a fundamental dif-

ference that exists between marine and terrestrial ecosystems. In terrestrial 

systems, agriculture now produces so much more human food than hunting- 

gathering did 10,000 years ago, because it tremendously increased the trophic 

efficiency of the (agro)ecosystem. A higher trophic efficiency means that much 

more of the organic plant material that is produced is transferred through the 

food chain towards herbivores and carnivores, instead of being consumed by 

decomposers such as fungi and bacteria. In a natural forest, for example, only 

about 1% of all plant material produced is eaten by herbivores, and almost noth-

ing is edible for humans. A field of wheat, corn or rice shows a totally different 

picture. The production of plant material in such an agricultural system is not 

much higher than in the original natural system, but the plant material is much 

more edible, either directly for humans or indirectly through their livestock. 

That is the main reason for the success of agriculture. But the sea is different. At 

sea trophic efficiency of the natural system is already very high and most of the 

production of phytoplankton, microscopically small algae that take the role of 

plants in the oceans, is consumed by zooplankton, mainly small crustaceans, 

which on their turn are mostly consumed by fish. Fish that humans can catch 
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151and eat. Not much is lost to decomposers on the way through the entire plant-

herbivore-carnivore food chain, compared to such losses in terrestrial natural 

systems. An increase in trophic efficiency is therefore not easily possible at sea 

by some form of ‘agricultural’ practice. The only option for improving marine 

food production is to harvest at lower trophic levels, either for food or for feed. 

The naturally occurring low-trophic animals of the sea, the millimetre-sized 

herbivorous zooplankton are, with the exception of some polar species, prac-

tically not harvestable. Aquaculture can though use the much larger coastal 

species, such as the many shellfish species that live attached to natural or arti-

ficial substrates. 

Extensive and intensive aquaculture 

When talking about aquaculture, it is important to distinguish between exten-

sive marine aquaculture with no or minimal resource inputs and intensive 

aquaculture that entirely relies on supplementary feed. Aquaculture of low-

trophic organisms such as seaweed or shellfish, belongs to the first category. 

Seaweeds are primary producers and they take up the nutrients they require 

such as nitrogen and phosphorus directly from the natural ecosystem. Simi-

larly, shellfish feed merely on natural phytoplankton. Intensive aquaculture of 

marine finfish, on the other hand, requires supplementary feed, that is largely 

provided either by fishery products in the form of fishmeal and fish oil, or by 

terrestrial-based resources such as grains or beans. Fishmeal and fish oil are 

mainly made from anchovy, herring, sprat and other forage fish, which are in 

principle edible for humans too. Finfish aquaculture fed by captured fish is 

therefore not a very efficient way to produce human food. As most forage fish 

stocks are already exploited at maximum levels there is not much room for fur-

ther increase either. One should also realise that the observed increase in marine 

finfish aquaculture over the last decades has in fact little to do with the notion 

of harvesting from the ocean. The increase is entirely due to a shift towards 

the use of terrestrial-based feed, mainly soya. But dependency on terrestrial-

based feed basically turns finfish aquaculture into an agricultural practice, as 

it no longer capitalises on marine primary production. It does not exploit the 

productivity of the oceans and does not release the pressure on agricultural 

lands, on the contrary. The recent rise of finfish aquaculture is therefore not a 

hopeful signal at all for increasing the role of the oceans in human food pro-

duction. Improvements in marine finfish aquaculture as a way to efficiently 

exploit the richness of the seas are though possible either by the use of fish 

processing waste or by using products or by- products from extensive and low-
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152 trophic marine aquaculture. The possible use of seaweed as a source for fish 

feed in, for example, the salmon industry is presently examined, but serious 

concerns exist about its nutritional value. 

In the remaining part of this chapter we mainly explore the option of exten-

sive marine aquaculture of shellfish, which can directly be eaten by humans. It 

seems the most promising and efficient way to increase the contribution of the 

seas and oceans for providing protein-rich animal food for humans. 

Shellfish aquaculture 

Shellfish aquaculture of marine bivalve molluscs, such as clams, oysters and 

mussels, represents a large segment, about 56%, of world’s seafood aquacul-

ture production (FAO, 2022). Shellfish culture is an extensive aquaculture 

occurring in natural ecosystems (Figure 2), normally without the addition of 

feed or medicine. Shellfish do not only obtain their food from the surround-

ing natural ecosystem, but the culture also depends on the natural supply of 

young animals, the so-called seed. The shellfish industry is therefore poten-

tially vulnerable to the vagaries of nature. New developments aim at reduction 

of vulnerability. 

Figure 2: Filter feeding blue mussels in a Norwegian fjord ecosystem  
© T. Strohmeier
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Shellfish are a source of high-quality protein with an excellent amino acid 

profile. Yaghubi et al. (2021) evaluated the nutritional value of mussels against 

other animal and plant sourced food products (Table 1). Although protein con-

tent per 100 g edible product is lower in mussels compared to salmon and beef, 

per kJ mussels have almost as much protein as beef (24 g of protein/600 kJ of 

lean steak vs. 22 g of protein/600 kJ of mussels). Few products have a higher 

protein per euro spent. In terms of additional key nutrient content, mussels 

outperform other protein sources, in particular for iron and vitamin B12. In 

general, seafood products are highly valued for their health benefits, specifi-

cally due to their high concentrations of omega-3 and omega-6 fatty acids. In 

this respect salmon outperforms mussels, but still many health promoting 

aspects are assigned to shellfish too (Yaghubi et al., 2021). 

Apart from nutritious values, the sustainability of food production is of 

importance in transition strategies. Not just the required inputs, such as energy, 

fresh water, fertiliser, pesticides, and antibiotics, but also the environmental 

consequences, such as greenhouse gas emissions, water quality deterioration, 

biodiversity loss, and habitat destruction, should be taken into account when 

evaluating the sustainability of food production methods. In their study ‘The 

environmental costs of animal source foods’ Hilborn et al. (2018) evaluated 

nearly 150 studies on the environmental impact throughout the entire pro-

duction, processing and consumption processes (so-called life cycle analysis) 

of livestock, aquaculture, and capture fisheries, and showed a 100-fold differ-

ence in impacts between products. The lowest impacts were identified for small 

pelagic fisheries and shellfish aquaculture. In the same way Yaghubi et al. (2021) 

Table 1: Summary of nutrient content and greenhouse gas emissions per 100 g of 
edible blue mussels in comparison to fully trimmed steak and salmon. All cooked. 
From Yaghubi et al. (2021). 

Blue mussels Steak Salmon

Energy, without fibre (kJ) 438 673 1202

Protein (g) 16 27 29

Vitamin B-12 (mg) 20 1 2.5

Iron FE (mg) 3.0 2.5 1.5

C20:5w3 EPA (mg) 191 28 1268

C22:5w3 DPA (mg) 21 40 606

C22:6w3 DHA (mg) 401 5 1185

Total long chain omega-3 fatty acids (mg) 614 73 3059

Greenhouse-gas emission (kg CO2) 0.06 2.78 0.48
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154 also highlights the low greenhouse gas emissions for shellfish aquaculture 

compared to beef and salmon production (Table 1). 

But there is so much more to shellfish aquaculture than food production 

only. Some decades ago, the concept of ‘ecosystem services’, indicating the 

benefits people obtain from ecosystems, emerged as a way to aid sustainable 

development. Wild shellfish stocks as well as shellfish aquaculture provide 

numerous ecosystem services (van der Schatte Olivier et al., 2020) and shellfish 

production is unique in this sense. Aside from food production other ecosys-

tem services include for example the provisioning of habitat for other species, 

increasing the rate of nutrient cycling in the ecosystem, sediment movement, 

coastal defence, water quality control and carbon storage. The global economic 

value of the non-food services has been estimated to be worth at least USD 6 

billion per year compared to an economic value of shellfish trade of USD 24 

billion (van der Schatte Olivier et al., 2020). 

In Europe shellfish production is dominated by mussel cultivation, rep-

resenting more than 1⁄₃ of EU aquaculture production. In contrast to the 

increasing aquaculture production of mussels worldwide, production in the 

European Union (EU) has shown a decreasing trend over the last two decades 

(Avdelas et al., 2021). The main causes for the overall decline of the EU mussel 

production are environmental factors rather than economic ones. Apart from 

the lack of seed, harmful algal blooms, predators, diseases and parasites, etc., 

have often led to a declining production, both in quantity and quality. Pro-

duction costs per unit also increased. Other factors hampering further growth 

of the sector are the large administrative burden for new permits, and lack of 

political planning. Yet, the EU recently acknowledged that shellfish farming is 

an important component of the EU aquaculture sector and stimulates innova-

tive farming in offshore waters by EU funding. 

Conclusion 

Concluding, improvements in the management of wild fish stocks may slightly 

increase global captures, but important steps in raising global production of 

protein-rich animal seafood can only be expected from extensive aquaculture 

of low-trophic organisms. Shellfish aquaculture is a sustainable way of healthy 

marine protein production causing little environmental impact, and provid-

ing the opportunity to contribute to ecosystem services. Despite low impact 

on the environment, the degree of impact should always be discussed in a 

case-specific way to find an optimum trade-off between food security, business 

activity and nature protection. Respecting the boundaries and resilience of the 
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155local production-ecosystem is an important aspect to be considered for extrac-

tive aquaculture such as shellfish. 
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156 The role of aquaculture for human fish  
consumption
Johan W. Schrama and Geert F. Wiegertjes
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Aquaculture started in China some 5,000 years ago with carps in ponds 

fed with wastes from silk production and this form of local growth of 

low trophic fish on a natural food web still is very important. But to date 

high trophic species such as Atlantic salmon are the most traded, are 

typically kept at high stocking densities and require high-quality feed 

pellets. Balancing between a globally increasing demand for fish prod-

ucts, different forms of aquaculture, and the need to avoid feed-food 

competition, requires tailored formulations of aquafeed which includes 

by-products and novel ingredients.

F ish not only provide high-quality protein but are rich in essential 

omega-3 long-chain poly-unsaturated fatty acids, vitamins such as 

B12, and micronutrients including bioavailable calcium, iron and zinc. 

Therefore, even in countries where fish consumption is relatively low, small 

quantities of fish can still provide many of the essential nutrients that play a 

critical role in cerebral development, immune defence, and other important 

physiological processes. Fish are not only tasty, but also provide animal protein 

and help improve human health.

Both fisheries and aquaculture are important sources of fish for food, nutri-

tion, income and the livelihoods of hundreds of million people around the 

world (FAO, 2020). However, with stagnating fisheries, aquaculture is becom-

ing increasingly important for fish supply. The different forms of aquaculture 

can often be linked to the culture of four main species groups (in upwards 

order of the food chain): algae, molluscs, crustaceans, and finfish. Organisms 

eat other organisms and may, in turn, be eaten themselves. At the start of this 

food chain are the low (value 1) trophic-level organisms (primary producers 

such as algae) which are eaten by e.g., molluscs, while high trophic carnivorous 

fish species like salmon are found at the top (value 4-5). 

In short, the aquaculture of algae (including seaweed) and molluscs (e.g., 

mussels, oysters) are considered non-fed forms of low trophic aquaculture, 

whereas aquaculture of crustacea (e.g., shrimp) and finfish (e.g., trout, salmon) 

represent fed forms of high trophic aquaculture. High trophic aquaculture is 

often considered less sustainable than low trophic forms because the aquacul-



157ture route to the top of the food chain is largely determined by the feed given 

to crustaceans and finfish.

Some numbers on global aquaculture

Global aquaculture production in 2018 (including algae) was estimated at 115 

million metric tons (Mmt) of live weight, of which 9.4 Mmt were cultured 

crustaceans and 54.3 Mmt cultured finfish (FAO, 2020). Approximately 90% 

of the crustacean production comes from five main species, while there are 

some 20 most-cultured finfish species. Crustacean aquaculture is largely (61%) 

marine- and coastal-based while finfish aquaculture is largely (86%) freshwa-

ter inland-based (Table 1). Despite all these apparent contrasts, crustacean and 

finfish aquaculture have one thing in common: almost 90% of their global pro-

duction occurs in Asia (FAO, 2020), making other parts of the world such as 

Europe highly dependent on trade and import when it comes to fish. In other 

words, aquaculture export from Asia is vital in meeting the global demand for 

fish.

Worldwide, the most commonly farmed species (in production volume) are 

freshwater carps, tilapia, and marine shrimps, but the most commonly traded 

(exported) species are Atlantic salmon, striped catfish, and rainbow trout (Table 

1). Whereas the top five most commonly farmed finfish (mostly carp) species are 

all of low (<3) trophic level; many of the most commonly traded marine finfish 

have a high (>3.5) trophic level.

What do aquaculture systems look like?

At present, most (~75%) of crustacean and finfish aquaculture takes place in 

ponds. Historically, ponds are extensive systems which rely on minimal water 

exchange while maintaining water quality by the presence of a well-function-

ing natural food web; no additional feed pellets are used. Increasingly, however, 

ponds are fertilised and/or fish are fed, requiring more water refreshment and 

active aeration to allow for higher production. In these semi-intensive systems, 

higher fish growth is achieved through a combination of higher productivity 

of the natural food web, and direct feed consumption. In high-intensive pond 

systems, the contribution of natural food to fish growth declines to nearly zero, 

as the feed becomes the major source of nutrients and determines fish growth.
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158 Table 1: Distribution of finfish and crustacean production in 2018 (64 million metric tons (Mmt)) 
across species and species groups, trophic level of fish species, culture type, and type of feed 
(natural food web versus compound feed). Distribution of total compound feed (53 Mmt) 
across fish species, and calculated economic feed conversion and feed input per kg of fillet 
produced. Data derived from FAO (2020) and Tacon (2020).
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Grass carp 9.0 1 2.00 pond FW (& pellets)

Whiteleg shrimp 7.8 2 – pond FW (& pellets) (14.8) (1.6) (3.2)

Silver carp 7.5 3 2.00 pond FW

Nile tilapia 7.1 4 2.10 pond/cage FW & pellets

Common carp 6.6 5 2.96 pond FW & pellets

Atlantic salmon 3.8 10 4.43 cage pellets 6.5 1.4 2.4

Striped catfish 3.7 11 3.12 pond pellets

Rainbow trout 1.3 16 4.22 raceway pellets 2.1 1.3 2.2

Carp species total 42.4 – – – 42.4 0.5 1.5

Tilapia species total 4.9 8.7 – – – 18.0 1.7

Catfish species total 3.3

Crustacean total 14.7 – – – 19.9 1.1

Finfish total 85.3 – – – 80.1 0.8

a  Species with Latin name: grass carp, Ctenopharyngodon idellus; whiteleg shrimp, Penaeus vannamei; silver carp,  
Hypophthalmichthys molitrix; Nile tilapia, Oreochromis niloticus; common carp, Cyprinus carpio; Atlantic salmon, Salmo 
salar: striped catfish, Pangasianodon hypophthalmus; rainbow trout, Oncorhynchus mykiss.

b  Trophic level given by FishBase (https://www.fishbase.de/)
c  Type of feed eaten by fish, pellet or natural food web items (FW).
d   Economic feed conversion calculated as feed used per species (group) divided by total production at global level and 

thus includes losses due to feed spillage and fish mortality.
e   Feed input per kg fillet (i.e., edible part) calculated as the global feed production used per species (group) divided by 

total fillet production for the respective species, assuming that all fish are filleted and using a filleting yield of 60% for 
Atlantic salmon and trout, 35% for tilapia species and carp species, 50% for catfish species and tail yield for shrimp.

Cage culture, predominantly applied for marine fish species such as Atlan-

tic salmon, allows for high stocking densities of fish because water quality is 

maintained by natural water replacement. Likewise, in intensive raceway farm-

ing of e.g., rainbow trout, fresh river water is continuously pumped through 

fish basins. Recirculating aquaculture systems, or RAS, combine their design to 

reuse water and refresh less than 10% of the total system volume per day (Mar-

tins et al., 2010) with even higher stocking densities. In common to all these 

systems, feed pellets are the sole source of nutrients. We refer to these aquacul-

ture systems as fed forms of high trophic aquaculture.
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159The future of aquaculture is determined by feed

Even with a conservative estimate of 2% annual growth rate, in 10 years the 

global human population will have grown so much that to meet consumer 

demand for fish, some 200 Mmt of fish and fish products will be needed in 2030. 

This trend is not new and from approximately 1985, the increasing demand for 

fish has been largely met by aquaculture. As a result, over the last 10-15 years, 

aquaculture has shown a consistent approximate 5% annual growth in produc-

tion for both crustaceans and finfish (FAO, 2020). If aquaculture is to meet the 

global human fish consumption in 2030 and beyond, it will have to maintain 

this annual growth.

Limited availability and limited access to suitable inland culture sites and 

water is driving the aquaculture sector to further intensify pond cultures, 

expand cage cultures, and stimulate the development of RAS culture. World-

wide, the contribution of RAS to the production of finfish was marginal in 

2021; but RAS is quickly developing to become one of important productive 

aquaculture systems. Pellets based on compound feeds are crucial determi-

nants for maintaining the annual growth of fed aquaculture. The share of 

non-fed aquaculture in the total aquaculture production has declined from 

over 40% in 2000 to approximately 30% in 2018 (FAO, 2020). At the same time, 

the global usage of commercial aquafeed increased from 14 Mmt (2000) to 51 

Mmt (2017), and this is predicted to increase to 73 Mmt in 2025 (Tacon, 2020). 

In other words, increasingly more aquafeed is needed to meet growing global 

human food fish consumption.

Feed conversion rates can be misleading

Feed conversion ratios are typically defined as the amount of feed needed to 

increase the animal’s body weight by one kilogram. These feed conversion rates 

are generally considered low for fish, especially when compared to livestock 

such as cattle. The economic feed conversion ratio (eFCR) is also considered 

low; it is calculated by dividing global feed use by total finfish production 

(eFCR=0.8 in 2018; see Table 1). The typically low conversion ratios for aqua-

culture are considered ‘sustainable’ because they imply that fish need less feed 

to grow than warm-blooded farmed animals, but this is an oversimplification.

The low eFCR (<1) is due to most fish currently being cultured in ponds, 

in which a natural food web is (also) present, for example in carp species, the 

eFCR=0.5 confirms the importance of the natural food web. In contrast, species 

that rely more strongly on feed pellets all have an eFCR>1. A further complica-
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160 tion is caused by the fact that some fish species have a much lower fillet yield 

than others. Consequently, the amount of feed needed to produce 1 kg of fil-

let is higher for tilapia (5.1 kg) and catfish (4.0 kg) than for trout (2.4 kg) and 

salmon (2.5 kg) (Table 1). Last but not least, analysis also shows that species such 

as tilapia and catfish may have a higher eFCR than Atlantic salmon and trout, 

but this is caused mainly by the higher quality feeds (nutrient dense) fed to 

salmonids. This makes conclusions on the sustainability of aquaculture simply 

based on feed conversion less straightforward.

Feed composition is key

Variations in aquafeed composition are strongly linked with variations in tar-

get species and their needs for macronutrient and ingredient content, and with 

the intensity of the relevant aquaculture system. In general, aquafeeds can be 

classified as high- or low-energy/nutrient-dense diets, which translates into 

diets with either high protein/high fat content, or diets with low protein/low 

fat content. This is analogous to diets with high or low carbohydrate contents. 

Both, requirements for high dietary protein content and species differences in 

the ability to handle carbohydrates determine the source of ingredients that 

can be used as protein source in aquafeeds. Generalising, in systems without 

a natural food web the eFCR decrease with increasing nutrient density (i.e., 

protein content) of the aquafeeds.

In general, high trophic marine finfish species such as Atlantic salmon are 

fed diets with a maximum of protein and fat and a minimum of carbohydrates. 

Their diets only include carbohydrates to enable the production of pellets by 

extrusion. In contrast, diets for lower trophic fish species such as Nile tilapia, 

striped catfish, and whiteleg shrimp are characterised by low levels of protein 

and fat, and high levels of carbohydrates. In contrast to marine finfish species 

which have a poor capacity to handle carbohydrates such as starch (Kaushik 

et al., 2022), some species (e.g., Nile tilapia) are not only able to handle starch 

but can even partially digest/ferment non-starch polysaccharides (Maas et al., 

2020) (Table 2). 

At the start of commercial aquaculture, fishmeal (FM) was the major source 

of protein and fish oil the major source of fat in aquafeeds, a hotly debated prac-

tice and now in strong decline. FM inclusion in Norwegian salmon feeds has 

declined from >65% in 1990 to approximately 14% in 2016 (Aas et al., 2019). This 

trend is linked to the global FM shortage; there is insufficient FM to attain the 

required high protein content in all aquafeed. Even if enough FM was avail-

able for aquaculture, the global average dietary FM content of aquafeeds could 
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only be 9.4% (2017). FM is increasingly sourced from fish slaughter by-prod-

ucts: from 19% in 2000 to 29% (2020). This is predicted to grow to 33% in 2030 

(Glencross & Bachis, 2021) –clearly a positive development towards sustainable 

aquaculture practice.

The reduction of FM in Norwegian salmon feeds has been compensated 

by an increased use of plant protein sources, mainly soy protein concentrate 

(19.0%), but also wheat gluten (9.0%), corn gluten (3.6%), faba beans (3.4%) and 

pea protein concentrate (1.3%) (Aas et al., 2019). These plant protein sources 

also form high nutrient-dense diets for high trophic species such as Atlantic 

salmon, with a high protein (>50%) and low carbohydrate content. Marine 

sources like fishmeal and squid (liver) meal are still included in shrimp feed 

as they are important attractants to enhance feed intake. In the diets for other 

species (tilapia, pangasius and carp) the use of FM is negligible. For these spe-

cies major protein sources include soybean meal and soy protein concentrate, 

processed animal proteins (PAPs) like poultry meal, corn and wheat gluten, 

rapeseed meal, copra meal, dried distillers grains with solubles, and more. 

While feed composition is and will remain key to aquaculture production, for 

most species other than Atlantic salmon, there is a lack of data on the protein 

source used for diet composition.

In conclusion, marine finfish feeds contain protein sources with high pro-

tein and low carbohydrate content. These are found in high-quality diets which 

lead to low feed conversion ratios for these high trophic species kept under 

intensive conditions. In contrast, less nutrient-dense feeds for lower trophic 

species including carp, tilapia and catfish can lead to higher feed conversion 

ratios, but they contain by-products from the human food industry like PAPs 

and a range of meals from vegetable oil production (soybean meal, rapeseed 

meal, sunflower meal, etc.). In addition to these protein-rich by-products, sub-

stantial amounts of rice and wheat bran are included in these diets as energy 

source. Overall, it is clear that the different protein sources used for aquafeeds 

are largely dependent on the species.

Table 2: Macronutrient composition of different aquafeeds for the grow-out phase (% on final 
product basis). Thus excluding larval and fingerling diets.

Atlantic salmona Nile tilapia Striped catfish Whiteleg shrimp

Type of processing extruded mainly extruded extruded steam pelleting

Crude protein 36 25-35 22-30 30-45

Crude lipid 34 5-10 4-6 4-9

Carbohydrates 11 35-50 45-55 25-45

a Average composition of Norwegian salmon feed produced in 2016 (Aas et al., 2019).
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162 The future

In coming decades, the global human fish consumption is expected to increase, 

and that these increasing demands will have to be met largely through fed aqua-

culture of crustacea and finfish. To enable the associated increase in demand 

for aquafeeds while preventing feed-food competition, shifts in the use of 

protein sources for aquafeeds are expected. These will include an increased 

use of by-products and novel ingredients such as insect meal and single-cell 

proteins from bacteria, algae and fungi. Protein-rich by-products and certain 

novel ingredients including insect meals may also be applied in high-quality 

diets for salmon and other high trophic marine fish species. By-products with 

a lower protein content have greater potential for use in lower trophic species 

such as tilapia, catfish and carp. The use and type of novel ingredients as well 

as by-products acceptable for inclusion in different aquafeeds will continue 

to change with fish species and their culture systems. In the longer term, feed 

composition will determine the future of aquaculture.
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163Nutritious pond: enhancing protein use  
efficiency in aquaculture systems
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Globally, aquaculture is one of the fastest growing animal protein 

sources. Not only will it continue to grow throughout the next decade, 

it will also increase its relative contribution to the human food system 

(Naylor et al., 2021). This growth will mainly be achieved from inland 

ponds as aquaculture production at sea faces limitations. However, con-

ventional intensification of inland aquaculture will continue to exert 

pressure on the environment from land use competition, energy use, 

effluent discharge, and greenhouse gas (GHG) emissions. Therefore, 

the challenge is to enable growth of the aquaculture sector while still 

producing within planetary boundaries. Recent advances in feed for-

mulation and technology, however, permit the recycling of agricultural 

and animal wastes through aquaculture. Natural production using 

the nutritious pond (NP) concept turns waste nutrients into aquafeed 

ingredients, raises protein use efficiency, and increases in-situ reuse and 

upgrading of waste nutrients. This chapter describes the underlying 

biological concepts and application strategies of the NP concept.

B etween 2000 and 2019, the production of finfish grew from 20.8 mil-

lion metric tons (Mt) to 56.3 Mt. The average annual growth rate is 5% 

yr-1. In the same period, the production of crustaceans grew by 10% yr-1 

from 1.7 to 10.5 Mt (FAO/FishStatJ, 2022). Expectations are that between 2019 

and 2030, aquaculture production will grow by an additional 28%. 

More than 99% of shrimp are currently produced in ponds, as are about 

75% of finfish; this will continue in the next decade (Figure 1). The remainder is 

mainly produced in flow-through systems (e.g., cages, raceways, recirculating 

aquaculture systems (RAS)) or through culture-based fishery practices in natural 

water bodies. Ponds are fed formulated diets to raise carnivorous or omnivorous 

species. An exception are the filter feeding fishes (e.g., silver carp, bighead carp), 

which represent 15% of the global finfish aquaculture production. These filter 

feeders are mostly stocked in polyculture ponds alongside fed species, but are 

not fed as they are expected to filter feed in the water column. Together, car-

nivores, omnivores and filter feeders result in 42 Mt of finfish and 10.4 Mt of 

crustaceans being produced annually on formulated feed in fed ponds.
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Figure 1: Contribution of inland and marine aquaculture to global finfish 
production between 2000 and 2030 (FAO, 2022; FAO/FishStatJ, 2022). Green = 
inland aquaculture, orange = marine culture and yellow = marine molluscs.
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Nearly all crustaceans produced through aquaculture can be considered lux-

ury aquatic foods, as they are more expensive than the production weighted 

average cost of global aquaculture production and mainly sold to wealthier 

consumers. In contrast, nearly all finfish raised in ponds are cheaper than the 

production weighted average cost, and are accessible to the majority of the 

population. Combining all species groups raised in ponds, pond aquaculture is 

the principal farming system contributing to income generation, international 

trade, and food security. 

Nutrient sources driving production in natural water bodies

Although water bodies on land comprise only 1% of the Earth’s surface, three to 

four times more organic carbon (OC) accumulates in water bodies on land than 

in the ocean (Phyoe & Wang, 2019) with small water bodies like ponds accu-

mulating more OC than larger reservoirs and lakes. The majority of terrestrial 

organic matter entering water bodies decomposes slowly and contributes little 

to the production of zooplankton and other consumers at higher trophic levels 

in the food web, as higher organisms lack the enzyme systems needed to metab-

olise terrestrial lignocellulosic biomass. Bacteria  and fungi (ascomycetes) are 

most able to break down lignocellulosic biomass in aquatic ecosystems, how-

ever this is very slow. On average, 94% of production at higher trophic levels 

in natural water bodies is based on algal biomass produced in the pond, with 

allochthonous lignocellulosic biomass contributing less than 2.5%. Another 
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165important nutrient source in ponds is the bacterial biomass, which in unman-

aged ponds constitutes about one third of the algal biomass. However, because 

the nutritional quality of bacteria to primary consumers in ponds is a factor 10 

lower than the nutritional quality of algae, bacteria contribute less than 3% to 

the production at higher trophic levels in natural inland water bodies. 

Integrated agriculture-aquaculture systems and extensive 
pond culture

In nature, land-based water bodies and unmanaged man-made ponds receive 

nutrients through, for example, dust particles falling on the surface, water 

runoff, or surrounding vegetation. These nutrients support natural organ-

isms populating and shaping the aquatic food web. Practices like the stocking 

of fingerlings of species preferred for human consumption or the recycling of 

low-quality nutrient sources (e.g., fodder, crop or household wastes, manure 

or wastewater) through pond production have contributed to the develop-

ment of extensive aquaculture practices. However, providing nutrients in this 

way to ponds on a regular basis is time consuming, labour demanding, often 

not nutrient efficient, and competes with terrestrial farming for these same 

nutrient sources. Although nutrient losses at farm level in integrated agricul-

ture-aquaculture farming systems are small, seasonal shortages restrict the 

options farmers have to optimise their pond operation.

Fed aquaculture ponds – from extensive to highly intensive

Today, pond farmers prefer to use pelleted feed because of easier management 

and better efficiency at farm level. However, large scale use of pelleted feed cre-

ates challenges as it affects sustainability. The ingredients used in commercial 

pelleted feeds are often transported between continents, causing increased 

emissions from transport and under-utilisation of locally available feed ingre-

dients. This limits local circularity and increases dependency on a few major 

agricultural crops. Another agroecological and societal effect of the increased 

use of pelleted feed is that the contribution of integrated agriculture-aquacul-

ture farming systems to global fish production has declined. A positive effect, 

however, is that some small-scale farmers have improved their knowledge level 

sufficiently to develop middle-scale commercial pond farm operations. These 

middle-scale farmers also provide services to small-scale farmers (e.g., breeding 

stock supply, seed supply, marketing support). In addition, in some locations 
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166 large-scale vertically integrated pond farm operations have developed (e.g., 

pangasius farms in the Mekong delta or whiteleg shrimp farms in Thailand 

and Indonesia). As such, pond aquaculture contributes to rural development 

and is an integral part of the rural economy.

The mix of small, middle, and large-scale commercial farmers has made 

production in ponds highly diverse. Until early 2000, pond production ranged 

between 50 and 100,000 kg ha-1 (Table 1). In stocked non-fertilized and non-fed 

ponds, 50 to 500 kg ha-1 could be produced. By adding a mix of fertilizers and 

supplemental feed, the production could be increased to 1,000-4,000 kg ha-1, 

which could then be further increased to 10,000 kg ha-1 using well-formulated 

feeds and aeration. The latter is possible without water exchange, as long as the 

dissolved oxygen level does not drop below 2 mg L-1 before sunrise.

Table 1: Aquaculture production at increasing levels of input for pond-raised 
channel catfish and tilapia in 1985 until early 2000 (Tucker and Hargreaves, 2012)

This trend of intensification gives the impression that land is used more effi-

ciently and that competition for land by other agricultural or non-agricultural 

actors is reduced. Pelleted feed production, however, requires terrestrial 

and marine resources, and intensification does not necessarily substantially 

improve resource use efficiency, which is for instance the case for land and 

surface water area requirements in aquaculture (Figure 2). In addition, inten-

sification is associated with increased energy use at farm level as well as with 

increases in effluent discharge, with the exception of RAS. Therefore, trans-

forming an extensive pond into a fed intensive pond system requires careful 

consideration between improvements and reductions to sustainability.

Management input

Annual production (kg/ha)

Limiting factorChannel catfish Tilapia

Stocking only 50-100 200-500 primary productivity

Stocking, fertilization 200-300 1,000-3,000 primary productivity

Stocking, fertilization, supple-
mental feeding

500-1,000 3,000-4,000 dissolved oxygen

Stocking, feeding 1,000-2,000 3,000-4,000

Stocking, feeding, emergency 
aeration

4,000-6,000 4,000-6,000 dissolved oxygen

Stocking, feeding, continuous 
aeration

6,000-10,000 6,000-10,000
dissolved oxygen, 
metabolites

Stocking, feeding, continuous 
aeration, water exchange

10,000-20,000 15,000-35,000 metabolites

Stocking, feeding, continuous 
aeration, intensive mixing

20,000-100,000
metabolites,  
suspended solids
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167Productions above 10,000 up to 100,000 kg/ha become possible when con-

stantly extracting metabolites (e.g., NH4, CO2) and suspended solids (Table 1). 

The latter is achieved through water replacement or through stimulating water 

purification, as in split ponds, in-pond raceways, or partitioned aquaculture 

systems (jointly referred to as partitioned pond systems). In these partitioned 

pond systems, the fish are confined to 5 to 25% of the pond area. In the remain-

ing area algae are grown to remove metabolites and provide oxygen. The 

higher the algal production, the higher the capacity of the pond to hold fish. If 

the algal production is raised two- to fourfold, the pond’s production capacity 

increases correspondingly. Biofloc technology, currently a ‘hot’ research topic, 

is another in-pond water purification technique where active sludge particles 

created from feed wastes accumulate in the water column under intensive 

aeration and water agitation. Biofloc is a mixture of autotrophic and hetero-

trophic bacteria that purifies the water and contributes to the nutrition of filter 

feeders (e.g., tilapia, whiteleg shrimp) thus partially recycling waste nutrients 

and improving the feed utilisation efficiency. Nevertheless, because primary 

consumers flourish better on algae-derived food than bacteria-derived food, 

improving algae-based intensive pond production systems also deserves con-

tinued research focus.

0 0.2 0.4 0.6 0.8

Total land allocation Water surface

RAS

Cage

Intensive
pond

Semi-
intensive

pond

Extensive 
pond

Fish

Atlantic Salmon

Tilapia

Tilapia

P. monodon

L. vannamei

P. monodon

L. vannamei

Channel catfish (USA)

Carp polyculture

Tilapia (ecuador)

Figure 2: Use of water surface area and required terrestrial land (ha) to support 
the production of 1 tonne of fish or crustaceans (Boyd & McNevin, 2015; Boyd, 
Torrans, & Tucker, 2018; Boyd, Tucker, McNevin, Bostick, & Clay, 2007; Karim et al., 
2011; Zhang, Sun, Wang, & Che, 2021). RAS; recirculating aquaculture system.
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168 Ponds need carbon

In recent decades, methods for formulating feed (e.g., novel ingredients, better 

balance of macro and micronutrients) and making pellets (extrusion, floating 

or sinking pellets, higher water stability) have continuously improved. Today’s 

feed formulas directly address the nutrient requirements of culture species. 

This in combination with the availability of cost-effective aerators has greatly 

improved the self-purifying capacity of ponds. As a result, feed utilisation 

efficiency has improved with a concurrent reduction in the amount of waste 

accumulating in the system, allowing farmers to further intensify their aqua-

cultural practice. However, this has in some cases, surpassed the capacity of the 

pond to recycle waste.

The post-feeding waste is nutrient rich (e.g., nitrogen, phosphorous) and 

energy poor (e.g., carbon). Carbon provides the energy needed by microor-

ganisms to process the waste. Therefore, farmers add extra energy to their 

system in the form of carbohydrates to stimulate waste mineralisation in their 

ponds. This increases the C:N ratio of the nutrient input in the pond to above 

12, improving both fish performance (e.g., growth, survival, FCR) and water 

quality. The beauty of this approach is that it works in systems ranging from 

extensive to highly intensive, the latter including partitioned pond and bio-

floc systems (Asaduzzaman et al., 2009; Kabir, Schrama, Verreth, Phillips, & 

Verdegem, 2019).

Ecological intensification – the nutritious pond (NP) concept

One challenge of adding extra carbohydrate to the pond is that CO2 emissions 

increase, adding to existing global warming and other climate change impacts. 

Farmers add easily digestible carbohydrates like molasses or corn starch which 

can be quickly digested in the pond, resulting in added CO2 production. To 

avoid this, fibre can be included in the diet as this cannot be digested by fish or 

shrimp. A large fraction of the fibre will then enter the pond with the faeces, 

providing extra energy for pond microorganisms. In turn, the bacteria decom-

pose more waste, causing more nutrients to be assimilated in the food web, 

leading to the production of more natural food. Because the ‘C’ content of car-

bohydrates and protein is in the same range, replacing protein partially with 

fibre in the diet has the same effect as adding extra easily digestible carbohy-

drates without increasing CO2 emissions.

NP feeds are dual purpose; they are formulated to feed both the farmed 

species and the pond (i.e., recycle feed wastes through natural food produc-
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169tion). The composition of the post-feeding waste remaining can be predicted, 

and any misbalances in the energy and nutrient composition of the metabolic 

waste can be adjusted during diet formulation. In doing so, nutrient-rich post-

feeding wastes (e.g., fish faeces, uneaten feed) are converted through the food 

web into natural food (e.g., bacteria, plankton, protozoa, worms, insect larvae) 

and nourish farmed species. This increases the retention of fed nutrients in 

the farmed species and reduces nutrient accumulation in the pond (Joffre & 

Verdegem, 2019).

Increasing the feed’s fibre content at the expense of protein content reduces 

the direct dietary quality for fish or shrimp. This is shown in an experiment 

where two diets were fed to Nile tilapia: a commercial, high-protein – low-

fibre diet (Low-Fibre) and a nutritious low-protein – high-fibre pond diet 

(High-Fibre) (Figure 3). Farmer-managed ponds were stocked with 22-g fish 

at a density of 2 (SD2) or 3 fish m-2 (SD3). The culture period was 82 days. Fish 

survival was unaffected by diet and stocking density. On average, Nile tilapia 

fed the High-Fibre diet achieved a significantly higher biomass gain of 459 g 

m-2, compared to 399 g m-2 for those fed the Low-Fibre diet. As expected, given 

the antinutritional effect of dietary fibre, growth from direct consumption of 

the High-Fibre diet was less than with the Low-Fibre diet, but this was more 

than compensated with a higher contribution of natural food (Figure 3). The 

High-Fibre diet doubled the gross margin and increased the benefit cost ratio 

by 22%. These results show that a High-Fibre pond diet can improve both pro-

duction and income. Moreover, protein use efficiency in the High-Fibre diet 

increased from 52% to 71%.

Filling the yield gap of pond aquaculture

Even though production data is given in Table 1 and estimates are available at 

a national or regional level, there is a lack of global data for the average pro-

duction per unit pond surface area. In China, average harvest yields from carp 

polyculture ponds range from 6 to 13 tonnes ha-1 yr-1. In Vietnam, similar pro-

duction ranges for carp and tilapia from 3 to 16 tonnes ha-1 yr-1 are reported. 

For shrimp, production ranges from 8 tonnes ha-1 yr-1 in intensive ponds to 0.4 

tonne ha-1 yr-1 in extensive ponds have been noted, while yields in India range 

from 3 to 6 tonnes ha-1. One issue is that farmers tend to provide positive yield 

data but are less inclined to report failed or less successful yields. A second issue 

is that derelict ponds are not reported. These partly explain the yield gap of 

nearly 50% between the national-registered production of 3 tonnes ha-1 yr-1 and 

production reported by farmers in India. It is likely that similar yield gaps are 
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170 found in other regions or countries, but this needs to be verified to get a better 

picture of the magnitude of yield gaps in pond aquaculture. To reduce the yield 

gap, grow the aquaculture sector, and maintain a clean, productive and healthy 

pond environment, nations should address the following issues: renovate 

abandoned or old production ponds, facilitate access to short and long-term 

loans, improve and enforce environmental regulations, and educate farmers 

on pond ecology and ecological intensification of aquaculture.

Producing more protein with less

As discussed, when considering the nutrient requirements of a pond ecosys-

tem, protein retention efficiencies above 70% can be achieved; a protein use 

efficiency higher than that of pigs or chickens. In addition to feed, ponds can 

trap reactive nitrogen (Nr) from run-off water or dust particles settling on the 

water surface, which may contribute to additional protein production through 

the food web. Hermsen (2020) showed that the same yield can be obtained in 

ponds fed 100 or 50% formulated feed; in the 50%-feed treatment, inorganic N 

was added to replace the reduced N input from the feed, while carbohydrate 

was added to replace the reduced input of dietary carbon. At harvest, no dif-
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Figure 3: Fish biomass gain during an 82-day experiment feeding a High-Fibre 
and Low-Fibre diet to farmer-managed ponds, stocked with two (SD2) or three 
(SD3) 22-g Nile tilapia m-2. Modified data based on Kabir, Verdegem, Verreth, 
Phillips, and Schrama (2019).
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171ferences were observed in shrimp performance (e.g., individual growth, yield, 

survival) and in the amounts and types of nitrogen present in shrimp, biofloc, 

seston, periphyton and water in the pond.

This suggests that pond aquaculture can contribute to the conversion of Nr 

into animal protein (Figure 4). An analysis of reactive nitrogen flows through 

Chinese inland aquaculture ecosystems estimated that the amount of protein 

harvested from inland water bodies equals 72% of the protein applied with pel-

leted feed. The analysis also revealed that the amount of nitrogen in the feed is 

less than 10% of the total flux of reactive nitrogen through inland water bodies 

(Luo, Hu, & Chen, 2018). More research is needed to link nutrient use efficiency 

of fed protein and the conversion of Nr into human-digestible protein in nutri-

tious ponds. Considering the large flows of reactive nitrogen that pass through 

existing water bodies, if properly managed, a 2050 target could be to harvest 

more protein from ponds managed according to the NP concept than from 

ponds applying today’s feeding practices.

Take-home message

In NP feeds protein is partially replaced with fibre-based carbohydrate. This 

enables farmers to diversify the types of ingredients used in aquafeeds, to use 

low-cost underutilised local ingredients, and to recycle more nutrients through 

pond farming. Upscaling the NP concept will encourage farmers to produce in 

alignment with nature by using the ability of ponds to sanitise organic wastes, 

reduce CO2 GHG emissions, and increase protein use efficiency by providing 

in-situ nutrient-rich natural foods. The next challenge for the NP concept is 

to explore how to facilitate the conversion of excess reactive nitrogen (Nr) in 

aquatic systems into protein for human consumption.

Nr

C

more algae and 
bacterial biomass 

upgraded into 
fish protein 
through the 

pond's food web

Figure 4: Process of 
converting reactive nitrogen 
(Nr) to edible fish protein 
in the pond aquaculture 
system by adding organic 
carbon (C) 
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Microbes and fungi

David Welch 

Synthesis Capital 

M icrobes or microorganisms have been an important part of our food 

system for millennia, with historical data demonstrating prehis-

toric consumption of mushrooms and ancient civilizations around 

the world using bacteria and fungi to ferment a variety of foods and bever-

ages. Yogurt, bread, and kimchi are just a few examples of foods produced 

both at home and in factories using microbes and fermentation. Microbes 

are an incredibly large diverse group of organisms, with current estimates at 

over 1 billion different species coming from all three domains of life (Bacte-

ria, Archaea, and Eukarya) living in many different habitats, including deserts, 

mountains, hot springs, and the deep sea. While not all microbial species are 

useful or safe to ingest as food, over time humans have learned to cultivate, 

process, and make use of nutritious, tasty, and safe microbes while avoiding 

or killing harmful species. From this broad swath of organisms, we currently 

use a relatively small number of fungi, bacteria, and microalgae as food or food 

ingredients. Scientists, however, continue to identify and cultivate new-to-

food microbes such as amino acid secreting archaea, CO2 consuming bacteria, 

and extremophilic fungi that provide novel functional, nutritional, and pro-

duction efficiency benefits.

While microbes have not yet been extensively bred or engineered like crops 

and livestock to improve yield and nutritional properties their natural forms 

provide many hallmarks of a desirable protein source. We will discover in this 

section that the fungi, bacteria, and microalgae we cultivate for food often have 
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better protein digestibility scores (explained by Jurriaan et al. in section 8) and 

levels of essential amino acids than the main crops humans grow for food and 

feed. Microbes are also protein production powerhouses, multiplying much 

faster than other protein sources and producing large amounts of protein as 

a percentage of their overall weight. We will discover several examples in this 

section of how microbes can utilise a wide range of carbon sources to produce 

protein – from conventional glucose feedstocks and food waste to gases such as 

methane and CO2. These flexible organisms are thus an integral part of a circu-

lar food system – discussed in this section and in detail by Tomoyuki in section 

6 – as microbes can consume side streams from other protein production sys-

tems and also produce useful co-products that can improve the economics and 

sustainability of primary protein product. Despite these benefits there are still 

challenges to solve, including regulatory approval, cost reduction, commercial 

scale-up, and consumer acceptance. However, none of these challenges appear 

insurmountable or uncommon to companies and governments bringing new 

food products to market. 

As we will learn in the following chapters, we have progressed from the 

early farming of mushrooms and fermentation of foods to mycoprotein culti-

vation systems capable of producing several hundred kilograms of biomass per 

hour, industrial-scale microalgae farms, and bioreactors for large-scale fermen-

tation for both human food and animal feed applications. Yet, along with these 

technological innovations, the traditional roots of microbes in food continue 

to evolve and improve. Selective breeding, used to improve the plants we eat 

on a daily basis, is only just beginning to be systematically deployed to improve 

mushroom yields and nutritional quality. More on the issues with the current 

state of nutritional quality of plant-based products is discussed by Alissa and 

Clarán in section 8. Universities and companies are discovering new microbial 

strains and fermentation processes or – as discussed in the first chapter of this 

section by Sumitha and Ronald (page 177) – adapting fermentation practices 

from other cultures to improve the taste and nutritional properties of plants. 

Beyond these more classical examples of fermentation, microbes are now being 

used as factories to produce animal proteins that transform the sensory attrib-

utes of plant-based meats and dairy products – Etske and Julia (section 5) shows 

us the exciting future of this area of research.

Indeed, this group of ancient organisms – the first forms of life to develop 

on Earth and one of the earliest forms of food eaten by humans – has become 

one of the hottest new areas of food technology research. Funding for both 

academic research and venture-backed startups has grown significantly in the 

last five years, which paints a promising and exciting picture of microbes as an 

integral part of the global protein transition.



179Mycoproteins and yeast proteins in  
food industry
Sumitha K. Reddy1,2 and Ronald P. de Vries1

1 Westerdijk Fungal Biodiversity Institute; 2 Department of Molecular Sciences, 

Swedish University of Agricultural Sciences

M ycoproteins and yeast proteins are an important part of the protein 

transition due to clear advantages in terms of their nutritional value, 

availability, and environmental impact. However, for these protein 

sources to attract higher demand in the future, production costs need to be opti-

mized and product prices lowered through scale-up and technical innovations. 

Mycoproteins and yeast proteins are examples of disruptive technologies in 

food industry that will play a major role in transforming nutrition and health 

in challenging times of food shortage and rapidly growing human population. 

Mycoproteins and yeast proteins were already pursued as a protein source in the 

1900s, during a protein crisis identified by the Food and Agricultural Organi-

zation (FAO) of the United Nations and World War I, respectively (Trinci). 

However, with advancements in plant breeding techniques and improvement 

in crop yields, the commercial interest in these proteins decreased due to lack 

of optimized production processes, food safety evaluation hurdles and high 

prices. The recent revival of interest in these proteins can be attributed to the 

demand for high quality sustainable protein and interest in healthy alterna-

tives to meat. At present, only few companies are involved in production and 

marketing of yeast and mycoproteins as food. Given their healthy nutritional 

profile, low-cost production potential, and resilience to climate or landscape 

limitations mycoproteins are promising protein alternatives. However, food 

safety evaluation hurdles, consumer acceptance, and high prices due to lack of 

optimized production processes hinders their commercial potential. 

Case study: Quorn mycoprowtein

Production of the mycoprotein Quorn involves three primary steps 

(Trinci). Step 1 is the production of biomass: Continuous flow airlift fer-

mentation is used to grow pure cultures of F. venenatum for production 

of biomass at a rate of 300-350 kg/hr. A complete defined medium is 

used, containing glucose and ammonium, supplemented with biotin, 

and growth conditions are maintained at 28-30°C and pH 6. The culture 
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is checked for production of mycotoxins every 6 hours. Cultures after 

400 hours are not reused to prevent the production of highly branched 

mutants. The second step is heat treatment of the biomass: The pro-

duced biomass contains up to 12% of ribonucleic acid (RNA), considered 

as undesirable for food applications. Therefore, the biomass is subjected 

to heat treatment above 68°C for 30 to 45 minutes to facilitate the deg-

radation of RNA. Following this treatment, the biomass is centrifuged to 

collect the mycoprotein as a paste with 75% water. The removal of RNA 

by heat treatment is an essential step in converting the fungal biomass 

into edible mycoproteins. The third step is texturizing: The collected 

mycoprotein is mixed with a binder, flavors, and coloring ingredients in a 

mixer at high pressure, steamed at 90°C and frozen rapidly to -18°C for 

30 minutes. Rapid chilling leads to controlled ice crystal formation result-

ing in a meat-like texture for mycoproteins. 

Mycoproteins

Mycoproteins are defined as edible filamentous fungal biomass rich in proteins 

and dietary fiber, and capable of being processed into meaty textures (Tim J. A. 

Finnigan et al.). In contrast to mushrooms where the fruiting body is used as 

the food source, mycoproteins are produced from the mycelial mass of filamen-

tous fungi (T. Finnigan et al.). After extensive studies and approvals according 

to food safety standards, mycoprotein from the filamentous fungus, Fusarium 

venenatum, was initially approved in UK and European markets to be used as 

food ingredient in 1985 and 1991, respectively (Ciani et al.). In 2002, the Food 

and Drug Administration of the USA designated mycoproteins as Generally 

Recognized As Safe (GRAS) (Tim J. A. Finnigan et al.). Presently, mycoproteins 

are available in 17 countries and accepted as meat alternative worldwide. The 

main factors contributing to the stability of a meaty texture in mycoproteins 

are the branching of the fungal biomass into hyphae and the controlled inte-

rhyphal crosslinking with the binder to mimic meat texture. The hyphae in 

the mycoprotein are 400-700 µm long and 3-5 µmin diameter, with a branch 

frequency of 1 per 250-300 µm, similar to the connective tissue in meat muscle 

fiber (figure 1). Generally, egg albumin or milk powder is used as the binder for 

crosslinking the hyphae, but egg albumin can be replaced with other binders, 

to promote mycoprotein as vegan alternative. 
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Figure 1: Comparison of 
microfibril structure (a) TVP; 
Texturized Vegetable Protein, 
(b) poultry (c) Quorn protein 
(T. Finnigan et al.)

Nutrient (per 100 gram  
of wet weight)

Soya 
(tofu)

Pea  
protein

Algae Cultured 
beef

Myco
protein

Energy, kcal 82.9 81.0 290.0 241.0 85.0

Protein, g   9.9   5.4   57.4   25.1 11.0

Total fat, g   5.2   0.4     7.7   14.6   2.9

 Saturated fatty acids, g   0.9   0.1     2.6     2.8   0.7

Total carbohydrate, g   1.2 14.4   23.9     0.6   3.0

 Sugars, g   0.7   5.6     3.1     –   0.5

Dietary fiber, g   1.1   5.7     3.6 –   6.0

Table 1:  Comparison of nutritional profile for alternative proteins (Godfray)

Yeast proteins

Biomass obtained from Sacharomyces cerevisiae, Yarrowa lipolytica, and other 

yeasts have several applications in the food industry, as flavor ingredient or 

nutritional supplement of vitamins and minerals (Ciani et al.). Yeast biomass is 

also high in protein, and in fact contains high-quality proteins with up to 30% 

of biomass (Otero et al.). Yeast proteins produced on different sources, such as 

byproducts from the brewery process, have been evaluated for their nutritive 

value and protein quality, and are mainly used in the feed industry as protein 

supplements (Ciani et al.). However, their functional, structural, hydration and 
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182 organoleptic properties are in par with rheological and sensory characteristics 

for the proteins used in food applications (Otero et al.). Although yeasts like 

S. cerevisiae have GRAS status for use in food, undesirable functional proper-

ties of yeasts, like high RNA content (10%) and the undigestible yeast cell wall 

with allergenic effects, limit human consumption of yeast protein in bulk 

quantities. Heat treatment and drying alleviates some of these undesirable 

properties, allowing yeast biomass to be used as dietary supplement (Ciani et 

al.). Heat treated, dried yeast biomass is commercially available as nutritional 

yeast, marmite, and vegemite, which are all produced by S. cerevisiae (Ciani et 

al.). They are known to have high protein content along with vitamins and 

minerals (Ciani et al.; Ritala et al.). Technical advancements in processing 

yeast biomass are rapidly evolving to make yeast protein fit for human con-

sumption. Recently, a complete yeast protein, Proteissimo 101, was launched 

in the alternative protein market, where yeast is fermented and processed by 

a patented technology, making it fit for human consumption. Proteissimo 101, 

is promoted to be clean labeled, with no off-taste and mainly used for vegan 

cheese and meat alternatives (https://biospringer.com/en/our-expertise/). This 

new trend of using yeast for its protein content re-establishes the value of this 

microorganism in the field of alternative proteins and nutrition.

Nutritional value, consumer acceptance and clinical 
significance

Both mycoprotein and yeast protein are high-quality proteins without exten-

sive processing requirement compared to other alternative protein sources. 

In terms of their amino acid content and digestibility, they score better than 

plant-based proteins. The protein digestibility corrected amino acid score 

(PDCAAS) for mycoprotein and yeast protein is established as 0.94-0.99 and 

0.64-0.94 respectively (Ciani et al.). Nutritionally, mycoproteins are considered 

to be high in proteins and dietary fiber and low in cholesterol and fat, especially 

saturated fat (Tim J. A. Finnigan et al.). In comparison, yeast proteins have a 

lower protein content and dietary fiber, but they score better in terms of per-

ception due to absence of off-taste compared to mycoproteins.

A mycoprotein diet has been clinically proven to lower cholesterol and 

reduce the glycemic response (Tim J. A. Finnigan et al.). In comparison, yeast 

proteins are also clinically proven to have probiotic effect and decrease the anti-

nutritional activity of phytases and neutralize mycotoxins (Ritala et al.). 
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183In relation to consumer acceptance and regulatory approval, the new trend of 

using yeast for its protein content comes with the greatest advantage of con-

sumer acceptance in terms of an organism already used in the food industry, 

which is a challenge for many other microbial proteins. As example, it took 

almost 15 years for mycoproteins to get regulatory approval and considerable 

consumer acceptance. Quorn products are still not approved in some countries 

like Canada. 

Environmental impact, land use and role in future  
food system

Based on a recent report from 2018 on the comparative analysis of the environ-

mental footprint certified by the independent agency carbon trust (Table 2), 

mycoprotein has a good potential for being an environmentally friendly alter-

native for meat products (T. Finnigan et al.). In terms of land usage, given the 

fact that both mycoproteins and yeast proteins can be produced at large scale by 

fermentation, a process reducing the land use and dependence on season and 

harvest, they have a considerable advantage compared to plant-based proteins. 

The current challenge for mycoprotein production includes dependence on a 

single carbon source, of wheat derived glucose, in a unique pretreated process, 

which elevates the cost of the production compared to conventional meat (Fig-

ure 2). Technologies for large-scale sustainable production of mycoproteins 

and yeast proteins are rapidly evolving and is still the major bottleneck for 

commercialization of product. Despite the challenges, production of myco-

proteins and yeast proteins will contribute to the future of global food security.

Source Carbon (kg CO2/kg) Land (ha/kg) Water (L/kg)

Soy 1 0,0014 2668

Beef * 121 0,0049 21800

Chicken 6 0,0007 3970

Pork 8 0,0012 5995

Mycoprotein 1 0,0002 776

*carbon trust report 2018

Table 2: Comparison of environmental impact*
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Future perspectives

Mycoproteins and yeast proteins are major contenders in a rapidly innovating 

alternative protein market. Alongside with the growing consumer interest in 

alternative proteins, in 2010, the patent for production of mycoprotein expired 

for Marlow foods, resulting in new entrants in the field of mycoprotein pro-

duction. Many startups are investing in sustainable processing and patenting 

technologies for mycoprotein and yeast protein production from less expen-

sive feedstock and optimizing for net zero waste production. Some promising 

startups have successfully launched mycoprotein products at competitive 

prices, including steak, chicken breast, and minced meat and large manufac-

turing facilities are being built. At present, the alternative protein market, 

specifically for mycoprotein and yeast protein is limited to Europe followed by 

North America. Even though the market outlook looks promising, optimizing 

the production costs, and decreasing the prices along with consumer accept-

ance play a major role in deciding the place of these in the rapidly innovating 

alternative protein market. After all, a great-tasting and healthy product at an 

affordable price is required for frequent procurement and consumer accept-

ance.

Figure 2: Price comparison: Estimated price comparison of different protein 
sources (Godfray).

Price US$ per 200 kcal

0

Cultured beef

Insect

Alga

Chicken

Tofu

Jackfruit

Mycoprotein

Beef

Pea

Nuts

Pork

Bean

Wheat

2 4 6 8

S
E

C
T

IO
N

 3
 —

 M
IC

R
O

B
E

S
 A

N
D

 F
U

N
G

I



185References

• Ciani, M., et al. (2021). Microbes: Food for the Future. Foods, 10(5). https://

doi.org/10.3390/foods10050971

• Finnigan, T., et al. (2017). Chapter 19 - Mycoprotein: A Healthy New Protein 

with a Low Environmental Impact. Sustainable Protein Sources, Nadathur, 

S.R. et al. (Eds.), Academic Press, 305-325. https://www.sciencedirect.com/

science/article/pii/B9780128027783000196

• Finnigan, T.J.A., et al. (2019). Mycoprotein: The Future of Nutritious Non-

meat Protein, a Symposium Review. Current developments in nutrition, 3(6), 

nzz021-nzz021, PubMed. https://doi.org/10.1093/cdn/nzz021

• Godfray, H.C.J. (2019). Meat: The Future Series. World Economic Forum, © 2019 

World Economic Forum. Available under the terms of the CC-BY-NC-ND 

licence (https://creativecommons.org/licenses/by-nc-nd/4.0/)

• https://biospringer.com/en/our-expertise/

• Otero, M., et al. (2011). Yeast and Its Derivatives as Ingredients in the Food 

Industry. Biotecnologia Aplicada, 28, 272-275.

• Ritala, A., et al. (2017). Single Cell Protein—State-of-the-Art, Industrial 

Landscape and Patents 2001–2016, Frontiers in Microbiology, 8(2009). https://

doi.org/10.3389/fmicb.2017.02009

• Trinci, A.P.J. (1992). Myco-Protein: A Twenty-Year Overnight Success Story. 

Mycological Research, 96(1), 1-13. https://doi.org/10.1016/S0953-7562(09)80989-1

M
Y

C
O

P
R

O
T

E
IN

S
 A

N
D

 Y
E

A
S

T
 P

R
O

T
E

IN
S

 IN
 F

O
O

D
 IN

D
U

S
T

R
Y





Industry interview with  
Jim Laird, CEO, ENOUGH Food Co 

PRODUCING 
MYCOPROTEIN 

FROM LARGE-SCALE 
FERMENTATION



“
“Fermentation technology is creating  
more – using less”

Producing high-quality protein, with zero waste and at large scale, is the 

mission of the Scottish biotech startup ENOUGH. The company is gear-

ing towards cumulative production of in excess of 1M tonnes by 2030, 

and CEO Jim Laird sees potential for a tenfold increase on this target.

F ounded in 2015, ENOUGH (formerly known as 3F BIO) uses established 

fermentation technology to produce ABUNDA®, a high-quality source 

of mycoprotein and fibre, which is sold as a B2B ingredient to be pro-

cessed into meat and dairy alternatives. 

“We want to tackle the complex and interdependent issues of feeding a 

growing global population and the unsustainable impact of relying solely on 

traditional protein farming,” says Laird. “In nature, the smaller the organism, 

the more rapid and efficient the protein development. We harness the protein-

producing power of the smallest organisms on our planet, enabling us to create 

more with less.” 

Naturally occurring fungus

Using a large-scale continuous fermentation process, ENOUGH feeds glucose 

from primary grains like wheat to Fusarium venenatum, a naturally occurring 

fungus. The microorganism converts the sugar into ABUNDA®, an ingredient 

boasting high levels of both protein and fibre and all of the essential amino 



189acids. Laird and his team created a patented process in which any waste or by-

product from the food fermentation process (sugar, for example) is processed 

in an adjacent facility producing bioethanol for use in applications such as 

hand gels or for sanitary use.

Mycoprotein has been used as an ingredient in meat alternatives for decades 

and has expanded rapidly in Europe after its approval by EFSA in the 1990s. 

Since then, extensive data on consumer preference and acceptance, digestibil-

ity and safe use has been collected. 

Win-win situation

After almost ten years of R&D, ENOUGH began producing ABUNDA on an 

industrial scale in the second half of 2022. “We started with 25 kilos per day 

from our pilot plant in Glasgow, Scotland, and are now delivering 10,000 

tonnes per year in Sas van Gent in the Netherlands, where we co-locate on a 

facility owned by Cargill Corporation.” 

According to Laird, the valorisation of side streams to create the zero-waste 

process is key to the sustainable use of resources and a successful protein tran-

sition. “Together with Cargill we create a win-win situation, connecting two 

independent processes to maximise efficiency. Co-location provides us with 

access to sustainable, renewable feedstock and the ability to connect to existing 

production infrastructure, which reduces the level of capital investment. For 

Cargill, the benefit is in creating large-scale on-site customer demand.” 

Government support

ENOUGH and Cargill became partners as a result of a successful applica-

tion for a Flagship grant from the EU programme Bio-based Industries Joint 

Undertaking (BBI JU), now superseded by Circular Bio-based Europe (CBE). 

The plenitude initiative, with partners representing the full value chain, is led 

by ENOUGH and embraces the principle of making food in the most effective 

manner. It secured EUR 17M to produce a first-of-its kind integrated biore-

finery solution to produce food protein. “The project really helped us gain 

traction, and underlines that input from government is key in supporting the 

change to a bioeconomy,” says Laird. 



190 Large-scale approach

Large-scale production is essential for the success of fermentation technology. 

The CEO stresses: “According to figures by the Food and Agricultural Organi-

zation, FAO, the global demand for meat-style proteins totals more than 500 

million tonnes, and currently the vast majority of this comes from animal 

sources. As consumers drive the switch to non-animal sources, there is a need 

for tens of millions of tonnes of new non-animal sources every year. These 

sources need to be more sustainable and be available at a lower cost than the 

animal option. At the same time, they need to support the goal of making food 

products that taste at least as good as the animal equivalent, and the natural 

structure of ABUNDA supports that goal.” 

If ENOUGH fulfils its aim to make the most sustainable source of protein, 

the scale of demand could be many millions of tonnes per year. According to 

Laird, biotech can achieve that scale. “ENOUGH’s technology can be installed 

close to any locally grown feed crop, such as maize, wheat, cassava and sugar 

cane, and can therefore be deployed in multiple regions of the world.”

Closing the protein gap

The entrepreneur is determined to lead, support and accelerate further trans-

formation of the protein industry. “We plan to increase the output from our 

first European plant to 50k tonnes by 2027, and to make 1M tonnes cumula-

tively within ten years from launch.” The company hopes to integrate with 

biorefineries in North America and Asia to further increase scale, and is devel-

oping the technology to increase its fit in countries where there is no existing 

biorefinery infrastructure.

Although Laird is clearly a big fan of fermentation technology, he does not 

see it as the Holy Grail. “I believe we need a combination of sustainable protein 

sources, as each comes with its own pros and cons, and we need to help consum-

ers choose healthy, balanced diets.”

www.enough-food.com

”

http://www.enough-food.com


191Microbes and fungi: a closer look

Arend van Peer and Karin Scholtmeijer

Plant breeding, Wageningen University & Research 

Mushrooms have the potential to become a major source of sustainable 

protein in our future food system. To fully realise their potential, addi-

tional research is needed to understand the nutritional and functional 

properties of proteins available from both cultivated and wild mush-

rooms.

F ungi are a kingdom of relatively unknown organisms and even their 

most characteristic representatives, mushrooms, are only little under-

stood. Illustrative for this lack of knowledge is that until 1969 fungi 

were scientifically categorised as plants, and it was only in 1993 that it was rec-

ognised that they are actually more closely related to animals. So much about 

fungi is still shrouded in mystery and what we do know is a mix of fact and 

folklore. This is certainly true when it comes to their edibility, health benefits 

and nutritional properties, and in particular, mushroom protein. In this chap-

ter we will focus on edible mushrooms and discuss the current knowledge on 

their protein content and properties. Finally, we will elaborate on the potential 

of this unique yet clearly underexplored source of proteins.   

Mushrooms are part of a fungus

The kingdom of the fungi is huge and is estimated to contain 5 million spe-

cies. Almost all mushroom-forming fungi are found in a taxonomic group 

called Agaricomycotina that resides in the clade of the Basidiomycota. Fungi 

in this clade are considered the most complex fungal species, and the major-

ity is capable of developing elaborate structures known as the mycelium. The 

mycelium is often invisible: it is buried within the substrate out of which the 

mushrooms spring and is made up of interconnecting tube-like structures 

called hyphae. As the hyphae grow, they colonise and degrade the substrate, 

extracting and relocating nutrients for the benefit of the fungus. The con-

tinuously growing and expanding mycelium makes up the main body of the 

fungus. Mycelia can be massive: the mycelium of a Armellaria solidipes, popularly 

known as the Honey Mushroom, covers 9.6 km2, making it the world’s largest 

living organism. Under the proper environmental conditions, the mycelium of 

mushroom-forming fungi can be triggered to initiate the development of sex-



192 ual reproductive structures, i.e., fruiting bodies or mushrooms (and also crusts 

or conks). The formation of these structures comprises a precisely orchestrated 

aggregation of hyphae, differentiation of these aggregates into the specific 

tissues of the mushroom, and subsequent expansion of the hyphae and tis-

sues into a mature fruiting body that is visible to the naked eye in most known 

edible mushrooms. Mushrooms are thus part of a fungus, are made of hyphae, 

and share many properties with the mycelium. Yet, their special role and devel-

opment also provides them with a number of distinct features, including some 

specific to proteins. 

History of mushroom consumption and cultivation 

Humans have consumed mushrooms for at least 5,000 to 6,000 years. Cur-

rent data even suggests that mushrooms were eaten as long ago as 12,000 to 

17,000 BC. This means humans have been getting protein from mushrooms 

for an equally long time.  Mushrooms are consumed for their taste and tex-

ture, as a source of nutrition, or for medicinal purposes. A famous example of 

pre-historic use of mushrooms is provided by a 5,300-year-old glacier mummy 

affectionately known as Ötzi, who had a pouch that contained the fruiting bod-

ies of the medicinal Birch Polypore (Fomitopsis betulina). The earliest reports that 

mention cultivation of edible mushrooms trace this custom to China, involving 

Wood Ear (Auricularia auricula-judae, 600AD), Winter Mushroom (Flammulina 

velutipes¸ 800-900 AD) and Shiitake (Lentinula edodes, 1000-1100 AD). Around 

1650, serious cultivation of mushrooms started in Europe (in France) with the 

Button Mushroom (Agaricus bisporus). Cultivation of Oyster mushrooms (Pleuro-

tus spp.) is said to have started in Germany in the early 20th century. Together, 

these five genera account for approximately 85% of the world’s total supply 

of cultivated edible mushrooms. Technological developments and industri-

alisation have pushed production of cultivated mushrooms to unprecedented 

levels (e.g., from 1 billion kg in 1978 to 34 billion kg in 2013) and several spe-

cies are now available year-round in the supermarket. Strong regional and 

local differences exist regarding the preference for certain edible species, but 

in general numbers of available cultivated edible species are slowly but stead-

ily growing in many countries, and about 30 different edible species are now 

cultivated on a commercial scale. Edible mushrooms are considered a healthy 

addition to a diet, as they are low in calories, sodium, and saturated fats while 

containing carbohydrates like α- and β-glucans and mannitol, protein, free 

amino acids, dietary fibres like chitin, vitamins B and D, a range of secondary 

metabolites, and several minerals. Additional health benefits associated with 
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193mushroom consumption are antitumor, immunomodulatory, antiviral and 

cholesterol-reducing properties (Matilla et al., 2000), a number of which seem 

to be associated with specific mushroom proteins.

A B

Proteins in mushrooms 

While it is known that mushrooms contain protein, amounts, types and spe-

cificities of these proteins are still largely unknown. As a result, some sources 

praise mushrooms for their high protein content (especially in context of meat 

replacement) while others report low contents, disqualifying mushrooms as 

a source for protein. Mushroom proteins have been demonstrated to exhibit 

interesting functionalities and some have been identified for their special 

biological activity. Most of the knowledge on mushroom proteins however 

concerns their lignocellulolytic enzymes, i.e., proteins with biologically cata-

lysing capacity that are secreted to degrade the substrate, but not their food or 

nutritional properties.

Amounts of protein in mushrooms

Estimates of protein in fresh mushrooms are notoriously unreliable as fresh 

mushrooms contain varying water amounts of about 85–95 %. Unfortunately, 

reported protein fractions based on dry weight (DW) are also highly variable, 

not only between different mushroom species but within the same species. 

Figure 1: Pleurotus and Agaricus
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194 Numerous factors influence measured protein content, including analytical 

methods, species, strain, where and when the mushroom was obtained, and the 

age and stage of the mushroom. Reported amounts of protein in mushrooms 

usually range from 19% to 37% of DW (Gonzales et al., 2020). To calculate the 

protein level, the amount of total nitrogen (Kjeldahl) is multiplied by either a 

factor 4.38 (based on nitrogen-protein ratios for fungal protein) or even 6.25 

(based on ratios for food protein). Such protein levels in mushrooms are often 

an overestimation because mushrooms contain considerable amounts of non-

protein nitrogen compounds, including chitin, nucleic acids, urea, ammonia, 

and free amino acids (FAA). In addition, amines, quaternary ammonium com-

pounds, volatile nitrogen compounds and nitrogen-containing vitamins are 

found in mushrooms. Incorrect estimates of protein levels also result from pro-

tein measurements based on total amino acid (TAA) content. AA in mushrooms 

can originate from proteins (PAA) and from free AA (FAA) that make up a con-

siderable part of the TAA levels. In a detailed study, A. bisporus was reported to 

contain only 0.5% true protein based on wet weight (WW) and 7% based on DW. 

The TAA clearly represented more than 7% of the DW and 57% of the TAA was 

FAA (Braaksma_ea_1996). Comprehensive protein and AA analyses are lacking 

thus far for most mushroom species, with available studies relying on either 

a calculation from total nitrogen measurements or determination of FAA or 

TAA. While FAA do contribute to the nutritional value of mushrooms, they are 

not protein, and when properties of proteins (e.g., gelling, foaming or digest-

ibility) are considered, they should not be included. Another measure used for 

mushroom protein are AA profiles. The TAA profiles generally seem to contain 

most or all essential AA (EAA), although they may not always be at the recom-

mended levels (WHO/FAO). Levels of specific AA are frequently expressed as 

% of DM with no distinction of TAA, FAA and PAA. Consequently, little can 

be concluded on actual protein levels in mushrooms, except that most current 

estimates are probably inaccurate. 

Nutritional value of protein in mushroom

As with protein content, methods estimating nutritional values of mushroom 

protein include calculations based on crude protein, AA profiles, percent-

ages of EAA, or for example standardised in vitro protein digestibility (IVPD) 

approaches and protein digestibility-corrected amino acid score methods 

(PDCAAS) combined with dietary experiments in animals. Any of these estima-

tions on its own will be prone to errors when whole or processed mushrooms 

are used, which consist of more than just protein. It is of significant influence 

for nutritional values whether only true proteins or TAA are considered, as 

FAA are more easily absorbed than PAA. Moreover, expressions of DW % of 
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195AA profiles, individual AA, or EAA in mushrooms are difficult to translate to 

nutritional values of WW of consumed mushrooms, especially if only TAA, 

FAA or PAA are used. If determined for TAA, FAA and PAA, they can be related 

to the amounts of individual AA indicated by the WHO/FAO to be essential for 

maintaining health. Nutritional values of mushroom protein are also influ-

enced by the actual digestibility of the different proteins (PAA) and by the 

presence of antinutritional compounds that affect PAA and FAA availabilities. 

Numerous such compounds have been reported for mushrooms, like phenolic 

compounds, saponins, phytates, certain alkaloids, tannins, protease inhibi-

tors, oxalate and lectins (being proteins themselves). The amounts and effects 

of these compounds are yet unclear. Finally, the processing of the mushrooms 

before consumption (e.g., drying, boiling, baking, frying, canning) will change 

AA profiles, affecting the properties and digestibility of the proteins, and the 

presence and functionality of antinutritional factors. Readers are suggested 

to consider reported nutritional values on mushroom protein as relative, and 

indicative only for mushrooms within a given study. While not very absolute, 

it is clear that large differences seem to exist in nutritional values of mush-

room protein from different mushroom species (Gonzales et al, 2020). Studies 

weighing multiple factors (in vitro/in vivo protein digestibility together with 

PDCAAS) further suggest that the PDCAAS of mushroom protein is notice-

ably lower than that of meat and is possibly also lower than that of proteins 

from fruits and vegetables. As much remains unknown, further studies will 

be needed to determine the true nutritive value of proteins from mushrooms.      

Mushroom protein types and properties

Mushroom proteins contain unique structural and functional characteris-

tics compared to those of plants and animals, and often show remarkable 

resistance to changes in temperature and pH. It should be noted that several 

fungal proteins are secreted by the mycelium but do not occur (or occur in 

considerably lower amounts) in the fruiting bodies. Other proteins might be 

specifically expressed in mushrooms, like certain laccases, hydrophobins and 

lectins. Mushrooms contain different types of protein with techno-functional 

and bioactive properties. Regarding the overall types of proteins, an analysis 

of extracts of 52 edible mushroom species revealed the presence of albumins 

(24. 8%), globulins (11.5%), glutelin-like material (7.4%), glutelins (11.5%), prola-

mins (5.7%), and prolamin-like material (5.3%). Techno-functional properties 

of proteins from mushrooms for food applications are little explored in com-

parison to that of non-mushroom fungi, yet their unique properties make this 

a promising area of research. Techno-functional properties of importance for 

food applications are water absorption, oil absorption, oil emulsion, foaming 
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196 capacity, foam stability, least gelation concentration, and bulk density. Such 

properties are currently obtained from protein concentrates and powders 

produced from mushrooms and vary between mushroom species and prepara-

tion methods (Gonzales et al, 2020; Ho et al., 2020). Thus far only one class of 

proteins produced by mushroom fungi was purified and examined in detail 

for their techno-functional properties: the hydrophobins. Hydrophobins are 

unique to fungi and are small, relatively hydrophobic proteins. They are capa-

ble of self-assembly on hydrophobic-hydrophilic interfaces and can be used to 

create stable foams and emulsions for food applications. Proteolytic proteins 

are also of interest, for applications in brewing, clarification of beverages, 

coagulation, altering sensory and textural properties, and to produce hydro-

lysates. Mushrooms have been found to contain unique proteases that could 

offer potential for novel food applications. 

On the basis of bioactivity, mushroom proteins can be classed as ligno-

cellulolytic enzymes, lectins, fungal immunomodulatory proteins (FIPs), 

proteolytic enzymes, protease inhibitors, ribosome inactivating proteins 

(RIPs), ribonucleases, hydrophobins, oxidoreductases, biotin binding proteins, 

membrane-pore-forming proteins, and various antimicrobial (bacteria, fungi, 

viruses) proteins and peptides. Thus far, lignocellulolytic enzymes and lectins 

have been studied most extensively. Lignocellulolytic enzymes are predomi-

nantly secreted in the substrate. They include laccases, (per)oxidases, (hemi)

cellulases, and glycosidases and are of interest for industrial applications such 

as delignification, production of biofuels, and biodegradation of complex 

organic pollutants, but they have found few applications in food or nutrition. 

Lectins – often present in mushrooms – reversibly bind sugar groups of other 

molecules with high specificity. This mechanism allows lectins to act in numer-

ous biological processes (e.g., cell recognition, agglutination, cell proliferation 

and host defence), contributing to the health and/or medicinal effects attrib-

uted to consumed mushrooms. Similarly, hydrophobins, ribonucleases, RIPs 

and FIPs found in mushrooms have been associated with health and or medici-

nal properties, e.g., immunomodulatory and antiproliferative activities. It is 

likely that these proteins will gain importance when more is discovered about 

their functioning mechanisms.
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197Perspectives and conclusions 

Production of mushrooms offers a sustainable source of protein

In contrast to most organisms, mushroom fungi produce enzymes capable of 

degrading lignin, enabling them to grow on woody substrates. They are thus 

able to convert low-value lignocellulosic side streams into mushroom pro-

tein. In the 21st century more than 70% of agricultural and forest materials are 

treated as low value, lignocellulosic waste (Chang and Wasser, 2017). Chemical 

treatment and burning of these side streams is harmful to the environment. 

Although the exact content and properties of mushroom protein remain to be 

determined, the cultivation of mushrooms is an already established circular 

process where such side streams are converted into mushroom protein, and 

where spent substrates find applications as fertilisers, animal feeds, biofuels, 

wastewater treatment and packaging materials ( Dorr et al., 2021). Greenhouse 

gas (GHG) emission of A. bisporus cultivation lies between 2 and 4.4 kg CO2 eg/kg 

mushrooms, which is comparable to plant-based food products and is on aver-

age 10 to 50 times lower than that of most animal-based products. A reduction 

of GHG emissions is expected with renewable energy sources for cultivation 

facilities, better reusing of energy (heat) produced in composting processes 

for substrate preparation, and by improvement of mushroom strains that are 

more optimised for indoor cultivation. An important example of this has been 

the development of a sporeless variety of the Oyster mushroom. Absence of 

spores allows recirculation of air within cultivation facilities, saving on energy 

required for climatising new air drawn from outside. 

Exploring new species for food and cultivation

Of the 20,000 known mushroom species, 2,000 have been reported to be edible 

(Li et al., 2021) but only 90 can be easily cultivated. Studying the edibility of 

mushroom species of unclear status would undoubtedly increase the number of 

known edible mushrooms, and thus the number of possible sources for mush-

room protein. As protein contents and nutritional values have been shown 

to vary between mushroom species it is likely that mushrooms with higher 

protein levels and nutritional values than the few currently cultivated species 

exist. With more available edible species, the likeliness of finding cultivatable 

species with higher protein content would increase. Similarly, investing in the 

development of new cultivation methods for additional mushroom species 

would broaden the possibilities to generate mushroom protein at larger scales. 

More mushroom species, suitable for a wider variety of substrates, climates and 

technology levels (e.g., factories or open sheds) could be an important tool for 

poverty alleviation and protein production in underdeveloped areas, enabling 
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198 local production of mushroom protein with limited investments and infra-

structure. High-tech applications using mushroom production dedicated to 

extraction and processing for special proteins would also become more feasible 

this way. 

Breeding mushrooms for protein and better cultivation 

Breeding of mushrooms holds an enormous potential for the improvement of 

mushroom cultivation and mushroom protein yields. Bio-efficiency (mush-

room yield/amount of substrate), substrate colonisation, time to fruiting, 

shelf-life properties, sensitivity to climate and adaptation to different sub-

strates are all traits that vary between strains within mushroom species, and 

which could thus be enhanced by selection and breeding. Similarly, protein 

levels and nutritional values of mushroom protein have been demonstrated to 

vary between strains of the same species. Thus far, no attempts have been made 

to breed and select for higher protein levels in mushrooms, increased levels of 

specific proteins, or for higher nutritional value of mushroom protein. With an 

increasing demand for non-animal protein, mushroom protein could offer an 

interesting additional source.

Research and education are needed

To achieve the full potential of mushrooms, a significant body of research will 

be needed on mushroom protein in general, ranging from reliable protein 

analyses methods in a comparable and correct manner as well as their AA com-

position and digestibility. Nitrogen and protein metabolism of mushrooms 

will need to be studied to find ways to improve the accumulation of protein 

(e.g., increase synthesis, decrease degradation), and properties of mushroom 

protein should be further explored. Finally, more awareness needs to be raised 

among consumers, especially in Europe, about the benefits of mushrooms in 

terms of health, nutrition and taste.
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200 Protein source: microalgae 

Maria Barbosa and René Wijffels

Department of Agrotechnology and Food Sciences, Wageningen University  

& Research

D espite some setbacks in the use of microalgae in industrial applica-

tions in the past, they represent a promising source of proteins in the 

protein transition. They outcompete widely consumed plant protein 

sources including soybean and pea in land use efficiency due to their higher 

productivity and no requirements for agricultural land. However, production 

scale needs to increase and several technical aspects need to be optimised to 

make the use of microalgae for protein production economically feasible

The first attempts to exploit microalgae industrially, occurred during the 

second world war in Germany (Pulz et al., 1998). In 1942, the US Carnegie Foun-

dation funded research on microalgae and proposed microalgae as a potential 

major human food source for the first time. This was presumably the kick-off 

for the first wave of microalgal production development.

This development was stopped by the “green revolution”, which led to a loss of 

interest in algal production for staple food. 

In the 1970s, two new applications of microalgae were examined: waste-

water purification and production of shellfish with algae. Algal ponds and 

raceways were developed for wastewater purification in the US and widely 

applied (Oswald 2003). In the 1980s, the emerging industry, marine aqua-

culture needed microalgal feed for shellfish larvae and the development of 

Figure 1: Centre-pivot algae ponds 
at the Japanese Microalgae Research 
Institute, at Kunitachi, Japan. The 
pivot drives a boom that mixes the 
culture. (Photo: Krauss, 1962)

Figure 2: Pilot plant under construction 
on the rooftop of the US Carnegie 
Foundation. Glass columns for inoculum 
production seen at the adjacent 
building
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Figure 3: Areal protein, lipids and carbohydrates productivities on dry weight 
basis of agricultural crops, seaweeds and microalgae 
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202 specialized production systems (photobioreactors) started in several places 

in the US and Europe. The use of algae took a temporary slow-down in the 

late 1980s, when inert diets became dominating in aquaculture. Nevertheless, 

aquaculture currently remains an important field of application of algae for 

tank water conditioning, feed and pigmentation. 

In the 90s, the Dow Jones Sustainability Indices (DJSI) were launched, oil 

prices peaked, and the search for sustainable feedstocks for biofuels led to fur-

ther development of microalgae production technologies. Microalgae proved 

to be a good candidate for feedstock due to its capacity to accumulate lipids, up 

to 60% of the biomass under specific conditions.

Recently, over the past three to four years, as plant-based food has gained 

increased acceptance in parts of the industrialized world, many microal-

gal R&D projects have begun to focus on meat replacement and soy protein 

replacement applications. Microalgae for protein-based products differs from 

microalgal biofuel production. The latter depends on triacylglycerol forma-

tion and requires growth limitation while protein formation takes place at fast 

biomass growth rates which could unleash the high microalgal productivity 

potential. 

Advantages /Sustainability 

Microalgae can meet the population’s nutrition needs and the food systems’ 

needs for a more sustainable food supply chain. These aquatic microorganisms  

i) have higher areal productivities (50-80 tonnes dry weight. ha-1.year-1) than 

terrestrial crops (Figure 3), ii) can be cultivated on non-arable land avoiding 

competition for land with crops used for food production, iii) they can grow 

in seawater or brackish water and, iv) utilise 1.8 kg of CO2 per kg of biomass 

produced.

Microalgae are a rich source of protein and produce a broad variety of valu-

able compounds, including pigments, vitamins, essential fatty acids (such as 

omega-3 fatty acids), amino acids, and sterols (Pulz, 2004, Chisti, 2007, Christaki, 

2011). 

Biomass production of protein-rich microalgae has been long considered 

a promising way to close the predicted so called ‘protein gap’. Crude protein 

content of microalgae can reach 60% of dry matter (e.g. Chlorella sp. 51-58%; 

Spirulina platensis 43-63%; Tetraselmis chui 31-46%; Nannochloropsis 35-44%), 

a value higher than that of dried skimmed milk (36%), soy flour (37%), chicken 

(24%), fish (24%), and peanuts (26%) (Barka, 2016, Ritala, 2017, Zhang, 2016). 

Microalgae have an essential amino acid composition that meets the FAO 
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203requirements for Human nutrition. Their amino acid profile is far superior 

to that of soybean or other plant sources in terms of both essential amino 

acid content (Becker, 2007) and functionality and is comparable with protein 

sources such as egg.

Current production and applications FOOD AND  
(aqua)FEED

Microalgae have attracted attention as promising candidates for industrial 

exploitation on several occasions during the last 70 years. In comparison 

with plants, microalgae have a rapid growth rate and have high potential for 

nutritional or therapeutic uses either as whole-cell biomass or as a biorefinery 

feedstock. Markets for dry microalgal biomass (mostly Spirulina and Chlorella) 

and carotenoids (ß-carotene and astaxanthin) for human health food and aqua-

culture feeds developed in the 1990s as a niche market. Despite the increase 

in production capacity in the last 10 years, the production scale remains small 

limiting the applications to niche markets. 

Figure 4: Pilot R&D facility AlgaePARC , WUR, NL(top left) and Industrial 
Microalgae production at Necton, PT (top right) and at Allmicro, PT (below) 
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Species Tons of dry weight per year

Spirulina 18,000

Chlorella 9500

Dunaliella 1700

AFA 500

Haematococcus 300

Nannochloropsis 150

Euglena 50

Total 30,206

Table 1: Current global production of photosynthetic microalgae (Olaizola et al. 2019)
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The objectives ‘Staple food for the world population’ after the second world 

war and ‘Carbon dioxide emission mitigation’, also ‘Biofuel after peak oil’ lost 

industrial relevance. Nevertheless, these ‘temporary’ objectives towards pro-

duction of bulk products were important for the field as they led to several 

technological developments. When crude oil prices rose above $100 per barrel, 

automotive fuels were the main driver behind the microalgal development. A 

few automotive and energy companies (e.g. Isuzu, Mazda, Exxon-Mobile) still 

have microalgal programs. However, most microalgal production companies 

have shifted towards food supplements and other niche products because it 

remains a challenge to reduce the cost of microalgae-based biofuels to be com-

petitive with conventional oils, like palm and rapeseed oils. 

The worldwide scientific and industrial community working on microalgae 

increased tremendously over the last years, bringing along further techno-

logical developments (Figure 4). Over the past 10 years, the microalgae food 

supplement and aquaculture markets have approximately tripled. Neverthe-

less, the total microalgae market remains small, considering the large public 

interest in microalgae.

Currently, the global production of autotrophic microalgae amounts to 

about 30,000 tons of biomass. To put it in perspective, soybean production was 

350 million tonnes in 2018 (https://ourworldindata.org/soy).

Microalgae production is distributed on only seven major species (Table 1). 

These are the species that are available on the market; in addition, microalgae 

are used as live diets in aquatic hatcheries, for example for bivalve rearing, but 

these algae are mostly produced on-site. 

The species in Table 2 are all high-value products for human food supple-

ments or nutraceuticals or special aquafeeds.



205Table 2: Amino acid composition of five microalgae species and reference protein sources 
(Becker 2007, Barka 2016, Tibbetts 2015, Abiusi 2022)

* essential amino acids

Protein nutritional and functional properties and  
food prototypes

The protein content and amino acid profile of microalgae is strongly dependent 

on the species, with variation in protein content between 6-65% (Hashemian, 

M., 2019).

When it comes to nutritional value, microalgae are known to accumulate 

high-quality proteins in terms of amino acid profiles. The amino acid profile 

is species-dependent and can additionally be influenced by cultivation con-

ditions (Wild, 2018). For example, the profiles of Chlorella and Arthrospira are 

similar to those of conventionally used protein sources, such as the gold stand-

ard set by eggs and soybean (Kovač, 2017). In the research of Becker (2007), the 

amino acid profile of six microalgae species was shown to match the reference 

Spirulina Chlorella Tetraselmis Nannochloropsis Soy protein Whey 
protein

White 
fishmeal

Herring 
meal

Alanine 7,90 7,70 7,90 6,40 4,61 4,34 6,30 6,30

Arginine 7,30 15,80 5,60 6,90 8,25 2,76 6,40 5,80

Aspartic Acid 10,10 6,40 11,57 8,80 11,94 9,74 8,50 9,10

Cysteine 1,20  - 0,36 0,50  -  - 0,90 1,00

Glutamic Acid 14,70 7,80 14,70 10,60 19,27 17,90 12,80 12,80

Glycine 5,40 6,20 6,79 5,90 4,27 1,84 9,90 6,00

Histidine* 1,90 3,30 1,18 1,90 2,76 1,97 2,00 2,40

Isoleucine* 5,60 3,50 4,03 4,80 4,51 5,00 3,70 4,50

Leucine* 8,70 6,10 7,50 8,50 7,33 9,48 6,50 7,50

Lysine* 5,30 10,20 6,67 6,70 6,14 8,55 6,90 7,70

Methionine* 2,00 1,60 2,25 2,30 2,18 3,68 2,60 2,90

Phenylalanine* 4,90 2,80 4,77 5,50 4,64 3,29 3,30 3,90

Proline 4,20 7,20 4,67 5,50 4,81 5,92 5,30 4,20

Serine 5,20 3,30 4,69 4,50 5,71 4,61 4,80 3,80

Threonine* 3,40 2,90 5,24 4,90 4,09 5,00 3,90 4,30

Tryptophan* 1,60 2,10 1,05  - 1,24 2,11 0,90 1,20

Tyrosine 4,50 2,80 3,88 3,80 3,68 2,50 2,60 3,10

Valine* 6,10 5,50 5,23 6,20 4,56 5,00 4,50 5,40

Taurine  -  - 1,26 0,40  -  -  -  - 
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206 profile of a well-balanced protein source, as defined by WHO/FAO (Becker, 

2007). Furthermore, the importance of multiple cultivation factors for the 

amino acid profile, such as the cell cycle, salinity, light regime, nutrient avail-

ability and duration of cultivation period, have been highlighted (Chen, 2015, 

Winter, 2017, Sui, 2018, 2020, Füsun, 2020). 

Nutritional value and technical functionalities, such as solubility, water 

absorption capacity, foaming capacity, and emulsifying activity are equally 

important (Shahid, 2020, Chew, 2019). The soluble microalgae proteins are 

known for their interfacial activity and broad pH stability, which are require-

ments for gelling applications and the stabilisation of foams and emulsions 

(Shahid, 2020). The technical functionality of algal proteins is comparable to 

commercial ingredients, such as whey and soy proteins, which are currently the 

main protein sources for processed food products (Shahid, 2020, Chew 2019).

Species for Novel Food Application  
date

Status Final decision

Chlorella vulgaris Consumed prior 1997 Approved 1997

Chlorella pyrenoidosa Consumed prior 1997 Approved 1997

Chlorella luteoviris Consumed prior 1997 Approved 1997

Arthrospira platensis Consumed prior 1997 Approved 1997

Odontella aurita 2002 Approved 2002

Tetraselmis chui 2011 Approved 2014

Nannochloropsis gaditana 2011 Pending

Euglena gracilis 2018 Positive report of 
EFSA_March_2020

Additives/Supplements:

Ulkenia sp. oil 2004 Approved 2009

Dunaliella salina oil (additive 
and supplement - E 160a (iv) or 
food orange5)

1977 Approved 1997

Astaxanthin-Rich Oleoresin 
from Haematococcus pluvialis

2014 Positive report of 
EFSA_Dez_2019

Approved 2019

EPA-rich oil derived from the 
microalgae Phaeodactylum 
tricornutum

2016 Negative report of 
EFSA_June_2019

Euglena gracilis food  
supplement

Positive report of 
EFSA_March_2020

Phycocyanin from Arthrospira 
platensis (food colorant -  
additive)

Approved 
(2013)

Table 3: Microalgae species and microalgae-based ingredients with Novel Food 
rights
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207Challenges: 

In order to place microalgae-based ingredients in the market, a strict set of 

rules must be followed, e.g. the European food law, with the objective of guar-

anteeing the highest standards on food safety. The process for submission and 

approval of a novel food is time consuming (approx. four years) and expen-

sive (EUR 300k-400k per ingredient, in Europe), which makes it unaffordable 

to most small and medium-sized enterprises (SMEs). This is presently a very 

big barrier for the uptake of algae ingredients in the food market. As a con-

sequence, only six microalgae species and four microalgae-based ingredients 

are approved for use as food ingredients in Europe (Table 3). Most new food 

applications are based on Spirulina (Arthrospira platensis) and Chlorella, as these 

algae do not require novel food approval due to the long history of consump-

tion of those species for food (prior to 1997). Recently, Tetraselmis chuii has been 

approved as a novel food and Nannochloropsis is pending.

For broadening the species base, expensive and lengthy novel food approv-

als are required. Robust and cost-effective production methods are essential 

for companies to accept the risks and costs of developing new microalgal prod-

ucts. The implementation of next-generation technologies, such as process 

automatization, digital twins, cell design, more efficient production systems, 

is required for targeted reduction of process costs. Special attention should be 

given to developing new microalgae manufacturing processes with quality 

standards and guidelines focusing on zero-waste, diversifying the use of input 

feedstock, reducing contamination, infestation, predation and competition 

risk. 

Table 4: Comparison of algae sector with other relevant sectors such as soy and 
fish (Verdelho, 2019). 

Soy: oil & meal Fish: Oil & meal Algae: Oil and meal

>200 million ton/year of 
producttion

>7 million ton/year of  
producttion

>20 thousand ton/year of 
producttion

Feed applications are the 
most relevant

Feed applications are the 
most relevant

Food application are the 
most relevant

Soy based feeds improved 
with fish meal

Fish meal feeds are  
improved with algae

Algae emerge as pre-mix 
feed ingredients

Current value <0.5 €,  
tipically 0.35 €/kg

Current value <2 €,  
tipically 1.5 €/kg

Current value <100 €,  
tipically 15-25  €/kg
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208 Increasing market penetration for microalgae-based products as sustainable 

alternatives to the currently available options in the market in parallel to a fur-

ther decrease in production costs, will be crucial for the success of microalgae 

as a sustainable protein source.
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210 Bacterial biomass for food applications:  
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Bacterial biomass from existing industrial fermentation and dedicated 

side-stream fermentation is a relatively unexplored source of sustainable 

protein with potential consumer appeal. More efficient processing meth-

ods and ‘total use’ business cases are expected to emerge in the coming 

years that will change the bacterial protein landscape dramatically. 

W orldwide, an estimated 107 tonnes of microbial protein is cur-

rently produced annually through industrial fermentation 

processes. These mainly include bioethanol, citric acid and beer 

fermentation processes for the food and biofuel industries. Additionally signif-

icant amounts of protein are produced by bacterial processes that are intended 

for low-value applications like animal feed. 

Bacteria may have several benefits over insects and algae for protein pro-

duction. They multiply much faster than insects, eukaryotic algae, and fungi 

- many food-grade bacteria exhibit doubling times of 30 minutes to an hour 

versus several hours to a full day for algae and several days to weeks for insects. 

Consumers tend to view bacteria as beneficial food sources as is clearly exem-

plified by the wide (and increasing) variety of bacterially fermented foods that 

are viewed as healthy and wholesome (e.g., yoghurt, sauerkraut, kombucha, 

and more). Lastly, in comparison to plant sources, bacteria and other micro-

organisms contain more protein, in some cases up to 40% of their dry weight. 

Microbial production of proteins isn’t without its challenges. Large-scale 

production requires large bioreactors which are challenging to maintain 

as food grade during production, although bacterial cultivation for food is 

widely applied so this issue can be overcome. More importantly, production 

costs must be kept low enough to make the process competitive in comparison 

to protein-rich agricultural sources like soy, pea and faba beans. Food-grade 

bacteria are less efficient in converting feedstocks than yeasts and fungi, with 

possibly two- to fivefold lower yields [4, 5]. The use of low-cost side streams as 

a carbon source or the co-production of a high-value product is likely required 

for successful commercialisation. 



211Carbon source variation

Capturing and recovering the microbial biomass from both industrial fer-

mentation and side-stream fermentation is technically possible though still 

relatively rare. Globally, a rapidly growing number of companies, most of them 

still in the startup stage, are developing and optimising processes for fungal 

protein production. Some companies are targeting lower cost protein-rich 

products that will replace soy in animal feed, while others focus on food ingre-

dients to replace meat, dairy and eggs in the human diet. 

A potentially large source of protein is being offered by bacteria that grow 

on methane, hydrogen, and/or syngas. Methane in particular is a major con-

tributor to global warming and is produced in massive quantities by various 

digesting systems such as natural swamp areas, the rumen of cattle, and biogas 

instillations. Various companies have been established over the last few years 

to cultivate and process methylotrophic bacteria such as Methylococcus capsulatus 

[1,2] into a protein-rich ingredient to be used as feed, and in the near future, 

as a food ingredient. Similar developments are underway based on the (aero-

bic) fermentation of hydrogen-consuming bacteria such as Cupriavidus necator 

and Rhodococcus opacus [3]. Furthermore side-stream fermentation by bacteria is 

already commercialised for animal feed applications.  

Companies need to prove their products are safe for human consumption 

before they can enter the market, which typically requires four to five years for 

regulatory approval and investment to support testing and regulatory dossier 

submission. At the same time startups and scaleups face pressure to increase 

production scale as rapidly as possible in order to reduce production costs. The 

main contributors to the production costs vary for each process and applica-

tion. For example, growth on methane and hydrogen is much slower than 

bacterial growth on sugar-containing side streams. Slower growth requires 

larger bioreactors to maintain similar production capacity and – as a result – 

significantly larger capital expenditure (CAPEX) requirements.

Co-production as a means for cost reduction

One of the major benefits of bacterial fermentation is that it also allows for 

a broad array of co-products like acids, oils/lipids, and vitamins. Bacteria are 

generally used for production of specific products such as lactic acid, acetic 

acid, specific fatty acids, and vitamins B6, B11, B12. Such co-products can sig-

nificantly contribute to development of an economically sound business model 

when the primary product is a low-cost bacterial protein. 
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212 In many cases the ability of bacteria to produce such products is also widely 

applied in fermented food products such as yoghurt, cheese, natto, kimchi, 

and sauerkraut. In these products, the original vegetable biomass is converted 

through fermentation with bacteria which tend to change the overall composi-

tion of the food with respect to the protein composition, texture, flavour, and 

vitamin content of the final product but the total amount of bacterial biomass 

present remains low. In the future, hybrid products may emerge in which the 

original plant/vegetable biomass is supplemented by higher amounts of bacte-

rial biomass.

A low-cost medium that contains all the required nutrients is another key 

factor in fast and efficient growth of a bacteria. Agricultural residues and side 

streams are a promising source of low-cost feedstock, but each combination 

of feedstock and bacteria needs to be optimised. Maximum yields and growth 

rates are achieved when the feedstock is tailored specifically to contain the 

right sugars, amino acids, and vitamins for growth of the bacterium. In prac-

tice, most food-grade bacteria require supplementation with specific amino 

acids or vitamins for optimal growth on a substrate. 

An additional challenge in the use of agricultural residues or side streams 

as a feedstock is to ensure such streams remain food grade throughout the 

process. Sterilisation leads to added costs, which may make the whole process 

commercially non-viable. Stabilisation of side streams and minimisation of 

contaminations is therefore a highly relevant topic of further study to acceler-

ate these opportunities in the bacterial protein production space. 

Current developments

Research groups worldwide are working to optimise bacterial fermentation 

processes and to gain more insight into the quality of the proteins produced. 

Preliminary work has demonstrated the potential of bacterial protein produc-

tion on a broad range of agricultural and food side streams such as potato peels, 

brewer’s spent grain, citrus peels, fresh vegetable cuttings (waste from vegeta-

ble processing), and beet and tomato leaves. For almost all these processes, the 

calculated business case can be positive when co-products such as vitamins, 

oils/lipids and flavours, colours, or antioxidants are produced. Further, analy-

sis of novel fermented cereals and vegetables using a solid-state fermentation 

process show an improved nutritional quality through increased availability 

of essential amino acids such as lysine, branched-chain amino acids, and tryp-

tophane in hybrid fermented products. Another study is even exploring the 
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213potential of hydrogen-oxidising bacteria as a (food) protein source to be used 

for extended space travel.

Outlook

In two to five years’ time bacterial fermentation, especially of minimally 

processed waste streams, will allow for the industrial scale production of sus-

tainable, high-quality protein. Ongoing research will substantiate the added 

value of ingredients from bacterial fermentation, identify optimal co-prod-

ucts, and improve process efficiency to make these proteins globally accessible 

and affordable.  
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Co-products 

Stacy Pyett

Wageningen Food & Biobased Research, Wageningen University & Research

W hen cultivating new protein crops side streams valorisation is 

essential to developing an economically feasible business case. 

The alternate model covered in the section is to consider protein 

streams contained in residues from production of other food ingredients, such 

as oil or starch. The potential impact of valorising these proteins is huge. Glob-

ally, nearly 120 million tonnes of food proteins are lost or wasted per year, with 

the main categories of protein lost in the supply chain being agricultural resi-

dues and oilseed processing side streams. This number does not even include 

biomass that could potentially be suitable for human consumption but which 

is not currently categorised as ‘food’, such as leafy fruit and vegetable clippings. 

Most of these streams are currently used for other purposes. In the case of 

oilseed residues, some are used as a part of compound animal feed. In the case 

of agricultural residues, it is not uncommon for them to be left on the field as 

a natural fertiliser. Our goal of achieving the most sustainable possible food 

system with the lowest environmental footprint includes minimising waste, 

which also means avoiding ‘downgrading’ materials as much as possible. Crops 

cultivated for food should be totally used for food. Downgrading to feed or fer-

tiliser represents a significant loss of potential value. Where upcycling directly 

to food use is possible, we advocate for doing so. Where direct food use is not 

possible, agricultural residues can be used as a feedstock for fermentative/

microbial protein production or converted to animal feed. 
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The examples included in this section demonstrate a range of case studies in 

co-product valorisation, with varying levels of maturity. Potato proteins, for 

example, have already achieved success in the market—so much so that potato 

proteins might now be considered the main product and potato starch the side 

stream. Rapeseed and green leaf proteins are both in the final stages of develop-

ment and are likely to be available at scale in the near future. We have included 

hemp as an example of a crop with tremendous potential for co-valorisation 

by design. Rather than optimising for a single primary product (like oil) and 

making the best of the potentially damaged residues, help processing can be 

deliberately designed to optimise the total value for fibre, protein, and oil 

holistically. 

In addition to these holistic processing strategies, which we expect to 

see emerging more frequently in the future, we also expect to see increasing 

consideration of plant breeding for secondary use. Soy, rapeseed, canola, and 

sunflower have all been optimised for oil production yields. With plant-based 

proteins commanding a price premium, it becomes increasingly economically 

viable to accept minimal reductions of oil production yields for the purpose 

of retaining functional, high-quality proteins in the residue streams. We have 

already mentioned that the business case for processing potatoes has turned on 

its head. A similar shift is underway for other traditional carbohydrate crops 

like yellow peas, resulting in an increasing interest in breeding for proteins 

globally. 



219Potato proteins: co-products from starch 
manufacturing
Laurice Pouvreau

Wageningen Food & Biobased Research, Wageningen University & Research

Once either wasted or sent to feed, potato proteins’ unique functional 

properties allow them to capture a premium market position

M eeting the global demand for proteins and staying within planetary 

boundaries requires us to efficiently use our natural resources. In 

practice, this means utilising co-products in the best possible and 

cost-effective manner. This also means using existing side streams from agro-

industry as a potential source of protein co-product.  

One of the most promising sources of protein co-product from agro-indus-

try side streams is potato fruit juice (PFJ). Potato fruit juice is produced in large 

amounts as a side stream of potato starch manufacture. Due to the fact that 

potato is the fourth staple crop worldwide and the second in Europe (Figure 1) 

with more than 350 million tonnes produced worldwide, PFJ provides a stable 

side stream resource to derive potato proteins from. In addition, potato tubers 

give an exceptionally high yield per area, about 42 tonnes per hectare. Because 

of this large production volume, potatoes can compete with more established 

plant protein crop sources such as soy or pea protein in terms of protein yield 

per hectare, despite their low protein content of 1-2% w/w on fresh weight basis 

(Raigond, P., Singh, B., Dutt, S., & Chakrabarti, S.K., 2020).

Potatoes are staple foods and primarily readily consumed as such with min-

imal industrial processing. In fact, only 4-5% of the total potato production is 

used as a starting material in the extraction of starch (Alting, A.C., Pouvreau, 

L., Giuseppin, M.F.L., & van Nieuwenhuijzen, N.H., 2011). In recent years, 

successful efforts have been made to extract potato proteins. However, due to 

instability of PFJ and the cost of extraction, the production of highly func-

tional potato protein ingredient is still limited in volume. 

Processing routes toward potato proteins

As previously mentioned, potato proteins are extracted from PFJ, which is a side 

stream of starch manufacture. The starch manufacturing process is relatively 

simple, involving a grinding step, continuous centrifugal separators and fine 

sieves to fractionate potato fibres (soluble and insoluble) and starch from PFJ. 
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Figure 1: European and world production (in million tonnes) of protein containing 
crops (Mulder, W., van der Peet-Schwering, C., Hua, N.P., & van Ree, R., 2016)
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221PFJ contains approximately 5% w/w dry matter. This dry matter is estimated 

to contain mainly: 35% proteins and amino acids, 35% sugars, 20% minerals, 

4% organic acids and 6% other compounds such as phenolic compounds and 

glycoalkaloids (a- solanine and a-chaconine).

Potato proteins can be divided into three (3) main groups: patatin (~ 30-40%), 

protease inhibitors (~ 40-50%) and other proteins (10-20%). Patatin consists of a 

family of 10-42kDa glycoproteins with an isoelectric point between 4.5 and 5.2. 

In addition, patatin has a low denaturation temperature and shows instabil-

ity in pH changes. Furthermore, patatin possesses lipid acyl hydrolase activity 

which enables it to degrade lipids. Therefore, patatin can only be used to a lim-

ited degree in lipid-containing foods. 

Another group of potato proteins are protease inhibitors. As the name sug-

gests, protease inhibitors block the activity of enzyme-degrading proteins. 

Potato protease inhibitors are a heterogeneous group of proteins with different 

inhibitory actions. For example, potato protease inhibitors are able to inhibit 

the activities of serine, cysteine, aspartyl and carboxypeptidase enzyme. They 

also differ in molecular weight (4-40kDa) and isoelectric points (between 5 and 

> 9), which broadens their range of pH applicability. 

The remaining proteins comprising about 10% have different functions in 

the tuber. Some of these functions play important roles in starch synthesis. 

Moreover, they also function as lectins and polyphenol oxidase.

In traditional starch manufacturing, potato proteins are considered a low 

added-value co-product. As such, potato proteins are extracted under harsh 

process conditions such as heating and acid treatment. These potato proteins 

are solely used for feed application. However, in the last two decades, more 

attention has been paid to the extraction, purification and fractionation of 

potato protein in a way that overcomes extraction obstacles in order to obtain 

high-quality proteins for food applications with excellent nutritional and 

functional properties.

The process of extracting highly functional protein from PFJ is challenging 

due to instability of the juice, resulting in rapid browning of the solution and 

possible protein flocculation. This is because the combined presence in PFJ of 

polyphenol oxidase and the major phenolic compound chlorogenic acid can 

cause a reaction, potentially leading to covalent and non-covalent interactions 

between proteins and phenolic compounds. These interactions may reduce 

protein quality by affecting solubility, functionality and digestibility. To pre-

vent these interactions, sulphites are often used as an inhibitor of polyphenol 

oxidase. 

Although various wet protein fractionation methods exist to extract 

proteins, including ultrafiltration, ion exchange, gel permeation, affinity, 
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222 mixed-mode chromatography, carboxymethyl cellulose complexation, acid 

and heat coagulation, ethanol and salt-precipitation methods, heat treatment 

is still commonly used to recover potato protein from PFJ. It is an attractive 

solution because it allows for very high yields at relatively low costs. However, 

the protein obtained from the precipitate offers limited functionality because 

of its low solubility. Nevertheless, methods such as heat or flocculation are still 

being investigated due to their cost appeal. In applying such processes, the 

phenolic and glycoalkaloid content should be monitored as it can present a 

safety risk in food products.

Another technique that can be used to extract potato proteins from PFJ is 

salting out. In this process, the addition of salts to PFJ results in the precipita-

tion of large biomolecules such as proteins. Some of the salt used in this process 

include ferric chloride, manganese chloride, ammonium sulphate or ethanol 

at different concentrations to precipitate potato proteins. In a similar manner, 

instead of using salt, substances such as carboxymethyl cellulose may also be 

used as an alternative, relatively low-cost means of extraction to precipitate 

potato proteins. Each precipitation method leads to different protein extrac-

tion yields (more than 95% when using ammonium sulphate), different protein 

compositions (ferric chloride led to protein isolates with the lowest amount of 

patatin), and differences in protein solubility (Waglay, A., Karboune, S., & Alli, 

I., 2014). The inhibiting activity of the protease inhibitor is only significantly 

reduced when using acid treatment, or a combination of heat and acid treat-

ment.

Separation techniques like ion exchange, hydrophobic interaction chro-

matography, expanded bed adsorption or ultrafiltration and direct capture 

membrane adsorption have also been employed in obtaining potato proteins 

(Schmidt, J. M., Damgaard, H., Greve-Poulsen, M., & Sunds, A.V., Larsen, L.B., 

& Hammershøj, M., 2019). These techniques require substantial upfront capital 

investment but also result in the most functional and purest potato protein 

ingredients. Molecular filtration with various molecular weight cut-offs was 

unsuccessful in separating polyphenol oxidase. One of the most promising 

separation techniques is expanded bed absorption because it is suitable for 

use directly on the crude feed without the risk of clogging the system and pro-

vides industrial upscaling capabilities. Both ion exchange and expanded bed 

adsorption may result in one or two protein fractions (total protein fraction or 

isolated patatin and protease inhibitor fractions). A combination of expanded 

bed adsorption and simulating moving bed is used to obtain highly refined 

potato protein isolates at industrial scale: one enriched fraction in patatin and 

one enriched fraction in protease inhibitors (by Avebe, the Netherlands) (Alt-

ing et al., 2011).
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223In addition to the fractionation steps, the drying step is an additional but nec-

essary step in the production of potato protein co-products from PFJ. More 

importantly, drying has a large impact on final potato protein quality (Schmidt 

et al., 2019). Different drying techniques may be used, including freeze dry-

ing, spray drying and drum drying. Freeze drying is widely believed to be the 

gentlest one, but is barely used in the field of protein due to time and cost con-

strains. Spray drying is the most commonly used drying technique for food 

protein ingredients in the industry, but it is also the most energy-intensive 

method and thus most expensive step of the whole process. Therefore, spray 

drying conditions should be optimised for each ingredient. Drum drying is the 

least used, as the applied heat load to dry protein ingredients is high which is 

detrimental to their functionality. 

Main benefits

Nutritional value

Potato proteins are characterised by high nutritional value (=amino acid com-

position), comparable to proteins of animal origin. The nutritional value of 

proteins is related to the content of amino acids, their mutual proportions, and 

digestibility. Potato proteins have a balanced amino acid composition when 

compared to other proteins: whey, casein, soy and egg white, in essential amino 

acid (50g/100g protein), in branched and aromatic amino acids. Moreover, they 

are rich in lysine and in S-containing amino acids (cysteine and methionine) 

which are often deficient in plant protein (soy and pea protein) (Alting et al., 

2011). However, in vitro digestibility tests in which the digestibility of commer-

cial patatin and protease inhibitor-rich fraction were compared to soy, pea, 

whey protein and casein, showed the highest digestion for whey protein, fol-

lowed by soy, pea, patatin, casein and potato protease inhibitor isolate (He et 

al., 2013). Digestion of patatin and protease inhibitor in vivo shows stable and 

slow postprandial plasma amino acid levels and no increase of postprandial 

insulin in contrast to whey proteins that produced a fast increase in amino 

acids and an increase in insulin (He et al., 2013). 

Functional properties

The functional properties of potato protein will highly depend on: 1) the 

extraction/fractionation used, 2) protein composition (whole potato protein 

isolate, patatin or protease inhibitors), and 3) the food matrix (or other com-

ponents) present. 
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224 Foaming properties are important in applications such as meringues or cakes. 

However, since there are various techniques to make foam (e.g., sparging or 

whipping techniques) this makes it difficult to compare the results of foam 

capacity and stability for potato proteins. Various studies show that patatin 

and protease inhibitors have very different foaming properties. Patatin shows 

a low foam volume formation at neutral pH but is, on the other hand, stable 

against drainage, while protease inhibitors show a larger foam volume but the 

foam is very unstable (Alting et al., 2011). The foaming properties of commer-

cial potato proteins (protease inhibitor fraction) also show similar foaming 

properties to those of egg white proteins (using protein and sugar solutions). 

These studies indicate the possibility of using potato proteins as a plant-based 

egg white replacer.

Emulsifying properties of proteins are important in a large number of 

different food applications (e.g., salad dressings, nutritional beverages, ice 

creams). Potato proteins are described as better emulsifiers than whey protein 

and soy protein, especially when using potato protease inhibitor isolate. The 

lower emulsifying properties of patatin are attributed to its lipid acyl hydro-

lase activity. In application tests, making salad dressings containing 30 or 50% 

oil and commercial potato protease inhibitor-rich fraction as the only emulsi-

fier proved to be successful. Optimal results were obtained by preheating the 

protein solution (Alting et al., 2011).

The gelling properties of plant proteins are extremely important in 

plant-based foods to replace egg white proteins which are still often used in 

vegetarian products. Results obtained under various conditions show that 

both patatin and protease inhibitors show promising gelling behaviour.. Pata-

tin had similar gelling properties to ovalbumin and beta-lactoglobulin (main 

whey proteins) at neutral pH, while commercial potato protease inhibitor frac-

tion had the highest gelling properties at low pH (Alting et al., 2011).

Bottlenecks and outlook

Based on their long history of safe use, potato proteins have received the GRAS 

status in the USA and have been classified as Novel Food in the EU (Raigond, 

P., Singh, B., Dutt, S., & Chakrabarti, S.K., 2020). Special attention must be paid 

to the level of glycoalkaloids (<150 mg/kg product) and sulphite (100 ppm) that 

potato proteins may contain. These limits highlight the importance of using 

potato cultivars that are low in glycoalkaloids. Glycoalkaloids are important 

for the defence of plants against pests and pathogens. Also, the presence of 
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225glycoalkaloids is higher in potato peel than in potato flesh. Therefore, extra 

attention must be paid when extracting protein from potato peel. 

Potato protein fractionation is still a relevant topic to study in order to 

develop new technology to reduce the cost of potato protein extraction and 

to further reduce levels of glycoalkaloids and phenolic compounds. One may 

wonder if plant breeding strategies could be designed  to develop potato culti-

vars that lower phenolic and glycoalkaloid content. 

Due their high nutritional value and high functionality, potato proteins 

have gained interest and are already used successfully in a range of food prod-

ucts, including as a binder in mycoprotein-based meat alternatives and in 

vegan confectionary products. As optimisation of processing technology, an 

increase in processing capacity and new cultivars will lower the cost of extrac-

tion, potato proteins are likely to achieve even more prominence as a specialty 

ingredient in plant-based foods.
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Industry interview with  
Marc Laus, Innovation  

Technology Officer, Avebe 

POTATO PROTEIN 
VALORISATION



“
“We extract everything the potato offers”

International farmers’ cooperative Royal Avebe has made a strong case 

with its innovative potato-starch products. But they have also become a 

pioneer in extracting proteins and other valuable components from this 

everyday food. Technology Officer Product & Applications Dr Marc Laus 

explains why and how they do it.  

“E xtracting starch from potatoes has been our core business for over 

one hundred years. But when we needed to address environmental 

issues arising from our production processes, we decided to take a 

broader approach,” says Laus. Potato juice, a by-product of starch production, 

used to be discharged into ditches adjacent to Avebe’s production plants in the 

northeastern part of the Netherlands, leading to foaming and odour nuisance. 

“So we decided in the 1970’s to reprocess the juice, extracting residual proteins 

and turning them into animal feed.”

The first

In 2007, Avebe became the first company in the world to open a production 

line for the extraction of proteins from starch potatoes, targeting products 

for human consumption. Step by step, they began to build a protein portfolio. 

Thirteen years later they boast two large factories for potato-protein process-

ing, serving the market for animal feed and for human applications. 



229“Initially, the market was not yet ready for potato protein. We had to increase 

awareness by telling our story via different innovation platforms,” says Laus. 

“But today, customers know how to find us. Actually, across the globe, demand 

for potato proteins is exploding.”  

This is no surprise: potato proteins have a unique combination of emul-

sifying, foaming and gelling qualities. They can be used as a clean-label 

ingredient and contain all the essential amino acids. Royal Avebe’s potatoes 

are non-allergenic and GMO free. This makes them the perfect candidate for 

replacing animal proteins in consumer products. “Potato protein has a wide 

range of applications, from replacing eggs in mayonnaise and meringues to 

gelatin in soft confectionary as well as a functional ingredient in plant-based 

meat and dairy. A separate fraction can also be used to improve the nutrient 

value of plant-based foods.” 

Mild extraction

The challenge for Avebe is to maintain this unique functionality by extracting 

the proteins under the appropriate conditions. “Potatoes contain only a small 

amount of proteins, dissolved in a comparatively large volume of potato juice,” 

Laus explains. “This requires a completely different extraction process than 

that used for seeds and pulses like lupine, peas and soy.” 

Avebe used in-house expertise to develop its own separation methods, 

dedicated specifically to extracting protein from potatoes. “For animal feed 

applications we boil the juice, inducing heat coagulation of the proteins,” says 

Laus. “And for human consumption purposes we are using specially designed, 

mild separation techniques.” The proteins are separated into two fractions: 

one with high-molecular proteins that have excellent gelling qualities, and 

one with low-molecular proteins that are good for foaming and emulsification.

The company also developed special solutions to remove off-flavours and 

toxic compounds naturally present in the potato. “Over the years, we have accu-

mulated an extensive patent portfolio.” 

Improving processes

Avebe is continuously reflecting on how to increase the efficiency and sustain-

ability of its extraction processes and how to produce proteins with new or 

improved functionalities. “Together with partners from, for example, the Pro-



230 tein Competence Center, we are exploring the possibilities of adding potato 

proteins and fibres to beverages.” 

The company is also involved in overarching initiatives such as Fascinating, 

an initiative by the Dutch institute for Sustainable Process Technology. “This 

project brings together agricultural cooperatives, the government, knowledge 

institutions and organisations in the food industry, chemical industry and the 

energy sector. Our goal is to imagine what the agricultural sector of the future 

should look like and how to make that a reality.”

Long-term vision

The Technology Officer Product & Applications is proud of his employer’s 

long-term vision and perseverance to get potato protein on the world map, and 

its pioneering steps in the development of plant-based functional ingredients. 

“We have taken potato protein valorisation to a new level, significantly increas-

ing its global presence.”  

Laus is delighted that the transition towards plant-based is gaining momen-

tum. “Plant-based has been a niche for many years, but as ‘climate’ awareness is 

increasing among consumers around the world, inclination toward the use of 

plant-based products is rising.” 

Lowering the bar

Whatever happens, Royal Avebe is dedicated to lowering the bar for consumers 

looking to consume more plant-based.” We’ll do this by continuously bringing 

good products to the market. Currently, the majority of potato and other plant-

based proteins ends up as animal feed. So there is enormous growth potential, 

for us and for newcomers too.”

”



231Green leaves
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Advances in economic processing technologies have the potential to 

make green leaf proteins a viable source of large volumes of functional 

protein.

R ubisco is the world’s most ubiquitous protein, making it a worth-

while target in the protein transition. The total global potential for 

proteins from leaves is hard to estimate, as proteins from side streams 

and unused sources are not counted. Here, we illustrate the potential (geog-

raphy and numbers) using sugar beet leaves and cassava leaves as examples. 

Their environmental impact is discussed qualitatively. Moreover, high water 

content (typical problem for leaves) and thus decentralised processing are also 

discussed. Sugar beet leaves and cassava leaves are being researched for Rubisco 

and leaf protein concentrates (LCP), respectively. We describe the development 

in the techniques for obtaining them. Subsequently, we discuss potential 

products and nutritional quality. We end with a paragraph on the current bot-

tlenecks and an outlook on what is needed for further development.

Overview

Achieving a full transition from animal to plant proteins requires a more 

diverse set of functional proteins for use in food products. Specifically, plant 

leaves, which are currently commonly discarded as agricultural side streams 

of crop production, can be turned into a co-product through protein valorisa-

tion. Globally, 109 million tons of proteins are lost or wasted per year (Guo, 

2020). However, as most leaves from vegetables are normally not consumed, 

protein losses through these side streams are not counted in our global protein 

potential. 

Leaves contain typically 10-20% proteins on dry weight. This content can 

be higher, for example in Moringa leaves and in the leaves from our example 

crops sugar beet and cassava. Leaf protein is only in a few cases valorised as total 

protein extract. We will use studies on protein isolation from cassava leaves 

as an example in this chapter. The second example is sugar beet leaves, which 

are specifically used for Rubisco extraction. Rubisco is the most abundant pro-



232 tein on earth. The main bottleneck to utilisation of these sources of protein is 

achieving a techno-economic extraction process.  

Other crops that have been studied for the production of leaf proteins are rye 

grass, alfalfa, spinach, tobacco, and duckweed. The two crops that we specifically 

mention here, cassava and sugar beet, are primarily grown for their roots, while 

the leaves are currently still defined as ‘waste’. Many others would be grown 

specifically for their leaves, potentially reducing their business case feasibility. 

Geographies and volumes

Leaves are abundantly available, but it is hard to precisely estimate how much 

would be available worldwide. As an estimate, we looked at two important 

crops: cassava and sugar beet (Figure 1). Both are grown for their roots, but also 

produce a considerable amount of leaves. The yield of the main product from 

these crops is evaluated against the additional protein yield per hectare based 

on the leafy side stream. 

The first important leaf source described in this chapter is from sugar 

beet plants (Beta vulgaris L.). Sugar beets are mainly grown in the Northern 

hemisphere, with Russia, France, Germany and USA as the major producing 

countries. These countries together produce 148 million tonnes of beets in 

2019 (FAOSTAT, 2021). The leaves constitute 20-34% of the wet weight of the 

plant. In the Netherlands, the annual production of roots is around 75 t/ha 

(Factfish.com, 2014), resulting in nearly 29 t/ha of leaves available every year. 

This is equivalent to about 400-600 kg/ha of protein in the leaves, assuming 

an average of 22.8% crude protein on dry matter basis (Tamayo Tenorio, 2017). 

This value is fairly comparable to the protein production of soy (450-600 kg/

ha) and cereals (570 kg/ha) (van Krimpen et al., 2013). 

Cassava (Manihot esculenta, Crantz) is widely grown in tropical and sub-

tropical countries of Africa, Asia and Latin America, with the largest world 

producers being Nigeria, Democratic Republic of Congo, Thailand, Ghana 

and Brazil. Cassava culture is drought tolerant and can be grown in areas with 

uncertain rainfall patterns, characteristics that generally prevent the cultiva-

tion of many other crops. In 2019, the global production of cassava was over 320 

million tonnes, occupying more than 28 million ha (FAOSTAT, 2021), but the 

amount of cassava leaf production in underestimated. Officially, the amount 

of cassava leaf production is only reported for Congo, with a production over 

84,000 tonne in 2019 (FAOSTAT, 2021). The annual yield of cassava leaves has 

been reported to be 27 tonnes dry leaves/ha if harvested three times a year. 

However, this production has a depressing effect on the yield of the storage 
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Figure 1: Worldwide production and harvested area in 2019 of the example crops 
considered in this chapter (FAO, 2021) 
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234 root. Lower values up to 3.6 t/ha per year were obtained without a reduction 

in root yield (Tewe, 2004). This is equivalent to about 1080 kg/ha of protein in 

the leaves, assuming an average of 30% crude protein on dry matter basis (Latif 

and Müller, 2015). 

Environmental impact 

Plant-based diets are potentially more sustainable than those rich in animal 

products, since they use less natural resources and are less costly for the envi-

ronment. Agricultural crops like sugar beet and cassava produce leaves that 

may become valuable agro-industrial by-products, thereby increasing effec-

tive crop use. Today, these leaves are used in soil fertilisation, in animal feed 

and, in the case of young cassava leaves, consumed as vegetables cooked in sev-

eral countries in Africa (Latif and Müller, 2015). The extraction of new protein 

sources from these underutilised leaves can also benefit rural producers, since 

these proteins can have high commercial value. 

The use of proteins and other valuable components from green leaves for 

food and non-food purposes is not trivial due to the high water content and 

the seasonal availability of leaves, in particular for crops like sugar beet. A 

resource-efficient valorisation of these leaves can be aided either by stabilising 

the biomass (i.e., freezing or drying) or by decentralising part of the process. 

On-farm, decentralised pressing of the leaves may be followed by a concentra-

tion step of the liquid via ultrafiltration. This enables the return of the pulp 

and part of the liquid and minerals to the soil to retain soil fertility. Soil fertility 

is a crucial parameter to consider when assessing the resource efficiency of leaf 

processing, given the requirements for fertilisers and the long-term changes 

on the soil (e.g., depletion/accumulation of nutrients). The leaf juice, or leaf 

juice concentrate can be transported to a central point for further processing 

on a larger scale. Transporting a much smaller and denser stream will reduce 

transportation load and volumes. 

Proteins from leaves: LPC and Rubisco

Original research on protein from leaves dates back to the previous century 

and focused on the extraction of leaf proteins for the production of leaf pro-

tein concentrates (LPCs) for use in animal feed or human diets. In the 1940s, 

the possible suitability of this protein for use as human food was considered 

and research to develop a potential product was conducted in the 1960s and 
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2351970s in many parts of the world. The first step in achieving high protein yield 

is to have a high level of cell fragmentation (Betschart and Kinsella, 1973). This 

fractionation consists of mechanical grinding and/or pressing to separate the 

protein-rich green juice, containing the green and white proteins, from the 

press cake. The extracted green juice, after removing the green fraction, has a 

relatively high level of dry matter, usually more than 10%. The white protein 

content (30-40% of the dry matter) is high enough to enable the preparation of 

LPCs for animal or human consumption. Pressing is most often followed by 

coagulation or insolubilisation to obtain the LPC. (Fiorentini and Galoppini, 

1983). A recent overview on LPC from different sources for feed was given by 

Santamaría-Fernández and Lübeck (2020).

Other options for LPC production are illustrated with the cassava case. The 

cassava leaves can be chopped and crushed until the extracted green juice is 

obtained, which is coagulated with steam injection. The protein is then sepa-

rated from the coagulated juice and concentrated (Latif and Müller, 2015). It 

is also possible to use isoelectric precipitation, solubilisation and self-coag-

ulation (fermentation) to obtain the LPC (Cordebella et al., 2013). However, 

attempts to use this protein at an industrial scale have not been successful due 

to low protein extraction yield, high tannin content and low digestibility of the 

remaining fibre (Latif and Müller, 2015). The development of new technologies 

to improve the yield and quality of the protein obtained from cassava leaves is 

still necessary. 

A novel protein source which is not being utilised commercially is the abun-

dant photosynthetic leaf protein Rubisco, which is present in the green parts 

of plants (green fraction). The Rubisco enzyme is part of the soluble, or cyto-

plasmic fraction that partially originates from and consists of relatively stable 

soluble proteins, which when recovered are tasteless, odourless, and white or 

cream in colour. This is in contrast with the insoluble, or chloroplastic fraction 

that consists of insoluble lipoproteins which can be easily destabilised and, 

once isolated, have a dark green colour and a strong grassy flavour (Fiorentini 

and Galoppini, 1983).

Rubisco is e.g. isolated from sugar beet leaves. All methods start with 

a disruption method to release the juice. As this juice is prone to oxidation, 

reducing agents can be added to prevent discolouration (de Jong et al., 2014). 

For industrial production, the next step reported is the heating of the juice, as 

Rubisco is relatively stable around 60°C and a solid agglomerate of the chloro-

plastic proteins, chlorophyll, carotenoids, and lipids can then be removed (de 

Jong et al 2014). Additional steps are needed for further purification, and either 

chromatography or active carbon can be used to remove the off-flavours or the 

remaining greenish colour due to the presence of appreciable levels of chloro-
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236 phyll. The patent on this process is licensed to Cosun, who are developing the 

process at DEMO scale.

Flowchart of the process for obtaining LPC and Rubisco is presented in Fig-

ure 2.

Potential products and nutritional quality

Leaf proteins can be an important source of protein for food applications. Sev-

eral plants have been evaluated for the extraction of proteins from their leaves, 

such as tobacco, alfalfa and spinach. Other leaves are available as by-products of 

certain large-scale crops, such as cassava and sugar beet. These different sources 

are selected on the basis of protein content, regional availability, social needs 

and current uses (Tenorio,2017). Rubisco can be isolated as an almost pure pro-

tein from leaves, albeit still at low yields. Highly purified Rubisco is a tasteless 

and odourless white powder.

Rubisco and thus leaf protein in general has low variation in the amino acid 

profile and can be compared with proteins of animal origin (Fiorentini and 

Galoppini, 1983). Essential amino acids are similar to those found in chicken 

eggs and have a better profile than that in grains and legumes (Barbeau and 

Kinsella, 1988, Latif and Müller, 2015). Furthermore, it is readily digestible, 

non-allergenic and has desirable functional properties such as excellent foam-

ing (Barbeau and Kinsella, 1988), gelation and good solubility (Barbeau and 

Figure 2: Flowchart of 
the process for obtaining 
LPC and Rubisco

Juice

LPC Rubisco

FibresPressing

Protein
precipitation

Filtration &
Purification

Leaves
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237Kinsella, 1988). Compared to other plant sources, such as cereals and pulses, 

there are still few studies evaluating functional properties of proteins obtained 

from leaves. Even though the knowledge of gelling properties of proteins is 

important for the development of structures, such as for application as meat 

replacers, solubility, emulsifying and foaming properties are the most common 

properties evaluated for leaf proteins. However, each paper uses a different 

evaluation methodology (pH condition, protein concentration...) and, there-

fore, it is difficult to compare the results. Table 1 presents the technological 

properties for some leaf proteins found in literature. A recent overview was 

presented by Distefano et al. (2018).

Good gelation properties are also observed for protein isolated from cassava 

and sugar beet. Rubisco readily forms a network with a very high gel strength 

and a brittle character upon deformation (Fasuyi and Aletor, 2005). Having 

a very low critical gelling concentration and low denaturation temperature 

enables application in a wide range of products that need mild processing con-

ditions. Martin et al (2019) focused on a highly refined protein fraction (>90% 

w/w protein) and showed that Rubisco had very promising functional proper-

ties, especially in terms of gelling properties. Rubisco was able to form a protein 

gel upon heating at concentration ~ 50% lower than whey protein. Rubisco pro-

tein isolate showed similar emulsifying and foaming to whey and soy protein 

isolate (at the same protein concentration). These results confirmed previously 

obtained results by Pouvreau et al (2014), in which emphasis was put also on 

less refined fractions from green leaves (approximately 70% w/w protein). 

Although several extraction processes have been described, and good pro-

tein functionality is demonstrated, Rubisco is still not used as an ingredient in 

human food. However, studies are being performed to get it approved for use 

as a novel ingredient. Recently, Ducrocq et al. (2020) published on the thermal 

denaturation and gelling properties of Rubisco in wheat-based foods. Here, 

proteins are crucial to structure and texture, and they proved incorporation 

of Rubisco in the dough protein network, thus aiding in product structure. 

Another application was demonstrated in meringue pie. The expectation is 

that Rubisco protein will be used as an ingredient, not as the main component, 

in food due to its high functionality and current scarcity. 

Some experimental studies also indicated the potential to use the whole 

extracts to obtain the protein after the moisture content has been reduced to 

about 15-20% by dehydration or pressing (Latif and Müller, 2015). In this case, in 

addition to the soluble fraction present in green juice, insoluble proteins that 

normally concentrate in the press cake can also be extracted (Teng and Wang, 

2011). A study with whole leaves of sugar beet showed that although the results 

were not ideal, some steps can be added to increase the extraction yield and 
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 Studied protein Crude  
protein (%)

Foaming properties* Emulsifying properties** Solubility  
pH 7 (%) 

Other properties*** Reference

Vernonia amygdalina  
(Bitter leaf) LPC 52.2

FC: 6.0%
FS (80min): 2.9%

EC: 54.8%
ES: 49.7%

~4.0%
Fat absorption: 47%

Water absorption: 471.5%
Aletor et al. (2002)

Solanum africana LPC 46.1
FC: 4.1%

FS (80min): 2.0%
EC: 49.1%
ES: 47.8%

~ 1.0%
Fat absorption: 19%

Water absorption: 149.1%
Aletor et al. (2002)

Amaranthus hybridus  
(Green tete) LPC 35.1

FC: 4.2%
FS (80min): 2.0%

EC: 48.4%
ES: 47.1%

 ~11.5%
Fat absorption: 22%

Water absorption: 271.9%
Aletor et al. (2002)

Telfaria occidentalis  
(Fluted pumpkins) LPC 54.9

FC: 18.0%
FS (80min): 2.0%

EC: 47.8%
ES: 47.5%

~7.0%
Fat absorption: 20%

Water absorption: 173.3%
Aletor et al. (2002)

Diplazium esculentum LPC 9.89
FC: 6.99%

FS (30min): 4.26%
EA: 31.1%

ES (30min): 25.0%
–

OAC: 7.41 g of oil/g of LPC
WAC: 7.65 g of water/g of LPC

Saha & Deka (2017)

Diplazium esculentum LPC (sonicated) 34.28
FC: 7.27%

FS (30min): 5.21%
EA: 36.4%

ES (30min): 30.0%
–

OAC: 7.55 g of oil/g of LPC
WAC: 8.36 g of water/g of LPC

Saha & Deka (2017)

Moringa oleifera LPC 39.13 
FC: 14.0%
FS: 2.0%

EC: 37.0%
ES: 63.0%

 – Sodamade et al. (2013)  

Medicago sativa L.  
(Alfalfa)

LPC
(heat coagulation)

63.9
FC: 521.4%

FS (30min):60.2%
EAI: 190.6 m2/g

ES: 17.3 min
~58%

WHC: 3.34 gwater/g
OBC: 3.95 g oil/g

Hadidi et al. (2020)

Medicago sativaL.  
(Alfalfa)

LPC
(isoelectric precipitation)

74.5
FC: 492.5%

FS (30min):59.8%
EAI: 195.9 m2/g

ES: 16.8min
 ~65%

WHC: 3.90 gwater/g
OBC: 4.27 g oil/g

Hadidi et al. (2020)

Medicago sativaL.  
(Alfalfa)

LPC (Alkali solubilization 
and acid precipitation)

59.9
FC (pH7): 19 ml

FS (pH7-15min): 0
EAI (pH 7): 187.0 m2/g

ESI (pH 7): 18.9 min
~50%

Hojilla-Evangelista et al. 
(2017)

Jack fruit leaf LPC obtained by HHP 65.82
FC: 1.43 %
FS: 0.95 %

EAI: 32.38 m2/g
ESI: 30.24 min

~15%
Calderón-Chiu et al. 

(2021)

Sugar beet leaves RuBisCO protein isolate 86.4
Overrun (10g/kg-pH 7): ~50%

FS (30min): ~40%

pH4 and 7: droplet sizes  
were very close to those 

determined just after  
preparation

~90%

Critical gelation  
concentration (pH 7)< 1g/kg
srup (50g/kg-pH7)= 10.6 kPa

erup (50g/kg-pH7) = 1.47
WHC = 61.1 %

Martin et al. (2018)

Amaranth leaf LPI 96.63
FC (10mg/ml): ~280%
FS (10mg/ml): ~90%

ES (10mg/ml): ~40% ~65%
Famuwagun et al. 

(2020)

Eggplant leaf LPI 96.85
FC (10mg/ml): ~200%
FS (10mg/ml): ~70%

ESI (10mg/ml): ~50% ~20%
Famuwagun et al. 

(2020)

Fluted pumpkin leaf LPI 95.81
FC (10mg/ml): ~280%
FC (10mg/ml): ~75%

ESI (10mg/ml): ~80% ~30%
Famuwagun et al. 

(2020)

Cassava leaf LPC 42.5-50
FC: 21-38.9%

FS (30 min): 8-16.4 m³
EC: 25-40.8%

ES: 35.8-45.8%
~10-15%

WAC: 118-225.5%
OAC: 19.2-40.8%
Least gelation  

concentration (%): 8-16%

Fasuyi & Aletor (2005)

*FC = foaming capacity; FS = foaming stability
**EA: Emulsion activity; EAI: Emulsifying activity index; EC: Emulsion capacity; ES: Emulsion stability
*** OAC: Oil absorption capacity; WAC: Water absorption capacity; WHC: water holding capacity; OBC: Oil-binding capacity 

Table 1: Technological properties of proteins obtained from different leaves.
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 Studied protein Crude  
protein (%)

Foaming properties* Emulsifying properties** Solubility  
pH 7 (%) 

Other properties*** Reference

Vernonia amygdalina  
(Bitter leaf) LPC 52.2

FC: 6.0%
FS (80min): 2.9%

EC: 54.8%
ES: 49.7%

~4.0%
Fat absorption: 47%

Water absorption: 471.5%
Aletor et al. (2002)

Solanum africana LPC 46.1
FC: 4.1%

FS (80min): 2.0%
EC: 49.1%
ES: 47.8%

~ 1.0%
Fat absorption: 19%

Water absorption: 149.1%
Aletor et al. (2002)

Amaranthus hybridus  
(Green tete) LPC 35.1

FC: 4.2%
FS (80min): 2.0%

EC: 48.4%
ES: 47.1%

 ~11.5%
Fat absorption: 22%

Water absorption: 271.9%
Aletor et al. (2002)

Telfaria occidentalis  
(Fluted pumpkins) LPC 54.9

FC: 18.0%
FS (80min): 2.0%

EC: 47.8%
ES: 47.5%

~7.0%
Fat absorption: 20%

Water absorption: 173.3%
Aletor et al. (2002)

Diplazium esculentum LPC 9.89
FC: 6.99%

FS (30min): 4.26%
EA: 31.1%

ES (30min): 25.0%
–

OAC: 7.41 g of oil/g of LPC
WAC: 7.65 g of water/g of LPC

Saha & Deka (2017)

Diplazium esculentum LPC (sonicated) 34.28
FC: 7.27%

FS (30min): 5.21%
EA: 36.4%

ES (30min): 30.0%
–

OAC: 7.55 g of oil/g of LPC
WAC: 8.36 g of water/g of LPC

Saha & Deka (2017)

Moringa oleifera LPC 39.13 
FC: 14.0%
FS: 2.0%

EC: 37.0%
ES: 63.0%

 – Sodamade et al. (2013)  

Medicago sativa L.  
(Alfalfa)

LPC
(heat coagulation)

63.9
FC: 521.4%

FS (30min):60.2%
EAI: 190.6 m2/g

ES: 17.3 min
~58%

WHC: 3.34 gwater/g
OBC: 3.95 g oil/g

Hadidi et al. (2020)

Medicago sativaL.  
(Alfalfa)

LPC
(isoelectric precipitation)

74.5
FC: 492.5%

FS (30min):59.8%
EAI: 195.9 m2/g

ES: 16.8min
 ~65%

WHC: 3.90 gwater/g
OBC: 4.27 g oil/g

Hadidi et al. (2020)

Medicago sativaL.  
(Alfalfa)

LPC (Alkali solubilization 
and acid precipitation)

59.9
FC (pH7): 19 ml

FS (pH7-15min): 0
EAI (pH 7): 187.0 m2/g

ESI (pH 7): 18.9 min
~50%

Hojilla-Evangelista et al. 
(2017)

Jack fruit leaf LPC obtained by HHP 65.82
FC: 1.43 %
FS: 0.95 %

EAI: 32.38 m2/g
ESI: 30.24 min

~15%
Calderón-Chiu et al. 

(2021)

Sugar beet leaves RuBisCO protein isolate 86.4
Overrun (10g/kg-pH 7): ~50%

FS (30min): ~40%

pH4 and 7: droplet sizes  
were very close to those 

determined just after  
preparation

~90%

Critical gelation  
concentration (pH 7)< 1g/kg
srup (50g/kg-pH7)= 10.6 kPa

erup (50g/kg-pH7) = 1.47
WHC = 61.1 %

Martin et al. (2018)

Amaranth leaf LPI 96.63
FC (10mg/ml): ~280%
FS (10mg/ml): ~90%

ES (10mg/ml): ~40% ~65%
Famuwagun et al. 

(2020)

Eggplant leaf LPI 96.85
FC (10mg/ml): ~200%
FS (10mg/ml): ~70%

ESI (10mg/ml): ~50% ~20%
Famuwagun et al. 

(2020)

Fluted pumpkin leaf LPI 95.81
FC (10mg/ml): ~280%
FC (10mg/ml): ~75%

ESI (10mg/ml): ~80% ~30%
Famuwagun et al. 

(2020)

Cassava leaf LPC 42.5-50
FC: 21-38.9%

FS (30 min): 8-16.4 m³
EC: 25-40.8%

ES: 35.8-45.8%
~10-15%

WAC: 118-225.5%
OAC: 19.2-40.8%
Least gelation  

concentration (%): 8-16%

Fasuyi & Aletor (2005)

*FC = foaming capacity; FS = foaming stability
**EA: Emulsion activity; EAI: Emulsifying activity index; EC: Emulsion capacity; ES: Emulsion stability
*** OAC: Oil absorption capacity; WAC: Water absorption capacity; WHC: water holding capacity; OBC: Oil-binding capacity 
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240 the quality of the protein (Tenorio, 2017). Extraction of the insoluble fraction 

of tobacco leaf protein has also been carried out, with promising results (Teng 

and Wang, 2011).

Bottlenecks and outlook

The main bottleneck in leaf protein production is the low concentration of pro-

tein on a wet basis. This is 10-fold lower when compared to grains or pulses. In 

addition, the proteins are not concentrated in certain cell organelles like pro-

tein bodies, as is the case with many storage proteins, but mainly present in the 

form of enzymes. 

Next to that, most extraction processes also co-extract colours, off-flavours, 

and antinutritive factors. For example, cassava leaves have a high content of 

alimentary fibre, which cannot be digested in the stomach of humans and 

monogastric animals, and display the presence of antinutritive and/or toxic 

substances, like phenolic compounds, tannins, saponins, lectins or cyanogen. 

However, the latter problems are not unique to leaf protein. 

For processing, two possible routes are envisaged. First, the production of 

LPCs through (partial) local processing. These products can be primarily used 

in feed, using the protein-rich fraction for monogastrics, the fibres for cattle and 

the remainder for fertilisation and/or energy. At a later point, the LPC may also 

be used in food. The second route is the production of Rubisco. This will have 

much lower yields and centralised processing. The application will be as a food 

ingredient with high functionality and possibilities for use in vegan products.

Many of the protein products from leaves are considered a novel food. How-

ever, some protein concentrates are already on the market as a food supplement 

and considered safe for human consumption, like alfalfa protein concentrate 

(European Food Safety Authority, 2009). Rubisco products from duckweed 

and sugar beet leaves are under current evaluation. When more products get 

accepted to the market, it will be easier for others to also pursue the production 

of leaf protein for food.

Next to continued research on protein extraction and product application, 

implementation of leaf protein will need development of harvest systems 

for side streams, year-round production of different leaves, solutions against 

perishability of leaves after harvest, and breeding targets for protein in agri-

cultural side streams. The current attention for alternative proteins will push 

these developments.
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Industry interview with  
Paulus Kosters, Technical  

Director, Royal Cosun 

PLANT PROTEINS  
FROM AGRICULTURAL 
WASTE STREAMS AND 

PULSE CULTIVATION



“
“The protein transition is a new business  
opportunity for us”

Royal Cosun, recognised for its sugar (derivates) and dietary fibres, is set 

to make a big impact in the plant-based protein market. “We consider 

the protein transition as an opportunity to grow our business,” says Pau-

lus Kosters, Senior Program Manager Protein at Royal Cosun.  

R oyal Cosun was founded over 120 years ago as a farmers’ cooperative 

producing and processing sugar beet. These days, the company is 

involved in many more businesses. Via its five business groups – Aviko, 

Duynie, Sensus, Cosun Beet Company and SVZ – Royal Cosun delivers a broad 

range of product ingredients around the world. Their portfolio extends from 

potato fries and sugar syrup to ingredients for meat substitutes, fruit juices, 

detergents and cosmetics. “All our products stem from the same vision: turning 

the enormous potential of plants into practical solutions to everyday prob-

lems,” says Kosters. 

100% plant based, circular and transparent

Royal Cosun aims to be 100% plant based, 100% circular and 100% transparent 

by 2030 and is well on the way to achieving this goal.

“Fermentation of our residual flows –pressed pulp, beet tips, leaf residue 

and molasses – has made us the largest producer of green gas in the Neth-

erlands,” Kosters proudly says. “The trucks that deliver the sugar to our 



247customers run on 100% green gas, produced in our own biomass fermenters. 

And at Novidon, part of Duynie, side-stream potato starch is used as a source 

for biobased applications in, for example, packaging, textile (sizing, finishing 

and printing) and adhesives.”  

In 2016, the company also began investing in the production of plant-based 

protein. “We want to ensure our farmers a profitable business, and believe this 

fast-growing market has a lot of opportunities to offer,” Kosters explains. 

High-quality, functional proteins

The market for meat replacers is currently enduring serious supply-chain 

issues. “The demand for plant-based proteins is so great, that there is indus-

try-wide panic if a popular crop like peas suffers a poor harvest,” he says. 

“Moreover, many meat replacers still contain egg protein, which does not 

reflect the growing consumer preference for real vegan alternatives. And in the 

case of plant-based dairy, suboptimal texture, undesirable taste profiles and 

low nutritional value are limiting growth in this market. We are committed to 

providing high-quality, functional plant-based protein.”

Royal Cosun is currently building its protein portfolio, based on agricul-

tural waste streams and pulse cultivation. “Cultivation of legumes helps restore 

the soil’s nitrogen content,” Kosters explains. Cosun products include proteins 

from draff (brewer’s spent grain) and proteins from potato waste streams. “In 

2022 we will introduce protein isolate extracted from faba beans in the mar-

ket, suitable for light-flavoured products like plant-based ice cream and dairy 

alternatives,” he adds. Rubisco protein from beet leaf, which must go through 

the EU’s novel food authorisation procedure, is expected to be launched by the 

end of 2024.  

Major step

For a company specialising in raw materials rich in carbohydrate and fibre, 

it is a major step to change its business model to one of processing proteins. 

Kosters: “That’s why we have decided to focus on proteins that match our busi-

ness. We can build on our deep knowledge of, and expertise in, circularity and 

processing technologies.” 

In the past few years, Kosters and his team have been doing their home-

work in the protein market, talking to potential customers about their needs 

and wishes. Two key preparatory steps were acquiring startup company Green 



248 Protein in 2018, and building a research & innovation team dedicated entirely 

to plant-based protein. “One of the things our researchers are investigating, 

together with partners, is how to breed sugar beets with increased leaf protein 

content without compromising root sugar content and extractability. Another 

example includes the extraction of nutritional proteins from spent brewer’s 

grain. Royal Cosun are sharing the load through collaborations with Wagen-

ingen University & Research and a number of other partners, including the 

Danish biotech company Lihme Protein Solutions,” says Kosters. 

Open innovation

Together with the HAS University of Applied Sciences, The Protein Brewery, 

BioscienZ, and Rabobank, Royal Cosun also initiated the Green Protein Excel-

lence Center: an open innovation platform, designed to facilitate the protein 

transition. The platform is mutually beneficial, according to Kosters. “We give 

startups access to our knowledge, and our research and production facilities, 

and in turn we learn from them,” he says. “Collaborations like these are key to 

entering a new, dynamic market successfully, as is getting support and involve-

ment from the rest of your company. That’s why we celebrate every success and 

learn from every setback on this exciting journey.” 

Fair pricing

To make the protein transition a worldwide success, consumers, especially the 

younger generation, should be educated on the what, why and how of eating 

plant-based products. “The government can support the transition by all kinds 

of communication campaigns as well as enabling true pricing, for example by 

taxing meat,” Kosters says. Products should be tasty, nutritious, convenient and 

affordable. “I believe that measures such as the introduction of fair pricing are 

very important. Consumers currently don’t pay for the environmental impact 

of eating meat and this needs to change. Farmers who want to cultivate crops 

for plant-based nutrition should feel confident that they’ll make a sustainable 

return on their investment. At Cosun we are determined to lead the way.” 

www.cosun.nl 

”

http://www.cosun.nl


249Canola and sunflower kernels as valuable 
protein sources
Stephanie Bader-Mittermaier

Fraunhofer Institute for Process Engineering and Packaging

Presscake, the residues resulting from oilseed crushing, contain a high 

quantity of valuable proteins which can be functionalised through fur-

ther processing.

R apeseeds/canola seeds (herein referred to as canola) and sunflower ker-

nels are important oil crops ranking second and third after soybean 

with a production of 68.87 million metric tons and 49.46 million 

metric tons, respectively. The majority of the produced kernels is used for veg-

etable oil production, which generates a high amount of press cakes, which 

are currently mainly used as animal feed, and to a minor extend for food pro-

tein production due to limitations caused by the presence of secondary plant 

metabolites such as polyphenols. Sunflower and canola press cakes reveal high 

amounts of valuable proteins, but also certain amounts of lignocellulosic 

fibres, minerals and high contents of phenolic substances, which impair their 

use in human nutrition. The processing of rapeseed or sunflower seeds into 

protein concentrates and isolates is mainly limited by the following factors:

• The presence of phenolic compounds, especially sinapine and sinapinic 

acid as for rapeseed and chlorogenic acid in case of sunflower. Those phe-

nolics are known to impact protein functionality, colour, digestibility and 

sensory characteristics.

• Protein denaturation during oil extraction due to the application of high 

temperatures in the frame of desolventising to ensure high oil extraction 

rates and quantitative removal of residual solvents. 

Rapeseed/Canola proteins: production processes, functional 
properties and application potential

According to the Canola Council of Canada, the distinction between rapeseed 

and canola is made upon the content of erucic acid and total glucosinolates 

for canola varieties being below 2% and 30 µmol/g, respectively (Canada, 1990). 

The proteins of canola consists mainly of two distinct fractions, namely napin 

and cruciferin, with molecular weights of 14 kDa and 300 to 310 kDa and sedi-

mentation coefficients of 2 S and 12 S, respectively. Some other physicochemical 
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properties of the two fractions are summarised in the table below. Besides, 

oleosins being the predominantly oil body proteins with molecular weights 

between 18 and 25 kDa, lipid transfer proteins and protease inhibitors are pre-

sent in canola meals.

For the production of canola protein isolates, mainly two principle meth-

ods have been applied in literature comprising either an alkaline solubilisation 

(generally pH 9 to 11) of the main protein fractions followed by a concentration 

step (isoelectric precipitation favourably between pH 3.5 and 5.5 or ultrafiltra-

tion) or a salt-induced protein extraction followed by micellar precipitation. 

Canola proteins have been found to have high biological value  and are known 

for their well-balanced amino acid composition. Canola proteins are balanced 

in all essential amino acids, having a better amino acid profile than soybean 

protein isolates and comparing favourably with the amino acid requirements 

by FAO/WHO/UNU for both adults and children. Lysine was found to be the 

limiting amino acid for canola proteins, whereas cysteine and methionine 

were present in contents of up to 49 mg/g protein and therefore, those amino 

acids were present in higher amounts compared to grain legume proteins. 

The PDCAAS values of different canola proteins varied widely in the different 

studies from 0.71 for a cruciferin-rich protein isolate over 0.83 for a napin-rich 

protein isolate to 0.86 for another canola protein isolate. Those major differ-

ences might be attributed to varying extraction regimes, variations in amino 

acid composition as well as the presence of non-protein constituents. However, 

all studies suggested a high quality of canola proteins being similar to that of 

soy protein isolates and thus, incorporation into human nutrition is promising. 

Canola Sunflower

Cruciferin Napin Helianthinin
Sunflower 
albumins 

Molecular weight (kDa) 300-310 12.5-14.5 300-350 10-18

Svendberg number 12 S 1.7 to 2 S 12 S 2 S

Subunits

6 (each subunit 
comprises one 
α-chain and 
one β-chain 
linked by a 
disuplhipde 
bond)

2

6 (each subunit 
comprises one 
α-chain (32-44 
kDa) and one 
β-chain (21-27 
kDa) linked by 
one single disul-
phide bond)

1

Isoelectric point 7.25 ± 0.10 11 5-6 8.8

% on total protein 60% 40% 70% 10-30%

Table 1: Overview of the physico-chemical characteristics of canola and sunflower 
protein fractions S
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251As described previously, various methods for preparing canola protein iso-

lates have been investigated and resulted in protein isolates or concentrates 

with varying functional properties and thus, differences in their potential 

for food applications. Therefore, the most widely applied alkaline extraction 

and precipitation conditions for canola proteins (presumably due to high 

nitrogen yields) often lead to irreversible denaturation of the proteins during 

isolation. This results in a decreased protein solubility (below 30% at pH 7.0) 

of precipitated canola protein isolates compared to ultrafiltrated isolates hav-

ing solubilities between 52.5 to 92.7% in the pH range from pH 3 to pH 9.0. 

Alkaline extraction conditions also favour the interactions between proteins 

and polyphenols resulting in discolouration and the generation of off-fla-

vours. Thus, in terms of food application the alkaline extraction procedure is 

not favourable and other isolation processes should be used to achieve highly 

functional canola protein isolates, such as ultrafiltration and micellar protein 

extraction. Furthermore, canola proteins only exhibit moderate emulsification 

properties, but napin-rich protein isolates provide excellent foaming proper-

ties. Therefore, depending on the applied isolation conditions, canola protein 

isolates are highly functional and might be applied to a wide range of food 

products like condiments, bakery products and sausages. Recent publications 

also describe the simultaneous extraction of oil bodies and proteins from can-

ola meals resulting in highly soluble protein isolates and an emulsion phase. 

Yet, the major obstacles for inclusion of canola proteins into food products 

is their bitter and astringent off-flavour, which has recently been identified to 

be caused by the presence of kaempferol (3-O-(2‴-O-Sinapoyl-β-sophoroside)). 

This knowledge will enable the production of reduced off-flavour canola pro-

tein ingredients in the near future. Furthermore, potential allergenic effects 

of 2S napin similar to that of yellow mustard have been described in literature 

and should be taken in consideration, particularly if the amount of canola pro-

teins consumed globally will increase.

Among available information, food-grade canola protein ingredients were 

or are marketed under Puratein® (precipitated micelle protein of near neu-

tral pH protein extracted with salt, >90% protein, 11S/ or7S protein mainly), 

SuperteinTM (protein remained soluble after micelle formation; Burcon 

Nutrascience, >90% protein, 2S protein mainly), and IsolexxTM (protein 

extracted at near neutral pH and recovered under mild conditions; TeuTexx 

Proteins, 60–65% globulin, remaining content albumin and other protein) or 

Raptein from NapiFeryn BioTech, which is currently produced at pre-commer-

cial scale. Canola protein has gained authorisation as Novel Food in 2014 for 

canola protein isolate and in 2020 for canola powders. Therefore, an increas-
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252 ing portfolio of canola protein ingredients might be commercialised if the still 

present obstacles regarding off-flavour and discolouration can be overcome.

Sunflower proteins: production processes, functional 
properties and application potential

Sunflower proteins comprise mainly albumins and globulins with 7 pro-

tein fractions ranging from 10 to 450 kDa in molecular weight and the major 

protein fractions being assigned as helianthinin (12S fraction) and the sun-

flower albumins (2S albumins) (González-Pérez, 2015). Helianthinin has been 

described to dissociate into 7 S fractions or aggregate into 15 S fractions, which 

have often been assigned by researchers as independent protein fractions. The 

molecular weights of helianthinin and the sunflower albumins are in a similar 

range compared to canola with 300 to 350 kDa and 10 to 18 kDa, respectively 

(Table 1). The most important differences between the protein fractions present 

in canola and in sunflower kernels are the number of disulphide bonds in the 

2 S fraction and the isoelectric points of each of the 12 S and the 2 S fractions 

being significantly lower for sunflower proteins being attributed to signifi-

cant differences in amino acid composition. This is also indicated by the lower 

PDCAAS value reported for sunflower proteins of about 0.6 compared to that 

of canola proteins.

In contrast to canola, sunflower kernels and press cakes hardly comprise 

any antinutritional factors, which thus makes them a great source for vegetable 

protein production. The limiting amino acid of sunflower proteins is lysine as 

it was also determined for canola proteins. Yet, several approaches to obtain 

protein ingredients from sunflower kernels and press cakes have been reported, 

which include (aqueous) ethanolic washing for producing concentrates, 

conventional alkaline extraction-precipitation, salt-assisted extraction-pre-

cipitation and oil body extraction for obtaining protein isolates with different 

functionalities. Yet, the main focus for sunflower protein production was the 

depletion of phenolic compounds such as chlorogenic and caffeic acid during 

protein isolation, which can cause significant discolouration, reduce digestibil-

ity, and impair sensory and functional characteristics. Further approaches for 

protein enrichment and depletion of phenolic compounds were the leaching 

of phenolic compounds by application of ethanol or aqueous ethanol as well 

as other water-alcohol mixtures or water-acetone mixtures. Those treatments 

mainly lead to reduced functionality like reduction in protein solubility due 

to denaturation. However, the removal of polyphenols is quite a major afford 

causing high costs during sunflower protein isolation, and therefore, the 
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253reduction of polyphenol contents in sunflower seeds by breeding has started 

as early as the late 1970s but still has not been successful.

Altogether, sunflower protein isolates or concentrates exhibit poor solubil-

ity in water at neutral pH and only form weak gels upon heating, which was 

attributed to the presence of high amounts of helianthinin. On the other hand, 

sunflower proteins are mainly associated with good foaming properties and 

good emulsification, often being described as being comparable to that of soy 

protein ingredients, which makes them suitable for application in a wide range 

of products including bakery products (bread, muffins, biscuits), condiments, 

as well as sausages (de Oliveira Filho & Egea, 2021).

Conclusions and outlook

As described before, the use of by-products from the oil-processing industry 

such as canola and sunflower press cakes exhibit high potential. Still some 

issues remain which have to be clarified, such as:

– Removal of phenolic compounds for both oilseeds and glucosinolates for 

canola, in particular, to enhance both the nutritional value as well as the 

sensory properties and increase the application portfolio of canola and sun-

flower ingredients.

– Reduction of protein denaturation in conventional oil processing to 

enhance yields and functionality of sunflower and canola proteins.

– Removal of hulls before or after mechanical de-oiling to reduce dark shells 

and tannin contents in the protein concentrates or isolates obtained from 

oilseeds.

– Elucidate the performance of canola and sunflower proteins in model food 

systems.

In addition, the economic feasibility of protein isolation processes need to be 

enhanced by complete utilisation of the by-products, mainly the fibre-rich 

extraction residues. Therefore, some companies (e.g., Sunbloom Proteins 

GmbH, AOT) are currently commercialising sunflower or canola meals with 

improved properties, which are mainly obtained from dehulled kernels and 

subsequent oil extraction performed by means of supercritical CO2 or ethanol. 

Those meals exhibit comparable functional properties to soy or pea protein 

isolates. Nevertheless, a certain amount of polyphenols is still present in such 

kind of flours, which need to be carefully addressed during food product devel-

opment.
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255Hemp  

Jeffrey J. Steiner and Paul S. Hughes

Global Hemp Innovation Center, Department of Food Science and Technology, 

Oregon State University 

Hemp is a versatile and underutilized crop that can be cultivated for 

production of protein, oil, and fibers. 

H emp (Cannabis sativa L.) is a versatile ancient-new crop. Ancient in that 

for thousands of years it was grown and utilized for food, fiber, medic-

inal, and religious purposes. New in that because it is botanically the 

same as marijuana, until recently, laws for countries around the world legis-

lated hemp illegal or greatly restricted its production and use for more than 

half of a century. Even with a recent loosening of the criminal status for hemp, 

laws vary greatly from country to country that negatively impact the oppor-

tunities for its development, production, and utilization for many purposes, 

including food. 

Hemp has been utilized in China for more than 8,500 years with records of its 

cultivation going back to 2,100 years ago. Earliest indications are hemp was 

brought from Asia to Europe about 3,500 years ago, with records of its cultiva-

tion found for the first century CE. Hemp was introduced to South America in 

1545 and North America about 1600. Hemp was brought to Australia in the late 

1700s and to North Africa in the early 1900s.

All parts of the hemp plant can be utilized for one or more purposes. Many 

of these uses are the same today as before cannabis was criminalized in the 20th 

century, but since the decades between criminalization and now, there are even 

greater opportunities for the manufacture of products that could contribute 

significantly to a renewable biobased economy replacing products manufac-

tured from fossil carbon. An outline is shown of the three general hemp market 

classes comprised of seeds, plant stalks, and biomass; the materials produced 

from these and the range of products that can be manufactured from each class 

(Figure 1). Increases in worldwide demand are expected to continue for hemp 

used in food and beverages, personal and health care products, and for high-

performance textiles, construction materials, and advanced manufacturing 

including electronics. 

Considering all three market classes, the world hemp market exceeded USD 

4.4 billion in 2021 and is predicted to be more than USD 60 billion by 2030. The 

largest producer of hemp is China with more than 160,000 acres followed by the 

United States (USA) and Canada, with the rest of the world combined making 
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257up 20% of global production (Figure 2). A majority of China’s hemp production 

is for fiber (75%), as also is European production in France, Romania, Lithuania, 

and Germany. In North America, Canadian hemp production is primarily for 

grain, producing about 35,000 metric tons (31% of world production) compared 

to China that produced 71,000 metric tons (63% of world production). A major-

ity of USA production in 2019 was for flower and leaf biomass that contains 

cannabinoids such as cannabidiol (CBD) and other secondary plant prod-

ucts including terpenes and flavonoids. These compounds are either directly 

consumed by smoking or extracted from inflorescences and leaves and then 

used in the manufacture of various products with putative health benefits. An 

accounting of worldwide production of illegal cannabis with much greater 

concentrations of the psychoactive cannabinoid tetrahydrocannabinol (THC) 

than in hemp is not presented in this chapter, but ranges widely across the con-

tinents, although production amounts for both legal and illegal marijuana are 

much lower than hemp grown for industrial use purposes. 

Hemp seed protein 

The interest in hemp protein has grown substantially in recent years. Wang 

and Xiong (2019) estimated that of the almost 400 peer-reviewed papers pub-

lished since 1960 that mention hemp protein, 270 of these were published 

since 2010. Hemp seeds are an alternative to the major commodities that are 

predominant sources of protein in foods and livestock feeds. As a food com-

modity, hemp seeds should be considered more similar to soybean (Glycine max 

L.) and canola (Brassica napus L.) than cereal grains such as corn (Zea mays L.) and 

wheat (Triticum aestivum L.). However, with global annual soybean and canola 

production at 348 million and 27 million metric tons, respectively, hemp seed 

production is a boutique novelty crop at only 0.11 million metric tons annual 

production. China is the leading producer of hemp seeds (71.4 thousand metric 

tons) followed by Canada (35.3 thousand metric tons), with total production by 

the rest of the world being approximately 7.4 thousand metric tons (Figure 3).

Hemp seed protein consists mainly of the globulin protein edestin (60-

80% of the total protein) and albumin. Edestin is localized as large crystalline 

regions in the seed aleurone and bears some structural similarity to the soy-

bean hexamer glycinin. As with any protein considered as a nutritional source, 

the amino acid composition is one of the major factors that affect its value. 

Edestin is rich in arginine (11-12%; almost double that of arginine levels in other 

food protein sources) and methionine (2.4%), the latter considered an essential 

amino acid that cannot be readily biosynthesized by human metabolism. 
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258 The albumin hemp seed protein fraction was found to contain a lower occur-

rence of disulfide bridges – structures that enhance the rigidity of proteins 

– and therefore is structurally less rigid compared to other sources. This may 

explain the ease with which the albumin foams relative to edestin. However, 

both proteins have similar abilities to stabilize emulsions. Despite the high 

concentrations of sulfur amino acids (i.e., cysteine and methionine, 18% (w/w)), 

albumin does not inhibit trypsin in the stomach. Any inhibition is considered 

to be antinutritional, as trypsin is required for the hydrolysis of protein to 

amino acids. Since the albumin is not a trypsin inhibitor, hemp could be used 

as part of a formulation for highly nutritious foods and not requiring inactiva-

tion of the inhibitor through ingredient preparation. This is also especially so 

for hemp since the popular legume proteins derived from soybean, pea (Pisum 

sativum L.), and beans (Phaseolus vulgaris L.) are deficient in sulfur. 

Hemp proteins provide all of the required human essential amino acids, 

and that the balanced amino acid profile is comparable to other high-quality 

proteins such as casein. Indeed, the FAO/WHO consider hemp profiles to be 

suitable for 2-5 year old children. Another factor that affects the nutritional 

quality of proteins is its digestibility. As indicated above, proteins need to be 

broken down to their component amino acids before uptake and repurposing 

into new proteins. Hemp seed protein was measured as having digestibility 

slightly less than that of casein, similar to that of other pulse proteins, and 

higher than those in cereal grains such as wheat. The measured Protein Digest-

ibility-Corrected Amino Acid Score (PDCAAS) is around 0.61, in the context of 

a score of 1.0 for casein and 0.4 for whole wheat.

Hemp seeds are considered to be a low allergen food material, but five aller-

gens have been measured in the hemp plant including a lipid transfer protein 

(LTP). Of the allergens, only ribulose diphosphate carboxylase/oxygenase 

(RuBisCo) has been detected in hemp seeds. If hemp seeds are processed into 

hemp protein isolate (HPI), the allergens present seem to be eliminated. How-

ever, there have been few studies on the immunological effects of hemp seed 

proteins and so further research is needed. 

There are already various food applications for which hemp protein and 

products have been used. In the baking sector, hemp has been successfully used 

as a partial replacement for rice in crackers. Wheat dough can be replaced with 

up to 10% (w/w) hemp seed flour without any negative effects on dough sta-

bility or strength and with greater nutritional status conferred to the dough. 

The use of hemp seed flour as a partial replacement for corn flour in biscuits 

enhanced hardness and nutritional value, although the resulting sensory per-

formance was compromised.
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259Hemp protein isolate has been tested in several beverage matrices. In common 

with many proteins, HPI binds to antioxidant and potentially antinutritional 

polyphenols. Also, its addition to muscadine and kale juices suppressed pro-

inflammatory gene expression. Another interesting property of hemp seed 

proteins is that, if added to raw milk before pasteurization and then yogurt is 

made from this milk, the yogurt was more resistant to syneresis where water 

is forced out of the gel structure to leave standing water on top of the yogurt 

surface. 

Hemp seed oil 

The oil obtained from crushed hemp seeds is an edible vegetable oil that can be 

used as an alternative to soybean, canola, and sunflower (Helianthus annuus L.) 

oils, but is not suited for cooking at high temperatures. Hemp seed oil is used in 

the manufacture of consumer products such as soap, lotions, shampoos, bath 

gels, and cosmetics. Hemp seed oil is also used in nutritional supplements and 

putative medicinal and therapeutic products. Hemp oilcake (the byproduct of 

hemp seed after the seed oil has been extracted), like unprocessed hemp seeds, 

can be used in the food and beverage industry and as a livestock feed. 

The agronomic practices used to grow hemp seeds are generally similar to 

cereal grains, so the required production, harvest, and processing technologies 

are well understood and widely available. Seeding rates for hemp seed produc-

tion are typically 23 kg ha-1 to achieve a 100-150 plants m-2 population density. 

Hemp is wind pollinated and seed varieties are generally made up of monoe-

cious types or diecious mixtures of male with female plants in 4:6 ratios. The 

seeds on hemp plants do not mature evenly so if directly mechanically com-

bined should be done when 70% of the seeds are mature at approximately 25% 

moisture. The seeds must be dried after harvest to less than 10% moisture con-

tent to prevent decomposition and accelerated oil rancidification. Hemp seed 

yields vary greatly depending on the varieties used, growing conditions, and 

latitude where produced. Good hemp seed yields are considered to be 1.3-1.7 

metric tons ha-1. A comparison of hemp seed yields with world average yields 

for canola, corn, peanut, rice, soybean, and wheat shows hemp to be relatively 

low yielding (Table 1). It can be expected that hemp seed yields will be substan-

tially increased by directed plant breeding to optimize production for specific 

growing regions as has been done for other grain crops during the more than 

half-century period when hemp was not legal to grow. It is reasonable to expect 

hemp seed yields to increase at least fifty percent through plant breeding, 

approaching yields similar to those as soybean and exceeding canola.
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260 Hemp seeds can also be produced from dual-purpose seed and fiber varieties. 

These production systems have the economic benefit of producing materials of 

two market classes at the same time compared to single-crop hemp seed produc-

tion and thus have two income streams for producers. However, with present 

available varieties, hemp fiber quality is optimal sooner than grain maturity so 

there are trade-offs between the two harvested products when grown as a dual 

crop. Here too it is anticipated that plant breeding combined with discovery of 

optimal production strategies will lead to greater productivity. 

Hemp biomass for chemicals 

Biomass hemp emerged as a significant market class in just the past few years 

driven by the potential for great returns based on high sale prices of cannabi-

noids such as CBD. Rapid expansion in production was possible because the 

technology required to extract cannabinoids and other essential compounds 

was well understood, readily available, and relatively easily scaled for greater 

processing throughput. In addition to the cannabinoids, other secondary plant 

compounds such as terpenes and flavonoids that are produced in hemp have 

utility in the manufacture of flavors and aromas. Biomass hemp can be grown 

in systems that resemble scaled marijuana production out-of-doors or in con-

trolled indoor growing environments. Biomass hemp is mostly produced from 

plants grown from feminized seeds whereby clonally propagated female plants 

are chemically induced to produce male flowers that produce pollen that is 

genetically the same of the female plant and which when used to pollinate the 

female plants will produce seeds that only develop into seedless female plants. 

Out-of-doors production may be from widely spaced plants (4,400 plants ha-1) 

that grow as tall as 2 m to facilitate hand or mechanically assisted harvest for 

boutique usable (smokable) flower bud markets to more dense stands (11,000 

plants ha-1) suited specifically for mechanical harvest similarly as a corn silage 

crop. Much of biomass hemp is produced without use of pesticides because the 

products produced are directly consumed and agricultural chemicals have not 

yet gone through required regulatory testing and approval processes. Water 

and nutrient management practices are still being defined to optimize end-

product yield and quality and economic return. Harvested biomass must be 

dried before extraction of cannabinoids and other secondary plant compounds 

(essential oils). 

This chemical-type hemp sector has been volatile. Beginning in 2017 with 

an initial focus on CBD, chemical-type hemp production rapidly expanded, 

especially across North America. However, because of the lack of thoroughly 
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261thought-through business plans, incomplete supply chains linking produc-

tion to consumer markets, and regulatory uncertainty that limited market 

growth, the crop was over-produced, and the price of biomass and cannabinoid 

isolates became one-tenth of earlier values. As a result, production dropped 

off after 2019 as rapidly as it had increased after 2017. It is anticipated that as 

regulatory uncertainties are resolved and a more dependable markets evolve 

and production will more accurately reflect demand.

Hemp biomass for protein 

With the expanded production of hemp biomass has come the concurrent gen-

eration of biomass byproduct needing disposal after cannabinoid extraction 

– post-extraction biomass. Other major agricultural commodities have devel-

oped markets for byproducts that are concurrently produced during processing 

to increase economic returns to producers and processors. Examples include 

distiller dry grains that remain after corn starch ethanol production and the 

meals that remain after the extraction of oils from canola and cotton (Gossyp-

ium hirsutum L.) seeds. In addition to valuable extracted primary products, the 

bulk of byproduct remaining is then commonly utilized as diet components 

in livestock feeding operations. The same potential is being investigated for 

post-extracted hemp biomass as a livestock feed protein supplement that can 

be substituted for high-quality alfalfa (Medicago sativa L.). Post-extract hemp 

biomass has a nutritive profile of 19-21% protein and a very desirable omega-3 

to omega-6 fatty acid ratio of <1. Prior studies indicate that hemp byproducts 

are generally considered safe to be used in diets of livestock including cattle, 

sheep, hogs, and poultry, however have yet to be legalized by regulators for 

feeding to animals that produce products that enter the human food chain. 

Data on feeding research is underway to inform the process of approval for the 

consumer safety of animal products as well as on the performance and health 

of livestock and poultry.

Looking to the future, post-extracted hemp biomass could similarly be 

utilized as other commodities such as corn and soybean in multiple-step sys-

tems for materials extraction processes for producing multiple value-added 

byproduct streams. Such an integrated biorefinery approach utilizes the raw 

materials for the production of biobased value-added biomolecules such as 

biopigments, biopolymers, biosurfactants, and nutritional product precursors. 

The intention for doing so would be for these many materials to be used in the 

production of new food and feed, chemical, and pharmaceutical products. The 

structural constituents of the hemp plant such as lignocellulosic and starch 
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USA
China

Canada

Figure 2: The relative 
world production 
of all hemp market 
classes combined. 
Approximations are 
from available 2017 
to 2019 data and 
not all countries that 
produce hemp may be 
represented. Data are 
from USDA Foreign 
Agricultural Service 
reports and other 
popular sources.

Figure 3: World hemp 
seed production in 
2019. Total production 
is estimated to be 
114,000 metric tons. 
Not all hemp seed 
producing countries 
may be shown. Data 
are from USDA Foreign 
Agricultural Service 
reports and other 
popular sources.
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263could also be utilized with the intent of creating no-waste products from pro-

cessing chains to increase the feasibility of the entire system.

Challenges to reaching full potential 

During the period until recently that international treaties and national laws 

restricted the production of hemp, other commodity food and feed crops ben-

efited from the science, business, policy, and market innovations that greatly 

increased agricultural productivity and provided opportunities for new prod-

uct development that reaches consumer markets world-wide. The recently 

re-established hemp industry needs to advance at an accelerated pace to 

compete with already established commodities and their products. This will 

require investment and research in every aspect of supply chains, just as has 

been done for other protein crops over the past 80 years. 

Given the present, relatively insignificant contribution of hemp to the total 

amounts of protein produced from major commodities produced around the 

world, significant market demand needs to be developed for all hemp prod-

ucts based on superior verified quality and performance characteristics and 

consumer preferences. Hemp can be grown widely under many kinds envi-

ronmental conditions, but there is a general lack of knowledge on where the 

different hemp market classes can be optimally grown, and how these should 

be sustainably incorporated into established production systems in ways that 

do not disrupt existing markets. Production statistics need to be established 

to document the production costs and value of hemp products to establish 

Crop Yield 
(metric tons/ha)

Hemp 1.2-1.7

Canola 1.92

Corn 5.89

Peanut 1.63

Rice 4.60

Soybean 2.70

Wheat 3.51

Table 1: Typical range of hemp seed yields† compared with world average yields 
of six common food crops.‡

†  Courtesy, Robert Pierce, University of Kentucky, National (U.S.) hemp grain and fiber yield trials  
(2022, personal communication. 

‡  USDA Foreign Agricultural Service. 2022. World Agricultural Production. https://apps.fas.usda.gov/ 
psdonline/circulars/production.pdf (verified: 30 July 2022)
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264 orderly markets and trade. Also, uneven regulatory barriers need to be over-

come for the approval of hemp and its byproducts as a source of unique protein 

for human consumption and as a high-quality feed for food animal livestock. 

Creation of significant new markets and consumer education are needed to 

increase the hemp market share as one of the many commodity contributors 

to meeting present and future world protein demand. 
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Cellular agriculture

David Welch 

Synthesis Capital 

T he demand for and consumption of animal-sourced food continues to 

rise. In high-income countries, meat, eggs, and dairy already occupy 

a large percentage of the average person’s diet. In low-income and 

middle-income countries, as wealth continues to increase, the demand for ani-

mal-sourced food shows no sign of slowing. As discussed extensively within 

this book, this upward trend pushes our food system further beyond planetary 

boundaries. As a result, the forms of agriculture we have relied on cannot meet 

both our goals for a sustainable food system and the rising demand for meat. 

The societal challenges and implications of this transition are considered in 

section 9 but a relatively new form of agriculture – cellular agriculture – may 

provide part of the solution. First coined in 2015, the term cellular agriculture 

describes the production of animal-sourced food products using cell culture.

Cellular agriculture encompasses two technologies – recombinant protein 

technology and cultivated meat – that are used to create animal-sourced ingre-

dients and food products. Recombinant protein technology is the production 

of proteins by combining DNA from at least two different sources. DNA for a 

specific protein of interest is inserted into a host cell – typically a bacteria or 

yeast – and large amounts of the protein are produced through fermentation. 

This allows researchers and companies to produce animal proteins important 

in food functionality such as whey, casein, gelatin, and myoglobin by using 

microbes as protein production factories. These proteins can then be added to 

plant-based meat, egg, and dairy formulations to improve their sensory and 
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nutritional properties, edging them closer to parity with their animal-sourced 

counterparts. In most cases microbes grown in large fermentation tanks are the 

cell factories for these proteins but engineered plants – which can benefit from 

the scale and economics of open field farming – are also being used. Chapter 1 

of this section takes us deeper into the science behind this exciting area of food 

ingredient innovation.

Cultivated (or cultured) meat technology uses stem cell biology and tissue 

engineering principles to produce real animal meat directly from animal cells. 

The ability to produce the same cells and tissues arranged in the same three-

dimensional structure as a piece of meat harvested from an animal but without 

the need to farm billions of animals each year is an enticing and appealing 

prospect. Because these products contain the same cells and tissues, propo-

nents claim that cultivated meat will be equivalent in taste and nutrition and 

potentially – by engineering the starting cells – superior to their conventional 

animal-sourced counterparts. Most scientists and entrepreneurs working in 

this field are using cells from the animal species that produce the food prod-

uct they aim to replace such as chickens, cows, and salmon. Chapter 2 in this 

section describes this science for both the production of livestock meat and sea-

food. Cellular agriculture also provides the possibility to produce meat sourced 

from animals we may not consume today on a regular basis, which have manu-

facturing efficiency, nutritional, or taste benefits. One example of this is insects. 

In comparison to the mammals and fish we farm and catch for food, insects are 

far better at growing and producing muscle proteins. Thus, we could apply the 

same tissue engineering principles used to turn animal stem cells into meat to 

insect cells, transforming them into a steak or fillet. By adding the appropriate 

ingredients during the manufacturing process, the resulting tissues could have 

the same flavours and nutritional properties as the meat and fish we consume 

today. Chapter 3 considers the technology of insect meat cultivation and the 

interesting questions surrounding eating meat that tastes like meat from one 

species but was derived from cells from another.

As with any new area of technology-centric innovation, the cellular agricul-

ture industry must solve significant cost, scale-up, and regulatory challenges 

before products are commonplace and an integral part of our food system. 

More research is required to solidify the sustainability benefits, broad con-

sumer acceptance, and societal questions surrounding the desirability and 

health of a larger range of food products made using cellular agriculture. Most 

importantly, we need technologies that can accelerate the global protein transi-

tion today. 

Despite these challenges, the potential of cellular agriculture to transform 

our food system by working together with the stakeholders developing and 
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improving other protein sources and pathways of technical and societal change 

described in this book is immense. The rapidly growing pool of talented 

research scientists, including the authors of the following chapters, continue 

to push the boundaries of this technology. Importantly, more research is being 

performed and more startups are being formed outside the US and Western 

Europe and there is an increasing amount of work to develop hybrid products 

– cellular agriculture produced ingredients blended with conventional ingre-

dients – that can deliver on taste and cost while improving environmental 

impacts. Cellular agriculture is not the single solution to our food system chal-

lenges but, after reading this section, it is hard to imagine a successful protein 

transition without it.



272 Lab-grown food? The precision  
fermentation approach 
Etske Bijl and Julia Keppler

Department of Agrotechnology and Food Sciences, Wageningen University  

& Research

Is lab-grown food our future? Microbes that produce milk and egg 

proteins have become a hot topic. Popular names like precision fermen-

tation, brewed or animal free are on everyone’s lips. But what is actually 

behind this technology? How realistic is it to make a complete animal 

food product from it and most of all, are we ready for this?

P recision fermentation describes the use of microorganisms grown in 

fermenters to produce proteins. In recent years, this technology – also 

known as recombinant protein technology – has been used to produce 

animal-identical food proteins (e.g., gelatin, milk proteins or egg proteins). A 

major advantage of recombinantly produced proteins is that they have simi-

lar or even an improved composition compared to the original food proteins. 

These recombinant proteins could be used to produce milk, cheese, eggs, and 

other animal-based foods that have the same taste, texture, and nutritional 

value as their conventional counterparts, but without compromising animal 

welfare and with a smaller carbon footprint. 

While this may sound like a vision from the future, it could become reality 

in just a few years. However, there are still technological challenges to over-

come because the path from individually produced proteins to food products 

is quite complex. Alongside this, questions remain on how broadly consum-

ers will accept food produced using recombinant protein technology and how 

these ingredients and food products will be regulated and labelled in differ-

ent regions of the world. Finally, societal and ethical considerations, such as 

the possible disruption of traditional livestock farming should be taken into 

account.

Before we delve further into the challenges, let’s take a closer look at the 

technology behind the food made from recombinant proteins in the following 

section.



273Recombinant technology: how does it work?

Modern genetic engineering can make single-celled organisms produce almost 

any type of protein, including structurally modified enzymes, vaccines or even 

food proteins: modified genes (recombinant DNA) are inserted into fast-growing 

host organisms such as bacteria, fungi or yeasts so that the desired proteins are 

produced by these organisms. This technology has been used for many years 

to prepare hormones such as insulin, more effective and temperature-stable 

enzymes in detergents, and even a lab-grown variant of chymosin. The latter is 

an enzyme that was originally extracted from calves’ stomachs and tradition-

ally used in cheese production. Another example from the food industry that 

has become well known is the recombinant production of soy leghemoglobin, 

found in the root nodules of soy plants. Due to its striking resemblance to 

bovine myoglobin in colour and taste, it is used to improve the sensory attrib-

utes of a plant-based burger available in multiple countries. More recently, 

companies have introduced other animal-based proteins, including myoglobin 

and whey, to the US market. And as costs for precision fermentation decline, 

it becomes easier to imagine a wide selection of mass-produced recombinant 

milk, egg, and meat proteins in food products around the world. 

Finding the right host organisms – bacteria, yeasts  
and fungi

Different strains of host organisms can be used for the production of ani-

mal-identical proteins. The prerequisite is rapid multiplication and a high 

growth density in order to generate sufficient protein per litre of fermentation 

medium. The production quantities of these proteins range from milligrams 

to grams per litre, depending on the host organisms and the complexity of 

the protein to be produced. So, it is not surprising that countless strains of 

bacteria, yeast, or fungi have been tested as host organisms for recombinant 

protein production. Another issue is that some approaches to produce animal 

proteins in microbes can lead to changes in the protein structure. The reason 

for this is that many microbes have a different ‘language’ than animal cells, 

which can lead to a different protein sequence. In addition, many food-relevant 

proteins have complex three-dimensional structures, often formed through 

post-translational modifications (PTMs). PTMs are protein modifications that 

occur naturally after the production of the protein to finetune the structure, 

for example by attaching other molecules to the protein or by oxidation. Spe-

cific examples are structural modifications by disulphide bridging in the whey 
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274 protein beta-lactoglobulin or the attachment of phosphates in the milk protein 

casein. Incorporating these PTMs in the correct place in the protein is a signifi-

cant challenge and many microorganisms are not capable of this.

Thus, each production system has its advantages and disadvantages, and 

additional research is still needed to find the optimal strains and growth con-

ditions for different food proteins. Currently, several bacteria, yeast, and fungi 

are used most frequently for recombinant protein production:

• Bacteria: Many researchers have used bacteria such as Lactobacillus or E. coli 

as a model host organism. Although E.coli is quite infamous with respect to 

foodborne toxicity, it is frequently used for recombinant protein produc-

tion since its genome is well known, it grows rapidly and at high density, 

and is suitable for production of a wide range of proteins. Indeed, food-

related functionality such as emulsifying properties of recombinantly 

produced whey protein from bacteria have already been proven. Most mod-

ified recombinant E.coli strains are considered safe because of the absence 

of prominent toxin genes; however, E. coli not only produces the target 

protein, but a variety of its own natural products, among which are other 

proteins. Therefore, extensive purification steps are required to obtain the 

desired proteins which also limits the yield. 

• Yeast: Well-studied alternatives to bacteria are yeast-based host organisms 

(for example Saccharomyces Cerevisia, Komagataella sp, Pichia Pastoris). Pichia 

pastoris is known to be an excellent high-yield secretory production system 

and is for that reason currently studied for the production of various milk 

proteins (see highlight section below). However, some yeasts have a ten-

dency to bind carbohydrates directly to the proteins, thereby altering their 

functional properties. And similar to bacterial host systems, the extraction 

of the recombinant protein from all the yeast material requires intensive 

purification.

• Fungi: Filamentous fungi (for example Aspergillus, Penicillium, Trichoderma 

and Fusarium species) have been used for many years for citric acid and other 

small metabolite production. An advantage is that they can lead to high 

yields. However, several fungal varieties (as well as some yeast and bacteria) 

have the tendency to digest the excreted proteins, which can impact func-

tionality. The other main disadvantage is that they have limited capacity 

with respect to targeted attachment of carbohydrates for the production of 

glycoproteins. However, not all proteins need these carbohydrate modifica-

tions and fungi could be a promising route for their production, especially 

because fungi are relatively easy to modify.
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275Labgrown milk: from hostorganisms to a recombinant 
dairy product

Milk and other dairy products are key sources of nutrition throughout 

the world. Let’s have a closer look at the respective challenges of making 

whole dairy products out of individual recombinant milk proteins.

Cow’s milk, with an average protein content of 3.5% per L, is a com-

plex mixture that contains two main fractions of proteins; 20% are whey 

proteins (mostly the 3 nm sized beta-lactoglobulin) and 80% are caseins 

which are assembled in casein micelles (aggregates formed by thousands 

of individual caseins, salts, and water with an average size of 200 nm). 

The casein micelles in milk have a high volume (10% per L of milk) and are 

essential to the structure and function of many dairy products such as 

cheese and yogurt. Whey proteins such as beta-lactoglobulin are ingre-

dients of various food products, as they have good emulsifying, foaming, 

and gelling properties – the basic requirements for forming good food 

structures in yogurts, dressings, and drinks. While they can also signifi-

cantly contribute to yoghurt and milk texture, the casein fraction is most 

crucial for the mouth feel and creaminess in many cheeses and yogurts.

Recombinant whey products: The functionality of whey protein is the 

result of its three-dimensional structure, caused by the specific folding of 

the protein to create a unique secondary and tertiary structure. As men-

tioned above, depending on the host organism that is used to produce 

the recombinant variant, individual amino acids can be unintentionally 

changed through point mutations, carbohydrates can be attached to the 

protein, or the typical 3D folding cannot be induced due to disulphide 

bridge exchange. Although these changes seem minor, this can ultimately 

alter the functionality of the recombinant protein. Therefore, different 

production techniques are not only screened for their yield but also for 

their capacity to produce a protein with high ‘structural equivalence’ to 

the original protein, the so-called wild-type. Figure 1 from Keppler et al. 

2021 shows wild-type beta lactoglobulin isolated from cow’s milk (BLG 

green) and two different successful trials of recombinantly produced 

beta-lactoglobulin via the bacterium E.coli (rBLG B blue and sBLG B red). 

As can be seen, most of the structure of the protein is correctly folded 

in all variants, apart from the first three amino acids in the blue variant 

(indicated as the N-terminal part in the figure), which contain unavoid-

able mutations. Despite these minor variances, the physicochemical 

L
A

B
-G

R
O

W
N

 F
O

O
D

?
 T

H
E

 P
R

E
C

IS
IO

N
 F

E
R

M
E

N
T

A
T

IO
N

 A
P

P
R

O
A

C
H

 



276

properties and emulsifying properties of the three protein variants are 

more or less similar, which is a promising result for recombinant dairy 

product production.

• Recombinant casein micelles

While the technology for production of recombinant whey proteins has 

already advanced, production of casein micelles is still in its infancy, due 

to the complexity of the micelle structure. In contrast to whey proteins, 

the caseins have little secondary and tertiary structure but are connected 

by specifically placed phosphate ions and calcium (calcium phosphate 

nanoclusters) into a complex quaternary structure. Using precision fer-

mentation, individual caseins can be produced. In order to form the 

calcium phosphate nanoclusters, alpha and beta caseins need to have a 

phosphate group attached to them via phosphorylation. This post-trans-

Figure 1: Overlay of two recombinantly produced variants of beta-lactoglobulin 
(BLG) in E.coli (rBLG B in blue and sBLG B in red) with the original BLG from 
bovine milk (green). As can be seen, the overall structure is quite comparable, but 
the blue variant has an extended N-terminal part, because several amino acids 
were mutated there (Keppler et al., 2021).
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Figure 2: Schematic representation of a casein micelle in cow’s milk. Three types 
of caseins, alpha_s1- (αs1), alpha_s2- (αs2), beta- (β), form the inner structure 
of the micelle together with calcium phosphate salts, also known as calcium 
phosphate nanoclusters. Kappa- (κ) caseins stabilise the surface of the micelles. 
From Hettinga, K. and Bijl, E. (2022)

Calcium phosphate nanocluster

αs1-casein, αs2-casein,
β-casein and κ-casein matrix

κ-casein on michelle surface

lational modification of the caseins is one of the current challenges for 

precision fermentation. In addition, the right processing conditions need 

to be found to assemble the individual caseins into stable casein micelle-

like structures. Currently, consortia of researchers, industry and societal 

stakeholders are investigating ways to recombinantly produce individual 

casein variants and determine optimal processing conditions in order to 

create casein micelle-like structures.

• The recombinant dairy product

Is recombinant production of proteins then already half the way to a 

dairy product? As discussed, recombinantly produced whey proteins can 

already replace the functionality of animal-derived whey protein, and 

with further research it will likely be possible in the coming years to also 

produce more complex structures such as casein micelles.
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However, animal products consist not only of proteins and protein-based 

structures, but also of specifically structured animal fat (e.g., milk fat 

globules), which must be replaced by using synthetic lipids or vegeta-

ble fat, which might affect the texture, taste and nutritional value of the 

product. Other ingredients such as carbohydrates (milk lactose), minerals 

(calcium, magnesium) and vitamins can be replaced more easily because 

they are inorganic and less structured. Overall, the examples highlight 

that there is still much research needed, but initial studies suggest that 

recombinant dairy products can play a significant role in the global pro-

tein transition over the next decade. 

In addition to recombinant protein technology, stem cell biology and 

tissue engineering are also being explored for the production of dairy 

alternatives. Bovine and human mammary epithelial cells have been 

cultured by several groups and induced to produce milk via stimulation 

of the hormone prolactin. This method has potential advantages over 

recombinant protein production as complete milk is produced, rather 

than individual milk proteins. However, the research is still in its infancy, 

and it is unclear if cell-cultured milk will be scalable, cost effective, and 

accepted by consumers. Chapter 2 in this section explores the use of this 

technology for meat and seafood productions. 

Are we ready for the recombinant food products of the 
future? Benefits and bottlenecks

What are the benefits of recombinant technology and what is needed to bring 

the products that are produced to market?

Feed: Let’s start with the feed for the microorganisms. Similar to animals, 

microorganisms also need nutrients to grow and produce building blocks for 

the engineered proteins (i.e., carbon, nitrogen, and other components). Cur-

rent assumptions are that a circular approach through the use of side streams 

(e.g., food waste, CO2) for growth media will have a strong positive effect on 

the overall footprint of the technology. However, variations of the side stream 

composition will likely affect the performance of the microorganisms and will 

need to be controlled. Therefore, research is needed on the use of sustainable 

nitrogen and carbon sources and possibilities of using such side streams in pre-

cision fermentation. 
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279Fermentation and downstream processing: From a technological per-

spective, production of recombinant food proteins is still in an early stage, 

although much knowledge and experience has been derived from pharmaceu-

tical applications. Appropriate host organisms need to be found and selected for 

large-scale expression and secretion of proteins with desired modifications at a 

high yield. During the fermentation process, water, gasses and energy (to keep 

the temperature stable) are necessary to provide favourable growth conditions.

Once the fermentation process is complete, the proteins must be removed 

from the fermentation broth. Processes need to be developed for cost-effective 

isolation of the proteins in sufficient purity. While high purity pharmaceutical-

grade purification may not be necessary, impurities such as cell wall materials 

and host cell proteins could affect the functional properties of the protein. 

Moreover, a less stringent purification process could introduce food safety 

concerns (e.g., allergenicity, presence of nucleic acids, potential toxicity). As a 

result, structural equivalence and safety will need to be proven for each protein. 

As only limited scientific research on the topic is available, increased invest-

ment in this emerging field is necessary. And finally, the upscaling to industrial 

level will bring new technical and supply chain challenges that could impact 

costs. 

Functionality: A similar functionality to animal proteins is key to the success-

ful production of dairy, egg, and meat products from recombinant proteins. As 

described above, structural deviations can affect the functionality range of the 

proteins and it remains to be proven if the individual components can form 

similar textures as animal proteins with respect to complex matrixes such as 

cheese (see highlight section). However, given the experience with plant pro-

teins in that area, it is highly likely that advances will be made with sufficient 

research. Last but not least, the proteins are considered to have similar amino 

acid profiles and digestibility to animal proteins, which is a major advantage 

over proteins from plants and fungi from a nutritional perspective.

Sustainability: The environmental footprint of recombinant dairy products 

can only be estimated at this stage, because the required technology has not 

been sufficiently upscaled for mass production. There are several optimistic 

estimations on the impact of precision fermentation on land, water, and energy 

consumption, but the scenarios vary broadly based on the assumptions used 

in the analyses. One advantage of recombinant protein production is that fer-

mentation itself requires less land than animals or plants. In addition, it is less 

dependent on climate and geography than the production of animal or plant 

proteins, as only a reactor/fermenter, feedstock (including carbon and nitro-
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280 gen), and energy are required for the growth of the host organism. Although it 

must be kept in mind that the production of carbon and nitrogen to cultivate 

the microorganisms must be included in sustainability calculations. However, 

compared to animal protein production, the production rate of microorgan-

isms is exponentially higher, protein quality is subject to minimal variation, 

and since no animals are involved, no antibiotics are used that can lead to 

resistance in humans. 

Regulation: Although recombinant protein technology is generally consid-

ered safe and used for many non-food applications, additional regulation is 

necessary for food applications. Worldwide, each jurisdiction assesses, regu-

lates, and labels recombinant protein ingredients for food applications in 

different ways. Currently, several food products have obtained GRAS status in 

USA (generally recognised as safe), for example recombinantly produced soy 

leghemoglobin with similar organoleptic properties to animal-derived myo-

globin used in the Impossible Burger and the recombinantly produced whey 

proteins manufactured by Perfect Day. In Europe, recombinant proteins are 

subject to novel food legislation, but no approved food applications using 

recombinant proteins have yet been documented at the time of writing. No 

genetically modified RNA is allowed in the product (GMO), which ultimately 

affects the level of downstream processing required to purify the proteins (see 

section ‘Fermentation and downstream processing’). Furthermore, it is not 

completely clear how products will be labelled, as the labelling of dairy prod-

ucts (for example milk) is subject to strict rules in European countries. Multiple 

jurisdictions are establishing regulatory guidelines for these products, and we 

expect many recombinant proteins and fats to be approved for sale in multiple 

regions in the world in the near future.

Acceptance of the technology: How society (consumers, farmers, and other 

stakeholders) will respond to this technology and recombinant food products 

will be one of the essential questions for the coming decade. Will consumers 

accept the fact that microorganisms have been genetically modified to pro-

duce animal proteins? What will a successful introduction mean for farmers 

and their livestock? These questions need to be addressed before the ultimate 

potential of the technology can be assessed. A recent study (Zollman et al., 2021) 

that found a high level of consumer acceptance for animal-free dairy cheese 

across multiple countries (78.8% of consumers would probably or definitely 

try recombinant cheese) and the commercial success of the Impossible Burger 

and Perfect Day ice cream (both containing recombinant protein ingredients) 

suggest many consumers will buy and eat these products. 
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281With the current advances in recombinant technology, producing meat, egg, 

and dairy analogues containing recombinant ingredients seems technically 

feasible. Successful production of these foods has the potential to result in 

similar amino acid profiles and functionality as the original animal-based 

food without compromising animal-welfare.  But whether the products can be 

manufactured on a large scale and cost-effectively, and whether society gener-

ally accepts them, are questions for the (near) future.
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Industry interview with  
Dilek Uzunalioglu, Senior Director, 

Food Discovery and Design,  
Motif FoodWorks 

PLANT PROTEINS  
FROM AGRICULTURAL 
WASTE STREAMS AND 

PULSE CULTIVATION



“
“Get out of your comfort zone and explore 
new technologies”

Making plant-based foods that people crave is the mission of Motif 

FoodWorks. The US-based company uses the latest precision fermenta-

tion technology and material sciences insights to dramatically improve 

the sensory and nutritional qualities of alternatives to meat and dairy. 

Dr Dilek Uzunalioglu, Head of Food Applications, knows all about it. 

“T he current generation of plant-based foods has taste, texture and 

flavour issues, preventing people from integrating them into their 

diets,” says Uzunalioglu. The plant-based food market grew by 27% 

to USD 7 billion in 2020 –nearly double the growth rate of US general retail 

food sales during the same period. “But even with that growth, existing plant-

based alternatives have critical consumer-experience gaps, especially in taste 

and texture. Many dairy alternatives contain, for example, coconut and starch, 

but these ingredients won’t deliver the right mouthfeel and creaminess,” she 

stresses. “Two out of three Americans say they would be willing to replace meat 

with more plant-based foods if the latter tasted better than they currently do.”

Craving for plant-based

That’s why Motif – founded in 2018 as a spin-off from Ginkgo Bioworks – aims 

to make plant-based so appealing that people actually crave for them. “We are 

using a new food sciences and design approach, along with novel technologies 



285developed through precision fermentation and material sciences,” Uzunali-

oglu explains. 

Motif focuses on four areas: meat alternatives, dairy alternatives, plant-

based performance and nutrition, and new food forms. She continues, “In the 

field of meat alternatives, we are working towards rich, satisfying flavours with 

meaty texture and juiciness, along with enhanced fat, salt and protein quali-

ties. We’re pushing the boundaries of proteins to deliver exceptional results in 

taste, appearance, texture and nutrition without the use of animals.” 

Umami flavour and meaty chew-down

The first product derived from Motif’s pipeline is a muscle protein that pro-

vides the rich umami flavour and mouth-watering aroma associated with beef. 

The muscle protein, introduced onto the market at the end of 2021, is produced 

through precision fermentation. 

A second technology, launched in 2022, delivers real, meaty chew-down 

and juiciness. “We have been able to replicate the texture of animal connec-

tive tissue using plant proteins and plant-based carbohydrates,” Uzunalioglu 

explains. Motif also has exclusive access to an extrudable fat technology that 

replicates animal fat, allowing for more authentic fat textures, such as mar-

bling, in plant-based meats, in combination with low levels of saturated fat. 

In dairy alternatives, the aim is to create rich and creamy plant-based milk 

options with a smooth mouthfeel, as well as plant-based cheese that melts and 

stretches like ‘real’ cheese. “We’re breaking new ground, using corn-prolamin 

technology and precision fermentation to create the desired textures, and 

animal-free dairy proteins, respectively,” she says. “We have raised USD 226 

million in Series B Funding –a record amount for a food-tech company –which 

will help us accelerate our plans in these, and other, areas.” 

Moving fast

When Motif set out to revolutionise the plant-based industry, the team already 

knew traditional timelines wouldn’t suffice –they had to move fast and collabo-

rate with leading universities. “But when we kicked off our work in 2019, we 

never anticipated that the following year would bring the COVID pandemic, 

throwing a curveball into our accelerated innovation timeline,” Uzunalioglu 

smiles. 

https://madewithmotif.com/2021/06/16/motif-foodworks-announces-226-million-series-b-funding-round/
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”

After stay-at-home COVID orders went into effect, Motif’s R&D team packed 

the little equipment they could move, and set up shop in their home kitchens. 

Working with limited kitchen space, the team had to get creative in testing 

their ingredients in different formulations: for example, an at-home Thermo-

mix appliance became a critical tool to weigh, mix, hydrate and homogenise 

the ingredients during development. Even without texture analysers and the 

equipment needed to explore the physics of how each ingredient behaved in 

different formulations, Motif was able to stay on track and continue to innovate 

during a year when many similar companies had to roll back their R&D efforts. 

Making smart combinations

At Motif they firmly believe that plant-based food can generate passion like 

any other food – not only among vegans and vegetarians, but also among 

mainstream consumers – and that plant-based choice should be limitless. 

“You cannot replace all the animal protein in one day, but you can improve 

the functionality of current plant proteins like pea and soy, and make smart 

combinations,” Uzunalioglu stresses. 

According to the Head of Food Applications, the whole industry needs to 

solve the taste and eating-experience gap in plant-based in order to establish 

a global protein shift. “The food industry, traditionally, has been slow when it 

comes to innovation, and ‘urgency’ often translates to five-year R&D timelines. 

That means if the industry wants to solve the key challenges in taste, texture 

and nutrition facing today’s plant-based foods, it’s already behind schedule,” 

Uzunalioglu says. “We’re working to change that.” 

Out of your comfort zone

Get out of your comfort zone, don’t stay locked into one technology, and find 

innovative partners to collaborate with, is Uzunalioglu’s advice to other com-

panies. “Otherwise, you’ll be a hammer constantly looking for a nail,” she adds. 

“At Motif, we were spun out of Ginkgo Bioworks specifically to build on their 

precision fermentation technology. It’s an incredibly powerful tool that can 

help solve a many of the problems associated with plant-based foods –but not 

all of them. That’s why we are constantly and rapidly enlarging our scientific 

toolbox and our network in order to incorporate other approaches to solve even 

more of the issues that accompany most plant-based foods.”



287Biosynthesis: livestock tissue culture

N. Stephanie Kawecki and Amy C. Rowat 

Integrative Biology and Physiology, University of California Los Angeles

Livestock animals are a primary source of protein for consumption 

around the world; however, the mass production of livestock is a major 

environmental burden. Cultured meat, or the engineering of livestock 

tissue in vitro, is emerging as a potential sustainable protein source. But 

can this be an accessible, cost-effective protein alternative?  

C ulturing meat in a bioreactor has potential—as shown by life cycle 

assessments (LCAs)—to significantly reduce land use and greenhouse 

gas emissions compared to conventionally produced beef (Mattick et 

al., 2015; Sinke et al., 2021), which has the highest environmental footprint of 

all livestock animals (Gerber et al., 2013).  There are currently dozens of com-

panies working to bring cultured meat products to market and increasing 

academic research efforts around the world. But can cultured meat be a desired 

protein alternative that is feasible and cost effective to produce?  

The process of culturing meat involves growing animal cells derived from 

tissues of interest in vitro in a vessel—commonly called a bioreactor—in the 

presence of cell culture medium that contains essential amino acids, sugars, 

and other nutrients to support cell growth. To further support and guide 

the growth of cells into tissue, animal cells are typically grown on a matrix, 

or scaffold, which provides a substrate for attachment and can contribute to 

developing 3D-cultured meat structure.

Technoeconomic analyses (TEA) have shown that cultured meat has poten-

tial to be an economically feasible protein alternative if sustainable energy 

sources are used for production, such as solar power (Vergeer et al., 2021). To 

ensure the scalable and cost-effective production of cultured meat, TEA also 

identify that advances in culturing efficiency will be needed, including strat-

egies to generate cells with high proliferative capability, reduce the cost of 

media, and scale up cultured tissue growth in bioreactors. 

Generating cells with high proliferative capability. Isolating cells from a tissue 

biopsy is a common strategy to source livestock animal cells, which provide the 

basis for cultured animal tissue. Muscle, fat, and connective tissue are desired 

components of cultured meat, which can be generated from cells isolated from 

a tissue biopsy. Precursor cells—such as muscle satellite cells or pluripotent 

stem cells—can serve as starting materials to engineer cultured meat given 

their ability to mature into varying cell types that are components of muscle, 



288 fat, and connective tissue. Yet, even if the cell type of interest is successfully 

isolated, it is critical to develop cell lines that can propagate in culture; to scale 

up production with maximum efficiency and quality control requires cell lines 

that maintain genetic and phenotypic stability over dozens of divisions. How-

ever, livestock animal cells often show reduced proliferation after ~10 passages. 

One strategy is to maintain cells in culture and select for cell populations that 

spontaneously immortalize, and thus have unlimited doubling potential. 

Another option is to immortalize cells by genetic engineering (Post et al., 2020), 

but some consumers might be deterred by a genetically modified product.

Reducing the cost of media. To bring production to scale and maximize impact, 

there is an urgent need in the field to develop media that does not contain 

expensive, animal-derived serum, which is commonly used to promote the 

growth of animal cells in culture. One promising strategy is to identify factors 

that support the proliferation of cells without animal serum; for example, by 

screening for naturally derived molecules that can stimulate cell growth path-

ways, or by engineering recombinant growth factors or peptides, which could 

be supplements to cell culture media (Post et al., 2020). Cell proliferation could 

also be enhanced through a co-culture system where growth-promoting factors 

are secreted by another cell type into the culture medium. Another approach is 

to evolve cells to reduce and ultimately eliminate their dependence on serum 

and/or exogenous growth factors. Since meat texture and flavor are primary 

consumer concerns, it will also be critical to consider how media additives will 

affect the color, flavor, and nutritional composition of livestock-cultured meat. 

Scaling up cultured tissue growth in bioreactors. Cultured meat palatability and 

cost are two major concerns for future consumers, so developing culturing 

methods to optimize for these two parameters will be crucial for public appeal 

(Tomiyama et al., 2020). In living animals, nearly all cells attach to extracel-

lular matrix, which enables muscle cells to ‘flex’ in a natural way and generate 

biological tension. Since most mammalian cells in meat are naturally adherent, 

tissue engineering for muscle regeneration has focused on developing scaffolds 

to promote muscle growth and differentiation. For scaled-up cultured meat 

production, a promising strategy is to use large-scale bioreactors similar to 

those already used in the food and pharmaceutical industries. A sought-after, 

scalable approach is to grow precursor muscle cells in a suspended state in a 

bioreactor, which can be achieved by growing cells on the surface of microcar-

rier scaffolds or in aggregates where cells are adhered to each other. While such 

approaches are supporting progress towards ground meat products, methods 

to achieve the ‘holy grail’ scaled-up production of structured cuts of meat, such 

as a marbled steak, are still in early development. Bottom-up approaches, such 

as 3D printing, have recently been used to engineer a marbled steak (Kang et al., 
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2892021).  However, 3D printing of meat products has not yet reached scalable pro-

duction. Growing thicker, ~cm cuts of meat with complex features of a steak 

that come from multiple cell types – like fat marbling and connective tissue – 

will also be challenged by the lack of vasculature. In vivo, vasculature allows for 

the transport of oxygen, nutrients, and waste byproducts across the ~cm length 

scales of tissues. However, building a network of vessels is difficult to achieve 

in vitro and engineering thicker cuts of cultured meat will require innovations 

in bioreactor and/or scaffold design. Another major question that will need to 

be considered is the extent to which cultured meat will need to replicate func-

tional features of muscle – such as contractility or force generation – for desired 

texture and flavor. To have maximum impact, any strategy to produce cultured 

meat needs to be cost effective.

Despite the current challenges in the field, there have already been sig-

nificant advances in livestock tissue culture. In 2013, the first cultured beef 

burger was presented by Mark Post and his team which cost approximately 

USD 325,000. Fast forward to 2020, and people in Singapore are buying GOOD 

cell-cultured chicken bites launched by Eat Just at a significantly lower cost of 

USD 23 (GFI State of the Industry 2020). Significant financial investments in 

the field also reflect the intense efforts in the space: in 2020 alone, hundreds of 

millions of dollars (USD) were invested in livestock cell-cultured meat compa-

nies. There are now dozens of companies currently engaged in the race to bring 

affordable cultured meat to market. 

Cultured seafood

Claire Bomkamp

The Good Food Institute

Cultured seafood is expected to follow the same general production pro-

cess as cultured terrestrial meat. However, biological differences between 

these groups imply that cultured seafood will present both opportuni-

ties and challenges relative to terrestrial meat. There is also a relative 

lack of foundational research in this area, as tissue engineering of ter-

restrial mammals has already received a great deal of attention from the 

biomedical research community. Cultured seafood also offers additional 

benefits related to biodiversity and global food security.

Several companies and researchers are pursuing the goal of produc-

ing cultured seafood (Liu et al., 2022, Saad et al., 2022). While the overall 
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production process can be assumed to be roughly similar to that for 

cultured terrestrial meat, some key differences between aquatic and ter-

restrial species are worth considering.

Relative to mammalian cells, cells from many seafood species tend 

to be more tolerant of variability in oxygen levels, pH, and temperature 

(Rubio et al., 2019). In addition, cells from some aquatic species are more 

likely to spontaneously immortalise, allowing for continuous growth over 

many doublings without the need for genetic modification. This differ-

ence is believed to be related at least in part to higher expression of the 

enzyme telomerase in adult animals (Rubio et al., 2019).

Despite these advantages, seafood cell culture is not without its chal-

lenges. These include slow growth rates in some fish cell lines. In addition, 

while an extensive body of mammalian biomedical tissue engineering 

literature already exists, tissue engineering of fish and other aquatic 

animals has essentially not been attempted outside of efforts to create 

cultured seafood. Methods for fish cell culture have been established 

and used extensively to study pathogens that threaten aquaculture. 

However, research into fish cell culture generally is much less advanced 

than mammalian cell culture. The consequence is that the development 

of cultured seafood must start nearly from scratch. A great deal of fairly 

basic research aimed at developing suitable cell lines and optimising cell 

culture methods remains to be done.

Long-chain omega-3 fatty acids and the carotenoid astaxanthin are 

found at high levels in many marine fish species but are primarily taken 

in through algae and bacteria in the fish’s diet (The Good Food Institute, 

2021a). To match the organoleptic and nutritional properties of conven-

tional seafood, large-scale production of cultured seafood will need to 

be accompanied by the development of a scalable and robust supply 

chain for these inputs (The Good Food Institute, 2021a). Because the 

3-dimensional structure of fish muscle differs substantially from that of 

mammalian or avian muscle (Listrat et al., 2016), achieving the desired 

organoleptic properties in whole-cut cultured fish will also require scaf-

folds designed with these constraints in mind (The Good Food Institute, 

2021b).

Although the development of cultured seafood – as with cultured 

meat generally – will depend on researchers’ and companies’  ability to 

overcome several complex challenges, the potential benefits of this tech-
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291
nology are substantial. In addition to many of the same environmental 

concerns described for terrestrial meat, conventional seafood production 

is associated with overfishing and loss of biodiversity. In turn, declines in 

fish stocks related to fishing compromise food security for coastal com-

munities (Cabral et al., 2019). As our global food system continues to be 

threatened by climate change and increased demand for animal protein, 

novel methods for sustainable production of high-quality, delicious sea-

food will be essential.
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292 While current production costs are orders of magnitude higher than conven-

tional meat production and there are still unresolved questions about the 

economic feasibility of cultured meat, there is potential for cultured meat to 

be a cost-effective protein alternative. Recent TEA based on data from 16 com-

panies across the industry projects that future economies of scale will enable 

consumers to buy cultured meat at prices comparable to conventional meat by 

2030 (Vergeer et al., 2021). To achieve such cost reductions, the study also iden-

tified that replacing expensive growth factors—and ultimately eliminating 

the use of fetal bovine serum in growth media—should be a priority for the 

industry (Vergeer et al., 2021). While reducing cost is a key factor for consumer 

adoption, it will be pertinent to take a holistic approach to ensure cultured meat 

provides a sustainable source of nutritious protein that is accessible for all.

Towards a sustainable & equitable protein system in 2050

Cultured livestock meat has the potential to contribute to an environmentally 

sustainable protein production system, which can significantly reduce water, 

land, energy use, and greenhouse gas emissions, and also reduce the spread of 

antibiotic resistant bacteria and zoonotic diseases. Importantly, a complemen-

tary meat production method would protect against disruptions in the food 

supply chain that can result from epidemics or natural disasters that limit or 

halt production (Biggs et al., 2015). As cultured meat evolves from develop-

ment to production phase, the true sustainability and cost of cultured meat 

will be ascertained. Given the current high cost of production, initial cultured 

meat products are projected to be cultured/plant-based meat blends and will 

likely begin in the market as a specialty item, sold for a premium price and/

or served at select high-end restaurants. Analogous to the adoption of electric 

cars, consuming sustainable cultured meat may initially only be an option for 

those who can afford to pay higher prices. Ultimately, the goal is to ensure that 

cultured meat provides a sustainable protein option to all, regardless of eco-

nomic status.  

We envision that a cultured livestock meat product that is accessible to all 

will require advances in technology, regulatory approvals, and financial sup-

port for the industry. To achieve highly efficient and cost-effective production 

processes, technologies are needed to isolate and immortalize cell lines, to 

develop effective media formulations that do not use animal serum, and to 

enable scalable cultured meat production. Cost will also be a major factor to 

increase broad consumer adoption. Technological advances could significantly 

reduce cost; however, government subsidies or private investments could fur-
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293ther accelerate the transition of affordable cultured meat products to market. 

Given that the meat industry is heavily subsidized around the world, similar 

financial support would ensure the accessibility of cultured meat. From this 

perspective, it will be critical for investors, companies, researchers, govern-

ment, and regulatory agencies to align with a common goal of making cultured 

meat sustainable and accessible. However, even if we achieve the mass produc-

tion of affordable cultured meat, it will be crucial to produce delicious and 

nutritious products that consumers will crave. 

We envision that into the future consumers will have many options for 

delicious and nutritious protein alternatives, including cultured meat that is 

reliably and consistently available. Whether a consumer buys cultured meat 

from their local grocery store or craft meat brewery, or even grows meat in 

their very own home-meat-culturing system, the collective efforts of reducing 

dependence on conventional livestock agriculture will significantly reduce the 

environmental burdens of the livestock industry. We also envision that new 

career opportunities in the cultured meat space will engage workers from 

diverse backgrounds including the food, pharmaceutical, and biotechnology 

industries. Ultimately, our vision for the future includes a harmonious protein 

production landscape, where cultured meat technology can coexist with tra-

ditional agriculture systems to sustainably produce protein that is nutritious, 

delicious, and accessible for all.
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295Insect tissue culture

Natalie Rubio and Sophie Letcher

Department of Biomedical Engineering, Tufts University

We eat cows, pigs and chickens not because they are the tastiest animals 

– but because they are easy to domesticate. In the realm of cultured 

meat, what cell types will be readily ‘domesticated’? Insect cells might be 

an unexpected answer. 

T wo of the major current challenges in bringing cultured meat to market 

are the projected high cost of scaleup and difficulty in creating com-

plex structures that provide the sensory attributes of animal-grown 

meat. Insect cells present a cost effective, scalable, and easy-to-culture solution; 

they have already been cultured at large scale in other industries, and have a 

lot of inherent advantages (e.g., growth near room temperature, resiliency in 

culture, and adaptability to changing conditions) that may simplify the meat 

production process. The final product could be analogous to traditional meat 

products using the same cell types (muscle and fat), just from less conventional 

species. This chapter will address the current state of insect cell culture in the 

biotechnology field and highlight important considerations for applying this 

knowledge to cultivation of insect cell-based meat.

Technology

Entomoculture, a small but growing segment of cellular agriculture, is the mar-

riage of two future food trends: edible insects (i.e., entomophagy) and cultured 

meat (i.e., labriculture). Entomoculture refers to using cells from insects – as 

opposed to more traditional livestock species – to make cultured meat or other 

ingredients for food production1it is vital to accelerate the development of 

sustainable production methods for foods. Cellular agriculture presents an 

option, by using cell culture, as opposed to whole animals, to generate foods, 

including meats, eggs, and dairy products. The cost-effective scale-up of such 

cultured products requires addressing key constraints in core research areas 

(Rubio et al., Possibilities..., 2019).

Research and development of insect cells for basic research, recombinant 

protein production and soft robotics, along with findings from the field of 

entomology, point to the potential of insect cells for food applications (Rubio et 

al., 2020). Because Drosophila melanogaster (i.e., the common fruit fly) is a model 



296 organism to study cell development, there is extensive and detailed literature 

on insect genetics and muscle formation (i.e., myogenesis) (Gunage et al., 2017). 

Knowledge about the genes, proteins and phenotypes associated with muscle 

development in vivo is imperative for developing techniques to grow and char-

acterize insect muscle in vitro. The same can be said about fat. Insects have an 

organ called the ‘fat body’ which is analogous to both vertebrate adipose and 

liver tissue. 

When considering the development of entomoculture, insights gained 

from basic biology can be combined with adjacent biotechnology that already 

focuses on scale-up of insect cell culture. The recombinant protein production 

industry uses various cell types (e.g., bacterial, yeast, algal, fungal, insect, mam-

malian) to manufacture proteins for food, industrial and medical applications. 

For example, a vaccine (i.e., FluBlok) against the seasonal influenza, approved 

by the United States Food and Drug Administration in 2013, is produced in 

insect cells (Cox et al., 2015). Other therapeutics produced in insect cells include 

Cervarix (cervical cancer), Provenge (prostate cancer) and Glybera (familial 

lipoprotein lipase deficiency). Because these products must be produced in 

large quantities for widespread use and distribution, there are established sys-

tems and technologies to support large-scale insect cell culture. These existing 

systems can be adapted to enable large-scale cell culture of insect muscle and 

fat body cells for the generation of meat analogs or other food products. In 

addition, there are already multiple off-the-shelf serum-free medium formula-

tions, as well as defined recipes for in-house media formulations for insect cell 

cultivation. Along with insight regarding cell isolation, culture and scale-up, 

there is also existing knowledge on tissue engineering of insect muscle from 

the bioactuator (robotics powered by living muscle) field – which is necessary 

to transform unstructured biomass into textured outcomes for more palatable 

meat analogs (Baryshyan et al., 2012, Baryshyan et al., 2014). Lastly, attributable 

to the edible insect farming industry, there is a plethora of data regarding the 

nutritional profiles of insects which may correlate with the nutritional profiles 

of cultured insect cells and tissues (Rumpold et al., 2013).

Recent developments

Researchers from Wageningen University (the Netherlands) proposed grow-

ing insect cells for food in a 2007 review paper; citing nutrition, digestibility 

and customization as advantages of the approach (Verkerk et al., 2006). The 

progression of cultured meat technology led researchers at Tufts University to 

revisit this idea in 2019 with a nuanced view – that insect cells could be used 
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297to create, not just alternatives to protein, but alternatives to meat, by (1) target-

ing specific cell types (e.g., skeletal muscle, fat body) and (2) recapitulating the 

look, taste and feel of meat by adapting techniques for vertebrate tissue engi-

neering to areas (Rubio et al., Possibilities..., 2019).

This concept was simultaneously driven by advances in the field of bioactua-

tion, in which muscle tissue is cultured in vitro to create biological robots. For 

this application, insect muscle cultures are preferred over mammalian muscle 

cultures due to their ease of maintenance, high contractile force and robust tol-

erance to external factors (e.g., temperature, pH). Furthermore, the use of insect 

cells in established sectors of biotechnology, such as recombinant protein pro-

duction, has led to an extensive knowledge regarding insect cell metabolism 

and scale-up processes. The first proof of concept for entomoculture was pub-

lished in 2019, where adult muscle precursor cells from D. melanogaster cultured 

in serum-free media formed mature muscle via hormone supplementation 

and coupling with edible scaffolds composed from a fungal-based biomaterial 

(i.e., chitosan) (Rubio et al., In Vitro..., 2019). Other pertinent studies include 

nutritional analyses of edible insects, development of insect-derived fat tissue 

and co-culture systems for enhanced muscle formation. Interestingly, insects 

and crustaceans share a common ancestor and methodologies (e.g., medium 

formulations) originally designed for insect cell culture have been applied to 

crustacean cell types. As such, advances in entomoculture may contribute to 

the production of cell-based lobster, crab and shrimp.

Knowledge gaps

Entomoculture is a relatively new concept within the realm of alternative pro-

teins and many knowledge gaps remain surrounding large-scale, food-grade, 

and cost-competitive production. While a large body of literature is available 

concerning scale-up of certain species for other industries, the following areas 

must be addressed to enable widespread production and consumption of ento-

moculture products: 

Application of mammalian tissue engineering techniques towards insect cells: Intro-

duction of insect cells into the food system will require further adaptation 

of existing tissue engineering techniques to insect muscle and fat cells. For 

instance, the creation of a purely cell-based burger or steak would require inte-

gration of fat and muscle tissue, with muscle cells differentiated into muscle 

fibers that can recapitulate the texture of traditional products. While insect 

muscle and fat have been cultured at bench scale, there has yet to be a demo-
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298 scale prototype from which information on appearance, taste and texture of 

insect tissue constructs can be gleaned. However, not all product categories 

require tissue engineering. Entomoculture protein powder production would 

use existing techniques established by insect cell recombinant protein produc-

tion (without the expensive and complex purification processes) where instead 

the focus would be on ensuring that the utilized ingredients and processes are 

food grade.

Cost-effective and food-grade medium development: As with all cultured meat 

product development, a key consideration is the creation of a cost-effective, 

sustainable and serum-free cell culture medium. Luckily, many serum-free 

medium formulations are currently reported for various insect cell cultures. 

In general, insect media include basal medium with high concentrations of 

amino acids supplemented with protein extracts and lipid emulsions (Chan et 

al., 2016). Knowledge gaps in this area include comprehensive analysis of ingre-

dient supply chains, optimization of media for the growth and development 

of food-relevant cell types and studies on the relationships between medium 

composition and flavor and nutrition profiles.

Scaffolding fabrication and compatibility: Current 3-dimensional tissue constructs 

from insects have been primarily constructed for bioactuation purposes and 

most involve inedible materials (Baryshyan et al., 2014, Yalikun et al., 2019, Aki-

yama et al., 2013). Many promising biomaterials for scaffold fabrication have 

been characterized and are being explored in cultured meat contexts (Campu-

zano et al., 2019). Proof-of-concept studies have shown D. melanogaster cells can 

be adapted to fungal chitosan scaffolds – however confirmation of the com-

patibility of different cell types and species to edible scaffolds will be essential 

to creating more complex entomoculture products (Rubio et al., Possibilities..., 

2019).

Characterization of insect cell taste and nutritional profile: Although currently con-

sumed insects (e.g., crickets, mealworms) have been studied extensively and 

it is possible that cultured cells and tissues will correlate with data related to 

whole organisms, it will be important to generate flavor and nutrition data 

specific to in vitro insect muscle and fat (Kourimská et al., 2016). Comprehensive 

understandings of insect cell flavor, texture, and nutritional profile will not 

only be instrumental in creating favorable products but in gaining funding 

and acceptance in the scientific realm necessary for furthering the field.  
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299Insect-specific cost of goods and environmental impact data: Widespread consump-

tion of cultured meat products should be feasible if they are equal to or less 

expensive compared with traditional meat. While the relatively low media 

requirements and temperature adaptability of insect cells indicate that they are 

likely favorable compared with mammalian cells, data in the form of techno-

economic analyses will be essential to highlight the differences and identify 

any areas for focused optimization. Similar analyses comparing the projected 

environmental impacts of entomoculture against cultured meat from conven-

tional species as well as traditional meat production is also important.

Each identified knowledge gap is straightforward to address with similar 

research initiatives currently employed by conventional cultured meat prod-

ucts. Once the technical challenges have been addressed and data is available 

on nutrition and taste of insect cells, entomoculture will be well positioned to 

enter the commercial market.  

Consumer acceptance

In Western societies, a primary limiting factor for widespread cultured insect 

consumption is consumer acceptance – or the ‘yuck factor’ of eating non-tradi-

tional food sources. Barriers to consumer acceptance can be broken down into 

disgust and food neophobia (La Barbera et al., 2018). Disgust is an emotion 

based on implicit associations of food. Many people lump together insects with 

thoughts of death and decay, leading to a feeling of revulsion (Looy et al., 2013). 

Although disgust is recognized as a survival mechanism (such as avoiding rot-

ten food to protect against illness), many disgust triggers have been defined as 

cultural and arbitrary. Looy, Dunkel, & Wood (2013) argue that entomophagy 

disgust is a reflection of Western society’s desire to distinguish humanity from 

reminders of our animal nature – we readily consume fungi or marine scav-

engers (also associated with decay) but view insects as primitive food sources 

that threaten our cultural status (Looy et al., 2013). Although younger genera-

tions (especially those interested in sustainable diets) appear more willing to 

eat insects (Verbeke et al., 2015), worldwide consumption will require careful 

marketing and acknowledgement that the Western aversion to entomophagy 

is a complex issue of cultural identity. 

Food neophobia is fear of eating new or unfamiliar food products; caterpillars 

and crickets on a plate evoke anxiety whereas a beef burger or chicken breast 

evoke craving – despite the fact that crickets and caterpillars may be delicious 
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300 and nutritionally superior – simply because the former has not been incorpo-

rated into the Western diet. Survey results have shown that Western consumers 

rate food containing insects that doesn’t look like insects (e.g., pizza contain-

ing protein derived from insects) favorably, whereas dishes with visible insects 

(e.g., locust salad, fried mealworm) were not attractive (Schösler et al., 2012). 

When considering entomoculture, despite distinguishing insect cells from 

the organism itself, it’s possible that Western disgust will remain a barrier to 

widespread acceptance. However, food neophobia may be curbed by products 

that are analogs of traditional meat (chicken, seafood) as opposed to recreat-

ing the look of insects – especially considering that consumers that are willing 

to accept cultured meat are already venturing beyond familiar meat products. 

Key stakeholders 

Key stakeholders can be divided into (1) researchers in adjacent fields of insect 

culture that will benefit from advances in culturing insect cells and (2) inves-

tors, researchers, and consumers in the cultured meat realm. As previously 

outlined, insect cell culture is not a novel concept. Research in the fields of 

bioactuation and recombinant protein/vaccine production have capitalized 

on insect cells’ efficiency and cost-effective large-scale production since the 

mid-1900s (Lynn, 1996). Addressing the issues outlined above in media devel-

opment, scaffold biocompatibility, cell fate and methods for cost-effective 

scaling up of insect culture will benefit many fields other than cultured meat. 

On the cultured meat side, researchers focused on crustacean cell culture will 

likely benefit from advances in insect cell culture due to their similarities in cell 

isolation and culture protocols. Recent years have seen an explosion of invest-

ment in cultured meat research from venture capitalists, philanthropists, and 

some government funding, with the ultimate goal of bringing cultured meat 

to market as soon as possible. To date, Tufts University is the only institution 

actively researching entomoculture and no startup or industry involvement 

has occurred. Thus, monetary stakeholders have been primarily academic 

grants to address the barriers outlined above. 

If entomoculture does become widely accepted, insect farmers could see it 

as a threat to their business – especially when the concept of entomoculture is 

often misunderstood. It will be essential to understand that entomoculture is 

not a replacement of insect farming but an expansion of the potential that insects 

hold as novel food products. If entomoculture becomes a mainstream food pro-

duction method, insect farming will likely continue as a cultural practice as 

well as a delicacy in many places (think chocolate covered ants or Chapulines, 
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301deep fried grasshoppers). Further, traditional insect farmers who understand 

the potential of entomoculture could be brought on board by incorporating 

entomoculture into their business model and reaping the benefits of a cost-

effective, environmentally friendly product and a consumer base that already 

accepts insects as a favorable food source. 

Food system vision

Currently, entomoculture is solely an academic effort. However, preliminary 

research on the advantages of cultured insect cells, relative to livestock cells, 

with regard to cost, nutrition and scale-up indicates potential for commercial 

success. If developments continue in this domain, cultured insect tissue could 

eventually be introduced to the market in the form of meat analogs or other 

foodstuffs (e.g., protein powder, fat analogs, fillers). Entomoculture may be 

particularly well suited for the production of seafood analogs, based on the 

similarity between insects and crustaceans. Those who have tasted cultured 

meat samples describe them as tasting nearly indistinguishable from their 

animal-derived counterparts. Therefore, it can be speculated that cultured 

insect meat will taste reminiscent of edible insects. Edible insects are often 

described as tasting like ‘nutty mushrooms’ and ‘earthy shelfish’ (Martin, 

2017). A particularly compelling description of insect flavor and texture was 

composed for a giant water beetle: ‘When fresh, these aggressive beetles have 

a scent like a fresh green apple. Large enough [to] yield tiny filets, they taste 

like melon soaked in banana-rose brine, with the consistency of red snapper 

(Martin, 2017). One notable point is that while meat is primarily composed of 

skeletal muscle and adipose tissue, edible insects are often eaten whole, and 

thus contain multiple tissue types as well as exoskeleton. Therefore, it may 

be better to consider edible insects that are composed mainly of muscle and 

fat as models for flavor (e.g., caterpillars as opposed to crickets). That said, 

if it is discovered that desirable flavor or texture profiles are attributable to 

cell types other than muscle or fat, those new cell types could be cultured and 

incorporated into products as well. Flavor and texture can also be controlled 

by tuning medium formulations, employing genetic modification techniques 

and coupling cultured tissues with different scaffold systems. It is likely that 

conventional cultured meat will achieve widespread adoption in Western cul-

tures before cultured insect meat – due to food neophobia, a general aversion 

to insects and relatively small R&D efforts. Entomoculture may be better suited 

to launch in countries that currently practice entomophagy, such as the Demo-

cratic Republic of Congo, Japan, Laos, Thailand and the Netherlands.
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Circularity 
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T he green revolution has enabled farmers around the world to become 

increasingly production oriented. They have been encouraged to max-

imise productivity through an increased use of farm inputs such as 

fossil fuels, pesticides, mineral fertilisers, imported feed, improved plant and 

animal genetics, advanced machinery, as well as new technology. Consequently, 

the food system has become linear in the sense that food now moves in one 

direction from production to disposal, and food production has significantly 

increased. Over time, however, the unintended harmful side effects on the land-

scape and the environment have gradually become a cause for alarm. While the 

linear food systems model has shown to be effective at increasing production it 

has also been the driver of many detrimental environmental impacts. 

In a more general sense, linear systems are inherently wasteful. For exam-

ple, as a clear example of a linear economy, how often do you buy something 

new because repairing it is more expensive? This linear extract-produce-con-

sume-discard model is unsustainable in the long term, especially in the face of 

a growing and wealthier global population consuming more resources, includ-

ing food. With a focus on the protein transition, we see that due to the current 

linear food production, foods like animal products have a severe detrimental 

environmental effect. Where decades ago, animals were fed with food system 

waste, today they are fed with products that could also be consumed directly 

by people, largely increasing their footprint. The consumption of animals not 
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only harms the environment; overconsumption can also result in negative 

health effects. As part of a global shift to more sustainable food systems, it is 

therefore crucial to redesign the food system so that sufficient healthy food can 

be produced while not exceeding the Earth’s biophysical limits.

Redesigns of food systems entail that we change current production prac-

tices to reduce both negative environmental and health impacts. Redesigning 

the food system based on the narrative of a circular food system is increas-

ingly seen as being key to successfully tackling the challenge of staying within 

Earth’s biophysical limits, and as an important pathway towards ensuring a 

sustainable food future (De Boer and Van Ittersum, 2018; Van Zanten et al., 

2019; Muscat et al., 2021). The concept of circularity has its roots in multiple 

disciplines such as industrial ecology, ecological economics, agroecology, and 

general systems theory. Under the circular paradigm, losses of materials and 

substances should be prevented or otherwise recovered for reuse, for remanu-

facturing, and for recycling. In line with these principles, moving towards food 

system circularity implies searching for practices and technologies that mini-

mise the input of finite resources (e.g., phosphate rock and land), encourage 

the use of regenerative resources (e.g., wind and solar energy), prevent leakage 

of valuable resources (e.g., nitrogen (N), phosphorus (P)), and stimulate reuse/

recycling of inevitable resource losses (e.g., human excreta) in ways that add 

the highest value (De Boer and Van Ittersum, 2018; Van Zanten et al., 2019; Mus-

cat et al., 2021). Moving towards a more circular food production system, the 

theme of this section, is therefore essential for a sustainable future (De Boer 

and Van Ittersum, 2018; Van Zanten et al., 2018).
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How can we feed the growing world population while respecting our 

planet? This question is arguably one of the greatest challenges of today. 

In this chapter we discuss how a redesign of today’s food system towards 

a circular food system can help to address the challenges of developing 

a sustainable food system. We show that if circularity designs adhere 

to a number of criteria, adopting circularity principles in the global 

agricultural food system is a promising way to allow the use of natural 

resources at a rate that does not exceed their regenerative capacity. We 

highlight recent insights on how to align planetary with human health 

and avenues yet to be explored when moving forward.  

A s opportunities for the reuse of waste streams from food systems vary, 

circular food systems can be designed in multiple ways with varying 

outcomes for our planetary health. In this chapter we discuss that cir-

cular food system redesigns need to respect both planetary boundaries (1) and 

human health (2) by avoiding waste (3) and, if unavoidable, by reusing waste 

(4) (Figure 1).

Respecting planetary boundaries

To quote David Attenborough in his 2020 documentary A life on our planet, 

“It’s not about saving the planet, it’s about saving us.” As previous mass extinc-

tions in the Earth’s history have shown, life on Earth will continue, with or 

without us. However, without food, humanity cannot survive. Our current 

pattern of depletion of natural resources threatens food security for future 

generations (Poore and Nemecek, 2018).
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The effects of exceeding our planetary boundaries are far-reaching and beyond 

the devastation of our natural environments; it is widely affirmed that Earth’s 

physical limits set the ultimate boundaries for all human economic activity (Fis-

cher et al., 2007; Steffen et al., 2015). Respecting planetary boundaries requires 

not one single measure but a multitude of actions. These include conserving 

remaining natural ecosystems (e.g., zero deforestation targets); regenerating 

or restoring degraded agroecosystems (e.g., regenerate soil health, encourage 

biodiversity-enhancing practices); harvesting biomass at a sustainable equi-

librium level (e.g., wood or fish are harvested at a rate that does not exceed 

the growth rate of the forest or fish stock); halting the consumption of finite 

resources (e.g., phosphate or fossil fuels); stimulating the use of renewable 

energy sources (e.g., solar and wind energy); enhancing the carbon seques-

tration capacity of agroecosystems; and, conserving biodiversity to retain the 

ecosystem’s resilience (Van Zanten et al., 2019 and Muscat et al., 2021). Working 

within the safe operating space of planetary boundaries is the key challenge 

and starting point when redesigning circular food systems.

Figure 1: Example of a circular food system redesign
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Respecting human health 

Despite recent advances in knowledge, technology and access, people still lack 

sufficient food, consume low-quality diets, and overconsume. Consequently, 

these unhealthy diets result in serious health risks such as deficiencies in min-

erals and vitamins, diet-related obesity, and diet-related non-communicable 

diseases including coronary heart disease, stroke, and diabetes (Afshin et al., 

2019; Willet et al., 2019). Humanity, therefore, now faces the grand challenge of 

making healthy diets available and accessible to all people while reducing the 

impact on the environment (Herrero et al., 2020b). When designing sustainable 

and healthy transitions, much emphasis has been placed on protein sources, 

so it is worth noting the importance of dietary context, particularly regard-

ing human health. For example, foods grouped in the protein category such 

as beef, beans, nuts and fish can have widely differing effects on human health 

outcomes. To better account for both chronic disease and nutrient deficiencies, 

dietary guidelines have shifted from the original macro/micronutrient-based 

recommendations (e.g., ‘avoid too much fat’, ‘’eat foods with adequate starch 

and fibre’) to food-based or dietary pattern-based recommendations (e.g., mini-

mum and maximum advised intake of certain foods). Taking a food/diet-based 

approach has numerous advantages but primarily cited is the ability to account 

for macro/micronutrient interactions (Sievenpiper & Dworatzek, 2013). For 

example, numerous studies have shown the benefits of diets high in fruit and 

vegetables on the reduction of chronic disease (Boeing et al., 2012). However, 

if instead, you were to eat a multivitamin with these same active vitamins and 

minerals, the positive health effects observed from whole food consumption 

would not be seen (Jenkins et al., 2021). The reason being that foods are made 

up of many different components including macronutrients such as protein, 

carbohydrate, and fats, micronutrients such as vitamins and minerals, non-

nutrients such as antioxidants, and antinutrient compounds such as phytic 

acid. These components have synergies (e.g., vitamin C helps with iron absorp-

tion) (Nienhuis, 2010) and antagonistic effects (e.g., tannins block absorption 

of some amino acids) (Zhou & Erdman, 2009) unaccounted for when looking at 

nutrient requirements alone. In addition, factors such as how food is processed 

and prepared also influence the risk of chronic disease (Monteiro, 2009).

So, how do such human health considerations relate to circular food 

systems? The transition in thinking about diet and health highlights the 

importance of dietary context when designing alternative consumption and 

production patterns instead of looking at single elements in isolation. Find-

ing synergies between more sustainable and healthy protein consumption will 

thus require a whole diet approach.
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Avoiding waste generation requires targeted approaches in the lifecycle of a 

food item. When producing food, arable land should be used primarily for 

cultivation of plant biomass for nutritious foods that fulfil human nutritional 

requirements (De Boer and Van Ittersum, 2018; Van Zanten et al., 2019) and that 

avoid the losses associated with transforming plant-based calories into animal-

based calories. Avoiding waste also implies halting overconsumption, a form of 

waste where more nutrients are consumed than needed. Furthermore, produc-

ing and consuming foods from plant sources result in several residual streams 

such as crop residues such as straw, by-products produced when processing 

raw materials into food, food losses and waste, and animal and human excreta. 

These residual streams can be edible or inedible for humans. If we consume 

bread or pasta, for example, we also produce straw and several by-products  

from cereal production, such as wheat middlings. As a first priority, produc-

tion of human edible by-products such as food losses or food waste should 

be prevented. If unavoidable, human edible by-products should be reused as 

human food (De Boer and Van Ittersum, 2018; Van Zanten et al., 2019). Taking 

the example of bread, the wheat middlings are perfectly edible and can be used 

in products such as muesli.

Reuse waste 

Unavoidable waste can provide benefits by recycling it in the food system, for 

example to maintain or improve soil quality, or to feed animals (De Boer and 

Van Ittersum, 2018; Van Zanten et al., 2019). To contribute to soil quality, food 

waste can be returned to the soil which reduces the need for external inputs. 

Alternatively, waste can be used to feed farm animals to produce animal-

sourced food (ASF) for humans. Subsequently, the animal and human excreta 

can be recycled to the soil. In this manner, ASF can be produced with accom-

panying benefits for soil quality. However, as long as animal production is 

associated with carbon and nutrient losses (e.g., methane and ammonia), some 

waste streams, especially those with a low nutritional value for animals, can be 

better used to feed the soil directly as the benefits for soil quality and crop fer-

tilisation then outweigh the value of the waste as an animal feed. Van Zanten 

et al. (2022) showed that when designing food systems to minimise land use or 

greenhouse gas emissions, food waste and losses are largerly used as fertiliser 

for crops while processing by-products are used as animal feed. 
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313Reusing waste as organic fertiliser

Reusing waste as organic fertiliser reduces the need for external inputs and 

thereby has clear advantages. At field level, there are differences when using 

organic or mineral fertilisers. Unlike mineral fertilisers, nutrients from organic 

fertilisers (such as animal excreta and food waste) can only be taken up by crop 

roots after the organic material has decomposed. Consequently, nutrient sup-

ply from organic fertilisers is spread over a longer period than nutrient supply 

from mineral fertilisers, especially for nitrogen. On the other hand, in the 

year of application, organic fertilisers supply comparatively fewer nutrients 

to a crop and therefore need to be applied in larger amounts for a similar crop 

nutrient uptake. After many years of application, a long-term equilibrium may 

occur with a steady state between nutrient inputs on the one hand and uptake 

or losses on the other hand (Schroder, 2005). In such a situation, nitrogen sup-

ply from organic fertilisers may be equal to that of mineral fertilisers (Hijbeek 

et al., 2018). This still implies substantial nitrogen losses. Whether organic 

fertilisers lead to less or more nitrogen losses compared to mineral fertilisers 

remains unknown. 

Debates on synchrony between nutrient uptake by crops from artificial ver-

sus organic fertilisers are longstanding (Palm et al., 2001) and not yet resolved. 

As such, while recycling by-products reduces nutrient losses at a system level, 

it does not add new nutrients into the food system, and some losses will still 

inevitably occur. Additional nutrients from industrial processing or biologi-

cal fixation remain needed to sustain the food system and maintain nutrient 

balances in the soil. Moreover, the composition of organic fertilisers, certainly 

unprocessed ones, is highly variable across farms and seasons and as such does 

not always match the requirements of crops, resulting in additional risks of 

nutrient losses. Finally, nutrients are highly diluted in organic fertilisers, and 

available in fixed ratios (for example nitrogen: phosphorus ratios) which may 

not necessarily match crop nutrient requirements and might be contaminated.

In addition to the supply of nutrients, the use of organic residue streams 

as fertiliser also has other, more difficult to quantify, benefits for soil quality, 

such as improved soil structure, increases in water infiltration and water hold-

ing capacity, or improved soil life (Johnston et al., 2009). Work on establishing 

thresholds for soil organic matter content is ongoing (see for an overview Table 

1 in Hijbeek et al., 2017).

Reusing waste as livestock feed 

Popular definitions of the protein transition often emphasise the necessity 

of shifting towards more plant-based sources of protein to reduce the envi-

ronmental impact of our food system. In circular food systems, reductions of 
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314 animal products are pivotal, however the degree and type of animal products 

that lead to the most sustainable consumption is different to that of linear 

systems. Farm animals in circular food systems can provide around one third 

of the human population’s protein requirement when only feeding animals 

with leftover products (Van Zanten et al., 2018), however, there is a high level of 

uncertainty in the estimates. This uncertainty is largely due to the assumptions 

made on the food products that individuals consume. Diets in different regions 

vary widely: some cultures mainly eat whole grains, while others eat refined 

grains, some cultures eat potatoes with the skin on and others predominately 

peel their potatoes. These small changes in diet all add up to large changes 

in the amounts and types of leftover products available for animal feed. This 

again has an impact on the amount of ASF that can be produced when animals 

are fed with leftover products. In cases of high consumption of refined grains, 

more leftovers will be available for animal feed and therefore the quantity of 

animal products in this system will increase.

Whether or not someone consumes whole or refined grains not only 

impacts the potential amount of ASF produced in a circular food system but 

also impacts human health. In a recent study, Van Selm et al. (2021) assessed 

the compatibility of ASF and circularity in healthy European diets (Van Selm 

et al., 2021). As a starting point they took the EAT-Lancet reference diet (Willet 

et al., 2019) as a prominent example of a diet that aims to respect human and 

planetary health. In the EAT-lancet diet, Willet et al. (2019) did not account for 

the opportunity cost of farm animals, the potential of animals to recycle prod-

ucts we cannot or do not want to eat. Van Selm et al. (2021) therefore assessed 

whether only feeding leftovers and grass resources to farm animals within the 

EU-28 would be compatible with the recommended ASF in the EAT-Lancet 

reference diet. They ascertained that it would not be possible to produce the 

amounts of ASFs advised in this reference diet. Notably however, by shifting 

the types of ASF in the diet, the EAT-Lancet targets could be met. In order to 

do this, the EAT-Lancet reference range for food intakes and aggregated food 

categories (for example, considering simply ‘meat’ as an aggregated group, 

rather than ‘poultry meat’, ‘pig meat’, etc.) was used. This means that while the 

specific food intake ranges of the EAT-Lancet diet were not satisfied, the nutri-

tional requirements were fulfilled. Under such conditions, it would be possible 

to produce 40 g of protein per person per day from ASF (about two-thirds of the 

proteins required on a daily basis) using circularity principles. Both circularity 

diets resulted in reduced GHG emissions and arable land use compared to the 

EAT-Lancet diet.

An alternative to using the EAT-Lancet reference diet is to use food-based 

dietary guidelines (FBDG), which account for cultural differences in dietary 
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315preferences in different countries. Frehner et al. (2022) considered the FBDG 

of five European countries. Protein sources recommended in dietary guide-

lines were found to differ greatly from one to another. Moreover, they found 

substantial variability in advice on the ratio of plant-based to animal-based 

protein. They report that in a circular food system using leftover products as 

feed, it was not possible to meet FBDG levels of animal product consumption. 

In other words, the recommended amounts and types of animal-sourced pro-

teins recommended in FBDG are incompatible with circular food systems, thus 

a reduction and shift in type of animal protein recommended for consumption 

would be required.

Moving forward 

Circular food systems including farming practices such as regenerative agricul-

ture, agroforestry practices, or intercropping systems provide a new paradigm 

for supporting approaches to reducing the environmental impact of protein 

production. We show that a food systems approach is key to implementing 

and understanding circular protein transitions. To ensure sustainable dietary 

transitions, protein recommendations in the context of a healthy diet must 

also be aligned with reduction and reuse of waste (Frehner et al., 2022). Many 

visions exist of what the role of animal products should be in a sustainable pro-

tein transition. Circular food systems do not necessarily require the complete 

elimination of ASF from the diet. Instead, ASF can be consumed as long as food 

waste is minimised and prioritised to either feed or fertiliser. Based on current 

projections, this would require a substantial decrease and shift in the types of 

ASF being consumed and a radical redesign of the food system.

The role of circularity in moving towards more sustainable protein sources 

and food system redesigns has many interesting avenues yet to be explored. 

For example, the use of novel technologies for upcycling human excreta could 

further reduce demand for external nutrient inputs and nutrients from cat-

tle manure, potentially changing dietary ASF recommendations. Additionally, 

including other metrics such as biodiversity, which is notoriously difficult to 

account for, could again alter recommendations from a sustainability stand-

point. In the end, as with any food systems change, strategies are highly context 

dependent, and it is important that they are developed in consultation with 

local communities and consider socio-economic contexts. These questions and 

many more are currently being investigated to better account for circularity in 

food systems transitions (see www.circularfoodsystems.org).
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Industry interview with  
Ruud Zanders, Founding  

Partner of Kipster 

CREATING CIRCULAR 
POULTRY FARMING



“
“Our ultimate aim is to make ourselves  
redundant”

The most sustainable and chicken-friendly laying hen farm in the world 

is to be found at Kipster, in the Netherlands. The chickens’ diet is spe-

cially processed from waste streams such as those from large bakeries. 

Founding Partner Ruud Zanders explains how he made this possible.  

Z anders has been a poultry farmer all his life, just like his father and 

grandfather. One day, in 2013, he was showing a delegation from Africa 

around a few laying hen farms in the area. “They asked me if I could 

help them to set up a similar system for producing eggs and chicken meat in 

their country. They were surprised when I replied that I’d rather learn from 

them.” 

When Zanders told his African visitors that they have to feed their chickens 

high-quality grains, one of them asked, ‘Why don’t you keep the best grains 

for yourself?’ Zanders: “This was a question that I, and I’m sure every other 

chicken farmer and consumer in northwestern Europe, had never considered.” 

Circular production 

The conversation got him thinking about circular production systems. “I spoke 

with experts from Wageningen University & Research and learned that it all 

comes down to one key, but simple, message: use fertile land for the production 



321of human food, and less fertile land and waste streams to feed animals –exactly 

what my grandparents did, seventy years ago.” 

The outcome of Zanders’ journey so far is Kipster, the first commercial 

laying hen farm in the world that feeds its chickens with waste streams that 

humans cannot or do not want to eat anymore: “Among other things, pieces 

of crispy bread, rusk, rice crackers and other leftovers from large bakeries and 

grain processing, and husks that remain from the harvest of oats,” Zanders 

explains. “The CO2 emission of one kilo of our chicken feed is 50% lower than 

from traditional feed.”

Climate-neutral eggs

Kipster also excels in animal and environmental friendliness. “We no longer 

kill one-day old roosters, have installed solar panels to generate our own 

energy, capture nano-particulate emissions and breed only white hens – as 

they need less energy than brown hens,” says Zanders. “These measures, devel-

oped in close agreement with scientists and NGOs, have helped us produce the 

world’s first climate-neutral eggs.” 

Feeding chickens on waste streams that cannot be (re)purposed for human 

consumption sounds easier than it is, stresses the entrepreneur: “Our chick-

ens needed, for example, to get used to the sandy texture of the bread crumbs; 

we had to adapt the composition of their feed step by step over several weeks. 

Moreover, many bakery products are high in salt, while chickens are quite sen-

sitive to salt, so we needed to find specific low-salt waste streams.”

Waste stream, or not

A question that keeps coming back is whether a waste stream truly is a waste 

stream. Soybean meal, for example, was first a co-product from the oil indus-

try but currently its demand exceeds the demand for oil production, turning 

it into a driver for soybean cultivation. “And rice husks come from processing 

of rice for human consumption, but one might wonder why people should eat 

white, husk-free rice at all,” Zanders explains. 

The entrepreneur, now with three Kipster farms –in Venray and in Beunin-

gen (2) –is proud of what he has achieved in seven to eight years. “We have put 

science into practice, showing that it is economically viable and practical,” he 

says. “And we convinced one of our largest customers, Lidl NL, to begin selling 

only white eggs.”  



322 The entrepreneur wants to be an inspiration for other companies involved in 

the production of animal-based proteins. “We want to make them aware of the 

role of animals in a circular food production system, and the importance of 

reducing the numbers of animals in the food sector.”

“For that reason we would like to expand the Kipster concept, establishing 

farms in France, Belgium, Germany and the USA. The more Kipster farms, the 

greater the environmental benefit. Though, in the end, it would be even more 

sustainable to eliminate waste streams, and stop humans from eating eggs; 

that would make chicken farms redundant, including ours.”  

Increasing awareness

Awareness among consumers of the importance of circular food production is 

increasing, albeit slowly. “Food manufacturers and retailers should stimulate 

sustainable consumer choices by making it much easier, perhaps by developing 

and communicating a long-term vision – something we currently lack. Why 

not, for example, introduce a law that the poultry industry and livestock farms 

must feed their animals with waste streams only?” 

Zanders also pleas for international, large-scale research into the use of 

increasingly scarce farmland. “Which crops could be produced most efficiently 

and where? Which of the waste streams that come along would be most suit-

able for feeding animals?” He continues, “And what could we do to further 

increase sustainability benefits? Reducing salt levels in bakery products, for 

example, would not only make it easier for us to find suitable waste streams; it 

would also improve consumers’ health.” 

The entrepreneur is aware that the scenario of 100% circular production is 

unlikely to become a reality in the short term. “Most important is that we all 

– from farmer to retailer –put effort into improving the circularity of our food 

systems. Be open to different opinions, and to things you have not done before. 

And don’t stay in your own bubble.”

www.kipster.nl 

”



323Food loss and waste

Toine Timmermans

Wageningen Food & Biobased Research, Wageningen University & Research  

and Food Waste Free United

In the world, at least one third of our food is lost or wasted. Reduc-

ing food loss and waste will improve food security and nutrition and 

reduce the need for land and resources used to produce our food. Reduc-

ing food loss and waste and upcycling unavoidable side streams into 

high-value nutrients are considered key solutions to reducing and miti-

gating climate change and preserving biodiversity. This chapter takes 

the Netherlands as a case of inspiration, demonstrating the impact of 

coordinated action.

T he international attention currently paid to the issue of food loss and 

waste is firmly reflected in the 2030 Agenda for Sustainable Develop-

ment. Specifically, Target 12.3 of the Sustainable Development Goals 

(SDGs) calls for halving per capita global food waste at the retail and consumer 

levels and the reduction of food losses along production and supply chains, 

including post-harvest losses by 2030. Many countries are now taking action to 

reduce food loss and waste, as reflected in this overview of global public-private 

partnerships (Figure 1). However, the challenges ahead remain significant and 

in order to meet these targets we will need to intensify our efforts.

How can reducing food loss and waste contribute to more sustainable and 

equitable food systems? The answer is twofold. First, preventing and reducing 

proteins in food waste is one of many strategies that can contribute to increased 

availability. Second, remaining food surpluses and side streams from food 

production can be locally and cleverly reprocessed into other products suit-

able for human consumption. Upcycling inconsumable human food leftovers 

via livestock systems as nutritious feed is an important mechanism that can be 

introduced more widely to repurpose immense volumes of organic resources. 

The food-use hierarchy gives a general perspective of how food and biomass 

can be used most effectively. Preventing food waste is always the first step, redi-

recting for human consumption comes next. Repurposing to animal feed then 

becomes the next best option to keep resources within the food supply chain. 

Waste-management options like recycling via anaerobic digestion or compost-

ing should be prevented where possible (Figure 2).
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Figure 1: Overview of global 
public-private partnerships 
on food loss and waste 
(Champions 12.3, 2021)
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How much food is lost or wasted?

A first estimate prepared for the UN Food and Agricultural Organization (FAO) 

in 2011 calculated that around a third of the world’s food is lost or wasted every 

year. This estimate is still widely cited due to a lack of reliable information in 

this field, but it is typically considered a very rough approximation. To meas-

ure progress towards SDG 12.3 more carefully and precisely, the FAO and the 

UN Environment have introduced two new indices to monitor progress. The 

Food Loss Index gives an indication of how much food is lost in production 

or in the supply chain before it reaches the retail level. The Food Waste Index 

measures what is subsequently wasted by consumers or retailers.

Initial FAO estimates for the Food Loss Index show that around 14% of the 

world’s food is lost from production before reaching the retail level (FAO, The 

State of Food and Agriculture, 2019). In terms of food groups, roots, tubers and 

oil-bearing crops report the highest level of loss (25%), followed by fruit and 

vegetables (22%), given their highly perishable nature. Levels of food loss for 

meat and animal products are estimated at 12%, however their contribution to 

the land footprint of food loss and waste is high; livestock production requires 

substantial amounts of agricultural land to produce animal feed or for grazing.

Preliminary estimates for the Food Waste Index show that global food 

waste from households, retail establishments and the food service industry 

Figure 2: Practical 
application of the 
waste hierarchy for 
food, Samen Tegen 
Voedselverspilling
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Figure 3: SDG 12.3 and the Food Waste Index, UN environment, 2021

totals 931 million tonnes each year, 17% of the world’s food. Almost 570 million 

tonnes of this waste occur at the household level, with a global average of 74 kg 

food waste per capita each year. This is remarkably similar from lower-middle 

income to high-income countries, suggesting that most countries have room 

to improve (UNEP, Food Waste Index Report, 2021). In her chapter, Hilke Bos-

Brouwers further explores the rising levels of food waste in metropolitan areas 

in emerging countries.

The most recent data additionally show that about 8% of all food pro-

duced in the world is lost on the farm (WWF-UK, 2021). These new estimates 

focussing on food losses on farms around and during harvests and slaughter, 

indicate that of all the food grown, approximately 40% is uneaten, higher than 

the previously estimated figure of 33%.

Reducing food loss and waste is key to reducing  
greenhouse gas emissions

Food loss and waste is a major contributor to climate change. About 8-10% of 

all human-caused greenhouse gas emissions (GHG) can be reduced if we stop 

wasting food (IPCC, 2020). This is because food systems are responsible for 

a third of global anthropogenic GHG emissions. The Emissions Database of 
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327Global Atmospheric Research provides a complete and consistent database in 

time and space of GHG emissions from the global food system, from produc-

tion to consumption, including processing, transport and packaging. In 2015, 

global food-system emissions amounted to 18 Gt CO2 equivalent per year, rep-

resenting 34% of total GHG emissions. The largest contribution came from 

agriculture and land use/land-use change activities (71%), with the remainder 

from supply chain activities: retail, transport, consumption, fuel production, 

waste management, industrial processes and packaging (Crippa, 2021).

Project Drawdown is an ongoing review and analysis of climate solu-

tions—the practices and technologies that can stem and begin to reduce excess 

GHG in our atmosphere—and provides the world with a current and robust 

resource. The Drawdown Review recognises that many climate solutions focus 

on reducing and eliminating fossil fuel emissions, but that other types of solu-

tions are also needed. Among the top solutions assessed by Project Drawdown 

are the so called ‘eye-openers’; these are on a par in terms of emission reduction 

with typical spotlight solutions such as onshore wind turbines and utility-scale 

solar photovoltaics. The project identifies food waste reduction and plant-rich 

diets, which together curb demand for land use, deforestation, and associated 

emissions, as key solutions. The total amount of CO2 equivalents that can be 

reduced or sequestered in the period 2020-2050 by reducing food loss and 

waste by 50% is estimated at 88.5 Gt. The reduction potential by introducing 

plant-rich diets globally is estimated at 78.3 Gt, in a scenario where 50% of peo-

ple adopt a plant-rich diet by 2050 (Project Drawdown, 2022).

Reducing food loss and waste – how?

As we strive to make progress towards reducing food loss and waste, we can 

only be truly effective if our efforts are informed by a solid understanding of 

the problem. Firstly, we need to know as accurately as possible how much food 

is lost and wasted, as well as where and why. Secondly, we need to be clear about 

our underlying reasons or objectives for reducing food loss and waste, be they 

related to food security or the environment. Thirdly, we need to understand 

how food loss and waste, as well as the measures to reduce it, affect the objec-

tives being pursued (UNEP, 2021). In 2019, a Global Action Agenda to help 

reduce food loss and waste and achieve SDG 12.3 was put together by a group 

of global experts. This agenda includes 10 interventions designed to scale the 

approach and to-do list (Flanagan, 2019). A follow up report explores these 10 

‘scaling interventions’ (Hanson, 2019). The action agenda calls for a Target-

Measure-Act approach to be adopted by Member States and businesses: adopt 
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328 a target to halve food loss and waste by 2030, measure how much and where 

food is being lost and wasted, and act on the hotspots.

Example of the Netherlands: Target-Measure-Act

The Dutch foundation Samen Tegen Voedselverspilling (Food Waste Free 

United) is the national private-public initiative to deliver target SDG 12.3, with 

the long-term ambition of leading the way towards a responsible and circular 

food consumption and production system. Food Waste Free United focusses 

on achieving impact with a target of annually reducing one million tonnes of 

food waste in the Netherlands by 2030. The approach is built on four pillars: 

(1) transparency, monitoring and impact, (2) business innovation across the 

food sector, (3) consumer activation and behaviour change, and (4) changing 

the rules and removing (legal) barriers. A diversity of stakeholders have par-

ticipated in this initiative, committing themselves to the ambitions, reporting 

progress, and taking the next steps to reducing food waste. Active participants 

include businesses (startups, SMEs and corporates), governments, NGOs and 

knowledge institutions, as the approach has to cover the full breadth of society. 

All members of Dutch society must pitch in, not to correct a mere flaw, but to 

change the system itself. The Dutch approach to reducing food waste together 

shows that this is possible, as progress is being reported in specific food sectors. 

In the Dutch supermarket sector, an average of 1.7% of the food offered was 

wasted in 2018. Relative to total stock, the waste per category was 2.9% for fresh 

meat and fish, 1.4% for dairy, eggs and chilled convenience products, and 7.8% 

for bread products. In 2020, this average decreased to 1.6%, with a 10-15% reduc-

tion of wasted products in the categories meat and fish, fruit and vegetables, 

and convenience products.

The role of the consumer

With an estimated contribution of 53%, the consumer is the primary contribu-

tor to food waste across the food chain in European higher-income countries 

(Stenmarck et al., 2016). Given that a large amount of this waste could be 

avoided, there is an evident and urgent need to change consumer behaviour. 

A key area of the EU project REFRESH is the provision of policies to support 

the reduction of consumer food (Wunder, 2020). A theoretical framework has 

been developed, and consumer behavioural research has been executed on 

influencing causes and determinants. The following key messages have been 
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329formulated: (1) Policy interventions that increase consumer skills for food 

management are most likely to have an impact. Campaigns that exclusively 

provide information and increase awareness about the negative impacts of 

food waste do not seem to have an influence. (2) Policymakers should imple-

ment campaigns that aim to influence social norms. (3) Policymakers should 

consider interventions based on regulation, economic instruments and nudg-

ing approaches. (4) Interventions should be monitored and evaluated. (5) An 

integrated approach to food waste reduction should be incorporated in a 

broader agricultural and food policy.

In addition to these proposed interventions, consumers need to change 

their mentality as much of the waste comes from households. Furthermore, 

the further up in the chain food is thrown away, the greater its impact on the 

environment. This is because a great deal of energy has been put into the pro-

cessing, transport, packaging and preparation of food by the time it reaches the 

consumer. Reducing waste can be achieved simply by better meal planning and 

tailoring shopping more accurately to family needs. Every heel of bread and over-

ripe piece of fruit counts. Campaigns and education about food appreciation, 

based on positive social norm principles can contribute to lasting behavioural 

change. These REFRESH insights and policy recommendations on how to 

design effective interventions to reduce food waste at household level have been 

key to developing a national social norm campaign. Under the umbrella of Food 

Waste Free United, a coordinated campaign by the Dutch Nutrition Centre has 

been set up and interventions have been implemented since.

The impacts of these activities have been monitored. Since 2010, a national 

study into household food waste has been commissioned every three years by 

the Dutch Ministry of Agriculture, Nature and Food Quality. In 2019, the food 

waste per person in the Netherlands was 34.3 kg: nearly 7 kilos less than in 

2016, and a reduction of 29% since 2013 (Figure 4). This equals about 9.5% of 

all food bought. There has been a particularly strong reduction in wastage of 

bread, dairy produce, fruit and vegetables, although these product categories 

still leave the greatest room for improvement. The most-wasted products are 

bread (7.3 kg), fruit and vegetables (6.7 kg) and solid dairy produce (5.1 kg). On 

average, less meat products (2.3 kg) are wasted. Additionally, about 45.5 litres 

of liquid products are wasted annually per person, of which 14 litres are dairy 

products.

The study does not definitively show why household food waste has 

declined, although it does mention factors that may have played a role such 

as increased attention being given to the issue of food waste (84% want to con-

tribute). Dutch people’s awareness appears to be growing, people want to take 

action and are being given tools to do so. More efficient purchasing, cooking 
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and storage of food can prevent a substantial amount of food waste. Solutions 

are often simple, such as freezing bread, carefully measuring quantities of 

pasta and rice, using your own senses to check whether milk is still drinkable, 

and storing food in the right place. Moreover, food retailers have introduced 

positive impact interventions and nudges, like a reduction in portion sizes.

Swill as animal feed

An overarching, interdepartmental resource policy is needed to support the 

food-use hierarchy, as currently there is often friction between the ambitions 

of the various policy domains. Strict food safety legislation currently requires 

kitchen waste from cafes and restaurants to be composted or incinerated, 

whereas businesses are able to safely process this waste on an industrial scale 

into cattle feed. The EC Circular Economy Action Plan and the European Par-

liament report on food waste aim to increase the use of food chain surplus in 

livestock feed without compromising feed and food safety. Building on advice 

from microbiologists, epidemiologists, veterinarians, and pig nutritionists, 

technical guidelines for producing safe feed from surplus food have been 

published (Luyckx, 2019). To ensure safety, only omnivorous non-ruminant 

livestock should be given feed made from surplus food that may contain meat. 

To ensure the feed is disease free, it should be sourced exclusively from special-

ist licensed treatment plants located off-farm and subject to stringent controls 

regarding heat treatment, acidification and biosecurity. About 16% of the total 

Figure 4: Reduction in household food waste in the Netherlands 2010-2019  
(van Dooren, 2020)
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331amount of food currently becomes waste; changing legislation to ensure the 

safe treatment of such surplus could make 14 Megatonnes available for process-

ing into non-ruminant feed. Surplus food feeds can reduce farmer feed costs, 

land use for European livestock farming, carbon emissions, and deforestation 

from soy imports. From a food security perspective, surplus food feeds provide 

an opportunity to uncouple some of Europe’s feed supply from global agricul-

tural commodity prices (Bowman, 2019). The chapter by Tomoyuki Kawashima 

references the Japanese experience with Ecofeed, an important source of prac-

tical information.

Changing the rules and legislation for the circular economy

Great strides still need to be made to achieve halving food waste by 2030. Cur-

rent food system legislation and policies are complex and sometimes present 

obstacles. Whenever possible and safe, changing these regulations is key to 

enabling entrepreneurs to advance their efforts to limit waste and to optimally 

valorise side streams. As an example, current climate policy offers financial 

incentives to ferment or incinerate waste flows from the food chain (biomass) 

in order to produce sustainable energy. Yet these flows could be reused more 

effectively to produce organic resources, cattle feed, or even food for human 

consumption. Thus at this moment, the most sustainable and circular choice 

is often not the most economical one.

The use of side streams that contain or may contain animal products or 

by-products has been restricted by European legislation (e.g., the Feed Ban). 

For example, companies working with feed materials of animal origin (fish-

meal, raw materials containing traces of animal materials, etc.) are subject to 

strict rules, including the use of swill as feed. The same applies to farms that 

work with organic fertilisers and soil enhancers that contain animal proteins. 

Valuable side streams are now often incinerated, composted, or converted 

into biogas. In response to the 1990s European BSE crisis (Bovine Spongiform 

Encephalopathy, also known as the mad cow disease), the EC adopted the BSE 

Regulation, laying down rules for the prevention, control and eradication 

of certain transmissible spongiform encephalopathies (TSEs). This legisla-

tion installed a ban on the use of Processed Animal Proteins (PAPs) in feed for 

farmed animals. Legislation effective from September 2021 permits PAPs from 

pigs to be used in poultry feed and PAPs from poultry to be used in pig feed. 

The adopted proposal also permits the feeding of poultry and pigs with PAPs 

derived from farmed insects, and the feeding of non-ruminant farmed ani-

mals with collagen and gelatine of ruminant origin. The combination of PAPs’ 
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332 nutritional profiles and their lower carbon footprint potential is most likely to 

have prompted the EC to accelerate this reauthorisation. Research shows that 

PAPs can replace soy efficiently and with a better carbon footprint. The Euro-

pean Fat Processors and Renderers Association (EFPRA) has calculated that the 

use of the 2.9 million tonnes of PAPs available in Europe can replace 3.47 mil-

lion tonnes of imported soy (46% protein). This is equivalent to 2.44 million 

tonnes CO2 eq per year for PAPs versus 14.02 million tonnes CO2 eq per year 

for soy. Prohibiting the use of PAPs in Europe required an additional 880,000 

hectares of land to grow soy (EFPRA, 2021).

Perspectives

Globally it will not be possible to achieve the GHG reduction goals if curbing 

resource loss and food waste does not become a cornerstone of our climate and 

food systems policies. Nationally determined contributions (NDCs) are at the 

heart of the Paris Agreement and the achievement of these long-term goals. 

Currently, diets and food loss and waste are widely ignored globally, but by add-

ing them to national climate plans policymakers can improve their mitigation 

and adaptation contributions from food systems. This in turn can stimulate 

a mentality change among consumers, entrepreneurs and legislators, so that 

zero-waste production and consumption become matters of due course.

Entrepreneurs can lead the way by showing the perspectives of the circular 

protein economy, where all resources are used smartly. Co-creation and work-

ing in partnership is key to success, as shown by the example of the Food Waste 

Free United cluster on the future circular animal protein supply chains in the 

Netherlands. Sharing insights into the design and implementation of innova-

tive projects such as the circular and sustainable poultry concepts by Kipster 

and JEGG future farming (Figure 5) will support zero-waste initiatives. A 

standard poultry egg (regular, organic, free-range) has an average eco footprint 

of 4-4.5 kg CO2-eq per kg egg produced. The Kipster and JEGG future farming 

concepts have been able to reduce their footprint to 1.3 and 1.53 kg CO2-eq by 

basing their production chains on circular design principles and implement-

ing the highest animal welfare and low-emission standards. These companies 

make optimal use of the potential to upcycle nutritious side streams from food 

retail and industry as low-carbon feed for healthy poultry. They have success-

fully built partnerships to position their distinctive concepts in the consumer 

market.
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335The role of animals in post-protein transition 
food systems: a design perspective
Marjolein Derks1 and Ellen van Weeghel2

1 Farm Technology, Wageningen University & Research; 2 Livestock and  

Environment, Wageningen University & Research

What will the future look like for our livestock animals if we are striv-

ing for a more sustainable food system in which plant-based diets are 

the norm? Will they become an oddity in the landscape, or will livestock 

animals still be essential to our existence in other ways than protein 

supply? 

T his book centres around the protein transition, defined as the shift 

from animal proteins towards alternative protein sources. By chang-

ing to other, more sustainable protein sources, the animal as a ‘protein 

factory’ may become a thing of the past. There may no longer be a need for the 

great numbers of animals that are reared today, however, animals fulfil other 

roles than that of protein converters. The question posed is: if alternative pro-

tein sources can replace animal protein sources, what is the role of animals in 

future food systems? The protein transition offers an opportunity to explore 

these diverse roles of livestock animals together. 

We argue that in novel food systems there is still room for animals. Animals 

can convert residual flows and grass into high quality proteins and manure, 

and can contribute to other ecosystem services such as improving or maintain-

ing soil quality, nature, or landscapes. In this chapter, we introduce some basic 

design principles which are then used to sketch and investigate three possible 

scenarios for the role of animals in future food systems.

An introduction to design

A systems (Re)design is relevant if the system at hand is dysfunctional and if 

optimizing individual processes or elements of the system no longer provides 

the desired outcome. In the Farm Technology Group at Wageningen Univer-

sity, the Reflexive Interactive Design (RIO) method – a de novo design method 

– is used and taught (Figure 1). De novo design methods develop a shared goal 

or target, and from there develop a set of innovative prototypes that can be 

completely different to those in present systems. Shared visions and objectives 

of stakeholders are key (Bos et al., 2009).
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Figure 1: Schematic overview of the Reflexive Interactive Design (RIO) methodology. From: 
Elzen, B.E. & Bos, A.P. 2019. The RIO approach: Design and anchoring of sustainable animal 
husbandry systems. Technological Forecasting and Social Change, 145, 141-152.

The RIO approach combines elements from innovation and policy sciences, 

animal science, and agricultural engineering. It consists of multiple steps per-

formed interactively with stakeholders. Key elements of the method are:

• Objectives (step A): objectives describe the desired outcomes of the design 

(e.g., the system is climate neutral)

• Key challenges (step A): key challenges describe the reasons why we are 

unable to get to the objectives in the current system (e.g., in the current 

system, it is impossible to compensate for the CO2 footprint resulting from 

the import of feed from outside the Netherlands) 

• Requirements (step D): in the brief of requirements, the objectives are 

quantified by giving boundaries, ranges, and units (e.g., all feed should be 

unsuitable for human consumption; variation in edible parts in terms of 

structure, taste, size)
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337• Functions (step F): functions describe what needs to happen in the system, 

without saying how or why, and are formulated as verb + noun (e.g., facili-

tate thermal comfort, grow crops, fertilize soil) 

• Solutions (step K): solutions describe how functions are to be fulfilled

RIO has successfully been applied to design processes aiming for integral 

sustainable animal production systems (Bos et al., 2009). The structured and 

creative approach helps to handle the complexity of the challenge, the hetero-

geneity of stakes, needs and wishes, and can facilitate an equal consideration of 

the demands of man, animal, and environment. As such, design methodology 

is a valuable tool in the transition towards future food systems.

Scenarios for future animal-inclusive farming systems

Our starting point is a food system that embraces alternative protein sources. 

Using the design principles described above, we worked out three different 

future animal-inclusive scenarios. These are:

• The animal as a converter of waste streams and marginal lands

• The animal as a source of functional use, where the animal fulfils functions 

in the system other than protein production

• The animal as a source of happiness, where animals contribute to the health 

and wellbeing of people and the ecosystem

The animal as a converter of waste streams and marginal grasslands

In this scenario, the main function of the animal is still to produce protein. 

Objectives and requirements in this scenario are related to circularity and land 

use optimization, avoiding feed-food competition.

If animals are used for the conversion of waste and marginal grasslands 

like peat lands, the scale of livestock farming is restricted by the availability of 

resources (Figure 2). This impacts the number of animals (based on the avail-

ability of resources) as well as their productivity (based on the quality of the 

available resources). This system asks for little adjustment of animal housing 

and is therefore relatively simple to implement in current livestock systems.

A key challenge for this system is balancing the number of animals and the 

availability of resources (feed). In this scenario there will most certainly be less 

animals, therefore an important design choice will be deciding where animals 

are to be located. This choice may be influenced by social (willingness of farm-

ers to stay/stop) as well as logistical (locating farmers where waste streams/

marginal lands are abundant) factors. The size and composition of waste 
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streams may differ in time. A second key challenge, therefore, is adapting farm 

feeding and breeding management, such as storing and making waste streams 

available and ensuring that the feed fulfils the physiological and behavioural 

requirements of the animal. Examples of this scenario in practice are swill-

feeding in pigs or feeding leftovers to chickens.

Figure 2: Overview of a circular 
food system where animals 
convert waste streams and 
marginal lands in animal-based 
proteins. From: Van Zanten,  
H. H., Van Ittersum, M. K., &  
De Boer, I. J. (2019). The  
role of farm animals in a  
circular food system.  
Global Food Security,  
21, 18-22.

Kipster is a Dutch poultry farm aiming for maximum animal welfare and 

sustainability. Kipster collaborates with bakeries and feeds their laying 

hens with leftover products. Their feed contains 97% waste streams, and 

3% vitamins and minerals. No land is used directly to produce this feed. 

Kipster therefore reuses waste from human food consumption, prevent-

ing feed/food competition (www.kipster.nl).

The animal as a source of functional use

In this scenario, animals still have the function of producing protein, but the 

animal can also serve as a solution to multiple other physical functions in the 

system. For example, the exploratory behaviour of pigs can be used in the field 
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339as an alternative to ploughing. At the same time, the excretions of the pig 

fertilize the fields, and crop residue is removed. This is a mutually beneficial 

relationship in which animals can display intrinsically motivated behaviours 

while contributing to system functions. By using these behaviours as a solution 

to functions, the functional applicability of animals in the system is increased.

Objectives in this scenario are related to more nature-inclusive systems 

and higher animal welfare. Instead of thinking how humans and technology 

can take care of kept animals, there are opportunities for animals to take care 

of themselves. This paradigm stems from the biological construct of agency, 

defined as being able to control the (social and physical) environment through 

choice and decision-making based on individual preferences and demands. 

Agency is recognized to be important in achieving good animal welfare. The 

opportunity for an animal to use capacities to control its environment is impor-

tant for the animal, and, at the same time, can contribute to the functioning of 

the system (Weeghel et al. 2021).

Centring a design around animal behaviour requires a different under-

standing of animals and a new definition of their role. One important key 

challenge is that we lack an understanding of the behavioural preferences of 

animals, and the requirements animals have for performing this behaviour. 

A second key challenge is that current farming systems probably do not suf-

fice and - parts - need to be redesigned. If we know what animals require from 

their environment to display natural behaviour, we need to rearrange the 

environment in such a way that it facilitates the expression of the behavioural 

repertoire. An example could be a foraging substrate that contains edible parts.

A pioneer in the field of keeping animals as a source of functional use is 

Joel Salatin, who owns the Polyface Farm in Virginia, USA. On his farm, 

animals are used to produce, process, and distribute nutrients. Animals 

are mainly kept on pasture, and indoors if needed. Cows graze the pas-

ture, where they defecate on the grass. After the cows leave the pasture 

or are moved to another pasture, chickens are moved to that pasture. The 

chickens scratch and poke in the grass, thereby both distributing nutri-

ents and loosening the soil. In winter the cows are kept indoors on straw 

or wood chips. After the cows leave for the pasture again in spring, pigs 

are placed in the straw/wood chip bed, where they start rooting. Their 

rooting behaviour allows oxygen to enter the bed, thereby composting it. 

This compost is then applied to the fields (www.polyfacefarms.com). 
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340 The animal as a source of happiness

In this scenario, the concept of agency is again key. However, instead of just ful-

filling physical functions like fertilizing the field or loosening the soil, animals 

are also fulfilling emotional or ‘soft’ functions like ‘provide joy’. The role of the 

animal is extended to a source of happiness in the system. Objectives are again 

related to more nature-inclusive and animal welfare friendly systems, but now 

also include mental wellbeing of humans and animals (positive welfare).

The benefits of human-animal interactions, for example in a therapy setting, 

have been recognized. The literature suggests that there is “a significant rela-

tionship between connectedness to nature and sustainable behaviours, which, 

in turn, impact happiness. This suggests that children who perceive themselves 

as more connected to nature tend to display more sustainable behaviours.” (Bar-

rera-Hernández et al. 2020). However, these benefits need to be quantifiable to 

serve as input for the design process. Mental wellbeing of both animals and 

humans can be qualified, but it is difficult to quantify. Design based on quali-

fied requirements is far more complex; it lacks good tools to translate emotions 

and feelings into ranges and boundaries. For this scenario to become reality, 

therefore, we need to first have a better understanding of positive welfare on 

both animals and humans and then develop design tools that can translate the 

biological constructs of emotions into physical design constraints.

One way to obtain this understanding is by learning from initiatives which 

have embraced the concept of a positive impact of animal-human interaction 

on humans and animals. Social farming, where visitors take care of the ani-

mals, provides an example.

Kerry Social Farming, an Irish group of 14 farm holdings, provides oppor-

tunities for people with disabilities to visit the farm and connect. Their 

vision is to ‘promote Social Farming as a viable option for achieving 

improved quality of life for people who use health and social services 

and for farm families, through enhancing social inclusion and connect-

ing farmers with their communities’. The focus is not on production, but 

on supporting people who are at risk of disconnecting from society. The 

landscape and animals serve as support in their (medical) rehabilitation 

(www.kerrysocialfarming.ie)
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341Conclusions

In this chapter, we have explored alternative roles for animals in food pro-

duction systems after the protein transition. To achieve this, we extended the 

definition of what an animal can contribute: from the animal as a protein-

producing converter of waste, to the animal as a tool or solution in different 

farming processes, to the animal as a source of happiness. In each step, we 

broadened the functionalities linked to the animal in the system. In the first 

scenario, the animal still mainly produces protein, while in the second, ani-

mals can also plough the fields, produce compost, or fertilize land. In the third 

scenario, we added the functionality of providing happiness. Of course, these 

scenarios are not mutually exclusive. Having animals out in the field in the 

second scenario may already spark joy in passers-by. Animals kept as a source of 

happiness do not necessarily have to fulfil other functions (pets, for example). 

Our aim was to show that, if we broaden the scope of what animals can con-

tribute to the system, they can still be valuable even if their protein production 

function is less important or even redundant.

One important thing to note is that, although animals are given more 

behavioural freedom in scenarios two and three, this is still in service of food 

production, and their environment is still controlled to a certain extent. A con-

ceivable future is one where animals are accepted as completely autonomous 

beings that do not necessarily serve a purpose. If their behaviour has a positive 

impact on the environment, that is considered a bonus, but it is not a fact of 

life. However, in that case we would not control the animal in any way, and the 

question would be whether this asks for design or for adaptation. Therefore, 

this scenario was excluded.

Including animals in the system in a different capacity requires not just 

a redesign of the system, but also of our mindsets. In order to get to consen-

sus about the new role of animals in food systems, we need a design approach 

that can handle the complexity, the heterogeneity of needs and demands of 

the stakeholders, and that anticipates and facilitates effective reformism. The 

reflexive and interactive parts of RIO are crucial for this process, as demon-

strated in previous designs like the Windstreek or the Roundel house. In this 

chapter we presented different scenarios as a starting point for the discussion, 

but in no way do we intend to present these scenarios as fixed solutions: they 

are open to debate!
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Industry interview with  
Dr Sanne Griffioen-Roose, 

Director Sustainable Farming, 
FrieslandCampina 

THE ROLE OF  
DAIRY IN FUTURE  

FOOD SYSTEMS



“
“We’re calling for more balance when talking 
about the protein transition”

Providing the world with affordable sustainable, healthy nutrition is 

the mission of Dutch-based FrieslandCampina. Since 2010, the farmers’ 

cooperative has taken major steps towards this goal. “We believe in a 

fact-driven, integrated approach.”

F ounded in 1871, FrieslandCampina is one of the largest dairy coop-

eratives in the world. “We work with over 11,000 dairy farms and our 

products are available in over 100 countries,” says Griffioen-Roose. It’s 

a situation that comes with its own, unique dynamics. “Our members are all 

entrepreneurs, with their own ambitions, land and livestock. We cannot, and 

do not, force them to do anything. Instead, we provide them with tools to sus-

tain their business.” 

Balancing animal and plant protein

For decades, the Dutch dairy sector has worked towards efficiency and high 

yields. But today more and more farmers are aware that this approach is not 

future proof. “We believe we need to move towards a better balance: a circular 

system in which both plant and animal protein are being produced,” says Grif-

fioen-Roose. In industrialised countries, animal protein currently makes up 

60% of the average diet, and plant protein provides the remaining 40%. “From 

the perspective of health and the environment, this should be the other way 



347around. And when people eat animal protein, it should be as nutritious, animal 

friendly and sustainably produced as possible.” 

According to Griffioen-Roose, dairy deserves a place in future diets, as it 

provides high-quality protein and is an important source of B vitamins and 

calcium. “Especially in situations that ask a lot of our bodies, for example in 

growth during childhood, recovery after exercise, and in ageing, dairy-based 

proteins provide an efficient nutrition source, more than plant-based alterna-

tives,” she says.

With this in mind, FrieslandCampina began working in 2010 to improve 

the sustainability of its dairy production. As part of its efforts, the cooperative 

has recently launched its latest programme, called Nourishing a better planet, 

which focuses on six key elements: Better Nutrition – affordable for everyone; 

Better Living – for farmers; Better Climate – carbon neutral future; Better 

Nature – improving biodiversity; Better Packaging – 100% circular and Better 

Sourcing – 100% responsible. 

Fact-driven, integral approach

“We are following a fact-driven, structured and integral approach in which we 

want to improve every aspect of the process,” Griffioen-Roose explains. “We 

are therefore involved in many different scientific programmes, ranging from 

affordable nutrition in South-East Asia to regenerative farming in the Neth-

erlands. The insights gained will help us to take well-considered strategic 

decisions.”  

“In 2030 we want to reduce our greenhouse gas emissions by more than a 

third compared to 2015,” she continues. “In order to get there, we are develop-

ing scenarios of what a climate-neutral dairy farm could look like in 2050, and 

tools that empower and motivate farmers to sustain their business.” With the 

independent quality mark ‘On the Way to PlanetProof’, a large group of Fries-

landCampina’s member farmers are recognised and rewarded for scoring high 

on sustainability aspects such as Climate, Nature and Animals. 

Reducing methane emissions

One of FrieslandCampina’s first steps towards more sustainable dairy produc-

tion was to develop a system for monitoring methane emissions – one of the 

major greenhouse gas accelerators of climate change. “All our farmers now 

have insight into how they are performing, and what measures they can take 



348 to reduce methane emissions.” The system – the first in its kind worldwide 

– was recently extended with functionality (developed in collaboration with 

Rabobank and WWF) that helps farmers monitor biodiversity on their farm-

land. 

“We are continuously working with other parties on new innovations to 

extend the possibilities for our farmers in the reduction of methane emissions. 

Current research initiatives focus, for example, on optimising the composition 

of cattle feed, choosing breeds with naturally lower methane emissions, and 

co-defining the practices of regenerative agriculture.” 

Other steps taken towards a more sustainable dairy chain include the set-up 

of a dairy development programme, improving livelihood of tens of thousands 

farmers around the world (around 250,000 reached), supply-chain improve-

ments and optimisation of the nutritional value of products. 

Combining different solutions

Griffioen-Roose firmly believes that combining different solutions is essential 

in order to meet today’s global challenges. “Effects of individual interventions 

might be small, but together they can make a major impact,” she stresses. 

“That’s why we collaborate with different partners across the chain and are 

calling for a balanced discussion around the protein transition, highlighting 

the importance of both animal and plant protein. We need shared ambitions 

and agreements on how to monitor carbon footprints and other indicators of 

sustainable production. As one of the largest dairy cooperatives in the world, 

we want to take a leading role in this.”  

The sustainability expert is dedicated to ensuring FrieslandCampina perse-

veres with the path it is taking. “We will make additional investments possible 

for those farmers that continue to improve their sustainable farming practices, 

in order to get the flywheel turning faster and faster,” she says. “I hope that, in 

the coming years, we can enable all 11,000 member farms to contribute to and 

benefit from the growing sustainable proteins market. Because, in the end, this 

is our greatest challenge and responsibility: to ensure a good living for farmers 

and their families, now and in the future.”  

”



349Insect circular economy:  
from trash to treasure
Chrysantus Mbi Tanga1 and Betty Kibaara2

1 International Centre of Insect Physiology and Ecology (icipe); 2 The Rockefeller 

Foundation, Africa Regional Office

Improving food security in sub-Saharan Africa (SSA) requires strategies 

that can match future food demands with increasing population growth 

while conserving the soil resources. Proteins make up a huge chunk of 

the ingredients that go into the formulation of animal feeds, with the 

main sources being soybean and fish meals. Now more than ever, there 

is need to find alternative sources of protein that go into animal feed 

production as a way of reducing the competition between animals and 

humans for the same scarce food resources that are continuously dwin-

dling by the day.

‘P eople call them maggots; we call them black soldier fly larvae.’ ‘Every 

day, these larvae with a Superman-like ability, transform millions 

of tonnes of organic waste into alternative high-quality protein for 

affordable feed for livestock and fish.’ This translates into an inexpensive, clean 

and sustainable feed source – especially important for farmers, feed proces-

sors, research institutions, public and private sectors, and the pharmaceutical 

industry among others.

As global economies struggle to cope with the massive animal feed shortage, 

taking insect farming technologies from the ‘lab to the land’ is a game changer, 

with a clear path to improving household food and nutritional security, income 

generation, and opportunities for new job creation with readily available year-

round resources. Many supermarkets, food processors (i.e., bakers), farmers and 

brewers are excited about opening their doors to providing large quantities of 

waste for insect farming enterprises. Private companies and entrepreneurs are 

harnessing insect farming using slightly different approaches to leverage the 

remarkable ability of insect protein, revolutionising animal feed industries 

into revenue-generating platforms: ‘Small fly – Big impact’. Many insects can 

be farmed at relatively low economic and environmental costs; they require 

50-90% less land per kg protein, 40-80% less feed per kg edible weight, a com-

parable energy input, and result in 1,000-2,700 g less greenhouse gas emissions 

per kg mass gain than conventional livestock (Vantomme et al., 2014). According 

to current research, insects are a cheaper protein source and more environmen-

tally sustainable than conventional livestock.



350 Edible insect species and nutritional status for feed 

Over 2,000 insect species are currently consumed in more than 110 countries 

(56%) worldwide; 552 species have been recorded in 45 African countries (Tanga 

et al., 2021). Of the species in Africa, due to their short generation time and high 

reproductive rate, about 18 are suitable for farming as alternative protein for 

feed. Currently, it is estimated that 92%, 6% and 2% of the insect proteins are 

obtained from the wild-harvest, semi-domestication and commercial farming, 

respectively (Tanga et al., 2021). Insect species most commonly reared on a large 

scale include crickets, mealworms, common housefly larvae, palm weevil lar-

vae, mopane worm, locusts, silkworms, cockroaches, grasshoppers and black 

soldier fly (BSF). 

The nutrient composition of these insect species is known to be comparable 

or superior to that of most other traditional animal and plant food sources. 

Many of these insects are rich in crude protein (38-80%) with well-balanced 

essential amino acids compared to those of animal and plant origin. For exam-

ple, the essential amino acids content of crickets is comparable to that of egg, 

chicken, pork, and beef, currently considered the main animal protein sources. 

However, these major protein sources are the most expensive of all nutrients in 

both economic and ecological terms. Most insects form a major source of high-

quality fat (15-54%) especially rich in polyunsaturated fatty acids, of which 

essential fatty acids are linoleic acid (omega-6 fatty acids) and linolenic acid 

(omega-3 fatty acids).

In addition, insects are good sources of fibre (8.5-11%) and tend to have high 

micronutrient content, particularly vitamins [vitamin B12, thiamin, riboflavin, 

vitamin A, vitamin C, and folic acids among others) and minerals (calcium, iron 

and zinc among others). These nutrient-rich biomasses make them a potentially 

crucial source of ingredients for human and animal nutrition. This nutrient 

quality varies greatly and depends on the species, developmental life stage, 

gender, habitat, diet (substrate), and processing method. The bioavailability 

of minerals such as iron, calcium and manganese in crickets are comparably 

higher than those of other insects, with digestibility ranging between 77-98%. 

Thus, insects are a potential and promising source of nutrients for improved 

animal nutrition and health.
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351Devouring waste and nourishing the world

The most obvious benefit of farming black soldier fly (H. illucens) larvae is 

their ability to turn waste into a valuable nutrient input, which varies greatly 

and depends on the feedstock (organic waste type). However, in most cases the 

nutrient quality of insects is superior or comparable to that of plant and animal 

origin (Figure 1). In nature, there is no such thing as waste, as insects contribute 

significantly to a real closed-loop circular economy. For example, black soldier 

fly larvae are one of nature’s busiest little workers transforming organic waste 

into new sources of feed ingredients, thus closing the nutrient loop, and ensur-

ing nothing is wasted. This makes the process of waste recycling to be more 

economically viable and environmentally friendly. It is estimated that 3-5kg 

of decomposing organic matter can produce 1 kg of BSF larvae, which in turn 

will produce 100 g of meat, if used as feed for livestock. The BSF is a highly 

efficient energy conversion machine and is the most closed nutrient loop sys-

tem possible that introduces an extra barrier to disease transmission (Lalander 

and Vinnerås, 2022). The insect circular economy is gaining increased global 

attention as a way to redirect the path of economic development and enable 

rethinking toward creating a zero-waste economy. This process is regenera-

tive by design and follows a ‘recycle-make-use-reuse-remake-recycle’ model 

by reintegrating waste, instead of new resources, as input to produce nutri-

tious and protein-rich pressed cake for fish and livestock feed; oils that can be 

used for feed, additives in cosmetics, soap and biofuel production, as well as 

biofertilisers for improved soil health and crop productivity. Insect farming is 

circular because it provides a way of addressing several complex urban, rural 

and city challenges in a holistic way, while simultaneously generating benefits 

for business and supporting citizen and environmental health. In summary, 

BSF has the ability to: improve food and nutritional security while reducing 

waste, strengthen economic benefits, replenish the environment, save hard 

currency reserves by decreasing protein and fertiliser imports, and promote 

green, resilient, and inclusive development (Abro et al., 2020).

The development of a circular insect economy will require action from the 

private sector to contribute starter capital or other investments, while public-

private partnerships could provide extension services, necessary policies, or a 

regulatory framework. According to the Dalberg report (2021), BSF produc-

tion can be promoted through four successful models: (1) integrated model, an 

end-to-end solution involving the sourcing of waste, rearing, harvesting and 

processing on-site; (2) out-grower model with 70% in-house production and 

30% sourced from contracted farmers; (3) community model involving groups 

of likeminded smallholder farmers doing individual full-cycle production of 
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Figure 1: Comparison of crude protein in black soldier fly larvae raised on various organic 
waste to that of plant and animal origin suitable for use in animal feed
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353BSF but with a central drying facility to ensure product quality and safety; 

and (4) smallholder farmer model for self-feeding their own livestock and fish 

directly with the potential to increase profit margins by 11-18% and improve 

the quality of feed.

Insects can be a game-changing solution to reduce the environmental 

impact of agriculture. This lies in the simplicity of production technologies 

involved. Production requires less space and water, is low in investment needs, 

has rapid or short breeding cycles (i.e., approximately 10 generations per year) 

and a high efficiency in organic waste conversion rate into biomass (espe-

cially protein and oils) for animal feed and biofertiliser. Furthermore, insect 

farming for protein is also low on carbon and environmental footprints. The 

above-described opportunities suggest insect protein production could be an 

emerging and profitable enterprise in Africa and other parts of the world, with 

new entrants from both micro-enterprises and large-scale multinationals. The 

production of cheap and readily available alternative protein from insects is 

particularly crucial for poultry and pig production and for aquaculture.

Breeding insects as protein for animal feed is still in its infancy in terms of 

operating on an industrial scale, however currently the sector is fast-growing 

and expanding across the globe. New companies operate in a variety of ways: 

as smallholder farming set-ups, microenterprises, and/or multinationals. All 

utilise either mechanical or partially automated systems to lower the cost of 

protein production through a circular economy model. Through the circular 

economy approach along the value chain, insect farming can directly meet 

eight (1, 2, 3, 6, 7, 8 9 and 12) of the seventeen United Nations Sustainable Devel-

opment Goals (SDGs) and indirectly promote the rest.

Benefits of insect meal on animal performance and  
carcass quality

Globally, insect-based animal feeds are particularly attractive when consider-

ing the cost of existing commercial standard feeds in the market. The drastic 

increase in feed costs account for over 70% of the total production cost of meat 

and eggs. The high cost of production is attributed to scarcity and expensive 

protein sources such as fish/soya bean meal used in feed, which competes 

with human nutrition. The wide adoption of insects as cheaper alternative 

protein sources would make fish, soya bean and maize available to the food 

chain. Live whole forms of BSF larvae or in dried forms have been recognised 

as major ingredients for raising poultry, pig and fish in many countries. For 

example, BSF larvae have been successfully used for feeding fish, including 
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354 red seabream (Pagrus major), rainbow trout (Oncorhynchus mykiss), channel 

catfish (Ictalurus punctatus), blue tilapia (Oreochromis aureus), African catfish 

(Clarias gariepinus), carp (Cyprinus carpio), catfish (Heterobranchus longifilis) 

and Nile tilapia (Oreochromis niloticus). The BSF larvae meal can substitute 

25-100% of fish meal and 38% of fish oil without adverse effects on growth 

performance. The provision of 50% and 75% inclusion of BSF meal in catfish 

diet showed a 5-8% increase in crude protein quality of the carcass compared 

to those fed commercial fishmeal-based feeds. Chicken (broilers) fed live BSF 

larvae were observed to demonstrate more natural foraging behaviour and 

develop healthier legs. According to the authors, offering live larvae also had a 

positive effect on broiler welfare; long-term access to live BSF larvae was found 

to reduce fearfulness without affecting their health. Pigs fed on insect-based 

feed have shown rapid growth rate with a significant increase in carcass qual-

ity and weight as well as earlier ready to market size (1.5-2 months earlier). The 

carcass weight of pigs fed diets with BSF larvae meal replacing fish meal by 

50, 75 or 100% (w/w) has been shown to be higher compared to pigs fed diet 

with 100% fish meal as protein source. The pigs fed insect-based feeds also get a 

ready-to-market-size 1.5 months earlier than normal. Furthermore, the crude 

protein content of the pork tissue was high (65-93% on dry-matter basis) across 

all the dietary groups with BSF larvae meal.

Full-fat inclusion in pelleted insect-based diets up to 19% does not affect 

performance on growth, nutrient digestibility and gastrointestinal function. 

The inclusion of 5% insect meal in pig diets significantly increases the number 

of weaned piglets. Partial or complete replacement of soya bean and sunflower 

seed cake in layer chicken diet revealed no negative effects on carcass weight 

and quality, feed efficiency, egg production, live weight gain, and total feed 

intake. Layer chicken fed insect-based feeds showed a 2.4-25% increase in egg 

production with better yolk quality than those fed conventional feeds. Broiler 

chicken fed an insect-based diet had a ready-to-market size 1-2 weeks earlier 

with heavier weight compared to those fed commercial fishmeal feed, thereby 

increasing farmers’ profit margins. 

Over 70% of consumers have been shown to have preference and are willing 

to eat eggs from hens fed diets with BSFL meal. Interestingly in Kenya, over 

93% of consumers highly accepted meat from chicken fed insect-based feed, 

with 59% willing to pay a premium. In Europe, environmentally aware con-

sumers are more inclined to buy poultry meat raised on diets with insect meals 

if informed about the health and environmental benefits. This shows that 

providing trustworthy information about feed ingredients in animal agricul-

ture is important to improve people’s willingness to purchase these products. 

Some consumer tests note that insect-based feed has the advantage of improv-
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355ing the taste of chicken meat and egg. Contrarily, other observations revealed 

that replacement of fish meal with BSF larvae meal in diets does not alter the 

odour, flavour, or texture of Atlantic salmon (Salmo salar). Furthermore, meat 

from broiler chickens and quails fed on diet with BSF larvae meal had a satis-

factory taste, aroma, and better nutritional composition, highly acceptable to 

conscious consumers. Consumers have also shown preference for familiar col-

our, flavour, taste, juiciness and tenderness of broiler chicken meat from birds 

fed a diet integrated with vegetative (Desmodium intortum) meal and BSFL 

meal. Additional benefits of feed including insect protein are increased satiety 

from consumption and the energy density of feed.

Given consumers’ concerns and preferences for feedstuffs such as insect 

protein used in meat production, governments and companies should address 

any health and safety risks related to edible insects that may pose a greater risk 

of allergic reaction, such as the presence of antinutrient properties, potentially 

harmful bacteria, sensitivity to tropomyosin, as well as to the bioaccumulation 

of heavy metals such as cadmium, lead, copper and zinc. To avoid potential 

hazards, quality of the rearing substrates and effective processing techniques 

must be monitored closely. As the debate on alternative protein feed gains 

momentum, overcoming widespread barriers like disgust and rejection of 

meat and eggs from livestock fed on insect-based feed can be achieved partially 

by the provision of credible information to suspicious mainstream consumers.

Improved animal health benefits of insect meal

Much ground-breaking knowledge has been generated worldwide on the 

defensive roles of infection of livestock and fish played by insect meals [Herme-

tia illucens (Black soldier fly), Tenebrio molitor (mealworm), Musca domestica 

(housefly) larvae, lesser mealworm (Alphitobius diaperinus), Gryllus bimacu-

latus (field cricket) and Zophobas morio (superworm)]. For example, the use 

of full-fat black soldier fly, housefly maggots, and cricket extracts have been 

shown to positively improve the health of mice and pigs. Feeding insect-based 

feeds to livestock has been reported to prevent bacterial infections in the guts 

of piglets. Broiler chicken, laying hens and early weaned piglets have also been 

observed to develop increased defence mechanisms against bacterial infections 

when fed insect meals as a soybean meal replacement. The decrease in the rate 

of diarrhoea observed in early weaned piglets fed insect meal has been associ-

ated with increased disease resistance and immune response. The inclusion of 

insect-rich vitamin (B12) and minerals (calcium, iron, zinc) in livestock and fish 

diets may also have the potential to prevent anaemia and cognitive decline, 
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356 reduce oedema, reduce blood glucose levels, improve gastrointestinal health, 

improve bone mineral density, and decrease the incidence of bone fractures, as 

well as reduce the risk of cardiovascular disease.

The beneficial effects of insect meals on gut microbiome and the antimicro-

bial effect have been associated with their chitin content. Chitin and chitosan 

found on the exoskeleton of insects can lead to increased microbial diversity in 

fish, broiler and hen guts, improved immune response, as well as reductions 

in feed intake, serum cholesterol, and triglycerides. The use of insect meal or 

extracts has been shown to increase the abundance and diversity of prebiotic 

and probiotic bacterium such as Bifidobacterium. In broiler chickens, this is 

associated with: an increased average daily gain in body defence (IgG and IgA) 

levels; the prevention of respiratory infections, diarrhoea, and antibiotic side 

effects; a reduced feed conversion ratio and mortality; and a reduced infection 

of Escherichia coli and Salmonella sp. In healthy adults, evidence strongly sug-

gests that cricket meal supplementation can improve gut health and reduce 

systemic inflammation, however, more research is needed to understand these 

effects and their underlying mechanisms. The inclusion of BSF larvae meal in 

rainbow trout diet has revealed an increased biodiversity of microbes in the gut 

that promoted resilience by competing with other pathogens for nutrients and 

colonisation sites. These findings are consistent with results reported in previ-

ous studies that the antimicrobial effect of dry mealworm (Tenebrio molitor) 

and super mealworm (Zophobas morio) larvae probiotics effectively help to 

reduce infections of E. coli and Salmonella in broiler chickens. Recent findings 

strongly support the inclusion of BSF larvae meal into broiler chicken diet as 

a promising protein source to reshape the gut microbiota for improved gut 

health, immune response, and food safety (Ndotono et al., 2022).

Chitin and its degraded insect products such as chitosan have been shown 

to exert antimicrobial, antioxidant, anti-inflammatory, anticancer, and immu-

nostimulatory activity. On the other hand, chitin and chitosan-supplemented 

diet in fish and broilers revealed significant increases in white blood cells, 

haemoglobin, and red blood cells, thus improving their immune function, 

especially in the gastrointestinal tract. In addition, the presence of short-chain 

fatty acids in insect-based feeds fed to livestock and fish has been associated with 

increased abundance and diversity of gut beneficial bacteria, lowered blood 

cholesterol and triglyceride levels, as well as elevated blood calcium levels.

The use of a diet with cricket based (Gryllus bimaculatus) meal has been 

shown to produce significant anti-inflammatory effect against chronic arthritis 

in rats. Findings indicate that the glycosaminoglycan found in a full-fat cricket 

diet fed to diabetic mice can prevent fatty liver and reduce blood glucose and 

LDL-cholesterol levels, with an increase in the activity of antioxidant enzymes 
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357(catalase, superoxide dismutase and glutathione peroxidase). Glycosamino-

glycan in cricket can also prevent fatty liver, thus it may help to lower the risk 

of developing diabetes and chronic inflammatory diseases in (mouse) animal 

models.

Powder forms of edible insect powder contain high quantities of bioactive 

peptides with antioxidant and antimicrobial properties. These antimicrobial 

peptides can benefit and improve the gastrointestinal health of chicken and 

pigs, while helping to increase their immune function and improving their 

ability to digest nutrients from their feed. The antioxidant properties of insect 

meal may aid in reducing inflammation and oxidative stress by lowering the 

number of free radicals present in the body. Effective techniques to increase 

antioxidant capacity of insect-based products include producing water-soluble 

extracts; the high antioxidant properties are likely attributed to their higher 

protein/peptide content. Thus, insect meal may potentially prevent the inci-

dence of cancer, cardiovascular disease, and diabetes, all of which are associated 

with oxidative stress and chronic inflammation.

Other benefits

A smart market for insect-based feeds: According to Globe Newswire, the 

BSF global market for animal feed is forecast to reach USD 3.4 billion by 2030, 

with a compound annual growth rate (CAGR) of 34.7% in the period 2021 to 

2030. The growth of this market is mainly attributed to (1) the increased grow-

ing global demand for meat products; (2) a growing aquaculture industry; 

(3) an increasing demand for affordable and readily available alternative pro-

tein sources; (4) increased investor support for the use of insects as feed and 

(5) growing government approvals of national standards on the use of insect 

meal in livestock and fish feed. The market price of dried BSF larvae and insect-

composted organic fertiliser in Africa ranges between USD 1.1-1.4/kg and USD 

0.3–0.35/kg, respectively. Thus, the BSF sector in Africa is nascent with most 

of the market still at the early stage, with a potential for production of 200 kg- 

10 tonnes (revenue USD 220-USD 11,000) per month. The World Bank report 

published in 2021, projected that annual BSF farming in Africa can generate 

crude protein worth up to USD 2.6 billion and biofertilisers worth up to USD 

19.4 billion. This will provide enough protein meal to meet 5-14% of the crude 

protein needed to rear all the pigs, goats, fish, and chicken in Africa. The report 

further estimates that through BSF farming, the continent could replace 60 

million tonnes of traditional feed production with BSFL meal annually. In con-

trast to Africa, North America and Europe have much higher BSF prices of USD 
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358 5.5 – USD 7.7 per kg due to higher labour costs, substrate and land costs, and 

country/regional regulations.

Employment and livelihood improvement: Further to the World Bank 

report, it is predicted that BSF farming will produce 60 million tonnes of BSF 

larvae meal per year, with a potential 15 million new jobs being created for 

youths and women, particularly in vulnerable communities across the African 

continent. This is consistent with the ex-ante study carried out by Abro et al. 

(2020), who reported that if the entire poultry and commercial poultry sectors 

replaced conventional fish proteins in poultry feed by 5-50% BSFL-based pro-

teins, this would generate a potential economic benefit of USD 69-687 million 

(i.e., 0.1-1% of the total GDP) and USD 16-159 million respectively. This has the 

potential to lift 0.07-0.74 million people out of poverty per year. Secondly, it 

increases the availability of fish, soya bean and maize from the commercial 

poultry sector, enough to feed between 0.47-4.8 million people at the current 

per capita of consumption in Kenya. Thirdly, it would increase employment in 

the entire and commercial poultry sectors by 25,000-252,000 and 3,300-33,000 

people per year, respectively. All this is possible, because BSF farming is a low 

cost, low maintenance, and highly efficient small-scale operation. However, 

the greatest challenge facing BSF farming is scaling up the operations to be 

able to seriously compete with traditional animal feed suppliers at an indus-

trial level. Currently, the insect-for-feed industry continues to struggle to build 

infrastructure, breed sufficient quality ‘parent stock’, meet consistent product, 

and combat restrictive legislation.

Waste reduction: According to the World Bank, Africa’s bio-waste genera-

tion capacity is 125 million tonnes annually, availing more volumes of wastes 

for insect farming and frass fertiliser production. Currently, only 4% of wastes 

in Africa is recycled, compared to 35% for Europe and other continents. Thus, 

wastes in Africa have less competitive uses compared to those in Europe and 

other continents which have already embraced waste recycling. Furthermore, 

Africa has more conducive climatic conditions (temperature, relative humidity 

etc.) for edible insect farming, compared to Europe, Asia and other continents, 

and will be a key player in insect farming for alternative protein and frass fer-

tiliser industry. Thus, harnessing the full potential of reusing organic waste 

would requires policies on waste segregation at point of production to avail 

sufficient quantities of decomposable organic waste for insect farming, crea-

tion of favourable environment to attract private sector players to scale up 

and increase the production of protein for animal feed and frass fertilisers 

for improved soil health, and building capacity for new job creation for wider 
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359adoption. In Africa, there is capacity to transform this organic waste to produce 

approximately 60 million tonnes of insect-based feeds and 60 million tonnes 

of insect-composted organic fertiliser per year in Africa. icipe has also shown 

that 5-50% adoption of BSFL-based feed products in the entire poultry sector in 

Kenya would help recycle 2-18 million tonnes of organic waste into estimated 

1.8-18.4 thousand tonnes of organic fertilisers, contributing to overall well-

being, as well as a more sustainable and resilient climate environment.

Greenhouse gas emissions: Due to the higher feed conversion efficiency of 

insects, methane emission from house fly larvae-composted food waste was 

estimated to be 99.5% lower than methane emissions from windrow compost-

ing (Parodi et al., 2022). The ability of BSF to reduce methane emissions from 

pig manure in a range of 72.6-99.9% depending on moisture, when compared 

with conventional composting has been highlighted. Bioconversion of waste 

using BSF larvae can reduce up to 52% and 86% of the methane emissions, 11% 

and 14% of phosphorus, 5% and 53% of nitrogen, 15% and 42% of carbon content 

from stored cattle and swine manure, respectively (Matos et al., 2021). This is 

further supported in the model developed by the World Bank, which demon-

strated that recycling the organic waste in Africa would translate to savings of 

over 86 million tonnes of CO2 emissions, which is the equivalent to removing 

18 million vehicles from the roads. The use of insect-feed to mitigate methane 

emissions from organic waste is a promising technology for waste treatment, 

with great potential to promote a circular economy in the livestock sector.

Potential barriers to upscaling insect production

Several barriers exist to new entrants to the insect farming industry, particu-

larly in areas where no enabling policies are in place. It is worth mentioning 

that Kenya and Uganda and soon Rwanda in East Africa have moved ahead 

in creating enabling policies through an effective partnership with the icipe 

Insects for Food, Feed and Other Uses (INSEFF) programme. This was fol-

lowed by the approval of insect-based feed standards in the European Union, 

the United States, Canada, Australia, Central and South America, and several 

countries in Asia (China and South Korea). Despite this increase in size of the 

insect industry in the global market, especially in Europe, the United States, 

Asia and Africa, the insect protein revolution still faces challenges in over-

coming political, legal, economic, social, technological product and biosafety 

process-specific barriers. There are barriers to insect farming in Africa, while 

particularly in Europe farming is limited to seven species (BSF, housefly, two 
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Category Recommendations

Waste management • Adopt a smart food market of the future that has the infra-
structure to separate organic waste for use by BSF entre-
preneurs

• A dedicated coordination to scale emerging innovations that 
support insect production

• A campaign on the use of waste for insect farming focused on 
market operators and users to minimise waste contamination 
and encourage recycling/upcycling

• The expansion of mapping and inventory of waste disposal 
sites in various countries

Farmer support • Improved training on insect farming through repackaged  
digital handbooks, technical material, and dissemination  
platforms driven by various stakeholders

• An online database of free and available downloadable  
materials, readily accessible to interested farmers

• A knowledge-sharing partnership with global best-practice 
organisations

• A business support programme specific to the needs of  
insect farmers

Access to finance • A taskforce to stimulate investment particularly for small-
holder farmers, SMEs

• An investment scheme for smallholder farmers that are part  
of the community-based model

• A loan scheme supporting informal corporative groups to 
provide access to finance for female farmers

• Engagement plan with impact investors to share knowledge 
and generate interest on the insect sector

• A roundtable discussion with potential private investors  
interested in commercial insect investments

Policy and  
regulatory issues

• Consultations with government institutions and policy  
makers to implement a one-stop-shop for all the permits  
and certifications related to insect farming

• Clear guidance on standards and quality requirements for 
insect farming to be embedded into business development 
services

• Establish waste management bill that encourages waste  
segregation to support the insect circular economy

• Establish guidance, develop standards and certification  
process for the commercialisation of insect-composted  
organic fertiliser

• Organise a taskforce to facilitate the set-up and operations  
of new insect farms in various countries

• Provide tax credits/preferential corporate and income tax  
for producers who adopt eco-friendly practices

• Encourage tax exemption on equipment and machinery  
imported for insect protein production

Table 1: Recommendations across the value chain to accelerate insect protein 
adoptionS
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361species of mealworm, three species of crickets) that can be integrated into ani-

mal feeds. Moreover, the EU regulation only permits the use of specific organic 

waste streams as food for farmed insects if they have to be incorporated into 

compounded animal feed. Unfortunately, the use of insects raised on waste and 

processed as protein to feed poultry and pigs is still banned in the EU, unlike 

in China, South Korea, Kenya, Uganda, and Canada. Additionally, edible insect 

preservation processes such as freezing, drying and grinding require large 

amounts of energy, which might not be affordable for smallholder farmers in 

the sector.

Recommendations

Scaling up circular insect production requires several key actions, including 

training farmers; forming producer groups and building producer capacity; 

providing access to finance; forming insect farming associations; raising public 

awareness of the social, economic, and environmental benefits of insect farm-

ing; strengthening regulatory frameworks; and monitoring and evaluation. 

Moreover, actions are required from the public sector to provide extension 

services, necessary policies, or a regulatory framework, and from the private 

sector to contribute starter capital or other investments. Recommendations 

across the value chain to catalyse and accelerate insect protein adoption in the 

animal feed sector are presented in Table 1.
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363Eco-feed – the Japanese experience

Tomoyuki Kawashima

University of Miyazaki

Japan has developed a series of technologies to use food waste efficiently 

and safely as livestock feed. It is a good model for creating a recycling-

based society.

A one-way society based on mass production, mass consumption and 

mass disposal was key to Japan’s development in the 20th century. 

In 2000, the Japanese government set out a legislative framework 

to establish a recycling-based society in order to change existing lifestyles. 

Jurisdiction for promoting recycling and related activities for the treatment 

of cyclical food resources (Food Waste Recycling Law) was introduced in 2001, 

as one of the umbrella laws under this framework. It was the start of eco-feed 

activities, the term eco-feed being derived from ecological and economical 

feed. It is defined as feed prepared from food-processing by-products, surplus 

food, cooking loss, and food waste. This has resulted in the recent development 

of new technologies related to eco-feed.

Of the 16.24 million tonnes of food waste generated annually in 2020, 6.64 

million tonnes were used as feed (Table 1). Food waste other than that of house-

hold origin is categorised as industrial waste and municipal solid waste from 

business activities; this includes food waste from the food manufacturing 

industry (Table 1). Local government licenses are required to transport both 

types of food waste. Since the enforcement of the Food Waste Recycling Law, 

the production of eco-feed has steadily increased, however progress has slowed 

in recent years (Figure 1). The self-sufficiency rates of livestock feed including 

both concentrate feed and roughage were 25% and 13%, respectively in Japan in 

2021, and most feed grains were imported. The enormous amount of manure 

generated by livestock was already being used for compost and energy. The use 

of food waste as feed (eco-feed) is a more effective way to reduce food loss and 

improving the feed self-sufficiency rate. It is thus important to primarily con-

vert food waste to animal feed, followed by manure conversion to fertiliser or 

energy: ‘cascade utilisation’.

The price of feed grains greatly affects the demand for eco-feed. The pri-

mary source of corn, the main feed grain, is the United States. In 2008, the price 

of corn increased dramatically due to the demand for corn for bioethanol pro-

duction and bad weather in the United States. In 2012, there was a significant 

decrease in exports due to drought in the main production areas. At that time, 
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imports from Brazil and Argentina were able to meet the Japanese demand, 

but prices continued to increase. Since 2013, the United States production has 

been steady, and supply and prices have been stable. The production of eco-feed 

increased significantly in the period when the international price of corn was 

high, however in recent years it has decreased as the price of corn has become 

relatively low and stable.

Regulations for meat-containing ecofeed

With the outbreak of BSE in Japan in 2001, the Feed Safety Law was amended to 

more strictly control the use of animal protein in ruminant feed. It was decided 

that food waste could be used as feed for pigs and chickens. Food waste is origi-

nally edible, and the use of food waste as feed contributes particularly to the 

promotion of public interests such as improving the food self-sufficiency rate 

and achieving a more recycling-oriented society. Food waste possibly contami-

nated with raw meat can be used after heat treatment, either at 70 °C for 30 

minutes or longer, or 80 °C for 3 minutes or longer, from the viewpoint of pre-

venting classical swine fever (CSF).

In 2002 in the EU, legislation prohibiting the use of feed prepared from 

food waste containing meat was introduced, not only for cattle but also for 

pigs and chickens. This was a result of the impact of BSE, which from the mid 

1980s led to strict controls of foot-and-mouth disease and CSF. In Germany and 

Austria, where the use of food waste for feed had been popular, a special grace 

period was set, and in 2006 its use was completely banned; this continues to the 

The amount of  
food waste  
generated per year 
(1000 tonne)

The amount of  
recycle use

The amount for  
animal feed 

Food manufacturing 
industry

13.390 10,590 (79%) 8,290 (78%)

Food wholesaler
230

130 (57%) 40 (31%)

Food retailer 1.110 430 (39%) 170 (40%)

Food service  
industry

1.510 280 (19%) 14 (50%)

Total
16.240 11,430 (70%) 8,640 (76%)

Statistics and Information Department, Ministry of Agriculture, Forestry and Fisheries (2006)

Table 1: Situation of food waste recycling in 2020
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365present day. For nearly 20 years, food waste containing meat has not been used 

as feed in the EU, which is different from the situation in Japan.

The Terrestrial Animal Health Code of the World Organization for Animal 

Health (OIE), requires heating meat to 70 °C or higher in order to prevent CSF, 

as in the Japanese regulations. Swill must be heated to 90 °C for 60 minutes or 

at 120 °C for 10 minutes at 3 atm (OIE, 2019). The differences are due to meat 

and swill’s differing water and fat compositions, and various substances pre-

sent in swill may potentially protect the virus, so it is necessary to increase the 

heating requirements to ensure inactivation. The Japanese Standards of Rear-

ing Hygiene Management were revised in March 2000, amending the heating 

requirements for eco-feed in order to respond to the occurrence of CSF in Japan 

and the increasing risk of using ASF. Food waste generated from facilities han-

dling meat has to be treated using the following process when used as eco-feed: 

heat treatment at 90 °C or higher with stirring for 60 minutes or longer, alter-

natively a method with an equivalent or greater effect, and measures to prevent 

cross-contamination of the heat-treated feed with raw materials prior to heat-

ing. The regulation was enforced in April 2021.

Japan has developed technologies for preparing eco-feed including dehy-

dration, silage and liquid feeding, depending on the characteristics of food 

waste, feeding systems and target animals. 

Figure 1: Change of ecofeed production

Ministry of Agriculture, Forestry and Fisheries
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366 The technology to be adopted can be selected according to the type and amount 

of food waste used as a raw material, its composition, the location where food 

waste is generated and where eco-feed is prepared, the distance between the 

livestock farmer used, the target livestock, and the feeding method. The range 

of distribution differs due to moisture contents. While dehydrated eco-feed 

can be distributed over long distances, the distribution of liquid feed is more 

limited.

1. Dehydration

The most convenient way to improve the storage stability of ecofeed and facili-

tate transportation is dehydration. Eco-feed can be sterilised by heating during 

the dehydration process. It can be fed to animals through existing feeding sys-

tems. Dehydrated materials such as breadcrumbs, soybean curd residue, and 

brewers grains are popularly used as single ingredients, while many companies 

produce dehydrated ecofeed from mixtures of various kinds of food wastes 

containing meat. A number of ecofeed-producing companies have registered 

their ecofeed as a raw material for formula feed, based on decisions by the Agri-

cultural Materials Council (Table 2). Each ecofeed is prepared from different 

dehydration systems and from different raw materials. Consequently, ecofeed 

chemical composition varies. Notably, crude fat content differs depending on 

the raw materials as well as processing system, as some systems apply a defat-

ting process. Those with a high fat content have high nutritional value, and 

some have a Total Digestible Nutrients (TDN) content of over 100%. Crude 

protein contents are generally high. These ecofeeds are mainly prepared from 

municipal solid waste resulting from business activities, and represent a model 

for the formation of a recycling-oriented society.

2. Silage

Many by-products have a high water content, and silage is often prepared as a 

low-cost storage method. Feeding systems for pigs and chicken cannot deliver 

silage; silage prepared from ecofeed is mainly fed to cattle. When targeting 

ruminants, it is necessary to use resources that do not contain animal protein 

under the Feed Safety Law. Some are available year-round, such as brew-

ers grains, tea grounds, and soybean curd residue, while others are seasonal 

resources, such as winery waste, juice residues, and potato pulp. Silage-pre-

pared ecofeed is often used as a raw material for total mixed ration (TMR) for 

cattle, a mixture of roughage, silage-prepared by-products, grains and vita-

mins/minerals. TMR supply centres have been established throughout the 

country.

S
E

C
T

IO
N

 6
 —

 C
IR

C
U

L
A

R
IT

Y



367

3. Liquid feeding

Liquid feeding pipelines deliver a liquid mixture of feed ingredients with water 

directly to pig barns. One of the major advantages of liquid feeding is the utili-

sation of a wide range of co-products with a high moisture content. It includes 

various types of by-products such as shochu distillers’ residue, whey, potato and 

sweet potato processing waste, rice washing water, milk, juice, cooked rice, and 

breadcrumbs (Kawashima and Ishibashi, 2015). As mentioned above, heat treat-

ment is required for meat-containing materials. Fermented liquid feeding is a 

technique in which lactic acid bacteria are added after heat treatment and lactic 

fermentation occurs; the pH is lowered and storage stability is improved. When 

cooked rice is used as a source of carbohydrate, viscosity increases when heated. 

By adding α-amylase before heating, this problem can be overcome and a liquid 

feed with high dry matter content can be prepared (Omori et al., 2007).

The Japan Food Ecology Centre (JFEC) (Figure 2) produces fermented liq-

uid feed in Kanagawa. JFEC collects food waste using refrigerated trucks from 

more than 180 businesses, including department stores, supermarkets, food 

manufacturers, and dairy factories, mainly in the Kanagawa and Tokyo area 

(Figure 3). It prepares fermented liquid feed and provides it to 16 contract pig 

farmers in the Kanto area. It has a license to process 13 tonnes of municipal 

solid waste from business activities and 36 tonnes of industrial waste daily, and 

a license to collect and transport industrial waste in 13 prefectures of Honshu. 

It operates 365 days a year and is an essential facility for food recycling in the 

No.

Chemical Composition Nutritive value Digestibility

DM
%

CP
%FM

EE
%FM

NFE
%FM

CF
%FM

CA
%FM

Target
Animal

TDN
%FM

ME
Kcal/
kgFM

CP
%

EE
%

NFE
%

CF
%

1 95,4 22,3 9,3 52,2 4,3 7,4
Poultry — 2.940 52 91 80 11

Pig 79,2 — 60 86 88 45

2 90,1 20,6 21,4 39,9 4,4 3,7
Poultry — 4.170 — — — —

Pig 105 — 84 97 96 59

3 89,7 8,6 3,8 72,4 1,9 3,0
Poultry — 3.640 — — — —

Pig 82,3 — 71 70 97 0

4 89,0 21,5 6,1 52,3 2,9 6,2 Pig 75,8 — 66 85 92 63

5 91,3 20,1 5,4 57,7 1,4 6,7 Poultry — 3750 — — — —

6 91,7 13,3 7,3 67,8 0,4 2,9 Pig 92,8 — 83 92 98 46

7 90,6 22,3 9,9 47,2 3,4 7,8 Pig 82,3 — 78 88 91 68

8 92,7 18,1 11,9 53,9 4,8 4,0 Pig 83,3 — 62 92 84 46

9 90,8 19,3 14,3 46,2 3,3 7,6 Poultry — 3350 — — — —

Table 2: Chemical composition, nutritive value and digestibility of dehydrated ecofeed 
registered as a raw material for fomula feed  E
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368 Kanto area, producing about 15,000 tonnes of liquid feed from about 13,000 

tonnes of raw materials annually. In addition, it also transports a total of 2,200 

tonnes of liquid feed ingredients such as potato peel, whiskey lees, milk, whey, 

shochu distillers’ residue, and syrup.

The basic preparation method is as follows:

A) Food waste is put in the hopper (Figure 4).

b) Contaminated materials are manually removed on the sorting conveyor 

and metals are removed using a metal detector and magnetic separator.

c) Primary coarse crushing with a hammer type crusher.

d) Secondary fine crushing into particles with a cutter type crusher.

e) Mixing in the primary tank.

f) Sterilisation at 100 °C with a steam jacket.

g) Cooling in a secondary tank with stirring.

h) Overnight storage in a fermentation tank after inoculation with lactic acid 

bacteria.

i) Shipping to pig farmers within 24-48 hours by tanker (Figure 5).

Table 3: Chemical composition of fermented liquid feed

DM % 19.8

CP %DM 14.6

EE %DM 12.6

NFE %DM 67.2

CF %DM 1.5

CA %DM 4.0

Amino Acids

 Arginine %CP 5.03

 Histidine %CP 1.93

 Isoleucine %CP 2.48

 Leucine %CP 6.34

 Lysine %CP 4.76

 Methionine %CP 1.66

 Cysteine %CP 1.72

 Phenylalanine %CP 4.00

 Tyrosine %CP 3.21

 Threonie %CP 3.69

 Typtophan %CP 1.14

 Valine %CP 3.07
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369The chemical composition of fermented liquid feed prepared at JFEC is shown 

in Table 3. Crude protein content is not high as it contains relatively large 

amounts of carbohydrate such as rice, bread and noodles. However, the protein 

consists of well-balanced amino acids.

Fermented liquid feed is sold at a price of about 60% of commercial for-

mula feed on the basis of dry matter. JFEC developed a system with ‘recycle 

loops’ in collaboration with pig farmers and food retailers. Pig farmers produce 

value-added pork and sell it to the food retailers, who sell this branded pork to 

consumers. These recycle loops enable ecofeed-producing companies to collect 

food waste in a stable and safe manner, which in turn leads to stable ecofeed 

production. In recognition of this effort, in 2018 JFEC received the highest 

award at the second Japan SDGs Awards. 

International collaboration

Seventeen Sustainable Development Goals (SDGs) were adopted by the United 

Nations General Assembly in 2015. One of the goals was to ‘ensure sustainable 

consumption and production patterns’, which implies reduction of food loss. 

With this as a trigger, greater efforts are being made to reduce food loss in EU 

countries. A four-year research project on food loss reduction (REFRESH) was 

implemented supported by EU budget, and was completed in 2019. The use 

of food waste as feed is one of the targets of the project. REFRESH published 

technical guidelines for feeding meat-containing food residues to omnivorous 

livestock such as pigs (REFRESH, 2019). In the guidelines, they referred to the 

JFEC case described above and the statistics on ecofeed in Japan. Economic 

benefits and the environmental impact were examined and similar ecofeed 

production activities were implemented throughout Europe.

Following the publication of the REFRESH results, the Netherlands decided to 

conduct a demonstration project to produce feed from food waste containing 

meat. As this could not be implemented in the EU due to existing regulations, 

it was implemented on Curaçao, a Dutch Caribbean autonomous country that 

forms part of the Dutch Kingdom. The results were published by Broeze et al. 

in 2020.

E
C

O
-F

E
E

D
 –

 T
H

E
 J

A
P

A
N

E
S

E
 E

X
P

E
R

IE
N

C
E



370 Conclusion

Reducing food loss remains a major challenge. As Japan is one of the world’s 

largest importers of feed grains which can be used for human food in other 

countries, Japan needs to further promote efforts to reduce food loss. Ecofeed 

is an effective means of reducing food loss. The innovative technologies and 

systems developed for Japanese ecofeed production provide a good model for 

establishing a more recycling-oriented society.

Figure 2: Japan Food Ecology Centre

Figure 4: Hopper to receive food waste

Figure 3: Refrigerator truck to collect food 
waste

Figure 5: Tank truck to ship liquid feed to pig 
farmers 
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372 2050: this is not a story about waste

Hilke Bos-Brouwers

Sustainable Supply Chains, Wageningen Food & Biobased Research, Wageningen 

University & Research

Rising in the morning, slipping into my slippers, I call out ‘lights on’. My 

bedroom illuminates softly, screens slide upwards to reveal that breath-

taking view over the city’s rooftops I never get bored of. Walking to the 

kitchen, my time-programmed coffee maker presents me with a local 

brew and signals it has ordered a new batch for refills. The homebaked 

fresh bread I pull from the refrigerator, with its spent brewers grain 

from the city’s brewery a few blocks away, tastes heavenly. The commu-

nity hub vertical farm located on my building’s rooftop has provided 

other ingredients for my breakfast, including milk, vegetal butter, and 

various jams and leafy vegs. I’m ready to start the day...

T oday presents the same view over the city, but it has an entirely differ-

ent outlook. It’s one of a city struggling to accommodate housing and 

mobility for its ever-growing number of people, secure its energy use, 

provide food, and deal with waste. Annually, the world’s population generates 

2.01 billion tonnes (2,010,000,000 kg) of municipal solid waste, about 0.11-4.54 

kg per person per day. This amount is projected to grow to 3.40 billion tonnes 

by 2050, more than double the population growth over the same period: over 

9 billion people in 2050 (OECD, 2019). Zooming in on food waste and other 

organic waste, the United Nations Environment programme (UNEP) estimates 

that global levels of food loss and waste amounted to 931 million tonnes in 

2019, of which 61% came from households, 26% from food service, and 13% from 

retail. This suggests that 17% of total global food production may be wasted. 

Estimates suggest that 8-10% of global greenhouse gas emissions are associated 

with food that is produced for, but not consumed by humans (UNEP, 2021). 

Cities are likely to absorb the total world population growth between 2010 and 

2050; by 2050, nearly 70% of the world population is projected to be living in 

urban areas. Supporting this growth has led to an increasingly unsustainable 

use of resources, linked to economic inequalities, extractive economies, and 

linear infrastructures. In terms of agri-food systems, these problems can be 

defined around rising levels of food waste, food insecurity, fresh water supply 

issues, soil depletion, and negative environmental impacts such as GHG emis-

sions and disrupted nitrogen and phosphorous cycles. Cities, precisely because 

of their high population density and material and social interconnections, are 



373well positioned to lead the way in learning, experimenting, and prototyping 

circularity by design. Therefore, momentum is building for cities to urgently 

address this waste issue, and they will play an indispensable role in combating 

food waste and feeding citizens with fewer carbon emissions and a minimal 

impact on natural resources. Moreover, the city’s ‘diet’ is important. What peo-

ple eat and discard in the future relates directly to the use of (animal) protein, 

the generation of waste, and the sustainability impact of our food systems.

In 2015, the UN presented their Sustainable Development Goals (SDGs) to 

ensure the fair, sustainable and secure provision of food and biobased materials 

for the coming decennia, without jeopardising the world’s natural resources, 

biodiversity, and health of people, plants and animals. Ideas and political com-

mitment leading up to the SDGs originated much earlier, in the 1970s with the 

rising importance of environmental management, and in the 1980s with the 

coining of the sustainable development approach, with the first Earth Summit 

in Rio in 1992, and its declarations made in ‘Agenda 21’. It sprouted new ways 

of thinking to address the enormous challenge to stay within the planetary 

boundaries against estimates of population growth and climate change. The 

Circular Economy presented itself as a transformative way of organising our 

use of resources, creating an almost endless loop of use, reuse and recycling 

to avoid any waste. Within the bioeconomy, these loops run through all appli-

cations of biomass, including food, feed, functional materials, fertilisers and 

fuels. Any by-products and coproducts of the agri-food system can potentially 

be refed back into it, via for example soils and/or quite literally via the animal 

production system.

The numbers are staggering! However, there are two major issues with 

these data. Firstly, measurement issues within almost all waste categories: the 

availability of reliable, comparable and harmonised data is relatively low, and 

measurement approaches have been highly variable. Ever since the first global 

reports were published on food waste data (FAO, 2011), definitions, scopes and 

methodologies have been discussed in scientific, policy and business commu-

nities. The UNEP 2021 report indicates that across the globe, only 17 countries 

could be identified with enough high-quality data to be compatible with track-

ing the progress requirements of SDG 12.3, which aims to halve food losses 

and waste by 2030. Where these data issues exist at a global level, this also is 

related to data availability with sufficient quality at an urban level. And sec-

ondly, seeing these waste figures alone is apparently not convincing enough 

for stakeholders to change their ways.
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374 ... but about how we grow and use food and other biomass 
for the city

So, let’s talk about motivation and how it can drive the change needed for the 

protein transition. To transition from a linear agri-food system to a circular 

one will require drastic change as the current way of organising the availabil-

ity and safety of our food and drink will not be sustainable within the planet’s 

boundaries. It’s important to consider how individuals can contribute to this 

‘bigger picture’. We need to reframe it is as a challenge from the future, a ques-

tion asked by our future selves and our children living in the city in 2050. We 

need to consider how we would like to live our lives, what we will eat and drink, 

and how we become a cog in the whole food and biobased system of the circular 

city. Thirty years is not a long time, but cities will have changed considerably 

to accommodate the growing numbers and increasing demands of its citizens 

(see Figure 1).

City

Current 2050

Inputs

Waste

City

Figure 1: From linear to circular cities

A circular bioeconomy presents us with visions of using fewer natural resources, 

with lower emission levels and improved nature inclusivity and biodiversity of 

the food system compared to current systems. Circularity in urban areas will 

need to contribute to safe, affordable and sufficient food, the wellbeing of peo-

ple and animals, and lead to zero waste and zero emissions. This also relates to 

changes in protein resources: we will need to shift towards more plant-based 

diets or alternative proteins such as algae, insects or duckweed. Another aspect 

is redesigning the supply chain of food, integrating local sourcing by bringing 
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375production into the city using technological innovations such as vertical farm-

ing and hydroponics. This will influence the way we build and organise our 

cities to translate circularity into this new urban environment.

This translation process can be captured by applying ‘circularity-by-design’ 

principles. This will result in different outcomes in different cities, not only 

because each city is different due to infrastructural or climatic conditions, but 

also because the needs and demands of the people living there will differ. Estab-

lishing people’s needs and demands is the first step to be taken to describe the 

transition from a linear to a circular-by-design urban bioeconomy: it means 

that we need to know what people want, how they want to live, and what they 

expect from their urban environment. This calls for an approach that creates a 

decision-making process from the bottom up, and aligning designs at a chal-

lenge level with urban level ambitions.

We have created a framework approach that adheres to the five principles 

for a circular bioeconomy, including Safeguard, Avoid, Prioritise, Recycle and 

Entropy (Muscat et al., 2021). It proposes a food system’s perspective to map all 

of the flows, benefits, and burdens of the current agri-food and waste system 

in a city. It also addresses the governance structures and policy levers that keep 

this system in place, and have the potential to change it. Approaching urban 

design and infrastructure as vital components of agri-food systems offers 

opportunities for crafting shorter and more regenerative loops at every stage 

in the agri-food system, including the ‘end-of-pipe’ recovery of nutrients.

By increasing levels of circularity, we move from the useful application of 

discarded materials towards extending the lifespan of products and their parts, 

towards smarter product use and manufacture. This translates into the follow-

ing design principles for a circular bioeconomy within the urban context:

• Move from closing ‘leaks’ towards a ‘water-proof’ system from the start: 

instead of incinerating waste and calling it bioenergy, prevent waste from 

happening in the first place.

• Map and quantify food and biomass resources and demands from stakehold-

ers involved in the city’s system, including the demarcation of boundaries: 

making the flow of resources transparent and accessible to enable optimal 

use by identifying needs and uses. What needs to be imported into the city, 

and how can effluents be managed appropriately, even if it means exporting 

it outside the city. Not everything can or needs to be handled at city level.

• Consider parallel destination and valorisation options for resources, instead 

of cascading chronologically: a linear approach considers the effluents of 

each use-phase in a cascade from high- to low-value applications. Instead, 

decide on the best use of the resource in advance and process it in such a way 

that it allows multiple applications that in turn lead to higher efficiency.
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376 • Design inclusively to avoid shifting problems or negative impacts to other 

stakeholders, places, scales, or time: this prevents losing sight of conse-

quences in other domains.

• Utilise deep leverage points for change, not only technological solutions: 

there are technological options aplenty that can alter material flows, but 

they only have ‘shallow’ leverage for systemic change. Deeper leverage 

points have great potential, e.g., by redefining common goals, shaping 

information flows, and self-organisation towards changing mindsets and 

paradigms by intent.

Easier said than done? True enough. Utilising the experiences from real-life 

challenges in the city of Amsterdam, the Circularity by Design project struc-

tured the process into a four-step design approach (see Figure 2). 

Figure 2: Circularity-by-Design approach  
(graphic designer: Bureau voor Beeldzaken, 2022)
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377It starts with inventorying the supply and demands. This includes material 

flows which can be parametrised into data about volumes, value, functional-

ity and techno-physical properties. This leads to a compositional ‘profile’ of 

the material flows, that also considers the production process. Focusing on 

materials alone is not enough: we need to pay close attention to the intentions 

and values of stakeholders involved: what ambitions underpin their plans and 

actions, what do they hope to achieve? The decision to pre-empt intent and 

design is informed by deep leverage points. Utilising a societal readiness level 

(SRL) approach, an assessment can be made about the societal demands as well 

as the maturity level of their transformation capacity. Based on these combined 

insights, we move into the scoping of opportunities: what options come to 

the table that fit the urban challenge? Various valorisation strategies, aiming 

at food, animal feed, biomaterials and soil options can present a potential fit 

with the needs and demands from the inventory. With those listed, a match-

making process can be initiated, gearing up to make design choices. Various 

tools can be used to facilitate this decision process, in a combination of infor-

mation- and stakeholder interest-driven actions. The choice is ultimately made 

by the people that ‘own’ the challenge and are responsible for implementing 

the design in the next step. There is no one-size-fits-all solution for circular 

designs: the decision process will differ for each Urban Challenge. The stake-

holders involved in the challenge can be asked to identify which part(s) of the 

agri-food system they are active in, and how this effects other parts. At each 

step of the design approach, stakeholders can be invited to look beyond their 

own individual interests, to consider the broader system they are embedded in. 

100% material circularity may not be feasible at challenge level or in the urban 

context, but design by intent means that demands are met in the most circular 

fashion possible, without jeopardising a broader transition to circularity. 

Examples of challenges at city level are: designing zero-waste restaurants, 

repurposing high-rise buildings, circular management of household food 

and food waste, and urban food production. Their specific requirements and 

governance context, including financial, legal and social aspects, influence 

acceptance and successful implementation of the design choices. When search-

ing for solutions, a huge variety of options become apparent to the challenge 

owner, such as vertical farming, urban forests, aquaponics, new sanitation, 

biorefineries, community hubs to grow insects, mushrooms growing on 

organic refuse, etc. To facilitate decision making, a ‘traffic light’ score board 

can serve as a tool to compare different options. Circularity criteria can include 

indicators such as product value, conversion factors, functionality, volumes, 

legal issues, public opinion, government policy, ambition levels, consumer 

acceptance, cost benefits, technological readiness level, etc. The weighting fac-
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378 tors allocated to indicators are also of importance. These should be established 

co-creatively process among the challenge stakeholder groups, while consider-

ing the socioeconomic and environmental context. This allows for an inclusive 

governance of making design choices at challenge level.

However, the transition towards circularity cannot depend on the success 

of one individual challenge alone. It requires successful designs that estab-

lish themselves across the whole of the city: both leading by example as well 

as learning from each other to enable scaling to the urban level. Challenge 

implementations can be evaluated and monitored on their contribution to 

the circular bioeconomy against city-level goals in the long term, including 

sustainability, climate resilience, citizen health and safety. A circular city is an 

attractive concept as it leads to increased resource efficiency and a better urban 

environment, also from the socioeconomic point of view. When making deci-

sions about allocations of biomass resources to their destinations, the question 

of whether closing the circular loop within the city is feasible and the ‘right’ 

choice should be continuously monitored.
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T he middle of the supply chain tends to be invisible to consumers and 

policymakers alike, yet it is an essential link in capacity development for 

new proteins. Take, for example, global pulse protein supplies. There 

is no global shortage of pulses as they are widely available at low prices for 

direct human consumption. Yet in recent years there has been a shortage of the 

refined pea protein isolates that are widely applied in producing plant-based 

foods. There are multiple possible responses to these shortages. One option is 

to invest in increasing protein extraction capacity, and certainly this is happen-

ing with major capacity investments being made in North America, Europe, 

and Asia. Another response, and one that the editors of this publication would 

like to stimulate, is to consider how to reduce the degree of processing applied. 

There are multiple benefits but also numerous challenges to reducing the 

degree of processing of plant materials. Primary processing to a protein isolate 

typically involves solubilisation, extraction, and drying. This process requires 

significant amounts of water to be added, and removing the water via the final 

drying step is particularly energy intensive. Alternative dry separation tech-

nologies are available but result in ingredients with a lower protein content, 

i.e., protein concentrates. The complexity of these less refined ingredients 

makes product formulation with them more challenging, and consistency is 

an issue. There is also a trade-off in nutrition. A highly refined protein isolate is 

likely to deliver more bioavailable protein than a less refined ingredient. In less 

refined ingredients the complex carbohydrates and anti-nutritional factors 
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(phytochemicals) present can reduce the body’s ability to digest the protein. 

Most nutritionists would advocate for increasing fibre and phytochemical con-

sumption, and since protein as a macronutrient is typically over-consumed a 

lower digestibility of protein need not be the primary concern. Finally, back-

lashes against food processing are prevalent and consumers report preference 

for shorter, simpler product ingredient labels.

There is surely a lot to be won through innovation in this domain. More 

effective dry processing routes can reduce the water and energy footprints of 

protein ingredients. Alternatives to extrusion, the current gold-standard in 

texturisation, can also reduce energy expenditure and increase supply. Protein 

sources that are suitable for production of alternatives via minimal process-

ing routes will also emerge. Mycoprotein is the first widely available example: 

because of its naturally fibrous texture mycoprotein provides a meat-like bite 

without a need for a separate texturisation step. The pace of innovation in food 

processing tends to be particularly slow due to the high level of sunk costs in 

existing infrastructure. This also makes it an industry ripe for disruption. 

If major food processing companies hesitate to embrace new technologies, 

more nimble startups and scaleups will leapfrog ahead. There are particularly 

exciting opportunities to design sustainable and circular food processing eco-

systems in geographies where supply chains are less developed but economies 

are rapidly growing. It should not come as a surprise if entrepreneurs in the 

global south lead the way in the next food system revolution. 
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Fractionating protein from other components, such as complex carbo-

hydrates and phytochemicals, is currently required for application in 

plant-based foods but emerging scientific knowledge enables applica-

tion of less-refined ingredients

F ractionation is a key processing step for application of plant proteins 

in food. The plant protein ingredients made via fractionation are used 

as a functional ingredient, for example to stabilise emulsions, and in 

addition to this, these ingredients are applied in plant-based alternatives for 

meat to increase the product’s protein content and improve meat analogue 

structure. Plant-based alternatives for meat and dairy are mostly made with 

highly refined ingredients. Although this has advantages in terms of qual-

ity control and food safety in subsequent analogue production processes, the 

refinery process uses energy and water, and considerable losses of material 

during purification have been observed. Moreover, refinery capacity is limited 

and expensive, which explains why setting up new facilities for novel protein 

sources is challenging. Therefore, it is time to rethink protein fractionation 

and develop alternatives.

From raw material to protein ingredient

Soy protein isolate, gluten (protein from wheat) and pea protein isolate are 

examples of protein ingredients used for making current plant-based pro-

tein foods. These ingredients are obtained during the refining of soybeans, 

wheat grains and pea. These highly refined ingredients have clearly defined 

functionalities and properties (e.g., structuring and emulsification proper-

ties). However, the processes to obtain the pure fractions can be costly and are 

unsustainable in energy, water and chemicals use, and due to the generation 

of large amounts of unused side streams. This calls for the development and 

implementation of innovative, new fractionation strategies with milder pro-

cessing techniques, resulting in more effective use of raw materials.  
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Current processing routes for protein ingredients can be divided into several 

groups. First, for oilseeds such as soybean, rapeseed and sunflower, the oil is 

commonly collected by pressing and subsequent solvent extraction, resulting 

in a meal or press cake with 30-50% protein. This meal is further processed by 

aqueous or alkaline extraction, resulting in protein isolates with more than 

90% protein. Figure 1 illustrates the fractionation of soybeans into different 

end products. 

Secondly, starch-containing crops such as cereals and legumes are used to 

produce both starch and protein ingredients. Cereals, like wheat or maize, 

have a much lower protein content than oilseeds, typically about 10-12%. 

Industrially, cereals are primarily being used for the production of starch. The 

remaining protein is used for feed, but interest in use as a food ingredient has 

been increasing. An important food example is wheat gluten, which is now 

widely used as a structuring ingredient in meat analogues. Legumes are also 

cultivated for their seed. These pulses are used for direct human consumption 

and contain relatively high amounts of protein, which makes them suitable as 

an alternative source of protein. In Europe, faba bean is the second most widely 

grown legume after pea. Both legumes are high in protein (20-25%). Proteins 

from these starch seeds can be obtained using dry- and wet-processing tech-

nologies. Wet processing is mainly used for the removal of starch. Alkaline 

Figure 1: Soy fractionations and applications (From Peng, 2021).
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387extraction with subsequent temperature and/or acid precipitation processes 

are then used to isolate the protein from the remainder, resulting in protein 

isolates with high protein content. Alternatively, cereals and pulses can be sep-

arated through dry separation using milling and air classification processes 

delivering enriched fractions in for example proteins. Dry separation is based 

on the size difference between starch granules and protein bodies. The major-

ity of starch granules are larger (15-35 µm) than the protein bodies (1-10 µm). 

The current practice of wet fractionation for high-purity components 

converts 50-90% of the raw materials into a product, with 10 to 50% of the pro-

cessed raw materials left as a side stream. 

A route to enhance raw material utilisation is the development of frac-

tionation processes for less-pure (less-refined) ingredients using mild process 

technologies. It goes without saying that the effects of production applica-

tion and the functionality of less-refined ingredients is an important research 

question that needs to be addressed in the development of new fractionation 

technologies. It should be noted that less-pure fractions do not necessarily 

have poorer technological properties. (In fact, in some cases, the opposite can 

be true.)

Protein ingredients and product properties 

Currently, plant proteins for plant-based food applications are highly refined 

for use as ingredients  in a wide range of products. The table below gives a 

summary of currently used protein ingredients in meat analogues and their 

functional properties and applications.

The first aspect to consider is of course the protein concentration in a frac-

tion. Typically, protein concentrates have a protein content from 55 to 70% 

while protein isolates have a protein content of 80-90% or higher. 

Secondly, the functionality of the fractions is very important. For many 

applications, protein solubility plays a key role because it improves the emulsi-

fying properties of the ingredient. For newer applications, like meat and cheese 

analogues, other functional properties are important such as water-holding 

capacity and structuring properties. The functional properties of proteins can 

be affected by steps in the fractionation process. For example, heating or alkali 

treatment can cause protein denaturation during the wet isolation process. 

Not only the proteins but also other components can enhance the function-

ality of the fractions, especially less-refined fractions. In particular, the presence 

of oils, starch and fibres has a positive effect on the structuring potential of 

these ingredients, which is often desirable for meat analogue application.
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388 In addition to the functionality with respect to emulsification, water bind-

ing and structuring, the fractionation process also influences the flavour and 

off-flavour profile of protein ingredients. Off-flavour of beans and pulses is 

associated with lipid oxidation and the presence of specific components. Ide-

ally, the fractions should be neutral in taste to enable their application in a 

wider range of products. 

Table 1: Summary of currently used protein ingredients for meat analogue applications 
(Kyriakopoulou et al, 2021).

Protein  
ingredient

Composition 
(%w/v)

Functionality Application in meat analogues

Soy isolate (alka-
line/acid precipi-
tation treatment)

~90% protein Good solubility, 
gelling and  
emulsification

Structuring process: extrusion, shear cell, 
spinning, freeze structuring
Role: protein source, texture, binder, base 
for fat substitutes, emulsifier
Products: burger patties, minced meat, 
sausages

Soy isolate  
(additional heat 
treatment/ 
toasted isolate)

~90% protein, 
denatured due to 
heat treatment

Decreased  
solubility, in-
creased water 
holding capacity, 
good gelling

Structuring process: extrusion, shear cell
Role: protein source, texture, binder, base 
for fat substitutes
Products: burgers patties, minced meat, 
sausages

Soy concentrate ~70% protein Good texturisa-
tion properties

Structuring process: extrusion, shear cell
Role: protein source, texture, binder
Products: burgers patties, minced meat, 
sausages, muscle type products

Soy milk  
(spray-dries  
powder)

>45% protein, 
~30% fat

High solubility, 
good emulsifica-
tion properties

Process: freeze structuring
Role: emulsifier, texture
Products: tofu and yuba production

Soy flour/meal 
(defatted)

~43-56% protein, 
~0.5-9% fat, ~3-7% 
crude fibre, >30% 
total carbohydrate

Water binding 
capacity and fat 
retention, native 
protein

Process: extrusion
Role: texture, binder
Products: burger patties, minced meat, 
sausages, muscle-type products

Wheat gluten 
isolate

78-80% protein, 15-
17% carbo hydrates, 
5-8% fat

Binding, dough 
forming/
cross-linking 
capacity via S-S 
bridges, low 
solubility

Structuring process: extrusion, shear cell
Role: adhesion, texture
Products: burger patties, muscle-type  
products

Pea isolate ~85% protein Water and fat 
binding, emulsi-
fication, and firm 
texture after ther-
mal processing

Process: extrusion, shear cell, spinning
Role: emulsifier, texture, binder
Products: burger patties, minced meat, 
sausages, muscle-type products
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389Pros and cons of current fractionation processes

Fractionation into pure components results in standardised ingredients that 

can be globally sourced. The uniform quality gives advantages with respect to 

the standardisation of the production of food products. For dry ingredients, 

such as protein isolates and concentrates, the food industry tends to source 

products based on exact specifications of composition, rather than functional-

ity. The current processes have the advantage of producing ingredients with 

relatively stable specifications. 

Adverse nutritional and other undesirable effects following consumption 

of raw pulses have been attributed to the presence of endogenous inhibitors of 

digestive enzymes and lectins, and to poor digestibility. Processing can reduce 

the levels of adverse nutritional factors present in pulses. Heat treatment can 

inactivate enzymes and inhibitors, and alkaline or ethanal extraction reduces 

the amount of antinutritional factors.

Wet processing has a negative effect on the sustainability of products such 

as meat and dairy analogues in which this method is applied. Wet separation 

processes consist of many processing steps and require energy-intensive dry-

ing of the protein material in order to obtain a stable ingredient. Moreover, 

the different steps lead to by-products. The development of processes that 

largely avoid the production of these by-products could improve the efficiency 

and therefore the sustainability of the fractionation process, both in terms of 

increased yield and reduced energy consumption. This in turn will improve 

the sustainability of the entire chain, from plant material to plant-based food. 

Recently, the use of highly refined ingredients used for plant-based foods 

has drawn criticism by consumer groups. In addition to the protein ingredients, 

also the other ingredients and the intensive processing to make meat or dairy 

analogues contribute to consumer perception of a highly processed product.

Considerations in fractionation

To introduce innovations in fractionation, the nature of the specific protein 

sources must be considered. These considerations should focus on four (4) 

categories: (1) composition, (2) morphology and structure of the raw material, 

(3) desired protein physical-chemical functionalities, and (4) final application 

use. The considerations will need to be predefined to ensure sustainability and 

environmental footprint are taken into account as key parameters in the devel-

opment of innovative fractionation processes.
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390 Composition of raw material

All plant-based protein sources contain varying amounts of carbohydrates 

(usually as polysaccharides) and oils in addition to protein. The specific types 

of proteins, polysaccharides and fats influence ingredient functionality after 

fractionation. A well-known example is the fractionation of starch and gluten 

from wheat (Triticum aestivum). After gluten network development, wash-

ing with water easily separates most of the wheat starch from the proteins. In 

contrast, the isolation of RuBisCo proteins, arguably the most abundant pro-

tein on earth, from leaves by simple washing with water will not fully recover 

RuBisCo protein since other solubilised components, including some cell-wall 

carbohydrates, will end up in the fractions. In addition, the composition and 

nature of these components will also affect the overall functionality of unre-

fined or minimally fractionated ingredients. This could be an advantage if the 

component enables desired functionalities. However, it is also possible for co-

fractions to introduce undesired functionalities. For example, in case of leaves, 

the green colour might be a problem. 

Morphology and structure of raw materials 

The components in plant-based raw materials are structured in various plant 

tissues. An ideal fractionation process makes use of these plant structures, by 

selectively separating the plant material according to its natural structure. In 

general, the important parts of seeds to consider are the endosperm, germ or 

embryo, and seed coat. The seed endosperm contains storage proteins and oils 

in protein bodies and oil bodies, respectively. In oil seeds such as rapeseeds 

and sunflower seeds, the oil bodies are embedded in a proteinaceous matrix. 

In legumes both protein and oil bodies occur. Most of the proteins in seeds 

are located inside protein bodies. However, these protein bodies also contain 

anti-nutritional components including trypsin inhibitors, proteases, lectins 

and phytic acid. Another important part of the seed is the germ or the embryo. 

Depending on the plant species, the germ contains high levels of both protein 

and oils. In corn, the germ is rich in oil while in carob seeds the germ is rich in 

protein (more than 50%). The catalytic enzyme activity of the germ can affect 

the functionality of the protein fractions when it comes in contact with other 

components in the raw material, which is likely to occur during (wet) fractiona-

tion. Lastly, the seed coat should also be given consideration. In grains such 

as rice, wheat, oats and barley, the seed coats (along with substructures as the 

aleurone layer) are rich in protein. However, they also have catalytic enzymatic 

components. For plant proteins obtained from other parts of plants, like leaves 

(such as RuBisCo) or stems, proteins are not located in specific organs as they 

are not storage proteins, but functional proteins like enzymes. This makes it 
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391much more difficult to obtain protein or protein fractions. These plant organs 

may also be rich in polyphenols, which might affect protein processing. 

It may well be possible that new fractionation technologies take advantage 

of separating specific plant tissues or parts more effectively than technologies 

that grind entire plant parts (seeds or leaves). It may also be possible to look 

at cellular organelle fractionation instead of focusing on specific components. 

Currently, new strategies on fractionation into less-refined ingredients 

focused on the development of mild process technologies with emphasis on 

overall functionality instead of only composition show promising results.

Strategies for future protein isolation processes

The following strategic routes for future fractionation processes can be identi-

fied:

Dry fractionation

Dry fractionation does not require the addition of water and thus no dehydra-

tion. Moreover, the proteins obtained through dry fractionation are still in their 

native state, which can have advantages in terms of their functionality. Sieving 

and air classification are examples of traditional dry fractionation processes 

that are used to separate chaff from grain, among other things. In general, dry 

fractionation can be used to enrich fractions in certain components. It is not a 

technology used to obtain pure, highly refined ingredients. Dry fractionation 

by milling and air classification are used for separation of yellow pea, chickpea 

and lentils into a protein-rich and a starch-rich phase. Electrostatic separa-

tion is a relatively new technology for dry separation of food raw materials. 

Its potential stems from the fact that the separation is based on component 

properties (i.e., charging behaviour) rather than particle size of density. Theo-

retically, electrostatic separation should result in fractions with higher purity. 

Protein enriched fractions made with electrostatic separation from lupin con-

tained around 60% protein (Wang et al., 2016).

No/minor fractionation

Avoiding fractionation can be a strategy to overcome the drawbacks of the cur-

rent fractionation process. Ideally, the main process would be a milling process, 

resulting in a meal that can be used in plant-based food. This strategy can be 

applied to pulses as they already contain 20-30% protein. However, direct 

application of meals and flours in meat and dairy analogues will need research 

with respect to functionality, flavour and off-flavour, and antinutritional fac-
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392 tors in pulses. Fractionation is also a way to standardise ingredients. Removing 

this process will increase differences in specification between batches of ingre-

dients and may require food industry processes to make plant-based foods to 

be adapted.

Fractionation at high dry matter content (50-80%). 

In some cases, dry fractionation is not capable of delivering sufficient separa-

tion. In that case, water can be used as an additional driving force for separation. 

However, to obtain a stable product, this water has to be removed. It is there-

fore beneficial to limit the water addition as much as possible to save energy use 

for drying, and reduce the generation of wastewater. Van der Goot et al, 2016, 

describes an alternative to the current separation procedure for wheat in starch 

and gluten, using shear-induced separation with highly concentrated wheat 

flour suspensions. The shear-induced process has the potential to reduce the 

amount of water used per kg flour by 70-75%. It has to be mentioned that the 

remaining protein fraction is less pure compared to the original process. There-

fore, the application of this fraction is likely to require adaptation of processes. 

Conclusion and outlook

Protein isolation processes are widely used to make good quality protein ingre-

dients out of pulses and grains. The current processes provide standardised 

ingredients with well-defined and constant quality with respect to function-

ality, structuring properties, flavour and antinutritional properties. However, 

these fractionation processes use a lot of water for separation and energy for the 

drying steps in order to obtain stable dry ingredients. Moreover, the different 

steps also result in loss of material, which reduces yield and compromises the 

sustainability of the process. 

New developments in fractionation technology and research are aiming for 

processes that use less water and energy, and reduce raw material yield loss. 

Fractionation at high dry matter content and dry fractionation are two exam-

ples of the new routes for fractionation. These new routes produce enriched 

fractions, rather than highly pure and standardised ingredients. Application of 

these ingredients in the food industry requires a shift from the current way of 

product development using standardised and pure ingredients towards more 

flexible processing adapted to the specific properties of the ingredient. This 

calls for new ways of organising the food chain, from plant material to plant 

based foods. 
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394 Comparative assessment of alternative  
protein sources: the case for upcycling
Ting Shien Teng, Jaslyn Jie Lin Lee, Kong Fei Chai and Wei Ning Chen

Food Science and Technology Program, Nanyang Technological University

In the broad context of alternative proteins, upcycling currently lost or 

wasted protein sources is a sustainable and readily available route for-

ward.

T he current consumption of animal proteins constitutes 40% of the 

total global protein consumption and is expected to increase from 

its current level by 73% by 2050 due to growing demand from higher 

population levels. For a variety of reasons including health concerns and sus-

tainability, high-income country consumers are gradually moving away from 

animal derived proteins. The food industry, researchers, and policymakers 

are working to identify other viable protein sources that can complement or 

replace traditional animal-derived sources. 

In addition to searching for alternative protein sources, one of the major 

challenges faced by humanity is the issue of food loss and waste. One third 

of food produced for human consumption, about 1.3 billion tonnes, is lost 

or wasted globally every year. This is a common problem in many countries 

around the world. Singapore is no exception to this rule as pre-consumer food 

waste (also referred to as food loss) is a major issue. According to the National 

Environment Agency of Singapore, about 763,100 tonnes of food waste were 

generated in 2018. This represents an increase of about 30% over the past 10 

years, and is expected to further increase with the growing population and eco-

nomic activity. Although there are several food waste recycling technologies 

available in Singapore, only 17% of food waste is recycled, with the remaining 

being incinerated at waste-to-energy plants (Gupta et al., 2018). Therefore, it 

is necessary to develop a practical approach to turn food waste into high-value 

products. This chapter discusses the key technologies which could contribute 

to sustainable food production and a circular bioeconomy, namely the pro-

duction of alternative food protein sources and upcycling of food waste for 

high-value products. 



395Alternative protein sources

Alternative protein is an overarching term given to the various meat substitutes, 

of which the most commonly known are plant-based proteins. It describes all 

forms of proteins derived from plants, such as vegetables, fruits, nuts, grains, or 

beans. Other alternative proteins include laboratory cultivated meat, single cell 

protein (SCP), and insect protein. The reasons to choose alternative proteins 

over animal products are manifold. First, choosing non-animal derived pro-

teins lessens the need for land mass dedicated to grazing and crop agriculture. 

Raising meat production to meet the increasing demand for protein, on the 

other hand, requires intensive livestock breeding and rearing, which in turn 

requires increased protein production for feed leading to higher greenhouse 

gas emissions. Second, a plant-based diet is healthier for consumers. Studies 

have found that higher consumption of animal-based proteins is often associ-

ated with a higher mortality risk. Aside from the established knowledge that 

an over-consumption of meat could lead to an increased risk of coronary heart 

disease, heart failure, stroke, and diabetes, some research has found that the 

difference in amino acid composition between plant-based and animal-based 

proteins could also have an effect on health, with the higher amount of cysteine 

and methionine found in meat to be detrimental. Third, the production of 

alternative proteins may help reduce the exposure to animal-borne disease. In 

a report published by the United Nations, rising consumption of animals has 

been attributed as one of the leading causes of zoonotic disease transmission, 

including the Bird Flu, H1N1, MERS, SARS, and the recent Covid-19. Turning 

to alternative proteins could prove critical in breaking the chain of transmis-

sion for these diseases. 

Plant-based proteins

Aside from meat, plants can be a meaningful source of proteins for the human 

diet. Some important plant groups, such as grains and legumes, have high pro-

tein contents ranging between 7-40%. Soy, wheat, peas, and nuts are just some 

of the more commonly consumed plant products found in the human diet 

that have high protein levels. However, while a diet comprising largely of food 

derived from plant sources is increasingly recommended for both health and 

environmental reasons, the willingness to reduce meat consumption remains 

low. A survey on consumers’ attitudes and behaviours towards reducing meat 

consumption has shown that vegetarian meals were typically perceived to be 

unhealthy and incomplete among non-meat reducers, even though vegetar-

ian diets have been established as healthy, nutritionally adequate, appropriate, 
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396 and even provide health benefits in the prevention and treatment of certain 

diseases.

The popularity of plant-based meat analogues has been on the rise in recent 

years. Meat analogues are defined as food products that mimic the aesthetic, 

texture, flavour, and chemical composition of conventional animal meats. At 

the present moment, the analogues are generally produced from soybeans, 

although other ingredients such as pulses, nuts, cereal proteins, and vegeta-

bles can be included as well. Initially designed to target vegetarian consumers, 

these products have grown from niche to mainstream and are gradually find-

ing their place among meat-loving consumers as a healthier source of protein. 

A wider acceptance of plant-based meat analogues within the society could 

potentially help to reduce the reliance on meat and meat production as meat 

consumption is reduced. 

Cultivated meat

Cultivated meat, also known as clean meat, cultured meat, lab-grown meat, 

cell-based meat, or artificial meat, refers to a form of meat that is grown from 

muscle cells taken from livestock, for example cattle. The isolated cells are 

cultured in lab and allowed to proliferate and develop into muscle tissues 

–a process known as cellular agriculture. This process represents an efficient 

and effective manner of protein production. As Winston Churchill succinctly 

described, “We shall escape the absurdity of growing a whole chicken in order 

to eat the breast or the wing, by growing these parts separately under a suitable 

medium.” Cultivated meat neatly addresses the pertinent concerns that revolve 

around the livestock system. Where production is concerned, studies have gen-

erally agreed that cultivated meat production requires far lesser agricultural 

land and water and emits lesser greenhouse gases (GHG). Cultivated meat also 

has a higher rate of conversion from feed to protein (Post, 2014). Using 225 g of 

nutrients, 200 g of beef protein could be produced using cellular agriculture. 

In contrast, 1.33 kg of protein is used to produce the same 200 g of protein with 

livestock beef. 

Cultivated meat is not without its disadvantages. For one, the production 

cost is high. When the first lab-grown burger was introduced to the market 

in 2013, it was produced at a cost of EUR 250,000.  However, as production 

scales up, the price is expected to fall. A kilogram of cultivated meat is priced 

at approximately EUR 100 in 2019, reduced from EUR 800 a year before.
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397Closing the loop: bio-valorisation of food waste

Food waste remains nutrient rich and could be treated as a potential bio-

resource. Increasing research efforts seek to valorise of food waste for nutrients 

recovery, to transform food waste into novel bioactive compounds, or to upcy-

cle waste to other technological innovations. This research has the potential to 

close the loop and support the formation of a circular food economy. 

Production of novel bioactive compounds

Using food waste as a substrate for microorganisms to produce novel bioactive 

compounds, including enzymes, amino acids, bioactive peptides, antibiotics, 

and vitamins, has been a trending topic in recent years (Chai et al., 2020). One 

of the most common types of food waste is brewer’s spent grain (BSG), a by-

product generated from the beer industry. For every 100 litres of beer produced, 

approximately 20 kg of BSG is generated. The global beer production was esti-

mated to be 38.6 × 106 tonnes per year. BSG is rich in many biologically active 

compounds such as flavonoids, polyphenols, antioxidants, proteins and fibre. 

However, the physical outer husk of BSG is comprised of hemicellulose, lignin 

and cellulose, which prevents the easy accessibility, extraction and release of its 

nutrients. Hence, BSG is treated as a food waste and discarded in landfills with 

a small percentage used as animal feed.

The utilisation of BSG requires a pre-treatment step in order to break down 

its recalcitrant cell wall. Microbial fermentation of BSG via selected microor-

ganisms, which can secrete a large volume of enzymes, has been shown to be 

an effective and low-cost strategy to break down the cell wall of BSG. Concur-

rently, primary and secondary metabolites, which are bioactive compounds of 

interest, are also being produced by the microorganism during fermentation. 

Scientists fermented BSG using a food grade fungi Rhizopus oligosporus (R. 

oligosporus), and this resulted in various interesting bioactive compounds 

including the antioxidant 3-hydroxyanthranilic acid, amino acids, citric acid, 

and the vitamin pantothenic acid (vitamin B5) being produced (Cooray et al., 

2018). In addition to the use of fungi, another study used a food grade bacteria 

Bacillus subtilis (B. subtilis) to ferment BSG. The results also similarly showed 

that increased amounts of amino acids and fatty acids were produced in fer-

mented BSG, compared to unfermented BSG.

The same microbial fermentation strategy was applied to another type of 

food waste, okara, the insoluble residue from the soybean processing industry 

which manufactures tofu and soymilk. Okara is one of the major food wastes 

generated in East and Southeast Asia. The global annual production of okara 

is 14 million tonnes, with 10,000 tones being produced in Singapore. Okara is 
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398 rich in fibre, proteins, lipids, isoflavones and phytosterols. Like BSG, it requires 

a pre-treatment to breakdown its lignocellulosic cell wall to release the nutri-

ents. It has been shown that microbial fermentation could be exploited as a 

low-cost source of enzymes. Okara had been fermented using food grade fungi 

R. oligosporus and bacterium Lactobacillus plantarum. The study found that 

the production of bioactive compounds such as phenolics was increased, which 

contributed to the overall higher antioxidant activity detected in fermented 

okara compared to unfermented okara (Gupta et al., 2018). Okara was also fer-

mented using the yeast Yarrowia lipolytica (Y. lipolytica), which resulted in 

increased antioxidant capacity, improved digestibility, and a greater amount 

of umami-tasting substances. A co-culture using the fungi R. oligosporus and 

yeast Y. lipolytica on okara was also shown to increase the production of the 

bioactive compounds phenolic acids, free amino acids and isoflavone agly-

cones. These results not only outlined the use of microbial fermentation as a 

platform to produce high value and novel compounds, but also as a strategy to 

valorise food processing side streams.

Nutrients recovery

Apart from being used as a substrate for microorganisms to produce bioactive 

compounds, food wastes such as BSG and okara remain nutrient rich. There-

fore, there have been developments in the green extraction processes to extract 

nutrients from BSG and okara. Microbial fermentation was combined with a 

green extraction process, which did not require organic solvents, to produce 

an okara extract rich in amino acids. The okara extract was characterised in 

vitro and was found to possess a high antioxidant activity, anti-cancer proper-

ties, and was not toxic to mammalian cells. These health beneficial properties 

suggested that the okara extract could be applied as a potential novel nutra-

ceutical.

In another study, the use of microbial fermentation for BSG resulted in 

increased amounts of amino acids being released from fermented BSG com-

pared to unfermented BSG. Then, the authors extracted the nutrients released 

from the fermented BSG and showed that the nutrient-rich BSG extract was 

able to completely replace commercial yeast extract and peptone, which is tra-

ditionally used as a nitrogen source for yeast fermentation. The author applied 

the BSG extract as the sole nitrogen source for the growth of the yeast Rho-

dosporidium toruloides (R. toruloides) and found that the yeast was able to 

grow comparatively well on BSG extract compared to yeast extract and pep-

tone. The simple process demonstrated how nutrients could be extracted from 

food waste and used to replace commercial biologics. Furthermore, it has been 

shown that the use of microbial fermentation combined with mechanism 
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399twin screw extrusion process also could release nutrients from okara, and the 

extracted okara nutrients could also be used as a nitrogen source for valuable 

carotenoids and fatty acids production by R. toruloides.

Technological innovations

In addition to food waste being valorised to produce novel bioactive compounds 

and recover nutrients, food waste could be transformed into technological 

innovations, including cellulose-based film for food packaging, active film for 

food packaging and electronics, and nutritional probiotics beverages. 

Okara has been transformed into a probiotic beverage using various pro-

biotic strains. A combination of Lactobacillus paracasei and yeast Lindnera 

saturnus was used to ferment okara in a study that found the probiotic cell via-

bility was able to be maintained for up to six weeks. The bacteria B. subtilis has 

been used to transform both okara and BSG into a probiotic beverage. Okara 

is rich is cellulose (> 50% in dry weight). In a recent 2019 study, researchers 

extracted the cellulose from okara and synthesised a cellulose-based hydrogel, 

with favourable mechanical properties, good biodegradability, and was non-

cytotoxic. It further applied the okara-derived cellulose hydrogel for use as a 

wearable sensor which could detect body movements. This research was a first 

of its kind and held promise for smart biomimetic soft materials, tissue engi-

neering, or medical supplies (Cui et al., 2019).

Some other food by-products generated in large quantities are the durian 

rind and seed. Durian is a popular fruit consumed in Asia. The spiky rind could 

cause environmental problems if not discarded in a proper manner. The durian 

rind contains up to 35% cellulose in dry weight. A study has extracted the cel-

lulose from durian rind and synthesised a transparent cellulose film using a 

green process for food packaging. The cellulose film had good tensile strength 

and could be degraded in four weeks in the soil. In the same research team, 

researchers also extracted a hydrocolloid, also known as gum, from the durian 

seeds and found an application for durian seed gum as a novel stabiliser and 

encapsulating agent for probiotics.

Cashew skin is another waste which is produced in the cashew processing 

industry. Researchers developed a cashew testa extract, which was then used 

to confer antimicrobial property to a cellulose-based film, also produced from 

another food by-product sugarcane bagasse. The synthesised film with 91% 

antioxidant capacity and antimicrobial activity against the gram-positive bac-

teria Staphylococcus aureus, could be used as a potential active packaging for 

food to reduce food waste. 
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400 Conclusion

The development of alternative nutrient sources is explored as a possible ave-

nue to feed the growing population. While plant-based proteins, cultivated 

meat, and nutrients obtained from upcycling of food waste have shown great 

potential in contributing to sustainable food production and circular bioec-

onomy, these technologies are still in the early stages. Efforts are still urgently 

needed to continuously improve and develop these novel food technologies 

before they can be gainfully deployed in the current food system.
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401Proteins from food waste:  
novel recovery approaches
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Chinnaswamy Anandharamakrishnan

Computational Modeling and Nanoscale Processing Unit, National Institute of 

Food Technology, Entrepreneurship and Management (NIFTEM)- Thanjavur

Novel processing technologies and improvements in existing processing 

methods can unlock the potential of upcycling side and waste streams 

for use in food.

T he wide adoption of processed food products has led to the generation 

of large quantities of food waste and industrial by-products which 

raise economic and environmental concerns. Considering the growing 

global population and regional shortages of macronutrients such as proteins, 

there is a need to explore novel sources of protein. Many food waste streams 

contain substantial levels of proteins that can be recovered and utilized for 

human consumption or industrial applications. Conventional techniques for 

protein extraction can be used in some cases but might pose particular limita-

tions with these input materials. The application of new processing techniques 

can overcome these challenges. This chapter focuses on the application of food 

processing technologies for extraction of proteins from lost or wasted food 

streams. It also discusses the advantages, limitations, scalability, and economic 

feasibility of said technologies.

Protein in food waste streams

Food waste streams generated in sectors such as manufacturing and service 

distribution, as well as from household consumption, are both high and 

unavoidable. Recently, the United Nations Environment Program (UNEP) 

estimated that, annually, about 931 million tonnes of food is wasted globally 

by retail and consumers. Food loss or waste per continent ranges from 15-42%. 

The Food and Agricultural Organization (FAO) data further reveal that 13.8% 

of global food is lost before reaching the consumer. However, with regards to 

food waste’s environmental impact, valorization of food loss or waste (FLW) 

streams has recently emerged as a model for the recovery of energy and other 

value-rich products. 



402 FLW leads to an overall loss of macro and micronutrients, including a large 

amount of protein (Figure 1). Given its value for the human body, protein 

availability is essential for food security. In view of future population growth, 

recovery of these proteins and their application in food or feed can have a 

major impact. However, we first have to identify the sources of protein loss 

and associated volumes. A global hotspot analysis indicates that, based on FLW 

quantities and protein content, oil crops and wheat are the major contributors 

to protein losses. These are followed by vegetables, rice, fish and seafood. FLW 

in oil crops has the highest protein losses especially in the early stages of pro-

duction and processing, whereas for wheat the later stages of distribution and 

consumption are mainly responsible. However, this scenario varies depend-

ing on the geography. For instance, oil crops cause highest protein losses in 

North and Latin America, and Oceania, whereas wheat is more responsible in 

Europe. Conversely, vegetables are responsible for the highest protein losses 

in industrialized Asia. With the exception of the agri-food industrial sector, 

the protein-containing FLW fraction generated is most prominent in the con-

sumption stage, for example the FLW from the catering services sector was 

reported to contain about 23.5% protein. This shows that FLW streams can be 

an important source of protein and that technological interventions for their 

recovery are urgently needed. 
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Figure 1: Crude protein content (dry matter basis) of different food waste streams.  
Source: (Prandi et al. 567)
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403Further for recovery of protein for human development, various industry resi-

dues consist of large quantities of structural proteins and their hydrolysates, 

which have desirable characteristics for industrial application. As most liquid 

FLW fractions comprise large amounts of protein, its recovery often results in a 

significant reduction in chemical oxygen demand (COD) and biological oxygen 

demand (BOD), beneficial for the safe disposal of waste streams in the envi-

ronment. Thus, technologies need to be explored to identify the reusability of 

these FLW fractions in order to reduce disposal volumes, minimize environ-

mental impact, and identify their economic viability. This chapter discusses 

the economic and environmental aspects of the different technologies being 

adopted for the recovery of high-value protein fractions from FLW.

Conventional processing

Chemically assisted protein extraction is a proven, high-yield protein recovery 

method. It primarily involves the solubilization of protein in acidic or alkaline 

solutions followed by isoelectric-point precipitation. Comparatively, alkaline 

extraction shows better results. These methods have been extensively studied 

for the extraction of proteins from a wide variety of waste streams, including 

rice bran, leafy residues, oilseed residues, and animal by-products. Important 

process parameters include pH, feed solvent ratio, acid/alkali concentration, 

extraction time and temperature. Despite their simplicity and wide industrial 

acceptance, they have a number of disadvantages. These processes require high 

amounts of water usage and high energy inputs which exert a negative envi-

ronmental impact. Due to harsh processing conditions, the tertiary structure of 

proteins, responsible for functional properties, is often disrupted affecting the 

applicability of these proteins in the food industry. Moreover, the formation of 

disordered secondary structures leads to reduced bioavailability, limiting its 

applications in animal feed and functional foods.

These concerns highlight the need for a technique which has minimal 

environmental impact and produces better quality protein. This led to the 

emergence of a new technology to achieve enzyme-assisted extraction of pro-

teins. This is a disruption technology in which enzymes are used to break down 

the material structures around the desired protein. Enzymes are the biomol-

ecules that catalyze several biochemical reactions. Usually, in FLW, the proteins 

are present along with other biomolecules such as cellulose, starch, pectin and 

lipids. The logic behind the application of enzymes is their ability to disrupt 

the cell wall by degrading its major components such as cellulose, hemicellu-

lose and pectin to release the cellular proteins. Enzymatic extraction methods 
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404 are non-invasive, environmentally friendly, and require mild conditions com-

pared to conventional acid or alkali hydrolysis. This method also produces 

proteins with superior quality in terms of functionality and bioavailability 

and greater suitability for human consumption (Baker and Charlton 102239). 

Cellulase, alcalase, protease, pectinase and xylanase are some of the enzymes 

commonly used for this purpose. In the case of enzymatic extraction, careful 

optimization of operational conditions such as substrate enzyme ratio, tem-

perature, pH and extraction time are crucial. Ultimately, the cost of enzymes, 

their specificity, and ability to recover applied enzymes determines whether 

this route will be economically feasible. The application of novel techniques of 

enzyme immobilization can improve their stability and recovery making them 

more effective for protein recovery.  

Alternative solvent-based extractions

Reverse micellar (RM) extraction is an alternative emerging technique 

applicable to proteins with high solubility. RM applies a system with three 

components: water, surfactant, and an organic phase. The molecular structure 

of a surfactant has a hydrophilic head and a hydrophobic tail. RM is a nano-

sized aggregate of surfactant molecules in an organic solvent and has a water 

core. Hydrophilic molecules such as proteins are solubilized in the water core 

and the chain of surfactant molecules protect them from the surrounding 

organic phase. The protein targeted for extraction must be smaller than the 

water core of the micelle. Factors affecting the extraction of proteins by this 

method include aqueous phase pH, ionic strength, and type of oil. Further-

more, the structure and contents of the biosurfactants also play a significant 

role. Some advantages of the method are no loss of function/activity, ease of 

scale-up, and potential for continuous operation. RM extraction is popularly 

applied for the extraction of enzymes due to its simple, energy-efficient opera-

tion, and mild operating conditions which enable extraction in its active form 

(Umesh Hebbar et al., 2011). It is used for the extraction of bromelain, pectinest-

erase, lactoperoxidase, lysozyme, etc. from food waste. Though the technology 

is still at laboratory scale, it has the potential for high capacity, easy scale-up, 

and continuous mode operation.

Another emerging processing route, aqueous two-phase, applies a system 

of two water-soluble incompatible polymers, or a polymer and a salt dissolved 

in water. At a lower concentration of these two solutes, the mixture behaves as 

a single phase, however, at a higher concentration, the mixture separates into 

two immiscible phases. The concentration at which the phase separation takes 

S
E

C
T

IO
N

 7
 —

 P
R

O
T

E
IN

 P
R

O
C

E
S

S
IN

G



405place is termed the critical concentration. Because downstream processing is a 

major operation in protein recovery, an aqueous two-phase system can replace 

several discrete operations. Furthermore, the technique also provides advan-

tages such as mild processing conditions and ease of scale-up. The composition 

of the system determines the partitioning behavior of the proteins. The upper 

hydrophobic phase is rich in proteins. Polyethylene glycol (PEG) is one of the 

most commonly used polymers. The separation of proteins can be achieved by 

modifications in the molecular weight of the polymer and ionic strength of the 

salt solution. Aqueous two-phase extraction is currently applied in the recov-

ery of ovalbumin from egg waste and whey protein from dairy waste. The mild 

nature of the technique also allows for the recovery of enzymes. Niphadkar 

et al. (2015) also reported extraction of polyphenol oxidase from potato peels 

using the PEG two-phase system and a phosphate buffer solution. This tech-

nology has also been demonstrated on an industrial scale (Naganagouda and 

Mulimani, 2008).

Subcritical water extraction utilizes the versatile nature of water. Under 

normal atmospheric conditions, water is a highly polar solvent with a high 

dielectric constant which makes it unsuitable for extraction of non-polar 

organic compounds. However, with an increase in temperature and pressure, 

dielectric constant, viscosity, and surface tension decrease, and the diffusiv-

ity increases. Subcritical water has temperatures between 100 to 374°C when 

contained under pressures sufficiently high to maintain it in a liquid state. At 

higher temperatures, the reactivity of water is also higher, causing it to behave 

like an acid or base for hydrolysis reactions. This property can be useful for 

the breakdown of proteins into valuable peptides or amino acids, and for their 

recovery. Important process parameters to be considered include temperature, 

pressure and water flow rate, the particle size of feed, and extraction time. 

Sereewatthanawut et al. (2008) reported an increase in the extraction yield of 

proteins from rice bran with an increase in temperature and extraction time. 

Subcritical water extraction has been used for the extraction of proteins from 

meat and fish waste, shrimp shells, porcine placenta, and plant sources such as 

soy and onion waste. 

Alternative separation technologies

Membrane-based technologies have been identified that regain high-value 

substances such as proteins from various FLW sources including vegetables, 

poultry, and dairy processing waste streams. This technique provides simul-

taneous purification, separation and concentration of high molecular weight 
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406 components present in any solution through a membrane-based, pressure-

driven approach. Different membrane technologies have been improved for 

the recovery of proteins from FLW namely microfiltration (MF), ultrafiltration 

(UF), nanofiltration (NF), and reverse osmosis (RO). Membrane ultrafiltration 

often requires pretreatments for the removal of fat, starch or fibrous elements, 

as they greatly influence processing efficiency due to membrane fouling (Lo 

et al., 2005) molecular-weight-cut-off, almost all crude proteins in PPW were 

retained, subsequently reducing the chemical oxygen demand (COD. Poly-

ethersulfone membranes have been identified as having a good potential for 

protein recovery. In addition to pretreatment, processes such as vibratory 

shear-enhanced processing, forward osmosis and reverse osmosis have been 

shown to reduce membrane fouling during the reaction. Furthermore, the 

integrated process of microfiltration as a pretreatment and further UF treat-

ment resulted in the recovery of approximately 69% of protein from fish waste 

effluent. The multistage filtration process with recirculation loops has been 

identified as an efficient process for commercial-scale protein recovery (>98% 

casein yield) from dairy waste streams (Figure 2). As the price for membrane 

processing units continues to drop, it can be expected that FLW-derived pro-

teins which achieve a similar functional performance to traditional proteins 

like dairy will be processed using membrane technology in the near future. 

Whey feed Diafiltra�on water

Bypass

Loop 1 Loop 2 Loop 3 Loop 4 Loop 5 Loop 9Permeate

Retentate
To spray dryer

WPI/WPC

Figure 2: A commercial multistage ultrafiltration plant with recirculation loops for whey protein 
isolate and whey protein concentrate. Source: (Kelly 97)
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407Novel disruption technologies

High-pressure processing is a non-thermal technique for inactivating patho-

gens and spoilage microbes and, to a certain extent, inactivating the enzymes, 

thereby improving the storage life of food products. Additionally, high pressure 

can be used as a cell disruption technology to increase cell membrane permea-

bility to facilitate the diffusion of cellular proteins. Cell disruption is mediated 

through differential pressure across the cell membrane. High pressure is used 

as an adjuvant technology for the extraction of multiple bioactive compounds 

such as polyphenols, lycopene, pectin and proteins. Gómez-Guillén et al. (2005) 

report on the extraction of gelatin from fish skins using high pressure (250-400 

MPa) as adjuvant technology. High pressure has been proposed as the most 

effective technology for protein extraction from microalgae by comparing it 

with ultrasonication, manual grinding and chemical extraction. However, it 

should be noted that high pressure can modify protein conformation, which 

can be useful in some cases. For example, high pressure assisted extraction of 

gelatin from cowhide caused structural rearrangement of gelatinized colla-

gen which provided better gelling properties. The performance of the method 

depends on factors such as pressure, temperature, extraction time, number of 

cycles and solvent used. 

Pulsed electric field (PEF) is a popular non-thermal processing technology 

in which the product is subjected to short bursts of high-voltage electricity 

(20-80 kV/cm). The principle of PEF is electroporation, which refers to the for-

mation of pores in the lipid bilayer of the cell enabling the diffusion of cellular 

material without a temperature rise. Some popular variations of PEF include 

pulsed ohmic heating (POH) and high-voltage electrical discharges (HVED). 

Studies have reported PEF-assisted extraction of proteins from mango peel, 

papaya seeds, brewing yeast, and chicken waste. Critical parameters include 

electrical field strength, the shape of the pulse wave, duration of the pulse, 

solvent type, solvent to material ratio, and treatment temperature. The major 

advantages of PEF are that it is environmentally friendly, cost effective, and 

requires lower specific energy per processed product. The non-thermal nature 

of the treatment results in minimal damage to the protein.   

Microwaves are part of the electromagnetic spectrum with frequencies 

in the range of 300 MHz to 300 GHz. Microwaves exert their heating effect 

through ionic polarization or dipole rotation or both. Microwaves target the 

moisture from the sample matrix, leading to its evaporation. This increases 

intracellular pressure causing cell walls to break, releasing the cellular con-

tents. Furthermore, microwave energy is reported to disrupt the hydrogen 

bonds and increase the porosity of the membranes which results in enhanced 
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408 penetration of solvents, thereby facilitating extraction. Many researchers have 

applied microwave technology for the extraction of protein from rice bran. 

Phongthai et al. (2016) reported a 1.54 times increase in protein yield from rice 

bran compared with conventional alkaline treatment. It has also been reported 

to reduce the extraction time due to its rapid heating characteristic (Bedin et 

al., 2020). Structural and functional changes are expected during the extrac-

tion process, and may have both positive and negative influences. Microwave 

power, extraction time, feed rate and solvent ratio are the critical parameters, 

while the dielectric constant of the feed and solvent also play a major role. 

Water is the most commonly used solvent; in some cases, ethanol, methanol 

and isopropanol are also used.  

Cavitation is the formation of cavities or bubbles in a liquid due to pressure 

variations. The collapse of these cavities results in an increased mass transfer 

rate, enhanced diffusion due to turbulence, cell disruption due to reactive free 

radicals, and increased surface area following disintegration by shockwaves. 

Ultrasonication and hydrodynamic cavitation are the two most commonly 

used approaches for creating cavitation. Power ultrasound involves applying 

low frequency (20-100 kHz) and high energy (10-1000 W/cm2). Several labora-

tory-scale studies have reported applications of ultrasound-assisted extraction 

of proteins from meat and oil industry by-products (Kim et al., 2013; Görgüç 

et al., 2020). Several studies have employed ultrasound to intensify the enzy-

matic extraction process. Careful control of parameters such as temperature 

and solvent characteristics, type of equipment, frequency and power, and 

mass to solvent ratio is essential. Limitations of ultrasound-assisted extraction 

include protein denaturation, structural changes and, as a result of prolonged 

treatment, the loss of functional properties. Other methods of generating cav-

itation are hydrodynamic cavitation which involves passing liquid through 

an orifice, and negative-pressure cavitation which involves the application of 

negative pressure via a vacuum pump. On an industrial scale, a continuous 

flow cell reactor with periodically placed ultrasonic transducers can be used. 

However, the appropriate design of the reactor is of significance for effective 

application. Various strategies have been investigated for protein recovery 

from selected FLW stream; their yields are shown in Figure 3.

Apart from these stand-alone techniques, a number of studies have reported 

the advantage of applying combined processes to improve the forward extrac-

tion efficiency of proteins from FLW. For example, reverse-micellar extraction 

assisted by ultrasound treatment improves the forward extraction efficiency of 

defatted wheat germ proteins. A mechanochemical-assisted RM extraction has 

been shown to improve the yield of proteins from watermelon seeds, compared 
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409

to alkaline extraction. These integrative approaches for assistive extraction can 

provide feasible solutions.

Conclusion

With advances in the food industry, the generation of massive amounts of 

organic waste has become a major concern. On the other hand, many of these 

waste streams can provide sources of multiple bioactive compounds, in particu-

lar proteins. Novel techniques provide an effective approach for the recovery 

of these proteins. We report that conventional chemical methods benefit from 

mild extraction conditions which preserve the structural and functional prop-

erties of proteins. Though some of the novel methods can influence these 

properties, they are associated with a number of certain positive effects. For 

example, techniques such as PEF, HPP and ultrasound require less solvent and 

thereby reduce effluent generation during the process. Techniques like sub-

critical water extraction and aqueous two-phase extraction have the potential 

for scale-up and industrial implementation. Still, many of the techniques are 

currently limited to the laboratory and require meticulous research prior to 

scale-up. An objective is to make these techniques economically feasible for 

widespread acceptance across the industry. 

Starch rich waste 
water,

Cherry kernel,
Pineapple waste  

Olive pomace,
Rice bran,

sesame bran

Wheat starch rich 
waste water

Poultry, surimi, egg 
processing waste 
water

Dairy waste 
water with 
casein and 
whey protein

Collagen 
containing Fish 
Protein 
Concentrate

Ultrafiltra�on (Recovery of 
crude proteins)
Electrocoagula�on (89% 
secondary protein structures)
Integrated (MF+UF+VMD) 
membrane processing (84%)

Casein
   Membrane process (>98%)
   Foam frac�ona�on ( 86.5%) 
   Precipita�on (90%) 
Whey protein
   Ultrafiltra�on (80%)
   Mul�stage UF and FO (98%)

Enzyma�c hydrolysis 
      (53% Collagen)
Enzyma�c extrac�on 
      (76.3% Fish protein 
concentrate)
Acid hydrolysis 
      (45% Collagen)

UF and NF integrated 
with hollow fiber 
(84-93% potato protein)
Alkaline solubiliza�on/isoelectric 
precipita�on (63.8% protein)
Two stage UF 
(96.1% Bromelain recovery)

Alkaline extrac�on 
    (76% rice bran protein)
Microwave assisted 
enzyme extrac�on 
    (94.1% sesame bran 
protein)

Microbial treatment 
with edible filamentous 
fungi to obtain 35% 
protein containing dry 
mass

Fish 
processing

Dairy 
processing

Meat and 
poultry 
processing

Fruits and 
vegetable 
processing

Oil 
processing

Cereal
processing

Figure 3: Technologies for protein extraction from selected FLW streams
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Industry interview with  
Greg Belt, Founder and CEO, 

EverGrain Ingredients 

BREWER’S BARLEY 
IN THE PROTEIN 

TRANSITION



“
“Barley could enter the top 3 of protein  
sources in the world”

EverGrain Ingredients has been hard at work, for some time, turning 

brewer’s spent grains into protein and fibre ingredients. “We’re tapping 

into a huge market,” says Greg Belt, CEO and founder of the US-based 

company.

B elt first had the idea back in 2013, when he was working as a supply-

chain manager at a beer brewery in Belgium. “In ancient times, remains 

of the beer-making process were used to bake bread, and I was wonder-

ing why people had left those traditions behind,” the entrepreneur explains. 

“I kept asking my colleagues why we were selling our spent brewer’s grain as 

animal feed. And I got weird answers, such as ‘barley is not a good nutrition 

source’ and ‘it’s called spent because it is spent: used up, exhausted’. But I was 

convinced the grain was only spent from a brewers’ perspective.”

Mild processes

In 2013, Belt decided to research the issue and find out whether it would be 

possible to extract the nutrients in ‘leftover’ brewer’s barley (known techni-

cally as draff). This marked the beginning of an exciting journey. “Together 

with researchers at the University College Cork, we were the first to identify the 

individual components present in draff, and to investigate in what amounts 

they were present. We also developed mild extraction processes, using (not too) 



415high temperatures , pH and natural enzymes; processes that need very little 

water and use renewable energy.” 

Like rice, barley has a high starch content of about 60%. “With the starch 

removed it becomes one of the most sustainable sources of protein and fibre 

available,” Belt stresses. Barley’s protein quality is relatively high, rated 0.65 

(on a scale of one), which is about the same as peas and considerably higher 

than wheat. “Barley also contains high levels of sulphuric amino acids like 

methionine, making it complementary to pulses that are, in turn, rich in 

lysine.” Moreover, the grain has a distinctive nutty, caramel, malty flavour. 

Food grade

However, these wonderful qualities of the grain didn’t immediately turn Belt’s 

ideas into a success. “Barley is very perishable. You have to take it straight from 

the brewery and process it immediately to ensure it remains food grade. It 

took us four years and lots of trial and error to understand how to optimally 

keep the grain food grade and to find out how to separate the protein from the 

fibres,” he explains. “Moreover, especially for consumers in the US, barley is not 

very common in food products, so we needed pilot studies to find out whether 

they would accept this new ingredient.” 

The company also had to apply for permission to introduce its novel ingre-

dients to the market. “Use of barley has been around since about ten thousand 

years. But for the last 150 years, barley has been overtaken by wheat, as this 

grain produces fluffier bread. There are only a few barley flours in the market 

today and no high-protein concentrates and isolates. So we went through FDA 

and EFSA approval,” Belt says. 

EverGrain Ingredients entered strategic partnerships with Stella Artois, 

a beer brewer owned by  Interbrew International B.V.  which at its turn is a 

subsidiary of the world’s largest brewer, Anheuser-Busch InBev SA/NV). The 

company also began collaborations with manufacturers specialising in pro-

ducing protein isolates and high-fibre flour. And, in 2021, the company was 

finally able to launch its protein and fibre ingredients. It currently produces 

a small amount of volume, supporting 8-10 customers, including TakeTwo 

Foods, Nomad Foods and Nestlé’s Garden of Life. “Our protein isolate is now 

used in, for example, plant-based milks, and as a powder for coffee and tea,” 

Belt explains. The fibre flour has applications in bread, pizza, snacks, pasta, 

noodles and more. 



416 Just the beginning

According to Belt this is just the beginning. “We estimate that, around the 

world, breweries produce about 9 million tonnes of draff a year, which trans-

lates into about 3 million tonnes of protein,” the entrepreneur says. “So we 

need partnerships with other breweries, alongside Stella Artois, and are now 

talking to Heineken and Warsteiner.” 

The entrepreneur believes Barley has the potential to enter the top 3 of 

major protein sources in the world. “Both from a nutritional and a flavour per-

spective it matches perfectly with pulses,” he says. “We are already working on 

such combinations.” The company has begun development of meat alterna-

tives and plant-based milk with barley. “We are targeting great taste and high 

nutritional value.”

Belt is proud of the persistence displayed by him and his team. “Getting a 

novel ingredient onto the market is really challenging and we were often told 

that we were wasting our time,” he says. “But we were lucky to find many help-

ing hands along the way, from nutritionists and enzyme specialists to legal 

experts. If we had tried to do it all by ourselves, I’ve no doubt we would have 

failed.” 

Accelerating the plant-based movement

It is the entrepreneur’s dream to accelerate the global plant-based movement, 

together with other producers of plant-based proteins. “I would like to col-

laborate with companies specialising in precision fermentation, for example, 

to develop more novel food ingredients.” 

According to Belt, the taste and nutritional value of plant-based food prod-

ucts have dramatically improved over the last five years, but there is still a long 

way to go. “In plant-based dairy, especially, both these qualities need to be sig-

nificantly improved,” he says. The other challenge is to get consumers to buy 

them. “Government regulations and education will help, but we also need to 

upscale. Reducing costs could make plant-based food products affordable for 

everyone.”

EverGrain Ingredients is already ploughing ahead, building a number of 

large-scale production facilities. “In St Louis, Missouri, we will soon be able 

to produce 7,000 tonnes of barley protein isolate per year,” Belt illustrates. 

“Speed, without diminishing sustainability, is our priority.”



417Win, win, win

Barley is a sustainable crop – water efficient and drought resistant, the entre-

preneur stresses: “The greenhouse gas emissions of our ingredients have 

independently been verified to be one of the lowest in the world.” The company 

also uses little water and no additional land. “When replacing dairy protein, we 

cut emissions by 90%.”

“By capturing all the nutritional value in barley, we enable the beer indus-

try to be more sustainable and plant-based products to be tastier, healthier and 

more sustainable,” Belt continues. “It’s a win, win, win.”

www.evergrainingredients.com

”

http://www.evergrainingredients.com
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Soy is the most widely used source of plant-based protein. Some reduc-

tion of off-flavors in soy can be achieved through process adaptations, 

but selective breeding is the most promising long-term strategy.

P lants provide nearly 60% of the global protein supply for human nutri-

tion, of which approximately one-third comes from legumes. Their 

ability to fix atmospheric nitrogen through rhizobial symbiosis makes 

them a valuable and sustainable source of proteins. The physicochemical prop-

erties of soybean, fava bean, and quinoa seeds are involved in food protein 

processing processes, including emulsification, foaming, and gelation (Utsumi 

et al., 1997).

In recent years, attention has been increasingly focused on soybean seed 

residues remaining after oil extraction as an alternative protein source for 

replacing animal proteins derived from milk, eggs, and meat. Soybean protein 

consumption is associated with lower cholesterol levels and a reduced risk of 

cardiovascular disease and hyperlipidemia in humans (Cabanos et al., 2021). 

The US Food and Drug Administration states that a dietary intake of 25 g of 

soybean protein per day can reduce the risk of heart disease. However, some 

legume proteins are allergenic, and studies analyzing allergenic molecules are 

ongoing (Maruyama, 2021). This information is needed to be able to improve 

the qualities of crops, making them safer.

Legume seed proteins related to utilizations and off-flavors

Legume seeds contain large amounts of storage proteins. Traditionally, seed 

storage proteins are grouped based on their solubility, and this classification is 

still in use today. The water-soluble fraction is classified as albumin, the salt-

soluble fraction as globulin, the dilute acid/alkaline fraction as glutelin, and 

the alcohol-soluble fraction as prolamin. Albumin and globulin are particu-

larly abundant in legumes. Globulins in legumes mainly consist of 11S and 7S 

globulins, which differ in their physicochemical properties. The 7S globulins 

are often glycosylated, whereas 11S globulins are not, with some exceptions; 

for example, the coconut 7S globulin is non-glycosylated, whereas the lupin 



419and coconut 11S globulins are. Given that 7S and 11S globulins are abundant 

in legumes, including soybeans, they define the processing characteristics of 

leguminous proteins. 

In addition to storage proteins, soybean seeds contain many enzymes that 

play a role in carbohydrate and lipid metabolism. Lipoxygenase, an enzyme 

ubiquitous in plants, is particularly important as it catalyzes the reaction of 

lipids to polyunsaturated fatty acids, which are precursors to off-flavors when 

soybeans are further processed. Soybeans also contain trypsin inhibitors, con-

sidered anti-nutritional factors as they reduce the body’s ability to metabolize 

proteins to amino acids.

Extraction and isolation of legume seed proteins for food 
production

Harvested soybean seeds are usually dried, crushed, and treated at high tem-

peratures (cooking) to denature and coagulate the constituent proteins. The 

soybeans are soaked in an organic solvent (hexane) to efficiently extract oil 

from the extracellular matrix, consisting of proteins, fibers, and carbohydrates. 

Defatted soybean meal has traditionally been used as animal feed as it is richer 

in protein than other plant seeds. Currently, this protein-rich crude material 

is being further processed to isolate soybean protein which can then be used 

for food. This separated protein can be easily blended with other raw materials 

such as fats, oils, and starches to produce food with varying degrees of fluidity. 

At this stage, the nutritional value of the blended ingredients is no longer the 

primary focus; instead, the functional properties that influence the structure 

of the food are important from an industrial perspective. Isolated proteins of 

soybeans, peas, lentils, and fava beans are often processed into, for example, 

structured high-moisture meat analogues. 

Legume seeds other than soybean seeds are subjected to extraction and frac-

tionation to obtain proteins similar to those extracted from soybeans. After the 

tissues are broken down, proteins can be extracted under optimal pH, ionic 

strength, and temperature. These proteins usually precipitate when the pH is 

adjusted close to the isoelectric point. The precipitates are then fractionated by 

centrifugation, and concentrated proteins can be prepared by spray or freeze-

drying for further processing.
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420 Application of soybean meal in the food industry

As mentioned above, high-temperature oil extraction from oilseeds like 

soybean results in the formation of a protein-rich by-product. Heat causes pro-

teins in soybean meals to undergo denaturation, and refolding. To improve 

food protein processing efficiency, their physicochemical properties based on 

structural changes can be utilized.

Proteins must be solubilized to be used in food beverages. For example, 

whey protein powder is obtained during cheese making and, as a dissolved 

form, forms the basis of protein drinks for athletes. The effectively dissolved 

protein can be recognized by a transparent aqueous liquid lacking visible sus-

pended particles. However, proteins isolated from soybean meal have been 

heat-denatured during oil extraction and therefore cannot be easily dissolved. 

The isolated soybean proteins can alternatively be used to produce beverages or 

even protein-fortified beverages. However, insoluble protein particles tend to 

precipitate at the bottom, making it difficult to keep the proteins in suspension.

Coffee whiteners, salad dressings, and compound creams are manufactured 

by homogenizing and mixing two immiscible liquids, i.e., oil and water. These 

food emulsions are usually formed using milk or egg protein, and sometimes, 

soybean protein. Enzymatically modified soybean proteins have improved 

emulsifying abilities. Denaturation of soybean protein exposes the hydropho-

bic parts of the molecules, which is necessary for emulsification.

Proteins are also used for foaming and gelation of semi-solid foods (Mat-

sumiya & Murray, 2016). Meringue, prepared from egg whites with added sugar, 

is the most commonly used foaming agent in the food industry. In contrast, 

soybean protein isolates have not yet been widely used as foaming agents; how-

ever, recently, the on-site foaming technique, espuma, was developed. Gelation 

is another protein-involved process in the production of semi-solid foods. Food 

gels can be prepared using egg white and whey proteins. Soybean protein iso-

lates can also form gel-like tofu in the presence of an appropriate amount of 

water under saline conditions, with the addition of calcium or magnesium. 

However, the texture of the gels prepared with soybean proteins is completely 

different from that obtained from animal proteins. Replacing animal proteins 

with soybean proteins for gelation is not yet feasible, and complementary use 

of both types of proteins is necessary.

Moisture retention and the ability to form a paste with aqueous solvents are 

important properties of solid products such as meat analogues and sausages. 

Isolated soy protein is suitable for use in solid products because its solubility 

is lowered by cooking which enables it to easily hold the added water. These 

characteristics make soybean protein isolate a valuable alternative to animal 
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421proteins. Pea and other legume proteins have the same properties as soybean 

proteins in forming food emulsions and heating gels.

Physicochemical properties of legume seed proteins

To select the appropriate application and processing, it is important to under-

stand the physicochemical properties of globulins, the main proteins present 

in many legumes (Utsumi et al., 1997). A particularly important property of 

food proteins is their solubility, which greatly affects protein processing. Glob-

ulins are known to electrically precipitate at low ionic strength and a weakly 

acidic pH. However, their solubility profiles are unique owing to differences 

in their structural features. Because globulin fractions are typically mixtures 

of multiple subunits, it is difficult to prepare sufficiently pure fractions to 

establish structure-function data. Pure recombinant proteins expressed by 

genetically modified microorganisms have been studied to associate the differ-

ences in globulin physicochemical properties with their subunit composition 

(Tandang-Silvas et al., 2011). A comparison of globulins from different legume 

crop species has revealed structural factors that affect the physicochemical 

properties of undenatured seed proteins. Food properties of legume seed pro-

teins are affected by their heat resistance, size of the hydrophilic region, and 

presence or absence of glycans.

Soybean off-flavors 

The soybean protein isolate has neither an unfavorable taste, including bit-

terness and sourness, nor an unpreferred mouthfeel such as roughness and 

dryness. However, it has an undesirable green odor when mixed with water. 

This unusual odor is caused mainly by the enzymatic lipoxygenase oxidation 

of oil in seeds. Soybeans are composed of approximately 20%–23% lipids. Oleic 

acid, linoleic acid, and linolenic acid are abundant fatty acids, and they occur 

mainly as non-polar triglycerides and polar phospholipids. They are usually 

removed from seeds during protein extraction with hexane. However, this pro-

cess does not completely remove the polar lipids and a considerable amount 

remains in the defatted soybean meal, serving as lipoxygenase substrate. 

Whole-fat soybean meal is particularly susceptible to degradation and has 

an unpleasant taste which is difficult to mask. Lipoxygenase and fatty acids are 

separated in the cells, but during soymilk production, after maceration and 

homogenization, the two are mixed and produce n-hexanal. Soybean seeds 
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422 contain three major lipoxygenases. Complete or partial removal of the lipoxy-

genases in soybeans through breeding results in lower levels of volatiles that 

cause acid-losing flavors and helps to improve consumer satisfaction. These 

soybean varieties have already been developed as alternatives to be used in 

industrial applications. The activity of lipoxygenase has been compared among 

different legumes, with high activity in soybeans, cowpeas, and lentils, and low 

activity in chickpeas, lima beans, and mung beans. Several approaches, includ-

ing selective breeding, have been used to remove off-flavors. It is, for example, 

possible to remove them industrially via high vacuum or steam distillation 

processes, methods characterized by high energy consumption. Another tech-

nique involves their extraction using solvents such as methanol, ethanol, and 

isopropanol which is effective in removing phospholipids from isolated soy 

proteins but involves denaturation of the protein and loss of solubility. Suc-

cessful removal of off-flavors could extend the application of legume proteins.

Prospects

Soybean proteins isolated from soybean meal after oil extraction are expected 

to be widely used in the food industry because of their environmental friend-

liness, high nutritional value, and various technological applications, as 

described above. Conversely, soybean meal has not yet been recognized as a 

food for human consumption, especially in the US, a major soybean producer 

where it has traditionally been used as livestock feed. In Europe, soybean-

derived foods such as tofu (soybean curd) and soymilk (soybean water extracts) 

are becoming popular because of their health benefits and suitability for veg-

etarian diets. Soybean meals are expected to overcome the barriers of habits 

and become a part of a sustainable society. To secure future protein sources, 

it is desirable to further expand the use of legume proteins in the food indus-

try. The expansion of novel protein applications may be sustained by advances 

in fractionation methods and off-flavor reduction technologies. Given these 

advances, legume proteins are expected to add to the range of future protein 

sources.
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Industry interview with 
Sylvain Jouet, Global Project 

Manager, Givaudan 

FLAVOURS,  
FRAGRANCE AND 

PLANT-BASED 
PRODUCTS



“
“We needed to understand the flavour  
attributes and behaviour of proteins”

At the Swiss flavour and fragrances multinational, Givaudan, they have 

unparalleled expertise in optimising the flavour, texture, colour and 

nutrient value of plant-based proteins. “We provide our customers with 

solutions that make plant-based products healthy and delicious.” 

“A t Givaudan we believe that moving to plant-based products is one of 

the most important steps towards a sustainable food system,” says 

Jouet. “And, as one of the biggest companies in this field, we can 

have a massive impact on making this change happen in the food industry. To 

do so, while guaranteeing that consumers enjoy their experience when con-

suming meat substitutes, there are barriers to overcome concerning flavour, 

texture, colour and nutritional value.” 

Plant-protein programme

Guided by this vision, the company launched a research and innovation pro-

gramme in 2014 dedicated to plant proteins. In 2018, they acquired Naturex, a 

global leader in speciality plant-based natural ingredients, adding more solu-

tions to Givaudan’s plant-based portfolio.

Givaudan’s is now equipped to test and texturise proteins from soy, pea, 

wheat and other plant-based sources for its customers, ensuring meatiness, 

juiciness and accurate profiles. Exceptional flavouring is possible thanks to 



427masking technologies that mitigate the protein off-notes inherent in plant-

based proteins.

At Givaudan, researchers and product developers with different back-

grounds, from natural flavours to functional ingredients and texturisation 

technologies, work side by side. “We believe that having broad expertise is key 

to market success for manufacturers of plant-based meat alternatives,” Jouet 

explains. “We have in-house extruders which allow us to closely analyse the 

interaction between proteins and flavours and address plant protein chal-

lenges, such as off-notes or dryness.” 

Taste attributes

Supporting customers in the development of healthy and tasty plant-based 

products is an exciting, but challenging, voyage of discovery. “We spend a 

great deal of energy in understanding the taste attributes of different plant 

proteins,” the Global Product Manager stresses. 

Understanding all the aroma and taste nuances of proteins is a complex 

task, and when you add texture, for example, the complexity grows exponen-

tially. “Specific protein types can vary significantly in taste and texture from 

one supplier to another,” he explains. These differences can, for example, be 

due to where the crop was grown and how the proteins were extracted. “This 

is why we focus on multiple proteins. We need to offer the maximum of charac-

teristics in order to deliver solutions that are as versatile as possible.”

Flavour and protein interactions also must be understood. “The insights 

gained help us to develop strategies that address flavour-stability problems 

arising from attachment to the protein,” says Jouet. Proteins bind to aroma 

molecules, leading to fewer ‘free’ aroma molecules reaching the nose. Binding 

behaviour is protein and aroma specific: the challenge is to develop flavour 

delivery systems that overcome this.

Understanding protein behaviour

Givaudan’s first milestone in the R&D process was a deep understanding of 

how a protein’s profile can give clues to how it might behave during extru-

sion, and when particular flavours can be applied. “We know that protein 

texturisation is extremely sensitive and the composition of the flavour con-

taining specific minerals or organic acids, for example, could interfere with the 

matrix. Therefore we have been working hard to understand all these ingredi-

ent impacts. Now our flavourists have precise guidelines that ensure that the 
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”

flavours they create are a perfect match for the meat-substitute matrix and the 

production processes.” 

Their research efforts have resulted in a comprehensive database of the 

characteristics, behaviour and interaction of plant proteins and taste ingredi-

ents in food processing. “Collecting all these data has given us a competitive 

edge when it comes to masking off-notes and finding the balance in a prod-

uct’s qualities, whether it is taste, texture, functionality, nutrition or cost,” says 

Jouet. 

Creating a network of expertise 

Givaudan collaborates with many startups and organisations around the 

world, giving focused attention without regard to size or market readiness. 

“We have created our own unique, worldwide network of expertise in terms of 

resources, equipment and knowledge, enabling us to work efficiently,” says the 

Global Product Manager. “It also allows us to be at the forefront of innovation 

and in the right place to deliver the desired solutions once new technologies are 

perfected and become affordable.” One of the latest examples of international 

collaboration is a joint initiative, with plant equipment manufacturer Buhler, 

to build a protein development centre in Singapore. 

Givaudan will keep working with relevant industry players to drive the 

dietary shift into the mainstream while further addressing challenges around 

taste, texture and nutrient value. But, according to the Global Product Man-

ager, there are more issues to overcome. “What might become a limiting factor 

in the development of plant-based products is the existing capacity for protein-

concentrate production and protein extrusion. 

The number, diversity and popularity of new protein sources is a real 

positive for the shift to more sustainable proteins, but it could bring serious 

production shortfalls,” he explains. “Perhaps the best way to prepare for this 

would be to develop protein blends.”

Government support

Jouet hopes for increased government support to realise the protein transition. 

“Plant proteins compete directly with the meat industry; the current focus on 

subsidising the meat industry needs to be shifted to proteins of plant origin if 

we are to successfully encourage the transition towards sustainable diets,” he 

stresses. “The transition to plant-based proteins is an incredible opportunity 

for the future health of population and planet. If governments, industry and 

consumers work together we can make it happen.” 
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Meeting nutritional needs 

Wendy Jenkins 

Farming Systems Ecology group, Wageningen University & Research 

Global Change department, Cornell University

T here are many ways to eat a healthy diet, however, minimising the 

environmental impact of food systems means a reduction in global 

animal-sourced food will be necessary. As with most things, address-

ing how animal products and their replacements should be incorporated into 

the diet is interdisciplinary and highly context specific. This section will focus 

on meeting nutritional needs in the protein transition, zooming in on the role 

of protein in the diet, the explosion of plant-based products (plant foods made 

to mimic animal products) in the market, and the differing roles of the protein 

transition in different regions of the world.

While many visions of the protein transition exist, the techno-optimist 

perspective has gained increasing popularity offering the promise of minimal 

changes to the diet, replacing animal products with plant-based products or 

cellular agriculture-based alternatives (section 5 on cellular agriculture). Plant-

based products may never completely bump animal products off the plate, 

however, it is clear they are here to stay. Whatever their future role is, people 

are continuing to choose plant-based products for a variety of reasons includ-

ing flavour, novelty, sustainability, health, and ethical considerations. On many 

of these fronts there is still room to improve. 

The first three chapters in this section examine the role of plant-based prod-

ucts in contributing to nutrition in the protein transition. We will discover in 

these chapters that protein value scores, developed to indicate ‘good’ and ‘bad’ 
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sources of protein, tend to oversimplify dietary quality by assuming that foods 

are not eaten in a varied context. Foods that score low on protein scores, may 

in fact still provide a good source of protein when combined with eating other 

foods. Getting adequate protein in the diet can be potentially problematic 

when plant-based products are used as direct substitutes. This is particulary 

the case for populations at risk of nutritional deficiency such as the elderly and 

children. Differences in nutritional content such as levels of amino acids or 

antioxidants are often not captured on nutritional labels making balancing 

nutritional trade-offs of substitution difficult. Future plant-based products 

should be developed with nutritional adequacy in mind not only in terms of 

protein, but also other nutrients found in their animal-product counterparts. 

In the future it may be possible to create products with improved sensory 

appeal compared to animal products. Perhaps similarly there is potential to 

enhance the nutritional content of these foods compared to the animal prod-

ucts they mimic and address key nutrients of concern for at-risk populations. 

The techno-optimist vision of the protein transition is however not 

compatible with all contexts and can be problematic due to infrastructural 

requirements. The nutritional needs of different populations also vary sig-

nificantly making global solutions unhelpful. While high-income countries 

tend to suffer from chronic diseases such as diabetes and cardiovascular dis-

ease, middle- and lower-income countries tend to have higher prevalence of 

nutritional deficiencies, increasingly in combination with chronic diseases, 

coupling underconsumption with overconsumption. For many of these 

regions, nutrient-rich alternatives to animal products are not available and 

shifting to plant-based sources of protein does not necessarily address highly 

pressing health issues such as deficiency. In this way, the conventional tag line 

of the protein transition of a shift towards more plant-based foods does not 

apply in all contexts to meet nutritional needs. Staying within environmen-

tal limits means we must better share nutrient-dense protein sources and the 

environmental impact of our food system more equally. Context-specific pro-

tein transitions which take the whole diet into account will be an essential tool 

moving forward.

Collectively the chapters in this section highlight the importance of popu-

lation, context and interdisciplinarity in creating nutritious and sustainable 

protein transitions. While plant-based products may be appropriate for some 

consumers, for others they may not be a complementary or accessible part of 

a healthy diet. Reducing foods to protein content alone is unable to capture 

these differences and whole diets and nutritional profiles must also be consid-

ered. As shown in section 6, how food is produced is also vitally important as 

without linking consumption to production a large piece of the sustainability 
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story is left out. While many questions remain about how to instigate dietary 

and production shifts (section 9), the questions of what we should eat and how 

we should grow it are an essential first step towards healthier and more planet-

friendly food systems for all.  



436 How to analyze protein digestibility  
and quality of our future protein crops  
and products

Jurriaan Mes, Shanna Bastiaan-Net and Harry Wichers

Division of Food, Health and Consumer Research, Wageningen Food & Biobased 

Research, Wageningen University & Research

The complex nature of dietary protein and the food matrix makes it 

unpredictable just how much will be absorbed and used by the body. 

There are many methods of testing protein content in foods and deter-

mining nutritional value, however each has its own trade-offs. In order 

to have a more sustainable and correct protein transition, protein test-

ing must minimize the use of animal models and be better tailored to 

human dietary uptake and requirements.

P rotein is an essential macronutrient in our food. Protein mass in healthy 

adults is approximately 16% and provides architectural support for 

cells, serves vital roles in maintaining their function and survival, and 

is continuously refreshed by protein synthesis and degradation. A protein can 

be seen as a beaded necklace in which 20 different colors are used, the 20 dif-

ferent amino acids. Of these 20 amino acids, the body can make 11 itself; the 

remaining nine, called essential amino acids, must be extracted from our food. 

The nutritional value of dietary proteins is therefore determined by the type 

of amino acids the protein is composed of. Thus, the content of essential amino 

acids in protein-rich products is an important indicator of nutritional quality. 

However, our intestinal system must also be able to release the amino acids 

from the proteins, otherwise they have little nutritional benefit. This makes 

the digestion system and the digestibility of proteins in our digestive tract 

equally important.

Plant cell walls can be hard to crack by our digestive enzymes. Some of the 

anti-nutritional factors, often found in plants as a defense against herbivorous 

insects, inhibit our digestive enzymes and reduce their activity and thus the 

absorption of plant proteins. Additionally, food processing and preparation 

can modify or aggregate proteins, and then enzymes are less able to cut the pro-

teins into pieces, reducing absorption. Conversely, other forms of processing 

such as hydrolysis treatments make the proteins smaller and easier for diges-



437tive enzymes to degrade them further. So how then do we measure protein 

quality and digestibility? And can that method be improved?

Current animal-based protein quality analysis and score

The nutritional value of a food protein depends on the total amount of protein, 

its amino acid composition and its digestibility. Optimum protein nutrition 

is achieved when the protein contains an ideal amount and proportion of all 

the essential amino acids in full alignment with requirements set by the FAO/

WHO/UNU, (see Table 1), and is fully digestible, resulting in 100% protein bio-

availability. 

In general, we can state that most animal-derived proteins are closer to the 

optimum of essential amino acids needed for human requirements than vege-

table proteins. The amounts and proportions are important due to the concept 

of the rate limiting essential amino acids. The Liebig barrel illustrates the con-

cept of rate limiting essential amino acid (Figure 1). The shortest stave of the 

barrel represents the first limiting amino acid (here the essential amino acid 

lysine). The more in balance all essential amino acids (staves) are, the more ‘vol-

ume’ in the barrel of essential amino acids that together can form the proteins, 

muscles and enzymes in the body that perform essential functions.

  Age groups

Amino acids Infant 
(0 to 6 months)

Child 
(6 to 36 months)

Older 
(>36 months)

His 21 20 16

Ile 55 32 30

Leu 96 66 61

Lys 69 57 48

SAA (Cys+Met) 33 27 23

AAA (Phe+Tyr) 94 52 41

Thr 44 31 25

Trp 17 8.5 6.6

Val 55 43 40

Table 1: Current recommended amino acid scoring patterns for infants, children and 
older persons in mg/g protein as set by the FAO/WHO/UNU (Source: Leser, 2013)
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Animal models are currently the primary method used to determine protein 

quality and digestibility. The reason for this reliance hinges on the widely 

accepted and authorized methods for determining PDCAAS (Protein Digest-

ibility Corrected Amino Acid Score) and DIAAS (Digestible Indispensable 

Amino Acid Score). These strategies capture the protein nutritional value in 

a single numerical value which makes it possible to compare various protein 

sources and products on their nutritional benefits. The PDCAAS is determined 

by the limiting amino acid score (i.e., the ratio of the first-limiting amino acid 

in a gram of target food protein and the requirement value) multiplied by 

protein digestibility. The intention is to assess how well the protein food of 

interest matches the requirements for amino acids, allowing the prediction of 

dietary protein utilization in the body.

To determine digestibility, the protein food is administered to a labora-

tory animal (often a rat), and the feces is quantified for protein content. The 

difference between what has been provided in the feed and what is found in 

the feces is supposed to have been digested and absorbed. This yields a value 

for the PDCAAS with a max of 1.0 when it reaches the essential amino acid 

recommendation levels. There are a number of disadvantages to the PDCAAS, 

e.g., that gut microbiota also absorb proteins leading to an overestimation of 

digestibility. Additionally, values are cut off at 1.0 even though they also can 

be higher compared to the recommendations, which is useful information for 

assessing protein content.

Figure 1: Liebig’s barrel illustrating the concept of rate limiting essential amino acid
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439In response to these challenges, the DIAAS was developed as a more accurate 

alternative. When determining DIAAS, a protein source is administered to a 

pig and the digestibility is determined by taking a sample at the transition 

from small to large intestine (so before the leftovers reach the bacteria in the 

large intestine) via a kind of stoma. When using rats for DIAAS determination, 

the animals are killed and end of the ileum is sampled. Again, the difference 

between amino acid intake and those in the ileum sample is used to calculate 

bioavailable amino acids which are subsequently compared with the recom-

mended intake (Table 1). Advantages of the DIAAS are that a protein can get a 

score of >100% if, for a limiting essential amino acid, it outperforms the FAO/

WHO/UNU amino acid requirements for different age groups (Leser, 2013). The 

FAO experts advise that when DIAAS is reported, the reference values for 6- to 

36-month-old children is a cut off for the DIAAS value, and that the rate limit-

ing amino acid is mentioned. The digestive system of pigs shows considerable 

anatomic and physiologic similarity to that of humans, and is therefore the 

most preferred method.

In vitro models

Undeniably, our food system needs to become more sustainable. In order to 

build a fair and just food system, reducing animal testing, where possible, 

should be one of the goals. Using animal models such as pigs and rats is cur-

rently the standard but is by no means the only method of measuring protein 

quality. This fact begs the question, given the ethical implications of using 

laboratory animals, is their use absolutely necessary? An answer to this ques-

tion may be found in the use of in vitro models (animal-free models, fully 

performed in a lab). Various different in vitro digestion models have been pro-

posed in the literature, both static models (often performed in a single tube or 

vessel) and dynamic models using multiple compartments, pumps and often 

dialysis to simulate uptake of nutrients during the digestion process. Because 

of the diversity of models, a European consortium INFOGEST, discussed and 

developed a consensus for a method to study digestibility in the lab (Minekus 

et al., 2014; Brodkorb et al., 2019). This marked a significant achievement and 

was the first basic step to have non-animal models accepted in the research field 

and with authorities.

One shortcoming of the INFOGEST consensus protocol is that it did not 

include a separation of the digested food into a part absorbed by the body and 

a part left in the intestine and that enters the colon. This separation step is 

crucial to be able to quantify those amino acids that are taken up and have a 
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440 nutritional value for the body, and those that fall prey to the gut microbiota. 

This separation is difficult to account for as intestinal cells are not easy to 

mimic. Intestinal cells do not act as a sieve but instead are very specialized in 

the translocation of specific compounds like amino acids over the layer from 

the gut to the blood. In order to address the issue of accounting for separa-

tion, our research group selected a filtration step with a 5kDa cut-off filter and 

applied that to study the digestibility and quality of alternative protein sources 

(Ariëns et al., 2021). While the in vivo DIAAS was only evaluable from the lit-

erature for two proteins studied in vitro, these in vivo scores correlated well 

with the in vitro DIAAS we calculated in our experiment. Another separation 

method studied in the field is a methanol precipitation to divide the digest in 

an undigested and absorbable fraction to calculate an in vitro DIAAS (Sousa 

et al., 2023). To improve harmonization among labs, validation and compari-

son with in vivo studies, several labs are currently testing the robustness and 

repeatability of this protocol on dairy products. Which method will work best 

still has to be determined, but it is our hope that this research will soon result 

in an authorized animal-free in vitro model.

In addition to this so-called static in vitro model, more dynamic systems can 

be applied to in vitro digestibility studies. One good example is the Tiny TIM 

(Oosterveld et al., 2016). The Tiny TIM apparatus uses a more dynamic stomach 

movement and emptying strategy and applies dialysis (simulating uptake of 

nutrients) during digestion, physiologically similar to processes in the human 

body. SHIME® is another multi-compartmental dynamic model; it consists 

of a succession of five reactors (stomach, small intestine, ascending, transverse 

and descending colon) simulating the different parts of the gastrointestinal 

tract (Molly et al., 1993). Both the dynamic and static models are used to analyze 

digestibility of ‘novel’ proteins for e.g., European Food Safety Authority (EFSA) 

Novel Food applications, where the provision of data on protein quality and 

digestibility is required.

In addition to reducing animal testing, in vitro models also have the advan-

tage that they can be adopted to reflect a certain target group in the population. 

For example, in vitro models can be used to mimic individuals that have an ele-

vated stomach pH or those with reduced digestion and uptake due to drug use 

or intestinal disfunction. These situations cannot be easily mimicked in animal 

models. Moving forward, to make these in vitro systems completely independ-

ent of animal input, we need to research whether the enzymes used to simulate 

the digestion can be obtained from recombinantly expressed enzymes to also 

replace enzymes derived from animal waste streams.
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441Human in vivo analysis

At this point, the question may arise: Why do we need in vitro models or ani-

mal experiments at all, can we not simply analyze protein quality directly in 

humans? The answer is yes, protein digestion can also be measured in humans. 

One method is based on the oro-ileal balance to measure ileal samples obtained 

from intubated healthy volunteers or with ileostomized patients. With the 

intubation method, the volunteers are equipped with a naso-ileal tube. The 

test meal containing intrinsically 15N-labeled test protein undergoes digestion 

and absorption and ileal effluents containing non-absorbed amino acids are 

continuously collected during the 8-h postprandial period (Bandyopadhyay 

et al., 2022). In ileostomates, the ileal effluents are directly collected into the 

pouch. The digestibility of individual amino acids is determined by the ratio of 

the absorbed to the intake (Bandyopadhyay et al., 2022). However, these ileos-

tomates might have comorbidities that influence the outcome and should only 

be performed with very safe products. 

Another method studies protein digestion and uptake. After ingestion, 

the blood-amino acid profile is analyzed in fasted volunteers who have eaten 

a protein-rich product (normally containing 20-40 g of protein). A standard 

trial set-up is a cross-over design in which the subjects (normally a group of 

10-20 people) consume a reference product (preferably a standard whey protein 

product) in addition to the test product(s) so the nutritional value can be calcu-

lated in comparison to reference groups. Studies can be performed for protein 

isolates or concentrates (e.g., Mes et al., 2022) but can also be based on whole 

vegetable products (e.g., Zeinstra et al., 2019) or meat replacers (Kouw et al., 

2021). These human trials can also give more insights into personal variation in 

digestion and can better substantiate that a certain product has a good protein 

quality for a specific target group. The human in vivo studies can teach us about 

people who have  a lower than average protein digestion and absorption, and 

who should consume higher than average recommended amounts of protein.

While the in vitro method is probably best used during initial evaluation 

of new protein sources, process optimalisation and early phases of product 

development, the human in vivo approach would be most suitable for a final 

evaluation of a food product as it provides the most relevant data.
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442 Some general comments and considerations

Table 2 provides an overview of the implications of the different approaches 

to study protein quality and digestibility as discussed above. It summarizes 

the implications of using different methods to assess protein and will aid an 

improved understanding of the consequences of using specific methods as well 

as support the selection of approaches for future research.

There is increasing social resistance to animal testing. The animal-based 

models show variation in final outcomes, probably due to variation in the 

batches of the sources, genotypes, cultivation method, applied processing 

method, and the animal model used. Moreover, details are often not reported 

and/or hidden in the reported numerical value. Variation in vitro analysis can 

result from variation in enzyme preparations, and human trials, due to the 

cohort used. Hence these protein quality values should be used as estimations 

and not as rock-solid values to apply cut-offs to discriminate between ‘good’ or 

‘bad’ sources. 

Some papers propose that claims regarding protein quality for proteins 

with DIAAS <75, which some see as of low quality, be rejected (Leser, 2013). We 

do not support this, as ‘bad’ proteins might be easy to use at high concentra-

tions in food products preferred by people who have a too-low protein intake 

and who can achieve adequate intake with these products. The fixation on 

protein quality values is important in the feed industry to reach an optimal 

feed conversion ratio. However, people are not required to grow that fast and 

do not have to live on a fixed diet; instead their consumption varies between 

food products and sources. In high-income countries, the general population 

overconsumes protein (Dutch National Food Consumption Survey; Berryman 

et al., 2018). The main risk groups are infants, elderly and those with diseases. If 

these groups consume too little protein, they risk a shortage in total protein or 

specific amino acids. Therefore, it is important to optimize methods to evaluate 

the nutritional quality when developing customized food products for these 

at-risk groups. Additionally, when large shifts in diets occur, there is a need 

to evaluate the impact using in vitro or human in vivo methods and discuss 

whether dietary recommendations should be adopted. This is also relevant to 

populations of both low-income and middle-income countries that may have 

poor or unbalanced diets that affect growth and development. 

These methods to analyze protein quality are extremely relevant as they 

ensure that food products are as nutritious as possible for the target popu-

lation. We trust that food authorities will quickly recognize the value of 

implementing animal-free methods for analyzing the quality of protein and 

protein-rich products.
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445From plant proteins to meat analogues

Atze Jan van der Goot, Floor K.G. Schreuders and Somayeh Taghian Dinani

Food Process Engineering, Wageningen University & Research

A successful transition towards diets richer in foods from plant-origin 

ingredients requires the development of attractive plant-based food 

products that satisfy consumer needs 

The high consumption of products from animal origin shows that those 

products are very appealing to consumers. With respect to meat, consumers 

appreciate the touch, fibrous textures, combined with high juiciness and spe-

cific taste (Balestra, Bianchi, & Petracci, 2019). Given the high appreciation of 

meat products, there is a strong belief that a market exists for plant-based prod-

ucts that mimic the textural and other properties of meat products (Michel, 

Hartmann, & Siegrist, 2021). This phenomenon explains why many companies 

invest in the development of plant-based products mimicking meat and are 

expanding production capacity. 

Types of plant-based meat analogues 

Meat analogues can be defined as food products designed and produced from 

plant-based ingredients to mimic the texture, appearance, and nutritional 

value of real meat products (Samard & Ryu, 2019). Since meat analogues require 

less input with respect to raw materials, energy and water, these products are 

considered a sustainable alternative to meat. Meat analogues can be divided 

into three categories (Kyriakopoulou et al., 2021): imitated comminuted meat 

products, emulsion-based products, and imitated whole-cut meats. 

The term comminuted meat is used to describe meat that has been cut, 

shredded, ground or minced and subsequently restructured and even reformu-

lated into products like burgers and nuggets. Comminuted products are made 

by gluing particles such as fat droplets, protein particles and other ingredients 

together in a final cold-blending step. Protein pieces or particles are made via 

extrusion to obtain so-called Textured Vegetable Proteins (TVPs). TVP particles 

are then combined with other ingredients, including fat, carbohydrate, fibres, 

binders, colourants, and water to make the final product. The cold mixing step 

allows the inclusion of temperature-sensitive ingredients, such as colourants, 

which can give a colour change when cooking the product. A key ingredient is 



446 the gluing agent needed to bind all particles together. This can be egg protein, 

but the most commonly used vegan alternative is methylcellulose (a chemically 

modified cellulose) (Sarkar, 1979). The comminuted products contain a lot of 

ingredients, which gives the opportunity to precisely tune the properties of the 

final products, but a long ingredient list is often not appreciated by consumers 

(Maruyama, Streletskaya, & Lim, 2021). 

Emulsion-type products are created by mixing TVP in an emulsion of water 

and oils. Colourants and spices are added to the mix to induce meat-like colour 

and flavour. To enhance the strength of the product, thickening agents such as 

methylcellulose and other hydrocolloids are often added. After intensive mix-

ing, the emulsion is put into a casing, which is often made from alginate, to 

give it a sausage shape. The casing with the emulsion is then thermally treated 

to pasteurise or sterilise the product. To obtain high-quality products, the 

plant proteins used should meet high technological demands. The proteins 

must stabilise the emulsion while simultaneously forming strong and firm 

gels to contribute to the right texture and bite to minimise the need for the 

addition of thickening agents. 

The other category comprises so-called whole-cut meats, like chicken fillet 

or beef steak. Those products are characterised by a definitive fibrous appear-

ance (Kyriakopoulou et al., 2021). Most of these products are made via high 

moisture extrusion. The shape of the die, which is attached at the end of the 

extruder, determines the product shape. Until now, only products in the form 

of small pieces (e.g., strips) are available, but developments are in the direc-

tion of larger products, for example through novel die designs to be able to 

mimic whole-cut products like chicken breast or pork loin (Arhaliass, Bouvier, 

& Legrand, 2003). The products are generally based on soy protein concentrate, 

but products based on pea are on the market as well (Schreuders et al., 2019). 

Routes for making meat analogues

Meat analogues are designed to mimic meat with respect to texture and juici-

ness. The texture is largely determined by the structure of the product, which 

is created by a so-called structuring process. Structuring processes for fibrous 

meat analogues can be divided into two categories: top down and bottom up, 

as summarised by Dekkers et al. (2018) such as meat, have a large impact on the 

environment. Meat analogues are products that replace meat in its functional-

ity, i.e. have similar product properties and sensory attributes, which is achieved 

by the fibrous nature of those products. Scope and approach: The techniques 

used to make fibrous products that mimic muscle meats are outlined and cat-
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egorized based on their approach. The bottom-up approach refers to assembly 

of structural elements that are combined. The top-down approach refers to 

structuring of biopolymer blends using an overall force field. The strengths 

and weaknesses of these approaches are discussed in terms of ingredient and 

equipment use, (achievable. Figure 1 shows that with the bottom-up strategy, 

each structural component is created first and then assembled into a fibrous 

product, which has the promise of creating structures with a hierarchy from 

nano to macroscale. A clear example hereof is tissue engineering techniques 

that include in vitro culture animal muscle cells (biological self-assembly), 

fermentation processes (mycoproteins), wet spinning, and electrospinning. 

For the top-down strategy, a fibrous product is created by using processes that 

deform the total mix used to make the meat analogue. The mix should contain 

a minimum of two separate phases (for example two different proteins or a pro-

tein and a carbohydrate) that can be aligned by the deformation applied. This 

top-down strategy results in an anisotropic structure on larger length scales 

only. As a result, these techniques do not fully resemble the hierarchical struc-

ture of the meat. However, it is possible that full resemblance of the structure 

Figure 1
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448 at a very small length scale is not necessary, and dissimilarities do not clearly 

influence the sensory properties. 

While the bottom-up techniques have potential to mimic the meat struc-

ture more closely than the top-down techniques, the top-down techniques 

are more efficient and better scalable towards industrial production. Within 

this top-down category, extrusion and mixing are widely used in industry to 

produce meat analogues, while other techniques such as freeze structuring 

and shear cell technology are in the development phase. Shear cell technology 

allows for the production of a fibrous structure similar to meat from plant-

based ingredients through the application of well-defined deformation while 

heating. 

Role of ingredients for production of meat analogues

The list of plant proteins used to make meat analogues is currently rather 

short. The proteins used originate mostly from soy, pea and wheat. From these 

crops, protein isolates and concentrates can be produced in a cost-effective 

manner, leading to ingredients with suitable functional properties for meat 

analogue applications. Proteins for soy can form strong gels (Batista, Portugal, 

Sousa, Crespo, & Raymundo, 2005), while proteins from wheat (gluten) form 

tiny fibres almost spontaneously (Grabowska, Tekidou, Boom, & van der Goot, 

2014). Despite the fact that alternative proteins are a hot research topic, it is not 

expected that soy, pea, and wheat will be replaced soon by new sources giving 

their relevant functionality and low costs. In the longer run, proteins from by-

products streams such as press cakes from sunflower or rapeseed have great 

potential (Grossmann & Weiss, 2021; Jia, Rodriguez-Alonso, Bianeis, Keppler, 

& van der Goot, 2021). Additionally, interesting developments are in the area of 

new marine sources, like algae and seaweed (Kazir & Livney, 2021), or proteins 

made via fermentation through the use of bacteria, yeasts and fungi (Kumar et 

al., 2017; Steinkraus, 1983). 

Fats and oils are added to improve taste and juiciness (Egberts & Borders, 

2006). A combination of coconut and sunflower oils is often used to adjust the 

melting point of the oil towards the melting point of animal fats. By doing, 

so, it is possible to mimic the ‘meat-experience’ when preparing the product 

at home. Starch and other gelling agents are added for water binding and 

enhanced gel strength. Insoluble carbohydrates can be used to enhance the 

fibrous nature of meat analogue products, while sugars are used for taste rea-

sons amongst others through stimulating the Maillard (a browning) reaction. 
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449Different additives can be included in the formulations of meat analogues to 

create products with comparable sensory properties, health-beneficial constit-

uents or nutritional profiles. Typical ingredients are thickening agents (such 

as methylcellulose, guar gum, carrageenan, xanthan gum, gum Arabic, malto-

dextrin, inulin) adhering agents (such as calcium alginate), colourants (such 

as beet juice extract, pomegranate fruit powder, vitamin A palmitate, caramel 

colour), flavourings (such as sodium chloride, yeast extract, mannitol, vinegar, 

garlic), minerals (such as sodium chloride, iron, calcium phosphate, potassium 

chloride, magnesium carbonate), vitamins (such as B12), antioxidants (such as 

tocopherols, different herbs, spices, and their extracts), and antimicrobials 

(such as lactic acid, polyphosphates, and various spice extracts) (Sha & Xiong, 

2020). Transglutaminase is a protein cross-linking enzyme that improves the 

slicing ability of meat analogue products by crosslinking the amino acids of 

glutamine and lysine in different polypeptides (Sha & Xiong, 2020). Up to now, 

the high price of this enzyme limits widespread application in meat analogues, 

but this might ease in the future. Crosslinking can also be induced via cova-

lent and non-covalent interactions between phenolic compounds and proteins. 

Overall, crosslinking reactions are considered to be a promising method to 

modify the texture of meat analogues (Kyriakopoulou et al., 2019). 

Future developments

Today, many attractive meat analogues are on the market already. Nevertheless, 

current meat analogues cover just part of the meat products available in the 

market, leaving ample opportunities for further product development. Com-

minuted and emulsion-based products are available, but whole-cut products 

that mimic chicken breast or beef steak are still lacking. Besides, the juiciness 

of many products is still troublesome, amongst other reasons, because the dry 

matter content in meat analogue products is much higher than in meat gener-

ally (Cornet, Edwards, van der Goot, & van der Sman, 2020). A next step in the 

development of meat analogues could be combining bottom-up and top-down 

approaches to make next-generation meat analogues. For example, spinning 

could be used to make long thin protein fibres, which can be further processed 

in a shearing device, possibly in combination with other ingredients. In this 

way, it might be possible to create a highly fibrous structure, similar to meat. 

As described above, the current focus in product development is on mim-

icking meat texture as much as possible. In the short term, this is probably the 

most efficient route, as consumer studies reveal the wish for plant-based prod-

ucts that resemble meat products in all of their attributes. However, when these 
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450 meat analogues become widely adopted, one can envision the development of a 

market for plant-based products that deviate from real meat products. Possibly, 

consumers accept or more preferably appreciate the unique texture and taste 

of those products. Such development would give a boost in technology devel-

opment and open ways for introducing novel ingredients that might be less 

suitable for application in current meat analogues. The same holds for require-

ments in nutritional values. Less emphasis on proteins, but more on overall 

nutritional benefits, can provide new opportunities for applying ingredients 

directly based on flours or otherwise obtained via minimal processing. 
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Industry interview with  
Tal Nadari, Regional Director, 

LIVEKINDLY Collective 

CREATING PATHWAYS 
FOR PLANT-BASED 

COMPANIES



“
“We’re making plant-based living the  
new norm”

To really make a positive impact on the environment, plant-based eat-

ing must become the norm. This clear and direct message comes from 

the entrepreneurs behind LIVEKINDLY Collective. With their growing 

portfolio of food brands, and an international media platform, they are 

working to make the protein transition a reality.

L IVEKINDLY Collective brings together promising food brands and 

helps them grow their market presence, from local to regional to global. 

“We connect founders of these brands with business leaders, via our col-

lective,” says Tal Nadari, Regional Director Europe at LIVEKINDLY Collective. 

“Our brands and our leaders together develop and unroll strategies for R&D, 

production, brand positioning and finance that help develop stretch goals and 

achieve them.” 

Sharing knowledge and technology know-how

Entrepreneurs within the collective have access to a range of patented technol-

ogies, in addition to manufacturing facilities. “Whether it’s about marketing, 

sales or production, what we learn in one country, we share with other coun-

tries, creating success blueprint across brands, countries and continents,” says 

Nadari. “Our challenge is to share knowledge in a coordinated way. To this end, 



455we have combined all data into a digital system from global software provider 

SAP, allowing everyone involved to speak the same language.” 

LIVEKINDLY Collective’s portfolio currently counts different brands, 

including LikeMeat (from Germany) Fry’s (from South Africa) Oumph! (from 

Sweden) and No Meat (from the UK) and the Dutch Weed Burger (from the 

Netherlands). The Collective has also launched two flagship brands in China: 

Giggling Pig and Happy Chicken. “All these brands share our mission to make 

plant-based eating the norm,” says Nadari. “They are successful in their own 

markets, but don’t yet have the capability to build their brands across borders.” 

Multibrand company

The young, ambitious and vibrant collective –founded just before the COVID-

19 pandemic in 2020 –deliberately chooses to be a multibrand company. “This 

allows us to anticipate the demands of different groups of consumers,” Nadari 

explains. “Some people prefer a meat replacer that looks like meat, whereas 

others want something completely different. And people with young chil-

dren may attach high value to nutrient-rich composition, whereas adolescents 

might find it more important that meat replacers are hip and convenient.” 

Many people want to move towards a more plant-based diet, but find it hard 

to actually do it, Nadari explains. “LIVEKINDLY Collective aims to upgrade 

people’s beliefs and habits, offering delicious, affordable products, great reci-

pes and inspiring stories.” 

Farm-to-fork approach

In its efforts to create growth for promising plant-based food brands, the Col-

lective covers the entire value chain, farm to fork. “We build partnerships in 

each part of value chain, from primary producers and co-manufacturers to dis-

tributors,” Nadari continues. “This way we make sure that we minimise our 

CO2 footprint. It also enables us to be responsive to this dynamic market.” 

Many farmers see the benefits of moving from farming cattle to growing 

protein-rich crops like yellow peas. Nadari: “But they need to be supported 

in making this change, in terms of finance, knowledge and expertise. We will 

accelerate the transition by being a source of this knowledge and expertise.” 



456 Partnerships with meat producers

Working across the value chain also means that the Collective enters into stra-

tegic partnerships with mission-aligned innovative meat producers. “If we 

really want to change the food system we need them, as they have incredible 

efficient and far-reaching supply-chain systems that we can benefit from,” 

Nadari explains. “The knife cuts both ways. Meat producers realise they need 

to change their business models and we offer them the opportunity to do so. If 

we, together with these companies, offer delicious-tasting, plant-based meat 

alternatives, we can power the transition to a sustainable food system.”

Embrace technology, as it is where you’ll get the speed you’re looking for, is 

Nadari’s advice to other companies. “Understand the food chain and your role 

in it. Moreover, find partners with the same mission, and connect with govern-

ments and NGOs. This increases the chance of building a successful business 

case.”

Double-digit growth

Meanwhile, LIVEKINDLY Collective is working hard to grow its platform, and 

is rapidly expanding its food brands. “We’re striving for double-digit growth, 

with only clean-label products. Quite a challenge, and that’s why we are heavily 

investing in new processing technologies and stock diversification. For exam-

ple, the Dutch Weed Burger uses seaweed as a source of protein and Oumph! 

has just launched Doner kebab made of peas.”

Nadari is confident that the collective is well on its way to achieving its 

mission of making plant-based living the norm. “Everyone involved in our 

Collective is motivated to make (and be) the change, and everyone is on exactly 

the same page. With such a base, we can make everything possible.” 

https://thelivekindlyco.com/

”

https://thelivekindlyco.com/


457The nutritional quality of plant-based foods

Alissa Nolden1 and Ciarán G. Forde2
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Human Nutrition and Health, Wageningen University & Research

Plant-based foods that are designed to mimic and replace animal-based 

products often do not have the same nutritional composition. Some of 

these differences cannot be captured in nutritional labels making it even 

more complicated for consumers to make healthy food choices. This can 

have implications for the for the overall dietary quality of diets consist-

ing of modern plant-based foods.

Today as many consumers worldwide shift towards reducing their consump-

tion of animal products due to environmental concerns, there is an opportunity 

to improve both the sustainability and nutritional quality of diets at a popu-

lation level. Changing the foods we eat can have a profound influence on the 

overall nutrient quality and density of the diet. While this can be positive 

from a health and sustainability standpoint, there is the concurrent risk that 

consumers conflate environmentally friendly food choices with health and 

nutrient density. One approach is substituting conventional animal prod-

ucts with plant-based foods. A plant-based diet can be interpreted differently 

by consumers, with many considering it only to mean a ‘vegan’ diet (Estell, 

Hughes, & Grafenauer, 2021). In this chapter, the term ‘plant-based foods’ 

refers to food products that contain no ingredients of animal origin and are 

designed to either mimic or replace conventional animal-based products (i.e., 

plant-based alternatives).

Nutritional composition is an important factor for consumers when decid-

ing to purchase food products (IFIC, 2022). But for consumers to accept a 

product, it must taste good (IFIC, 2022). To create products that mimic the 

already widely accepted, taste, texture, and sensory appeal of traditional ani-

mal-based products, many emerging plant-based products are prepared with 

high levels of public health-sensitive nutrients such as salt, sugar, and fat for 

added flavor and sensory appeal. This has led to concerns regarding the macro 

and micronutrient content of this emerging product category. As a result, there 

are often differences in the nutritional profile of plant-based compared to con-

ventional animal-based versions of the same products, raising concerns as to 

whether products are nutritious alternatives (Gibney & Forde, 2022). We exam-

ine the nutritional composition, nutrient quality, and digestibility of modern 



458 plant-based products. Highlighting differences in nutrient quality and quan-

tity can help emphasize the importance of products that have both improved 

sustainability and nutrient credentials in order to identify ways to educate con-

sumers on how to make sustainable food choices that meet their dietary needs.

Macronutrient comparison between animal- and  
plant-based foods

Compared to animal products like meat, eggs, or dairy, which are broadly 

consistent in nutrient composition in different formats and regions globally, 

there is a much wider variability in nutritional composition across plant-based 

foods. This depends on their source (e.g., soy, oat, coconut), variety, and geo-

graphical location. Furthermore, even within plant-based protein ingredients, 

there is a variety of forms of the same ingredient, such as flour, concentrates, 

and isolates (Ma et al., 2022). For example, for chickpeas, the percent protein 

content can vary considerably across different protein forms, from 20% in flour 

to 98% in concentrate. Similarly, for lentils, protein content is only 27% in flour 

and 91% in lentil protein-concentrate (Ma et al., 2022). In addition to variability 

in protein content, other macro and micronutrients vary considerably, includ-

ing fiber, vitamin and mineral content. Such diversity in nutrient composition 

adds significant complexity for consumers who want to make a simple switch 

from animal- to plant-based alternatives for environmental or other reasons, 

while still maintaining a balanced diet.

From a nutritional perspective, we summarize some of the known advan-

tages and potential disadvantages of switching from animal to plant-based 

products, focusing on differences that have appeared in the literature across 

product categories (Figure 1).

Many plant-based products are often higher in fiber and lower in fat con-

tent than animal products (Clegg, Ribes, Reynolds, Kliem, & Stergiadis, 2021; 

Cole, Goeler-Slough, Cox, & Nolden, 2021). An example is plant-based yogurt; 

on average they contain more total and saturated fat than conventional dairy 

yogurt, as they are often produced with coconut or nuts, both of which are high 

in saturated fat. Similarly, some plant-based yogurt products often lack the 

vitamin and mineral composition of animal-based dairy unless they are forti-

fied and contain more fat than whole milk yogurt (Chalupa-Krebzdak, Long, 

& Bohrer, 2018; Clegg et al., 2021). Despite their high-fat content, coconut and 

nuts are used for plant-based dairy products due to their desirable taste and 

texture attributes, delivering a comparable sensory profile to conventional 

dairy products.
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459In terms of calorie content, several plant-based products have fewer calories 

than equivalent animal-based products. For example, cow’s whole milk pro-

vides 50kcal/100mL, compared to coconut (33kcal) and grain (48kcal)-based 

milk alternatives (Clegg et al., 2021). However, in terms of protein content, 

several studies report that plant-based products often contain significantly 

less protein (Chalupa-Krebzdak et al., 2018; Clegg et al., 2021; Cole et al., 2021; 

Craig, Mangels, & Brothers, 2022). For example, when comparing a burger 

patty, plant-based burgers provide less protein compared to beef burgers: 18g 

compared to 24g, respectively (Cole et al., 2021). In line with this, plant-based 

yogurt provides, on average, 1.6g of protein per 100mL serving, compared to 

3.3g of protein in cow yogurt (Chalupa-Krebzdak et al., 2018). However, plant-

based foods are naturally lower in fat and cholesterol and higher in fiber content 

than animal-derived foods. Moreover, many plant-based foods have salt and 

fat added to replicate the sensory appeal of animal-based products which may 

diminish some of their potential nutritional advantages over animal-based 

products. An emerging concern for plant-based alternatives is their relatively 

high salt content, with current estimates that some plant-based burgers con-

tain up to twice as much sodium as beef burgers (Cole et al., 2021). More salt can 

also be added during the preparation and cooking of many of these products 

and they may undergo frying in oil and seasoning before consumption, mak-

ing the sodium and fat content potentially higher than estimated (Tso & Forde, 

2021).

Micronutrient comparison between animal- and  
plant-based foods

Many vitamins, minerals, and amino acids only naturally exist in animal prod-

ucts, such as taurine, vitamins B12, and D3, and heme iron (Aimutis, 2022; 

Harnack et al., 2021). Conversely, many plant foods can provide micronutri-

ents not found in meat, such as vitamin C, certain antioxidants like flavonoids 

(quercetin, catechins), and fiber (e.g., beta-glucan, inulin, pectin) (van Vliet 

et al., 2021). The metabolomic profile of traditional animal-based products 

can vary from that of plant-based alternatives. For example, there is greater 

diversity in metabolites following consumption of ground beef compared to 

an equivalent serving of plant-based meat (van Vliet et al., 2021). For ground 

beef, on a standard 3oz basis, plant-based products provide a good or high 

source of iron, manganese, copper, folate, and niacin, but provide less zinc and 

vitamin B12 (Harnack et al., 2021). Plant-based beef products had large differ-

ences in vitamins, amino acids, phenols, tocopherols, and fatty acids, compared 
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460 to conventional beef. These differences in compounds between products are 

important as they have the potential to affect physiological, anti-inflammatory, 

and immunomodulatory systems, factors often not considered when exam-

ining nutritional facts panels (van Vliet et al., 2021). More work is needed to 

examine the metabolomic profiles for plant-based alternatives, with currently 

available data suggesting these products are significantly different from con-

ventional animal-based products.

Despite some of the current deficits, plant-based products offer a novel 

opportunity to enhance the nutrient quality of products by providing vita-

mins and minerals not traditionally found in animal-based products. This 

will continue to be a challenge for plant-based product developers, as many 

micronutrients are not present in high quantities in plant foods (see ‘Digest-

ibility of Plant-based Foods’). For consumers that aspire to make the shift from 

animal- to plant-based foods, it is important to consider subtle differences in 

the quantity and diversity of components that are often not listed on a nutri-

tion facts panel, including the levels of amino acids, saccharides, phytosterols, 

Figure 1: Summary of the key nutrient differences between animal and plant-based products. 
These are generalized statements based on findings within each product category, with large 
differences observed, driven by the plant-protein source and added ingredients.
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461tocopherols, and antioxidants, when evaluating the holistic nutrient quality 

of a product, beyond product macronutrient and energy content. These differ-

ences can be further confounded by differences in digestibility between plant 

and animal proteins.

Diets consisting of plant-based proteins: concerns for 
digestibility, bioavailability, and overall diet quality

The nutrient composition of a food as found on product labels describes a 

product’s gross composition in terms of macro and micronutrients and energy 

content. It does not however accurately reflect what is absorbed or the true 

metabolic impact of its consumption (Forde & Bolhuis, 2022). As such, foods 

with identical nutrient fact panels can differ in functionality and have a dis-

tinct metabolic and physiological impact on human nutrition. Plant-based 

products differ from conventional animal products in their composition, 

structure, and functional properties. In general, all plant-based ingredients 

have a lower bioavailability as they contain a food matrix that presents a 

physical barrier to digestive agents (e.g., dietary fiber), along with other bar-

riers, including antinutrients (Rousseau, Kyomugasho, Celus, Hendrickx, & 

Grauwet, 2020). Both plant protein and cereals, common ingredients in plant-

based foods, contain phytic acid, often described as an antinutrient, that can 

inhibit the absorption of iron, zinc, calcium, and manganese (Rousseau et al., 

2020). Plants have higher dietary fiber content, which is described as resist-

ant to digestive enzymes in the small intestine (Capuano & Pellegrini, 2019). 

Whereas consumption of increased quantities of dietary fiber can have posi-

tive health benefits, this natural barrier may also reduce the bioavailability of 

certain nutrients in plant-based foods.

While most formulations of plant-based alternatives are focused on match-

ing the protein content to that of meat and dairy, the protein quality and 

digestibility have received less attention. Plant-protein quality is determined 

by its essential amino acid content, its digestibility, and the bioavailability of 

the digested amino acids (Domić, Grootswagers, van Loon, & de Groot, 2022). 

To compare protein quality, the Food and Agricultural Organization of the 

United Nations (FAO) uses a scoring system that assesses protein quality across 

a diverse range of metrics. The Digestible Indispensable Amino Acid Score 

(DIAAS) assesses the protein quality by considering the bioavailability and con-

centration of each amino acid. There are some concerns about this approach 

as it may not account for differences in food matrix integrity across protein 

sources (e.g., pea protein isolate compared to eggs) (Craddock, Genoni, Strutt, 
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462 & Goldman, 2021). The estimated bioavailability of protein from plant sources 

is lower (89-92%) compared to meat and milk proteins (90-95%) (Gaudichon 

& Calvez, 2021). See chapter 1. Additionally, the essential amino acid content 

can directly impact the potential of a protein to support muscle maintenance 

and growth. Concerns have been raised about whether diets consisting of plant 

foods can properly support normal muscle; unlike animal protein, plant-based 

proteins do not offer a complete protein. When a protein source is missing one 

or more of the essential amino acids (i.e., incomplete protein), evidence sug-

gests the remaining acids are oxidized rather than used to support anabolic 

activity in the muscle (Moehn, Bertolo, Pencharz, & Ball, 2005). This may have a 

greater impact on protein status and muscle accretion among vulnerable popu-

lations such as older consumers (Gorissen & Witard, 2018). 

Comparative nutritional studies examining dietary quality of diets con-

sisting of meat and their plant-based counterparts suggest replacement has 

implications for human nutrition. Dietary studies provide another approach to 

examining the implication of consuming a diet consisting of only plant-based 

alternatives on overall diet quality. However, no studies are currently available 

to assess the nutritional impact of diets consisting of plant-based foods com-

pared to a typical omnivore diet. The lack of long-term evidence on their ability 

to support adequate nutrient intakes suggests caution is needed when making 

the transition to a plant-based diet using novel plant-based products, as many 

cannot be considered equivalent to traditional animal-based products (Tso & 

Forde, 2021). Currently, we can gain a preliminary look at the impact of replac-

ing meat with plant foods by considering vegan and vegetarian diets. Results 

from two randomized controlled trials (RCT) have shown mixed benefits, with 

one showing a beneficial reduction in the low-density lipoprotein (LDL) cho-

lesterol (Crimarco et al., 2020). In contrast, another showed a potential negative 

effect of plant-based diets on bone health (Itkonen et al., 2021). In a comparative 

diet quality study, a diet consisting of novel plant-based foods provided more 

saturated fat, sodium, and sugar above the traditional reference diet and did 

not meet the recommended daily allowance for vitamin B12, calcium, potas-

sium, magnesium, and zinc (Tso & Forde, 2021). Tonheim and colleagues (2022) 

report that when comparing the nutritional composition of diets that do not 

consist of animal-based foods (vegan, vegetarian, and pescatarian diets), there 

were differences in consumption of plant-based foods, with vegans consuming 

more plant-based food products than vegetarians and pescatarians (Tonheim, 

Groufh-Jacobsen, Stea, & Henjum, 2022). Individuals consuming plant-based 

alternatives had a greater intake of saturated fat and protein, however they did 

not contribute to differences in intake of carbohydrates, added sugar, or dietary 

fiber compared to other diets. 
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463Conclusion and outlook

This chapter highlights many of the differences in nutrient composition and 

bioavailability between plant and animal foods. For many consumers, the 

message that vegan and vegetarian diets are healthier can easily be extended 

to novel formulated plant-based foods. This fact may mislead consumers to 

switch to products that are perceived as healthier (International Food Infor-

mation Council, 2020), though they are frequently nutritionally inferior to 

conventional animal products (Chalupa-Krebzdak et al., 2018; Clegg et al., 2021; 

Cole et al., 2021; Tso et al., 2020). These differences in consumer perceptions 

of plant-based foods highlight the confusion surrounding their nutritional 

quality and reflect the poor understanding of the nutrient implications of sub-

stituting products of animal origin with plant-based alternatives (Tso et al., 

2020). For consumers, these differences in nutrient intakes become complex 

to manage with the wide diversity in composition and added variety of emerg-

ing plant-based alternatives. It is important to consider subtle differences in 

the quantity and diversity of the components often not listed on a nutrition 

facts label, including the levels of amino acids, saccharides, phytosterols, toco-

pherols, and antioxidants, when evaluating the holistic nutrient quality of a 

product, beyond product macronutrient and energy content. In the absence 

of clear and specific information or uniformity of nutrient density across the 

many rapidly emerging and diverse plant-based product categories, the chal-

lenge remains for consumers to inform themselves on and select plant-based 

products that meet their nutritional needs. Considerations should be made 

on better product labeling and educating consumers to select the right plant-

based alternative product based on individual needs and expectations.

For consumers looking to reduce their consumption of animal foods, 

plant-based foods are being developed with the intention of providing an 

easier option as a replacement for conventional meat products. However, due 

to the differences in nutritional quality, the impact on overall diet quality of 

full replacement of animal with plant-based foods has been little investigated. 

Currently, it has been suggested, until more data are available, that to sustain 

nutrient intakes and maintain health, consumers may want to consider a par-

tial substitution with plant foods rather than removing all products of animal 

origin from their diets. For example, previous research has shown that retain-

ing dairy and eggs with a smaller proportion of meat successfully maintained 

protein and micronutrient intakes while supporting a more sustainable eating 

pattern (Tso & Forde, 2021). Another approach gaining popularity is blended or 

‘hybrid’ products which help to reduce meat consumption, substituting a por-

tion of animal protein with plant-derived proteins. Future hybrid or blended 
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464 products may offer a solution by reducing rather than removing all traces 

of animal ingredients from the final product, thereby decreasing the envi-

ronmental impact associated with animal food products while retaining an 

optimum nutrient profile. Appealing plant-protein products are not a recent 

creation, with products like tofu and seitan dating back hundreds of years. The 

more recent development of novel plant-based meat alternative products offers 

a wide selection of convenient ways to substitute animal products for those 

that provide similar function and taste. However, this is not the only way con-

sumers can reduce their meat consumption or derive long-established health 

benefits of consuming more plants. Consumers choosing to reduce their meat 

and dairy intake can decide whether they will replace these foods with modern 

plant-based alternative products, or instead increase their intakes of fruit, veg-

etables, and pulses.

Future research requires detailed dietary assessment and controlled clini-

cal trials to fully understand the nutrient implications of switching to diets 

dominated by plant-based foods that replace animal products. There is a need 

to evaluate the longitudinal effects of shifting to diets consisting of modern 

plant-based foods and assess health outcomes in vulnerable populations and 

compare metabolic biomarkers and the potential impact on the gut microbi-

ome to fully understand the implications of these dietary changes on long-term 

human health. This is further complicated by the rate of change of newer prod-

ucts and novel plant-based foods that continue to evolve and improve rapidly. 

Many of the established health benefits of a traditional vegan or vegetarian 

diet compared to the omnivore diet, have been appropriated to support claims 

made about the health effects of consuming novel plant-based alternatives 

(Tso et al., 2020). Whereas traditional vegan and vegetarian diets were high in 

vegetables, nuts, and pulses, much of the popularity surrounding more novel 

plant-based foods has arisen from their positioning in ‘fast-food’ formats (i.e., 

burger, sausage, nuggets) that usually requires the addition of public health-

sensitive ingredients high in salt, sugar, and fat to promote their sensory 

appeal. The current diversity within the emerging plant-based category com-

bined with the lack of long-term evidence on the efficacy of these products to 

support adequate nutrient intakes, suggests caution should be exercised when 

transitioning to a plant-based diet using novel plant-based products as many 

cannot be considered equivalent to traditional animal-based products (Tso & 

Forde, 2021).

As the popularity of flexitarian, vegan and vegetarian diets continue to 

rise, there are unique opportunities to shift consumer behavior towards die-

tary patterns that are not only more sustainable but also healthier. To capture 

this opportunity and galvanize consumer motivation for dietary change, the 
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465responsibility now falls on product developers to optimize not just sensory 

appeal and format but also the nutrient density of this emerging category of 

foods. Further research on the nutritional impact of shifting to modern plant-

based foods is now needed to provide the evidence base to direct consumer 

choices towards the healthiest and most sustainable versions of the next gen-

eration products. In parallel there is a need for nutrient consistency and new 

product formats that sustain sensory appeal without the need for added frying 

or condiments that contribute to salt, sugar and fat intake, if we are to avoid an 

unintended decline in diet quality.
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466 • Domić, J., et al. (2022). Perspective: Vegan Diets for Older Adults? A Per-

spective on the Potential Impact on Muscle Mass and Strength. Advances in 

Nutrition, 13(3), 712-25. 

• Estell, M., Hughes, J., & Grafenauer, S. (2021). Plant Protein and Plant-Based 

Meat Alternatives: Consumer and Nutrition Professional Attitudes and Per-

ceptions. Sustainability, 13(3), 1478. 

• Forde, C.G., & Bolhuis, D. (2022). Interrelations between Food Form, Tex-

ture, and Matrix Influence Energy Intake and Metabolic Responses. Current 

Nutrition Reports, 1-9. 

• Gaudichon, C., & Calvez, J. (2021). Determinants of Amino Acid Bioavail-

ability from Ingested Protein in Relation to Gut Health. Current opinion in 

clinical nutrition and metabolic care, 24(1), 55. 

• Gibney, M.J., & Forde, C.G. (2022). Nutrition Research Challenges for Pro-

cessed Food and Health.” Nature Food 3(2), 104-09. 

• Gorissen, S.H.M., & Witard, O.C. (2018). Characterising the Muscle Ana-

bolic Potential of Dairy, Meat and Plant-Based Protein Sources in Older 

Adults. Proceedings of the Nutrition Society, 77(1), 20-31. 

• Harnack, L., et al. (2021). Nutrient Composition of a Selection of Plant-Based 

Ground Beef Alternative Products Available in the United States. Journal of 

the Academy of Nutrition and Dietetics, 121(12), 2401-08. e12. 

• International Food Information Council (2020). A Consumer Survey on Plant 

Alternatives to Animal Meat 2.0. FoodInsight..org: IFIC.

• ---. (2022). Food & Health Survey. FoodInsight.org: IFIC. 

• Itkonen, S.T., et al. (2021). Partial Replacement of Animal Proteins with 

Plant Proteins for 12 Weeks Accelerates Bone Turnover among Healthy 

Adults: A Randomized Clinical Trial. The Journal of Nutrition, 151(1), 11-19. 

• Ma, K.K., et al. (2022). Functional Performance of Plant Proteins. Foods, 11(4), 

594. 

• Moehn, S., et al. (2005). Development of the Indicator Amino Acid Oxida-

tion Technique to Determine the Availability of Amino Acids from Dietary 

Protein in Pigs. The Journal of nutrition, 135(12), 2866-70. 

• Rousseau, S., et al. (2020). Barriers Impairing Mineral Bioaccessibility and 

Bioavailability in Plant-Based Foods and the Perspectives for Food Process-

ing. Critical Reviews in Food Science and Nutrition 60(5), 826-43. 

• Tonheim, L.E., et al. (2022). Nutritional Impact of Replacing Meat and 

Dairy Products with Plant-Based Substitutes. 

• Tso, R., & Forde, C.G. (2021). Unintended Consequences: Nutritional Impact 

and Potential Pitfalls of Switching from Animal-to Plant-Based Foods. 

Nutrients, 13(8), 2527. 

S
E

C
T

IO
N

 8
 —

 M
E

E
T

IN
G

 N
U

T
R

IT
IO

N
A

L
 N

E
E

D
S



467• Tso, R., Lim, A.J., & Forde, C.G. (2020). A Critical Appraisal of the Evidence 

Supporting Consumer Motivations for Alternative Proteins. Foods, 10(1), 24. 

• Van Vliet, S., et al. (2021). A Metabolomics Comparison of Plant-Based Meat 

and Grass-Fed Meat Indicates Large Nutritional Differences Despite Com-

parable Nutrition Facts Panels. Scientific reports, 11(1), 1-13.  

T
H

E
 N

U
T

R
IT

IO
N

A
L

 Q
U

A
L

IT
Y

 O
F

 P
L

A
N

T
-B

A
S

E
D

 F
O

O
D

S



468 Solving global nutrition and dietary  
challenges: more than proteins
Inge D. Brouwer1,2 and Elise Talsma1

1 Human Nutrition and Health, Wageningen University & Research; 2 International 

Food Policy Research Institute

The global focus on protein transition must not detract attention from 

other nutritional and dietary challenges that are at least as important, 

specifically the high prevalence of vitamin and mineral deficiencies in 

low-and middle-income countries. Unlike in many high-income coun-

tries, low- and middle-income countries may benefit from increased 

access to and consumption of animal-sourced foods. Policymakers 

should set locally tailored dietary guidelines and look beyond proteins 

to the food system as a whole. 

T he dominant message of the protein transition ‘Eat more plant-based, 

less animal-sourced foods’ commonly heard in high-income countries 

does not apply to low-income countries. In fact, many people in these 

countries would benefit from additional animal-sourced food in their diets, 

providing access to much-needed bioavailable micronutrients and high-qual-

ity proteins. Additionally, the narrative that there is shortage in global protein 

production is not only false but detracts from the problem of uneven distribu-

tion and issues of other important deficiencies in the diet. In the end, protein 

is only one of the many nutrients missing in the diets of those suffering from 

hunger and malnutrition as a result of poverty and lack of access. Driven by 

planetary boundaries being crossed, the accelerating climate crisis and increas-

ing threats to food security and human health, the present protein-centric 

debates reduce animals to meat and meat to proteins. This simplification over-

looks the realities of food and nutrition security and livelihood challenges, 

especially in low-and middle-income countries, fails to consider the complexi-

ties of food systems, and narrows the solutions towards technological ‘fixes’ 

such as novel manufactures of plant-based high-protein substitutes. However, 

due to their relatively high environmental impact, there are undeniably limits 

to the amount of animal-sourced foods that should be consumed globally. The 

shift towards a more plant-based diet in high-income countries can therefore 

be viewed as a move toward more equitable sharing of the amount of animal-

sourced foods that can be produced within planetary boundaries.



469The protein myth

Contrary to what is claimed in protein transition debates and what some might 

expect, there is no global protein deficit. Current global food production is 

sufficient to meet protein needs (Berners-Lee et al., 2018). Additionally, dietary 

protein intake in for example, young children in low- and middle-income 

countries is generally adequate (Arsenault and Brown, 2017). Protein adequacy 

in this group was still seen to be met even after accounting for the quality of 

the protein (Moughan). However, it should be noted that the metrics used to 

measure protein intake may be masking the extent of the problem and these 

results should be interpreted with caution (Moughan, 2021). 

If protein intake in young children living in low- and middle-income coun-

tries is not an issue or at least is ambiguous as to whether it is a significant issue, 

why then do we focus so much on increasing protein intake in this population? 

To delve deeper into why protein intake in low- and middle-income countries 

continues to receive so much attention, it is necessary to look back to the 1950s 

and 1960s. At that time, protein deficiencies (called kwashiorkor) were con-

sidered as the primary nutritional problem of young children and formed the 

focus of most nutrition research and programmes. In the 1970s, however, it was 

observed that this focus did not bring about a reduction in kwashiorkor. Tar-

geting protein intake was unsuccessful in reducing kwashiorkor because the 

diets of these children also lacked calories. In cases of extremely low caloric 

intake the body uses dietary proteins as a primary energy source. In this way, 

even consuming recommended amounts of proteins but insufficient total calo-

ries results in proteins not being used for normal biological functions, such as 

building bone and muscle tissue. By increasing protein intake instead of total 

caloric intake, this meant that kwashiorkor was not being adequately treated. 

With reference to this so-called ‘great protein fiasco’ (Mclaren, 1974), it is sur-

prising that protein has regained a central role in discussions on future food 

systems, isolated from other broader nutritional challenges.  

Nutritional challenges and sustainability

In low-and middle-income countries malnutrition is still common but has dif-

ferent appearances. In most low- and middle-income countries prosperity has 

increased and with it there has been some progress in reducing the prevalence 

of undernutrition. Between 2000 and 2020, stunting among children under 

five in Africa reduced from 41.5% to 30.7%, and in Southern Asia from 48.3% to 

30.7% (UNICEF/WHO/WORLD BANK, 2021). However, the ‘hidden hunger’ 
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470 of micronutrient deficiencies of, for example, iron, vitamin A and zinc, per-

sist with over 40% of children having vitamin A deficiency and again over 40% 

having anaemia in Africa (Victora et al., 2021). At the same time, overweight, 

obesity and diet-related non-communicable diseases such as diabetes type II, 

cardiovascular diseases and certain types of cancer, are on the rise, the fastest 

in low- and middle-income countries (Popkin et al., 2020). Most countries are 

burdened by multiple forms of malnutrition at the same time.

Poor diets are the major cause of malnutrition. While some people are still 

consuming too little, increasing numbers eat too much or just the wrong types 

of foods. Many people do not have access to a diversity of nutrient-rich foods, 

such as fruits, vegetables, whole grains, and pulses, and also meat, dairy, eggs 

or fish in some regions. Others shift rapidly to consuming foods that pose a 

threat to health when eaten in excess, which includes foods such as red meat 

but also highly processed and sugar-laden foods. In Ghana, for example, even 

the smallest rural town shop offers a broad range of high-sugar beverages, and 

in Ethiopia urban adolescents preferred sweet and fried foods because of the 

taste, the appearance, being often cheaper, and food safety concerns. In Viet-

nam, the expenditure on highly processed foods is about 18% of total food 

expenditures in rural areas and more than 30% in urban areas (Reardon et al., 

2014). Since 2005 the sales and consumption of ultra-processed food and drinks 

have risen in every area of the world, also in low- and middle-income countries 

and this trend is projected to continue (Baker et al., 2020).

In low-and middle-income countries, nutritional and dietary challenges 

go beyond protein. Likewise, sustainability challenges in the food system go 

beyond GHG emissions alone. However, in Europe, the US and other high-

income countries GHG emissions remain the dominant concern with food 

systems sustainability. GHG emissions are less dominant in discussions in low- 

and middle-income countries, and governments simply often have far more 

immediate concerns; not only about how to secure sufficient annual harvests in 

order to prevent famine, but also about soil fertility, biodiversity loss, chemical 

pollution, land degradation and availability of water. In a country like Bang-

ladesh, for example, a major concern is to provide sufficient rice year through 

to the population to prevent famine as happened in earlier years. In Vietnam, 

sustainability is often directly translated to food safety concerns and the chal-

lenges faced and perceived in chemical contamination of food. 
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471Towards healthy diets

Achieving healthy diets in the context of low-and middle-income countries 

should go beyond transition to plant-based proteins. In fact, most of the pop-

ulation are already consuming plant-based (mainly cereal-based) diets, not 

out of choice but because of lack of access to animal-sourced foods. As these 

suboptimal diets provide in general insufficient nutrients, inclusion of ani-

mal-sourced foods is often the only way to improve nutrient adequacy of these 

diets, especially when nutrient-rich alternatives for animal-sourced foods 

are not available. Several studies conducted by Wageningen University show 

the importance of adding small amounts of animal-sourced foods to diets to 

ensure nutrient adequacy of the diet of different population groups. In Kenya, 

a modelling study of diets, among rural schoolchildren showed that optimi-

sation of diets using available and already consumed foods, only provided 

adequate amounts of nutrients when a school lunch of yellow cassava (with 

high levels of pro-vitamin A) and a small amount of fish was included (Tals ma 

et al., 2018). Another study among women in Ethiopia showed that for fasting 

periods (when no animal-sourced foods are consumed) it was impossible to for-

mulate a diet based on locally available foods that provided sufficient vitamin 

B12 and calcium. Another study in Kenya among children aged 4-6 years also 

showed that only a diet including daily servings of small fish and milk ensured 

nutrient adequacy of the diets (Kujinga et al., 2018). 

Specifically for young children, the addition of animal-sourced foods to 

their diets is important to ensure nutrient adequacy in the absence of supple-

mentation or the use of fortified products (WHO/PAHO, 2003). In the first six 

months, breastmilk provides sufficient energy and nutrients when children are 

exclusively breastfed. From six months of age, children need to start eating 

liquid and solid foods as breastmilk alone will not be sufficient. However, due 

to the small gastric capacity, children cannot consume the large amounts of 

often bulky plant-based foods needed for adequate nutrient intakes. Animal-

sourced foods such as milk and eggs are therefore needed, in combination with 

lipid-based foods as these foods are energy and nutrient dense, providing high 

amounts of nutrients in small portion sizes. 

Balanced diet-centred approach

Solving current nutrition and dietary challenges in low-and middle-income 

countries requires policy makers to think beyond the protein transition to pro-

viding access to a total portfolio of nutritious and healthy foods (Brouwer et al., 
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472 2021). Lack of adequate protein intake is only one of many nutritional deficien-

cies affecting populations around the world, driven by a complex set of factors 

related to consumer preferences, food environment characteristics, food sup-

ply, and socio-political, environmental and economic factors. This requires a 

balanced, long-term approach based on a culturally acceptable and varied diet, 

and protein-centric interventions are unlikely to be the right solution (IPES-

Food, 2022).

Understanding what a healthy diet is in the context of low-and middle-

income countries is key. Guidelines for healthy diets that work for one country 

might not necessarily work in another. In Vietnam, for example, crickets are 

part of the traditional diet, providing a valuable nutrient source. But in Malawi 

consumers are reluctant about eating this type of insects. In general, national 

food-based dietary guidelines translate the global dietary recommendations 

from the World Health Organization to the setting of the country for which the 

guidelines are developed. They provide context-specific advice and principles 

on healthy diets and lifestyles which are rooted in sound evidence, and respond 

to the country’s public health and nutrition priorities, food production, and 

consumption patterns, socio-cultural influences, food composition data, and 

accessibility, among other factors. However, many countries especially in sub-

Saharan Africa, do not have such guidelines. Fortunately, under guidance of 

the Food and Agriculture Organization, several countries have embarked on 

the development of guidelines. For example, Zambia and Ethiopia recently 

launched their newly developed guidelines, and Senegal is working on their 

guidelines, which are planned to be finalised by the end of 2022 (Federal Gov-

ernment of Ethiopia, 2022; FAO, 2021). 

Typically, the guidelines are used to inform consumers on what to eat. But 

they can and should also be used to set targets and dietary standards to inform 

multisectoral policies (not only in health, but also agriculture, education, 

finance, etc.), legislative frameworks, programmes and for public and private 

investments throughout different sectors, and settings (such as schools, com-

munities, markets and workplaces) and stimulate coherent actions within the 

food systems that can accelerate the progress towards improved health and 

wellbeing. However, this potential is still underused as tools for informing 

investment strategies, and there is little evidence yet on the impact of using the 

guidelines in public policies or investment programmes towards healthy diets.

The World Food Programme is using a diet-centred approach in their Fill 

the Nutrient Gap (FNG) programme. Starting with an analysis of the dietary 

gaps existing in a country and locating where, when and whose diets devi-

ate most from recommendations and guidelines, constraints to availability, 

access and demand for nutritious foods and supplements, and current and 
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473potential reach of health, food, social protection and education systems are 

discussed with stakeholders to formulate sector-specific and overarching rec-

ommendations for improving access to nutrients in the specific situation(s). 

The programme in Ethiopia, for example, found that current diets were poor 

and non-diverse with little inclusion of animal-sourced foods, vegetables and 

fruit, but that the availability and intake of non-nutritious processed foods was 

increasing especially in children and adolescents in urban areas. Markets pro-

vide most of the fresh, nutritious foods, but prices of these foods had increased 

in recent years, making access to healthy diets more difficult. Improving access 

to these markets through, for example, investments in road networks, trans-

port and market functionality could positively impact nutrition outcomes. 

Agricultural production is largely focused on staples whilst the supply and 

availability of fresh, nutritious foods is insufficient. Access to these foods could 

be improved by innovative agricultural practices, diversified production and 

the adoption of high-quality seeds and biofortified crops. Large-scale, post-

harvest fortification could improve access to nutrients that are unavailable or 

unaffordable for most households. And lastly, with poverty being a basic cause 

of unhealthy diets, nutrition-sensitive safety nets and school meals including 

micronutrient-dense foods could increase resilience and access to healthy diets. 

WFP also indicated a downside: improving access to healthy diets could have 

implications for climates. To achieve the nutritional goals, consumption would 

need to increase, including of animal-sourced foods, which could increase 

GHG emissions and affect land and water use. These consequences need to 

be offset by reductions of animal-sourced food consumption in high-income 

countries to recommended levels. Such FNG analysis has been carried out for 

numerous low- and middle-income countries.

Other programmes, such as the CGIAR Initiative on Sustainable Healthy 

Diets Through Food System Transformation (SHiFT, see Sustainable Healthy 

Diets Through Food Systems Transformation - CGIAR), follow a comparable 

diet-centred approach in Vietnam, Bangladesh and Ethiopia. Debating on 

what is needed for healthy sustainable diets and negotiation on a coherent set 

of priority areas of interventions, with a large group of actors from different 

sectors, public and private institutions while giving a voice to marginalised 

groups is crucial for accelerating impact on healthy diets (Ethiopian Public 

Health Institute and World Food Programme, 2021).

A limited focus on a protein transition from animal-based to plant-based 

protein, and the supply of novel alternative proteins do no justice to the com-

plexities of the changes that need to take place in the diets and in the food 

system of low- and middle-income countries. Context matters greatly where 

diets are concerned, and the shift towards healthy diets should be in line with 
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474 the realities in these countries. We should shift the focus from protein tran-

sition to sustainable food system transitions reconciling objectives related to 

healthy diets, fair and resilient food supplies, and sustainable livelihoods for 

all everywhere.
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Industry interview with  
Avichai Amrad, Director, Pulses 

Product manager, Equinom 

USING AI FOR  
PLANT BREEDING OF  

PROTEIN-RICH CROPS



“
“It all begins with smarter seeds”

That plant-based proteins can be made more sustainably and cheaper is 

the firm belief of Dr Avichai Amrad, R&D Strategic Partnerships Lead at 

Equinom. The company uses advanced AI-driven breeding to improve 

the seeds of protein-rich crops that have market potential. 

A dd the characteristics you’ve always wanted and remove those that 

add no value. The result? Production-ready, non-GMO ingredients 

and a massive reduction in processing effort and cost. This, in a nut-

shell, is what Equinom is about. And the magic takes place at a science-driven, 

plant-based ingredient innovator headquartered in Israel, with facilities in the 

US.  

Golden-trait seeds

“We combine the latest computational science with data-driven breeding 

methods to design golden-trait seeds twice as fast and ten times more accu-

rately than traditional breeding methods,” says Amrad. Plant traits are usually 

quite complex and result from specific combinations of genes. “We have devel-

oped an AI tool that helps us detect the genome regions that determine, for 

example, the foaming qualities or the flavour of a protein,” he explains. “We 

pinpoint those traits and use computer models to predict their potential value. 

We take this knowledge with us to the field and breed the seeds using tradi-



479tional breeding methods. This allows us to work very quickly, with precision 

and cost efficiency.” 

According to the plant genetics expert there is still much to be gained by 

crop improvement. “Driven by a worldwide search for high-quality, environ-

mentally friendly and convenient foods there is a demand for new crops that 

combine high protein content with good flavour, texture and functional quali-

ties,” he says. “Globally, the majority of grain is optimised for livestock feed 

and requires extensive processing to become suitable for human consumption. 

We have found that by utilising natural biodiversity to breed seeds that are 

optimised for human consumption, we can improve ingredients at the source, 

eliminating the need for extensive processing.” 

Reducing chemical use

Moreover, the current processing of protein-rich crops used for plant-based 

alternatives to meat and dairy is not always as sustainable as it might seem, and 

costs are high. “Far too many chemicals are still needed. For example, to extract 

the proteins from their source and to remove off-flavours,” he stresses. “This 

can be avoided by improving specific traits of these crops. Imagine breeding a 

pea or a faba bean that does not have a beany taste, so that they can be processed 

into dairy alternatives that closely mimic the original.” 

Since its foundation, in 2012, Equinom has improved the traits of a variety 

of grains and legumes, including yellow pea, soybeans and sesame. “Demand is 

still highest for pea and soybean, but we do see a move towards diverse up-and-

coming crops like sesame, chickpea and faba beans. This is both positive and 

necessary,” says Avichai. “Since 1900 there has been a significant global trend 

towards diet simplification, with reliance on just a few heavily processed crops 

to feed the world – especially soybean, corn and wheat –which have lost much 

of their nutritional value and batch-to-batch variation over time. Moreover, it 

will be simply impossible to create a broad range of plant-based products such 

as meat, cheese and butter analogues from only one or two plants.”

Improving sesame

A project initiated seven years ago to improve the traits of the ancient crop 

sesame put Equinom on the global ‘sesame map’. Sesame, known as an ingre-

dient in pastry and hummus, could become a promising alternative for meat 



480 and dairy. “What most people don’t know is that it has high levels of naturally 

occurring protein and calcium,” says Amrad.

Sesame cultivation is currently small scale, due in part to its history of 

manual harvesting. “However, we have managed to develop more-robust vari-

eties that do not shatter easily and are suitable for combine harvesting. This 

next step in the modernisation and upscaling of sesame production increases 

yields and reduces costs.” The new crop variety is already on the market, with 

80,000 acres planted across the United States, South America, Western Europe, 

Southern Europe, the Middle East and Australia. “We have also succeeded in 

increasing protein levels in these varieties, which helped us to maximise its 

market potential.”

Yellow peas

Another project that Amrad is proud of focuses on improving yellow peas, 

including reduction of off-flavours. “In just three years we have been able to 

increase, for our commercial varieties, protein levels from 22% to 28%, while 

maintaining a high level of disease resistance on par with top-performing com-

mercial varieties,” he says with enthusiasm. 

Despite such milestones, the plant genetics expert knows there’s still a 

lot of work to be done. “Wheat, for example, offers a broad range of varieties 

with different functionalities, each tailor-made for pasta or pizza or different 

breads, and so on. For protein crops this does not exist (yet).” 

“In just three years we have been able to increase, for our commercial varie-

ties, protein levels from 22% to 28%, while maintaining a high level of disease 

resistance on par with top-performing com- mercial varieties. In 2023, 6 years 

from the start of the project, our commercial varieties will be grown in 30,000 

acres in North America.”

Revolution

Seed improvement is where the revolution begins, Amrad continues. “And 

we believe that every partner across the value chain needs to gain something 

from this revolution; farmer to manufacturer to retailer. That’s why we talk to 

each of them, in order to make sure that we are developing what they want and 

need, and to help them produce these crops in the volumes needed to become 

a market staple. We also must ensure our breeding processes do not introduce 

unwanted characteristics such as increased susceptibility to disease. Although 
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”

we are a food tech company with our fair share of scientists in lab coats, we 

never lose sight of our mission to cultivate better food from the ground up. To 

that end, we work closely with the farmers whose ability to succeed with our 

new crop varieties in the field is the prerequisite to changing our food system 

for the better.”  

www.equi-nom.com

http://www.equi-nom.com
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Challenges in the transition

Barbara van Mierlo

Knowledge, Technology and Innovation group, Wageningen University & Research 

I n recent years, a lot of effort and investments have gone into technologi-

cal research and development of alternative protein sources and features of 

food products, like texture, nutritional value and appearance. Developers 

and financiers are banking on the expectation that the market for meat alterna-

tives will develop favourably if these products are economically attractive. The 

contributions in this section provide an appeal to all people and organisations 

contributing to the protein transition to realise that a successful transition 

requires much more than technical innovation. It is essentially a social process 

in which consumers, food producers, farmers and others change their daily 

routines, reinvent their relationships, and organise themselves in novel ways. 

Transitions for sustainability are driven by optimistic expectations, positive 

values, and desires to contribute to a better world. Yet, because transitions 

entail an overhaul of complete sectors, they are also ridden with uncertainties, 

conflicts, setbacks, hindrances, failures, and disappointments. A transition is 

a societal process of change that takes a long time to materialise, if it does at 

all. Addressing some of these challenges, the chapters in this section highlight 

the pitfalls of a techno-optimistic perspective which assumes that individual 

consumers will turn to meat, dairy and egg alternatives once the alternatives 

are made equivalent in all regards, including taste, texture and costs.

Four  presented chapters provide insights on challenges to shifting con-

sumption patterns and viable solutions that are not commonly known. First, 

with factors such as culture and financial circumstances influencing consump-



486

S
E

C
T

IO
N

 9
 —

 C
H

A
L

L
E

N
G

E
S

 IN
 T

H
E

 T
R

A
N

S
IT

IO
N

tion patterns, it is important to understand that there is no such thing as 

‘the consumer’. Hence, the usual general messages calling for change tend to 

reach only some consumers. Especially if turning to plant-based diets is more 

expensive, such messages would merely focus on an elite group, raising ques-

tions about the justness of the transition. A strategy of focusing on segments 

of consumers might be more effective in instigating transitions. Second, in 

many societies most people eat meat. This creates environments where one is 

continually exposed to meat and meat eating. The norms that prevail in such 

environments conflict with the value-laden messages about the importance of 

reducing meat consumption. In short, as long as meat is still the visible default, 

it acts as a societal norm influencing individual consumer behaviour. The 

introduction of dynamic norms might offer a solution. Implementing dynamic 

norms would mean providing information about people who have already 

changed their behaviour. A third insight is that consumption does not merely 

boil down to choosing one product over another, but is embedded in people’s 

daily practices. These practices are influenced by people’s ability to integrate 

alternative, more sustainable food choices in their usual ways of shopping, 

moving about, cooking, mealtime conversations, and eating habits. A practice-

based approach that considers how eating meat alternatives ties in with these 

daily practices could be a solution in this regard. This means caring not only 

about if the meat alternatives provide similar or more dietary value, but also 

about for instance the ease of preparing these alternatives, and their availa-

bility in supermarkets, food service companies, snack bars and restaurants. If 

meat alternatives call for new practices it could help to provide examples, such 

as novel menus and recipes in restaurants. Fourth, the broad ideological base 

in Western society is still strongly pro-meat as evidenced by the resistance in 

various countries to taxing meat and to targeted policies to reduce livestock 

numbers, such as in the Netherlands. Thus, for a transition to be successful, 

ideology needs to become adapted.

Two chapters in this section broaden the discussion from challenges of 

changing consumption patterns to other societal issues. They point at recent 

and potential consequences of the direction in which the protein transition is 

currently heading. Examples show the inherent normativity of choices being 

made by policy makers, companies, research institutes and financiers. Track-

ing the impact of policy in the Netherlands in global value chains reveals, for 

instance, that the intended reduction of the import of Brazilian soy may lead 

to reduced export income for Brazilian soy producers as well as increased pres-

sure on available land in Europe. This begs the questions of who should bear 

the burden of transitioning to new protein sources and how can this be done 

in a fair way. In view of the manifold dilemmas of potential local and global 
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impacts, national governments should identify and monitor such impacts and 

define effective transition arrangements to minimise them. 

The activities of industries, philanthropists and researchers are also driving 

the direction in which the protein transition is unfolding. Most is happening 

around the so-called substitution pathway of transition, in which we see strate-

gies to mimic meat and stimulate, develop, and promote meat alternatives in 

dishes and diets. This hides from view other potential transition pathways, like 

veganism or alternative farming systems. In the current situation of small mar-

kets and early development, most pathways are compatible with one another. 

However, as some of the underlying values are clearly juxtaposed, it will only 

be a matter of time until competing visions for what the future should look 

like and how to make it happen will come to the fore. Should livestock have a 

role in future food systems? Livestock has an important role to play for those 

advocating a circular agriculture system, while those dedicated to a strict vegan 

lifestyle would rather do away with livestock altogether. Or: Should we have 

a free market where consumers are encouraged to turn to plant-based diets 

through campaigns, or should governments ensure that environmental costs 

is included in meat prices? Besides, each transition pathway has its own ethical 

issues and societal challenges that need to be dealt with. In order to do so, we 

need to open the public and science agenda to issues that are seldom acknowl-

edged and take responsibility for the wider, unknown impact of activities 

meant to stimulate the protein transition.

Overall, the protein transition is not merely the shift from animal-based 

proteins to alternative proteins, as often described. It is a process of societal 

transformation involving technical as well as social changes – in behaviour, 

daily practices, interdependencies, norms and values, policies, and much more. 

As the contributions in this book show, the social sciences have a significant role 

to play in better understanding the barriers in the protein transition, finding 

new directions where solutions could be found, laying bare any unanticipated 

negative consequences of choices made along the way, and connecting tech-

nological innovations to social change. However, if the social sciences remain 

bystanders in monodisciplinary projects and publications, the impact of this 

valuable work will be low. Transdisciplinary initiatives can provide them with 

the necessary space to collaborate with natural scientists, engineers, industry, 

and social movements. This will allow them to play an active and constructive 

role, and by doing so, contribute to unlocking new, conducive and just path-

ways for the protein transition. 



488 Diversity in protein transition pathways:  
current status, key concerns and ways  
forward

Barbara van Mierlo1 and Laurens Klerkx1,2

1 Knowledge, Technology and Innovation Group, Wageningen University & 

Research; 2 Departamento de Economía Agraria, Facultad de Ciencias Agrarias,  

Universidad de Talca

The market for protein-rich food is in flux. Startups, multinational 

companies and investment platforms promise an increasing future 

market and benefits for the environment, human health and animals. 

What they ultimately pursue and what the advocated protein transition 

or protein shift entails is, however, unclear. Is it a fundamental shift in 

diet, a moderate change of plant- versus animal-based protein intake, 

or a local, extensive change in agricultural practices all over the world? 

F rontrunners are investing heavily in technological development and 

the marketing of novel products through the development of a meat 

substitution transition pathway. This focus hides from view the social 

and institutional changes and implications that accompany technological 

innovation in the process of a sustainability transition for, for instance, the 

future role of farms, companies and animals in the livestock sectors or regu-

lation regarding food safety. Other, less dominant, transition pathways are 

veganism and alternative farming systems. This chapter examines these three 

pathways in the protein transition, how they align and differ, and what factors 

seem to be neglected in social dialogue.

The goal of this chapter is to define concerns and questions that need more 

attention and propose an agenda for public and political debate and related 

research. This is done by connecting insights from the emerging social-scien-

tific literature to the three transition pathways and our personal vision of the 

recent developments.

Substituting meat, dairy and egg

‘Based on our analysis, by 2035, every tenth portion of meat, eggs, and dairy 

eaten around the globe is very likely to be alternative. That’s a lot.’ (Witte et al., 

2021, p. 2). This statement appeared in a document of the Boston Consulting 



489Group and Blue Horizon on the protein shift, as an example of the multiple 

similar expectations in the media. Such high expectations of the market are 

motivating startups and the food industry to invest in meat alternatives. Sup-

ported by huge investments by philanthropists, venture capitalists and large 

food companies, the industry aims to meet the expected increasing demand by 

bringing to the market an increasing diversity of novel products mimicking 

meat ever more precisely in appearance, taste, texture, and nutritional qual-

ity. It is investing in new technology for making cultured meat, processing 

algae, extracting and improving proteins from plants, fermenting food, and 

increasing production efficiency. Replacements for dairy products are also pro-

vided, with similar functionalities, e.g., for binding sauces and making foamy 

plant-based cappuccinos. It may not take long before the first generation of 

soy-, plant-, and dairy-based meat alternatives of the former century is forgot-

ten. Although some companies issue radical statements about eradicating the 

livestock industry, in this pathway the ultimate protein transition tends to be 

a subtle one. Once the right technology is in place, ‘Higher carbon prices and 

support for farmers transitioning from animal agriculture to alternative-pro-

tein inputs could boost consumption to 22% by 2035’ (ibid.).

Meat and dairy alternatives accommodate the needs of vegans, vegetarians 

and other consumers who have structurally excluded animal products from 

their meals, for example in view of calls to follow a ‘planet-proof’ diet. The 

food industry prefers to address the majority of consumers by tapping into 

trends like flexitarianism and dietary diversification. These companies care-

fully refrain from suggesting that people should abandon meat altogether and 

suggest that eating meat has to remain possible. This position takes shape in 

the provision of hybrid products containing both meat and meat-replacing 

components. 

Such strategies create a situation of ambivalence. In aiming to carve out a 

market space with meat-replacing products that are as similar to meat as possi-

ble, meat is still the norm cast in stone. A handful of social scientists has shown 

that most plant-based and cell-based products do little to undermine the con-

ceptualisation of animals as resources to be exploited for human use, as long as 

the culture of meat-centred production and consumption remains intact. The 

integration of these products into existing meat supply chains could actually 

prolong the life of the conventional meat industry.

Broad (2020) investigated how metaphors related to the food industry-

driven substitution pathway are changing reality. The first dominant metaphor 

‘meat is made’ may transform the concept of meat from a product stemming 

from animal farming to ‘a set of tastes and textures that can be reconstructed 

through food science and biotechnology’. A second metaphor of ‘the market for 
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490 alternative meats’ situates innovation and capital investment at the core of the 

transformation, while downplaying public concerns related to public health, 

cultural, economic, and ecological impacts of the conventional agri-food sys-

tem. In another study, Broad (2019) concludes that meat alternatives are most 

likely to be incorporated as reforms within the corporate food regime and 

generally incompatible with principles of food sovereignty. Other research-

ers join him in warning that the current industry-driven developments of the 

substitution pathway may only aggravate the unequal power relations in the 

agri-food system in which multinational businesses control the flow of goods 

and wealth. This issue thus merits society’s full attention.

Veganism: a lifestyle movement

Veganism is a consumer-driven, lifestyle movement. This transition pathway 

has appeared primarily in urban, Western contexts. It builds on vegetarianism 

which has its origins in an age-old Indian diet and the animal welfare move-

ment that emerged in the second half of the former century. The concerns of 

vegan consumers are basically about animal welfare. More recently, also public 

health and environmental issues are motivating people to turn to and stick to a 

vegan diet. Moderate vegans are personally motivated; they expect to live more 

healthy lives, improve their immune system or lose weight. Strict vegans do 

not tolerate any animal-based ingredients in products, whether in food, cloth-

ing or medicines. They tend to turn to political activities like activism on social 

media, driven by ethical and other concerns. 

Kalte (2020) describes the vegan movement as political consumerism with 

politics taking the form of an individual, private matter of taking responsibil-

ity. Veganism is one of the areas in which people develop unconventional forms 

of political participation. In the field we see food bloggers, influencers, celebri-

ties, platforms, chefs, trendy eateries, and books by philosophers like Jonathan 

Safran Foer. There are also an increasing number of documentaries about the 

cruelty of keeping and slaughtering animals for mass meat consumption, and 

the possibilities of changing your diet out of free choice. 

Political consumerism comes with risks for individuals. Deviating from 

what is commonly accepted has social consequences. Research literature 

provides accounts of how converting to veganism puts relationships under 

pressure. Vegans are no longer accepted in groups or they themselves do no 

longer want to be among non-vegans. Thus, a crucial question for the protein 

transition is how ideological conflicts and negative social consequences of 

making diet choices can be prevented.
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491Moreover, if meat consumption is seen as purely a private matter, consumers 

are tasked to inform themselves meticulously about production practices, the 

composition of alternative food products, sufficiency of nutrients in their diets, 

and so on, and make numerous decisions regarding what is still acceptable. To 

defend themselves from negative responses, vegans tend to deny the difficulty 

of being vegan. However, in this way it is overlooked that the preparation and 

eating of food are essentially social practices, greatly influenced by overarching 

societal values, materials and infrastructure, and patterns of behaviour. 

But are, for instance, carrots vegan? Plant-based food products are often 

regarded as vegan per se. Hirth (2020) points at the role of livestock in horti-

culture. Vegetables may be grown with animal derivates, such as bonemeal for 

fertilising, as became apparent in an attempt to develop livestock-free organic 

agriculture in the UK. A wider perspective on veganism may help prevent 

severe conflicts among consumers, showing that any diet contains compro-

mises to some extent (Hirth, 2020). It would also instigate a reframing of 

mainstream conceptions, and stretching them to cultivation and distribution 

of plant-based food. This raises questions in addition to the issues regarding 

consumers, such as why and under what conditions farmers and retailers turn 

to vegan cultivation and selling.

Alternative farming systems: rebalancing livestock 
production

Alternative farming systems have emerged in response to the monoculture 

in conventional farming practices in value chains dominated by a small num-

ber of food corporations. In response to the adverse effects of agriculture in 

its current form, farmers and researchers design, explore and operate alterna-

tive systems in collaborative efforts. Key to such initiatives is the intention to 

prevent the loss of nutrients, keep the soil healthy and safeguard biodiversity. 

Under the umbrella of alternative farming systems, numerous approaches 

from different origins around the world are being considered. They range from 

well-defined ones with operationalised standards like organic agriculture to 

fuzzy ones that include several contested sub-approaches such as agroecology. 

Circular agriculture is the new kid on the block, receiving a lot of attention in 

the Netherlands and Chile for example. Again, with a lot of diversity, depend-

ing on the proposed scale of the circular system (farm, local region, country, 

international region, worldwide), the type of resources or core values.

Insects and other alternative protein sources to replace soy as feed con-

nect the ideal of circular agriculture with the protein transition. Alternative 
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492 food farming systems come up rarely in the debate on the protein transition. 

Nevertheless, they are certainly of interest, offering visions of how food pro-

duction could be organised in ways that fundamentally differ from existing 

approaches. Here, livestock does have a role to play, whether implicitly (e.g., 

use of animal derivates in organic agriculture) or explicity (e.g., ideas about 

mixed crop-livestock systems in circular agriculture). Realising such visions 

is a difficult endeavour. How difficult depends on at what social level changes 

are pursued, the number and diversity of related organisations, and the com-

bination of dimensions and values involved. No wonder many studies point at 

the gap between ideal and reality.This is, by its very nature, a contested transi-

tion pathway. The advocates first of all challenge the conventional agri-food 

system. But they also contest each other for being too radical or not realistic, 

for instance when democratic ideals are ignored. They also question the vegan 

movement and the idea of a livestock-free society, by pointing at the advan-

tages of grass-fed ruminants. 

‘Western’ proposals for alternative systems are blamed for their narrow 

perspective and technology-focused nature. It is argued that efficiency is still 

central to the effort to change the current system and will not fundamentally 

change it. Such alternative systems may thus face similar issues as the substi-

tution pathway. The more radical alternatives divert the goal from increasing 

efficiency to including other values for farmers, for animals and for consumers. 

Apart from resistance from the conventional agri-food system they face numer-

ous challenges due to the very fact that they are so diverse. Relevant knowledge 

is dispersed among diverse types of farmers (arable versus livestock farmers), 

industry and societal organisations. Moreover, they lack the concerted effort of 

powerful organisations to increase knowledge and understanding. 

This pathway puts forward new ideas and relevant issues that deserve to 

be part of public debates on the protein transition, such as food justice, farm-

ers’ livelihoods and the role of livestock; which is a great asset compared to 

the other two pathways. Key questions concern the implications of the diverse 

scenarios for livestock and arable farmers, input suppliers and retail. And what 

may they entail for consumers if indeed the future visions include food in addi-

tion to feed? Or, from a wider perspective, what do they entail for the landscape, 

rural development, gender balance, et cetera?
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493What future do we want and how do we get there?

‘Become a Beefatarian’. This EU-supported campaign of the European beef sec-

tor was launched in October 2020. It suggests that eating beef brings joy and 

is indispensable in a balanced diet. Moreover, beef contributes to sustainable 

development. In a nutshell, the slogan shows the ambivalence in the field. It 

appeals cleverly to the numerous emerging terms for people who eat no or less 

meat, but undermines Green Deal goals to cut emissions and the related Farm 

to Fork strategy to move towards a plant-based diet.

Increasing sales, promising future perspectives and the competition 

between the many meat alternatives are taken as signals of positive develop-

ment. The Rabobank expects that the European market for alternative protein 

products in 2035 will be eight times as high as in 2020 (Schreijen et al., 2021). 

However, their scenario also suggests that the sales of kilograms of animal 

meat will increase slightly due to population and economic growth. 

The Dutch government talks of a desirable shift in balance between animal-

based and plant-based protein consumption from 60:40 to 40:60 respectively 

(Ministerie LNV, 2020). Hidden from view is what this means for the total meat 

consumption nationally and internationally. Explicitly talking about a reduc-

tion of meat production and consumption happens rarely; it is a taboo in the 

nowadays dominant meat substitution pathway. Meat is still the norm: vegan 

and vegetarian dishes are a minority on menus, except in specialised restau-

rants.

At first glance the three transition pathways complement each other well. 

Substitutes for meat, dairy and eggs accommodate the wishes of vegans to eat 

responsibly. The meat substitution and veganism pathways share the goal of 

shifting diets based on voluntary choices of individual consumers in a liber-

alised food market. The alternative farming systems seem to fill in the gap in 

the value chain between food industry and consumers. But can they co-exist? 

The underlying visions for the future of agri-food systems are potentially 

irreconcilable. For instance, when it comes to the future role of livestock. Tran-

sitions involve fundamental changes, both technically, socially, institutionally 

and in relation to nature. Change is a long-term process with an unpredict-

able outcome. At a small scale, people develop and try out technical and social 

innovations that may or may not gain momentum. This process of creation is 

accompanied by a process of destruction and disruption, which comes with 

agony and with contestation and should be faced.

To work actively towards the protein transition’s promises of combatting 

climate change, increasing public health and stopping cruelties in animal pro-
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494 duction, taboos need to be broken and difficult questions need to be addressed. 

This essay concludes with a few questions for reflection:

• What are good yardsticks for measuring progress in the light of the assumed 

desirable future state of the agri-food system after ‘the’ protein transition? 

Is a reduction of meat production or consumption a good indicator for a 

successful protein transition? If so, what unit of analysis should be used? 

Or should other indicators be included, related to livestock, animal welfare, 

equity, et cetera?

• How can the industry be motivated to address not only the great technolog-

ical challenges, but the social ones as well instead of making use of trends 

of specialisation, comfort food et cetera like fast food? What structural fea-

tures of the current agri-food system should be maintained and which ones 

should be changed, discarded or phased out?

• What rebound effects of alternative proteins are already visible or can be 

expected? How can they be prevented or redressed? What could be con-

sequences for developments extending far beyond the system of protein 

provision and consumption? 

• What alternatives are acceptable for potential losers in the current animal-

based food sector, such as livestock farmers and contract labourers? What 

compensation will be made available and what is just compensation?

If the black box of the seeming consensus of the protein transition is opened 

and the various advocates are willing to participate in public debates, new and 

more integral transition pathways may develop. This could bring the promise 

of a nutritious and just food system that meets the needs of the world’s grow-

ing population, now and in the future, within the limits of the earth’s finite 

resources, that much closer. 
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Industry interview with  
Jeremy Coller, Founder and Chief 

Investment Officer and Aarti 
Ramachandran, Director of Research 

and Engagement, FAIRR 

SHAREHOLDER 
ENGAGEMENT AS A 

METHOD OF REDUCING 
ENVIRONMENTAL 

IMPACT OF INTENSIVE 
AGRICULTURE 



“
“Changing the food sector is about  
materiality, not morality”

Since 2016, FAIRR has been helping to drive change in the animal agricul-

tural sector. Working closely with investors, this fast-growing investor 

initiative analyses the environmental, social and governance (ESG) per-

formance of the world’s largest protein producers, and uses shareholder 

engagements with those companies to help investors minimise risk and 

improve their corporate behaviour. Founder Jeremy Coller and sustain-

ability expert Aarti Ramachandran explain why they have chosen this 

approach. 

J eremy Coller, a pioneering investor in the private equity secondaries 

market, has always been led by an uncommonly early awareness. “I 

became a vegetarian when I was 12 and, at age 54, I started using the 

power of ‘ESG’ to take action on factory farming,” he says. 

Galvanised to make a real difference in the meat industry, Coller chose a 

unique approach: he established the FAIRR (Farm Animal Investment Risk 

and Return) initiative to raise awareness among investors of the material risks 

involved with intensive animal farming. 

“Investors can use their power to  help grow  but  also guide  sustainable 

development,” he explains. “Corporate social responsibility (CSR) and ESG are 

essentially different. The first focuses on the executives of a company, not the 

owners. I believe it is more about social and environmental engagement at the 

level of the firm and in the communities in which a company operates. The 

second provides a lens, a long-term vision, through which investors can exam-



499ine their investments. I believe it is more all-embracing and could be viewed as 

CSR enhancing. When applied properly, ESG is about the firm and communi-

ties in which a company operates but also about the product/service provided, 

the supply chain and end users. All stakeholders essentially.”

Blind spot

Unlike energy and transport, there is an ESG blind spot when it comes to food, 

one of the world’s largest ‘industrial’ sectors, Coller stresses. “We are closing 

this knowledge gap, helping to safeguard investor returns and thereby guide 

the transition towards a more sustainable global food system. When investors 

become conscious of the material risks involved with intensive animal farm-

ing they will feel compelled to start a dialogue with the companies they own.”

Risks are plenty. In its landmark 2016 report, FAIRR identified 28 ESG 

issues that affect the food industry’s production and pricing, market access, 

corporate reputation, and legal and regulatory action for companies across 

the food and agriculture value chain. “They range from potential outbreaks of 

bird flu and other animal diseases to working conditions and climate change,” 

Coller illustrates.

Climate risk tool

In 2020, in a global first, FAIRR introduced a tool that enables investors to con-

duct in-depth scenario analyses into the risks of meat production: the Coller 

FAIRR Climate Risk analysis tool. 

Using seven direct risk factors, the tool analyses the upside/downside capture 

(a significant investment metric) of 40 of the world’s largest animal protein 

companies, should there be a 2°C increase in global warming. Users can enter 

their company data and select an assessment scenario according to two key risk 

parameters: the extent to which carbon pricing will affect the meat sector and 

the extent to which the alternative protein market will grow towards 2050.

From production efficiency to climate awareness

Introducing the tool was a necessary step forward, according to Aarti Ramachan-

dran, Director Research and Engagement at FAIRR and closely involved with 

the development process. “In the meat and dairy industry the focus has always 
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”

been on production efficiency; climate issues are not being considered in invest-

ment decisions. Even basic regulations on reporting are missing. So, investors 

need data.”

Research by FAIRR has shown that until now only two (5%) of the 43 lead-

ing meat companies in the world – who all tend to employ intensive animal 

farming practices such as factory farming –have undertaken climate scenario 

analyses. “That’s so few compared to, for example, the oil, gas and utility sectors, 

where 23% of the companies are already monitoring this,” says Ramachandran.  

Vulnerable

This is remarkable, as the sector is extremely vulnerable to the consequences 

of climate change, the sustainability expert continues. “There are risks when 

it comes to regulatory changes, competition with meat replacers in the market 

and carbon taxes on meat and electricity, but also physical risks like extreme 

weather conditions, increasing feed and veterinary costs and increased mortal-

ity rates among livestock. Together they put a high pressure on the sector,” says 

Ramachandran. 

Recent analyses using the tool underlines what the sustainability expert 

and her colleagues thought earlier. “Even with the assumption that carbon 

taxes will be low, the tool predicts substantial financial losses for the meat 

sector. A sustainable future requires a profound shift in business models,” 

Ramachandran stresses. 

Reason enough for FAIRR to continue their efforts in the coming years. “We 

will extend our Climate Risk Tool with deforestation risks, and will develop a 

version customised to the dairy and fish industry,” says Ramachandran. 

Growing awareness

Though there is still a long way to go towards sustainable animal farming –one 

that feeds the world using diversified sources of protein from animals, plants 

and cultured sources and which acts within the planet’s limited resources 

when it comes to water, climate and land use – Coller and Ramachandran are 

confident about the future. “Our ESG network is rapidly growing, a sign that 

awareness among investors is increasing. For us this implies that the conversa-

tion in the animal production sector is gathering attention and momentum.” 



501No protein transition without societal 
acceptance: two reasons why the protein 
transition has not accelerated yet
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L ooking at the innovations coming out of the food industry and tech-

nology labs, a protein transition seems within reach. Outside the lab, 

however, this optimistic future is much harder to discern. Consumption 

of meat and dairy remains at a high level and wherever meat curtailment is 

attempted, fierce backlash is almost certain. To drive the transition, we can-

not only rely on technological innovation: we also need to tackle challenges in 

societal acceptance. Two major shifts in societal support – practice-based and 

ideology-based – are necessary to accelerate a protein transition. 

Societal acceptance of novel, sustainable foods

If people in societies with high levels of meat and dairy consumption (i.e., most 

high- and middle-income countries) would replace a substantial amount of 

their dietary protein sources with sustainable alternatives, this would greatly 

help the advancement of global sustainability goals. The plethora of novel, sus-

tainable ‘alternative protein’ products now available – made from things like 

plants, mushrooms, insects, and even CO2 – certainly suggests that such a shift 

might be achievable. Public, scientific, and commercial interest in the area is 

booming, and the alternative protein sector is a site of rapid innovation. New 

products are in development, such as milk made directly from grass, and prod-

ucts are increasingly finding their way to supermarket shelves. Market analysts 

forecast impressive growth in the coming years. 

Despite these innovations, no major changes are evident on the plates of 

consumers in the Global North. Despite the substantial growth of the alterna-

tive protein sector, sales in 2020 still only represented 2% of the global animal 

protein market. At the same time, meat consumption has remained relatively 

stable over the last decade in Europe. It seems that consumers are adding 

protein to their diets with such novel foods, but hardly replacing the animal 

proteins. Many people are attached to meat and dairy, and not inclined to swap 



502 their pork chops and barbecue ribs for alternative protein products. Clearly, 

there is a problem with the acceptance of these novel, sustainable foods. 

 The concept of consumer acceptance is common in consumer research on alter-

native proteins. Generally, this body of literature views consumer acceptance 

as an individual matter, and treats it as a personal, psychological characteristic 

that can be measured in surveys and lab studies. In this type of research, accept-

ance refers to whether or not people would be prepared to eat a particular food, 

and the factors that predict this willingness – whether demographic (e.g., edu-

cation level), psychological (e.g., food neophobia, the extent to which people 

avoid new foods), or product related (e.g., the visibility of alternative protein 

ingredients such as insects).

However, in the context of a protein transition, an understanding of 

‘consumer acceptance’ as the sum of individual responses to novel products 

is insufficient. We propose to extend the term acceptance, highlighting two 

forms of societal acceptance: practice-based and ideology-based. 

Catering to vegetarians and vegans, meat replacers (such as ‘veggie burg-

ers’) have been on supermarket shelves for a few decades already. Furthermore 

– thinking about tofu from China, or vegetarian dishes within Indian cuisine 

– flows of plant-based products, recipes and cuisines, from country to coun-

try, from continent to continent, are widespread and far reaching. Therefore, 

a major obstacle to meat reduction in high meat-eating countries is not the 

limited availability of new or improved alternative protein products. Rather, 

it is the issue of whether or not consumers will incorporate more sustainable 

protein into their everyday diets and reduce consumption of animal protein 

staples, at such a level that overall animal-based consumption decreases sig-

nificantly. For this to happen, common and culturally rooted consumption 

practices in societies with high levels of animal protein consumption must 

change (for a discussion of social practice, see Shove et al., 2012). This is the first 

form of societal acceptance; a shift in common food practices in society (i.e., 

practice-based societal acceptance).

Given the low uptake of alternative protein products it is clear that a shift in 

everyday practice will not come about automatically, following technological 

innovation and product availability. Both discouragement of animal protein 

consumption and encouragement of sustainable sources are necessary: for 

example, through meat curtailment policies (e.g., meat tax) and interventions 

such as meat-free canteens. However, existing examples of such measures are 

limited, partly due to governments being fearful of public backlash. Meat 

reduction has become an emotionally charged and ideologically polarised 

topic (Michielsen & van der Horst, 2022). Addressing public resistance to meat 

reduction is the second form of societal acceptance that requires more atten-
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503tion in current discussions about the protein transition; a shift towards broad 

public support (i.e., ideology-based societal acceptance). 

Let us take a closer look at those two forms of practice-based and ideology-

based societal acceptance, to see what we may learn about how to accelerate a 

protein transition.  

Societal acceptance in common food practices

A major limitation of typical consumer acceptance research is that it often 

overlooks the social, practical, and contextual aspects of eating. Acceptance of 

foods is typically regarded as a personal, psychological characteristic that can 

be assessed in surveys and lab studies. It is also assumed to be consistent across 

space (e.g., in both the psychology lab and the supermarket) and time (e.g., 

while filling out a web survey at 11 a.m. today, and while cooking dinner in three 

weeks’ time). Despite the appealing simplicity of this view, there is little empiri-

cal evidence to support it. Indeed, sociological research has demonstrated that 

acceptance of novel foods is shaped by the practical reality of eating. Even when 

people accept novel protein sources as appropriate for eating, they may not be 

able, for whatever reason, to integrate them into their diets.

This is illustrated by research on insects as a novel food in the Nether-

lands (House, 2019), which investigated the two main types of insect products 

available. In the first, insects were, aside from the packaging, unrecognisably 

integrated in processed foods resembling other meat replacers (such as burgers 

or nuggets). These products were positively received by a particular consumer 

segment for being adventurous, futuristic, or good for the planet. However, 

they were generally only eaten once or twice, failing to become established in 

everyday consumption practices. Insect-based foods faced competition from 

comparable products, namely other meat replacers. Consumers who considered 

insects acceptable as food did not become enthusiastic buyers of the insect-

based products, which were deemed too expensive and just not tasty enough. 

Moreover, because of the low availability and limited product range, consumers 

struggled to integrate the products into their established shopping and cook-

ing practices. Crucially, consumers faced these obstacles after passing the initial 

hurdle of consumer acceptance: being willing to try a novel food. These issues 

prevented insect-based foods from becoming part of people’s diets.

In the second product type, insects were offered recognisably and whole 

for consumers to use as they like (House, 2019). Theoretically, these offered a 

more versatile ingredient than more ‘finished’ insect products such as burg-

ers. However, even adventurous cooks had trouble integrating them into their 
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504 food practices. Compared to conventional protein sources, the whole insects 

were expensive, difficult to acquire, and did not taste very nice. Furthermore, 

they had no clear place in existing recipes. Whereas tofu is a key ingredient 

in pad thai and chickpeas fit well in curries, dried mealworms and crickets do 

not fit easily into popular meals. Even the publication of insect cookbooks did 

not help. Rather than drawing on established insect-based dishes and cuisines, 

these generally involved adding dried insects to different European dishes. 

While such cookbooks are a well-intended attempt to help Europeans cook 

with insects, they are not sufficient to help insects become part of people’s 

eating practices. For that to work, insects need to compete with other protein 

sources, as we saw above, in terms of price, taste, and availability. They also 

need to have a convincing place within dishes and cuisines – otherwise, why 

use insects in food, rather than other protein types?

‘Willingness to eat’ insects or other alternative proteins is an important 

prerequisite for a protein transition, but it is not enough. Without ‘making 

sense’ as a practical option, insects (and other novel protein sources) will not 

become established in everyday consumption practices. Lack of such ‘practice-

based societal acceptance’ is a significant obstacle towards achieving a protein 

transition.

Societal acceptance based on ideology   

A more striking obstacle towards a protein transition is the ideologically 

charged backlash against policies and initiatives aiming to reduce meat 

consumption. In particular, ‘top-down’ approaches that discourage meat con-

sumption have drawn hostile responses (Michielsen & Van der Horst, 2022).  

While the consumer acceptance literature has mainly focussed on the beliefs 

that individuals hold, the perspective of ideological positions emphasises the 

group dynamics behind such beliefs, offering important insights into societal 

acceptance. Ideologies are socially shared systems of basic ideas that shape what 

people think, say, and do (van Dijk, 2011). A recent study on backlash against 

meat curtailment policies in the Dutch Climate Agreement identified pop-

ulism, neoliberalism, and carnism as the main ideological resources in related 

Facebook comments (Michielsen & van der Horst, 2022). The study suggests 

that if people believe in neoliberal ideas, such as freedom of choice and individ-

ual responsibility, they are likely to regard promotion of alternative protein as 

paternalistic, meddling, or patronising. If people subscribe to carnist notions, 

such as that meat is normal, nice, necessary, and natural, they are likely to view 

meat substitution with alternative protein as undesirable. If people believe 
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505that elites are corrupt and not representing the general will of ‘the people’, the 

common belief in populist ideological discourse, they are likely to oppose top-

down interventions that do not align with this general will. Importantly, it is 

the shared group ideology shaping such individual beliefs that works as a driv-

ing mechanism behind backlash. 

In text and talk that shapes backlash, notions from these ideological 

resources were not neatly separated but interlocked, adding to the complex-

ity as well as potency of the socio-political nature of backlash. Facebook users 

expressed discontent with the government obstructing and ‘meddling’ with 

Dutch eating customs, of which meat is a ‘normal’ and ‘nice’ part, and with 

individual freedom in a more general sense. In the most extreme comments, 

the Netherlands and the Dutch government were compared with dictatorships. 

Ideological notions that inspire backlash are important  forces  to reckon 

with in the context of the protein transition, even if a group behind backlash 

only represents a small minority of the population. In fear of potential back-

lash, governments have been hesitant to implement measures to reduce the 

consumption of animal-based protein. Actual manifestations of backlash seem 

to reinforce this fear, resulting in an even greater barrier for governments to 

implement measures. A case in point is a nationally broadcasted public com-

munication campaign developed by the Dutch Ministry of Economic Affairs 

and Climate about the ways in which individuals could reduce their contri-

bution to climate change. The Ministry opted out of mentioning eating less 

meat  as a strategy in the commercial, while mentioning the much less con-

troversial strategy of reducing food waste. The State Secretary justified this 

decision in the House of Representatives, stating that ‘calls for reducing meat 

consumption evoked a lot of discussion in that period’. As such, a journey 

towards seeking broader societal support for a protein transition – that is, ide-

ology-based social acceptance – seems to be hindered by groups that let their 

voices be heard the loudest.  

How to move forward? 

Looking at the abundant alternatives to unsustainable protein sources, a 

protein transition is clearly technologically possible. A narrow focus on techno-

logical possibilities, however, runs the risk of painting the main challenges as 

technological in nature, as though perfectly mimicking meat is the holy grail. 

The key issue of whether such protein innovations are accepted has been con-

sidered by researchers, but largely in terms of individual psychology. In fact, as 
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506 we have shown, there are other reasons why the protein transition has not yet 

accelerated. These are related to societal acceptance. 

We discussed two forms of societal acceptance – broad incorporation into 

daily food practices, and ideological support – contrasting these with the more 

commonly used term consumer acceptance. While individual consumers might 

be willing to eat certain foods, we argue that this is merely a precondition for 

more significant challenges: a shift towards the reduction of animal-based pro-

tein in practice, and a shift in the societal support for policy measures and other 

interventions for a protein transition. Thus far, the preconditions for societal 

acceptance of a transition have not been met. 

Key challenges are to make sustainable protein sources the most attractive 

practical option (i.e., convenient, affordable, tasty, accessible) and to prevent 

the perception, among certain groups, that a choice for sustainable alterna-

tives is not freely made. The case of insects being introduced as a potential 

food shows people will find it difficult to establish a common practice of eat-

ing novel protein sources unless certain conditions are met. Beyond the key 

food-related criteria of price, taste and availability, novel proteins must also be 

easily integrated within people’s established food practices, including shop-

ping, cooking and eating. Novel proteins need to ‘make sense’, in culinary and 

practical terms. Creating the conditions for such a transition will require atten-

tion to multiple levels – from production (what is produced, how, and why?) to 

consumption (how is this product acquired, prepared, and eaten?)

A better understanding of the ideological basis of backlash towards meat 

reduction initiatives can help us to intervene at these different levels. In 

particular, it is important to avoid suggestions of restriction and loss. Govern-

ments have the means to increase the attractiveness of plant-based proteins by 

lowering taxes on fruits, vegetables, and alternative proteins, and by making 

it financially attractive for businesses to engage in and advertise the protein 

transition. Still, all top-down approaches risk being interpreted as elitist, 

which arguably makes populism the most challenging belief system to navi-

gate. It is therefore vital to develop forms of dialogue about measures to reduce 

meat consumption, not only nationally but also in local settings. Bottom-up 

approaches, such as citizens’ assemblies and co-creation, may engender feel-

ings of representation: future research can demonstrate the potential of such 

approaches to achieve societal acceptance of meat reduction and accelerate a 

protein transition. 

Restaurants, in particular, are promising settings for interventions that 

bypass ideological positions related to backlash. Products of Swedish oat milk 

pioneer Oatly and the US plant-based meat company Impossible Foods were 

deliberately introduced in restaurants before they landed on retail shelves. 
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507This created demand and connected meanings of ‘culinary’ and ‘restaurant 

worthy’ to the products. Chefs are also an important – and in research a much 

neglected – group of actors in the protein transition. They have the skills and 

practical knowledge to integrate novel protein sources into eating customs, 

to connect tradition and innovation, and to re-imagine a plant-based cuisine 

without ingredients resembling meat and thus without a sense of taste and 

texture degradation. 

In taking up the challenge to achieve societal acceptance of a protein tran-

sition, the most promising future pathways will keep consumer choice intact 

while changing its conditions. This will make the sustainable choice a feasible 

and attractive option, while preventing the perception among consumers that 

dietary change is imposed upon them.
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Replace the underlined word meat with plant-based foods in the first 

section below. Then ask yourself the following question: Would our 

norms regarding protein consumption be different in such a world? 

M eat consumption plays a central role in Western societies. For dec-

ades meat has been the main component of a meal and it ranks at 

the top of the hierarchy of foods. Consuming meat seems the normal 

thing to do and is deeply rooted in our society. For example, when entering a 

supermarket we are confronted with an abundance of meat options. In mar-

keting communications, we see predominantly meals with meat in Christmas 

advertisements. In other words, meat is the food of choice and, therefore, eat-

ing meat is accepted, preferred and most importantly: normal. 

The social normative drive behind meat consumption 

The special status of meat is reflected in the global average daily meat intake 

per capita – contemporary diets are high in animal sourced foods (i.e., eggs 

and red meat), often exceeding the advised reference intake, exceptions aside. 

Meat consumption may therefore be described as the collective norm in West-

ern societies. Collective norms are the prevailing codes of conduct as shown by 

members of a social group such as a society (Lapinski & Rimal, 2005). The sum 

total of individual behaviour in a society (e.g., the total amount of meat con-

sumed) is then often used as a proxy for the prevailing collective norm – now 

signalling that it is normal to consume (large portions) of meat.  

Although everyone might be exposed to the same collective meat con-

sumption norm in a specific society, the perception of this norm may vary per 

individual. Rather than the collective norm itself, it is the perception of these 

collective norms at the individual level which ultimately constitutes one of 

the important drivers of behaviour. These individual perceptions of collec-

tive norms are referred to as perceived social norms – with meat consumption 



509presumably being perceived as the dominant social norm in current food envi-

ronments (see Figure 1a). Although the level of consciousness in which people 

process norms remains unclear, it has been shown that people are often una-

ware of the influence of social norms on their behaviour. There are different 

perspectives on the definition, construction and behavioural influence of social 

norms across disciplines. In this chapter social norms are approached from a 

social-psychological perspective, particularly adopting the focus theory of 

normative conduct (Cialdini et al., 1990). Social norms can then be defined as 

(implicit) standards regarding what is appropriate and normal behaviour for 

a social group within a specific context (e.g., within a supermarket or a lunch 

cafeteria). Humans are social animals by nature and tend to rely on the behav-

iour of others to do what is normal and accepted according to the situation. 

Therefore, social norms constitute an important factor in guiding our behav-

iour. For example, people tend to align their food choices and the quantity of 

foods they consume to the perceived social norm in that situation. Importantly, 

social norms are considered an important influence in driving meat consump-

tion (Stoll-Kleemann & Schmidt, 2017). To illustrate, it has been shown that 

meat-eating household members are considered a common barrier for people 

to avoid meat (or to consume vegetarian food), as they feel pressure from their 

family to consume meat. It has even been proposed that social norm percep-

tions are one of the key beliefs that consumers use to rationalise their meat 

consumption behaviour, as they believe that meat consumption is ‘normal’.

Following the focus theory of normative conduct (Cialdini et al., 1990), 

social norms are typically split up into descriptive norms and injunctive norms. 

Descriptive norms refer to common behaviour of other people within a spe-

cific context (what others do). They can have an informative function about the 

normal behaviour in that situation, and this type of norm is especially influ-

ential in uncertain situations (e.g., a novel environment) when it is ambiguous 

what normal and appropriate consumption constitutes. For example, imag-

ine a BBQ with your new colleagues. You are new to the group and you want 

to make a good impression. Seeing most of your new colleagues eating meat 

could be considered a descriptive social norm in that situation. Following such 

a norm by eating meat may communicate your (shared) identity to your new 

colleagues. People tend to follow descriptive norms to save time and cognitive 

effort, as it serves the intrapersonal goal of behaving efficiently and accurately 

(‘if they are doing it, it must be the normal thing to do’).  

Injunctive norms, on the other hand, refer to behaviour that is perceived as 

approved or appropriate behaviour by other people within a specific context 

(what ought to be done according to others). Conforming to injunctive norms 

typically contributes to one’s interpersonal goal of building and maintaining 
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510 social relationships with that group. More specifically, following injunctive 

norms limits the chance of social sanctions, such as exclusion, and increases 

the chance of social approval by adhering to that norm. Imagine you are having 

a good old Beers & Burgers Friday night with your friends – typical meat lovers. 

Although your friends have not decided on a burger yet, you expect that they 

will choose the beef one. Chances are you will feel awkward instantly for being 

the only one to order the veggie burger, especially if you feel this doesn’t align 

with your friends’ consumption expectations.  Therefore, you may ultimately 

decide to order a smoky Angus burger to gain social approval.  

Summarising, meat consumption can be considered the prevailing collec-

tive norm in Western societies. However, it is the individual perception of this 

collective meat consumption norm that ultimately influences people’s con-

sumption behaviour. To change the prevailing meat consumption norm (and 

thus promote the consumption of more plant-based foods), it seems impor-

tant to thoroughly understand how individuals perceive those descriptive and 

injunctive social norms in different contexts given their impact on people’s 

dietary decisions.

Figure 13: Representation of: (a) perceived social norms in protein consumption;  
(b) heterogeneity in perceived social norms in protein consumption; (c) dynamic norms in 
protein consumption.  

3 Sanne Raghoebar (© Dr. ArtSci 2022)

(a) (b) (c)
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511Communicating social consumption norms 

To gain more insight in consumers’ perceptions of social norms and their 

influence on meat consumption and reduction behaviours, it is crucial to 

understand the different methods in which social norms can be communi-

cated. It is important to note that both descriptive and injunctive social norms 

can be purposely communicated as an attempt to change behaviour (e.g., pro-

mote pro-environmental behaviour), but they may also occur rather naturally. 

This section highlights some methods used to influence perceived social norms 

regarding protein consumption.  

Firstly, social norms can be communicated through the actual behaviour of 

others in that setting. For example, seeing your in-laws ordering meat at a res-

taurant may communicate a descriptive norm of meat being the typical choice 

in that setting. Secondly, norms can be communicated using more explicit 

methods, such as conveying the social norm using text-based messages (i.e., 

message framing). For example, ‘popularity labels’ on Black Angus burgers may 

communicate a descriptive norm suggesting that others typically choose this 

burger, and a written text in canteens may communicate an injunctive norm 

that it is appropriate to consume veggie on Mondays. Thirdly, it has recently 

been shown that social norms may also be communicated through physical 

cues in food environments (Raghoebar et al., 2020). To exemplify, the propor-

tion in which meat versus plant-based options are available in a supermarket 

may influence individuals’ perceptions of what the norm is. In an experimental 

lab-in-the-field study (i.e., a simulated supermarket environment), initial evi-

dence suggests that offering an increased proportion of plant-based products 

relative to meat-based products may shift the perceptions of non-vegetarians 

about what other people normally choose. Particularly, when there was a rel-

atively greater availability of plant-based foods compared to meat products, 

people perceived it as less likely that other people chose a meat product. Such 

assortment structures may influence the perceived descriptive norm about 

typical meat consumption (although no effects of such a manipulation on con-

sumption were found) (Raghoebar et al., 2020).   

Given the variety of methods in which social norms can be communicated, 

it may seem logical that those norms may easily conflict between as well as 

within contexts. The following example illustrates this point. Imagine you 

are grocery shopping for a get-together with meat-loving friends. In the meat 

aisle, next to the meat, you see an unexpectedly large selection of meat ana-

logues. People are even lining up for it. This must be the typical choice, right? 

In other words, a descriptive norm. Standing in front of the meat analogues, 

you notice a colourful sign that says, ‘Best-selling Product of the Year’, with a 
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512 picture of a big juicy steak. Obviously, meat is really popular among shoppers 

here. These descriptive norms conflict with one another. Then you remember 

that you are making dinner for your meat-loving friends tonight and may even 

feel the need to conform to an injunctive norm, because you want to behave 

properly in this context. Namely, the appropriate choice would be to buy meat 

for them. Following social norm theory (Cialdini et al., 1990), we argue that the 

most salient norms (i.e., prominent in attention) will be followed, when mul-

tiple communicated norms are conflicting (like in the situation above). Future 

research is needed to understand which of the perceived norms will dominate 

in salience in such scenarios. However, there is no doubt that, for a sustain-

able and healthy future, the norm change needs to cut both ways: the norm of 

animal-based protein consumption has to become less salient and prominent, 

while the norm of plant-based consumption has to gain ground and become 

the salient norm.

One norm fits all?

As highlighted in the previous section, there is a variety of methods in which 

social norms can be (purposely) communicated to change behaviour. How-

ever, how those norms are perceived, and the subsequent influence on people’s 

behaviour, may be different for different people (see Figure 1b). The influence 

of social norms on behaviour is highly dependent on the specific context, social 

group and situation, as well as on individual differences. Therefore, commu-

nicating a plant-based consumption norm may inspire someone to opt for a 

vegetarian meal, while others may be unaffected or even feel resistance. Meat 

consumers vary in demographic characteristics (e.g., age, gender, education), 

personality traits, values, lifestyles, and meat consumption patterns, among 

other things. Given the variety of meat consumer characteristics, several 

meat consumer segments can be identified, for example, by segmenting meat 

consumers on the basis of their protein consumption and/or meat-related char-

acteristics (e.g., habits, meat attachment).  

There are first indications that these different segments of meat consumers 

also differ in the way in which social norms regarding animal- and plant-based 

protein consumption are perceived. It is therefore important to understand the 

existing perceptions of social norms regarding protein consumption, acknowl-

edging the heterogeneity among meat consumers rather than treating them as 

a homogenous group. Likewise, it should be further investigated whether this 

heterogeneity among meat consumers may also affect how social norm commu-

nications are perceived and how these perceptions influence their subsequent 
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513behaviour. Segmentation of meat consumers in more defined profiles, under-

standing their norm perceptions and behaviours, seems crucial to enhance the 

effectiveness of social norm interventions aiming for meat reduction.

Plant-based consumption as a potential dynamic norm

Thus far, we have discussed social meat consumption norms as being static 

norms. Static norms refer to those that explain the current state of behaviour 

and do not explicitly embrace behavioural changes over time. Lately, the con-

cept of dynamic norms has gained attention in literature about social norms 

and specifically in relation to meat consumption reduction. Dynamic norms 

are descriptive norms that explicitly include representations of change in other 

people over time (see Figure 1c). For example, a text-based dynamic norm mes-

sage stating that 25% of Dutch consumers have started to attempt to reduce 

their meat consumption (Sparkman et al., 2017). Understanding the influence 

of dynamic norms on protein consumption behaviour is interesting, given the 

current observation that plant-based meat substitutes are gaining more shelf 

space in supermarkets and that the sales of plant-based proteins are increasing 

rapidly (in the Netherlands, as well as in the rest of Europe). From a plant-based 

perspective, we reason that drawing attention to the growing number of peo-

ple choosing a plant-based meat substitute over the past years may be perceived 

as a dynamic norm. The question then is: if people perceive such a dynamic 

norm, would they then also conform to these norms in contexts where meat 

consumption is presumably still the prevailing (static) norm?    

Sparkman and colleagues (2017) found first indications that making 

dynamic norms salient could motivate change even in the presence of exist-

ing static norms. They showed that highlighting an increase in the number of 

consumers that are reducing their meat consumption could stimulate other 

consumers to do so, too. However comparable interventions exposing individ-

uals to dynamic norms about changes in either meat reduction or increases in 

plant-based consumption did not appear to be effective in promoting a reduc-

tion in meat consumption. Despite the increasing attention towards dynamic 

norms, most research in the social norm domain has mainly focused on static 

norms. Yet, it remains unclear under what conditions and how dynamic norms 

can be effective in stimulating protein consumption shifts. 
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514 From barrier to solution: how social norms can promote a 
shift in protein consumption

Throughout this chapter, we have argued that current social norm percep-

tions regarding meat consumption may be perceived as a barrier to reduce 

meat consumption and/or promote plant-based food consumption, as current 

environments often signal that meat consumption is normal. Such a norm per-

ception may even be used by consumers to rationalise their consumption of 

meat. 

Nonetheless, we propose that static as well as dynamic social norms can be 

part of the solution, by making (changes over time in) plant-based food con-

sumption the more salient and prevalent social norm in different contexts and 

situations. A variety of methods in which social norms can be communicated 

was outlined in this chapter, linking to the different layers of the socioecologi-

cal model (Figure 1, Ramsing, page 518). Influences from these layers, including 

the social environment, physical environment and more superordinate (macro) 

environment should be considered in order to shift protein consumption 

norms. To illustrate, remember the example of social norms communicated 

via the physical environment, specifically via the relative proportion of ani-

mal- and plant-based proteins that are available in physical food environments 

(such as supermarkets) or norms communicated via the presence of other peo-

ple in the social environment, such as family pressure to consume meat. Indeed, 

norms are socially constructed and therefore challenging to change, but for 

the same reason social norms are a powerful mechanism behind behaviour and 

behavioural change. Further research is crucial to fundamentally understand 

how to effectuate a shift in protein consumption norms on all those different 

layers, thereby taking individual differences into account and acknowledg-

ing the heterogeneity among meat consumers rather than treating them as a 

homogenous group.

If the shift in protein consumption towards plant-based proteins gains 

traction, we might find ourselves wondering in 2050: ‘Am I the only one to go 

for a beef burger?’ 
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516 Can Meatless Monday change the week?

Becky Ramsing

Senior Program Officer, Center for a Livable Future, Johns Hopkins Bloomberg 

School of Public Health

W hen encouraging consumers to shift toward sustainable protein, 

one-size-fits-all campaigns will not work nearly as well as pro-

grams and policies that are tailor-made with respect to culture 

and context

Persuading people do things differently is difficult. Changing what people 

opt to eat can feel virtually impossible. Food choices are complex and multifac-

eted, especially when it comes to eating meat and protein foods. In this chapter 

we discuss and build upon a framework of individual, societal and structural 

factors that influence consumption of both meat- and plant-based proteins. We 

consider interventions to reduce meat consumption that recognize the many 

diverse influence on food choices and highlight promising strategies to move 

the dial in the right direction.  

The pace and degree of meat reduction must be intensified to effectively 

reduce the global ecological footprint and health impact of our diets. Though 

new and traditional (tofu, tempeh, legumes) plant protein choices are expand-

ing in the market, whether consumers will substitute animal proteins remains 

a question. Consumer interest in plant-based alternatives is growing, but a 

2018 survey by Datassential revealed that most people who purchase meat sub-

stitutes still eat meat and may not actually reduce the amount of meat they eat. 

The following discussion is framed within the protein transition of higher 

income countries where protein, particularly meat, consumption exceeds 

dietary recommendations. Protein foods are defined here as those that pro-

vide a significant amount of protein to the overall diet. Protein foods include 

foods from both animal and plant sources. The sustainable protein transition, 

referred to in this chapter, is the moving from traditional animal sources, pri-

marily red and processed meat, toward more plant-based proteins or other 

cellular-based meat products grown from animal stem cells. A vast spectrum 

of plant-based alternatives exists, ranging from whole legumes and nuts to 

highly processed products, such as Impossible or Beyond Meat, though the 

health and environmental impacts of these choices vary greatly.



517A conceptual framework for meat consumption 

Diverse and interactive spheres of influence impact food choices (Figure 1). 

They are not linear but dynamic and bidirectional. Addressing these complex-

ities will lead to more effective, consumer-focused solutions that facilitate a 

healthy protein transition.

Individual factors

Individual factors that influence behavior include knowledge, awareness, 

skills, concerns and values. Though knowledge alone does not change behav-

ior, it is an essential component. Knowledge provides the ‘Why’ and lays the 

foundation for change, especially when there is personal relevance (Graça et al., 

2019). For example, participants in one study who received information on the 

climate impacts of meat consumption expressed more concern and had greater 

intentions to eat less meat, compared to those who had not received the infor-

mation (Graham and Abrahamse, 2017). On the flip side, a lack of knowledge 

about the nutritional value of plant-based diets was a barrier to reducing meat, 

especially when meat was valued for its perceived role in strength, fitness and 

maintenance of health (Graça et al., 2019).

Skills, preferences and familiarity with different foods influence choices 

and agency in purchasing and preparing plant-based alternatives. In a 2015 

survey of American consumers, one of the most commonly reported barriers 

to adopting and maintaining a low-meat or meat-free diet was the percep-

tion that meatless foods are inconvenient to prepare, along with the belief 

that meat is nutritionally necessary, resistance to changing habits and  enjoy-

ment of the taste of meat (Neff et al., 2018). The Meatless Monday Campaign’s 

most requested and utilized assets are recipes and meal ideas – 65 percent of 

respondents to a 2021 survey rated recipes and tips as the most helpful resource 

in their weekly emails. 

Sustained behavior change is more likely when it satisfies personal values, 

interests and goals. Personal values contribute to pre-existing views and may 

translate into concern for animal rights, the environment, personal health and 

even political ideology. Perception of personal health is one of the strongest 

motivators for meat reduction (Neff et al., 2018). Individuals with health con-

cerns such as heart disease or diabetes are likely to reduce – or intend to reduce  

– meat due to perceived benefits (Neff et al., 2018). Studies from higher income 

countries show that concern about the environment or climate is linked to a 

greater willingness to consider dietary shifts such as eating less meat, while a 

strong value placed on animal welfare is associated with a greater willingness 
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518

to forego meat altogether (Stoll-Kleemann and Schmidt, 2017). An individual’s 

desire to consume meat may also reflect value placed on affluence and reputa-

tion, and the association of meat consumption with wealth, culture or identity. 

Consumers with more conservative or traditional values are more likely to eat 

meat than those who are more liberal or open to change (Graham and Abra-

hamse, 2017). 

Socio-demographic factors, including gender, age, income and education, 

shape the way knowledge and values motivate choices. Overall, gender exhib-

its the strongest and most reliable association with meat consumption. On 

average, men consistently eat more meat and are less willing to consider meat 

reduction than women (Graça et al., 2019). This difference is attributed to the 

strong association of meat with masculinity (Stoll-Kleemann and Schmidt, 

2017). At the household level, low-income consumers purchase less expensive 

types of meat, and potentially less total meat, due to its higher cost. As incomes 

rise, households purchase more meat, but at a certain income, meat consump-

tion actually levels off or even drops. In fact, individuals who choose to reduce 

meat based on personal moral values tend to have both higher incomes and 

higher educational levels (Graça al., 2019; Neff et al., 2018).

Figure 1: A simplified socioecological model adapted from Bronfenbrenner (1977) 
and the Centers for Disease Control and Prevention (CDC, 2020). This conceptual 
framework illustrates the concentric spheres of influence that have been known 
to impact dietary behaviors at the individual, community, and structural levels
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519Sociocultural and community factors

Sociocultural factors – culture, household, religion, lifestyles and relationships 

– influence social norms and can provide a supportive environment for change. 

These interpersonal factors shape the perception of a complete, satisfying 

meal or an individual’s willingness to substitute plant-based protein for meat. 

Cultural and family norms that place a high value on meat consumption are 

commonly reported hindrances to becoming a vegetarian, while support from 

one’s social circle serves to facilitate the maintenance of a plant-based diet. In 

a recent review, the current meat-eating habits and unwillingness to change of 

other household members were consistently identified as a barrier to change 

individual meat consumption (Graça et al., 2019). Referred to as social oppor-

tunity variables, these barriers outweighed other motivators, such as health or 

environmental concerns. Individuals who reported reducing meat consump-

tion were encouraged to do so by friends, family members, doctors, co-workers 

or media (Graça et al., 2019).

Meat’s broader cultural importance likely drives its continued high con-

sumption globally. In terms of its taste, nutrition and centrality as a component 

of meals, meat is attributed a special status over other food. In many countries, 

serving a meal without meat is considered poor hospitality. Religious traditions 

related to meat also contribute to its cultural status and the establishment of 

dietary norms for individual adherents, whether that be abstaining on certain 

days or playing a central role in celebrations and festivals.

Societal and structural factors

‘As context changes, food habits tend to change accordingly’ (Graça et al., 2019). 

Equally important to individual and social factors are external and structural 

factors that drive changes at a societal level, shifting the norms surrounding 

meat consumption. A society’s food environment is highly influential on con-

sumer food choices, but also preferences and attitudes. The food environment 

is described as the ‘physical, economic, policy and sociocultural surroundings, 

opportunities and conditions that influence people’s food and beverage choices 

and nutritional status’ (Swinburn et al.). Policies, particularly those that deter-

mine what foods are served in schools, hospitals, municipal buildings, local 

institutions or the food outlets in a community, shape the food environment. 

Additionally, prices of meat or meat alternatives determine availability, access 

and acceptability. 

Restaurants and chefs influence the food environment through menus, 

ingredients and promotions. Several studies have tested manipulation of 

micro food environments to promote the desired food choice in a food ser-

vice or retail setting. Nudging is the term often used to denote the strategic 
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520 placement, signage and appearance of a certain food or menu item, so that a 

consumer will be more likely to make that choice. Promising opportunities 

include optimizing the presentation and taste appeal of plant-based foods to 

encourage more sustainable choices by consumers and increasing availability 

of affordable plant-based products in supermarkets, restaurants and other 

food outlets (Stoll-Kleemann and Schmidt, 2017).

Bringing it together 

Capability, opportunity and motivation

There are countless ways to employ approaches that optimize contextual 

frameworks and change social norms to facilitate consumer food choices. Graça 

(2019) proposed the necessity of three components for a sustained change of 

practice and behavior to take place: capability, opportunity and motivation. 

First, one must build awareness and skills through targeted communica-

tion that aligns with individual perspectives. Next, one must leverage social 

networks to shift social norms toward collective reduction of meat and then 

modify social and physical contexts such that plant-based choices are afford-

able, appropriate and easy. 

A case study: Meatless Monday

The Meatless Monday Campaign (MeatlessMonday.com), which began in 

2003, promotes a simple message of skipping meat one day a week for the 

health of people and the planet. Programs such as Meatless Monday aim to 

normalize meatless choices and promote the co-benefits of shifting toward a 

plant-based diet, from the individual benefits of better health and lower food 

costs to the external benefits to the environment, animal welfare and the cli-

mate. Successive Mondays provide a weekly ‘nudge’ or ‘prompt’, for those who 

are contemplating the idea of eating less meat, to take action, such as seeking 

recipes or ideas for incorporating more meatless meals into daily routines. The 

Meatless Monday approach also conjectures that an individual who is willing 

to cut back on meat one day might eventually be more open to reducing meat 

on subsequent days or to changing other dietary habits. 

Simple practices such as Meatless Monday may ultimately activate new 

behaviors and create new automatic associations. Marteau’s modified reflec-

tive impulse model (Figure 2) demonstrates that most behavior responses are 

ultimately under the control of a faster, automatic decision-making system, 

rather than a reflective, value-based system. Though educational efforts often 

focus on shaping beliefs, values and intentions, in fact, most decisions are made 
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521

in an instant, prompted by environmental clues and automatic associations. 

Over time, and with practice and repetition, choices become more habitual. 

These habits are driven by experiences, social norms and new associations that 

can be intentionally created. For example, over half of consumers who had 

tried Meatless Monday in an annual survey made further changes to their diet 

throughout the week including more meatless meals at home and outside of 

the house, more fruits and vegetables and less meat overall. These decisions 

became easier over time. Effective strategies for reducing meat consumption 

should focus on interventions that make the meatless choice a more automatic, 

reflexive choice, such as placing plant-based menu options first, providing 

samples or promoting plant-based influencers (Marteau, 2017).

Meatless Monday programs implemented in food service settings have 

divulged other strategies that may be effective for activating and sustaining 

meat reduction behaviors. 

Figure 2: Marteau (2017) Automatic and reflective systems guiding behavior, with potential 
points for intervention (after Strack & Deutsch). Link to source: https://royalsocietypublishing.
org/doi/10.1098/rsta.2016.0371 
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522 • Incorporate initiatives that emphasize taking a first step. These approaches 

do not necessarily address the extent of the problem, but they remove a 

barrier to entry by providing a gateway, whereby first steps often spur more 

steps.

• Focus on networks. Normalizing alternative protein choices removes the 

barrier of standing out or going against expectations and makes meatless 

an easier choice. This is done through interest groups, influencers and peer 

networks. 

• Focus on food and culinary excellence through menu development and 

training. Food must taste good, look good, feel good. There needs to be vari-

ety, and it should appeal to different cultural tastes. When food tastes good, 

people don’t necessarily mind if it’s meatless! 

• Focus on the food environment. Increasing visibility, availability and acces-

sibility is key to making meatless choices more automatic. This includes 

marketing, pricing, and placement in venues.

Multi-pronged consumer-focused interventions

Taking it further, integrated approaches that address a variety of influences 

and cause and effect relationships offer promise for promoting dietary change. 

Interventions that focus solely on educational messages tailored to individu-

als offer few long-term results and can be difficult to scale (Bianchi et al., 2018). 

Likewise, interventions that draw on behavioral economic principals, such as 

nudging, are spatially constrained (not likely to motivate change outside of 

the contextual setting) and do very little to educate the consumer (Ramsing 

et al., 2021). Conversely, strategies that employ multiple levels of implementa-

tion have had greater success in bringing about behavior change (Trickett et 

al., 2011). These programs seek to identify and understand how the larger social 

and community contextual factors influence behavior and incorporate them 

into program design and simultaneous implementations. 

The municipal Meatless Monday campaign in Bedford, New York provides 

an example of a multi-pronged approach. Primarily focusing on individual 

and community factors and, to an extent, the societal level, this climate cam-

paign in this US town worked with volunteers and community members to 

promote a 12-week Meatless Monday campaign in local restaurants, hospitals 

and businesses as a tactic to reduce food related emissions, largely those related 

to meat consumption. The Bedford Meatless Monday campaign engaged 

households through symposiums, social media, weekly email newsletters and 

recipes, in addition to the promotion of meatless menus across the community. 

These strategies addressed individual and community factors influencing food 

choices and additionally modified the food environment to facilitate meat-
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523less food choices. Evaluation results revealed that participants increased their 

awareness of the climate impact of meat, stated meatless choices were easier 

than they were before the campaign and believed the collective sense that they 

were part of a bigger movement was an enabling factor (Ramsing et al., 2021). 

Finally, strategies that set the pathway for the transition to more sustaina-

ble and healthy protein choices in higher income countries must center around 

the consumer and their context. 

Consumer food decisions are multidimensional and complex – travers-

ing personal factors, social interactions and physical and societal contexts. 

Approaches such as Meatless Monday that build awareness and skills are nur-

tured through social networks and supportive food environments. Placing 

these components within initiatives that address multiple components of food 

choice and offer relevance to diverse audiences offer promise for motivating 

crucial changes in protein consumption.  

Rather than one solution or approach, we all bring something to the table. 

Numerous modest, thoughtful actions might just be the big solution we need. 

As author and poet, Wendell Berry, aptly stated:

‘Though many of our worst problems are big, they do not necessarily have 

big solutions. Many of the needed changes will have to be made in individual 

lives, in families and households, and in local communities. And so, we must 

understand the importance of scale, and learn to determine the scale that is 

right for our places.’”4
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Industry interview with  
Tara Garnett, Co-founder  

and Director, TABLE 

CREATING NUANCE IN 
FOOD SYSTEMS DEBATE 

AND DIALOGUE 



“
“We need a nuanced, self-reflective debate 
on sustainable food systems”

‘Debate is essential, polarisation is damaging’ is the philosophy behind 

Table, successor to the Food Climate Research Network. Dr Tara Garnett, 

co-founder of this global platform for knowledge synthesis and inclu-

sive dialogue, explains.

“F rom climate change to biodiversity loss, everyone agrees that our 

food system has problems, and there are many different visions and 

perspectives on how to solve them. And debates about the future 

are becoming more intense, divisive and polarised,” says Garnett, researcher 

at the Environmental Change Institute at the University of Oxford, fellow of 

the Oxford Martin School and founder of the Food Climate Research Network 

(FCRN), Table’s precursor. 

In-depth look

For 15 years, FCRN conducted, synthesised and communicated research on 

food sustainability. TABLE – a collaboration between the University of Oxford, 

the Swedish University of Agricultural Sciences and Wageningen University & 

Research – continues this work but takes it a step forward, with an in-depth 

look at the core debates in and around food, exploring how and why stakehold-

ers disagree and what drives these polarisations.  

https://www.slu.se/en/


529Examples of polarisation abound. “Think about the increasing shelf presence 

of meat replacers in supermarkets,” Garnett explains. “Some people see these 

products as a brilliant solution to the problem of animal suffering, one that 

helps consumers eat vegan or vegetarian foods more often. But others consider 

them as just another way for corporates to profit – they simply increase corpo-

rate capture and yield little environmental benefit.” 

Another recent example is images of prominent US conservatives eating 

enormous steaks in response to (fabricated) claims that President Joe Biden 

was planning to limit red meat consumption. But polarisation also occurs with 

issues such as the added value of Life Cycle Analyses, how we want our land-

scapes to look, and the role of supermarkets in supporting a sustainable food 

system.

Informed discussions

Table was founded to facilitate and moderate informed discussions about how 

the food system can become sustainable, resilient, fair and, ultimately, ‘good’. 

“We impartially set out the evidence, the assumptions and the values that peo-

ple introduce into food-system debates,” Garnett explains. 

According to Garnett, effective dialogue includes two essential ingredi-

ents: “Scientific knowledge  helps us to identify the issues and complexities 

around healthy and sustainable food. But science alone cannot tell us how to 

act or decide what a good and ethical food system might be. The second crucial 

ingredient is therefore understanding how debates are informed by values and 

preferences – including our own. This is where we step in, by exploring these 

perspectives through our written work via other media, and by providing a 

platform and a method for deliberative dialogue.” 

Revealing underlying values 

People have many – sometimes contradictory – values, desires, assumptions 

and cultural preferences. “These affect how we interpret scientific evidence, 

understand today’s world, judge what is most important in a food system, 

and how we think about possible and desirable futures,” Garnett explains. For 

example, a person’s opinion of whether we need to eat less meat could depend 

upon what they believe about, for example, the extent to which humans can be 

easily persuaded to change their mind, what landscapes should look like and 

the moral standing of animals.



530 These underlying values need to be brought into the open and explicitly 

discussed. “When they are not, the consequences are, all too often, miscommu-

nication, the entrenchment of existing positions and inertia,” Garnett stresses. 

“Our goal is to engage with a wide range of stakeholders –from researchers and 

businesses to civil society and policy makers – to talk about values, clarify the 

arguments, assumptions and evidence around issues of concern, and – where 

possible – identify common ground.”

The idea of scale

Table uses several methods of dialogue, including spoken and written 

interviews (on our podcast series), blog posts, letter exchanges, between stake-

holders, visual materials, panel discussions and workshops. It has also created 

an online forum for discussion, launched June 2021. “We had, for example, two 

speakers, one positive and the other more sceptical about Regenerative Agri-

culture, discussing the agronomic potential of this approach, particularly as 

regards soil health and carbon sequestration,” Garnett illustrates.

In addition, July 2021 saw an online event focussed on the concept of scale in 

sustainable food systems. Garnett explains: “We dived more deeply into ques-

tions like: Should future food systems take a global or a local approach? And 

what should be the role of smallholders versus corporates in a sustainable food 

system?” 

Protein transition

Garnett and her colleagues are also leading an extensive debate on power as it 

relates to the protein transition, a key focus of discussions about the food sys-

tem and the future. They have published a series of podcasts on this topic and 

will be publishing some written pieces as well. “It seems to be automatically 

accepted that, nutritionally, the world needs more proteins. But we want to 

ask if this is really true,” Garnett illustrates. “In middle/high-income countries 

the majority of the people get more than enough protein, whereas in lower-

income countries protein deficiencies do occur and micronutrient intakes are 

often more the issue than protein.” 



531Open-minded

Garnett advises industry, governments and other stakeholders across the sup-

ply chain to be open-minded and take time for self-reflection. “Think about 

the logical consequences of your vision: What would a sustainable food system 

look like for you? What does it look like in a field, in a shop and on a plate? What 

do landscapes look like, and how are animals reared, if at all?” And, if you find 

you are trapped in a polarising discussion, ask yourself: What needs to change 

for us to find agreement? This could be the first step towards a shared vision.”

”



532 Towards a protein transition: taking a  
global perspective
Ellen Mangnus and Peter Oosterveer

Environmental Policy Group, Wageningen University & Research 

Transitions never take place in isolation, and that will not be the case 

with a protein transition either. Our food system is truly globalized. 

This means that a change in production or consumption in one coun-

try does affect consumers and producers elsewhere. In order to assure a 

transition that is genuinely sustainable and equitable, we argue in this 

chapter, we have to take a global perspective. 

A s part of the European Union’s ambition to become less dependent on 

imports of protein-rich crops and more self-sufficient, taking strate-

gic food sovereignty into consideration, the Netherlands published 

its National Protein Strategy in 2020 (LNV, 2020). The goal of this strategy is 

to increase the self-sufficiency of plant proteins in the next five to ten years, 

in a sustainable way that contributes to the health of humans, animals and 

the natural environment. The plan is a showcase for how the protein transi-

tion oftentimes is presented as a national matter that can be solved with the 

help of national strategies and plans. This chapter argues that the current food 

system is global, both with regard to consumption and production. Take, for 

example, a package of cashew nuts. The nuts may be grown in Tanzania, pro-

cessed in India and shipped to the Netherlands from where they are exported 

to other countries in the European Union. Protein transitions are not only a 

matter of national politics, because changes in national consumption and pro-

duction patterns also impact consumers and producers in other countries. The 

questions then are: Who benefits and who loses? How can we prevent negative 

impacts? And how can we address the different food security needs in accord-

ance with climate ambitions? For a protein transition to be in line with the 

Sustainable Development Goals, its governance process should include these 

wider impacts.

We illustrate this argument by looking at the international dimensions of 

a number of specific protein-rich food items produced and consumed in the 

Netherlands. As a top exporter of agricultural produce, as well as an important 

importer of food and feed, the Netherlands is intimately intertwined with food 

and agriculture around the world. These case studies show how a transition 

towards a diet with more plant-based proteins in the Netherlands and abroad 

has implications for producers and consumers also in other parts of the world. 



533In this chapter, we first explore food system governance and then dive into 

three examples of the interwovenness of the Netherlands in the global food 

system. We discuss how Brazilian producers of soybeans, Chinese consumers of 

Dutch milk and producers of chickpeas from around the world may be affected 

by a Dutch protein transition and what this may imply for equity and sustain-

ability. We conclude with suggestions on what these observations could mean 

for governing the protein transition. 

A globalised diet 

The Netherlands is connected to all corners of the world through trade in food 

and agricultural products. This interconnectedness and interdependence with 

the rest of the world is only increasing in speed, distance and complexity. In 

2020, the Dutch agricultural export was estimated to be at EUR 95.6 billion, 

a new record. Products like vegetables, milk, cheese, chicken and pork pro-

duced in the Netherlands are consumed by people in many other countries. 

Also imports have risen, reaching a total of EUR 67.1 billion in 2020. Notably, 

almost three-quarters of the land on which the food for the Dutch food sec-

tor is produced, approximately 3 million hectares, is located outside of the 

Netherlands. About 44% of that land is in Europe, but more than half is in the 

Americas, Africa and Asia. The current Dutch diet is therefore literally global 

in its composition.

This interdependence means that changes in the Dutch food system have 

direct and indirect impacts on production and consumption elsewhere. An 

increased production and consumption of plant-based proteins and a reduc-

tion of animal-based proteins in the Netherlands, are therefore transmitted 

through all these connections to other parts of the world. So far, however, little 

attention is being paid to these transborder implications. The following cases 

illustrate the global nature of specific food items consumed or produced in the 

Netherlands. They discuss potential consequences of changes in production 

or consumption in the Netherlands for consumers and producers elsewhere.

Dutch soy-trade and Brazilian soy producers

Soy is one of the most widely traded crops globally and is used as an important 

input for animal production as well as for many plant-based protein products. 

The Netherlands imports about eight million tonnes of soy every year. Six mil-
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534 lion tonnes are re-exported to other countries within Europe and two million 

tonnes are used domestically, mostly for Dutch livestock farming. 

Most of the soy imported by the Netherlands comes from Brazil where 

the increasing international demand in recent decades has had huge impacts. 

Soybean production contributed importantly to Brazil’s socio-economic 

development. For instance, in soy production areas, access to health and edu-

cational services is better than the national average. However, the expansion of 

soy production has also been paired with societal challenges. Soy cultivation, 

processing and trading have ended up in the hands of a small group of large 

corporations, leading to an increase in income inequality. Unable to compete 

because of low market prices, many small-scale farmers were forced to sell their 

land or focus on local marketable crops.. As soy production is heavily mecha-

nised and offers few farm labour opportunities, many young farmers and 

workers had to move out of their communities in search of a better livelihood. 

The jobs higher up in the value chain, in transportation, industry and services 

are often inaccessible to them due to a lack of adequate education and skills. 

Soy production also has major direct and indirect environmental implications 

such as deforestation and biodiversity loss. NGOs and civil society organisa-

tions have successfully campaigned for international sustainability criteria 

and importers from Europe have committed themselves to only source soy that 

is labelled as sustainable. Roundtables and other initiatives have thus contrib-

uted to increased awareness of the environmental problems involved in soy 

production and have generated a clear definition and a list of criteria defining 

what can be considered sustainable soy. However, these voluntary initiatives 

have no mandate to impose their standard and can therefore not guarantee that 

all soy production practices will effectively be more sustainable.

A shift in consumption patterns in the Netherlands may have an impact 

on soy producers in Brazil in three ways. First, the Dutch government intends 

to increase its own soy production. Second, part of current soy consumption 

might be substituted with other protein-rich crops grown in Europe, and 

third, the Dutch government might aim to reduce its livestock sector. Together, 

these three developments may lead to a reduction of soy imports from Brazil. 

Directly, this would mean reduced export incomes for Brazilian soy producers 

and increased pressure on the limited land available in the Netherlands and in 

the EU. Indirectly, this would mean that the Netherlands can no longer be an 

active driver for the promotion of sustainable soy in international trade. 

This example shows how a national protein transition has consequences for 

global equity, and how transitioning to more sustainability leads to challenges 

in the arrangement of the global environmental governance of agricultural 

supply chains. 
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535Dutch dairy and Chinese consumers

The Netherlands is an important producer of dairy. With a monetary value of 

EUR 5 billion, 65% of all dairy produced in the Netherlands is exported. Most is 

sold within the European Union but even on the world market, the Netherlands 

is the fifth largest dairy exporter. The top three destinations for Dutch dairy 

exports in 2018 outside the EU were China, Japan and South Korea. Of these, 

China is the largest importer with 80 million kilograms of dairy products. 

As the Chinese government strongly supports dairy consumption, demand 

continues to increase. On average, current milk consumption in China is less 

than 25g per person per day while China’s dietary guidelines advise a daily 

intake of 300g of milk. Especially in cities where the middle-income class is 

growing and dairy is widely available, milk consumption is on the rise. These 

Chinese middle-class consumers value the quality and safety of Dutch brands, 

especially for powered milk and baby milk. Infant formula accounted for 45% 

of China’s dairy imports in 2019.

A protein transition in the Netherlands could include a decrease in national 

herd size in order to reduce the environmental impacts of animal husbandry. 

This would mean a reduction in milk production and dairy exports, which 

could have three potential consequences for China. First, consumers may have 

to pay more for their baby milk powder due to decreased supply. Second, China 

may increase its imports from other countries, and third, China might expand 

its own dairy production. In the latter case, China would need to quadruple its 

import of animal feed which in turn would increase greenhouse gas emissions 

(Bai, Zhaohai, et al, 2018). Or, China could expand its production of animal 

feed, which would require more land and thus compete with the production 

of other crops. These possible negative environmental impacts result from the 

Netherlands’ current highly efficient milk production practices. 

This example shows how dairy production is a highly globalised activity. 

Although the exact consequences cannot be established beforehand, it is clear 

that important shifts in the Dutch food system, such as those resulting from 

a protein transition, may lead to a range of effects in the production and con-

sumption of dairy around the world. 

Future chickpea consumption in the Netherlands

Chickpea consumption in the Netherlands is increasing fast. Products such 

as hummus and falafel have become fashionable to a growing group of con-

sumers. Sometimes as an alternative to meat. The consumption of chickpeas 
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536 is recommended by health organisations as part of a healthy, plant-based 

and convenient diet. As a result, the growing demand for chickpea has led to 

increased imports into the Netherlands and other countries in the European 

Union. 

The most important exporters of chickpea to the European Union are Mex-

ico, the United States, Argentina, Canada, Turkey and India. The production of 

chickpea within the European Union (mainly Spain, Italy and Greece)has also 

expanded considerably. Also in the Netherlands, farmers are experimenting 

with chickpea cultivation. These trends are in line with the ambition of the 

European Union to encourage the production of protein-rich crops and reduce 

the dependence in imported proteins. This development will most likely result 

in changes in agriculture in Europe and possibly lead to increased regional pro-

curement. However, in view of the growing demand for chickpea, imports are 

also expected to continue to rise. This may lead to increasing consumer prices 

in traditional production countries, limiting consumers from lower economic 

classes’ accessibility to chickpeas.

This example shows how the growing demand for plant-based proteins 

result in changes in land use and possibly a shift in global competition with 

negative implications for some chickpea producing countries. Moreover, it 

leads to the question of how to guarantee access to healthy food for consumers 

of lower economic strata in countries currently producing chickpeas. 

Governing protein transitions

A transition from animal-based protein towards plant-based protein con-

sumption and production in the Netherlands has transnational consequences. 

Although these consequences cannot be predicted in detail beforehand, it is 

important to raise questions about how the available global space for food 

production should be used. How to deal with efficiency, resilience and food 

sovereignty while securing access to sufficient food for everyone around the 

world? This raises the question of governance in the protein transition.

Governing protein transitions means steering food-related activities 

(production, distribution and consumption) towards reduced animal-based 

protein and increased non-animal-based protein use. As the examples showed, 

governance is not only in the hands of national governments but involves many 

different national and international societal actors. Steering protein transi-

tions is therefore not only a task of governments but should involve other 

relevant actors in society, including private companies, NGOs and consumers. 

Moreover, there are different, sometimes competing, views on how the protein 
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537transition should be shaped. Therefore, effective governance mechanisms must 

be organised to deal with these different views and find synergies to address 

trade-offs between the different parts of the protein supply chain, within the 

context of multi-layered food systems (local/regional/urban, national, global) 

and the presence of many different stakeholders. 

Pathways forward

The Netherlands has a pivotal role in the global food system as exporter as 

well as importer. This cannot be ignored when promoting a national protein 

transition. As the examples illustrate: changes in policies and practices in the 

Netherlands have social and environmental impacts around the world that 

should be taken into account when striving for an inclusive and sustainable 

global food system. Building on this case, we suggest the following pathway 

for designing national protein transitions.

First, national governments need to clarify their moral stance and for-

mulate a food policy with clear objectives. This requires taking a position in 

ethical dilemmas such as: How does a particular country balance its role as 

food exporter and importer and contributor to global food security with its 

environmental ambitions to comply with the Paris climate agreement? How 

does a country value food system sustainability in the long run as compared 

to achieving food security in the short run? To what extent does a country aim 

for an inclusive global food system? Second, in order to put these principles 

in practice, it is necessary to identify the possible direct and indirect impacts 

caused by a national protein transition on the global environment and the 

livelihoods of people across international, national and local scales. Protein 

transitions change the everyday lives of people, and impact economic interests 

and cultural food identities. Third, one country alone is not able to develop and 

implement the necessary governance arrangements. Therefore, transborder 

collaboration through the engagement of the various value chain actors will 

be required. For the Netherlands this would mean not only a recognising the 

international implications of a protein transition, but also identifying trans-

border impacts and setting up arrangements to minimise negative impacts.

National governments involved in the protein transition process should 

acknowledge the international dimensions of the transition and explore the 

extent of potential transnational impacts to ensure this is accounted for in 

policy making.  
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Reflections from the transition 

Stacy Pyett

Wageningen Food & Biobased Research, Wageningen University & Research

I n the end a transition is about people. The aim of this section is to provide 

personal reflections that go beyond the science of the transition to indi-

vidual motivations. The aim is not to demand or even expect that every 

perspective is identical but to accept and allow the transition as a multi-direc-

tional movement and coalition. Our first chapter is co-authored by a Professor 

of Philosophy and a conceptual artist and captures their two points of view on 

collaboration. While the responsibility to set the transition in motion demands 

immediate action, the future of the transition belongs to the younger genera-

tions. In acknowledgement of that, we have invited three student activists to 

provide stories of their personal motivations and experiences contributing to 

the transition. We hope their stories will serve as inspiration to students every-

where to join forces and act to accelerate the needed change. Our final chapter 

is one that we consider a need-to-have: a reflection on animal ethics. As the 

chapter makes clear, while this is less of a driver than sustainability for the 

mainstream population, our level of understanding of the experience of ani-

mals increasingly requires considering our food system through this lens. We 

see this final chapter not as an ending but rather as a beginning – and invita-

tion to the dialogue between the editors, contributors, and readers of this book.



544 Faba bean transition tales 

Arne Hendriks1 and Cor van der Weele2

1 Artist in residence, Wageningen University & Research; 2 Philosophy Group, 

Department of Social Sciences, Wageningen University & Research 

The sources and amounts of protein in human diets have varied through-

out history and across the world. Getting enough has been, and still is, a 

dominant struggle in many times and places. But recent decades are also 

novel: a transition towards protein superabundance has been spreading, 

starting in western countries. It is, more specifically, an abundance of ani-

mal protein, which in many countries now far surpasses the consumption 

of plant proteins. In response, present day transition is about the urgent 

need for a reversal of this trend. We mainly follow that trend, focusing 

primarily on faba beans, with half an eye also on cultivated meat.

B eans and other pulses (chickpeas, lentils, etc.) have been important 

sources of protein throughout human history. The cultivation of faba 

beans goes back at least 6,000 years (Eplett, 2012, Croptrust.org). They 

exist in many closely related varieties that are known as broad beans, field 

beans, horse beans and more. Some varieties are eaten as green vegetables, 

others are grown for use as (dry) pulses, and some can be both vegetables and 

pulses. They grow in a wide variety of soils and weathers, including cold cli-

mates, and many are used to make traditional dishes, such as falafel in Egypt. 

In the Netherlands, faba beans are well known as a green vegetable (tuinbonen/

broad beans), but the varieties that are grown as dry pulses (veldbonen/field 

beans) have been dwindling and are now slowly being (re)discovered in arable 

farming. Field beans are the main subject of this chapter. 

Our faba bean tales result from experimenting with a variety of starting 

points. For example, our food experiments did not primarily focus on tradi-

tional faba bean dishes like Egyptian falafel, but on miso and tempeh, which 

are normally made from soybeans and stem from the Far East. We explore the 

potential of going back and forth between heterogeneous sources in past, pre-

sent and future precisely for finding and studying new combinations and new 

beginnings. 

We alternate between writing jointly, as we are doing now, and separately, 

each starting with our personal protein transition history. We then describe, 

again jointly, our present experiments with faba beans in the Dutch province 

of Zeeland, with a focus on miso, after which we turn to specific tensions that 

make us think back and forth: Arne writes about factual and counterfactual 



545

F
A

B
A

 B
E

A
N

 T
R

A
N

S
IT

IO
N

 T
A

L
E

S

storytelling, Cor about pro- and anti-technological approaches, exemplified by 

cultivated meat and beans. We conclude with some thoughts about going back 

and forth – between past, present and future, between fact and counterfact, 

between cultivated meat and beans, cities and rural areas, art and science. We 

will advocate going back and forth as a fruitful method, and farms as fruitful 

places, for inquiry in times of transition. 

Pasts: more, less, less, more

Arne

In 2019 I was invited to become an artist in residence at Wageningen University & Research 

to reflect on the theme of the protein transition. My interest in the protein transition fol-

lows from a long-term artistic interest in increased contemporary human size. Since 2010 I 

have been writing, performing and making exhibitions committed to the idea that smaller 

human beings are desirable, especially because of their much smaller ecological footprint. 

Rather than grow towards scarcity, the human species could shrink towards abundance. As 

an artistic research, this counterintuitive approach creates space for the imagination and 

exposes some of the irrational obsessions of our species with notions of growth and accu-

mulation, as well as the kind of behaviour that emanates from this, such as the enormous 

increase in the quantity of animal protein as part of our diet. From an artistic point of view 

the increase in the flesh of our body resonates with an increase of the flesh we eat. Shrinking 

one becomes a metaphor for shrinking the other. This makes eating meat part of the bigger 

story of the transformation of our species towards a balanced relationship with the planet. 

During a visit to the Japanese island of Okinawa, where I wanted to learn more about 

the dietary habits of its short-statured centenarian population, I was offered a bowl of miso 

soup. In line with the custom in Okinawa, the meal came with the advice to eat until I 

was only 80% full, and to leave some space in my stomach. So: not to eat until I could eat 

no more, but to eat until I was no longer hungry. It’s believed to be what keeps people in 

Okinawa healthier (and smaller) than people elsewhere. The soup itself was as good as the 

advice and I was surprised to learn that its deep umami taste was the result of fermenting 

beans. This was not just less –this was also a lot more. A lot more taste, a lot more story-

telling, a lot more promise. At the same time, it puzzled me a little why this incredibly 

powerful and tasty paste had not found its way into my diet before. Beans and fermented 

bean paste can be powerful vehicles for the positive change towards a more plant-based diet 

because they are full of flavour and full of essential nutrients. Meeting with Cor and learn-

ing about her family farm gave me the opportunity to connect these personal and artistic 

interests and experiences to a real place of production and experimentation.



546 Cor

A memorable plea for eating less meat was made more than 50 years ago, in 1971, when 

Frances Moore Lappé published Diet for a small planet. She pointed out that the perfect 

alternative, pulses combined with grains, has been with us for thousands of years, and 

she added many recipes by way of encouragement. The book became successful in many 

countries, and when I read it as a student, a future full of grains and pulses looked con-

genial to me, and also familiar: both wheat and peas were grown at Veldzicht, our family 

farm. As societal change was in the air anyway, I simply assumed this was going to be the 

future. But however successful the book was, its mission was not back then: globally, pulse 

consumption kept going down while meat consumption kept increasing in the decades to 

follow. Many farms, including our family farm, stopped growing peas as the demand was 

vanishing. 

This is why, when in 2007, working as a philosopher at Wageningen University, I heard 

about the idea of cultivated meat, I thought, ‘Ah! This might finally help!’ From then on, I 

have been studying responses to cultured meat, with a growing interest in transition as a 

process. When people discussed cultured meat in focus groups, a recurrent observation was 

that after an hour of talking back and forth between cultured meat and normal meat, shifts 

were already notable: normal meat started to look a bit stranger, and cultivated meat a bit 

more normal. People began to like the idea of cultivated meat, especially in combination 

with small-scale animal farming, a scenario that we called ‘the pig in the backyard’ (Van 

der Weele and Driessen 2013, 2019). The follow-up question is whether such small-scale 

production might be a new option for farmers. Among much uncertainty, pilot farms now 

appear as the next logical step for developing this idea.

Meanwhile, pulses had continued to wither so much that the FAO decided to issue a call 

for new attention by designating 2016 as the International Year of Pulses. After all, pulses 

are, and always have been, an excellent source of protein.  In the Netherlands, peas have 

almost vanished, but faba beans are now being promoted to arable farmers as a potentially 

promising crop. As a member of the new generation now running the family farm, I have 

taken this suggestion to heart and in 2018 we started growing faba beans ( field beans).

Present: Mieso ex agro visum 

Around the time that Cor and her family started growing faba beans at Veld-

zicht, Arne became artist in residence for the protein transition in Wageningen. 

We had met before, in the context of cultured meat, but now, we started to 

consider the faba beans at Veldzicht as an option for a possible joint project. 

What might we do with them? We started to plan experimental workshops for 

making tempeh and miso with faba beans instead of soy. Let’s focus on what we 

did with miso, Arne’s favourite. 
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547Although inspired by eating miso in Japan and reading The Book of Miso 

(Shurtleff and Aoyagi, 2001), Arne’s desire to make and work with miso was 

primarily an artistic one. The living and transformative properties of Miso 

infused with time and, blessed with properties to make almost anything taste 

good, allows for inspired storytelling about enriching dietary relationships 

with non-animal protein. The gathering of scientists and creatives around such 

a powerful substance might create a space for new stories with a potential to 

take root in contemporary dietary culture, providing an opportunity for turn-

ing knowledge into desire and vice versa. 

In a small (coronavirus-proof) group, we organised an experimental work-

shop in October 2020 at Veldzicht, with Japanese miso maker Marika Groen 

as our guide. Miso, traditionally made from soy, is now at the centre of much 

experimentation in western countries (Redzepi and Zilber, 2018; Broekaert, 

2021), and Marika too was happy to experiment. Faba beans differ from soy in 

various ways, for example, peeling faba beans is more cumbersome and time 

consuming, so we decided to try using unpeeled beans instead. A radiant sun 

heightened our sense of discovery and anticipation, and at the end of the day 

we stored a collection of jars and pots filled with almost 15 kg of various experi-

mental faba bean mixtures in the cellar. It was now up to the various enzymes 

to start transforming the mix of beans and fungus into a flavour-filled miso 

in the subsequent 12 months. We set a date for next year to open the jars and 

sample them.

One year later we didn’t know what to expect when we, and interested 

members of the public, gathered around the pots during Eindhoven’s Dutch 

Design Week, the largest event in northern Europe for showcasing new design 
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548 developments. To our delight, the miso that emerged turned out to be wonder-

fully tasty, savoury, rich and deep, with a lovely touch of sweetness. While this 

surprised us, this was actually in line with the findings of other miso experi-

ments: the outcomes are almost invariably delicious (Broekaert, 2021). The role 

of time was an additional source of wonder for us. Marika Groen had said dur-

ing the workshop that making miso is like writing a letter to the future. Now 

this future had arrived: a sunny Saturday afternoon had turned into a rainy 

Tuesday afternoon that presented us with a savoury fermented bean paste that 

we shared with the public. Even though they too loved the taste, there was also 

scepticism as to how, or if, the use of miso would change our eating habits. After 

all, you cannot expect people to wait for one year until the cooking is done. 

But wait, once you have a tradition going, the process repeats itself year after 

year and you’ll never have to wait. So, in Eindhoven, we seized the opportu-

nity to make a new batch of faba bean miso, which we again stored in specially 

designed pots in Veldzicht’s cellar to be opened in a year’s time. Thus, time 

consciousness is an important element of the process of fermentation and eat-

ing fermented foods. 

Futures and tensions

Arne

So far the story of the bean and fermented bean paste is not as successful as it could and per-

haps should have been. Miso’s considerable health and flavour properties make it difficult 

to understand why, despite several hundreds of years of exclusive trade relations between 

the Netherlands and Japan, miso has been ignored for so long. I felt a sense of frustration 

and sadness because of missed opportunities to make better protein choices in the past. 

What if miso and its powerful umami flavour had been embraced in the 17th century and 

found its way into Dutch cuisine? What if the Netherlands had started to produce local 

savoury fermented bean pastes inspired by eastern flavours? What if?

Eventually this growing frustration became a creative source as we started to trans-

form the imagination of what could have been into counterfactual action. We imagined a 

forgotten batch of miso accidentally reaching Zeeland in the year 1652. We imagined a local 

innkeeper with a passion for flavours embracing this miso and incorporating it into the 

meals he served his guests. We imagined him talking to a local farmer, to see if they could 

produce miso themselves. And then we designed that counterfactual miso and created a 

counterfactual reality around it, including period-based pottery and merchandising.

The retrofitting of imaginary miso into 17th-century Dutch agro-culture allows us to time-

walk back and forth through its landscape and imagine what could have been. ‘What if ’ 

is not ‘Whatever’ but a call to action creating a sense of ’What is’ and ‘What still might 
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549be’. History is not just the sum of what happened in the past but also the result of what 

we didn’t do, what we didn’t imagine and express. Speculative or counterfactual design 

creates the spacetime of suspended disbelief to relate to this intangible accumulation of 

non-action and to the pasts we didn’t embrace. We overcome the regret for not bringing miso 

to the Netherlands because in our imagination we did, and our imagined consequences can 

still become reality. Based on a local miso fantasy situated on a farm in Zeeland, countless 

paths to a real future seem possible.

Miso is a wave and a particle.

Cor

Planetary, ecological and societal urgencies direct our protein futures, and in the present 

preamble to a real transition, an ever-richer set of alternatives for animal products is being 

developed. For me, beans and cultured meat both belong to that set, but many people don’t 

agree, and the evidence of a split between ‘techno-optimists’ who believe in human inge-

nuity and ‘techno-sceptics’ who believe in living more sober lives can be found all around. 

This dualism has not only been described but also reinforced by Charles Mann (2018), who 

believes that we will have to firmly choose between these options, although he personally 

feels too ambivalent for such a choice.

Such ambivalence is actually quite widespread; it is nowadays a central characteristic 

of many people’s attitude towards meat as well as towards each of its alternatives. More 

generally speaking, ambivalence is an important element of transition processes, and quite 

understandably so, as old normalities are being undermined while new directions don’t yet 

have the power to convince. Making firm choices in this situation is not only difficult, but 

perhaps also premature and unhelpful, as it leads energy away from constructive searches, 

instead creating a polarisation between living sober lives and looking for technological help.

Why not both-and? (A question I also addressed in my farewell lecture at Wageningen 

University: Van der Weele, 2021). Different alternatives will appeal to different groups and 

thus have different roles to play in the transition process. The call for firm choices sup-

presses the constructive role that ambivalence can play when we learn to pay real attention 

to the tensions in our societal as well as our personal values and start thinking about how 

to do justice to the very different things that we value. For example, what about the idea 

of small-scale production of cultured meat, in local factories as well as on farms that may 

also have pigs roaming around in mud –and perhaps grow beans too. Such scenarios com-

bine old values with new ones, new with traditional technology, urban spirits with rural 

vitality, good relations with animals with eating ‘real’ meat. Imagine as a favourite recipe 

in some part of the future pea soup with faba bean miso and cultured meatballs: old and 

new technology combined.
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550 On going back and forth, on farms as places of inquiry

Faba beans are one type of crop among many, and miso is just one product to 

make with them. Next to miso, our faba bean experiments have so far included 

tempeh and ‘Egyptian’ faba bean falafel made from field beans instead of 

traditional broad beans. But there are more farms, technologies and stories 

everywhere. On the way to more sustainable food futures, farms can be places 

of tangible transition for many more things than processing beans in new 

ways: for making meat or dairy with new technologies, for getting to know 

more dimensions of soils, for experimenting with salt-loving crops, etc. As 

the experiments at Veldzicht show, this invites a getting-together of hetero-

geneous energies – inquisitive, artistic, commercial, social, moral, and more 

– and a diversity of people, stories, technologies and perspectives that so far 

had not been in contact. Our experience suggests a kind of methodology for 

connecting them and finding new beginnings: going back and forth between 

such different elements, creating a space in which they can make contact. Pro-

ceeding within this space asks for patience and trust. Instead of linear ways to 

move ahead, movements across differences and dualisms require a suspension 

of certainty, belief and disbelief. 

Farms are places of continuity. A place is already there, a tradition, a business 

model. They change if they must, but often not wholeheartedly. Pilot farms 

take up the change aspect more actively and eagerly, exploring new elements 

with an eye on new directions and turns. The specific strength of pilot farms 

in processes of transition may emerge precisely from the inherent conserva-

tive characteristics of farms. Instead of replacing tradition with innovation, 

pilot farms will tend to combine the new with the old, going back and forth 

between aspects in tension. This involves not only creative activities, on which 

our main focus has been in this chapter, but just as crucially critical dialogue 

(Van der Weele, 2021). 

S
E

C
T

IO
N

 10
 —

 R
E

F
L

E
C

T
IO

N
S

 F
R

O
M

 T
H

E
 T

R
A

N
S

IT
IO

N



551Such pilot farms are both real places and metaphors for a form of action 

research that experimentally probes new directions while also respecting tra-

dition and continuity. In our experience, thinking back and forth is a helpful 

way to proceed in this search. It characterises a type of investigation in which 

many people can join and which represents one of the alternatives for the com-

petitive atmosphere that now so dominates academic investigation. In short, 

we present pilot farms as a model for joint inquiry and action.
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552 A personal reflection on cultivated meat

Panagiotis Vlacshogiannis

Wageningen University & Research, graduate

Three students reflect on what motivated them to advocate and act for 

the protein transition

I ’ve wanted to work in science development since I was five years old. I was 

really interested in books as a child and when my father gave me my first 

book on the solar system, I was ecstatic. OK, I was mostly ecstatic because 

it included an awesome planetarium model that I could also play with. This 

model though, helped me comprehend my inherent curiosity as the first thing 

I did when I opened my brand-new book was trying to eat the planets. Maybe 

I thought eating the sun would provide me with the energy I needed for the 

rest of my day!

My journey in the protein transition started a few years later, when I was 

writing my first MSc thesis in 2018 in Athens, Greece. Back then, I aspired to 

become an animal nutritionist and my topic was related to technological inno-

vation in handling dairy cows. While researching agricultural innovations, I 

happened upon Dr Mark Post’s famous paper on cell-cultivated meat. He was 

the first to dream of a burger made entirely of lab-grown meat! 

Until then, innovations like these featured only in science fiction novels 

such as I, Robot by Isaac Asimov. Reading a published scientific paper on this 

technology blew my mind.

I have always loved eating meat. Grilling on flaming barbecues and shar-

ing tasty vegan, vegetarian and meat dishes is very much tied to my culture as 

a Greek. However, in the back of my mind I have always been concerned about 

how to make our farming systems more sustainable. Especially after study-

ing about the system for my first MSc and getting hands-on experience of the 

industry. Finding new ways for farming and farmers themselves to become 

more sustainable was always something I was trying to do. Cultivating the 

meat from animal cells gave a whole new meaning to the proverb “have your 

cake and eat it too.” It evolved into “have your cow and eat it too.” Trademark 

protected! Naturally, I was intrigued by this notion, and after finishing my first 

MSc, I decided to shift my career path and enroll at Wageningen University, a 

pioneer in the field of sustainability and agricultural innovation. While await-

ing the start of the fall semester, I decided to spend the summer as an intern for 

the Good Food Institute (GFI), a non-profit working internationally to accel-

erate alternative protein innovation. That’s how I also met Amy Huang, who 



553was the go-to person for the new projects. While I was still a student at WUR, I 

founded the Wageningen Alt. Protein Project and Cellular Agriculture Greece, 

both organizations striving to create communities around alternative sources 

of protein.

When I first started at Wageningen University & Research (WUR) as a stu-

dent, I was perplexed as to why there was no course on alternative protein 

sources such as plant-based and cultivated meat. Somewhat disappointed at 

the lack of response on this issue from the programme committee and direc-

tors, I decided to take action myself. After conversations with friends at the 

Good Food Institute, I founded an association in my second year at WUR with 

some like-minded students, aimed at transforming our university into a hub 

for alternative protein education, research, and innovation. Even back then, 

my motto was: If you feel something is missing don’t just complain about it, 

but change it. So, we kept knocking on doors until someone agreed to help set 

up our university’s first course on alternative protein. And just like that, our 

alternative protein adventure took off.

Personal note

What do we want today’s generation to be known for? I was sitting at a confer-

ence table at the top floor of the central building of Wageningen University, 

discussing the future activities of the association I used to be a member of. 

Again, the opportunity to develop a course on alternative sources of protein 

was of not much interest to the board members. ‘It’s too much work,’ said one. 

‘Professors and students won’t be interested,’ said another. I gazed out of the 

window that overlooked most of the campus, with that question buzzing in 

my head: What do we want today’s generation to be known for? Wageningen 

University has 19 buildings accommodating a total of over 100 chair groups. 

In in the 2020/2021 academic year, the university had 13,275 students enrolled 

in its programmes. How could it be that no-one was willing to invest time and 

effort in alternative proteins? I have to admit, the conversation left me disil-

lusioned and somewhat frustrated about the whole situation. 

Looking back, this was a turning point. I decided that I would not attend 

any more meetings as the association’s priorities clearly did not match mine. 

I also realised that I shouldn’t put my ambitions in the hands of others. This 

is like being in a conference room, noticing that the video isn’t working and 

waiting for IT to solve the problem. Doesn’t it make more sense to duck your 

head under the desk to see if everything is plugged in properly? It dawned on 
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554 me that I had to take the first step. If I wanted an alternative protein course to 

be taught at my university, it was up to me to make it happen. 

Wageningen University is a major actor in the protein transition, offering 

relevant courses on this topic. But many of these courses only scraped at the 

surface or addressed aspects of it. There was no dedicated course providing 

students with a comprehensive view of the field. I saw a void that needed to be 

filled. The problem was nobody was willing to help. After a series of discussions 

with my former supervisor at the Good Food Institute, she urged me to join the 

alternative protein project initiative and launch my own association in Wagen-

ingen. When fellow members of this initiative shared similar stories from their 

universities, I felt I was not alone after all but part of something bigger. 

The spark was lit. 

In the summer of 2020, I posted a message on the Facebook page Wageningen 

Student Plaza to connect with others with similar beliefs. Three like-minded 

MSc WUR students, Anna Celli, Shan He and Aditya Vaze, responded. This led 

to an initiative to address gaps in alternative protein opportunities for univer-

sities. We accomplished this with the assistance of Stacy Pyett, WUR’s Proteins 

for Life project manager, and the Good Food Institute. A few months later, Julia 

Gil N. Martin also joined the team. Back in 2021 we were only a team of five, 

with members from various nations and backgrounds but united in our desire 

to make a positive impact on feeding the world in the 21st century and beyond. 

Now the Wageningen Alternative protein Project is a pumping and active com-

munity of students. Even if we are no longer affiliated with it I am more than 

happy to see the progress it has made.

It is only in retrospect that I have come to realise how critical this step has 

been to the success of our initiative. Students need to find ways to broaden 

their spheres of impact. When we believe something is important enough to 

fight for, yet think we are alone, we should always reach out. I understand that 

not everyone will react the same way. Networking may come more naturally to 

some; others may be reluctant to take risks for fear of failure. But feeling part 

of something bigger and knowing we are not alone can make all the difference, 

especially at the start of one’s journey. As for me, my motivation skyrocketed 

when I realised there are others out there aiming for the same goals. After all, 

planting the seeds of change for future generations of students is more fun 

with others than alone!

Of course, the road to change is not a stroll in the park. The first few months 

of creating something new are typically the most difficult. There is a lot of 

red tape to deal with, especially if you are an international. I cannot empha-

sise enough how important it is to have a faculty adviser who knows the ins 

and outs of your university and can assist you throughout the process. Be very 
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555meticulous when it comes to their selection. You need someone who is not 

only an expert in their academic field, but who is also as enthusiastic as you 

about changing your university from within! Another suggestion we got was 

to contact previously existing university projects to learn from their success. 

This may even lead to fruitful collaborations, which is what happened with Eva 

Everloo when our associations joined forces to hold an online event!

When trying to achieve change, you are likely to encounter some pushback 

from professors. Professors are busy people and most of them simply cannot 

afford to spend time on meetings about new initiatives they are unsure about. 

Before contacting them, make sure you outline (preferably on paper) your plan 

and an indication of the type of support you need. The more effort and creativ-

ity you put into your plan, the more appealing it will be for professors. You’ll 

be surprised how many will want to help you succeed. 

Another issue we faced when we started out was the COVID-19 pandemic. 

Being unable to meet in person and do all the fun activities we had in mind 

(e.g., BBQ testing of alternative protein products, gather ups, documentary 

screenings) greatly limited the interaction we had with people outside of our 

initiative. Although adapting to the COVID reality also provided new oppor-

tunities, such as transitioning to virtual events and hosting well-attended 

webinars (experts proved to be much more willing to express their views from 

the comfort of their homes), we fortunately seem to be out of the COVID woods 

as far as future projects go. 

Some final thoughts to illustrate the power of reframing to support suc-

cessful initiatives. Posing issues as open-ended questions elicits numerous 

responses, yielding a wealth of information. Closed questions, on the other 

hand, elicit a short, quick response. Problem statements frequently generate 

few, if any, responses. Instead of saying ‘No, but …’ try saying, ‘Yes, and …’. You 

want to encourage your team members, not discourage them. These sorts of 

questions also helped Pablo Van Neste to find a solution for his food forest pro-

ject. 

To sum everything up, I believe a golden formula for successful change ini-

tiatives is the one created by David Gleicher: D * V * F > R.

D stands for status quo dissatisfaction, a sense of unhappiness with how 

things are now; V for your vision of what is possible; F for the first steps that 

can be taken to achieve your vision; and R, the resistance you will face along 

the way. If the product of the three factors (D, V and F) is greater than R, then 

change is possible.
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556 A personal reflection on plant-based diets

Eva Anna Everloo

Wageningen University & Research, graduate

Three students reflect on what motivated them to advocate and act for 

the protein transition

“N ever doubt that a small group of thoughtful, committed citizens 

can change the world. Indeed, it’s the only thing that ever has.” 

Margaret Mead (anthropologist)

My name is Eva Anna Everloo and at Wageningen University & Research (WUR), 

I developed my passion for healthy and sustainable food systems. Ever since I 

first learned about the complexity and large-scale impacts of our food system, 

I wanted to learn all about its intricate connections. I soon became aware of the 

negative effects of animal agriculture and the consumption of animal-based 

products – both on the environment and on public health. At the same time, I 

learned that with a societal shift towards more plant-based consumption pat-

terns, the negative impacts of our food system could be significantly reduced. 

Who would have thought that the food choices we make as consumers have 

such a profound global impact? As a new student at WUR, I noticed that people 

around me were overall very conscious about their food choices. Plant-forward 

canteen options, several student associations incorporating healthy and sus-

tainable eating into their programmes, and a local organic vegetable farm just 

off campus – the facilitating environment plus the academic trigger empow-

ered me to put my beliefs into action!

In my first year in Wageningen, I joined a group of determined students 

who were setting up a vegan student association (VSA). First, I attended a few 

meetings to learn about their mission, and after applying for a board member 

position, I was chosen as president for the first year. A year later, the association 

was officially established. What does the VSA do? Well, given the enormous 

negative impacts of animal-based food, and the cruelties associated with its 

production, the VSA’s mission is to create an inclusive community of plant-

based and vegan lifestyle advocates. The goal is to raise awareness and educate 

young people on the benefits of this lifestyle, to lower barriers, and to normal-

ise compassionate, plant-based food choices.

In my second year at university, I wanted to further explore my passion 

for food systems and plant-based diets during my thesis period. After sifting 

through various available projects, I realised that what I wanted to do did not 

really fit into a thesis structure. Together with my friend and thesis partner 



557Ella, I reached out to the Open & Online Education team at WUR to discuss 

possibilities for the development of an education project. After various con-

versations, we got a thumbs up to proceed with our plan to create a Massive 

Open Online Course (MOOC) about plant-based diets. Thousands of learners 

from all over the world enrol in MOOCs, so naturally I was extremely excited 

to be given this opportunity. Our course entitled ‘Plant Based Diets – Food for a 

Sustainable Future’, which went live in June 2021 and is now available on edX, 

is specifically designed for the general public and encourages more conscious 

food consumption habits. 

Besides working on my thesis, I also participated in WUR Student Chal-

lenges, working on various projects related to food system innovation (e.g., 

algae, biochar, and plant-based food options for canteens). This allowed me 

to develop my entrepreneurial skills, get feedback on my ideas and meet like-

minded people. My team even won two challenges, my favourite being the 

Rethink Protein 2.0 project, as it encourages students to find innovative solu-

tions for the protein transition. 

To learn more about and experience the startup ecosystem, I joined Pyro-

power, a young, student-driven company with the mission to reduce the impact 

of food waste and to promote a (biochar-based) circular economy. Working for 

this startup with such a dynamic, fast-paced team of driven individuals not 

only enabled me to unite my passion for food systems, regenerative agriculture 

and entrepreneurship, but has also been an incredibly positive and enriching 

experience. All the extracurricular activities that I was part of have been in line 

with the interests of Wageningen University. My MSc in food systems intro-

duced me to WUR’s specific funding goal for protein transition. In June 2021, I 

was awarded the Impact Award for social environmental impact by the Wage-

ningen University Fund for my circular-economy inspired business model for 

upcycling coffee waste. So, 2021 was definitely an eventful year!

Motivation

Why did I engage in all these activities alongside my studies? The answer is 

simple. Our world is in a crisis. We are seeing changing weather patterns, 

increasing rates of chronic diseases, and dwindling wildlife due to the increas-

ing utilisation of land for animal production. And, as this book shows, our food 

system is responsible for many of these problems. 

I believe the crisis the world finds itself in also presents an opportunity for 

change. My generation has the responsibility to ensure food security and a live-

able planet for the next generation. I see this as an important and meaningful 
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558 task, which is why our actions today matter. Being able to study at Wagenin-

gen University & Research and understand the roots and complexity of these 

problems puts me in a privileged position, so I feel the need to do my part 

and take action in a smart way. This requires interdisciplinary and systems 

thinking, institutional-driven (top-down) change, alongside individual- and 

societal-driven (bottom-up) change. For example, the MOOC I co-created aims 

to educate and empower individuals to change their consumption habits, 

Pablo Van Neste is working on helping children understand and appreciate the 

complexities of a food forest, and Panagiotis Vlachogiannis is focusing on pro-

moting consumer acceptance for cell-based meats. As former students of WUR, 

we are all working from different angles to achieve the same thing: bottom-up 

change. 

How did I find my path?

I have undergone a bit of a change of mindset over the past few years to get 

to this stage of actively trying to promote change in our global food system. 

Before doing my MSc, I travelled all over the world and spoke with local com-

munities. I met many people with different perspectives on agriculture, food 

industry, nutrition, and food (choice) privileges: a local dairy farmer in West-

ern Australia had a completely different viewpoint on agriculture than people 

working on the latest cell-based meat technology at Wageningen University. 

I realised the importance of understanding the wishes and needs of all peo-

ple, whatever their geographic location, discipline or socio-economic status. 

Surrounding myself with people from different backgrounds and areas of 

expertise allowed me to become more familiar with the complexity of the 

actors in the food system. 

For me, university is the perfect place to engage in this process and to 

explore my passion. I see  university as a playground for trying out new skills, 

putting ideas to the test, forming meaningful, interdisciplinary partnerships, 

exploring different avenues for change, and learning how to give feedback 

effectively and use it constructively.

The challenges we work on are overwhelming at times. Therefore, it’s 

important to surround yourself with people who are enthusiastic, passionate 

and enterprising, who dare to criticise your ideas and make you see the world 

from different perspectives. The people on my personal journey, my thesis part-

ner, my academic supervisors, the community at StartHub Wageningen, fellow 

entrepreneurs across the Netherlands, my startup colleagues, the WUR Chal-

S
E

C
T

IO
N

 10
 —

 R
E

F
L

E
C

T
IO

N
S

 F
R

O
M

 T
H

E
 T

R
A

N
S

IT
IO

N



559lenges team, my friends and family, have been a source of motivation and have 

given me the energy to continue on my path.

Occasionally struggling with overwhelm is a problem that I faced on 

my journey. Frustration at things not happening as quickly as expected was 

another problem, as was insecurity. Will the work we ultimately make a dif-

ference?  Then there is also the challenge of translating scientific findings and 

academic research into easy-to-grasp concepts that speak to broad audience. 

I learned that courage is necessary for overcoming resistance to change. 

You have to be prepared to take risks. It takes confidence to expose yourself 

and your ideas to an audience (and to criticism). Therefore, it’s important to 

remember is that you are in a learning cycle, in which you are continuously 

growing. Don’t be afraid to fail. Failing is part of learning and will allow you to 

fine tune your ideas and grow, both personally and academically.

What helps me to stay motivated on my journey to create impact is to focus 

on tangible goals: food security for future generations, reduced animal suffer-

ing, and habitat regeneration. Don’t be scared to tackle overwhelmingly large 

problems. If you dare to speak up and initiate change, others will be inspired 

and join you. Think outside the box, put your ideas out there, foster new con-

nections, and don’t give up. Once you’ve found your passion, it is crucial to take 

action and pursue it. Don’t be afraid to reach out to people who can help you 

realise your passion. Transformation is a joint effort. You don’t have to do it 

alone. Don’t be too hard on yourself and don’t stretch yourself too thin. Focus 

on the one thing that inspires you the most and don’t take on projects that are 

too much for you to handle, no matter how exciting they may sound.

I’m still not sure if I have found exactly what I’m looking for, but I have 

learned a lot from this journey by being vulnerable and open to criticism. I’m 

hopeful that staying true to my passion will eventually lead to great things.  

My thoughts on protein

Protein is an essential macronutrient for human health – it nourishes and 

feeds people. It is part of makes food healthy, along with carbohydrates, fats, 

and dozens of different micronutrients. But food is more than the sum of its 

nutrients – it is the interaction between nutrients that determines the effect 

on human health. A recent study found that diet contributes to about half 

of heart disease (53%), stroke (52%) and type 2 diabetes (48%) onsets (Micha et 

al., 2017). So, eating healthfully can prevent various chronic diseases. A whole 

food plant-based diet has repeatedly shown incredible health improvements 

on markers like BMI, blood cholesterol, blood pressure and insulin resistance 
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560 (Wright et al., 2017). Research shows that it can contribute to the prevention of 

many chronic diseases, and even to the reversal of some –including heart dis-

ease (Esselstyn, 2017). The health benefits of food have in fact been considered 

since ancient times, as expressed by Hippocrates more than two thousand years 

ago: ‘Let food be thy medicine and medicine by thy food’.

Food production also has a huge impact on the environment. Our global 

food system is responsible for about one quarter of the world’s greenhouse gas 

emissions (Poore & Nemecek, 2018). Scenario estimates have shown that if the 

world shifted to a mostly plant-based (vegan) diet, agricultural land use would 

shrink by 75% (Poore & Nemecek, 2018). How could more crop production 

result in less overall land use? To answer this question, it is important to know 

that there are three main purposes of land use and crop production: human 

food, animal feed and biofuel production. Of all calories produced by crops 

globally, only 55% go directly toward humans. As much as 36% of crop calories 

produced are used for animal feed and 9% for biofuel production (Cassidy et al., 

2013). The 36% of crop calories take up roughly 75% of the globe’s agricultural 

land (for grazing and growing feed). 

Cassidy et al. (2013) reported that if food would be grown exclusively for 

direct human consumption, 70% more calories would be available, enough to 

feed 4 billion more people. This finding shocked me. It shows the extremely 

high potential of plant-based diets for ensuring global food security. Also, 

switching from an average omnivorous diet to a plant-based (vegan) diet, which 

has the lowest environmental footprint out of all diets compared, leads to mas-

sive reductions in greenhouse gas emissions and water use (Chai et al., 2019). 

Besides the high emissions, land use and energy inefficiency of animal foods 

compared to plant foods, animal agriculture is also the main driver for most of 

the world’s large-scale deforestation, groundwater pollution, and biodiversity 

loss.. Global meat consumption is projected to rise in coming years, and that 

statistic that does not even include increased demand due to a growing world 

population (Ritchie & Roser, 2017). Animal protein production causes devastat-

ing impacts but at the same time creates an opportunity for mankind to change. 

The protein transition is a major challenge of our time, and is up to our gen-

eration to tackle it. This book shows smart pathways for food system change 

and revolutionary advances in food technology. To me, this transition starts 

with an awareness of plant-based diets and the pathways to change they offer.
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What is a Forest Garden?

Forest gardening is a low-maintenance, sustainable, plant-based food pro-

duction and agroforestry system based on woodland ecosystems, using 

fruit and nut trees, shrubs, herbs, vines and perennial vegetables which 

have yields directly useful to humans. Making use of companion plant-

ing, these can be intermixed to grow in a succession of layers to build a 

woodland habitat. They are generally organised for food production and/

or educational purposes. Forest gardening strives to ‘copy the structures 

of a natural forest and succession processes but replaces non-usable 

components with (agricultural and cultural ones, and relies on living com-

ponents (e.g., insects) as well as non-living components (e.g., ponds) 

to thrive. There are typically seven layers of vegetation that are used in 

forest gardens: tall trees, low trees, shrubs, herbs, ground covers, vines, 

and root crops. These vegetation layers are generally accepted amongst 

professional forest garden designers. Although the terms are used inter-

changeably, ‘food forest’ tends to refer to large projects and ‘forest garden’ 

to smaller ones.  Either way, this system of food production is challenging 

current definitions of what farms, nature and community mean, with a few 

prominent examples leading the way in the Netherlands, such as Food 

Forest Ketelbroeck and the Droevendaal Experimental Food Forest. 

A personal reflection on food forests 

Pablo Van Neste

Student of Wageningen University & Research

Three students reflect on what motivated them to advocate and act for 

the protein transition

Located in a small town in the Netherlands, where agricultural higher edu-

cation and rural life meet, is the Droevendaal Food Forest, an experimental 

food forest (or forest garden as some call it) on the campus of Wageningen 

University. It’s a fascinating place, not in the least because of the complexity 

of relations it addresses, and the focus that is laid on understanding the com-

munity built around it. I, having come to this university to learn how nature 

and agriculture can coincide, have fallen in love with this food forest and the 

Ecoliteracy Programme. Here we attempt to answer the question: What then?



563Ecoliteracy

Ecoliteracy is a young branch of educational philosophy inspired by such 

authors as David Orr and Fritjof Capra, and the food foresters made their own 

adaptation of it. The Ecoliteracy Programme is a co-creative course that school 

children (ages 8-12) have in their curriculum besides their other subjects like 

maths, history and language. The children come to the food forest every week 

and not just for a yearly field trip to learn how to read the landscape. The pro-

gramme aligns with the permaculture ethics and principles, and these take a 

central space in shaping the activities. I’ve been involved with the programme 

for the last three years as a coordinator, and what an adventure it has been! Our 

team uses the concept of head hands heart and hara to provide an experien-

tial learning space for all. Hara is the centre of the energy of our body that we 

gain our core physical, mental, emotional and even spiritual health from. It 

comes from several eastern cultures and ties into the first three H’s. The most 

important lesson I’ve learned from the programme is that all tasks can be an 

invitation to do things together and that by doing so the ‘finesse’ of commu-

nity comes to life. This finesse is not easy to describe in words, but rather is 

felt through gestures that reflect growth as an ecoliterate person. What comes 

to mind are small gestures like ‘selflessly taking the extra 20 minutes to clean 

up thoroughly’, ‘actively listening to someone’s problem’, ‘sharing what you’ve 

learned with your loved ones’, ‘proactively wanting to get engaged in the activi-

ties’, ‘including plants and animals when talking about us’, ‘openly expressing 

wishes and desires for the world’, ‘trying new foods with an open mind’, and 

‘not being afraid to open up to someone new and get to know them’. For me, 

these are the intimate ways of thinking that only come about when we build 

trust and foster caring behaviour for each other. I hope that our programme 

provides the inspiration for educators to tap into the ‘communal finesse’ that 

food forests encourage.

Protein and the food forest

So how do ecoliteracy, the food forest and the protein transition tie into each 

other? For me, it is about a long-term commitment with the land. It is about a 

long-term commitment with ourselves, our food, our protein sources. Making 

this commitment is a dance of sorts, a dynamic flow between observation and 

reflection. And while dancing, we juggle caring for each other, the earth and 

sharing what we have. I am terrible at dancing this dance, but I am trying my 

best to get the basic moves down.
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564 I remember watching The Game Changers and realising that the focus of the 

film has shifted from getting large amounts of protein, to debunking the myth 

that this should be leading our decisions. 

While studying organic agriculture at university, I became more and more 

uncomfortable with approaches to food systems that weren’t explicitly holis-

tic in their approach. Many initiatives like highly efficient chicken factories, 

seaweed farms and LED greenhouses became unfathomable for me. Where 

were the systems that helped achieve climate goals with minimal effort? The 

programme at the food forest allowed me to see things through the children’s 

eyes. I realised that the university was a playground where students explore 

ideas from the past, present and future to create something that works today.

Our protein choices impose high environmental and health burdens on 

society. One thing is clear: we cannot continue on our current trajectory. For 

me, food forests represent one solution, or tool, in a patchwork of options that 

will help us move towards a more sustainable, healthy and ethical protein tran-

sition. But this system can only thrive in a society with different values and 

principles than the ones that seem to prevail in the Netherlands today. I would 

like to add that as far as tools go, the food forest is a titanium, high- grade Swiss 

army knife. They are really expensive but will last for generations to come. 

The chestnut forest

Majestic creatures of the olden forests, the ox, buffalo, bison and gorilla, are all 

fed by the forest and have plenty of access to protein. What would a food forest 

in the Netherlands look like for these majestic human creatures? While species 

suitability may vary with different sites, there are various protein-rich crops 

that do well in our climate. I’m grateful to have met the wonderful scientist 

Wendy Jenkins at the food forest. Wendy attempted to calculate whether 10 

people per year could get all their nutritional needs met (including protein) 

through one hectare of food forest, and which main crops (link) would have to 

be grown to meet that goal. Foods with the highest protein content per serving 

include nuts (e.g., pine nuts, chestnuts, hazelnuts, walnuts) but some vegeta-

bles and fruits (e.g., miner’s lettuce, duck potatoes, Siberian pea shrubs, honey 

berries) are also high in protein content per serving. In light of the obtained 

insights, my view for the future of the European continent in terms of food 

production would be to develop a dominantly chestnut forest system. 

Niek Pepels, an outstanding chestnut expert and a wizard with numbers, 

walked me through some facts and figures to investigate whether growing 

chestnut forests all around Europe would be a feasible scenario. The data used 
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565in this example are based on the potential production of a healthy stand of 

European chestnuts, which is not very easy to find these days but still can be 

found in most Southern European countries (Pepels, 2020). 

A single healthy 250-year-old European chestnut tree yields about 100 kg of 

nuts (fresh weight), the equivalent of about 50 kg (dry matter, DM). A traditional 

European chestnut orchard has about 40 big chestnut trees per hectare, which 

produce a total of approx. 2,000 kg of chestnuts (DM) a year. (Pepels, 2019).

The protein content of chestnuts averages 5.6 g per 100 g DM (Borges et al., 

2008), meaning that one hectare of chestnut orchard produces 112 kg of pro-

tein (2,000 kg of chestnuts * 0.056 kg protein/kg chestnuts DM). This is even 

more impressive considering that traditional, multiple centuries-old chestnut 

orchards have never been fertilised. I stopped and let a tear out thinking about 

the mycelial network. 

Obviously, it is nothing short of remarkable that chestnut orchards are capa-

ble of producing so much protein without fertilisation (by humans), whereas  

nitrogen (the major component of protein) is an essential nutrient that is used 

by most annual crop farmers (corn/wheat/potatoes) every year in the form of 

(artificial) fertilisers. Chestnut trees, called ‘bread trees’ in France because of 

the strikingly similar nutritional composition of chestnuts and grains such as 

wheat used to make bread (high in carbohydrates, low in fats, low to moderate 

in proteins), show us that it is very well possible to grow a nutritious and deli-

cious staple food (chestnuts can be turned into chestnut flour which is the base 

of many of our staple foods such as bread and noodles) while growing agro-

forests (and preventing soil erosion, and conserving wildlife amongst other 

important ecosystem services provided by chestnut orchards) (Pepels, 2019).   

Could the chestnut be our golden ticket for the future of food production, 

I wonder? Plant foods such as most nuts are typically high in total protein but 

contain incomplete sources of protein (i.e., they do not contain all essential 

amino acids). They can be supplemented throughout the day to create a com-

plete source of protein. However, according to Wendy, many of the food forest 

foods have not been studied in detail and their amino acid profiles are unknown, 

making it difficult to create well-balanced food forest diets. Determining the 

precise composition of protein and what combinations are feasible to create 

complete proteins is an exciting area for future research in the field. Address-

ing these gaps in the literature will not only lead to a better understanding of 

how to feed people,   but will also quantify the reduction in environmental 

impact that could be achieved in terms of land-use savings when compared to 

other agricultural practices. But for me it’s already clear that sufficient protein 

is the result of a healthy natural system, not the other way around.
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566 Ecoliteracy and the quest for the right mindset

A major challenge with food forest foods, as well as with protein transitions 

in general, lies in moving the levers of change to achieve a shift consumption 

patterns. Knowing what we ought to do is one thing, but the path to change is 

often not straightforward. The protein debate is a great way to talk about other 

issues. It ties into other aspects of climate change, leaning towards a holistic 

perspective. There really isn’t any other way to talk about it. To address these 

challenges and gaps in research, interdisciplinary approaches aimed at bet-

ter linking production to consumption will be vital in supporting transitions 

towards more sustainable sources of protein and integrating food forests into 

the food system in a more effective way. 

After spending time in the food forest, four principles that ecoliteracy 

promotes have become vividly clear to me. These principles are: Nature is 

our teacher, sustainability is a community practice, the real world is the best 

place to learn, and sustainable living is only possible with deep environmental 

knowledge. With these principles as a basis, I have begun to look critically at 

the world around me and gained the confidence to speak up with more cer-

tainty about what we can do about the problems in this world.

I feel a sense of urgency to develop an ecoliterate society. Having been 

around children all my life as the eldest of 21 cousins and serving as a Boy 

Scouts leader for seven years, I feel like it is my duty to prioritise the educa-

tion of children through local project-based learning. This could be done with 

the help of forest gardens as educational settings. This system of food produc-

tion is challenging current definitions of what farms, nature and community 

mean in the Netherlands, which is also why I’m dedicating my time to being 

an example for other communities.

In the spirit of system thinking, ever-changing contexts and a holistic view, 

I hope to find an answer the never-ending question: What then?
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567Reflecting on animal ethics

Lisette de Jong, nutritionist and freelance science journalist

Based on an interview with Bernice Bovenkerk and Martijn van Loon 

Department of Philosophy, Wageningen University & Research

What animal agency and relational theory mean for the protein transition 

W hether it’s about farming pigs, chicken, fish, or the breeding of 

insects, the beings in question, although central to the process, 

are ultimately reduced to raw material. Ensuring food security for 

a growing world population is an important driver behind the global protein 

transition. But we should take a step back and ask ourselves whether unlimited 

population growth is inherently healthy, for the planet or the people already 

on it. And shouldn’t we first ensure a more equal distribution of nutrition 

resources over the world, instead of designing and building more intensive 

and industrial animal husbandry systems –despite the fact that these are often 

considered ‘cleaner’?

Attention to animal ethics

Many animals can experience pain and pleasure, and a growing amount 

of evidence indicates that many animals share similar cognitive systems to 

ours. Therefore, many animal ethicists argue that the focus in the search for 

sustainable alternatives to animal protein should not be restricted to the envi-

ronmental impact of animal husbandry systems or improving animal welfare 

conditions, but also demands a fundamental reconsideration of the way we 

conceptualise and treat animals. 

Around the world, most animal ethicists agree that we should not be farm-

ing animals for human consumption. The presence of pain and pleasure are 

considered a reasonable ground for moral status. Moreover, if animals feel pain 

and are able to suffer, then they have interests, and our treatment of animals 

would be unjust if we do not take these into (moral) consideration. Thus, when 

designing sustainable food systems, we should also reflect on our interactions 

with animals, and include the animals’ perspective and interests into our delib-

erations.

Nevertheless, people have been eating meat for over 2 million years and 

many would like to continue doing so. Perhaps for cultural reasons, or because 



568 they are convinced that eating meat has health benefits, or simply because they 

derive pleasure from it.

Human superiority

Human interests, then, seemingly outweigh those of animals. What could 

explain this supposition? Many world religions, specifically Abrahamic reli-

gions (Judaism, Christianity and Islam), see humans as superior to animals. 

‘Man is created in the image of God’, and this, in turn, confers the right to keep 

animals and to use them however they see fit. This belief persists today despite 

increasing secularisation. Nowadays, humans are seen as ‘the pinnacle of evo-

lution’.

Our lingering mechanistic paradigm5 causes hesitance to acknowledge the 

abilities of animals, often for the fear of being too anthropomorphic (i.e., a hes-

itance to ascribe goals, emotions and motivations to animals that are identical 

to those of human beings). In reality, however, human and non-human animals 

share a lot of traits. 

Anthropocene

The traditional idea that animals are fundamentally different from humans is 

under revision, so to speak, along with historical ideas of   human exceptional-

ism and superiority. The latter relates to the concept of ‘Anthropocene’, the era 

in which humans influence, manage and control most processes on our planet, 

including other animals and nature, to such an extent that we have caused 

harmful and often irreversible changes to ecosystems and the entire biosphere. 

Think of man-made climate change, the sixth mass extinction of species, the 

forest fires in Brazil and the current nitrogen crisis.

Our cultural heritage and historical development have also led to another 

problem. Many experts in the field of animal welfare and animal production 

depart from a narrow ‘welfarist’ perspective: ‘It does not matter whether you 

are keeping an animal, as long as it has had a good life, and if we kill it in a 

relative painless and not too stressful way, then that’s fine.’ Imagine a pig farm 

5 Keplerian physical astronomy and Galilean mechanistic physics initiated strict mechanistic explana-
tions in the natural sciences, which ultimately incorporated the actions and movements of living 
beings, and led to the demise of explanations in teleological and psychological terms. Hence living 
creatures, like animals, became conceptualised as machines – a worldview that is often deemed final 
due to Darwinian evolution.
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569where the animals have plenty of space and piglets are allowed to stay with the 

mother. But, after seven months, the piglets still end up in the slaughterhouse, 

being used for human welfare and pleasure.

Coping strategies

Ethicist or consumer, deep inside, more and more people feel that keeping 

and killing animals for food is morally troubling. Nevertheless, most people 

continue to do so. Many choose strategic ignorance as a way of sustaining our 

cognitive dissonance, caused by the so-called ‘meat paradox.’ Most people do 

not want to harm animals, but want to continue eating them. Perhaps this 

explains why it is so difficult to get the public’s attention for abuse in slaugh-

terhouses. The vast majority of us simply don’t want to hear about or see what 

happens to the cow, for example, en route to our barbecue.

It also might explain why the intelligence level of pigs is often estimated 

as lower than that of dogs and cats, when the truth is it is higher. Moreover, we 

could call into doubt our current understanding of animal mentality, includ-

ing our definition of and the value attributed to intelligence. Why should we 

take human powers as the benchmark?

Another popular argument explaining why humans should be free to eat 

animals is that, in contrast to humans, animals are not able to conceptualise 

death. Animal ethicists criticise this argument by pointing out its absurdity. 

Babies and infants do not have a concept of death (yet) either, yet no one main-

tains it is morally permissible to kill them on this basis. 

Similar cognitive systems

Interestingly, animal scientists are becoming increasingly aware that the 

distinction between humans and animals is not as black and white as it was his-

torically conceived. There is a growing body of empirical evidence that animals, 

at least in part, enjoy and are driven by conscious states and possess cognitive 

systems and neural cognates similar to those of human beings. Abilities that 

until recently were attributed only to humans, such as language, morality, a 

sense of justice, altruism, and culture, are increasingly being ascribed to other 

species. The work of Frans de Waal, among others, is a prime example of this.

In the case of primates and other mammals, these claims are easily accepted. 

But for other animals, the issue is that we lack the imagination to examine or 

appreciate this ourselves. It is hard to identify with animals that are so radically 

R
E

F
L

E
C

T
IN

G
 O

N
 A

N
IM

A
L

 E
T

H
IC

S



570 different from ourselves. The eyes of fish, for example, are positioned differ-

ently, thus we find it hard to imagine what their vision or other perceptual 

abilities would be like. This makes it hard for us to empathise or sympathise 

with them.

But even animals that are vastly different from us, including those with a 

relatively simply nervous systems (e.g., without a spinal cord) are nowadays 

considered ‘sentient creatures’. Invertebrates are increasingly seen as animals 

that have the ability to subjectively experience or feel, say, sensations or emo-

tions. Several invertebrate species, specifically cephalopods, have been included 

in European welfare legislation. 

Moreover, some scientists have argued that animals, including insects, 

actually possess the ability to form concepts of the world around them (see 

Carruthers, 2009). A honeybee, for example, might have a concept for the loca-

tion and quality of nectar, which allows it to evaluate potential food sources he 

encounters on his journey, and so that he can communicate this to his conspe-

cifics with the famous ‘waggle dance’.

But even if we would deny any subjective experience in insects, there are 

objective criteria that allow us to determine what is good or bad for an animal. 

So-called objective list-theories of well-being are predicated on what we know 

for a fact: that things can still go better or worse (for an animal) without the 

animal realising it. As humans, we know many ways to damage, harm, and kill 

insects, from insecticides to electric fly swatters.

Animal agency

Recent research clearly shows that many animals are more complex and sophis-

ticated than once thought. Many species show considerable cognitive and 

behavioural flexibility, and are capable of goal-directed behaviour. Animals 

want things, make plans, and perform actions that influence the world around 

them – their world – and they do this of their own volition. A case for free will 

in fruit flies has already been made (Brembs, 2011). 

In animal ethics, this is known as animal agency. For example, a honeybee 

picks up the smell of nectar from flowers on a small island in the middle of a 

lake. It feels the desire to gather the nectar and moves towards it. The action 

of the honeybee implies a desire and related intention to gather the nectar, but 

need not suggest any need to reflect on the feeling or action before it happens – 

although neuroscientists like Barron and Klein (2016) maintain that honeybees 

are candidates for consciousness. 
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571We see agency as the ability of a subject to influence the world around it in a 

way that expresses his or her wishes and will. This definition is inherently rela-

tional. The emphasis on influencing the world assumes a relationship between 

the agent and the world. It is also important to realise that desire and will do 

not arise in a vacuum. Social and environmental interactions play an important 

role here. This also gave rise to new theories that do not try to reduce the mind 

or consciousness to brain activity. The focus on interaction gave rise to theories 

that stress (physical) embodiment and (environmental) embeddedness.

Insect farms

The Anthropocene urges to reconsider our current animal practices and thus 

alternatives are being explored. One potential candidate is a new kind of ‘mini-

livestock’ insect farming. Compared to traditional livestock, modern insect 

farms have a relatively small impact on the environment. But they may actually 

be little more than a new way of intensive livestock farming, just with smaller 

animals and a larger scale. One needs millions of insects in order to produce a 

significant amount of protein. 

Unlike the ‘advanced invertebrates’ such as cephalopods, the abilities and 

interests of most insects are still largely unknown and often ignored, based 

on the (implicit) assumption that ‘insects don’t feel anything anyway’. But, as 

mentioned, this assumption is being challenged, and, accordingly, we should 

admit that we don’t know what they might feel or want. Do they have goals, 

fear of death, experience stress, and are there aspects of their life that they 

enjoy or value, that we are depriving them of?

The current attitude toward insects reminds us of the philosophy of 

Descartes (1596-1650), who argued http://plato.stanford.edu/entries/descartes/  

that mammals (which we nowadays consider sentient creatures) were no more 

than organic automata. He contended that they were incapable of feeling pain 

or emotion, and that they were essentially mindless machines. In the 1600s, 

Descartes put this theory on open display. He and his assistants would conduct 

public demonstrations in which they vivisected (and thus tortured) living ani-

mals, often rabbits or dogs. As the animal subjects writhed and cried out in 

apparent agony, Descartes would tell onlookers not to worry. The movements 

and sounds, he insisted, were no more than reflex responses. The animals were 

not really in any pain, which supposedly absolved people of any moral liability 

for killing animals.
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572 Co-shaping research

Instead of shifting our focus from pigs to ‘simple animals’, we should ask our-

selves how to change our approach to the treatment of animals. We believe it 

begins with a new approach to animal research. We should let go of our tra-

ditional conceptions of animals, and look with fresh eyes at the abilities of 

animals. We should seek safe, compassionate and meaningful interaction with 

them to find out what really drives them. We should focus, in other words, on 

co-shaping research; made famous by the ground-breaking approach of Dr Jane 

Goodall, who, for over 50 years, researched chimpanzees by living with them. 

The lives of all kinds of animals are increasingly being curtailed. Most ver-

tebrates live in captivity as production animals or pets, depriving them of their 

capacities to shape and organise their own lives, to freely move around, choose 

their own mate, and so forth. Questions that are asked in animal research, in 

living together with animals, largely determine the answers that we assume 

animals would give – if they could. For example, if we want to investigate 

whether certain animals can make conscious choices, this is impossible if the 

environment we provide them eliminates, or at least significantly limits, any 

opportunity for meaningful choice.

In the case of insect industries, keeping in mind their potential abilities, we 

need more observations of their natural behaviour and demeanour. Like con-

ventional livestock, it is likely that they are limited in their expression under 

conditions of captivity. Are these animals in a position to actually exhibit their 

agency? And should we then adapt the animals to our husbandry systems, or 

rather adapt the systems to the animals?

Relational theory of ethics

Animal ethicists at Wageningen University & Research are developing a rela-

tional theory of ethics that takes into account the perspectives of animals, as 

well as the socio-cultural-historical context in which relationships between 

humans and animals have developed. This means we not only look at how the 

people involved interpret and understand sentience or agency, but also at the 

reactions and actions of animals. Communication between humans and ani-

mals clearly happens, but we need to learn how to understand them.
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573Towards an animal-free food production system

In the Netherlands, awareness about problems with animal husbandry systems 

has increased, and people are finding ways to design sustainable and animal-

friendly systems. But if we want to bring about a real change then we should 

establish a fundamental rehabilitation of pre-modern (or archaic) attitudes 

towards to the world around us, re-evaluating ‘early green values’, including 

temperance and frugality. From such a perspective, nature and animals should 

not be perceived anymore as resources we can utilise for the maximisation of 

human welfare and continuous economic growth. Instead, we should consider 

them as fellow beings on this planet who we share our lives and co-exist with, 

in some cases in profound and symbiotic relationships, with mutual exchange 

of services and goods.

More extensive and sustainable methods (non-intensive and non-industrial/

large-scale production methods) could provide a middle way or intermediate 

step toward the ultimate dream of animal ethicists that advocate abolitionism: 

an animal-free food production system. Others argue that the consumption of 

a limited amount of animal protein remains inevitable – or even desirable – 

because of bioavailability, and the presence of  micronutrients like iron or B12. 

Furthermore, there are other promising alternatives to insect eating, such as 

plant-based alternatives for animal products, which are getting better and 

better. Similarly, the development of in vitro meat and dairy could provide 

products that are almost identical to their animal counterparts. 

Will we ever achieve certainty about the abilities of animals? We believe that 

disagreement and discussion on animal minds, and the moral implications 

thereof, will not be settled anytime soon. Yet one thing seems certain: humans 

possess great intellectual and moral powers. Isn’t it the case that great power 

comes with great responsibility?
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