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A B S T R A C T

Background: With food production being a key contributor to nitrogen and phosphorus cycle disruption,
biodiversity loss and climate change, the lacking sustainability of our food systems is a global issue. At the
same time, unhealthy diets have been identified as the greatest global burden of disease. Both aspects underline
the urgency of food system transformation and call for immediate action.
Scope and Approach: A global shift to predominantly plant-based diets has been described as an effective
strategy to make the food system more sustainable. While concerns regarding adequate protein supply from
predominantly plant-based diets have been raised, many publications state that adequate protein can be
provided when sufficiently diverse plant-based diets are consumed. In particular, a more holistic approach
in evaluating food and diet quality (supply of dietary fibre, micronutrients and moderate levels of glycaemic
load, salt, saturated fats) has been advocated. This review article provides an overview on current protein
intake levels, the diversity of current protein supply and consumer trends and proposes principles for the
targeted formulation of plant-based protein-foods that support and accelerate food system transformation.
Key Findings and Conclusions: Vegetal protein intake seems to lack diversity and is mainly covered by
cereal foods worldwide. Therefore, an increased inclusion of non-cereal proteins in plant-based protein-foods
is desirable.
1. Introduction and environmental perspective

Food production has been identified as one of the strongest drivers
for global environmental change and three of the most serious im-
plications are nitrogen and phosphorus cycle disruption, biodiversity
loss and climate change (Aiking, 2014; Rockström, et al., 2009; Wil-
lett, et al., 2019). Recent estimates associate approx. 30% of anthro-
pogenic greenhouse gas emissions with food production, as well as
70% of freshwater use and the occupation of 37% of ice-free land
surface (Searchinger et al., 2019; Willett, et al., 2019). Multiple publi-
cations have pointed out that fundamental changes in the food system
are needed to preserve environmental health (Aiking, 2014; FAO, 2019;
Friel et al., 2020; Garnett, 2014; IPES-Food, 2016; Lee et al., 2019;
Norberg-Hodge, 2021; Searchinger et al., 2019; Springmann, et al.,
2018; Willett, et al., 2019). Furthermore, our chances to reach the
Sustainable Development Goals (SDGs) established by the UN (FAO,
2019) and to meet targets set in the Paris Agreement depend greatly
on a transformation of the food system (Lee et al., 2019). The in-
creasing prevalence of diet-related disease risks indicates that also the
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preservation of human health, in addition to environmental health,
requires food system transformation (FAO, 2020; GBD 2017 DALYs
and HALE Collaborators, 2018; Global Panel on Agriculture and Food
Systems for Nutrition, 2016; Searchinger et al., 2019; United Nations
- Department of Economic and Social Affairs, 2019b). According to
the 2016 report of the Global Panel on Agriculture and Food Systems
for Nutrition (Global Panel on Agriculture and Food Systems for Nu-
trition, 2016), unhealthy diets represent the greatest global burden of
disease. In fact, six out of the top eleven disease risk factors are diet-
related and rank amongst other serious risk factors like alcohol and
drug use, unsafe sex, air pollution and tobacco smoking (GBD 2017
DALYs and HALE Collaborators, 2018; Global Panel on Agriculture
and Food Systems for Nutrition, 2016). Inadequate nourishment, which
refers to overnutrition, undernutrition and malnutrition, is on the rise,
and so are obesity, diabetes and other diet-related non-communicable
diseases (Lartey et al., 2018). For example, the increasing consumption
of high glycaemic load (GL) diets based on a large amount of foods high
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in rapidly digestible starch and sugar has been associated with obesity
and increased risk for diabetes, cardiovascular disease and colorectal
and breast cancer (Hu et al., 2013; Jenkins, et al., 2021; Ludwig, 2002;
Schwingshackl & Hoffmann, 2013).

The growing world population adds further strain to the global
food system. In order to feed roughly 10 billion mouths by 2050, an
overall rise in food demand is expected if we do not change the way
we produce, process, consume and dispose of food (Alexandratos &
Bruinsma, 2012; Henchion et al., 2017; Tilman et al., 2011; Tomlinson,
2013). Besides, an adequate distribution of food resources across high-,
medium- and low-income countries will become even more challeng-
ing. Also, the increasing urbanisation worldwide, but particularly in
developing countries, bears difficulties for adequate and sustainable
food supply (Abu Hatab et al., 2019). There is a consensus amongst
researchers, economists and politicians that all of these aspects are to be
accommodated during food system transformation and multiple strate-
gies to achieve this have been proposed (Manners, Blanco-Gutiérrez,
et al., 2020; Willett, et al., 2019). The global adoption of primarily
plant-based diets (with flexibility to include necessary regional and
cultural adjustments) has been mentioned as the most effective strategy
and scientists urge for action to promote this diet shift (Marques et al.,
2018; Nijdam et al., 2012; Ranganathan, Vennard, Waite, Dumas,
Lipinski & Searchinger, 2016; Willett, et al., 2019). In the light of
recent events, this approach has become even more attractive since
some studies suggest a link between animal-based food systems and
emerging zoonoses such as SARS-CoV-2 (Aiking & de Boer, 2020; Jacob
et al., 2020; Murray et al., 2016). Two other important strategies
to change the food system are a substantial reduction of food waste
and a decrease of food losses by improving technologies, particularly
agricultural processes (e.g. irrigation systems) (Willett, et al., 2019).
However, it has been argued that, in order to ascertain the food system
transformation, a combination of various strategies, including those
mentioned above, is necessary. Essentially, an international ‘‘multi-
sector’’ and ‘‘multi-level’’ approach is needed to change the food we
consume as well as the way it is produced (Aiking & de Boer, 2020;
Nicol & Taherzadeh, 2020; Röös et al., 2018; Willett, et al., 2019).
Moreover, all strategies need to be accompanied by science-based high-
level policy interventions (Friel et al., 2020; Garnett, 2014; Manners,
Blanco-Gutiérrez, et al., 2020; Neacsu et al., 2017; Nicol & Taherzadeh,
2020; Willett, et al., 2019). Such policies might include the stopping
of the expansion of agricultural land, the active reduction of livestock
numbers, the introduction of a meat tax and the development of other
tax schemes or incentive schemes that support sustainable consumer
products (Neacsu et al., 2017; Röös et al., 2018; Säll & Gren, 2015;
Tziva et al., 2020).

While collaborative action along the food chain is crucial to achieve
food system transformation, a detailed evaluation of the possible con-
tributions of each link of the chain is also needed. This review article
provides an overview on consumer product development and aspects
related to formulating healthy plant-based protein-foods in support of
the food system’s transformation, specifically in support of the shift to
predominantly plant-based diets. Plant-based protein-foods have been
amongst the top 10 key trends in the food sector for many years and the
market is expected to keep growing (Fi Europe, 2020; Mellentin, 2017,
2019). Since food product development represents a link between food
industry, food research and consumers, it is bound to play a key role in
amalgamating consumer food trends and food system changes required
to preserve human and environmental health.

2. The matter of protein adequacy

The advocacy of a shift to predominantly plant-based diets has
sparked a debate concerning the macronutrient protein and its ‘‘pivotal
role’’ in food system transformation (Aiking & de Boer, 2020). Since
animal-based foods provide significant amounts of high-quality protein
in many human diets, it has been discussed whether a shift to mainly
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plant-based diets might lead to inadequate protein intake (Lonnie &
Johnstone, 2020; Mariotti, 2017; Wu et al., 2014). But many publi-
cations have reported that sufficient, and largely even supersufficient,
amounts of protein are being consumed in most world regions and that
a reduction of animal-based protein intake would not cause insufficient
protein supply (Aiking & de Boer, 2020; Ranganathan, Vennard, Waite,
Dumas, Lipinski & Searchinger, 2016; Searchinger et al., 2019). Un-
certainties about required and recommended intakes of dietary protein
as well as contradicting scientific evidence regarding the effects of
high protein intakes (larger than currently recommended intakes Joint
FAO/WHO/UNU Expert Consultation, 2007) have additionally fuelled
these discussions (Mariotti, 2017).

2.1. Protein quantity

The first step this article takes in reviewing this matter is to look
at the current state of protein supply and consumption globally. Fig. 1
displays protein supply (FAOSTAT) and protein consumption (Global
Dietary Database; GDD) data for the year 2015 and for seven world
regions. The grouping of world regions was based on the classification
used by FAO (2011) (FAO, 2011a) with some modifications due to miss-
ing data in either FAOSTAT or GDD for the year 2015. An exhaustive
list of all included countries for each region is available in the supple-
mentary material to this article. The presented data show that the sup-
ply of dietary protein seems more than sufficient in most world regions
when compared to the average recommended intake (0.83 g/kg/day
and an average bodyweight of 62 kg Joint FAO/WHO/UNU Expert
Consultation, 2007; Walpole et al., 2012). However, it has repeatedly
been reported that calculated food supply data do not adequately reflect
and, in many cases, overestimate food consumption because factors
like food waste in households are not considered (Aiking & de Boer,
2020; Del Gobbo et al., 2015; Kearney, 2010; Khatibzadeh et al., 2016;
Micha et al., 2015; Schmidhuber et al., 2018). While the presented
protein consumption data confirm this trend (for the year 2015), they
also suggest that not only protein supply but also protein consumption
levels are above average recommended intakes in many countries, but
primarily in world regions 1–3, which represent high- and medium-
income countries (FAO, 2011a). The same conclusion was drawn in
previous articles from the World Resources Institute (WRI) based on
consumption data that were obtained by applying the GlobAgri model
to FAOSTAT supply data for the year 2009 (three year average 2008–
2010) (Ranganathan, Vennard, Waite, Searchinger, Dumas, & Lipinski,
2016; Searchinger et al., 2019). Nevertheless, according to the 2015
data presented in Fig. 1, the population in some countries in regions 4,
5 and 6 seem to consume insufficient amounts of dietary protein. The
apparent widespread protein overconsumption should be discussed in
the context of widespread overconsumption of dietary energy, which
has also been mentioned in the literature (Ranganathan, Vennard,
Waite, Searchinger, Dumas, & Lipinski, 2016). This is why recommen-
dations to reduce protein overconsumption are usually preceded by rec-
ommendations to reduce energy overconsumption (Aiking & de Boer,
2020). Furthermore, the fact that protein requirements mostly refer to
intakes per bodyweight can lead to a flawed interpretation of the data
presented in Fig. 1. The recommended intake for adults included in the
graph was calculated based on values established by FAO/WHO in 2007
(0.83 g/kg/day) (Joint FAO/WHO/UNU Expert Consultation, 2007)
and the global average bodyweight of 62 kg (Walpole et al., 2012)
which equals 51.5 g/capita/day. However, the average bodyweight
in high-income areas is considerably higher than the global average
(e.g. 70.8 kg in Europe, 80.7 kg in Northern America and 74.1 kg in
Oceania). Therefore, the recommended protein intake for adults would
amount to 58.8 g/capita/day, 67.0 g/capita/day and 61.5 g/capita/day
in Europe, Northern America and Oceania, respectively. Additionally,
some consumer groups require more dietary protein than adults. This
concerns children as well as individuals with higher levels of physical

activity (FAO, 2013; Joint FAO/WHO/UNU Expert Consultation, 2007;
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Fig. 1. Protein supply/consumption across seven world regions (displaying range, 1st quartile, median, 3rd quartile): protein supply in 2015 according to FAOSTAT data and
protein consumption in 2015 according to Global Dietary Database (GDD) data. ∗ Average recommended protein intake based on 0.83 g/kg/day and average bodyweight of
62 kg (Joint FAO/WHO/UNU Expert Consultation, 2007; Walpole et al., 2012).
Paul, 1989). Recent research advances have also suggested that the
elderly (individuals aged > 65) might have higher protein require-
ments than previously assumed and that elevated levels of dietary
protein consumption might help to protect bone health and prevent
sarcopenia (Ahnen et al., 2019; Berendsen et al., 2018; Krok-Schoen
et al., 2019; Lonnie et al., 2018). This aspect should not be underes-
timated, especially in the context of the advancing world population
ageing (United Nations - Department of Economic and Social Affairs,
2019a). Another important consideration when discussing sufficient
protein supply within a sustainable future food system are world pop-
ulation prospects, which project a world population of 9.7 billion in
2050 (United Nations - Department of Economic and Social Affairs,
2019b). Thus, it can be expected that, even if current protein over-
consumption is going to be reduced, there will be a growing demand
for dietary protein (Aiking, 2014; Henchion et al., 2017; Tilman et al.,
2011). In the light of recommended diet shifts, this demand should
be covered primarily by plant-based protein, which requires sufficient
availability of plant-based protein-foods. Population growth is also
expected to further increase the globally uneven distribution of protein
resources, which is an issue that needs to be addressed as part of food
system transformation (Aiking & de Boer, 2020).

The main purpose of ingesting dietary protein is to provide the
human body with sufficient substrate for biosynthesis pathways, specif-
ically for the synthesis of proteins. Dietary protein is a source of
nitrogen and indispensable amino acids as well as signal amino acids
(e.g. leucine) that regulate metabolism and stimulate anabolism (Mill-
ward et al., 2008). When assessing required and recommended dietary
protein intake, the majority of methods is based on the maintenance of
N balance (Joint FAO/WHO/UNU Expert Consultation, 2007; Lonnie
et al., 2018; Millward, 2003). Some articles highlight that this concept
does not consider the relevance of protein beyond maintaining 𝑁
balance and that the importance of dietary protein for optimal health
is underestimated (Lonnie et al., 2018; Millward, 2003; Millward et al.,
2008; Phillips et al., 2016). Many studies have found a positive impact
of protein intakes above the average recommended level on overall
health, blood pressure, blood lipid levels, weight management, satiety
and the prevalence of obesity and diabetes type 2 (Berryman et al.,
2016; Markova et al., 2017; Phillips et al., 2016; Santesso et al., 2012).
One of the most interesting aspects is the improved satiety reported
for high-protein diets, which could contribute to a reduction of energy
overconsumption (Klaus et al., 2018). Other publications have reported
that a low-protein diet increased life expectancy in mice and was
associated with decreased mortality and reduced cancer incidence in
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humans (Laeger et al., 2014; Levine et al., 2014; Simpson et al., 2015).
The presence of this conflicting evidence, which has been referred
to as ‘‘protein paradox’’, is likely associated with the fact that the
protein level of diets cannot be evaluated in isolation and that study
results always also depend on food matrix and other diet components
(macro- and micronutrients) (Klaus et al., 2018). Some studies have
found that high intakes of plant-derived proteins were associated with
either positive effects or less negative effects than high protein intakes
from animal sources (Klaus et al., 2018; Sokolowski et al., 2019; Vieira
et al., 2017). This is encouraging with regard to a shift to primarily
plant-based diets.

2.2. Protein quality

The quality of dietary protein largely depends on the bioavailabil-
ity of indispensable amino acids (IAAs) from this protein when it is
ingested (Herreman et al., 2020; Millward et al., 2008). IAA bioavail-
ability is mainly affected by the protein’s amino acid composition
(compared to the human amino acid requirement pattern of indispens-
able amino acids Joint FAO/WHO/UNU Expert Consultation, 2007) and
digestibility (Millward et al., 2008). Based on both aspects, protein
quality is often described by the protein digestibility corrected amino
acid score (PDCAAS) or, more recently, the digestible indispensable
amino acid score (DIAAS), which considers the digestibility of each
single indispensable amino acid rather than that of the whole protein
(used for PDCAAS) (Herreman et al., 2020; Schaafsma, 2005). Many
studies report that plant proteins have a lower protein quality than
animal proteins (Chardigny & Walrand, 2016; Herreman et al., 2020;
Mariotti, 2017; Weindl et al., 2020). This aspect is also known as
‘‘protein trade-off’’ in the context of the shift towards predominantly
plant-based diets (Weindl et al., 2020). The lower protein quality of
many plant sources is associated with a lack of certain IAAs (Mariotti,
2017). Animal proteins, on the other hand, often possess an amino
acid profile that represents a better match with the human require-
ment pattern (Herreman et al., 2020; Joint FAO/WHO/UNU Expert
Consultation, 2007; Klaus et al., 2018; Sá et al., 2020). The lower
quality of plant proteins has also been attributed to their often inferior
digestibility when compared to animal proteins (Mariotti, 2017). Antin-
utritional compounds (ANCs), such as phytates and trypsin inhibitors,
which naturally occur in many plants, have been found to substantially
reduce protein digestibility when present in the ingested food (Mariotti,
2017). However, both ANC contents and protein digestibility greatly
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depend on food matrix, food structure and applied processing tech-
niques (Hiolle et al., 2020; Sá et al., 2019; Vaz Patto et al., 2015).
Fig. 2A shows the proportions of animal and plant protein contributing
to the total protein supply across seven world regions. While these
are protein supply data which do not accurately reflect consumption,
they still provide an indication of the extent to which different protein
sources contribute to total protein consumption. In regions 1, 2, 3 and
7, approx. 45%–60% of total protein is provided by animal sources.
In regions 4, 5 and 6, less than 40% is covered by animal sources.
Considering a substantial reduction of animal food consumption as
part of the food system’s transformation, the remaining small amount
of animal protein together with the current supply of vegetal protein
could be insufficient to reach recommended protein intakes. Moreover,
it has been argued that, when dietary protein is mainly provided by
plant sources, recommended protein intake levels should be raised by
approximately 5%–10% to account for lower protein quality (Craig
& Mangels, 2009; Mariotti, 2017). While this is a very theoretical
approach and it can only provide a limited representation of the real
protein adequacy of future predominantly plant-based diets, it suggests
the need for an increased plant-based protein supply. Notions that
plant-based protein is not fit to satisfy human protein requirements
at all have been frequently addressed within the past few years. The
WRI ‘‘debunk protein myths’’ in their World Resources Report from
2019 (Searchinger et al., 2019) by stating that a diverse plant-based
diet is capable of providing adequate protein as well as micronutrients
for human nutrition. Many other publications also mention that this
diversity in plant-based protein is crucial for adequate protein supply
from predominantly plant-based diets and the key to overcoming the
lack of certain IAAs in individual plant proteins (Herreman et al.,
2020; Mariotti, 2017; Neacsu et al., 2017; Salomé et al., 2020). Fig. 2B
displays the proportions of different plant sources contributing to to-
tal vegetal protein supply. These data show that in all seven world
regions, the majority of vegetal protein supply is covered by cereals.
Furthermore, non-cereal protein supply accounts for as little as 30%
in four (including Europe) out of seven regions. The data clearly
suggest that plant-based protein supply is lacking diversity in many
regions. A predominantly plant-based diet based on these proportions
of plant sources could lead to insufficient supply of the IAAs lysine,
threonine and tryptophan, which are potentially limiting in cereal
protein (Leinonen et al., 2019). Mariotti and Gardner (2019) evaluated
the diet composition of different consumer groups in Europe: regular
meat-eaters, low meat-eaters, vegetarians and vegans, amongst others.
They reported that vegetarians and vegans consume considerably more
legumes, vegetarian alternatives and nuts than regular meat-eaters but
also slightly more cereal products. They concluded that there was
sufficient diversity in plant-based protein intake for vegetarians and
vegans and no or very low risk for lysine deficiency. But they also
estimated the expected lysine inadequacy of European diets when
intake of animal protein is reduced and isocalorically replaced by
plant-based foods. Their simulations showed that when animal protein
was entirely replaced by the mixture of plant foods that is currently
consumed by animal protein consuming individuals, the prevalence of
lysine inadequacy could be as high as 80% (at plant protein intake of
approximately 85% of total protein intake). This is in agreement with
the data presented in Fig. 2, which suggests that this might not only
be true for European diets but also for diets in regions 2, 3, 6 and 7.
When Mariotti and Gardner (2019) considered a partial replacement of
animal protein by a mixture of legumes, seeds and nuts as opposed to
the already consumed mixture of plant foods in their simulations, they
predicted drastically decreased prevalence of lysine inadequacy.

2.3. Overall diet quality is paramount

Another aspect associated with a high proportion of plant-based
protein intake coming from cereals is the glycaemic index (GI) and GL
241

of such diets (Jenkins et al., 2004). Cereal products often contain large
amounts of rapidly digestible starch (RDS) (Alsaffar, 2011; Martínez
et al., 2018; Singh et al., 2010). This is even more pronounced for re-
fined cereal products (as opposed to wholegrain products), which have
been increasingly consumed within the last decades (Jenkins et al.,
2004; Micha et al., 2015; Willett, et al., 2019). Such diets have been as-
sociated with several health risks such as obesity and diabetes (Ludwig,
2002), as mentioned above. Thus, a diet shift should not only target a
substantial reduction of the consumption of animal foods and a diver-
sification of plant-based protein supply but also consider a moderation
of diet-GL (Jenkins et al., 2004; Ludwig, 2002; Willett, et al., 2019).
The EAT-Lancet commission has proposed a reference diet which was
established considering both human health and environmental sustain-
ability based on the planetary boundaries concept (Rockström, et al.,
2009; Steffen et al., 2015). Table 1 summarises supply and consump-
tion data from 2015 (both expressed as g food/capita/day in contrast
to g protein/capita/day as in the two figures above) for two plant-
based food groups (cereals and the sum of legumes, beans, nuts and
seeds) in comparison to the intakes recommended in the EAT-Lancet
reference diet (Willett, et al., 2019). While Del Gobbo et al. (2015)
found that food balance data from FAOSTAT (for the years 1980–
2009) potentially underestimate legume consumption and overestimate
cereal consumption, the data for 2015 provided in Table 1 show that
consumption of legumes, beans, nuts and seeds was slightly lower than
the supply data suggest. When compared to the EAT-Lancet reference
diet, it appears that supply and consumption of legumes, beans, nuts
and seeds is much lower than the recommended intake. For cereals,
a comparison is more difficult since there were no GDD consumption
data available for this food group and the EAT-Lancet reference diet
only refers to an intake of wholegrain products (refined cereal products
are not part of the reference diet). However, the data suggest that
the supply of cereal products (refined and wholegrain) is considerably
higher than the recommended intake (wholegrain only). This means
that an increased consumption of legumes, beans, nuts and seeds is not
only beneficial from a nutritional perspective to diversify plant-based
(protein-) food intake but also from an environmental sustainability
point of view.

Protein undoubtedly is an important macronutrient, but many scien-
tists urge for a more holistic evaluation of the nutritional value of foods
and the whole diet instead of a mere focus on protein quantity and
quality (Alcorta et al., 2021; Mariotti & Gardner, 2019; Neacsu et al.,
2017). The coingestion of dietary fibre and important micronutrients
as well as compounds with potentially adverse health impacts with
protein-foods should be taken into account when their nutritional
quality is evaluated.

3. Consumer trends

A major diet shift will require changes in consumers’ food choices,
which depend on many different factors: availability, culture, social
status, affordability, sensory attributes, convenience of preparation,
consumer beliefs, consumer knowledge, individual perceptions, price,
brands and advertising are only a few from a long list of aspects
associated with multiple scientific disciplines (de Boer & Aiking, 2019;
Köster, 2009; Neacsu et al., 2017). In recent years, consumers’ aware-
ness of the impact of food production and diets on the environment
and on human health/wellbeing has increased substantially (Kuesten
& Hu, 2020; Mellentin, 2019). While this might influence the food
choices of some, the majority of consumers still underestimates the
environmental impact of meat consumption, for instance (Hartmann
& Siegrist, 2017). In a systematic review from 2017, Hartmann and
Siegrist (2017) conclude that consumers generally show low willingness
to change their behaviour in relation to meat consumption (referring
to both reduction as well as substitution by alternative protein-foods).
Research has clearly shown that to prevent substantial environmen-
tal damage caused by the food system in the future and to protect

human health, a global shift to predominantly plant-based diets is a
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Fig. 2. Sources of protein supply across seven world regions in 2015 according to FAO food balance data (FAOSTAT): (A) Proportions of protein from animal and vegetal sources
of total protein supply (based on mean animal and vegetal protein supply across the countries of each region); (B) Proportions of different protein sources of vegetal protein supply
(based on mean protein supply from listed vegetal sources across the countries of each region).
Table 1
Supply/consumption of specific food groups across seven world regions.

Supply/consumption [g/capita/day] Region 1 Region 2 Region 3 Region 4 Region 5 Region 6 Region 7

Supply cereal 362.2 288.2 479.7 390.3 488.6 588.8 385.1
Consumption cereal — (no data available)
EAT-Lancet reference diet 232 (0%–60% of calories) as wholegrain products (rice, wheat, corn and other)

Supply legumes/oilcrops/nuts 22.1 34.3 34.9 50.0 32.8 58.1 43.2
Consumption legumes/beans/nuts/seeds 18.0 23.1 32.4 26.7 28.7 36.8 27.5
EAT-Lancet reference diet 125 (25–250) legumes, soy foods, peanuts and treenuts
key strategy (Willett, et al., 2019). But de Boer and Aiking (2017)
mentioned that this science-based reasoning seems to be not adequately
available to the consumer or is too difficult to comprehend. The gap
between consumer behaviour and required change of the food system
needs to be addressed at multiple levels (diet, dish, dish ingredients
and bites) by the relevant food chain entities (policy-makers, farmers,
retailers, food processors, restaurant owners) (Aiking & de Boer, 2020;
de Boer & Aiking, 2019; Gravely & Fraser, 2018). For example, the
inclusion of environmental health and sustainability considerations in
dietary guidelines by policy-makers might not flip a switch and bring
about food system transformation on its own, but it could certainly
instigate increased acceptance of predominantly plant-based diets and
advocate associated health benefits (Aiking & de Boer, 2020; de Boer &
Aiking, 2019). Such dietary guidelines have already been established
on a national level in several countries, for example, in the UK, the
Netherlands, Germany and Sweden (Aiking & de Boer, 2020; Behrens
et al., 2017; Gonzalez Fischer & Garnett, 2016). A dietary intervention
study published by Micheelsen et al. (2014) in 2014 investigates the
acceptability of the ‘‘New Nordic Diet’’, which was established to im-
prove public health in Denmark. This diet is characterised by reduced
meat intake (by 35%) and increased intake of plant-based foods (whole-
grain foods, fruit, vegetables, nuts) compared to an ‘‘Average Danish
Diet’’. Regional and seasonal aspects are also considered to determine
242
the diet’s food basket. In an evaluation of the diets environmental im-
pact, it was found that specifically the reduced meat consumption and
avoiding long-distance imports contributed to reduced environmental
impact of the ‘‘New Nordic Diet’’ in comparison to the ‘‘Average Danish
Diet’’ (Saxe, 2014). A key finding of the intervention study was that
while it scored high in eating acceptance (tastiness), it lacked practical
acceptability (Micheelsen et al., 2014). This seemed to be primarily
related to tedious/time-consuming food preparation as well as the
perception of high price and limited availability of the required food
products. Therefore, practical acceptability was identified as the main
barrier to consumers adopting this diet at the time of the intervention
study (2010–2011). Macdiarmid et al. (2013) also showed that many
consumers seem to have the impression healthy (and environmentally
sustainable Aiking & de Boer, 2020) diets are not compatible with
their fast-paced lives. This is where other food system sectors like food
processing, retail and food service, which have great economic and
cultural influence on the food system (Stuckler & Nestle, 2012; Willett,
et al., 2019), can help to induce change in consumer food choice and to
promote diet shifts. Also, the increasingly important role of innovation
and entrepreneurship in the food sector has great potential to drive
change in consumer behaviour and the food system in general (Lynde,
2020). What all of these sectors have in common is the need to develop
new products. This is why product development should aim to increase
diversity of plant-based protein supply and to improve practicability
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of consuming predominantly plant-based diets by providing healthy
plant-based protein-foods in more convenient formats. However, more
convenient formats also imply the need for food processing which
certainly represents a trade-off regarding the sustainability of these
foods; whole legumes, for instance, can be expected to have a lower
environmental footprint than processed foods containing legumes. Fur-
thermore, processed foods have an increasingly negative reputation
amongst consumers, which is also closely associated with the ‘clean-
label’ trend (Asioli et al., 2017; Román et al., 2017). It is true that
diets with high intakes of ultra-processed foods, which are commonly
characterised by high fat, sugar and salt contents and low levels of
dietary fibre, protein, micronutrients and bioactive compounds, have
been associated with an elevated risk of non-communicable diseases
and obesity (Fardet, 2018; Jones, 2019; Moubarac, 2015). However,
some extent of food processing is indispensable and has assured suf-
ficient and safe food supply for centuries; for example, by increasing
shelf life, microbiological quality and digestibility and by reducing
ANCs and potentially toxins (Fardet, 2018; Global Panel on Agriculture
and Food Systems for Nutrition, 2016; Jones, 2019; Moubarac, 2015).
While the consumption of plant-based whole foods is to be encouraged,
moderate and targeted processing can help to produce healthy plant-
based protein-foods with improved nutritional quality (Fardet, 2018;
Magrini et al., 2018). Aschemann-Witzel et al. (2020) conclude in their
review from 2020 that consumers’ ‘‘scepticism toward processing has to
be overcome through more plant-based foods meeting both consumer
interests’’: health and ‘clean-label’.

4. Targeted product development

Based on the considerations presented above, the development of
plant-based protein-foods should follow five key principles, which are
summarised in Fig. 3. (1) Selecting the right protein sources - Principle

aims at intentionally choosing those protein sources that, based
n scientific evidence, promise both environmental and nutritional
enefits. In favour of diversifying plant-based protein supply, mainly
on-cereal raw materials should be in the focus (which does not mean
hat cereal products are not an important and essential part of healthy
iets). Also, locally grown crops should be prioritised since the use
f local resources is known to considerably lower the environmental
ootprint of foods (Nijdam et al., 2012; Saxe, 2014; Weindl et al.,
020). (2) Supporting crop diversity - Principle 2 targets the selection

of various different crops as raw materials either in combination for
the same product or individually for a range of different products.
Crop diversity has been mentioned to be important for soil fertility and
in the battle against declining yields and nutritional quality of crops
caused by climate change (Gogoi et al., 2018; McGuire & Sperling,
2013; Willett, et al., 2019). Actively choosing various crops for food
formulation creates increased demand and could promote their cultiva-
tion by farmers, as postulated by Tsolakis et al. (2019) for faba beans.
Furthermore, it has been reported that blending different plant-based
raw materials is the key to improving nutritional and technological
quality of the final food products (Fi Europe, 2020; Salomé et al., 2020).
(3) Using the right ingredients - Principle 3 is directed at choosing the
ingredient types (derived from the previously selected protein sources)
that are best suited for the application in question. This concerns those
ingredients contributing to the protein content (protein ingredients;
PIs) of the food as well as other ingredients that are part of the
formulation. For PIs, it means choosing the level of protein purification
and other types of processing (e.g. heat treatment, enzyme treatment,
high-pressure treatment, fermentation, specific chemical modification)
that are required. Both protein purification and other processing steps
affect physicochemical, techno-functional and nutritional properties of
the ingredients (Vogelsang-O’Dwyer, Bez, Petersen, Joehnke, Detzel,
et al., 2020; Vogelsang-O’Dwyer, Bez, Petersen, Joehnke, Sørensen,
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et al., 2020; Vogelsang-O’Dwyer et al., 2021) such as protein content,
solubility, dispersibility, protein digestibility, and content of ANCs (Pat-
terson et al., 2017; Sá et al., 2019; Vaz Patto et al., 2015). In support
of environmental sustainability, processing should be kept at the neces-
sary level, and raw materials should be used as efficiently as possible. In
this context, the use of side-streams from plant-based food production
is highly encouraged. Both PIs as well as other ingredients that are
often required for the formulation of plant-based protein-foods can
be represented by food processing side-streams (Schieber, 2017; Tlais
et al., 2020). Especially side-streams high in starch or fibre have been
successfully applied as functional ingredients in food product develop-
ment (Schutyser et al., 2015). (4) Creating healthy formulations - Principle
4 addresses the need to develop products with adequate nutritional
value. The combination of ingredients and further processing steps
should be chosen to obtain a final food product with good overall nutri-
tional quality. Protein digestibility is an important factor with impact
on nutritional quality and should be considered and monitored in food
formulation since it has been shown to greatly depend on food process-
ing and food matrix (Sá et al., 2019). With regard to protein quality, the
focus lies on sufficient lysine intake from predominantly plant-based
diets (Leinonen et al., 2019). In this regard, also the bioavailability of
lysine is crucial and depressed bioavailability due to processing related
chemical modification of lysine should be taken into account (Mariotti,
2017; Moughan, 2009). In general, the developed protein-foods should
either provide balanced amino acid profiles in accordance with the
human requirement pattern (Joint FAO/WHO/UNU Expert Consulta-
tion, 2007) or possess an amino acid profile that complements that
of cereal proteins in widely consumed staple foods. While protein
quality is of great importance in protein-foods, also the presence of
other micro- and macronutrients as well as levels of compounds with
potentially adverse health effects are to be considered. Specifically,
salt, saturated fats and the GL of the foods, which are factors that
have been associated with adverse health effects and increased risk
of non-communicable diseases, need to be kept at low or moderate
levels (Fardet, 2018; Hu et al., 2013; Jenkins, et al., 2021; Jones, 2019;
Ludwig, 2002; Moubarac, 2015; Schwingshackl & Hoffmann, 2013).
Many plant-based protein sources (e.g. legumes, nuts and seeds) are
also known to be rich in dietary fibre, essential minerals like iron
and zinc, B vitamins, phenolic compounds and prebiotic oligosaccha-
rides (Vaz Patto et al., 2015), which have been identified as the main
contributors to health benefits associated with the consumption of plant
foods (Neacsu et al., 2017; Vaz Patto et al., 2015). Therefore, these
valuable food constituents should be preserved as much as possible
during ingredient and food processing, and adequate levels should
remain in the developed plant-based protein-foods. While high levels
of these compounds could also be achieved by supplementation with
purified food additives, this inevitably requires extensive processing
and generally opposes sustainability considerations (Fardet, 2018).
Some of the beneficial plant constituents mentioned above (e.g. phe-
nolic compounds, prebiotic oligosaccharides) are also considered as
antinutrients (Campos-Vega et al., 2010). Therefore, the contents of
these and other ANCs should be monitored during raw material and
ingredient selection, but also during food formulation and final pro-
cessing. (5) Targeting high consumer acceptance - Principle 5 advocates
the combination of the previously discussed principles in a product
that, additionally, promises high consumer acceptance. While it would
be detrimental for achieving food system transformation to drop any
of the principles above in favour of high consumer acceptance, it
would be equally disadvantageous to develop expensive products with
low sensory quality that decelerate diet shifts by making plant-based
protein-foods less appealing to consumers. Research shows that factors
like affordability, availability and tastiness still rank above health and
sustainability considerations in consumers’ food choices (Jones, 2019;
Kearney, 2010; Micheelsen et al., 2014; Siró et al., 2008). Providing
a wide range of tasty and convenient plant-based protein-foods with
a healthy nutritional pattern could help steer consumer food choices

towards healthier and more sustainable products. A more detailed view
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Fig. 3. Principles of targeted plant-based protein-food development.
on which protein sources, ingredient types and food applications are
the most promising for the development of plant-based protein-foods
according to these five principles is given in the following sections.

One question that remains is how plant-based protein-foods will
be identified by consumers as what they are, specifically because con-
sumers seem to lack knowledge about good sources of dietary protein
and adequate quantities (Banovic et al., 2018; Lonnie & Johnstone,
2020; Tarabella & Burchi, 2015). Nutrition and health related infor-
mation given as part of food labelling is legally regulated in many
countries and attached to specific requirements concerning the food
product’s composition and nutritional quality. The requirements for
protein related statements vary between countries and refer to different
variables such as weight-based protein content per serving, energy-
based protein content per serving or protein quality determined in
vivo (Marinangeli et al., 2018). In order to be able to make con-
sumers aware of the nature of plant-based protein-foods, the respective
requirements should be considered during product development. For
instance, according to European legislation, a food qualifies for the
claim ‘source of protein’ when at least 12% of calories are provided
by protein and for the claim ‘high in protein’ when at least 20%
of calories are provided by protein (European Parliament & Council,
2006). The identification of protein-foods based on the percentage of
calories that is provided by protein seems desirable in the light of
widespread calorie overconsumption. This is particularly important for
plant-based substitutes of animal foods since animal foods typically
have a high protein-energy/total-energy ratio (Phillips et al., 2016).

4.1. Promising protein sources

Plant-based dietary protein can be obtained from a great variety
of sources, including the following: cereals, pseudocereals, legumes,
oilseeds, nuts, starchy roots/tubers, vegetables/leaves/shoots, fruit and
algae (Loveday, 2020; Petrusán et al., 2016; Sá et al., 2020). The
suitability of these plant sources for protein supply in human nutrition,
in terms of environmental sustainability and human health, depends
on many aspects, including their natural protein content, cost for
harvesting, availability of processing techniques, extent of required
processing, geographical location and climate (Sá et al., 2020). Cereals
have been an important food source for centuries. With an annual
production of nearly 3000 million tonnes (mt), cereals also are the
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most cultivated crop category worldwide in comparison to sugar crops
with approx. 2200 mt, oilcrops with 1100 mt and pulses with only
88 mt (FAOSTAT 2019). Even though cereals, with an average protein
content of 10%–12%, do not count as the plant sources with the
highest protein levels, they still represent a substantial source of dietary
protein since they are consumed in large quantities (for example, in
the form of staple foods bread and pasta). As demonstrated above,
the majority of plant-based protein supply is covered by cereals and
cereal products in currently consumed diets. Due to a low abundance
of IAAs such as lysine and potentially threonine and tryptophan (rel-
ative to human AA requirement pattern Joint FAO/WHO/UNU Expert
Consultation, 2007) (Huang et al., 2018; Sá et al., 2020; Sosulski &
Imafidon, 1990), a diversification of plant-based protein intake has
been advocated to ascertain adequate protein supply from predom-
inantly plant-based diets (Mariotti & Gardner, 2019; Neacsu et al.,
2017; Salomé et al., 2020). Therefore, cereals are not in the focus
as main protein source for formulating new plant-based protein-foods.
Besides, from an environmental point of view, it has been argued
that an increased cultivation of food crops other than maize, wheat
and rice (e.g. less common cereals such as oat, sorghum, millet or
non-cereal crops) for food production is desirable for improved crop
rotation systems and agricultural biodiversity (Magrini et al., 2018;
Willett, et al., 2019). However, cereal proteins possess unique techno-
functional characteristics (Boukid & Rosene, 2020) and their utilisation
for plant-based protein-foods as functional ingredients or as PIs to
complement other protein sources is to be encouraged. Pseudocereals
such as buckwheat, quinoa and amaranth, which are also referred to as
edible seeds or ancient grains, contain with 12%–19% slightly more
protein than cereals (Martínez-Villaluenga et al., 2020; Mota et al.,
2016). Pseudocereals additionally have a more balanced profile of
IAAs than cereals. Especially the lysine level is higher than in most
cereal sources (Martínez-Villaluenga et al., 2020; Mota et al., 2016;
Sosulski & Imafidon, 1990). Potentially limiting (amino acid scores
(AASs) between 0.8 and 1.0) amino acids in comparison to the human
requirement pattern (Joint FAO/WHO/UNU Expert Consultation, 2007)
are isoleucine, leucine, lysine and valine (Mota et al., 2016). Due to
an overall excellent nutritional profile, considering contents of miner-
als, vitamins and phytochemicals in addition to the balanced amino
acid profile, pseudocereals have been mentioned as ‘‘the grains of the
twenty-first century’’ (FAO, 2011b; Martínez-Villaluenga et al., 2020).
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This statement is further supported by the environmental benefits of
these crops. Ancient grains are known as sustainable crops that produce
adequate and consistent yields with minimal agricultural inputs (Taylor
et al., 2017). Moreover, they are valued with regard to their genetic
diversity and their potential to grow under harsh conditions (Taylor
et al., 2017). This latter aspect is particularly important with respect to
increasingly difficult climatic conditions due to climate change (Willett,
et al., 2019). Manners, Varela-Ortega, and van Etten (2020) evalu-
ated the suitability of various protein-rich crops (pseudocereals and
legumes) considering the current and future climate in Europe and
identified quinoa as the pseudocereal with the most significant po-
tential. But in spite of all their positive traits, crops like quinoa,
amaranth and buckwheat remain largely underutilised as food (protein)
sources in many parts of the world (Taylor et al., 2017) (global annual
production of approx. 1.61 mt for buckwheat and 0.16 mt for quinoa;
FAOSTAT 2019). Chia is another type of pseudocereal, which is best-
known for its high content of dietary fibre (34.0–53.8%) (Cahill, 2003;
Welti-Chanes et al., 2020). But apart from being a valuable source of
dietary fibre, chia contains between 18 and 24% protein (Grancieri
et al., 2019). However, the relatively low lysine content compared to
the other pseudocereals makes it slightly less promising to complement
cereal-based protein intake. Furthermore, due to its status as novel
food, food applications for chia are more restricted than for other
raw materials in the European Union (Kulczyński et al., 2019). A
very promising group of plant-based protein sources is the legume
family with protein contents of 20%–40% (Arntfield & Maskus, 2011;
Boye et al., 2010; Sá et al., 2020). This group includes pulses, which
are defined as legumes that are harvested exclusively to obtain dry
seeds (FAO, 1994; Petrusán et al., 2016). Many legumes possess an
amino acid profile that complements that of cereals. Specifically, high
lysine contents (higher than in cereals and often even higher than in
human requirement pattern Joint FAO/WHO/UNU Expert Consulta-
tion, 2007) have been reported (Iqbal et al., 2006; Sá et al., 2020;
Sosulski & Imafidon, 1990). This makes legumes and oilseeds the most
favourable plant-based protein sources to include in cereal-rich diets
from a nutritional point of view (Mariotti & Gardner, 2019). The
environmental benefits associated with growing legumes are another
reason for their importance in transforming the food system. The
disruption of nitrogen cycles, which is mainly caused by the excessive
application of synthetically produced fertilisers, is one of the most
severe environmental impacts of food production (Willett, et al., 2019).
Cropping systems that include legumes require less fertiliser due to
their ability to produce nitrogen and improve soil fertility (Gogoi et al.,
2018; Magrini et al., 2018). Soy, which belongs to the legume family
but is often considered as oilcrop (also the case for peanuts), is one of
the most popular plant-based protein sources, and its global production
amounts to 333 mt per year (FAOSTAT 2019) (Zhao et al., 2020).
However, it has gained increasingly negative reputation during the
last decade due to its allergenicity and the cultivation of genetically
modified soy (Banovic et al., 2018; Gonera & Milford, 2018). The use
of genetically modified organisms (GMOs) is surrounded by concerns
regarding human health and environmental implications. While there
is very little scientific evidence indicating adverse effects caused by
approved GMO food crops and the net environmental impact of GMOs
is probably positive (Wesseler et al., 2011), it remains a controversial
topic, and no international consensus has been reached in the scientific
(and political) community (Ekici & Sancak, 2011; Kramkowska et al.,
2013). This review does not cover a detailed discussion of advantages
and disadvantages of genetic engineering of food crops. However,
the persisting consumer scepticism towards GMO foods needs to be
mentioned (Fernbach et al., 2019; Kosseva, 2013). This has led to a
growing replacement of soy in food applications by alternative plant-
based protein sources like pea and lupin (Islam et al., 2012; Lam et al.,
2018). Also, other legumes have moved into the focus for plant-based
protein supply, including faba bean, chickpea, lentil and mung bean (Sá
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et al., 2020). However, more research is needed since cold-weather
legumes, such as faba bean, lentil, lupin, pea and chickpea, seem more
susceptible to abiotic stresses (compared to warm-weather legumes like
soy) and yield instabilities have been observed (Jensen et al., 2010;
Manners, Varela-Ortega, & van Etten, 2020). Similar to pseudocereals,
legumes continue to be drastically underutilised for human nutrition
and plant-based protein supply (Magrini et al., 2018). As mentioned
above, according to the EAT-Lancet reference diet (which considers
human and environmental health), a much higher consumption of
legumes is recommended (Willett, et al., 2019). Non-legume oilseeds
and nuts represent another group of promising plant-based protein
sources (Arrutia et al., 2020; Kotecka-Majchrzak et al., 2020). Inter-
esting members of this group are rapeseed/canola, sunflower seed, flax
seed, hempseed, pumpkin seed, sesame seed, sacha inchi seed, almonds
and cashew nuts, which contain approx. 16%–36% protein (Kotecka-
Majchrzak et al., 2020; Sá et al., 2020; Wang et al., 2018). While
the amino acid profiles of these protein sources vary greatly, some
examples stand out due to high levels of lysine (e.g. rapeseed/canola,
baru almond) (Kotecka-Majchrzak et al., 2020; Sá et al., 2020). Apart
from being a source of dietary protein, oilseeds and nuts provide high
levels of mono- and polyunsaturated fatty acids, which makes their
nutritional profile even more valuable for human diets (Albuquerque
et al., 2020). Oilseed proteins can be obtained from oilseed press cakes
as a side-stream of vegetable oil production, which suggests oilseeds as
a sustainable source of dietary protein with low carbon footprint (Arru-
tia et al., 2020). Nevertheless, processing oily raw materials continues
to be challenging, and further research and technological advances
are needed (Arrutia et al., 2020). Other plants like starchy roots/tubers,
vegetables/leaves/shoots and fruits generally have lower protein con-
tents (exceptions are bamboo leaves and ora-pro-nobis leaves with
13 and 28% protein, respectively) (Petrusán et al., 2016; Sá et al.,
2020). Therefore, the relevance of these plants as protein sources
(without processing to concentrate protein) strongly depends on the
quantities that are consumed. Furthermore, the utilisation of these
protein sources for the formulation of plant-based protein-foods would
require protein concentration. With respect to environmental sustain-
ability, the value of these protein sources depends on the extent of
required processing and whether processing side-streams can be val-
orised (e.g. potato starch) (Alting et al., 2011). Aquatic plants like
algae (e.g. seaweed, Chlorella and Spirulina) and duckweed also qualify
as plant-based protein sources with protein contents as high as 40%–
60% (algae) or 20%–35% (duckweed) based on dry matter (Appenroth
et al., 2017; Chronakis & Madsen, 2011). Most algae and duckweed
species possess relatively balanced amino acid profiles in comparison
to the human requirement pattern (Appenroth et al., 2017; Chronakis
& Madsen, 2011; Joint FAO/WHO/UNU Expert Consultation, 2007).
Some algae, like Chlorella vulgaris, have been reported to be particularly
rich in lysine (exceeding the lysine content in the human requirement
pattern by nearly 100%) (Chronakis & Madsen, 2011). Both algae
and duckweed have been mentioned as promising alternative proteins
with respect to nutritional and environmental considerations. However,
further research is needed with regard to nutritional characteristics,
sustainability and yields in large-scale production (Appenroth et al.,
2017; Caporgno & Mathys, 2018). This is also the case for yeast and
fungal mycelium (Matassa et al., 2016). While these protein sources are
not plant-based, they represent emerging non-animal protein sources
with great potential for the formulation of sustainable protein-foods.
Fig. 4 summarises how the principles of targeted product development
can be applied at the level of protein sources.

4.2. Promising ingredient types

Raw material processing to produce ingredients is usually associated
with at least one (or multiple) of the following objectives: improving
techno-functional characteristics (e.g. facilitating application in food

formulations), improving nutritional quality (e.g. protein concentration
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Fig. 4. Overview of plant-based∗ protein sources, ingredients and food applications relevant for the development of plant-based protein-foods. Bold numbers in brackets refer to
the principles of targeted product development introduced above.
and removal of ANCs and allergens), improving food safety (e.g. ex-
tending shelf life), improving sensory qualities (e.g. removal of undesir-
able aroma compounds) (Fardet, 2018). Flours are typically obtained by
grinding dry raw materials (for raw materials with a high water content
potentially preceded by a drying step), in some cases after removal of
inedible/undesirable parts (e.g. dehulling) (Fardet, 2018). Flours, espe-
cially when derived from raw materials with a naturally high protein
content (e.g. pseudocereals, pulses), can represent valuable and sus-
tainable ingredients for the formulation of plant-based protein-foods.
However, various food applications (e.g. plant-based beverages such as
milk substitutes) require ingredients with a higher degree of protein
purification (Vogelsang-O’Dwyer et al., 2021). Protein purification can
be achieved with either dry fractionation or wet processing, and the
produced ingredients are usually referred to as protein concentrates (in
the case of dry fractionation sometimes high-protein flour) or protein
isolates (protein content usually > 80% based on dry matter) (Ismail
et al., 2020). Dry fractionation has been described as sustainable pro-
cessing option to produce plant-based PIs (especially for pulses) and
requires far less energy and water than wet processing (Schutyser
et al., 2015; Schutyser & van der Goot, 2011; Vogelsang-O’Dwyer,
Bez, Petersen, Joehnke, Sørensen, et al., 2020). Due to the mild pro-
cessing conditions, proteins can retain their native and sometimes
better functionality (Schutyser et al., 2015; Vogelsang-O’Dwyer, Bez,
Petersen, Joehnke, Sørensen, et al., 2020; Vogelsang-O’Dwyer et al.,
2021). Wet processing can be applied to a variety of starting materials,
including flours, previously dry fractionated high-protein flours or
previously defatted raw materials (e.g. oilseed press cakes) (Arrutia
et al., 2020; Vogelsang-O’Dwyer et al., 2021). Commonly used wet
processing methods are isoelectric precipitation, ultrafiltration and salt
extraction/micellisation (Vogelsang-O’Dwyer et al., 2021). Protein iso-
lates derived from the same raw material but produced with different
wet processing methods can vary greatly in their techno-functional and
nutritional properties (Alonso-Miravalles et al., 2019; Skejovic Joehnke
et al., 2021). While wet processing requires higher energy and water
input than dry fractionation, life cycle assessment (LCA) has shown that
wet processed plant-based PIs are still a sustainable ingredient option,
for example, when compared to milk protein (Alonso-Miravalles et al.,
2019; Vogelsang-O’Dwyer, Bez, Petersen, Joehnke, Detzel, et al., 2020;
Vogelsang-O’Dwyer, Bez, Petersen, Joehnke, Sørensen, et al., 2020).
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Additional processing can be applied to either raw materials or ingre-
dients in order to produce functionalised ingredients. Such treatments
include (partial) protein hydrolysis, enzymatic treatments (other than
hydrolysis), heat treatment or fermentation (Amagliani et al., 2017;
Bühler et al., 2020; Hoehnel, Bez, Sahin, et al., 2020; Kårlund et al.,
2020; Qamar et al., 2020; Tangyu et al., 2019; Vogelsang-O’Dwyer
et al., 2021). Another way of functionalising plant-based protein is
the production of texturised vegetable protein (TVP) (Riaz, 2011).
Texturisation is commonly achieved by applying a combination of
thermal and mechanical energy (extrusion technology), and a large
variety of different TVP types can be produced representing either
textured PIs (e.g. for application in meat substitute systems) or final
food products (e.g. meat substitutes) (Riaz, 2011). Side-streams from
the above-mentioned processing techniques or from the production of
other plant-based foods can be used in the formulation of plant-based
protein foods (Aiking, 2011; Løkra & Strætkvern, 2009; Lynch et al.,
2016; Neylon et al., 2020; Schieber, 2017; Tlais et al., 2020). Depend-
ing on the nature of the respective side-stream, they may be applied
as PIs, as sources of valuable macro- and micronutrients (e.g. dietary
fibre and minerals) or as functional ingredients to optimise sensory and
nutritional properties of the protein-foods. Fig. 4 summarises how the
principles of targeted product development can be applied at the level
of ingredient types.

4.3. Promising food applications

This section deals with consumer product options (types of protein-
foods) that have high potential to diversify plant-based protein intake.
The first product group comprises plant-based substitutes of traditional
animal-based foods, which play an essential role in the shift to predom-
inantly plant-based diets due to their increasing consumer acceptance
and market share (Alcorta et al., 2021; Blanco-Gutiérrez et al., 2020;
ProVeg International, 2020; Smart Protein - ProVeg International,
2021). This group includes dairy substitutes (milk, yoghurt, cheese,
cream and ice cream), meat substitutes (sausages, chicken nuggets,
burger patties, meatballs, whole cuts of meat), fish/seafood substitutes
and egg substitutes (Jeske et al., 2016; ProVeg International, 2020; Sha
& Xiong, 2020; Tziva et al., 2020; Vogelsang-O’Dwyer et al., 2021).
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Fig. 5. Overview of commercially available plant-based∗ protein ingredients (last updated on 25/02/2021), including ingredients from the non-animal protein sources yeast and
fungi.
However, the 2020 report on plant-based ingredients and their inte-
gration across food and drink categories (by Food Ingredients Europe)
states: ‘‘Plant-based is about more than meat alternatives. Consumers
also are looking for more fruits, vegetables, grains and legumes in
convenient formats’’ (Fi Europe, 2020). Another product group that
offers an excellent opportunity to diversify plant-based protein intake
is comprised of cereal/non-cereal staple food hybrids, which refers to
cereal-based staple foods (e.g. bread and pasta) that contain non-cereal
PIs (Boukid et al., 2019; Bresciani & Marti, 2019; Bustos et al., 2015).
These cereal/non-cereal staple food hybrids represent a direct diversi-
fication of plant-based protein supply within the very product group,
which currently contributes to the high proportion of cereal protein in
overall vegetal protein supply. The perceived high level of convenience
of cereal staple foods amongst consumers further highlights their
potential. Moreover, bread and pasta applications require less protein
purity than some other protein-foods and allow for the utilisation of
minimally processed PIs such as flours and high-protein flours (Hoehnel
et al., 2019; Hoehnel, Bez, Amarowicz, et al., 2020; Hoehnel, Bez,
Petersen, Amarowicz, Juśkiewicz, Arendt, Zannini, 2020; Hoehnel, Bez,
Petersen, Amarowicz, Juśkiewicz, Zannini, Arendt, 2022). It has been
shown that the incorporation of legume and pseudocereal PIs also
improves the overall nutritional profile of bread and pasta (Hoehnel,
Bez, Petersen, Amarowicz, Juśkiewicz, Arendt, Zannini, 2020; Hoehnel,
Bez, Petersen, Amarowicz, Juśkiewicz, Zannini, Arendt, 2022). The
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partial replacement of wheat flour or wheat semolina by non-cereal PIs
in the recipes leads to an isocaloric replacement of starch by non-cereal
protein in the food matrix (assuming the non-cereal PI contains more
protein than wheat flour or wheat semolina). Therefore, a lowered GL
and potentially improved satiating effect (due to increased total protein
content) of such protein-foods can be expected (Hoehnel, Bez, Petersen,
Amarowicz, Juśkiewicz, Arendt, Zannini, 2020; Hoehnel, Bez, Petersen,
Amarowicz, Juśkiewicz, Zannini, Arendt, 2022). Other protein-foods,
which can contribute to a diversification of plant-based protein supply
when produced according to the principles of targeted product devel-
opment, are the following: extruded snacks, sauces and dressings, bars,
smoothies, porridge, sports drinks/sports nutrition products (ProVeg
International, 2020). Fig. 4 summarises how the principles of targeted
product development can be applied at the level of food applications.

4.4. Currently commercially available plant-based protein ingredients

For the formulation of plant-based protein-foods, product develop-
ers rely heavily on the availability of suitable ingredients. This refers
to all plant-based ingredients needed for the recipe but primarily to
the main ingredients, PIs, that deliver a substantial amount of pro-
tein. For the purpose of this review, a web search was performed to
obtain an overview of currently commercially available plant-based
PIs. The search was focused on plant-based PIs in powder form. How-
ever, also textured PIs and non-plant-based alternative protein sources
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like yeast and fungi were considered. Minimally processed grains and
pulses available as simple flours, which can represent promising PIs for
certain applications (especially flours of high-protein plant sources),
were not the focal point of the search due to their vast abundance
(at least for some plant sources). The plant protein market is rapidly
growing and constantly changing. The results presented in Fig. 5 on
currently commercially available plant-based PIs are based on a web
search which was last updated on February 25th, 2021. Seventy-two
(11.5%) of the 626 evaluated ingredients were marketed as textured
proteins, while the remaining 554 were described as PIs in powder
form (labelled ‘‘protein’’, ‘‘protein concentrate’’ or ‘‘protein isolate’’).
The full list of PIs is available in the supplementary material to this
article. Fig. 5 provides an overview of the evaluated PIs sorted by
country, by protein content and by plant source. The categorisation by
country is based on the headquarters of the company associated with
each ingredient. A substantial proportion of ingredients is associated
with US (45.7%), Chinese (18.7%) or Canadian (8.1%) companies.
Also, European companies provide a large number of plant-based PIs,
accounting for 23.5% of all evaluated ingredients. Other countries
with significant contributions include India (1.4%), Switzerland (1.3%),
Japan (0.6%), Thailand (0.6%) and Argentina (0.5%). The ingredients
were also classified with regard to their protein contents. For 35.3%
of the evaluated ingredients, the protein content was not specified
on the suppliers’ webpage and only available upon request. Two out
five ingredients were advertised with protein contents between 40 and
80%, and for approx. one out of five, a protein content of over 80%
was declared. A protein level of less than 40% was only specified
for a small proportion of ingredients. This can be attributed to the
exclusion of grain and pulse flours from the search, which would be
expected to be the main contributors to this protein content category.
The 626 evaluated ingredients are derived from 39 different sources:
37 plant sources, yeast and fungi. The four plant sources that stand
out are soy, pea, wheat and rice, which account for 29.6%, 20.6%,
13.9% and 8.9% of all ingredients, respectively. One reason for the
large proportion of PIs from these well-established plant sources is
related to the more extensive (research) knowledge and experience
with these raw materials (Zhao et al., 2020). Therefore, these PIs are
often available as a range of specialised ingredient types with optimised
techno-functional characteristics for specific applications. Other PIs
with significant market share are derived from faba bean (2.6%), hemp
(3.8%) and pumpkin seed (2.4%). Many promising and emerging plant-
based protein sources such as mung bean, chickpea, lentil, quinoa and
algae (as well as yeast and fungi) still seem underrepresented amongst
commercially available PIs. It is unlikely that the presented data in-
clude every plant-based PI on the market. Additionally, overlapping
and conflicting information from suppliers and manufacturers can lead
to double entries in some cases where product names are not clear.
However, the presented data are suitable to identify trends regarding
commercially available plant-based PIs. While the plant-based sector
is growing and more and more PIs have become available in recent
years, the majority (approx. 73.0%) of PIs is derived from only four
different plant sources (according to the internet search performed for
this review): soy, pea, wheat and rice. In order to improve the diversity
of plant-based protein intake by consumers, an improved availability of
PIs from a larger range of promising plant sources is required. This will
help to provide a diverse range of healthy plant-based protein-foods in
convenient formats.

5. Conclusion

There is sufficient evidence to show that protein is consumed in
larger amounts than currently recommended in many high-/medium-
income countries. However, many uncertainties about adequate protein
intake for optimal health remain. Furthermore, between 45 and 60%
of the protein supply in high-/medium-income is covered by animal
foods, and the majority of vegetal protein supply in diets worldwide
248
is covered by cereal protein. A shift to predominantly plant-based
diets to protect human and environmental health should include a
diversification of plant-based protein intake as well as a reduction
of calorie overconsumption and a moderation of diet GL. Formulat-
ing plant-based protein-foods with these targets in mind can help to
advance the food system’s transformation. However, consumer food
choice is a complex process and represents a potentially limiting factor
for a shift towards predominantly plant-based diets. Targeted product
development of tasty, convenient and healthy plant-based protein-foods
has great potential to guide consumers’ participation in transforming
the food system.
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