Taylor & Francis
Taylor & Francis Group

Critical Reviews in Food Science and Nutrition

'Egi%ﬁca T

and

Nutrition ™

ISSN: (Print) (Online) Journal homepage: www.tandfonline.com/journals/bfsn20

Protein transition: focus on protein quality in
sustainable alternative sources

Rezvan Azizi, Anna Baggio, Edoardo Capuano & Nicoletta Pellegrini

To cite this article: Rezvan Azizi, Anna Baggio, Edoardo Capuano & Nicoletta Pellegrini (22 Jun
2024): Protein transition: focus on protein quality in sustainable alternative sources, Critical
Reviews in Food Science and Nutrition, DOI: 10.1080/10408398.2024.2365339

To link to this article: https://doi.org/10.1080/10408398.2024.2365339

© 2024 The Author(s). Published with
license by Taylor & Francis Group, LLC

ﬁ Published online: 22 Jun 2024.

N
C/J Submit your article to this journal &

||I| Article views: 689

A
h View related articles &'

@ View Crossmark data (&

CrossMark

Full Terms & Conditions of access and use can be found at
https://www.tandfonline.com/action/journallnformation?journalCode=bfsn20


https://www.tandfonline.com/action/journalInformation?journalCode=bfsn20
https://www.tandfonline.com/journals/bfsn20?src=pdf
https://www.tandfonline.com/action/showCitFormats?doi=10.1080/10408398.2024.2365339
https://doi.org/10.1080/10408398.2024.2365339
https://www.tandfonline.com/action/authorSubmission?journalCode=bfsn20&show=instructions&src=pdf
https://www.tandfonline.com/action/authorSubmission?journalCode=bfsn20&show=instructions&src=pdf
https://www.tandfonline.com/doi/mlt/10.1080/10408398.2024.2365339?src=pdf
https://www.tandfonline.com/doi/mlt/10.1080/10408398.2024.2365339?src=pdf
http://crossmark.crossref.org/dialog/?doi=10.1080/10408398.2024.2365339&domain=pdf&date_stamp=22 Jun 2024
http://crossmark.crossref.org/dialog/?doi=10.1080/10408398.2024.2365339&domain=pdf&date_stamp=22 Jun 2024

CRITICAL REVIEWS IN FOOD SCIENCE AND NUTRITION
https://doi.org/10.1080/10408398.2024.2365339

Taylor & Francis
Taylor & Francis Group

REVIEW ARTICLE

3 OPEN ACCESS | ®) checkforupises

Protein transition: focus on protein quality in sustainable alternative sources

Rezvan Azizi®, Anna Baggio®, Edoardo Capuano® and Nicoletta Pellegrini®<

aDepartment of Food Science and Technology, School of Agriculture, Shiraz University, Shiraz, Iran; "Department of Agricultural, Food,
Environmental, and Animal Sciences, University of Udine, Udine, Italy; “Food Quality and Design Group, Wageningen University and Research,

Wageningen, The Netherlands

ABSTRACT

The current consumption trends, combined with the expected demographic growth in the coming
years, call for a protein transition, i.e., the partial substitution of animal protein-rich foods with foods
rich in proteins produced in a more sustainable way. Here, we have discussed some of the most
common and promising protein sources alternative to animal proteins, namely: legumes, insects,
and microorganisms (including microalgae and fungi). The primary objective was to assess their
nutritional quality through the collection of digestible indispensable amino acid score (DIAAS)
values available in the scientific literature. Protein digestibility corrected amino acid score (PDCAAS)
values have been used where DIAAS values were not available. The ecological impact of each
protein source, its nutritional quality and the potential applications in traditional foods or novel
food concepts like meat analogues are also discussed. The data collected show that DIAAS values
for animal proteins are higher than all the other protein sources. Soybean proteins, mycoproteins
and proteins of some insects present relatively high DIAAS (or PDCAAS) values and must be
considered proteins of good quality. This review also highlights the lack of DIAAS values for many
potentially promising protein sources and the variability induced by the way the proteins are
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processed.

Introduction

In 2019, the EAT-Lancet commission on healthy diets from
sustainable food systems highlighted the need to move
toward a substantial global-scale dietary shift/transformation
from current dietary patterns to healthier diets produced by
more sustainable food systems for the achievement of the
UN Sustainable Development Goals (Willett et al. 2019).
More specifically the EAT-Lancet commission “emphasizes a
plant-forward diet where whole grains, fruits, vegetables,
nuts and legumes comprise a greater proportion of foods
consumed. Meat and dairy constitute important parts of the
diet but in significantly smaller proportions than whole
grains, fruits, vegetables, nuts and legumes”.

One of the most debated issues relates to meat produc-
tion and consumption. Whereas the superior nutritional
value of meat for humans is indisputable, a long and grow-
ing list of potential problems and threats associated with the
current livestock meat production systems and meat con-
sumption patterns has been compiled and highlighted over
the recent years. Meat conventional production (animal
farming) and consumption pattern have imposed and will
expectedly raise prime public concerns about the global risks
of environmental deterioration (Godfray et al. 2018; Poore
and Nemecek 2018; Sanchez-Sabate, Badilla-Briones, and

Sabaté 2019; Humpendder et al. 2022). The negative envi-
ronmental impact of meat production on natural ecosystems,
such as large carbon footprint/greenhouse gas emissions
(GHG) and their contribution to global warming and cli-
matic changes, excessive water footprint, biodiversity loss,
pollution, freshwater eutrophication, deforestation, soil ero-
sion and land system change has been clearly highlighted
(Machovina, Feeley, and Ripple 2015; Herrero et al. 2016;
Springmann et al. 2016; Van Mierlo, Rohmer, and Gerdessen
2017; Poore and Nemecek 2018; Gonzilez et al. 2020;
Humpendder et al. 2022; Parlasca and Qaim 2022; Zhang
et al. 2022). Other major debates are going on around
potential health hazards of meat consumption (Wolk 2017;
Richi et al. 2015; Lescinsky et al. 2022), and ethical/social
dimensions related to animal welfare and slaughter proce-
dures (He et al. 2020; Nezlek and Forestell 2022). A large
body of epidemiological evidence suggests a link between
meat consumption quantity and the risk of a variety of
chronic diseases and certain cancers (Johnson 2017; Richi
et al. 2015; Lescinsky et al. 2022). Furthermore, zoonosis,
exposure to foodborne pathogens and chemicals/antibiotics
used in livestock farming are among the other putative
health hazards (Godfray et al. 2018; Parlasca and Qaim
2022). However, meat production is not the sole responsible
factor for the impact of livestock on the ecosystem. It has
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been reported that 83% of the total GHG emissions can be
ascribed to production of meat, dairy and eggs (Sandstrom
et al. 2018). A more recent study revealed that livestock is
responsible for about one-third of the total anthropogenic
methane (CH,) emissions to the Earth’s atmosphere which is
mainly attributed to the enteric fermentation of ruminants
(Zhang et al. 2022).

In recent years, in order to facilitate protein transition,
there has been a growing interest in alternative proteins
sources including plants, insects and microorganisms. To
judge the adequacy of an alternative protein source, different
factors must be considered such as the resource availability,
cost-effectiveness/economic viability, consumer acceptability
and the potential environmental impacts/sustainability. One
of the most important points, however, is the ability of the
source to provide an appropriate protein quantity and qual-
ity to meet human nutritional requirements in any group of
population. Proteins play a crucial role in a wide range of
vital processes/functions related to human health and
well-being. This highlights a need for a standard assessment
approach for determining the nutritional quality of alterna-
tive protein sources. Indeed, a set of inherent (source-related)
and extrinsic (process-induced) factors potentially affect the
nutritional quality of proteins.

The World Health Organization (WHO) dietary protein
recommendation and the dietary reference intakes (DRIs) val-
ues are among the well-established and internationally
accepted standards which can be considered as a nutritional
benchmark while considering alternative protein sources
(Institute of Medicine 2005; WHO (World Health Organization)
2015; Ahnen, Jonnalagadda, and Slavin 2019). The protein
DRI to meet the “Dietary Allowance” for protein (Institute
of Medicine 2005) could serve as a comparative basis to
evaluate nutritional quality of alternative proteins. However,
protein quality, i.e., the ability of the unit mass of a protein
to fulfill nutritional needs, is equally important. There are
several approaches for determining and expressing the nutri-
tional quality of protein (Ahnen, Jonnalagadda, and Slavin
2019). Protein digestibility corrected amino acid score
(PDCAAS) as one of the first protein quality ranking sys-
tems, is a well-established, simple, generally-accepted and
widely-used criterion approved by FAO/WHO to evaluate
the nutritional quality of proteins. Although PDCAAS has
been recognized as a practical tool for determining the pro-
tein quality, it has been criticized due to its drawbacks/lim-
itations (see more on this in the next section) (Rutherfurd
et al. 2015). While the PDCAAS scoring pattern approach
still continues to have its application in some cases, it has
been widely replaced by a new criterion. The most recent
officially recognized system for analyzing the nutritional
quality of protein in food products is the digestible indis-
pensable amino acid score (DIAAS), which has been pro-
posed by the Food and Agriculture Organization (FAO) of
the United Nations (FAO, 2011). The formulas to calculate
PDCAAS and DIAAS are thoroughly described in the next
section.

A comprehensive assessment of the nutritional quality of
proteins in alternative sources is therefore needed but, to the

best of our knowledge, a comparative review on the nutri-
tional quality of proteins in alternative sources, especially the
state of the art with regard to DIAAS scoring system is cur-
rently lacking. We believe that providing a thorough insight
into the nutritional quality of alternative proteins may help
to improve stakeholders’ decision and consumer awareness
when making a decision toward reducing animal-derived
protein in their dietary patterns. This may also help alterna-
tive protein designers/producers to apply protein modifica-
tion/fortification strategies to improve the nutritional quality
of their final products.

Protein quality: PDCAAS and DIAAS

Protein quality of foods is an important criterion to ensure
adequate nutrition and health, given the essential role played
by proteins and their amino acids as structural and func-
tional components of living beings. Several methods have
been and still are used to assess protein quality. An overview
of those methods is beyond the scope of the current review
and can be found in other publications for a detailed com-
parison on different systems of protein quality ranking
(Ahnen, Jonnalagadda, and Slavin 2019). In 1991, The Joint
FAO/WHO Expert Consultation on Protein Quality
Evaluation recommended the use of PDCAAS to assess pro-
tein quality (FAO/WHO Expert Consultation 1991). The
PDCAAS is calculated as follows: first, a score is calculated
for each essential amino acid from equation 1:

[mg of limiting amino acidj

in 1g of test protein

PDCAAS: x fecal true digestibility

(mg of the same amino acid inJ

1g of reference protein
(1)

The reference protein was based on the essential amino
acid requirements of preschool-age children as published in
1985 by FAO/WHO/United Nations University (FAO/WHO/
UNU 1985). The smallest score determines the PDCAAS
and the corresponding amino acid is defined as first limiting
amino acid. Limitations of the PDCAAS method are that it
is based on the assumption that all amino acids have the
same digestibility as the crude protein, ie., differences in
bioavailability of individual amino acids are not taken into
account. Next, PDCAAS makes use of total intestinal tract
digestibility, i.e., it is calculated based on the amount of
amino acids present in feces, which includes the contribu-
tion of proteins from the microbes inhabiting the small and
large intestine and does not account for the bacterial utiliza-
tion of dietary proteins in the large intestine. Finally,
PDCAAS values are truncated at 1, so proteins that provide
more essential amino acids than required cannot be com-
pared and ranked. To avoid these limitations, FAO now rec-
ommends the use of an alternative method, the DIAAS
(FAO 2013). DIAAS values are calculated by first calculating



a score for each essential amino acid as reported in
equation 2.

mgof digestibledietary
indispensable amino
)

acid in 1 gof test protein
g P x100

DIAAS% = ; P
{mg of thesame dietary indispensable ]

amino acid in1g of the reference protein

The smallest score determines the DIAAS for the test
protein and the corresponding amino acid is defined as first
limiting amino acid. Compared to PDCAAS, DIAAS is
therefore calculated by considering the digestibility of each
individual essential amino acid determined at the level of
the ileum (true ileum digestibility) and the value is not
truncated. DIAAS can be calculated for three different age
groups using the appropriate amino acid requirement pat-
tern: 1) infants from birth to 6months, 2) children from
6months to 3years, and 3) children older than 3years, ado-
lescents, and adults. FAO has also set two threshold values
for DIAAS which identify three quality classes for labeling
purposes: A protein can be claimed to be excellent if DIAAS
>100%; of good quality if DIAAS is 275% and <100%; a
protein cannot be used as a sole source in a diet and must
be integrated by other protein sources (and no nutrition
claim should be allowed) if the DIAAS is <75%. For the
determination of the DIAAS wvalue, digestibility must be
therefore based on true ileal digestibility, preferably in
humans, and if this is not possible, in growing pigs or, as
least preferred option, in growing rats (FAO 2017).

Besides the obvious importance of DIAAS for assessing
and ranking protein quality, DIAAS may be used to correct
the required level of protein intake. The current recommended
daily allowance (RDA) for protein used in most countries is
given as 0.83g protein/kg bodyweight for adults of all ages,
except pregnant and lactating women (Joint WHO/FAO/UNU
2007). This applies if the proteins in the diet can provide the
adequate amount of each essential amino acid as set by the
reference protein, i.e., if the PDCAAS is =1 or the DIAAS is
=100%. If this is not the case, the RDA for proteins must be
higher to compensate for the incomplete use of its amino
acids. For instance, if the DIAAS of a diet is 80%, the actual
protein requirement would be 1.04mg/kg BW per day ie,
(0.83mg/kg BW per day/0.8) to account for the fact that only
80% of the protein can be utilized. It has been reported that,
when the average daily protein intakes are corrected for
DIAAS, the average daily protein intake of an adult fell below
the required level for most countries (Moughan 2021). It has
been also suggested that, when corrected by the DIAAS, the
environmental impact of a protein source may be different
from that calculated by considering the protein as fully utiliz-
able by the human body (i.e., DIAAS 2100%) (Moughan 2021).

DIAAS and PDCAAS values for animal and
alternative source of proteins

In the next sections, animal proteins and some of the most
widespread and promising alternative sources of proteins are
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discussed, with special emphasis on the quality of proteins
as expressed by DIAAS values published in the scientific lit-
erature. Where DIAAS values for a specific source could not
be found, in vitro DIAAS and PDCAAS values are reported.
DIAAS values for animal protein are reported in Table I.
DIAAS values and PDCAAS for grain legumes are reported
in Table 2 and those for insects, microalgae, fungi, other
microbial proteins and plant-based meat analogues are
reported in Table 3. Specific values are discussed in each of
the section. A selection of DIAAS, PDCAAS and digestibility
values from Tables 1-3 have been reported in Figure 1 for
comparative purposes.

Animal proteins

Animal proteins have long been considered paradigmatic in
terms of protein quality given the high digestibility and the
excellent amino acid profile. DIAAS values for meat, eggs,
and dairy proteins almost always exceed 100% (Table 1).
Whereas several DIAAS values are available for dairy pro-
teins and meat proteins, relatively few data are available for
egg proteins. No DIAAS value is currently available (at the
best of the authors’ knowledge) on fish proteins but only
values calculated from tabulated data (Shaheen et al. 2016)
which show that fish protein may be of comparable quality
as meat. Among meat proteins, differences among animal
species as well as meat cuts must be acknowledged. A strong
effect of domestic or industrial processing must be also
mentioned. For instance, it is known that thermal treatment
is essential for a proper utilization of egg proteins. True ileal
digestibility of raw egg proteins, determined in human ileos-
tomy patients, was only slightly >50% (Evenepoel et al.
1999) which no doubts have an impact on the DIAAS score
of raw eggs. Cooking of meat may also have a large impact
on the DIAAS score of meat proteins. The effect is mostly
produced by loss of essential amino acids rather than by the
decrease of protein digestibility (which is only limitedly
affected by cooking) and can e.g., lower the DIAAS value of
meat from 97 (raw bovine meat) to 80 (grilled meat)
(Hodgkinson et al. 2018).

Grain legumes

Legumes are part of the family of Fabaceae or Leguminosae
which is the third-largest family of flowering plants (Stagnari
et al. 2017). The term legume is derived from the Latin
legere which resembles the practice of gathering seeds by
hand, while the term pulse is derived from the Latin puls or
pultis, which means thick slurry (Kumar and Pandey 2020;
Semba et al. 2021). Although frequently the terms legumes
and pulses are used as synonyms, they have different mean-
ings. Legumes represent the plant that includes leaves, stems,
pods, or fruits (e.g., bean pods), while pulses, also called
grain legumes, are the edible seeds or dry grains from the
legume plant (e.g., beans inside the pod) (Harvard T.H.
Chan School of Public Health 2023). Among the over 20000
species belonging to the Leguminosae family, just a limited
number is cultivated for human consumption, including
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soybean (Glycine max), common bean (Phaseolus vulgaris),
pea (Pisum sativum), faba bean (Vicia faba), lentil (Lens culi-
naris), chickpea (Cicer arietinum), cowpea (Vigna unguicu-
lata), mung bean (Vigna radiata), and pigeon pea (Cajanus
cajan) (Kumar and Pandey 2020; Vaz Patto et al. 2015).

Grain legumes have been cultivated worldwide and eaten
as a protein source in the human diet in addition to pro-
teins from animals. Soybean is the grain legume most widely
cultivated, followed by peanut bean, pea, chickpea, cowpea,
fava bean, lentil, pigeon pea, lupin, and Bambara bean
(Semba et al. 2021). The cultivation of grain legumes is
more sustainable than protein production from animals
thanks to the lower water, energy, and fertilizer requirements
and GHG production (Moughan 2021). The environmental
advantage of legume cultivation is also related to its ability
in fixing nitrogen, which, in turn, enhances soil quality by
reducing the need for nitrogen fertilizers, improves crop
production by reducing diseases thanks to intercropping or
crop rotation, and is relatively inexpensive (Foyer et al
2016). This, of course, does not apply for lands that cannot
be tilled to grow legumes or marginal lands. For all these
reasons and considering the global population increase,
which will lead to a protein demand increase, a shift from
livestock to legume production should be urgently consid-
ered (United Nations 2019). In addition, the evidence of
health benefits associated with legume consumption rather
than meat is getting stronger (Hidayat et al. 2022) giving
another valid reason to increase the consumption of grain
legumes in the diet as meat substitutes. The protein content
of grain legumes (raw mature seeds, around 10% moisture
content) ranges between 20 and 25% (with the exception of
soybean that has 36.5% proteins). After boiling and drain-
ing, legumes have a protein content between 7 and 18%
(USDA National Nutrient database, SR Legacy Foods
accessed on January 15% 2024). This is quite comparable to
most meat products where protein content also ranges
between 17 and 20% for most beef-, pork- and chicken-based
cuts (USDA National Nutrient database, SR Legacy Foods
accessed on January 151 2024).

DIAAS has been reported for a variety of grain legumes
and often is available for the same grain legume differently
processed or cooked. Nosworthy et al. (2017c) reported
DIAAS for 6months-3years aged children of 9 cooked
Canadian beans, lentils, peas, and chickpeas ranging from
46% in split green peas to 73% in split yellow peas with
methionine and cysteine as limiting amino acids for all
pulses except chickpeas for which the limiting amino acid
was tryptophan. For the same age group, Han et al. (2020)
reported DIAAS of cooked kidney beans, mung beans,
adzuki beans, broad beans peas, and chickpeas ranging from
53% (broad beans) to 77% (kidney beans) with lysine as the
limiting amino acid for all pulses except adzuki bean for
which the limiting amino acid was leucine. DIAAS of the
same pulses ranged from 60% (broad beans) to 88% (kidney
beans), with lysine and leucine as limiting amino acids when
calculated for the age group of infants >3years and adults.
Herreman et al. (2020) listed DIAAS of fava bean (55%),
lupin (68%), pea (70%), and soy (91%) analyzing interven-
tion studies from the literature. Similar to Nosworthy et al.

(2017¢) but differently from Han et al. (2020), they deter-
mined cysteine and methionine as first limiting amino acids
of grain legumes. Table 1 shows that there is a lot of infor-
mation related to DIAAS values of grain legumes, i.e., values
reported for several legume species as well as for the same
legume specie under different processing conditions. It can
be noted that the grain legume with the highest DIAAS is
soybean (>85%) and that most of the grain legumes have
much lower DIAAS values compared to animal proteins
(typically >100%). This stems from an incomplete amino
acid profile and a lower digestibility compared to animal
proteins (Fernandez et al. 2020). Particularly, the presence of
a thick and resistant cell wall may limit protein digestibility
when the legume tissue is consumed intact (Capuano et al.
2018). The presence of protease inhibitors, saponins, oxalate,
phytic acid and tannins (historically referred to as
anti-nutritional factors) further reduces the digestibility of
grain legume proteins decreasing, consequently, their
DIAAS value.

In some case, we noticed a large variety in the DIAAS
values reported for the same grain legume (e.g., 46-82% for
pea; 51-88% for kidney beans, etc.) and sometimes differ-
ences in the limiting amino acids. Such differences may
arise from several factors such as the animal model used,
the analytical method used for the quantification of individ-
ual amino acids, especially for the sulfur amino acids,
growing conditions of the pulses and their variety
(Nosworthy et al. 2017a, 2017b, 2017¢c, 2018). Clearly, the
way proteins are produced and processed (e.g., whether
consumed as isolated proteins or intact seed; level and type
of cooking) further contributes to the variability in
DIAAS values.

A strategy to compensate for the lower protein quality of
pulses in terms of essential amino acids is their comple-
mentation, in the wider context of a diet, with other plant
sources (e.g., cereals) which are rich in those amino acids
that are limiting in grain legumes (S4, Moreno, and Carciofi
2020). Other ways to improve DIAAS of pulse protein is to
increase their digestibility, which is often <90% especially in
whole beans and in some legumes like kidney bean, black
bean, navy bean and adzuki bean. Digestibility can be
increased by e.g., 1) reducing the content of the antinutri-
tional factors through processing. Whereas heating is well
known to drastically reduce the level of protease inhibitors,
fermentation and germination are known to reduce the
level of e.g., phytates through the action of microbial or
endogenous phytates (Gilani, Cockell, and Sepehr 2005).
Finally, removal of seed coat is a valuable strategy to reduce
the level of e.g., phenolic compounds that are most concen-
trated there; 2) Reducing the level of encapsulation within
intact cell walls, ie., by processing them in flours, or by
isolation of proteins (which is less environmental sustain-
able though) (Nosworthy, Tulbek, and House 2017d).

In addition to proteins, as reviewed by Ahnen,
Jonnalagadda, and Slavin (2019), S4, Moreno, and Carciofi
(2020), and Vaz Patto et al. (2015), grain legumes are also
rich in other nutrients like dietary fiber, including resistant
starch, non-starch polysaccharides and oligosaccharides but
also vitamins and minerals as folate, potassium, magnesium,
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Figure 1. Representatives DIAAS values (panel a), PDCAAS values (panel b) and
digestibility values (panel c) for the protein sources discussed in the text. From
left to right: meat, soy, pea, other legumes, insects, microalgae, fungi,
plant-based meat analogues. All the data are taken from Tables 1-3. DIAAS val-
ues reported for the age group older children and adults; PDCAAS values
reported for children >3 years; digestibility values only include true or standard-
ized ileal digestibility.

selenium, iron, and zinc; on the other hand, grain legumes
are low in fat and phosphorus may be less bioavailable
(mostly in the form of phytate) as well as iron and zinc
since being partly chelated with phytates. These nutritional
characteristics together with bioactive compounds like phe-
nolic compounds and vitamins like tocopherols make grain
legumes a protective food in helping prevent chronic dis-
eases including heart disease, diabetes, and cancer (Ahnen,
Jonnalagadda, and Slavin 2019). However, the amount of
thermal- or oxygen-sensitive nutrients and bioactive com-
pounds also depends on processing and storage conditions.

Insects

Entomophagy, consumption of edible insects is practiced by
billions of humans around the world (Churchward-Venne
et al. 2017; Moura et al. 2023). Environmental sustainability
of insect protein production is partly reviewed by Akhtar
and Isman (2018). By compiling the results from several
studies, they concluded that in comparison with conven-
tional protein sources such as beef, the insect proteins (espe-
cially mealworms) could be potentially more environmentally
sustainable in terms of GHG and NH, production, land and
water use (Akhtar and Isman 2018). More recently, Santo
et al. (2020) also concluded that compared to beef, pig and
poultry meat, production of insect proteins results in a much
smaller amount of CO, eq., water use and land use per unit
mass of proteins. Edible insects have experienced a remark-
able surge of interest by food scientists interested in alterna-
tive sources of protein and food industry (Churchward-Venne
et al. 2017). A large variety of insect species have been con-
sidered for potential use in food applications. As reported in
Kurek et al. (2022), among more than 2000 recorded edible
insects, the most common species globally considered as
alternative protein sources mainly belong to Coleoptera bee-
tles, Lepidoptera caterpillars, Hemynoptera, wasps, bees, and
ants. The insect species, rearing method, harvesting stage
and processing techniques play significant roles in determin-
ing the ultimate nutritional quality as well as the potential
health hazards of these source of proteins for humans
(Akhtar and Isman 2018; Loveday 2019).

Most insect species are rich in nutrients and minerals
(Akhtar and Isman 2018). Several studies have reviewed and
highlighted the nutritional values of the insects commonly
used in different parts of the world e.g., in African coun-
tries (Hlongwane, Slotow, and Munyai 2020), Australia
(Xiaoming et al. 2010) and Europe (Koufimskd and
Adédmkova 2016). Recently, Liceaga et al. (2022) summa-
rized the values of major nutritional components (i.e., %
protein, fat and fiber) of major edible insect orders mainly
consumed on a global scale (eight orders including Blattodea,
Coleoptera, Diptera, Hemiptera, Hymenoptera, Lepidoptera,
Odonata and Orthoptera). The highest average protein con-
tent on a dry weight basis (61.3%) was reported in
Orthoptera (grasshoppers, crickets and locusts) followed by
Odonata (55.2% in dragonflies and damselflies). The protein
content for other orders varied between 35.1% to 49.5%. A
large variation in the protein content of different species
(from 20% to more than 70%) has been also reported else-
where (Kurek et al. 2022). These values correspond to a
protein content ranging from 10 to 25% of fresh weight and
also dependent on the development stage of the insect
(whether adults or pupae or larvae). The maximum fat con-
tent was reported in Coleoptera (33.4%) while Orthoptera
and Odonata orders represented the lowest fat levels (13.4
and 19.8%, respectively). Edible insects are generally rich in
unsaturated fatty acids and specific minerals e.g., Cu, Mg,
Fe and Zn. Insect fatty acids are comparable in unsaturation
levels to poultry and fish, but they contain higher levels of
polyunsaturated fatty acids (PUFA) (Zielinska et al. 2015).
The fiber content varied between 5.3% in Blattodea to



13.6% in Diptera (Liceaga et al. 2022) and is represented by
the chitin of the insect exoskeleton.

A comprehensive collection of data on amino acid profile
of selected insect species (provided by Hobbi et al. 2022)
suggested that the amino acid profile and protein composi-
tion in many insects can potentially fulfill the criteria to
adequately meet the metabolic requirements for humans and
can be considered as high-quality dietary protein-rich source.
Compared with the amino acid requirements of adults rec-
ommended by WHO, Akhtar and Isman (2018) concluded
that most of the edible insects contain satisfactory quantity
of essential amino acids required for human nutrition. Next
to this, insect proteins have suitable digestibility Liceaga
et al. 2022 with values between 86% and 90% reported for
insects in a rat model (Finke 2013).

DIAAS values for insect proteins are limited. Recently,
Malla et al. (2022) determined DIAAS values for five insect
species (two mealworms, Alphitobius diaperinus or lesser
mealworm and Tenebrio molitor or yellow mealworm; two
crickets, Gryllodes sigillatus or banded cricket and Acheta
domesticus or house cricket; and Hermetia illucens or black
soldier fly) in ileal cannulated growing pigs. In this study,
the commercially available insect products were added as
powder to other feed ingredients of pig diet to maintain a
crude protein concentration of 100g/kg dry matter. They
separately calculated and compared DIAAS of the insects for
three categories including infants (birth to 6months old),
young children (6 months to 3years old) and older children/
adolescents/adults (>3years old). The highest DIAAS for
infants (57%) was reported for lesser mealworm, while the
other examined species had DIAAS of 45-47%. For young
children, the highest DIAAS values were found in crickets
(78% and 76% for banded cricket and house cricket, respec-
tively). For this age group, DIAAS in lesser mealworm, black
soldier fly and yellow mealworm was reported at the levels
of 71%, 57% and 54%, respectively. Banded cricket demon-
strated the highest DIAAS for the third age group (92%)
followed by DIAAS in house cricket (89%) and lesser meal-
worm (83%). The DIAAS in black soldier fly and yellow
mealworm were 68% and 64%, respectively (Malla et al.
2022). The limiting amino acid(s) varies according to the
age group considered. However, tryptophan and sulfur
amino acids were determined as limiting in yellow and
lesser mealworms and crickets, and lysine for black soldier
fly. Notably, protein digestibility was rather low (standard-
ized ileal digestibility of crude proteins ranging from 62% in
black soldier fly to 78% in lesser mealworm). As DIAAS
>75% in a given protein source is usually considered as
“high-quality” or “good-quality” protein, Malla et al. (2022)
concluded that both crickets are potentially classified as
good-quality protein for the ages older than 6months and
lesser mealworm can be qualified as a good-quality protein
for older children/adolescents/adults (>3 years old) group.

In another recent study, in vitro and in vivo digestibility
of black soldier fly (Hermetia illucens) larvae was investi-
gated by Traksele et al. (2021). In this study, the dried
low-fat larvae of black soldier fly were added in the formu-
lation of the test diet and the DIAAS was calculated using
the reference pattern for young children (0.5 to 3years old)
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in a rat model at the level of about 73% (Traksele et al.
2021). The observed difference between these results with
those observed by Malla et al. (2022) may be related to the
different provision of raw material source, specific life stages,
different processing method as well as the different model
organisms considered for DIAAS calculation (rats and pigs)
and the conditions under which insects were reared and
produced. Whereas those described are the only studies
reporting DIAAS values, few other studies reported PDCAAS
values for other insect proteins. For instance, in a study by
Oibiokpa et al. (2018), the PDCAAS values for four insect
species (Macrotermes nigeriensis or termite; Gryllus assimilis
or cricket; Melanoplus foedus or grasshopper; and Cirina
forda or moth caterpillar) were determined in rat model. In
this study, the insect powders were added to other feed
ingredients of young male weanling albino rat diet and the
PDCAAS values were calculated for the age preschool chil-
dren (age 2-5years) age group. Each diet contained 100 g/kg
of the test proteins. Cricket demonstrated the highest
PDCAAS (73%, threonine as limiting amino acid) followed
by PDCAAS in grasshopper (46%, isoleucine as limiting
amino acid), moth (42%, sulfur amino acids as limiting
amino acids), and termite (42%, sulfur amino acids as lim-
iting amino acids) (Oibiokpa et al. 2018). All in all, the
quality of insect proteins is highly variable and not all the
insect species are source of good proteins but banded and
house crickets have relatively high DIAAS values, 92% and
89% respectively. It is worth mentioning that DIAAS values
have been collected for ingredients produced from whole
insect and no report is available for isolated insect proteins.
This may be relevant because chitin (the main component of
insect exoskeleton) is reported to reduce digestibility of
insect proteins in poultry feed (De Marco et al. 2015).

As an alternative protein source, insect flours, protein
concentrates and isolates are becoming common functional
ingredients to be used in food preparation (Gravel and
Doyen 2020). Insect protein processing methods are almost
similar to that of pulses. Gravel and Doyen (2020) described
and thoroughly reviewed a general 5-step procedure for pro-
duction of insect flours, protein concentrates and isolates
including pretreatment, defatting, solubilization and recovery
of proteins, purification and drying. The major food appli-
cations of insect proteins involve incorporating these alterna-
tive proteins in food matrices for meat emulsion and
analogues, snacks, pasta, bread and other bakery products
(Gravel and Doyen 2020). Recently, attention was drawn to
insect proteins in gluten-free food markets (da Rosa Machado
and Thys 2019; Nissen et al. 2020). Gravel and Doyen (2020)
highlighted the main challenges in development of insect
protein industry which need to be resolved. Some of those
include dealing with consumer acceptance, finding optimal
processing condition and provision of processing facilities on
industrial  scale, optimization of profitability and
cost-effectiveness of rearing and processing procedures,
focusing more detailed environmental impact analysis using
standard methods such as Life Cycle Assessment (LCA).
Above all, the major challenge of producing and using
insects is to get authorization from each relevant national
and international institution. For instance, the European
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Commission, under the regulation on novel food (European
Parliament and Council of the European Union 2015), has,
so far, only authorized the marketing of dried Tenebrio moli-
tor larva, frozen, dried and powder form of Tenebrio molitor
larva, frozen, dried and powder forms of Locusta migratoria,
and frozen, dried and powder forms of Acheta domesticus as
well as the frozen, paste, dried and powder forms of
Alphitobius diaperionus. US, Canada, New Zealand and
Australia do not consider edible insects a novel food and do
not have restrictions for their consumption or market.

Microalgae

Generally, the term microalgae refer to a category of unicel-
lular photosynthetic microorganisms (eukaryotic algae and
prokaryotic cyanobacteria) widely recognized as phytoplank-
ton. Due to their large biodiversity and thanks to technolog-
ical advances, their taxonomic classification is under constant
review and update (Lucakova, Branyikova, and Hayes 2022).
Owing to the remarkable protein content (40-60% dry mat-
ter) as well as presence of broad-spectrum bioactive com-
pounds, certain species of microalgae (especially blue-green
and green algae) have recently received a lot of attention
among food scientists especially as promising sources of
(alternative) proteins (Chronakis and Madsen 2011).
Furthermore, algae production offers several advantages in
terms of economic and environmental sustainability (Bleakley
and Hayes 2017). Natural potential for large and efficient
biomass production, higher protein yield per unit area in
comparison to terrestrial plants, much less water require-
ment in the cultivation/production process (vs. agriculture
and in particular animal farming), no need for arable land
and freshwater/potable water especially in marine strains,
their potential for bioremediation of wastewater and ulti-
mately the ability of these aquatic photosynthetic organisms
to sequester CO, and thus reducing the carbon footprint
during their production process are considered as the major
advantages of algae mass cultivation (Bleakley and Hayes
2017; Geada et al. 2021; Diaz et al. 2023). However, a study
by Smetana et al. (2017) revealed unexpected results when
evaluating environmental impacts of autotrophic and hetero-
trophic cultivation of microalgae using the life cycle assess-
ment methodology. They reported that the pilot
industrial-scale cultivation of microalgae and production of
microalgae protein powder had higher environmental
impacts in comparison to production of several commonly
used plant- and animal-based proteins. As an example, the
global warming potential of Chlorella grown in a tubular
reactor was estimated at 96.1kg CO, equivalents against
0.34-0.72kg CO, equivalents reported for soybean meal and
23.4kg CO, equivalents for egg proteins. The impact of
Chlorella grown in open raceway pond is even higher, with
a global warming potential estimated at 245.1kg CO, equiv-
alents. The higher environmental impacts reported in this
study are mainly related to the levels of heat and energy
required in autotrophic microalgae production process and
the glucose utilization (as a source of energy) in heterotro-
phic culture method (Smetana et al. 2017).

Microalgae consumption by humans is not new. Ancient
evidence of microalgae utilization in local human commu-
nities (e.g., Nostoc species in China) has been documented
in several parts of the world which in some cases dates
back to centuries ago (Wang, Tibbetts, and McGinn 2021).
Despite the extensive biodiversity of microalgae (about
200000 species) and the long history behind their con-
sumption by humans, since the beginning of intensive cul-
tivation of these microorganisms using modern
technological approaches (the 1950s), only a limited num-
ber of species such as Arthrospira platensis (spirulina),
Chlorella vulgaris (chlorella) and Aphanizomenon spp, have
been introduced and widely adopted for human food pur-
poses (Wang, Tibbetts, and McGinn 2021). At the moment,
seven microalgae species are accepted as foods in the EU,
namely: Aphanizomenon flos-aquae, Arthrospira platensis,
Chlorella  vulgaris, Chlorella luteoviridis and Chlorella
pyrenoidosa, Odontella aurita, Tetraselmis chuii. The first
five are listed in the EU novel foods catalogue as not novel
food because consumed, albeit not extensively, in Europa
before 1997. In US, several microalgal species are consid-
ered generally recognized as safe, including Arthrospira
platensis, Chlamydomonas reinhardtii, Chlorella vulgaris,
Auxenochlorella  protothecoides, Euglena gracilis and
Dunaniella bardawil. Microalgae have a rich profile of
nutrients (i.e., proteins, lipids, carbohydrates, minerals and
vitamins, PUFAs including omega-3 fatty acids such as
eicosapentaenoic and docosahexaenoic acids) and bioactive
molecules (e.g., antioxidants such as phenolic compounds,
pigments such as carotenoids, phycobiliproteins, chloro-
phylls, phycocyanin, as well as inorganic elements such as
iodine). A large variation in the nutritional profile of dif-
ferent microalgae species is related to genetics, culture
medium (resource use), engineering aspects/considerations
and environmental conditions during their cultivation
(Conde et al. 2013; Amorim et al. 2021).

Recently, Li et al. (2019) collected and presented the
available data on the nutritional composition (i.e., protein,
carbohydrate and lipid expressed in % of dry biomass) of
ten microalgae species mainly consumed for food purposes
(including A. maxima, C. vulgaris, Dunaliella sp.,
Haematococcus pluvialis, Nannochloropsis sp., Nitzschia sp.,
Phaeodactylum tricornutum, Scenedesmus obliquus and A.
platensis). The highest average protein content (60-71%) was
reported in A. maxima followed by A. platensis and C. vul-
garis (46-63% and 51-58%, respectively). The protein con-
tent for other species varied between 17% to 57%. The
maximum lipid content was reported in H. pluvialis (25%)
while A. platensis represented the lowest lipid level (4-9%).
The carbohydrate content varied between 7.8% in
Nannochloropsis sp. to 37-40% in H. pluvialis (Li et al.
2019). However, it must be noted that the microalgal bio-
mass contains up to 80% of moisture that needs to be
removed for its utilization in foods and feeds. The available
data on amino acid profiles of some species were compara-
tively analyzed and reviewed by Amorim et al. (2021) to
determine the quality of microalgae protein for human
nutrition. They reported that, despite the presence of all
essential amino acids in the selected algal species, some of



them contain insufficient amounts of essential amino acids.
For instance, Aphanizomenon sp. showed low contents of all
essential amino acids when comparing to the reference pro-
tein recommended by FAO/WHO. In contrast, the other
species mentioned there, C. vulgaris was slightly lacking ade-
quate amounts of isoleucine (only about 5% deficiency in
comparison to FAO/WHO reference protein). They also
mentioned that the cultivation conditions play a significant
role in shaping amino acid profile of microalgae. Optimization
of the culture process is necessary for achieving the ade-
quate amino acid profile in microalgae (Amorim et al. (2021).

The data on DIAAS of microalgae are very limited and
unavailable for most species. However, recently, a study by
Li et al. (2019) provided DIAAS for five microalgae species
(including Chlorella sp., Nannochloropsis sp., P. tricornutum,
S. obliquus and A. platensis) only for the reference popula-
tion group of older children/adolescents/adults. Chlorella sp.
presented the highest DIAAS (111%), while the other four
species including Nannochloropsis sp. (23%), P. tricornutum
(75%), S. obliquus (40%) and A. platensis (34%) had inferior
protein quality (Li et al. 2019). However, it should be noted
that these DIAAS values were not obtained in animal mod-
els but calculated from in vitro data and details of the cal-
culation were not provided.

Whereas there is a lack of DIAAS for microalgae reported
in the scientific literature, some PDCAAS values have been
reported. Tessier et al. (2021) reported a PDCAAS value for
spirulina (Arthrospira sp.) of 84% with an excellent amino
acids profile (chemical score of 0.98) and a digestibility
comparable to other plant-based proteins (cecal digestibility
of nitrogen= 90%). Wang et al. (2020) reported PDCAAS for
three green microalgal species including C. vulgaris, C. soro-
kiniana and Acutodesmus obliquus. In this study, male
Sprague-Dawley rats were fed with trial diets containing
10% protein from one of the microalgal species. The microal-
gae ingredients were added to the basal diet in two forms
including, undisrupted and mechanically cell (wall) ruptured
(using high-pressure homogenization). The PDCAAS for
undisrupted C. vulgaris, C. sorokiniana and A. obliquus were
63%, 64% and 29%, respectively. The authors reported a
substantial improvement in amino acid bioavailability after
the mechanical disruption of cell walls as the PDCAAS after
this treatment were 77%, 81% and 46% for C. vulgaris, C.
sorokiniana and A. obliquus, respectively (Wang et al. 2020).
An increase in protein digestibility after disruption of the
cell wall is also reported which may likely explain the
increase in PDCAAS values.

All in all, we observed a large variety in protein quality
across different species of microalgae, with Arthrospira plat-
ensis (spirulina) and Chlorella spp. as potentially good source
of proteins. However, disruption of cell wall is one of the
most essential steps for the full utilization of nutrients from
microalgae including proteins (Amorim et al. 2021) and
seems to be an essential step for the use of dry microalgal
biomass. Employing efficient mechanical techniques for
microalgae cell wall disruption, such as bead milling and
homogenization, may qualitatively improve nutritional value
of proteins (Li et al. 2019; Amorim et al. 2021). Another
problem related to the use of microalgal biomass for food
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applications is that the biomass cannot be used as such but
must be converted in a powder or the proteins been extracted
(and dried) (Amorim et al. 2021). Proteins can potentially
be extracted from the wet or dry algal biomass.

Proteins from fungi

This group of alternative proteins include protein mainly
obtained from fermented biomass produced by common
soil-dwelling filamentous eukaryotic nonpathogenic fungal
microorganisms. The most well-known example of this
group is Fusarium venenatum which is often referred to also
as mycoproteins (Finnigan, Needham, and Abbott 2017).
Commercial production of mycoprotein initiated in 1985
under Quorn™ trade name (Wiebe 2004). For this reason,
Fusarium venenatum is approved for food use in EU but it
is listed in the EU catalogue of novel foods as not novel. It
is also approved for use in several countries including US,
Canada, UK and New Zealand. The industrial production of
mycoprotein is carried out by the continuous flow culture of
E venenatum on a carbohydrate (e.g., glucose) substrate in
air-lift sterile pressure cycle fermenters. At the end of the
fermentation process, the obtained biomass should be ther-
mally treated to reduce the RNA content to meet the food
safety standards (Wiebe 2004). Detailed studies on environ-
mental impacts of mycoprotein production are still scarce
and its environmental impact still controversial. Some
reviews, such as Finnigan, Needham, and Abbott (2017) and
Hashempour-Baltork et al. (2020), concluded that mycopro-
tein could be potentially considered as an alternative protein
source with low environmental impacts in terms of carbon
footprint, water footprint and land use. However, most
recent reviews criticized this view by employing more
detailed LCA analysis as well as comparing mycoproteins to
other novel protein sources. For instance, Smetana et al
(2023) reported values for the global warming potential of
mycoproteins in the range of 5.55-23.66kg CO, equivalents/
kg proteins (i.e., comparable to egg proteins but substantially
higher than soybean meal) and underlined that processing
(e.g., drying) of the fungal biomass can double the environ-
mental impact of mycoproteins. Another review by Mazac,
Jarvio, and Tuomisto (2023) reported that mycoproteins
ranked worse than fish and chicken meals in terms of global
warming potential. Furthermore, LCA analysis of a number
of meat alternatives using a “cradle-to-plate” methodology
revealed high environmental impacts of mycoprotein-derived
products, especially due to the high demand for energy used
in cultivation process and medium (Smetana et al. 2015).
Also, Souza Filho et al. (2019) reviewed the environmental
impacts of mycoprotein production and they noted that the
results of LCA analyses showed that this alternative protein
source causes environmental impacts similar to those
reported for pork and chicken.

Mycoprotein has low fat, and is rich in proteins and
dietary fiber, due to the presence of the fungal cell wall
(Denny, Aisbitt, and Lunn 2008). Per 100g of dry matter,
about 45g of proteins (corresponding to 11.5% on fresh
weight), 13g of fats and 25g of fibers are reported as the
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main nutritional components of typical mycoproteins
(Finnigan, Needham, and Abbott 2017). Also, a wide array
of micronutrients e.g., vitamin B,,, vitamin By, Zn, Mg, Ca
and P are present in mycoproteins (Derbyshire and Finnigan
2022). Mycoprotein lipids mainly include PUFAs, such as
linoleic and linolenic acids (Hashempour-Baltork et al. 2020).

Only one study reported a PDCAAS of 100% (measured
in ileostomy patients, true ileal digestibility estimated at
86%) which means that this alternative source can poten-
tially be considered as a good quality (complete) protein
(Edwards and Cummings 2010). No DIAAS values are so
far reported for mycoproteins. However, recently a study by
Ariéns et al. (2021) provided in vitro digestible indispens-
able amino acid score (IVDIAAS) for mycoprotein. In this
study, the authors used the harmonized INFOGEST static
protocol to digest the proteins; then three methods were
applied for the determination of the amino acid profile of
the indigested fraction (that corresponding to the absorb-
able fraction in vivo) and hence the true ileal digestibility
of the protein. In the first method, each individual amino
acid (AA) in mg in the filtrate was subtracted by the same
AA (mg) of the control ‘empty’ digest (containing and
treated the same without the addition of a protein sample)
and divided by that AA in the start protein sample. In the
second method, the amount of an individual AA in the fil-
trate of a protein sample minus that AA of a control ‘empty’
digest was divided by the same AA in the digest (before
filtration) minus the AA in digest control. In the third
method, the filtrate was divided by the digest but without
the subtraction of the control. The IVDIAAS values were
computed for the age categories of young children
(6-36 months old) and older children (3-10years old), sep-
arately. For the age group 6-36months old, the calculated
IVDIAAS ranged from 33% to 42% For older children, the
reported IVDIAAS ranged from 39% to 49% (Ariéns et al.
2021). These values were much lower than the PDCAAS
value reported previously (Edwards and Cummings 2010)
and let the authors question the reliability of the IVDIAAS
produced in the ways described above (Ariéns et al. 2021).

Although E venenatum represents the most well-known
example of fungal proteins, other fungal species are emerging
as potential source of alternative proteins including, among
others, Yarrowia lipolytica, an oleaginous species of yeast,
Saccharomyces ssp., or Paecilomyces variotii, the asexual state
of Byssochlamys spectabilis, which is commercialized under the
brand name PEKILO. Yarrowia lipolytica is authorized as
novel food in EU only for use in food supplements.
Paecilomyces variotii is considered novel food in EU but not
authorized yet. Saccharomyces spp. is authorized for use in EU
in food in the fresh and UV-irradiated form (this last as novel
food). However, very little is known about the environmental
impact as well as about the quality of the proteins of these
fungal species. Among the very few studies about protein
quality of yeasts, Pacheco, Caballero-Cérdoba, and Sgarbieri
(1997) determined in vitro PDCAAS for yeast (Saccharomyces
sp.) protein concentrates (including yeast cell biomass (YC),
sodium perchlorate extracted and isoelectrically precipitated
protein concentrate (P-PC) and sodium trimetaphosphate
treated extract followed by isoelectrical precipitation

(TMP-PC)) in an in vitro experimental design. They found
fairly high PDCAAS values for the yeast as reported at the
levels of 86%, 82% and 90% or YC, P-PC and TMP-PC,
respectively. More recently IVDIAAS values ranging from 97%
to 99% for older children and adults have been reported for
Saccharomyces cerevisiae (Ariéns et al. 2021). In conclusion,
whereas the quality of micoproteins from Fusarium venena-
tum are as good as some animal proteins (PDCAAS = 100%),
there is still no DIAAS value available for Fusarium venena-
tum or any other fungal protein.

Other microbial proteins

If proteins from microscopic fungi or microalgae are well
known to consumers, more innovative alternatives of animal
proteins from microbes have been explored. Microbial pro-
tein produced for food or feed is commonly referred to as
single cell protein (SCP), although microbes (and microal-
gae) do not always grow as isolated cells, but may also form
colonies. This includes also autotrophic bacteria like microal-
gae and heterotrophic bacteria like fungi that have been
described in previous chapters. Here we refer to autotrophic
bacteria that are able to grow on a carbon source using gas
as source of energy. The major applications so far involve
knallgas bacteria, that use molecular hydrogen as energy
source, and methanotrophic bacteria, that use methane
(Nyyssola et al. 2022). Whatever the source of energy used,
proteins are produced in the form of a bacterial biomass,
obtained by submersion or solid-state fermentation. This
biomass typically contains a large amount of protein on a
dry basis (30-80%). Proteins can be extracted or used in the
form of a high protein flour for food applications. However,
little is known about the techno-functional properties of
these proteins. Very little is also known about the protein
quality. One study has found that the essential amino acid
score for H,-oxidizing autotrophic bacterial strains,
Nocardioides nitrophenolicus KGS-27 and Rhodococcus opacus
DSM 43205, is >1 for all the amino acid except tryptophan
and that the amino acid content can vary depending on the
cultivation conditions (Nyyssold et al. 2021).

Another solution for producing proteins in a potentially
more sustainable way by exploiting cellular agriculture con-
sists in genetically engineering microbes. An example of this
is the animal-free ice cream launched in 2019 in the US by
the company Perfect Day, Inc. (www.perfectdayfoods.com).
There are no studies at the moment that have investigated
the quality of those proteins that are identical to animal pro-
teins and that are produced from genetically modified
microbes. Clearly, amino acid composition would be identi-
cal to the “natural’, animal counterpart and thus protein
quality is expected to be high (i.e, high DIAAS). Protein
digestibility would be mostly affected by the way protein-rich
ingredients are isolated/purified and the industrial processes
applied in food applications (e.g., extrusion, thermal treat-
ments, etc.). An extra factor that can affect protein digest-
ibility may be that the supramolecular organization of
proteins produced from cellular agriculture may be different
from that of the natural counterpart (e.g., casein micelles in
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milk compared to isolated casein molecules produced by the
microbes).

Meat analogues

Meat analogues is a relatively new commercial category of
food products where non-animal proteins are processed in a
way to replicate the sensory properties, especially the tex-
ture, of real meat (Dekkers, Boom, and van der Goot 2018).
Meat analogues must not be confused with cultured meat,
which is based on tissue engineering principles using stem
cells. At the moment, several alternative sources of proteins
have been used to develop meat analogues including myco-
proteins and other microbial proteins, insect proteins and
algae proteins, often in combination with plant proteins.
However, most of the commercially available meat analogues
are based on legume proteins, primarily soybean and pea
often in combination with wheat gluten. Proteins are usually
extracted and isolated, and then processed to form the typ-
ical fibrous structure found in meat. Different techniques
can be used to impart the typical fibrous structure to meat
analogues, e.g., extrusion, shear cell technology, and 3D
printing. By varying the processing conditions, for instance
extrusion temperature (typically between 100°C and 180°C),
or moisture content (typically between 30 and 70%), differ-
ent textures can be achieved. Additives like colorants and
thickeners can be incorporated to create the variety of meat
analogues available in the market.

Despite their commercial success, little is known about
how sustainable meat analogues are compared to meat and
its derivatives. In a meta-analysis published in 2020 (Santo
et al. 2020), the ecological impact of meat analogues was
investigated based on various parameters. The result of the
analysis shows that the ecological impact for plant-based
meat analogues (PBMA) is significantly lower compared to
meat, although it is higher than that of legumes since the
production of meat analogues involves protein extraction
and processing and addition of ingredients which produc-
tion or purification has its own ecological impact.

Nutritional quality of PBMA generally reflects the nutri-
tional composition of the ingredients used. Typically, they
have a more unsaturated fatty acid profile compared to meat
and contain some dietary fiber (either present in the protein
ingredient or added as additive for structuring) (Bohrer 2019).
Commercial PBMAs typically have lower content of iron, zinc
and vitamin B,, compared to meat counterpart unless they
are fortified but this occurs very seldom (Melville et al. 2023).
Ongoing research is being conducted to evaluate the quality
of proteins in PBMA. Protein quality of meat analogues would
primarily depend on the amino acid composition of the plant
proteins used. For instance, for the production of PBMA, the
most commonly used plant-based ingredients are soy proteins
isolates and pea protein isolates. Gluten is often used to
improve the technological functionality of the product. Among
these three protein sources, soybean has the best amino acid
profile, whereas gluten proteins are of a much poorer quality.
Recently, Cutroneo et al. (2023) demonstrated that the sum of
essential amino acids of some commercial plant-based burgers
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is able to satisfy the requirements for older children and
adults (FAO 2013), even though they lack lysine compared to
the amino acid scoring pattern set by FAO/WHO (for older
children and adults). Secondly, protein quality in meat ana-
logues would be affected by protein digestibility. Digestibility
of proteins in meat analogues has been explored in vitro and
in animal models and is generally reported as lower compared
to the meat counterpart (Xie et al. 2022a; Xie et al. 2022b;
Zhou et al. 2021; Chen, Capuano, and Stieger 2021). It must
be mentioned however that extrusion conditions (temperature
and time; moisture level; screw speed, etc.) may affect protein
digestibility by producing different protein microstructures,
which would reflect in different digestibility. Finally, the pres-
ence of other components in the ingredients of a meat ana-
logue may also affect protein digestibility (e.g., antinutritional
factors like polyphenols or soy saponins; dietary fiber) but
this is little investigated and likely less important than protein
microstructure and modifications. Clearly, extrusion condi-
tions (and domestic preparation as well) may also result in
degradation, racemization of essential amino acids and other
oxidation damages (Duque-Estrada and Petersen 2023) which
may lower protein quality. At the moment, the only DIAAS
available is for PBMA (Fanelli et al. 2022). The authors have
assessed the quality of proteins in two PBMA currently avail-
able on the market: the “Beyond Burger” (also sold in Europe)
and the “Impossible Burger”, the first to be commercialized
but currently available only in the United States. The authors
used ileal cannulated gilts as animal model and the burgers
were included in each diet as the sole source of crude protein
and amino acids. The study shows that protein quality in
PBMA varies significantly, with the Impossible Burger having
a higher DIAAS (107%, close to that of meat) than the
Beyond Burger (83%). One of the reasons for this difference
is likely that “Beyond Burger” is produced with pea proteins
compared to “Impossible Burger” which is based on soy pro-
teins, with pea having a lower DIAAS compared to soy.
Another reason may be the relatively lower digestibility of the
Beyond Burger (standard ileal digestibility of crude protein =
90%) compared to the Impossible Burger (99%). This last
study demonstrated that plant-based meat analogues might
represent a good (or even excellent when soybean-based)
source of proteins.

Conclusions

A rebalance of protein intake from animal-based proteins
toward alternative and more sustainable sources seems to be
needed to alleviate the environmental impact of the current
food production system. This transition can be implemented by
switching as much as possible to a plant-based diet, as well as
to incorporate novel proteins sources in the diet. This report
has discussed the protein quality of three possible alternative
sources: grain legumes, insects and microorganisms.

In particular, this review shows that none of the exam-
ined alternative sources can produce DIAAS or PDCAAS
values comparable to animal proteins, with the exception of
soybean (DIAAS >90%), soybean-based meat analogues
(DIAAS = 107%) and micoproteins from Fusarium
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venenatum (PDCAAS = 100%). However, some insect pro-
teins can produce very high values, like house cricket
(DIAAS = 89%) and banded cricket (DIAAS = 92%). Very
little is currently known on microbial proteins, apart from
algae proteins, the quality of which protein is unfortunately
limited by the poor accessibility in intact algae cells.

From our analysis, it emerges that information on the
quality of alternative proteins is largely available in terms of
amino acid profile but there is a relative lack of DIAAS (but
also of PDCAAS) values for most of the alternative protein
sources reviewed here with the exception of grain legumes.
Our review also underlines the importance of considering the
final product rather than the protein ingredient in the assess-
ment of the DIAAS (or any equivalent measure of protein
quality). Insect protein may, for instance, be consumed as
meal, formulated in bread or cookies, or extruded to produce
the fibrous structure of meat analogues. Meat analogues can
be prepared in a variety of ways at home, e.g., by grilling.
Each industrial and domestic processing step will no doubt
have an effect on protein digestibility and possibly on amino
acid composition (degradation and racemization of essential
amino acids). We therefore suggest that real food products are
tested, with few key food categories that most contribute to
the overall protein intake prioritized, and that the exact con-
ditions for production of such foods are reported. In calling
for more studies to broaden the list of DIAAS values and
aware of the practical issues in producing them, due to the
use of human or animal models for a large number of poten-
tial food products as discussed elsewhere, we stress the impor-
tance to develop more high-throughput, validated in vitro
alternative methods, for the assessment of DIAAS values.

Finally, we highlight the application of further steps of
purification or processing may often improve the protein
quality of several alternative sources, for instance by removing
antinutritional factors in grain legumes and possibly insects,
or removing the barrier effect of cell walls in microalgae in
the same time increasing the ecological fingerprint of the pro-
tein unit mass, an issue that has recently been indicated as
“the sustainability paradox” (Duque-Estrada and Petersen
2023), i.e., “[the] fact that less processing most often results in
lower protein nutritional quality compared to purified protein
ingredients that are more processed”. However, it must be also
stressed that whereas protein purification improves protein
quality, it comes at the expenses of the loss of a variety of
nutrients, e.g., dietary fiber, minerals and vitamins as well as
bioactive compounds, e.g., phenolic compounds, which are
richer in less refined ingredients, and contribute to human
health. In the future, this balance between sustainability
aspects and nutritional quality must be carefully considered in
choosing appropriate alternative sources of proteins.

All in all, the information collected in this review in terms
of DIAAS and PDCAAS values, environmental impact and
nutritional quality (beside protein quality) may help stake-
holders in the selection of alternative sources of proteins to be
included in the future in the human diet as a (partial) replace-
ment of animal proteins. Clearly, other factors must also be
included, which could not be covered here, like the financial
aspects as well as safety and toxicological issues such as, but
not limited to, the potential allergenicity of the proteins.
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