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Abstract
Current European, and particularly Mediterranean, agricultural
production systems heavily depend on protein imports to cover
the nutritional needs of farmed animals and fish. To increase
their resilience, the EU is in search of efficient, sustainable,
and locally produced alternative proteins. Insects and algae
have recently gained much attention due to their ability to
bioconvert agro-industrial side-streams into valuable re-
sources. Legumes are known for their high protein content;
however, certain species, such as lupins and fava beans, have
been overlooked and underused as food and feed. Additionally,
microbial fermentation can be used in parallel with insects,
algae, and legumes, to efficiently transform them into food and
feed. This contribution describes the challenges and chances
associated with the utilization of these alternative protein
sources for food and feed applications.
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Introduction
The need for an increase in protein production for food

and feed is a highly emerging global issue [1]. Given that
the human population is expected to exceed 10 billion
people in 2050 [2], any increase in food availability is
disproportionally developed, at least in comparison
with global demands [3]. At the same time, especially
after the pandemic of COVID-19 and the more recent
food crisis, there are major concerns regarding food
safety, which should be the first priority in any effort to
assure food security. Most agricultural farming systems
produce a huge amount of livestock and crop residues, as
well as a wide variety of side-streams. It is estimated

that 37% of our agricultural production is lost yearly,
which corresponds to 2.6 billion tons on a global basis
[4], valued at 750 billion US$ annually [5]. Similarly,
one-third of all food produced for human consumption is
either lost or wasted [6]. Additionally, on-farm food loss
and waste is estimated to be 16% of the total
agricultural-related greenhouse gas emissions globally,
and reductions in these emissions have the potential to
have a significant impact on climate change [7]. These
losses represent a big pool of untapped and underrated
resources.
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There are numerous protein sources that have been so
far evaluated; here, emphasis will be laid on three
sources that have been prioritized by PRIMA (Partner-
ship for Research and Innovation in the Mediterranean
Area) through the funding of the CIPROMED (Circular
and Inclusive utilisation of alternative PROteins in the
MEDiterranean value chains; PRIMA Call 2022 Section
1) project: insects, algae and legumes. Among the three

sources, insects and algae path the way to the utilization
of nitrogenous compounds from agricultural production
losses and to the coverage of future protein demand.
Legumes, on the other hand, are known for nitrogen
fixation and their high protein content, thus contrib-
uting first to the supply of proteins and second to
reduced nitrogenous fertilizer use during cultivation.
On the other hand, the efficient biorefinery processing
of legume byproducts, residues, and wastes generated
from agro-industrial and food processing and produced
yearly in very large amounts may represent an inter-

esting source of plant proteins contributing to satisfy the
steadily increasing global protein demand [8].
Nitrogen recycling strategies
Insects have gained much attention during the last ten

years due to their incontestable advantages as a waste
management agent that can transform agricultural
byproducts into valuable food and feed [9,10]. In recent
years, the European Union (EU) has blazed a trail,
giving the “green light” to authorize eight insect species
for their utilization in feed, whereas four species are
approved for food [11,12]. While the expansion of this
authorization for other areas is a dynamic procedure that
is still in progress with new entries (new species, other
uses in agri-food, etc.), this development resulted in a
rapid growth in research, with thousands of scientific
publications annually on the subject, a subject that less

than ten years ago was covered by less than one hundred
publications annually [13]. At the same time, a new
scientific journal was immediately launched on the
subject, “Journal of Insects as Food and Feed,” while
other journals have already modified their aims and
scope to attract submissions in this research area. These
developments were run in parallel in the industrial
sector, with the establishment and operation of
numerous new companies that produce insects for food
and feed in the vast majority of the EU countries. One of
the key elements in developing the above areas is the

utilization of side-streams or byproducts that cannot be
utilized further in the agri-food chain, integrating cir-
cular economy attributes in practice, through the green
transformation of “trash” to “gold”.

In the same context, the use of microalgae (including
cyanobacteria strains like Arthrospira) also works the same
way in utilizing different byproducts in the agri-food value
chain. Several microalgal species are widely used as
important protein sources [14]. Certain legume species
Current Opinion in Green and Sustainable Chemistry 2024, 46:100892
were overlooked for many decades, or their use was rather
limited, even though they are rich in protein, such as
lupins and fava beans [15]. Additionally, microbial
fermentation can be used in parallel with insects, algae,
and legumes, as it offers a highly applicable method that
can transform an extremely large variety of substances into
food and feed [16e18]. Apparently, none of the above
techniques can serve as a standalone source for the com-

plete substitution of the traditional protein sources;
integration of more than one of these techniques simul-
taneously can constitute a viable solution for the produc-
tion of proteins with environmentally compatible
pathways. While microalgae could utilize several forms of
water-soluble nitrogen in protein-rich biomass, many
agricultural wastes would require pre-treatment steps so
that nitrogen and other elements could be made available
for microalgal consumption. In addition to nitrogen re-
covery, several microalgae could also produce other high-
value metabolites (e.g. pigments, polyunsaturated fatty

acids, etc.) using waste sources [19].
Alternative proteins in the European and
Mediterranean value chains
Current European agricultural production systems are

heavily dependent on protein imports to cover mainly the
nutritional needs of livestock animals and farmed fish, but
also additional needs for human consumption. Indica-
tively, the EU, together with Norway and Switzerland, is
the second-largest importer of soy after China, with the
most quantities to be imported fromBrazil, Argentina, and
the US [20]. The dependency of European agri-food sys-
tems on imports of themain protein sources renders them
unstable and unprotected from major disruptions of the
different channels in the supply chain, as has been proven
during the pandemic crisis. This situation is especially
critical for the Mediterranean region, where drought and

ecological deficits are worsening the self-sufficiency of
traditional protein supply chains [21]. Therefore, there is
an urgent need for the EU, and particularly for the Med-
iterranean basin-based countries, for efficient, viable, and
locally produced alternative protein sources, including the
exploitation and valorization of agro-industrial side-
streams and byproducts. In the Mediterraneanedespite
the above average consumer resistanceecultured, plant-
based, and insect-based meat are emerging technologies
forproducing alternatives tomeat-derivedproteins,whose
demand is growing. Thus, sustainable and smart intensi-

fication of farming systems with integrated biorefinery
concepts (such as insect-based and algae-based) offers
greenhouse gas mitigation options through nitrogen flow
optimizations, overall improved biomass management,
and higher conversion rates into accessible protein in-
termediates [22].

The ability of agricultural production systems to rely on
locally produced resources can increase their stability
and resilience to adverse and unforeseen events that
www.sciencedirect.com
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disrupt global supply chains. In this context, there is a
need to reduce the risk for the Mediterranean countries
from being dependent on imported protein sources,
aiding them to rely more on locally produced nutrients.
This can be achieved by adjusting novel protein pro-
duction to the unique Mediterranean conditions,
considering the establishment of new, socio-
economically feasible, and environmentally sustainable

alternative protein value chains and production systems.
The exploitation of side-streams is of fundamental
importance and can be based on the establishment of
alternative protein production systems through local
industrial adaptations that consider the unique charac-
teristics of the Mediterranean basin. This should be
done in conjunction with quantifying the perceptions
and beliefs of the public in the Mediterranean region
about novel protein production, using realistic case
studies and paradigms with consumer and end-user
cocreation of specific products. Recent studies indi-

cate that there are positive perceptions in this region
that further encourage research in this direction [23,24].
However, additional work is needed to integrate pro-
cedures to obtain high-quality protein ingredients,
considering consumers’ preferences and religious and
cultural principles for these resources to be used daily.

One paradigm of the integration of local side-streams
with the production of alternative proteins is the case of
the so-called “fortified insects”. In this case, the sub-
strate for the mass rearing of insects is enriched with

local agricultural byproducts of plant origin, such as
residues of the processing of agricultural products,
microalgae, or plants known to be rich in antioxidants
and vitamins [25,26]. This enrichment has yielded in
the production of insects that have all these desirable
characteristics, as compared with insects that were fed
only with conventional diets, e.g. bran [26].
Feed the future
The unique characteristics of the Mediterranean basin
have resulted in unique feeding trials with targeted
applications. For instance, seabass that was fed with
aquafeed that contained the yellow mealworm, Tenebrio
molitor L., was found to be superior to seabass that was
fed with the standard aquafeed in terms of antiin-
flammatory and antiparasitic tolerance [27]. Similarly,
seabream characteristics were not affected by the

addition of T. molitor, the black soldier fly,Hermetia illucens
L., and the housefly, Musca domestica L. [28]. Further-
more, substituting soybean meal with 50% and 100%
black soldier fly larvae meal in guinea pig diets and its
effects on meat quality (fatty acid profile, amino acid
profile, water-holding capacity, pH, proximal composi-
tion, and color) have also been thoroughly investigated.
The results showed no differences in the protein con-
tent and amino acid profile of meat nor in the n-6:n-3
www.sciencedirect.com C
and P/S ratios, but did show an increment in the desir-
able fats (mono- and poly-unsaturated fatty acids) in the
guinea pigs fed with black soldier fly larvae meal [29].
Similar results have also been reported in the case of
broilers that, when fed with T. molitor, had considerably
better meat composition and welfare traits [30,31].
Similar data have also been reported in the case of pigs
[32]. The same holds in the case of microalgae on

different types of livestock and farmed fish [33e35]. All
the above data clearly underline the importance of using
side-streams through the alternative production chain,
which, if translated further, is expected to have a
considerable effect on the establishment of a green
protein production industry.
Much more than just a protein: From
extraction to bioconversion
One of the most noticeable characteristics that consti-
tute the entire procedure unique is the fact that,
although, in principle, the aim is novel protein extrac-
tion, there is a side procedure that takes place in par-
allel: bioconversion. Even before the intensified
industrialization of the production of novel protein
sources, certain agents, such as insects and algae, were

valuable waste management agents for types of waste
that could not be easily handled with conventional
methods [36,37]. Hence, waste management thought
these agents still remains an important and largely un-
explored area, despite the fact that its potential is
enormous for a wide range of waste materials [38e40].
In particular, legume residues are produced yearly in
very large amounts and may represent an interesting
source of plant proteins that contribute to satisfying the
steadily increasing global protein demand. Innovative
biorefinery extraction cascades may also enable the re-
covery of further bioactive molecules and fibers from

these insufficiently tapped biomass streams [8].

With only a few exceptions, the evaluation of the
“side” products of this procedure is now in its infancy,
as many potential new products are positively evalu-
ated and rapidly introduced into the market on an
industrial scale. One such paradigm is insect frass,
which was not known until recently. Insect frass is a
byproduct of insect production units that has unique
characteristics as a soil improvement agent and is now
authorized in the EU for this purpose [41,42]. Recent

works reported the positive effects of insect frass in
different types of plant species [43,44]. As a
“byproduct” of the insect rearing procedure, frass is
expected to gain more ground as a commercial product
very shortly, creating, if insects are fed on byproducts
themselves, a never-ending circle of byproduct pro-
duction and utilization in the agri-food chain. This list
of side products is being continuously updated at
regular intervals, with new discoveries or an update of
urrent Opinion in Green and Sustainable Chemistry 2024, 46:100892
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a novel use of an already known substance. The list
includes astaxanthin, which is an extremely strong
antioxidant, insect oil, with characteristics that are
comparable with those of some of the already existing
oils that are used in food, gluten-free food, which is
based on legumes, plant protection agents, that come
from algae, and many more [45e48].
Conclusions
Designing new recycling processes, products, and new
uses of all the above is not an easy task, as such an effort
requires a multidimensional approach involving a wide
range of key players with simultaneous involvement. As

such, any new products should be designed and devel-
oped to meet target group needs and expectations for
preferences, nutritional value and satiety/satiation abil-
ity, healthy properties and sustainability, sensory appeal,
a rewarding eating experience, and convenience,
considering both individual and context-specific re-
quirements. At the same time, any new developments
should be based on a continuous update and harmoni-
zation with the EU legislation, providing adaptable and
inclusive solutions that are likely to have industrial
projections and agree with the local environmental in-

dicators, especially in the case of dry areas such as the
Mediterranean basin.
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