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1. INTRODUCTION

Industries are increasingly adopting fractionation to extract compounds with specific
properties, valorize unused materials, or convert waste. The refined components can be
used as food ingredients with particular nutritional or functional properties, such as
emulsifiers or thickeners. These properties make the targeted products valuable to various
users, including industries, retailers, and health-conscious consumers, as they have the

potential to support personalized nutrition.

Protein, as a primary macronutrient, is subject to fractionation techniques to achieve a
protein concentrate with high purity and specific functional properties. Plant proteins are
gaining continuous interest owing to their significance as sustainable food ingredients and
their suitability for developing products such as meat analogues or supplements for

bodybuilding and weight control.

From an industrial perspective, maintaining a balance between production cost-
effectiveness, sustainability, and product quality is crucial. With the increasing emphasis
on environmentally friendly approaches (ionic liquids, Deep Eutectic Solvents (DES)),
there is an urgent need to optimize extraction conditions. Therefore, establishing a
modelling framework can improve process performance while reducing the number of
trials, and the integration of computational tools and predictive modelling can provide a
promising strategy to minimize resource use. However, to ensure the reliability of these

results, validation is essential.

From a nutritional perspective, although plant-based proteins, especially those from
legumes, are recognized for their nutritional value, their use is restricted due to allergens
and antinutritional factors such as lectins, trypsin inhibitors, phytic acid, phenolics,
oxalates, saponins, tannins, and cyanogenic glycosides. While fractionation and
processing methods (such as enzymatic hydrolysis, fermentation, and roasting) can
reduce or mitigate these effects, peptides with bioactive potential can be produced.
Therefore, the characterization of these peptides may reveal promising new functional
properties. Additionally, an in vivo model is also available as a valuable tool for evaluating
and validating the nutritional efficacy of diets that are either restricted to protein isolate

or enriched with it.



This work includes a comprehensive study that integrates both industrial, nutritional, and

immunological aspects related to the plant origin protein extracts (Figure 1). The main

objectives were to:

1.

Extraction optimization @Nutritibnal effect

Apply a predictive model for estimating the purity of soybean protein extracted
using the conventional method (Alkaline isoelectric precipitation (A-IP)), and the
new method (DES).

Assess the physicochemical properties of the extracted soybean protein using
techniques to elucidate its molecular weight through Sodium dodecyl sulfate-
polyacrylamide gel electrophoresis (SDS PAGE), to give an overview of the
protein’s conformation and intermolecular contacts (fluorescence spectroscopy),
and to visualise the microstructure (microscopy).

Elucidate the potential nutritional effect (viability, Position-effect variegation
(PEV), organ size) of a normal and an exclusive high-protein diet (soybean
protein) using the in vivo model Drosophila melanogaster. This model is
characterized by its ease of maintenance in the laboratory, its fully mapped
genome, and the similarity or equivalence of its genes to those in humans.
Analyse the primary sequences of plant proteins of different origins (cereals and
legumes) possessing antagonist effect (allergenic and bioactive effect) using
bioinformatics tools to derive insights and identify conserved motifs or

characteristic patterns.
Objectives
’

Immunological effect

v v
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the extracted protein

Figure 1. Study objectives

Sequence characterization



2. LITERATURE REVIEW

Nowadays, there is a surge in people's awareness of the importance of a protein-rich daily
diet (Patra, Prasath, et al., 2023). Therefore, to align with the expanding nutrient demands
of a growing global population, affordable, abundant, sustainable sources of protein are
needed (Hadidi et al., 2024). Plant protein is recognized for being an eco-friendly,
plentiful, and customizable plant-based food that can serve as a substitute for animal-
based foods. Nevertheless, currently, available plant-based foods lack nutrients exclusive

to animal food products (J. Huang et al., 2024).

From the environmental, agricultural, and nutritional perspectives, legumes offer several
advantages. They provide low greenhouse gas and water footprints and can enhance soil
quality through nitrogen fixation (Semba et al., 2021). In addition to being affordable,
they provide a sustainable source of protein (Semba et al., 2021), varying between 20%
and 40% (Shevkani, 2023). Thanks to their properties, these proteins allow replacing
existing animal-source proteins in various applications (Goldstein & Reifen, 2022). While
most legumes contain 20%—25% of protein, lupines and soybeans have exceptionally high
protein content (Shevkani, 2023). In particular, soybean is the most widely produced
legume crop (Semba et al., 2021). In 2023, the cultivated land area extended to nearly
136.9 million hectares, resulting in a harvest of 371.17 million tons (FAOSTAT, 2025).
This production quantity is projected to increase shortly, alongside a growing demand
driven by the ever-increasing population (Dilawari et al., 2022). Despite being one of the
most cultivated genetically modified crops (Sieradzki et al., 2021) soybeans represent the
most widely used source of protein, containing at least 30 allergens, such as Gly m 1 to
Gly m 8, P28, and P34, which affect 0.5% of the general population (Pi et al., 2021).
Being a worldwide cultivated crop with high-quality protein and edible oil (Giorgio et al.,
2023), soybean (Glycine max L.) is considered a basic source of vegetable oil and a
substitute for high-protein meat (Dilawari et al., 2022). However, their use as protein
extracts extends their application in many other fields. In particular, these eco-friendly
protein isolates can provide a high-quality food source with a well-balanced amino acid
composition (Z. Huang et al., 2023). These proteins can be used as an ingredient in
multiple food systems (bakery, breakfast cereals, beverages, infant formulas, enteral
nutritionals, dairy) (Gilani & Lee, 2003) and non-food systems such as biodegradable
films and gel systems (Meganaharshini et al., 2023).



2.1. Protein extraction: Efficiency optimization and sustainable techniques

2.1.1. Overview of extraction methodologies

During protein extraction, assessing extraction efficiency by evaluating the purity of the
extract and the degree of protein separation (protein recovery or yield) is the primary
indicator of process performance. Regarding protein purity, the denomination of protein
concentrates or isolates depends on the protein content, with concentrates classified when
the protein level reaches 65% and isolates when it reaches 90% (Boye et al., 2010; 1. M.
Rodrigues et al., 2012).

Whether derived from seeds or waste, the effectiveness of plant protein extraction
methods depends mainly on the adopted methods (Hewage et al., 2022). In addition to
the properties of protein (Meganaharshini et al., 2023), the quality and recovery yield of
plant proteins depend on the extraction methods (Tang et al., 2024). For instance, wet
extraction yields pure protein isolates, but it is less sustainable due to higher energy
consumption and increased waste. Conversely, dry separation prioritizes the functioning
of ingredients over molecular purity (Fatima et al., 2024). Together, dry and wet
fractionation methods represent the conventional approaches for protein extraction (Eze

et al., 2022).

Protein extraction using conventional methods can be applicable to a diverse category
of plant matrices, encompassing oilseeds, cereals, pulses, and agro-residues (M. Kumar
et al., 2021). However, they are known to be time-consuming, energy-intensive, and
ecologically unsustainable (M. Kumar et al., 2021; Tang et al., 2024). These methods
include wet extraction methods (alkaline, acid, and salt extraction) and dry fractionation,
commonly utilised for plant protein extraction (Tang et al., 2024). Among these

techniques, alkaline extraction is the most utilised (Momen et al., 2021)(Figure 2).

Centrifugation Centrifugation

Alkaline conditions Isoelectric precipitation

(pH 8.0-12.0) . (pH 4-5) -
= = Proteins + soluble - =
e compounds e
\ 4 —— insoluble residues A 4 & «—— Proteins

solubilize proteins (mainly carbohydrates)

Figure 2. Alkaline conditions/Isoelectric precipitation



Since these conventional techniques for protein extraction are not sustainable, it is

imperative to explore alternative, more environmentally friendly solutions (Hanafi et al.,

2024). To comply with these criteria to be qualified as a green medium, criteria including

accessibility, low toxicity, biodegradability, and cost effectiveness should be satisfied

(Santos et al., 2022). In pursuit of improved extraction effectiveness, innovative

extraction technologies have emerged (Figure 3) (Shawky et al., 2025).

Dry fractionation
'—.

Wet fractionation
—

Ul't'rasnund assisted extraction

Egzyme assisted extraction

Microwave assisted extraction
I

I\aemhrane filtration

High hydrostatic pressure
L

Supereritical fluid extraction
L

F;ulsed electric fields

Natural de:p eutectic solvents

B et T

technologies

Conventional
"* method i
i Protein extraction
| methods
New i

Figure 3. Protein extraction methods from legumes

The advantages and disadvantages of some of these new protein extraction methods are

summarized in Table 1.

Table 1. Advantages and disadvantages of new technologies for protein extraction

Extraction Advantages Disadvantages References
method

Alkali- -Low cost -Reduced yield of (Ampofo & Ngadi,

based -Enhanced extraction, 2022)

extraction | digestibility and
bioavailability

-Reduced protein quality
through denaturation,
-Loss of amino acids,
-Time-consuming, energy-
intensive,
-Non-eco-friendly

5



https://www.sciencedirect.com/topics/chemistry/biodegradability

Microwave- | -Environmentally -Expensive equipment (Hadidi et al., 2023)
assisted friendly -Can cause denaturation (Anyiam et al.,
-Penetration power -Higher extraction time 2025)
-Higher extraction rate | -Formation of hot spots
-Rapid extraction -Dielectric properties of the
-High-efficiency tool | solid material to absorb
-High-power energy microwaves
-Reducing process -Clean-up step needed
time Waiting time for the vessels
-Low solvent volume | to cool down
Ultrasound | -Eco-innovative -Modify the physical, (Ampofo & Ngadi,
assisted technique, structural, and functional 2022)
extraction | green technology properties, especially (Rahman & Lamsal,
-Short processing hydrophobicity, solubility, 2021)
-Reduce process time | emulsion, and foaming.
-Enhance extraction -High energy consumption | (Anyiam et al.,
-Non-toxic 2025)
-Low cost
-Limited sensory and
nutritional losses
Pulsed -Low energy -High cost, (S. Zhang et al.,
electric consumption -Protein digestibility of 2021)
fields -Short processing PEF-treated food products is | (Kheto et al.,
time, yet to be thoroughly 2024)(Navaf et al.,
-Enhancing explored. 2023)
the nutritional
quality of food
products by altering
the structure and
function of anti-
nutritional factors.
Enzyme- -Fast, easy to be -High cost of enzymes, (Momen et al., 2021)
aided carried out, and eco- - increases the processing (Tong et al., 2025)
extraction | friendly costs (need to inactivate
enzymes by heat treatment
at the end of the enzymatic
reaction)
DES -Nontoxicity (based on | Cytotoxicity assessments (Patra, Arun Prasath,

non-toxic
components),
Sustainability,

-Easy accessibility to
compounds,

reveal that they occasionally
have a higher level of
toxicity than their individual
component.

et al., 2023)
(Boateng, 2023)
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-Biodegradability/low
impact on the
environment, low cost,

and ease of

manufacture.
High -Preserve protein -High equipment cost (Anyiam et al.,
pressure- functionality -Limited scalability 2025)
assisted -Uniform treatment -Protein denaturation (Hadidi et al., 2023)

-Suitable for heat-
sensitive proteins

-High energy consumption
-Formation of unwanted by-
products

During protein extraction, the solvent is identified as a determining factor (Patra, Prasath,
et al., 2023). Over the organic (such as alcohols and ketones, chloroform and toluene,
formamide, pentane) and aqueous solvents (like alkaline-assisted aqueous extraction),
DES emerged as a promising solvent to satisfy the environmental requirements while
maintaining the protein quality (Patra, Prasath, et al., 2023). In particular, they present
advantages compared to conventional alternatives in terms of extraction efficiency,
environmental safety, and improved techno-functional properties (Hewage et al., 2022).
The literal meaning of the term ‘eutectic’ originates from Greek (gvtnkrog), translated as
‘easy melting’. However, most of the literature coined the term ‘deep’ as those mixtures
with a eutectic temperature far below that of an ideal liquid mixture (Ling & Hadinoto,
2022). These DESs have the specificity of being characterized by their significant
depressions in melting points compared to those of the neat constituent components
(Hansen et al., 2021). These solvents are not pure compounds (Martins et al., 2019), they
are formed by combining hydrogen bond acceptors (HBA) and hydrogen bond donors
(HBD) in specific molar ratios (Mannu et al., 2021). Basing on the type of mixed
components, DESs are classified into five categories: type I (organic salt, metal salt), type
II (organic salt, metal salt hydrate), type I1I (organic salt, molecular HBD), type IV (metal
salt hydrate or metal salt, molecular HBD), and type V (molecular HBA, molecular
HBD)(Souza et al., 2024). In particular, quaternary ammonium salts, especially choline
chloride, are considered the HBA most widely used in DES formulations (Martins et al.,

2019).

By extracting both soluble and insoluble proteins, DES provide a viable approach for

valorising protein-rich material deriving from various sources (Hanafi et al., 2024).



Figure 4 shows the extraction steps. They were used to extract protein from diverse plant
products, such as oat (Yue et al., 2021), soybean (Q. Chen et al., 2021), fava bean
(Hewage et al., 2024), and byproducts such as brewer's spent grain (Wahlstrém et al.,
2017), oilseed cakes (Grudniewska et al., 2018), sesame meal (Cao et al., 2023), tip of
the bamboo shoot, and its processing byproducts (basal bamboo shoot and sheath) (Z. Lin
etal., 2021).

Centrifugation

DES + Raw material Separation ¢® DES

Mixing

=it DES-Proteins — / r
) & I Proteins
¢ v

&/ Other components
(mainly carbohydrates)

solubilize proteins

Proteins

o DES

Figure 4. Solid-liquid extraction of proteins using DES solvents

To enhance the physicochemical properties of these mixtures, water can be added
(Martins et al., 2019). In conventional solid-liquid extraction, forming hydrogen bonds
among the DES molecules and between DES and water molecules aids in capturing
protein complex molecules, facilitating the efficient protein separation (Patra, Arun
Prasath, et al., 2023). The high viscosity of DES impedes its practical use in various
industrial processes, such as extraction processes (Gabriele et al., 2019). Altering the
chemical nature of the components, adjusting their molar ratio, and changing the
temperature (Gabriele et al., 2019), or modifying the water content can reduce this effect

(Gabriele et al., 2019; Hammond et al., 2017; C. Ma et al., 2018).

While adding a minimal water content could enhance the fluidity, conductivity, and
polarity of the DESs (Gabriele et al., 2019) and decrease the viscosity (Dai et al., 2015),
a higher amount of water can have a drastic effect on their physicochemical properties.
Dilution of natural DES weakens the interactions gradually and even makes them
disappear entirely at around 50% (v/v) water addition (Dai et al., 2015). However, another
study indicated that such interactions can entirely disappear at around 75% (w/w)

(Gabriele et al., 2019).


https://www.sciencedirect.com/topics/earth-and-planetary-sciences/physicochemical-property

2.1.2. Extraction optimization methods and quality prediction

2.1.2.1. Response surface methodology

In general, to achieve maximum economic yield and purity of phytonutrients, extraction
and purification methods need to be optimised (Belwal et al., 2020). Therefore, it is
necessary to plan and design experiments, and analyse the results (Aydar, 2018) using
different statistical models or algorithms. By using the design of experiment, it is ensured
that the samples are spread uniformly within the constrained domain, generating pre-
processed data to remove eventual outliers and especially non-converged simulations
(Galeazzi et al., 2022). Response Surface Methodology (Aydar, 2018), Taguchi design,
and artificial neural networks are commonly used optimization models (Belwal et al.,

2020).

Based on the principles of the design of experiments, (Veza et al., 2023) Response Surface
Methodology is a widely used mathematical tool (Cano-Lamadrid et al., 2023; Fini &
Gharehghani, 2024) for process optimization and enhancement. Compared to
conventional experimental methods, it can generate considerable information from fewer
experimental runs with a minimum experimentation cost (Veza et al., 2023). Full factorial
design, central composite design, and Box-Behnken design are identified as the major
classes (Veza et al., 2023). Among these designs, the Box—Behnken design is considered
a popular one (T.-F. Zhang et al., 2011). Having three different levels for each factor, the
Box-Behnken design has the specificity to avoid experiments at the extreme combinations
of all factors. Rather than that, it offers improved prediction precision in the center of the

factor space (Fini & Gharehghani, 2024).

2.1.2.2. Machine learning for extraction performance prediction

Process optimization is a crucial step for creating a feasible and cost-effective process
design (Min et al., 2022). It is used to systematically probe and resolve a range of issues
and challenges related to research, development, and production (Lundstedt et al., 1998).
To make decisions, data is indispensable (Castro et al., 2022). In today's era of the fourth
industrial revolution, the digital landscape is saturated with immense amounts of data
(Sarker, 2021). In industry, three primary types of data are generated: The production
data, which is produced from materials, equipment, and products (Kong et al., 2022), and

is increasingly collected (Arantes et al., 2021), management data (enterprise resource
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planning, product lifecycle management, and supply chain management), and external

data (economy, market, customers, government) (Kong et al., 2022).

Big data analytics and data science technologies are gaining prominence in industry and
engineering (Castro et al., 2022), and businesses in general, since it is widely relied upon
by companies to enhance the reliability, speed, quality, and efficiency of their operations
(Madugula et al., 2023). In particular, it can be used to identify anomalies in industrial
machines and halt their operation before reaching a state of failure (Arantes et al., 2021)

and to predict energy consumption (Kapp et al., 2023).

The key to analysing these data and developing applications can be the knowledge and
use of artificial intelligence, particularly machine learning (supervised, unsupervised,
semi-supervised, reinforcement learning, deep learning) (Sarker, 2021). In particular,
machine learning has transformed many fields and has recently found applications in
many fields such as chemistry and materials science (Jablonka et al., 2024), food
compound analysis (Tseng et al., 2023), and agriculture. For instance, in agriculture,
various machine learning models were used to identify the most influential variables for

crop yield predictions (Dhaliwal & Williams, 2024).

2.2. Characterization of the protein isolate

Characterised by their complexity, food proteins can be categorised by their composition,
structure, biological function, or solubility properties (Jain et al., 2020) or other functional
properties. Despite significant advances in understanding the functional and
physicochemical properties of proteins, further research is necessary to fully characterize

and modulate their functionality (M. Kumar et al., 2022).

2.2.1. Structural morphology characterization of protein

In general, food microstructure is related to its chemical composition, rheological
behaviour, and sensory attributes (Kalab, 1995). Various methods exist for determining
protein structure, each with distinct features and, in most cases, complementary (Lan et
al., 2024) (Table 2). Among the used techniques, conventional light microscopy is the
oldest microscopic technique available, providing basic information (Panato et al., 2017).
Additionally, many new atomic force microscopy techniques, such as quantitative
nanomechanical mapping, near-field scanning optical microscopy, Raman, and infrared

nanospectroscopy, have been developed (Ruggeri et al., 2019).
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Table 2. Methods for measuring protein structure

Detection method Measured structure References
MS, Edman degradation Primary structure (Lan et al., 2024)
FTIR fluorescence | Secondary and tertiary
spectroscopy structure
Raman spectroscopy, | Secondary structure
Circular Dichroism
spectroscopy, Fourrier
infrared spectroscopy
NMR Secondary, tertiary, and

quaternary structure

2.2.2. Molecular weight of the protein/polypeptide

In order to characterize the protein based on its molecular weight, PAGE (SDS-PAGE,
native PAGE, 2-dimensional gel electrophoresis (2D-gel), IEF, and SEC-MALS) is a
commonly used technique (M. Kumar et al., 2022). In particular, SDS-PAGE enables the
separation, identification, and characterization of proteins in various food products (Joshi
et al., 2025). It can assess key storage proteins (gliadins, glutenins, globulins, and
caseins), providing insight into protein quality and functionality, and nutritional value

(Joshi et al., 2025).

2.2.3. Fluorescence spectroscopy for protein characterization

Considered one of the most potent techniques in biophysics, emission fluorescence
provides insight into protein conformation and intermolecular contacts, such as in protein-
ligand and protein-protein interactions (F. H. dos Santos Rodrigues et al., 2023). They are
characterized by an electronic absorption spectra over the ultraviolet region (185-320
nm) of the electromagnetic spectrum (Prasad et al., 2017). The intrinsic or natural
fluorescence of proteins is related to the fluorescent amino acids, phenylalanine, tyrosine,

and tryptophan, which are relatively rare in proteins (Lakowicz, 2000).

In addition to these amino acids, the common fluorescent markers in food include the
structural proteins such as collagen and elastin, the enzymes and coenzymes NADH and
FAD, various vitamins, lipids, porphyrins, and certain mycotoxins (Radoti¢ et al., 2023).

The fluorescence spectroscopy method is a rapid method used for many applications, such
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as the characterization of oil composition (J. Xu et al., 2016), and to assess beef quality
and detect signs of deterioration (H. Liu et al., 2019). Concerning protein, the intrinsic
fluorescence spectrum reflects changes in polarity of the microenvironment surrounding
aromatic amino acids (phenylalanine, tyrosine, tryptophan), indicating the tertiary
conformational alterations (H. Wang et al., 2022). For instance, tryptophan, which is
characterized by an excitation/emission wavelength of 270/280-430 nm (Militello et al.,
2003), is commonly used to monitor protein conformational changes and infer details

about local structural environments and dynamics (Vivian & Callis, 2001).

2.3. Effect of different treatments on legume protein extract on nutritional efficiency

Protein and its constituent amino acids are essential components of any healthy
diet (Fukagawa, 2013). Despite the lack of scientific validation regarding the long-term
efficacy and safety of high-protein diets, they remain among the most popular diets for
rapid weight loss (Uchegbu & Kopelman, 2013). Preclinical research (animal experiment)
demonstrated that prolonged consumption of this diet may be an effective strategy to
reduce energy intake and expenditure while preserving body lean mass (Vu et al., 2017).
While it restricts food choices, especially carbohydrates, it provides a diverse selection
of protein-rich foods (Uchegbu & Kopelman, 2013). Interestingly, the emphasis is on
animal protein over plant protein, inducing a higher intake of total fat, mainly saturated
fat, and cholesterol (Uchegbu & Kopelman, 2013). Over the past few years, interest in
plant protein and its utilisation has grown (Navaf et al., 2023), driven by emerging
environmental and health awareness concerns (growing obesity epidemic) (Ewy et al.,
2022). These protein proved their health benefits (D. Lin & Miao, 2021) and their ability
to optimize the functional, textural, and nutritional quality of the food product
(Meganaharshini et al., 2023). However, the transition from raw material to undergoing
one (such as extracted protein) or several processing steps, especially after the
incorporation into the final food, may affect the nutritional quality differently (Duque-
Estrada & Petersen, 2023). While food processing can improve protein digestibility, the
application of specific process conditions may induce an opposite effect (Duque-Estrada
& Petersen, 2023). Figure 5 presents the potential impact of various processing techniques
(such as thermal, high-pressure, and extrusion) on protein digestibility. This underscores

the significance of the study of the nutritional properties of the extracted protein.
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On the other hand, single amino acid supplements in foods are increasing (Xiao et al.,
2023). For example, being one of the essential amino acids and a necessary element in
protein synthesis and various physiological activities, lysine was extensively
supplemented to support the growth and development of children, especially in
developing countries where diets are mainly based on cereal-based products (Gunarathne
et al., 2025). Despite the uncertainty surrounding their potential nutritional and
physiological impacts (Xiao et al., 2023), a recent study has demonstrated the
effectiveness of the supplementation of a low-protein diet with essential amino acids to

promote growth outcomes and repudiate the validity of the single-limiting amino acid
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theory used in growth modelling (W. Liu et al., 2024). These results prompt the need for

further experimentation to evaluate the effect of diet.
2.4. Evaluation and nutritional effect of soybean protein

2.4.1. Drosophila melanogaster model for nutritional evaluation

e Stages of Drosophila development

Different models can be used, such as the non-mammalian models (Drosophila, zebrafish,
and nematodes) (Cai et al., 2025). Drosophila melanogaster, the fruit fly, serves as a
versatile model organism widely used in biomedical research and biology studies,
including complex human diseases (Giansanti et al., 2025; Jennings, 2011), ranging from
heart disease to cancer to neurological disorders (Van Alphen & Van Swinderen, 2013).
These models have the advantages of having low cost and short life cycles (Cai et al.,
2025). In the case of Drosophila, the development starts with an embryonic
development followed by the embryo hatching out of the egg shell to become a larva
(Figure 6).
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Figure 6. Synopsis of Drosophila development from egg to adult fly (Alberts et al.,
2002)

Then the larva undergoes three distinct developmental stages, or instars. These phases
are delineated by molting events during which it sheds its old coat of cuticle and lays

down a larger one. The pupation occurs at the end of the third instar. The pupation starts
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4 to 5 days after putting the embryos. The metamorphosis of pupae generates an adult fly
(Alberts et al., 2002).

Considering the profound impact of dietary intake on the behavior of animals across a
wide range of phyla, parameters such as growth, fecundity, and longevity, in addition to
other behavioral and physiological assays, can be used to monitor the effect at larval,
pupal, and adult stages (Ormerod et al., 2017). Drosophila can be a good model since,
similarly to mammals, genetic studies have shown that they can regulate their
metabolism, growth, and behaviour in reaction to the environmental conditions mediated
via key hormones such as insulin, peptides with glucagon-like function, and steroid

hormones (Koyama et al., 2020).
e Genetic mutation in Drosophila

To screen for dominant mutations that suppress or enhance white variegation (Elgin &
Reuter, 2013), the fly’s variegated eye colour phenotypes, which are a marker of gene
silencing (Y. Zhang et al., 2020), are evaluated. PEV is intensely studied in Drosophila
melanogaster, and in particular with the mutant white-mottled using the white gene
(Elgin & Reuter, 2013; Hoyer-Fender, 2020). It is described as the transposition of the
euchromatic white gene into the vicinity of the pericentric heterochromatin that induced
variegated expression of white due to the spread of heterochromatin (Figure 7) (Hoyer-
Fender, 2020). PEV is among the phenotypic changes associated with epigenetic
alterations in offspring influenced by environmental factors (Tando & Matsui, 2023).
Research showed that nutrition and, in particular, changes in protein diet are among these
factors. They can influence the epigenetic mechanisms, which regulate gene expression,
which could influence productivity and productive traits in individuals and their offspring

(Marin-Garcia & Llobat, 2021).

Eye pigments — o— 0 00000

X-chromosome white+gene is silenced Variegation
rearrangement Tm——— — in some eye cells
Eye pigments I P Y 2 P
— white+ gene is Mutation
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Wild-type

Figure 7. PEV in mutant vs wild-type Drosophila
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e Nervous system studies

Since the brain is a vital organ with limited capacity for adaptation, it is essential to reveal
its developmental coordination with the entire organism (Oliveira & Homem, 2023). The
proliferative phase starts when the neuroepithelium begins expanding in the optic lobes
as the larvae start feeding. Upon attainment of the “critical weight”, the generation of
pulses of ecdysone marks the conversion of the neuroepithelium into neuroblasts and the
beginning of the neurogenic phase (Maurange & Lanet, 2014)(Figures 8 and 9). On the
other hand, the onset of pupariation, this hormone is also needed to trigger neuroblasts’

proliferation exit and consequently the end of neurogenesis (Oliveira & Homem, 2023).

Ecdysone is considered a humoral regulatory loop that determines organismal growth
(Colombani et al., 2005) in general. It ensures that the brain has the correct number of
neurons and glial cells (Oliveira & Homem, 2023). Nutrition and, in particular, amino
acids can modulate their level via their action on Drosophila insulin-like peptides (Dilps)
(Galagovsky et al., 2018). Furthermore, the level of this hormone can also be controlled
by Sbm downregulation in glia. The research of Galagovsky et al., (2018) demonstrated
that reduced levels of Sbm attenuate the ecdysone production, inducing a delay in the rise
of PTTH levels associated with the generation of a smaller brain. This effect can be related
to a reduction in cell proliferation with delayed consequences on neuron and glial cell

numbers (Galagovsky et al., 2018).

Organ growth is recognized as being tightly regulated as a result of changes in
environmental conditions, allowing it to achieve an appropriate final size. Although brain
growth is generally regarded as unaffected by environmental factors, research showed
that at least one compartment of the brain may exhibit a different growth pattern compared
to the rest of the brain (Cobham et al., 2022). Research on Platynereis dumerilii larvae
revealed that starvation conditions slow the development by reducing cell proliferation
throughout the body. However, under normal conditions, resources were allocated to brain
development, which manifested in the weak cell proliferation in the trunk segments, but
an apparent rise in the nutrition of the newly larval stages does not have a neurological
effect. For instance, during the development of cells in the head (Randel, 2025). For
Drosophila, exposed to the same unfavourable conditions (starvation), the central nervous
system thereof is more highly spared at the expense of other developing tissues (L. Y.

Cheng et al., 2011; Franchet et al., 2025).
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Figure 8. Brain progress and ecdysone concentration during larva development

(Galagovsky et al., 2018), (Maurange & Lanet, 2014)

In contrast, starvation or nutritional fluctuations in general cannot continuously impair
brain development. During embryonic and late embryonic stages, neural divisions remain
unaffected by diet as the embryo is shielded from the environment and relies on its
nutritional reserves (Maurange & Lanet, 2014). In the late larval stages, neural
proliferation becomes insensitive to dietary nutrients due to the action of steroid hormone
ecdysone, which modulates Delta/Notch signaling to promote the transition from

symmetric mitoses to asymmetric neurogenic divisions (Lanet et al., 2013).
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2.5. Importance of legumes and cereal sequences on the immunological properties
As the world population grows along with rising affluence, urbanization, and evolving
culinary preferences, protein production is becoming more diversified (Colgrave et al.,
2021). Therefore, various alternative protein sources have been developed, varying from
plants (i.e., grains, legumes, pulses, and nuts), fungi (i.e., mushrooms), algae, and insects
to cultured (lab-grown) meat (J. Wu, 2022). In contrast, the potential health risks related
to the consumption of some proteins remain a barrier to this development. In particular,
proteins and peptides are recognized as responsible for food allergenicity (Hartmann et
al., 2007). Among these proteins, tree nuts, peanuts, wheat, and soybeans are the most
prevalent plant sources of food allergens, restricting their use and consequently limiting
their consumption (Fadimu et al., 2023). While they possess these allergenic qualities,
peptides and peptidomimetics can be immunomodulating agents, though blocking or
stimulating the immune response (Gokhale & Satyanarayanajois, 2014). In particular, the
immunomodulating peptides presented promising results against IgE-mediated allergic
diseases (Lozano-Ojalvo & Lopez-Fandino, 2018). They influence intestinal homeostasis
by maintaining and strengthening barrier function or modulating intestinal cell signaling

to nearby immune cells and mucus production. Furthermore, they can stimulate both
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innate and adaptive immune system cells while mitigating inflammatory responses
(Lozano-Ojalvo & Lopez-Fandifio, 2018). In particular, peptides can effectively defend
against aberrant inflammation associated with chronic diseases like cancer (Mejia & Dia,
2009). For example, the anti-inflammatory peptides can inhibit the pro-inflammatory
markers (Mejia & Dia, 2009). However, anti-proliferative peptides can present a
promising prospect for developing drugs to cure cancer with fewer or no side effects
(Shaik & Sarbon, 2022). Specific bioactive peptides generally possess unique structural
characteristics that confer their particular functions (Mooney et al., 2012) or specific
amino acid sequences in proteins that render certain proteins allergic (Goto et al., 2023).
The identification of immunogens is needed before attempting to inactivate them (C. Liu
& Sathe, 2018). In particular, revealing the structure of major allergens is a prerequisite
for analysing surface-exposed areas of the allergen (Dall’antonia et al., 2014). Among
plant-based bioactive peptides, those originating from cereals and legumes exhibit
notable health-promoting properties (Malaguti et al., 2014). Their wide range of
physiological effects has been validated through in vitro studies and animal models
(Malaguti et al., 2014). For instance, bioactive hydrolysates and peptides from pulses
(such as peas, chickpeas, cowpeas, lupin, and particularly soybean and bean) have shown
promising potential. However, while in vitro tests support their benefits, no clinical trials
have yet been conducted, underscoring the need for further research (Garcés-RimonD et
al., 2022). To enhance the efficiency of the detection of biological characterization of
legume-derived peptides while minimizing time and cost, computational simulations and

bioinformatics tools are emerging (Fonseca Hernandez et al., 2024).

Epitopes are recognised as a portion of a protein (C. Liu & Sathe, 2018) consisting of
either contiguous or discontiguous specific amino acid residues on an antigen (He & Tao,
2015). Experimental techniques such as crystallographic and NMR-based approaches or
predicted by computational methods are used to identify, analyse, and map
conformational epitopes (Dall’antonia et al., 2014). Epitopes are classified into linear
epitopes, which are recognized by their primary structure, and conformational epitopes.
The conformational epitopes are composed of spatially adjacent, discontinuous amino
acid residues and are related to the three-dimensional structure of proteins (F. Zhou et al.,
2021). The type of the epitope can be a determining factor during the allergic reaction. In
particular, antibodies can recognize either a linear epitope or a conformational epitope,

unlike T-cell-receptor-that recognise exclusively linear peptides (C. Liu & Sathe, 2018).
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Among the group of legumes, peanuts and soybeans are recognised to be part of the ‘Big
9’allergen source (Abu Risha et al., 2024). Therefore, many countries require special
labelling and manufacturing controls for foods containing these ingredients and their
derivatives (Taylor et al., 2021). In contrast, although many other legumes (beans, peas,
lentils, chickpeas, lupines, cowpea, pigeon pea, and fenugreek) are classified as “non-
priority”, they are also potentially new important allergen sources, causing mild-to-severe
allergic reactions (Abu Risha et al., 2024). For example, peas are not on the list of priority
allergenic foods (Taylor et al., 2021) despite the recognition of vicilin, convicilin, and
non-specific lipid transfer protein (nsLTP) as major allergens (X. Zhang et al., 2024).
These results are further supported by the study of epitopes. For instance, Lima-Cabello
et al, (2016) proved that peanut (Arahl), soybean (p-conglycinin), mungbean (Vig r 2),
and pea (Piss 2) have a common epitope (T1). In addition, studies showed that the cross-
reactivity of soybean allergens is likely to occur with allergens of other legume species

(Wiederstein et al., 2023).
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3. MATERIALS AND METHODS
3.1. Optimization of protein extraction

3.1.1. Materials

Es Mentor and Isidor varieties of soybean were used for protein extraction using a
conventional method (alkaline-isoelectric precipitation) and using DES, respectively.
Soybean cultivation and harvest took place at the University of Debrecen, Institutes for
Agricultural Research and Educational Farm, Research Institute of Nyiregyhaza
(Nyiregyhaza, Hungary). After that, the soybean grains were ground using Retsch SR2
(Retsch GmbH, Haan, Germany) into full-fat soy flour (0.5 mm), which was then stored
at 4 °C.

For the conventional extraction method (alkaline-isoelectric precipitation), HCI and
NaOH were used for pH adjustments (VWR Chemicals). Concerning the extraction
usingDES, choline chloride [(CH3);sNCH>CH>OH]+CIl-](>98.0%, high purity) and
glycerol (>97%) were obtained from VWR Chemicals (Ohio, USA) and VWR Chemicals
(Leuven, Belgium), respectively. All reagents were employed in experiments as received

without additional purification. Distilled water was used as a solvent.
3.1.2. Methods

3.1.2.1. Extraction using data analysis and conventional method

Manual data mining served to retrieve information regarding the conditions for protein
extraction. While creating this mini database, the pH of extraction and precipitation, and
the extraction temperature were selected as factors. However, the purity of the protein,
which reflects the crude protein content of the recovered protein, was considered as a
response. Splitting the data into 70% for training and 30% for testing sets. The training
data set is prepared for machine learning algorithms training in order to generate accurate

predictions. The test data set assesses the model’s performance (Pant et al., 2021).

Various machine learning models can predict the purity of protein isolate. Python
(Jupyter) models were developed using libraries such as Pandas, Matplotlib, Numpy,
Sklearn, and Seaborn. To discover the dataset’s patterns, numerous predictive models,
each distinguished by its approach: Bayesian or frequentist, parametric or nonparametric,
data mining algorithm, or statistical model, among others (Shmueli, 2010). For this

research, a group of algorithms was identified: linear regression, a polynomial model
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frequently utilized for Design of Experiments (DOE), and machine learning algorithms.
Machine learning, a key and crucial part of data science, is classified into two main
classes: unsupervised and supervised (Rabbani et al., 2022). Supervised learning is
divided into classification and regression (Arslan et al., 2021). In this study, regression
models such as linear regression and logistic regression are applied to predict numerical

values (Y. Wang et al., 2023).

e Linear regression: is among the most popular fundamental regression models
(Hope, 2020). Additionally, it is also recognized as the simplest method for
illustrating function fitting (Kotu & Deshpande, 2019).

e Nearest Neighbours Regression model: Known for its nonparametric nature
(Srisuradetchai & Suksrikran, 2024), the nearest neighbor method relies on
finding a number of training data points closest in distance to the new point and
predicting the label (Zhu et al., 2022). It is a simple and effective method for
handling complex structured data, particularly in big data contexts(Srisuradetchai
& Suksrikran, 2024).

e Voting regressor: In general, Voting regressor is a machine learning ensemble
methodology (Erdebilli & Devrim-Igtenbas, 2022). It is used to improve the
system’s performance (Erdebilli & Devrim-igtenbas, 2022) and the prediction
accuracy by combining multiple regression models (S. Chen & Zheng, 2025). In

this study, the linear regression and the Decision tree regressor were applied.
Validation of protein extraction process

To assess the performance of the model, the coefficient of determination (R?*) and
Akaike’s information criterion (AIC), which is considered one of the less computationally
demanding methods for comparing model fit, were used (Z. R. Yang & Yang, 2014). k-
fold cross-validation was used for validation. The data points were randomly divided into
k (k=8) groups. In each iteration, one group served as the validation set, while the
remaining k — 1 groups were combined to form the training set (Maleki et al., 2020). For
assessing the model's performance, we used the coefficient of determination (R*) and
Akaike’s information criterion (AIC). We validated the model using k-fold cross-
validation, where the data points were randomly divided into k groups (k=8). In each
iteration, one group served as the validation set, while the remaining k—1 groups formed

the training set. The full factorial design is regarded as one of the widely used
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experimental designs in manufacturing companies (Antony, 2023). This research
employed a two-level full factorial designto validate the initial model. Extraction
temperature was fixed at 25 °C and 45 °C, representing the low level (-1) and the high
level (+1). These pH values were measured using the pH meter FiveEasy FE20 (Mettler-
Toledo AG8603, Switzerland) and maintained at 8 and 10, corresponding to the low level
(-1) and the high level (+1), respectively. A total of four randomized experiments based
on two variables (2=4) were performed in triplicate according to the extraction procedure

described in Figure 10.

The protein extraction procedure was conducted under mild conditions using the alkaline
and isoelectric precipitation of protein, following the adjusted procedure of Johansson et
al, (2022). An amount of 20 g of soybean flour was dispersed in distilled water at a 1:10
(w/v) ratio. The adjustment of pH was carried out using sodium hydroxide to dissolve
protein from the soybean flour. The mixture was then stirred at 100 rpm for 1 hour using
the incubator shaker (Infors HT Ecotron, Switzerland). Afterwards, centrifugation at 4020
RCEF ( for 30 min at 25 °C using Hettich EBA 21 D-8532 Tuttingen (Germany) separated
the protein from insoluble material like carbohydrates. The supernatant was then filtered
using a polyester sieve (88 um) to remove the semi-solid cream layer from the soluble
proteins. Protein precipitation was carried out by adding diluted HCI solution, followed

by stirring at 100 rpm for 1 hour at room temperature (Figure 10).

Afterward, the obtained protein isolate was neutralized (pH 7), frozen, and then freeze-
dried. Lyophilisation was conducted using an industrial-scale lyophilization equipment
developed at the University of Debrecen. During the process, the vacuum chamber
pressure was kept at 1013.25 Pa. The condensing chamber temperature was —40 °C. The
sample temperature was monitored with a built-in core thermometer. The process was
completed once the temperature reached 42 °C with a minimum duration of 24 hours.

After that, the dried protein was weighed and stored for further analysis.
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Figure 10. Experimental procedure for extracting soybean protein from Es Mentor
variety using alkaline extraction and acid preparation
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The purity of the protein, solid yield (Eq. 1), and protein yield (Eq. 2) of all samples were
calculated based on dry weight.

Solids yield (%) =  Weight of protein isolate*100/ Weight of soybean flour (Eq.
1)(Chiodza & Goosen, 2024)

Protein yield (%) = Mass of protein in protein isolate*100/Mass of protein in the soybean
flour (Eq. 2) (Chamba et al., 2015).

Prediction error was calculated to evaluate the model's efficiency (Eq. 3 and 4) (Guang et

al., 1995).

Percentage prediction error = (Measured value-Predicted value)*100/ Measured value
(Eq. 3)
Percentage prediction error = (Predicted value- Measured value)*100/ Measured value
(Eq. 4)

3.1.2.2. Extraction using Deep Eutectic Solvent (DES)

3.1.2.2.1. Preparation of Deep Eutectic Solvents

The preparation of the DES solvent followed the method of Yue et al, (2021) with some
adjustments. Choline chloride and glycerol were combined in a molar ratio of 1:2 with
water to get a DES/water ratio of 0:100%, 30:70%, and 60:40%. Then, continuous mixing
with a magnetic stirrer at 25 °C was continued until the formation of a homogeneous and

transparent liquid, approximately after 20 min.

3.1.2.2.2. Protein extraction using DES/water mixture

The extraction of protein was performed in accordance with the procedure by Q. Chen et
al., (2021) with some modifications. 10 g of DES/water mixture was mixed with 1 g of
soybean flour (Figure 11). After that, the samples were stirred at 160 rpm (Infors HT
Ecotron, Switzerland) for a specific duration and temperature (Table 3), then centrifuged
(Hettich, Germany) at 4020 RCF for 20 min to collect the supernatant. All experiments

were conducted in triplicate.
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Figure 11. Experimental procedure for extracting soybean protein from the “Es Tribor”
variety using DES/Water solvent

e Characterization of DES

The following parameters of the studied mixtures containing 30:70%, 50:50% and

60:40% of DES (ChCl:Glycerol): water was studied:

- The pH was measured with a digital pH meter from SevenEasy pH Mettler Toledo
(China) at 25 °C.

- The electrical conductivity was assessed using the FiveGo portable conductivity
Meter made by Mettler Toledo GmbH (China)

- The density (g/ml) was calculated using mass (g) and volume (ml) at 23 °C

(Hewage et al., 2024).

3.1.2.2.3. Optimization of protein extraction

¢ Identification of the factors affecting the protein extraction

Response Surface Methodology is a fundamental mathematical tool for optimizing
processes (Cano-Lamadrid et al., 2023). In particular, Box—Behnken design is one of the
most frequently used methods for a second-order response surface model (T.-F. Zhang et
al., 2011). In comparison with other designs, the Box-Behnken design excludes
experiments where all the factors are set at their extreme level. However, the experiment
combinations are located at the midpoints of the edges and the centre of the process space,
and these designs are typically rotatable (Fini & Gharehghani, 2024). While constructing
the design, to reduce the cost, a method based on the classification of parameters into

groups, introducing Group Moment Matrix to estimate all the parameters in every group,
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was used (T.-F. Zhang et al., 2011). In this research, part of the experimental runs were

conducted using the Behnken design (Figure 12).
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Figure 12. Applied combination of factors including extraction time (Time (h)), DES
(%), and extraction temperature (T (°C))

To optimize the soybean protein extraction, a three-level-three-factor Box-Behnken
design was used. The variables time and DES(%) were fixed at three levels. However,
only two levels were chosen for the factor temperature to preserve mild reaction

conditions.

Table 3. Minimum and maximum limits of variables

FACTORS/LEVELS | Minimum | Maximum
Time (h) 1 3
Temperature (°C) 25 45
DES(%) 0 60

While Box-Behnken is recognized for its ability to reduce the operational time and
associated cost (Veza et al., 2023), minimizing further experimental runs may be

advantageous.

The nitrogen content of each experiment was estimated using the Kjeldahl method (Evers

& Hughes, 2002) according to AOAC 2001.11 (Latimer, 2023).
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e Model validation

The dataset was partitioned into training and testing subsets. While the training subset is
used to develop the model, the testing subset, referred to as the validation dataset, serves
to evaluate the accuracy of the developed model (Kotu & Deshpande, 2015). In this study

80% was designed for training while 20% was allocated for model testing.

To enhance the model’s reliability, K-fold cross-validation was employed. It divides the
datasets into K samples (usually 5 or 10) at random (Pachouly et al., 2022), and was used
with K set to 10.

3.2. Evaluation of protein quality
3.2.1. Sample preparation

3.2.1.1. Protein extracted with DES solvent

2 g of soybean flour was incorporated into 20 ml of DES (ChCl:Glycerol): Water in the
ratio of 60% of DES and 40% of water, to evaluate the impact of the binary mixture of
DES: Water, since 65 °C is recognised as the denaturation temperature for the 7S fraction
(X. Peng et al., 2016). To evaluate the effect of high temperature treatment, stirring was
completed at two different temperatures (45 °C and 65 °C) at 160 rpm (Infors HT Ecotron,
Switzerland) for 1 hour. Similarly, to the research of Cao et al, (2023), absolute ethanol
was mixed with the solution and kept at 4 °C overnight to precipitate the protein, then
centrifuged at 4020 RCF for 15 min and freeze-dried. As a reference, an extraction using

just water was conducted.

3.2.1.2. Protein isolate modified with enzymatic hydrolysis

The modification of soybean protein isolate purchased from the market (Brand Natura,
Hungary) was prepared according to the research of Z. Wang et al, (2014), with some
modifications. The protein was dispersed in distilled water to a final ratio of 1:15 (w/v)
and adjusted to pH 8.0 with 1 mol/L NaOH. The hydrolysis was carried out with 0.2% of
trypsin (Guangdong Hongyuan Food Ingredient store, China) at 37 °C for 90 min with
continuous agitation. Throughout hydrolysis, the solution’s pH was continuosly adjusted
to pH 8.0 with 1 mol/L NaOH. To stop the reaction, the mixture was heated in boiling
water for 10 min to inactivate the enzyme. After cooling to room temperature, the
hydrolysate was centrifuged at 4020 RCF for 15 min. The resulting precipitate was freeze-
dried.
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3.2.1.3. Protein isolate subjected to physical modification

The physical modification of the soybean protein isolate purchased from the market
(Brand Natura, Hungary) was prepared according to F. Liu & Tang, (2013) with some
changes. Briefly, 6% (w/v) solution was prepared by dispersing the soybean protein
isolate in distilled water with continuous stirring for two hours under a magnetic stirring
and then kept overnight at 4 °C for full hydration of the proteins. The solution was then
heated to 95 °C for 15 min in a bath. After cooling, the solution was sonicated at a
frequency sweeping between 50-60 Hz for 30 min using an ultrasound processor model
Olympus Endosonic supplied by the manufacturer (KeyMed, UK). After that, 300mM of
NaCl was added and centrifuged for 15 min at 4020 RCF. Finally, the collected pellet was

freeze-dried.
3.2.2. Evaluation analysis

3.2.2.1. SDS-PAGE analysis

SDS-PAGE was carried out in accordance with the study by Domokos-Szabolcsy et al.,
(2022) with some modifications. 10 mg of the homogenised protein extractwas dissolved
in 250 pL of (2x Laemmli). The sample solution was then mixed with the buffer. After
incubation at 95 °C for 5 min, followed by centrifugation (13000 rpm, 20 min) at 4°C,
10 pL of the supernatant of each sample was loaded in a well alongside a standard marker

(10-180 kDa).

The resolving gel was 12.5%, and the stacking gel was 9%, prepared in a Mini-Protean
Tetra Cell gel system (Bio-Rad Inc. Hercules, MI, USA). Both stacking and separating
gels were run at 90 V for 15 min and 160 V for 59 min, respectively. After that, the gel
was stained with Coomassie Brilliant Blue (G-250) solution. Scanning was performed

using the Imaging System (BioRad ChemiDoc MP Imaging System 5.2.1, USA).

3.2.2.2. Fluorescence spectroscopy

The intrinsic fluorescence spectra of the extracted soybean protein were measured with
an F-8500 Spectrofluorometer (Jasco, Oklahoma, United States). The protein was
dispersed in ultrapure water in order to attain a final concentration of 4 mg/ml and 0.01
g/ml, corresponding to samples extracted with DES: water and treated with enzymes and
physical modification, respectively. The protein samples were then filtered (syringe filter

FPFE, 0.22 um). During the acquisition of the excitation-emission matrix measurement,
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the excitation and emission wavelengths used ranged from 200—-550 nm and 210-750 nm,

respectively.

3.2.2.3. Light microscope

5% (w/v) and 10% (w/v) of protein extracted with DES, and treated protein (enzymatic
hydrolysis and physical modification), respectively, were stained using Fast Green FCF
(Thermo Scientific, A16520.06). After vortexing, the samples rested for 20 min. 20 uL of
the samples was placed onto the slides. Then, they were covered with the coverslip

without the use of excessive pressure.

The images were captured at room temperature using a light microscope (Olympus
Corporation SZX2-ILLK, Tokyo, Japan) and processed with OLYMPUS cellSens Entry

2.3 software.
3.3. Assessment of the nutritional effect of soybean protein
3.3.1. Drosophila melanogaster as a model for nutritional value assessment

3.3.1.1. Description of Drosophila melanogaster in vivo analytical system

The evaluation of nutritional effects by Drosophila melanogaster in vivo digestion
experiment was conducted using the w™" (white mottled 4) strain sourced from
Bloomington Stock Center, which was used for all the samples. The experiment was
performed following the method described by Aleya et al, (2023), with some
modifications. Fly stocks were maintained as overlapping bottle generations at 25 °C and
60—70% humidity during stock maintenance in complete darkness. Experiments were
performed under identical conditions. Gathered from population cages containing about
two hundred females and males (5-day-old), embryos were placed on zero-nutrient media
(OM) plates supplemented with yeast paste. The OM is prepared using 1% of charcoal
vegetal activated powder (VWR, 87126.230) mixed with 1% of agar (VWR, No.
20767.298) in water, boiled for 5 min before cooling to 45 °C and aliquoting into vials

containing 3 ml.

Fifty embryos (0-2 hours old) were collected under a microscope and introduced into the
corresponding vial. To prepare the NM and HS media, 70 g of commercial yeast paste
was mixed with 1 L of water until homogeneous, 52 g (for NM-diet) or 256.72 g (for HS-
diet) of D(+)-Saccharose (VWR, 27483.363), and 30 g of wheat flour. After that, 10 g of

agar powder was added after thorough mixing. The boiling continued for over 30 min,

30



and the culture media reached a final volume of 1 L. Next, the culture media were cooled
in a water bath to 50 °C, and 1 g of Nipagin (Ethyl 4-hydroxybenzoate 99%, A13172)

purchased from Thermo Fisher was mixed thoroughly.

The different media were supplemented with soybean protein isolate “Es Mentor”, which
was extracted according to the conventional alkaline-isoelectric precipitation or L-lysine
98% (Thermo Scientific, 303341000). The supplementation was done at five different
concentrations: 0.25%, 0.5%, 1%, 2%, and 4% (w/v). For each diet, at least five replicate
vials were tested. Vials were monitored every 24 h for 20 days, and the number of pupae

and flies was recorded.

To evaluate whether lysine could contribute to the development of flies together with
soybean protein, different percentages of lysine were added to the OM. These experiments
were done according to Table 4, with three different concentrations of SP and lysine (2%,

1%, 0.5%).

Table 4. Mixture composition and percentage

Total concentration of mixture/ON-diet (%)
2% 1% | 0.5%
SP+Lys mixture composition (%)
1 25-75
2 50-50
3 75-25

3.3.1.2. Pupae length and width measurements

Pupal size (length and width) was determined according to the method of Enriquez et al,
(2022). The pictures of at least 10 pupae raised in OM supplemented with SP were taken
using the optical microscope Olympus Corporation (Model SZX2-ILLK, Japan). Pupae
from NM were used as controls. The pictures were taken after 9-10 and 6 days after the
embryo's implantation for OM treatment and NM (control), respectively. The length and

width were measured using the freely accessible online software ‘Imagej’ (ImageJ, n.d.).

3.3.1.3. Determination of Drosophila Red Eye Pigment Concentration

To study the effect of diet on the flies, a close-up of the fly's head image was taken using

the optical microscope Olympus Corporation (Model SZX2-ILLK, Japan).
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The analysis was carried out according to the study of Sun et al, (2002) with some
modifications. 10 male fly heads were mixed with 300 pul of chloroform and 300 pl of
NH4+OH (0.1%) and then centrifuged (7000 rpm, 3 min). 200 pl of the top layer was mixed
with 500 pl of NH4OH (0.1%) and transferred for spectrophotometric analysis (485 nm).

There are two classes of pigments in Drosophila eyes: the brown ommochromes and the
red drosopterins, along with pteridine and sepiapterin. They have been identified as the
compounds responsible for the typical eye colour phenotype (Wiederrecht et al., 1981).
In particular, drosopterin and isodrosopterin are considered the major pigment
components (Yim et al., 1993). Knowing the extinction coefficient of drosopterin (25100
M ! ecm™) at 485nm, this coefficient was used to determine drosopterin concentration
(Evans & Howells, 1978). Duplicate readings were averaged and expressed as drosopterin
concentration. The heads of the D. melanogaster strain Viking GFP (vkg-GFP) (white
eyes, curly hair, yellow body), which does not have eye pigmentation, were used as a
negative control. The strain was obtained from the Bloomington stack center (y[1] w[*];

P{w[+mC]=PTT-un}vkg[G00454]).

3.3.1.4. Brain dissection and optic lobe length

The larval dissection to access the brain was done according to the protocol of (Bayala et
al., 2024) used to access imaginal discs, with some modifications. The 3rd instar larvae
were grabbed using a bacteria inoculating loop and moved to PBS solution on an
excavated glass slide. The larvae are pinched and held from the head around the mouth
parts with forceps and the posterior part. After peeling the larval cuticle, all the organs
(fat body, internal organs, and trachea) are removed. Cleaning activities were conducted
with due diligence to avoid damaging the brain, which is attached to the mouthpart and
imaginal discs. At about 72 hours, 3rd instar larvae were collected from ON media
enriched with 2% and 4% of SP. Larvae reared in an NM diet were collected as a control.
Pictures of the dissected brains were taken using the optical microscope Olympus
Corporation (Model SZX2-ILLK, Japan), and the length of optic lobes was measured
using OLYMPUS cellSens Entry 2.3 software.
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3.4. Assessment of immunological properties of cereal and legume protein sequences

3.4.1. Dataset preparation and evaluation for epitope characterization

To characterize plant proteins with allergenic and bioactive functionality derived from
cereals and legumes, a small database composed of protein sequences was constituted and

analysed.

3.4.2. Dataset preparation

A group of 263 selected sequences of allergens and bioactive peptides
(immunomodulatory/anti-inflammatory/anti-proliferative) from cereals and legumes
(Figure 13) was collected from the online Structural Database of Allergenic Proteins
(SDAP 2.0 : Structural Database of Allergenic Proteins, 2023) and research articles.
During the data preparation, the sequences were characterized by their physicochemical
properties and composition (amino acid count) after the removal of the duplicated
sequences.
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Figure 13. Allergenic and non-allergenic peptides derived from legumes and cereals.

Different plant sources and the specific function of the studied protein sequences

1963 allergenic epitopes from different sources (legumes, fish, and cereals), and 32
immunosuppressive epitopes were collectedfrom the IEDB-AR database (IEDB.org:
View Results and Refine Search). (IEDB Analysis Resource, n.d.).

The characterization of peptides includes the amino acid count (prevalence frequencies
of 20 amino acids ), molecular weight, aliphatic index (relative volume of a protein

occupied by aliphatic side chains (A, V, I, and L)(Ikai, 1980), aromaticity (relative
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frequency of aromatic amino acids (F, W, and Y)), hydrophobic ratio (GES scale, which
is based on energetic considerations of residues in a-helices (Koehler et al., 2009)), the
frequency of amino acids in the termini of each sequence, and the series of potential
epitopes. Concerning the epitopes, the amino acid count, molecular weight, charge,
hydrophobicity, the prevalence of each amino acid in the epitope, and the relative position

of W, F, and Y are the studied features.

3.5. Statistical analysis

All the results were expressed as means + standard deviations of experimental triplicate

from each independent experiment.

For choline chloride extraction, data related to the model were statistically analyzed using
Minitab (version 21). Similarly, for the data obtained through the fly experiment. Mean
differences between sample treatments were assessed with one-way ANOVA followed by

Tukey's comparison test, and the significance of differences was defined at p < 0.05.

For protein extraction, Python (Jupyter) and R were used. The 3D fluorescence spectra

and the related charts were illustrated using GraphPad Prism version 9.5.0 (730).

For peptide and allergen characterization and analysis, the data were collected using an
Excel sheet. Jupyter Notebook using different libraries (Matplotlib, Protpy, Pandas,
Numpy, Seaborn, Sklearn), classes (SequenceMatcher), and packages (Bio.SeqUltils,
Peptides) was used for data visualization and characterization. On the other hand, the
cosine_similarity metric was used to test the similarity between epitopes. Statistically
significant values among groups were compared using the one-way analysis of variance
(ANOVA). The value of p < 0.05 was regarded as statistically significant. The Principal
Component Analysis (PCA) was used to minimize the dimensionality of the dataset and

hence enhance the interpretability of the results.
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4. RESULTS

4.1. Optimization of protein extraction

To improve the soybean protein extraction efficiency, two different approaches were
conducted (using the conventional method and with DES solvents) and validated with

experimental analysis.
4.1.1. Extraction using data analysis and conventional method

4.1.1.1. Understanding the data

Based on the collected data, during protein extraction from the soybean flour, many

factors can influence the purity of the protein isolate, such as raw material and chemicals.

4.1.1.2. Relation between predictors and dependent variables

The correlation matrix (heat map) in Figure 14 shows the linear relationship between
factors (temperature, pH of extraction, pH of precipitation) and the purity of the protein,
indicating the strength and direction of each pairwise correlation. Reflecting the strength
of the correlation, higher scores denote a stronger correlation (Hazra et al., 2024). For

instance, a score below 0.4 is considered weak; 0.4-0.7 indicates a moderately strong

1.0

- 0.6

correlation; and above 0.7 1s regarded as strong (Y. Lin et al., 2023).

PH extraction

T extraction (°C) - -04

-0.2

pH precipitation

purity (%)=crude protein -

i '
PH extraction T extraction (°C) pH precipitation purity (%)=crude protein

Figure 14. Correlation among extraction factors (temperature, pH of extraction, and pH
of precipitation) and the response (purity of protein). The colour of cells represents the
strength of the correlation between feature-to-feature and feature-to-response. The
strength of the correlation is indicated in the colour scale: red (positive correlations),

blue (negative correlations).
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The sign of the correlation indicates its direction: positive values suggest a favourable
correlation, while negative values signify an inverse one (Khalil et al., 2024). A low
positive correlation was found between the purity of the protein isolate (response) and the
pH of extraction. There is a moderately strong positive correlation between the pH of
precipitation and the response, as well as between the pH of extraction and the pH of
precipitation. Conversely, a weak correlation between extraction temperature and the

response suggests this factor can be disregarded.
4.1.1.3. Optimization of soybean protein isolate extraction conditions

4.1.1.3.1. Model fitting

To evaluate the regression algorithms, methods such as the coefficient of determination
(R?), root mean squared error (RMSE), Akaike’s information criterion (AIC), and the
Bayesian information criterion (BIC) can be used (Maleh et al., 2021). Considering the
results from various models, the voting regressor yields achieves the highest prediction
accuracy, and the lowest mean squared error (RMSE) (Table 5). The high R? indicates a
strong explanatory power (H. Liang et al., 2024). The model fits 83% of the training data
and 81% of the test data set. As shown in many studies, similar R? values of the training

and test data suggest the model is not overfitting (Cobb et al., 2021).

Table 5. Statistical evaluation of the models

Model R2 score RMSE AIC Equation
Training Testing Training Testing Training

Voting_reg 0.83 0.81 9.07 9.61 349.02

Polynomial m | 0.69 0.64 12.21 13.37 350.29 y =-1274.465031 + 155.670318*pH e

odel (3" degr xtraction + 486.419176*pH precipitati

ee) on -16.317953*(pH extraction *2) -0.9
41313*pH extraction* pH precipitatio
n +-84.476774%(pH precipitation "2)
+ 1.178910*(pH extraction "3) -3.084
978*(pH extraction ~2)* pH precipitati
on +4.950677*pH extraction * (pH pr
ecipitation ~2) + 2.217404*(pH precipi
tation "3)

Nearest 0.68 0.74 12.41 11.42 338.46

Neighbors

Regression (

K=5)

Linear 0.41 0.49 283.67 249.68 378.75 y =114.0666 + 2.0245*pH extraction

Regression +-10.6792*pH precipitation
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AIC, an information criteria based on penalized likelihood (Dziak et al., 2020), is more
suitable for selecting the best model for predicting future observations than BIC
(Chakrabarti & Ghosh, 2011) and is the asymptotic equivalent of cross-validation (Z. R.
Yang & Yang, 2014). It showed a lower value for the voting regressor compared to the
polynomial and linear regressions. This result suggests that the voting regressor is well-
fitted, since a lower AIC (Leitner & Turner, 2017) or BIC (Bayesian information
criterion) value indicates a better fit (Mohammed et al., 2015; Schreiber, 2008).

The distribution of results (Annex 1) is not normal, which explains the low determination
coefficient in both testing and training data. The research of Halmi et al, (2015) linked
the optimal model with the normal distribution of residuals. In all results, residuals are
centered around zero (Annex 2), randomly, and are normaly distributed (Annex 3). This
result was validated by the quantile-quantile comparison (Annex 3), indicating that the

residuals of the Voting reg model follow the reference distribution, since it is linear.

Cross-validation is a widely used method in machine learning for training and evaluating
the model's performance (Seraj et al., 2023). The implementation of this method can be
achieved using various data sources for training-evaluation steps or dividing a large
dataset into distinct subsets using split-half (50% training, 50% test) or imbalanced-split
(i.e., 70:30 train-test, or 50:25:25 train-test-validation) sampling techniques (Delgadillo
& Atzil-Slonim, 2023). Using both methods (train-test (70:30) and 10-fold cross-
validation), the Voting regressor achieved the highest R? (Figure 15).

0.94
0.57
0.89
0.82
0.82
-0.31

0.89
0.79

Mean R* 0.68

Figure 15. Cross-validation with K=8 performed on the Voting regressor algorithm
Each group was iteratively selected as the validation set, while the remaining k — 1
groups were combined and used as the training set. The R? metric was used to evaluate
the proportion of variance in the dependent variable (protein purity), indicating the

goodness of fit of the regression model.

37



4.1.1.3.2. Validation of protein extraction process

According to the results from the mini database, the alkaline extraction of soybean flour,
presenting 37.76+0.32% of protein (dry basis), resulted in a relatively pure protein isolate
(Figure 16). This is likely because the alkaline solution can break down the plant cell
matrix and solubilise the protein (Hadidi et al., 2023).
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Figure 16. Soybean protein properties after extraction with different extraction pH (8 or
10) and temperature (25 °C or 45 °C). 15A: Solids yield of the extracted protein, 15B:
Purity of the extracted protein, 15C: Yield of the extracted protein. The error bars
indicate the standard deviations of the triplicate samples. Values with different

superscripts differ significantly at p < 0.05

Additionally, the fat’s low density and higher freezing point compared to water led to the

formation of a creamy butter-like layer during centrifugation. This made fat removal

easier, reducing the fat content (Chamba et al., 2015).
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Mild fractionation at pH 8 and 25 °C produced an isolate with a protein content of 78.92
+ 0.61%. A separate study achieved comparable purity (85.3%) after the extraction with
the same process (Y. Peng et al., 2020).

The findings indicated that fluctuations in temperature and pH levels during the extraction
process did not exert a statistically significant effect on the purity of the protein isolate.
The outcomes produced by the model were consistent with the experimental results. The
selected model demonstrated that variations in the pH of extraction would yield

comparable purity levels but with a high margin of error (Figure 17).

100
90
80 Prediction error (%)
. 70 Predicted purity (%)
X 60
E =0 Measured purity (%)
3 40 1:pHS8, T25°C
30 2:pH 10, T25°C
20 3:pHS8, T45°C
10 4:pH 10, T25°C
0

1 2 3 4

pH extraction

Figure 17. Variation between the predicted (estimated), measured (real) purity, and

prediction error.

In agreement with the findings of Y. Peng et al, (2020), the purity of protein obtained
through mild extraction methods was comparable to that of commercial protein
(79.98+0.51%), which is unexpected. Since oleosin proteins form a coating around oil
bodies in soybeans (B. Chen et al., 2012) compared with conventional methods that
include defatting treatment, a portion of the protein can be removed along with the lipid
fraction. Previous reports have indicated that the cream layer obtained from soybeans and
collected post-centrifugation of the soaked solution (pH 8.6, 4—6 °C, overnight) contained
45.8 +2.9% of oil and 27.6 = 1.4% of protein (B. Chen et al., 2012). Consequently, the
similarity observed between our results and commercial protein isolate may be

attributable to differences in soybean varieties or the production process scales.

The variation of the extraction parameters presented a significant impact on the protein

solids (Figure 16-a) and yield (Figure 16-c). The optimal result was obtained at (pH 10,
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45 °C). Adopting a mild extraction process, 53.46 - 61.41% of the protein was recovered
from the protein fraction in the soybean flour (Figure 16). The research of Y. Peng et al.,
(2020) showed similar results while using comparable extraction conditions, including
cream removal (55.8 = 6%). Other techniques to produce hexane-free soybean meal, such
as the gas-supported screw pressing, also revealed promising results (59.7%). The latter
method produced significantly higher protein yields than those defatted with hexane
(51.6%) (Nazareth et al., 2009). Compared to studies that used conventional techniques,
the use of natural chemicals and full-fat soybean flour to adjust the pH of the solutions
resulted in a low protein yield (43.62%) compared to the experiment with the synthetic
chemical and defatted soybean flour (51.16%) (Chamba et al., 2015). Additionally, other
factors, such as the adapted agriculture strategy, may affect the protein yield. For example,
organic soybeans had higher protein than the commodity soybeans due to improved
handling during identity-preserved storage or variations in soybean variety (Nazareth et

al., 2009).
4.2. Extraction using DES

4.2.1. Selection of factors for the optimization of protein extraction

To determine the degree of efficiency of protein extraction using DES: water, the diffusion
of nitrogen originating from soybean flour was examined. The determination coefficient
(R?), which is used to assess the model’s accuracy (Kouzehgar & Eslamian, 2023), (Table
6) indicates that the RandomForest, and the polynomial model showed a good fit to the
data. This finding was validated by the low root mean square error (RMSE), which

indicates better simulation results (Kouzehgar & Eslamian, 2023).

Table 6. Models Summary

Models RMSE R? MAE Rel_RMSE
Linear 0.0525 0.620 0.0452 0.137
Lasso 0.0523 0.625 0.045 0.137
Ridge 0.0526 0.618 0.0433 0.138
RandomForest | 0.012 0.987 0.0115 0.0313
Polynomial 0.0282 0.977 0.0206 0.0738

40



The rise in the DES(%) from 0 to 60% correlates with a statistically significant increase
in the total N content. This increase is partly attributable to the N derived from ChClI,
which constitutes 10% of its composition (Figure 18), as the Kjeldahl method measures
the overall nitrogen levels (Prandi et al., 2019). The study of Tenhunen et al, (2018)
demonstrated that while treating the pulp with DES, the N residuals found originated from

strongly bound choline chloride residuals (Tenhunen et al., 2018).
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Figure 18. The N content of the DES: water solutions (0:100%, 30:70%,50:50%, and
60:40%). A strong linear relationship between the percentage of DES and the N content,

as indicated by the coefficient of determination R?

When the percentage of DES is around 60%, the extraction revealed the lowest yield,
giving a result lower than the effect of pure water (0.43+ 0.01%). The water ratio can also
be a responsible factor since water supplementation, even at a minimal ratio of 40%, can
contribute to the inefficiency of this binary solution. It alters its physical properties by

transforming its mixture from binary to ternary (Omar & Sadeghi, 2022).

Other researchers found that the integrity of DES was compromised as a result of DES
hydrogen bond complex disruption and the elective solvation of the extractedcomponents
by water. Every type of DES has a threshold for the amount of water that can be
incorporated before the total disruption of the DES complex, leading to the formation of
an aqueous solution with individual solvated components (Passos et al., 2016). This effect
was confirmed by the study of Ferreira et al, (2021). As in this study, using choline
chloride: glycerol (at a 1:2 molar ratio) and 11 wt% of water did not perturb the DES
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structure. At the molecular level, it induced the formation of cohesive interactions (glue-
like effect) serving as a molecular bridge between DES components. In contrast, 35wt%
of water disrupted the DES structure, making a transition to a DES-in-water solution

(Ferreira et al., 2021).

Changes in the protein structure (protein conformation, local folding) and the solvation
environment co-occur, induced by DES hydration, were also confirmed by the study of
Sanchez-Fernandez et al, (2022a). This research demonstrated that the amino acid
environment and secondary structure of two proteins (bovine serum albumin and
lysozyme) and an antibody (immunoglobulin G) in 1:2 choline chloride: Glycerol display
re-entrant behaviour as a function of solvent hydration. At low (<10 wt% H-0) and high
(>40 wt% H:0) levels of DES hydration, a dome-shaped transition characterized by
folded or partially folded protein structures is observed (Sanchez-Fernandez, Basic, et al.,
2022a). The research of Vilkova et al, (2020) confirmed the potential positive effect of
water addition and the importance of the viscosity and polarity as DES features. In
particular, the addition of water reduces the viscosity of the media, improving the mass
transfer and thus the extraction efficiency. Conversely, high water content can weaken the
interactions between the DES and the compounds, as well as among the DES components

(Vilkova et al., 2020).

Other research proved the efficiency of the DES binary solvents in extracting protein. For
instance, oat protein extraction was successful using the binary mixtures with a lower
concentration of ChCl (i.e., 1:2:1 and 1:3:1) except the one with 2,3-butanediol at 1:2:1
ratio (Yue et al., 2021). In contrast, the highest concentration of ChCl (1:1:1) was not
successful. This effect was assigned to the high viscosity of the solvent/flour mixtures

(Yue et al., 2021).

The density is affected significantly by the addition of DES. It gives an idea about the
solvation ability of DESs (Abdollahzadeh et al., 2022) (Figure 19).
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Figure 19. Density of the DES:water mixtures

The error bars indicate the standard deviations of the triplicate samples. Values with

different superscripts differ significantly at p < 0.05

With the addition of water, an adverse effect was obtained for the conductivity (Figure
20). As a result of the decrease in viscosity, it has been proven that a low amount of water
may increase the conductivity by up to 100 times for some NADES. Although the
decreased density could signify an enhancement of mass transfer, water dilution may
make the interactions weak gradually and ultimately vanish completely at approximately

50% (v/v) water supplementation (Dai et al., 2015).
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Figure 20. Conductivity of the DES: water mixtures

The error bars indicate the standard deviations of triplicate samples. Values with

different superscripts differ significantly at p < 0.05
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Alongside the liquid-liquid extraction, choline chloride-based DES aqueous solutions
demonstrated a high absorption capability for capturing NO2 while achieving a lower

viscosity (C.-C. Chen et al., 2021).

The inefficiency of soybean protein extraction using (ChCl: Glycerol) may derive from a
combination of factors in relation to the characteristics of these solvents, such as their
type, structure, properties (Ali et al., 2015), and extraction conditions, such as
temperature. In particular, an extraction under 210 °C using choline chloride and oxalic
acid removed N from hydrochar with an efficiency of 69.49% compared to conditions
without DES (Z. Xuetal., 2023). The research of Ali et al., (2015), highlighted the impact
of DES structure on the removal ability for N-compounds and the extraction mechanisms
(Ali et al.,, 2015). The extracted compound’s nature and properties are important
parameters. Extracted under the same conditions, ChCl: Glycerol (1:2) had an extraction
efficiency of 51.4% and 78.9% for pyridine (basic N-compounds) and carbazole (non-
basic N compounds), respectively (Ali et al., 2015). In our study, the amino acid that
comprises the soybean protein is characterized by its variability. It has acidic with a
pronounced negative charge amino acids (31.63 %), basic (24.05%), which have a
positive charge, and attract oppositely charged molecules, in addition to non-polar
proteins (37.06%) (Rijavec & Zupin, 2015). On the other hand, used as HBD, glycerol
derives from triglycerides (Yeong et al., 2012) that are frequently referred to as neutral
lipids since they do not present free acidic or basic groups (Penfield & Campbell, 1990).
This may be considered as one of the factors contributing to the reduced binding affinity

to proteins.

The acidity of the HBD component in DES has a critical role in denitrogenation
performance. Insufficient acidity results in weak interaction with basic N compounds.
However, too-high acidity can induce a chemical reaction between DES and basic N-
compound, which can trouble extractant regeneration. Excessive acidity of HBD and
insufficient hydrogen bond basicity of HBA can also lead to weak extraction of non-basic

N-compound (Ali et al., 2015).

In this research, the limited effectiveness in extracting proteins can be related to the
neutrality of glycerol. Originating from triglycerides (Yeong et al., 2012), commonly

known as neutral lipids since their molecules do not present free acidic or basic groups
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(Penfield & Campbell, 1990). This result is further supported by the pH measurement of
the used solvent (Figure 21), proving its neutrality.
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Figure 21. pH of the DES: water mixtures

The error bars indicate the standard deviations of the triplicate samples. Values with

different superscripts differ significantly at p < 0.05

4.2.2. Model validation
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Figure 22. Observed and predicted values estimated by: Lasso, linear,

polynomial, RandomForest, Ridge
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The predicted nitrogen from soybean flour was compared to the experimental values
(Figure 22). To validate the model’s accuracy, the normal probability plot of the residuals
should show that most residuals fall along a straight line (Nisbet et al., 2018), indicating
normal distribution. Residual plots are useful for detecting non-linearity (James et al.,
2013). Since RandomForest was the used model, the residuals display a U-shape,

indicating the non-linearity of the model (Figure 23).
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Figure 23. Residual plot estimated by: Lasso, linear, polynomial,

RandomForest, Ridge

Following the RandomForest model, the most important factor is the percentage of
DES in the solvent (Figure 24). When this ratio attains or surpasses a critical
percentage value of 50%, the protein extraction efficiency approaches that of pure
water. This likely results from the water supplementation’s role in disrupting
hydrogen-bonding interactions between DES components. The research of Dai et al,
(2015) found that water dilution disrupted hydrogen bonding between the natural
DES, completely eliminating these interactions at 50% of water (Dai et al., 2015),
transforming the system into an aqueous electrolyte-like mixture (Sapir & Harries,

2020).
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Figure 24. Factor importance of the studied factors (DES, Time, and
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4.2.3. Characterization of the extracted protein

4.2.3.1. Protein extracted using the DES-water solvent

e Molecular weight profiling of the protein isolate through SDS-PAGE

As shown in Figure 25, protein bands of both protein isolate samples showed that the
protein extraction using a DES: water ratio (60%:40%) represents o', a, and B subunits of

7S, and the acid subunits of the 11S glycinin fraction.

These findings are consistent with the literature. The different molecular weights of -
Conglycinin fractions correspond to o' (58—83 kDa), a (58-77 kDa), and B (42-53 kDa),
with isoelectric points 0f4.90, 5.18, and 5.66—6.00 (Mulalapele & Xi, 2021). On the other
hand, the main soybean globulin, glycinin, has a molecular weight that ranges between
22,300, and 37,200 Da (Catsimpoolas et al., 1971). The data reveal the absence of the
basic (B) subunits of the 11S protein after the extraction using DES solvents at
temperatures of 45 °C and 65 °C. This result contrasts with the results obtained after the
extraction using the alkaline/isoelectric precipitation method. This effect can be attributed
to the nature of the DES solution and, in particular, its pH. Glycinin is soluble at pH 7.6
with a high ionic strength (0.5 M NaCl), and its solubility decreases when the pH is
lowered (Keerati-u-rai & Corredig, 2011). The comparison of these results with earlier
studies that used only water for extraction at 90°C for one hour, a band corresponding to
the basic fraction of 11S was observed (Hsiao et al., 2015). While the acidic glycinin
chain is considered the primary contributor to allergic reactions, the basic glycinin chain
can also interact with IgE, potentially triggering an allergic response (Mulalapele & Xi,
2021). For these reasons, the lack of recovery of this fraction of protein may lessen the

allergenic properties of the extracted protein.
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Figure 25: SDS-PAGE visualization of the soybean protein isolate extracted with
DES:water (60%:40%) and isoelectric-precipitation method. Lane M: Marker protein;
Lane 1,5: Soybean protein (Isidor) extracted using DES:water at 45 °C, and Lane 2,6:

Soybean protein (Isidor) extracted using DES:water at 65 °C. Lane 3,4: Soybean

protein (Es Mentor) extracted using alkaline-isoelectric method. Native soy globulin: o',
a, and B represent subunits of B-conglycinin; A, and B represent the acid and basic

polypeptides of glycinin (N. Chen et al., 2016; G. Shen et al., 2020)

The findings of this research give proof that DES can be used effectively for soybean
protein extraction, further substantiating previous research outcomes. For instance, the
DES solution (ChCl:Glycerol) successfully allows the extraction of protein from rice

brain containing albumin and globulin fractions (Ramlee et al., 2024).
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e Morphological analysis of the protein isolate via light microscopy

Figure 26. Light microscopy images of soybean protein, stained with Fast Green FCF
and extracted with A. water at 45 °C, and B. DES 60% at 45 °C. Scale bar =200 pm

A prior investigation into whey protein isolates revealed that ethanol treatments at various
concentrations (20%, 40%, 60%, and 80%, v/v) induce alterations in the structural,
morphological, and functional properties of native isolates (Y. Feng et al., 2021).
Although ethanol was employed to facilitate protein precipitation in both extraction
methods (DES (60%) or water), the isolate extracted with DES exhibited greater
susceptibility, evidenced by a smaller particle size (Figure 26). According to the study
by Guo et al, (2023), the initial increase, followed by the decrease in the stability of the
enzymes with an increase in water content in DESs, is related to the secondary structural
changes (Guo et al., 2023). Likewise, the research of Chen et al., (2021) demonstrated
that DES extraction during heating resulted in an irreversible denaturation of soy protein

after the use of a pure DES mixture (Q. Chen et al., 2021)(Figure 27).

Water DES (60%)
extracted SP extracted SP

Figure 27. DES extracted soybean protein isolates and water extracted soybean protein
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Concerning the effect of DES on the denaturation of the extracted protein, conflicting
results were supported by researchers. The study of (Sanchez-Fernandez et al., 2022 b)
showed that the storage of lysozyme for 40 days in a 1:2 choline chloride : glycerol
solution at room temperature retrieved its native conformation and activity upon
rehydration (Sanchez-Fernandez et al., 2022 b). On the other hand, the research of Maity
etal., (2020) showed that choline chloride in DES influences water molecules. It increases
water density around the protein backbone compared to other systems, helping to preserve

the protein's native structural fold.

¢ Fluorescence-based characterization of the protein extract

In this research, the excitation-emission matrix for both proteins exhibits fluorescence at
Ex/Em wavelengths of 220-270/340 nm (Figure 28). Our findings are consistent with
previous research indicating that fluorescence at Ex/Em of 230-285/335nm is
predominantly linked to protein (Saito et al., 2021).To investigate the effect of solvent
on the fluorescence, the fluorescence intensity of the protein extracted under mild

conditions (45°C) using 60% DES or water.

Previous research has shown that the emission resulting from the excitation at 220-230
nm (same as 280 nm) is associated with the excitation of specific amino acids, particularly
tyrosine and tryptophan. Evaluating the intensity of fluorescence can provide valuable
information about the local environment surrounding the aromatic side chains (Bortolotti
et al., 2016). Additionally, the research conducted by Kadyan et al, (2019) proved that
the quantum yield of fluorescence of L-Trp in the glyceline is significantly higher than in

water across the entire temperature range (Kadyan et al., 2019).
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Figure 28. Fluorescent characterization of soybean protein extracted with 60% of DES
at 45 °C. A: 2D emission-excitation-intensity fluorescent spectrum, B:3D fluorescence

spectra

In contrast, the fluorescence intensity of the protein extracted using water was found to

be 4 times higher than that of the protein extracted with 60% of DES (Figure 29).
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Figure 29. Fluorescence intensity of protein (extracted with 60% of DES, water, and
precipitated using ethanol) and of the pure solvents used during the protein extraction at
the excitation wavelength/emission wavelength of A: 220/350 nm and B: 280/350 nm
(solvent containing 60% of DES and water). The error bars indicate the standard
deviations of the samples.Values with different superscripts differ significantly at p <

0.05

From a qualitative perspective, there is no evidence indicating the presence of impurities
such as oil (Ex/Em of 350/500 nm) (Saito et al., 2021), oxidised lipid (Ex/Em of
365/450 nm) (Figure 29) (J.-H. Liang, 1999). Furthermore, the potential absence of
Maillard reaction conjugates can be supported by the low fluorescent intensity within the
excitation wavelength range of 340-370 nm and the emission wavelength range of 420—

440 nm (Figure 30) (L. Sun et al., 2023).
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Figure 30. Fluorescence intensity of protein (extracted with 60% of DES, water, and

precipitated using ethanol) and pure solvents used during the protein extraction at the
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error bars indicate the standard deviations of the samples. Values with different

superscripts differ significantly at p <0.05

4.2.3.2. Characterization of the treated protein isolate

e Molecular weight profiling of the protein isolate through SDS-PAGE
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Figure 31. The electrophoretic pattern of native and modified proteins. M: Protein
marker (kDa). Lane 1: Heat and ultrasound-treated protein. Lanes: 2: Enzyme (trypsin)

treated proteins, 3: Native protein
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The electrophoretic analysis of both the modified and the native proteins revealed a broad
range of molecular weights of ~ 17, 25, 34, 43, 55, 95, and 170 kDa (Figure 31). There
was no significant difference between the bands of the native and the modified proteins.
In particular, the bands corresponding to ~34 and 95 kDa had the highest intensity.
Similar findings were reported by the research of Badar et al, (2024), indicating that

control samples showed aggregates with a relative molecular mass above 49.7 kDa.

The similarity in electrophoresis patterns between the native and modified proteins may
be due to the addition of salt, which neutralized the effect of the other treatments.
Research has shown that preheating induces denaturation of soybean protein isolate,
which can lead to changes in its subunits, especially the decline in the content of the 11S
globulin subunits (Li et al., 2020). However, the increased concentration of salt reduces
electrostatic repulsion on the protein surface and increases hydrophobicity, allowing

protein assembly via hydrophobic interactions (Meng et al., 2024).

On the other hand, researchers found that sonication treatment of soybean protein isolate
(H. Hu et al., 2013; Badar et al., 2024; Karki et al., 2009; Rahman et al., 2020; X. Wu et
al., 2024) did not cause changes in the bands of protein subunits. Similarly, the study of
(L. Jiang et al., 2014) showed that the ultrasonication (low-frequency (20 kHz) at various
powers) of black-bean protein isolate did not cause significant changes in
protein electrophoresis profiles, indicating that the ultrasonic treatment did not alter the
primary structure of the proteins (L. Jiang et al., 2014). However, the combination of the
ultrasound treatment with the enzymatic treatment induces the process of breaking the

soybean protein isolate subunits into smaller units (X. Wu et al., 2024).

In this study, the hydrolysis using trypsin did not induce any changes in the subunits of
the protein. A similar result was obtained in the research of Wu et al, (2024), which proved
that the use of pepsin hydrolyzed o', a, B, and 11 S subunits. However, a larger fraction of
subunits of the alkaline protease-treated soybean protein isolate sample remained
unhydrolyzed (X. Wu et al., 2024). This effect can be related to the degree of hydrolysis
of the used enzyme (Ahmadifard et al., 2016).
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e  Morphology profiling using microscopy and particle size
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Figure 32. Particle size distribution of the native and modified soybean protein isolate
A: Native soybean protein isolate, B: Soybean protein isolate treated with trypsin, C:

Soybean protein isolate treated with physical treatment

The particle size analysis revealed that the size of the native soybean protein isolate varies
between 40-50 um (Figure 32). Supposed to be in the nanoscale with an average size of
around 60—80 nm (P. Shen et al., 2022), the large particle size can be associated with the
effect of the extraction process of the native protein. Similar results were found by (T.
Zhang et al., 2020) that the protein was turned into spheroidal gel particles (2—-20 um)
under the action of heating at 95 °C for 30 min. The formation of the microparticles can
be attributed to the considerable number of active sites for aggregation that contributed

to the network formation inside the particles (T. Zhang et al., 2020).

Compared to the native soybean protein isolate, which has a spheroidal shape, the treated
one with physical treatment has an irregular shape in an aggregated form. This effect can
be related to the synergetic effect of the heat treatment, sonication, and salt addition. A
previous study showed that the addition of different types of salt (CaSO4, MgSO4, or
ZnS0O4) at 0—15 mM induces the pre-aggregation of the soybean protein isolate (X. Wang
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et al., 2022). In contrast, the heat treatment (95°C for 30 min) did not generate a

significant particle aggregation (T. Zhang et al., 2020).

These changes, when applied under formulation conditions and high protein
concentration (~100 mg/ml), may be associated with denaturation since, as an
irreversible reaction, protein denaturation is frequently coupled with aggregation and
precipitation (Schon et al., 2017). The reduced particle size of the treated soybean protein
isolate aligns with the fluorescence results, confirming the denaturation of the treated

ones.

e Fluorescence-based characterization of the treated protein
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Figure 33. Fluorescence of treated and native soybean protein extract

A: Enzymatic treatment, B: Physical modifications, C: Native soybean protein isolate
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Figure 34. Fluorescence of native and modified soybean protein extracts gained by
trypsin treatment, or heat-and ultrasound treatment, compared to the native soybean

protein

In general, the emission fluorescence spectroscopic technique can reveal unique
information about the sensitivity of intrinsic fluorescence to the microenvironment
change around proteins (C. Sun et al., 2016) and, in particular, the polarity of hydrophobic
amino acids, reflecting the change in tertiary structure (Z. Ma et al., 2022).

Following the enzymatic and physical treatment, the fluorescence intensity of the emitted
light at 357 nm increased significantly (Figures 33, 34, and 35) (Annex 4). This result is
consistent with the study of L. Huang et al, (2020) showed that the sonication treatment
of the soybean protein isolate increased the fluorescence intensity when excited at 280
nm compared to the control protein (L. Huang et al., 2020). Native and treated isolates
subjected to Ohmic heating, with different electrical frequencies (50 Hz—20 kHz) and
moderate electric field intensities (up to 20 V/cm), presented a maximum emission at
332 nm when excited at 280 nm (Pereira et al., 2021). Comparing the treatments revealed
that the decease in intrinsic fluorescence and the absence of peak shifts (no changes in
the environment’s polarity of the fluorophores), suggests that the frequencies between 50
and 500 Hz cause structural rearrangements of the protein fold, leading to fluorescence

quenching of the aromatic residues (Pereira et al., 2021).

57


https://www.sciencedirect.com/topics/agricultural-and-biological-sciences/ohmic-heating
https://www.sciencedirect.com/topics/agricultural-and-biological-sciences/quenching-fluorescence
https://www.sciencedirect.com/topics/agricultural-and-biological-sciences/quenching-fluorescence

—~ 1400 b
1200 -
1000 -
800 -
600 -
400 -
200 -

Fluoresccence intensity (a.u

Native protein Physical treatment Enzyme

Type of protein isolate

Figure 35. Fluorescence of native and treated soybean protein extract (excitation:290
nm, emission: 357nm). The error bars indicate the standard deviations of the samples.

Values with different superscripts differ significantly at p < 0.05

Similarly, other studies linked increased fluorescence intensity with the thermal treatment
of various protein isolates, such as zein (C. Sun et al., 2016), and pea protein isolate (Chao
& Aluko, 2018), under treatments of 95°C and 100°C (pH 7), respectively. These
conditions expose the amino acid residue (such as tryptophan and leucine) that were
initially buried under the native state due to conformational changes (Li et al., 2020; A.
Zhang et al., 2021), increasing the fluorescence intensity (A. Zhang et al., 2021). Trp is
selectively excited at 295 nm, since other residues that have a little absorption when
excited at this wavelength, for an emission spectrum detected at 355 nm (Yammine et al.,
2019). It is characterized by its high sensitivity to its local environment (Lakowicz, 2006).
Trp emission spectra are susceptible to changes since conformational transitions, subunit
association, substrate binding, or denaturation can affect the local environment
surrounding the indole ring (Lakowicz, 2006). Since the sample was subjected to three
different physical treatments, and 3 of them are going in just one direction, which is the
increase in the intensity of fluorescence, the observed effect can be the synergic effect of
these treatments. In this case, the phenomenon of salt-enhanced fluorescence, which
relates the increase in intensity to the salt concentration, can also be behind the effect on
the protein isolate. Research revealed that the addition of salt is behind the conformation
change. In particular, some amino acid residues, such as arginine and asparagine, which
are responsible for the suppression of fluorescence, have their 3D structural features

changed, leading to a fluorescence intensity enhancement (F. dos Santos Rodrigues et al.,
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2023). In contrast, this effect varies depending on the type and the quantity of salt. For
example, the introduction of Ag + ions to BSA, induces a decrease in the fluorescence of
Trp along with a shift in emission wavelength towards the longer wavelength (Senthil et
al., 2020). In contrast and similar to our study, the fluorescence intensity of whey protein
isolate increased with increasing NaCl concentration. This effect can be associated with
the improved solubility of the protein and exposure of more tryptophan residues.
Additionally, the tertiary structure of protein was also modified to change the charge

density on molecular surface (Zhong et al., 2022).

Likewise, the fluorescence intensity of the enzyme-treated soybean protein isolate was
higher than that of the native isolate. Similar results were found using different enzymes,

such as papain (Z. Ma et al., 2022).

In our study, no distinct red or blue shift occurred for the fluorescence spectrum of
soybean protein isolate upon the different types of modification (Figure 36). Likewise, L.
Huang et al, (2020) showed that ultrasonic pre-treatments did not shift the maximum
wavelength of the emission fluorescence. In contrast, a redshift in the spectrum of
soybean protein isolate due to an enzymatic treatment was reported by the study of Z.
Ma et al, (2022). The appearance of red shift to wavelengths >350 nm was related to the
exposure of the tryptophan residues to a hydrophilic environment (Chao & Aluko, 2018).
On the other hand, the blue shift in the case of degraded glycinin hydrolysate of soybean
protein isolate was related to the change in the microenvironment of Trp residues that

became less polar (Xia et al., 2020).

u N
o O O O
o O O O
1 1 1 )
(o

400 A
300 A
200 A
100 A

o

luorescence intensity (a.u.)

Native protein enzyme Phylsical
Protein type treatment
Figure 36. Fluorescence of native and treated soybean protein extract (excitation:360
nm, emission: 450 nm). The error bars indicate the standard deviations of the samples.
Values with different superscripts differ significantly at p < 0.05.
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The native soybean protein isolate has 80.61 + 0.61% of protein, the rest, which represents
20% includes non-fluorescent components such as lipids, membranes, and saccharides,
and components with weak fluorescence, such as the DNA (Lakowicz, 2006). In addition
to the protein, the fluorescence can be generated by an in vitro reaction of proteins with
oxidized lipids. The generated fluorescent and cross-linked proteins are similar to those
in the aging cells or tissues (Kikugawa & Beppu, 1987). The oxidation of soybean oil
generated a fluorescence with an excitation maximum at 365 nm and an emission
maximum at 450 nm, and the intensity increased during storage (J.-H. Liang, 1999). For
these reasons, the reduction of the fluorescence intensity (Ex:360 nm /Em: 440 nm) of
the treated samples (Figure 37) can be related to the removal of the oxidised oil by the

addition of water and centrifugation.
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Figure 37. Fluorescence of native and treated soybean protein extract (excitation:360
nm, emission: 440 nm). The error bars indicate the standard deviations of at least

triplicate samples. Values with different superscripts differ significantly at p < 0.05.

As shown in Figure 37, the native soybean protein isolate has a higher fluorescence
intensity than the treated ones at an excitation/emission wavelength of 360 nm/440 nm.

This fluorescence can be generated by Maillard reaction products.

The decrease in the intensity can be explained by their elimination after washing out with

water, since, in general, the solubility of proteins can be improved through the Maillard

reaction with polysaccharides (Dumitrascu et al., 2023). This effect can be related to the

high solubility of protein-sugar conjugates. For instance, an enhancement in the solubility

was observed in the study of Kutzli et al, (2020) and Nooshkam & Madadlou, (2016)
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wherein conjugates of pea protein isolate-maltodextrin and whey protein isolate-sugar

were investigated.
4.3. Assessment of the nutritional effect of soybean protein and lysine
4.3.1. Drosophila model

4.3.1.1. Effect of the soybean protein and lysine on the development of Drosophila

Assessing the quantity and quality of the diet is crucial to preventing protein-energy
malnutrition, which contributes to poor growth, diminished mental development, and
illness (Neumann et al., 2002). To examine the performance of a specific diet, a standard

diet that promotes normal growth and a stressful diet can be taken as references.
e Effect of addition of SP on 0M

The addition of 5-fold in sucrose showed a 2-day delay compared to NM (Figure 38). The
effect of a high sugar diet on the delay in pupation was confirmed by the study of
(Rovenko et al., 2015) and (Loreto et al., 2021), which also reported a reduction of
viability in fruit fly larvae hatched from a 30% sucrose-containing medium (Loreto et al.,

2021).

These findings highlight the essential role of the larval phase in overall development as
the pupal stage undergoes substantial metabolic reorganization without involving new
nutrients. Consequently, the quality and quantity of resources accumulated during the
larval stage are essential for successful pupal development (Boatta et al., 2024). In
addition to Drosophila, during the larval stage, feeding B. dorsalis and the first generation
of housefly Musca domestica with a high-sucrose diet exhibited a longer developmental
period (Boatta et al., 2024; L. Wang et al., 2023). The delay in the developmental time of
pupae reared on high-sugar diets has also been previously demonstrated in Drosophila
(Rovenko et al., 2015). It can be attributed to the increased levels of hemolymph and body
glucose, which make the hyperglycemic phenotype the reason for developmental
delay and increased pupa mortality in glucose-fed flies (Rovenko et al., 2015). On the
other hand, the effect of sucrose is dose-dependent. For example, feeding the Egyptian
Cotton Leafworm, Spodoptera littoralis, with a high-sugar diet (5% of sucrose) did not
affect the larval development time (Dogan et al., 2021).
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Figure 38. Progress of pupae's emergence after the addition of different
percentages of SP in OM over time. The error bars indicate the standard deviations of at

least triplicate samples

These results highlight the critical role of the larval phase during development. During
this phase, the quality of the accumulated resources is important to ensure a successful
pupal development (Boatta et al., 2024). In general, in holometabolous insects, growth
ceases at the onset of metamorphosis and depends on achieving the critical size in the

final larval instar (Stieper et al., 2008).

The addition of soybean protein isolate that contains 79.89% +0.7 of crude protein to the
OM environment promoted normal development of larvae and pupae at 2 and 4% of SP
in OM (Figure 38). A delay comparable to HS conditions was observed when 4% of SP/
was added to OM. A more pronounced delay occurred with the reduction of the percentage
of supplemented SP. The cumulative distribution curve illustrates a delay in hatching
associated with an intermittent apparition of the pupae (Figure 39). Conversely, low SP
levels (0.25% and 0.5% OM) did not ensure the proper development of the larvae and,
thus, fly hatching (Figure 39).
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This effect is consistent with established knowledge that the starvation effect is always
associated with the prolongation of larval life (Tatum & Beadle, 1939) and that
Drosophila’s larvae tend to target their consumption to P:C ratios that minimize

development time, which correspond to the ratios 1:2 (M. A. Rodrigues et al., 2015).

In OM, 0.25 and 0.5% of Lysine (data not shown), were able to make some
embryos developed into larvae. However, these larvae could not pupate. In contrast, at
high concentrations of lysine (1, 2, and 4%), no movement of larvae was detected. These
findings indicate that lysine is necessary for the development of Drosophila. However,
the low amount was sufficient, as higher quantities were toxic. These results emphasize

the necessity of a balanced amino acid supply.
e Effect of Lys on 0M environment

Compared to the samples supplemented with just SP, the viability of the larvae reared in
media containing 75% and 50% of lysine (total concentration of 2% OM and 1%0M)
dropped to 10% and 13.7%, respectively. This indicates that the lysine addition did not
support larval development in reaching the pupation phase. Further experiments
confirmed that the larval viability decreased further, preventing any larvae from pupating,
with the increase of the percentage of the supplemented lysine to reach 50% and 75%.

These results indicate that lysine addition disrupts larval development in a protein-amino
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acid-restricted diet. The study of (Xiao et al., 2023) highlighted the negative effect of
lysine supplementation in a lysine-sufficient diet since it can decrease the protein quality
of the diets and modify the serum concentrations of many amino acids, affecting the
growth and the utilisation of nutrients due to amino acid imbalance or antagonism (Xiao
et al., 2023). These results align with our study since soybeans contain well-balanced
essential amino acids except sulfur-containing ones (Qin et al., 2022), with a moderate
lysine content, representing 6.8% (Nill, 2016). On the other hand, an experiment
conducted on broilers demonstrated lysine's non-crucial role in animal growth. In
particular, lysine restriction during various feeding phases exerts negligible effects on the

broilers' production performances due to their compensatory growth (Soglia et al., 2021).

The larvae's viability decreased to 10% and 13.7% when the supplementation of SP was
reduced from 100% to 75% and 50% by adding lysine while maintaining total
concentrations of SP and lysine at 2% OM and 1% OM, respectively. This indicates that
added lysine did not support larval development towards pupation. Further experiments
confirmed that as lysine supplementation increased to 50% and 75%, larval viability
continued to decrease, completely preventing pupation. These findings indicate that
lysine incorporation disrupts larval development in a diet limited in protein and amino
acids. Xiao et al. (2023) also documented the adverse effects of lysine supplementation
in lysine-sufficient diets, which can diminish protein quality and alter serum amino acid
concentrations. The excess of lysine negatively impacts growth and nutrient utilization
due to amino acid imbalance or antagonism (Xiao et al., 2023). This correlates with our
findings, as soybeans provide a well-balanced profile of essential amino acids, with the
exception of sulfur-containing ones (Qin et al., 2022), and possess a moderate lysine
content of 6.8% (Nill, 2016). Conversely, an experiment with broilers showed that lysine
is not essential for animal growth, as its restriction at different feeding phases had minimal

impacts on production performance, due to compensatory growth (Soglia et al., 2021).
e Effect SP on the NM environment

In the NM, when the protein-to-sugar ratio was 1.34, adding 0.25, 0.5, 1, and 2%
of SP did not change the development time compared to the control (Figure 40). In
contrast, the incorporation of 4% SP significantly slowed the larvae and pupae's

development time, delaying the fly's appearance (Figure 39).
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A study on H. vigintioctopunctata larvae demonstrated the detrimental effect of protein
deficit on larval survival compared to carbohydrate deficits (Z.-L. Wang et al., 2018).
Preserving a constant protein content while increasing the proportion of carbohydrates
affected the larval developmental duration, preventing them from completing the larval
stage. In contrast, when the carbohydrate content remained constant, a higher percentage

of protein content induced a shorter larval development time (Z.-L. Wang et al., 2018).

The increase in the sugar relative to protein content in the media can significantly affect
the time, mainly by prolonging the larval feeding period (Matzkin et al., 2011). For
Drosophila, this effect was significant solely for the low protein-sugar ratio diet

containing a protein-to-carbohydrate ratio equivalent to 2.5%:24.6% where the pupation
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was delayed by 1 day. However, for D.mojavensis, a diet with an equal protein: sugar
ratio containing a protein-to-carbohydrate ratio equal to 4.3%:21.2%, delayed pupation
by 6 days. This can be attributed to the need for some minimum protein level to be
consumed for larvae to pupate, which seems less restrictive for D. melanogaster (Matzkin
et al., 2011). The delay in the development of Drosophila following the increase of sugar
content, SP amount in NM (4%) or in the OM (Figure 40) can be related to disruption or
reduced expression of ecdysone hormone (molting hormone) such as 20-
hydroxyecdysone (20-E) that is required from the early embryonic stage to the late larval,
pupal, and adult stages (A. Kumar et al., 2013). These Ecdysteroids (Pan et al., 2021),
juvenile hormones are essential to regulate insect molting and metamorphosis (Hiruma &
Kaneko, 2013). Four different classes of ecdysteroids, which are obligatorily derived
from four types of dietary sterol precursors, can be produced by
Drosophila. Drosophila makes makisterone A, from plant sterols and epi-makisterone A,
which supports only larval development from ergosterol, the major yeast sterol. However,
they prefer to selectively utilize scarce ergosterol precursors to make a novel hormone
24, 28 dehydromakisterone A, and trace cholesterol to synthesize 20-hydroxyecdysone
(Lavrynenko et al., 2015).

e Effect of Lysine on NM Environment

During the larval stage, Drosophila’s larvae must adapt their metabolism to attain a
critical body size to pupate (Manicre et al., 2020). Nutrients such as amino acids serve as
a major regulator to control metabolism and growth. They exert mainly an effect on the
fat body and the brain to control larval growth, body size, developmental timing, and
pupariation (Maniere et al., 2020). With normal diet conditions, the supplementation of
lysine in low concentration (0.25 and 0.5 g/100 g NM) did not significantly influence the
appearance time of the first pupae (Figure 41).

Similar results were obtained for other insects, such as Hermetia illucens (Koethe et al.,
2022). Koethe et al. (2022) found that a lysine content of 0.3% in the substrate promotes
optimal larval growth of Hermetia illucens. In contrast, Spranghers et al. (2024) found
there is no notable growth improvement beyond a lysine content of 0.53 g/100 g of diet
(Spranghers et al., 2024). This leads to the conclusion that the optimal dose may also vary
depending on the insect species. For example, for Tenebrio molitor, the limit is set at 0.35

g/100 g diet (Spranghers et al., 2024).

66



- -
(o)) oo
1 )

Q

—
N

1
(o

bc c

N
N
1

|

O —e—0M SP
.\./

—e—NM SP
a
bbc bc ¢ b NM Lys

Day of appearance of first fly
o)) (o]

SN
1

N
1

0

0 0,250,50,75 1 1,2561,51,75 2 2,252,52,75 3 3,253,563,75 4 4,25
SP Concentration (%)

Figure 41. Time required for the appearance of the first fly in NM and OM containing
different percentages of SP and lysine. Values with different superscripts differ

significantly at p <0.05

Under normal nutrition conditions, the high concentration of supplemented lysine (2%

and 4%) hindered the development of larvae and the pupae hatching (Figure 42).
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In particular, out of the 250 embryos of the group supplemented with 2% in NM, only a
few pupae (1-3) could develop, but their development was delayed compared to the
control group. Similar results were obtained by other insects, such as H. illucens. The
addition of lysine did not improve their larvae's growth, development, or nutritional
values. In contrast, it reduced larval size, survival, and pre-pupal rates, especially when
high amounts of lysine were provided (Koethe et al., 2022). For Drosophila, these
concentrations appear toxic, suggesting their potential application as pesticides similar to
phenylalanine, which have been known for many years in synthesizing compounds
associated with plant defence (Y. Chen et al., 2023). The toxicity of lysine to some groups
of bacterial cells was proved. However, the specific mechanisms behind this effect remain
unclear. For instance, some cyanobacteria, such as Microcystis aeruginosa, cannot

efficiently export and degrade lysine (Kim et al., 2023)

An excess of dietary L-lysine, either as the hydrochloride or free base, depressed the
growth rate and produced toxicity symptoms in 14- to 21-day-old chicks fed adequate
protein diets (Jones, 1961). On the other hand, the supplementation of lysine to juvenile
GIFT tilapia improved growth performances and feed utilization. It enhanced the relative
expression of MyoD and Myogenin and influenced haematological and biochemical
responses. However, dietary lysine supplementation did not affect the whole-body

chemical composition and amino acid profile (Prabu et al., 2020).

o Effect of food restriction environment on pupae size

In ideal conditions that promote rapid growth, internal checkpoints ensure that
maturation does not occur until juvenile development is complete (Tennessen &
Thummel, 2011). In particular, pupae size is one of the critical parameters for controlling
growth and ensuring that the larvae attain the appropriate size at metamorphosis (Mirth

& Riddiford, 2007).
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The analysis of the pupae size that emerged in OM with a variable SP concentration
showed a significant difference in the average length and width (Figure 43). The largest
pupae were found in NM (control), while the smallest pupae were observed in the OM
supplemented with (1% and 2% SP in OM). At low SP concentrations (0,5%, 0.25% of SP
in OM), a limited number of pupae appeared, making it challenging to generalise the
findings about their size. A restricted nutritional diet that mediates starvation (larvae fed
on the standard medium for 2 or 3 days, then maintained without sugar or yeast),
crowding, or reduced nutrient content (no sugar media) led to a decrease in the pupae size
compared to the high-sugar and standard medium. Likewise, a decrease in yeast content
in the Drosophila larval diet prolonged developmental time and reduced body size,
mimicking the effects of larval crowding (Klepsatel et al., 2018). On the other hand, an
experiment conducted on Manduca sexta (Sphingidae: Lepidoptera) showed that the
larvae fed on low-water and low-protein diets (replacing 40% of the casein in the standard
diet with a-cellulose) initially grew slowly, but accelerated in the fifth instar, resulting in

pupae and adults sized comparably to control animals (Ojeda-Avila et al., 2003).

In this study, the reduced protein content created a crowding-like environment condition,
which can be considered a complex multifactorial stressor that could elucidate the effect
of these treatments on pupae size. A cannibalistic behaviour displayed by larvae was
noticed under these conditions: by eating deceased flies and devouring pupae, making

them flabby. Under normal conditions, Drosophila melanogaster larvae are known as
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herbivores and feed on a non-carnivorous diet. However, under nutritionally challenged
conditions, they can exhibit cannibalistic behaviour by consuming a diet composed of
larger conspecifics and also their own embryos (Ahmad et al., 2015). This predation on
conspecifics’ behavior is viewed as an adaptive behavior, which can rapidly evolve in
response to nutritional conditions (Vijendravarma et al., 2013). On the other hand, in
Drosophila, the cannibalism behavior was associated with other factors, such as
intraspecific competition that may cause stress and affect survival and reproduction
(Bezerra Da Silva et al., 2019). Conditions such as malnutrition evolved an enhanced
propensity towards cannibalism, which led to the plasticity of larval mouth parts

(Vijendravarma et al., 2013).

4.3.1.2. Effect of diet on Drosophila’s eye color

Environmental conditions and diet can trigger epimutations and thus influence gene
activity (Hoyer-Fender, 2020). The visual assessment of the preliminary analysis of flies’
eye color in the samples supplemented with SP isolate, assisted by the Drosopterin
concentration, indicated a difference in the eye color of the flies raised in NM and all
those raised in OM with different protein concentrations (1, 2, and 4 %) was also identified

(Figure 44,45,46, 47 and 48).
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Figure 44. Drosopterin concentration of W™ Drosophila eyes reared in C1: OM with
4% SP isolate, C2: OM with 2% SP isolate, C3: OM with 1% SP isolate, NM (Control),
and of Drosophila mutation Viking GFP (white eyes, Curly wings, yellow body) reared

in NM. The error bars indicate the standard deviations of the samples.

A confirmatory analysis indicated that SP isolate, independent of its concentration, was
able to modify PEV phenotype and influence heterochromatin formation in cells. This

effect contradicts the conclusion reached by the research of Tatum & Beadle, (1939),
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which stated that the prolongation of life induced by starvation is possible under certain
conditions without any modification of eye color (Tatum & Beadle, 1939). In contrast,
Michailidis et al. (1988) found that the extent of eye-colour variegation in w™"
Drosophila melanogaster depends on development time. They demonstrated that when
the pH varies between 2 and 6, the development becomes slow and exhibits a more

pronounced variegation than those reared at higher pH (Michailidis et al., 1988).

Researchers have proved that environmental constraints, such as an unbalanced prenatal
nutrition (protein-restricted), induce persistent, gene-specific epigenetic changes that

alter mRNA expression (Lillycrop et al., 2005).

In particular, it has been shown that amino acids by themselves can modify the expression
of target genes (Chaveroux et al., 2010), which illustrates the organism's need to adapt to
a changing nutritional environment (Chaveroux et al., 2010). On the other hand, research
on dietary supplementation that was long presumed to be purely beneficial, revealed its
potential to induce an unintended deleterious influence on the establishment of epigenetic
gene regulation in humans (Waterland & Jirtle, 2003). It has been proven that the dietary
methyl supplementation of a/a dams with extra folic acid, vitamin B>, choline, and
betaine alters the phenotype of their AYY/a offspring (Waterland & Jirtle, 2003). On the
other hand, a conclusion drawn from a study using Tranylcypromine, which is used to
treat major depressive disorder, suggested that food compounds potentially affect
chromatin modification, and hence gene expression, and that the alteration is putatively
inherited not only parentally but transgenerationally (Hoyer-Fender, 2020). In these
studies, different models were used, including mammals such as mice (Waterland & Jirtle,
2003) and rats (Lillycrop et al., 2005), and fruit flies using Drosophila

melanogaster w™ strain (Hoyer-Fender, 2020).

The results showed that within the same group of flies, the variability of the intensity of
the eye colour and the distribution of the red colour was demonstrated. Although they
share a common genotype, epigenetic differences can explain this difference. For humans,
research found that although twins are epigenetically indistinguishable during the early
years of life, older monozygous twins exhibited remarkable differences in their overall
content and genomic distribution of 5-methylcytosine DNA and histone acetylation,

affecting their gene-expression portrait (Fraga et al., 2005).
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Figure 45. Drosophila Heads reared in OM supplemented with 4% of SP

Figure 46. Drosophila Heads reared in OM supplemented with 2% of SP
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Figure 47. Drosophila Heads reared in OM supplemented with 1% of SP

" .

Figure 48. Drosophila Heads reared in NM
4.3.1.3. Effect of the protein-restricted diet on the brain size

Our research revealed a variation in the shape of the brain (Figure 49). In particular, the
length of the HS (hemispheres) of the larvae reared on a diet restricted to 2 and 4% of SP
represents only 63 to 67% of the length of those grown under normal conditions (Figure
50). This disparity can be attributed to the amino acid profile of SP isolate, as amino acids

influence the fat body and brain, regulating larval growth, body size, developmental
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timing, and pupariation (Maniére et al., 2020). In particular, the dietary amino acids in
newly hatched Drosophila larvae triggered the quiescent cells to reenter the cell cycle
(Britton & Edgar, 1998). The role of these amino acids in ensuring the cell cycle re-entry
of neural progenitors occurred through the pathway of fat body, glia, and neuroblast relay
(Sousa-Nunes et al., 2011). In addition, glial cells can directly detect amino acids by
TORCI1 via the Slif amino acid transporter and secrete DILP6 that promotes the
neuroblast reactivation and Jelly belly (Jeb) secretion, allowing dilp5 gene expression and
DILPs release (Manic¢re et al., 2020). In general, for insects, arginine, histidine,
isoleucine, leucine, lysine, methionine, phenylalanine, threonine, tryptophan, and valine
are the essential amino acids (EAA) (Behmer, 2008). However, the rest are considered
non-essential and can be synthesised or derived from the EAA (Behmer, 2008). Yeast is
the primary source of nutrients for Drosophila, providing amino acids and proteins (Steck
et al., 2018). Since a yeast-based diet provided proper brain development, comparing its
amino acid composition to the SP isolate reveals a richer profile of EAA than in the SP

isolate, except for Phe, His, and Arg (Figure 51).

Figure 49. Brain of 3™ instar larvae cultivated in NM (control), OM supplemented with
4% and 2% of SP. HE: Hemisphere, VNC: Ventral nerve cord, CB: Central brain.

Different superscript denotes the significant difference at p < 0.05
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The importance of the amino acid was proven by the study of Britton & Edgar, (1998),
which demonstrated that larvae grown in an amino acid-free medium did not grow. To
assess whether a particular amino acid served as a signal for the cell cycle, each of the
eleven essential amino acids was introduced individually. None of the amino acids alone
restored the larval growth or cell cycle activation, suggesting that protein synthesis is
necessary for cell cycle activation and growth (Britton & Edgar, 1998). This
independence can be explained by the distinct behaviour of larvae (attraction, aversion,
neutral) towards different amino acids (Croset et al., 2016). Furthermore, this preference
for specific amino acids may differ depending on the growth stage, such as in first-instar

and third-instar larvae (Kudow et al., 2017).
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Figure 50. Length of the HE of the brain of 3 instar larvae cultivated in NM(control),
OM supplemented with 4% and 2% of SP. The error bars indicate the standard
deviations of the samples. Different superscript denotes the significant difference at

p<0.05

Therefore, attributing the primary effect to a particular amino acid can not be supported,
rather, the overall protein content of the SP incorporated is more critical. A previous
research on Drosophila proved that extreme larval crowding (60 larvae cm—3) impaired
the volumetric development of the Antennal lobe, Optic lobe, and Central complex of
adults (X. Wang et al., 2017). This effect can be related to the high larval density because

of the excessive utilisation and interference competition for food and space.
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deviations of the sample

On the other hand, ecdysone can also regulate brain development by inducing the
neuroblast division and their termination (Oliveira & Homem, 2023). The secretion of
this hormone can be controlled by the PTTH secretion, which is downregulated by the
amino acid transporter Sobremesa (Sbm)(Maniere et al., 2020). The research of
Galagovsky et al., (2018) indicated that the larvae with lowered Sbm levels in glia exhibit
reduced brain growth alongside increased body size, but do not show a reduction in
insulin signalling or production (Galagovsky et al., 2018). Therefore, we can conclude
that a dysfunction in the secretion of the hormone or its cessation may induce a

dysfunction in the development process.
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4.3.2. Allergenic and bioactive peptide characterization

4.3.2.1. Size of the peptide

The comparison between the bioactive and allergic peptides reveals that there is a
statistically significant difference between them. A smaller number of amino acids and a
low molecular weight characterize the bioactive peptides compared to the allergic ones

(241 amino acids) (Figure 52).
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Figure 52. Amino acid count (A) and molecular weight (B) of the allergic and bioactive
peptides. The mean of the amino acid count and molecular weight in each group of
peptides. The statistical analysis was conducted using one-way ANOVA. Value with
different superscripts differs significantly at p < 0.05.

Based on previous research, bioactive peptides are typically composed of 2-3 and 20
amino acid residues per molecule (Rivera-Jiménez et al., 2022, Chew et al., 2018, Naeem
etal., 2022). However, longer bioactive peptides were rarely identified (Zaky et al., 2022).
In particular, the functional property of a peptide may pertain to a specific segment of the
peptide. In lunasin, which is a soybean-derived polypeptide that has marked anti-cancer
activity, it is recognized that residues 1-22 have no known biological functions, whereas
residues 23—-31 make up a helical structure that is structurally similar to the protein that
binds to histones H3/H4 (Wan et al., 2017, Guha & Majumder, 2019). The peptide
sequence length can be related to its bioactive characteristic due to its reliance on the
degree of hydrolysis during digestion. Polypeptides with a chain length varying from 3 to
51 amino acids can be absorbed by the gastrointestinal tracts of adult animals. Their intact
form can enter the circulation and produce biological actions as long as they remain intact

(Roberts et al., 1999). Several studies have connected the molecular weight of peptides
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with their bioactive characteristics. There is a statistically significant difference between
the molecular weight of the allergic and immunomodulatory peptides (Figure 52b), which
can be associated with the ability of these peptides to be easily absorbed in the digestive
tract to exert biological effects (Vo et al., 2013). Other studies confirmed the correlation
between immunomodulating activity and molecular weight, indicating that lower
molecular weight and positively charged peptides released from soy protein effectively
stimulated immunomodulating activity (Kong et al., 2008). Another research related the
low molecular weight (under 1 kDa) and the short chain length (2 to 20 residues) with the
peptide bioactive activity. These characteristics increase the probability of being absorbed
in the intestine and penetrating cells compared to the larger-sized peptides (Rivera-
Jiménez et al., 2022). For example, the anti-inflammatory peptides from edible
microalgae Spirulina maxima demonstrated that those with a low molecular weight of

less than 3 kDa exerted the most inhibition on histamine release (Vo et al., 2013).
e Composition of the peptides

Peptides with allergic effect showed the dominance of Q (glutamine) with more than
11% occurrence (Figure 53). However, bioactive peptides showed a higher occurrence of

E, P, G, K, S, and Q amino acids (>5%).
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Figure 53. Prevalence of each amino acid in the allergic and immunomodulatory/anti-
inflammatory peptides. The amino acid properties such as hydrophobicity, polarity, and
side chain structure aliphatic, aromatic) are represented with different colours (Ren et

al., 2013), (Aftabuddin & Kundu, 2007; L. Wang et al., 2016)
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immunomodulatory peptide

e Thiol amino acid (Cysteine)

Sulphur-containing amino acids, such as methionine (M) and cysteine (C), proved to
have a critical role in health maintenance (Masella & Mazza, 2009). Although they are
characterized by their anti-inflammatory activities (Hasegawa et al., 2012; Nam et al.,
2018), the ratio of cysteine in the allergic peptides is the highest, indicating their higher
prevalence in allergic proteins (Figures 54 and 55). The occurrence of cysteine was 3.4

times higher than in the bioactive peptides.
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Figure 5. Thiol in allergic and bioactive peptides

The values represent the mean value. The statistical analysis was conducted using one-

way ANOVA. Value with different superscripts differs significantly at p < 0.05.

e Amine amino acid

In contrast with the thiol amino acids, the lysine (K) ratio was twice as high as that in
the bioactive peptides as in the allergic ones (Figure 56). According to the literature,
lysine-rich content is a characteristic feature of many bioactive peptides (Tu et al., 2009).
Lysine has been identified in the majority of anti-inflammatory peptides from various
plant sources. Along with arginine and histidine, these amino acids are essential to boost
the anti-inflammatory activity of plant-derived bioactive peptides (W. Liu et al., 2022).
The research of (J. Cheng et al., 2020) proved that L-lysine effectively promoted M2
microglial polarization and reduced the inflammatory response both in vitro and in vivo,

indicating its potential neuroprotective role in intracerebral hemorrhage injuries.
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Figure 55. Frequency of prevalence of the amine amino acid (K)

The values are the mean. The statistical analysis was conducted using one-way

ANOVA. Value with different superscripts differs significantly at p < 0.05.

The potential of the lysine/leucine-rich peptide L-K6 demonstrated significant
cytotoxicity against various cancer cell lines. Additionally, their cytotoxicity was reduced
after the substitution of the leucine residues (L-K6V1) and deletion of the lysine residues
(L-K5V1) (C. Wang et al., 2017). An experiment on piglets demonstrated this effect,
showing that lysine restriction in their diet influenced the inflammatory responses in the
kidney, liver, and spleen via mediating serum antibody volume and inflammatory
cytokine (H. Han et al., 2018). Another study indicated that modifying lysine, arginine,
and cysteine residues in antigen epitopes in processed shrimp might be responsible for

the hypo-IgE-binding activity (M. Liu et al., 2021).
e Amino acid E (Glutamic acid)

The results showed that the proportion of glutamic acid (E) in the bioactive peptides is
1.8 times that in the allergic peptides. This amino acid is recognized for its therapeutic
uses, including as an endogenous anticancer agent, in conjugates with anticancer agents,
and in its derivatives, which may also serve as potential anticancer agents (Dutta et al.,
2013). Recent research demonstrated the potential of using glutamic acid as a ligand to
react with low-molecular-weight Hyaluronic acid to mitigate inflammation-triggered skin
symptoms and aging. The findings indicated that it effectively supported the repair of
damaged skin by enhancing the compactness of the stratum corneum and increasing the

live cell layer (F. Jiang et al., 2024).
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e Amino acid residues

The structure and properties of proteins rely on the charge distribution of their side
chains, which are essential to their electronic structure, physicochemical properties, and
biological functionality (Soriano-Correa et al., 2015). Among the amino acids in the
residue on the C and N-termini of the bioactive peptides, the results indicated that K, R,
and G are the most prevalent amino acids in the residue on the C and N-termini of the

bioactive peptides (Figure 57).

Figure 57. Frequency of amino acid in the termini of the sequence of (A) Allergenic
peptide and (B) bioactive peptide
Colours representing the ratio of each amino acid

a: Allergenic peptide, b: Bioactive peptide

Research literature confirms arginine's link to its immunomodulatory effects,
indicating that peptides containing arginine in the N- or C-terminal regions can be
considered potential immunomodulatory peptides (Q. Yang et al., 2020). In addition, the
immunomodulatory effect can be attributed to the charge of these amino acids. For
example, positive correlations were obtained between the immunomodulating activity
and the content of positively charged peptides (Kong et al., 2008). In particular, positively
charged amino acids, such as lysine, arginine, and histidine, demonstrated their necessity
to enhance the anti-inflammatory activity of plant-derived bioactive peptides (W. Liu et

al., 2022).
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e Aliphatic_Index

The results show that there is no statistically significant difference between the
aliphatic index of the immunomodulatory and allergic peptides (Figure 58). As
demonstrated in previous research (Rehman et al., 2020), the obtained results
(Aliphatic_Index >65) show that both types of peptide are stable at high temperatures.
The same effect was observed with allergenic proteins derived from different milk sources
(cow, goat, camel, and mare milk), suggesting their good thermal stability (Zhao et al.,

2023).
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Figure 58. Average aliphatic index in allergic and bioactive peptides.
The values are the mean. The statistical analysis was conducted using one-way

ANOVA. Value with different superscripts differs significantly at p < 0.05.
e Peptide Hydrophobicity
Our results demonstrated a statistically significant difference between the hydrophobicity
of the allergic and immunomodulatory peptides (Figure 59).

Peptide hydrophobicity contributes to the determination of the protein function. The
immunomodulatory functions of Human Cathelicidin LL-37-derived peptides with an
identical positive charge and amino acid composition are directly correlated with the
predicted a-helical propensity and hydrophobicity of the peptide (Hemshekhar et al.,
2019).
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Figure 59. Average total hydrophobicity in allergic and bioactive peptides
The values are the mean. The statistical analysis was conducted using one-way

ANOVA. Value with different superscripts differs significantly at p < 0.05.

Previous research proved that the presence of hydrophobic (V, I, P) and positively
charged (H, R, K) amino acids seemed to represent a common characteristic of the anti-

inflammatory peptides (Rivera-Jiménez et al., 2022).
e Aromatic amino acids

The results revealed no significant difference between the prevalence of the aromatic

amino acids in the allergic and the bioactive peptides (Figure 60).
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Figure 60. Average total aromatic amino acids in allergic and bioactive peptides
The values are the mean. The statistical analysis was conducted using one-way

ANOVA. Value with different superscripts differs significantly at p < 0.05.
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Precious results emphasized the significance of the position of the amino acid within the
sequence. Rakesh and his collaborators (2019) showed that the aromatic amino acids have
less anti-inflammatory activity than D and T, when substituted in the second position
(Rakesh et al., 2019). In contrast, Feng et al, 2024 demonstrated that the aromatic residues
at the penultimate position are preferable to exert potent anti-inflammatory activity (J.

Feng et al., 2024).

4.3.2.2. Relationship between peptide characteristics and functional properties

The heatmap illustrates the correlation between all the studied features (amino acid count,
aliphatic index, molecular weight, total hydrophobicity, the occurrence of thiol, E, and
the amine group (K) and aromatic amino acids), and the nature of the peptide (allergenic
or bioactive) referred to as its functional properties (Function)(Figure 61).
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Figure 61. Correlation of all the descriptors and the nature of the peptide
(allergenic/bioactive) referred ‘Function’.

The colour of cells is associated with the strength of the correlation between
feature-to-feature and feature-to-response. The strength of the correlation is
indicated in the colour scale: red (positive correlations), blue (negative
correlations).

85



The correlation map reveals a relatively high negative correlation between the molecular
weight and the number of amino acids in the sequence. In contrast, there is a weak positive
correlation between the prevalence of the amine amino acid (K) and the response.
Conversely, the prevalence of thiol, E, and total hydrophobicity demonstrated a weak
negative relationship. On the other hand, the aromatic amino acids show almost no

correlation with the type of the peptide, indicating their independence.

4.3.2.3. Epitopes detection from bioactive sequences

The structure of the protein significantly influences its allergenicity. Modifications in the
structure by amino acid mutation or other factors can alter the IgE binding capacity of

allergens, thereby reducing their potential allergenicity of proteins (X. Zhou et al., 2023).

Defined as antigenic determinants are regions of proteins that can trigger the allergenic
reaction (Kogay & Schonbach, 2019), epitopes that induce allergy should be identified
(C. Liu & Sathe, 2018). Concerning bioactive peptides, it is also essential to identify,
characterize, and check the occurrence of the epitope in the sequence. In particular, Tran
and his collaborators (2022) demonstrated that extending short peptides into longer multi-
epitope peptides overcomes immune tolerance, inducing an immune response compared
to a single short peptide (Tran et al., 2022). Among the bioactive peptides, the possible
epitope responsible for anti-inflammatory reaction can be identified by detecting the

pattern in the amino acid sequence of the bioactive peptide (Annex 6).

In this research, the study of the physicochemical properties of the epitope that induces
allergy and immunosuppressive effect (molecular weight, hydrophobicity, charge, amino
acid count) and their composition of amino acids revealed a weak correlation between
these properties and the functional property of the epitope (Function) (Figure 62).
However, the relative prevalence of W in the epitope sequence was positively correlated
with the epitope's allergenicity loss. The richness of the epitope with the specific amino
acids W and Y was demonstrated by a previous study, indicating the general preference
for charged and polar amino acids (Rubinstein et al., 2008). Similarly, in another research
W residue was recognized as crucial for immunoreactivity of a diagnostically relevant
peptide epitope of Aspergillus fumigatus (Kamal et al., 2005), and as a critical amino
acid, while the identification of the nephritogenic T cell epitopes,

(W1361137xL139W140) (S.-Y. Hu et al., 2017).
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Figure 62. Correlation of all the descriptors and the epitope/immunosuppressive
sequence referred to as Function. The colour of cells is associated with the
strength of the correlation between feature-to-feature and feature-to-response.
The strength of the correlation is illustrated in the colour scale: red (positive

correlations), blue (negative correlations).
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The results of the PCA, as illustrated in Figure 62, show that PC1 and PC2 explain about
86% of the variance. In particular, the feature representing the prevalence of W in the
epitope’s sequence contributed more to PC2, which accounted for 25% of the cumulative
variance. However, the epitope's hydrophobicity, molecular weight, and amino acid count

showed a higher contribution to PC1, with 61% (Figures 63 and 64).
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Figure 63. Principal component analysis (PCA) projection of the epitope’s
physicochemical properties and the prevalence of W. The PCA1 and PCA2 were plotted
in a two-dimensional scatter plot with the colour of the label Function that defines the

function of the epitope (allergen (red) or immunosuppressive (green)).

The two different groups of epitopes overlap, which is an indicator of a similarity between
their physicochemical properties. This outcome can be interpreted in light of research
efforts toward other explanations. The study of a particular amino acid identified as a

critical amino acid in the protein sequence is one of the explanations.

They are identified as amino acid residues that constitute the potential allergenic peptides
and have a critical role in their allergenicity (X. Wang et al., 2024). They have the ability
to affect the trans-epithelial transport absorption efficiency and, consequently, the

allergenic potential (Luan et al., 2024).

The critical amino acids are defined as those that cause a loss of IgE binding when

substituted with an alanine residue or an amino acid with different physicochemical

88



properties, which can influence the potential sensitisation (Xiaoya et al., 2024). Reese et
al. (2006) showed that by using mapping sequential epitopes, 12 positions deemed critical
amino acids were identified and mutated, resulting in a Pen a 1 mutant with significantly

reduced allergenic potency (90-98%) (Reese et al., 2005).
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Figure 64. Diagram of the first two principal components (PCA)

By detecting the pattern in the amino acid sequences of the bioactive peptides, a group of
potential epitopes was identified. A similarity test (cosine similarity) using the main

properties (the number of amino acids, the molecular weight, hydrophobicity, and the
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prevalence of the amino acid W%) was conducted to compare the identified epitopes with
the immunosuppressive ones.

This test measures the cosine of the angle formed between two vectors, determining if the
two vectors are pointing in roughly the same direction (J. Han et al., 2012).

Using only W as a parameter, the similarity (Figure 65) reveals a notable difference
between the sequences. However, featuring a group of parameters, a high similarity
between the potential epitope and the immunosuppressive epitope is unveiled. These
results provide an overview of the potential use of these epitopes in treating autoimmune
disorders, highlighting the potential role of structural similarity in predicting protein

function. However, further experimental analysis is necessary to validate these findings.
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Figure 65. Heatmap of cosine similarities between the predicted epitope and the
immunosuppressive epitopes. The difference in the intensity of the color indicates the

degree of similarity. Each number represents the sequence of the epitope of each group.
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5. CONCLUSIONS, RECOMMENDATIONS

To address the rising demand for plant protein to cope with the growing world population,
safe and eco-friendly methods should be adopted. In this context, advancements in protein
fractionation techniques should prioritize both process efficiency and environmental
sustainability. This study accomplishes these goals by employing mild conditions (full-
fat soybean flour, moderate temperatures) while extracting protein using a conventional
method and a binary mixture of DES-water as a green technology. In the same context,
with the growing availability of data on public databases, whether generated by machines
in industrial settings or produced in laboratories, using models to predict production yield
or protein purity under different conditions can save time and reduce costs. This thesis
has examined the efficiency of data use to predict the extraction efficiency and to improve

the understanding of the aspects that characterize the peptide functionality.

A special focus was also addressed to the nutritional aspect of the fractionation. Using the
Drosophila model, the study examined the potential effect of an exclusive soybean
protein diet on gene silencing and the toxicity of single amino acid supplements. While
these findings offer a general overview of the nutritional risk, it is essential to confirm the
persistence of this pattern during fly maturation and across future generations.
Furthermore, investigating the genetic foundation of eye color differences can provide a

more profound understanding of evolutionary adaptations related to diet.

While legume proteins are associated with allergenicity, fractionation can enable
the generation of bioactive peptides exhibiting biofunctional properties. This study
highlights the significance of the sequence length and molecular weight in the
characterization of both peptides. Additionally, since peptides are known to stimulate the
adaptive immune response via their immunogenic epitopes, identifying motif patterns

within them offers valuable guidance for epitope detection and product design.

Protein fractionation may provide benefits relevant to both nutrition and industry.
However, one of the primary limitations lies in the risk of protein denaturation and the
generation of processed products. These products can undergo further technological
modifications to yield ultra-processed food whose intake has been strongly linked to a

high risk of diabetes, hypertension, dyslipidemia, and obesity (Vitale et al., 2024).
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6. NEW SCIENTIFIC RESULTS

1. Data collection from previous scientific studies provided valuable data for
determining optimal conditions for soy protein extraction, and the predictive model
for protein purity showed a good fit with a high coefficient of determination (0.83).
The experiment confirmed the adequacy of the model held under mild extraction
conditions using a full factorial design, with temperature (25 and 45 °C) and pH of
extraction (8 and 10). The conducted experiments confirmed that the temperature and
pH of extraction did not influence the purity; however, they revealed that the pH of
extraction significantly impacts the protein yield and solid yield. The highest yield

was achieved at a temperature of 45 °C and a pH of 10.

2. Adding different percentages of water to DES (Choline chloride: Glycerol (1:2)),
and carrying out the extraction at different durations and mild temperatures (25-45
°C) may affect the proteinous nitrogen diffusion. Incorporating a high water content
(~50-70%), which shifts toward a "DES-in-water" system, resulted in a nitrogen
transfer similar to that of pure water. This might indicate a disruption of the specific
H-bonded DES complex. The quality assessment of the protein extracted with 60%
of DES, at 45 °C, revealed the potential exemption from impurities such as oxidized

lipids or Maillard reaction conjugates, but it indicated the denaturation of the protein.

3. Using the Drosophila melanogaster model through the indirect method
(determination of the red eye pigment) reveals that a diet relying on just one single
source of protein (soybean protein (1, 2, and 4%)) can induce epigenetic effects. On
the other hand, the addition of lysine as a single amino acid to the normal diet of
Drosophila to enhance the nutritional value of the diet can create a toxic effect at high

concentrations (2% and 4%).
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7. PRACTICAL RESULTS

1.The presented work highlights the importance of utilizing data from existing scientific
research to advance process optimization. By compiling experimental results from
diverse studies conducted under different conditions, this approach enables the
development of data-driven models applicable to different aspects of the industry. This
approach can minimize the necessity for extensive trials, offering a cost-effective and

scientifically rigorous strategy.

2. Investigating the effect of water addition to DES is part of identifying strategies for
enhancing the performance of the sustainable extraction process. From an industrial
perspective, this method can generate higher efficiency corresponding to lower

operational cost and higher profit.

3. This study highlights the importance of accurately determining protein intake to

prevent nutrient deficiency and excessive consumption.

4. The toxicity of lysine for Drosophila when supplemented at a concentration of 2%, and

4% in the normal diet can provide products for industrial applications, such as pesticides.
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8. SUMMARY

To meet the growing demand for protein while safeguarding the environment, extensive
research has been devoted to various aspects of protein extraction. While efforts have
focused on the origin of protein (bio-products and waste, plant, insects), other
investigations have largely centered on optimizing and designing environmentally
sustainable methods. In this study, a different approach was addressed by optimizing
extraction methods by leveraging existing data. By adopting the conventional method
(alkaline isoelectric precipitation), various algorithms were employed to model the purity
of the protein isolate. The selected model was well aligned with the extracted data and
was validated by the experiment held using a mild extraction technique and a full factorial
design. This study underscores the potential of integrating data collection from prior

experiments to optimize the extraction process.

On the other hand, with the aim of optimizing extraction efficiency through the use of
DES, this study demonstrated the inefficiency of the addition of water to choline chloride:

glycerol in the improvement of the extraction.

To evaluate the nutritional impact of the protein isolate, the computational method
supported the understanding of the relationship between the amino acid sequences and
the peptide’s functionality, including allergenicity and bioactivity. Analysing a database
of 263 sequences of plant (cereal and legume) proteins with allergic and bioactive
properties revealed the importance of size and molecular weight. While mapping the
sequences of bioactive peptides, the identical parts of the sequence were identified and
compared to the immunosuppressive epitope. However, these findings are preliminary,

and validation of the functional properties of the identified parts is paramount.

Furthermore, the assessment of the nutritional effect of the emerging dietary trends, such
as high protein regimens and targeted single amino acid supplementation, was carried out
using soybean protein, lysine, and the Drosophila model. The development,
morphological features such as organ size, and phenotypic aspects like eye color were
evaluated. A diet restricted to soybean protein resulted in a smaller larval brain and overall
pupal size compared to the standard conditions. This also raised the potential of epigenetic

mutation, which manifested in the intensification of the white color of the eyes.

On the other hand, while lysine in low concentrations appeared necessary for Drosophila

development but insufficient from a qualitative perspective to complete the development
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of larvae into pupae, higher concentrations demonstrated a toxic effect. This research
highlights the need to consider nutrient quality and quantity when designing specific

dietary strategies.
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12. ANNEXES
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Annex la. Distribution of the training and testing set residuals frequency for the
different adopted models: (a) Voting_reg, (b) Polynomial model
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Annex 1b. Distribution of the training and testing set residuals frequency for the
different adopted models: (c) Nearest Neighbors Regression model, (d)

LinearRegression for model evaluation
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Annex 2a. Distribution of the residual frequency of training and testing set obtained by

the models: (a)Voting_reg, (b) Polynomial model
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Annex 2b. Distribution of the residual frequency of training and testing set obtained by

the models: (c) Nearest Neighbors Regression model, (d) LinearRegression
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Density Plot of Residuals
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Annex 3a. Residuals density plot of the training and testing dataset obtained by the

following models: (a)Voting_reg, (b): Polynomial model
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Annex 3b. Residuals density plot of the training and testing dataset obtained by the

following models: (c): Nearest Neighbors Regression model, (d): LinearRegression
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Annex 4a. Quantile-quantile (Q-Q) plot to assess the distribution of the training and
the testing residuals represented for all the tested models: (a) Voting_reg, (b)

Polynomial model

133




Q-0 Plet of Training Residuals Q-0 Plot of Testing Residuals

e Valed
Darcre s Vales

—201

-0 1

v ' ' ' ' ' ' ' ' ' v E '
2 i [ 1 2 29 1.5 ] 0.5 (=1 0.5 La 15 20
Theoretical guantiles Theoretical quartiles

Q-0 Plat of Training Residuals Q-0 Plat of Testing Residuals

-

Cwdered Valoe
e
=
.
L]
"
W,
Cardered Valie
|
=

A0 4

_zal
.

-

—304
50 L] -0 L]
S 1 1 1 2 —an  -ln  -1o -as a0 0 10 1 2
Thearstical quantles Thearetical quanhies

Annex 4b. Quantile-quantile (Q-Q) plot to assess the distribution of the training and
the testing residuals represented for all the tested models: (c) Nearest Neighbors

Regression model, (d) LinearRegression
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Annex 5 a. Fluorescent emission spectra of treated and native soybean protein isolate

a: Enzymatic treatment, b: physical modifications
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Annex 5 b. Fluorescent emission spectra of treated and native soybean protein isolate

c: native soybean protein isolate
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Annex 6: Potential epitope (common sub-sequence) and the original peptide
sequence (shared sequences)

Common Subsequence: ITP
Shared Sequences: ['VKGGLSIITPPEKEPR', 'GGLSIITPPEKEPRQK', 'FEITPEK
NPQ', 'GGLSIITPPEKEPR']

Common Subsequence: NPQ
Shared Sequences: ['LHONIGSSSSPDIYNPQAGRIK', 'FEITPEKNPQ', 'LHQNIGS
SSSPDIYNPQAGR']

Common Subsequence: IETWNP
Shared Sequences: ['IETWNPNNKP', 'SEGGLIETWNPSNK']

Common Subsequence: GRGDDDDDDDDD
Shared Sequences: ['SKWQHQODSCRKQLOGVNLTPCEKHIMEKIQGRGDDDDDDDDD', '
GRGDDDDDDDDD ' ]

Common Subsequence: GRG
Shared Sequences: ['SKWQHQODSCRKQLOGVNLTPCEKHIMEKIQGRGDDDDDDDDD', '
AEMIDLAAKMLSEGRG', 'GRGDDDDDDDDD']

Common Subsequence: GVNLTPCEKHIMEKIQ
Shared Sequences: ['SKWQHQODSCRKQLOGVNLTPCEKHIMEKIQGRGDDDDDDDDD', '
GVNLTPCEKHIMEKIQ']

Common Subsequence: SKWQHQQODSCRKQ
Shared Sequences: ['SKWQHQODSCRKQLQOGVNLTPCEKHIMEKIQGRGDDDDDDDDD', '
SKWQHQQODSCRKQKQ' ]

Common Subsequence: SGN
Shared Sequences: ['LSGNK', 'FSGNRGPLVQPR']

Common Subsequence: GSS
Shared Sequences: ['LHONIGSSSSPDIYNPQAGRIK', 'MPACGSS', 'LHQONIGSSSS
PDIYNPQAGR']

Common Subsequence: RGP
Shared Sequences: ['FSGNRGPLVQPR', 'KTCENLATYYRGPCEFEF']

Common Subsequence: PCF
Shared Sequences: ['QNWDFCEAWEPCFEF', 'KTCENLATYYRGPCFEF']

Common Subsequence: LQG
Shared Sequences: ['SKWQHQODSCRKQLQGVNLTPCEKHIMEKIQGRGDDDDDDDDD, 'H
IVDKLQGRDEDEEK' ]

Common Subsequence: QQQ
Shared Sequences: ['EKPQQOSSRRGS', 'OOQQQOQKSHGGR']

Common Subsequence: RRGS
Shared Sequences: ['EKPQQQOSSRRGS', 'GRRGSEESEEGDAIVK']

Common Subsequence: RGS
Shared Sequences: ['EKPQQQOSSRRGS', 'RGSEESEEGDAIVK']

Common Subsequence: QQS
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Shared

Common
Shared

Sequences: ['EKPQQOSSRRGS', 'QQOSQETDVIVK']

Subsequence: GGL

Sequences: ['VKGGLSIITPPEKEPR', 'GGLSIITPPEKEPRQK', 'SEGGLIE
TWNPSNK', 'GGLSIITPPEKEPR']

Common Subsequence: SNK

Shared Sequences: ['SRNPIYSNKFGK', 'SEGGLIETWNPSNK', 'SPIYSNKFGK']
Common Subsequence: SEG

Shared Sequences: ['SEGGLIETWNPSNK', 'AEMIDLAAKMLSEGRG']

Common Subsequence: AIVK

Shared Sequences: ['GSEESEEGDAIVK', 'GRRGSEESEEGDAIVK', 'RGSEESEEGD
AIVK', 'NEDEEKGAIVKVK']

Common Subsequence: IVK

Shared Sequences: ['GRRGSEESEEGDAIVK', 'OQSQETDVIVK', 'NEDEEKGAIVKV
K', 'GSEESEEGDAIVK', 'RGSEESEEGDAIVK']

Common Subsequence: EDEEK

Shared Sequences: ['NEDEEKGAIVKVK', 'HIVDKLQGRDEDEEK']

Common Subsequence: GGLSIITPPEKEPR

Shared Sequences: ['VKGGLSIITPPEKEPR', 'GGLSIITPPEKEPRQK', 'GGLSIIT
PPEKEPR']

Common Subsequence: LHQNIGSSSSPDIYNPQAGR

Shared Sequences: ['LHONIGSSSSPDIYNPQAGRIK', 'LHONIGSSSSPDIYNPQAGR'
]

Common Subsequence: RGSEESEEGDAIVK

Shared Sequences: ['GRRGSEESEEGDAIVK', 'RGSEESEEGDAIVK']

Common Subsequence: GSEESEEGDAIVK

Shared Sequences: ['GRRGSEESEEGDAIVK', 'RGSEESEEGDAIVK', 'GSEESEEGD
AIVK']

Common Subsequence: SEE

Shared Sequences: ['RGSEESEEGDAIVK', 'GRRGSEESEEGDAIVK', 'IVGVSEETT
TGVK', 'GSEESEEGDAIVK']

Common Subsequence: PIYSNKFGK

Shared Sequences: ['SRNPIYSNKFGK', 'SPIYSNKFGK']

Common Subsequence: EQIEELSKNAK

Shared Sequences: ['ISREQIEELSKNAK', 'EQIEELSKNAK']

Common Subsequence: SRE

Shared Sequences: ['ISREQIEELSKNAK', 'SREEETTEWEEEVAK']

Common Subsequence: EETT

Shared Sequences: ['IVGVSEETTTGVK', 'SREEETTEWEEEVAK']

Common Subsequence: VQP

Shared Sequences: ['QQPQDAVQPF', 'FSGNRGPLVQPR']

Common Subsequence: LPP
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Shared Sequences: ['FLPPVT', 'LLPPFHQASSLLR']

Common Subsequence: PFNQL
Shared Sequences: ['FLPFNQL', 'PFNQLAG', 'PENQL']

Common Subsequence: FLP
Shared Sequences: ['FLPFNQL', 'FLPPVT']

Common Subsequence: QLA
Shared Sequences: ['SQLALTNPT', 'PENQLAG']
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