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ABSTRACT

The world population is foreseen to grow up to 9.8 billion of people by the next thirty years,
reflecting in an increasing demand of alternative and sustainable sources of food proteins. The
European Union (EU) requires a complete assessment of safety use of novel foods before their
placement in the market. This assessment incudes the evaluation of the allergenic potential of the
ingredient using a weight-of-evidence approach. To develop and validate the approach in this
thesis three models of novel food were chosen as case studies: two of vegetal origin and one of

animal origin.

SECTION 1 — A novel food of plant origin: Moringa oleifera leaf

Moringa oleifera leaves are a source of proteins with high biological value, considered a novel
food in the EU and UK. In this section, the allergenic potential of Moringa oleifera leaves has been
addressed. The leaves are a traditional medicine in Asia where is used as a panacea to treat and
prevent several diseases, alongside being part of the oriental diet both as a raw and cooking
ingredient. The ability of the plant to resist unfavorable environmental conditions, such as drought
and high temperatures, makes it a sustainable agricultural choice for the future. However, the high
content of protein trips the alarm on their possible allergenicity. Chapter 1 is a comprehensive
review of the literature, to provide nutritional, technical and safety information on the
proteinaceous tissues of Moringa (i.e., seeds and leaves). Chapter 2 is the proteomic-based
characterization of the Moringa leaf powder ingredient. The majority of the identified proteins
belonged to photosynthetic and metabolic pathways. In-silico analysis of the leaf proteome
highlighted Moritides (mO1 and mO2) as potential cross-allergens of the hevein (Hev b 6.02), a

latex allergen implicated in the latex-fruit syndrome. The non-specific lipid transfer protein



(nsLTP), a major panallergen in food, was also identified in the leaf, and its identification was
confirmed by de-novo sequencing.

Following up on the proteomic and in-silico characterization, chapter 3 is a confirmatory in-vitro
study of the cross-allergenicity predicted in chapter 2. Moringa protein extracts were immune-
based assayed using animal IgG anti-Pru p 3 (the nsLTP of peach’s skin) and using human sera
IgE either from latex or nsLTP allergic patients. The immunoblotting performed with latex allergic
sera showed no specific immunoreactivity to Hev b 6.02. The removal of protein glycosylations
in Moringa extracts reduced spurious IgE response. Animal IgG did not show Pru p 3 homologues.
Conversely, human sera IgE analyses reproducibly highlighted an immunoreactive band in patients
allergic to nsLTP. Immune-based assays revealed the imperfection of the current approaches for

allergenicity risk assessment and the importance of a weight-of-evidence approach.

SECTION 2 — An innovative hybrid cereal: Tritordeum

Tritordeum martinii is a hexaploid (AABBHchHch) hybrid derived from crossbreeding Hordeum
chilense with durum wheat. The grain derived flour has protein contents and bread-making
properties comparable to soft wheat.

In chapter 4 the proteomic characterization of tritordeum Bulel cv was obtained for the first time
in comparison with two controls flours of Triticum aestivum: a modern grain, Bologna cv, and a
landrace grain Andriolo cv. The INFOGEST model was used to simulate in-vitro digestion of the
flours. The digestion products were analysed by ELISA using the R5 antibody, targeting the celiac
toxic motifs “QQPFP”. The digestion resistant peptides were sequenced by mass spectrometry and
in-silico assessed to identify the celiac (CD) and allergenic sequences. Tritordeum Bulel cv
exhibited a lower immunoreactivity than landrace (-51%) or modern (-58%) cvs. In-silico analysis

showed that tritordeum has fewer CD epitopes belonging to the w-gliadins than the landrace or
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modern cv. Tritordeum presented also fewer a-gliadin allergenic epitopes than the modern wheat
cv. The lower frequency of celiac epitopes in tritordeum, compared to the old and the modern
wheat, is probably due to the absence of a D genome.

In chapter 5 the refined flour of Bulel cv was also used to produce model bread, along with
another tritordeum flour, Aucan cv, taking as reference semolina and flour derived from durum
and soft wheat cvs, respectively. To evaluate protein expression differences among the flour
samples, we applied a gel-based proteomic approach. Breads were in-vitro digested using the
INFOGEST model and the digestion products were analysed to compare bio-accessibility of
nutrients, the potential RS immunoreactivity and to map the digestion resistant peptides of
tritordeum breads. The protein characterisation of flours showed very different and complex
proteomes among the samples and within the tritordeum cvs. The amino acid bio-accessibility and
the reducing sugars of tritordeum and wheat breads were comparable. Tritordeum cvs had about
15% higher alpha-amino nitrogen released at the end of the duodenal simulated digestion than soft
wheat (p < 0.05). Bulel tritordeum flour, bread and digested bread had about 55% fewer R5-
epitopes compared to soft wheat. The differences in protein expression found between the two
tritordeum cvs reflected in different digestion products, allergenic and celiacogenic potential of
the duodenal peptides. Our studies highlight that attention should be paid to considering all the
tritordeum cvs as a unicum in terms of protein expression since sometimes the protein contribution

can vary along with the genomic characteristics of the Hordeum and Triticum parents.

SECTION 3 — A novel food from a fermented dairy by-product: Kashk
This section is related to a fermented novel food made by wastes of dairy productions: kashk. This

product is traditionally made by Iranian nomad populations using the waste of homemade yoghurts
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and butter made with the milk of goats. This product is spontaneously fermented and dried under
the sun. To date, this product is also manufactured at an industrial level in a liquid form.
Chapter 6 aimed at characterizing the kashk proteome and peptidome, comparing a traditional
product with an industrial counterpart using a combination of proteomic approaches. Kashk
products were in-vitro digested using a static model of food digestion (INFOGEST) to which was
added the jejunal compartment implementing the use of brush border membrane enzymes (BBM).
The phosphorylated casein-derived peptides (CPP) resistant to digestion were mapped alongside
precursor peptides of bioactive sequences. The fermentation appeared to have hydrolysed peptide
sequences knowingly responsible for milk-allergic reactions.

The presence of peptide with potential bioactivity, led to the characterization of the kashk water-
soluble peptide extract (KE) in chapter 7 by liquid chromatography-mass spectrometry.
Furthermore, it was also evaluated the antibacterial and wound healing activity of KE. Significant
antibacterial activity against clinical isolates of Staphylococcus aureus from patients with atopic
dermatitis was confirmed with growth inhibition by approximately 45% (500 pg/mL).
Interestingly, this activity was associated to the presence of antimicrobial peptides like Caseicidin
15 and 17 and was unique to traditional kashk. Its potential skin repair activity on an inflamed
model of keratinocytes through scratch tests was also evaluated. The traditional kashk extracts
sped up wound closure in-vitro in the presence of TNF-a, by approximately 44% (500 pg/mL),
compared to control cells. This phenomenon was associated with the abundance of hydrophobic

residues and wound healing bioactive peptide precursor.
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ABSTRACT (ITA)

La popolazione mondiale ¢ destinata a crescere fino a 9.8 miliardi di persone nei prossimi
trent’anni generando una crescente domanda di fonti alternative e sostenibili di proteine. L’Unione
Europea (UE) richiede una valutazione completa relativa sicurezza di un nuovo alimento (novel
food) prima della sua immissione sul mercato. Il processo di valutazione comprende anche lo
studio della potenziale allergenicita mediante un approccio basato sul peso dell’evidenza. Per
sviluppare e convalidare I’approccio in questa tesi sono stati scelti come casi studio tre modelli di

novel food: due di origine vegetale e uno di origine animale.

SEZIONE 1 - Un nuovo alimento di origine vegetale: la foglia di Moringa oleifera

Le foglie di Moringa oleifera sono una fonte di proteine ad alto valore biologico, considerate un
novel food nell'UE e nel Regno Unito. In questa sezione ¢ stato affrontato il potenziale allergenico
delle foglie di Moringa oleifera. Le foglie sono una medicina tradizionale in Asia dove vengono
utilizzate come panacea per curare e prevenire diverse malattie, oltre a far parte della dieta orientale
come ingrediente da consumare sia crudo che cotto. La capacita della pianta di resistere a
condizioni ambientali sfavorevoli, come siccita e alte temperature, la rende una scelta agricola
sostenibile per il futuro. Tuttavia, I'alto contenuto di proteine fa scattare l'allarme sulla loro
possibile allergenicita. Il capitolo 1 ¢ una revisione completa della letteratura, per fornire
informazioni nutrizionali, tecniche e di sicurezza sui tessuti proteici della Moringa (cio¢ semi e
foglie). Il capitolo 2 ¢ la caratterizzazione proteomica dell'ingrediente foglie di Moringa in
polvere. La maggior parte delle proteine identificate apparteneva a vie fotosintetiche e
metaboliche. L'analisi in-silico del proteoma fogliare ha evidenziato le Moritidi (mO1 e mO2)

come potenziali cross-allergeni dell'eveina (Hev b 6.02), un allergene del lattice implicato
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nell’allergia lattice-frutta. Nella foglia di Moringa ¢ stata anche identificata la proteina di
trasferimento lipidico (nsLTP), uno dei principali pan-allergeni negli alimenti, la cui
identificazione ¢ stata confermata mediante sequenziamento de-novo.

Facendo seguito alla caratterizzazione proteomica e in-silico, il capitolo 3 ¢ uno studio in-vitro
atto a confermare la cross-allergenicita predetta nel capitolo 2. Gli estratti proteici di Moringa sono
stati saggiati con test immunologici utilizzando IgG animali anti-Pru p 3 (la nsLTP della buccia di
pesca) e utilizzando sieri umani IgE da pazienti allergici al lattice o alla nsLTP. L'immunoblotting
eseguito con sieri allergici al lattice non ha mostrato immunoreattivita specifica a Hev b 6.02. La
rimozione delle glicosilazioni sulle proteine estratte dalla Moringa ha ridotto la risposta spuria
delle IgE. Le IgG animali non hanno mostrato omologhi Pru p 3. Al contrario, le analisi delle IgE
sieriche umane hanno evidenziato in modo riproducibile una banda immunoreattiva nei pazienti
allergici alla nsLTP. I test immunologici hanno rivelato I'imperfezione degli attuali approcci per
la valutazione del rischio di allergenicita e l'importanza di un approccio basato sul peso

dell'evidenza.

SEZIONE 2 — Un cereale ibrido innovativo: il Tritordeum

1l Tritordeum martinii ¢ un ibrido esaploide (AABBHchHch) derivato dall'incrocio di Hordeum
chilense con grano duro. La farina derivata dai grani di tritordeum ha contenuto proteico e proprieta
panificabili paragonabili al grano tenero.

Nel capitolo 4 ¢ stata ottenuta per la prima volta la caratterizzazione proteomica del tritordeum
cultivar (cv) Bulel rispetto a due farine di controllo di Triticum aestivum: un grano moderno, cv
Bologna, e un grano antico cv Andriolo. Per simulare la digestione in-vitro delle farine ¢ stato
utilizzato il modello INFOGEST. I prodotti di digestione sono stati analizzati mediante ELISA

utilizzando I'anticorpo RS, specifico per i motivi celiaco-tossici "QQPFP". I peptidi resistenti alla
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digestione sono stati sequenziati mediante spettrometria di massa e analizzati in-silico per
identificare le sequenze celiache (CD) e allergeniche. Il tritordeum cv Bulel ha mostrato
un'immunoreattivita inferiore rispetto alle varieta antiche (-51%) o moderne (-58%). L'analisi in-
silico ha rivelato che il tritordeum mostrava meno epitopi CD appartenenti alle m-gliadine rispetto
alla razza autoctona o moderna cv. Il tritordeum presentava anche meno epitopi allergenici dell'a-
gliadina rispetto al moderno grano cv. La minore frequenza di epitopi celiaci nel tritordeum,
rispetto al grano antico e moderno, ¢ probabilmente dovuta all'assenza del genoma D.

Nel capitolo 5 le farine raffinate di due cultivar di tritordeum, Bulel e Aucan venivano utilizzate
per produrre modelli di pane, prendendo come riferimento il pane ottenuto con la semola e la farina
derivate da cultivar di grano duro e grano tenero. Per valutare le differenze di espressione proteica
tra i campioni di farina, abbiamo applicato un approccio proteomico basato su gel. I pani sono stati
digeriti in-vitro utilizzando il modello INFOGEST e i prodotti di digestione sono stati analizzati
per confrontare la bioaccessibilita dei nutrienti, la potenziale immunoreattivita RS e per mappare
1 peptidi resistenti alla digestione dei pani tritordeum. La caratterizzazione proteica delle farine ha
mostrato proteomi molto diversi e complessi tra i campioni e all'interno delle stesse cultivar di
tritordeum. La bioaccessibilita degli aminoacidi e gli zuccheri riducenti del tritordeum e del pane
di frumento erano comparabili. Le cultivar di tritordeum avevano circa il 15% in piu di azoto alfa-
amminico rilasciato alla fine della digestione simulata duodenale rispetto al grano tenero (p <0,05).
La farina, il pane e il pane digerito del tritordeum Bulel avevano circa il 55% in meno di epitopi
RS rispetto al grano tenero. Le differenze nell'espressione proteica riscontrate tra i due tritordeum
si riflettono in diversi prodotti di digestione, potenziale allergenico e celiaco dei peptidi duodenali.

I nostri studi evidenziano che occorre prestare attenzione a considerare tutte le cultivar di
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tritordeum come un unicum in termini di espressione proteica poiché a volte il contributo proteico

puo variare insieme alle caratteristiche genomiche dei genitori Hordeum e Triticum.

SEZIONE 3 — Un novel food ottenuto da un sottoprodotto lattiero-caseario fermentato: il

Kashk

Questa sezione ¢ relativa ad un novel food fermentato, prodotto dagli scarti delle produzioni
casearie: il kashk. Questo prodotto ¢ tradizionalmente preparato dalle popolazioni nomadi iraniane
utilizzando gli scarti di yogurt e burro fatti con il latte di capra. Questo prodotto viene fermentato
spontaneamente ed essiccato al sole. Ad oggi, questo prodotto ¢ fabbricato anche a livello
industriale sotto forma liquida.

Il capitolo 6 mirava a caratterizzare il proteoma e il peptidoma del kashk confrontando il prodotto
tradizionale con quello industriale utilizzando una combinazione di approcci proteomici. Il kashk
¢ stato digerito in-vitro utilizzando un modello statico di digestione (INFOGEST) a cui ¢ stato
aggiunto il compartimento del digiuno, implementando 'uso degli enzimi dell’orletto a spazzola
(BBM). I peptidi fosforilati derivati dalla caseina (CPP) e resistenti alla digestione sono stati
mappati insieme ai peptidi precursori di sequenze bioattive. La fermentazione sembrava aver
idrolizzato le sequenze peptidiche notoriamente responsabili di reazioni allergiche al latte. La
presenza di peptidi con potenziale bioattivita ha spinto la caratterizzazione dell’estratto peptidico
idrosolubile del kashk (KE) nel capitolo 7 mediante cromatografia liquida accoppiata a
spettrometria di massa. Inoltre, ¢ stata anche valutata l'attivita antibatterica e cicatrizzante del KE
che ha mostrato una significativa attivita antibatterica su isolati clinici di Staphylococcus aureus
da pazienti con dermatite atopica, con un tasso di inibizione di circa il 45% (500 pg/mL). E
interessante notare che l'attivita antimicrobica, riscontrata unicamente negli estratti peptidici del

kashk tradizionale, era associata alla presenza di peptidi antibatterici come la caseicidina 15 e 17.
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E stata anche valutata potenziale attivita di riparazione cutanea su un modello inflammato di
cheratinociti attraverso un test di graffio. Gli estratti di kashk tradizionale hanno accelerato in-
vitro la chiusura delle ferite in presenza di TNF-a, di circa il 44% (500 pg/mL), rispetto alle cellule
di controllo. Questo fenomeno era associato all'abbondanza di residui idrofobici e alla presenza

del precursore di un peptide bioattivo cicatrizzante.
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1. Novel Food ingredients

Our world is facing a critical crossroads with the world’s population foreseen to reach 9.8 billion
people by 2050 (FAO, 2018). A direct consequence is the rising demand for valuable food proteins.
To date, these proteins derive for about 33% from animal derived foods and this value is predicted
to double in the next fifty years (Henchion et al., 2017). Livestock farming and extensive
agriculture are the primary cause of biodiversity loss and pollution, therefore, severely contributing
to climate change (Leip et al., 2015). In addition, the reserves that the Earth can renew do no longer
meet the entire population’s requirements. The “Earth Overshoot Day”, which represents the point
when humanity's demand for environmental resources and services in a year exceeds what the
Earth can regenerate in that year, (https://www.overshootday.org/about/) is slowly but steadily
shortening over the centuries (Figure 1). Green biotech and novel food ingredients could represent
an important strategy to get alternative protein sources that can be produced sustainably.
Sustainable food consumption plays an fundamental role in the Farm to Fork Strategy (F2F) at the
heart of the European Green Deal, with the overall goal of achieving “net-zero” emissions in
Europe by 2050, with a reduction to 50% by 2030 (D’Amato & Akdis, 2020). The availability of
“novel foods” providing more sustainably produced proteins is thus becoming increasingly
important to support this goal.

European Union (EU) defines as “novel” an ingredient that has not been consumed significantly
before 15 May 1997 (European Parliament, 1997). In addition to agricultural products from third
countries (e.g., chia seeds, noni fruit juice, etc.), novel foods include foods and food ingredients
made from microorganisms, fungi, or algae (for example, oil rich microalgae and Quorn made

from fungal proteins) (Pali-Schéll et al., 2019). In the definition of novel foods are also included
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General Introduction

ingredients prepared from natural substances such as rapeseed protein isolates or those ingredient

production base on new technologies and processes (e.g., UV-milk).
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Figure 1. The Earth overshoot day from 1970 to 2021. In red are highlighted the months where

we overused our resources. It is noteworthy that during the pandemic of SARS-CoV 19, the Earth

overshoot day had a delay of about three weeks due to the lower energy consumed.

A wide variety of viable “novel food” (e.g., mealworms, seitan and Quorn) is already available on

the market, while others are still facing important nutritional and health evaluations by food safety

bodies like the European Food Safety Authority (EFSA). These evaluations are focused on the

nutritional value, the safety assessment including the potential toxicity and allergenicity of the

ingredient. The allergenicity risk assessment of novel food is rather challenging for a series or

reasons: 1) the lack of knowledge of the proteome; ii) what makes a protein allergenic for some

20



people is not well understood clinically; iii) the lack of methods capable of predicting allergenic

proteins, particularly de novo allergens; iv) the need for a consensus approach.

2. Food allergy

Food allergies, as well as food intolerances, are classified as a non-toxic reaction to food within
the broader category of adverse reactions. Individuals with these disorders are susceptible to
specific foods that are harmless for the population (Valenta et al., 2015). A food allergy is an
immune response to a protein(s) food (Boyce et al., 2010; Burks et al., 2011). Conversely, an
intolerance is a reaction not involving the immune system, which may involve metabolic, toxic,
physiological, or undefined mechanisms. Food allergy can be classified into IgE-mediated
reaction, non-IgE-mediated reaction, and mixed reaction according to the specific immunological
mechanism involved (Figure 2). FA is associated with different exposure routs and organs,
including those of the gastrointestinal tract, the skin, and the respiratory system. A variety of
clinical manifestations may occur, ranging from mild and localized symptoms, such as fleeting
oral itching, to severe and sometimes fatal reactions, such as anaphylactic shock (De Martinis et
al., 2020). The principal foods involved in triggering the reaction are known as the “big eight”.
These foods are milk, eggs, fish, shellfish, tree nuts, peanuts, wheat, and soybean. However, in
April 2021, an act of the Food Allergy Safety, Treatment, Education, and Research (FASTER)
became law, recognizing sesame as the 9™ major food allergen in the United States
(https://www.fda.gov/food/food-labeling-nutrition/food-allergies). Basing on a recent FAO/ WHO
consultation, considering the lack of data on prevalence, severity, and potency, or because some

foods are consumed differently in different regions, the Committee considered some allergens
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General Introduction

(buckwheat, celery, lupin, mustard, oats, soybeans, tree nuts, such as Brazil nuts, macadamia, pine
nuts) not suitable for inclusion on global priority allergen lists but even to include in some national
priority allergen lists. As dietary trends are characterized by increased consumption of plant-based
foods and diets with alternative protein sources, it has been recommended to include pulses,
insects, and other foods like kiwi fruit on a "watch list" and evaluate them for potential inclusion
on the priority allergen list as data on prevalence, severity, and potency become available

(FAO/WHO, 2021).

| Adverse reaction to food |

Non-immune-mediate

Toxic Non-Toxic * 3
food intolerance
e P

Immune-mediated ‘ Enzymatic H Drugs/chemica Isﬂar;i;fined ‘

food allergy
Non IgE- Proteininduced enteropaties |
mediated

Coeliac disease |

Atopic dermatitis |
m Eosinophilic esophago-gastroenteritis |

Food-dependent trigger-induced anaphylaxis ‘

Cross-reactive phenotypes ‘

gEmediatec Transient or persistent food allergies |

Other (a-gal syndrome, aerosol sensitization, etc.) |

Figure 2. Scheme of adverse reaction to food, in bold is highlighted the non-toxic immune-

mediated adverse reactions to food. (Adapted from De Martinis et al., (2020)).

Although no consensus exists on the allergenicity parameters and criteria that should be used to

evaluate and make decisions, currently, allergenic proteins are identified by a few specific
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biochemical characteristics. Protein abundance, multiple linear IgE-binding epitopes, and allergen
structure are all characteristics that are considered likely to make a food protein an allergen. The
resistance to digestion and processing was considered among these characteristics, however there
is still no evidence about the reliability of this method and some authors even suggested to exclude
it from the allergenicity assessment for now, until knowledge gaps will be filled (K. Verhoeckx
etal., 2019).

The correlation between the abundance of a protein in a matrix and its predisposition to be an
allergen is supposed basing on the likelihood to encounter the immune system rather than those
representing only a small percentage of the total protein ingested. However, there are exceptions
to this rule: Gal d 4 (lysozyme) an important allergen in hen’s egg, is an example of a major
allergen that does not constitute a significant portion of the food (around 3.4%) (Caubet & Wang,
2011).

The biochemical structure also influences the overall likelihood of a protein to be a potential
allergen. It is accepted that an allergen triggers an allergic response and subsequent inflammation
if it cross-links at least two IgE antibodies on the receptor of pre-sensitized effector cells, such as
mast cells and basophils (Bufe, 2001). This cross-linking is possible thanks to the so-called
epitopes, which are structural segments of antigens that are recognized by either antibodies or
antigen receptors (e.g., T-cell receptors). Epitopes are recognized by antibodies and T-cell
receptors in two different ways: conformationally (secondary and tertiary structure) and linearly
(primary structure). Each arm of an antibody present an antigen-binding site, called paratope.
Paratopes comprise six hypervariable loops, forming a surface structure that is complementary to
that of an epitope (C. Liu & Sathe, 2018). The paratope-epitope complex interacts with non-

covalent forces highly specifically. Linear epitopes are composed of several amino acid residues
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> 8 which composition seems to contain not predictable motifs. As determined in synthetic allergen
model systems, the optimal suggested distance among peptides to link the paratopes of at least two
IgE antibodies is attested around 6 nm (Bucaite et al., 2019). This observation suggests that one
epitope alone is not enough for triggering an allergic response.

Despite the predominance of conformational epitopes (especially in aeroallergies), it has been
suggested that these kinds of epitopes are less protagonist in food allergies, because food proteins
usually undergo various treatments before exposure (e.g., cooking, denaturation) and throughout
the human gastrointestinal digestions (e.g., proteolysis), which destabilise protein three-
dimensional structures (Vila et al., 2001).

The same authors found that milk-allergic children with persistent symptoms were
disproportionately more likely to have specific IgE antibodies to linear epitopes rather than to
native alpha and beta-casein proteins (Vila et al., 2001).

Considering the resistance to denaturation and digestion another aspect that can help to predict the
allergenicity of a protein. It should be noted that some allergenic proteins are sensible to enzymatic
digestion (i.e., aeroallergens). Basing on the different route of exposure (respiratory tract), their
allergenicity can be explained basing on the fact that in these tissues proteolytic enzymes are not
present (Pekar et al., 2018). Another factor that contributes to the overall allergenicity of a protein
is the presence of disulphide bonds, which contribute to their resistance to denaturation and
proteolysis. Besides these factors, glycosylation and enzymatic activity may also contribute to the
allergenic power (e.g., chitinase, lysozyme, etc.) (Huby et al., 2000). Interestingly, antibodies have
been found to recognize non-peptidic structures, such as glycans. Because of their universal
presence in plant and invertebrate foods, two non-mammal carbohydrate epitopes, a-1,3-fucose

and B-1,2-xylose, are associated with IgE-mediated cross-reactivity (Aalberse, 2000).
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Traditionally, carbohydrate epitopes were considered having little clinical significance (Ronald
van Ree, 2002). In contrast, galactose-a-1,3-galactose, another carbohydrate epitope found in red
meat, was found to cause delayed anaphylaxis (Apostolovic et al., 2014). Notably, some factor
such as the presence of epitopes, are more essential than other elements such as glycosylation, the
resistance to proteolysis and enzymatic activity which, although important, are just subsidiary
(Huby et al., 2000). Recently, some authors have suggested to evaluate the allergenicity risk
assessments of novel food in a risk-based manner, which is based on two fundamental parameters:
the percentage of incidence and the potency of the allergen (ED50 in mg of proteins) (Houben et
al., 2019). This serves to put into perspective the potency of an allergen with its public health
relevance. It should be noted that a food that contains allergens may still be approved by authorities

(see mealworm).

2.1 Mechanism of IgE-mediated food allergy reaction

The development of IgE-mediated allergic reactions can be divided into two phases: sensitization
and elicitation (Figure 3). Pekar et al., (2018) stated that sensitization to food antigens can take
place in various tracts of the human body (e.g., oro-gastrointestinal (GI) tract, skin and the
respiratory tissues) and for this reason, a person can be sensitised to an allergen in other ways than
ingestion. A subject can therefore be sensitised to a specific allergen, present in a matrix (i.e.,
pollen, latex) that is phylogenetically related with a well described allergenic matrix/food, having
homologous proteomes. This phenomenon is known as cross-reactivity and it is observed
especially in contact and aeroallergen sensitisations (Popescu, 2015). This highlights the
significance of the identification of cross-reactive proteins, especially in the allergenicity risk

assessment of novel food.
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After ingestion, the proteolytic enzymes present in the stomach and intestine break down food
proteins. Afterwards, partially digested proteins and peptides can access the gut mucosa after being
absorbed through the intestinal epithelium. Antigen-presenting cells (APCs) such as dendritic cells
absorb allergens through endocytosis from the tight junctions between the enterocytes of the
intestinal mucosa (Kumar et al., 2012; Morelli et al., 2004). Protein hydrolysis and other enzymatic
reactions inside the APC vesicles lead to the association of an antigen with the major
histocompatibility complex (MHC) molecules. After binding to class II MHC molecule, the
allergen is presented by APCs through its surface to naive CD4+ T cells that carry the T cell
receptor (TCR) (Kumar et al., 2012). These cells are activated along with costimulatory signals
such as monocyte-derived interleukin-1 (IL-1) and other cytokines, including autocrine
stimulation by IL-2 (Van Den Eeckhout et al., 2021). These specific T cells are stimulated to
transform mostly into T helper 2 (Th2) cells, which response, induced by IL-4, IL-5, and IL-13, is
responsible for the stimulation of B cells activation, resulting in elevated levels of allergen-specific
immunoglobulins E (IgE) (Barni et al., 2020; Moens & Tangye, 2014). These classes of molecules
present high compatibility with IgE receptors (FcERI) on the surface of mast cells (tissues) or
basophils (blood) (Figure 3) (Anvari et al., 2019). If the antigenic protein recurs, it will form cross-
links with the IgE present on mast cells and basophils (elicitation pathway). In response to this
crosslinking, mast cells and basophils degranulate and release vesicles containing mediators of
hypersensitivity, including histamine, leukotrienes, prostaglandins, and inflammatory cytokines
(Iweala & Burks, 2016). This reflects in a macroscopic series of mild to severe symptoms ranging
from cutaneous (hives, itching, swelling, erythema) to respiratory (hoarseness, respiratory
distress), gastrointestinal (nausea, vomiting, diarrhoea) and cardiovascular (blood pressure

decrease and cardiac arrest) (Ring et al., 2014).
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However, the correlation between the intrinsic properties of a protein (structure and function) and
its allergenic potential (failure of oral tolerance) remains not well understood. As stated before,
protein stability to denaturation and proteolysis, as well as the impact of food processing, can affect

its immunogenicity and allergenicity potential (Huby et al., 2000; Pekar et al., 2018).
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Figure 3. IgE mediated allergy pathways. (The image was created with BioRender.com).
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2.2 Epidemiology of food allergies

In the last 20 years, FA appears to have been increasing in prevalence (up to 10% of the population
affected (Gupta et al., 2019), mainly affecting people living in industrialized and westernised
countries (Sicherer & Sampson, 2018). Notably, in the Western world, the incidence of FA in
children is higher (5%—-8%) than in adults (2%-4%) (Sicherer & Sampson, 2014).

The prevalence of food allergies may differ geographically depending on several factors such as
1) the diet or lifestyle habits (peanut allergy has increased because of the widespread use of peanuts
in the US), i1) cooking methods (some preparation can increase or diminish the allergenic potential
of some ingredients), iii) the age at which a child is weaned (earlier peanut protein consumption
can lower the prevalence of peanut allergy), iv) aeroallergen exposure, which determines regional
patterns of food allergy, v) genetic factors (genetic variants in the HLA-DR and HLA-DQ genes
might increase the risk of peanut allergy in children of European descent) (Bartra et al., 2016).

In Europe, hazelnuts were the most common tree nut allergens, while cashews and walnuts were
most common in the United States. It is estimated that approximately the 80% of all reported
allergies in children are due to milk, egg and peanuts. Even though many children's allergies will
disappear during their growth, peanut, tree nuts, and fish allergies rarely recede in the adulthood,
being the most common allergies among adults (Bannon, 2004). The United Kingdom shows the
highest incidence of egg allergies (2.18%) while Greece the lowest (0.07%). In The Netherlands
and the United Kingdom, the rate for milk allergy is the highest (1%) whereas in Lithuania,
Germany, and Greece, the lowest (<0.3%) (Schoemaker et al., 2015; Xepapadaki et al., 2016). The
prevalence of milk, egg, wheat, fish, shellfish, and tree nut allergies in Northern Europe appears
to be higher than in the rest of Europe. In Western Europe, however, the prevalence of soy allergy

seems to be higher than elsewhere (Bartra et al., 2016).
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Once again, data suggested that in the USA, food allergies varied among different ethnicity. Gupta
et al., (2019) found that FA were prevalent among African American children, compared with their
Caucasian counterparts. Food allergy rates were also lower among White adults compared to
Black, Hispanic, Asian, and multi-racial counterparts.

In addition, studies indicate that first-generation immigrants are less prone to suffer from allergies
than native-born individuals (Panjari et al., 2016).They are likely to develop the same type of
sensitization and allergies of their host countries’ citizens (Warren et al., 2020). These findings
show that genes-environment interactions may play a role in food allergy disease aetiology in these
populations. Additionally, as global migration continues to urbanized regions with a high
prevalence of food allergies, the burden of food allergies will probably become more severe (Allen

& Koplin, 2019).

3. Food allergens
To realize the importance of the cross-reactivity evaluation in the allergenicity risk assessment of
novel food, it is crucial to understand the biochemistry and the structure of the protein families
that are mainly involved in the most common allergies. Throughout the chapter, we will refer to
allergens using the WHO/IUIS nomenclature. The nomenclature is based on the Linnean system
and applies to all known allergens. For example, the allergens from the latex tree Hevea
brasiliensis will start with the first three letters of the genus (Hev), followed by the first letter of

the species (b) and a number which change basing on the allergenic protein.

In the introduction to each section, detailed information is provided for each potential allergen

involved with the investigated matrix.
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4. Allergenicity risk assessment
Toxicological and allergenic safety assessments must be carried out before a novel food or
ingredient can be released on the European market (EC Regulation No 258/97, EU Regulation
2015/2283 and EU recommendation 97/618 EC, http://eur-lex.europa.eu/). This allergenicity
assessment is a “weight-of-evidence” approach based on EFSA GMO (Genetically Modified
Organisms) guidance: “Allergenicity assessment of GM plants” published in 2011 and
implementing Regulation EU (No) 503/2013 (EFSA, 2011). EFSA recently published a document
on allergenicity assessment of GM plants (Mackie et al., 2019). This document describes the new
scientific and regulatory developments on protein digestibility in-vitro. EFSA therefore evaluated
the implementation of in-vitro tests of protein digestibility in allergenicity assessment. However,
panel stated that additional research must be conducted before any additional guidelines can be
provided. A model should be able to reflect the human situation, but it must also be predictive, and
this can only be achieved when the method is physiologically relevant than the currently used
methods (i.e., resistance to pepsin assay). On the one hand, pepsin digestion of proteins based on
a static model is not physiologically relevant, because it considers factors such as matrix and
kinetics. Allergenicity RA digestion experiments, closer to the actual physiology (e.g., including
brush border membrane enzymes - BBM) may enhance the predictive ability of the assays, but
meantime increase the cost, the complexity, reducing their relevance as a screening method (
Verhoeckx et al., 2019). For these reasons, all the parameters involved in the in-vitro digestion
make extremely hard to design an assay or strategy that is simple, accurate and predictive,
especially since it is yet unclear exactly how these factors influence digestion and how they can

be included (Verhoeckx et al., 2019). Another and more recent EFSA report (Naegeli et al., 2021)
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stressed out the necessity to clarify and identify the aspects of the digestion and absorption of
dietary proteins that can apply to assessing potential risks of allergenicity posing some questions:

e  Which in-vitro digestion model is the best?

e Which item would be the most appropriate to test in such a model?

e In order to assess the relevant proteins/fragments identified in previous steps, what actions
are needed?

e What can be done to integrate this information into a weight-of-evidence approach?

e What kind of test material would be most appropriate and workable? (i.e. purified protein
vs. whole-plant extracts and considerations of food matrix and food-processing
conditions); what are the most reliable analytical techniques to evaluate the allergenicity
of the digestion products (e.g. immunoblotting, Tandem mass spectrometry, MALDI-ToF,
Chromatography and/or SDS-PAGE)?

e How should fragments be evaluated (i.e., size, persistence, abundance, etc.)? Is it possible
to set cut-off values for risk assessment and fit them into the sensitisation and elicitation
scenarios?

e Isitpossible to set acceptability limits for digestibility to rank potential allergenic proteins?

Because of its complexity, the prediction of allergenicity represents the most challenging aspects
of the safety assessment of novel food ingredients. For food safety authorities like EFSA, the
allergenicity risk assessment (RA) of novel proteins is essential since they can cause immune-

mediated adverse reactions, sometimes life-threatening, in susceptible individuals.
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4.1 Background analysis

The allergenicity RA is based on a “four-pillars” approach. The first pillar is represented by an in-
depth and systematic study of the literature and of the background information (source, production,
and transformation processes) about the novel food investigated. At the outset evaluation is
performed of the history of allergic reaction following the consumption of the novel food in those
countries outside the EU where it is commonly consumed by at least 25 years. During this step is
necessary to consider the epidemiology and the geographic area where this novel product is
consumed, since the allergy reflects the population. Interestingly, in the Mediterranean areas,
where there is a lack of birches, the main hazelnut severe life-threatening allergies in adults are
associated with sensitization to allergen Cor a 8, a non-specific Lipid Transfer Protein (ns-LTP)
(Datema et al., 2015). In the background's context investigation, the phylogeny analysis plays a
pivotal role in order to locate the examined novel food into a particular family that could comprise

known allergens, thus discriminating potential cross-allergens on a proteomic or genetic basis.

Allergenicity risk assessment

= =D =0 =
| | |

Background analysis Proteome In-vitro evaluations In-vivo evaluations

(literature, phylogeny) characterization and
in-silico analyses

= Preliminary analyses =i Confirmatory analyses g

Figure 4. The four pillars of the allergenicity risk assessment.
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4.2 Proteome characterisation and in-silico analyses

The second pillar of allergenicity RA is the molecular characterisation of the novel food/ingredient
representing a preliminary analysis that lays the basis and directs the confirmatory in-vitro and in-
vivo assays that are an essential step during the allergenicity risk assessment.

The proteome characterisation begins with the extraction of proteins from the matrix. The protein
extraction techniques can be divided either in “analytical-grade”, which provides highly purified
protein fractions but involve the use of toxic extractants (i.e., 2-sulfanylethan-1-ol, tris saturated
phenol, trichloroacetic acid, etc.), or in “food grade” extracts, which relies on soluble protein
extracts, less complex but suitable for human consumption. Both characterisations are useful, and
the choice depends on the type of food that is going to be assessed (whole ingredient, fraction
thereof, protein hydrolysate).

A complete proteome’s characterisation can rely on gel-based (electrophoresis), and gel-free
(liquid chromatography) techniques coupled with advanced tandem mass spectrometry (MS/MS)
(Scherp et al., 2011). The most common proteomics approach is called “bottom-up” since the
identification of a protein (from protein isolates or purified proteins) starts from the sequencing of
the peptides generated from their digestion by specific proteolytic enzymes (i.e., trypsin,
chymotrypsin, etc.) (Zhang et al., 2013).

The gel-based analyses involve the use of polymeric gels (a mixture of acrylamide/bis-acrylamide)
in which, thanks to an induced electric field, negative charged proteins (thanks to a pre-treatment
with sodium dodecyl sulphate — SDS) migrate to the anode. This migration is faster or slower
basing on protein molecular weight. In order to make them visible, proteins are usually stained

with colouring agents like Blue Brilliant Coomassie, which binds to the basic residues of the
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proteins (Brunelle & Green, 2014; Kruger, 1996). However, not all proteins can be revealed with
this method, that is less sensitive than other methodologies involving the use of chemiluminescent
agents. The protein of interest is excised from the gel and, after some operations like reduction and
carbamidomethylation (to disrupt potential disulphide bonds and avoid potential refolding), it can
be digested with specific proteolytic enzymes (e.g., trypsin with cleaves Arg and Lys) and can be
identified by high resolution mass spectrometry (Shevchenko et al., 2006). The previous gel-based
techniques can be also enriched of another information: the proteins’ isoelectric point (bi-
dimensional electrophoresis). The separation of proteins in a pH gradient is fundamental in
enhancing the resolution of the SDS-PAGE to corroborate the identification (Issaq & Veenstra,
2008).

The most common gel-free proteomic techniques involve the use of chromatographic systems like
HPLC coupled with MS/MS, which separate proteins or peptides basing on the stationary phase
of the HPLC column (e.g., a C4 or C18 reverse phase column—RP) (Abdallah et al., 2012). This
method is more sensitive than gel-based techniques and is capable of detecting very low abundant
proteins. The output of this analysis are sequenced peptides that, through bioinformatic tools based
on protein databases, are inferred to a parent protein. Many bioinformatic tools of peptide inferring,
perform in-silico a theoretical digestion of the protein database, producing a list of hypothetical
mass spectra of the generated peptides, which is then matched with the experimental mass
spectrometry data, searching for potential homologies (Chen et al., 2020). This operation is based
on a 100% of sequence identity match between the identified peptide and a segment of a protein
present in the protein database. This method excludes identification of protein in which the
identified peptide match for less than 100% (for example one single amino acid difference).

Notably, the presence in the database of the parent protein is important because, if absent, the
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peptide is associated by homology to another protein which belongs to same protein family (but
from a different organism!) but could present various modifications or isoforms far from the
sequence associated. On the other hand, if in the peptidome are present peptides whose inferring
does not lead to any protein (because it does not return a 100% match), this could suggest the
presence of isoforms or point modifications, which can be crucial in the allergenicity risk
assessment of a novel food. Although it is possible to infer these proteins manually (by using the
BLAST tool on UniprotKB), this operation is time consuming. To date there is no software able
to associate these modified peptides with a protein family, since they cannot discriminate which
are the amino acids that are changed. Unfortunately this important information remains thus
unused. This approach provide evidence of protein expression in the ingredient, and it is a unique
approach for acquiring the protein fingerprint to guide the in-silico allergenicity evaluation.

Within in-silico allergenicity RA, the most common bioinformatic evaluation tools compare the
sequence of a novel protein with known allergens seeking for sequence homology greater than a
specific value to define potential cross-allergens. This assessment assigns to each protein a score
that relies on the evaluation of a threshold value (i.e., 35% homology over a sliding window of 80
amino acids) or on more advanced machine learning calculations (Fernandez et al., 2021).
Bioinformatics is developing quickly and in the last few years, a rapid food allergen identification
using artificial intelligence (Al) has been proposed as a new auxiliary tool for guiding in-vivo and
in-vitro analyses. The new Al-based method operates random forest computing to generate an in-
silico model that uses physicochemical and biochemical properties (e.g., molecular weight,
taxonomy, total amino acid count, percentage of tryptophan and glutamic acids, etc.) of the novel
proteins for predicting both their cross- and de novo allergenic potential (Westerhout et al., 2019).

The proteomic characterisation of the matrix is fundamental to individuate proteins, whose amino
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acid structure may share high sequence homology with known allergens (cross-reactivity), and to
give to Al the information required for predicting de-novo allergens. However, due to the scarce
availability of curated protein sequences in databases, a complete allergenicity risk assessment on
the complete proteome of a novel food is hard to perform. This often reflects on arbitrary databases
choices that negatively affects the accuracy of the allergenicity RA.

In fact, bioinformatic approaches have a big bottleneck represented by protein databases: the most
curated is the database employed in the Al predictions, the most reliable is the output. Artificial
intelligence algorithms are fed with both protein sequence/structure databases (e.g., UniprotKB,
Swissprot, etc.) and allergen databases (e.g., Compare, Allergome, WHO/IUIS, etc.) that lack of
curated and reliable information also because often these databases are “user access level” that
means that they are updated with unreviewed sequences provided by users. To date, just a few
allergen databases and proteome databases are considerable as reliable. For example, well
characterised proteome such as cow’s milk and hen’s egg can be reasonably considered as curated,
whereas green plants databases are very poor, especially those of minor and tropical plants. In this
respect, a lot of sequencing work still needs to be done since there is a big hole in the knowledge
of novel food protein sequences. For this reason, to date, I cannot imagine that an allergenicity
RA, based only on bioinformatic predictions, would be a reliable tool for the prediction of the
allergenicity of novel food proteins. Thus, there is and there will still be the need for a complete
allergenicity risk assessment workflow, also based on in-vitro and in-vivo assays. However, in-
silico analysis can anyway have a crucial role in the preliminary phases of the allergenicity risk

assessment.
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4.3 In-vitro evaluations

The third pillar of the allergenicity risk assessment is represented by in-vitro (and ex-vivo) assays,
performed to evaluate specific IgE binding of the proteins in the novel food. An example of the
importance of evaluation is the allergenicity risk assessment of mealworm. The presence of IgE
binding to tropomyosin, arginine kinase, sarcoplasmic calcium-binding protein, and myosin light
chain (minor shellfish allergens) in shrimp-allergic patients suggests they are at risk for mealworm
allergy (Verhoeckx et al., 2014).

Currently, the most common analyses for semi-quantitative allergen detection in foods are immune
based assays. The immune-based assays performed to evaluate the presence or potential
immunoreactivity of a specific protein (potential cross-allergen) with an antibody (called primary
antibody). This antibody could arise from animals (IgG) or from the human sera (IgE) of patients
allergic to a known allergen. If in the novel food is present the suspected cross-allergen, which
structure was found by in-silico analyses to be homologous the known allergen, the primary
antibodies are likely to bind to that. After this cross-linking, there is the addition of a secondary
antibody, which is specific for binding the human antibody and is labelled with an enzyme, which
is the horseradish peroxidase (HRP) (Lacy & O’Kennedy, 2005). When HRP interacts with
chromogenic substrates (e.g., 3,3',5,5'-Tetramethylbenzidine, 3,3’-Diaminobenzidine, etc.) it
produces coloured products, and when it reacts with chemiluminescent substrates, it emits light
(e.g., luminol). If the primary antibody has recognised the antigen, the binding between the
secondary antibody and the primary antibody in presence of HRP and of a chromogenic substrate
will produce a coloured product. The spectrophotometric absorption is directly proportional to the

analyte concentration. Owing to their reliability and accuracy, enzyme-linked immunosorbent
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assays (ELISAs) are the most used technique in the presence's evaluation and immunoreactivity
of potential cross-allergens (Konstantinou, 2017; Sakamoto et al., 2018).

In allergy diagnosis, cross-reactive carbohydrate determinants (CCDs) play an important role. This
phenomenon describes a protein linked with carbohydrate complex responsible for the
phenomenon of cross-reactivity of sera from allergic patients. This occurs especially with vegetal
proteins, which use glycosylation in several metabolic pathways, enhancing however the
occurrence of false-positive results during IgE based in-vitro assays (Van Ree & Aalberse, 1999).
For this reason, cellular assays such as basophil activation tests (BAT) are often coupled to these
typologies of immune- based in-vitro assays to evaluate besides the IgE binding, there could be a
further effect on the immune system. Based on flow cytometry, the basophil activation test (BAT)
measures degranulation that takes place following stimulation by allergens, providing results much

closer to reality (Santos et al., 2021).

4.4 In-vivo evaluations

If the previous assays show the likelihood that a protein (s) of the novel food represents a cross-
allergen, it is possible to proceed with in-vivo assays. As a first test for the detection of specific
IgE to foods, skin prick tests (SPTs) are the most likely to be used. Besides being comfortable with
patients, SPTs are easy to perform, quick, cheap, and sensitive (Bignardi et al., 2019). Hence, they
provide the best method of demonstrating IgE responses to foods. SPTs can detect tissue bound
IgE and an atopic state in patients with type 1 allergies. SPTs can induce an immediate
hypersensitivity response in the skin (Fatteh et al., 2014). Currently, major plant food allergens are
being used in in-vitro and in-vivo diagnostics as purified, natural, and recombinant sources to

improve sensitivity, specificity, and reproducibility. However, unlike aeroallergens, food allergen

39



General Introduction

extracts have not been standardized. SPTs to eggs, milk, peanuts, and fish have a very high
negative predictive accuracy (most >90%), but very poor specificity (50%—-85%) demonstrating to
be effective to rule out an IgE-mediated food allergy (Fernandez-Riva & Miles, 2003). Conversely,
a positive test could show a clinically relevant food allergy, in which case an oral challenge should
confirm the diagnosis. Therefore, SPTs and in vitro IgE tests are valuable for demonstrating food
specific IgE antibodies, but they cannot establish the diagnosis of clinical food allergy. Food
allergies can be diagnosed conclusively with the oral food challenge test. There are three main
types of oral food challenges: open (both patient and physician know what food was ingested)
single-blind (only the physician can see what food was consumed) or double-blind (neither patient
nor physician knows what food was consumed) (Fernandez-Riva & Miles, 2003). It is also possible
to conduct a placebo-controlled double-blind challenge to increase the effectiveness of the
assessment, especially in those patients who appear to have multiple food allergies (Bock et al.,
1988). Food challenges should be conducted in hospitals where emergency care is readily
available. As a first step, a dose unlikely to elicit symptoms is administered to the patient under
fasting conditions, based on the eliciting dose reported in his medical history or his last positive
provocation test. Afterwards, incremental (double) amounts of food are given to the patient at
periods slightly longer than expected for a positive reaction until the patient consumes normal
amounts of food. Foods can be served in capsules (dehydrated) or in a vehicle designed to conceal
taste, consistency, colour, or odour. It is usually necessary to confirm a negative blind challenge

with an open feeding (Huijbers et al., 1994; No¢ et al., 1998).
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5. Impact of food processing and digestion on the allergenic properties of food

allergens

It is well established that food processing may alter the allergenicity of proteins by inducing
structural changes in their scaffold. Because of these biochemical and physical changes, processed
proteins are broken down differently during digestion and thus may be presented to the immune
system differently (Mills et al., 2009). These types of process-induced modifications include
protein denaturation, aggregation, and chemical modifications such as glycosylation induced by
Maillard’s reaction or interaction with lipids and polyphenols. All these alterations that food
proteins undergo during processing may affect their allergenic potential, which is often pre-
determined by the structure of the protein. In addition, these chemical and physical modifications
may destroy existing allergens, or may encourage interactions between proteins and other
components in the food matrix, resulting in the formation of novel allergens (neo-allergens) (Sathe
et al., 2005; Teodorowicz et al., 2015).

The agglomeration of unfolded proteins may generate weak or strong aggregates (depending on
the formation of disulphide bridges), which negatively influence their solubility. Beyer et al.,
(2001) showed that IgE from human peanut allergic sera bound peanut allergens more strongly in
roasted peanuts than in boiled or fried peanuts. This may suggest that different heat treatments can
modulate IgE binding being affected by protein aggregation and solubility. This is clear in
Mondoulet et al., (2005) who found out that boiled peanuts were less allergenic because allergens
leached out of the matrix during boiling. In roasted peanuts, where the processing temperature is
higher (140 °C), Maillard reaction was found to cross-link peanut allergens Arah 1 and Arah 2 to
form high-Mr aggregates that bind IgE more effectively than unmodified allergens, resulting also

more resistant to gastric digestion (Maleki et al.,, 2000). It was also discovered that the
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modifications occurring because of the Maillard’s reaction increased the IgE-binding ability of
allergenic shellfish tropomyosin (Nakamura et al., 2005).

Structural and biochemical modification of proteins can also affect their digestion by proteases
(i.e., pepsin, trypsin, etc.) in the gastrointestinal (GI) tract. Although there is no evidence tis
generally accepted that proteins that show a high resistance to digestion are more likely to be
allergens. In fact, an intact or not fully proteolysed protein is more likely to interact and being
absorbed by with cells of the immune system like APCs, reflecting in possible harmful reactions.
For this reason, the resistance to pepsin, which is one of the proteolytic enzymes of the GI tract,
was used as a model in the allergenicity's evaluation of proteins. In fact, this assay was developed
to determine how resistant a protein is to the extremes of pH and pepsin proteolysis in the
mammalian stomach (Bannon, 2004). To date, the relationship between allergenic potential and
resistance to pepsin digestion is not yet understood. Considerable evidence following the use of
this method suggests that allergenicity is not strictly associated with resistance to pepsin digestion
(Verhoeckx et al., 2019). This is mainly because this model was not designed to mimic the entire
conditions of human digestion, and therefore it cannot predict the half-life of a protein in-vivo.
During their transit in the gastrointestinal tract, beyond the pepsin hydrolysis in the stomach, food
proteins and peptides undergo other cleavages by pancreatic enzymes in the duodenum (i.e.,
trypsin, chymotrypsin, elastase and carboxypeptidase) and in the jejune (by brush border
membrane enzymes). Before they are absorbed, peptides are hydrolyzed by proteolytic enzymes
in the mucus layer (which contains additional eso- and endo-hydrolases) covering the epithelium.
In addition, further intracellular degradation of proteins and peptides may take place after these

luminal events (Wickham et al., 2009). Although during this process, most food proteins are

42



broken down into immunologically inactive fragments, a small amount may escape digestion and
maintain their partial or intact structure and immunostimulatory properties.

In order to evaluate the fate and the potential immunoreactivity of the proteins and polypeptide
escaped the digestion, several in-vitro digestion models have been proposed. However many of
these methods contradict each other in terms of digestion parameters (e.g., enzyme unities, salts
concentration, pH, etc) making difficult to compare results across research groups in order to reach
a consensus (Di Stasio, 2018). To overcome this issue, the Infogest COST action has developed
and is constantly upgrading a standardised static digestion protocol based on appropriate
physiological conditions that may be applied for several types of food matrices (liquid or solid),
and can be adapted depending on experimental requirements (depending on food matrix

composition) (Brodkorb et al., 2019).

6. PhD project aims
This thesis aimed to carry out the preliminary allergenicity risk assessment of three models of
sustainable and protein-rich novel food/ingredients. These matrices were represented by two
vegetal-based (Moringa oleifera and Tritordeum) and one animal-based (Kashk) products. This
preliminary allergenicity risk assessments paved the bases for more directed in-vitro and in-vivo
assessment procedures meant to evaluate the use of these matrices in the production of novel foods.
Once the protein matrices have been characterized by proteomics analysis, the protein sequences
were compared in-silico with known allergen/epitope sequences on specific allergen databases
(such as WHO/IUIS) or literature data to obtain a prediction of their cross-allergenic potential.
However, given the low predictive value of the cross-allergenic potential based only on the

bioinformatics approach, further in-vitro assessments were also carried out.
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To this aim, two of the model matrices (Tritordeum and Kashk) were also selected to evaluate the
impact of processing and digestion on the overall allergenic potential. These products were in-
vitro digested using the static Infogest model and the potential allergenicity/celiacogenicity was
evaluated on the digestome.

The information obtained will allow the development of more direct in-vitro (e.g., histamine
release, cellular assays, etc.) and in-vivo analytical protocols for the complete allergenicity

assessment of the novel foods investigated in this thesis.
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SECTION 1

A novel food of plant origin: Moringa oleifera leaf

Moringa oleifera leaf represents a clear example of a novel food already consumed by populations
outside EU being widely used in developing and poor countries for the weaning of malnourished
infants (Arise et al., 2014). The following M. oleifera leaf allergenicity assessment considered the

main plant food allergens.

Plant food allergens

Vegetal sources of proteins such as leaves, ancient and hybrid cereals, minor pulses are expanding
the catalogue of “novel foods”. However, the high content in proteins of these matrices generates
concerns in terms of the allergenic potential. Below are reported the main plant food allergens that

can be found in leaves.

The prolamin superfamily

Prolamins owe their name to the exorbitant amount of glutamine and proline in their structures,
along with their high solubility in alcohol/water mixtures. The prolamin superfamily comprises
three types of plant-derived food allergen proteins, namely nonspecific lipid transfer proteins
(nsLTPs), a-amylase/trypsin inhibitors, and 2S albumin.

Despite the low sequence homology degree, every protein of the prolamin superfamily shows

stability to heat and proteolysis. Their resistance is because of a common and well-conserved eight



Section 1 — A novel food of plant origin: Moringa oleifera leaf

cysteine skeleton (Nguyen et al., 2014) (Figure 1), and a very similar a-helical structure linked by

disulphide bonds.

Figure 1. Eight cysteine skeleton of nsLTP

Essential for the transportation of membrane lipids and phospholipids, nsLTPs make up 4% of all
soluble proteins in higher plants (Liu et al., 2015).

Peaches (Pru 7), apples (Mal 3) and apricots (Pru ar 3) have been identified as the major food
allergens in Rosaceae fruits (Egger et al., 2010). NsLTPs are widespread in other plant-derived
foods, such as vegetables, grains, and nuts, sharing a high sequence of identity and similarity.
There are two types of nsLTPs: nsLTP1 and nsLTP2, which have molecular weights of 9 kDa and
7 kDa, respectively. The spatial structure of nsLTPs is stabilised by four internal disulphide bonds
between four o-helices that form an internal cavity, which is covered by the side chains of
hydrophobic residues of the amphipathic helices and the C-terminal region. Notably, these
hydrophobic residues that represent potent cleavage sites for pepsin, are hidden inside the nsLTP
cavity. This particular conformation, makes these amino acids inaccessible to the proteolytic
enzyme (Asero et al., 2000). Structural analyses showed that the cavity of nsLTP can adapt its
volume to bind one or two monoacyl lipids. As a result, the folding of nsLTP gives rise to proteins

with lipid-binding properties that make them more stable and resistant to proteolysis by digestive
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enzymes. This, along with the high thermal stability, are very important characteristics of small
allergenic proteins.

Recently, the discovery that nsLTPs and structurally related plant proteins are considered by the
scientific community as panallergen in plant-derived foods, raised new concerns about the
application of plant biotechnology and plant breeding programmes devoted to this specific family
of food proteins (Diaz-Perales et al., 2000; McKenna et al., 2016). As a consequence of their
extracellular localization and ability to bind lipids and fatty acids, nsLTPs are thought to play a
role in the transport of lipophilic compounds for epicuticular wax formation (Sterk et al., 1991).
For this reason, besides seeds and peels, nsLTP has been found also in leaves (Hartz et al., 2007;

Pyee et al., 1994).

Chitinases

Class I chitinases found in plants have been implicated as major allergens responsible for the latex-
plant food cross-reactivity known as latex-fruit syndrome (Diaz-Perales et al., 1999). IgE from
patients with latex allergies appears to recognize mainly epitopes in their N-terminal regions,
which are homologous to hevein, the primary allergen in latex. Based on similarities in their amino
acid structures and consensus sequences, plant chitinases have been classified into six classes (I-
VI) (Patil et al., 2000). These enzymes have a molecular weight of approximately 33 kDa and
share an N-terminal domain, the hevein-like domain, of approximately 40 amino acid residues
with almost 70% sequence identity with latex hevein (Mills & Shewry, 2003). A hinge rich in
glycine and proline or hydroxyproline residues links this N-terminal domain to the catalytic
domain. Other chitinases with one or two hevein domains are placed in classes IV and V,

respectively. Catalytic domains of class II chitinases and class IV chitinases are homologous to
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that of class I chitinases (except for a different number of amino acids). Owing to its catalytic
activity against the N-Acetylglucosamine (GlcNAc)-containing oligosaccharides and the B-1,4
linkages of chitin, plant chitinases serve primarily as a defence mechanism against predators, in
which chitin represents the main constituent (e.g., insect exoskeleton, fungi cell wall and secta).
For this reason, chitinases were categorised as pathogen-related (PR) proteins that are induced by
wounding, infection, or pest attack and are toxic to pests and pathogens. Notably, several well-
characterized classes of allergens seem to have protective roles (Hoffmann-Sommergruber, 2002;
Sinha et al., 2014). Several fruit chitinases were cross-reactive in latex sensitised patients. In fact,
IgE anti hevein (Hev b 6.02), the major allergen of natural rubber latex, reacts with fruit class I
chitinases containing hevein-like domains (Wagner & Breiteneder, 2002). This phenomenon, also
known as fruit-latex syndrome, has been linked to an increasing number of plant sources, including
avocados, bananas, chestnuts, kiwis, peaches, tomatoes, potatoes, and bell peppers (Salcedo et al.,

2001).
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Key Points

® Moringa oleifera seeds and leaves are nutritious tissues as they are rich in proteins
® Moringa’s seed and leaf powders are being used in feed and food production

® Moringa seeds proteins are useful in purifying water

® Moringa leaves proteins are related to primary metabolism and defense

Abstract

Moringa oleifera has been and is used in Asian traditional medicine as a panacea to treatand prevent several diseases and is part
of the oriental diet both as a raw and cooked ingredient. The ability of the plant to resist unfavorable environmental
conditions, such as drought and high temperatures, makes it a sustainable agricultural choice for the future. The high
amounts of phytochemicals such as polyphenols, glucosinolates, isothiocyanates, which have been extensively characterized,
make Moringa leaf an ideal ingredient in cosmetics, and phytopharmacology, etc. In addition, Moringa leaves have an
abundant protein content, making them a nutritious food. The characterization of M. oleifera’s proteome has been neglected
despite the relatively high abundance of proteins, which is unusual for a plant leaf. This chapter aims at a comprehensive
review of the information available in literature on the proteinaceous tissues of Moringa (i.e., seeds and leaves). Nutritional
and food safety information about Moringa leaves and seed proteins were collected together with research gaps, particularly
those related to their technological application in the food industry.

Copyright © 2023 Elsevier inc. all rights reserved
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Highlights

»  Phenol extraction with Urea solubilisation is effective for leaf proteomics.

»  Moringa leaves proteome consists mainly of photosynthetic and metabolic proteins.
* Morintides share high sequence homology with Hev b 6, a contact allergen of latex.
» The NsLTP, a food panallergen, was identified by homology with Rosa chinensis.

69



Section 1 — Chapter 2 Submitted

Identification of potential allergens in a novel food ingredient from

Moringa oleifera leaves.

Giovanni D’Auria!, Chiara Nitride!", Maria Adalgisa Nicolai!, Gianfranco Mamone?, Domenico

Montesano®, E. N. Clare Mills*, Pasquale Ferranti'-

Affiliations:

'Department of Agricultural Sciences, University of Naples Federico 11, Portici, Italy.
nstitute of Food Science and Technology (ISA), Avellino, Italy.

3Department of Pharmacy, University of Naples Federico 11, Naples, Italy.

“Division of Infection, Immunity and Respiratory Medicine, School of Biological Sciences,
Manchester Academic Health Sciences Centre, Manchester Institute of Biotechnology, University

of Manchester, Manchester, UK

*Corresponding author. Email address: chiara.nitride@unina.it

Keywords: De-novo sequencing; Hev b 6.02; leaf proteome; Morintides; nsLTPs,; proteomics.

70



Section 1 — Chapter 2

Abbreviations

2-DE: two-dimensional electrophoresis

ACN: Acetonitrile

CCDs: Cross-reactive carbohydrate determinants

CHAPS: 3-[(3-Cholamidopropyl) dimethylammonium]-1-propanesulfonate

CHTRY: Chymotrypsin

DTT: dithiothreitol

EDTA: ethylenediaminetetraacetic acid

GdnHCI b: guanidine hydrochloride buffer

IAA: iodoacetamide

IEF: Isoelectric focusing

IPG: immobilized pH gradient

MPF: Moringa protein fraction

MS: Mass Spectrometry

ns-LTPs: nonspecific lipid transfer proteins

RuBisCO: ribulose biphosphate carboxylase/oxygenase

SDS: sodium dodecyl sulphate

Submitted

71



Section 1 — Chapter 2

TCA: Trichloroacetic acid

TFA: trifluoroacetic acid

Tris-HCI: tris(hydroxymethyl) aminomethane hydrochloride
TRY: Trypsin

U/T_b: Urea/Thiourea buffer

Submitted

72



Section 1 — Chapter 2 Submitted

Abstract

Background: Alternative sources of edible proteins are required to feed the world’s growing
population. Moringa oleifera leaves are a source of proteins with high biological value, considered
as a novel food in the EU and UK. An assessment of the potential allergenicity of Moringa leaf

proteins is required.

Methods: Proteins from Moringa leaf powder were characterised using traditional proteomic
approaches. The proteins identified were evaluated for their allergenic potential using in-silico

tools.

Results: The main proteins identified belonged to photosynthetic and metabolic pathways. In-
silico analysis of the leaf proteome identified Moritides as potential allergens by homology with a
latex allergen implicated in fruit-latex-fruit allergy. This analysis also identified a nsLTP, a major
panallergen in food. The presence of these putative allergens was confirmed by de-novo

sequencing.

Conclusions: Our study allowed identification of putative allergens, Morintides and nsLTP.

Further in-vitro and in-vivo investigations are required to confirm their allergenic potential.
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1 Introduction

Moringa oleifera is believed to be a panacea against many diseases and many parts of the plant,
including leaves and seeds, have long been used as ingredients in Ayurvedic medicine and
supplements for both pregnant women and babies during weaning (Mishra et al., 2012). A fast-
growing perennial plant, M. oleifera can resist extreme conditions such as drought and high
temperatures (Alhakmani et al., 2013). In a world where climate change is having a tremendous
impact on food security, this vigorous plant, which is amenable to low-input agriculture (Sujatha
& Poonam, 2017), has potential as an economically viable and environmentally beneficial source
of novel food ingredients (Montesano et al., 2018). M. oleifera leaves and seeds have been
explored as innovative and more sustainable protein sources for human and animal nutrition (Abd
El-Hack et al., 2018) as they are rich in proteins of high biological value, whose content varies
from 14 to 31.4% on a dry basis (Nouman ef al., 2016) with an appropriate amino acid content for
human nutrition (Olaofe et al., 2013). As it happens for other agricultural products, the
composition of Moringa leaves depends on the season and on environmental factors such as
temperatures, soil composition and the latitude/ altitude (Shih et al., 2011). M. oleifera has a long
history of usage in developing countries for the weaning of malnourished infants (Zhou et al.,
2012). It is also reported that about 50 g of leaf powder could satisfy a woman’s daily iron and
calcium requirements during pregnancy and nursing (Mishra et al., 2012), providing essential
amino acids, minerals, and vitamins (Rocchetti ez al., 2020).

M. oleifera leaves are also a rich source of phytochemicals such as polyphenols, glucosinolates,
isothiocyanates (Rocchetti et al., 2020) and is relatively low in anti-nutrients such as saponins,

phytate and tannins (Su & Chen, 2020). However, phytochemicals can also pose safety issues with
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toxic effects, including cytotoxicity and genotoxicity having been identified (Asare et al., 2012).
Consequently, the introduction of alternative protein ingredients like Moringa leaf protein powder,
into new markets, such as North America and Europe, requires an assessment of its safety. In the
USA these novel ingredients require safety evidence in order to achieve the GRAS status, whilst
in the EU and UK is required a complete chemical characterisation of the ingredient, alongside the
food safety assessment, including toxicological and allergenic risks (EC regulation No 258/97 and
EU recommendation 97/618 EC; http://eur-lex.europa.eu/; EFSA 2019). This kind of assessment
shares the same approach developed for newly expressed protein in GMOs through transgenesis
(EFSA 2010, Fernandez et al., 2021). The allergenicity risk assessment relies on a weight-of-
evidence approach starting with a phylogenetic study of the new food ingredient to identify any
relationship with known allergenic foods and an evaluation of its capacity to cause allergic disease.
Such an assessment can be complemented by other data to characterise any components present in
the novel protein ingredient that may be similar to those found in allergenic foods. To date, the
only reported case of anaphylactic reaction following consumption of M. oleifera was in Australia
and associated to the ingestion of pods (Berglund, 2018). Currently, there is no evidence of food
allergic reactions caused by the leaves or leaf powder.

Further allergenicity assessment requires an analysis of the M. oleifera proteome. However, there
are few data and no systematic studies about the protein characterization of the Moringa leaf and
there is no sequenced genome for the organism. In order to address this our knowledge gap, the
first complete protein profiling of M. oleifera leaves has been undertaken using advanced MS
analysis. These data have been used to undertake an in-silico assessment of the allergenic potential
of Moringa leaves protein to identify potential cross-reactive allergens and to support the safety

assessment of the novel ingredient.
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2 Materials and methods

2.1 Materials

The M. oleifera leaves were supplied in a dried form by Sud Rienergy S.r.l. - Favella Group, Italy
(Corigliano Calabro, Cosenza, Italy —39°129 13’ 27,69” N and 9° 01’ 29,69" E). Moringa leaves
were randomly collected in the orchard from different plants from June to September 2019. Intact
leaves were dried under the sun until a constant weight was reached. Dried leaves were powdered
in a blender and passed through 250 um sieve to give a powder of 10 £ 1% moisture. Samples were
stored in amber glass containers, in a dry place at room temperature, until required. Unless
otherwise specified, all the reagents and solvents employed in the present analyses were purchased
from Sigma-Aldrich (St. Louis, MO, USA). The solvents employed in this research were of mass

spectrometry grade.

2.2 Production and solubilisation of Moringa protein fraction (MPF)

The Moringa protein fraction (MPF) was obtained by extracting the leaf powder following the
procedure of Rocco et al. (2006), with some modifications (Figure 1). To increase the mechanical
cell wall disruption, 0.5 g of dried Moringa leaf powder was further ground using a pestle and
mortar before suspending in 4.5 ml of extraction buffer (700 mM sucrose, 500 mM Tris-HCI, pH
8.0, 50 mM EDTA, 100 mM KCl, 2% (w/v) 2-Sulfanylethan-1-ol) by vortexing for 15 min. The
sample was placed in an ice-bath every 5 min of mixing to avoid overheating. After the addition
of an equal volume of phenol equilibrated with 10 mM Tris-HCI pH 8.0 and 1 mM EDTA, the
mixture was shaken vigorously for 10 min and centrifuged at 3433 g for 30 min (Centrifuge XS

R-8D, Remi Instruments, New Delhi, India) at room temperature (20° C). The supernatant
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containing the proteins solubilised in the phenol phase was removed and precipitated by the
addition of five volumes of 0.1M CH3COONH4 in methanol and left at -20° C for 12 h. The
precipitate was collected by centrifugation at 7900 g for 10 min (Microcentrifuge Multispin 12,
Steroglass, Perugia, Italy) and the resulting pellet washed once with cold methanol (-20° C) and
twice with cold acetone (-20° C). The pellet (MPF) was then dried under gaseous nitrogen and
stored at -20 °C until required. Two different buffers were used to re-solubilise the MPF (1:20
w/v): 1) chaotropic-charged buffer (GndHCI b) containing 6M CHgCIN3 (guanidinium
hydrochloride), 100 mM NH4sHCO3 pH 8.3 and 10 mM DTT; ii) chaotropic-zwitterionic buffer
(U/T_b) including 7M urea, 2M thiourea, 2% (w/v) CHAPS, 50 mM DTT pH 8.8. Proteins were
extracted by heating at 60° C for 30 min with sonication in an ultrasonic bath. Protein extracts
were alkylated by adding 55 mM IAA and incubated at room temperature (20° C) in the dark for
30 min. Proteins were diluted 20 fold with 50 mM NH4HCO3; and ImM CaCl, pH 7.8, to reduce
the concentration of Guanidine and Urea to < 1M and CHAPS < 0.1% and reduce protease
denaturation. Extracts were centrifugated for 15 minutes at 3433 g (Centrifuge XS R-8D, Remi

Instruments, New Delhi, India) and the supernatants collected and stored at -20 °C, until required.

2.3 Protein content determination

Two grams of powdered Moringa leaves and 0.2 g of MPF were added to a Kjeldahl tube (VELP
scientifica - Italy), containing 0.5 g CuxSO4 and 12 g KoSO4 and 20 ml of 96% H2SOs. The
mineralisation was performed on a heating digester (DK6 VELP Scientifica—Italy) following a
thermal ramp: 230° C for 20 min, 290° C for 45 min, 320° C for 35 min, and 420° C for 60 min.
The sample was diluted with 50 ml of deionised water, and 90 ml of 45% NaOH were added to

each tube. The solution of the ammonia was distilled over on an automatic distillation system
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(UDK 132 VELP Scientifica — Italy) with steam and collected in a flask containing 50 ml of 4%
(w/v) H3BOs. The total nitrogen was determined by titration with 0.1M HCI, after adding a mixed
indicator (methyl red 0,1% (w/v) and bromocresol green 0,2% (w/v) in ethanol). According to
Yeoh & Wee, (1994), 4.45 was used as total nitrogen to total protein conversion factor and the
results were expressed as g of protein per 100 g of starting material. Samples were analysed in
biological triplicates. Protein quantification of U/T b and GndHCI b extracts was carried out
using the “high-sensitive proteins” kit (BEN S.r.1., Milan, Italy REF. PTP375), which is based on
the reaction of pyrogallol with the protein’s basic residues. The entire analysis was accomplished

on the Icubio Imagic-M9 (R-Biopharm, Milan) following the manufacturer instructions.

2.4 SDS-PAGE analysis

Three milligrams of MPF powder were suspended in 1 ml of Laemmli buffer 1X [Tris-HCI 50mM
pH 6.8, containing 2% (w/v) SDS, 10% (w/v) glycerol, 5% (v/v) 2-sulfanylethan-1-ol and traces
of bromophenol blue]. Alternatively, either U/T b, GdnHCIl b extracts or digested protein
solutions were mixed 1:1 (v/v) with Laemmli buffer 1X. Samples were boiled for 10 min and 15
ng of protein per well loaded into a 12% polyacrylamide gel. Broad-Range SDS-PAGE Standards
(Bio-Rad Laboratories, Inc., Hercules, CA) were used as molecular markers. The separation was
carried out at room temperature and constant voltage (120 V). Gels were fixed in 40% (v/v)
methanol containing 10% (v/v) acetic acid for 1 h and rinsed three times in Milli-Q water with
gentle shaking for 5 min. The gels were stained for 16 h in Coomassie Brilliant Blue R-250 staining
solution (Bio-Rad Laboratories, Inc., Hercules, CA) and de-stained in Milli-Q water. Protein
stained gels were imaged and processed using GelAnalyzer version 19.1 [GelAnalyzer 19.1

(www.gelanalyzer.com) by Istvan Lazar Jr., PhD and Istvan Lazar Sr., PhD, CSc]. The apparent
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molecular mobility of the unknown proteins was estimated with a cubic spline curve using the
SRS1 Cubic Spline for Excel software

(https://www.srs1software.com/SRS1CubicSplineForExcel.aspx).

2.5 2D- Electrophoresis of MPF

MPF was dissolved in IPG strip rehydration buffer containing 8 M urea, 2% (w/v) CHAPS, 2%
(v/v) Pharmalytes pH 4.0—7.0, 20 mM DTT and traces of bromophenol blue to a concentration of
3 mg/ml. Immobiline Dry Strips (pH 4-7 linear gradient,11 cm, Bio-Rad Laboratories, Inc.,
Hercules, CA) were rehydrated overnight in the Immobiline Dry-Strip Reswelling Tray
(Amersham Pharmacia) and isoelectric focusing was performed using a Multiphor II system
(Pharmacia Biotech, Uppsala, Sweden). Proteins were focused up to 15,000 Vh at a maximum
voltage of 6000 V at 20° C. IPG strips were then placed in equilibration buffer [6 M urea, 30%
(v/v) glycerol, 2% (w/v) SDS, 2% (w/v) DTT] for 15 min followed by incubation with 2.5% (w/v)
IAA for 15 min. IPG strips were placed on a 10% polyacrylamide gel for the second dimension
using a Protean II system (BioRad Laboratories, California). Separation was carried out at 220 V
constant voltage, after which gels were fixed overnight (16 h) with TCA (24%) and stained with
Coomassie Brilliant Blue R-250 staining solution (Bio-Rad Laboratories, Inc., Hercules, CA). The

gel was imaged and analysed as previously described (section 2.4).

2.6 In-gel trypsin digestion
Selected protein spots were manually excised from stained 2D gel and de-stained by repeated
washes with 50% (v/v) ACN in 25mM NH4HCO:s. Gel spots were placed in 10mM DTT in 25 mM

NH4+HCOs for 1 h at 56° C and then alkylated with 55 mM IAA in 25 mM NH4HCO3 for 45 min
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at room temperature in the dark. Gel spots were then washed with 25 mM NH4HCOs3, dehydrated
with 0.1 ml of ACN and then dried in a vacuum centrifugal concentrator (VR-maxi St.a.-1, Heto,
Denmark). Gel pieces were rehydrated the with 10-20 pl of a trypsin solution (proteomics grade
12.5 ng/ml in 25 mM NH4HCO3) for 16 h at 37° C. The resulting peptides were extracted from the
gel pieces with 40 ul of 50% (v/v) acetonitrile/ 5% (v/v) aqueous formic acid for 20 min. Gel spots
were then centrifuged at 7900 g for 5 min (Microcentrifuge Multispin 12, Steroglass, Perugia,
Italy) to collect the supernatant. The extraction/centrifugation was repeated three times and, for

each sample, the extracts were combined and dried in the vacuum centrifuge before MS analysis.

2.7 In-solution digestion

Diluted MPF extracts (section 2.2) were digested using either trypsin (proteomics grade) or
chymotrypsin (proteomics grade) using an enzyme: substrate ratio of 1:100 (w/w) and incubated
at 37° C for 16 h. All the digestions were performed on biological duplicates. To interrupt the
hydrolytic processes, 100% formic acid was added to the samples to a final concentration of 0.1%
(v/v). The peptide mixtures were desalted on C-18 Sep-Pak cartridges (Waters, Milford,
Massachusetts, USA) following the instruction of the manufacturer and then concentrated with
gaseous nitrogen and resuspended in 0.1% (v/v) formic acid solution. The hydrolysed samples

were finally analysed by high resolution MS.

2.8 RP-HPLC analysis of MPF.
HPLC separation of Moringa proteins was performed using a C4 Grace-Vydac column (250x4.6
mm 5 pm, 214TP52) (Hesperia, CA, USA) attached to an HPLC chromatograph (HP 1100 Agilent

- Palo Alto, CA, USA) modular system equipped with a diode array detector. Solvent A was 0.1%
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of TFA (v/v) in water; solvent B was 0.1% (v/v) of TFA in ACN. MPF (1 mg) was dissolved in 1
ml of solvent A and 200 pul were the injected on column. After 5 min of isocratic elution using 5%
(v/v) of solvent B a 5-75% (v/v) gradient ramp was applied over 60 min at a flow rate of 0.200
ml/min. The absorbance of the eluate was monitored at A 220 and 280 nm. Peptide digests (section
2.7) were analysed using the same chromatography set up but using a C18 Grace-Vydac column

(250x4.6mm Spm, 218TP52) (Hesperia, CA, USA) and an injection volume of 50 pl.

2.9 HR LC-MS/MS analyses

MS analysis was performed by using a Q-Exactive Orbitrap mass spectrometer (Thermo Scientific,
San Jose, CA, USA), online coupled with an Ultimate 3000 ultra-high-performance liquid
chromatography instrument (Thermo Scientific). Samples were loaded through a 5 mm long, 300
um id pre-column (LC Packings, USA) and separated by an EASY-Spray™ PepMap C18 column
(2 um, 15 cmx75 pm) 3 um particles, 100 A pore size (Thermo Scientific). Eluent A was 0.1%
formic acid (v/v) in Milli-Q water; eluent B was 0.1% formic acid (v/v) in acetonitrile. The column
was equilibrated at 5% B. The peptides generated after the hydrolysis of the spots were separated
applying a 5-40% gradient of B over 60 min whereas the shotgun analyses were performed using
a 5-70% gradient of B over 90min. The flow rate was 300 nl/min. The mass spectrometer operated
in data-dependent mode and all MS1 spectra were acquired in the positive ionisation mode with
an m/z scan range of 350 to 1600. Up to 10 most intense ions in MS1 were selected for
fragmentation in MS/MS mode. A resolving power of 70,000 full width at half maximum
(FWHM), an automatic gain control (AGC) target of 1x10° ions and a maximum ion injection time
(IT) of 256 ms were set to generate precursor spectra. MS/MS fragmentation spectra were obtained

at a resolving power of 17,500 FWHM. To prevent repeated fragmentation of the most abundant
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ions, a dynamic exclusion of 10s was applied. lons with one or over six charges were excluded.
Spectra were processed by using the Xcalibur Software 3.1 version (Thermo Scientific) and then
analysed using PEAKS Studio (version 6.0, Bioinformatics Solution Inc., Waterloo, Canada). The
analysis of the mass spectra generated from in-gel digested proteins was performed using as
reference proteome all the Viridiplantae plant sequence data (downloaded from
https://www.uniprot.org/ in October 2020). Redundant sequences were removed using dbtoolkit-
4.2.5 (Martens et al., 2005). The database searching parameters were: i) mass tolerance value of 8
ppm for the precursor ion and 0.01 Da for MS/MS fragments; ii) enzyme: trypsin, maximum of 2
missed cleavages; iii) fixed modification: carbammidomethyl-cysteine; variable modifications:
oxidation of the methionine and deamidation (NQ). The false discovery rate was set at 1%, and to
improve the confidence protein identification, only proteins with -10IgP value > 50 were retained.
Also, for the mass spectra generated from in-solution digested proteins, the background database
used for the MS analysis was the whole Viridiplantae (downloaded from https://www.uniprot.org/
in June 2021). For in-solution shotgun analyses, de-novo searching peptides were selected based
on the ALC (%) (Average Local Confidence), using a threshold of 70%. De-novo sequenced
peptides were manually blasted in Uniprot in order to corroborate potential allergens. De-novo
peptides were processed using PEAKS Studio, Jalview and Uniprot (https://www.uniprot.org/) to
identify conserved regions of protein families and to perform the alignments. The first 20 top
scored de-novo peptides were blasted searching for point modifications, as this aspect is not part
of the study. For each duplicate analysis, the resulting identified protein databases were merged to
obtain a unique dataset for trypsin and for chymotrypsin, and the redundancies were removed after

a manual investigation.
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2.10 Bioinformatic analysis

Common proteins were identified among the samples using the InteractiVenn software
(http://www.interactivenn.net/) and were represented as a proportional Venn diagram with R
through the eulerr package (eulerr: Area-Proportional Euler and Venn Diagrams with Ellipses. R
package version 6.1.1, https://CRAN.R-project.org/package=eulerr). The identified proteins from
the 2DE and shotgun analyses were examined again for their biological function using Gene
Ontology and GO Annotations software (https://www.ebi.ac.uk/QuickGO/). The results of the GO
analysis were reported as pie charts created with Meta-chart (https://www.meta-chart.com/). The
percentage of identity and similarity among proteins was calculated using the Sequence
Manipulation Suite (https://www.bioinformatics.org/sms2/ident _sim.html).

Only full lengths protein sequences, identified by MS and belonging to M. oleifera were evaluated
in-silico per their potential allergenicity using Allermatch™ (http://www.allermatch.org/, March
2021) and the AllerCatPro (https://allercatpro.bii.a-star.edu.sg/) (Maurer-Stroh et al., 2019). They
are based on the criteria of homology as defined by EFSA “with known allergens of at least 35%
on a sliding window of 80 amino acids” (EFSA Panel on Genetically Modified Organisms (GMO),
2010) and on the search of 6-mer and 8-mer allergenic epitopes. /n-silico analysis was performed
also to identify potential epitopes using IEDB (https://www.iedb.org/) (Vita et al., 2018). Potential
allergens identified were processed through a multiple protein sequence alignment (MSA) with
other known allergens and proteins of interest by wusing the Clustal Omega tool
(https://www.ebi.ac.uk/Tools/msa/clustalo/) (Sievers et al., 2011). The alignment was processed
in Jalview to obtain phylogenetic trees using the BLOSUMG62 algorithm. The resulting calculation

was then visualised and edited in iTOL v6 (https://itol.embl.de/).
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3 Results and discussion

3.1 Production of MPF and protein amount determination

The protein content of the Moringa leaves was determined by Kjeldahl analysis and corresponded
22.59+0.18 g/100 g dw. This was calculated using a conversion factor of 4.45, calculated by Yeoh
& Wee, (1994) based on the amino acid composition of the proteins of Carica papaya leaves, a
species taxonomically correlated with M. oleifera (Lin et al., 2019). This value is consistent with
recently published data for Moringa leaves from “Pakistan black” variety (Nouman et al., 2016)
although we applied a conversion coefficient of 4.45 rather than the canonical 6.25 conversion
factor from nitrogen, which may have overestimated the amount of total protein being 31%.

The extraction of proteins from leaf tissue is challenging, as leaves contain high levels of
substances (e.g., polyphenols, anthocyanins, polysaccharides, cell wall particles) that bind to
proteins and reduce their solubility. These also impair protein separation by electrophoresis,
resulting in horizontal and vertical streaking, smearing, and reduced numbers of distinctly resolved
protein bands. For these reasons, proteins were extracted from leaves using the phenol-based
extraction aiming at the highest yield for exhaustive characterisation of the proteome (Abdullah et
al., 2017). The phenol solubilisation can effectively enhance the quantity of protein extracted from
recalcitrant tissues, lowering the level of contamination, and minimising the proteolysis
phenomena (Rose et al., 2004). The phenol extraction was performed with a phenol buffered to
pH 8.0 to ensure that nucleic acids were present into the lower buffer phase and not into the phenol
upper phase (Faurobert et al, 2007). The concentration of protein in the powdered MPF

determined by Kjeldahl analysis corresponded to 57.77+0.45 g/100g dw.
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3.2 M. oleifera protein profiling using RP-HPLC and electrophoretic methods

The RP-HPLC chromatogram of MPF showed several proteins in the hydrophobic region (>50%
Solvent B) and was consistent with leaf protein profiles (Zolla et al., 1999) (Figure S1).
Subsequently, the protein profile of the MPF was determined by one-dimensional and two-
dimensional SDS-PAGE. The 1D electrophoresis showed two intense bands with apparent
molecular mobility of 51.66 KDa accounted for about 35% of the stained proteins (Figure 2). The
profile obtained is similar to Wang et al., (2016), who observed a predominant band around 55
kDa, which also accounted for 30% of M. oleifera leaves protein staining per track and seems
likely to correspond to the Mr 51.66 band observed here. An additional 13.12 Mr band was
observed and contributed to about 17% of the total protein stained per track (Figure 2- Table S1).
Based on abundance and Mr, these bands are likely to correspond to the large and small subunit
of RuBisCO, respectively (Krishnan & Natarajan, 2009). The denaturation due to the phenol
extraction may have caused the “blurry” profile of the proteins with high background, impairing
the visualisation of less abundant proteins.

Two-dimensional electrophoresis showed the complexity of the proteome in the presence of
several spots in the region of 20-50 Mr with the 1D bands resolved into a complex of “spot trains”,
typical of proteins highly modified by post-translational modifications (PTMs) such as
glycosylation (Figure 2). The Mr 13.12 band, observed in 1D was not resolved, suggesting it either
has an extreme IP or was lost during the gel fixation process.

Among the 25 excised spots, only 3 inferred proteins belonged to M. oleifera annotated proteome
in Uniprot, but over 70 were identified by homology with closely related species (Table S2). The
gene ontology (GO) analysis showed these proteins belonged to fundamental metabolic pathways

like protein metabolism and photosynthesis as expected for leaf tissues (Figure 2). Some spots in
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a broad range of molecular weight (66 and 21 Mr) were found to correspond to RuBisCO. The
enzyme is the primary player of the photosynthesis and is constantly turned over in the leaf’s
chloroplasts, even at a late stage of senescence (dead or dying leaves) (Hirel & Gallais, 2006).
Since the leaves under analysis had been slowly sun dried, the fragments of RuBisCO may reflect
proteolytic events occurring during drying/storage of the leaves. This aspect should be considered

when evaluating the processing and the storage conditions of the ingredient.

3.3 Proteomic profiling of M. olifera leaves using shotgun proteomics

The 2D electrophoresis provides a map of the leaf proteome, but it is limited in terms of its ability
to resolve hydrophobic proteins, small size, and low abundancy proteins. Visualisation of the
proteins on the gel depends on the staining method applied and may not be equally effective for
all proteins. Therefore, complementary shotgun proteomics was performed. Initially, the
performance of the buffers used for the solubilisation of MPF was evaluated (i.e., GdnHCI_b and
U/T b).

The direct protein quantification using the pyrogallol assay demonstrated the U/T b was 2.8 fold
more efficient than the GndHCI b at solubilising the proteins (Table S3). These data were further
confirmed by SDS-PAGE (Figure S2) showing a more complex profile for U/T_b. These results
can be attributed to the phenol extraction, which may have increased the aggregation of the leaf
proteins, which may be more soluble in a zwitterionic buffer than in a charged one.

The U/T_b and GndHCI_b solubilized proteins were then digested with trypsin prior to performing
shotgun MS analysis. In order to optimise the protease activity, ImM CaCl, was previously added
in the protein dilution buffer (section 2.2) since Ca>" ions possess a well known stabilising effect

on some proteases (Kotorman ef al., 2003). The MS analyses highlighted that U/T b was a more
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effective extractant (Figure S3) allowing 14-fold more proteins to be identified compared to the
GndHCI b extract. The MS data of the trypsin hydrolysed samples dissolved in GndHCI b
allowed the most abundant proteins to be identified, the majority of which were also found in the
U/T _b. Proteins identified were primarily involved in photosynthesis, like RuBisCO,
photosystems I and II, and ATP-synthase, or protein families involved in the glycolysis such as
glyceraldehyde-3-phosphate dehydrogenase, phosphoglycerate kinase, phosphoglycerate mutase
(Table S4 and S7). Tubulin or actin family proteins, associated with the cellular structure of the
leaf, were also identified. Among the leaf proteins, Morintides mO2 and mO1, “truncated
chitinases” with a short C-terminal tail (also known as 8C-hevein-like peptides) were identified
(Kini et al., 2017). The molecular weight of the mature mO1 and mO2 proteins is around 4 kDa,
with the isoforms differing by a point mutation at residue 15, that is Gln (mO1) — Gly (mO2).
The unique peptides, carrying this mutation, were identified confirming the coexistence of both
isoforms [mMO1-ACANQLCCSQYGFCGSTSEYCSR and mO2-
ACANGLCCSQYGFCGSTSEYCSR (Table S7)].

Notably, the non-specific lipid transfer proteins (ns-LTP) could be observed only in guanidine
extracted proteins (Table S5 and Table S8). Since the U/T b extract gave a better protein
coverage, it was selected for further analysis by using chymotrypsin to further improve the
coverage of M. oleifera leaf proteome.

As expected, the chromatographic profiles of chymotryptic digests were distinctly different from
those obtained by trypsin (Figure S4). MS analysis showed chymotrypsin provided a smaller
number of identifications (243 compared to 383) but were complementary with only 134 proteins
identified in common. Chymotrypsin identified a greater proportion of proteins involved in

metabolism and photosynthesis. Trypsin digestion, on the other hand, identified a greater
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proportion of proteins involved in protein metabolism, such as the ribosomal subunits (i.e., 30S,
40S and 50S), peptidases (M 16, M41) and molecular chaperonins and 90 kDa heat shock proteins
(Hsp90). The common proteins are mainly involved in photosynthesis and metabolic process of
nitrogen compounds such as glutamate synthase and alanine aminotransferase (Figure 3—Table
S10). Comparison of shotgun and in-gel digestion showed that, notably, 28 different proteins
mainly related to general metabolism and photosynthesis could be identified only with 2DE
(Figure 3 - Table S10). Antioxidant proteins like catalase, ascorbate peroxidase and thioredoxin
were commonly identified. Morintide mO2 was also identified in both trypsin and chymotrypsin.
However, mO1 and nsLTP were not detected in chymotrypsin hydrolysed samples.

Only de novo peptides with an ALC (%) > 70% were analysed in order to increase the confidence
of identifications with de-novo sequencing (Ma & Lajoie, 2009). The peptide sequences identified
in the two technical MS analyses were merged, and duplicates removed. A total of 9913, 131 and
2985 peptides were identified by de novo sequencing for U/T b trypsin, GndHCI b trypsin and
U/T_b chymotrypsin, respectively (Tables S11-13). The 20 ALC top scoring de-novo sequenced
peptides of tryptic and chymotryptic protein hydrolysed were blasted in Uniprot searching for
homologous sequences. These peptides were not inferred to any protein by the PEAKS software
because they carried punctual modifications, deletion, and point modifications, which are not
contained in the proteins of the Viridiplantae database, thus impeding an exact match. These de-
novo peptides shared a high sequence identity (from 100% to 65%) with segments of metabolic
proteins such as ATP synthase B, photosystem related proteins, RuBisCO large subunit and

oxygen-evolving enhancer protein (Tables S11-13).
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3.5 In-silico allergenicity risk assessment of MPF using AllerCatPro and Allermatch™

In-silico analysis of the MPF proteome identified four different classes of putative allergens
(Table 1) (in-silico allergenicity risk prediction flowchart and evaluations are available for
consultation Figure S5, Table S14-S17). Some proteins, such as RuBisCO from M. oleifera
(Uniprot ID: AOA482EC08), were identified with a score of 98.8% as a probable allergen (“Spi o
Rubisco”- Uniprot ID: PO0875) by the algorithm AllerCatPro (Maurer-Stroh et al., 2019) but not

by Allermatch™

. The latter tool uses the highly curated allergen sequence database, Allergen-
online (http://www.allergenonline.org/) available through the Food Allergy Research and
Resource Program (FARRP), which excludes RuBisCO as an allergen. In contrast, AllerCatPro
uses several databases, including Allergome database (https://www.allergome.org/), which has a
less stringent approach to curation (Kadam et al., 2016). This emphasises one of the shortcoming
of in-silico prediction of allergens: the quality of the allergen designations assigned in allergen
sequence database (Fernandez et al., 2021). The database of allergens should rank the probable
allergens by applying a score to data supporting their designation as allergens (Javed et al., 2017).
Notably, Spi 0 Rubisco is mnot a  WHO/UIS recognized  allergen
(http://www.allergen.org/index.php) and is present only on the Allergome database (Allergome
ID: 3814). This entry is based on one study that described a non-specific and irreproducible IgE
binding to RuBisCO from spinach using sera from people allergic to soybean (Hoff et al., 2007)
and an IgE binding study using serum from a single patient reporting a reaction after eating spinach
(Foti et al., 2012).

Another putative allergen identified uniquely with AllerCatPro is the mitochondrial beta subunit

of ATP synthase from Penicillum glabrum (93.6% - Uniprot ID P85446). This is described as an
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allergen in Uniprot, but with no supporting evidence. However, a serological study of Cannabis
sativa allergic subjects showed that ATP synthase B could bind IgE (Nayak et al., 2013).

Morintides (mO1 and mO2- Uniprot ID: AOA1IS6EK91 and AOA1IS6EK92, respectively) were
also flagged as possible allergenic proteins both by the allergenicity prediction tools using the 3x6
overlaps principle before described in Maurer-Stroh et al., (2019) for AllerCatPro and the simple
6 amino acid word-match for Allermatch™. Morintides are too short to be assessed according to
the 80 AA linear window and therefore we also evaluated the full-length homology using the
Sequence Manipulation Suite alignment tool and cross-reactive epitope sequences through IEDB
search. According to the Sequence Manipulation Suite, mO1, mO2 and the latex allergen Hevein-
Hev b 6.02 (Uniprot ID: P02877- IEDB epitope ID: 13808) share a full length homology of 62.8%
and a similarity of 81.40% (mO1) and 79.07% (mO2). TheAllerCatPro evaluation counted 13 and
18 3x6 overlaps between P02877 and mO1 and mO2, respectively (Table S14). According to
Allermatch™, besides the overall sequence homology with Hev b 6.02, Morintides show an exact
match for a 6-mer (CGRQAG — Figure 4, Table S16 and Table S17), which is present in the first
portion of the longer Hev b 6 epitope (EQCGRQAGGKLCPNNLCCSQ - IEDB epitope ID:
13807). Notably, Morintides portion 1-20 (QNCGRQAGNRACANQ(G)LCCSQ) shares 70% of
identity with the entire epitope. According to Allermatch™ Morintides also share a high sequence
homology with the chitin binding domain of the allergenic class I chitinase - of Musa acuminata
(Mus a 2.0101 — Uniprot ID: Q8VXF1), Hevea brasiliensis (Hev b 11-Uniprot ID: Q949H3) and
the class IV chitinase of Cryptomeria japonica (Uniprot ID: QSNTA4) (Table S16-17 and Figure
4). Another portion of Morintides (CGSTSEYCSR) was found to share a high sequence identity
(80.0%) with a 10-mer epitope of Hev b 6.02: CGSTDEYCSP (IEDB ID: 104739). However, the

exact 6-mer homology search can give high false positive allergen prediction rate (EFSA 2010).
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Therefore, a further Allermatch ™ search of 8-mer sequences was performed. This identified only
the mO2 as a potential allergen because of a match with an 8-mer peptide (GLCCSQYG) present
in the mature domain of class IV chitinase of Cryptomeria japonica, Hev b 11 (class I chitinase)
and Mus a 2.0101 (class I chitinase) (Figure 4, Table S18 and Table S19). The first residue of
this 8-mer peptide contains the punctual modification Gln (mO1) — Gly (mO2) that distinguishes
mO1 from mO2. The dendrogram built on the multiple sequence alignment among Morintides and
fruit chitinases, showed a close relationship between Morintides, Hev b 6.02 and class I chitinases
(Figure 5). A high sequence homology and similarity, and conserved regions between Morintides
(and particularly mO2) and the main allergens involved in the fruit-latex allergy (i.e., Prs a 1, Cas

a5 and Mus a 2.0101) can also be observed (Figure 4).

3.6 Direct identification of nsLTP

nsLTPs are a panallergen family of cross-reactive allergens responsible for cause severe reactions
(Diaz-Perales et al., 2000; McKenna et al., 2016). Therefore, a direct analysis was done for this
important allergen. The tryptic digest of the guanidine buffer (GndHCI b, Table S5) allowed the
identification by homology of the ns-LTP proteins (AOAO87H3P3 and AOA2P6R8F4) belonging
to Arabis alpina and Rosa chinensis, respectively. GndHCI1 b may be more efficient in solubilising
these small cationic proteins or the fact that this buffer solubilised fewer proteins could have
enhanced the ionisation of those low in abundance. Interestingly, Rosa chinensis belongs to
Rosaceae family that comprises well-known allergens such as Pru p 3, a nsLTP from peach
(Prunus persica). The phylogenetic tree built on the MSA among AOA087H3P3, AOA2P6R8F4
and the best characterised allergenic ns-LTPs (Figure 4) highlights an interesting sequence

homology between AOA2P6R8F4 and Rub i 3 (Uniprot ID: Q0Z8V0), a food allergen from red
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raspberry (Rubus ideaus - Rosaceae family). Basing on Figure 5, we analysed the sequence
alignment of AOA2P6R8F4 and the most closely branched nsLTP allergens and discovered that
three main areas (Figure 4) in the amino acid sequence of Rosa chinensis nsLTP
(GSVPPACCNGIRSLN; ASGLPGKCGVSVPYK and PYKISTSTNCNNVK) share a high
sequence homology degree (87%, 80% and 85.7%) with two pentadecameric and one
tetradecameric epitopes of Mal d 3: AAGLPGKCGVNVPYK (IEDB epitope ID: 167) and
GAVPPACCNGIRTIN (IEDB epitope ID: 18816) and PYKISTSTNCATVK (IEDB epitope ID:
50121), respectively. The full-length sequences of mature AOA2P6R8F4 and Mal d 3 allergen
share a sequence identity and similarity of 75.82% and 82.42%, respectively. It is also noteworthy
the presence of interesting non-epitopic homologies between Rosa chinensis nsLTP and Rub 1 3,
which share a sequence identity and similarity of 82.42% and 85.71%, respectively. Basing on
above mentioned evidences, a series of in-vitro experiments to evaluate a possible cross-reactivity

in nsLTP allergic patients will also be required.

3.7 Confirmation of potential allergens by de-novo sequencing

To further corroborate the presence of these potential allergens we performed an in-depth research
for de-novo peptides inferable either to Morintides or nsLTP. We found 3 peptides in the tryptic
and 1 peptide in chymotryptic (U/T_b) which share a high homology with some segments of
Morintides (Figure S6). In tryptic digest of the GndHCI b solubilised proteins, we found 9 de-
novo peptides, which structure share similar sequence with some conserved regions of nsLTPs.
Since nsLTP of M. oleifera leaf has not been sequenced, these peptides were aligned on the 2
nsLTPs sequences AOAO87H3P3 and AOA2P6R8F4. Five of these peptides were more structurally
close to AOAO87H3P3 (Figure S7) and four to AOA2P6R8F4 (Figure S8). Analysis of the U/T b

(trypsin) sample allowed four peptides to be identified, which were more similar to AOAO87H3P3
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(Figure S9) and a further four, which showed similarity to segments of AOA2P6R8F4 (Figure
S10). Even though these peptides presented single amino acid variations, they showed a high score
of sequencing, especially in the conserved regions (Figure 4). These data suggest the existence of
other isoforms of Morintides and can give an information on the sequence of the authentic Moringa

leaf nsLTPs.

4 Conclusions

Alternative sources of edible proteins are required to face the ongoing growth of world population.
New dietary proteins may pose a potential risk of allergic reaction in consumers and thus require
a risk assessment before their commercialisation. We evaluated the potential allergenicity of M.
oleifera leaf powder as a novel source of proteins with high biological value.

The most abundant proteins, the RuBisCO and the subunit beta of ATP synthase, whose
allergenicity has not been unequivocally demonstrated in literature, were identified as potential
allergens only by AllerCatPro, via Allergome. Spurious IgE binding can be observed towards plant
extracts, which can result from non-specific binding or cross-reactive carbohydrate determinants
(CCDs). In allergy diagnosis, CCDs play an important role in enhancing the occurrence of false-
positive results during IgE based in-vitro assays, although this does not have any clinical
implications. Consequently, such immunoblotting data needs confirmation through blot inhibition
experiments using purified protein or inhibition ELISAs.

Morintides (mO1 and mO2), sharing a high homology of sequence with Hev b 6.02, a contact
allergen from Hevea brasiliensis, indicate a potential allergenic power of this protein family. By
homology mass spectrometry, we identified also the nsLTP, a known food panallergen, whose

sequence is not available in Moringa protein databases.
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This lack of information, especially for the novel food, represents the biggest bottleneck in the in-
silico allergenicity assessment. In this context, extensive genomic, transcriptomic and de-novo
peptide sequencing is crucial for confirming and supporting allergenicity risk assessment of novel
food. However, the manual inferring of de-novo sequenced peptides is rather difficult and time-
consuming: proteomics software should improve in this respect.

Our in-silico allergenicity prediction of M. oleifera leaf proteins indicates the importance in
designing further in-vitro and in-vivo assays to further assess the allergenic potential of this novel

ingredient before placing it on the wider European market.
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Figures

Figure 1 — Protein extraction methodologies from M. oleifera leaf. The figure was created with

BioRender.com (https://biorender.com/).
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Figure 2 — In-gel based protein profiling of MPF by SDS PAGE (Panel A), 2D Electrophoresis (Panel B), and GO analysis of selected

2DE spots (Panel C).
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Figure 3 — Venn diagram of 2DE and shotgun identified proteins (trypsin and chymotrypsin). Graphical pie charts and color coding
indicate the metabolic pathways of the identified proteins. The Venn diagram was created using the R eulerr package. The pie charts

were created using meta-chart (https://www.meta-chart.com/).
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Figure 4 - Amino acid sequence alignment of: A) hevein domains of latex, fruit allergenic class I
chitinases and Morintides; B) allergenic nsLTP and the nsLTP sequences of Rosa chinensis and
Arabis alpina, identified by homogy with in Moringa oleifera leaves. The common sequences are
showed in blue gradient range according to the homology degree. The effective epitopes are
represented in continuous line boxes, whilst interesting homologies (> 6 residues) are represented

as dashed boxes.
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Figure S — Phylogenetic trees are representations of multi sequence alignment between proteins of interest and well-known allergens.
Panel A) Chitinase and Morintides. Morintide mO2 shows the highest sequence homology (H) and similarity (S) with the main fruit-
latex allergens (Prs a 1: H= 60.5%, S= 76.7%; Cas a 5: H= 60.5%, S= 74.4%; Mus a 2.0101: H= 55.8%, S= 69.8%); Panel B) ns-

LTPs.
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Table caption

Table 1 — Putative allergens recognized through Allermatch and AllerCatPro softwares during

in-silico analyses.

Putative Allergen In-Silico Tool Comments

AllerCatPro  Allermatch™
RuBisCO 4 x Spi 0 Rubisco (Allergome)
ATP Synthase 8 v x P85446 (Uniprot — Unpublished data)
Morintides (mO1 and v v Hev b 6.02 (WHO/IUIS)
mO2)

nsLTPs v v Rub i 3 (WHO/IUIS)
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Supplementary tables captions

Table S1 — Densitometry data of SDS-PAGE of MPF (Figure 1) obtained using the Gel

Analyzer software (v.19.1).

Table S2 — List of proteins identified by HR LC-MS/MS analysis of selected spots in 2DE gel.

Table S3 — Pyrogallol assay for the high-sensitive protein quantification for the different

methods of solubilization of MPF.

Table S4- List of proteins identified by HR LC-MS/MS analysis of the tryptic hydrolysed MPF

solubilised in Urea/Thiourea buffer.

Table SS — List of proteins identified by HR LC-MS/MS analysis of the tryptic hydrolysed MPF

solubilised in guanidine hydrochloride buffer.

Table S6 - List of proteins identified by HR LC-MS/MS analysis of chymotryptic hydrolysed

MPF solubilised in Urea/Thiourea buffer.

Table S7 - List of peptides identified by HR LC-MS/MS analysis of the tryptic hydrolysed MPF

solubilised in Urea/Thiourea buffer.

Table S8 - List of peptides identified by HR LC-MS/MS analysis of the tryptic hydrolysed MPF

solubilised in guanidine hydrochloride buffer.

Table S9 - List of peptides identified by HR LC-MS/MS analysis of the chymotryptic

hydrolysed MPF solubilised in Urea/Thiourea buffer.
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Table S10 — List of protein/protein families rappresented in the Venn diagram in Figure 3

(obtained using http://www.interactivenn.net/)

Table S11 - List of de novo peptides identified by shotgun analysis of tryptic hydrolysis of MPF
solubilised in Urea/Thiourea buffer. The 20 ALC (indicated in green) top-scoring de novo peptides
were BLAST searched using Uniprot for identification with homologous sequences. Peptides

coloured blue are the morintides, peptides in yellow are the nsLTP.

Table S12 - List of de novo peptides identified by shotgun analysis of tryptic hydrolysis of MPF
solubilised in guanidine hydrochloride buffer. The 20 ALC (indicated in green) top-scoring de
novo peptides were BLAST searched using Uniprot for identification with homologous sequences.

Peptides coloured blue are the morintides, peptides in yellow are the nsLTP.

Table S13 - List of de novo peptides identified by shotgun analysis of chymotryptic hydrolysis of
MPF dissolved in Urea/Thiourea buffer. The 20 ALC (indicated in green) top-scoring de novo
peptides were BLAST searched using Uniprot for identification with homologous sequences.

Peptides coloured blue are the morintides, peptides in yellow are the nsLTP.

Table S14 — Protein allergenicity potential prediction through the AllerCatPro software (v 1.7) of

trypsin hydrolysate.

Table S15 - Protein allergenicity potential prediction through the AllerCatPro software (v 1.7) of

chymotrypsin hydrolysed.

Table S16 — Protein allergenicity potential prediction through the Allermatch™ software of

mO1.

Table S17 - Protein allergenicity potential prediction through the Allermatch™ software of mO2.
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Table S18 — 8-mer search in mO2 through the Allermatch™ software.

Table S19 - 8-mer search in mO2 through the FARRP software.

Supplementary figures captions

Figure S1 — RP-HPLC of MPF soluble in acidified water.

Figure S2 — SDS-PAGE of (1) urea/thiourea solubilised proteins and (2) guanidinium

hydrochloride solubilised proteins.

Figure S3 — Protein/protein families identified after tryptic hydrolysis of MPF urea/thiourea

(TRY U/T _b) and guanidinium hydrochloride (TRY GndHCI b) solubilised proteins.

Figure S4 -. HPLC chromatrographic traces of (A) trypsin and (B) chymotrypsin digested
proteins solubilised in urea/thiourea. SDS-PAGE 1) solubilised proteins; 2) trypsin or

chymotrypsin digests.
Figure SS - Decisional tree for the optimization of MPF’s solubilization.

Figure S6- De-novo sequenced peptides aligned with Morintides. The confidence level of

peptide fragment assignment is reporded in the histogram on the right of the figure.

Figure S7- De-novo sequenced peptides aligned with nsLTP (AOA087H3P3) identified in the
GndHCI b/trypsin. The confidence level of peptide fragment assignment is reporded in the

histogram on the right of the figure.
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Figure S8- De-novo sequenced peptides aligned with nsLTP (AOA2P6R8F4) identified in the
GndHCI_b/trypsin. The confidence level of peptide fragment assignment is reporded in the

histogram on the right of the figure.

Figure S9- De-novo sequenced peptides aligned with nsLTP (AOA087H3P3) identified in the
U/T_b/trypsin. The confidence level of peptide fragment assignment is reporded in the histogram

on the right of the figure.

Figure S10- De-novo sequenced peptides aligned with nsLTP (AOA2P6R8F4) identified in the
U/T_b/trypsin. The confidence level of peptide fragment assignment is reporded in the histogram

on the right of the figure.
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Abstract

Background: This study represents an in-vitro follow-up of a previous bioinformatic prediction
of the allergenicity of Moringa oleifera leaf. The in-silico analysis labelled two proteins as
potential allergens: 1) morintides, because of a high sequence homology with the latex allergen
Hev b 6.02; ii) and non-specific lipid transfer protein (nsLTP), inferred by homology to the

Rosaceae family.

Methods: We performed immune-based assays on Moringa protein extracts, using animal IgG
anti-Pru p 3 (the nsLTP of peach’s skin); and using human sera IgE either from latex or nsLTP
allergic patients. The protein glycan cleavage was additionally performed to remove IgE reactive

carbohydrate cross determinants (CCDs).

Results: Animal IgG did not show the presence of Pru p 3 homologues. Conversely, human sera
IgE analyses reproducibly highlighted an immunoreactive band in patients allergic to nsLTP. On
the other hand, the immunoblotting performed with latex allergic sera showed no specific

immunoreactivity to Hev b 6.02. The removal of CCDs reduced spurious IgE response.

Conclusions: Immune-based assays revealed the imperfection of the current approaches for
allergenicity risk assessment. The nature of the IgE binding observed in this study represents the

subject for future research.
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Abbreviations

CCD: carbohydrate cross determinant

GndHCI b: Guanidinium hydrochloride buffer

MFG-: Moringa food grade protein isolate extracted under non-reducing conditions

MFG+: Moringa food grade protein isolate extracted under reducing conditions

NR: non reduced

PBS: Phosphate-buffered saline

R: reduced

U/T _b: Urea/Thiourea buffer
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1. Introduction

Moringa oleifera leaf has been explored as a novel sustainable nutrition source, benefiting
from its high protein content (14-31.4% on a dry basis) (Nouman et al., 2016), high stress
resistance to extreme conditions (Alhakmani et al., 2013), and low input costs (Sujatha &
Patel, 2017). As part of the safety assessment, it is important to evaluate its allergenic
potential. The preliminary evaluation performed in Chapter 2 of this thesis using
bioinformatics is part of the current “weight-of-evidence” approach applied to the
allergenicity risk assessment of novel dietary protein sources (EFSA, 2010; K. Verhoeckx et
al., 2016). The in-silico assessment identified two proteins, namely morintides and Rosa
chinensis nsLTP with high sequence homology with Hev b 6.02 and Rosaceae nsLTP,
respectively. Within in-silico analyses, bioinformatic tools compare the sequence of the
protein with known allergens. This assessment assigns to each protein a score that relies on
the evaluation of a threshold value (i.e., 35% homology over a sliding window of 80 amino
acids, presence of allergens 6-mers or 8-mers) or on more advanced machine learning

calculations (Fernandez et al., 2021).

However, these bioinformatic tools are based on allergen sequence databases (e.g.,
WHO/IUIS, Compare, Allergome, etc.) and the protein databases (i.e., UniprotKB), which
present strengths (e.g., open source, peer reviewing processes, etc.), but also some
weaknesses. Some of the existing allergen databases are not frequently updated, differ from
each other in terms of nomenclature and inclusion criteria, and some of these offer little
systematic information about the allergens (Radauer & Breiteneder, 2019). Besides, poor gene
sequencing of novel food and the consequent lack of de novo protein sequences limits the in-

silico allergenicity prediction. Consequently, even though bioinformatics generates important

119



Section 1 — Chapter 3 In preparation

information, the election methods in the preliminary evaluation of the allergenic potential of
a novel food remain the in-vitro approach.

As an important step of the in-vitro assessment, specific IgE screening is recommended by
EFSA guidelines aiming to test the possible IgE-cross reactivity of novel proteins with known
allergens when the source of the gene/protein is considered allergenic or there is any
indication of relationship or structure similarity with known allergens (EFSA, 2010).
Considerations include the choices of different IgE binding tests (e.g. Radio or Enzyme
Allergosorbent Assay, Enzyme-Linked Immunosorbent Assay and electrophoresis followed
by immunoblotting with specific IgE-containing sera) and the criteria for serum selection.
Since the sera from clinically well characterised allergic individuals by skin prick test (SPT)
and/or oral food challenge (OFC) are limited in number and quantity, the antibodies raised in
animals are always used for the pre-screening phase. It is noteworthy that the specificity and
affinity of IgE response vary among allergic individuals and a positive IgE binding result does
not necessarily indicate an allergic reaction will occur (K. Verhoeckx et al., 2016).
Additionally, the cross-reactive carbohydrate determinants (CCDs) (mostly found in plants),
binding to IgE, can obscure in-vitro detection of true allergens (Kaulfiirst-Soboll et al., 2011;
Mari et al., 2008; Mari, 2002; Mari et al., 1999). As a result, a previous cleavage of protein
glycans can be considered as a way to minimize the interference from spurious IgE binding
in routine serum tests. Besides, additional assays must be taken into consideration to test not
only the IgE binding capability but also the functionality of novel proteins to act as allergens,
such as the cell-based assays (e.g. basophil degranulation test), and the in-vivo SPT and the
‘gold standard’ for food allergy diagnosis, double-blind placebo-controlled food challenge

(DBPCFC) (EFSA, 2010).
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This paper follows up the in-silico allergenicity predictions made in the previous work by
D’Auria et al., (Chapter 2), by performing an in-vitro pre-screening using allergen-specific
animal antibodies and a confirmatory IgE binding assays using sera of allergic patients. This
study correlated the in-silico results with the in-vitro observations and paved the way for

cellular based assays and preliminary in-vivo evaluations.

2. Materials and methods

2.1. Moringa leaves powder, Pru p 3 and other reagents samples

The M. oleifera leaves were supplied in a dried form by Sud Rienergy S.r.I1. — Favella Group,
Italy (Corigliano Calabro, Cosenza, Italy). Moringa leaves were randomly collected in the
orchard from different plants in the period going from June to September 2019. Intact leaves
were dried under the sun until a constant weight was reached. Afterwards, dried leaves were
powdered in a blender and passed through 250 um sieve to get a thin powder having a
moisture 10 £+ 1%. Samples were stored in amber glass containers, in a dry place at room
temperature, until required. Unless otherwise stated, chemicals were purchased from the
commercial origin (Sigma-Aldrich, Dorset, UK). Ultrapure water was purified using a Milli-
Q ultrapure water system (Millipore, Darmstadt, Germany). Pru p 3 was purified from peach

peel extract as described previously (Gaier et al., 2008).

2.2. Patient sera

Sera from Spanish peach allergic patients was kindly provided by Dr. Maria Ruano Zaragoza
from Hospital General Universitario de Alicante (Valencia) with the approval from the
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research committee ISABIAL (Instituto de Investigacion Sanitaria y Biomédica de Alicante).
The diagnosis of LTP allergy was previously confirmed by assessment of clinical
manifestations, skin prick test and LTP specific IgE. From the patient pool, 7 patients with
Pru p 3 specific IgE levels higher than 2.5 ISU were selected for this project. These patients
were 3 females and 4 males, ranging from 22 to 44 years old (for details see Supporting
information, Table S1). Sera from natural rubber latex allergic patients were got from
Plasmal.ab International (Everett WA, USA). The diagnosis of latex allergy was previously
confirmed by immunocap FEIA. From the patient pool, only those with the highest latex
specific IgE levels were selected for the analyses (patient 1: 17.9 kU/1, male; patient 2: 16.5

kU/1, female) (for details see Supporting information, Table S2).

2.3. Production and solubilisation of Moringa protein fraction (MPF) and of Moringa food grade protein
isolate (MFG)
The Moringa protein fraction (MPF) was extracted from Moringa leaves powder and

solubilised following the procedure of D’ Auria et al., (Chapter 2).

Moringa leaves powder was also treated with a double extraction methodology in order to
produce a food-grade protein isolate (MFG). Moringa leaves were extracted in a 1:5 ratio
(w/v) either with 50 mM Tris-HCI pH 8.8 (MFG-) or with 50 mM Tris-HCI1 pH 8.8 + 10 mM
DTT (MFG+). The mixtures were stirred for 2 h at room temperature and centrifugated at
4000 g for 15 min. After the centrifugation, the supernatants were recovered, and their protein

content was evaluated.
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2.4.  Natural rubber latex protein extraction

The protein extraction from liquid natural rubber latex was performed following the procedure of
Yeang, et al., (2002). Briefly, 50 ml of commercially available liquid latex (purchased in a local
market) was ultracentrifuged at 44,000 g for 1 h (Beckman, Indianapolis, USA). The
ultracentrifugation resulted in 4 main fractions (from top to down): i) rubber particles, ii) lipid
phase, iii) cytosolic protein fraction (C-serum), and iv) the lutoid-body (bottom) fraction (B-
serum). Due to the highest content of proteins, only B and C-sera were collected for the following
analyses. Notably, literature data reported that B-serum is the latex fraction that contain the hevein
allergen Hev b 6.02 (Subroto et al., 1996; Yeang et al., 2002). These fractions were mixed by
vortexing (10 min) and ultrasonicated (20 °C, 10 min) to break the lutoid-bodies and release the

proteins. The latex protein extract was stored at -20 °C until required.

2.5. Protein quantification

Protein quantification of MPF extracts was carried out following D’Auria et al., (Chapter 2). The
protein content of MFG and latex extract was determined using the Biorad RC DC™ kit (Biorad,
Hertfordshire, UK), following the guidelines of the manufacturer. The absorbance was
measured at 750 nm with a spectrophotometer (Oasys UVM 340 — Biochrom Ltd, Cambridge,
UK). The calibration curve was prepared using various concentrations of BSA (0-1.5 mg/ml).

The calibration curve followed the linear equation.

2.6. Protein glycan cleavage by PNGase F
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Moringa leaf food grade protein extracts, latex proteins and purified Pru p 3 were deglycated
by using the PNGase F glycan cleavage kit (Gibco, ThermoFisher Scientific, Hertfordshire,

UK), following the manufacturer’s instructions.

2.7. SDS-PAGE analysis

Samples were prepared for SDS-PAGE by mixing 65 pl of either Moringa or latex extracts
or purified Pru p 3 with 25 ul NuPAGE (LDS) buffer (Thermo Scientific, Hertfordshire,
UK), and either 10 pl 0.5M dithiothreitol (DTT) or 10 ul ultrapure water for non-reduced
samples. Reduced samples (R) were boiled for 10 min while for those non-reduced (NR)
this operation was avoided. The SDS-PAGE was performed on a NuPAGE system equipped
with 4-12% Bis-Tris gels (1 mm % 26 wells, Invitrogen, Groningen, Netherlands), following
the manufacturer’s instruction. Before the separation, reduced and non-reduced samples of
Moringa leaves (10 pg), latex (10 pg) and purified Pru p 3 (1 pg) were loaded in each
corresponding well. The SDS-PAGE was performed both before and after PNGase F glycan
cleavage of samples. SeeBlue™ Prestained Standard (Invitrogen) was used as molecular
weight marker. The separation was conducted at a constant voltage (200 V,350 mA and 100
W) for 35 minutes. SDS-PAGE resolved proteins were fixed for 1 h in fixing buffer (50%
v/v Methanol, 10% v/v Acetic acid), rinsed three times in deionized water for 5 min and
stained for 16 h using Coomassie G-250 stain (Simply Blue Safe Stain, Invitrogen, Paisley,
UK). After being de-stained by rinsing with MilliQ water a few times, the gels were imaged

using Typhoon gel Scanner (Amersham, UK).
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2.8. Animal IgG and human sera IgE immunoblotting

Electrophoresis resolved proteins were electroblotted onto nitrocellulose membrane at 15
V, 350 mA for 15 min, using a Trans-blot SD semi-dry transfer cell (Biorad, Hertfordshire,
UK) as previously described (Smith et al., 2015). The nitrocellulose membrane was blocked
for 1 h at room temperature with 5% (w/v) skim milk powder in washing buffer (1x PBS,
0.05% Tween 20, pH 7.4). After extensive washings with washing buffer (4 x 5) min the
membrane was incubated with anti—Pru p 3 rabbit polyclonal IgG (produced in UNIMAN
— Manchester, UK) diluted 1:5000 (v/v) in the antibody (Ab) dilution buffer [2.5% (w/v)
skim milk powder in washing buffer] under mechanic agitation at 4 °C for 16 h. The
membrane was rinsed 4 x 5 min with washing buffer and incubated 1 h with monoclonal
goat anti-rabbit IgG conjugated with alkaline phosphatase (AP) (ThermoFisher Scientific,
Hertfordshire, UK), diluted 1:5000 (v/v) with antibody dilution buffer. The membrane was
rinsed with washing buffer (4 X 5 min) before staining. The staining was obtained with the
addition of the substrate (1-StepTM NBT/BCIP, Thermo scientific, USA, cod. 34042) for

10 min.

Blots were also developed using human sera [diluted 1:10 (v/v) in antibody dilution buffer]
followed by several washing steps and by reaction with horseradish peroxidase (HRP)-
conjugated mouse anti-human IgE antibody (SouthernBiotech, Alabama, USA) as
previously described (Downs et al., 2016). The bound antibodies were revelated by using a
chemiluminescent substrate (Pierce SuperSignal™ West Dura Extended Duration
Substrate). The membranes were imaged with equal exposure time using GeneGnome
(Syngene, Cambridgeshire, UK). For the secondary antibody only control, antibody dilution

buffer instead of the primary antibody was used in both IgG and IgE immunoblotting.
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2.9. ELISA Immunoassays

The indirect and inhibition ELISA were performed using rabbit anti-Pru p 3 antibodies. The

assay is described in detail in the Supporting information 1.1.

3. Results and discussion

As a novel protein source with high biological value, in our previous work we assessed in-silico
the potential allergenicity of Moringa oleifera leaf. Among identified proteins, Morintides (mO1
and mO?2) share a high degree of homology with Hev b 6.02, a major contact allergen from Hevea
brasiliensis, suggesting their possible allergenicity. In addition, through homology mass
spectrometry (MS) we identified the food panallergen nsLTP family. Although nsLTP of Moringa
leaf has not been sequenced so far, the peptides we identified through MS, mapped a segment of
an nsLTP inferred to Rosaceae family, which among nsLTPs are the most represented allergens
(e.g., Prup 3,Mald 3, Rubi3, etc.) (Borges et al., 2006). For these reasons, we decided to perform
in-vitro evaluation involving nsLTP and latex allergic patients. In addition to providing other
information about the allergenicity potential of Moringa leaf, these data will also serve to rank the

reliability of the previous in-silico allergenicity predictions.

3.1. Production of protein isolates from Moringa oleifera leaves powder and natural rubber Latex
Two typologies of Moringa protein isolate were assayed in this study. The first was a phenol-based
extract while the second was an extract obtained using 50 mM Tris-HCI (with and without DTT

as the reducing agent). In view of producing a novel ingredient from Moringa leaves, the second
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extraction, defined as “food grade” mimicked the industrial conditions of isolated protein
preparation close to reality. Before the analysis, the phenol-based extract was solubilised in
urea/thiourea buffer (U/T_b) or guanidine hydrochloride (GndHCI b) to reproduce the condition
described in D’ Auria et al., (Chapter 2).

The protein concentration determined by D’ Auria et al., was used to prepare the solutions used for
the immune-based analysis to work at equal concentration of protein sample. The protein
quantification of food-grade extract obtained under reducing and non-reducing conditions (MFG+
and -) reported a protein extraction of 7.2 mg/g of dry leaves powder and 5.2 mg/g dry leaves
powder, respectively. The addition of a reducing agent such as DTT increased the extraction of
proteins from Moringa leaves powder by about 40%. The combination of the C and B serum
fractions of latex extracts showed a protein concentration of 13 mg/ml of extract corresponding to
1.3 mg/ml of latex. This result is far below literature values of about 36 mg/ml of C and B serum
mixture (Yeang et al., 2002). This loss of proteins is possibly due to the nature of the latex; in fact,
unlike the Yeang study, which analysed raw fresh latex, our investigation was based on
commercially available latex, which generally undergoes processing steps like ammonia addition

and partial vulcanisation that may cause to protein losses.

3.2. SDS-PAGE analysis of MPF and MFG

As previously stated in D’ Auria et al., (Chapter 2), MPF is better solubilised in the Urea/Thiourea
buffer than in the guanidinium hydrochloride (Figure 1, panel A) and showed the typical
electrophoretic profile of leaf proteins extracted with phenol (Wang et al., 2016). Although the
food-grade protein isolate (MFG) was blurrier due to the presence of co-extracted polyphenols and

polysaccharides, the protein profile appeared more complex than the MPF (Figure 1, panel D).
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The MFG profile showed greater number of electrophoretic bands below Mr ~ 50 kDa than the
MPF. On the other hand, the MPF appeared to be more selective for some proteins with the
presence of aggregated proteins (Mr >200 kDa). The electrophoretic profile of the proteins
extracted with reducing agent was like the profile of proteins reduced after the extraction (Figure
1, panel D). New bands can be seen in the region between Mr ~ 60-40 kDa and Mr ~ 6 kDa. These
bands may be polypeptides arose from higher molecular weight proteins after the reduction of the
disulphide bonds. Interestingly, the MFG-R showed a unique band at Mr ~ 9.4 kDa, while MFG+R
had a unique faint band at Mr ~ 12.3 kDa (Figure 1, panel D). Interestingly, the band at Mr ~ 9.4
kDa after glycan cleavage was more pronounced (Figure 2, panel C) suggesting the possible

presence of additional deglycosylated polypeptides with similar molecular mobility.

3.3. Anti-Pru p 3 animal IgG immunoblotting and ELISA assays

The results of immunoblotting using polyclonal rabbit anti-Pru p 3 IgG, showed no response for
MPF and MFG (Figure 1, panel B and E).

The presence of Pru p 3 analogous in MFG extracts was also investigated using ELISA assays.
MPF samples were excluded since the presence of urea or guanidinium hydrochloride in the
extracts could produce specious results. Both indirect and competitive ELISA did not show any
significant response attributable to the presence of Pru p 3 analogues in Moringa extracts. Even if
in the competitive ELISA, MFG showed lower absorption than the blank, this cannot be attributed
to the presence of a reactive protein since the absorbance did not decrease with the increasing
concentration. This feature indicates a higher background of the moringa extract compared to the

blank buffer.
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3.4. Human sera IgE immunoblotting of MFG before and after PNGase F glycan cleavage

3.4.1. Sera of patients allergic to nsLTP

Confirmatory human IgE assays were performed using from sera of nsLTP allergic patients. The
results of immunoblotting using sera of nsLTP allergic subjects showed IgE binding in five
patients out of seven. Particularly, a generalized IgE binding in the region of high and medium
molecular weights (Mr > 198 to 20 kDa) was observed in patients 13 and 9 (Figure 2, panel B).
This phenomenon was also observed in the positive control (purified Pru p 3) even if to a lower
extent. A more specific IgE binding was evident for patients 12, 14 and 15, with a single band was
recognised. This band was located at approximately Mr ~ 9.4 kDa in the profile of the MFG- R.
Even if this region is typical of nsLTPs (Skypala et al., 2021), the presence of other IgE reactive
polypeptides, different from nsLTP, cannot be ruled out. Curiously, this IgE response could be
observed only in MFG-R, suggesting the presence of a reactive polypeptide released after
reduction of disulphide bonds. Further investigations are required to confirm the identity of this
polypeptide and unveil its IgE reactivity.

The IgE binding found in patients 9 and 13 could be non-specificities, attributable to CCDs or to
a high level of total IgE derived from possible poly sensitisation to inhalant allergens (Jensen-
Jarolim et al., 1998). For this reason, immunoblots with sera of patients 9 and 13 were repeated
after deglycosylation with PNGase F (Figure 2, panel D). Despite the PNGase F glycan cleavage
did show an impact in reducing non-specific IgE bindings in patients 9 and 13, it did not abolish
the overall trend. Newly bands could be detected in the region of 28-17 kDa in patent 9. This was
likely due to the remotion of steric hindrances due to glycans, which could have impeded the

binding of the immunoglobulin before. Interestingly, after the PNGase F treatment, the specific
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reactive band at Mr ~ 9.4 kDa observed in the other patients could be detected also in patient 9

(Figure 2, panel D).

3.4.2. Sera of patients allergic to Latex

Chapter 2 highlighted a high structural similarity between Morintides and hevein (Hev b 6.02).
For this reason we expected an IgE reactivity around Mr ~ 4.7 kDa, which represent the
characteristic molecular mobility of the hevein (Yeang et al., 2002). Remarkably, this reactivity
has not been shown neither before nor after glycans cleavage (Figure 3). However, for the latex
allergic patients, the overall western blotting exhibited a broad range of IgE reactivity. Even in this
case, this could suggest the presence of CCDs or inhalant allergy among the patients.

The IgE binding profile differed significantly across the two patient sera. Patient 1 showed faint
reactive bands after reduction in the region of Mr 49-62 kDa. The profile changed when proteins
were reduced, as expected. After the glycans cleavage, IgE binding in patient 1 changed with an
overall fainter immunoreactivity in the region of Mr 49-62 kDa and a newly faint band around Mr
~ 11 kDa corresponding to the latex IgE band (Figure 3, panel B). The positive control exhibited
a specific IgE binding at Mr ~ 11.4 kDa under reducing and non-reducing conditions (Figure 3,
panel B).

Patient 2 had a more complex and intense IgE binding profile with several bands reacting before
and after reduction (Figure 3, panel A). Particularly, IgE bands could be observed after reduction
around 28 kDa and above 62 kDa (Figure 3, panel A). The deglycosylation did not significantly
change the immunoreactivity profile except for a band in the region of 38-49 kDa that was absent
in the proteins extracted under reducing conditions (Figure 3, panel B). Likewise patient 1, the

PNGase F treatment released an immunoreactive band at Mr ~ 9.6 kDa suggesting a specific IgE
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binding to a potentially glycosylated polypeptide. Differently from Patient 1, with a specific IgE
binding reactivity at 11 kDa, the positive control in patient 2 exhibited a broad IgE binding profile
raging from Mr > 6 to 49 kDa.

Despite the collected evidence, the analyses suffer from two limitations. The sera were purchased
with no indication about the specific latex allergen to which patients reacted. The latex extract
used as a positive control was obtained from partially processed commercial latex, therefore may
not contained Hev b 6, challenging the research of this specific allergen in MFG extracts. Further

analyses using either fresh raw latex or purified hevein are required to refine the analysis.

4. Conclusions

This study highlighted two important aspects that should be considered during the preliminary
allergenicity risk assessment: i) the use of animal IgG alone to pre-screen the presence of a
potential allergen in complex matrices is not useful as a stand-alone; i1) bioinformatics prediction,
although important, cannot be more than subsidiary in the overall preliminary phase of
allergenicity risk assessment. Screening with target serum the protein extracts is essential to
discover the presence of IgE reactive proteins. Besides, the inclusion of different types of controls
in the experimental plan is crucial in preventing the specious assignation of allergenicity to non-
allergic proteins. In this case, non-specific binding between IgE and CCDs could be found in
Moringa proteins, indicating spurious IgE responses. Moreover, the analysis of proteins reduced
and non-reduced is important to understand about the protein structure and the type of epitope
involved in the IgE binding.

Our study demonstrated that CCDs may contribute to the overall IgE reactivity, although not to a

great extent. Future investigations should confirm the nature of the peculiar polypeptide found in
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the MFG-R profile and of its IgE reactivity. The next step is a further in-vitro investigation of the
allergenicity potential of MFGs through IgE ELISA using patient sera and histamine release
assays. These analyses should be coupled with clinical in-vivo assays such as SPT, or preferable,

DBPCFC.
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Figure 1. Animal IgG Immunoblot and ELISA of moringa leaf extracts developed with anti-Pru p 3 antibody preparation.

1) SDS-PAGE and immunoblotting. Moringa proteins were extracted in either phenol (A, B, C) or in 50 mM Tris pH 8.8 (D, E,
F). Samples of the SDS-PAGE (A and D), the immunoblots using rabbit anti-Pru p 3 IgG (B and E) and 2" antibody only
control (C and F) were loaded as following: Lane 1 and 4: Purified Pru p 3; Lane 2: Moringa protein extracted in phenol and
solubilised in GndHCI_b; Lane 3: Moringa protein extracted in phenol and solubilised in U/T_b; Lane 5: Moringa protein extracted in
50 mM Tris pH 8.8 without DTT, non-reduced; Lane 6: Moringa protein extracted in 50 mM Tris pH 8.8 without DTT, reduced; Lane 7:
Moringa protein extracted in 50 mM Tris pH 8.8 with DTT. Bb: Bromophenol blue

Il) ELISA for rabbit anti-Pru p 3 IgG reactivity to Moringa extracts. G) Indirect ELISA using plates coated with purified Pru p 3 (-e-
), Moringa extracted with DTT (Moringa DTT+) () and without DTT (Moringa DTT-) (&). Control (@) used PBST instead of primary
antibody; H) Inhibition ELISA using plate coated with purified Pru p 3. Control (-e) was done as 0 pg/mL inhibitor.
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Figure 2. Immunoreactivity of Moringa food grade isolated proteins (A, B) and those proteins after PNGase f
deglycosylation (C, D) using sera from patients (PT) allergic to nsLTP. M: molecular standards, PRU: Pru p 3,
MFG: Moringafoodgrade proteinisolate, PRU’: Pru p 3 after PNGase F deglycosylation; MFG’: Moringa food
grade proteinisolate after PNGaseF deglycosylation. R: reduced, NR: non-reduced. The samples of moringa
were loaded as following:

Lane 1: Moringa protein extractedin 50 mM Tris pH 8.8 without DTT, non-reduced;

Lane 2: Moringa protein extractedin 50 mM Tris pH 8.8 without DTT, reduced,;

Lane 3: Moringa protein extractedin 50 mM Tris pH 8.8 with DTT, reduced.

Bb: Bromophenol blue
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Figure 3. Immunoreactivity of Moringa food grade isolated proteins (A) and those proteins after PNGase f deglycosylation (B)
using sera from patients (PT’) allergic to latex. M: molecular standards, LAX: Latex, MFG: Moringa food grade protein isolate,
LAX': Latex after PNGase F deglycosylation; MFG’: Moringa food grade proteinisolate after PNGaseF deglycosylation. R: reduced,
NR: non-reduced. The samplesof moringawere loaded as following:

Lane 1: Moringa protein extracted in 50 mM Tris pH 8.8 without DTT, non-reduced;

Lane 2: Moringa protein extractedin 50 mM Tris pH 8.8 without DTT, reduced;

Lane 3: Moringa proteinextracted in 50 mM Tris pH 8.8 with DTT, reduced.

Bb: Bromophenol blue
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Supporting information
1. Methods

1.1 Immunoassay

Inhibition ELISA was carried out similarly as described in Toda et al., (2011) with a few
modifications. In brief, flat-bottom 96 well plates (Nunc MaxiSorp, Thermo Scientific,
Waltham, USA) were coated with purified intact Pru p 3 (10 pg/mL) diluted in 1X PBS (pH
7.4) at 4 °C for 16 h. Plates were washed with washing buffer (0.05% Tween 20 in 0.01 M
PBS, pH 7.4) and blocked with 0.1% BSA in 0.01 M PBS, pH 7.4 for 2 hours at 37 °C. A
volume of 50 pl of diluted animal IgG rabbit anti Pru p 3 (1:5000 v/v) was incubated at 37
°C for 1 hour with serial dilutions of intact Pru p 3 and MFG extracts (0.00001 to 10 pg/ml).
Inhibition with 0.01 M PBS buffer only served as a negative control. To plates were added
100 pl/well of the Ab-protein extracts mixture and incubated overnight at 4 °C. IgE binding
was determined by incubating for 1 hour at 37 °C with 1:5,000 goat anti-rabbit IgG antibody
conjugated to horseradish peroxidase (HRP) (Southern Biotech, Cambridge, UK) (100 uL).
The substrate used was 3,3',5,5'-tetramethylbenzidine (TMB) (ThermoFisher Scientific,

Hertfordshire, UK).

For the indirect ELISA assay, a 96-wells plate were coated overnight (16 h) at 4 °C with 10 pug/ml
of purified Pru p 3 (positive control) and of MFG (+ and -) dissolved in 1X PBS buffer (test
samples). The wells were washed four times with the ELISA washing solution (0.05% Tween 20
in 0.01 M PBS, pH 7.4) and blocked in 0.1% BSA in 0.01 M PBS, pH 7.4 for 2 hours at 37
°C. Afterwards, dilution from 1:1000 to 1:100000 (v/v) of the first animal antibody (IgG Rabbit
anti-Pru p 3) were loaded into the wells and made react overnight (16 h) at 4 °C. The wells were

washed four times with the washing solution and then a dilution of 1:5000 (v/v) of the second
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antibody (goat anti-rabbit HRP conjugated) was added to each well. The reaction was conducted
for 1 h at 37 °C. The development was performed adding to each well 100 pl of 1 StepTM Turbo
TMB-ELISA reactive (Thermo scientific, USA). The plate was incubated in dark for 30 minutes

at room temperature (20°C).

For both inhibition and indirect ELISAs, the reaction was stopped with 1 M hydrochloric
acid and absorbance was measured at 450 nm on a spectrophotometer (Oasys UVM 340 -
Biochrom Ltd, Cambridge, UK). Results were analysed with GraphPad Prism 9 adjusting

the curve to a sigmoidal model from.

Supplementary tables

Table S1. Summarised information for patients allergic to LTP. Patient data includes
gender, age, grade of symptom severity according to Hugh Sampson’s classification, LTP
sIgE concentration and sIgE levels upon Pru p 3 exposure. (ISU= ISAC standardised units,
M= male, F= female). R, rhinitis; A, asthma.

. LTP sIgE Aero
Patient Age Pru allergy
Gender sIgE
No. (Years) KU/) p3 related
(ISU) symptoms
9 M 34 13 5.10 R; A
10 F 31 6 4.58 R
11 M 22 6 4.16 R
12 M 28 0 3.85 R
13 M 30 9 3.73 R; A
14 F 44 6 2.96 No
15 F 26 0 2.56 R
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Table S2. Summarised information for patients allergic to latex. Patient data includes
gender, age, sIgE concentration and sIgE levels upon latex exposure. M= male, F= female.
n.a. not available.

Patient No. 1 2
Gender M F
Age (Years) 52 41

Allergen sIgE (KU/)

Latex 17.9 16.5
Almond 12.2 n.a.
Cherry 0.89 n.a.
Soybean 4.14 n.a.
Tomato 4.13 n.a.
Shrimp n.a. 24.7
Carrot n.a. 31.7
Common ragweed n.a. 5.54
Celery n.a. 15.9

Total IgkE (IU/mL) 5662 n.a.

Banana; melons;
avocado; papaya,;
tomatoes

Avocado; Raw

Self-reported allergies vegetables and nuts
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SECTION 2

An innovative hybrid cereal: Tritordeum

Tritordeum is a hexaploid (AABBHchHch) hybrid derived from crossbreeding Hordeum chilense,
with durum wheat. This grain represents an innovative crop and has been described to be resistant
to abiotic stress and to present good bread-making flour comparable to those of soft wheat (Martin
et al., 1999). The allergenicity and celiacogenic assessment of tritordeum flour is challenged by
the contribution availability of several cultivars, hybridised with diverse Hordeum chilense and

Triticum durum parents. Little proteomic characterisation of the cultivars is available in literature.

Seeds allergens

The major seeds’ allergens belong to the prolamin superfamily (See Introduction to Section 1).
Among the proteins belonging to the prolamin superfamily, trypsin and a-amylase inhibitory
proteins (i.e., Tri a 28 and Tri a 29) are among the most important allergen in seeds, especially in
wheat, barley and rice grains and in mung and soybean seeds (Nakase et al., 1996). This type of
proteins are implicated in baker’s asthma (wheat, barley, and rye), sometimes of wheat-dependent
exercise-induced anaphylaxis (WDEIA) or in food anaphylaxis (Pastorello et al., 2007; Salcedo et
al., 2003; Strobl et al., 1995). Wheat prolamins such as nsLTP (Tri a 14), a-gliadins (Tri a 21), y-
gliadins (Tri a 20), fast o-gliadins (especially Tri a 19, Glia-»5), and glutenins (Tri a 26 and 36),

may also be responsible for baker’s asthma, cereal hypersensitivity, anaphylaxis and WDEIA
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(http://allergen.org/search.php?allergenname=tri+a+&searchname=Search) (Cianferoni, 2016;

Morita et al., 2003; Sandiford et al., 1997).

Cocliac disease

It is possible for food intolerances to be immune-mediated as well as non-immune-mediated. As a
non-immune response after ingestion of food, food intolerance manifests allergy-like symptoms
(Ortolani & Pastorello, 2006). The condition is caused by enzyme deficiencies, pharmacological
reactions, and responses to toxic or irritating components in foods. Globally, experts estimate that
5% - 6% of adults suffer from food intolerance, and that percentage ranges from 0.3 % to 20 %
among infants and young children. Coeliac disease (CD), an enteropathy not mediated by IgE, is
the most widely documented immune-mediated food intolerance, believed to affect 0.5 to 1% of
people in Western countries (Choung et al., 2017). CD results from a complex interplay between
a strong genetic component, immunological, and environmental factors. Almost all CD patients
carry specific variants of the human leukocyte antigen (HLA) class II genes HLA-DQA1 and
HLA-DQBI. Together, these two genes encode the two chains (a and ) of the coeliac-associated
heterodimer proteins DQ2 and DQS, which are expressed on antigen-presenting cells. About 90%
of coeliac disease patients carry DQ2 and most others carry DQS. Even if patients with coeliac
disease usually carry HLA-DQ2, HLA-DQS8, the 40% of healthy people from the Americas,
Europe, and southeast Asia possess these alleles, indicating that these genes are not sufficient for
the development of coeliac disease (Lebwohl et al., 2018).

Rich in glutamines and prolines, gluten is incompletely digested by gastric and duodenal proteases
and by brush border membrane peptidases. This reflects in the presence of long peptides, which

enter the lamina propria of the small intestine, triggering the response of the adaptive immunity.
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This response depends on deamidation of gliadin fraction by tissue transglutaminase (tTGase) that
represents the main autoantigen in CD (Dieterich et al., 1997). Deamidation increases the
immunogenicity of gliadin, facilitating the binding to the HLA-DQ2 or HLA-DQ8 molecules on
the antigen presenting cell (Volta et al., 2008). Gliadins are then presented to gliadin reactive
CD4+ T cells. Once again, some studies have shown that specific gliadin peptides activate innate
immune cells, such as macrophages, dendritic cells, and cytotoxic intraepithelial lymphocytes, or
to induce a direct toxic effect on enterocytes (Gianfrani et al., 2005; Sollid, 2000). In celiac
patients, T cells recognized mostly a-gliadins peptides, whereas y-gliadins and glutenins are much
less recognized (Arentz-Hansen et al., 2000). Probably, this occurs because a-gliadin contains a
33-mer (Glia-a 57-89) fragment resistant to digestion, which contains a cluster of epitopes (Ozuna
etal., 2015). Binding to chemokine receptor 3, alpha-gliadin motifs can modulate intestinal barrier
functions by provoking the release of zonulin, which disassembly the interepithelial tight junction.
This disassembling allows toxic peptides to penetrate the lamina propria, triggering CD
enteropathy (Paterson et al., 2007).

The symptomatology around coeliac disease is divided into intestinal and extra intestinal. The most
common intestinal symptoms comprise diarrhoea, loss of appetite, abdominal pain, and vomit.
This symptomatology is, however, quite rare (Lebwohl et al., 2018). Extra-intestinal symptoms
are more frequent; they include iron deficiency microcytic anaemia, deficiency of folic acid,
osteoporosis, growth retardation (in children). The clinical strategies to diagnose CD comprise the
evaluation of the presence of HLA-DQ2/8, the titration of anti tTGase IgGs, anti endomysial
antibodies, and IgG-deamidated gliadin peptide (Caio et al., 2019). However, the intestinal damage
(i.e., villous atrophy) can only be detected with duodenal biopsy, which represents the gold

standard in CD diagnosis so far (Glissen Brown & Singh, 2019).
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To date, the only solution for patients with CD is a strictly gluten-free diet.

In vivo studies suggested the suitability of tritordeum bread in the diet of subjects affected by non-
celiac gluten sensitivity (Vaquero et al., 2018). We demonstrated substantial differences in protein
expression and immunoreactivity across two tritordeum cultivars. This suggests the need for a
wider proteomic study including more varieties of tritordeum, aiming at selecting the cultivars

with best technological and nutritional characteristics.
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ARTICLE INFO ABSTRACT

Keywords: Wheat, an essential ingredient for several bakery preparations, is also responsible for gluten-related diseases in
Soft wheat sensitive subjects. The effect of the N fertilization rate (80 vs 160 kg N ha™') on gluten protein expression profile
T"‘_“’rde“m has been evaluated considering two soft wheats (landrace and modern) and one tritordeum cultivar (cv), grown
5 o in the same experimental field in North Italy. The proteins of refined flour were characterized through advanced
Gliadins 4 > s . .

Glisteeiiia proteomic approaches, including chromatography (RP-HPLC) and electrophoresis. A static model system was

Toxic epitopes used to simulate in vitro digestion and the digestome peptides were examined by mass spectrometry and in silico
Allergens approaches, to investigate the celiac and allergenic sequences. The CD-toxic epitopes in the digested samples
were quantified by means of a RS ELISA assay.

The N fertilization rate increased the grain protein content, but it did not lead to any difference in gluten
composition, with exception of glu/glia ratio in the modern wheat cv. Moreover, the gluten composition and the
occurrence of toxic/allergenic epitopes varied to a great extent, according mostly to the genotype. A lower
immunoreactivity, determined using R5 ELISA, was detected for the digested tritordeum flours than for the
landrace (-51%) or modern (-58%) cvs, while no significant difference was observed for the N rates between each
genotype. In silico analysis showed that tritordeum has fewer CD epitopes belonging to the @-gliadins and a lower
LMW-GS than the landrace or modern cv. Tritordeum presented fewer a-gliadin allergenic epitopes than the
modern wheat cv. The lower frequency of celiac epitopes in tritordeum, compared to the old and the modern
wheat, is probably due to the absence of a D genome.

1. Introduction an improved bread-making potential, a more balanced glutenin/gliadin
(glu/glia) ratio and a higher high molecular weight glutenin (HMW-GS)
The quality of soft wheat (Triticum aestivum L. subsp. aestivum) flour / low molecular weight glutenin (LMW-GS) ratio (Dhaka & Khatkar,

influences the organoleptic and structural properties of the final prod- 2015) than wheat landraces (AABBDD) (local ecotype) or old wheat
ucts to a great extent. Modern hexaploid wheats (AABBDD) are products varieties, which have been cultivated since before the second half of the
of breeding processes that were aimed at producing cultivars (cvs) with XX° century (Migliorini et al., 2016). A new cereal, tritordeum (x

Abbreviations: cvs, cultivars; glu, glutenins; glia, gliadins; HMW-GS, high molecular weight glutenins; LMW-GS, low molecular weight glutenins; GS, glutenin
subunits; GPC, grain protein content; CD, celiac disease; NCGS, Non-Celiac Gluten Sensitivity; CPVO, Community Plant Variety Office; TW, test weight; TKW,
thousand kernel weight; NIR, Near Infrared Reflectance; ACN, acetonitrile; 1-PrOH, propan-1-ol; EtOH, ethanol; AmBic, ammonium bicarbonate; SSF, simulated
salivary fluid; SGF, simulated gastric fluid; SIF, simulated intestinal fluid; TCA, trichloroacetic acid; DTT, dithiothreitol; IAA, iodoacetamide; SDS, sodium dodecyl
sulfate; Tris-HCl, tris(hydroxymethyl) aminomethane hydrochloride; EDTA, ethylenediaminetetraacetic acid; TFA, trifluoroacetic acid; TAME, p-toluenesulfonyl-L-
arginine methyl ester; TPI, total protein isolates; 2-DE, 2-sulfanylethanol, two-dimensional electrophoresis; IPG, immobilized pH gradient; IEF, Isoelectrofic focusing;
LIT, nano-ESI-linear ion trap; GID, gastrointestinal digested; Gln, glutamine; MW, molecular weight; OGD, oral, gastric and duodenal phases; WDEIA, wheat-
dependent exercise-induced anaphylaxis.
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Tritordeum martinii A. Pujadas, nothosp. nov.) (AABBHchHch), has
recently received a great deal of scientific and commercial attention
(Ribeiro et al., 2016; Vaquero et al., 2018). This amphiploid species,
which is derived from the crossing of a South American wild barley
(Hordeum chilense Roem. et Schultz.) and a durum wheat (Triticum tur-
gidum L. subsp. durum Desf.), has been described as a good bread-making
flour, with similar performances to those of soft wheat, and it has found
its way into the baking industry (Martin et al., 1999).

Gluten, from a food technology perspective, is the main player in
bread making, as it represents around 60% of the wheat proteome
(Fiedler et al., 2014). Gluten can be subdivided, according to the
Osborne classification, into 2 main fractions with the following sub-
fractions : water-soluble non-prolamins, albumins and globulins; and
prolamins, alcohol-soluble gliadins and polymeric alcohol-insoluble
glutenins (Mamone et al., 2000). Monomeric gliadins are classified, on
the basis of their electrophoretic mobility, into 3 fractions: -, y- and
w-gliadins. The polymeric glutenin subunits (GS) cover a wide range of
molecular weights, and are conventionally classified as LMW-GS (12-60
kDa) or HMW-GS (up to 120 kDa) (Mamone et al., 2000). The rheo-
logical properties of the flour depend on the quality and the quantity of
the gluten and in particular on the glu/glia and HMW-GS/LMW-GS ra-
tios. A large amount of gliadins increases the viscosity of a dough,
thereby influencing its extensibility, while a greater quantity of glu-
tenins enhances the strength of the dough, thereby influencing its elas-
ticity (Plessis et al., 2013). Gluten strength is defined by considering the
composition of the gluten proteins, the quantity of the HMW glutenin
subunits and the glu/glia ratio (Johansson et al., 2001).

The meteorological and soil conditions, the type of cv and the
different nitrogen rates are all factors that qualitatively and quantita-
tively modulate the flour protein profile (Godfrey et al., 2010). The
environmental conditions can influence the grain protein content (GPC)
to a greater extent than the cv (Wan et al., 2013). Moreover, N fertil-
ization is a crop technique that is expected to quantitatively change the
GPC and the rheological properties of the derived flour (Garrido-Les-
tache et al., 2004).

The mapping of gluten expressed proteins is fundamental to assess
the technological quality of different cereal species and cvs (Cho et al.,
2018). Gluten proteins can cause inflammation of the small intestine in
subjects affected by celiac disease (CD), which is a common autoimmune
enteropathy of the small intestine, whose prevalence has risen in the last
50 years and today affects about 1% of Western populations (Lebwohl
et al., 2015). The pathogenesis of CD begins with the gluten digestion
derived peptides, which are transported throughout the microvilli and
trigger an immune response of the T-cells (Dunne et al., 2020). CD
disease has multifactorial etiologies, including the interaction of genetic
factors in susceptible individuals (HLA-DQ2 or -DQ8 haplotype), envi-
ronmental components and immunological mechanisms (Kagnoff,
2007). Non-Celiac Gluten Sensitivity (NCGS) is a “new” condition that
has emerged in recent years, and it affects up to 6% of the world’s
population (Casella et al., 2018). Its diagnosis is a challenging task as it
requires the clinical exclusion of CD and wheat allergies, and the
symptoms are hard to distinguish from those of the irritable bowel
syndrome (Casella et al., 2018). The triggering causes are not clear and
require further investigation. Tritordeum bread was recently found to be
tolerated by subjects with non-coeliac wheat sensitivity (NCWS) to a
similar extent to gluten free bread (Sanchez-Leoén et al., 2021). Extensive
characterization studies, including proteomics and immunobased ap-
proaches, aimed at identifying the epitopes and toxic motifs responsible
for triggering allergic and toxic reactions, are necessary. An extensive
collection of known epitopes is available in the ProPepper™ database
(Juhasz et al., 2015).

A deep understanding of the role of the environmental and agro-
nomical conditions, specifically the choice of cv and N fertilization, on
the gluten composition and expression of specific epitopes, could pro-
vide useful technological information for bread making. In this respect,
the type of selected wheat cv can also make a great difference in the
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consumers’ acceptance of bakery products. In this paper, we present a
proteomic characterization of three types of cereal grains: landrace
wheat, modern wheat and tritordeum. Proteins isolated from grain
flours were profiled using advanced proteomic approaches, including
chromatography and electrophoresis. The flours were digested using an
in vitro batch model to simulate the oral, gastric and duodenal com-
partments of humans. Mass spectrometry was used to create a picture of
the obtained digestome. The collected peptide sequences were analyzed
in silico for the presence of toxic and allergenic sequences. Additionally,
a competitive ELISA analysis was performed on the digestome to eval-
uate any diversification of the immunoresponse related to fertilization
and to the genotype.

2. Materials and methods
2.1. Experimental site and treatments

The effect of the N fertilization rate was evaluated by means of a full
factorial experimental design, considering 2 soft wheat and 1 tritordeum
cvs, characterized by different gluten compositions.

Two N fertilization treatments were compared: a low N rate (80 kg N
ha~!, N80) and a high N rate (160 kg N ha~1, N160). The total N rate for
each treatment was top-dressed applied as a granular ammonium nitrate
fertilizer, split equally between tillering (growth stage 23) and the
beginning of stem elongation (growth stage 32).

The considered genotypes were:

- Landrace, cv Andriolo, which was mainly cultivated in mountain
areas in the Tuscany region (Italy) in the XIX° century, and is a soft
wheat cv (hexaploid AABBDD) (Migliorini et al., 2016);

Modern, cv Bologna (S.1.S., San Lazzaro di Savena, Bologna, Italy;
genealogy (H89092 X H89136) X Soissons), is a soft wheat (hexa-
ploid AABBDD) cv, classified as improver wheat according to the
Synthetic Index of Quality (Foca et al., 2007), which was registered
in the Italian varietal list in 2002 (https://www.sian.
it/mivmPubb/listeVarieta.do);

Tritordeum, cv Bulel (Agrasys S.L., Barcelona, Spain), which was
registered in the CPVO List (Community Plant Variety Office) in
2011 (hexaploid AABBHchHch).

A field study was carried out in the Po plain at Carmagnola in North
West Italy (44° 50’ N, 7° 40’ E; elevation 245 m), in the 2016-17
growing season. The experiment was performed on the University of
Turin experimental farm in a deep silty-loam soil (Typic Udifluvents),
characterized by a medium cation-exchange capacity and organic mat-
ter content.

The same agronomic techniques were adopted for all the cvs. Briefly,
the previous crop was soft wheat, and planting was performed in 12 cm
wide rows at a seeding rate of 400 seeds/m? on 27 October 2016,
following an autumn plowing (30 cm) and disk harrowing to prepare a
proper seedbed. The weed control was in accordance with the agro-
nomic management practices usually carried out in the North of Italy for
the cultivation of soft wheat, while no fungicide or insecticide was
applied. Harvesting was carried out with a combine-harvester on 13 July
2017. The N rates (in three replicates) were assigned to experimental
units, using a completely randomized block design. The plot size was 7
x 1.5 m.

2.2. Grain yield and kernel quality traits

The grain yields were obtained by harvesting the whole plot with a
Walter Wintersteiger cereal plot combine-harvester. Grain moisture was
analyzed using a Dickey-John GAC2100 grain analyzer (Auburn, IL, The
USA). The grain yield results were adjusted to a 13% moisture content.
Three kg grain samples, which were milled (Bona 4R 1!1]1i11) to obtain
refined flour, were obtained from each plot.



Section 2 — Chapter 4

V. Landolfi et al.

The test weight (TW), thousand kernel weight (TKW) and grain
protein content (GPC; N x 5.7, on a dry matter basis) were determined
according to Blandino et al. (2015). GPC was determined on whole
grains (1-mm-sieve Cyclotec mill), by means of NIR (Near Infrared
Reflectance) spectroscopy, according to AACC 39-10 (AACC, 2000).

2.3. Materials and chemical reagents

All the reagents used in this study were of analytical or higher grade.
The HPLC-grade solvents: water, acetonitrile (ACN), propan-1-ol (1-
PrOH) and ethanol (EtOH) were from Carlo Erba (Milan, Italy). Sodium
phosphate, ammonium bicarbonate (AmBic), acetic acid and the other
chemicals, used to produce the simulated salivary fluid (SSF), the
simulated gastric fluid (SGF) and the simulated intestinal fluid (SIF),
were also provided by Carlo Erba. The enzymes used for in vitro human
digestion were purchased from Sigma (St Louis, MO, USA), in line with
those indicated by the Infogest protocol (Brodkorb et al., 2019). Tri-
chloroacetic acid (TCA), dithiothreitol (DTT), iodoacetamide (IAA),
sodium dodecyl sulfate (SDS), glycerol, tris(hydroxymethyl) amino-
methane hydrochloride (Tris-HCl), ethylenediaminetetraacetic acid
(EDTA), guanidine chloride, trifluoroacetic acid (TFA), 2-vinylpyridine
monomer and p-toluenesulfonyl-L-arginine methyl ester (TAME) were
purchased from Sigma-Aldrich (St Louis, MO, USA). Egg lecithin was
purchased from Lipid Products (Redhill, UK). The electrophoresis re-
agents were all from Bio-Rad (Milan, Italy).

2.4. Protein extraction

2.4.1. Production of the total protein isolate

The total protein isolate (TPI) of the wheat samples was produced
according to the procedure of (Dupont et al., 2011). An aliquot of 1 ml of
SDS buffer (2% SDS, 10% glycerol, 50 mM DTT, 40 mM Tris-HCl, pH
6.8) was added to the flour samples (50 mg), which were then incubated
at room temperature with discontinuous mixing for 1 h. The obtained
pellets were removed by centrifugation at 7,900 g for 10 min (Micro-
centrifuge Multispin 12, Steroglass, Perugia, Italy). The proteins in the
supernatant were precipitated with 4 vol cold (-20 °C) propan-2-one,
following incubation overnight at —20 °C and centrifugation at 7,900
g for 10 min. The pellets were dried under a nitrogen stream and stored
at —20 °C.

2.4.2. Selective extraction of the gliadins and glutenins

The protein fractions were extracted according to Mamone et al.
(2000), with slight modifications. The albumins and globulins were
removed from non-defatted flour (1 g) by adding a solution (10 ml)
containing 100 mM KCl, 50 mM Tris-HCI pH 7.8 and 5 mM EDTA, and
centrifuging for 15 min at 3,433 g. After removal of the supernatant, the
gliadins were extracted with 10 ml of 70% (v/v) ethanol (twice) and the
glutenins with 50% v/v 1-PrOH; 50 mM Tris-HCI (pH 8.5); 1% (w/v)
DTT. Glutenin extraction was performed at 60 °C for 30 min. The so-
lutions were mixed for 2 min and stirred on a magnetic plate for 10 min.
The cysteine residues of the glutenin extracts were pyridylethylated (VP
glutenins) at 60 °C for 15 min with 2-vinylpyridine.

2.5. HPLC analysis

Reversed phase (RP)-HPLC analysis of the gliadins and glutenins was
carried out in an HPLC chromatograph (HP 1100 Agilent, Palo Alto, CA,
USA) modular system equipped with a diode array detector. The column
effluent was monitored, by means of UV detection, at A = 220 and 280
nm. The separation was performed using a C8 Vydac, 208TP52, 2.1 x
250 mm, 5 pm column (Hesperia, CA, The USA). Solvent A was 0.1%
TFA v/v in water, while solvent B was 0.1% TFA in ACN. After 5 min of
isocratic elution, using 25% solvent B (0.1% TFA in ACN, v/v), a
25-60% gradient ramp was applied for 60 min at a flow rate of 0.200
ml/min. This procedure was performed according to the work of
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Mamone et al. (2000) with some modifications. The peaks were then
integrated using Agilent ChemStation software to obtain the relative
quantity of both the gliadins and glutenins in each sample.

2.6. SDS-PAGE of the gliadins and glutenins

The glutenins and gliadins obtained from the selective extraction
(section 2.4.2.), were precipitated in cold propan-2-one (1:4 v:v), sus-
pended in an SDS-PAGE Laemmli Buffer [0.125 M Tris-HCl pH 6.8, 5%
SDS, 20% glycerol, 5% (w/v) 2-sulfanylethanol, 0.02% bromophenol
blue and boiled in a water bath for 5 min. The proteins (10 mg/ml) were
loaded onto a 12% polyacrylamide gel in a final volume of 3 pL. Analysis
was carried out at room temperature and constant voltage (100 V). After
migration, the proteins were fixed overnight with TCA (24%) and
stained with Coomassie G-250. The electrophoretic profiles were
analyzed using GelAnalyzer 19.1 software (www.gelanalyzer.com by
Istvan Lazar Jr., PhD and Istvan Lazar Sr., PhD, CSc).

2.7. Two-dimensional electrophoresis analysis of the total protein isolate
(TPD

The TPI was dissolved (3 mg/ml) in an immobilized pH gradient
(IPG) strip rehydration buffer, containing 8 M urea, 2% (w/v) CHAPS,
2% (v/v) Pharmalytes pH 3.0-10.0, 20 mM DTT and traces of bromo-
phenol blue, for two-dimensional electrophoresis (2-DE). The isoelectric
focalisation was performed using pH 3-10 Immobiline Dry Strips (11
cm) linear gradient, from Bio-Rad Laboratories. The strips were rehy-
drated overnight in an Immobiline Dry-Strip Reswelling Tray (Amer-
sham Pharmacia). Isoelectrofic focusing (IEF) was carried out using the
Multiphor II system (Pharmacia Biotech, Uppsala, Sweden). The pro-
teins were focused on up to 15,000 Vh at a maximum voltage of 6000 V
at 20 °C. After focusing, the proteins were reduced for 15 min in an
equilibration buffer (6 M urea, 30% glycerol, 2% SDS, 2% DTT), and
alkylated for 15 min with 2.5% IAA. SDS-PAGE was performed in the
second dimension on a 10% polyacrylamide gel, using a Protean II
system (BioRad Laboratories, Hercules, California, USA). The run was
performed at a constant voltage of 220 V. After migration, the proteins
were fixed overnight with TCA (24%) and stained with Coomassie G-
250.

2.8. In batch gastroduodenal digestion of flour

Flour samples were subjected to in vitro simulated human digestion,
using the static model system optimized in the framework of the Infogest
COST Action project (Brodkorb et al., 2019). Simulated salivary fluid
(SSF), simulated gastric fluid (SGF), and simulated intestinal fluid (SIF)
were prepared according to the harmonized conditions (Brodkorb et al.,
2019). Mastication was simulated using a manual mincer. One g of flour
was mixed with 1 ml of SSF and minced for 2 min at 37 °C. The SSF
included 1500 U mI~! human salivary amylase. SGF was added to the
bolus (50:50 v/v); a concentration of up to a 0.17 mmol/L of gastric
liposome (egg lecithin prepared in a vesicular form) and 2000 U/ml of
SGF porcine pepsin was added to this mixture. The pH of the digesta was
adjusted to 2.7 and the incubation was carried out for 2 h at 37 °C under
magnetic stirring. After adding SIF (50:50 v/v) to the gastric digesta, the
pH was adjusted to 7.0, using NaOH 1 M. Ten mmol/L of bile salts (5
mmol/L sodium taurocholate, 5 mmol/L sodium glycodeoxycholate and
1.8 mmol/L egg lecithin in the final concentration), and pancreatin were
added to the intestinal mixture. The amount of pancreatin was calcu-
lated on the basis of the measured trypsin activity, and a final volume of
up to 100 U of trypsin/ml was added. Trypsin activity was determined
by means of a TAME assay (Brodkorb et al., 2019). Each sample was
incubated for 2 h at 37 °C under magnetic stirring. The enzymatic ac-
tivity was stopped by boiling the samples for 5 min in a wagey bath. The
samples were then centrifuged at 3,433 g for 15 min to collect the su-
pernatants, which were then stored at —20 °C until use. The digestion
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was monitored by means of SDS-PAGE analysis. A part of the superna-
tant of each sample (1 ml) was desalted using a Phenomenex (Torrance,
CA, USA) Strata-X SPE cartridge following the manufacturer instruction
and then concentrated with gaseous nitrogen before the LC-MS/MS
analysis was performed.

2.9. R5 competitive ELISA assay on the digested samples

RIDASCREEN® Gliadin competitive (Art. No. R7021, R-BIOPHARM
AG, Darmstadt, Germany) was used according to the manufacturer’s
instructions. This Competitive ELISA relies on the use of the R5 mono-
clonal antibody (Di Stasio et al., 2020). The gastroduodenal digestion
products were analyzed in duplicate.

2.10. LC-MS/MS analysis

LC-MS analysis was performed using a Dionex UltiMate 3000 nano-
UHPLC system coupled with a nano-ESI-linear ion trap (LIT) Thermo
XL mass spectrometer (Thermo Fisher Scientific, Waltham, MA, The
USA). Samples were resuspended in a 0.1% (v/v) formic acid solution,
loaded through a 5 mm long, 300 um id pre-column (LC Packings, The
USA) and separated in an Acclaim™ PepMap™ C18 column (150 mm x
75 pm, 3 pm) at a flow rate of 0.200 pL/min. Eluent A was 0.1% formic
acid (v/v) in Milli-Q water; eluent B was 0.1% formic acid (v/v) in ACN.
The column was equilibrated at 5% B. Peptides were separated by
applying a 5-40% gradient of B over 40 min. MS data were obtained
over the 200 to 2000 m/z mass range. Data-dependent MS/MS spectra
were collected from the five most abundant precursor ions upon frag-
mentation (charge state > 2; isolated width: 2 Da; min. signal required:
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500), using CID activation with 35.0% normalized collision energy, an
activation Q of 0.25, and an activation time of 30 ms. The spectra were
processed using Xcalibur Software, 3.1 version (Thermo Scientific). The
mass spectra were then analyzed using Protein Prospector software. The
GluPro v 1.2 database of wheat gluten protein sequences (Daly et al.,
2020) was used as background database for the analysis of the mass
spectrometry data. The database searching parameters used for the
identification of the peptidomes of the simulated gastrointestinal
digested (GID) flour included “no enzyme” specification, and Met-
oxidation and pyroglutamic acid for N-terminus glutamine (Gln) as
variable protein modifications, with a mass tolerance value of 1 Da for
the precursor ion and 0.6 Da for the MS/MS fragments. Analyses were
carried out in triplicate.

2.11. Searching criteria for the celiac disease related epitopes, allergic
epitopes and biopeptides

The identified peptides were searched manually for the presence of
described toxic (CD epitopes), allergenic (IgE-binding epitopes) and
bioactive amino acid sequences. The applied bioinformatic pipeline is
described in Fig. 1. The Propepper database (Juhasz et al., 2015) and the
CD epitope table presented in Mamone et al. (2011) were used as the
sources of the CD-toxic motifs. Only toxic motifs that appeared in at least
3 identified peptides were selected for comparison.

The IgE binding sequences were retrieved from the Immune Epitope
Database (IEDB) (Vita et al., 2019), a repository of peer-reviewed epit-
opic sequences that have shown proved ability to trigger immune re-
sponses. The following search parameters were applied to extract IgE
epitopes from the database: substring, allergy disease, and Triticum: ID

Simulated Gastro intestinal Digestion (GID) of the samplgsi

Refinement of the list of identified
peptides

ProPepper™

IMMUNE EPITOPE DATABASE
AND ANALYSIS RESOURCE

Matching of identified peptide in
the digestome with CD-sequences
(ProPepper)

N

Matching of identified peptide with
|EDB allergenic epitopes

Data analysis with R

Heatmap

Fig. 1. Flow chart of the in silico analysis after in vitro digestion and Mass spectrometry analysis (ESI-LTQ). The identification of the CD %dga]lergen epitopes
obtained thanks to the already indexed ones. *Peptides were defined unique within the given database. Uniqueness was assessed using Skyline software and matching
the list of identified peptides with the reference database as background in the “import peptide list” window.
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4564. RStudio® (64-Bit-R-3.6.3) was used to create a heatmap to
represent the density of the verified epitopes per cv/N rate. The use of
grayscale heatmaps permitted the distribution of the analyzed samples
of the CD and IgE-binding epitopes to be visualized.

The bioactive peptides were retrieved from a literature review
(Babini et al., 2017; Liu & Udenigwe, 2019; Suetsuna & Chen, 2002).

2.12. Statistical analysis

The agronomic parameters (grain yield, TW, TKW), the GPC, the glu/
glia and HMW/LMW-GS ratios and the percentage of single gliadin and
glutenin fractions were compared by means of an analysis of variance
(ANOVA), in which the combination of genotypes and N fertilization
were the independent variables. Multiple comparison tests were per-
formed, according to the Ryan-Einot-Gabriel-Welsh F (REGW-F) test, on
the treatment means. Statistical data analysis was carried out with the
SPSS software package, version 26.0.

3. Result and discussion
3.1. Agronomical and productive parameters

Due to the good soil fertility of the site where the experiment was
carried out, the N rate did not result in any significant increase in grain
yield, TW or TKW for any of the compared cvs (Table 1). Clear differ-
ences were observed in the productive parameters and grain traits of the
compared cvs. The grain yield of modern cv was 57% and 33% higher
than that of landrace and tritordeum, respectively. Modern wheat
showed the highest test weight value and the lowest TKW, the opposite
of the landrace cv, which showed the highest TKW and lower values of
TW, as a consequence of strong lodging under both N fertilizations.

3.2. Protein content

Although in the considered productive conditions, N fertilization did
not have a significant impact on the grain yield, the GPC was clearly
influenced by the combination of cv and the N application (Table 1).

On average, the highest GPC was recorded for landrace (17.7%) and
tritordeum (16.6%), followed by the modern wheat cv (14.9%). A sig-
nificant increase in the protein content was recorded in the landrace
(+1.1%) and tritordeum (+41.5%) cv kernels for with a double N rate.
The GPC increased in N160 for the modern wheat, albeit not signifi-
cantly (+0.7%). This increase confirms previous results in literature
(Garrido-Lestache et al., 2004; Godfrey et al., 2010; Johansson et al.,
2001). To better understand the nutritional value of tritordeum, it will
be interesting in future works to verify the increase in essential amino
acids related to the N fertilization (Zhang et al., 2016).

Table 1
Effect of the cultivar and N rate on the grain yield, test weight (TW), thousand
kernel weight (TKW) and grain protein content (GPC).

Cultivar N rate Grain yield ™ TKW GPC
(kg N/ha) (tha™") (kg hI™) (€] (%)
landrace N80 29c¢c 73.8b 45.0 a 17.1b
N160 3.0c¢ 74.5b 45.6 a 18.2a
modern N80 6.8a 77.3a 33.0c 14.5d
N160 7.0a 76.2a 319¢c 152 cd
tritordeum N80 4.8b 70.3 ¢ 36.8b 15.8 ¢
N160 4.2b 69.4 ¢ 36.1b 17.3b
p-value < 0.001 < 0.001 < 0.001 < 0.001

Means followed by different letters are significantly different (the level of sig-
nificance, p-value, is reported in the table), according to the REGW-F test.
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3.3. Proteomic analysis of the whole grain protein and gluten fractions

3.3.1. DE of the whole grain proteins

The 2-DE separation of crude extracted proteins for all the cvs/N
rates allowed maps to be generated to show the typical migration pat-
terns of the main cereal protein families (Fig. S1). Distinctive spots were
observed for each subfraction with corresponding molecular weight
(MW) ranges of 80-120 kDa for HMW-GS, 60-68 kDa for the w5-glia-
dins, 43-60 kDa for the 1,2-gliadins and 32-45 kDa for the a- and
y—gliadins and LMW-GS (Mamone et al., 2005).

The analysis revealed differences in the protein expression across the
considered cvs but did not show macroscopic qualitative differences that
could be attributed to the N rates. Tritordeum flour appeared to have the
proteome with the largest qualitative differences in the presence of
protein spots in the acid region around 31 kDa, corresponding to the
LMW glutenins and the gliadin region (, y). These differences were also
clear in the SDS-PAGE profile of the isolated gliadin fraction (Fig. S2)
and can be attributed to the nature of the tritordeum cv, which is an
amphiploid of T. turgidum and H. chilense (Alvarez et al., 1995, 1999;
Sillero et al., 1999).

3.3.2. SDS-PAGE and analysis of the osborn fractions

The gliadin and glutenin Osborne extracts were separated by means
of SDS-PAGE. The glutenins (Fig. S2_B) showed the typical separation of
the HMW-GS (80-140 kDa) and LMW-GS (10-70 kDa) families. The
glutenin expression in the analyzed cvs clearly differed. The gel analysis
highlighted 8 bands in the landrace samples, while only 6 bands were
observed in the modern wheat and tritordeum. Unlike the modern and
landrace samples, tritordeum presented a less complex profile in the
HMW glutenin region. This observation is in line with the calculation of
HMW/LMW ratios retrieved from the HPLC profile (Table 2). The tri-
tordeum gliadins showed a more complex profile, which results in a
higher number of bands than the modern and landrace cvs (Fig. S2_A).
Interestingly no qualitative diversification, as induced by the N effect,
was observed among the samples.

3.3.3. HPLC analysis

The RP-HPLC gradient separation of the gliadin and glutenin frac-
tions was optimized on a RP C8 column to achieve high resolution
profiles. The chromatographic profile of the gliadins (Fig. $3) showed
the typical peaks attributed to 5, ®1,2, a- and y-sub fractions, and
allowed the relative amounts of the expressed gliadin subfractions to be
determined (Table 2) (Mamone et al., 2000). In all the genotypes, the a-
and y-fractions had similar values and were more abundant than the
w-gliadins. Both cv and N rate factors did not influence the relative
amount of a- and y-gliadins fractions. Also Vaquero et al. (2018) re-
ported a stable behaviour of these gliadin fractions across different tri-
tordeum and wheat genotypes. Conversely, the w5 fraction was
significantly higher in the wheat landrace compared to the tritordeum,
while the modern cv had an intermediate content. This evidence is
interesting, considering the potential IgE-binding capacity associated
with this gliadin fraction (Matsuo et al., 2004).

The same approach was used to analyze the glutenin isolated frac-
tion, and the determined HMW/LMW-GS ratios for each cv/N rate are
reported in Table 2. Unlike the gliadin fraction, the glutenin fraction in
tritordeum differed significantly from the other two wheat cvs for both
glutenin subunits, leading to a HMW/LMW-GS ratio significantly lower
than both the landrace and modern wheat cvs.

As far as the gluten fraction composition, the N rate significantly
influenced only the glu/glia ratio in the modern wheat cv. Otherwise, N
fertilization did not affect the prolamin ratio in landrace and tritordeum
cvs, confirming results of Johansson et al. (2001). For these cvs, it is
supposed that the higher N rate could have increase to a similar extent
all the single individual storage protein components (Zhen et al., 2020),
and they have equally contributed to the rise of GB@ (Martre et al.,
2003).
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Table 2

Effect of the cultivar and N rate on the glutenin/gliadin (glu/glia) and HMW/LMW-GS ratios and the percentage of the single fractions of gliadin and glutenin, as
obtained from the HPLC-MS analysis.

Cultivars N rate glu/glia HMW/LMW-GS Gliadins Glutenins
(kg N/ha) w5 01,2 « Y HMW-GS LMW-GS
landrace N80 0.84b 0.70 a 28a 5.8a 439a 47.5a 41.2a 58.8 b
N160 0.88 b 0.83a 27a 4.2a 45.4 a 47.7 a 45.5a 54.5b
modern N8o 0.89 b 0.79 a 1.4 be 5.8a 44.7 a 48.1 a 44.1 a 55.9b
N160 1.16 a 0.82a 2.1 ab 55a 423 a 50.1a 45.0a 55.0 b
tritordeum N80 0.96 b 0.29b 11lc 4.3a 53.4a 41.2a 226 b 77.4a
N160 0.99 b 0.30 b 09c 55a 52.3a 413 a 229b 77.1a
p-value 0.001 <0.001 0.001 0.251 0.119 0.063 <0.001 0.002

Means followed by different letters are significantly different (the level of significance, p-value, is reported in the table), according to the REGW-F test.

3.4. Residual immunoreactivity of the digested flours by means of ELISA

The immunoreactivity of the peptides generated during the gastro-
duodenal digestion of flours was tested using a competitive enzyme-
linked immunosorbent assay (Di Stasio et al., 2020). The assay uses a
monoclonal antibody to target the “QQPFP* repeated sequence found in
prolamins.

Digested tritordeum flour showed a lower immunoreactivity than
that of the landrace (-50%) and modern (-58%) cvs. No significant dif-
ferences were identified for the samples with different N rates for any of
the cvs. The lower expression of the above-mentioned celiac-toxic epi-
topes in tritordeum, which could be attributed to the absence of genome
D, is shown in Fig. 2.

This evidence prompted us to conduct a more detailed structural
analysis of the protein gastrointestinal digests of the flour by means of
mass spectrometry.

3.5. Mass spectrometry profiling of the gastrointestinal digested flours

In CD, the peptides derived from the digestion of food transmigrate
through the intestinal epithelium. They are then deamidated in the
subepithelial lamina propria by the tissue transglutaminase and pre-
sented to the T-cells. An already validated static and multi-phasic in
vitro digestion model (Brodkorb et al., 2019), comprising oral, gastric
and duodenal sequentially simulated phases (OGD), was applied to
collect sequence level information on the peptides resistant to OGD
proteolysis. The mass spectrometry analysis allowed several flour
derived peptides to be identified which indicated a resistance to diges-
tive enzymes, as already described in literature (Mamone et al., 2015).
The natural presence of protease and amylase inhibitors in the grain

flours may have contributed to the reduced digestibility. However, being
pepsin the first proteolytic enzyme in the stomach environment where
the pH is below 3.0, their inactivation is possible. The analysis of
metabolic proteins has not been objective of the study and may require a
dedicated investigation.

The main peptides that were identified belonged to the digestive
enzymes that were undergoing a natural and expected autolysis
(Mamone et al., 2015). The grain derived identified peptides are listed in
tables S1-6. The peptides were inferred to a single protein or to protein
families when no unique peptide could be identified. We identified CD
peptide sequences, derived from the y-hordein and B1-hordein fractions,
in the digestome of the tritordeum flour. Although the p-value of the
identified peptides, which reflects the probability of finding a random
peptide, was acceptable (p-value < 0.05), the high number of repeated
regions and the high homology sequences, which are typical of wheat
gluten proteins, led to high E-values, a parameter that describes the
number of hits one can “expect” to see by chance when searching a
database of a particular size. The E-value is obtained by multiplying the
p-value by the total number of qualified peptides in the searched data-
base, the masses of which fall into the precursor ion mass range, plus/
minus the specified tolerance (Alves & Yu, 2015). Since the LTQ mass
spectrometer works at a low resolution, a tolerance of 1 Da was applied,
and this caused the E value to be large. The peptides were validated
manually, to confirm the software identifications, and exemplar spectra
are provided in the supplementary material section (Fig. $4).

3.6. In silico evaluation of the in vitro gastrointestinal identified peptides
The digestion-derived peptides were in silico assessed to evaluate

sequences known to potentially trigger CD, and allergic reactions. We
also evaluated positive sequences with potential bioactivity.

2500 a 3.7. Celiac toxic motifs

"x” 2000- - The toxic motifs of CD predominantly arise from a-gliadins (Ozuna
g’ et al., 2015), which were found to be the most abundant gliadin fraction

% | in our experiment (about 60%), followed by y-type gliadins (Fig. 3).
% 100 The same number of epitopes belonging to the a-gliadins was
] b observed for modern and tritordeum, while landrace showed 15% more.
<°’ 1000+ b Landrace also showed the highest numbers of identified epitopes for the
% 7/ y-gliadins, followed by tritordeum (-18%) and then modern (-27%).
w500 / Tritordeum showed 50% fewer CD epitopes belonging to the w-gliadins
2 / and 23% and 44% lower epitope numbers of the LMW-GS class than the

5 7 7 A landrace and modern cvs.
N8O N160 N8O N160 N8O N160 The greatest number of CD epitopes was found in the a-gliadin class
in all three varieties. On the basis of our observations, it can be seen that
landrace modern tritordeum

Fig. 2. Quantification of the “QQPFP” celiac toxic motif recognized by the R5
monoclonal antibody in the soft wheat (landrace and modern) and tritordeum
cultivars for the N8O (80 kg N ha™!) and N160 (160 kg N ha™') fertilization
rates. Bars with different letters are significantly different (p-value < 0.05),
according to the REGW-F test.

the most frequently identified toxic motifs (ie. IPEQ, PQQLPQ,
QPQQPF, QPQPFP and VRVPVPQL) are similar to those identified in
previous studies and they were identified in all the studied samples
(Fig. S5) (Osman et al., 2000). For example, the &rgﬁance of the CD
epitope IPEQ was observed in all the digested flours, and it has already
been described in the consensus sequences recognized by IgG human
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Fig. 3. Gluten sources of the celiac epitopes in the soft wheat (landrace and modern) and tritordeum cultivars for the N80 (80 kg N ha~') and N160 (160 kg N ha )

fertilization rates.

antibodies in a Pepscan experiment (Osman et al., 2000). Similarly,
QQQPFP and PQQLPQ, which were also identified in all the flours, were
recognized by human IgG and IgA antibodies. The QGSFQP sequence
was only identified in landrace and modern at a high N rate and in both
the tritordeum samples (Osman et al., 2000). Truncated versions of the
33-mer (Glia-a 57-89, LQLQPFPQPQLPYPQPQLPYPQPQLPYPQPQPF)
and the 25-mer (Glia-a 31-55, LGQQQPFPPQQPYPQPQPFPSQQPY)
gliadin derived peptides, which have been described as being resistent to
digestion, and are known to be strong stimulators of the T-cell response,
were identified in all the analyzed samples (Table S7) (Ozuna et al.,
2015) . The full length 33-mer peptide contains three repeated regions
(p62-67, PQPQLPY) and is exclusively present in a D-genome encoded
a-gliadin (Camarca et al., 2009). The D-genome in tritordeum is
replaced by the Hch genome of Hordeum chilense. A single fragment of
33-mer (LQPFPQPQLPYPQPH) was unexpectedly identified in the tri-
tordeum digested flour. Although the breeding program developed
crosses between soft wheat and tritordeum in order to improve its yield
and bread-making quality (Avila et al., 2021), and a small introgressions
from D genome into tritordeum cannot be ruled out, our experiment was
carried out using a tritordeum cv carefully selected for the absence of
any soft wheat chromosomes. However, the Hordeum chilense genome
has not yet been sequenced, and the natural presence of the peptide in
the tritordeum proteome cannot therefore be excluded. Alternatively, a
cross-contamination might also have occurred. A targeted approach
would be required to confirm the presence of partial 33-mer-like

sequences in tritordeum.

3.8. Allergenic epitopes

Wheat-dependent, exercise-induced anaphylaxis (WDEIA) is a
serious allergy in which the combination of wheat ingestion and phys-
ical exercise leads to anaphylaxis. Patients with WDEIA have IgE anti-
bodies against @5-gliadin, one of the major gluten allergens (Lehto et al.,
2003). Together with the evaluation of the CD sequences, the presence
of IgE-binding sequences was also evaluated (Vita et al., 2019). The
IEDB epitopic sequence was manually searched in the pool of digested
peptides. An epitope was considered as present when at least one pre-
cursor peptide was identified in the digestome. In order to compare the
samples, we only took into consideration the presence of the epitopic
sequence, and not the number of times the sequence was identified. A
graphic example of the search for GID sequences with a known allergen
IEDB sequence is shown in supplementary Table S8.

The digestive derived peptides were only considered for a compar-
ative evaluation when 100% sequence homology was shared with the
described IgE binding epitope. The relative abundance of the identified
epitopes (Fig. $6) was used to qualitatively compare the different cul-
tivars and N rates. The largest number of allergenic epitopes belonged to
the y-gliadin fraction (about 40%), followed by epitopes of HMW-GS and
a-gliadins prolamins for all the digested samples (Fig. 435.5151e modern cv
was distinguished by a greater percentage (30%) of a-gliadin allergenic
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landrace

modern

tritordeum

= g-gliadin » y-gliadin = w-gliadin = avenin-like
= HMW-GS LMW-GS = y-hordein

Fig. 4. Gluten sources of the allergenic epitopes in the soft wheat (landrace and modern) and tritordeum cultivars for the N80 (80 kg N ha~!) and N160 (160 kg N
ha™") fertilization rates.

epitopes, but showed a lower percentage for HMW-GS, LMW-GS and the Organization and the International Union of Immunological Societies
w-gliadins than landrace and tritordeum. (WHO/IUIS), were identified in all the cvs and at both N rates. This
A limited number of the identified epitope sequences which belong allergenic wheat gluten proteins list includes (http://www.allergen.

to the 5 main gluten allergens, according to the World Health org): Tri a 19 (@5), Tri a 20 (y), Tri a 21 (a), Tri a 26 (HMW-GS) and
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Fig. 5. A graphical qualitative rapresentation of the MS identified epitope sequences inferred to the five main 5 main wheat allergens (tria 19, ria 20, ria 21; tria
26.01; tri a 26.02; tri a 36) in the soft wheat (landrace and modern) and tritordeum cultivars for the N80 (80 kg N ha~') and N160 (160 kg N ha™1) fertilization rates.
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Tria 36 (LMW-GS) (Fig. 5). Tri a 26 (HMW-GS) was the protein with the
highest number of identified epitope sequences in all the cv and N rate
combinations. HMW-GS presents disulfide-bridge linked aggregates,
which induce a high resistance to in vitro enzymatic digestion (Anderson
et al., 1984).

The second allergen with the highest number of epitope sequences
identified was Tri a 20, belonging to the y-gliadins, which has been
identified as a strong trigger of WDEIA symptoms after ingestion of
wheat protein (Yokooji et al. 2013). For the Tri a 21, the a-gliadin
allergen, only a few peptide sequences were identified in the digested
samples. This protein is responsible for the bakers’ allergy (Sander et al.,
2015).

Epitopes with a lower frequency matched with Tri a 19 and Tri a 36,
show an occurrence that may be ascribed to a high susceptibility to
enzymatic digestion. Although, Tri a 36 allergen (LMW-GS) is known to
retain IgE reactivity, since it survives the extensive oral, gastric and
duodenal in vitro digestion (Baar et al., 2012), a very small number of
allergenic epitopes was found in all the considered cvs and N rates, thus
suggesting that the amount of Tri a 36 that forms and accumulates in
mature seeds was probably quite low for each cv at the time of the
collection (Baar et al., 2012). The occurrence of epitope sequences,
determined by means of in silico analysis, should be confirmed by means
of an appropriate immunological test using the sera of wheat allergic
subjects.

3.9. Bioactive peptides

Together with the negative effects on human health, we evaluated
any potential positive effects derived from the ingestion of the consid-
ered wheat and tritordeum cvs. Numerous digestion derived peptides are
known to be precursors of peptides with described antioxidant and
opioid effects. The bioactive peptides found in all the digested samples
are shown in Fig. 6. The “GYYPT” and “YPQPQPF” opioid sequences
were identified in all the samples. Gliadorphin 7 (also known as glu-
teomorphin), a 8-exorphin with a YPQPQPF sequence, which is formed
during the digestion of a-gliadin, deserves particular attention because
its presence could be related to neurodevelopmental disease and psy-
chotic disorders (Liu and Udenigwe, 2019).

“GYYP” was identified in digested flour from the modern cv. For both
N rates, and in landrace for the high N application. Peptides containing
the “PYPQ” antioxidant sequence were identified in all the samples,
while “LQPGQGQQG” was only identified in the modern cv.
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4. Conclusions

We have investigated the effect of N fertilization on the gluten profile
of three genotypes with different gluten compositions. The study has
shown that increasing the N rate influenced the GPC to a great extent,
while it was found to have less impact on the gluten composition and on
the type of celiac and allergenic epitopes after in vitro digestion. On the
other hand, these parameters resulted in a greater variation only ac-
cording to the genotype.

A strong genetic effect was observed with regard to the composition
of gluten, especially for glutenins. Tritordeum showed the lowest levels
of HMW-GS/LMW-GS and was also distinguished by lower values of @5,
compared to wheat cvs. Competitive R5 ELISA analysis highlighted that
tritordeum may be regarded as a variety with a lower presence of highly
CD epitopes than the old and modern wheat varieties that were here
considered. The absence of the D genome in tritordeum could be one of
the reasons for the the lower immunodominant toxicity of this
amphiploid.

The study on the expression of celiacogenic and allergenic sequences
in different genomes remains of fundamental importance to provide
scientific information. This proteomic study paves the way toward a
more inclusive study with a larger number of genotypes, grown under
the same environmental and agronomic conditions, to better understand
their potential immunotoxicity. The qualitative analysis of the epitopes
made it possible to observe that in all the studies cv and agronomic
conditions (e.g. fertilization rate) the largest number of sequences
identified belonging to the class of a- and y-gliadins, respectively for
celiac and allergenic epitopes. The CD epitopes showed a greater pres-
ence in the a-gliadin fraction, where a 33-mer is present as strong
stimulators of the T-cell response resistent to digestion. All the compared
cv and N rate combinations showed quite concordantly a high presence
of epitopes belonging to the allergens Tri a 26 and Tri a 21, of HMW-GS
and y-gliadins respectively, and very low for Tri a 19 and Tri a 36,
belonging to @5 and LMW-gs respectively. These results showed an
interesting in-depth proteomic profile of the conditions studied. To
verify the quantitative effect of a N rate and its interaction with the
genotype, strictly at the epitope level, it would require to build a method
to quantify robust information considering the heterogeneity of the
genome and the presence of repeated regions in the starting matrix. This
will be a future goal of great interest.

The protein profile of tritordeum, compared to the two soft wheat
cvs, supports its application as an interesting diet ingredient, given its
lower R5 immunogenicity and high GPC content. However, the use of

ISSAMAAMMANNNNNNNNNNN

GYYPT

Blandrace N160
Bmodern N160
Otritordeum N160

Fig. 6. A graphical qualitative rapresentation of the MS identified epitope sequences inferred to a selection of bioactive peptide in the soft th%gt (landrace and
modern) and tritordeum cultivars for the N80 (80 kg N ha™!) and N160 (160 kg N ha™!) fertilization rates.
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this new amphiploid species, as a promising alternative to soft wheat,
will require specific breeding programs to enhance the end-use quality
and immunogenic, nutritional and agronomic traits of such a crop.
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of resistant starch and fibers, that reduced enzymes’ accessibility and therefore slowed
the in vitro static and dynamic starch digestion [6]. Since the beginning of the twentieth
century, cereal breeders have focused their efforts on the development of interspecific
wheat hybrids to obtain new cereals with increased phytochemical content, improved
agronomic performances and technological qualities. The hexaploid hybrid tritordeum
(x tritordeum martini, AABBHchHch) is the product of cross-breeding Hordeum chilense,
a South American wild barley species, and durum wheat. This hybridization aimed to
combine the excellent traits of the Hordeum, such as high endosperm carotenoid content and
higher tolerance to biotic and abiotic stress, with the technological qualities of wheat [7].
Tritordeum is today commercialized as an innovative alternative to conventional small
cereal crops (www.tritordeum.com) [8,9], with rheological and baking performances similar
to bread wheat [10]. Interestingly, in a clinical study involving subjects with non-celiac
gluten sensitivity (NCGS), tritordeum breads were sensorially more appreciated than the
gluten-free counterpart, showing good gastrointestinal tolerance [8,11].

A few recent studies in Europe have been focused on the agronomical traits, looking
at yield performance of tritordeum cultivars (cvs) over conventional soft and durum
wheats [7,12,13]. Scientific works have so far mainly focused on the bioactive compounds’
content: tritordeum, in fact, has higher levels of carotenoids and arabinoxylans than wheat,
and these result in a greater total antioxidant activity. Tritordeum has twice the amount
of B-glucans compared to durum wheat, although a similar amount to soft wheat, but
significantly higher arabinoxylans [14] with prebiotic, immunomodulatory, antitumor, and
anti-inflammatory activities [15,16]. Grain protein content (GPC) and gluten composition, in
addition to the nutritional traits, play a major role in conferring the technological properties
of wheat and other small cereals to the dough. By comparing the GPC of tritordeum with
that of durum and soft wheat in different climatic conditions, tritordeum results in a higher
GPC, ranging between 11% and 17%. Tritordeum produced by organic farming showed
higher GPC than durum wheat with a larger number of high-molecular-weight glutenin
subunits [13]. Although one of the parental lines of tritordeum is a durum wheat cultivar
(cv), the similarity, in terms of derived flour quality, is much closer to that of hexaploid soft
wheat, with specific interest for bread-making and baking processes [13].

Furthermore, little is known about the protein level differences across cvs or regarding
the tritordeum protein digestibility.

This study aims at comparing the protein profile of two tritordeum cvs, Bulel and
Aucan, with soft wheat cv Altamira and a durum wheat cv, Antalis. Model breads were
used to compare the digestion products (free-amino nitrogen and free glucose) using an
in vitro digestion that included a standardized oral, gastric, and duodenal model simulating
the physiological conditions of a healthy adult [17].

This work represents the first molecular characterization by advanced mass spectrom-
etry of the peptides resistant to digestion of tritordeum bread, which was prepared with the
two most common cvs, namely Aucan and Bulel. We mapped the contribution of the parent
H. chilense to the tritordeum proteome and evaluated in silico the presence of peptides
related to celiac toxicity and allergenicity. The immunoreactivity of the R5 monoclonal
antibody targeting the celiacogenic sequence “QQPFP” was studied in the flours, as well as
in undigested and digested bread.

2. Results and Discussion
2.1. Flour Protein Characterization

Flour from two tritordeum cvs, Aucan and Bulel, which are the most widely cultivated
in Europe and agronomically characterized, were compared to flour obtained from two
wheat cvs, Altamira (soft wheat) and Antalis (durum wheat), for mapping differences in
protein content and quality.

The durum wheat, Antalis cv, and tritordeum, Aucan and Bulel cvs, had a total protein
content (TPC) higher than the soft wheat, Altamira cv (p < 0.05) (Table 1).
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Aucan also had the highest ash amount. These data are in line with a previous study
looking at the adaptability of tritordeum cvs in the east Mediterranean region, showing
Aucan with a higher protein content compared to Bulel and to the soft wheat cv Falado [11].

Table 1. Ash and grain protein content (GPC) and total protein content of the flour (TPC).

Species Cv Ashes (%) GPC (%) TPC (%)
Soft wheat Altamira 1.89 +0.04 11.17 £ 0232 8.65 4+ 0.012

Durum wheat Antalis 1.82 +0.022 11.66 +0.35° 9.19 +0.21 3
Tritordeum Aucan 1.96 £+ 0.02 1343 +0.15¢ 10.63 +0.33 ¢
Tritordeum Bulel 1.86 + 0.04 2P 11.97 £ 0.07° 9.84 +0.3b¢

Values followed by different letters are significantly different (p < 0.05).

The concentration of gliadins in the flours was determined using a commercial sand-
wich ELISA test kit with the R5 monoclonal antibody to target the QQPFP celiac toxic
motif (Figure 1) and the homologous LQPFP, QLPYP, QQSFP, QQTFF, PQPFPE, QQPYF,
and PQPEFP to a lower degree [18]. The toxic sequence appears repeatedly in the w-, y-,
and o/ p-gliadins [19]. The data are expressed as mg of R5 gliadin per kg of flour and the
mg of gluten can be extrapolated using a conversion factor of two as suggested by the
ELISA manufacturer. Despite the fact that the Altamira cv showed the lowest TPC, this soft
wheat had the highest R5-gliadin concentration, which was comparable to Aucan, which
had a significantly higher protein content. The durum wheat cv Antalis had a 40% lower
content of R5-gliadin concentration per kg of flour compared to soft wheat cv Altamira.
These results were in line with literature data showing the gluten content in tritordeum
to be comparable or even higher to bread wheats, with Aucan higher in gluten compared
with Bulel by four percentage points [11]. Interestingly, Bulel showed a 66% lower R5
immunoreactivity per kg of flour compared to Aucan. The reduced immunoreactivity of
Bulel cv underlies important differences in terms of R5-gliadin sequences between the two
tritordeum cvs. The analytical methodologies available for gluten determination in wheat
may not be appropriate for all tritordeum cvs, since they may lead to an underestimation
of the gluten content due to structural differences of the protein sequences.
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Figure 1. Quantification of the “QQPFP” celiac toxic motif recognized by the R5 monoclonal antibody
of proteins extracted from the flours and the model bread obtained from different cereals. Within
each product, flour and bread, bars with different letters are significantly different (p < 0.05) and the
REGW-F test.

The protein profile under reducing conditions of the Osborne fractionated proteins is
presented in Figure 2. Tritordeum cv Bulel showed an electrophoretic profile of all fractions
being less complex compared to both Aucan and durum wheat. The salt soluble protein
profile (albumins and globulins) (Figure 2A) of both the tritordeum cvs appeared compara-
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ble to that of soft wheat, with a higher number of bands than the durum wheat flour. These
differences were more pronounced in the lower-molecular-weight region (Mr < 30 kDa)
and may be attributed to proteins encoded by the H. chilense inherited genome.

Figure 2. Electrophoresis of Osborne fractions: albumins and globulins (Panel A); gliadins (Panel B)
and glutenins (Panel C). Panel A was stained in Brilliant Blue Coomassie R250; Panel B,C with G250.
M: Molecular markers (Precision plus Protein—Biorad); Lane 1: durum wheat cv Antalis; Lane 2:
soft wheat cv Altamira; Lane 3: tritordeum cv Bulel; Lane 4: tritordeum cv Aucan; ID: Identification
based on Landolfi et al., 2021 [20]. w5: omega 5 gliadins; w1,2: omega 1,2 gliadins; a: alpha gliadins;
v: gamma gliadins; HMW: high molecular weight glutenins; LMW: low molecular weight glutenins.

The electrophoretic profile of gliadins can be divided into four zones representing the
typical regions of w-, y-, B-and x-gliadins (Figure 2B). A greater protein variability was
detected in Bulel compared to Aucan and the two wheat flours. The lowest number of
bands were identified in the Bulel’s gliadins, particularly in the high molecular mobility
region (Mr > 50 kDa) where the w-gliadins migrate. This profile is consistent with the
ELISA data showing Bulel characterized by the lowest concentration of gliadin detectable
with the R5 antibody (Figures 1 and 2). Aucan showed a greater complexity in the same
region even when compared to the two reference wheat flours.

The electrophoretic profile of glutenin fractions varied across the four cvs (Figure 2C)
in terms of the number of electrophoretic bands detected and electrophoresis mobility.
The high-molecular-weight glutenin subunits (HMW-GSs) are responsible for the gluten
supramolecular structure, providing the cysteines involved in the formation of the disulfide-
bonded backbone in gluten network, affecting the rheological properties of dough [21].
The presence of HMW-GS in tritordeum is due to the contribution of H. chilense locus
“Glu-Hch1” gene expression on the chromosome 1Hch [22]. This locus is homologous of
the wheat Glu-1 locus and to the barley Hor-3 locus [23]. The H. chilense genome promotes
a similar effect on gluten strength as the D genome inherited by the wheat species from
Aegilops tauschii [24].

The region of the low-molecular weight glutenin subunits (LMW-GSs) in the two
tritordeum cvs appeared similar between each other and to the durum wheat with a higher
number of bands with faster molecular mobility compared to soft wheat. Unlike the control
wheat, both the tritordeum cvs showed the presence of two main bands in the region of
Mr < 30 kDa, which likely are expressed by the H. chilense inherited genome (mother).

Once again, the electrophoresis showed substantial differences in terms of the overall
protein expression between the two tritordeum cvs under evaluation. Since the two
tritordeum cultivars share the same H. chilense line as mother, while they differ in the line
of T. turgidum spp. durum used as father, these differences should be attributed primarily to
the durum wheat inherited genome (Arcadia S.p.A., personal communication). 165
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2.2. Digestomics

The simulated gastroduodenal digestion was performed on model breads prepared
using refined flours to a 35% starting hydration (Figure S1, Supplementary Materials).
Breads were subjected to simulated digestion within a few hours from cooking to avoid
any alteration of the starch that would have impaired (affected) the digestion. The R5
immunoreactivity of the four kinds of bread was measured and reported in Figure 1. In
all cases, the R5 gliadin content of the bread samples was lower than the respective flour,
although being comparable in terms of order of magnitude. This was somewhat expected,
due to both the formation of the gluten network and baking-induced protein modifications,
which may have partly impaired the protein extraction.

2.2.1. Quantitative Analysis of the End Products of Digestion

The digestion products of bread were quantitatively evaluated. The reducing sugar
release (RSR) over duodenal digestion was measured by the enzymatic-spectrophotometric
method (Figure S2). The RSR curves of the four bread samples were comparable (p > 0.05).
Total starch content in tritordeum is knowingly higher than barley and lower than wheat,
with a content in resistant starch similar to barley [25]. In the stomach and in the intestine,
resistant starch, together with the higher viscosity (due to the presence of soluble fibers),
makes the chyme of the barley bread less accessible to the enzymes, reducing the glycemic
index compared with the reference wheat bread [6]. The content of B-glucans in tritordeum
was found to be five times lower than barley [13]. The quantification of reducing sugars at
the end of digestion has only been a side part of this study. We are planning a forthcoming
investigation aimed at quantifying the end products of starch digestion to confirm a
different behavior for tritordeum bread than from its wheat counterpart.

Free amino acids, di- and tripeptides are the products of protein digestion that can be
transported across the intestinal barrier. The starting content of free amino acids released
during bread preparation was measured in the undigested cooked breads (Figure S3).
Bread made with the two tritordeum cvs and the durum wheat cv had a starting content of
«-amino nitrogen of 0.35% (w/w), the soft bread was 0.25% and the protein-free bread was
0.15%. The commercial protein-free bread, used as background reference to quantify the
endogenous amino acids products of natural gastroduodenal enzymes turnover, had an
x-amino nitrogen content < 0.1%, in line with what was declared on the food package label.

The level of x-amino nitrogen determined in the digested protein-free bread accounted
for half of the content of the analyzed bread samples on average. This background level
is most likely due to the autoproteolysis of the digestive enzymes. This underlines the
importance of having protein-free reference matrices to be used as background reference
samples. The breads baked with the soft and the durum wheat showed a comparable
digestibility (Figure 3). The two tritordeum cvs showed the highest release (p > 0.05) of
«x-amino nitrogen related to the protein concentration of the flour determined by Kjeldahl.
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Figure 3. Alpha-amino nitrogen released at the end of the duodenal simulated digestion of 1.5 g
of bread obtained from the different cereals. Bars with different letters are significantly different
(p < 0.05) and the Tukey-test.

2.2.2. Qualitative Evaluation of the Peptides Resistant to Digestion

The availability of well annotated and curated protein sequence databases is essential
for inferring relevant information from mass spectrometry data. The analysis of cereal
seed storage proteins is challenging because of the natural polymorphism, with a high
number of protein isoforms differing by point mutations, and the homology across cvs
and species [26]. Tritordeum, being a novel crop, lacks a protein database. Therefore, the
identification of the proteins was performed using a combined database of the two parent
proteomes, H. chilense and Triticum turgidum spp. durum, and of H. vulgare.

The tritordeum bread derived peptides, resistant to gastroduodenal digestion primar-
ily belonging to a-amylase inhibitors (AAI) and to the glutenin family (Tables 2, S1 and S3).
The AAI are knowingly resistant to gastroduodenal digestion, mainly due to the presence
of disulphide bridges that stabilize the polypeptide chain [27,28], and are involved in
IgE-mediated wheat (Tri a 28-39) and barley food allergies (Hor v 15) [29,30].

Several peptides were identified as derived from Triticum proteins, and fewer were
associated with the Hordeum (Tables S1 and S3). Peptides belonging to the y-3-ordeins
(Uniprot ID: Q6EEY5) and the D-hordein (Uniprot ID: BOL965) from H. chilense could be
identified in both digests of tritordeum bread. Unique proteins to tritordeum cv Aucan
and Bulel were identified. AAI and glutenin subunits may be suggested as suited species
markers for discriminating between the Bulel and the Aucan varieties. As expected, the
unique proteins were expressed from the Triticum father line differing between the two
tritordeum. Interestingly, despite the common Hordeum mother, a gamma prolamin of the
Hordeum brachyantherum subsp. brachyantherum (mother) could be uniquely identified by
homology in cv Bulel.
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Table 2. LCMSMS identified proteins in tritordeum bread digests. Only proteins identified in both
technical replicates were taken into consideration to increase the confidence in identification. Isoforms

were removed and the extensive list of identified proteins is available as Supplementary Materials
Tables S1 and S3.

Accession Species —10LgP Coverage (%) Peptides Description
Q9XGF0 TRITD 74.72 20 12 LMW-GS
A0A446W0B5 TRITD 72.20 14 7 AAI
K4N1X7 TRITD 74.67 10 8 HMW-GS
AO0A446W0A1 TRITD 76.67 12 9 AAI
H8Y0D1 TRITD 68.82 15 9 Alpha prolamin
A0A446W0B4 TRITD 63.66 12 4 UNP
A0A446W085 TRITD 71.15 1 7 AAIT
PROTEINS IDENTIFIED IN AOA446TLT7 TRITD 39.57 5 2 rRNA
BOTH TRITORDEUM DIGESTS N-glycosidase
A0A446W0C7 TRITD 51.01 9 3 AAI
A0A446V2]2 TRITD 4265 4 2 AAI
A0A446V2Q9 TRITD 45.34 8 3 AAI
Q6EEY5 HORCH 40.78 8 3 Gamma 3 hordein
BOL965 HORCH 31.52 2 1 D-hordein
AOA446YMFO0/
MOWE36 TRITD/HORVV ~ 21.54 4 1 UNP
AO0A287EEX5 TRITD 40.07 6 3 UNP
AO0A446]GR8 TRITD 63.12 8 5 AAI
AOAOE4G9A4 TRITD 48.57 6 5 HMW-GS
PROTEIN IDENTIFIED ONLY IN H8YOM9 HORBR 37.19 12 3 Gamma prolamin
TRITORDEUM CV BULEL AOA7HIKIW3 TRITD 31.27 7 2 AAI
A0A446IHD3 TRITD 20.67 6 1 AAI
AOA446IHCO TRITD 31.50 4 1 AAI
PROTEINS IDENTIFIED IN AO0A2L1K3K6 TRITD 77.43 12 11 HMW-GS
TRITORDEUM CV AUCAN Q41603 TRITD 4431 9 3 LMW-GS

TRITD = Triticum turgidum subsp. durum; HORCH = Hordeum chilense; HORBR = Hordeum brachyantherum
subsp. brachyantherum; HORVV = Hordeum vulgare; UNP = uncharacterized protein; LMW-GSs = low molecular
weight-glutenin subunits; HMW-GSs = high molecular weight-glutenin subunits; AAI = x-amylase inhibitors.

The immunoreactivity of duodenal digests determined using a competitive R5-competitive
ELISA was 50% lower in digested tritordeum and durum wheat bread samples compared
with the soft wheat bread (p < 0.05) (Figure 4).
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Figure 4. Quantification of the “QQPFP” celiac toxic motif recognized by the R5 monoclonal antibody
in duodenal digests (mg of gliadins per kg of the soluble duodenal digest) of bread obtained from
different cereals. Bars with different letters are significantly different (p < 0.05) and the REGW-F test.

While the R5 immunoreactivity of Aucan flour and bread was comparable with the
soft wheat flour, the digests of tritordeum cv Aucan bread had an immunoreactivity
comparable with that of tritordeum cv Bulel and the durum wheat digests. The analyses
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were performed on the soluble digest, which is likely the fraction to be uptaken in the gut.
The lower R5-immunoreactivity of Bulel digest is in line with previous literature data [20].
The reduced immunoreactivity of the Aucan bread duodenal digest may be explained
by a low digestion level that could have spared large protein fragments carrying the R5-
epitope(s) trapped in the insoluble fraction. This fraction is not uptaken by enterocytes and
represents the primary fermentation substrate of gut microbiota. A recent in-vivo study,
showed a significant decrease of gluten intestinal peptides, determined by ELISA, in the
stool of subjects fed with tritordeum bread compared with wheat bread-fed subjects [8].
The bread produced with Bulel flour, under our analytical conditions, showed similar
results as the in vivo study presented by Vaquero et al., 2018 [8]. The Aucan bread instead
behaved in a completely different way suggesting future in vivo studies may need to be
designed to include different tritordeum cvs to confirm their suitability for subjects affected
by non-celiac gluten sensitivity, especially in consideration of the relative stability of AAL

Due to the complexity of the mass spectrometry data an in-silico evaluation was
carried out only on those peptides identified in both technical replicates, to enhance
confidence. Overall, 93 peptides resistant to gastroduodenal digestion identified by mass
spectrometry were common to the digests of Aucan and Bulel bread (Tables S3 and S4); 38
and 59 peptides were uniquely identified in the Bulel and Aucan bread digests, respectively
(Table S5). Many of the unique peptides were inferred to the unique proteins previously
listed in Table 1. Interestingly, one HMW-GS protein (Uniprot accession K4N1X7) was
common to the two tritordeum cvs. The majority of the peptides identified in both digests
mapped to the same protein regions, however, they had different N- and C-terminal
trimming, therefore were assigned as unique (Figure S5). Two peptides with sequences, 130-
QSGQGQQPGQGQQP-143 and 213-QSGQGQQPGQGQPG-226 were uniquely identified
in Aucan and were located in the N-terminal region of the protein. No peptides were
identified in the same protein region among the Bulel-derived peptides. In contrast, the
peptide with sequence 342-SLQQPGQGQQPGQGQPG-358 was identified only in Bulel.
These misidentifications may be due to the bioinformatic protein inferring process, that
would only list peptides with 100% identity. Wheat proteins are characterized by high
polymorphism and the presence of several protein sequences differing by few amino
acids [26]. The protein assignment informs about the presence of a protein family rather
than a specific protein, especially for gluten proteins. In this case, it may indicate the
presence of two isoforms of the HMW-GS (K4N1X7) expressed in the two tritordeum cvs,
carrying mutations in the two identified regions. Two studies previously attempted to
map the products of tritordeum cvs that had undergone simulated digestion, working
either on isolated proteins [8] or the flour [20]. This is the first study mapping the digestion
products of model bread prepared with tritordeum flour, using the INFOGEST standardized
model [17].

The in-silico epitope analysis showed a larger number of peptide precursors of celiac
toxic motifs and IgE binding peptides for the Aucan bread than for the Bulel counterpart
(Figure 5). The analysis of epitopes also showed the prevalent contribution of Triticum in
the overall allergenicity /celiacogenic potential of tritordeum bread.

The sequence analysis (Figure 5 and Figure S4) of digestion-resistant peptides showed
the high frequency among others of QQPFP, QQPYP, PQPFP sequences, which are targets
of the R5 competitive ELISA. The mapping of the R5-epitopes within the protein sequences
from the two tritordeum cvs highlighted the prevalent contribution of Triticum-derived
sequences in Aucan and Hordeum-derived sequences in Bulel.
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Figure 5. Graphical representation of the peptides surviving the digestion with potential adverse
effects on human health. (A) number of CD epitopes (ProPepper) common epitopes found in digests
of bread baked with the two tritordeum cvs); (B) number of CD epitopes (ProPepper) found uniquely
in digests of tritordeum cv Bulel bread; (C) number of CD epitopes (ProPepper) found uniquely in
digests of tritordeum cv Aucan bread; (D) number of allergenic epitopes (IEDB) common epitopes
found in digests of bread baked with the two tritordeum cvs; (E) number of allergenic epitopes
(IEDB) found uniquely in digests of tritordeum cv Bulel bread; (F) number of allergenic epitopes
(IEDB) found uniquely in digests of tritordeum cv Aucan bread. Only epitopes identified in at least
3 precursor peptides were reported.

3. Materials and Methods
3.1. Grains and Flours Production

A field study was carried out on the north-west Italian plain at Cigliano (45°18" N,
08°1" E; elevation 237 m), in the 2019-2020 growing season. The experiment was performed
on a silty-loam soil sub acid, characterized by a medium cation-exchange capacity and
organic matter content. In the same experimental field, the following genotypes have been
cultivated side by side:

e A soft wheat (hexaploid AABBDD), cv named Altamira (seeds provided by Limagrain
Italia S.p.A., Busseto, Italy) classified as ordinary bread-making wheat [31] registered
in the Italian varietal list in 2009 (https:/ /www.sian.it/ mivmPubb/listeVarieta.do;
Sian code: 11239; consulted on the 20 December 2021) and widely cultivated in Italy;

e A durum wheat (tetraploid AABB), cv named Antalis (seeds provided by CGS Sementi
S.p.A., Acquasparta, Italy), characterized by medium-high GPC and gluten index;
registered in the Italian varietal list in 2014 and widely cultivated in Italy;

e  Tritordeum (hexaploid AABBHchHch), cv named Bulel (seeds provided by Arcadia
S.p-A., Pamplona, Spain), which was registered in the CPVO (Community Plant
Variety Office) List in 2015;

e  Tritordeum (hexaploid AABBHchHch), cv named Aucan (seeds provided by Arcadia
S.p.A., Pamplona, Spain), which was registered in the CPVO List in 2013.

The treatments were assigned to experimental units using a completely randomized
block design with four replicates. The plot size was 7 x 1.5 m.

The same agronomic techniques have been adopted for all cvs. Briefly, the previous
crop was maize and planting was performed in 12 cm wide rows at a seeding rate of
400 seeds m~2 on November 6th 2019, following an autumn plowing (30 cm) and disk
harrowing to prepare a proper seedbed. A N fertilization treatment of 130 kg N ha~!
was used on all the cultivated samples. The total N rate for each treatment was top-
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dressed applied as a granular ammonium nitrate fertilizer, split 50 kg N ha~! at tillering
(growth stage, GS23) and 80 kg N ha~! at the beginning of stem elongation (GS32). The
foliar diseases were controlled by applying a fungicide (pyraclostrobin 150 g ha~! and
fluxapyroxad 75 g ha~!, Priaxor®, BASF Agricultural Solutions) at booting stage (GS45).
Harvesting was carried out with a Walter Wintersteiger cereal plot combine-harvester on
29 June 2020.

Grains (2 kg) from each plot and cv were milled using the Bona 4RB mill (Bona, Monza,
Italy) to obtain refined flour, (tritordeum and soft wheat) and semolina (durum wheat).
GPC (Kjeldahl N x 5.7, on a dry matter basis) and ash content were determined according
to Blandino et al., 2015 [32] on grains collected at the commercial maturity stage. Grains
(2 kg) from each plot and cv were milled using the Bona 4RB mill (Bona, Monza, Italy) to
obtain refined flour.

3.2. Materials

All the reagents used in this study were of analytical or higher grade. Sodium phos-
phate, ammonium bicarbonate (AmBic), acetic acid and the other chemicals used to produce
the simulated salivary fluid (SSF), the simulated gastric fluid (SGF) and the simulated in-
testinal fluid (SIF), were provided by Carlo Erba (Milan, Italy). The enzymes used for
in vitro human digestion were purchased from Sigma (St Louis, MO, USA), in line with
those recommended by the INFOGEST protocol [33]. Trichloroacetic acid (TCA), sodium do-
decyl sulfate (SDS), glycerol, tris(hydroxymethyl) aminomethane hydrochloride (Tris-HCI),
ethylenediaminetetraacetic acid (EDTA), guanidine chloride, trifluoroacetic acid (TFA),
formic acid (FA), acetonitrile (ACN), 2-vinylpyridine monomer, and p-toluenesulfonyl-L-
arginine methyl ester (TAME) were also from Sigma-Aldrich. Egg lecithin was purchased
from Lipid Products (Redhill, UK). The electrophoresis reagents were all obtained from
Bio-Rad (Milan, Italy).

The protein-free bread (<0.1%, w/w) (Amino’ pane le rosette produced by Antica
Farmacia Orlandi) was purchased from a local pharmacy.

3.3. Quantification of Protein in Flour and Semolina

The Kjeldahl analysis was performed as described by Abrams et al., 2014 [34], with
some modifications. Two grams of each flour were weighed in a Kjeldahl tube, in which
a mixture of copper and potassium sulphate (0.5 g and 12 g, respectively) and 20 mL of
96% sulfuric acid were added. The mineralization was performed following a thermal
ramp: 230 °C for 20 min, 290 °C for 45 min, 320 °C for 35 min, and 420 °C for 60 min. The
sample was diluted with 50 mL of deionized water, and 90 mL of 45% NaOH were added.
The solution of the ammonia was distilled over steam and collected in a flask containing
50 mL of 4% boric acid. The total nitrogen was determined by titration with 0.1 N HCl,
after adding a mixed indicator (methyl red 0.1% and bromocresol green 0.2% in ethanol).
A conversion factor of 5.7 was used to convert the total nitrogen to total protein and the
results were expressed as g of total protein over 100 g of sample. Samples were analyzed in
biological duplicates.

3.4. Gliadin Quantification with R5 Commercial ELISA

Flour and bread samples were analyzed with the RIDASCREEN® Gliadin (Art. No.
R7001, R-BIOPHARM AG, Darmstadt, Germany), which is a sandwich enzyme immunoas-
say (ELISA) based on R5 monoclonal antibody recognising the “QQPFP” celiac toxic motif.
Proteins were extracted in the Cocktail (patented) recommended by Codex Alimentarius
for the optimized extraction of gliadin from heat-processed and non-heated food samples
(Art. No.: R7006/R7016, patent WO 02/092633, R-BIOPHARM AG, Darmstadt, Germany),
which was used according to the manufacturer’s instructions, and according to the AOAC
Official Method of Analysis for gluten detection (OMA 2012.01).
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RIDASCREEN® Gliadin competitive (Art. No. R7021, R-BIOPHARM AG, Darmstadt,
Germany) was used to analyse the products of in vitro bread digestion, according to the
manufacturer’s instructions.

The gastroduodenal digestion products were analyzed in duplicate.

3.5. Osborne Fractionation

The Osborne fractionation was performed as previously described in Landolfi et al.
2021 [20]. The albumins and globulins were solubilized from the non-defatted flour (1:10,
w/©) in 100 mM KCl, 50 mM Tris-HCI pH 7.8, and 5 mM EDTA for 4 h at room temperature
(—20 °C). The solution was centrifugated for 15 min at 3500 x g and the supernatants from
two consecutive extractions were pooled. The gliadins were extracted 1:10 w/v with 70%
(v/v) ethanol for twelve hours at room temperature (—20 °C). Glutenin extraction was
performed at 60 °C for 30 min, in 50% ©v/v 1-PrOH + 50 mM Tris-HCI (pH 8.5) + 1% (w/v)
1,4-Dithio-D-threitol (DTT). The cysteine residues of the glutenin extracts were pyridyl-
ethylated at 60 °C for 15 min with 2-vinylpyridine.

3.6. 1-Dimensional Electrophoresis (SDS-PAGE)

Purified protein fractions were separated by SDS-PAGE under reducing conditions,
using a Mini-PROTEAN cell systems (Bio-Rad). To this purpose, proteins were precip-
itated in cold (—20 °C) propan-2-one (1:4, v/v), suspended in the SDS-PAGE Laemmli
Buffer (0.125 M Tris-HCI pH 6.8, 5% SDS, 20% glycerol, 5% (w/v) 2-sulfanylethanol, 0.02%
bromophenol Blue) and boiled in a water bath for 5 min. After quantification with a micro-
Lowry kit (Sigma-Aldrich, Saint Loius, MO, USA), 25 ug of gliadins, 75 ug of glutenins, and
75 ug of albumins/globulins were loaded onto a 12% acrylamide gel (Bio-Rad). Migration
of proteins was conducted at 120 V for 10 min and 220 V for 35 min. Afterwards, gels were
fixed with TCA (24%) overnight (16 h) and stained with Coomassie® Brilliant Blue R-250
(gliadins and glutenins) and G-250 (albumins and globulins).

3.7. Preparation of the Model Breads

Model breads were prepared using commercial baker’s yeast (Saccharomyces cerevisiae).
The same recipe was used for all the flours from different cvs. Flour (50 g) was mixed with
33 g of water and 5 g of yeast and 7 g of salt were added. The mixture was allowed to stand
at 20 °C for 12 h. Loaves were baked at 230 °C for 40 min. After cooling, loaves were cut
into slices and subjected to in vitro digestion within a few hours to avoid any alteration of
the digestibility due to storage conditions (e.g., starch retrogradation due to freezing) [35].

3.8. Static Oral-Gastric-Duodenal Digestion of Model Breads

In vitro oral and gastroduodenal digestion was carried out using the harmonized and
standardized INFOGEST method [33]. The trypsin activity of the porcine pancreatin was
determined using the p-toluene-sulfonyl-L-arginine methyl ester (TAME) as the substrate
according to Brodkorb [17] and measuring the absorbance at 247 nm for 10 min. The
trypsin activity was found to be 9.5 U/ mg of powder. At the end of the duodenal digestion,
samples were boiled for 5 min to interrupt the enzymatic digestion and centrifuged at
7900x g, for 30 min. The supernatant containing digestion products, which are likely to
be absorbed by enterocytes, was collected, and processed for further analysis, including
peptidomics and «-amino nitrogen determination. Aliquots of duodenal digests were
collected every 30 min.

3.9. Preparation of Samples for the Alpha Amino Nitrogen Determination

The solubilization of proteins from the cooked bread samples and protein-free bread
was performed in the SSF without enzymes (1:12, w/v) for 3 h at 37 °C. Prior to x-amino
nitrogen determination, all sample were de-proteinized TCA up to a final concentration of
20% (w/v). After the protein precipitation was conducted for 30 min at 20 °C, the solution
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was centrifuged at 4000 x g for 30 min, 4 °C and neutralised to a pH 7 with 1 N NaOH prior
to analysis.

The content of free x-amino nitrogen in the samples was determined using the Enzy-
tecTM Alpha-amino Nitrogen kit by R-Biopharm (E2500 R-Biopharm AG, 64297 Darmstadt,
Germany) following the manufacturer’s instructions. The iCubio i-Magic M9 (Origlia
S.r.L, 20007 Cornaredo, Italy) was set to perform the enzymatic reaction in full automatiza-
tion and the absorbance was read at 340 nm. All samples were assayed in triplicate and
absorbance values were averaged.

3.10. Free Glucose Quantitative Determination

D-glucose was quantified directly in the soluble digest using the Enzytec™ Liquid D-
Glucose kit by R-Biopharm (E8140 R-Biopharm AG, 64297 Darmstadt, Germany), following
the manufacturer’s instructions. The analyses were performed on the iCubio i-Magic M9
(Origlia S.r.L,, 20007 Cornaredo, Italy) as described for the x-amino nitrogen (Section 3.9).
All samples were assayed in triplicate and absorbance values were averaged.

3.11. Preparation of Peptides for Mass Spectrometry Analysis

Peptide digests were desalted using C18 Sep-Pak 360 mg sorbent weight (WAT051910,
particle size 55-105 um, pore size 125 A) (Waters Co., Milford, MA, USA). The equilibration
and cleaning phases were carried with a 0.1% TFA in water. Peptides were eluted with 70%
acetonitrile (v/v) containing 0.1% TFA (v/v).

3.12. Liquid Chromatography-Tandem Mass Spectrometry (LC/MSMS) Analysis

LC-MS/MS analysis was performed by using a Q Exactive Orbitrap mass spectrometer
(Thermo Scientific, San Jose, CA, USA), online coupled with Ultimate 3000 ultra-high per-
formance liquid chromatography equipment (Thermo Scientific, 95134 San Jose, CA, USA)).
Samples were loaded through a 5mm long 300 pum id pre-column (LC Packings, San Jose,
CA, USA) and separated by an EASYSpray™ PepMap C18 column (2 um, 25 cm x 75 pm)
3 um particles, 100 A pore size (Thermo Scientific, San Jose, CA, USA). Eluent A was 0.1%
formic acid (FA) (v/v) in water; eluent B was 0.1% FA (v/v) in 80% (v/v) ACN. The column
was equilibrated at 5% B. Peptides were separated applying a 5-40% gradient of B over
60 min. The flow rate was 300 nL/min. The mass spectrometer operated in data-dependent
mode and all MS1 spectra were acquired in the positive ionization mode with an m/z scan
range of 350 to 1600. Up to 10 of the most intense ions in MS1 were selected for fragmenta-
tion in MS/MS mode. A resolving power of 70,000 full width at half maximum (FWHM),
an automatic gain control (AGC) target of 1 x 10° ions and a maximum ion injection time
(IT) of 120 ms were set to generate precursor spectra. MS/MS fragmentation spectra were
obtained at a resolving power of 17,500 FWHM. To prevent repeated fragmentation of the
most abundant ions, a dynamic exclusion of 10s was applied. Ions with one or over six
charges were excluded.

A specific database was generated for the analysis of the MS/MS data. The database
included UniprotKB entries for Triticum turgidum spp. durum, Hordeum chilense and Hordeum
spontaneum, downloaded on the 01/06/2021. The DB Toolkit was used to customize the
database and remove redundant sequences [36,37]. The Sus scrofa protein sequences,
downloaded on the 16/10/2019 from UniprotKB, were also included in the database to
detect contaminants, thus increasing the confidence of identification of the Tritordeum-
derived peptides.

PEAKS Studio (version 6.0, Bioinformatics Solution Inc., 202-140 Columbia St W,
Waterloo, ON, Canada) was used for database searching, applying the following parameters:
oxidation on methionine, deamidation on the glutamine and asparagine, and pyroglutamic
for N-terminus glutamine as variable modifications; mass tolerance value of 8 ppm and
0.02 Da for precursor and MS/MS fragment ions, respectively; no cleavage specificity. The
peptide-level false discovery rate (FDR) was set at 0.1%. Proteins with score —10LgP > 20
were accepted.

173



Section 2 — Chapter 5

Molecules 2022, 27, 1308

https://doi.org/10.3390/ molecules27041308

13 of 16

3.13. In Silico Analysis of Peptides Resistant to Digestion

Peptides identified at the end of the gastroduodenal digestion were in silico evaluated
for their celiacogenic potential and IgE capacity. IgE binding sequences were retrieved
from the free Inmune Epitope Database (IEDB) (https://www.iedb.org/, downloaded on
the 20 September 2021).

The celiac toxic motif was retrieved from the ProPepper database (https://www.
propepper.net/, downloaded on the 20 September 2021) [38]. These epitopic/ celiacogenic
sequences were manually searched in the pool of resistant peptides identified by MS in the
duodenal digests of Bulel and Aucan breads.

To increase the confidence of identification and the strength of the in-silico analysis, the
epitopic/celiacogenic sequences were searched, only considering the peptides identified
in both technical replicates. The analyses were performed with the peptides common to
the tritordeum cvs and those uniquely identified in Bulel and Aucan. Peptides resulting
from digestion that belonged to the same protein were aligned with Clustal Omega (https:
//www.ebi.ac.uk/Tools/msa/clustalo/, accessed on 20 December 2021) and graphically
evaluated using the WebLogo software (https:/ /weblogo.berkeley.edu/logo.cgi, accessed
on 20 December 2021) to highlight the recurring regions. This analysis was aimed at
aligning in silico the surviving peptides to their toxic-allergenic potential.

3.14. Statistical Analysis

Statistical analysis was performed using SPSS statistic v.27 Chicago: SPSS Inc. Data
were compared by one-way analysis of variance (ANOVA), followed by the Tukey—Kramer
post hoc test (« = 0.05) for all analysis and Ryan-Eino-Gabriel-Welsch F test (« = 0.05) for
the ELISA analysis.

4. Conclusions

This study examined for the first time the complex proteome of the tritordeum, high-
lighting the subtle but technologically and nutritionally relevant differences in the protein
set of two commercially mainstream tritordeum cvs, namely Aucan and Bulel. The inter-
cvs differences observed may be attributable to the different contributions of the Triticum
turgidum spp. durum genome. Our results suggest that attention should be paid in consid-
ering all the tritordeum cvs as a unicum in terms of protein expression, since in some cases
the protein contribution can vary along the genomic characteristics of the Hordeum and
Triticum parents.

In the same way, the first in vitro digestomic analysis carried out on bread baked with
tritordeum flour in the present study evidenced that the process of digestion produced
different peptidomes, with possible different outcomes in terms of immunoreactivity
and allergenicity.

Supplementary Materials: The following are available online, Figure S1: (A) Breads prepared with
100% reference flour; (B) Sliced bread. Tritordeum bread appeared yellower than soft wheat. Tri-
tordeum Baked breads showed a comparable alveolation to soft wheat bread, cv Altamira. Figure S2:
Reducing sugar release (expressed as mg of glucose) from 1.5 g of digested breads. Error bars
represent the variability over two breads digested in two days and two technical replicates. (Panel A)
kinetic of breads duodenal digestion (0-30-60-90 and 120 min); (Panel B) mg of reducing sugar
released after 4 h of gastroduodenal digestion of 1.5 g of bread. Figure S3: mg of alpha amino nitro-
gen determined in 1.5 g of the cooked breads. Bars with different letters are significantly different
(p-value < 0.05) and the REGW-F test. Figure S4: Graphical representation of the peptides surviving
digestion. Peptides belonging to the same protein region were aligned and the height of the amino
acid reflects its abundance in the sequences. The sequence R5-QQPFP sequence was highly repeated
in Aucan bread Triticum derived peptides, while in Bulel was found highly repeated in Hordeum-
derived peptides. Sequence logo of unique peptides from Aucan (Panel A,C) and Bulel (Panel B,D)
bread duodenal digestomes. The frequency of the sequences is expressed in bits [39]. Figure S5:
Coverage of the Triticum tugidum spp. durum HMW GS (K4N1X7) by digestion-resistant peptides
from Aucan bread (Panel A) and Bulel bread (Panel B). The alignment highlights the uniqueness
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in several cases is due to the hydrolysis of peptides differing by few amino acids (Supplementary
Materials Table S5). Table S1: Nano-LC MS/MS identification of the proteins resistant to the in vitro
gastroduodenal digestion of Aucan bread. Table S2: Nano-LC MS/MS identification of the proteins
resistant to the in vitro gastroduodenal digestion of Bulel bread. Table S3: list of LCMS/MS identified
peptides resistant to in vitro digestion of Aucan bread. Table S4: list of LCMS/MS identified peptides
resistant to in-vitro digestion of Bulel bread. Table S5: list of LCMS/MS identified peptides resistant
to digestion uniquely identified in Aucan and Bulel breads. This list of peptides was used for the in
silico evaluation.
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LMW-GS Low-molecular-weight glutenin subunit

RSR reducing sugar release

SDS-PAGE  Sodium dodecyl sulfate-polyacrylamide gel electrophoresis
SGF simulated gastric fluid

SIF simulated intestinal fluid

SSF simulated salivary fluid

TAME p-toluenesulfonyl-L-arginine methyl ester

TCA trichloroacetic acid

TFA trifluoroacetic acid

TPC total protein content

Tris-HCI tris(hydroxymethyl) aminomethane hydrochloride
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SECTION 3

A novel food from a fermented dairy by-product: Kashk

The purpose of this section is the characterisation and the preliminary allergenicity risk assessment
of the Kashk, the product of the fermentation of dairy by-product.

Kashk has a very ancient origin. In fact, is thought to have been invented by Iranian nomads in
response to the need of a durable food during their long movements. Traditionally, this dairy
product is made from the production waste of home-made yogurt or sour buttermilk, from goat’s
milk. These dairy wastes are spontaneously fermented and dried under the sun. Today, kashk is
also manufactured at an industrial level in a liquid form using as a starting ingredient cow’s and

sheep’s milk.

Milk-derived food allergens

Cow milk allergy affects 0.6% to 3% of children under the age of 6 years, 0.3% of elder children
and teens, and less than 0.5% of adults. It is interesting to note that milk allergies typically vanish
with infants outgrow. Although most children can consume milk and dairy products as adults, 15%

of the affected children remain allergic to their adult lives (Villa et al., 2018).

Caseins
Caseins accounts for approximately 80% of the total protein in milk. In the official WHO/IUIS list
of allergens, caseins are all categorized as Bos d 8 even if, basing on the family, they are also

categorised as individual allergens (http://allergen.org/index.php; EFSA Panel on Dietetic
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Products, 2014). Different casein families are encoded by different genes on the same
chromosome: asl-casein (Bos d 9), B-casein (Bos d 11) representing the predominant caseins (40%
and 35%, respectively), while as2-casein (Bos d 10) and k-casein (Bos d 12) are less represented
(12.5%, each one). In addition, the hydrolysis of B-casein generates three y-caseins (y1, y2, and
v3), which represent the segments 29-209, 106-209, and 108-209 of B-casein, respectively.

The lack of a clearly defined tertiary structure suggests that their allergenic epitopes are linear
rather than conformational. This makes their epitope more resistant than those conformational,
since not affected by denaturation.

Although these proteins are not affected by denaturing agents, such as urea or heat treatment, in
the digestive process, they are extensively degraded by proteolytic enzymes (Villa et al., 2018). In
fact, because of their non-compact and flexible structures, caseins are well digested. Interestingly,
those patients allergic to linear epitope of milk proteins are more likely to retain their allergenicity
with outgrowth than those allergic to conformational ones (Vila et al., 2001). This is probably due
to the development of the digestive tract, which in adulthood generate more extreme environment
(lower pH).

Interestingly, among milk allergic patients, about 50% of them react with as1-casein (Natale et al.,
2004).

Beside the possible negative effect associated with the casein consumption, positive effect related
to the high level of phosphorylation of casein are worthy to be cited. Gastrointestinal digestion of
milk protein casein may produce casein phosphopeptides (CPPs). These peptides, containing the
amino acid sequence -Pse-Pse-Pse-Glu-Glu- where Pse is a phosphoseryl residue can stabilise

calcium and phosphate ions enhancing their bioavailability (Cross et al., 2007). This positively

179



Section 3 — A fermented novel food from a dairy by-product: Kashk

affects the health of bones and teeth acting as anticariogenic as observed in hard cheese (Ferranti
etal., 1997).

Whey proteins

Whey proteins represent 20% of cow’s milk protein. According to Monaci et al., (2006), the
primary whey allergens are the globular proteins Bos d 5 (B-Lg) and Bos d 4 (a-La), which account
for 50% and 25% of the whey protein fraction, followed by other minor components such as Bos
d 6 (BSA), immunoglobulins (Ig), and lactoferrin (LF).

The beta-lactoglobulin belongs to the apolipoprotein family and is made up of 162 amino acids,
presenting an overall molecular mass of 18.3 kDa. Its tertiary structure is composed of nine
antiparallel B -sheets stabilized by two disulphide bridges forming a structure known as a 3 -barrel
(Stanic-Vucinic et al., 2012). The three-dimensional structure of this protein is well-conserved in
the apolipoprotein family, even if they have low sequence homology (Chapman & Wood, 2001).
Its compact fold makes B-Lg resistant to denaturation and proteolytic hydrolysis (Lonnerdal &
Lien, 2003).

Bos d 4 is a single-chain polypeptide of 123 amino acids with a molecular weight of approximately
14 kDa. This protein shows calcium-binding properties and is involved in milk lactose synthesis.
Milk allergy patients have a prevalence of a-La - specific IgE ranging from 27.6% to 62.8%
depending on the study population (Matsuo et al., 2015).

Notably, the segment 125 to 135 of Bos d 5 (TPEVDDEALEK), is considered the major antigenic
site, with an exceptional capacity to survive simulated milk protein digestion and to bind to specific
IgE from human sera (Picariello et al., 2010). Despite being present in milk at low levels, Bos d 6

reacted with IgE in 50% of milk allergic patients, which led to its classification as a major allergen.
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The protein comprises 582 amino acids with a molecular weight of 66.3 kDa and shows a stable
tertiary structure.

Currently, bovine Ig is under study for its potential allergenicity, and their IgE-binding epitopes
are not yet identified. Some studies reported that individuals with milk allergies have LF-specific
IgE. However, the relevance of this protein's allergenicity is still in question, since these patients
also have IgE against the other major milk allergens. To date, no data has been reported on

identifying LF IgE-binding epitopes (Villa et al., 2018).
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ARTICLE INFO ABSTRACT

Keywords:

Kashk is a typical dairy product of Iran, made from sour milk. It is traditionally produced from buttermilk in a

Kashk dry, round-shaped form. Today, it is also produced at industrial level in a liquid form starting from fermented

Fermented milk

Protein digestion

Milk bioactive peptides

Proteomics

Peptidomics

Mass spectrometry
tential bioactive peptides.

milk. We aimed to characterise the kashk proteome and peptidome comparing a traditional product with the
industrial using a combination of proteomic approaches including advanced chromatographic and electro-
phoretic separation technique coupled to tandem mass spectrometry. We identified also phosphorylated casein-
derived peptides (CPP) and investigated kashk protein digestibility using a static model of food protein digestion.
The molecular characterization, coupled with bioinformatic in silico analysis, allowed the identification of po-

1. Introduction

Kashk is a fermented dairy product manufactured in Iran, which
used to be the main protein source for Middle East nomad populations
(Gakar, Coskun, Akoglu, isleyen, Kiralan, & Bayrak, 2009; Kurmann,
Rasic, & Kroger, 1992). Today, it is available in dried or liquid form.

Traditionally kashk is produced using by-products from the cheese-
making production, like the buttermilk, which are fermented, salted,
and dried (ISIRI 2005; Kamber, 2008; Oghbaei & Prakash, 2008). The
product is shaped in small balls and used for domestic meal preparation
or sold in local markets.

Nowadays, kashk is also produced industrially as a whitish dense
liquid similar to sour cream, which is used as an ingredient in tradi-
tional Middle East cuisine (ISIRI, 2009). While the traditional product is
primarily produced using sheep milk, the industrial kashk is produced
starting from yogurt (Noori, Keshavarzian, Mahmoudi, Yousefi, &
Nateghi, 2013; Sevgi Kirdar, 2012) from bovine or sheep milk. The
effect of additives on the stability of non-fat kashk has been investigated
(Ghorban Shiroodi, Mohammadifar, Ghorbani Gorji, Ezzatpanah, &
Zohouri, 2012; Ghorbani Gorji, Mohammadifar, & Ezzatpanah, 2010).

From the nutritional standpoint, kashk is rich in protein: its average
protein content is 13.7% (dry traditional type) and 8.6% (liquid in-
dustrial type). Depending on the geographical region of production, the

content of salt can vary from 0.8 to 1.5%. Mineral composition is re-
lated to content of calcium and phosphorus, which are essential mi-
cronutrients in the human diet. The calcium and phosphorus content of
kashk varies in the 0.19-0.25% and 0.18-0.31% ranges, respectively
(Jafari, Ghaisari, Khaniki, & Shariatifar, 2015; Soltani & Giizeler, 2012).

The production of traditional kashk from buttermilk can have a
technological interest in recovering otherwise wasted dairy by-pro-
ducts. Waste whey from diary industry is a well described source of
bioactive milk-derived peptides (De Simone et al., 2009, 2011). These
peptides are naturally present in milk as product of protein degradation
during processing. Peptides represent a higher-bioavailability form of
(essential) amino acids compared to proteins and may exert a multitude
of health-promoting actions, including mineral transport, immune-
modulatory, anti-hypertensive, antibacterial and antioxidant activity. A
detailed characterization of the protein and peptide composition of
kashk has never been undertaken so far.

For these reasons, we characterized by ‘omic’ analysis re-
presentative samples of traditional and industrial kashk to generate
protein and peptide maps. This study represent the first molecular
characterization of kashk. We also investigate the resistance of the
kashk bioactive peptides to simulated gastrointestinal digestion as well
as monitored the generation of new potentially functional peptide se-
quences.
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2. Materials & methods
2.1. Materials

Three samples of traditional dry and three samples of industrial li-
quid kashk types were collected at local markets in Shiraz (Iran).
Comparative sample of cheese and yogurt were purchased from Italian
supermarkets. All the reagents used in the present study were of ana-
lytical or higher grade. To prevent undesired peptide hydrolysis, im-
mediately after collection, samples were added with a protease in-
hibitor cocktail Sigma-Aldrich (St Louis, MO, USA), aliquoted (50 mL),
refrigerated, and stored at —20 °C until used. HPLC-grade solvents,
water and acetonitrile (ACN), were from Merck (Whitehouse Station,
NJ, USA). Pepsin, trypsin, chymotrypsin, dithiothreitol (DTT), iodoa-
cetamide (IAA), Tris-HCl, urea, guanidine chloride, sodium citrate,
ammonium bicarbonate, phospholipid preparations, trichloroacetic
acid (TCA), trifluoroacetic acid (TFA), p-toluene-sulfonyl-L-arginine
methyl ester (TAME), sodium tetraborate were purchased from Sigma-
Aldrich (St Louis, MO, USA). Plasmin was purchased from Boehringer
(Mannheim, West. Germany). Reagents for electrophoresis analysis
were from Bio-Rad (Milan, Italy). Brush border membrane (BBM) en-
zymes were purified from porcine jejunum, as previously detailed
(Picariello et al., 2015). The casein fraction was precipitated from
skimmed bovine and ovine milk at pH 4.6 with sodium acetate/acid
acetic buffer as described by Aschaffenburg and Drewry (1959). The
sodium caseinate precipitate was washed twice with the buffer, freeze-
dried and stored at — 20 °C before use. The supernatant, containing the
whey proteins, was dialysed in tubing with molecular cut off
12,000-14,000 Da and subsequently freeze-dried and stored at —20 °C
before use. The aminopeptidase activity was determined by colori-
metric assay using p-nitroaniline as the substrate, while the total ac-
tivity of BBM peptidases was assayed by HPLC using angiotensin I as a
substrate (Picariello et al., 2015).

2.2. Preparation of the protein and peptide fractions

Peptide extraction was carried out solubilizing 1 g of kashk sample
in either 20 mL of water or in 20 mL of sodium citrate (0.2 M, pH 8.0).
Casein was isoelectrically precipitated at pH 4.6 from both water and
citrate soluble fractions, according to the Aschaffenburg's procedure
(Aschaffenburg & Drewry, 1959). The precipitated casein fraction and
the soluble whey proteins/peptides fraction were stored at — 20 °C until
analysis.

The pH 4.6-soluble fraction was lyophilised and re-suspended in
6 mL of 0.1% (v/v) aqueous TFA. The samples were desalted by solid
phase extraction using a Sep-pak C18 cartridge (Waters, Milford, MA),
previously equilibrated in 0.1% TFA and eluted with 70/30/0.1 ACN/
water/TFA (v/v/v). The peptide isolates were dried using a Savant
concentrator (Speed-Vac, Milan, Italy) and stored at —20 °C for struc-
tural analysis. The soluble phosphopeptide fraction was prepared from
the kashk water-soluble extract following the procedure described by
Ferranti, Barone, et al. (1997).

2.3. Sodium dodecyl sulphate - polyacrylamide gel electrophoresis
(SDS-PAGE) analysis

Protein samples were dissolved in a 9 M urea solution (0.2:1, w:v)
containing 1% B-mercaptoethanol. The solubilised proteins were di-
luted (1:1, v:v) with a denaturing solution (0.062 M Tris-HCL, 2% (w/v)
SDS, 5% (v/v) B-mercaptoethanol, pH 6.8). Samples were heated at
100 °C for 5 min.

Protein solution (10 pl) was loaded onto a precast 12% poly-
acrylamide gel (Bio-Rad, Richmond, CA, USA). The running buffer was
192 mM glycine, 25 mM Tris and 0.1% SDS. Analysis was carried out at
room temperature and constant voltage (100 V). Proteins were visua-
lized using Coomassie blue staining (Bio-Safe Coomassie Stain G-250,
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Bio-Rad). An Amersham Low MW Calibration Kit (14.4-97 kDa, GE
Healthcare UK Limited, UK) was used as the molecular weight (MW)
standard. The gels were scanned and processed using the LABScan
software 3.00 (Amersham Bioscience, Uppsala, Sweden).

2.4. Analysis by isoelectric focusing and immunoblotting

Proteins were solubilized in 9 M urea as described in Section 2.3.
Isoelectric focusing electrophoretic analysis of the casein fraction was
carried out on ultra-thin layer polyacrylamide gel (0.25 mm), prepared
as described in the EU Official Journal No. 37/2001. The pH gradient
was in the range of 2.5-6.5 and was obtained by mixing Ampholine (GE
Healthcare, UK) 2.5-5.0, 4.5-5.4, and 4.0-6.5 in the ratio 1.6:1.4:1 (v/
v/v). The gels were stained using Coomassie Brilliant Blue (CBB) G-250
as described by Neuhoff, Arold, Taube, and Ehrhardt (1988). Proteins
separated by UTLIEF, were transferred by capillary diffusion from the
gels onto a nitrocellulose membrane (0.45 pm, Trans-Blot, Bio-Rad,
Richmond, CA, USA). Immunostaining was carried out using polyclonal
antibodies against bovine B-casein (B-CN), B-lactoglobulin (B-Lg) and
a-lactalbumin (a-La) produced by Primm (Milan, Italy), as primary
antibodies and horseradish peroxidase-labelled goat anti-rabbit IgG
polyclonal antibodies as secondary reagents (BioRad, Hercules, CA),
according to the procedure described by Chianese, Mauriello, Moio,
Intorcia, and Addeo (1992).

2.5. Assay of plasmin activity on whole casein fraction

Whole casein isolated from the kashk samples by isoelectric pre-
cipitation (70 mg) was dissolved in 1 mL of 0.05 M sodium tetraborate
buffer, pH 8. The suspension was treated with 25 pl plasmin suspension
(5U/mL) (EC 3.4.21.7; Boeringer, Germany) and incubated at 37 °C.
Samples (200 pl) were collected after 60 min and the reaction stopped
by addition of an equal volume of 24% trichloroacetic acid in water.
Samples were centrifugation at 3000 g for 5 min and the pellet was
prepared for electrophoretic analysis as described in Section 2.3.

2.6. Protein and peptide MALDI TOF MS analysis

Protein and peptide extracts were analyzed by Matrix Assisted Laser
Desorption Ionisation-Time of Flight mass spectrometry (MALDI TOF
MS) using a Voyager DE PRO MALDI-TOF mass spectrometer
(PerSeptive BioSystems, Framingham, MA) equipped with a N, laser
(A = 337 nm), using a-cyano-4-hydroxy-cinnamic acid (for peptides)
or sinapinic acid (for proteins) as the matrix (10 mg mL™~' in 50% ACN,
v/v, containing 0.1% TFA). Mass spectra were acquired in the reflector
or linear positive ion mode, for peptides or proteins, respectively, using
the Delay Extraction (DE) technology. The accelerating voltage was
20 kV. External mass calibration was performed using a commercial
mixture of standard peptides (PerSeptive Biosystems, Framingham,
MA). A resolution of =8.000 was calculated in the working mass range.
Raw data were analyzed using the Data Explorer 4.0 software furnished
with the spectrometer. Post-source decay (PSD) MS analysis was carried
out after isolation of the precursor ions using a timed ion selector set at
an ion gate width of 1 Da. The PSD mass spectra were divided into
seven segments; the laser power and the guide wire voltage were varied
for each segment to optimize fragmentation and data collection.
Approximately 200 laser shots were acquired for each segment.
Fragmented ions were refocused onto the final detector by stepping
down the voltage applied to the reflector. Finally, the individual seg-
ments were stitched together using the software purchased with the
instrument. Peptide mass fingerprinting (PMF)-based identifications
were carried out interrogating the National Center for Biotechnology
Information (nrNCBI) and Swiss-Prot/TrEMBL databases with Mascot
(Matrix Science, London, UK) and Protein ProspectoaMS-FIT (http://
prospector.ucsf.edu/) search engines. Mass tolerance of 0.3 Da, variable
pyro-glutamic acid formation at N-terminal Gln and possible
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methionine oxidation were set as search parameters. Searches were
taxonomically restricted to Mammalian. Probability MOWSE scores
were automatically calculated by the search engines; only protein
candidates with score higher than the random match region
(p < 0.05%) were considered. The identification of top scores of
protein candidates was validated by manual peptide mass mapping.
BIOPEP database of bioactive peptides (www.uwm.edu.pl/biochemia/
index.php/pl/biopep) was used to screen potential bioactive sequences.

2.7. Reverse phase- high performance liquid chromatography (RP-HPLC)
analysis of kashk proteins

Reversed phase (RP)-HPLC analysis of casein was carried out using a
C4 Vydac 2.1 mm i.d. column (Hesperia, CA, USA). Solvent A was 0.1%
in water (v/v). After 5 min of isocratic elution using 30% solvent B
(0.1% TFA in ACN, v/v), a 30-50% gradient ramp was applied over
60 min at a flow rate of 0.200 mL/min. The HPLC chromatograph was
an HP 1100 Agilent (Palo Alto, CA, USA) modular system equipped
with a diode array detector. The column effluents were monitored by
UV detection at A = 220 and 280 nm.

2.8. In vitro gastrointestinal-BBM digestion of kashk

Gastro-intestinal digestion (GID) of kashk was carried out on 0.1 g
sample according to the Infogest harmonized protocol (Minekus et al.,
2014), integrated with an additional step simulating the action of in-
testinal BBM peptidases (Picariello et al., 2015). The aliquots for the
subsequent intestinal reactions were directly supplemented with BBM,
omitting the 5 min boiling. Peptidase activity was estimated de-
termining the aminopeptidase N (APN) and dipeptidyl IV (DPP-1V)
activity by spectrophotometric assays using L-leucine p-nitroanilide and
Gly-Pro-4 nitroanilide as the substrates, respectively (Claude et al.,
2019). The APN and DPP-IV activity was 879 pU/pL and 152 pU/pL,
respectively. These values were roughly consistent with the value of
1018 pU/pL total peptidase activity, determined by RP-HPLC using
angiotensin-I (Sigma) as the substrate (Picariello et al., 2015). The
peptide digests arising from gastro-duodenal digestion were two-fold
diluted with 0.1 M sodium phosphate buffer pH 7.2, supplemented with
100 pU BBM/100 pg peptides and incubated at 37 °C up to 6 h.

The amount of the peptide substrate was estimated according to the
original protein material, determined with the modified micro-Lowry
assay (kit from Sigma), hence containing at this stage free amino acids
too. At present, there is not an established consensus about the condi-
tions for digestion with intestinal BBM peptidases. Thus, the peptidase-
to-substrate ratio was chosen according to conditions with previously
assessed physiological consistence (Shan et al., 2002). Aliquots were
collected and analyzed at intermediate incubation times. The peptides
arising from the gastrointestinal digestion were separated by RP-HPLC
performed using a 2.0 mm i.d. X 250 mm, C18, 5 um reverse-phase
column (Phenomenex, Torrance, CA, USA) with a flow rate of 0.2 mL/
min using the same chromatographic system as above. The column was
equilibrated at 5% solvent B. Peptide separation (25 pg for each ana-
lysis) was carried out with a 5-60% solvent B gradient over 60 min. The
column effluent was monitored by UV detection (220 and 280 nm) and
each peak was manually collected.

2.9. Liquid chromatography- high resolution — tandem mass spectrometry
(LC-HR-MS/MS analysis)

LC-MS analysis was performed using a Q-Exactive Orbitrap mass
spectrometer (Thermo Scientific, San Jose, CA, USA), online coupled
with an Ultimate 3000 ultra-high performance liquid chromatography
instrument (Thermo Scientific). Samples were resuspended in 0.1% (v/
v) formic acid solution, loaded through a 5 mm long, 300 pum id pre-
column (LC Packings, USA) and separated by an EASY-Spray™ PepMap
C18 column (2 pm, 15 ¢cm X 75 pum) 3 pm particles, 100 A pore size
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(Thermo Scientific). Eluent A was 0.1% formic acid (v/v) in Milli-Q
water; eluent B was 0.1% formic acid (v/v) in ACN. The column was
equilibrated at 5% B. Peptides were separated applying a 4-40% gra-
dient of B over 60 min. The flow rate was 300 nL/min. The mass
spectrometer was operated in data-dependent mode and all MS1 spectra
were acquired in the positive ionization mode with an m/z scan range
of 350 to 1600. Up to 10 most intense ions in MS1 were selected for
fragmentation in MS/MS mode, with 10 s dynamic exclusion. A resol-
ving power of 70,000 full width at half maximum (FWHM), an auto-
matic gain control (AGC) target of 1 x 10° ions and a maximum ion
injection time (IT) of 256 ms were set to generate precursor spectra.
MS/MS fragmentation spectra were obtained at a resolving power of
17,500 FWHM. Ions with one or more than six charges were excluded.
Spectra were processed using the Xcalibur Software 3.1 version
(Thermo Scientific). Mass spectra were elaborated using the Proteome
Discoverer 2.1 software (Thermo Scientific), restricting the search to
Bos taurus, Ovis aries and Capra hircus databases (November 2017). The
search was also expanded to mammalian database, extracted from the
NCBI (downloaded on November 2017). Database searching parameters
for identification of the identification of peptides in simulated gastro-
intestinal digests and peptides isolated from kashk samples were: Met
oxidation and pyroglutamic for N-terminus Gln as variable protein
modifications; a mass tolerance value of 8 ppm for precursor ion and
0.01 Da for MS/MS fragments; no modification of cysteine residues
included and no proteolytic enzyme selected. The false discovery rate
and protein probabilities were calculated by Target Decoy PSM
Validator working between 0.01 and 0.05 for strict and relaxed sear-
ches, respectively.

3. Results
3.1. The proteome of kashk

3.1.1. Electrophoretic analysis

Fig. 1 shows the electrophoretic profile of the total proteins isolated
from exemplificative samples of traditional or industrial kashk. We
compared kashk proteins to isolated bovine and ovine casein and whey
proteins as well as proteins isolated from Grana Padano, Pecorino
cheese and yogurt. The traditional and the industrial kashk samples
showed the presence of intact casein fractions with the as2-casein and

Fig. 1. SDS-PAGE analysis of the total proteins isolated from traditional and
industrial kashk compared to yogurt, Pecorino and Grana cheese. Bovine and
ovine casein and whey proteins, in house isolated, were used as reference.
Kashk samples were also subjected to plasmin (PL) action, as indicated. (1)
Molecular weight markers; (2) Bovine CN; (3) Bovine CN + PL; (4) Bovine
whey; (5) Ovine CN; (6) Ovine CN + PL; (7) Ovine whey; (8) Grana Padano
cheese; (9) Pecorino cheese; (10) Traditional kashk; (11) Traditional kashk
fraction insoluble at pH 4.6; (12) Traditional kashk fracﬁﬁ§'?soluble at pH
4.6 + PL; (13) Industrial kashk; (14) Industrial kash + PL; ( ogurt. Gel was
stained using Coomassie R-G250.



Section 3 — Chapter 6

M. Pourjoula, et al

the x-casein having respectively the highest and the lowest (about
19 kDa) molecular mobility, as expected.

The N-terminal region (1-105) of k-casein, arising from chymosin-
mediated splitting of k -casein, which is expected at an apparent mo-
lecular mobility of ~15 kDa, was absent in both traditional and in-
dustrial Kashk samples, confirming that these products do not derive
from rennet coagulation, while they are more similar to buttermilk and
yogurt.

The B-Lg (18 kDa) was detected in both kashk types analysed ap-
pearing relatively more abundant in industrial one. Several faint bands
of a-La (14 kDa) were detected in both products. The presence of de-
natured and aggregated species of whey proteins is due, most likely, to
intense heat treatments used during kashk production.

It was noteworthy the absence of immunoglobulin (Ig), bovine
serum albumin (BSA) and lactoferrin (Lf) bands in the pH 4.6-soluble
fractions of either traditional or industrial samples (data not shown).
Whey proteins have different thermal sensitivity, in the order:
Ig > BSA > B-Lg > a-La (Jelen & Rattray, 1995). Thermal treatment
up to 90 °C might have caused the complete denaturation of Ig and BSA
while the B-Lg and a-La, although in lesser amounts, were still de-
tectable in the nitrogen fraction insoluble at pH 4.6. Likely, these
proteins were involved in the formation of high molecular weight ag-
gregates held together by disulphide bonds, then reduced under elec-
trophoretic conditions.

The protein profile of kashk samples was quite similar to the typical
profile of a yogurt (Fig. 1, lane 15). Analysis of the same samples
subjected to in vitro plasmin hydrolysis confirmed that kashk is a pro-
duct of acid coagulation in the absence of y-caseins. The profiles of the
other kashk samples examined in this study did not exhibit appreciable
differences (data not shown).

3.1.2. Isoelectric focusing (IEF) with immunodetection analysis of pH 4.6-
insoluble nitrogen fraction from kashk

To further investigate the composition of the pH 4.6-insoluble
protein fraction, samples were analyzed by IEF with either Blue
Coomassie staining or immunodetection with specific polyclonal anti-
bodies against the single B-CN, B-Lg and a-La (Fig. 2). By comparison
with whole standard casein and whey proteins, it was possible to clearly
detect B-CN and its related species at both higher and lower isoelectric
point (Chianese et al., 1995; Mamone et al., 2013).

Notably, immunodetection revealed the presence of bovine proteins
in industrial sample only. In contrast, exclusively ovine/goat milk
proteins occurred in the traditional product. Bovine B-Lg A and B were
identified in both bovine or ovine whey with the use of specific anti-
bodies; in kashk samples (particularly in industrial type) components at
higher isoelectric point (pI) than native proteins were detected,
strengthening the hypothesis of the formation of aggregates between
denatured caseins and whey proteins in consequence of intense heat
treatment. Formation of these aggregates in kashk would also explain
the detection of whey proteins in the casein fraction.

(A) I

a

o

a-Latp-|

a-La,

B-Lg. ov
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3.1.3. HPLC and MALDI TOF MS analysis of the insoluble fraction

The HPLC separation of the 4.6-insoluble fraction of kashk in
comparison with standard milk caseins confirmed the presence of intact
casein fractions (data not shown). The presence of large casein frag-
ments was also indicated by the presence of characteristic y-casein
peaks. HPLC analysis of the complementary pH 4.6-soluble fraction in
comparison with sheep whey proteins revealed an almost identical
profile for both traditional and industrial kashk types with the almost
total disappearance of native whey proteins, which were possibly made
insoluble by heat denaturation. Structural protein analysis carried out
by MALDI-TOF MS (data not shown) confirmed electrophoretic and
HPLC data further substantiating the presence of both bovine and ovine
proteins in the industrial sample.

B-Lg was found in both samples, more abundant in industrial khask.
Adducts arising from non-enzymatic glycosylation (+ 324, lactose)
were also present, due to the intense heat treatment (Maillard reaction)
producing adducts at lower pH, thus confirming electrophoretic evi-
dence.

3.2. The peptidome of kashk

3.2.1. Structural analysis of the peptide fraction

The peptide fraction of kashk samples was characterized using ad-
vanced peptidomic procedures. In particular, MALDI MS analysis of the
citrate extract of kashk (Fig. 3 for representative sample spectra) al-
lowed clearly differentiating the industrial from the traditional types.
As shown in the figure, where only the peptides giving the prominent
signals are annotated, the main peptides derived from the N- and C-
terminal regions of the most abundant proteins as1-CN and B-CN. These
peptides also included phosphorylated sequences, such as those of the
N-terminal peptides 1-28 and 1-32 of mature -CN.

Interestingly, peptide sequences detected in the traditional kashk
sample corresponded to the ovine/caprine milk proteins, whereas in the
industrial sample the peptides from bovine counterparts dominated,
identifying the diversity of the species of the milk employed in the two
product types. Exclusively in traditional kashk, intense signals of the
peptide ag;-CN (1-23) were detected. This peptide is normally origi-
nated by chymosin action on casein during cheese making, and remains
in the whey fraction after milk coagulation. Therefore, this finding
suggests the use of residual cheese whey as one of the ingredients.
Alternatively, the peptide could have been produced by the enzymatic
action of some bacterial protease.

In any case, the enormous complexity disclosed by MALDI MS
analysis of the kashk samples peptidome required a high-throughput
analysis by HPLC-ESI MS/MS to be fully defined. Water and citrate
extracts exhibited a very different peptide composition, due to the
different specificity of the extraction systems, with pure water being a
more effective solvent than citrate. The Venn diagram in Fig. 4 provides
a graphical represent of the total number of peptides identified by high-
resolution tandem mass spectrometry analysis in the traditional and
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Fig. 2. Ultra-Thin Layer Polyacrylamide Gel Isoelectric Focusing (UTLIEF) analysis of pH 4.6-insoluble nitrogen fraction from traditional an
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industrial kashk.

Coomassie brilliant blue staining (panel A) and immunoblotting with polyclonal antibodies against B-CN (panel B), B-Lg (panel C), a-La (panel D). (1) Bovine casein;
(2) Bovine whey; (3) Ovine casein; (4) Ovine whey; (5) Traditional kashk; (6) Industrial kashk; (7) Yogurt.
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Fig. 3. Peptides detected in the citrate soluble peptide fraction of traditional (A) and industrial (B) kashk samples.

’("2'9?"' maxmu)zo industrial kashk, solubilized using the two extraction methods. Results

are summarized in Supplementary material S1-S2 (citrate extract) and
$3-S4 (water extract). The analysis of traditional kashk samples allowed
b the identification of a total number of 414 and 241 peptides in water

(18) and citrate extracts, respectively. A minor number of peptides was
identified in industrial kashk samples. These peptides arise from the
proteolytic process occurring during kashk production and maturation.
Primarily are casein-derived peptides, mainly from the two most
abundant ag;-CN and B-CN, and from several whey proteins. The list
includes peptides with potential bioactivity, for instance the N-terminal
region of B-casein possessing Ca%* transport, immune-stimulating and
antimicrobial activity (Pizzano et al., 2000). Similarly, a high number
of peptides from the B-CN C-terminus has been found, associated with
immomodulating activity (Bonomi et al., 2011). In Supplementary
material S5-8, the map of the water and citrate soluble peptides de-
tected for the two main proteins ag-CN and B-CN is aligned along the
respective parent protein sequence. In the figures, it can be observed
that the protein degradation proceeds from production of large peptides
to small sized ones. Interrogation of the database BIOPEP allowed to
predict potential bioactivity of peptides. In fact, in the peptide fraction

Fig. 4. Venn diagram showing the overlapping peptides identified by high-re- extracted in water, a total of 195 (traditional) and 67 (industrial)
solution tandem mass spectrometry analysis in industrial and traditional kashk peptides were identified with reported potential ACE- inhibitor, opioid
extracted using water and citrate. The Venn was generated using InteractiVenn agonist or immune-modulating activities (supplementary material S5-8,

(Heberle, Meirelles, da Silva, Telles, & Minghim, 2015). Peptides identified in Tables 1 and 2).
both natural and modified forms, carrying oxidation of the methionine or the
formation of the pyroglutamic acid (variable modifications) were counted only
once by the software. 3.2.2. Structural analysis of kashk phosphopeptides
A particularly important class of bioactive peptiags9identiﬁed in
various kind of dairy products is constituted by casein-derived
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Table 1
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CPPs isolated from industrial kashk by selective precipitation as barium salts (S: phosphoserine residue; P: phosphate group).

CPP industrial kashk

MW (measured) MW (expected) Peptide Species Sequence

979.09 979.23 B(16-22)3P bovine LSSSEES

1481.22 1481.21 as1(64-74)4P bovine SISSSEEIVPN

1681.12 1682.32 as1(62-74)4P bovine AESISSSEEIVPN

1787.33 1788.12 B(15-28)3P bovine SLSSSEESITRINK

2069.45 2069,81 as1(61-78)5P bovine EAESISSSEEIVPNSVEQK

2132.54 2131.43 as1(64-79)SP bovine SISSSEEIVPNSVEQKH

2461.28 2461,54 as1(61-79)5P bovine EAESISSSEEIVPNSVEQKH

3076.222 3074.99 B(4-25)4P bovine EELNVPGEIVESLSSSEESITR

3450.20 3451.34 B(2-29)4P bovine ELEELNVPGEIVESLSSSEESITRINKK

3478.55 3478.99 B(1-28)4P bovine RELEELNVPGEIVESLSSSEESITRINK

3602.20 3601.34 B(1-29)4P bovine RELEELNVPGEIVESLSSSEESITRINK

3824.51 3824.99 B(1-31)4P ovine/caprine REQEELNVVGETVESLSSSEESITHINKKIE

4542.33 4541.34 as1(35-73)7pP ovine/caprine ENINELSKDIGSESIEDQAMEDAKQMKAGSSSSSEEIV
4669.12 4671.99 as1(34-73)7P ovine/caprine NINELSKDIGSESIEDQAMEDAKQMKAGSSSSSEEIV
4766.43 4766.34 as1(34-74)7P ovine/caprine NINELSKDIGSESIEDQAMEDAKQMKAGSSSSSEEIVP
542298 5422.54 as1(34-77)7P ovine/caprine NINELSKDIGSESIEDQAMEDAKQMKAGSSSSSEEIVPNSA
5552.02 5551.97 as1(34-78)7P ovine/caprine NINELSKDIGSESIEDQAMEDAKQMKAGSSSSSEEIVPNSAE
5680.55 5679.99 as1(34-79)7P ovine/caprine NINELSKDIGSESIEDQAMEDAKQMKAGSSSSSEEIVPNSAEQ
5767.20 5767.34 as1(34-80)7P ovine/caprine NINELSKDIGSESIEDQAMEDAKQMKAGSSSSSEEIVPNSAEQK

phosphopeptides (CPPs), which have been associated with various
biological and nutritional properties, including calcium ion transport
and enhancement of mineral bioavailability (FitzGerald, 1998; Koide,
Itoyama, Fukushima, Miyazawa, & Kuwata, 1991; Liu et al., 2017).
To investigate the presence of CPPs in kashk, CPPs were prepared by
selective precipitation with barium salts. MALDI-TOF MS analysis
performed in positive and in negative ion mode, revealed the presence
of numerous CPPs (Tables 1 and 2) in the isolated casein fraction of
both traditional and industrial kashk. The industrial kashk appeared
more complex that the traditional in the presence of a larger number of
CPPs generated from both bovine and ovine caseins. Further in vitro
bioactivity screenings are required to confirm functional and the po-
tential nutritional properties related to the identified components.

3.3. Evaluation of kashk protein digestibility using an in vitro static model

A static and multi-phasic in vitro model of the gastro intestinal di-
gestion (GID), consisting of sequential simulated gastric, duodenal and
intestinal (peptidases from human intestinal brush border membrane
enzymes, BBM) phases (Picariello et al., 2013, 2015), has been adapted
and applied to identify both the casein- and whey protein-derived
peptides particularly resistant to the GID proteolysis. In this study, we
aimed at evaluating the process of digestion of kashk and the formation
of resistant peptides with possible biological activity. To identify the
resistant domains of the milk proteins, the digesta derived from any
step of digestion, including the complete gastroduodenal-intestinal
BBM degradation, were characterized by complementary MS-based
techniques.

In Fig. 5 the MALDI spectra of the gastric (A), pancreatic (B) and
intestinal (C) steps of GID of both traditional (1) and industrial (2)

kashk are shown. In the first two phases, low molecular weight peptides
were generated, which were different between the two kashk types.
After the BBM digestion phase, only a few resistant peptides were
identified, which were virtually the same in the two sample types of
kashk, indicating for both kashk types high levels of digestibility.

HPLC-ESI MS analysis allowed detection of minor amounts of intact
a-La at the end of the simulated GID process including BBM enzymes,
while the B-Lg was almost completely hydrolyzed. However, several
peptides mainly arising from casein and B-Lg hydrolysis were also
found after BBM digestion.

4. Discussion

During the various stages of kashk production, as for other fer-
mented dairy products, peptides of different size are released from the
milk proteins by combined action of indigenous milk enzymes, such as
plasmin, and microbial enzymes (Hartmann & Meisel, 2007). This fa-
mily of components forms the so-called peptidome, already described
for many types of cheese and other fermented products (Addeo et al.,
1992, 1994; De Filippis, Genovese, Ferranti, Gilbert, & Ercolini, 2016;
Ferranti, Barone, et al., 1997; Gobbetti, Ferranti, Smacchi, Goffredi, &
Addeo, 2000; Hebert et al., 2008). The present study is the first mole-
cular characterization of the complex proteome and of the peptidome of
kashk, a regional dairy product of Middle East and Iran. Proteomic and
peptidomic patterns of kashk reflected, as expected, the nature of the
raw material and the process-induced modifications. Thus, this study
assumes particular relevance considered the very peculiar manu-
facturing of kashk in the use of byproducts/waste as main ingredients in
the circular economy idea.

Electrophoretic data suggest that the proteolytic process of both the

Table 2
CPPs isolated from traditional kashk by selective precipitation as barium salts (S: phosphoserine residue; P: phosphate group).
CPP traditional kashk
MW (measured) MW (expected) Peptide Species Sequence
1279.71 1279.20 B(15-24)3P) ovine/caprine SLSSSEESIT
1359.78 1359.44 B(15-24)4P ovine/caprine SLSSSEESIT
1569.32 1569.33 ax(126-137)2P ovine/caprine EQLSTSEENSKK
1725.63 1725.44 a(125-137)2P ovine/caprine REQLSTSEENSKK
3398.44 339,921 B(1-28)4P ovine/caprine RELEE LNVPGETVESESSSEESITHINK
3478.44 3478.21 B(1-28)3P ovine/caprine RELEE LNVPGE'IVFEL&EESITHH‘JK




Section 3 — Chapter 6

M. Pourjoula, et al.

Vepoge Spwe SIEP . 3033 YPRTH]

= B-CN (195-207)
(78-88)

e OS1-CN
"= (104-119) i

LT .

—
Bei l ¥ 8 3 % 3 ¢ v 4

— — -
y Bl
1 asien .
1  (104-119)
, wae P47 | 819 (116-141) i

B-Lg (26-40) -
= Bg(123) “
au B-CN
|4 =e(12:20) | 77 (3351)10 |
ol .mn‘ n::' ﬂ'l‘ (116-141)
- B3 = — V:"“n Am"-b == -

https://doi.org/10.1016/j.foodres.2020.109107

Food Research International 132 (2020) 109107

Voyeger Seec 30F = 1662 1. 7842)

uu‘.CN —

BN (191-207) A2

(191-206)

B-CN
(190-207)

1o

B-CN (2-28) 4P

h | [ -
. Frmm 2426.36

T o e o 5

B2 ™

TR

epaaes Syae #1852 14083 0300¢

“B—Lg (46-57)

2100 08
ot W) 0

= e - = ]

Veynger fpes #1108 1022).7481)
102 4 .

e | B—Lg (46-57) c2

B—Lg
= | (1229

Fig. 5. MALDI TOF mass spectra of the gastric (panel A), pancreatic (panel B) and intestinal (panel C) steps of GID of both traditional (1) and industrial (2) kashk

samples.

traditional or industrial kashk follows a pathway similar to that shown
for several cheeses, where caseins and whey proteins are degraded by
primary action of endopeptidases producing large-sized fragments and
shorter peptides primarilly from the N- and C-terminals of the major
proteins (De Filippis et al., 2016; Ferranti, Itolli, et al., 1997; Hebert
et al., 2008). This evidence has been fully confirmed by tandem mass
spectrometry analysis. Large fragments are in turn reduced to an en-
ormous number of shorter peptides by the secondary action of proteases
and by-peptidases, probably of microbial origin. They also include
amino- and carboxy-peptidases, as indicated by the numerous peptides
differing only by a single amino acid residue at the N- or C-terminal
side, identified by MS data (supplementary material S5-8). The ag-CN
and B-CN-derived peptides, with molecular mass up to 5 kDa, domi-
nated over those derived from other CNs and whey proteins in both the
traditional and industrial products. This was consistent with the results
of previous studies concerning other dairy products including yogurt
and cheese (Chianese et al., 1997; Ferranti, Itolli, et al., 1997).

The different source of milk used, the other ingredients and the
process employed for the production of traditional and industrial kashk
led to products with very diverse proteome and peptidome (different
proteolytic patterns, animal species peptides, protein Maillard reaction
adducts). The peptidomic approach enables differentiating products
with similar denomination but very different in terms of composition
and nutritional characteristics (Saavedra, Hebert, Minahk, & Ferranti,
2013). Although only a limited number of samples of different product
types (traditional vs. industrial one) were analyzed in detail, due to a
limited availability of samples, the changes occurring in the oligopep-
tide fraction of the kashk samples gave precise indications on the pro-
duction of kashk peptides. The traditional kashk, made from by-pro-
ducts of cheese and yogurt production, is an extremely rich source of
milk proteins and milk derived peptides and particulary CCPs. These
peptides have been shown to have anticariogenic properties and to
prevent enamel demineralisation (Aimutis, 2004; Grenby et al., 2001).
While it is debated whether they are effectively relased by drinking

milk, it has been largely proved that they are abundant in ripened
cheese (Ferranti, Itolli, et al., 1997) and they have been also recently
identified in blood of subjects after consumption of Parmigiano Re-
ggiano cheese (Caira et al., 2016). This study has evidenced in both
kashk types, a variety of naturally occurring CPPs, which are ready
bioavailabilee for consumers.

Interestingly, deep peptidomic analysis showed the presence in
kashk of a number of peptides neither derived from casein nor from the
major whey proteins, a-La and B-Lg. These peptides derive from pro-
teolysis of the so-defined ‘minor’ or ‘hidden’ milk proteome (Liao,
Alvarado, Phinney, & Lonnerdal, 2011a, 2011b; Picariello et al., 2012).
This is among the first reports of peptides from minor milk proteins in a
dairy product. The potential biological activity of these peptides is yet
be explored (Mukhopadhy & Sweeney, 2016). The information ob-
tained could drive research in the utilisation of kashk for the develop-
ment of dietary supplements for functional foods, food integrators and
of drugs for pharmaceutical industry.

In this study, the process of gastro-duodenal and intestinal de-
gradation was investigated using a static model of the human digestion.
The production of potential bioactive peptides or related precursor was
evidenced. Among the limited number of large-sized peptides surviving
digestion, the B-Lg (116-141) (MW 2922 Da) was detected. This pep-
tide, as well as other milk protein-derived ones, had been already
identified in a previous study of simulated GID of milk proteins based
on the use of a Caco-2 monolayer model (Picariello et al., 2013).

Noteworthy, in both final peptide digests, we did not observe the
inner shorter peptide 125-135 of B-Lg, previously reported as the main
peptides surviving simulated milk protein digestion and considered a
probable epitopic components related to food allergenic reaction
(Picariello et al., 2010). The absence of this peptide is not fully sur-
prising considering that kashk is produced from fermented rather than
from native milk, that is in turn subjected to a quite harsh technological
process involving intense thermal treatments (and U8lication in the
traditional case). Kashk may be a food, or a food ingredient, better
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tolerated in cases of milk allergy. Further studies are needed to clarify
this very important issue. The use of gastrointestinal enzymes such as
pepsin or chymotrypsin may be useful to generate in vitro set of pep-
tides, with different functional or bioactive properties, which may find
applications in functionalized foods. Other peptide sequences with
potential bioactivity have been found after BBM treatment, and their
nutritional effects deserve to be carefully investigated.
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Chapter 7

Casein-derived peptides from the dairy product kashk exhibit
wound healing properties and antibacterial activity against
Staphylococcus aureus: structural and functional
characterization
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ARTICLE INFO ABSTRACT

Keywords: Kashk is a fermented dairy product typical of the Middle East, traditionally produced with sour milk and/or dairy

Khask . waste. The kashk water-soluble peptide fraction was characterized at the molecular level by liquid chromatog-

gem?znted milk raphy-mass spectrometry and its antibacterial and skin healing activity was evaluated. Antibacterial assays
eptidome

Bioactive peptides
Atopic dermatitis
Antibacterial activity
Wound-healing activity

showed a significant antibacterial activity against clinical isolates of Staphylococcus aureus (S. aureus) from pa-
tients with atopic dermatitis, inhibiting bacterial growth by approximately 45% (500 pg/mL). Skin repair activity
was evaluated on keratinocytes through scratch tests showing accelerated wound closure in vitro in the presence
of TNF-a, by approximately 44% (500 pg/mL), compared to control cells. Furthermore, based on the MTT assay,

the kashk peptide fraction did not show toxicity on keratinocytes. The results suggested that the peptide kashk
extract may be useful in skin care for patients with atopic dermatitis.

1. Introduction

In recent decades, there is greater evidence that milk proteins are a
potential source of biologically active peptides (Chakrabarti et al.,
2018). These peptides are inactive within the parent protein sequence
and can be released during proteolytic processes. Bioactive peptides are
short sequences spanning 3-20 amino acid residues. After food diges-
tion, these peptides can be absorbed in the intestine and enter the
bloodstream, ensuring their bioavailability and a physiological effect at
the target site. These peptide sequences can influence different physio-
logical responses including cardiovascular, digestive, endocrine, im-
mune and other activities (Karami & Akbari-adergani, 2019). Several
studies have reported the antibacterial activity of various peptides
derived from milk proteins on different pathogenic strains (Guha et al.,
2021). Among them, lactoferricin, a peptide isolated from a peptic

* Corresponding author.

hydrolysate of bovine lactoferrin, carries out its antibacterial activity
through the destruction of the bacterial wall of Escherichia coli, Bacillus
subtilis and Staphylococcus aureus (S. aureus), (Wakabayashi et al., 2003).
Moreover, Isracidin, the N-terminal segment of asl-casein, has been
proposed for therapeutic treatment of infections caused by S. aureus,
Streptococcus pyogenes and Listeria monocytogenes (Mohanty et al., 2016).

Over the years, several reports on milk and fermented dairy products
as potential sources of bioactive peptides are accumulating (Punia et al.,
2020; Tulipano, 2020; Beverly et al., 2019). Recent studies have
observed the ability of some bioactive peptides to promote wound
healing in the skin, through the modulation of cytokine production, cell
migration and proliferation (Song, et al., 2019). Two related studies
investigated how the supplementation with camel milk protein hydro-
lysates influenced wound healing in diabetic rats. Diabetic rats fed with
camel milk peptides had faster healing of skin lesions than control
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(Abdel-Salam, 2014; Ebaid et al., 2015), although the identity of the
active peptides was not investigated. As an indirect support to these
findings, molecular analysis of bovine colostral milk identified over
ninety proteins related to the various stages of wound repair (Altomare
et al., 2016).

Kashk is a fermented dairy product of the Middle East (Turkey, Iran),
traditionally produced with cheese-making wastes such as buttermilk,
which used to be the main protein source for the nomad population in
Iran. Today, it is an ingredient of Iranian meals and is produced also
industrially in liquid form. Despite its importance as a cheap and
nutritious ingredient, kashk has been the subject of few scientific in-
vestigations. Recently, the analysis of the protein composition of both
industrial and traditional kashk showed that kashk undergoes extensive
proteolysis during production and maturation (Pourjoula et al., 2020).
The detailed molecular characterization of kashk water peptide extracts
(KE), coupled with bioinformatic in silico analysis, also detected the
presence of potential bioactive peptides, that included calcium trans-
porters, immunomodulators, ACE inhibitors, opioids, antimicrobials,
although this was based only by sequence comparison with known
bioactive ones. Therefore, the supposed active functions remain to be
directly confirmed yet. Moving from this background, the purpose of this
study was to evaluate the antibacterial and healing activity of the pep-
tide obtained from kashk for perspective topical treatment of lesions in
atopic dermatitis (AD) patients.

AD is a common chronic inflammatory skin disease which manifests
itself through a variety of symptoms including skin itching and dryness
and skin lesions. About 90% AD patients have lesions colonized by S.
aureus (Ogonowska, et al. 2020), that contributes to the severity of the
disease (Lee et al., 2018). S. aureus performs an important role in the
pathogenesis of AD through the secretion of toxins, antigens and exo-
enzymes which interact with keratinocytes and inflammatory cells,
causing unbalance of skin hemostasis and damage of the epidermal
barrier (Iwamoto et al., 2019). The association between skin coloniza-
tion by S. aureus and disease severity is supported by empirical antibiotic
treatments (Carrera et al., 2019; Serretiello, et al., 2020). Incorrect use
of antibiotics involves development of antimicrobial resistance (AMR)
among S. aureus strains (Seiti Yamada Yoshikawa et al., 2019). Hence,
the conventional antibiotics are nowadays facing limited effectiveness.
In fact, resistance of S. aureus to antibiotics represents a major cause of
therapeutic complication (Blicharz et al., 2019). Moving from this
background, this study was aimed to assess the presence of bioactive
peptides in KE, looking for alternative molecules able either to improve
skin lesions or to contrast S. aureus colonization. The peptidome char-
acterization by mass spectrometry (MS) allowed us to identify the se-
quences of the bioactive peptides, that could represent novel tools in the
treatment of AD.

2. Materials and methods
2.1. Materials

Representative samples of either traditional dry (two samples) or
industrial liquid (two samples) kashk were collected from local pro-
ducers in Shiraz (Iran). All the reagents used in this study were of
analytical or higher grade. HPLC-grade solvents, water and acetonitrile
(ACN) were purchased from Carlo Erba (Milan, Italy). Diethyl ether and
trifluoroacetic acid (TFA) were from Sigma-Aldrich (St Louis, MO, USA).

2.2. Preparation of water-soluble peptide extracts

The water-soluble extract was prepared, according to Ferranti et al.,
1997a; Ferranti et al., 1997b; Rizzello et al., 2005 and Pourjoula et al.,
2020, with the following modifications. Before peptide extraction, the
kashk samples were finely grated and defatted with diethyl ether in a
1:30 ratio (w/v) under mechanical stirring for 30 min (twice). The
samples were then centrifuged (4000 rpm, 15 min) and the supernatant
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was discarded. Peptide extraction was carried out by solubilizing
defatted samples in ultra-pure water in a 1:20 ratio (w/v). The mixtures
were sonicated for 15 min (DU-45, Argo Lab, Modena, Italy), shaken for
additional 30 min and then left at 4 °C for 30 min. Finally, the samples
were centrifuged (4000 rpm, 20 min) to collect the supernatants, which
were ultra-filtered on a Centriprep cartridge having a 3-KDa cut-off
membrane (Millipore, Bedford, MA). The peptide extracts were dried
using a Savant concentrator (Speed-Vac, Milan, Italy) and stored at
—20 °C either for structural analysis or for biological assays. Part of the
resulting dried water-soluble peptides was suspended in aqueous TFA
(0,1% v/v) before performing semi-preparative RP-HPLC separation.

2.3. Reverse phase HPLC separation

Reverse phase (RP)-HPLC analysis of water-soluble peptides was
carried out injecting 100 pL of kashk peptide solution prepared in 0,1%
(v/v) TFA on a HPLC chromatogram (HP 1100 Agilent - Palo Alto, CA,
USA) modular system equipped with a diode array detector. The column
effluents were monitored by UV detection at A = 220 and 280 nm. The
separation was performed using Vydac C18 RP 218TP52 (2.1x250 mm,
5 pm, 300A). Solvent A was 0.1% (v/v) TFA in water; solvent B was 0.1%
(v/v) TFA in ACN. After 5 min of isocratic elution using 5% solvent B, a
5-60% gradient ramp was applied over 60 min at a flow rate of 0.2 mL/
min. The aliquots, taken at 10-min intervals, were collected by per-
forming several chromatographic runs. Subsequently, samples concen-
trated in a vacuum evaporator to remove residual ACN before freeze-
drying.

2.4. LC-MS/MS of kashk active fractions

The active HPLC peptide fractions were concentrated under vacuum
and analysed through LC-MS/MS analysis, using a Dionex UltiMate 3000
nano-UHPLC system coupled with nano-ESI-linear ion trap (LIT) Thermo
XL mass spectrometer (Thermo Fisher Scientific, Waltham, MA, USA).
Samples dissolved in 0.1% (v/v) formic acid were loaded through a 5
mm long, 300 pm id pre-column (LC Packings, USA) and separated by an
Acclaim™ PepMap™ C18 column (150 mm x 75 pm, 3 pm). Flow rate:
0.200 pL/min. Eluent A was 0.1% formic acid (v/v) in Milli-Q water;
eluent B was 0.1% formic acid (v/v) in acetonitrile. The column was
equilibrated at 5% B. Peptides were separated applying a 5-40%
gradient of eluent B over 40 min. MS data were recorded in the
200-2000 m/z range. Data-dependent MS/MS spectra were collected
from the five most abundant precursor ions upon fragmentation (charge
state >2; isolated width 2 Da; min. signal required: 500) using CID
activation with 35.0% normalized collision energy, activation Q of 0.25,
and activation time of 30 s. Spectra were processed using the Xcalibur
Software 3.1 version (Thermo Scientific). Mass spectra were then
analyzed using the Peaks 6.0 software, restricting the search to Bos
taurus, Ovis aries and Capra hircus database (UniProt, October 2020).
Database searching parameters for the identification of the peptidome
included “no enzyme” specification, Met-oxidation, phosphorylation of
serine and threonine and lactose adduct on lysine as variable protein
modifications. The parameters for the identification of the water-soluble
peptides considered a mass tolerance value of 1.0 Da for the precursor
ion and 0.6 Da for MS/MS fragments. An FDR value of 1% was applied to
the results and only peptides with a —10lgP > 30 were selected. The
identified peptides were further processed on MilkAMP, a free on-line
database of milk antimicrobial peptides (AMPs) (Nielsen et al., 2017)
to identify those with antimicrobial activity inside the bioactive
fractions.

2.5. Bacterial strains

The bacteria used in this study were the standard S. aureus strain
(ATCC 6538) and their clinical isolates, including multisensitive (MS),
resistant to methicillin (MR), resistant to macrolides (Ma.Res), resistant
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Table 1
Bacterial strains and related resistance phenotypes, used in this study.

Resistance phenotypes

. aureus ATCC 6538
. aureus MS

S. Reference strains: multi-sensitive strain

S Clinical isolate: multi-sensitive strain

S. aureus MR Clinical isolate: methicillin resistant strain
S. aureus Ma.Res Clinical isolate: macrolide resistant strain
S. aureus Quin.Res Clinical isolate: quinolone resistant strain
S. B.LP Clinical isolate: producer of Beta-lactamase

to quinolones (Quin.Res) and producer of beta-lactamase (B.LP) strains
(Table 1) (Supplementary Fig. 1). Clinical isolates of S. aureus were
collected from skin lesions of AD patients. The swabs performed were
plated on the Columbia agar with 5% sheep blood and Chapman’s me-
dium (bioMerieux, United Stated). After incubation of the media at
37 °C, each plate was analysed for the presence of S. aureus. The bac-
terial identifications were performed by Matrix Assisted Laser Desorp-
tion Ionization - Time of Flight MS (MALDI-TOF) (Bruker Daltonics,
Germany). Briefly, the suspected bacterial colony was spread over a
MALDI-TOF 96 MSP (Bruker Dal-tonics, Germany). Samples were
treated with 1 pL of matrix solution (saturated solution of alpha-cyano-
4-hydroxycinnamic acid with 50% (v/v) acetonitrile and 2.5% (v/v)
trifluoroacetic acid) (Bruker Daltonics, Germany) and finally dried for 2
min. The obtained spectra were imported into MALDI BioTyper 3.0
software (Bruker Dal-tonics, Germany) and evaluated by standard
pattern matching with respect to the reference spectra. A valid identi-
fication of the bacterial species was assumed by a score higher than 2.

Antibiotic sensitivity testing was performed by a Phoenix BD (Becton
Dickinson, United States) system. Briefly, a 0.5 McFarland (McF) (ID)
bacterial inoculum was prepared using a Phoenix spectrophotometer. A
25 pL volume of standardized bacterial suspension was added to Phoenix
AST Broth, previously supplemented with a drop of Phoenix AST Indi-
cator. The ID and AST stock were loaded into the Phoenix panels, which
were subsequently sealed, registered and deposited in the Phoenix de-
vice. Antibiograms were interpreted using Epicenter software version
7.22A (Becton Dickinson Diagnostic Systems, USA) after 16 h of incu-
bation (Folliero et al., 2020).

To normalize the bacterial suspensions for the antibacterial activity
test, colonies of each strain, plated on Mueller-Hinton agar plates, were
inoculated in the Mueller-Hinton broth medium (MHB) and grown at
37 °C under shaking (180 rpm) over night (pre-inoculum). Following
incubation, the pre-inoculum was transferred to fresh MHB and further
incubated at 37 °C until the exponential growth phase (6 x 10° CFU/
mL) (inoculum). Serial dilution of inoculum was carried out to deter-
mine the concentration of bacteria required for the test (1 x 10° CFU
/mL) (Pironti et al., 2021).

2.6. Cell cultures

The immortalized human keratinocytes (HaCaT cells) were obtained
from the American Type Culture Collection (ATCC) and were cultured in
5% CO2 at 37 °C in regular Dulbecco’s Modified Eagle’s Medium
(DMEM) (Euroclone S.P.A., Milan, Italy), supplied with 10% heat-
inactivated fetal bovine serum (Sigma-Aldrich, Germany), 1% L-gluta-
mine and 1% penicillin—streptomycin solution.

2.7. Antibacterial activity assays

The antimicrobial activity tests were performed in accordance with
the broth microdilution method outlined by the National Committee on
Clinical Laboratory Standards (NCCLS). The assays were carried out in
sterile 96-well microplates. The concentrations (from 500 to 2 pg/mL) of
tarditional and industrial KE fractions (250 pg/mL) were prepared in
distilled sterilized water for a final volume of 100 pL/well. A volume of
50 pL of bacterial inoculum (6 x 10° CFU/mL) was added to each well,
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obtaining a final bacterial concentration of 5 x 10° CFU/mL (Buonocore
et al., 2020). The positive control used was vancomycin. Antimicrobial
activities were expressed in growth inhibition percentages after 20 h of
incubation at 37 °C. The percentage of growth inhibition was evaluated
according to the following equation:

% Growth inhibition = (A, — Ay) /A; x 100.

in which A, is the mean of the absorbance values (600 nm) of the
negative control while A; is the mean of the absorbance values (600 nm)
of the treated bacteria. All experiments were carried out in triplicate and
standard + mean deviations were reported (Franci et al., 2018).

2.8. Cell proliferation assay

The effect of KE on HaCaT cells was evaluated by the MTT viability
assay. Untreated and treated HaCaT cells with 20 ng/mL of TNF-a for 3 h
were seeded in 96-well plates at the appropriate density of 3 x 10° per
well and were exposed for 24 h with increasing concentrations of KE
(250-0 pg/mL). Then, 50 pL of 1 mg/mL 3-(4,5-Dimethylthiazol-2-yl)-
2,5-Diphenyltetrazolium bromide (MTT) were mixed with 200 pL of
medium and added to the well. After a 4 h incubation at 37 °C, the
medium was removed, then the formazan crystals were solubilized by
adding 100 pL of DMSO and by mixing it in an orbital shaker for 5 min.
Absorbance at 570 nm was measured using a plate reader (Tecan Infinite
F200 Microplate Reader, New York, USA). Experiments were carried out
by triplicate determination on at least three separate experiments. All
data were expressed as mean + standard deviation.

2.9. In vitro scratch assay

HaCaT cells were seeded in 6-well plates under normal culture
conditions at the density of 4.5 x 10* cells/well. At ~90% confluence,
the medium was removed and the cell monolayer was scratched across
the center using a sterile pipet tip (200 pL) to produce a uniform wound
area. Through gently washing with sterile PBS1X, cellular debris was
removed from the well. To simulate the inflammation, the cells were
pretreated for 3 h with 20 ng/mL of TNF-a (R&D Systems, Space Import-
Export SRL, Milan, Italy). The cells were incubated with KE at 500 pg
protein/mL final concentration. Cell migration was monitored by mi-
croscopy using an inverted light microscope (Eclipse TE 300 Nikon, New
York, USA) and images were captured (10X magnification) at different
time points after the scratch (0-18 h). The images acquired were
analyzed quantitatively, using a specific wound healing tool of ImageJ
software (Maryland, USA). The percentage of relative wound closure
was assessed according to the following equation (Moghadam et al.,
2019):

Wound closure % = (Wo — W,)/Wy x 100

in which Wy and W,, are the width of the scratch before and after
treatment.

2.10. Statistical analysis

The experiments were performed in triplicate and the results
expressed as mean + standard deviation. Data analysis was conducted,
using Graphpad Prism software (Version 7.05 for Windows, California,
USA). Statistical significance was referred to the negative control and
was calculated through one way ANOVA with Dunnett’s test as post hoc.
P-values lower than 0.05 were considered significant (Pironti et al.,
2021).
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Fig. 1. Antibacterial effect of peptide extract from industrial KE on S. aureus
strains ATCC, **** p < 0.0001, *** p < 0.0002, ** p < 0.0021, *p < 0.0332, ns
(not significant).

3. Results

3.1. Antibacterial activity of peptide fraction from kashk

The antibacterial activity of traditional and industrial KE was studied
against standard S. aureus and relative clinical strains, isolated from AD
patients. The data of the antibacterial activity of these extracts are
shown in Figs. 1 and 2.

Industrial KE did not exhibit antibacterial activity on the standard
strain (S. aureus ATCC 6538), differently from the traditional KE
(Figs. 1-2). The results are given in the histogram as percentage of
growth inhibition. As shown in Fig. 2, a dose-dependent effect was
observed for traditional KE on all tested S. aureus strains. In particular,
the growth of all S. aureus strains was decreased by about 45%,
compared to the untreated control. The interaction effect of KE with
bacterial strains was highly significant at P < 0.05.
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3.2. RP-HPLC separation of KE peptides

The peptidome of kashk has been recently characterized and the
presence of potential bioactive sequences has been reported, including
opioid, immunomodulatory and antimicrobial sequences (Pourjoula
et al., 2020). However, no direct evidence of the occurrence of bioactive
peptides has been reported in kashk so far. Therefore, as the antibac-
terial assay established that the traditional KE was the sample with the
strongest activity, we fractionated the total KE using RP-HPLC. The
chromatogram showed the presence of a high number of peptides in the
hydrophilic region (<50% eluent B, 0-40 min elution time) (Fig. 3).

3.3. Antibacterial activity of KE HPLC fractions

The RP-HPLC fractions of KE eluted at 10-min intervals were assayed
for antimicrobial activity and the results are presented in Table 2.
Comparing the bacterial growth inhibition rate of the fractions, a low
inhibitory effect was found for the 10-20 min and 40-50 min fractions.
Interesting results were instead observed for the fractions eluted at
20-30 min and 30-40 min. In particular, the former inhibited the
growth of all S. aureus strains studied on average by 35.4%, while the
latter led to inhibit the growth of all strains by about 24.2%. The strong
antibacterial activity of these fractions, similar to whole KE, was
possibly related to the presence of antibacterial peptides in their
composition. The effect of the interaction between the single fractions
and the bacterial strains was significant (P < 0.05). These findings
prompted us to undertake detailed molecular characterization of pep-
tide composition.

3.4. Structural mass spectrometryanalysis of peptides

LC-MS/MS analysis of the active RP-HPLC fractions of KE allowed to
obtain the detailed structural identification of the main peptides and to
identify antimicrobial peptide sequences therein. The software identi-
fication of the peptides was also validated by manual inspection.
Representative MS/MS spectra of bioactive peptides are presented in
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Fig. 2. Antibacterial effect of peptide extract from traditional KE on S. aureus strains: ATCC, ** p < 0.0059, *** p < 0.0008, **** p < 0.0001, ns (A); MS, * p <
0.0445, *** p < 0.0002, **** p < 0.0001, ns (B); Quin.Res, ** p < 0.0096, **** p < 0.0001, ns (C); Ma.Res, * p < 0.0248, ** p < 0.0096, *** p < 0.0003, **** p <
0.0001, ns (D); B-LP, * p < 0.0255, ** p < 0.0074, **** p < 0.0001, ns (E); and MR, *** p < 0.0005, **** p < 0.0001, ns (F). All absorbance values were recorded and
converted to % of inhibition compared to controls. The results are representative of three independent experiments, and stringent statistical filters were applied.
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Fig. 3. RP-HPLC separation of traditional KE peptide extract.

Table 2
Antibacterial activity of traditional KE extract and fractions, p < 0.05.

Bacterial growth inhibition (% =+ SD) — 250 pg/ml

Total Retention time
Bacteria KE Fraction Fraction Fraction Fraction
(10-20 (20-30 (30-40 (40-50
min) min) min) min)
S. aureus 39.7 10.9+1.34 37.5+221 25.8+0.09 10.3+0.87
ATCC +
6538 0.06
S. aureus 38.4 9.7 + 0.97 36.3+1.56 24.8+1.32 9.8+170
MS +
0.09
S. aureus 37.1 8.9 + 1.76 35.6+0.76 22.1+0.98 10.5+ 2.02
MR =+
0.98
S. aureus 33.2 9,1+ 1.32 31.5+1.23 21.9+1.39 87+1.82
Ma.Res +
1.03
S. aureus 39.3 10.1+0.09 37.3+1.98 243+1.49 10.1+0.56
Quin.Res +
1.20
S. aureus B. 36.2 10.4+212 341+176 26.1+1.23 10.8+1.01
Lp +
0.10

Fig. 4. Only peptides with a —10IgP > 30 were considered as identified
after manual inspection. Overall, the peptide composition of the two
fractions was much less complex than that of whole KE (Pourjoula et al,
2020), and was dominated, expectedly, by casein-derived fragments
(Table 3). Interestingly, among the 30 peptides observed, there were
four immediate precursors and nine almost complete fragments of the
known antimicrobial peptide caseicin C. This peptide, i.e. the fragment
180-193 of bovine ag;-casein (SDIPNPIGSENSEK), first identified in
casein hydrolysates of Lactobacillus casei and Lactobacillus acidophilus
DPC6026, has been reported to be active against Gram-positive (Gram+)
bacteria. The peptides found here derived from the same portion of the
caprine/ovine homologous of the bovine o-casein, which is due to the
fact that traditional kashk is produced using caprine and ovine dairy
residues. Their sequence (SDIPNPIGSENSGK) is therefore identical to
that of bovine caseicin C except for a substitution G for E on the second-

last residue. Notably, we also found a precursor of caseicin B, that is the
fragment 15-22 of as1-casein (VLNENLLR). Also in this case the fact that
traditional kashk is produced with residues of caprine/ovine milk was
confirmed by a peptide point modification at position 2 in the caseicin B
sequence, where a P residue replaces L (GLSPEVPNENLLR — Table 3).
Hayes et al. (2006) previously described the production of antimicrobial
casein-derived peptide caseicin B from the fermentation of sodium
caseinate by Lactobacillus johnsonii DPC 6026. This peptide, derived from
the fermentation of asl-casein, is a fragment of isracidin, a previously
characterized AMP (Hill et al., 1974). Caseicin B has been reported to be
active against both Gram-negative (Gram—) (i.e. Escherichia coli and
Salmonella spp.) and Gram+ (Listeria spp., S. aureus and Streptococcus
mutans) bacteria (Kent et al., 2012; McDonnell et al., 2012; Norberg
et al., 2011).

In the fraction eluted between 30 and 40 min, in addition to the
caseicin C, we also found precursors and fragments of caseicidin 15 and
17. Casecidin 15 (YQEPVLGPVRGPFPI) and casecidin 17
(YQEPVLGPVRGPFPIIV), correspond to the C-terminal region of bovine
p-casein, more specifically to residues193-207 and 193-209, respec-
tively (Fig. 5). These two AMPs were both able to inhibit identically
Escherichia coli DPC6053 (Birkemo et al., 2009). Also in this case we
found a single modification on the second-last residue of casecidin 17
where a leucine replaces the isoleucine of the bovine counterpart. AMPs
interact electrostatically with the anionic groups of the bacterial cell
walls.

In Gram— bacteria, most AMPs bind to the surface of lipopolysac-
charides and to teichoic acids of Gram+ bacterial membrane. After the
initial electrostatic binding to the bacterial surface, some AMPs insert
themselves into bacterial cell membranes in a perpendicular orientation
to form toroidal-shaped transmembrane pores (Mohanty et al., 2016).
Leakage of cellular components through these pores causes cell death.
This action is mainly related to the amino acid sequence and to the
structure of the AMPs themselves. The presence of hydrophobic residues
alternating with hydrophilic amino acid residues originates an amphi-
pathic structure capable of permeabilizing the bacterial membrane
(Clare et al., 2003). The presence of helix stabilising residues (Ala and
Leu) and of positively charged residues (Lys and Arg) is correlated with
the antimicrobial activity of peptides (Hancock and Lehrer, 1998). Milk
AMPs found in this study share these characteristics, that contribute to
explain their antimicrobial effect.
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Fig. 4. Representative MS/MS fragmentation spectra of caseicin C precursor peptide (APSFSDIPNPIGSENSGK) (A) and Isracidin peptide fragment (GLSPEVP-

NENLLR) (B).
3.5. KE promotes HaCaT cells proliferation and migration

The proliferation and migration of human keratinocytes are critical
factors contributing to efficient wound healing. Several growth factors
and cytokines have been shown to influence these processes and can
contribute to the healing response (Kim et al., 2018).

Scratch assays and MTT tests were conducted to evaluate the effect of
the KE peptide extract in the healing process in vitro. Human keratino-
cyte monolayers were scratched and stimulated with TNF-a for 3 h to
induce inflammation. After 6 h of treatment with KE peptide extract, a
significant rate of cell migration was observed. The migration

percentages indicated in Fig. 6 were calculated taking as reference the
migration rate of keratinocytes not exposed to the extract. HaCaT cells
treated with TNF-a had a lower recovery in the scratch area after 6 h (%
open wound 75%) than control cells (% open wound 30%). In contrast,
cells treated with KE in the presence of TNF-a showed a greater recharge
of the scratch area of approximately 50% compared to cells treated with
TNFa. After 18 h of exposure, wound healing rates were 60% and 75%
for for TNF-a stimulated keratinocytes and and inflamed cells treated
with KE peptide extract, respectively.

Furthermore, proliferation of keratinocytes stimulated with TNF-a
and treated with KE was evaluated. KE promoted a significant increase
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Table 3

Antimicrobial peptides identified in 20-30 and 30-40 fractions of traditional KE.
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Fraction Peptide Uniprot ID —10IgP Mw (Da) Protein name Bioactive compound Active against
(min)
20-30 D.APSFSDIPNPIGSENSGKT.T Q69EZ6_CAPHI 45,88 1.916,9115 Alpha-S1-casein caseicin C (precursor) Gram +
D.APSFSDIPNPIGSEN.S Q69EZ6_CAPHI 42,78 1.543,7155  Alpha-Sl-casein caseicin C (fragment) Gram +
D.IPNPIGSENSGKTTMPL.W Q69EZ6_CAPHI 42,11 1.754,8872  Alpha-S1-casein caseicin C (fragment) Gram +
D.APSFSDIPNPIGSENSGK.T QG69EZ6_CAPHI 39,88 1.815,8639 Alpha-S1-casein caseicin C (precursor) Gram +
D.APSFSDIPNPIGSE.N QG69EZ6_CAPHI 38,47 1.429,6725 Alpha-S1-casein caseicin C (fragment) Gram +
F.LPYPYYAKPV.A A0A452G9D9_CAPHI 38,46 1.209,6433 Kappa-casein
F.LPYPYYAKPIA.V KOP739_CAPHI 37,56 1.294,6960 Kappa-casein
(Fragment)
D.APSFSDIPNPIGSENSG.K Q69EZ6_CAPHI 34,74 1.687,7689 Alpha-S1-casein caseicin C (fragment) Gram +
Q.GLSPEVPNENLLR.F Q69EZ6_CAPHI 34,22 1.436,7623  Alpha-S1-casein caseicin B (precursor) Gram+ and Gram
F.LPYPYYAKPLA KO0P739_CAPHI 33,58 1.223,6589 Kappa-casein
(Fragment)
30-40 L.YQEPVLGPVRGPFPILV Q712N8_CAPHI 50,29 1.880,0559 Beta-casein casecidin 17 Gram —
D.IPNPIGSENSGKTTMPLW I6WY32 CAPHI 49,47 1.940,9666  Alpha-S1-casein caseicin C (fragment) Gram +
L.YQEPVLGPVRGPFPIL.V Q712N8_CAPHI 48,26 1.780,9875 Beta-casein casecidin 17 Gram —
(fragment)

L.YQEPVLGPVRGPFP.I Q712N8_CAPHI 47,82 1.554,8193 Beta-casein casecidin 15 Gram —

D.IPNPIGSENSGKITMPLW D3TUO1_SHEEP 47,19 1.953,0029  Alpha-Sl-casein caseicin C (fragment) Gram +

D.IPNPIGSENSGKTTM(+15.99) 16WY32 CAPHI 46,98 1.956,9615 Alpha-S1-casein caseicin C (fragment) Gram +

PLW

D.APSFSDIPNPIGSENSGKTTMPLW I6WY32 CAPHI 45,99 2.545,2158 Alpha-S1-casein caseicin C (precursor) Gram +

L.YQEPVLGPVRGPFPLL Q712N8_CAPHI 45 1.667,9034 Beta-casein casecidin 15 Gram —

L.LYQEPVLGPVRGPFPILV Q712N8_CAPHI 43,96 1.993,1400 Beta-casein casecidin 17 Gram —
(precursor)

N.NQFLPYPYYAKPV.A A0A452G9D9_CAPHI 43,77 1.598,8132 Kappa-casein

N.PIGSENSGKTTMPLW 16WY32 CAPHI 41,86 1.616,7869  Alpha-Sl-casein caseicin C (fragment) Gram +

E.PVLGPVRGPFPILV Q712N8_CAPHI 41,04 1.459,8915 Beta-casein casecidin 17 Gram —
(fragment)

D.APSFSDIPNPIGSENSGKITMPLW D3TUO1_SHEEP 40,9 2.557,2522 Alpha-S1-casein caseicin C (precursor) Gram +

Q.FLPYPYYAKPV.A A0A452G9D9_CAPHI 37,26 1.356,7118 Kappa-casein

D.APSFSDIPNPIGSE.N I6WY32 CAPHI 36,14 1.429,6725 Alpha-S1-casein caseicin C (fragment) Gram +

L.GPVRGPFPIL.V Q712N8_CAPHI 34,15 1.051,6178 Beta-casein casecidin 17 Gram —
(fragment)

F.VVAPFPEVFR.K I6WY32 CAPHI 32,34 1.159,6389 Alpha-S1-casein

G.PVRGPFPILV Q712N8_CAPHI 32 1.093,6648 Beta-casein casecidin 17 Gram —
(fragment)

N.SGKTTMPLW 16WY32 CAPHI 31,95 1.019,5110 Alpha-S1-casein

L.GPVRGPFPILV Q712N8_CAPHI 30,76 1.150,6862 Beta-casein casecidin 17 Gram —
(fragment)

in viability: there was a 1.9-fold increase when cells were treated with
250 pg/mL under normal growth conditions; a 2.3-fold increase
occurred when cells were stimulated with TNF-a and treated with 250
pg/ml. Taken together, the scratch and vitality results suggested that KE-
treated keratinocytes would have major wound healing performance in
damaged epithelia and would positively contribute to tissue recovery
(Fig. 6).

4. Discussion

AD is a chronic inflammatory skin disease that affects a large pro-
portion of the world’s population. This condition causes significant
morbidity, having a negative effect on the life quality of patients (Kapur
et al., 2018). AD pathogenesis is the result of complex interactions be-
tween the alteration of the skin barrier and immune dysregulation (Yang
et al., 2020). These defective conditions contribute to increased colo-
nization by S. aureus. The increased adhesion of S. aureus is due to
cutaneous fibronectin and fibrinogen, associated with AD skin lesions.
Moreover, endogenous antimicrobial peptides characteristic of innate
immunity are less abundant in atopic skin, explaining the increased
susceptibility of AD patients to S. aureus infections (Nowick & Gry-
walska, 2018). These bacteria pass through the subcutaneous tissues,
causing abscesses and bloodstream infection. Colonization promotes
flare-up of AD, increasing the inflammatory state and severity of the
lesions (Alexander et al., 2020). Long-term use of topical or systemic
antibiotics does not entail benefits in AD patients, posing risks of adverse
effects, such as contact dermatitis and the emergence of resistant

bacteria (Frazier & Bhardwaj, 2020). Due to limited access to hospital
treatments for AD patients, novel therapies that accelerate wound
closure and as well as prevent infections trigger a great interest. Novel
approaches in AD management are therefore required. The growing
interest in finding new strategies for the AD treatment has stimulated the
research for bioactive compounds from natural sources (Wang et al.,
2021). Dairy products are considered a rich source of bioactive peptides.
Endogenous milk proteases, bacterial proteases and product processing
conditions act in synergy to form bioactive peptides from the degrada-
tion of milk proteins. Theese peptides possess a wide variety of biolog-
ical activities, such as antimicrobial, antioxidative, healing,
anticytotoxic and antihypertensive (Jakubezyk, et al. 2020).

In this scenario, the peptides obtained from kashk, a Middle East
fermented dairy product, were studied. Samples of traditional dry and
industrial liquid kashk produced in Iran were collected at local markets.
The peptides were extracted with water since this methodology has
proven the most effective for oligopeptide extraction from kashk
(Pourjoula et al., 2020). We first evaluated the traditional and industrial
KE ability to directly inhibit the growth of S. aureus strains, using the
broth microdilution method to define the rate of bacterial growth in-
hibition. Most of the strains used were isolated from skin swabs from AD
patients and selected based on the most common mechanisms of anti-
biotic resistance. Industrial KE did not exhibit antibacterial activity,
unlike the traditional one. Instead, traditional KE inhibits the growth of
S. aureus strains by approximately 45%, indicating a generalized action.
The antibacterial potential of several fermented milk products is well
described. Théolier et al. (2014) assessed the antibacterial properties of
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Fig. 5. Representative MS/MS fragmentation spectra of caseicidin 15 (YQEPVLGPVRGPFPI) (A) and Caseicidin 17 (YQEPVLGPVRGPFPILV) (B).

gouda cheese. Gouda cheese peptides totally inhibited the growth of
Listeria ivanovii HPB28, Listeria monocytogenes Scott A3, Escherichia coli
MC4100 and Escherichia coli 0157:H7 (ATCC 35150) at 8.5, 34, 17 and
34 mg/mlL, respectively (Théolier et al., 2014). De Lima et al. reported
that peptide extract from sheep’s milk fermented in Brazilian kefir
induced growth inhibition >87.80% for Escherichia coli (ATCC 25922),
Klebsiella pneumoniae (ATCC 29665), Pseudomonas aeruginosa (ATCC
27853), Bacillus cereus (ATCC 33019), Bacillus subtilis (ATCC 6633) and
S. aureus (ATCC 6538) (de Lima et al., 2018). Moreover, antibacterial
potentials of bioactive peptides in buffalo yoghurt were evaluated by
Taha et al. (2017). The peptide fraction at a concentration of 50 mg/mL
generated inhibited the growth of Escherichia coli (ATCC 2592), S. aureus
(ATCC 6538), and Salmonella typhimurium (ATCC 9027), Bacillus cereus
(ATCC 33019) and Pseudomonas aeruginosa (ATCC 27853) (Taha et al.,

2017). To our best knowledge, this study is the first evidence of the
antibacterial potential of the peptides of kashk

Recently, Pourjula et al. characterized the kashk peptidome pre-
dicting in-silico the presence of potential bioactive sequences (Pourjoula
et al., 2020). The study remarked that bacterial proteolysis production
of kashk represented the key step in production of bioactive peptides. In
this work, we firstly demonstrated that the kashk type that exhibits
antimicrobial activity is the traditional one. Notably, in the Middle-East,
kashk is traditionally produced by inducing a spontaneous fermentation
of dairy waste from caprine and ovine milk origin. The fermentation and
the harsh sun-drying undoubtedly affected the development of an
extremely complex peptidome that is much more abundant and het-
erogeneous than that of the industrial KE (Pourjoula et al., 2020). This
extreme proteolysis likely led to the formation of the bioactive peptides
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Fig. 6. Wound-healing activity of the traditional KE. The yellow line denoted the margin of the gap (A); Migration rate (%) of HaCaT cell in response to treatment
with traditional KE extract and TNF-a for 6 h, ** p < 0.0048, *** p < 0.0007, ns, and 18 h, * p < 0.0237, ** p < 0.0069, ns (B); Proliferation rate (%) of HaCaT cell
after 24 h of exposure with traditional KE extract in the presence of TNF-a, * p < 0.0241, ** p < 0.0051, *** p < 0.0006, and in the absence of TNF-a, ** p < 0.0069,
ns (C). (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.)

we observed in our study. On the other hand, industrial liquid kashk is
commonly produced by industrial yogurt from cow milk, with use of
selected starter strains, which led to a milder proteolysis (Say et al.,
2015). Therefore, traditional and industrial kashk are products with
very different composition, including the peptidome. The different
production approaches, leading to a very different peptidome, deter-
mine the observed differences in functional properties.

We firstly fractionated the total water-soluble extract from tradi-
tional KE by RP-HPLC, to characterize at the molecular level the chro-
matographic fractions with the highest antibacterial activity. The
resulting fractions were evaluated for their antibacterial activity (250
pg/mL). The antibacterial potential of the 20-30 and 30—-40 min fraction
was comparable to that of the total extract. These fractions inhibited the
growth of all S. aureus strains at a average values of 35.4 and 24.2%,
respectively.

These results on the bioactivity of the KEs prompted us to undertake
a structural characterization study of peptides in the active fractions in
order to identify the possible structure/function relationship. In this
respect, the above mentioned heterogeneity of the fractions themselves
was a challenge, for which a MS-based peptidomic approach was
necessary. For decades, LC-MS/MS has been employed in the identifi-
cation of peptides produced in dairy products (Ali et al., 2019; Savastano
et al., 2019; Sforza et al., 2012; Ferranti et al., 2004), supporting our
understanding of the structural basis of the observed bioactivity of dairy
products. MS analysis also allows the comparison of different fermented
products predicting in advance their potential bioactivity. In this
respect, Pourjoula et al., (2020) performed an extensive characterization
of both traditional dried and liquid industrial KEs, predicting some po-
tential bioactivities of the peptide fraction. In this study, MS analysis
allowed us to identify the bioactive peptides.

Once identified the peptides in the active fractions of traditional
kashk extract, we carried out an in silico analysis to predict their anti-
microbial activity, Bioactive precursors or portion fragments of casein,
known to exert antimicrobial activity, were identified using a database
of antimicrobial milk peptides (MilkAMP) (Nielsen et al., 2017). The

active fractions contained peptides derived from the N- and C-terminal
part of aS1-casein (caseicin B and C) and from the C-terminus of p-casein
(caseicidin 15 and 17). The analysis identified peptides derived from
caseicidin 15 and 17, active against Gram—, others from caseicin C,
active against Gram+, and caseicin B derived peptides with action
against both bacterial types. Hayes et al. reported that caseicin B-derived
peptides exhibited greater antibacterial action against Gram— strains
and lower against Gram+ strains (Hayes et al., 2006). In contrast,
caseicin C was reported to have efficient antibacterial activity against
Gram+ strains. Baranyi et al. indicated that caseicin C-derived peptides
inhibited the growth of two Gram+ strains (Bacillus subtilis and Staph-
ylococcus lentus) at a concentration of 3 mM but no inhibition against
Gram— strains was observed (Baranyi et al., 2003). Birkemo et al. re-
ported the antibacterial profile of caseicidin 15 and 17 limited to Gram—
strains, recording a MIC value of 0.4 mg/mL on Escherichia coli (Birkemo
et al., 2009). The increased activity recorded in the KE fraction eluted
between 20 and 30 min in HPLC could be explained by the presence of a
peptide population uniformly active against Gram+ bacteria, in contrast
to the peptide fraction 30-40 min, also containing peptides active on
Gram- strains. Regarding the structural basis of the antimicrobial ac-
tivity, the structural characterization provided interesting indications.
The high presence of hydrophobic amino acids, such as Pro and Iso,
justifies the antibacterial efficacy of the KE peptide extract. In fact, Wang
et al. (2018) argued the importance of hydrophobic amino acid residues
for the design of novel peptides against S. aureus (Wang et al., 2018).

The wound repair process is divided in three sequential and over-
lapping steps: the inflammatory phase, the proliferative phase, and the
remodeling phase (Canedo-Dorantes & Canedo-Ayala, 2019). Accumu-
lating evidence reveals that in AD occurs a prolonged increase of in-
flammatory mediators leading an impaired would healing and an
increased risk of bacterial colonization. Our results showed that KE
accelerated skin repair in presence of exacerbated TNFa and promoted
the transition of keratinocytes from a quiescent to a hyperproliferative
phenotype.

Furthermore, we carried out keratinocyte stimulation with the KE
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peptide extract to evaluate healing and proliferative ability in the
presence of TNF-a. HaCat cell line treated with KE in the presence of
TNF-a showed a healing potential of approximately 88% compared to
cells stimulated only with TNF-a after 18 h of treatment. Moreover, an
increase in cell viability of approximately 90% was observed following
treatment with KE compared to the untreated control and in addition to
TNF-a. Also this stimulating effect of KE on keratinocytes could be
associated to the KE peptide composition. Huseini et al. reported the
positive influence of kefir extract in a process of wound healing tested in
experimental burns infected with Pseudomonas aeruginosa (ATCC
27853), although no structural evidence was proposed (Huseini et al.,
2012). In the present study, the abundance of hydrophobic residues like
Leu, Val, Pro and Tyr in the amino acid sequence of the identified
peptides may be responsible for the proliferation of keratinocytes.
Indeed, Amiot et al., (2004) found that hydrophobicity is an important
property of milk protein hydrolysates to stimulate keratinocyte growth.
Moreover, we have identified a peptide in the 30-40 fraction
(LYQEPVLGPVRGPFPILV) that is a precursor of a bioactive peptide from
beta-casein, which improves the growth of human keratinocytes in
culture (LYQEPVL) (Fan et al., 2019).

5. Conclusions

AD is an inflammatory skin disease that often predisposes to colo-
nization or infection by microbial organisms, particularly S. aureus. Our
preliminary results showed that the KE water-soluble peptide fraction
was able either to accelerate wound closure in an inflamed keratinocyte
cellular model or to reduce the colonization rate of S. aureus. The data
here presented form the basis for further investigation to fully clarify the
mode of action of KE water-soluble peptide fraction both in the micro-
biological and tissue regenerative fields.
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Less relevant PhD publications

This section aims to give an overview of the other research activities performed during the three

years of the PhD school, which are not very related to the main purpose of this thesis.

Following are presented published or submitted manuscripts which aimed at giving general
information about other typologies of novel food (e.g., micro-algae), or in discovering their

potential application and bioactivities.
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Aquaculture and Its Environmental Impact

Aquaculture is an ancient activity probably born in China, where it was tradition to bred various species of carp in rice fields (Sachs,
2007). So far China represents two-thirds of the total amount of aquaculture production in the world in terms of weight and market
value. Aquaculture is an ever-growing field of food production. Indeed, while in 1970s aquaculture provided only 7% of fish for
human consumption, this share was increased to 26% in 1994 and to 39% in 2004, with superior performance compared to
both fish capture and animal farming for meat production. This way, aquaculture has guaranteed the increase in fish consumption
by the second half of last century, from 9.9 kg per capita in the 1960s to 14.4 kg in the 1990s and 19.7 kg in 2013. This value is
destined to increase, crossing the line of 20 kg per capita (FAO, 2016).

Unlike fishing, in aquaculture man just picks up the necessary quantity of fish requested by the market out of real natural tanks
that can be found either in the sea, not so far from the coasts, or on the dry land. Those tanks can be considered as real fish-farms
where all the breeding phases before the “harvest” are overseen (i.e. insemination of fish eggs, breeding of juvenile fish, etc.).
However, the intensive development of aquaculture industry has contributed to increase its environmental impact. In the aquacul-
ture systems, the residues of uneaten feed and the fish protein catabolism result in accumulation of nitrogen compounds such as
ammonia (expelled by gills and urine), nitrites, nitrates and phosphorous. The accumulation of these compounds represents a real
hazard for the health of farmed fish as well as an important pollutant. Furthermore, a high concentration of faeces in the water could
easily increase the percentage of pathogenic microorganisms in the aquaculture systems. More than half of the nitrogen and phos-
phorous amount contained in feeds is not used and is released as a waste in the water. Because of the restrictions in the digestive
capacity of fish, part of the feed eaten remains undigested and therefore is excreted in an unaltered state. In water, ammonia (NH3)
and ammonium ion (NH) are in equilibrium with each other, depending on pH and temperature. The sum of the two forms is
called “Total Ammonia Nitrogen” (TAN). Ammonia (NHj3), thanks to its lipo-solubility, is the most toxic of the two forms. Indeed,
it can pass through biological membranes and thus infiltrate in tissues more easily than ammonium (NHJ). The maximum
permitted level of ammonia in aquaculture wastewater is 0.0125 ppm. Indeed, when ammonia exceeds this level, the fish might
present damage to the kidneys, gills and liver tissue (Mugg, J. et al., 2000).

That said, in order to cleanse wastewater from organic and inorganic residues, it is important to develop efficient recycling
methods for aquaculture systems, as they may offer an efficient strategy to treat wastewaters before these are reutilized or discharged.
The present chapter deals with the disposal strategies for the major aquaculture sewage pollutants: the nitrogen compounds.

Background of the Present Systems for Water Depuration

Aquaculture sewage disposal is not only a serious and urgent issue but can be also considered as a precious opportunity to be
exploited.

Traditionally, removal of nitrogen compounds is achieved by either using chemical-physical or biological treatments. Chemical
processes, such as air stripping or selective ion exchange filters, have more advantages than biological treatments (e.g. lack of sensi-
tivity to toxins and to fast temperature changes, etc.). Chemical processes also have some drawbacks like atmospheric pollution and
the accumulation of high concentrated and toxic by-products. Moreover, these technologies are expensive and require continuous
maintenance. Since their depuration yield rate is near to 95%-96%, biological filters represent the core of the aquaculture sewage
disposal so far. The amount of nitrogen into aquaculture wastewater is regularized through a process called “nitrification”
(Reaction 1). It is defined as the biological oxidation of the inorganic nitrogen compounds (NHF and NO3) by nitrifying bacteria
(nitrosants and nitricants). Whether the nitrifying activities are promoted by high temperature, thus at low temperature the reaction
is decelerated, even tough not stopped. The useful thermal range for the best growth rate of nitrifying bacteria has an optimum
between 25-35 °C. Therefore, under the same general conditions, the yield of bacterial species that are present in the filter will

207

Reference Module in Food Sciences https://doi.org/10.1016/B978-0-08-100596-5.22658-9 1
Reference Module in Food Science, 2019, 1-6



Section 4 — Chapter 8 https://doi.org/10.1016/B978-0-08-100596-5.22658-9

2 Microalgal Biomass Recycling: From Filter to Feed

be greater in thermophilic conditions. The pH hugely influences the nitrifying efficiency: the range of tolerance is between 6-9, but it
can even stand at more extreme pH values (5-10); the optimum range is however achieved when the pH value is between 7-8.

2NHj +30,—2N0O;5 + 4H* + 2H,0

2NO; + 0, 52N03

Reaction 1- General reaction of nitrification.

The nitrification process can be expressed in two steps:

® The first step, called nitrosation (as shown in Reaction 2), favours the ammonium oxidation and leads to the nitrite formation
passing for the intermediate hydroxylamine (NH,OH). Such process happens by the action of some bacteria called nitrosants.
Among these, Nitrosomonas is the most present one.

1
NHZ +502—>NH20H + Ht
NH;0H + Oy— H* + H,0 + NO3

Reaction 2- The first step of the nitrification reaction (nitrosation)

® The second oxidative step (Reaction 3), called nitration, leads to the transformation of nitrite to nitrate. The principal involved
bacteria are known as nitricants. Among these, Nitrospira are the most representative bacteria (Smith et al., 2001).

The second step also takes place in an aerobic environment, but contrarily to the first one, this reaction is reversible. In fact, in anaer-
obic environment, it could happen that the reaction proceeds in reverse.
2NO; + 0, S52NO3

Reaction 3- The second step of the Nitrification reaction (Nitrication)
To date, in the majority of installed systems, the nitrogen removal is done by biologic nitrification processes. Among these, the
most famous methods are:

® Percolating filters;
® Disc-type biofilters;
® Fluidized bed filters.

Percolating filters. The percolation filter is a gravitational open filter where the flow is in a perfect contact with the filtering medium
and the air. In this system, a spray rotative system, from which the water is distributed homogeneously throughout the filter section,
is positioned on the top. During their fall, the water drops are in contact with the air that oxygenates them. The presence of the
oxygen allows a high multiplication of nitrifying bacteria. These bacteria are situated in natural supports suitable for bacterial
growth like porous stone particles, sand, gravel, or in synthesized material like plastic balls or polyurethane sponges. Water is
distributed homogeneously through the filter section, wetting the surface, and constitutes the most part of the volume of filtering
medium. The filter presents lateral aerators that contribute to aeration.

Disc-type biofilters. A device that often follows other simpler filtration typologies (e.g. decantation) is the disc-type biofilter (Fig. 1).
As the name suggests, it is constituted by a number of bio-filters, in the shape of a disk, that are fixed on a rotating shaft, whose rota-
tion speed can be varied. This filtration system is immersed for around half its diameter in the wastewater. This arrangement has been
set to guarantee an appropriate aeration of bacterial biofilm. The “bio-disc” can be considered as an autonomous bioreactor on which
nitrifying bacteria can thrive: the colonies together form a biofilm. The wastewater in which the bio-discs are embedded is stirred by
the presence of aerators that prevent sedimentation of particulate. Moreover, this agitation allows the homogeneous distribution in
the filtration tank of the oxygen accumulated both by the discs in the phase of emersion and by the air which gurgles in it.

Fluidized bed filters. The fluidized bed filters have the advantage of not getting clogged. These filters are made of a light substrate
particles (sand, plastic, granular coal) that are kept in suspension by an ascendant continuous flow. A sand filter become fluidized
when the speed of the water that flows through the “bed” is enough both to raise the grains of sand and to separate the grains
each other. The flowing rate is function of the geometry, the dimensions and of the density of the particles. The fluidized bed filter
has many excellent advantages. In comparison to other types of biofilters, it presents a large specific area where the nitrifying bacteria
can implant themselves. Furthermore, owing to fact that they are shaped like a tall column, these filters require less space than others.
The fluidized bed filters are self-cleaning and, moreover, are able to filter efficiently wastewaters that present high loads of toxic
compounds. However, are also present several disadvantages like the relatively high energy demand of the system due to the high pres-
sure drops across the filter: high pressures are needed for fluidizing the sand. Another main problem is related to the “age” of the bed,
that is linked to the amount of bacterial biofilm present on the sand particles. Indeed, when the biofilm accumulates on the grains, the
particle size increases and consequently the limiting factors previously observed change (i.e. geometry, size, density, etc.). In order to
prevent the sand from coming out the tank, its capacity should be oversized and/or the flow of the water should be adjusted.

208

Reference Module in Food Science, 2019, 1-6



Section 4 — Chapter 8 https://doi.org/10.1016/B978-0-08-100596-5.22658-9

Microalgal Biomass Recycling: From Filter to Feed 3

Discs-type biofilter

RN
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Figure 1 Disc-type biofilter.

The high number studies on the use of urban wastewater as a growing medium for the microalgal cultivation, have also stim-
ulated another research area: filtration of the fish farms wastewater using microalgae. This idea includes the use of microalgae either
in form of biofilm on special filters or in a free, in order to develop an integrate system where it is possible to see their coexistence
with nitrifying bacteria. The nitrification, performed by nitrifying bacteria, as already mentioned, leads to the nitrate formation
whose concentration in water can easily be lowered by microalgal action.

The Filtering Activity of Microalgae

As shown in Fig. 2, microalgae may be easily applied to reduce water nitrate concentration produced by nitrifying bacteria activity.
This process occurs in their chloroplast, more specifically in the stroma (Fig. 3) where, through the catalytic action of various
enzymes (i.e. nitrate reductase, nitrite reductase, glutamine synthetase, amino transferase), the synthesis of almost all of amino acids
takes place. Thus, the utilization of microalgae in the wastewater recycle system may represent a winning bet both for the purifica-
tion efficiency and from an economic point of view.

Microalgae, being autotrophic organisms, are able to use inorganic nutrients and to efficiently transform them in organic
compounds (i.e. amino acids, proteins, carbohydrates, lipids, etc.). The studies of Gonzales et al. (1997), Martinez (2000), and
Wang et al. (2009), have shown the high filtering and depurative capacity of microalgae for the purification of urban wastewaters.
Consequently, this technology may easily translate in aquaculture wastewater treatments. Furthermore, in addition to depurative
action, microalgae also show the power of lowering CO; and the oxygenating ability of the water that have to be re-sent to the
fish breeding tanks. Indeed, several studies have already shown that microalgal growth in the aquaculture wastewater is possible
(Guo etal., 2013; Van Den Hende et al., 2014). Microalgal species as Chlorella sp. and Scenedesmus obliquus have been widely utilized
for the aquaculture wastewaters treatment showing an exceptional adaptability and an extraordinary ability to remove nitrogen and
phosphorous. Chevalier and de la Noue (1985) have used two Scenedesmus species that have been immobilized in k-carrageenan for

Light (AmosN:nmc)

0
_— ) c=
@0
°C =
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Nitrifying bacteria

Figure 2 Nitrogen cycle in an aquatic system.
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Figure 3 Biochemical pathways related to the using of nitrate.

Table 1 Changes in nitrogen compounds of Sc. dimomphus and B. braunii in aquaculture wastewater during the treatment period — Velichkova et al.
(2018)
Hydrochemical parameters (mean + SEM)
Hours Microalgae species Ammonia Nitrite — nitrogen Nitrate - nitrogen Total nitrogen Phosphate
0 Sc. dimorphus 0.301 £ 0.01™ 0.08 + 0.02" 1.8 £ 0.2" 18.7 £ 0.2™ 1.4 +0.02™
B. braunii 0.302 + 0.02" 0.09 + 0.01™ 1.9 £ 01" 17.7 +0.9% 1.3 £0.01™
24 Sc. dimorphus 0.241 + 0.01™ 0.0241 + 0.02™ 1.75 + 0.07™ 12.25 + 0.35"™ 1.36 + 0.11"
B. braunii 0.228 + 0.08"™ 0.0218 + 0.007" 1.6 £ 01" 11.75 + 0.35" 1.17 + 0.28™
96 Sc. dimorphus 0.202 + 0.09™ 0.0232 + 0.007" 1.3 £0.14* 11.1 £ 0.28* 0.75 + 0.71™
B. braunii 0.172 + 0.1™ 0.0162 + 0.007" 0.95 + 0.07* 9.3 + 0.74* 0.95 + 0.03"
168 Sc. dimorphus 0.20 + 0.05™ 0.0226 + 0.007* 1.00 + 0.014* 8.5 + 0.98* 0.31 £+ 0.75™
B. braunii 0.158 + 0.12" 0.0147 + 0.02* 0.7 + 0.04* 6.8 + 0.4 0.41 + 0.02"

Note: *-show statistically significant differences (p < 0.05), ns = no significant difference.

the depuration of wastewaters. The growth curve of microalgal cells has shown no significant differences between immobilized and
free cells except that a latency phase one day longer in immobilized cells than those free. This delay may be due to the thermal stress
that microalgal cells have undergone during inclusion in carrageenan. No significant differences have been shown for the absorption
of nitrogen and the phosphorous between free and trapped microalgal cells. Moreover, the use of other more expensive microalgal
harvest technologies (like centrifugation, flocculation, etc.) could be avoided using these static filters on which are entrapped
microalgae.

Confirming these good results, more recently, in order to lowering the ammonium compounds in the aquaculture wastewater,
Velichkova et al. (2018) have used two other species of microalgae: Scenedesmus dimorphus and Botryococcus braunii. The research has
shown a better removal efficiency of nitrogen compounds (i.e. nitrite, nitrate and TAN) for both the species in 96-168 h (Table 1).

Feeds and Feeding of Farmed Fish: A Little Focus

A good planning of filtration and depuration system in aquaculture is fundamental, but it is also essential to improve the nutritional
formulation of the used feeds. To guarantee a fast and satisfying growth of farmed fish it is essential to ensure a right nutritional
regime to farmed species. An efficient diet for fish is based on the quantity and quality of nutrients and on the specific needs, to
optimize the growth and the characteristics of the farmed species. The raw materials that are destined to the formulation of the feeds
are chosen by their digestibility grade, their eco-friendly and their nutritive power. The most used feeds are composed by vegetal oils,

210

Reference Module in Food Science, 2019, 1-6



Section 4 — Chapter 8 https://doi.org/10.1016/B978-0-08-100596-5.22658-9

Microalgal Biomass Recycling: From Filter to Feed 5

flours and fish oils. This last raw material derives from fish products of low commercial value but of high nutritional value. For feed
formulation other vegetal raw materials like soy flour are also used. These diet regimes, to provide a correct nutritional intake, must
contain proteins, lipids, carbohydrates in the right quantities in order to promote a fast growth in the shortest possible time, favour-
ing, therefore, an improvement of the aspect and of the flavour of the farmed fish. A correct diet is also designed to prevent the arise
of diseases. Moreover, in order to allow the market to be supplied with non-toxic feeds, also the one destined to fish farms (similarly
to that destined to humans) is strictly controlled.

As already described, a part contamination of aquaculture wastewater, comes from the degradation of undigested and uneaten
feed. Nevertheless, the aquaculture technology has designed modern systems of feed distribution that make this operation more
homogenous, reducing the waste. Diluting the feed with microalgal extracts could improve the problem related to uneaten
food. Indeed, these “enriched” feeds would provide more nutrients and energy for the same weight, allowing farmers to use less
quantities of them.

Design of “Enriched” Flours for Aquaculture

Utilizing microalgae for the depuration of wastewaters, as already mentioned, has shown many advantages including the possibility
of an efficient recycling and exploiting of microalgal biomass once extracted. Microalgae represent a needful food source for all
growth stages of larvae of some crustaceans and for some fish species in aquaculture. Furthermore, microalgae are able to synthetize
essential amino acids, polyunsaturated fatty acids (PUFA) and more other typologies of high value-added compounds (Table 2). In
fact, microalgal cells represent the first ring of the aquatic food chain and this implies that many essential high value-added
compounds product, are transferred to higher trophic levels through intermediate zooplankton reaching the humans as well. Add-
ing, for example, microalgae to animal feed would bring a real improvement to the final foodstuff quality and healthiness. Actually,
the microalgal biomass is rich of various useful compounds like B-carotene, astaxanthin, folic acid, eicosapentaenoic acid (EPA),
docosahexaenoic acid (DHA) and polysaccharides like B-glucans. Among the high value-added compounds contained in microal-
gae, there are several compounds with antioxidant activity (e.g. bioactive peptides, anthocyanins, polyphenols, tocopherols).
Recently, microalgae have received attention due to their important group of proteins called phycobilin. Indeed, these proteins
have showed important hepatoprotective, anti-inflammatory, and antioxidant activities (Bhat and Madyastha, 2000). In addition
to the well-known properties of whole proteins also some peptides have shown a great bioactivity as antioxidant (Byun et al., 2009).
In general, these peptides show their bioactivity only after their release from the intact protein during the digestion. Therefore,
enriching feed with microalgae or with their extracts, would improve, in the first place, the health and then the nutritional quality
of farmed fish making them comparable to wild ones, which are known to show better nutritional characteristics (Lenas et al.,
2011). In fact, a more varied diet is typical of wild fish, which, in their daily diet, eat more phyto and zooplankton than the farmed
ones. Nevertheless, especially among prokaryotic microalgae (cyanobacteria) it is also observed the production of hazardous
compounds called cyanotoxins. These toxic compounds (e.g. microcystin, nodularin, anatoxin-a/-a(s), saxitoxin, ciguatoxin, cylin-
drospermopsin, etc.) show hepatotoxic, neurotoxic, cytotoxic and dermatotoxic activity. Other minor compounds, like okadaic acid
and dinophysistoxins, also produced by some unicellular algae may accumulate in shellfish and thus cause a gastrointestinal
syndrome in humans after consuming bivalve molluscs (Katircioglu et al., 2004). This is why also this type of feedstuff should
be strictly controlled before its use in aquaculture.

Indeed, farming fish with feeds enriched of microalgae, would favour a greater intake of these substances in order to increase
their well-known healthiness towards to human health. Therefore, it is useful to remember some of the benefits that a diet rich
in these substances would bring:

- Lowering the risk of hypertension and consequently of heart attacks and strokes;
- Improvement of retina and brain development;

- Improvement of Crohn’s disease symptomatology;

- Reduction of the incidence of breast, colon and prostate tumours;

- Improvement of the painful manifestations of the rheumatoid arthritis;

- Slowing down of inflammations and cellular aging.

Hence, it is clear that a diet based on “enriched” fish can provide numerous benefits in order to prevent many diseases.

Table 2 High value-added substances present in the microalgal biomass

Compounds Typology

Vitamins A, B1, B6, B12, C, E, biotin, nicotinic acid, riboflavin, pantothenate, folic acid

Pigments B-carotene, astaxanthin, lutein, zeaxanthin, canthaxanthin, chlorophyll,
phycocyanin, fucoxanthin

Polyunsaturated fatty acids DHA, EPA, ARA

Antioxidants Polyphenols, catalases, superoxide dismutase, tocopherols

Other Antifungal, antiviral agents, amino acids, proteins, phytosterols, antimicrobial.
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Conclusions

The use of phytoplankton in an integrate system of filtration would allow to make the most of the microalgae potential. Some
closed-loop systems of aquaculture already use microalgae-enriched feeds but unfortunately, integrated systems, as the ones above
described, are not much used yet. To date, in these breeding typologies, more complex and expensive systems are preferred, both for
the wastewater depuration and for the feeds. Nevertheless, because of their eclecticism, microalgae are successful in many fields. In
the last years, as previously mentioned, microalgae have been successfully used for the urban wastewater depuration as an active
compound in biologic filters. Luckily, depurative and nutritional value of phytoplankton has been also noted in other fields.
For example, during space missions, microalgae cultivation would offer a potential recycling of CO, produced, so as to generate
oxygen and food for the astronauts. Oils and high value-added compounds produced from microalgae, can surely add a basic nutri-
tion to the ability to limit the damage resulting from microgravity and from the cosmic radiation exposure. Microalgae would also
offer, on the space stations, a further method of wastewater purification and recycling. Lastly, they would produce useful biomass for
nutrient extraction allowing an integrated cycle in the space as well as on the Earth.
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Chapter 9

Microalgae to contrast the climate change: a novel food and feed
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Abstract

The overpopulation and the negative impact of conventional crops and livestock on the environment are forcing the introduction in
the food market of sustainable alternative ingredients. Microalgae may be an alternative source of proteins thanks to their easy cul-
tivation, low land-use intensity and resources. In addition. this matrix can be exploited for the treatment of urban. agricultural and
industrial wastewaters and in aquaculture and hydroponic, representing an important component in the perspective of a waste-sav-
ing circular process. This chapter aims at describing the chemical composition of microalgae and their current applications in food
industry as novel functional and technological ingredients. It is also reported the state-of-art of current cultivation technologies of
microalgal biomasses. Further efforts are still required to reduce process, energy and water usage during microalgae growth as well
as to enhance the texture, taste and appeal of microalgae-based food products, thus increasing the number of consumers willing to
buy them.

Key Points

e Microalgae are a sustainable alternative as source of proteins

e Wastewaters can be sustainably treated using microalgae-based systems

e Microalgae can improve technological and nutritional properties of feed and food
e Hydroponic cultures can be positively influenced by microalgae-based systems

Introduction

Copyright © 2023 Elsevier inc. all rights reserved
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SECTION 5

General discussion and conclusions

It is still unclear how certain dietary proteins can sensitize and elicit allergies in specific
individuals. In this regard, the allergenicity risk assessment of novel dietary protein can be a useful
tool in supporting their introduction in food market and in preventing their accidental consumption
by allergic subjects in novel food formulation. To date, the allergenicity assessment is carried out
predominantly on raw ingredients or thereof purified proteins, neglecting the effect of food matrix
and processing (e.g., biochemical changes in proteins, Maillard’s reactions, protein-protein
aggregation, protein interaction with polyphenols and/or lipids). The applicability of this approach
to novel foods is challenged by the lack of comprehensive proteome information. This issue leads
to hard identifications of potential de-novo and cross-allergens.

Bioinformatics plays a significant role in the current weight-of-evidence approach applied to the
risk assessment of allergenicity in novel dietary protein sources. In the bioinformatic allergenicity
prediction process, the upstream analysis is usually performed at genomic level, looking for
allergens phylogenetically related with the investigated novel food. Conversely, the downstream
analysis corresponds to the evaluation of the expressed proteins, which returns a proper picture of
the ingredient. Although these analyses are important for designing targeted confirmatory in-vitro
experiments, both approaches suffer from the lack of genomic and proteomic sequences. This
thesis aimed at a preliminary evaluation of the potential allergenicity of sustainable and protein-
rich novel food/ingredients. Strengths and weaknesses of the bioinformatic approach in the

allergenicity risk assessment of novel ingredients have been highlighted.
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The analysis of Moringa oleifera leaf is a good example of how important are curated proteomic
and allergens database for the allergenicity assessment of a novel food. Moringa is
phylogenetically related to Carica papaya, whose fruit allergy has a low prevalence related to the
presence of cysteine proteases (Cari p 2) and endopolygalacturonases (PGs, Cari p 1). Papaya fruit
can be also related to the latex-fruit syndrome provoked by fruit chitinases. However, the previous
phylogenetic evaluation provided limited information, as the allergenicity information about
papaya is restricted to fruit, while in this thesis the subject of the investigation was the leaf of M.
oleifera.

The proteomic analyses showed that the most expressed protein in the Moringa leaf was the
RuBisCO, which is one of the few proteins present in Moringa oleifera database in UniprotKB.
The in-silico allergenicity predictions are mainly based on an EFSA threshold, which represents
the value of sequence identity percentage with known allergens. In potential allergenic proteins
this value is greater than 35% over a sliding window of 80 amino acids. However, these tools rely
on protein and allergen databases whose accuracy is pivotal for the outcome's reliability. In fact,
using some allergenic prediction tools like Allergome.org, the RuBisCO found in Moringa leaf
was flagged as a potential allergen. This assignation was based only on a few and weak literature
information. For this reason, to support the bioinformatic evaluations, a standardised ranking of
allergen, and curation of data is crucial to avoid possible misinterpretations. Another bottleneck of
the bioinformatic approach is that usually the interpretation of the mass spectrometry data about
the protein expressed in the investigated novel food is carried out in software only considering the
protein database that is available about the investigated matrix, such as the Moringa oleifera
database on UniprotKB, which only contains 198 protein sequences (11 curated and 187

unreviewed, on January 2022). The previous is a good example of how proteome databases of food
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ingredients, and the more novel food, can lack in information. To date, the use of bigger database
(that should also comprise the novel food itself), such as Viridiplantae on UniProtKB, which
comprises 13060199 protein entries (40990 curated and 13019209 unreviewed, in January 2022)
is encouraged. In fact, the discovery of proteins like the nsLTP in the Moringa leaf and the
subsequent allergenic assessment of this pan-allergen (whose sequences are not available in
Moringa protein databases on UniProtKB), would be neglected by using M. oleifera database
alone. Its identification by homology with the Rosaceae family was only possible via proteomic
mass spectrometry using the Viridiplantae database as background. These findings have been
important in directing the following in-vitro assays aimed at showing its cross reactivity in subjects
with nsLTP allergy. The collection of information about the protein expression in the investigated
ingredient is crucial to drive more practical and solid in-silico assessment, which in any case
require confirmatory in-vitro assays. The collected evidence may suggest that Moringa leaf may

be potentially allergenic for nsLTP allergic patients, who should be properly warned.

When analysing a more complex genome such as the hybrid hexaploid tritordeum grains,
bioinformatic approaches are more limited due to the lack of protein information related to the
hybridisation parents, particularly the Hordeum chilense. The generation of protein maps for
tritordeum cultivars (cvs) is important in assessing their allergenicity. Interestingly, the RS
immunoreactivity of tritordeum flours changes across the two main tritordeum cvs being lower in
Bulel cv compared to Aucan cv. This reflects a great difference is terms of abundance of the well
described toxic sequence “QQPFP” targeted by the R5 antibody, which is the reference antibody
for gluten determination in wheat. This is strong evidence that map the protein expression is

essential for assessing allergenicity and celiacogenicity. In literature, the gluten content of Bulel
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cv has been showed in line with the Aucan cv; therefore, the RS immunoreactivity cannot be
related to the gluten quantity in all tritordeum cvs. In this respect, further analyses using wheat
polyclonal antibody may be more appropriate. However, despite the lower specific RS
immunogenicity of tritordeum cv Bulel, the overall celiacogenic potential of tritordeum cannot be

ruled out, as other expressed toxic sequences can be involved.

The availability of a well curated milk protein database makes the assessment of the Kashk
straightforward. Being the product of a harsh fermentation, the proteomic analysis is essential in
mapping the recurrent sequences, both resistant to processing and gastroduodenal digestion. Based
on our evidence, the fermentation process generated short peptide sequences that can be associated
with a potential toleration of Kashk by subjects affected by milk allergy.

The in-vitro and in-vivo confirmation of the above statements is essential prior to the

commercialisation of the food product for a rigorous and trustful labelling.

Final remarks

This thesis showed how complex can be the preliminary phases of the allergenicity risk assessment
of novel foods. The difficulties are mainly because of the lack and the scarce reliability of the
database in terms of curated protein sequences and of allergens, respectively. These issues are even
worse for novel food, which genome is not always sequenced, thus invalidating the allergenicity
predictions reflecting in probable misinterpretation of data. Further sequencing work is worthy to
be performed in order to expand the protein databases, which on their side should increase the

reviewing work in order to provide even more curated protein sequences. Allergens databases are
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not excluded from these duties. It is important to reach a consensus among allergen databases,
which must be built on systematic and well-defined ranking criteria.

The data obtained provide fundamental evidence to direct future in-vitro and preliminary in-vivo
assays in a further evaluation of the allergenicity potential and the consumption safety of the novel

foods investigated in this thesis.
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