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“The role of the infinitely small in nature is infinitely great.” 
― Louis Pasteur 

 

 

“An experiment is a question which science poses to Nature and a measurement is the 
recording of Nature’s answer.” 
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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 
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(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 ω-gliadins than the landrace or 
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modern cv. Tritordeum presented also fewer α-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 R5 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 μg/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-α, by approximately 44% (500 μg/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 è 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 allergenicità mediante un approccio basato sul peso dell’evidenza. Per 

sviluppare e convalidare l’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 è 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 capacità della pianta di resistere a 

condizioni ambientali sfavorevoli, come siccità e alte temperature, la rende una scelta agricola 

sostenibile per il futuro. Tuttavia, l'alto contenuto di proteine fa scattare l'allarme sulla loro 

possibile allergenicità. Il capitolo 1 è una revisione completa della letteratura, per fornire 

informazioni nutrizionali, tecniche e di sicurezza sui tessuti proteici della Moringa (cioè semi e 

foglie). Il capitolo 2 è 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 è stata anche identificata la proteina di 

trasferimento lipidico (nsLTP), uno dei principali pan-allergeni negli alimenti, la cui 

identificazione è stata confermata mediante sequenziamento de-novo.  

Facendo seguito alla caratterizzazione proteomica e in-silico, il capitolo 3 è uno studio in-vitro 

atto a confermare la cross-allergenicità 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 immunoreattività 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 l'imperfezione degli attuali approcci per 

la valutazione del rischio di allergenicità e l'importanza di un approccio basato sul peso 

dell'evidenza. 

SEZIONE 2 – Un cereale ibrido innovativo: il Tritordeum 

Il Tritordeum martinii è un ibrido esaploide (AABBHchHch) derivato dall'incrocio di Hordeum 

chilense con grano duro. La farina derivata dai grani di tritordeum ha contenuto proteico e proprietà 

panificabili paragonabili al grano tenero. 

Nel capitolo 4 è 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 è stato 

utilizzato il modello INFOGEST. I prodotti di digestione sono stati analizzati mediante ELISA 

utilizzando l'anticorpo R5, 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'immunoreattività inferiore rispetto alle varietà antiche (-51%) o moderne (-58%). L'analisi in-

silico ha rivelato che il tritordeum mostrava meno epitopi CD appartenenti alle ω-gliadine rispetto 

alla razza autoctona o moderna cv. Il tritordeum presentava anche meno epitopi allergenici dell'α-

gliadina rispetto al moderno grano cv. La minore frequenza di epitopi celiaci nel tritordeum, 

rispetto al grano antico e moderno, è 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 bioaccessibilità dei nutrienti, la potenziale immunoreattività R5 e per mappare 

i 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 bioaccessibilità degli aminoacidi e gli zuccheri riducenti del tritordeum e del pane 

di frumento erano comparabili. Le cultivar di tritordeum avevano circa il 15% in più 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 

R5 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 

può 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 è relativa ad un novel food fermentato, prodotto dagli scarti delle produzioni 

casearie: il kashk. Questo prodotto è 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 è 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 

è stato digerito in-vitro utilizzando un modello statico di digestione (INFOGEST) a cui è stato 

aggiunto il compartimento del digiuno, implementando l'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 bioattività ha spinto la caratterizzazione dell’estratto peptidico 

idrosolubile del kashk (KE) nel capitolo 7 mediante cromatografia liquida accoppiata a 

spettrometria di massa. Inoltre, è stata anche valutata l'attività antibatterica e cicatrizzante del KE 

che ha mostrato una significativa attività antibatterica su isolati clinici di Staphylococcus aureus 

da pazienti con dermatite atopica, con un tasso di inibizione di circa il 45% (500 μg/mL). È 

interessante notare che l'attività 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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È stata anche valutata potenziale attività di riparazione cutanea su un modello infiammato di 

cheratinociti attraverso un test di graffio. Gli estratti di kashk tradizionale hanno accelerato in-

vitro la chiusura delle ferite in presenza di TNF-α, di circa il 44% (500 μg/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-Schöll et al., 2019). In the definition of novel foods are also included 
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ingredients prepared from natural substances such as rapeseed protein isolates or those ingredient 

production base on new technologies and processes (e.g., UV-milk). 

 

 

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-CoV19, 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: i) the lack of knowledge of the proteome; ii) what makes a protein allergenic for some 
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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 9th 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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(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). 

 

 

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 

et al., 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, α-1,3-fucose 

and β-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-α-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 naïve 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 (FcƐRI) 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 

i) the diet or lifestyle habits (peanut allergy has increased because of the widespread use of peanuts 

in the US), ii) 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: 

 Which in-vitro digestion model is the best? 

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

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

are needed? 

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

 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)? 

 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? 

 Is it possible 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.  

 

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 (AI) has been proposed as a new auxiliary tool for guiding in-vivo and 

in-vitro analyses. The new AI-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 



37 
 

acid structure may share high sequence homology with known allergens (cross-reactivity), and to 

give to AI 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 AI 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 
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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; Noè 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 Ara h 1 and Ara h 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 
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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), α-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 
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cysteine skeleton (Nguyen et al., 2014) (Figure 1), and a very similar α-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 α-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 (Díaz-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 β-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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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. 
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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 et 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 et 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.  



Section 1 – Chapter 2         Submitted 
 

76 
 

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 μm 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-HCl, 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-HCl 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): i) chaotropic-charged buffer (GndHCl_b) containing 6M CH6ClN3 (guanidinium 

hydrochloride), 100 mM NH4HCO3 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 1mM CaCl2  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 Cu2SO4 and 12 g K2SO4 and 20 ml of 96% H2SO4. 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) H3BO3. The total nitrogen was determined by titration with 0.1M HCl, 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 GndHCl_b extracts was carried out 

using the “high-sensitive proteins” kit (BEN S.r.l., 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-HCl 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, GdnHCl_b extracts or digested protein 

solutions were mixed 1:1 (v/v) with Laemmli buffer 1X. Samples were boiled for 10 min and 15 

μg 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 NH4HCO3. Gel spots were placed in 10mM DTT in 25 mM 

NH4HCO3 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 NH4HCO3, 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 μl 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 μl 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 µm, 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 µl 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 λ 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 5µm, 218TP52) (Hesperia, CA, USA) and an injection volume of 50 µl.  

 

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 

μm id pre-column (LC Packings, USA) and separated by an EASY-Spray™ PepMap C18 column 

(2 μm, 15 cm×75 μm) 3 μm particles, 100 Å 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 1×106 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. Ions 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 -10lgP 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 Allermatchtm (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. In-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 using 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 BLOSUM62 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., GdnHCl_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 GndHCl_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 GndHCl_b solubilized proteins were then digested with trypsin prior to performing 

shotgun MS analysis. In order to optimise the protease activity, 1mM CaCl2 was previously added 

in the protein dilution buffer (section 2.2) since Ca2+ ions possess a well known stabilising effect 

on some proteases (Kotormán et 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 

GndHCl_b extract. The MS data of the trypsin hydrolysed samples dissolved in GndHCl_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 [mO1-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 (M16, 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, GndHCl_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 β, 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 AllermatchTM 

 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: A0A482EC08), were identified with a score of 98.8% as a probable allergen (“Spi o 

Rubisco”- Uniprot ID: P00875) by the algorithm AllerCatPro (Maurer-Stroh et al., 2019) but not 

by AllermatchTM. 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 o Rubisco is not a WHO/IUIS 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 β could bind IgE (Nayak et al., 2013).  

Morintides (mO1 and mO2- Uniprot ID: A0A1S6EK91 and A0A1S6EK92, 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 Allermatchtm. 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 

AllermatchTM, 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 Allermatchtm 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: Q5NTA4) (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 tm 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 

a 5 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 

(Dìaz-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 (GndHCl_b, Table S5) allowed the 

identification by homology of the ns-LTP proteins (A0A087H3P3 and A0A2P6R8F4) belonging 

to Arabis alpina and Rosa chinensis, respectively. GndHCl_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 A0A087H3P3, A0A2P6R8F4 

and the best characterised allergenic ns-LTPs (Figure 4) highlights an interesting sequence 

homology between A0A2P6R8F4 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 A0A2P6R8F4 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 A0A2P6R8F4 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 i 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 GndHCl_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 A0A087H3P3 and A0A2P6R8F4. Five of these peptides were more structurally 

close to A0A087H3P3 (Figure S7) and four to A0A2P6R8F4 (Figure S8). Analysis of the U/T_b 

(trypsin) sample allowed four peptides to be identified, which were more similar to A0A087H3P3 



Section 1 – Chapter 2         Submitted 
 

93 
 

(Figure S9) and a further four, which showed similarity to segments of A0A2P6R8F4 (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/). 

 

 

 

 



                                    

 

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). 



                                    

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/). 

 



                                    

 

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. 



                                    

 

Figure 5 – 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. 

 

 



                                    

Table caption 

 

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

in-silico analyses.  

Putative Allergen In-Silico Tool Comments 
 AllerCatPro AllermatchTM  
RuBisCO     Spi o Rubisco (Allergome) 
ATP Synthase β     P85446 (Uniprot – Unpublished data) 

Morintides (mO1 and 
mO2) 

    Hev b 6.02 (WHO/IUIS) 

nsLTPs     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 S5 – 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 Allermatchtm software of 

mO1.  

Table S17 - Protein allergenicity potential prediction through the Allermatchtm software of mO2.  
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Table S18 – 8-mer search in mO2 through the Allermatchtm 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 GndHCl_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 S5 - 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 (A0A087H3P3) identified in the 

GndHCl_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 (A0A2P6R8F4) identified in the 

GndHCl_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 (A0A087H3P3) 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 (A0A2P6R8F4) 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: i) 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  

GndHCl_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 
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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 (Kaulfürst-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.l. – 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 μm 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. María Ruano Zaragoza 

from Hospital General Universitario de Alicante (Valencia) with the approval from the 
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research committee ISABIAL (Instituto de Investigación 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 

PlasmaLab 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/l, male; patient 2: 16.5 

kU/l, 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-HCl pH 8.8 (MFG-) or with 50 mM Tris-HCl 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 DCTM 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 μl of either Moringa or latex extracts 

or purified Pru p 3 with 25 μl NuPAGE (LDS) buffer (Thermo Scientific, Hertfordshire, 

UK), and either 10 μl 0.5M dithiothreitol (DTT) or 10 μl 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 µg), latex (10 µg) and purified Pru p 3 (1 µg) were loaded in each 

corresponding well. The SDS-PAGE was performed both before and after PNGase F glycan 

cleavage of samples. SeeBlueTM 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 (1× PBS, 

0.05% Tween 20, pH 7.4). After extensive washings with washing buffer (4 × 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 × 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 × 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 SuperSignalTM 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 mO2) 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., Pru p 3, Mal d 3, Rub i 3, 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-HCl (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 (GndHCl_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; ii) 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. 

 

5. References 

 

Alhakmani, F., Kumar, S., & Khan, S. A. (2013). Estimation of total phenolic content, in–vitro 

antioxidant and anti–inflammatory activity of flowers of Moringa oleifera. Asian Pacific 

Journal of Tropical Biomedicine, 3(8), 623–627. https://doi.org/10.1016/S2221-

1691(13)60126-4 

Borges, J. P., Jauneau, A., Brulé, C., Culerrier, R., Barre, A., Didier, A., & Rougé, P. (2006). 

The lipid transfer proteins (LTP) essentially concentrate in the skin of Rosaceae fruits 

as cell surface exposed allergens. Plant Physiology and Biochemistry, 44(10), 535–542. 

https://doi.org/10.1016/j.plaphy.2006.09.018 

Downs, M. L., Simpson, A., Custovic, A., Semic-Jusufagic, A., Bartra, J., Fernandez-Rivas, M., 

Taylor, S. L., Baumert, J. L., & Mills, E. N. C. (2016). Insoluble and soluble roasted walnut 

proteins retain antibody reactivity. Food Chemistry, 194, 1013–1021. 

https://doi.org/10.1016/j.foodchem.2015.08.119 

EFSA. (2010). Scientific Opinion on the assessment of allergenicity of GM plants and 

microorganisms and derived food and feed. EFSA Journal, 8(7), 1–168. 

https://doi.org/10.2903/j.efsa.2010.1700 



Section 1 – Chapter 3        In preparation 
 

133 
 

Fernandez, A., Mills, E. N. C., Koning, F., & Moreno, F. J. (2021). Allergenicity Assessment of 

Novel Food Proteins: What Should Be Improved? Trends in Biotechnology, 39(1), 4–8. 

https://doi.org/10.1016/j.tibtech.2020.05.011 

Gaier, S., Marsh, J., Oberhuber, C., Rigby, N. M., Lovegrove, A., Alessandri, S., Briza, P., 

Radauer, C., Zuidmeer, L., Van Ree, R., Hemmer, W., Sancho, A. I., Mills, C., Hoffmann-

Sommergruber, K., & Shewry, P. R. (2008). Purification and structural stability of the peach 

allergens Pru p 1 and Pru p 3. Molecular Nutrition and Food Research, 52(SUPPL. 2), 220–

229. https://doi.org/10.1002/mnfr.200700274 

Jensen-Jarolim, E., Vogel, M., Zavazal, V., & Stadier, B. M. (1998). Nonspecific binding of IgE 

to allergens. American Journal of Rhinology, 12(2), 150–151. 

Kaulfürst-Soboll, H., Mertens, M., Brehler, R., & von Schaewen, A. (2011). Reduction of cross-

reactive carbohydrate determinants in plant foodstuff: Elucidation of clinical relevance and 

implications for allergy diagnosis. PLoS ONE, 6(3), 10–13. 

https://doi.org/10.1371/journal.pone.0017800 

Mari, A., Ooievaar-de Heer, P., Scala, E., Giani, M., Pirrotta, L., Zuidmeer, L., Bethell, D., & 

Van Ree, R. (2008). Evaluation by double-blind placebo-controlled oral challenge of the 

clinical relevance of IgE antibodies against plant glycans. Allergy, 63(7), 891–896. 

https://doi.org/10.1111/j.1398-9995.2008.01703.x 

Mari, Adriano. (2002). IgE to cross-reactive carbohydrate determinants: analysis of the 

distribution and appraisal of the in vivo and in vitro reactivity. International Archives of 

Allergy and Immunology, 129(4), 286–295. https://doi.org/10.1159/000067591 

Mari, Adriano, Iacovacci, P., Afferni, C., Barletta, B., Tinghino, R., Di Felice, G., & Pini, C. 



Section 1 – Chapter 3        In preparation 
 

134 
 

(1999). Specific IgE to cross-reactive carbohydrate determinants strongly affect the in vitro 

diagnosis of allergic diseases. Journal of Allergy and Clinical Immunology, 103(6), 1005–

1011. https://doi.org/10.1016/S0091-6749(99)70171-5 

Nouman, W., Anwar, F., Gull, T., Newton, A., Rosa, E., & Domínguez-Perles, R. (2016). 

Profiling of polyphenolics, nutrients and antioxidant potential of germplasm’s leaves from 

seven cultivars of Moringa oleifera Lam. Industrial Crops and Products, 83, 166–176. 

https://doi.org/10.1016/j.indcrop.2015.12.032 

Radauer, C., & Breiteneder, H. (2019). Allergen databases—A critical evaluation. Allergy: 

European Journal of Allergy and Clinical Immunology, 74(11), 2057–2060. 

https://doi.org/10.1111/all.13841 

Skypala, I. J., Asero, R., Barber, D., Cecchi, L., Diaz Perales, A., Hoffmann-Sommergruber, K., 

Pastorello, E. A., Swoboda, I., Bartra, J., Ebo, D. G., Faber, M. A., Fernández-Rivas, M., 

Gomez, F., Konstantinopoulos, A. P., Luengo, O., van Ree, R., Scala, E., & Till, S. J. 

(2021). Non-specific lipid-transfer proteins: Allergen structure and function, cross-

reactivity, sensitization, and epidemiology. Clinical and Translational Allergy, 11(3). 

https://doi.org/10.1002/clt2.12010 

Smith, F., Pan, X., Bellido, V., Toole, G. A., Gates, F. K., Wickham, M. S. J., Shewry, P. R., 

Bakalis, S., Padfield, P., & Mills, E. N. C. (2015). Digestibility of gluten proteins is reduced 

by baking and enhanced by starch digestion. Molecular Nutrition and Food Research, 

59(10), 2034–2043. https://doi.org/10.1002/mnfr.201500262 

Subroto, T., Van Koningsveld, G. A., Schreuder, H. A., Soedjanaatmadja, U. M. S., & Beintema, 

J. J. (1996). Chitinase and β-1,3-glucanase in the lutoid-body fraction of Hevea latex. 



Section 1 – Chapter 3        In preparation 
 

135 
 

Phytochemistry, 43(1), 29–37. https://doi.org/10.1016/0031-9422(96)00196-3 

Sujatha, B. K., & Patel, P. (2017). Moringa Oleifera – Nature ’ s Gold. Imperial Journal of 

Interdisciplinary Research, 3(5), 1175–1179. 

Verhoeckx, K., Broekman, H., Knulst, A., & Houben, G. (2016). Allergenicity assessment 

strategy for novel food proteins and protein sources. Regulatory Toxicology and 

Pharmacology, 79, 118–124. https://doi.org/10.1016/j.yrtph.2016.03.016 

Wang, L., Zou, Q., Wang, J., Zhang, J., Liu, Z., & Chen, X. (2016). Proteomic Profiles Reveal 

the Function of Different Vegetative Tissues of Moringa oleifera. Protein Journal, 35(6), 

440–447. https://doi.org/10.1007/s10930-016-9690-x 

Yeang, H. Y., Arif, S. A. M., Yusof, F., & Sunderasan, E. (2002). Allergenic proteins of natural 

rubber latex. Methods, 27(1), 32–45. https://doi.org/10.1016/S1046-2023(02)00049-X 

 

 

 

 

 

 

 

 

 

 



                                    

 

Figures 
 

 

 



Section 1 – Chapter 3        In preparation 
 

137 
 

 



Section 1 – Chapter 3        In preparation 
 

138 
 

 



                                    

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 µg/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 μl 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 µg/ml). 

Inhibition with 0.01 M PBS buffer only served as a negative control. To plates were added 

100 µl/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 μL). 

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 µg/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 µl 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. 

 

Patient 
No. 

Gender 
Age 

(Years) 

LTP 
sIgE 

(KU/l) 

sIgE 
Pru 
p 3 

(ISU) 

Aero 
allergy 
related 

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/l)   

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 IgE (IU/mL) 5662 n.a. 

Self-reported allergies 
Avocado; Raw 

vegetables and nuts 

Banana; melons; 
avocado; papaya; 

tomatoes 

 

 

 

 



                                    

 

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 (Martı́n 

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 α-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), α-gliadins (Tri a 21), γ-

gliadins (Tri a 20), fast ω-gliadins (especially Tri a 19, Glia-ω5), 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).  

 

Coeliac 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-DQB1. Together, these two genes encode the two chains (α and β) of the coeliac-associated 

heterodimer proteins DQ2 and DQ8, which are expressed on antigen-presenting cells. About 90% 

of coeliac disease patients carry DQ2 and most others carry DQ8. Even if patients with coeliac 

disease usually carry HLA-DQ2, HLA-DQ8, 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 α-gliadins peptides, whereas γ-gliadins and glutenins are much 

less recognized (Arentz-Hansen et al., 2000). Probably, this occurs because α-gliadin contains a 

33-mer (Glia-α 57–89) fragment resistant to digestion, which contains a cluster of epitopes (Ozuna 

et al., 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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Chapter 5 
Tritordeum as an innovative alternative to wheat: a comparative 
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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: αs1-casein (Bos d 9), β-casein (Bos d 11) representing the predominant caseins (40% 

and 35%, respectively), while αs2-casein (Bos d 10) and κ-casein (Bos d 12) are less represented 

(12.5%, each one). In addition, the hydrolysis of β-casein generates three γ-caseins (γ1, γ2, and 

γ3), which represent the segments 29–209, 106–209, and 108–209 of β-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 αs1-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 
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affects the health of bones and teeth acting as anticariogenic as observed in hard cheese (Ferranti 

et al., 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 (β-Lg) and Bos d 4 (α-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 β -sheets stabilized by two disulphide bridges forming a structure known as a β -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 β-Lg resistant to denaturation and proteolytic hydrolysis (Lönnerdal & 

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 α-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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Chapter 7 
Casein-derived peptides from the dairy product kashk exhibit 

wound healing properties and antibacterial activity against 
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SECTION 4 
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.    

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



                                    

 

Chapter 8 
Microalgal Biomass Recycling: From Filter to Feed 
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Chapter 9 
Microalgae to contrast the climate change: a novel food and feed 

ingredient with technological applications. 
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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 R5 

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 R5 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 R5 

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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