
 

UNIVERSITA’ DEGLI STUDI DI PARMA 
 

Dottorato di ricerca in  
 Scienze e Tecnologie Alimentari 

 
Ciclo XXIV 

 
 

 
 

 

PROBING QUALITY AND SAFETY OF 

TOMATO PRODUCTS BY GENOMIC AND 

PROTEOMIC TOOLS 
 

 

 
Coordinatore: 
Chiar.mo Prof. Davide Barbanti 
 
Tutors: 
Chiar.mo Prof. Rosangela Marchelli 
Chiar.mo Prof. Stefano Sforza 
 
 

 
 
Dottorando:  Mariangela Bencivenni
 

 



2 
 

 
 
 
 
 

Ai miei genitori, faro perenne e insostituibile della mia vita 

A Dimer, esempio a cui da sempre e continuamente ambisco   

A Valerio e Lavinia  

Alle mie nonne 

 
 

“Tu che sei come sei, 
che non cambierai mai, 

promettimi che  
ci sarà sempre un posto 

che tieni caldo per me” 
L.L. 

 
 

“And when you kiss me 
on that midnight street 

sweep me off my feet 
singing  

'Ain't this life so sweet?'” 
D.G. 

 
 

“Non c'è montagna più alta di quella che non scalerò” 
L.J. 

 
 

“Memento audere semper. Et ventis adversis” 
G.d.A 

  



3 
 

 



4 
 

Abstract 
The present Ph.D. thesis deals with the use of advanced genomic and proteomic 
techniques for the assessment of quality and safety of one of the most important 
traditional and worldwide renowned Italian crop products: tomato. 
In the first section, innovative proteomic approaches have been applied to the issue of 
tomato allergy. Classical immunological techniques, based on gel electrophoresis for 
the separation of proteins, along with advanced mass spectrometric systems, have 
been applied to a set of 12 tomato ecotypes, allowing the detection and the 
characterization of the main allergens. Moreover, several novel isoforms of allergenic 
tomato Lipid Transfer Protein (LTP) have been detected and characterized, both in 
peel and in seed fractions of common tomatoes, by means of high-resolution mass 
spectrometric techniques, coupled with classic and innovative purification strategies.  
In the second section, advanced genomic techniques have been applied to the problem 
of tomato variety identification. In particular, the discrimination of seven tomato 
varieties has been achieved by means of specific probes, namely Peptide Nucleic Acids 
(PNAs), recognizing characteristic tomato SNPs. After that the performances, in 
terms of binding affinity and mismatch recognition, of different modified PNAs (2D- 
and 5L- chiral-box) have been tested and compared to fully ‘achiral’ PNA, both in 
solution and on solid surfaces, the best PNA model was exploited in the design of a 
PNA-based microarray and in a PNA-mediated PCR clamping system for the 
recognition of tomato specific SNPs. 
 
Keywords: tomato, allergens, proteomics, food safety, mass spectrometry, genomics, 
single nucleotide polymorphisms, peptide nucleic acids, microarray, PCR clamping. 
 

Riassunto 
La presente tesi di dottorato riguarda l’utilizzo di tecniche avanzate di genomica e 
proteomica per la valutazione della qualità e della sicurezza di una delle più importati 
e rinomate colture tradizionali italiane: il pomodoro. 
Nella prima sezione, approcci innovativi di proteomica sono stati applicati al 
problema delle allergie al pomodoro. Tecniche immunologiche classiche, basate 
sull’elettroforesi su gel per la separazione delle proteine, affiancate da sistemi di 
spettrometria di massa avanzati, sono state applicate ad un set di 12 ecotipi di 
pomodoro, consentendo l’identificazione e la caratterizzazione dei principali 
allergeni. Inoltre, sono state individuate e caratterizzate diverse isoforme della 
proteina allergenica del pomodoro Lipid Transfer Protein (LTP), sia negli estratti di 
buccia che di semi di pomodori comuni, mediante tecniche di spettrometria di massa 
ad alta risoluzione accoppiate a strategie di purificazione classiche ed innovative. 
Nella seconda sezione, tecniche di genomica avanzata sono state applicate alla 
questione dell’identificazione varietale in pomodoro. In particolare, è stata effettuata 
la discriminazione di sette varietà di pomodoro mediante l’utilizzo di sonde 
specifiche, chiamate acidi peptido nucleici (PNAs), che riconoscono SNP 
caratteristiche del pomodoro. Dopo che le prestazioni di PNA diversamente modificati 
(2D- and 5L- chiral-box), in termini di affinità di legame e di riconoscimento di 
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mismatch, sono state testate e confrontati con quelle del PNA chirale, sia in soluzione 
che su superficie, il miglior modello di PNA è stato utilizzato per il design di un 
microarray basato sui PNA e per lo sviluppo di un sistema PNA-mediated PCR 
clamping per il riconoscimento di SNP specifiche del pomodoro. 
 
Parole chiave: pomodoro, allergeni, proteomica, sicurezza alimentare, 
spettrometria di massa, genomica, polimorfismi del singolo nucleotide, qualità 
alimentare, acidi peptido nucleici, microarray, PCR clamping. 
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Chapter I –Preface 
 
The term ‘quality’ is defined according to DIN ISO 9000 as the totality of features 
relevant to the ability of a product to fulfil its requirements (International Institute 
for Standardization, 2005). However, the concept of food quality should be 
considered on a much broader basis as the different demands of the manufacture, the 
consumer, the surveillance and the legislative bodies must be taken into account in 
order to obtain healthy and safe products without neglecting the economic, 
ideological and ecological issues associated with food quality. 
First, the consumer wants ‘healthy’ products with high nutritional value with regard 
to macronutrients like proteins, carbohydrates, fats and fibre as well as vitamins and 
trace elements, and also for compounds having functional properties in the body, like 
antioxidants. Second, these products should also accomplish the requirements for 
superior flavour and texture. Third, a typical geographic origin or the use of defined 
ingredients, which often result in higher market prices, are also important factors for 
evaluating the quality of food, not because of changes in nutritional value, but in 
terms of consumer expectation deception, selling cheap products as high-price 
premium food. Last, but not least, obnoxious compounds should be absent in quality 
foods or present under the limits set by the regulatory bodies. There is no doubt that a 
quality food should primarily be safe. 
In this scenario, several directives and laws have been issued for the assessment of 
hazards, by means of systematic analysis systems dedicated to the fast, sensitive and 
selective identification of perils. In addition, the European Commission also adopted 
the framework regulation EC/178/2002 which mainly aims at preventing fraudulent 
or deceptive practises, adulteration of food and any practice that may mislead the 
consumer.  
Whereas on one hand these measures guarantee consumer’s expectations for 
information and protection, on the other hand they imply an increase in the 
management procedures and in their costs for food industries. The speed-up in the 
development of new technologies in the fields of biotechnology, chemistry and food 
science, and their perfect integration, have allowed the implementation of tools and 
procedures for the food industries and the supervising authorities, helping the 
analysis simplification, the time-saving and the cost-effectiveness. In particular, the 
enormous advances in genomic and proteomic techniques have allowed in the last 
years to gain deeper insights on the molecular composition of food, in turn allowing 
to gain more information on the quality and the safety of the foods themselves. 
The overall aim of this PhD thesis is to explore the use of advanced genomic and 
proteomic techniques for the assessment of quality and safety of one of the most 
important traditional Italian crop products: tomato. In particular, genomic 
techniques will be applied to the problem of variety identification and proteomic 
techniques to the issue of allergenicity. 
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1. Tomato 

1.1 Historical background and botanical description 
The origin of tomatoes belongs to South America and precisely to the Andes (the 
modern Peru, Bolivia, Chile and Ecuador), where they grown wildly. Although in 
America tomato was already included in the diet of natives, this distinctive vegetable 
of Mediterranean area was imported to Europe only in the first half of the sixteenth 
century, when Spanish conquistadores landed to America, where it spread just as an 
ornamental plant.  
At the beginning of 1600th, nearly a century after it has been discovered, it was still 
consider unhealthy, since it was believed to be poisonous like the other Solanaceae, 
due to its high content of tomatine. Moreover, tomato was thought to have 
aphrodisiac properties and, for this reason, it was used by alchemists for their magic 
potions. This belief could also explain the names that different European languages 
used to refer to it: love apple in English, pomme d’amour in French, Libesapfel in 
German and pomo (or mela) d’oro in Italian, all definitions which referred to love. 
Nowadays, all these names have been replaced by the original Aztec name, tomatl. It 
was just at the end of the eighteenth century that tomato spread for human nutrition 
in Europe, especially in France and in the southern of Italy, but while in France it 
embodied the royal meal, in Italy it became the basic food for the starving population. 
The first transformation process in puree and the potting of boiled material dates 
back to 1762.  
In the same period, Linnaeus placed the tomato in the genus Solanum as Solanum 
lycopersicum, which in Latin meant wolf-peach, reflecting the belief that tomato was 
poisonous.1 Due to its substantial differences with potato and aubergine, Miller 
created for tomato another genus: from there the new name of Lycopersicon 
esculentum, which helped with the acceptability of tomato as a food. Phylogenetic 
relationships between Solanum and Lycopersicon have been the subject of a great 
debate for a long time, with many Solanaceae researchers recognizing Lycopersicon 
as a distinct genus while others suggesting its merger with Solanum. More recently, 
based on much molecular and morphological information, tomato has been moved 
again to the genus Solanum, making Solanum lycopersicum the correct name. 
In addition to the cultivated species L. esculentum and its wild form L. esculentum 
var. cerasiforme, many other related wild species are know, all of them native to 
Western South America, mainly Peru. Only the cultivated species and wild cherry are 
found outside this range and are common throughout many parts of the world.  
However, the natural habitat of Lycopersicon is highly variable, from very dry to very 
wet and from coastal to mountainous areas of more than 3300 m elevation.2 This 
diversity in habitat has undoubtedly contributed to the great variation that can be 
found in Lycopersicon genus. All species within Lycopersicon produce perfect, 
hermaphrodite flowers. A complete range of mating systems is found, from 
autogamous to obligately outcrossed self-incompatible biotypes. All tomato species 
are diploid (2n = 2x = 24) and are similar in chromosome number and structure.3 

They have yellow flowers and the stamens are joined to produce an anther cone that 
surrounds the carpels. Botanically, tomato fruit is classified as a berry with a thin 
epicarp, a fleshy mesocarp and an endocarp divided into locular cavities containing 
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several seeds. The number of carpels in the flowers corresponds to the number of 
locules in the fruits. Both leaves and stem are densely covered by hairs excreting the 
characteristic tomato smell. It is a perennial herbaceous plant, although in temperate 
climates it is grown as an annual. The growth habit can be erect or prostrate. 
According to the shape of fruits and leaves and to the growth habit, tomatoes differ 
in: ‘cherry’ tomatoes – small size, round-shaped with two cavities; ‘pear’ tomatoes – 
medium size, pear-shaped with three cavities; ‘potato-leaved’ tomatoes – big leaves 
with intact edges; ‘compact-habit’ tomatoes – bushy with upright stems. Besides the 
shape of fruits and leaves, tomato varieties may be classified according to the use in: 
fresh consumption tomato, round/globular shaped, smoothed or ribbed surfaces; 
peeled tomato, cylinder/pear- shaped; concentrate tomato, square/oblong shaped. 
Tomato fruits contain 93–97% of water. The dry matter is composed by sugars (40–
60%), proteins and amino acids (15–20%), organic acids (4–10%), minerals (in 
particular potassium), vitamins and pigments (vitamin A, C, lycopene and β-
carotene), insoluble matter (cellulose, emicellulose and pectins). Seeds are rough, 
flattened and discoidal, with 1000 seeds weighing 2.5–3.5 g.4 Fruit colour varies 
depending on the species, from red to orange to yellow to green.  
Besides the variety, the growing conditions are the major factors influencing the 
colour of the fruits: a mild shining promotes the formation of lycopene (which confers 
the red colour), while β-carotene (yellow/orange colour) stores up under intensive 
light treatments.  
 

1.2 Economic importance 
The cultivated tomato is widely grown around the world and constitutes a major 
agricultural industry.  
The global tomato production is approximately 1.25 x 108 t/year, produced on about 
4.5 million hectares (FAOSTAT data, 2006, http://faostat.fao.org). The 10 leading 
fruit producing countries are, in descending order, China (3.2 x 107 t/year), United 
States, Turkey, India, Egypt, Italy, Iran, Spain, Brazil and Mexico (FAOSTAT data, 
2006, http://faostat.fao.org). The highest production per hectare is reported in the 
Netherlands (473 t/ha year) where tomatoes are exclusively grown under greenhouse 
conditions (FAOSTAT data, 2006, http://faostat.fao.org). The intake of raw tomatoes 
differs substantially throughout Europe: 5.9 g/day are consumed in the Netherlands, 
47.5 g/day in Germany and 112.5 g/day in Greece. Further, global tomato 
consumption has increased over the past two decades (USDA data 2007, 
http://static.globaltrade.net). 
According to Italtrade.com, Italy produces more than 4 million tons of tomatoes 
annually, roughly 90% of which is meant for processing. Italy leads the EU in tomato 
production, accounting for 38% of the total EU-27. Of these, 5.2 million tons are 
meant for processing (53% of the whole volume transformed by the entire European 
Union) and 1.3 million are meant for fresh consumption. In this last segment of the 
market Italy plays a less important role, representing only 19% of European supply 
(source: AgroalimentareNews). Generally, conditions in Italy allow for production of 
high quality and quantity tomatoes throughout the year. The cultivation of processing 
tomatoes is possible in many parts of Italy, but three regions account for almost 90% 
of the production. Nearly 40% of the production is in the Puglia region, another 40% 
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is localized in Emilia-Romagna region and 10% in Campania region (USDA data 2007, 
http://static.globaltrade.net).  
The data reported here showed that tomato is a symbol of the Italian food-industry 
and represents its most significant horticultural product. 
 

1.3 Tomato food chain 
The success of the tomato crop has always been connected to its industrial 
transformation. The development of the first tomato processing industries in Italy 
was due to the capitals provided by fruit and vegetable exporters, who realized the 
opportunity to expand the number of accessible markets by overcoming the problem 
of the perishable nature of fresh products. A considerable impetus to the cultivation 
of tomato was, in fact, recorded in Italy at the beginning of last century, in connection 
with technological development that allowed the rise of the canning and 
transformation industries. 
Initially, tomatoes were simply canned and sterilized, according to the so-called 
"appertization". Later, mainly due to the opening of some processing plants in the 
South of Italy (especially in the Nocera-Sarno area), the "peeling" process of long-
shaped tomatoes, typically grown in these areas, took place. The development of this 
industry sector caused the conversion of large agricultural areas to the cultivation of 
tomato, thus positively influencing the socio-economic aspects of local populations. 
Independently of the quality of the product, the worldwide diffusion of ‘San Marzano’ 
tomato variety was due to the enhancement of the tomato processing.5 

The process of conservation begins straight after picking and it should comply with 
many rules to ensure quality: red fruit, uniform shape and size, high pulp content and 
a low number of seeds. The characteristics are further defined by the type of 
transformation that the tomato undergoes: peeled, puree, pulp or chopped, juice, 
dried flakes. Processing begins with tomato washing in tanks; tomatoes are then 
heated to a temperature of 90 °C, in order to remove the skin from the flesh, using 
mechanical or heat processes, and then they are transferred onto conveyor belts for 
sorting. In modern industrial production lines, the sorting process is performed by an 
optical sorter. The product is then submitted to a process of partial concentration. 
Lastly, the tins are filled with the fruit and juice and then vacuum sealed before 
pasteurisation.  
Tomato processed products represent the major export of Italy’s trade but, on the 
other side, growing imports have been needed in order to meet both domestic 
consumption requirements and a fairly stable export demand. Most of the imported 
material comes from non-European countries: this could affect the quality features of 
those tomato productions which are related to the creation of high-quality brand 
names, aiming both to protect typical food production, related to a specific 
geographical area, and to encourage those sections which include valuable and 
traditional products. For example, the legitimate and traditional production of 'San 
Marzano' has been protected by the certification mark protection PDO (Protected 
Designation of Origin) since 1999. The branding of protection by the European Union 
has proved a useful tool to protect such typical food and revitalize some 
productive sectors, including traditional products of value. So, in order to avoid an 
inappropriate use of these ‘quality’ claims, for example the fraudulent substitution of 
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premium varieties with others of lower commercial value, several analytical tools, 
mainly based on DNA analysis, have been developed to assess the authenticity of the 
raw material through all the stages of production and to avoid frauds which may 
damage both consumers and producers. 
 

1.4 A model organism 
Tomato is considered an excellent model system for studying genetic 
plant, both in basic and applied research. This is due to different reasons,4 including 
ease of culture under a wide range of environments, short life cycle, photoperiod 
insensitivity, high self fertility and homozygosity, great reproductive potential, easy 
control of pollination and hybridization, diploid species with a rather small genome 
(950 Mbp),6,7 lack of gene duplication, amenability to asexual propagation and whole 
plant regeneration,8,9 ability to develop haploids,10 and availability of a wide array of 
mutants,11 and genetic stocks.12 Recent availability of high molecular weight insert 
genomic libraries, including both YAC,13 and BAC,14 libraries, has facilitated map-
based or positional cloning. Furthermore, members of Lycopersicon are easily 
transformed, and transgenic tomatoes are routinely produced using co-cultivation 
with Agrobacterium tumefaciens.8,15 Tomato was the first food crop in the U.S. for 
which a genetically engineered variety was marketed,16 and also for which a disease 
resistance gene was positionally coloned.17,18 Currently, the euchromatic portions of 
the 12 tomato chromosomes are being sequenced, which will make tomato even more 
of ideal crop plant system for genomic studies (see below). For all these reasons 
tomato has long served as a model system for plant genetics, development, 
physiology, pathology, and fleshy fruit ripening, resulting in the accumulation of 
substantial information regarding the biology of this economically important 
organism. Many genomic tools are now available on this Solanaceous species and 
have rapidly generated a great amount of genomic resources, including mapping 
populations, mapped DNA markers, bacterial artificial chromosomes expressed 
sequence tag (EST) collections, mutants concerning fruit development and ripening,19 

and gene expression profiling of fruit development and maturation.20  
Recently a remarkable amount of data have been gathered in the field of tomato 
proteomic, mainly thanks to the technological achievements which allowed high 
throughput screening of proteomic states. They largely deal with the study of 
proteome variations associated with the fruit ripening,21,22 or with the seed 
germination.23 A proteomic approach was also used to describe the proteome of 
tomato pollen,24 and to identify differentially expressed proteins in the wild type and 
mutant anthers with the objective of analyzing their roles in normal pollen 
development and in male sterility.25 Several attempts have been addressed to the 
proteomic study of tomato protein changes in response to different extreme growing 
conditions, such as heat treatment,26 salt,27,28 aluminium,29 and iron stresses,30 or to 
characterize 2S storage albumin from the seeds that cross-reacted with antiserum to 
the fruit lectin,31 responsible of some adverse effects after their ingestion. Different 
studies have also carried out to investigate the molecular and biochemical 
mechanisms potentially involved in tomato fruit defense against pathogenic 
attacks.32,33 These findings represent a significant contribution towards the 
construction of a comprehensive tomato proteome database, encompassing many 
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different species, and which could serve as a valuable resource for understanding the 
biology of the Solanaceae family. 
 

1.5 Tomato genome sequencing 
The nuclear genome of tomato has 12 chromosomes and approximately 950 Mbp of 
DNA, containing 59% of non-coding regions, 28% of sequences coding, 11% of 
transposon sequences and 2% of organelle sequences.34 Approximately 77% of the 
chromosomal DNA is placed in the centromeric heterochromatin, which lacks in 
genes.34 The tomato genome encodes about 35,000 genes, most 
of which are placed in the distal euchromatic regions of chromosomes,35 with a 
density of 6.7 kb / gene, similar to that of Arabidopsis and rice.34 

The 12 tomato chromosomes have been sequenced by an International consortium 
composed of 10 countries, which different chromosomes have been assigned to: China 
(3), France (7), India (5), Italy (12), Japan (8), Korea (2), Netherlands (6), Spain (9), 
United Kingdom (4) and USA (1,10,11) 
(http://www.sgn.cornell.edu/help/about/tomato_sequencing.pl.).  
Tomato genomics has generated a huge amount of data resulting in the need for 
accessible databases, such as the database of the International Solanaceae Genomics 
Project (SOL), the SOL Genomics Network (SGN; http://sgn.cornell.edu). SGN gives 
free access to genetic and physical tomato maps and to DNA sequences of tomato 
genes, expressed sequence tags (ESTs), bacterial artificial chromosomes (BACs) and 
molecular markers. The International Solanaceae Genomics Project also includes the 
EU-SOL and Lat- SOL programmes. EU-SOL focuses on the development of high-
quality and healthy tomato and potato varieties with improved consumer-, processor- 
and producer-directed traits. Lat-SOL aims at joining efforts in Latin America and 
promoting information and resource flow between laboratories working in basic and 
applied aspects of Solanaceae species.36 
On October 23rd 2009 Keygen delivered to the Consortium the physical map of the 
tomato genome, built using the technology "Whole Genome Profiling" (WGP) 
(www.keygene.com). The entire sequence of 950 Mb that constitutes the tomato 
genome was covered by assembling BAC clones under conditions of high stringency. 
This map will be used as a skeleton to produce a ‘higher quality’ draft sequence of the 
tomato genome in the next years. Started in 2003, the sequencing project has 
ambitious research targets, including developmental and functional genomic studies 
of the Solanaceae family.19 
 

1.6 Genetic variability and breeding 
The cultivated tomato has limited variability, largely because of several population 
bottlenecks in the forms of founder events and natural and artificial selections that 
occurred during domestication and evolution of modern cultivars.37 For example, 
tomatoes that were first introduced to Europe by Spanish explorers furnished the 
entire genetic base for the modern cultivars and consequently the current European 
and U.S. cultivars are highly similar to each other. It is estimated that only 5% of the 
total genetic variation within Lycopersicon can be found within L. esculentum,38,39 
and genes for many desirable agricultural characteristics do not exist in this species. 
The related wild tomato species, however, are a rich source of desirable genes and 
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characteristics for crop improvement, though they remain largely under exploited, 
mainly due to difficulties that inter-specific crosses may represent. 
Breeding new cultivars of tomato with improved characteristics started more than 
200 years ago in Europe, mainly in Italy. Until 1950s, tomato breeding included 
development of multipurpose cultivars to meet several needs, including fresh market 
and processing industries. Subsequently, breeding objectives have depended upon 
method of culture, that is field or greenhouse grown, and whether the product has to 
be used as fresh or processed.40 Today, fresh market and processing cultivars are quite 
distinct, largely as a result of the different quality requirements for intended use. 
However, the universal goal of tomato breeding for both fresh market and processing 
purposes has been to increase fruit yield per unit area. Other essential characteristics 
common to both industries include disease resistance, broad adaptability, earliness in 
maturity, ability to set fruit at adverse temperatures, resistance to rain-induced 
cracking, tolerance to major ripe-fruit rots, adequate vine cover, fruit firmness, and 
several other fruit quality characteristics. Specific traits needed in processing 
cultivars include compact, determinate plant habit and concentrated flowering and 
fruit set suitable for onceover machine harvest, ease of fruit separation from the vine 
(joint less characteristic), and specific fruit quality characteristics such as colour, pH, 
total acidity, soluble solids, total solids, and viscosity. Specific traits of interest in 
fresh market cultivars include large, round fruits with adequate firmness and shelf-
life, uniform fruit size, shape and colour, appearance, freedom from external 
blemishes or abnormalities, texture, taste and flavour.40  
Moreover, accessions of nearly all wild tomato species have been successfully used to 
introduce valuable traits for crop improvement, especially monogenic sources 
conferring resistance to fungal, nematode, bacterial and viral diseases.36 

 

1.7 Tomato nutrients and their benefits on human health 
Tomato and tomato-based products are important sources of many established 
nutrients and are predominant sources of some phytochemicals that may have health 
benefits. Based on the volume of consumption per person, tomatoes are relatively rich 
sources of folate, vitamin C, vitamin A, and potassium. The relative importance of 
tomatoes as contributors of these nutrients varies across populations, according to 
their consumption. For example, since they are highly consumed in Italy, tomatoes 
have been estimated as the second most important source of vitamin C after 
oranges.41 Despite their low content in proteins and organic acids, tomatoes are a 
predominant source of several carotenoids, particularly lycopene and β-carotene, and 
of other potentially beneficial phytochemicals, including phenylpropanoids (phenolic 
acids), phytosterols, and flavonoids.42,43  
The biological activities of carotenoids, such as β-carotene, are related in general to 
their ability to form vitamin A within the body. Because lycopene is not converted to 
vitamin A,44 it may be entirely available for other properties. Two major hypotheses 
have been proposed to explain the anti-carcinogenic and anti-atherogenic activities of 
lycopene: non-oxidative and oxidative mechanisms. Among the non-oxidative 
mechanisms, lycopene is hypothesized to suppress carcinogen-induced 
phosphorylation of regulatory proteins such as p53 and Rb anti-oncogenes and stop 
cell division at the G0–G1 cell cycle phase.45 Preliminary in vitro evidence also 
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indicates that lycopene reduces cellular proliferation induced by insulin-like growth 
factors, which are potent mitogens, in various cancer cell lines.46 Lycopene also has 
been shown to act as a hypocholesterolemic agent by inhibiting HMG–CoA (3-
hydroxy-3-methylglutaryl– coenzyme A) reductase.47 Among the oxidative 
mechanisms, lycopene has been hypothesized to prevent carcinogenesis and 
atherogenesis by protecting critical cellular biomolecules, including lipids, 
lipoproteins, proteins and DNA.48,49 In healthy human subjects, lycopene- or tomato- 
free diets resulted in loss of lycopene and increased lipid oxidation,50 whereas dietary 
supplementation with lycopene increased serum lycopene levels and reduced 
endogenous levels of oxidation of lipids, proteins, lipoproteins and DNA.49 The 
proposed mechanisms for the role of lycopene in the prevention of chronic diseases 
are summarized in Fig 1. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Fig 1. Proposed mechanisms for the role of lycopene in preventing chronic diseases. Dietary lycopene may 
increase the lycopene status in the body and, acting as an antioxidant, may trap reactive oxygen species, 
increase the overall antioxidant potential or reduce the oxidative damage to lipid (lipoproteins, membrane 
lipids), proteins (important enzymes) and DNA (genetic material), thereby lowering oxidative stress. This 
reduced oxidative stress may lead to reduced risk for cancer and cardiovascular disease. Alternatively, the 
increased lycopene status in the body may regulate gene functions, improve intercell communication, 
modulate hormone and immune response, or regulate metabolism, thus lowering the risk for chronic 
disease. These mechanisms may also be interrelated and may operate simultaneously to provide health 
benefits. Adapted from reference 51. 

 
Tomatoes have also been recognized as an important source of dietary flavonoids 
because of a worldwide high consumption. Besides their relevance in plants, 
flavonoids are important for human health because of their high pharmacological 
activities as radical scavengers, their high antioxidant capacity and their ability to 
induce human protective enzyme systems, and their protective effects against 
cardiovascular diseases, cancers, and other age-related diseases.52 The occurrence of 
flavonoids in tomato fruits is almost exclusively restricted to their skin, leaving only 
negligible quantities in the remaining parts of the fruit.53 The main flavonoids in 
tomato fruits identified in previous literature have been reported to be rutin, 
naringenin,54,55,56 and chalconaringenin.57,58 Moreover, some minor flavonoids have 
been identified from tomato fruits as reviewed by Moco and co-workers,59 among 
them kaempferol 3-rutinoside and naringenin 7-glucoside. By the way, flavonoid 
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levels were found to be different in the different varieties of fresh tomatoes: these 
differences can be attributed either to a variety-related metabonomic difference or to 
the different ripening levels at which the different varieties may have been harvested. 
Besides, it was evident that the harsh thermal treatments used in tomato processing 
caused a strong decrease for all the compounds considered, leading to level off the 
contents of these secondary metabolites.56 
Due to its nutritional and healthy properties related to its content in antioxidant 
molecules, tomato is among the major components of diets around the world and thus 
it is intensively consumed. Nevertheless, several public concerns dealing with tomato 
consumption, are related to this growing and intensive uptake. Different studies 
reported fresh and processed tomatoes as elicitors of food allergies, among fruits and 
vegetables.60,61,62 Clinical reactions towards tomatoes are mostly local symptoms in 
the oral mucosa, but tomatoes can also elicit systemic reactions and can even cause 
serious illnesses.63,64 Moreover, several studies proved that some allergens may be 
still present in tomato products even after technological treatments, increasing the 
risk of adverse reactions when they occur in different meals as additional 
component.65,66 Therefore, the study of tomato allergies, helped by the 
characterization and the identification of the main and the most common allergens, 
could represent an headway in the tackling of this public health issue. 
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Proteomics in food analysis  
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1. The proteomic approach 

Most foods are produced from living organisms and tissues and, for this reason, they 
bear all the complexity of the biological system from which they derive.1 
In particular, proteins and the proteolysis products, like large and small peptides and 
free amino acids, are the major constituents of many foods and play a prominent role 
in determining their nutritional, rheological, sensorial, functional and biological 
properties. Belonging to extremely complex biochemical systems, food proteins are 
found in elaborate mixtures, made up of components which underwent to many 
biological processes. Besides, food technological processes, such as cheese-making or 
pasteurization, baking or fermentation, and food storing and ripening, contribute to 
increase the complexity of these systems, due to the chemicals and enzymatic 
reactions on proteins that may occur.  
As a consequence, the proteome, that is the totality of proteins present in a biological 
sample (cell, organelle, tissue or food matrix) is a dynamic system, well defined in a 
certain moment and conditions, but changing along time, according not only to the 
genes, but also on external factors. The field of proteome analysis, also called 
proteomics, aimed at describing the proteome of a biological sample, including foods,  
due to the complexity of the systems, is faced by several analytical challenges. 
As described above, a food matrix may contain up to tens of thousands of different 
proteins, requiring highly efficient protein separation and identification methods and 
also bio-informatic tools that allow the handling of the large amount of data 
accumulating during the analysis. Furthermore, food proteomes usually differ in the 
different expression levels of certain proteins, rather than in their presence or 
absence. This means that highly reliable and precise methods are necessary for the 
quantification of thousands of proteins in food samples. Finally, protein separation 
and identification must be linked to structural and functional information on proteins 
of interest. 
 

1.1 Protein extraction 
Virtually, every proteomic workflow study includes the extraction of the protein 
components from the food of interest. Depending on the characteristics of the starting 
material and on the protocol used, different patterns of protein could be obtained, 
even from the same food matrix. In particular, plant tissue have a relatively low 
protein concentration, if compared with animal and bacterial tissues. Besides, due to 
their significant amount of interfering substances, such as pigments, carbohydrates, 
polyphenols, polysaccharides and starch, the protein extract composition could be 
negatively influenced and, consequently, the following steps of separation and 
analysis may be strongly affected.2 Moreover, the protein profiles depends on many 
factors, such as environmental conditions, ripening stage and postharvest handling. 
So, no definitive and comprehensive protein extraction protocol is actually available 
and suitable for a large variety of food matrix sources; instead, specific protocols 
should be refined according to the starting material. 
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1.2 Protein separation 
The protein component of the extract should be separated before characterization. 
Nowadays, two complementary proteomic methodologies are available and most 
widely applied in proteins analysis: separation on gel and separation by 
chromatography.3 These approaches are complementary, since they focus on specific 
subsets of proteins that are only partially overlapping. They differ in the way how 
proteins or peptides are isolated, separated, and detected.  
 

1.2.1 Gel-based technique 
The gel-based techniques underpin on gel electrophoresis, based on the movement of 
charged molecules in an electric field. The generally used support medium is cellulose 
or thin gels made up of either polyacrylamide or agarose. Cellulose is used as support 
medium for low molecular weight compounds, such as amino acids, whereas agarose 
and polyacrylamide gels are widely used for larger molecules like proteins. The 
general electrophoretic techniques can not be used to measure the molecular weight 
of the proteins because the mobility of a substance in the gel is influenced by both 
charge and size. In order to overcome this limit, the biological samples are treated in 
a way to give a uniform charge to proteins, so that electrophoretic mobility then 
depends primarily on size. The molecular weight of protein may be estimated if they 
are subjected to electrophoresis in the presence of sodium dodecyl sulfate (SDS) and a 
reducing agent (usually mercaptoethanol). SDS disrupts the secondary, tertiary and 
quaternary structure of the protein to produce a linear polypeptide chain coated with 
negatively charged SDS molecules, yielding denatured proteins having the same  
density of charge. In this way in SDS-PAGE (or 1D gel electrophoresis) the proteins 
get separated in accordance to their size (Fig 1). 
 

 
Fig 1. a, schematic representation of SDS PAGE system; b, mechanism of action of denaturant agent on 
proteins before SDS PAGE. 

 
SDS-PAGE is a very easy and widespread technique used to obtain a fast separation of 
a protein mixture.4 Furthermore, 1D gel electrophoresis offers the advantage that 
virtually all proteins are soluble in SDS and also extremely acidic and basic proteins 
are easily visualized.  
In general, cells contain more proteins than genes. Moreover, nobody knows any 
precise figures or the extent of post translational modifications (PTMs) that may 
confer additional complexity to the protein composition. Considering that SDS PAGE 

a 

b
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is a low resolution technique (less than 100 proteins may be resolved), highly 
resolving and sensitive identification techniques must be applied to enable 
differentiation of all these protein species.  
In this scenario, two-dimensional (2D) gel electrophoresis technique is the most 
powerful method available for this purpose, since it allows to resolve up to 10000 
proteins in the optimal conditions.5 It consists in first separating sample proteins by 
isoelectric focusing, according to their isoeletric point by means of gel strip 
containing an immobilized pH gradient (IPG). When an electric field is applied, 
proteins migrate in the IPG until they assume a net charge of zero, that is as they 
reach a pH point equal to their isoeletric point. After their immobilization, proteins 
are further separated according to their apparent molecular weight by SDS-PAGE (Fig 
2). Proteins spots are then detected by Coomassie Brilliant Blue, silver, fluorescence 
dyes, or radio labeling. The staining also allows to identify qualitative differences in 
the protein patterns of quite simple samples visually, whereas the more complex 
samples require informatics tools.  
 
 
 
 
 
 
 
 
 
 
 
 

Fig 2. Principles of 2D electrophoresis. In the first dimension isoelectric focusing (IEF) the proteins 
are separated according to their isoelectric points (pI). In the second dimension, proteins are 
separated according to their molecular weights (MW) in a SDS-polyacrylamide gel. 

 
Although the protein separation by 2D gel electrophoresis is a potential powerful tool 
for this kind of investigation, we can find in the available literature few studies 
focused on this topic. This may be due to several factors and, at least partially, to the 
variable reproducibility of the 2D gel electrophoresis protein profiles. Actually, there 
are still various aspects of the technique that need to be improved, including sample 
preparation, the resolution and detection of protein components, since the results are 
still dependent on the extract quality and the researcher’s skill.6 Among the major 
bottlenecks is the protein solubility of the extracts, which is very often affected by the 
presence of a wide variety of non-protein substances, which may also interfere with 
the resolution of the separation and/or the visualization of the results. Sample 
preparation is a critical step in 2D gel electrophoresis, especially when the extract is 
derived from a plant source.7 Another well-known disadvantage of the standard 2D 
gel technique is the loss of very hydrophobic proteins and proteins with extreme pI 
values. Besides, highly-abundant proteins, which are often not interesting for the 
proteome studies, may spoil the analysis of the less abundant ones, which are of high 
importance.   
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1.2.2 Chromatography-based techniques 
Liquid chromatography (LC) is a very dynamic methodology that, depending on the 
type of chromatography selected, can separate the protein components as a function 
of properties such as the molecular mass, pI, hydrophobicity and capacity to bind a 
ligand. LC allows good separations of acidic and basic, low- and high-molecular-
weight proteins in a very short analysis time. By choosing different systems, either the 
separation of high amounts of proteins (preparative chromatography) or high 
resolution using chromatographic systems working at high pressure (fast-protein LC 
[FPLC] and high-pressure LC [HPLC,]) can be obtained.8 Furthermore, a better 
resolution in the separation of a protein mixture can be obtained by combining 
different types of chromatography (Multidimensional LC [MDLC]), in which the 
sample is applied to a first column and eluted onto a second column allowing 
different stationary phases and therefore different separation mechanisms to be 
combined and facilitating greater resolution than a single HPLC column alone (Fig 3). 
Various combinations of separation methods include size-exclusion chromatography 
(SEC) with reversed-phase LC (RPLC), RPLC with capillary electrophoresis (CE), 
strong cation-exchange chromatography (SCX) with RPLC, SCX with avidin affinity 
chromatography (AC) to select specifically biotinylated peptides, and isoelectric 
focusing (IEF) with RPLC.9 Recent advances in MultiID include peptide separation by 
ultra-high-pressure LC (UHPLC) and anion-and-cation mixed-bed ion exchange 
techniques.10  
 
 
 
 
 
 
 
 
 
 
 
 

Fig 3. Schematic representation of an automated 2D chromatographic system. 

 
The protein profiles are generally very reproducible, thus allowing comparative 
studies of the proteome variations in tissues. Except for size-exclusion 
chromatography, generally, LC offers a high flexibility regarding the volume of the 
sample to be treated and usually does not require concentration/precipitation steps 
that are sometimes a cause of protein component loosening.  
Gel-free approaches have the disadvantage that qualitative and quantitative 
information on protein isoforms and differential post-translational modifications are 
often lost.11 Besides that, cross-species identification for poorly sequenced genomes, 
as is the case of most plant-based foods, is not possible. 
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1.3 Detection and identification of separated proteins 
Whatever the separation methodology is, it will require at least partial information 
about amino acid sequence in order to identify a protein of interest. Sequence data 
can be obtained by mass spectrometry technologies or by Edman degradation. 
 

1.3.1 MS technologies for proteome analysis 
Recently mass spectrometry (MS) has emerged as an indispensable tool to analyze 
protein and peptide mixtures arising from their proteolysis. Among all the available 
techniques commonly used for the analysis of a full proteome, MS has incrementally 
improved especially because it provides specificity, speed and reliability of the 
analytical response and it also gives the chance to handle the complexity associated to 
the biological system. For these reasons the employment of MS in the study of food 
proteomes is rapidly increasing.  
For a long time MS has been restricted just for the analysis of small and thermostable 
compounds. The introduction of new types of mass spectrometers, which allowed the 
formation of ions from formation of molecular ions of intact biomolecules, as 
electrospray ionization (ESI),12 and matrix assisted laser desorption/ionization 
(MALDI),13  made peptides and also polypeptides able to be analyzed by MS. 
In MS technologies, ionization is fundamental, as the physics of mass spectrometry 
relies upon the molecule of interest being charged, resulting in the formation of either 
positive ions or negative ions. In this way a molecular ion species is formed and, 
depending on the ionization method, fragment ions may also be created. These ion 
species are then separated according to their mass-to-charge (m/z) ratio and the 
masses are assigned from the measurement of some physical parameter. Finally, the 
measurement of ion abundance, based on peak height or peak area, is made leading to 
a semi-quantitative or quantitative answer. 
 
IIoonniizzaattiioonn  ssoouurrcceess. As concerns ionization, electrospray ionization probably is the 
preferred ionization methods for proteomics.14 Here the sample is dissolved in a 
solvent mixture (e.g., acetonitrile-water) and then injected into a capillary held at a 
potential of 3-4 kV. As a result, a very fine spray of solvent droplets containing ions 
are formed. Multiple charged gas-phase ions are subsequently formed during the 
desorption process due to the evaporation of the solvent,15 which will then enter the 
mass analyzer (Fig 4).  
 
 
 
 
 
 
 
 
 
 
 

Fig 4. Electrospray ionization (ESI) and ion source overview. 
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For ESI, there are several ways to deliver the sample to the mass spectrometer. In the 
simplest method, electrospray sources have been connected in line with LC systems 
that automatically purify and deliver the sample to the mass spectrometer. Examples 
of this method are LC and reversed phase LC (RP-LC). 
The second major ionization technique, matrix-assisted laser desorption ionization 
(MALDI), relies on a laser which is fired at a sample plate containing a dried mixture 
of matrix (α-cyano-4-hydroxycinammic acid) and sample. The matrix absorbs 
radiation from the laser resulting in excitation of the matrix molecules. As a result, a 
dense plume containing both the matrix and the analyte molecules is produced. The 
analyte molecules interact with protons from the matrix to form mainly single 
charged ions that enter the mass analyzer (Fig 5). The formed ions are separated in a 
mass analyzer according to their mass-to-charge ratio (m/z).15 

 

 
 
 
 
 
 
 
 
 
 
 
 

Fig 5. A schematic representation of MALDI source. 

 
AAnnaallyyzzeerrss. The analyzer is an instrument able to separate or differentiate introduced 
ions. Both positive and negative ions (as well as uncharged, neutral species) form in 
the ion source. However, only one polarity is recorded at a given moment.  Basically, 
four types of mass analyzers have been deeply applied in the study of proteomes: 
quadrupole (Q), time-of-flight (TOF), ion trap, and Fourier-transform ion cyclotron 
resonance (FT-ICR), which strongly differ in both the physical principles of ion 
separation and the analytical performance.16  
Quadrupole uses oscillating electrical fields to selectively stabilize or destabilize ions. 
By passing ions through a radio frequency quadrupole field, single mass/charge ratios 
can be measured. Only ions within a particular mass range, exhibiting oscillations of 
constant amplitude, could collect at the detector (Fig 6). Single quadrupole mass 
spectrometers require a clean matrix to avoid the interference of unwanted ions, and 
they exhibit very good sensitivity. 
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Fig 6. A schematic representation of the quadrupole analyzer. 

 
In the time-of-flight analyzer, the ions enter a field-free drift range where they are not 
accelerated further and thus travel with a speed they have reached at the moment 
when passing the electrode. This speed, in turn, depends on the mass of the ions with 
heavier molecules having a higher moment of inertia and hence a lower velocity; ions 
with smaller m/z values will reach the detector first. For the resolution of the mass 
spectral analyses the length, L, of the field-free drift range is essential and in modern 
machines it measures about one meter. Further increase in resolution can be reached 
in the reflector mode: after having passed a distance in the drift range the ions enter 
another electromagnetic field and are accelerated in a nearly reversed direction 
towards an ion detector (Fig 7). 
 
 
 
 
 
 
 
 
 
 
 
 
 

Fig 7. A schematic representation of  the time-of-flight (TOF) analyzer. 

 
The quadrupole ion trap,17 is the three dimensional analogue of the linear quadrupole 
mass filter. In this device too, ions are subjected to forces applied by a radio 
frequency field but the forces occur in all three, instead of just two, dimensions. 
Stable motion of ions in the linear quadrupole allowed ions freedom of motion in one 
dimension. In the ion trap, stable motion allows no degrees of freedom. Hence, ions 
are trapped within the system. These features confer high sensitivity and high 
resolution to the system. 
The first high-performance mass analyzer to employ ion trapping in an electrostatic 
field, the Orbitrap mass spectrometer, easily achieves ultra-high resolution 
(>100,000) with high mass accuracy (<1 ppm), a wide dynamic range (up to 5,000), 
fast scanning, and uncompromised sensitivity. Ions injected from the ion source are 
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trapped in the linear ion trap where ions of interest can be isolated and fragmented, 
scanned out and detected by an independent set of detectors. For high accuracy 
measurements, achieved with hybrid instruments such as linear trap quadrupole and 
Orbitrap (LTQ-Orbitrap), the ions are axially ejected from the linear trap into the C-
Trap where they are captured again and 'cooled' by collisions with nitrogen gas. The 
ions are then squeezed into a smaller cloud within the C-Trap prior to injection into 
the Orbitrap. As ions enter the Orbitrap mass analyzer, the voltage on the central 
electrode increases, forcing the ion packets to circle around the electrode. The ions 
enter the Orbitrap slightly off axis and keep oscillating along the central electrode 
(left-right). The image current is recorded on the outer split electrodes. The signals 
are amplified and transformed into a frequency spectrum by fast Fourier 
Transformation and converted into a mass spectrum (Fig 8).18 

 

 
 
 
 
 
 
 
 
 
 

Fig 8. A schematic representation of the hybrid LTQ- Orbitrap analyzer. 

 
FT-ICR (Fourier Transform Ion Cyclotron Resonance) mass spectrometers are useful, 
high-precision analyzers. Fourier transform mass spectrometry (FTMS) detects the 
image current produced by ions cyclotroning in the presence of a magnetic field. The 
ions are injected into a static electric/magnetic ion trap, where they form part of a 
circuit. Detectors in the system measure the electrical signal of ions that pass near 
them, producing a periodic signal. The frequency of the signal can be used determine 
the ion's mass/charge ratio. The FTMS is highly sensitive and boasts higher precision 
and resolution than other methods (Fig 9).19 
 
 
 
 
 
 
 
 
 

Fig 9. A Schematic of FT-ICR-MS showing the ion trapping, detection and signal generation. 

 
In most cases, one or more forms of mass spectrometry, which utilize different 
methods of sample ionization, are used for protein identification. The first is MALDI-
TOF mass spectrometry, used to perform peptide and protein mass fingerprinting; the 
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second is ESI tandem mass spectrometry (MS/MS), usually hyphenated to high 
performance liquid chromatography separation, used to perform peptide sequence 
elucidation and identification of the corresponding protein.20 

 

1.3.2 Tandem mass spectrometry 
Tandem mass spectrometry (MS/MS) adds another dimension to mass spectrometric 
measurement. Apart from improving the specificity of the technique, it can be used as 
a powerful structural elucidation tool. 
Tandem MS instruments, such as the triple quadrupole (QqQ), TOF-TOF, and the 
hybrid quadrupole-time-of-flight (Q-TOF), are routinely applied in proteomics 
studies to generate peptide fragment ion spectra suitable for protein identification by 
sequence database searching or to determine additional structural features, as the site 
of attachment and type of post-translational modifications.  
New configurations of ion sources and mass analyzers have found wide application for 
protein analysis. To allow the fragmentation of MALDI-generated precursor ions, 
MALDI ion sources have recently been coupled to quadrupole ion-trap mass 
spectrometers,21 and to two types of TOF instruments. In the first, two TOF sections 
are separated by a collision cell (‘TOF-TOF instrument’),22 whereas in the second, the 
hybrid quadrupole-TOF instrument, the collision cell is placed between a quadrupole 
mass filter and a TOF analyzer.23 Ions of a particular m/z are selected in a first mass 
analyzer (TOF or quadrupole), fragmented in a collision cell and the fragment ion 
masses are ‘read out’ by a TOF analyzer. These instruments have high sensitivity, 
resolution and mass accuracy, and the quadrupole-TOF instrument can be used 
interchangeably with an ESI ionization source. The resulting fragment ion spectra are 
often more extensive and informative than those generated in trapping instruments.  
 
 
 
 
 
 
 
 
 
 
 
 
 
Fig 10. Examples of mass spectrometers used in proteome research. a, The quadrupole-TOF instrument 
combines the front part of a triple quadruple instrument with a reflector TOF section for measuring the 
mass of the ions; b, The TOF-TOF instrument incorporates a collision cell between two TOF sections. Ions 
of one mass-to-charge (m/z) ratio are selected in the first TOF section, fragmented in the collision cell, 
and the masses of the fragments are separated in the second TOF section. c, Quadrupole mass 
spectrometers select by time-varying electric fields between four rods, which permit a stable trajectory 
only for ions of a particular desired m/z. Again, ions of a particular m/z are selected in a first section (Q1), 
fragmented in a collision cell (q2), and the fragments separated in Q3. In the linear ion trap, ions are 
captured in a quadruple section, depicted by the red dot in Q3. They are then excited via resonant electric 
field and the fragments are scanned out, creating the tandem mass spectrum. Adapted from reference 24. 

a 

b 

c 
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1.3.3 Bottom-up and top-down approaches 
The most common approaches to identify proteins after their separation are divided 
in ‘bottom-up proteomics’ and ‘top-down proteomics’.25 The bottom-up proteomic 
strategy includes two different routes based on protein cleavage into smaller peptide 
fragments that allows protein identification. While one route to protein identification 
is based on intact mass measurements of a set of peptide-digestion products of the 
original protein, the other is based on MS fragmentation (MS2) of one or more of 
these peptides.26 The first approach leads to identification by peptide mass 
fingerprinting (PMF), since it creates a set of peptides that is unique for each protein 
and their masses are used as a fingerprint to identify the original protein. 
Conversely, the second approach, based on the information obtained from 
dissociation of one or more peptides, is referred to as peptide-fragment fingerprint 
(PFF).26 As in the bottom-up strategy the proteolysis of proteins occurs immediately 
after their isolation from the sample and a huge number of peptides are expected to 
be formed, it requires a high-throughput separation method (e.g., multi-dimensional 
chromatography). However, using the bottom-up strategy rarely achieves complete 
information on protein sequence.26 The enhancement of methodologies, such as 
complex multi-stage instruments exploited in tandem mass spectrometry, has allowed 
the challenge of protein and proteome analysis to be tackled. For examples, tandem 
mass spectrometry is most used for peptide sequencing. Tandem mass spectrometry 
also provides detailed structural features of peptides that can be inferred from 
analysis of the resulting fragments and it is commonly used in product-ion mode to 
determine the amino-acid sequence of a specific peptide. 
 
 
 
 
 
 
 
 
 
 
 
 
 

Fig 11. Strategies employed in proteomic studies for protein identification. Adapted from reference 27. 

 
Top-down proteomics is an emerging MS strategy that involves gas-phase ionization 
of intact proteins and subsequent high-resolution mass measurement of the relevant 
ions obtained by direct fragmentation inside the mass spectrometer.10 This approach 
directly analyzes intact proteins without prior digestion. Intact proteins are generally 
less effective for protein identification than peptide-level measurements, but they 
offer insights unattainable at the peptide level. MALDI with TOF analysis is currently 
employed in top-down proteomics for the mass measurement of intact proteins.  
The accuracy of mass detection plays a fundamental role in protein identification and 
is more precise for small rather than large molecules. The limitation of mass detection 
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in protein identification is that any modification resulting in small changes of total 
protein mass can not be displayed, since it falls within the error of the method. As a 
consequence, modified and unmodified proteins are unlikely to be distinguished.27 

The key objective in top-down analysis is efficient fragmentation of intact proteins to 
obtain sequence specific information for database searching and protein 
identification. This can also be achieved by using FT-ICR due to the high-resolution 
mass measurement and the ability to fragment intact proteins.10 Besides, tandem 
mass spectrometry has also proved suitable for a top-down approach on instruments 
such as LTQ-Orbitrap that features characteristics, such as large ion capacity and 
large dynamic range, and high mass accuracy and high resolution.10 Although top-
down proteomics is a potential powerful tool for protein analysis, its analytical 
throughput and efficiency for large-scale proteome analysis are still limited. 
A limit that embraces both the proteomics approaches mediated by mass 
spectrometry is that at least an homologue sequence should be already present in the 
database, otherwise the protein identification might be impossible.  
 

1.3.4 Sequencing by Edman degradation 
Sequence data of a protein molecule can be obtained by de novo sequencing using 
Edman degradation method. It allows to identify amino acids residues and their order 
starting from the N-terminal residue.28 Usually the elucidation of the amino acid 
sequence of the N-terminal region is sufficient to perform a homology search in 
databases and identify a protein. Furthermore, this is an easy and fast procedure. 
Although the use of Edman sequencing is waning in the field of proteomics, it is a very 
useful tool for several reasons. Edman sequencing of relatively abundant proteins is a 
viable alternative to MS, if a mass spectrometer is in high demand for the 
identification of low-copy proteins or is not available. Besides, Edman sequencing is 
used to obtain the N-terminal sequence of a protein (if possible) to determine its true 
start. Indeed, one of the biggest limit in Edman sequencing is N-terminal 
modification of proteins. When the protein has a blocked N-terminal residue, this 
method is not useful and it becomes necessary to perform preliminary unblocking 
treatments,29 or fragmentation of the molecule followed by the isolation of an internal 
fragment to be sequenced. Moreover, a quite consistent amount of protein is required 
for Edman sequencing, whereas MS can operate at picomolar level. 
Actually, since both mass spectrometry and Edman degradation have advantages and 
disadvantages, the best strategy for the identification of a protein can be based on a 
clever combination of these methodologies. The unequivocal identification of a 
protein can be easily obtained by combining data concerning the amino acid sequence 
of a protein fragment, such as the sequence of the N-terminal region obtained by the 
Edman degradation method, and the exact molecular mass of the entire molecule 
estimated by mass spectrometry. Whenever the homology search indicates that 
neither the sequence obtained by Edman degradation or sequence information gained 
by mass spectrometry are present in databases, nor homologs of that sequence are 
detected, then a new protein has been discovered. 
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2. Food safety and proteomics  

Through their food choice decisions and consumption behavior, consumers may be 
exposed to a number of potential food hazards.30  
The risk of food borne disease is substantially heightened by biological and chemical 
contamination of areas where food is produced, processed and consumed. Potential 
undesirable residues in foods span a broad range, from natural (e.g. mycotoxins) and 
environmental contaminants (e.g. dioxins) to agro-chemicals (e.g. nitrates and 
pesticides), veterinary drugs, growth promoters, packaging components, and many 
more. Microbiological considerations are an even greater challenge to safety of food 
because potentially harmful microorganisms have the ability either to grow rapidly 
from very low numbers in food or to proliferate in the human body after ingestion.31 

Being the fundamental components of foods and due to the advances in proteome 
analysis, growing interest is arising around proteins for the evaluation of food safety. 
To date, the use concerns within food safety have concentrated on two main areas, the 
detection of micro-organisms, which may cause food spoilage or be hazardous to 
human health, and the safety evaluation of food components. 
In the first case, controls are directed towards the detection of food borne micro-
organisms. Traditional means of controlling microbial spoilage and safety hazards in 
foods include freezing, blanching, sterilization, curing and use of preservatives. 
However, the developing consumer trend for ‘naturalness’, as indicated by the strong 
growth in sales of organic and chilled food products, has resulted in a move towards 
milder food preservation techniques. This raises new challenges for the food 
industry.1 Proteomic approaches have been directed to the development of methods 
for bacterial profiling through MS-based techniques, in order to distinguish among 
different species and, in some cases, among strains. Through these profiling methods, 
it was possible a fast and sensitive detection of pathogens or spoilage micro-
organisms affecting food quality and safety during processing and storage.32,33 The 
analysis of pathogenic micro-organism deserves particular caution, as the risks 
associated to their contamination are not limited to their living presence and capacity 
of infectivity, but they can generally release protein/peptide toxins able to survive for 
long time even in foods after bacterial cell contamination has been removed. These 
toxins, being heat-stable and resistant to proteases, can be a danger for the consumer 
health. For the exploration of virulence factors expressed in the secreted proteome 
fraction, in a very recent study different Staphylococcus aureus strains were analyzed 
using gel-based bottom–up proteomic approach.34  

The second main issue, safety evaluation of food components is concerned with the 
presence of toxic compounds which may be originally present in the raw material (and 
therefore need to be eliminated by the manufacturing processes,) or, conversely, may 
be generated during the production process. Proteomic strategies based on MALDI-
TOF-MS and LC-MS/MS methodologies have therefore carried out for detecting 
leguminous lectins,35 and acrylamide as one of the products of the Maillard reaction in 
consequence of cooking processes,36 respectively. 
General public have become interested and often critical with regard to certain ways 
of producing food— both at the farm level and at the processing level. As a result, 
many concerns have risen on the use of genetically modified organisms (GMOs) in 
food production. The safety assessment of GM plants and derived food and feed 
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follows a “comparative” approach, i.e. the biomolecular expression pattern of food 
and feed is compared with their non-GM counterparts in order to predict intended 
and unintended effects. One of the pitfalls in the safety assessment of GM foods is the 
concept of “substantial equivalence” formulated by the Organisation for Economic Co-
operation and Development in 1993, based on the idea that existing foods could serve 
as a baseline for comparing the properties of a GM food with its conventional 
counterpart. To identify possible unintended effects due to the use of GM crops, 
targeted analysis of specific compounds, which represent the key of important 
metabolic pathways in the plant like macro- and micro-nutrients, known allergens, 
anti-nutrients and toxins, has to be carried out in parallel with the comparative 
phenotypic analysis of the GM plant and of its near isogenic counterpart. 
Proteome analysis was performed, for example, with virus-resistant tomatoes which 
were compared to wild-type lines through 2D gel electrophoresis and MALDI-TOF 
analysis of in-gel digested peptides.37 In another study, the proteome of insect-
resistant transgenic maize seeds, expressing an endotoxin of Bacillus thuringiensis, 
was compared to the proteome of an isogenic control grown under the same 
conditions, by using a nanoflow-HPLC system coupled to an high capacity ion trap.38 
Proteome analysis can be also applied for a systematic search and evaluation of 
marker proteins, thus largely accelerating the development of assays to detect 
adulteration which can be a danger for the consumer health. For example, a very 
simple bottom-up approach identified marker proteins which are selectively 
expressed in tissues of the bovine brain and not in the bovine muscle, allowing the 
detection of proteins of the central nervous system in meats products used for human 
nutrition.3 
Proteomic science has also started to provide an important contribution to the 
identification of protein involved in food allergy and to their mechanism of activation 
of toxicity. 
 

2.1 Food allergy 
Food allergies are within the more general concept of ‘adverse reaction to food’ which 
includes any clinically abnormal response induced by a food component, generally a 
protein, or a food additive.  
According to Cianferoni, adverse food reactions are a broad term representing any 
abnormal clinical responses associated with ingestion of a food and they are further 
classified as food intolerance or food allergy.39  
Food intolerance refers to an adverse physiologic response to a food and it may be due 
to inherent properties of the food (i.e. toxic contaminant, pharmacologic active 
component) or to the host (i.e. metabolic disorders, idiosyncratic responses, 
psychological disorder), it may not be reproducible, and it is often dose dependent.39 
Food allergy refers to an abnormal immunologic response to a food that occurs in a 
susceptible host. This reaction is reproducible each time the food is ingested and it is 
often not dose dependent. 
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Fig 12. Classification and nomenclature of adverse reaction to food. Adapted from reference 39. 
 

Based on the immunological mechanism involved, food allergies may be further 
classified in: IgE-mediated reactions (also called “type I”), which imply the 
production of specific immunoglobulines E (IgE or antibodies) formed by the 
patients, and are the best-characterized food allergy reactions; non IgE-mediated 
reactions, when the cell component of the immune system is responsible of the food 
allergy and mostly involve the gastrointestinal tract; mixed IgE mediated-cell 
mediated when both IgE and immune cells are involved in the reactions (Fig 12).39  
The IgE-mediated reactions are characterized by symptoms which upraise on a time-
scale ranging from seconds to 2-3 hours. They may involve one or more target organs, 
including the skin, the gastrointestinal and respiratory tracts, and the cardiovascular 
system. Cutaneous reactions are often involved in allergic reactions to food, like 
urticaria, pruritic erythema and dermatitis. Oral allergy syndrome (OAS) is a type of 
contact urticaria confined to the lips and oropharyngeal mucosa. Symptoms generally 
appear within 5 to 15 minutes following the food ingestion and consist of pruritus of 
the lips, tongue, palate, ears and throat. Due to the high prevalence of pollinosis in 
the adult population, and its frequent association with plant food allergies, OAS is the 
most frequent clinical presentation of food allergy seen in adult patients.40 Food 
allergic reactions in the gastrointestinal tract may induce symptoms such as nausea, 
vomiting, abdominal pain and diarrhea and may also affect the respiratory tracts with 
rhinoconjunctivitis, bronchospasm, laryngeal oedema, rhinitis and asthma. 
Anaphylaxis is the severest manifestation of food allergy. It is a generalized allergic 
reaction caused by the massive release of mast cell mediators that may involve 
multiple organ systems and it could develop all the symptoms described above.40 
Unlike IgE-mediated food allergy, non-IgE-mediated food allergy is rarely life-
threatening. Symptoms of non-IgE-mediated food allergy are generally vague and, in 
most cases, are limited to gastrointestinal discomfort. Nevertheless, some studies 
reported non-IgE-mediated food allergy as cause of pathologies in infants.41 

Concerning the epidemiology, recent estimations settled around 3.2–4% the 
prevalence of confirmed food allergies which arise during the first year of life,42 
although according to some authors prevalence could reach 6–7.5%.43 By the way, an 
accurate evaluation is prevented by differences in study design, diversification of the 
diagnostic criteria and genetic and nutritional differences among population. The 
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epidemiologic assessment is further complicated by the self-perception of food 
reactions, which many studies are based on and which contributes to overestimate the 
prevalence of food allergies. Whatever the percentage of food allergy is, it has been 
showed that the prevalence of food allergy is higher in patients with atopic diseases.44 
Atopy is, in fact, an important risk factor in those food allergies arising in early 
infancy: food allergy seems to start the ‘allergic march’ from atopic dermatitis to 
allergic rhinitis and asthma. 
The foods most frequently involved in allergic reactions are proteins from cow’s milk, 
hen’s egg, peanut and tree nuts, fish, shellfish, soya, fruits and legumes. The relative 
importance of these foods varies widely with the age of the patients and the 
geographical location.40 Moreover, most food allergies with onset in the adult age are 
linked to inhalant allergies, and they develop as a consequence of an IgE sensitisation 
to the aeroallergen, which cross-reacts with the food in question (the so called “type 
II”), as a consequence of shared epitopes (the part of an antigen that is recognized by 
the cell of the immune system) in their primary and tertiary structures. The foods 
linked to pollen and latex allergies are of plant origin, mainly fresh fruits, tree nuts 
and vegetables; for this reason plant foods are the most prevalent food allergens in 
the adult population.45  
 

2.1.1 Plant food allergens 
The most natural classification system of plant food allergens might well be based on 
both structural and functional properties of proteins. Proteins are clustered together 
into families if they have residue identities of 30% or greater or if they have lower 
sequence identities but their functions and structures are very similar. Families whose 
members have low sequence identities but whose structures and functional features 
suggest a probable common evolutionary origin are placed together in 
superfamilies.46 Most plant food allergens belong to only a few protein families and 
superfamilies, indicating that conserved structures and biological activities play a role 
in determining or promoting allergenic properties.47  

Strikingly, only three dominating plant food allergen protein families/superfamilies 
were identified: the prolamin superfamily, the cupin superfamily and the 
pathogenesis-related proteins.48 

The prolamin superfamily is named after the cereal prolamins, which are 
characterized by their high contents of proline and glutamine. In addition to the 
cereal prolamins, this group includes proteins rich in cysteine, with similar three-
dimensional folds that are rich in α-helices, and are stable to thermal processing and 
proteolysis, like seed storage proteins, non-specific lipid transfer proteins (nsLTPs) 
and cereal seed inhibitors of α-amylase, trypsin.47 The members of this protein family 
are capable to sensitize susceptible atopic individuals through ingestion or inhalation. 
The cupins are a functionally diverse superfamily of proteins that share two short 
conserved consensus sequence motifs and a β-barrel structural core domain. The 
cupin superfamily comprises the major globulin storage proteins mainly from 
legumes and nuts. On the basis of their sedimentation coefficient, the globulins can be 
divided into the 7S vicilin-type globulins and the 11S legumin-type globulins.48 

Pathogenesis-related proteins (PR) are not a protein superfamily, but represent a 
collection of unrelated protein families that function as part of the plant defense 
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system. Several studies have shown that many plant food allergens are homologous to 
proteins of the PR families.49,50 The most interesting protein showing an homology to 
family 10 of the PR family is the major birch pollen allergen Bet v 1. The overall high 
levels of conserved surface residues between the members of the Bet v 1 family play an 
important role in conservation of IgE-binding epitopes and underlie the fruit–
vegetable-pollen cross-reactive syndromes.51 
The distinct biochemical properties associated with these allergenic proteins include: 
the abundance of the protein in the food; the sort of IgE-binding epitopes; the 
resistance of the protein to digestion and processing; the allergen structure. These 
features contribute mainly in enabling food proteins to become allergens or might 
affect their allergenicity. 
One explanation for why abundant food proteins become allergens can be explained 
by the idea that the immune system is more likely to encounter these proteins rather 
than those representing only a small percentage of the total protein ingested; for 
example, seeds and nuts contain storage proteins which may account for 50% or more 
of the total proteins. However, there are exceptions to this rule: nsLTPs are potent 
food plant allergens but not very abundant. Although abundance might not be a 
universal characteristic of all food allergens, it seems to be a predisposing factor that, 
when coupled with other biochemical characteristics, could produce a food allergen.52 
To be immunogenic, a protein must contain epitopes, that is short sequences which 
are recognized by cells of immune system. Two categories of IgE-binding epitopes, 
linear and conformational, are generally considered: conformational epitopes, when 
both the second and the tertiary structures are fundamental for IgE binding; linear 
epitopes, which require the primary amino acid sequence for IgE to bind. Whereas 
conformational IgE-binding epitopes are prevalent and important to the etiology of 
aeroallergen-mediated allergic reactions, linear epitopes are important to food 
allergens mainly because the immune system encounters them only after they have 
been partially denatured and digested by the human gastrointestinal (GI) tract. 
Therefore, the linear IgE-binding epitopes of food allergens have garnered more 
attention than the less prevalent conformational epitopes.52 
Stability is thought to be a key attribute in determining protein immunogenicity via 
the GI tract and is directly related to the three-dimensional scaffold of a protein. 
Usually, a compact three-dimensional structure, ligand binding, disulphide bonds, 
and glycosylation contribute to protein stability.52 In general, both intra- and inter-
chain disulphide bonds constrain the three-dimensional scaffold such that 
perturbation of this structure by heat or chemical/enzymatic means is limited and 
frequently reversible. Important plant food allergens that have high numbers of 
disulphide bonds include members of the prolamin superfamily (nsLTPs, 2S 
albumins, cereal α-amylase/trypsin inhibitors) as well as of the pathogenesis-related 
proteins. N-glycosylation can have a significant stabilizing effect on protein structure, 
as shown for the 7S globulin of peas and its resistance to chemical denaturation.53 The 
same behavior has been found in the presence of ligands, such as lipids binding to 
nsLTPs. In this case, the presence of fatty acids or phospholipid molecules in its lipid-
binding pocket, increases the stability of the overall structure.47 Bet v 1 and Bet v 1-
homologous food allergens also have been shown to bind steroid ligands.54  
Similarly, the ability of such proteins to bind lipids may flow in their propensity to 
aggregate as a result of food processing. So, the biologic activity of these proteins 
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could play a role in attenuating their allergenic potential, since such interactions may 
affect the uptake and the processing in the gastro-intestinal tract. On the other side, 
propensity of certain proteins to aggregate might affect their ability to sensitize by 
generally enhancing their immunogenicity. Both 7S and 11S globulins are highly 
thermostable. The cupin barrel seems to remain intact but the unfolding of other 
regions of the protein results in a loss of structure leading to formation of large 
aggregates as was examined in detail for soybean globulins.55 

This description led to the conclusion that plant food proteins that are abundant and 
resistant to digestion and processing have the potential to become allergens. By the 
way, all the proteins with these features will not become allergens, since the 
development of an allergic reaction is a complex process involving a receptive 
immune system (that is, a genetic predisposition to propagation of an IgE response), 
the protein being presented with the correct inducers (that is, signals that elicit the 
immune system response), and a protein with the appropriate biochemical 
characteristics to survive the GI tract.52 

 

3. Analysis of food allergens 

The identification of the proteins that cause food allergies is important for clinical 
diagnosis and for the development of new food products. Furthermore, a detailed 
knowledge of the potential allergenicity is crucial when a food item is introduced into 
a new market. In order to protect sensitive consumers from undesirable allergic 
reactions, the European Commission (EC) introduced a directive which lists 14 
common allergenic ingredients to be declared on the label of ‘hazard food’ (Directive 
2007/68/EC). These are: cereals containing gluten and products thereof, eggs and 
products thereof, peanuts and products thereof, milk and products thereof (including 
lactose), nuts and products thereof, soybeans and products thereof, fish and products 
thereof, crustaceans and products thereof, mustard and products thereof, celery and 
products thereof, sesame seeds and products thereof, lupines and products thereof, 
mollusks and products thereof, sulfur dioxide and sulfites.56 
Since legislation concerns only allergenic food ingredients introduced into food 
matrix intentionally, particular concern arises about the so called ‘hidden allergens’, 
allergenic contaminants occurring at any stage of food production accidentally, and 
thus not subjected to labelling. Being the hazard of hidden allergens a real risk for 
allergic consumers, the availability of sensitive methods is of supreme importance for 
the detection of traces of food allergens.  
 

3.1  Methods for food allergen detection and quantification 
The direct recognition of allergenic proteins generally relies on their antibody-binding 
properties and, thus, makes use of immunochemical techniques. Commercially 
available kits of this type are lateral flow devices or dipsticks, that are used for rapid 
screening, and enzyme-linked immunosorbent assays (ELISA), that also provide 
semi-quantitative determinations. In an ELISA assay the sample with an unknown 
amount of antigen is immobilized on a solid support. After the antigen is immobilized, 
serum contains immunoglobulins, which are able to bind to the allergen to be tested, 
is used. The principle of the quantification is based on the measurement of the 
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enzymatic activity of a second protein-specific antibody coupled to an enzyme. This 
second antibody binds to the allergen–primary antibody complex. A reaction with the 
enzyme substrate produces a coloured product, for which the absorption is 
proportional to the quantity of allergen in the food sample. The quantification can 
also be based on the measurement of the primary antibody bearing the enzyme label if 
any secondary antibody is used, as is the case of the direct ELISA. In the sandwich 
ELISA, immunocapture antibodies are coated and dried in microplate wells, and 
samples are then incubated in the wells. The target protein is thus bound in the well 
by the capture antibody, after which the unbound sample material is washed away. A 
second "detector" antibody is then added which binds to a different epitope on the 
immobilized target protein. This detector antibody may be also labeled with biotin, 
which provides an attachment point for some kinds of labels (Fig 13). The great 
advantages of ELISA techniques include the full automation of the test procedure by 
means of robots and the resulting extensive screening potential, the high sample 
throughput and the easy operation. A major drawback of immunological methods 
consists in the fact that the epitopes that are detected are usually not known and 
cross-reactivity with matrix components can result in false positives.  
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Fig 13. A schematic representation of Sandwich Elisa assay. 

 
Other immunochemical assays of great importance are the radioimmunoassay (RIA), 
the immunofluorescence assay and the luminoimmunoassay (LIA), which can all be 
used in the determination of allergenic proteins. Some disadvantages however, such 
as the use of radioactive labels, have favored the use of the ELISA. 
The standard method for the analysis of complex protein mixtures in laboratories 
dedicated to allergen determination is polyacrylamide gel electrophoresis (both one- 
or two- dimensional), followed by immunoblotting analysis (also known as Western 
blotting), in which separated proteins are adsorbed to a membrane that is then 
treated sequentially with an allergen-specific antibody solution and a secondary 
antibody conjugated to an enzyme or a radioactively labelled antibody. The enzyme–
substrate reaction generates a colour product that precipitates on the membrane, 
indicating a positive reaction (Fig 14).57 
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Fig 14. Illustration of Western blotting analysis step procedure. 
 
An established strategy for relative allergenic protein quantification is based on 2D 
gel electrophoresis, which highlights changes in protein expression based on 
densitometric staining intensity, by comparison of gels from different sample states 
or varieties. However, gel-to-gel variability makes difficult the comparison and 
relative quantification of protein spots from different 2D gel electrophoresis 
experiments. 
Although direct detection methods of allergenic proteins are usually the first choice 
for screening purposes, indirect methods, based on the detection of DNA sequences 
related to specific allergens, have also established their place in the determination of 
food allergens.  
The PCR, a tool based on nucleic acids, has been developed for the indirect analysis of 
allergenic ingredients in food. It relies on the targeting of a segment of the gene 
coding for the allergenic protein of interest and amplifying only this DNA fragment to 
make the protein detectable. This tool is highly specific and sensitive, having a limit of 
detection (LOD) of less than 10 mg/kg for almond, hazelnut, soy, milk or peanut,58 
and it also can be coupled with ELISA or available as real-time PCR. Both approaches 
are gel-free since the amplified DNA fragments are hybridized to a protein probe and 
detected by ELISA, in the former, or are revealed as fluorescence proportional to the 
amount of the gene of interest, in the latter. 
Recently, Peptide Nucleic Acids (PNAs), synthetic analogues of DNA, have been 
suited for hazelnut DNA detection, both in solution, in combination with HPLC,59 and 
on platform, by using microarrays technology.60 
The similarity between all the immunochemical methods is the use of biological sera 
and the fact that the detection is based on the antigen–antibody recognition. Thus, 
quantification depends on the quality of this recognition and might be distorted by 
several things, but mainly by the immunoglobulin specificity. As antibodies only 
recognize epitopes, rather than the whole molecule, the specificity of an antibody 
depends on the uniqueness of the epitope. A lack of specificity leads to false positives 
and negatives owing to cross-reactions between closely related proteins.61 

PCR and real-time PCR methods are not based on the use of sera or cells, but the 
quantification remains indirect, like in the case of immunochemical methods. The 
presence of the target in food, a DNA fragment corresponding to the gene of a protein 
(the allergenic protein or a protein specific to the source species), does not necessarily 
prove the presence of the allergen itself, but indicates the source species in the case of 
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contamination. PCR methods, for example, are suitable for determining the origin 
(taxonomy) of the contaminating species.61 

To overcome the limitations of the classically used methods, proteomic technologies 
have been increasingly used in the field of allergy. 
 

3.1.1 Proteomics in food allergens characterization 
The application of proteomics strategies to identify food allergens has been defined 
“allergenomics”.62  

As mentioned previously, since foods are complex matrices, protein pre-fractioning is 
required prior to MS analysis. (Fig 15, left panel). To identify allergens, 
electrophoresis-based separations, in either one- or two-dimensional version, coupled 
to MS analysis are usually integrated with antibody labelling in blotting setup, using 
sera from allergic patients as a source of specific IgE. Proteins, which are recognized 
by IgE of allergic patients, are usually identified using several MS platforms (MALDI-
TOF, ESI-Q/TOF, ion-trap, LC–MS/MS). This approach has been successful in the 
identification of allergens from some of the most common injuring foods,8,27,61, and 
from less commonly offending foods such as, peach,63 tomato,64,65 and banana.66  
Despite the wide application of 2D gel electrophoresis, time and labor requirements, 
low reproducibility, low sensitivity, low dynamic range for quantification, and poor 
detection of very hydrophobic and alkaline proteins still limit this technique. 
Moreover, denaturation that occurs during the electrophoresis may alter the 
allergenic properties of proteins, especially if they contain conformational epitopes, 
thus impairing the performance of the analysis. When it is the case, a native 2D gel 
electrophoresis may be applied for allergen discovery, like for the detection of 
allergens of hazelnut.67 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Fig 15. Identification of IgE-binding proteins. Classic (left side) and emerging (right side) strategies 
useful for protein/allergen identification in a protein extract. 1D and 2D indicate the protein separation by 
1D and 2D electrophoresis, respectively. Adapted from reference 8. 

 



47 
 

An alternative method to electrophoresis is the liquid-phase separation coupled to MS 
analysis to identify proteins directly from complex mixtures, but the identification of 
intact protein allergens is affected by low sensitivity and is limited to low complex 
mixtures. The most effective LC/MS-based strategy is referred to as “shotgun” 
proteomics: in this case, the whole protein extract is digested by trypsin, thus 
generating a complex mixture of thousand peptides which is subsequently separated 
by LC prior to MS/MS sequencing. Although proteolysis increases the complexity of 
the mixture, the increasing of the peptides, derived from protein proteolysis, 
enhances the probability to detect and confidentially identify at least one of the 
constituent sequence. A similar strategy has been applied to monitor Ara h 1, Ara h 2, 
Ara h 3 as the major allergens in processed peanut. Some specific tryptic peptides 
were then selected as markers for monitoring selected peanut allergens in food 
products.68  
In the shotgun approach, the information about the molecular weight of the intact 
proteins is lost. However, a careful analysis of MS/MS spectra can turn to be effective 
in discriminating isoallergen immunogenic proteins. Thus, using nano LC–ion-trap 
MS/MS, a screening method to specifically detect and differentiate celery allergens 
from IgE cross-reactive proteins of carrot and potato was developed.69 
A decisive support to all of the methods applied in proteomic analysis is provided by 
bioinformatic tools for the interpretation of a huge amount of MS/MS spectra 
produced. The identification is performed by softwares such as MASCOT and 
SEQUEST in combination with constantly updated databases, such as SwissProt. With 
the aid of more specific software tools, the tissue localization of peach nsLTP (Pru p 
3) was recently assessed by MALDI-MS imaging.70 

Although MS is not a quantitative technique per se, it can be applied successfully for 
allergenic protein quantification, by using a quantification at protein level or at 
peptide level. In the direct quantification of intact proteins, according to a top-down 
approach, spraying directly intact proteins from solutions using electrospray yields 
MS spectra consisting of a series of peaks corresponding to charge state distributions 
of the protein. This technique, however, has strong limitations. The identification of 
targeted proteins in complex mixtures is hindered by two factors. The first one is the 
ion suppression that appears when different proteins are eluted at the same time. The 
second is the superposition of numerous peaks in the mass spectra, corresponding to 
different proteins that may not be resolved even using deconvolution algorithms.61 
In the quantification at peptide level, according to a bottom-up approach, the final 
analyte is the peptide; therefore, a digestion step is necessarily in order to obtain the 
peptides to be analyzed. Quantification at the peptide level can be classified in 
methods involving stable isotopes, tagging by light (12C) and heavy (13C-labelled) tags 
(SILAC, ICAT, iTRAQ), and using isotopically labelled synthetic peptide to achieve, 
respectively, relative or absolute quantification. The first strategies incorporate 
isotopically labelled chemical moieties into the samples. They are useful to find 
biomarkers, to detect changes in protein abundances, for example, before and after 
the roasting process. The second one, used when the identity of the protein to be 
quantified is known in advance, uses a reference analyte, which is an isotopically 
labelled peptide. This reference peptide incorporates 13C and 15N stable isotopes on 
one of its amino acids, leading to a known mass difference with the endogenous 
peptide.61 
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At present, the ‘classical’ proteomic procedures for allergen detection may be made 
easier and faster by novel methodologies, such as the microarrays-based technologies 
(Fig 3, right panel). Microarray technology is directed to in vitro diagnosis. With an 
immunoassay format, this technology allows the simultaneous analysis of a large 
number of IgE antibodies with only a small amount of serum sample. Allergen 
microarrays are built by immobilizing multiple allergens onto a modified glass slide in 
an arrayed fashion. The incubation of microarrays with the samples gives rise to the 
binding of allergen-specific IgE from the samples with its corresponding allergen in 
the array. The assessment of reactivity is achieved with fluorescence, 
chemiluminescence or visible or UV absorbance.71  

This methodologies may be also applied for the simultaneous detection of allergens in 
a complex mixture, such as a total protein extract from an allergenic source. It is 
possible to perform inhibition tests by pre-incubating the sera of allergic subjects with 
the protein extract. IgE antibodies of the sera will bind the allergenic proteins present 
in the extract, thus becoming unavailable for the interaction with the microarrayed 
molecules for which the reactivity with the sera IgE had already been established. 
Therefore, IgE binding to the proteins in solution is detected by measurement of 
decreased binding to the protein(s) on the solid phase.8 The major disadvantage of 
this approach relies on the lack of some purified allergens to include on the platform, 
thus hiding the presence of proteins never described as allergens but present in 
offending foods. 
Both the procedures shown in Fig 15 require the further biochemical and 
immunological characterizations, which imply the availability of purified molecules. 
This can be achieved by LC and the affinity chromatography is the best choice when 
specific antibodies are available. Then, the characterization of the molecules 
properties may be performed with the contribution of mass spectrometry, Edman 
degradation and molecular biology to gain information about post-translational 
modifications and the presence of isoforms, to elucidate the primary structure and to 
study the antigenic epitopes. When the structural, immunological and clinical 
characterization has been completed, the use of the allergenic molecule in diagnosis 
and, sometimes, in immunotherapy can be evaluated.8 
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1. Introduction 

Food allergies have become a serious concern in Western countries, in which they 
affect about 6% of young children and 3%–4% of adults, and their prevalence appears 
to be on the rise.1 On November 2007 a directive of the Commission of the European 
Communities established a list of food ingredients that have to be indicated on the 
labels, since they may cause adverse reactions in susceptible individuals.2 Fruits, 
vegetables and their derivatives have generally not been included in this list as a 
possible cause of allergic reactions, with the exception of cereals, soybean, nuts, 
celery, mustard, sesame and lupines. Anyway, other allergenic foods of vegetal origin 
may also represent a serious threat for consumers’ safety, as plant food allergies are 
spreading quickly, probably due to the cross reaction with other pollen allergens.3,4,5 
Among cultivated crop plants, tomato (Solanum lycopersicum L.) is increasingly 
consumed due both to its beneficial effects on human health and to the spreading of 
fresh or processed cooked products. In spite of this increasing consumption (or 
maybe because of that) tomato allergy is also increasing and this food can be 
considered as an emerging allergen, which actually affects 1.5%-16% of food-allergic 
population,6 and it has been shown to be related to other allergies, like allergy against 
grass pollen,7 and latex8 by cross-reactivity with homologous protein sequences. So 
far the International Union of Immunological Society (I.U.I.S) recognized four tomato 
allergens: Lyc e 1 (tomato profilin),6 Lyc e 2 (tomato β-fructofuranosidase),9 Lyc e 3 
(tomato nonspecific lipid-transfer protein),10 and Lyc e 4 (tomato intracellular 
pathogenesis-related protein) (http://www.allergen.org) but many other reactive 
proteins to tomato fruit extracts have been reported in the literature. Kondo and co-
workers identified a polygalactunorase 2A (PG2A, 46 kDa), a pectinesterase (PE, 14 
kDa), a β-fructofuranosidase (22 kDa) and a superoxide dismutase (18 kDa) as IgE-
binding allergenic proteins in tomato fruit, by N-terminal amino acid sequencing.11 
During studies devoted to elucidate the correlation existing between cooked and fresh 
tomato assumption and symptoms, an allergen of about 9 kDa, heat-labile and 
pepsin-resistant was partially characterized by immunoblotting, pepsin digestion and 
heating.12 Several studies were also carried out in order to analyze allergenic 
properties of the different parts of tomato fruits. Using a multidimensional protein 
fraction strategy and LC-MS/MS, a legumin (47 kDa) and vicilin (65 kDa) proteins 
were purified from tomato seeds, showing strong IgE reactivity in immunoblots.13 
Pravettoni and co-workers found different LTP allergenic isoforms in fresh tomato 
peel, pulp and seeds. Although conventional heat treatments employed during the 
production of tomato-based products usually degrade proteins, thus strongly reducing 
their IgE binding capacity,14 industrial tomato derivatives have been demonstrated to 
still contain LTP.15 
Rather than exclude tomato from the diet of allergic subjects, genetic engineering may 
be applied in order to obtain hypoallergenic tomato fruits. Gene-silencing approaches 
were successfully used to target Lyc e 1 and Lyc e 3 genes and low-allergenic tomato 
plants were obtained.10,16 Although these strategies have proved to be very efficient in 
eliminating allergenic proteins, hypoallergenic genetically modified plants are 
difficult to produce and maintain as stable lines, since, as mentioned above, allergic 
subjects’ IgE cross-react toward different tomato proteins, so several genes 
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corresponding to main tomato allergens should be silenced in transgenic lines. This 
could damage cell homeostasis because some tomato allergenic proteins play 
important physiological and structural roles.17 Last but not least, genetically modified 
plants are still not accepted among European public opinion. Alternatively, the 
selection of genetic resources with low expression of allergenic proteins, represents a 
valuable tool both to understand the genetic base of the accumulation of allergenic 
proteins and to develop new hypoallergenic varieties.18 The comprehensive study of 
the protein expression in a given species, often referred as proteomics, can also be 
applied to the study of the allergenic proteins. Although trends in food allergy 
research are increasingly focusing on mass spectrometry-based proteomics 
(sometimes referred as “allergenomics”),19 examples of its application to an in-depth 
study of tomato allergens,20 are still quite scarce in the literature.  
 

2. Aim of the work 

In this study using two pools of sera of allergic people coming from different Italian 
regions (Campania and Emilia Romagna), twelve tomato ecotypes were screened by a 
bottom-up proteomic approach, in order to identify the major allergens involved and 
to evaluate differences in IgE binding properties of these cultivars. 
 

3. Experimental part 

3.1 Plant material 
Twelve tomatoes accessions were used for the analysis and they are summarized 
below. 
 

Accession Name Code Final destination 
Ventura D VD (1) Fresh markets/canning 
Tondino D TD (2) Fresh markets/canning 
Principe Borghese I PB (3) Fresh markets/canning 
Sorrento Globoso Rosato SGRI (4) Fresh markets 
San Marzano Murano SMMU (5) Fresh markets/canning 
Pisanello PS (6) Fresh markets 
Tondo Liscio TLI (7) Fresh markets 
Tondino I TI (8) Fresh markets/canning 
San Marzano  SMC (9) Fresh markets/canning 
Sorrento Rosato STLR (10) Fresh markets 
Principe Borghese D PBD (11) Fresh markets/canning 
San Marzano Morini SMMO (12) Fresh markets/canning 
 
They were grown in a breeding farm in Sarno, Salerno (Southern Italy) over a spring–
summer growing cycle. They were harvested during summer 2008 and frozen at –20 
°C until the analysis time. 
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3.2 Protein Extraction 

3.2.1 Chemicals 
• Acetone (CH3COCH3) (Carlo Erba Reagents, Italy)  
• Diethyl ether ((C2H5)2O) (Carlo Erba Reagents, Italy) 
• Sodium Hydroxide pellets (NaOH) (Carlo Erba, Italy) 
• Chloridric acid (HCl) (Sigma-Aldrich, USA) 
• Sodium chloride (NaCl) (Carlo Erba Reagents, Italy)  
• Disodium hydrogen phosphate dodecahydrate (Na2HPO4· 12 H2O) (Carlo Erba 

Reagents, Italy)  
• Potassium dihydrogen phosphate (KH2PO4) (Sigma-Aldrich, USA) 
• Potassium chloride (KCl) (Sigma-Aldrich, USA) 
• Milli Q H2O obtained with Millipore Alpha Q system 
• PBS (Phosphate Buffered Saline), preparation of 1 L solution 

− 5.5 g NaCl (94 mM)  
− 3.58 g Na2HPO4 · 12 H2O (10 mM) 

− 0.2 g KH2PO4 (1.5 mM) 
− 0.2 g KCl (2.7 mM) 
− Adjust the pH to 7.4 with HCl  
− Add Milli Q H2O to 1 liter 

 

3.2.2 Instrumentation 
• Digital Scale BCE 62 PT (Orma, Italy) 
• Homogenizer Ultraturrax T50 basic (IKA Werke, Germany) 
• Rotary evaporator 111 (Buchi, Switzerland) 
• pH meter 212 (Hanna Instruments, Italy) 
• Reciprocating shaker SSL2 (Stuart Scientific, UK) 
• Centrifuge Universal 320 R (Hettich, Germany) 
• Qubit® fluorometer 1.0 (Invitrogen, UK) 

 

3.2.3 Procedure 
A total of 50 g of fresh tomato (including peels, pulps and seeds) was homogenized by 
means of Ultraturrax in cold acetone and the proteins were allowed to precipitate at -
20 °C overnight. Pellets were washed twice with cold acetone and once with cold 
acetone/diethyl ether (1:1). Then the dry powder was extracted in a phosphate-
buffered saline solution for 1 hour at 4 °C under continuous stirring, after the 
neutralization of the pH by a NaOH solution. After centrifugation (8334 g three times 
for 45’), the supernatant liquid was recovered and protein concentrations were 
determined using the Qubit® fluorometer according to the instructions by the 
manufacturer. The extracts were frozen at –20 °C until the analysis time. 
 

3.3 Proteins analysis by electrophoresis 

3.3.1 Chemicals 
• 2-Iodoacetamide IAA (CH2CONH2) (Sigma-Aldrich, USA) 
• 50% glycerol (Bio-Rad, Germany) 
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• Acetic acid (CH3COOH), (solution 10% in Milli Q H2O) (Carlo Erba, Italy) 
• Agarose (Bio-Rad, Germany) 
• Bromophenol blue (Bio-Rad, Germany) 
• Carrier ampholytes (Bio-Rad, Germany) 
• CHAPS (Bio-Rad, Germany) 
• Coomassie Brilliant Blue R-250 (Bio-Rad, Germany) 
• Criterion XT Precast Gel, 12% Bis-Tris, 12 wells (Bio-Rad, Germany) 
• Criterion XT Precast Gel, 12% Bis-Tris, IPG+1 comb (Bio-Rad, Germany) 
• Dithiothreitol DTT (HSCH2(CHOH)2CH2SH) (Sigma-Aldrich, USA) 
• Methanol (CH3OH), HPLC grade, (Sigma-Aldrich, USA) 
• Milli Q H2O obtained with Millipore Alpha Q system  
• Mineral oil (Bio-Rad, Germany) 
• Ready Strip IPG strips, 11 cm, pH: 4-11 (Bio-Rad, Germany) 
• Sodium Dodecyl Sulphate SDS, in powder and in solution 20% (Sigma-Aldrich, 

USA) 
• SDS-PAGE Molecular Weight Standards, Broad Range (Bio-Rad, Germany) 
• Tris/HCl (50 mM solution in Milli Q H2O) (Sigma Aldrich, USA) 
• Urea (NH2CONH2) (Sigma-Aldrich, USA) 
• XT MES Running buffer 20X (Bio-Rad, Germany) 
• XT sample buffer 4X (Bio-Rad, Germany) 
• XT Reducing Agent 20X (Bio-Rad, Germany) 

 

3.3.2 Instrumentation 
• Amicon® Ultra-4 Centrifugal Filter Units Amicon Ultra 5 KDa device — 5,000 

NMWL (Nominal Molecular Weight Limit) (Millipore, Italy) 
• Centrifuge Universal 320 R (Hettich, Germany) 
• Rotor 1620A (97 mm radius) (Hettich, Germany) 
• Adapters 1451 (Hettich, Germany) 
• Centrifuge 1-13 (Sigma-Aldrich, USA) 
• Criterion Cell (Bio-Rad, Germany) 
• GS-800 calibrated densitometer (Bio-Rad, Germany) 
• Glass Syringe 50 μL (Hamilton, USA) 
• Gyro-Rocker SSL3 (Stuart Scientific, UK) 
• PDquest software (Bio-Rad, Germany) 
• Power supply: Power Pac Universal (Bio-Rad, Germany) 
• PROTEAN IEF Cell (Bio-Rad, Germany) 
• PCR Express Thermal Cycler (Thermo Hybaid, UK ) 

 

3.3.3 Procedures for 1D gel electrophoresis 
ii..  PPrrootteeiinn  ssttaannddaarrdd  pprreeppaarraattiioonn  
• 2 μL SDS-PAGE Molecular Weight Standards, Broad Range 
• 28 μL of reducing sample buffer (prepared with 9.5 μL XT buffer 4X, 0.5 μL XT 

reduction buffer 20X and Milli Q H2O to final 30 μL volume) 
• 5’ incubation at 95 °C 
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iiii..  SSaammppllee  pprreeppaarraattiioonn  
• XT sample buffer 4X, diluted 4 times 
• XT Reduction buffer 20X, diluted 20 times 
• 30 μg of proteins (or 1 mg, in case of semipreparative analysis), following 

protein sample quantification described in paragraph 3.2.3 
• Milli Q H2O to final 25 μL volume (or 500 µL, in case of semi-preparative 

analysis) 
• 5’ incubation at 95 °C 

 
iiiiii..  EElleeccttrroopphhoorreettiicc  rruunn  

For each wells of the Criterion XT Precast gel, 25 μL of sample prepared (or 450 μL, 
in case of semi-preparative analysis) were loaded or 5 μL of protein standard. The 
running buffer used was XT MES Running buffer diluted 20 times, the voltage applied 
to the Criterion Cell was 150 V. The run lasted 60’. In the sample buffer there was a 
1% of Bromophenol blue, which ran as indicator.  
 

3.3.4 Procedures for 2D gel electrophoresis 
ii..  DDeessaallttiinngg  

In this case the procedure required a desalting step.  
PPrree--rriinnssiinngg: the ultra-filtration membranes in Amicon Ultra devices contained trace 
amounts of Polyethylene glycol (PEG). The device must be pre-rinsed with 5 washes 
of a CH3OH:H2O (1:1) solution.  
PPrreesseerrvviinngg: the devices were stocked in a CH3OH:H2O (5:95) solution, at 4 °C until 
use.  
UUssee: the ultra-filtration device was loaded with 4 mL of the solution to be desalted 
and centrifuged. The sample was loaded and centrifuged at 6500 RCF, 4 °C for 45’, 
and then 3 washes with 4 mL of Milli Q H2O were performed. The filtered solution 
was discarded each time and the retentate (upper part of the device) was recovered 
after washes using an Eppendorf pipette P100. A major recovery was obtained adding 
250 µL of Milli Q H2O, the membranes were washed using the pipette Pasteur and the 
recoveries were added to the suspension in an Eppendorf.  
 

iiii..  FFiirrsstt  ddiimmeennssiioonn::  iissooeelleeccttrrooffooccuussiinngg  
150 μg of proteins were re-dissolved in 185 μL of rehydration buffer, whose 
composition was: 8 M urea, 50 mM DTT, 4% CHAPS, 0.2% Carrier ampholytes, 
0.0002% Bromophenol blue, Milli Q H2O to 5 mL. Re-dissolved samples were placed 
in the IEF tray, and the strips were settled with the active part in contact with the 
sample. Passive rehydration of the strips was allowed for 1 hour, after that 3 mL of 
mineral oil were added to cover completely the strips. The rehydration was performed 
then overnight. 
The strips were then placed in the focusing tray: +/- strip direction follow +/- sense of 
the tray and 2.5 mL of mineral oil were added to the strips, in order to prevent 
evaporation.  
The PROTEAN IEF CELL was programmed as follow: 
Volt: 8000 
Volt/hours: 29000 
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Ramp: rapid 
Max µA/strip: 50 
At the end of the focusing, strips were taken and exceeding mineral oil was discarder 
on filter paper.  
 

iii. SSttrriipp  eeqquuiilliibbrraattiioonn 
Strips were placed, with gel sided up, in a tray and proteins were reduced and 
alkylated by adding 4 mL of DTT Equilibration buffer for 10’ and, then, 4 mL of IAA 
Equilibration buffer for 10’, respectively to each strip. Equilibration base buffer was 
composed of: 6 M Urea, 2% SDS, 0.05 M Tris/HCl buffer pH 8.8, 20% glycerol, Milli 
Q H2O to 10 mL. 2% DTT Equilibration buffer was prepared immediately prior to use 
adding 200 mg of DTT. 2.5% IAA Equilibration buffer was prepared immediately 
prior to use by adding 250 mg of IAA. 
 

iivv..  SSeeccoonndd  ddiimmeennssiioonn::  ggeell  eelleeccttrroopphhoorreessiiss    
Equilibrated strips were applied to the top of the Precast gels Criterion XT (12% Bis-
Tris, IPG+1 comb). The strips were aligned so that the plastic back of the strip was 
against the back plate and the IPG strip was touching the top of the gel. “+” part of the 
strips was towards the well for the MW standards. MW standards were placed in the 
well (as described in paragraph 3.3.3). Molten agarose was added to fix the strips and, 
as it was set, the gels were covered with the XT MES Running buffer diluted 20 times. 
The Criterion Cell was set for the run as described previously. 

 

3.3.5 Gel staining 
The staining solution was made up of 0.1% w/v of Coomassie brilliant blue R-250 
dissolved in 10% CH3COOH, 40% CH3OH and Milli Q H2O to 1000 mL. Gels were 
placed in glass containers and were covered with the staining solution where they 
were allowed to soak for at least 1 hour. Any dye that was not bound to protein 
diffused out of the gel during the de-staining steps, when the gels were rinsed with a 
solution of 10% CH3COOH, 40% CH3OH, 50% Milli Q H2O, changed at least twice, to 
achieve the desired contrast. 
 

3.4 Analysis of allergenic proteins by Western Blot 

3.4.1 Patients sera 
Human sera were provided by the Department of Medical Clinics, Nephrology, and 
Prevention Sciences of the University of Parma and by the Department of Clinical 
Medicine and Cardiovascular and Immunological Sciences of the University of Naples 
"Federico II". They were collected from patients with a clinical history of allergic 
reactions towards fresh tomato and/or tomato products. All subjects had positive skin 
prick test for tomato and specific IgE (>0.7 kU/L) detected at ImmunoCAP dosage. 
After being tested individually, sera from each group were pooled together, in order to 
screen IgE-binding pattern of major tomato allergens. 
  

3.4.2 Chemicals 
• Glycine (Bio-Rad, Germany) 
• Sodium Dodecyl Sulphate SDS, (Sigma-Aldrich, USA) 
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• Ovalbumin, from hen eggs white (Sigma-Aldrich, USA) 
• Anti-Human IgE from rabbit (Bethyl laboratories Inc, USA); 
• Goat anti rabbit-HRP (Bio-Rad, Germany) 
• Opti-4-CN kit (Bio-Rad, Germany): 

− REAGENT Opti-4-CN  
− Opti-4-CN DILUENT 

• Acetic acid (CH3COOH), (Carlo Erba, Italy) 
• PBS buffer (prepared as decribed in paragraph 3.2.1) 
• Tween 20 (Sigma-Aldrich, USA) 
• PBS-T (PBS buffer + 0.1% Tween 20) 
• Blocking buffer (3% ovalbumin in PBS-T) 
• Antibody dilution buffer (0.1% ovalbumin solution in PBS-T) 
• Tris (25 mM solution in Milli Q H2O) (Sigma-Aldrich, USA) 
• Methanol (CH3OH), HPLC grade, (Sigma-Aldrich, USA) 
• Milli Q H2O obtained with Millipore Alpha Q system  

 

3.4.3 Instrumentation 
• PVDF membrane 0.2 µm (Bio-Rad, Germany) 
• Fiber pad (Bio-Rad, Germany) 
• Filter paper (Bio-Rad, Germany) 
• Gyro-Rocker SSL3 (Stuart Scientific, UK) 
• Transblot electrophoretic transfer cell (Bio-Rad, Germany) 
• Power supply: Power Pac Universal (Bio-Rad, Germany) 
• GS-800 calibrated densitometer (Bio-Rad, Germany) 
 

3.4.4 Procedure 
After separation, for immunoblot analysis proteins were transferred onto 0.2-µm 
polyvinylidene fluoride (PVDF) membranes according with the manufacturer’s 
instructions. Transfer buffer (25 mM Tris, 195 mM glycine, 10% CH3OH, 0.01% SDS, 
pH 8.3) was prepared. The not-stained gel was placed into transfer buffer for 15’, after 
cutting fringes of the wells of the gel and the residual Bromophenol blue run 
indicator. Cut pieces of the filter paper and of the PVDF membrane were wet for about 
30 sec in CH3OH on a rocker at room temperature, then were wetted 10’ in Milli Q 
H2O and finally 15’ in the transfer buffer, together with fiber pad and filter papers. 
"Sandwich" for Bio-Rad's Transblot was assembled as follows:  
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Cathod (-) side of transblot 
Fiber pad 
Filter paper 
Gel 
PVDF membrane 
Filter paper 
Fiber pad 
Anod (+) side of transblot 

 
The closed sandwich was placed in the Transblot tank, which was filled with transfer 
buffer. Transfer occured for 1 h at 100 V in a refrigerated system (cooling coil). 
After soaking in blocking buffer for 1 hour, the membranes were incubated overnight 
with individual serum sample or with pooled sera, diluted to 0.071 kU/L in antibody 
dilution buffer. The membranes were then incubated with rabbit anti-human 
antibodies, diluted 1:3000 in antibody dilution buffer, for 1 hour. After soaking twice 
in PBS-T in order to remove the excess of antibodies, they were incubated with goat 
anti-rabbit antibodies, diluted 1:3000 in antibody dilution buffer, linked to 
horseradish peroxidase enzyme (HRP) for 1 hour. The unbound antibodies were 
removed by rinsing membranes twice in PBS-T. Allergenic protein detection was 
achieved by incubation of the blotted membranes with the Opti-4-CN substrate, 
prepared by using 0.2 mL of reagent Opti-4-CN every 10 mL of Opti-4-CN diluents, 
for 30’ till sufficient coloration was achieved. The membranes were washed with Milli 
Q H2O for 15’ and the images were acquired at the densitometer.  
 

3.5 Trypsin in-gel digestion 

3.5.1 Chemicals 
• Ammonium bicarbonate (NH4HCO3) (25 mM and 100 mM solutions in Milli Q 

H2O)  (Sigma-Aldrich, USA)  
• 2-Iodoacetamide IAA (CH2CONH2) (55 mM solution in 100 mM NH4HCO3) 

(Sigma-Aldrich, USA)  
• Dithiothreitol DTT (HSCH2(CHOH)2CH2SH) (Sigma-Aldrich, USA)  (10mM 

solution in 100mM NH4HCO3) 
• Methanol (CH3OH), HPLC grade, (Sigma-Aldrich, USA) 
• Acetic acid (CH3COOH) (solution 1% in Milli Q H2O) (Carlo Erba, Italy)  
• Acetonitrile (CH3CN) (Sigma-Aldrich, USA) 
• Trypsin Proteomics Grade from Porcine Pancreas, Dimethylated (100 ng/µL 

solution in 1% acetic acid) (Sigma-Aldrich, USA)   
• Milli Q H2O obtained with Millipore Alpha Q system  
• N2-flux 

 

3.5.2 Instrumentation 
• Cutter 
• Reciprocating shaker SSL2 (Stuart Scientific, UK) 
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• Hotplate Stirrer F 80 (Falc) 
 

3.5.3 Procedure 
With a cutter, protein bands or spots were excised from a stained polyacrylamide gel 
and placed into a 0.5 mL tube. Coomassie stained spots were destained as follow: 50 
μL of 25 mM NH4HCO3/50% CH3CN solution were added (all the volumes are 
intended to be enough to immerse the gel slides) and the tubes were placed on a 
reciprocating shaker overnight (16 h) on a low setting. Resulting gel particles were 
pretty clear, so it was possible to dehydrate gel pieces by adding CH3CN until the gel 
slides were shrunk and opaque-white colored. CH3CN was removed with Eppendorf 
pipette P100 by N2-flux for 5-10’.  
Proteins contained in gel slides were then reduced by addition of 10 mM DDT in 100 
mM NH4HCO3 solution for 1 hour at 56 °C and alkylated by addition of 55 mM IAA in 
100 mM NH4HCO3 solution for 45’ at room temperature and in the dark. Then gel 
slides were swelled and shrunk twice by addition of 100 mM NH4HCO3 and 100% 
ACN, respectively, and then were dried under a nitrogen stream.  
Trypsin stock solution (100 ng/µL in 1% acetic acid) was diluted 1:10 in 25 mM 
NH4HCO3 and added to the gel slides. After incubation at 37 °C for 16 hours the 
supernatants were recovered and the gel pieces were washed twice with 25 mM 
NH4HCO3/50% CH3CN solution for 15’ and once with acetonitrile and again the 
supernatants were recovered and dried under N2-flux.  
 
3.6 LTQ-Orbitrap analysis 

3.6.1 Chemicals 
• Acetonitrile (CH3CN) (Sigma-Aldrich, USA) 
• Methanol (CH3OH) (Carlo Erba, Italy) 
• Formic acid (HCOOH) 99% (Acros, Belgium) 
• Trifluoroacetic acid 99% TFA (Acros, Belgium) 
• Milli Q H2O obtained with Millipore Alpha Q system  
• Wetting solution: 100% CH3CN 
• Equilibration solution: 0.1% TFA in Milli Q H2O 
• Washing solution: 0.1% TFA in 5% CH3OH 
• Eluting solution: 1% formic acid in 50% CH3OH for LTQ-Orbitrap analysis or 

0.1% TFA in 50% CH3CN for MALDI-TOF analysis 
 

3.6.2 Instrumentation 
• ZIP TIPs C18 pipette tips (Millipore, USA) 
• pH meter 212 (Hanna Instruments, Italy) 
• ESI-LTQ-Orbitrap mass spectrometer (Thermo Electron Corporation) 
• Ultimate 3000 micro HPLC (Dionex) 
• Column C18 Jupiter 4U Proteo (90 Å, 300 µm x 15 cm) (Phenomenex, Italy) 
• Xcalibur® software (Thermo Fisher Scientific Inc.) 

 

3.6.3 Procedure 
ii..  DDeessaallttiinngg  
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The dried samples were re-dissolved with 10 μL of 0.1% TFA solution in Milli Q H2O, 
ensuring that the final sample solution had a pH<4. 
The ZIP TIPs C18 were suitable for an Eppendorf pipette P10. Using the maximum 
volume setting of 10 μL, the necessary solution was taken into the tip and dispensed 
to waste. This procedure was repeated 3 times with the wetting solution and 3 times 
with the equilibration solution.  
The binding of peptides to the ZipTip was achieved by fully depressing the pipette 
plunger to a dead stop, aspirating and dispensing the sample 7–10 times from and 
into the tube for maximum binding of complex mixtures. The binding capacity is 3 – 5 
μg of peptides.  
Desalting was achieved by using the maximum volume setting of 10 μL, aspirating 
into the tip and dispensing to waste 2 times the washing solution. The elution was 
performed aspirating and dispensing 6-10 times 10 μL of the eluting solution and 
recovering the eluted fraction into a new tube. 
Samples were then dried again under N2-flux. 
 

iiii..  IInnssttrruummeennttaall  ccoonnddiittiioonnss  ooff  aannaallyyssiiss    
Peptide analysis was performed with a Dionex Ultimate 3000 micro HPLC coupled 
with the LTQ-Orbitrap mass spectrometer equipped with a conventional ESI source. 
The source parameter was configured as follow: spray voltage 3.5 kV, capillary voltage 
49 V and tube lens 75 V. For the chromatography separation, a Jupiter 4U Proteo (90 
Å, 300 m £ 15 cm) column was used, and the column oven temperature was set to 25 
°C; the separation was run for 82’ using a gradient of 99.8/0.2 H2O/HCOOH (eluent 
A) and 99.8/0.2 ACN/HCOOH (eluent B) and a flow/rate rate of 5 μL/min. The 
gradient was run as follows: 0–4' 95% A and 5% B, then to 50% A at 60’, and 10% A 
and 90% B at 62, 62–72’ 10% A, followed by the re-equilibration of the column. For 
MS1 scans, the Orbitrap resolution was 60.000 and the ion population 5 × 105, with 
an m/z window from 200 to 1800. For MS/MS in the LTQ, the population ion was 3 × 
104 (isolation width of 3 m/z unit). A maximum of four precursor ions (most intense) 
were selected for activation and subsequent MS/MS analysis. CID was performed at 
35% of the normalized collision energy (NCE) in all cases (measures by CIM-Parma, 
Italy) and collected by Xcalibur® software. 
 

3.7 Maldi-TOF analysis 

3.7.1 Chemicals 
• Acetonitrile (CH3CN) (Sigma-Aldrich, USA) 
• Methanol (CH3OH) (Carlo Erba, Italy) 
• Trifluoroacetic acid 99% TFA (Acros, Belgium) 
• MALDI Calibrants (Sigma-Aldrich, USA) 
• α-Cyano-4-hydroxycinnamic acid (CHCA), (Sigma-Aldrich, USA) 

 

3.7.2 Instrumentation 
• MALDI-TOF 4700 Proteomic Analyzer (Applied Biosystem, USA) 
• Software 4000 Series Explorer 3.5 v  (Applied Biosystem, USA) 
• Software Data Explorer v 4.9 (Applied Biosystem, USA) 
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3.7.3 Procedure 
MALDI MS and MS/MS experiments were carried out on a 4700 Applied Biosystem 
Proteomics Analyzer. Each spectrum was taken by the following procedure: 1 μL of 
the desalted sample was spotted on the target plate and, immediately after, 1 μL of 
matrix solution (α-cyano-4-hydroxycynnamic acid, 10 mg/mL in 50% CH3CN 50% 
TFA 0.1%) was spotted over it and 1 μL of sample was spotted again over it. After 
evaporation has occurred, the target was ready for the analysis. Mass spectrum 
acquisition was performed in positive ion reflectron mode by accumulating 625 
shots/spectrum. The accelerating voltage was 20 kV. External mass calibration was 
performed with mass peptide standards. Data were acquired by using 4000 Series 
Explorer 3.5 v and analyzed by Data Explorer v 4.9. 
 

4. Results and Discussion 

4.1 Tomato genetic resources 
A group of twelve tomato local varieties, both indeterminate and determinate in 
growth habits, were selected, differing in fruit shape and size and characterized by 
different final destination (fresh markets or canning) as a representative pool of 
tomato samples presently spread in local markets. Moreover, among the different 
cultivated forms of 'San Marzano' grown in the ‘San Marzano’ PDO area,21 other three 
accessions were selected that are referred to in this study as 'SMMU', 'SMC' and 
'SMMO' as they are presently in evaluation for the inclusion in the PDO disciplinary.   
The protein extraction protocol used here allowed to obtain quite different amount of 
dry matter among ecotypes: in particular, VD, TD and SGRI samples were 
characterized by a lower dry matter amount, while PB and TI showed an higher 
amount of dry matter, compared to the other ecotypes (Table 1). 
This variability may result from quantitative and qualitative differences in dry matter 
among the analyzed ecotypes, due to both genetic characteristics, typical of each 
genotype, and to the different degree of ripeness at harvest (the amount of fruit dry 
matter varies during ripening), despite the fact that tomatoes here analyzed were all 
ready for consumption. Concerning the amounts of protein extracted from the dry 
matters, they were even higher than the expected (1%), which might also due to 
eventual contaminants in the solution revealed by Qubit® fluorometer during the 
quantification process.  
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Table 1. Evaluation of protein extraction with the method described here and performed by Qubit® 
fluorometer.  

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
As= Amount of sample; Adm= Amount of dry matter; P= Amount of extracted proteins, obtained by Qubit® 
fluorometer; Prot %= Percentage of proteins related to Adm. 

 

4.2 Sera of allergic subjects 
Human sera used in this work were collected from patients with a clinical history of 
allergic reactions towards fresh tomato and/or tomato products. Allergic subjects 
were recruited from two Italian regions, Campania and Emilia Romagna, in order to 
establish if environmental conditions could affect sensitization towards different 
allergenic proteins.  
In Parma (North Italy) a total of five human sera were provided by Allergy and 
Clinical Immunology Center of the University Hospital from allergic subjects with 
Oral Syndrome after introduction of tomato and/or tomato products. All subjects had 
positive skin prick test for tomato and specific IgE ranging from 0.70 to 17.49 kU/L at 
ImmunoCAP dosage. All patients were also sensitized to other food allergens. 
In Naples (South Italy) a total of six human serum samples were provided by the 
Division of Allergy and Clinical Immunology of the University Hospital 'Federico II', 
from allergic patients with food allergy to tomato. All subjects had positive skin prick 
test to tomato. Serum concentrations of IgE to tomato antigen ranged from 0.5 to 2 
kU/L. Five out of six of these patients were also sensitized to other food allergens  
(mostly nuts, peanuts, peach, soybean or sesame seeds). 
After some of them had been tested individually, sera belonging to each geographical 
group were blended together before immunoblotting experiments, thus using them as 
technological means to detect IgE-binding pattern of major tomato allergens. 
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4.3 Immunoblotting of tomato fruit extract with human sera 
In order to define which proteins in tomato fruit extracts were recognized by the sera 
of allergic subjects and if differences were present among the different tomato 
ecotypes, protein extracts, obtained and quantified as reported paragraph 4.1, were 
separated by mono dimensional SDS-PAGE, by allowing two lane for every single 
sample (Fig 1a).  
 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 
Fig 1. SDS-PAGE of twelve tomato ecotypes’ fruit extracts. Numbers indicate ecotypes as described in 
“Materials and methods”. The lane marked as ‘M’ represents the molecular weight standards, and their 
relative molecular masses are reported on the right side. a, staining with Coomassie brilliant blue; b, 
immunoblotting using pooled sera of patients from Campania region; arrows show the absence of reactive 
bands; c, immunoblotting using pooled sera of patients from Emilia Romagna region; d, immunoblotting 
using three sera of patients from Emilia Romagna region, incubated individually with two ecotypes. See 
text for details. 

 
After separation, for every single ecotype, one lane in the gel was stained with 
Coomassie brilliant blue, whereas the other one was used in order to transfer the 
separated proteins onto a PVDF membrane. After incubation with pooled sera of 
patients from Campania region, a protein with a molecular mass of about 14 kDa was 
detected as the main allergen. No other nonspecific band was detected, even in 
correspondence to the most intense bands on the gel indicating a greater expression 
of those proteins. The immunoblot profiles of tomato ecotypes are shown in Fig 1b. 
Quite interestingly, the IgE binding activity of the ecotypes 'Tondino D' (1), 'Ventura 
D' (2) and 'Pisanello' (6) was less intense, showing a potential reduced allergenicity 
for these individuals toward this tomato 14-kDa allergenic protein (see paragraph 
4.4). 
On the other hand, incubation of PVDF membrane with pooled serum sample 
collected from patients of the Emilia Romagna region did not confirm the potential 
hypoallergenicity of those ecotypes, since a totally different immunological response 
was obtained. In this case, a protein with molecular mass of about 45 kDa reacted 
toward the pooled sera of the allergic subjects, and scarce differences in the IgE 
binding properties of tomato ecotypes were observed (Fig 1c). The same results were 
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also obtained using a different pool of sera of allergic patients, selected in the same 
way as the previous one (data not shown).  
The incubation of the same protein extracts with single serum of patients from Emilia 
Romagna region confirmed partially this result. As shown in Fig 1d, two of these sera, 
used individually and incubated with the protein extract of two ecotypes, revealed the 
same 45-kDa reactive protein, as the pool did, while another allergenic protein, whose 
apparent molecular weight was slightly lower than 14 kDa, was detected using the 
serum of another patient. 
These results showed that the IgE binding patterns of these tomatoes ecotypes were 
highly serum-specific: the allergenic profiles may differ when immunoblottings with 
single serum are carried out. Since pools of sera contain all the involved IgE, the 
antigens which are recognized frequently by the single serum are mostly evidenced, 
quenching the detection of those less recurrent. Anyway, exactly for those reasons, 
when the most important allergens are to be evidenced, the use of pools of sera might 
be a very useful technological tool to assess the general allergenicity of a food 
commodity. 
Hence, it could be assumed that the potential hypoallergenicity of tomatoes cannot be 
generalized for all the allergic subjects, but it should be assessed according to the 
specific allergen to which every single allergic subject is sensitized. 

 

4.4 Identification of the 14-kDa allergenic protein 
In order to identify the protein involved in specific IgE binding recognition, and also 
to possibly gain more evidences on the reason of the low IgE reactivity of some 
ecotypes, the bands on the gel corresponding to the reactive protein were in-gel- 
digested by trypsin and the peptide mixture was separated by HPLC (Fig 2) and 
analyzed by LTQ-Orbitrap mass spectrometer.  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Fig 2. Chromatogram of the peptide mixture obtained, after the in-gel digestion of 14-kDa band of 
Tondino D ecotype and separated by HPLC.  
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SW IS S 

P ro te in 

D atab ase  
A cc e ssion 

Nu mb er  

Se qu en ce  P osit ion  
C alc ul ate d 

M W  (D a) c 

Ob ser ved  

M W (D a)  

M S s pe ctra 

ch arac te r ist ic i ons 
(m/ z)  

Q8V W R 0  

HM W p eptid e 1 -7 1 7 67 1.6 
(d iscu sse d 

in  te xt) 
- 

Y M *VIQ G EA G AV IR a 72 -84  1 42 1.7 14 21 .7  

11 12 .9  (y1 1),  10 13 .3 

( y10 ),  9 00 .4 (y 9),  77 2.4  

( y8) , 5 86 .4  (y6 ),  51 5.3 

(y5 ) 

GAG GI TV K 88 - 95  70 1.4  701 .4 

5 74 .4 (y 6),  51 7.2 ( y5) , 

46 0.2 (y 4) , 2 46 .2  (y2 ), 

14 7.3  ( y1)  

GA G G IT VK K  88 -96  82 9.5  829 .5 
7 73 .5 (y 8),  58 8.4 ( y5) , 

47 5.3 ( y4) , 2 75  (y2 ) 

K GA G GIT V K  87 -95  82 9.5  829 .5 
5 74 .4 (y 6),  51 7.3 (y5 ),  

4 60 .3  (y4 ),  24 6.2 ( y2)  

TN QA LIIGI Y D EP M T PG Q C* NM IV E Rb  97 -1 21  2 86 2.4 28 62 .4  

16 60 .5  (b1 5),  15 59 .5 

(b 14) , 1 33 1.3  ( b12 ),  

9 24 .2  (b 9),  64 1.2 ( b6)  

LG D YI IEQG L 1 22 -13 1 1 11 9.6 11 19 .6  

9 89 .0 (b 9),  93 2.1  ( b8) , 

8 04 .4 (b 7),  67 5.3  ( b6) ,  

56 1.9  ( b5)  

Q93Y G7  

HM W p eptid e 1 -7 1 7 67 8.7 
(d iscu sse d 

in  te xt) 
- 

YM VIQG E PE A VIR  72 -84  1 50 3.8 15 03 .8  

12 10 .5  (y1 1),  11 11 .5 

( y10 ),  9 98 .4 (y 9),  87 0.4  

(y 8),  68 4.3  ( y6)  

GP GG I TIK  88 - 95  74 1.4  741 .4 
5 88 .3 (y6 ),  53 0.8  ( y5) , 

47 4.4  ( y4)  

GP G GITI KK  88 -96  86 9.5  869 .5 7 24 .4  (b 8),  38 2.2 ( b5)  

TN QA LIIGI Y D EP M T PG Q C* NM IV E Rb  97 -1 21  2 86 2.4 28 62 .4  

16 60 .5  (b1 5),  15 59 .6

(b 14) , 1 33 1.1  ( b12 ),  

9 24 .3 (b 9),  75 4.2  ( b7) , 

41 5.2  ( b4)  

LG D YLI EQS L 1 22 -13 1 1 14 9.6 11 49 .6  
10 19 .2  (b9 ),  93 2.3 (b 8),  

8 04 .3  (b 7),  67 5.1 ( b6)  

 a: M * ind icates  an o xid ized me thio nine   

 b: C*  ind ic ates a car bo xam ido meth ylcy s te ine  

 c: M ono is oto pic M W  

 Bo ld letters  rep resent am ino  a cids  res idu es  w hich ar e diff eren t in  ho mo log ou s p eptid es  o f P ro filin isof or ms   

 

Analysis were carried out on ten ecotypes, including those which showed a lower 
immunological response. Molecular masses and sequences of the recovered peptides 
(listed in Table 2) were used to query UniProt database, restricted to Solanum 
lycopersicum L. proteome, and the corresponding protein was identified as profilin 
(Lyc e 1). Among these, diagnostic peptides were also searched to elucidate which of 
the three profilin isoforms reported in Uniprot database was involved in allergic 
reactions.  
 
Table 2. Identified peptides originated from 14-kDa allergen digestion and LTQ-Orbitrap analysis.  
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As expected, marker peptides belonging to profilin-1 (SWISS Protein database 
accession no. Q41344) (Fig. 7) corresponding to the sequences AEEITNIMK (46-54), 
DFDEPGHLAPTGLFLAGTK (55-73), YMVIQGEPGAVIR (74-86), 
TAQALIFGVYEEPVTPGQCNMVVEK (99-123) and IGDYLVDQGY (124-133) were not 
found, since this isoform is expressed in a pollen specific manner in tomato.22 Profilin 
and profilin-2 isoforms (SWISS Protein database accession no. Q8VWR0 and 
Q93YG7, respectively) were both found in all ecotypes but one, 'Pisanello' (PS) (quite 
interestingly, one of those showing low IgE reactivity)  which showed only peptides 
belonging to Q8VWR0 isoform (Fig 3).  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Fig 3. Percentage of sequence coverage among ecotypes for profilin Q8VWR0 and Q93YG7 isoforms 
calculated for the analyzed ecotypes,  determined by the abundance of peptides identified for each of 
them. 

 
The low percentage of sequence coverage (average among ecotype was estimated 27% 
for Q8VWR0 isoform and 23% for Q93YG7 isoform) was likely due to protein’s 
primary structure, poor in positively charged amino acids and thus not easily digested 
by trypsin. As shown in Fig 4. the first suitable cleavage site for trypsin on Lys71 
generates high molecular weight peptides which are difficult to elute from gel and 
detected by mass spectrometry. Moreover, in the same peptide, Lys43 was not 
accessible by the enzyme since it is followed by a proline residue, except in the 
Q41344 isoform in which Ala46 and Lys54 would allow to generate two additional 
diagnostic peptides for this isoform discrimination. So, although these two HMW 
peptides could be useful to discriminate profilin isoforms since they differ for some 
amino acids and, subsequently, for their molecular masses, they were not found in 
any ecotypes. 
 
 
 
 
 
 
 
 
 
 
Fig 4. Sequence similarity of tomato profilin isoforms: Q8VWR0, Q93YG7, Q41344. Cutting sites for 
trypsin are highlighted. 
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Sequence Protein Accession 
Calcula ted 

MW (Da)b 

Observed 

MW (Da) 

MS spectra characteristic ions 

(m/z) 

AVVDSAIDAETR P15003 1245.6 1245.6 

1076.5 (y10) , 977.4 (y9), 862.4 (y8), 775.4 (y7),  

704.4 (y6) , 591.3 (y5), 476.3 (y4) , 405.3 (y3), 

276.2 (y2)  

LGGQTYSVALGR P15003 1220.7 1220.7 

1108.6 (y11) , 1051.6 (y10) , 866.5 (y8), 765.5 

(y7), 602.5 (y6) , 515.4 (y5), 416.3 (y4), 345.2 

(y3), 232.2 (y2)  

VGADMSVINR Q96577 1060.5 1060.6 
962.5 (y9) , 905.5 (y8), 834.4 (y7) , 719.4 (y6), 

588.4 (y5), 501.4 (y4), 402.3 (y3), 289.1 (y2) 

LTSDDD FFTNPM*VKa Q8L5J1 1644.7 1644.8 

1431.5 (y12), 1344.4 (y11), 1229.4 (y10), 1114.5 

(y9), 999.4 (y8) , 852.4 (y7), 705.4 (y6), 604.4 

(y5), 490.3 (y4)  

a : M* indicates an oxidized me thionine  

b: Monoisotopic MW 

 

High resolution tandem mass spectrometry also allowed to identify the sequences of 
two isobaric peptides of Q8VWR0 isoform, GAGGITVKK and KGAGGITVK (88-96 
and 87-95, respectively), which were generated by the cleavage of trypsin on two 
consecutive lysine at both N-terminal and C-terminal amino acid sequences, by 
detecting characteristic ions for each sequence, therefore allowing the unequivocal 
discrimination of these two peptides (Fig 5). 
 

  
 
Fig 5. Summary of ions obtained after the fragmentation of GAGGITVKK and KGAGGITVK isobaric 
peptides. Red bolds indicate discriminating y(+1) ions for each peptide. 

 
Although the fact that one of the low IgE-responding ecotype did not show the 
presence of one isoform, this feature was not present in the other two non-IgE 
binding isoforms, and thus no clear correlation was found between the distribution of 
the detected Profilin isoforms and the weaker immunological response of 'Tondino D', 
'Ventura D' and 'Pisanello' ecotypes. Probably, the reduced immunological reactivity 
can depend not only on the isoform distribution, but also on a natural downregulation 
in the expression of profilin.  
 

4.5 Identification of the 45-kDa allergenic protein 
The same procedure presented above was applied for the identification of the 45-kDa 
allergen. Anyway, in this case, after HPLC separation (Fig 6), LTQ-Orbitrap analysis 
of the tryptic digest of the band with molecular mass of 45 kDa recognized peptides 
belonging to three different tomato proteins, whose calculated molecular masses were 
all consistent with the observed one (Table 3).  
 
Table 3. Identified peptides originated from 45-kDa allergen digestion and LTQ-Orbitrap analysis. 
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Fig 6. Chromatogram of the peptide mixture, obtained after the in-gel digestion of 45-kDa band of 
Sorrento Rosato ecotype and separated by HPLC.  
 

Peptides AVVDSAIDAETR and LGGQTYSVALGR (Figg 7 and 8) were assigned to 
tomato suberization-associated anionic peroxidase (SWISS Protein database 
accession no. P15003). These sequences represent two diagnostic fragments in the 
discrimination of two known tomato peroxidase isoforms, whose molecular masses 
are very similar (Protein database accession no. P15003 and P15004): the first 
differed from the analogous peptide in two alanine residues (Ala1 and Ala9, Gly1 and 
Asn9, respectively), while the latter showed a Ser7 in place of Thr7.  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

                   Fig 7.  MS/MS spectrum of AVVDSAIDAETR peptide. 
   
 

200 300 400 500 600 700 800 900 1000 1100 1

5

10

15

20

25

30

35

40

45

50

55

60

65

70

75

80

85

90

95

100

R
el

at
iv

e 
A
bu

nd
an

ce

591.30799

704.41852

977.40124

543.20234
1076.46219

656.29223

862.43389
775.42979

476.27277

405.26727

276.22909
842.26751

385.19789225.08757
884.49570355.19143

V-A

E

A D I/L A S VD



73 
 

200 300 400 500 600 700 800 900 1000 1100 1200
m/z

5

10

15

20

25

30

35

40

45

50

55

60

65

70

75

80

85

90

95

100

R
el

at
iv

e 
A

bu
nd

an
ce

602.51965

765.47931
866.50830

416.30664

355.04474

517.59576

232.20731

972.38251
489.06635 806.38495

1108.57910267.13107 689.28607

GL A S Y T Q G LV

200 300 400 500 600 700 800 900 1000
m/z

5

10

15

20

25

30

35

40

45

50

55

60

65

70

75

80

85

90

95

100

R
el

at
iv

e 
Ab

un
da

nc
e

588.36450

402.33954

522.51349

719.39502

834.43573501.36487

289.13162

474.27179
343.25024

962.53638905.44653

660.23615

773.28876

272.24945
183.11877

AI/L V S M D G V

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

                Fig 8. MS/MS spectrum of LGGQTYSVALGR peptide. 

 
Peptide VGADMSVINR (Fig 9) was found to be shared by three tomato pectinesterase 
isoforms (SWISS Protein database accession no. P14280, Q96576 and Q96577); 
according to their calculated molecular masses, the Q96577 protein seemed to fit 
better the molecular weight observed on gel.  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
                   

  Fig 9. MS/MS spectrum of VGADMSVINR peptide. 
 

Finally, for peptide LTSDDDFFTNPMVK (Fig 10), the Protein BLAST software only 
found a perfect match with tomato mannan endo-1,4-beta-mannosidase (SWISS 
Protein database accession no. Q8L5J1).  
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                      Fig 10.  MS/MS spectrum of LTSDDDFFTNPMVK peptide. 

 
Weangsripanaval et al. have already found peroxidase to be the major tomato allergen 
recognized by the sera of patients suspected to suffer from food allergies and 
diagnosed to be atopic dermatitis.23 A different pectinesterase isoform has already 
been observed as tomato allergens by Kondo et al. (SWISS Protein database accession 
no. P14280) in patients with OAS after ingestion of fresh tomato fruits.11 As regards 
mannan endo-1,4-beta-mannosidase, no evidence of induction of any allergic reaction 
toward tomato has so far been reported. So, in order to clarify which of the identified 
proteins was involved in triggering the immunological response, we exploited their 
different pI for a separation of tomato protein total extracts by 2D PAGE (Fig 11a). 
Immunoblotting on the bidimensional gel electrophoresis, performed on 'Sorrento 
Rosato' ecotype, indicated a reactive spot at 45 kDa with a pI of about 4 (Fig 11b), thus 
excluding the possibility that pectinesterase (whose isoeletric points range from 8.2 to 
8.5, depending on the isoforms),24 and mannan endo-1,4-beta-mannosidase (with an 
observed isoeletrical point of 9),25 were involved in the allergic reaction. 
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Fig 11. a, 2D SDS-PAGE of protein total extract of Sorrento Rosato ecotype; b, corresponding 
immunoblotting on PVDF membrane using patients’ sera from Emilia Romagna region. The square and 
the circle indicate the reactive spot and the related protein after electrophoresis, respectively. 

 
In order to definitely confirm the identity of the allergenic protein, the corresponding 
spot was subjected to in-gel trypsin digestion and the tryptic mixture, analyzed by 
MALDI-TOF spectrometer, revealed peptides belonging to tomato suberization-
associated anionic peroxidase (SWISS Protein database accession no. P15003). 
MALDI-TOF spectrum is shown in Fig 12.  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Fig 12. Maldi-TOF spectrum of 2D reactive spot at 45 kDa, after in-gel trypsin digestion. Numbered peaks 
were further characterized by MS/MS analysis, in order to confirm the expected sequence suggested by in 
silico analysis. Ions marked with a star correspond to the previously identified peptide plus an oxidized 
methionine. 
 

Amino acid sequences of these peptides, derived by in silico digestion of this protein, 
were further confirmed by MS/MS analysis (Table 4, Fig 13). 
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Maldi TOF
peaka Sequence Position Calculated

MW (Da)b
Observed MW

(Da)
MS spectra characteristic ions

(m/z)

1 MGASLIR 100-106 746.4 746.4 432.2 (a5), 460.3 (b5), 347.2 (b4), 260.2 (b3), 
271.2 (z2), 175.1 (y1) 

2 GYEVIAQAK 145-153 977.5 977.5 978.5 (MH+)

3 LGGQTYSVALGR 182-193 1220.7 1220.7 765.9 (y7), 602.4  (y6), 515.4 (y5), 416.3
(y4), 232.2 (y2), 175.1 (y1)

4 AVVDSAIDAETR 88-99 1245.6 1245.7 862.4 (y8), 476.3 (y4), 276.2 (y2), 175.1 (y1)

5 EMVALAGAHTVGFAR 231-245 1528.8 1528.8 858.5 (y8), 549.4 (y5), 450.4 (y4), 175.1 (y1)

6 MGDLPPSAGAQLEIR 336-350 1553.8 1553.8 1251.6 (y12), 1138.6 (y11),  1041.5 (y10), 
786.5 (y7), 658.4 (y5), 288.2 (y2), 175.1 (y1)

a: numbers indicate peaks of Maldi TOF spectrum in Fig. 15

Table 4. Peptides originated from 45-kDa spot digestion identified by MALDI TOF-TOF analysis.  

 
 
 

 
 
Fig 13. Amino acid sequence 
of suberization-associated 
anionic peroxidase protein, 
including signal peptide (1–
25), identified by MALDI-
TOF spectrometer. 
The lines mark peptides 
identified by MALDI MS/MS 
analysis. 

 
 
 
 

 

5. Conclusions 

Pooled sera of allergic subjects from two different parts of Italy, Campania and Emilia 
Romagna regions, were used in order to assess the allergenicity potential of 12 
different tomato ecotypes. The ecotypes were assessed by a proteomic approach, 
performing immunoblotting experiments and identifying the reactive proteins by 
high-resolution mass spectrometric techniques. Quite interestingly, the two pools 
showed a totally different immunological response: for the first group, the main 
allergen was identified as profilin, whereas for the second one the main allergen was 
identified as suberization-associated anionic peroxidase.  
Moreover, experiments by using single sera were performed, further outlining the 
individual response to different allergenic proteins.  
Three different ecotypes showed a low IgE response by using pooled sera of subjects 
from Campania region, whereas no hypoallergenicity was observed by using pooled 
sera of subjects from Emilia Romagna region. The hypoallergenicity observed might 
be due to several reasons: lower expression of the proteins in the different ecotypes, 
or the presence of protein isoforms having lower allergenicity (although specific 
experiments aimed at detecting different profilin isoforms outlined that all varieties 
seemed to have two different profilin isoforms). In any case, it is quite evident that 
the property of hypoallergenicity for a defined variety, given this scenario, is strictly 
dependent on which protein is responsible for the allergen response in first instance. 
For people sensitized to profilin, according to our experiments, some varieties showed 
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a diminished IgE response (and thus might be hypoallergenic), but for people 
sensitized to suberization-associated anionic peroxidase, the very same varieties were 
not hypoallergenic at all. These results underline the fact that allergies to a defined 
food in different subjects can often rely on a completely different immunological 
response at the molecular level. Although for some subjects hypoallergenic tomato 
varieties might eventually be found, generally hypoallergenic tomatoes, whose 
hypoallergenicity is valid for all consumers, seem to be very difficult to obtain, since 
the characteristic molecular responses of the single allergic subjects are always to be 
taken into account. 
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1. Introduction 

Among the allergens found in plants, Lipid Transfer proteins (LTPs) undoubtedly 
represents a very important class. LTPs are cationic polypeptides, subdivided into two 
families.1 Proteins that form the first family, called LTP1, have molecular masses of 
approximately 10 kDa and are basic with isoeletric points (pI) ranging between 9 and 
10, since their primary structure is abundant in charged lysine residues. These LTPs 
typically have 90-95 amino acid residues, of which eight are cysteines conserved in 
similar positions along the primary structure. These eight cysteines, bound to each 
other, form four disulphide bridges that help the stabilization of the protein tertiary 
structure.2 The LTP2 family is formed by peptides that have molecular masses of 
approximately 7 kDa, having on average 70 amino acids; they share all the other 
characteristics, such as a high pI, lipid transfer activity and a conserved disulphide 
skeleton, with the LTP1 family.3,4,5 Both protein types are synthesized with a signal 
peptide at the amino terminal region, which in general varies between 21 and 27 
amino acids, for the LTP1 family,6,7,8 and from 25 to 35 amino acids, for the LTP2 
family.9,10 This signal peptide is then removed, yielding mature proteins ready to be 
delivered to the cell secretory pathway, where they are exported to the apoplast.  
The secondary structure of proteins belonging to the LTP1 family, found in rice and 
maize, is composed of four α-helices (helices H1 from Cys3 to Ala17, H2 from Ala25 to 
Ala37, H3 from Thr41 to Ala56 and H4 from Ala63 to Cys73) and a long carboxy terminal 
tail that lacks defined secondary structure.11,12 The LTP2 family, isolated from wheat 
and rice, follows a similar secondary structural pattern as the LTP1 family, but has 
three α- helices (H1 from Cys3 to Ala16, H2 from Thr22 to Ala31 and H3 from Gln33 to 
Ala40) and a region containing two single-turn helices (Tyr45 to Tyr48 and Ala54 to 
Val58).4,13 
The three dimensional structure of several plant LTP1 proteins, determined either by 
X-ray crystallography or NMR, reveals a compact and globular structure that is 
stabilized by four disulphide bridges among the eight cysteines.11,12 The most striking 
structural feature of the LTP1 family is the presence of a flexible hydrophobic cavity in 
a form of a tunnel that runs through the molecule’s axes. The cavity has two 
entrances, one smaller and one larger,11,12  and has two charged amino acids, an Arg44 
and a Lys35, which are strategically localized on the larger entrance of the 
hydrophobic cavity, indicating a possible role in the interaction with lipids. Lipid 
molecules may interact with the protein at the larger entrance and their hydrophobic 
portions stay buried inside the cavity, while the carboxylate portion remains turned 
toward or exposed to the solvent. Additionally, a Tyr at the carboxyl terminal region 
at approximately position 79, is of particular note. In the three-dimensional structure, 
this residue is positioned at the larger entrance of the hydrophobic cavity and it has 
been shown that it interacts with fatty acids and stabilizes the binding between the 
peptide and the hydrophobic molecule by a hydrogen bond that is formed between the 
hydroxyl of the Tyr and the carboxyl group of the polar head of the lipid.14 
This structure in the LTP2 family is a triangular hollow box, instead of a tunnel.13 The 
volume of the cavity of both groups can increase or contract in order to better 
accommodate the hydrophobic molecule and this plasticity is presumably responsible 
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for the lack of specificity in the transport ability; hence the name ‘nonspecific’ lipid 
transfer protein.13,14  
 
 
 
 
 
 
 
 
 
 
Fig 1.  A: Cutaway view showing the lipid binding pocket of rice LTP1 occupied by myristic acid; B: 
Cutaway image showing wheat LTP2 bound to L-a-palmitoyl-phosphatidyl glycerol. Adapted from 
reference 15. 

 
Different possible functions have been proposed for plant LTPs, but their true 
physiological roles have yet to be determined. It is possible that LTPs fulfil more than 
one role in planta. 
The genetic structure of LTP1 indicates the presence of several genes coding for LTP 
proteins in a single genome. This multigene nature yields many protein isoforms 
which show differential tissue and developmental expression patterns and possibly 
different functions, as well.8,16,17,18,19 Hence, the analysis of where, when and how the 
LTP genes are expressed may help the understanding of their functions in vivo. 
On the basis of their observed in vitro capacity for transferring lipids and binding 
acyl-chains, the suggestion that LTPs could be involved in many aspects of cell 
function in which movement of lipids is thought to be important was a logical one.2 
However, the fact that LTPs are also located extracellularly might imply other roles.20 
The finding of LTP in young leaves, petal and sepal abscission zone in Brassica 
oleracea and Arabidopsis thaliana may suggest a role of the LTP in the transport of 
monomers of cutin and in deposition of lipophilic cuticular material.21,22 
LTP expression was also showed to be enhanced by some environmental changes, 
such as drought, cold and salt stress. For example, the expression of LTP genes could 
be regulated through the same signalling pathway observed in the activation of stress-
induced genes by signal molecules such as abscisic acid, salicylic acid, ethylene and 
methyl jasmonate.9,23 The preferred location of LTPs in outer cell layers and their 
expression induction by abscissic acid may also be indicative of a role for LTPs in 
repulsing or suppressing pathogenic attack from outside. Because of their basic 
properties, LTPs could act as membrane permeabilizing agents, thus inhibiting the 
growth of bacterial pathogens and fungi.24 For these reasons, LTPs have been 
included into the group of the so-called “pathogenesis-related proteins-14”, a large 
family of inducible proteins that are produced by plants upon stimuli associated with 
defence and related stress.25 
Several reports have unambiguously suggested that the major allergens of different 
plant species are proteins belonging to LTP1 family. Indeed these proteins have been 
identified in fruits of Rosaceae, such as peach and apple,26,27 plum,28 and pear,29 in 
fruits of Vitaceae,30 as well as in other plant species such as Zea mays,31 Triticum 

A B 
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aestivum,32 Punica granatum,33 Corylus avellana,34 and Actinidia chinensis.35 Due to 
their compact three dimensional structure, these LTPs are relatively stable, resisting 
thermal and chemical denaturation and enzymatic digestion.36 Considering that the 
stability to digestion and to heat treatments has been claimed as characteristic of a 
‘true’ food allergen,37,38 LTPs, showing stability to both proteolytic and heat 
treatments could maintain their immunogenic and allergenic motifs and thus could 
interact with the immune system associated with the gastrointestinal epithelia, 
inducing both sensitization and systemic symptoms.37 This stability also explains why 
LTPs have been identified as relevant allergens in processed foodstuffs and beverages, 
as beer,39 and wine,30 peach-derived products,40 polenta,41 roasted hazelnuts,42 baked 
or boiled apples.43 
LTPs also differ from the other food allergens in the route of sensitization. Whereas 
allergic reactions to plant-derived foods in patients with Oral Allergy Syndrome (OAS) 
are usually due to sensitization to pollens which contain allergens cross-reacting with 
homologous molecules in food (like the birch-apple and latex-fruit syndrome),44,45 
allergy to LTP in food does not depend on sensitization to LTP-containing pollens: 
due to the resistance to gastric digestion, LTPs are capable of sensitizing through the 
gastrointestinal tract, giving severe systemic reactions.46 
As far as tomato is concerned, the presence of LTP isoforms has been detected both in 
tomato peel, pulp, seeds and in the commercial tomato derivatives.47 In particular, it 
has been shown that chemical peeling or thermal treatment, such as technological 
processes to prepare tomato products, did not reduce the IgE reactivity due to LTP, 
since this protein is present not only in peel, but also in pulp and seeds.  
The lack of positive scores on Skin Prick Test (SPT) with tomato extracts in patients 
monosensitised to LTP may due to the use of commercial extracts which did not 
contain the LTP protein, thus underestimating the real hazard. Conversely, in the 
literature very few cases of systemic symptoms upon ingestion of tomato have been 
reported, raising the question of the prevalence of LTP as allergen in tomato allergy.48 
The availability of the purified LTP proteins, from natural sources or obtained by 
recombinant technologies, may allow a faster and reliable screening of LTP-allergic 
patients, when used as unique component of different allergenic tests, such as Skin 
Prick Test or Immuno Sorbent Allergo Chip (ISAC) or to produce monoclonal specific 
antibodies. 
 

2. Aim of the work 

Despite its growing importance at clinical level as tomato allergen, very few attempts 
to better characterize tomato LTP have been carried out so far.47,49 These studies  
mainly focus on N-terminal sequencing of blotted reactive proteins and searching 
public databases for alignments. Moreover, these studies have been performed using 
tomato cultivars which are not very common and spread across local markets, which 
might not contain representative widespread LTP isoforms, which are commonly 
recognized by IgE of tomato allergic patients. 
This chapter describes preliminary results to the characterization of tomato LTP 
isoforms, isolated from tomatoes purchased in the market, which have been achieved 
by two main approaches: 
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Part I: purification of LTP in tomato peel extracts by using chromatographic systems 
working at high pressure (fast-protein LC) and ion exchange chromatography, 
followed by characterization of the obtained protein by LC/MS using a bottom-up 
approach and analysis of its resistance to gastrointestinal digestion; 
Part II: isolation of LTP in peel, pulp and seed extracts by using ultracentrifuge 
devices with molecular cut off able to retain proteins with 10 kDa, followed by 
characterization of retained proteins by LC/MS, to investigate the occurrence and the 
localization of allergenic tomato nsLTP isoforms. 
 

3. Experimental part – Part I 

3.1 Protein extraction from tomato peel 

3.1.1 Chemicals  
• 2-(N-morpholino)ethanesulfonic acid (MES) (Sigma Aldrich, Usa)  
• Ethylenediaminetetraacetic acid (C10H16N2O8) (EDTA) (Sigma Aldrich, Usa) 
• Diethyldithiocarbamic acid (DIECA) (Sigma Aldrich, Usa) 
• Sodium azide (NaN3) (Sigma Aldrich, Usa) 
• Polyvinylpolypyrrolidone (PVPP) (Sigma Aldrich, Usa) 
• Polyvinylpyrrolidone (PVP) (Sigma Aldrich, Usa) 
• Tween 20 (Sigma Aldrich, Usa) 
• Sodium Hydroxide (NaOH) (Sigma, USA) 
• Milli Q H2O obtained with Barnstead Nanopure Diamond Uv Toc D11951 

(Thermo Scientific) 
• Liquid nitrogen 
• MES buffer, preparation of 1 L solution: 

− 3.8 g MES (20 mM) 
− 0.7 g EDTA (2 mM) 
− 2.3 g DIECA (10 mM) 
− Adjust pH to 7 with NaOH 
− 0.2 g NaN3 (3 mM) 
− Add Milli Q H2O to 1 liter 

 

3.1.2  Instrumentation 
• S2896 B & T Flatspin 12V magnetic stirrer  
• Digital scale U4600P Universal (Sartorius, Gemany) 
• Stirrer on stand RZR 2050 electronic (Heidolph, Germany) 
• J6-MI Centrifuge (Beckman Coulter, UK) 
• CD 720 pH meter (WPA ltd, UK) 
• 3410 Electrochemistry Analyzer (Jenway, UK) 

 

3.1.3  Procedure 
3 kg of common grapevine tomatoes were peeled accurately by a cutter and frozen in 
liquid nitrogen, immediately. After 420 g of peels have been poured in a blender, 
liquid nitrogen was added till covering the materials entirely and, after plugging the 
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blender with paper (to prevent powder outflow) and with its lid, peels were ground for 
3’ or until peel became a fine powder. The content was then moved in a steel container 
and it was allowed to cool down. 
Separately, PVPP (4%), PVP (2%) and Tween 20 (0.2%) were weighed in a 2 L beaker 
and 500 mL of MES buffer were added. 
The whole MES buffer was poured to the container containing the peel powder and it 
was stirred with a trowel, gently. The mixture was poured in the blender again and it 
was mixed for 3’. The content was transferred to the steel container and was allowed 
to stir for 15’ in cold room (r.p.m. 28, 4 °C). Afterwards, the mixture was split into two 
500 mL centrifuge tubes and the content was centrifuged for 45’ at 5 °C (4200 r.p.m). 
The supernatant was poured into a 2 L beaker and its pH was brought up to 6 by 
adding 5 M NaOH. After that the conductivity of both sample and MES buffer were 
checked, the sample was diluted with Milli Q H2O in order to lower its conductivity 
closer to the one of MES Buffer. 
 

3.2 Flash ion exchange preparative column 

3.2.1 Chemicals 
• Streamline™ SP XL in 0.2 M sodium acetate and 20% ethanol (Amersham 

Pharmacia Biotech, Sweden) 
• 2-(N-morpholino)ethanesulfonic acid (MES) (Sigma Aldrich, USA)  
• Milli Q H2O obtained with Barnstead Nanopure Diamond Uv Toc D11951 

(Thermo Scientific) 
• Sodium Hydroxide (NaOH) (1 M solution in Milli Q H2O) (Sigma Aldrich, USA) 
• Sodium Chloride (NaCl) (Sigma Aldrich, USA) 
• MES buffer, 2 L solution preparation: 

− 7.8 g MES (20 mM) in 1900 mL Milli Q H2O 
− Adjust pH to 6 with NaOH 1 M 
− Add Milli Q H2O to 2 L 

• Elution buffer, 500 mL solution preparation: 
− 29.2 g NaCl (1 M) in 400 mL of 20 mM MES buffer 
− Add  MES buffer (20 mM) to 500 mL 
 

3.2.2  Instrumentation 
• 501 U peristaltic pump (Watson-Marlow, UK) 
• S2896 B & T Flatspin 12V magnetic stirrer  
• CD 720 pH meter (WPA ltd, UK) 
• Sonifier 2510 bath (Branson Ultrasonics Corporation, USA) 

 

3.2.3  Procedure 
100 mL of Streamline™ SP XL resin were placed in a 500 mL bottle and washed 
several times with Milli Q H2O, removing the stocking solution after the resin was 
settled down. Milli Q H2O was replaced by 1 M NaOH solution and the resin was 
sonicated in order to break air bubbles and to remove bacteria and lipids. NaOH 
solution was removed and several washes with Milli Q H2O were repeated. Then the 
resin was filtered on a Buchner and rinsed with Milli Q H2O until its pH was about 7 
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(checked roughly with a litmus paper). The resin was packed into a funnel of a 
vacuum flask. MES buffer was allowed to pass through the resin applying vacuum 
and, when pH of the eluate was about 6, the sample was filtered. Afterwards, the resin 
was washed with MES Buffer for three times and then it was re-packed into a proper 
chromatographic column. After the resin settled down, the elution buffer was pumped 
into the column, at first slowly (speed 50), in order to avoid to break the surface of the 
resin, then its flow was increased (speed 110). Fractions of the eluate of 10 mL each 
were collected in 15 mL Falcon tubes and stored at 4 °C until the analysis time. 
 

3.3 Protein fractions reading by UV spectrometer 

3.3.1 Chemicals 
• Milli Q H2O obtained with Barnstead Nanopure Diamond Uv Toc D11951 

(Thermo Scientific) 
• MES buffer (20 mM), prepared as described in paragraph 3.2.1 
• Ethanol (CH3CH2OH) (Sigma-Aldrich, USA) 

 

3.3.2  Instrumentation 
• Lambda 35 UV/VIS spectrometer (Perkin Elmer, USA) 
• UV winlab software (Perkin Elmer, USA) 
• Glass fluorometric cuvettes  

 

3.3.3  Procedure 
Samples to be tested were allowed to cool down at room temperature. 
The sides of the cuvettes which were going to be exposed to the laser beam were wiped 
with paper and ethanol. Two cuvettes were filled with 20 mM MES buffer in order to 
read the blank sample. One of the cuvette was then emptied from the MES buffer and 
filled with the first protein fraction, until the liquid reached cuvette’s shoulder. The 
reading was performed at λ = 280 nm and the OD were recorded. This procedure was 
repeated for all the protein fractions. 
In the end, all the OD measures were exported to an Excel sheet to display the 
fractions containing proteins directly, using ‘XY scatter’ graphic option. All fractions 
with OD ≥ 0.5 were kept and pooled together for further analysis. 
 

3.4 Protein extract concentration by diafiltration system 

3.4.1 Chemicals 
• Milli Q H2O obtained with Barnstead Nanopure Diamond Uv Toc D11951 

(Thermo Scientific) 
• N2 Flux 

 

3.4.2  Instrumentation 
• Stirred Cell Model 8200 (Millipore, USA) 
• Membrane Ultracel Ultrafiltration Disc, 1 kDa NMWL (Millipore, USA) 
• S2896 B & T Flatspin 12V magnetic stirrer  
• Millex Filter Units 0.22 µm (Millipore USA) 
• 10 mL disposable syringes 
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3.4.3  Procedure 
The membrane was soaked in Milli Q H2O until the crystals came to the surface of the 
membrane. The stirred cell was assembled as follows: 

• Fit membrane holder into cell body, aligning 
tabs on sides of holder with slots in base of cell 
body. 

• Invert cell body and membrane holder; screw 
base firmly into bottom of cell body. 

• Push filtrate exit tubing onto exit spout of 
membrane holder 

• Place stirrer assembly into cell body. When 
properly installed, arms of stirrer assembly will 
rest on small ridge inside top of cell body. 

• Pour sample into cell. 
• Rinse the cover with distilled water. Push cap 

assembly down onto cell body using a twisting 
motion, orienting gas inlet port on cap opposite 
filtrate exit port on holder. 

• Once assembled, slide cell into retaining stand and starting stir.  
• Link the line from the N2 container to pressure relief valve and elastomeric 

tubing into a measuring cylinder. 
• Open of a quarter of round the safety valve of the N2 container. 
• Open the N2 cylinder valve until the pressure reaches 35 psi. 
• Close the safety valve of the N2 container. 
• Solutes above the membrane molecular weight cut-off are retained in cell, while 

water and solutes below the cut-off pass into the filtrate and out of cell. 
• Bring volume down in order to concentrate the sample at least 5 times.  
• Close the N2 cylinder valve. 
• Open of a quarter of round the safety valve of the N2 container. 
• Stirring for 10’ to let the gas dissolve in the liquid. 
• Stop the stirring. 
• Push cap down, then slide cell out from retaining stand. 
• Recover the retentate and store it at 4 °C for further analysis. 

After concentration, if samples were not clear enough, they could be further filtered 
by 0.22-µm filter with a syringe. 
 

3.5 Size Exclusion Chromatography analysis 

3.5.1 Chemicals 
• Sodium phosphate monobasic monohydrate (NaH2PO4·H2O) (Sigma Aldrich, 

USA) 
• Sodium Chloride (NaCl) (Sigma Aldrich, USA) 
• Sodium Hydroxide (NaOH) (Sigma Aldrich, USA) 
• Milli Q H2O obtained with Barnstead Nanopure Diamond Uv Toc D11951 

(Thermo Scientific) 
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• Ethanol (CH3CH2OH) (20% solution in Milli Q H2O) (Sigma Aldrich, USA) 
• Chromatographic buffer, 2 L solution preparation: 
− 6.89 g NaH2PO4·H2O (25 mM) 
− 17.52 g NaCl (150 mM) 
− Adjust the pH to 7.0 with NaOH solution 
− Add Milli Q H2O to 2 liter 

• Gel Filtration Standards (Bio-Rad, Germany) 
• Apropotin (Sigma-Aldrich, USA) 

 

3.5.2  Instrumentation 
• CD 720 pHmeter (WPA ltd, UK) 
• S2896 B & T Flatspin 12V magnetic stirrer  
• Vacuum filter (Millipore, USA) 
• Durapore® Membrane Filters 0.22 µm (Millipore, USA) 
• Akta Chromatographic System (Amersham Pharmacia Biotech, Sweden) 

− Pump P-920 
− Valve INV-907 
− Monitor UPC-900 
− Mixer M-925 
− Monitor UV-900 
− Fraction Collector Frac-950 

• HiLoad™ Superdex™ 75 prep grade column, 16 mmD x 600 mmL (GE 
Healthcare, UK) 

• Unicorn v 3.20 Software (GE Healthcare, UK) 
 

3.5.3  Procedure 
Before being used, the chromatographic buffer was filtered using a 
vacuum filter, assembled as showed in the picture on the side.  
Both the pumps of the AKTA system were washed with 20% ethanol, 
so that the liquid behind and in front the pistons were replaced by 
ethanol. All the system, including the column, was cleaned by flowing 
NaOH 1 M. After washing with Milli Q H2O, the column was 
equilibrated with the phosphate chromatography buffer for 2 hours 
(flow rate: 1 mL/min, pressure: 0.7 MPa).  
The first run was performed using a mixture of molecular weight 
standard diluted 1:1 in Milli Q H2O. It contained: bovine thyroglobulin (Mr 670 kDa), 
bovine gamma globulin (Mr 158 kDa), chicken ovalbumin (Mr 44 kDa), horse 
myoglobin (Mr 17 kDa), Aprotinin (Mr 6.5 kDa), vitamin B12 (Mr 1.35 kDa). 
Before loading the standards, 1 mL of Milli Q H2O was injected in order to wash the 
loop. Then 400 µL of standard mixture were injected, at 1 mL/min flow rate, with an 
isocratic gradient of 2 column volume. After the separation of standard mixture was 
achieved, a ‘super-loop’ of 50 mL capacity was linked to the instrument and 46 mL of 
the concentrated sample were loaded to be separated in multiple runs, at the same 
conditions used for the standard. The volume injected for each run was 4 mL and 1 
mL of sample was collected for each fraction. The eluent was monitored for LTP by 
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following the absorbance at 220 nm. Data were collected and analyzed by Unicorn v 
3.20 Software.  
 

3.6 Protein fractions analysis by SDS-PAGE 

3.6.1 Chemicals 
• NuPAGE® Novex 12% Bis-Tris Gel 1.0 mm, 12 well (Invitrogen, USA) 
• NuPAGE® LDS Sample Buffer 4x (Invitrogen, USA) 
• SeeBlue® Plus2 Pre-Stained Standard (Invitrogen, USA)  
• Mark12™ Unstained Standard (Invitrogen, USA) 
• SimplyBlue™ SafeStain (Invitrogen, USA) 
• NuPAGE® MES SDS Running Buffer 20x (Invitrogen, USA) 
• Milli Q H2O obtained with Barnstead Nanopure Diamond Uv Toc D11951 

(Thermo Scientific) 
• Deionised H2O  
• Dithiothreitol DTT (HSCH2(CHOH)2CH2SH) (0.5 M solution in Milli Q H2O) 

(Sigma Aldrich, USA)  
• Methanol (CH3OH) (Sigma Aldrich, USA) 
• Acetic Acid (CH3COOH) (Sigma Aldrich, USA) 

 

3.6.2  Instrumentation 
• Digital scale 1602 MP Analytical (Sartorius, Gemany) 
• Zoom Dual Power, 100-120 VAC 47 – 60 Hz (Invitrogen, USA) 
• XCell SureLock™ Mini-Cell Electrophoresis System (Invitrogen, USA) 
• S2896 B & T Flatspin 12V magnetic stirrer  
• Universal Shaker Swip KS10 (Edmund Buhler, Germany) 
• GS-800 calibrated densitometer (Bio-Rad) 
• Heating Block QBT1 (Grant, UK) 
• Autovortex 
 

3.6.3  Procedure 
i. Protein sample preparation 
• LDS Sample Buffer 4x diluted 4 times (25 µL) 
• DTT 0.5 M solution (10 µL) or, alternatively, 10 µL of Milli Q H2O when the 

electrophoresis was performed under native conditions 
• 65 µL of sample 
• 10’ incubation at 70 °C (not performed in case of native conditions analysis) 

 
ii. Electrophoretic run 

After removing the gel from its packaging by scissors, it was washed in deionised 
water and the comb was removed. Wells were rinsed with 1 mL of MES SDS Running 
Buffer diluted 20 times for three times. Then the gel was placed in the tank, which 
was locked with the appropriate device and half-filled with diluted MES SDS Running 
Buffer. 10 µL of each sample, prepared as described above, were loaded in each well 
and 7 µL of SeeBlue® Plus2 Pre-Stained Standard were used. Afterwards, the tank was 
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filled completely with the running buffer, without overflowing the upper part of the 
gel. The voltage applied to the XCell was 200 V. The run lasted 35’.  
 

iii.  Gel staining 
When the run was completed, the gel was pull out of the tank and its supports were 
separated by a spatula. The gel was placed in a tray with 100 mL of fix solution (50% 
CH3OH, 10% CH3COOH in Milli Q H2O)  for 30’ on shaker. After the fixing step, gel 
was rinsed with deionised H2O for four times, 5’ each. A measure of SimplyBlue™ 
SafeStain was applied to the gel and it was allowed to incubate in agitation on the 
shaker until achieving the desired contrast. Finally, the gel was rinsed with deionised 
H2O for 15’ and then it was acquired with GS-800™ Calibrated Densitometer. 
 

3.7 Dialysis 

3.7.1 Chemicals 
• MES buffer (20 mM), prepared as described in paragraph 3.2.1 
• Milli Q H2O obtained with Barnstead Nanopure Diamond Uv Toc D11951 

(Thermo Scientific) 
 

3.7.2 Instrumentation 
• Spectra/Por molecular porous membrane tubing (diameter: 29 mm, Vol/lenght: 

6.4 mL/cm) (Spectrum Laboratories, Inc) 
• S2896 B & T Flatspin 12V magnetic stirrer 
• CD 720 pH meter (WPA ltd, UK) 
• 3410 Electrochemistry Analyzer (Jenway, UK) 

 

3.7.3 Procedure 
Dialysis buffer volume to be prepared depended on the total volume of the sample: if 
it is under 100 mL, 2 L of dialysis buffer were enough. In order to calculate the length 
of the dialysis tube, the volume of the sample to be dialyzed must be known. The total 
volume of the tube should be 2.5 times the one of the sample. After that, the 
vol/lenght has to be calculated as follows: 
6.4 mL: 1 cm= total volume: x (length of tube) 
After the tube has been cut by scissors, it was soaked in Milli Q H2O for a couple of 
minutes, then tied an end and filled with Milli Q H2O (just to check if any hole was 
present). Then the sample was poured into the tube by a funnel. Air bubbles were 
eliminated from the sample and, after that, also the other end was tied. Finally, the 
tube was allowed to stirrer in a beaker containing 20 mM MES buffer for 2 hours. 
After the dialysis was achieved the sample was poured into a Duran bottle and its 
conductivity was checked. 
 
 

3.8 Ion Exchange Chromatography 

3.8.1 Chemicals 
• Sodium Chloride (NaCl) (Sigma Aldrich, USA) 
• Solvent A: MES buffer (20 mM), prepared as described in paragraph 3.2.1 
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• Solvent B: MES buffer (20 mM solution in  Milli Q H2O, pH  6.0) + Sodium 
Chloride (1.0 M solution in  Milli Q H2O) 

• Milli Q H2O obtained with Barnstead Nanopure Diamond Uv Toc D11951 
(Thermo Scientific) 
 

3.8.2  Instrumentation 
• CD 720 pH meter (WPA ltd, UK) 
• S2896 B & T Flatspin 12V magnetic stirrer  
• Vacuum filter (Millipore, USA) 
• Durapore® Membrane Filters 0.22 µm (Millipore, USA) 
• AKTA Chromatographic System (Amersham Pharmacia Biotech, Sweden) 

− Pump P-900 
− Valve INV-907, PV-908 
− Monitor UPC-900 
− Mixer M-925 
− Monitor UV-900 
− Monitor pH/C-900 
− Fraction Collector Frac-950 

• POROS® 20 HS Perfusion Chromatography column, 4.6 mmD x 100 mmL (GE 
Healthcare, UK) 

• Unicorn v 5.01 Software (GE Healthcare, UK) 
 

3.8.3  Procedure 
Before being used, the Solvent A and the Solvent B were filtered using a vacuum filter, 
assembled as described in paragraph 3.5.3. 5 mL of dialyzed sample were applied to 
the cation exchange column POROS® 20 HS Perfusion Chromatography attached to 
an AKTA Chromatographic System, which has been previously equilibrated with 
solvent A. Injections were repeated until the depletion of the dialyzed sample. After 
washing with the Solvent A (1 column volume) to remove unbound proteins, the 
bound proteins were eluted using 2 volume column, 0-0.4 M NaCl gradient in 
equilibration buffer. The flow rate was set at 3 mL/min and the pressure limit applied 
to the column was 12.50 MPa. The eluent was monitored for protein following the 
absorbance at 220 and 280 nm. Fractions containing proteins of interest were 
detected by SDS-PAGE analysis, as previously described, and afterwards they were 
pooled together to be further analyzed. 
 

3.9 BCA (Bicinchoninic Acid) assay for protein 

quantification 

3.9.1 Chemicals 
• PBS buffer tablet in 200 mL of Milli Q H2O (Sigma Aldrich, USA) 
• Milli Q H2O obtained with Barnstead Nanopure Diamond Uv Toc D11951 

(Thermo Scientific) 
• Bicinchoninic Acid Kit (Sigma Aldrich, USA): 

− Bicinchoninic Acid Solution 
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− 4% (w/v) CuSO4 • 5 H2O Solution 
− BSA Standard Solution 

 

3.9.2  Instrumentation 
• Microtiter plates (Bio-Rad, Germany) 
• Excella™ E24 benchtop incubator shaker (New Brunswick Scientific, USA) 
• Benchmark Plus Microplate Spectrophotometer (Bio-Rad, Germany) 
• Microplate Manager Software 6.0 (Bio-Rad, Germany) 
• GraphPad Software v 5.0 

 

3.9.3  Procedure 
i. Working standard preparation 

BSA protein standard (1.0 mg/mL) was allowed to warm up at room temperature and 
it was used to prepare the working standards as follows: 
 

Working protein 
standard 

Volume of 1.0 mg/mL 
BSA standard 

Volume of PBS 
solution 

0.0 µg/mL 0 µL 250 µL 
200 µg/mL 50 µL 200 µL 
400 µg/mL 100 µL 150 µL 
600 µg/mL 150 µL 100 µL 
800 µg/mL 200 µL 50 µL 
1000 µg/mL 250 µL 0 µL 

 
ii. BCA assay working solution 

The BCA assay working solution was prepared by mixing a 1:50 solution of 4% CuSO4 
• 5 H2O in bicinchoninic acid solution.  
 

iii. BCA assay performance 
25 µL of standards and samples were placed in triplicates into wells of the micro-titre 
plate and the position of each of them was recorded. 200 µL of the BCA working 
solution was added into the wells containing standards and samples and the plate was 
wrapped in cling-film to prevent evaporation. The micro-titre plate was then placed in 
incubator at 37 °C, 120 r.p.m. for 30’ to allow colour development to occur. The 
absorbance of the samples was measured at 562 nm using the spectrophotometer. 
Data were recorded and analyzed by GraphPad Prism 5 which allowed to obtain an XY 
plotter, describing the OD of absorbance as function of sample concentration. 
 

3.10 Reversed Phase Chromatography 

3.10.1  Chemicals 
• Trifluoroacetic acid (TFA) (Sigma-Aldrich, USA) 
• Acetronitrile (ACN) (Sigma-Aldrich, USA) 
• Eluent A: Milli Q H2O + 0.1% TFA 
• Eluent B: 90% ACN + 10% Milli Q H2O + 0.085% TFA 
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• Milli Q H2O obtained with Barnstead Nanopure Diamond Uv Toc D11951 
(Thermo Scientific) 

• β-lactoglobulin 1 mg/mL (containing A and B  β-lactoglobulin) (Sigma-Aldrich, 
USA) 
 

3.10.2  Instrumentation 
• Vacuum filter (Millipore, USA) 
• Durapore® Membrane Filters 0.22 µm (Millipore, USA) 
• Dionex HPLC system (Dionex Corporation, UK): 

− Pump P-580 
− Automated Sample Injector ASI-100 
− Variable Wavelength Detector Ultimate 3000 

• Jupiter 5 µm, C4, 300Å, 4.6 mmD x 250 mmL column (Phenomenex, UK) 

• Chromeleon 6.80 Chromatography Data System Software (Dionex Corporation, 
UK) 
 

3.10.3  Procedure 
The solutions were filtered as described in paragraph 3.5.3. The reversed phase HPLC 
of pooled fractions containing protein of interest was performed by injecting 25 µL of 
protein sample onto an HPLC column at a 1 mL/min flow rate. Separation was carried 
out at 25 °C. Proteins were eluted by a linear gradient of solvent B from 0 to 100% in 
75’ and the elution was monitored following the absorbance at 220 nm. The efficiency 
of these separation conditions were previously tested on a β-lactoglobulin mixture, 
containing both A and B β-lactoglobulin genetic variants, which differ for two 
substitutions: 64th [Asp (A)→ Gly (b)] and 118th [Val(A) → Ala(B)]. The high 
resolution of the separation of the mixture gave a good  evidence on the suitability of 
the chromatographic method. 
 

3.11 Analytical Size Exclusion Chromatography 

3.11.1 Chemicals 
• Sodium phosphate monobasic monohydrate (NaH2PO4·H2O) (Sigma Aldrich, 

USA) 
• Sodium Chloride (NaCl) (Sigma Aldrich, USA) 
• Sodium Hydroxide (NaOH) (Sigma Aldrich, USA) 
• Milli Q H2O obtained with Barnstead Nanopure Diamond Uv Toc D11951 

(Thermo Scientific) 
• Chromatographic buffer, 2 L solution prepared as described in paragraph 

3.5.1 
• Gel Filtration Standards (Bio-Rad, Germany) 
• Apropotin (Sigma-Aldrich, USA) 
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3.11.2  Instrumentation 
• CD 720 pH meter (WPA ltd, UK) 
• S2896 B & T Flatspin 12V magnetic stirrer  
• Vacuum filter (Millipore, USA) 
• Durapore® Membrane Filters 0.22 µm (Millipore, USA) 
• AKTA Chromatographic System (Amersham Pharmacia Biotech, Sweden) 

− Pump P-900 
− Valve INV-907, PV-908 
− Monitor UPC-900 
− Mixer M-925 
− Monitor UV-900 
− Monitor pH/C-900 
− Fraction Collector Frac-950 

• Superdex™ 75 HR analytical column, 10 mmD x 300 mmL (GE Healthcare, 
UK) 

• Unicorn v 5.01 Software (GE Healthcare, UK) 
 

3.11.3 Procedure 
The chromatographic buffer was prepared as described in paragraph 3.5.3. 400 µL of  
purified protein were analyzed on Superdex™ 75 HR analytical column, equilibrated 
and eluted with 25 mM NaH2PO4 buffer, 150 mM NaCl pH 7.0 with an isocratic 
gradient of 1.2 column volume, at a flow rate of 0.4 mL/min. The column was 
calibrated with a set of gel filtration molecular weight standards and, additionally, 
with apropotin. The absorbance was monitored at 280 and 220 nm and data collected 
by Unicorn Software. 
 

3.12 Freeze-drying of purified protein  

3.12.1 Chemicals 
• Milli Q H2O obtained with Barnstead Nanopure Diamond Uv Toc D11951 

(Thermo Scientific) 
• N2 Flux 

 

3.12.2  Instrumentation 
• Miracloth 
• Stirred Cell Model 8200 (Millipore, USA) 
• Membrane Ultracel Ultrafiltration Disc, 1 kDa NMWL (Millipore, USA) 
• S2896 B & T Flatspin 12V magnetic stirrer  
• Millex Filter Units 0.22 µm (Millipore USA) 
• 10 mL disposable syringes 
• Freeze-Dryer 3.5 (Birchover Instruments Ltd, UK) 

 

3.12.3  Procedure 
Solution containing purified protein was concentrated using the Stirred Cell Model 
8200, as described in the paragraph 3.4.3. As the starting solution was concentrated 5 
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times, a dialysis was carried out, switching the flux from N2  to water, in order to 
replace the MES buffer, in which the sample has been since the extraction, with Milli 
Q H2O, to allow further analysis.  
After the dialysis, the sample was concentrated again, using the same stirred cell 
system, this time switching the flux from water to N2 again. As soon as the desired 
volume was achieved, the sample was pour in a 20 mL Sterilin tube (previously 
weighed) and the membrane disc was rinsed with 2 mL of Milli Q H2O to recover any 
protein aggregate, which were then added to the recovered sample. After 
concentration, if samples were not clear enough, they could be further filtered by 
0.22-µm filter with a syringe. Afterwards, the tube was covered with Miracloth paper 
and placed in the freeze-dryer for 24 hours. The net weight of purified protein was 
calculated by weighing the lyophilized material and subtracting the tare. 
 

3.13 Circular dichroism 

3.13.1  Chemicals 
• Sodium phosphate monobasic monohydrate (NaH2PO4•H2O) (10 mM solution 

in Milli Q H2O) (Sigma Aldrich, USA) 
• Milli Q H2O obtained with Barnstead Nanopure Diamond Uv Toc D11951 

(Thermo Scientific) 
• Ethanol EtOH (CH3CH2OH) (Sigma-Aldrich, USA) 
• N2 flux 
 

3.13.2  Instrumentation 
• Jasco J-170 Spectropolarimeter (Jasco, Tokyo, Japan) 
• Jasco J-170 Spectropolarimeter Power Supply (Jasco, Tokyo, Japan) 
• Jasco CD software (Jasco, Tokyo, Japan) 
• 0.5 mm-path length quartz cell (Hellma, UK) 

 

3.13.3  Procedure 
Purified protein structure was determined using circular dichroism. The cell was 
rinsed with EtOH, first; then it was rinsed in Milli Q H2O, EtOH again, dried outside 
with paper and inside with N2 flux. Before analyzing protein solution, a run with air 
and a run with CD standards were performed, in order to set up the instrument. A 
blank run (with 10 mM NaH2PO4 phosphate buffer) was also performed, in order to 
subtract the background noise. Two different concentrations of protein solution in 10 
mM NaH2PO4 phosphate buffer were tested (0.74 mg/mL and 0.25 mg/mL). Far-
ultraviolet (UV) CD spectra (260-180 nm) were collected. Spectra represented the 
average of three accumulations collected at 50 nm/min with a 2-s time constant, 0.5 
nm resolution and sensitivity of ± 100 mdeg. Molar CD was calculated using CD Pro. 
Secondary structure was predicted using CDSSTR and SELCON3 and the prediction 
were averaged, as the prediction were similar. 
 

3.14  In-gel tryptic digestion 

3.14.1  Chemicals 
• Ammonium bicarbonate (NH4HCO3) (Sigma-Aldrich, USA)  
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• Acetonitrile (CH3CN) (Fisher Scientific, UK) 
• Dithiothreitol (HSCH2(CHOH)2CH2SH) DTT (Sigma-Aldrich, USA)  
• 2-Iodoacetamide IAA (CH2CONH2) (Sigma-Aldrich, USA)  
• Trypsin Gold (Promega, UK) 
• Acetic Acid (CH3COOH) (50 mM solution in Milli Q H2O) (Fisher Scientific, 

UK)  
• Formic Acid (HCOOH) (Fisher Scientific, UK)  
• Milli Q H2O obtained with Barnstead Nanopure Diamond Uv Toc D11951 

(Thermo Scientific) 
• Solution A: 400 mM NH4HCO3 in Milli Q H2O 
• Solution B: 10 mL of solution A in 25 mL of CH3CN 
• Solution C: 50 mM NH4HCO3 in Milli Q H2O 
• Solution D: 10 mM DTT in solution C 
• Solution E: 100 mM 2-Iodoacetamide in solution C 
• Solution F: 10 mM NH4HCO3 in Milli Q H2O 
• Solution G: 5 µg of trypsin in 50 mM acetic acid  
• Solution H: 1% formic acid in Milli Q H2O 

 

3.14.2  Instrumentation 
• PCR thermo cycler  

 

3.14.3  Procedure 
Gel spots of interest were excised using a 5000 µL tip. The tip was placed into a tube 
for proteomic analysis and 80 µL of Milli Q H2O were added. The gel plugs were 
released off the tip by squirting a teat for Pasteur pipette. 
Gel plugs were washed in 200 µL of solution B for 15’ twice, to equilibrate to about pH 
8 and to remove the staining. Solution B was removed with Pasteur pipette and a brief 
wash with 100 µL of CH3CN was performed to remove aqueous solutions. CH3CN was 
removed with a Pasteur pipette and gel plugs were shrunk by washing in 100 µL of 
CH3CN for 10’. The solution was removed and gel plugs were air dried for 10’ to 
remove all the CH3CN. 100 µL of solution D were added to each tube and they were 
allowed to incubate for 30’ at 60 °C. The solution D was removed, without shrinking 
the gel plugs, and 100 µL of solution E were then added. Tubes were allowed to 
incubate for 30’ at room temperature in dark. The solution E was removed and it was 
replaced with 200 µL of solution B for 15‘ for three times. After the solution B was 
removed, gel plugs were briefly rinsed with 100 µL of CH3CN, at first; then they were 
shrunk again by washing in 100 µL of CH3CN for 10’. The CH3CN was eliminated and 
the gel plugs were air dried for 10‘. 5 µL of solution G were added to gel pieces in 
solution F and samples were incubated at 37 °C for 3 hours with tube lids on to limit 
condensation. After the digestion step, 10 µL of solution H were added, the tubes were 
agitated and allowed to stand for 10‘. The samples were flash freezed in dry ice and 
then stored at -70 °C until needed. 
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3.15 MALDI -TOF analysis 

3.15.1  Chemicals 
• a-cyano-4-hydroxycinnamic acid 
• Acetone (C3H6O) (Fisher Scientific, UK) 
• Isopropanol (CH3CH(OH)CH3) (Fisher Scientific, UK) 
• Calibration Standards (Sigma-Aldrich, USA) 

 

3.15.2  Instrumentation 
• Reflex III MALDI-ToF mass spectrometer (Bruker UK Ltd., Coventry) 
• MASCOT v 1.9 (IFR and JIC Joint Proteomic Facilities) 
• mMass  software v 3.9 

 

3.15.3  Procedure 
The acidified digests were spotted directly onto a thin layer of matrix on a stainless 
steel target plate. The matrix consisted of the following: four parts of a saturated 
solution of a-cyano-4-hydroxycinnamic acid (CCA) in acetone was mixed with one 
part of a 1:1 mixture of acetone:isopropanol containing 10 mg/mL nitrocellulose. 
Digests were externally calibrated against a calibration curve of the following peptides 
to yield data with mass accuracies of better than 50 ppm. Standards and their 
monosoitopic masses were: Angiotensin II (1046.5423 Da), Angiotensin I (1296.6900 
Da), Substance P (1347.7359 Da), Bombesin (1619.8229 Da), Adrenocorticotropic 
Hormone Clip 1-17 (2093.0900 Da), Adrenocorticotropic Hormone Clip 18-39 
(2465.2027 Da), Somatostatin (3147.4700 Da). Analysis of peptide digests was carried 
out on a Reflex III MALDI-ToF mass spectrometer. A nitrogen laser was used to 
desorb/ionise the matrix/analyte material, and ions were detected in positive ion 
reflectron mode. The calibrated spectra for each sample were searched against a 
weekly updated copy of the SPtrEMBL database, using an in-house version (v1.9) of 
the MASCOT search tool. 
 

3.16  LTQ-Orbitrap analysis 
LC-MS/MS analysis was performed using a LTQ-Orbitrap mass spectrometer and a 
nanoflow-HPLC system (nanoAcquity, Waters Corp.). Peptides were applied to a 
precolumn (Symmetry C18 5µm beads, 180 µm x 20 mm column, Waters Corp) 
connected to a 25 cm analytical column (BEH 130 C18 1.7 µm beads, 75 µm x 250 mm 
column, Waters Corp.). Peptides were eluted by a gradient of 5 to 40% acetonitrile in 
0.1% formic acid from 1 to 40 min at a flow rate of 250 nL min-1. Mass spectra were 
obtained in positive ion electrospray mode. The mass range for the survey scans was 
m/z 300 – 2000, resolution 60,000, with m/z values determined by the Orbitrap 
FTMS stage. The FTMS fill target was 200,000 ions with a maximum fill time of 1000 
ms The resultant monoisotopic masses were accurate to better than 10 ppm. MS/MS 
spectra were obtained using collision induced dissociation with collision voltage 35 V 
with m/z values determined by the Linear Ion Trap stage. The MS/MS was triggered 
by a minimal signal of 5000 ions with a fill target of 10,000 ions and 150 ms 
maximum fill time with exclusion of 4+ charge states. A maximum of 4 MS/MS 
spectra per survey scan were obtained by defaulting to the most abundant ions, with 
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m/z values determined to better than ~ 0.4 Da. Charge state selection was not 
enabled. Dynamic exclusion was set to 1 count and 60 s exclusion with an exclusion 
mass window of -0.5 to +1.5 Da. 
 
3.17  In vitro gastrointestinal digestion of purified protein 

3.17.1  Chemicals 
• Egg lecithin (10 mg, Grade 1) (Lipid Products, Surrey England) 
• Sodium chloride (NaCl) (Sigma-Aldrich, USA) 
• Chloridric acid (HCl) (1.0 M solution in Milli Q H2O) (Sigma-Aldrich, USA) 
• Sodium hydroxide (NaOH) (1 M, 0.1 M and 0.01 M solutions in Milli Q H2O) 

(Sigma-Aldrich, USA) 
• Bis-Tris base (Sigma-Aldrich, USA) 
• Calcium Chloride (CaCl2) (1 M solution in Milli Q H2O) (Sigma-Aldrich, USA) 
• Dichloromethane (CH2Cl2) (Sigma-Aldrich, USA) 
• Ammonium bicarbonate (NH4HCO3) (Sigma-Aldrich, USA)  
• Ethanol (CH3CH2OH) (Sigma-Aldrich, USA) 
• Methanol (CH3OH) (Sigma-Aldrich, USA) 
• Sodium taurocholate NaTC (C26H44NO7S•Na) (2.386 mg/mL in CH3OH) 

(Sigma-Aldrich, USA)  
• Sodium glycodeoxycholate NaGDOC (C26H42NNaO5) (2.094 mg/mL in CH3OH) 

(Sigma-Aldrich, USA)  
• Pepsin from porcine gastric mucosa, 3300 u/mg (Sigma-Aldrich, USA) 
• Trypsin from porcine pancreas, 13500 u/mg (Sigma-Aldrich, USA) 
• α-Chymotrypsin from bovine pancreas, 40 u/mg (Sigma-Aldrich, USA) 
• Phenylmethanesulfonyl fluoride (PMSF) (Sigma-Aldrich, USA) 
• Milli Q H2O obtained with Barnstead Nanopure Diamond Uv Toc D11951 

(Thermo Scientific) 
• N2 flux 
• Ar flux 

 

3.17.2  Instrumentation 
• Digital scale U4600P Universal (Sartorius, Gemany) 
• Digital scale 1602 MP Analytical (Sartorius, Gemany) 
• CD 720 pH meter (WPA ltd, UK) 
• S2896 B & T Flatspin 12V magnetic stirrer  
• Millex Filter Units 0.22 µm (Millipore, USA) 
• 10 mL disposable syringes 
• Vacuum oven OVL-570-010J (Weiss Gallenkamp, UK) 
• Digital Sonifier 250 (Branson Ultrasonics Corporation, USA) 
• Excella™ E24 benchtop incubator shaker (New Brunswick Scientific, USA) 
• Analytical Balance ME-30 (Mettler Electronics Corp, USA) 
• Rotary Evaporator R201B-III (Sunwain Co., Ltd, China) 
• TotalLab TL120 - 1D gel image analysis software (Shimadzu Ltd, UK) 
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3.17.3  Procedure 
i. Digestion solutions preparation 
• Egg lecithin stock solution 

A vial containing 10 mg of egg lecithin was poured in 50 mL round-bottom flask, 
previously cleaned with ethanol and dried by N2 flux. The content was made up to 10 
mL with CH2Cl2. Once prepared, it was flushed with Ar flux and stored at -20 °C. 

• Simulated Gastric Fluid (SGF) 
8.77g of NaCl were dissolved in 900 mL of Milli Q H2O. The pH was adjusted to 2.5 
using 1.0 M HCl and the volume was brought to 1000 mL. The solution was filtered 
using a 0.22-µm filter.  

• Simulated Duodenal Fluid (SDF) 
8.77g of NaCl were dissolved in 900 mL of Milli Q H2O. The pH was adjusted to 6.5 
using 0.01 M NaOH and the volume was brought to 1000 mL. The solution was 
filtered using a 0.22-µm filter.  

• Simulated Duodenal Fluid (SDF) 15x 
0.785 g of Bis-Tris base were dissolved in 15 mL of SDF. 187.5 µL of 1 M CaCl2 were 
added to give 7.5 mM in 25 mL. The pH was brought to 6.5 using 1.0 M HCl and more 
SDF was added up to 25 mL. The solution was filtered using a 0.22-µm filter and 
stored at 4 °C. 

• 0.5 M ammonium bicarbonate 
3.95 g of NH4HCO3 were dissolved in 100 mL of Milli Q H2O and filtered through a 
0.22-µm filter.  

• Egg lecithin for gastric digestion phase 
91.4 µL of egg lecithin stock solution were placed in a 50 mL round-bottom flask. 1 
mL of dichloromethane was added and the solution was allowed to dry at the rotary 
evaporator. After being flushed 4 times with air and three times with Ar, the lecithin 
was allowed to dry in vacuum oven overnight. 

• Egg lecithin for duodenal digestion phase 
1 mL of each bile salts solution (NaTC and NaGDOC) were placed into a 20 mL round-
bottom flask and 30.8 µL of egg lecithin stock solution were added. The solution was 
evaporated at the rotary evaporator and, after being flushed 4 times with air and three 
times with Ar flux, it was dried in vacuum oven overnight. 

• Pepsin stock solution preparation 
Pepsin solution was prepared in order to be 6628 u/mL, that is 2.008 mg/mL when 
using 3300 u/mg stock bottle. At least 10-15 mg of pepsin were weighed and made up 
to 2.008 mg/mL with cold SGF pH 2.5, dissolved by stirring and added to digestion as 
soon as possible. 

• α-Chymotrypsin stock solution preparation 
Chymotrypsin solution was prepared in order to be 38.61 u/mL, that is 0.97 mg/mL 
when using 40 u/mg stock bottle. At least 10-15 mg of chymotrypsin were weighed 
and made up to 0.978 mg/mL with cold SGF pH 2.5, dissolved by stirring and added 
to digestion as soon as possible. 

• Trypsin stock solution preparation 
Trypsin solution was prepared in order to be 3330 u/mL, that is 0.247 mg/mL when 
using 13500 u/mg stock bottle. At least 10-15 mg of trypsin were weighed and made 
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up to 0.247 mg/mL with cold SGF pH 2.5, dissolved by stirring and added to digestion 
as soon as possible. 
 

ii. Gastric digestion phase 
The egg lecithin prepared for gastric digestion phase was re-suspended in 10 mL of 
pre-warmed SGF pH 2.5 for 20’ at 37 °C in incubator with 3-4 glass beads as 
dispersing vehicle. Then the suspension was sonicated until it looked pretty clear, 
using the following settings: 
0.9’’ on – 0.1’’ off, for 2’, 40% power, repeated 3 times. 
2 mg of purified protein were weighed in a 7 mL Sterilin tube with a magnetic flea; 1 
mL of SGF pH 2.5 and 600 µL of egg lecithin for gastric digestion were added. After a 
brief stir, the pH of the solution was adjusted to 2.5 with 1.0 M HCl and its volume 
was noted. In order to make up 2 mL, a suitable volume of SGF pH 2.5 was added. 50 
µL of sample were taken and added to a 0.5 mL eppendorf tube containing 10 µL of 
0.5 M NH4HCO3 (time 0 of gastric digestion). 
50 µL of pepsin stock solution were added to digestion mix and the sample was placed 
in incubator at 37 °C for 1 h in agitation (120 r.p.m.). 
At the end of gastric phase, 50 µL of digestum were collected and transferred to a 0.5 
mL eppendorf tube containing 10 µL of 0.5 M NH4HCO3 (time 60’). The pH of the 
remaining solution was adjust to 7.5 with 1 M and 0.1 M NaOH in order to stop the 
digestion by arresting pepsin activity.  
 

iii. Duodenal digestion phase 
1.08 mL of gastric digesta and 80 µL of SDF 15x were added to the lecithin/bile salt 
mix in the 20 mL round-bottomed flask, flushing with Ar and mix in incubator for 5’. 
1.06 mL of the emulsion were taken and added to 7 mL Sterilin tube with small 
magnetic flea; its pH was adjusted to 6.5 with 1.0 M HCl or NaOH as necessary by 
adding 1 µL at time using P20 pipette. In order to make up 2 mL, a suitable volume of 
SDF pH 6.5 was added. After the stock solution of enzymes were prepared, 10 µL of 
both chymotrypsin and trypsin stock solution were added to the digestion mix. 50 µL 
of digesta were collected immediately after the addition of the enzymes (time o of 
duodenal digestion) and placed into 0.5 mL eppendorf tube containing 4 µL of 0.1 M 
PMSF, a proteinases inhibitor to halt the activity of the enzymes. The duodenal 
digestion mix was placed in incubator at 37 °C in agitation (120 r.p.m.) and several 
sampling (50 µL each) were taken after 1, 2, 5, 10, 15, 30, 60 and 120’ of incubation 
and transferred to 0.5 mL eppendorf tube containing 4 µL of 0.1 M PMSF. Remaining 
digestum was placed into a 1.5 mL eppendorf tube containing 40 µL of 0.1 M of PMSF 
solution. 
All the samples obtained after the digestion process were analyzed by SDS PAGE 
under both denaturing and native conditions, as described in paragraph 3.6, and the 
profile and the relative quantification of protein and peptides were outlined by 
TotalLab TL120 software.  
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3.18  Reduction and alkylation of digested samples for 

MALDI-TOF analysis 

3.18.1  Chemicals 
• Ammonium bicarbonate (NH4HCO3) (Sigma-Aldrich, USA) 
• Dithiothreitol DTT (HSCH2(CHOH)2CH2SH) (Sigma-Aldrich, USA) 
• 2-Iodoacetamide IAA (CH2CONH2) (Sigma-Aldrich, USA) 
• Milli Q H2O obtained with Barnstead Nanopure Diamond Uv Toc D11951 

(Thermo Scientific) 
• Digestion buffer: 50mM NH4HCO3 in Milli Q H2O 
• Reducing buffer: 50mM DTT in digestion buffer 
• Alkylation buffer: 100mM IAA in digestion buffer 

 

3.18.2  Instrumentation 
• Digital scale U4600P Universal (Sartorius, Gemany) 
• S2896 B & T Flatspin 12V magnetic stirrer  
• Heating Block QBT1 (Grant, UK) 

 

3.18.3  Procedure 
Digested samples were further analyzed by MALDI-TOF. 65 µL of digestion buffer and 
15 µL of reducing buffer were added to 15 µL of each digested sample. They were 
incubated at 65 °C for 10’. Afterwards, 15 µL of alkylation buffer were added to each 
reduced sample and were incubated at room temperature in a dark environment.  
MALDI-TOF analyses were performed as already describe in paragraph 3.15. 
 

4. Experimental part – Part II 

4.1 Protein extraction from tomato peel, pulp and seeds 
Protein extractions from tomato peel, pulp and seeds were performed using Piccadilly 
variety and following the protocol already described in paragraph 3.2, Chapter III - 
Section I, slightly modified as follows: 
Peel: tissues were removed from frozen berries and they were scraped out by a spatula 
from the inside. A total of 10 g of peel were used for the homogenization in 100 mL of 
cold acetone, rather than 50 mL, in order to allow the blades of the Ultraturrax to 
homogenize properly the cellulose tissues. 
Seeds: after being removed from the locular cavities of the tomato berries, seeds were 
placed into a colander and rinsed with Milli Q H2O to eliminate any residue of pulp 
tissue. 7 g of whole seeds were reduced to a fine powder by milling in liquid nitrogen 
before being homogenized in cold acetone. 

 
4.2  Protein fractionation in the range 30-3kDa 

4.2.1  Chemicals 
• Milli Q H2O obtained with Millipore Alpha Q system 
• Methanol (CH3OH) (Sigma-Aldrich, USA) 
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4.2.2  Instrumentation 
• Digital Scale BCE 62 PT (Orma, Italy) 
• Amicon® Ultra-4 Centrifugal Filter Units Amicon Ultra 3 KDa device — 3.000 

NMWL (Nominal Molecular Weight Limit) (Millipore, Italy) 
• Amicon® Ultra-4 Centrifugal Filter Units Amicon Ultra 30 KDa device — 

30.000 NMWL (Nominal Molecular Weight Limit) (Millipore, Italy) 
• Centrifuge Universal 320 R (Hettich, Germany) 
• Rotor 1620A (97 mm radius) (Hettich, Germany) 
• Adapters 1451 (Hettich, Germany) 

 

4.2.3 Procedure 
Pre-rinsing: the ultra-filtration membranes in Amicon Ultra devices contained trace 
amounts of Polyethylene glycol (PEG) which could interfere with further analyses. For 
this reason, the devices were pre-rinsed 5 times. Each wash was performed with 4 mL 
of CH3OH:H2O (1:1) solution, at 6500 RCF and at room temperature, for 45’ for 3 kDa 
devices, or for 15’ for 30 kDa devices. In order to avoid the breaking of the 
membranes due to the drying, devices were stocked in CH3OH:H2O (5:95) solution, at 
4 °C until use.  
Fractionation below 30 kDa: 3.5 mL of each tissue protein extract were loaded onto a 
30 kDa device and centrifuged at 6500 RCF, 4 °C for 30’. The analyses were 
performed in duplicate for each tomato tissue, in order to allow the characterization 
of proteins both in the native and in the denatured conformation. The filtered 
solutions (about 3.2 mL) were recovered and stored in 15 mL Falcon tubes. In order to 
obtain a major recovery, membranes were washed twice with 3.5 mL of Milli Q H2O, 
under the same conditions, and the filtered solutions were recovered again and 
pooled to the previous ones.  
Fractionation above 3 kDa: each solution containing proteins below 30 kDa was 
loaded onto a 3 kDa device and centrifuged at 6500 RCF, 4 °C for 45’, until the 
depletion of the whole recovered solution. Two washes with 3.5 mL each of Milli Q 
H2O of the retentates (the upper part of the device) were performed using the same 
centrifugation settings. In this case, the retentate (about 250 µL) was recovered using 
250 µL of Milli Q H2O, placed into a 1.5 mL eppendorf tube and stored at -20 °C. 
 

4.3  Reduction and alkylation of native proteins 

4.3.1  Chemicals 
• Milli Q H2O obtained with Millipore Alpha Q system 
• Urea (NH2CONH2) (Sigma-Aldrich, USA) 
• Ammonium bicarbonate (NH4HCO3) (Sigma-Aldrich, USA)  
• Dithiothreitol DTT (HSCH2(CHOH)2CH2SH) (Sigma-Aldrich, USA) 
• 2-Iodoacetamide IAA (CH2CONH2) (Sigma-Aldrich, USA) 
• Solution A: 25 mM NH4HCO3 in Milli Q H2O 
• Solution B: 8 M NH2CONH2 in solution A 
• Solution C: 50 mM DTT in solution A 
• Solution D: 50 mM IAA in solution A 
• N2 flux 
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4.3.2  Instrumentation 
• Digital Scale BCE 62 PT (Orma, Italy) 
• Hotplate Stirrer F 80 (Falc) 
• Digital scale E42 S Analytical (Gibertini, Italy) 
• Autovortex SA6 (Stuart Scientific, UK) 

 

4.3.3  Procedure 
The volume of all recovered retentates was measured, the same amount of solution B 
was added and the mixture was briefly vortex. A volume of the solution C was added 
so that the final concentration of DTT in the sample was 5 M. The mix was stirred and 
it was incubate at 60 °C for 30’. After cooling down at room temperature, a volume of 
solution D was added so that the final concentration of IAA in the sample was 15 mM. 
The mixture was stirred again and allowed to incubate at room temperature for 45’ in 
the dark. In the end, a volume of the solution C was added so that DTT concentration 
was about 3.33 mM in order to block the activity of IAA. After a brief shake, samples 
were transferred to 1.5 mL vials and were dried under N2 stream. 
 

4.4  UPLC/MS analysis of fractionated proteins 

4.4.1  Chemicals 
• Milli Q H2O obtained with Millipore Alpha Q system 
• Formic Acid FA (HCOOH) (0.1% solution in Milli Q H2O) (Acros Organics, 

Belgium) 
• Acetonitrile ACN (CH3CN) (Sigma-Aldrich, USA) 
• Eluent A: Milli Q H2O + 0.1% FA + 0.2% ACN 
• Eluent B: ACN + 0.1% FA 

 

4.4.2  Instrumentation 
• Autovortex SA6 (Stuart Scientific, UK) 
• Acquity Ultra Performance LC (Waters, Italy) 
• Acquity UPLC BEH 300,  C18 1.7 µm, 2.1 mmD x 150 mmL (Waters, Italy) 
• Acquity UPLC BEH 300,  C8 1.7 µm, 2.1 mmD x 150 mmL (Waters, Italy) 
• Acquity SQ Detector with ESI interface (Waters, Italy) 
• Software Mass Lynx 4.1 (Waters, Italy) 

 

4.4.3  Procedure 
Protein extracts from tomato peel, pulp and seeds, further fractionated in the range of 
30-3 kDa, were characterized by UPLC/MS analysis, which was performed both with 
the samples containing native proteins and with the samples whose proteins were 
reduced and alkylated.  
Dried samples were re-suspended in 200 µL of 0.1% FA in Milli Q H2O and briefly 
mixed by autovortex. 
The chromatographic separation of protein extracts and fractions was performed 
using both a C18 and a C8 column as stationary phase, in order to develop a method 
which was more effective in performing the separation of small-medium size proteins.  
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As concerns the chromatographic conditions, they were set as follows: 
5 µL of each sample were injected each time, at a 0.20 mL/min flow rate, for C18 
column, and at a 0.15 mL/min flow rate for C8 column, because of the higher back 
pressure. The column oven was kept at 35 °C. Gradient:  
7’ isocratic elution with 100% A, 43’ linear gradient from 0% to 50% of B, 2.60’ 
isocratic elution with 50% A and 50% B, 0.4’ linear gradient to reach 100% B, 5.20’ 
isocratic elution with 100% B, 0.8’ linear gradient from 100% to 0% of B and 13’ of 
reconditioning with 100% of eluent A. 
ESI-MS spectrometer conditions were the following: positive ion mode, capillary 
voltage 1.93 kV, cone voltage 150 V, source temperature 100 °C, desolvation 
temperature 200 °C, spraying gas (N2) 100 L/h, desolvation gas (N2) 650 L/h, full 
scan acquisition from 100 to 2000 m/z in continuum mode and 1 sec of scan time. 
 

5. Results and Discussion – Part I 

5.1 LTP purification from tomato peel 
i. Extraction step 

Different protocols were tested to set up the best conditions for the extraction of LTP 
from tomato peel. The most suitable one was found to be an extraction with a buffer 
containing 4-Morpholineethanesulfonic acid (MES), a compound having a pKa around 
6, maximum water solubility and minimum solubility in all other solvents, minimal 
salt effects, minimal change in pKa with temperature, chemically and enzymatically 
stable. The buffer was added of polyvinylpirrolidone (PVP) and 
polyvinylpolypirrolidone (PVPP), polymers which are, respectively,  partly soluble in 
water and Tween 20, a surfactant. The combination of these chemicals allowed 
soluble proteins to be easily extracted in the buffer, by removing protein-polyphenolic 
complexes or preventing their formation, and solubilizing membrane proteins. In 
order to reduce the purification time, the extraction time was reduced from 90’ to 30’, 
and also the LTP enriching step by flash HPLC was performed by packing the resin 
into a  funnel and performing a vacuum filtration, thus allowing the crude preparation 
to transit through the resin faster because of the vacuum. The resin was then 
transferred to a streamline column and the sample was allowed to elute. The pH of 
the crude extract and of the MES buffer was about 6, that is lower than the pI of the 
LTP (~ 9). In this way, basic proteins were positively charged and able to interact with 
the negatively charged residues of the stationary phase. Then, Na+ contained in the 
elution buffer acted as a strong counterion, suitable to elute the proteins linked to the 
resin.  
At the end of the elution, 33 fractions were obtained, 10 mL each. The UV absorbance 
values of each fraction at 280 nm are plotted in Fig 2. 
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Fig 2. Graphical representation of UV absorbance values of protein fractions off the flash HPLC step of 
purification. 
 

Fractions from 13 to 33 were pooled together and the whole sample was concentrated 
about 5 times by diafiltration system, reducing the volume from 220 mL to 46 mL 
through a 1 kDa nominal molecular weight limit (NMWL) membrane. 
 

ii. Size Exclusion Chromatography 
 Size exclusion chromatography, also called gel filtration, allows the separation of 
proteins with differences in molecular size, under mild conditions. Separation is 
based on differences in the size and/or shape of the analyte molecules, which 
determines the analytes’ access to the pore volume inside the column packing 
particles. According to their size, smaller analytes have partial to complete access to 
the pore volume. Among the analytes that partially or fully enter the pore volume, 
larger molecules with less access to the pore volume elute first, while the smallest 
molecules elute last.  
Thus, protein molecular weight determination by gel filtration can be made by 
comparing the elution volume of the substance of interest with the ones obtained for 
several known calibration standards run in the same buffer. 
Following this principles, a preparative gel filtration analysis was performed on the 
LTP enriched extract using a Superdex™ 75 column (16 mmL x 600 mmD). Since the 
sample does not have to be in exactly the same buffer as that used to equilibrate and 
run through the column, a low concentration of salt (25 mM phosphate and 150 mM 
NaCl) was including in the buffer composition, also to avoid nonspecific ionic 
interactions with the matrix which can be seen as delays in peak elution.  
Both samples and buffer were 0.22-µm filtered before being applied to the column, to 
avoid the risk of blockage due to small particles. A super-loop was loaded with 46 mL 
of sample and 11 runs of 4 mL each were performed. 
The graph showed in Fig 3a represents the overlapped chromatograms related to each 
run, compared to the chromatogram obtained for the molecular standards in the same 
conditions. 
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Fig 3. a, chromatogram related to the size exclusion chromatography of the LTP enriched extract. 
Molecular weight standards were: , Bovine thyroglobulin (Mr 670 kDa); , Bovine gamma globulin (Mr 
158 kDa); ◊, Chicken ovalbumin (Mr 44 kDa); ∆, Horse myoglobin (Mr 17 kDa); ○, Aprotinin (Mr 6.5 kDa); 
▲, Vitamin B12 (Mr 1.35 kDa). b, SDS PAGE analysis of fractions containing proteins with molecular 
weight ranging between 17 kDa and 6.5 kDa. Lane marked ‘M’ corresponds to molecular weight markers 
and their relative molecular masses are reported on the right side. 
 

As it can observed from the chromatogram, several peaks were obtained, indicating 
the presence of several proteins. In order to identify fractions containing LTP, an SDS 
PAGE analysis was performed on those containing proteins with molecular weight 
ranging from 17 kDa to 6.5 kDa. 
These fractions (Fig 3b) showed a protein band with a relative molecular mass of 6 
kDa, which could be an LTP, together with other high molecular weight proteins. 
In order to purify the potential LTP, a further chromatographic step was performed, 
exploiting another chemical features of proteins: the charge. 
 

iii. Ion exchange chromatography 
Ion exchange chromatography separates proteins with differences in surface charge to 
give high-resolution separation. The partition is based on the reversible interaction 
between a charged protein and an oppositely charged chromatography medium. 
Typically, when below their isoeletric points, as in this case, proteins will bind to a 
negatively charged, cation exchanger. Proteins bind as they are loaded onto the 
column at low ionic strength (20 mM MES buffer pH 6.0). The conditions are then 
altered so that bound substances are desorbed differentially. Elution is usually 
performed by increasing salt concentration (from 0 to 0.4 M of 1 M NaCl), so that the 
presence of Na+ ions competes with the bound proteins for the binding to the column. 
In this way, unbound molecules are eluted before the gradient begins, while tightly 
bound molecules are eluted in a high-salt wash. All the other proteins will elute 
according to the ion strength during the gradient.  
Since the proteins have to be loaded onto the POROS® 20 HS column (4.6 mmD x 100 
mmL) at low ionic strength, a dialysis of pooled fractions off the gel filtration was 

a 

b 
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carried out. After 2 hours of dialysis in 20 mM MES buffer, the conductivity of the 
sample lowered to 5.86 mS/cm, low enough to be analyzed by a cation exchange 
chromatography. 
5 mL of dialyzed sample were injected onto the column and the injections were 
repeated until the whole volume (150 mL) was depleted.  
Since LTPs are low abundant in aromatic amino acid residues, the eluent was 
monitored also following the absorbance at 220 nm, in order to detect peptide 
bounds. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Fig 4. Ion exchange chromatogram of pooled fractions off the gel filtration containing the protein of 
interest. Stars indicate the range of fractions which were further analyzed by SDS PAGE. 

 
After ion exchange chromatography (Fig 4), peaks eluting during the linear gradient 
of salt were further investigated by SDS PAGE, in order to understand whether the 
protein with the expected molecular weight had been purified. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Fig 5.  SDS PAGE of fractions off ion exchange chromatography. Stars indicate fractions as referred to in 
Fig 4. The lane marked as ‘M’ represents the molecular weight standards and their relative molecular 
masses are reported on the right side. 
 

As showed by the electrophoresis analysis reported in Fig 5, fractions constituting the 
peak indicated with ‘**’ revealed the presence of an unique protein band with the 

* 

** 
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expected molecular weight. So they were pooled and used for purified protein 
characterization. 
Also fractions referred to ‘*’ showed the protein of interest but some other bands, with 
both higher and lower molecular weights, were also present. Due to their different 
behavior during the ion exchange chromatography, it was supposed that different 
tomato LTP isoforms had been detected but, because of their different interactions 
with the stationary phase, one of them couldn’t be purified, since it still co-eluted with 
other proteins. 
 

iv. Purified protein quantitation 
Purified protein was quantified by the bicinchoninic acid (BCA) assay. The principle is 
similar to the Lowry procedure, since both rely on the formation of a Cu2+-protein 
complex under alkaline conditions, followed by reduction of the Cu2+ to Cu1+. The 
amount of reduction is proportional to the protein present. It has been shown that 
cysteine, tryptophan, tyrosine, and the peptide bond are able to reduce Cu2+ to Cu1+. 
BCA forms a purple-blue complex with Cu1+ in alkaline environments, thus providing 
a basis to monitor the reduction of alkaline Cu2+ by proteins at absorbance maximum 
562 nm.  
A calibration curve was obtained by using Bovine Serum Albumine (BSA) standard at 
increasing concentration, from 0 µg/mL to 1000 µg/mL. The net absorbance at 562 
nm was calculated as mean between the three repeats for each standard and sample. A 
standard curve (Fig 6) was obtained by plotting the net absorbance at 562 nm versus 
the protein standard concentrations. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Fig 6. Standard curve obtained by plotting the absorbance values versus the protein standard 
concentration. The calculated R2 was 0.99. 

 
Interpolating the values of absorbance obtained for the sample non diluted and 
diluted 1:1 in Phosphate Buffer Saline (PBS), the protein concentrations were found to 
be 0.13 mg/mL and 0.065 mg/mL respectively. Accounting for the dilution factor, 
also the diluted sample gave a value of 0.13 mg/mL for the protein concentration. 
Considering that the volume of the pooled fraction containing purified proteins was 
91 mL, 9.1 mg of pure protein were thus purified. As referred to the amount of 
starting material (3 kg of whole tomatoes), it can be estimated that the isolation 
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strategy developed here allowed to obtain a yield for the purified proteins around 3 
mg/kg of whole tomatoes. 
 

v. Assessing protein purity 
The bands obtained after a SDS PAGE analysis may contain more than a protein, if 
their molecular weights differ for few Daltons, since they can not be discriminated by 
gel electrophoresis.  
Although a separation according to pH had already been performed, since only basic 
proteins could have interacted with the stationary phase during the ion exchange 
chromatography, further analytical checks were carried out in order to value the 
purity of the isolated protein. 
400 µL of the solution containing the purified protein were then applied to a 
Superdex™ 75 analytical column (10 mmD x 300 mmL) and the run was performed as 
described in paragraph 3.11.  
As shown in Fig 7a, the analytical size exclusion chromatography revealed the 
presence of two peaks: besides the expected one, between 17 kDa and 6.5 kDa, which 
was related to the protein of interest, another one was observed whose molecular 
weight ranged between 6.5 kDa and 1.35 kDa. The last one was proved to belong to the 
MES buffer by a blank run. So, the analytical gel filtration analysis confirmed the 
presence of only one protein. 
  

 
Fig 7. Analytical gel filtration analysis. a, chromatogram of purified protein, the arrow indicates the peak 
related to the protein of interest; b, chromatogram of 20 mM MES buffer. Molecular weight standards 

were: , Bovine thyroglobulin (Mr 670 kDa); , Bovine gamma globulin (Mr 158 kDa); ◊, Chicken 
ovalbumin (Mr 44 kDa); ∆, Horse myoglobin (Mr 17 kDa); ○, Aprotinin (Mr 6.5 kDa); ▲, Vitamin B12 (Mr 
1.35 kDa).  
 

To further check the purity of the isolated protein, the highest resolution 
chromatography technique available was applied: reversed phase chromatography. 
In this chromatography, the separation of proteins depends on a reversible 
hydrophobic interaction between sample molecules in the eluent and the medium. 
Initial conditions are primarily aqueous, favoring a high degree of organized water 
structure surrounding the sample molecule. Frequently, a small percentage of organic 
modifier, is present in order to achieve a “wetted” surface. As sample binds to the 
medium, the hydrophobic area exposed to the eluent is minimized. Separation relies 
on sample molecules existing in an equilibrium between the eluent and the surface of 
the medium. Initially, conditions favor an extreme equilibrium state where essentially 
100% of the sample is bound. To bring about elution the amount of organic solvent is 

a b 
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increased so that conditions become more hydrophobic. Binding and elution occur 
continuously as sample moves through the column. The process of moving through 
the column is slower for those samples that are more hydrophobic. Consequently, 
samples are eluted in order of increasing hydrophobicity.  
To test the efficiency of the method and of the column, a preliminary separation was 
performed using a β-lactoglobulin mixture, containing both A and B β-lactoglobulin 
genetic variants, which differ for two substitutions: 64th (Asp (A)→ Gly (b)) and 118th 
(Val(A) → Ala(B) (Fig 8a). 

The presence of two resolved peaks, indicating the two isoforms of β-lactoglobulin 
which differ for 86.04 Da, indicated the efficiency of the developed method. 
Afterwards, the same method was applied to the purified protein. As shown in Fig 8b, 
only a peak was obtained, again confirming the purity of the isolated protein. 
 

  
Fig 8. chromatograms of a, β-lactoglobulin A and B variants and of b, purified protein separated by 
reversed phase chromatography. 

 

5.2 Tomato peel LTP characterization  
After the MES buffer was replaced with Milli Q H2O and the concentrating procedure 
was exploited, the purified protein was freezer dried. The net weight of the lyophilized 
protein was 5.2 mg. 
 
 
 

a 

b 
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Sequence Expected molecular mass (Da) Observed molecular mass (Da)

GPLGGC*C*R 875,33 875,37

GLLGAAK 628.39 628.39

GLLGAAKTPADR 1168.66 1168.66

TPADRK 686.37 686.37

SAANAIKGLNLGK 1255,73 1255,72

GLNLGK 600,36 600,36

AAGIPSAC*GVSIPYK 1489,76 1489,76

ISPFTDC*SK 1053.48 1053.48

5.3 Identification of a novel LTP from tomato peel by mass 

spectrometry analyses 
In order to definitively identify the purified protein and to clarify its possible nature 
as tomato LTP, a MALDI-TOF analysis was performed. 
 
 
 
 
 
 
 
 
 
 
 
 
 
Fig 9. MALDI-TOF spectra of the purified protein; a, MALDI-TOF spectrum of the native protein; b, 
MALDI-TOF spectrum of the reduced and alkylated protein. 
 

The spectrum related to the native protein revealed the presence of a main peak with 
m/z value of 8945.8 (Fig 9a). The same analysis, carried out with the reduced and 
alkylated purified protein, showed a peak whose m/z value was incremented of 464 
Da (Fig 9b), which is the shift in the molecular mass expected for the typical structure 
of LTPs containing 4 disulphide bridges whose 8 cysteine are linked by a 
carboxamidomethyl group each to produce carboxymethyl cysteine (58 average mass 
change). 
A search of the UniProt database for this molecular weight didn’t find any already 
characterized LTPs, neither in tomato or in any other plant species. 
So, in order to obtain some sequence information, a bottom-up approach of the 
purified protein was carried out. Spots relating to the purified protein (Fig 5) were in-
gel digested by trypsin and the peptides were analyzed by LTQ-Orbitrap, as previously 
described. 
 
Table 1. List of tryptic peptides derived from in gel-digestion of the spot relating to the purified protein 
and analyzed by LTQ-Orbitrap analysis. 

 
 
 
 
 
 
 
 
 
 
 
* indicates a carboxamidomethyl-cysteine 

 

a b 
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LSCGQVESGL APCLPYLQGKPLGGCCRGVKGLLGAAKTPADRKTACTCLKSAANAIKGLNLGKAAGIPSACGVSIPYKISPFTDCSKVQ

Mascot software identified a tomato nonspecific lipid transfer protein (ExPASy 
E2GLP6) whose intact molecular weight (9381 Da) was not consistent with the one 
obtained by MALDI-TOF analysis. Besides, the peptide GLLGAAK couldn’t belong to 
that protein, as shown in Fig 10b. Alternatively, the presence of the glutamic acid 
residue replacing the lysine in position 38 wouldn’t allow the release of this peptide. 
The same tryptic peptides (listed in Table 1) were used to perform a search in 
‘Tomato-ESTs’ database (from John Innes Center facilities). In this case, the software 
identified a tomato EST, gi|150438794, containing the sequences of the peptides from 
the digestion, with a MOWSE (MOlecular Weight SEarch) score of 317 (Protein 
MASCOT scores greater than 65 are significant). 
The loss of amino acids residues observed in the MALDI-TOF spectrum of the protein 
helped in fixing the C-terminus of the new LTP sequence, as reported in Fig 10a, while 
the N- terminus was inferred by subtracting the N-terminal amino acids until the 
expected weight was reached and it was confirmed by the alignment with the other 
tomato LTPs, already annoted in databases (Fig 10b). The putative N-terminus of this 
sequence was consistent with the signal peptide cleavage site predicted by SignalP 4.0 
(http://www.cbs.dtu.dk/services/SignalP/). 
 

 
Fig 10. a, particular of MALDI-TOF spectrum of the purified protein showing the loss of amino acid 
residues at the C-terminus; b, alignment of the detected tomato EST with all the already known tomato 
LTPs. 

 
The new identified LTP from tomato peel was proved to weigh 8944 (±1) Da and to be 
constituted by 90 residues (Fig 11). 

 
Fig 11. Sequence of the novel LTP purified from tomato peel. 

 
Finally, in-gel digestion analysis was also performed with the other band of the gel in 
Fig 5 which eluted with other proteins after both size exclusion and ion exchange 
chromatography, in order to clarify its nature. LC/MS performed by Orbitrap 
identified peptides corresponding to another tomato LTP isoform, already present in 
database (ExPASy P27056) (data not shown). The differences in the primary structure 
of the two detected sequences (see Fig 10b for the alignment) might be responsible of 
their diverse interaction with the stationary phase in the ion exchange 
chromatography, resulting in a different repartition of the two isoforms during the 
elution step. Being already known in literature and not completely purified after a 
multidimensional chromatography approach, we decided to focus our efforts only on 
the characterization of the new tomato LTP isoform. 
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5.4 Spectroscopy analysis of secondary structure 
An assessment was made of the folded state of the purified LTP using CD 

spectroscopy (Fig 12). The CD spectrum of the purified protein was entirely consistent 

with the estabilished α-helical structure of LTP, with a positive maximum at around 

192 nm and an intense negative double minimum at 210 and 224 nm, already 

observed for LTPs from apple,50 peach,51 pear,29 and hazelnut.34 

 

 
 
 
 
 
 
 
 
 
 
 
 
 
Fig 12. Far-UV circular dichroism (CD) spectroscopy of purified LTP from tomato peel. 

 
All together the high isoeletric point, the molecular weight, the high sequence 
homology showed with other tomato LTPs, the presence of 4 disulphide bridges and 
the α-helical structure confirmed the nature of the protein isolated from tomato peel 
as a new isoform of lipid transfer protein. 
 

5.5 Simulated in vitro gastrointestinal digestion of tomato 

peel LTP 
As already described, one of the feature that makes the LTP a ‘true’ allergen is the 
high stability of its tertiary structure to proteolysis, which allows the allergen to 
maintain its immunogenic and allergenic motifs and thus to interact with the immune 
system associated with the gastrointestinal epithelia, thereby inducing both 
sensitization and systemic symptoms after ingestion. 
In order to value the stability of the new tomato LTP isoform to proteolysis, the effect 
of the gastro-intestinal digestion on the purified protein in a model system were 
studied by means of mass spectrometry. 
Firstly, 2 mg of the purified LTP underwent to a gastric phase digestion, in which the 
results of the activity of the pepsin on the protein were investigated after 1 hour of 
digestion at 37 °C. As shown by MALDI-TOF analysis in Fig 13, protein was 
completely resistant to gastric pepsinolysis at pH 2.5, since no differences were 
noticed before and after the pepsin addition, confirming the marked resistance of the 
LTP to pepsin digestion, as already reported for the peach.52,53  
  



113 
 

89
45

.8

89
45

.8

LTP LTP
LTP

a

0’ 1’ 2’

LTP 5’ LTP
10’ LTP 15’

LTP 30’
LTP

a a

a
a

b

c
b d

LTP

a
b

c

d

a

60’ 120’

b

R
el

at
iv

e 
ab

u
n

d
an

ce
 (

A
U

)

Fig 13. MALDI-TOF spectra of the (a) native pure protein before the addition of the pepsin and (b) after 
60’ of digestion at 37 °C. 

 
After gastric pepsinolysis, the digestion of tomato LTP by trypsin and chymotrypsin 
under duodenal conditions was followed by MALDI-MS and SDS-PAGE, with the 
masses determined for the proteolysis products being compared with those of 
peptides predicted by in silico digestion with chymotrypsin and trypsin using 
mMass.54 
 
 
 
 

 
 
 
 
 
 
Fig 14. Analysis of tomato LTP duodenal digestion by MALDI-TOF mass spectrometry, under native 
conditions. The sampling points, expressed in minutes, are the numbers in the boxes; a, b, c, d indicate 
peptides released through the duodenal digestion (see text). 

 
As reported in Fig 14, after 2’ of duodenal digestion the peptide referred to as ‘a’ was 
released from LTP structure. This peptide (m/z 7615) is consistent with the sequence 
1-78 of the tomato LTP with still 4 cysteine residues bound by 2 disulphide bridges. 

b a 
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Tyr78 represents a cleavage site for chymotrypsin; the analogous residue in peach LTP 
(Tyr79) has been showed to be highly mobile.36 For this reason it was the most 
accessible to the proteolytic enzymes and thus the first to be cleaved among all the 
potential ones. Other peptides, referred to as ‘b’, ‘c’ and ‘d’ were released through the 
duodenal phase but, after 2 hours of digestion, the intact LTP was still present in all 
digestion samples, corresponding to a mass of 8945.8 (±1) Da, indicating the high 
resistance of its tridimensional structure to proteolysis, even under extreme 
conditions. 
The same digested samples also underwent to reduction and alkylation steps, before 
MALDI-TOF analysis. Also in this case the gastric pepsinolysis did not affect the 
structure of tomato LTP at all (Fig 15), remarking the already known resistance to 
pepsin digestion.53  

 
 

 
 
 
 
 
 
 
 
 
 
 

Fig 15. MALDI-TOF spectra of the (a) reduced and alkylated pure protein before the addition of the 
pepsin and (b) after 60’ of digestion at 37 °C. 

 
On the contrary, an intense proteolysis was observed through the duodenal phase (Fig 
16). Immediately after the addition of the enzymes (time point o), the peptide referred 
to as ‘a*’ was released from tomato LTP. This peptide, which is represented in the 
spectra with a m/z of 8018.3, corresponded to the peptide 1-78. Again the first 
observed cleavage concerned the Tyr78, which was confirmed to be the cleavage site 
less tolerating the proteolysis. The relative abundance of this fragment also increased 
up to 30’ and persisted as the predominant one till the end of digestion, while the 
abundance of the intact protein decreased. After 30’ of duodenal digestion other two 
peptides were revealed: peptide ‘b*’, corresponding to the sequence 1-60 with a m/z 
of 6263.1 (expected 6263.1), was generated by the cleavage on the Leu60 by 
chymotrypsin; peptide ‘c*’, corresponding to the sequence 1-58 with a m/z of 6093 
(expected 6092.97), was generated by the cleavage on Lys58 by both trypsin or 
chymotrypsin.  
 
 
 
 
 
 

b a 
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Fig 16. Analysis of tomato LTP duodenal digestion by MALDI-TOF mass spectrometry, under reducing 
conditions. The sampling points, expressed in minutes, are the numbers in the boxes; a*, b*, c*, indicate 
peptides released through the duodenal digestion (see text). 

 
For duodenal digestion under reducing conditions, results were consistent between 
experimental methods, with quantitative analysis by SDS-PAGE (Fig 17, a and b) 
showing that tomato LTP is rapidly digested after the addition of the intestinal 
endoprotease and concentration of peptide 1-78 rises over 30’ where it drops, as 
expected due to its further digestion into 1-60 and 1-58 fragments, even if fragments 
1-60 and 1-58 are not discriminated by SDS-PAGE, possibly because the low 
resolution of the gel electrophoresis. 
 
 
 
  



116 
 

D0 D1 D2 D5 D10 D15 D30 D60 M

2.5
3.5

6.0

14.4

21.5

31.0
36.5

55.4

D120 Mr kDa

Time (min)

G
au

ss
ia

n
 V

ol
um

e 
(%

 o
f m

ax
im

um
)

 
 
 
 
 
 
 
 
 

 
 
 
 
Fig 17. a, SDS PAGE performed on the digested and reduced samples at different times (‘D’ stands for 
‘duodenal’ and the following numbers indicate the sampling times). The lane marked as ‘M’ represents the 
molecular weight standards and their relative molecular masses are reported on the right side. The larger 
bands on the bottom of the gel are the PMSF, while the ones higher than 14.4 kDa represent the 
proteolytic enzymes; b, relative abundance of tomato LTP and digestion products over time as estimated 
from densitometry of SDS-PAGE gels. Band intensities were calculated as a percentage of maximum 
Gaussian volume by scanning of gel images and subsequent analysis using the TotalLab package. 

 

6. Conclusions - Part I 

The method described here allowed to purify and identify a novel LTP isoform from 
tomato peel. The same method was also tested on tomato pulp but the gel filtration 
analysis gave a very low signal for the peak containing the expected protein when 
compared to the same one obtained from tomato peel. For this reason and according 
to the literature, in which it is reported that the localization of LTPs is concentrated in 
the peel of many plant species, we focused our efforts in purifying the protein from 
tomato peel. 
The resolving power of the multidimensional chromatography step, associated with 
the high resolution of mass spectrometry techniques, allowed to identify a new tomato 
LTP isoform, also assigning a function to the tomato EST clone present in database.  
This novel tomato LTP was the only discernable isoform in our purified protein 
fractions, and is therefore likely to be a major form in planta. 
The simulated in vitro gastrointestinal digestion showed that this LTP isolated from 
tomato peel was still resistant to gastric pepsinolysis, both in the native and in 
reduced conformations. Concerning the duodenal phase, tomato LTP showed to be 
still intact at the end of the digestion, even after the release of some peptides, 
suggesting that most of the fragments remain associated by intramolecular disulfide 
bridges. However, the presence of observable 1-78 peptide in the non-reduced 
samples indicates either that some fragments are unassociated after duodenal 
digestion or that the ionization used in the MALDI experiments partially fragments 
associated peptides. On the contrary, the duodenal digestion of the reduced samples 
resulted in an almost complete conversion of the tomato LTP in three types of 
peptides 1-78, 1-58, 1-60, suggesting that the stability of this protein toward 
simulated duodenal proteolysis at pH 6.5 is related to the fully folded conformation. 
Finally, the retention of the overall three-dimensional structure of this protein 
following simulated gastrointestinal digestion explains the fact that proteolysis does 
not affect the ability of allergenic LTPs, such as grape,55 and peach,52 to bind IgE and 
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elicit histamine release. The effect of the immunological properties of this new tomato 
LTP isoform will be investigated further. 
 

7.  Results and Discussion – Part II 

7.1 LTPs isolation from tomato peel, pulp and seeds 
As in the previous part of the work, where common grapevine tomatoes were 
analyzed, in this second part tomatoes of Piccadilly variety, which is commonly 
spread in Italian markets, were used. In this way the detected LTP, eventually, could 
be representative of the main allergen LTP isoforms which are commonly present and 
recognized by IgE of tomato allergic patients. The analyses were carried out on the 
three main fractions of tomato fruit (peel, pulp and seeds), in order to know in which 
of them the LTP is more concentrated. 
Since in this part of the work the aim was not isolating a pure LTP, but rather setting 
up a method to detect them in various vegetal tissues, the procedure for sample 
preparation was highly simplified, as compared to the first part. 
Protein extraction was performed by means of precipitation with cold acetone and 
pellet extraction in a phosphate-buffered saline solution, as described elsewhere in 
this manuscript, and slightly modified for the seeds, which were previously reduced to 
a fine powder by milling in liquid nitrogen. 
The quantification of protein extracts was performed by a bench fluorometer and the 
values obtained for each tissue were related to the amount of the dry material, as 
reported in Table 2. 
 
Table 2. Quantification of protein extract from tomato peel, pulp and seed performed by Qubit® 
fluorometer.  
 
 
 
 
 
 
 
As= Amount of sample; Adm= Amount of dry sample; P= Amount of extracted proteins, obtained by Qubit® 
fluorometer; Prot %= Percentage of proteins related to Adm. 

 
As expected, the percentage of extracted proteins was higher for the seeds, if 
comparing the amount of the starting material among all the other fractions. This 
result was in line with the function fulfilled by seeds, that is storage organs. 
Being known that LTPs are proteins with molecular weights ranging between 7-11 
kDa, a simple and fast analytical method was developed here, in order to narrow 
down the field of analysis to those proteins with appropriate masses, including LTPs. 
For this reason, a double ultracentrifugation step was carried out with each protein 
extract: the first one was performed by using centrifugal filter devices containing 
membranes with a nominal molecular weight limit of 30 kDa; the filtrate solutions, 
containing all the molecules with molecular weights lower than 30 kDa, were then 
applied to centrifugal filter devices containing membranes with a nominal molecular 
weight limit of 3 kDa. In this case the retentates (i.e. the upper part of devices) were 
recovered, as they contained proteins with molecular weight higher than 3 kDa. In 
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this way, theoretically, all the molecules with masses including the range 30-3 kDa 
were isolated from the total protein extract of each tomato tissue. Although the 
membranes were characterized by a nominal molecular weight limit (NMWL), since 
these limits were very far from the supposed molecular mass of LTP proteins (7-11 
kDa), the possibilities that LTPs could be lost were very low. 
 

7.2 Identification and characterization of tomato LTPs by 

UPLC/MS analysis 
The Ultra Performance Liquid Chromatography (UPLC) takes advantage of 
technological strides made in particle chemistry performance, system optimization, 
detector design, and data processing and control. Using sub-2 μm particles and 
mobile phases at high linear velocities, and instrumentation that operates at higher 
pressures than those used in HPLC, dramatic increases in resolution, sensitivity, and 
speed of analysis can be obtained. This new category of analytical separation science 
retains the practicality and principles of HPLC while creating a marked improvement 
in chromatographic performance. 
As for all the other chromatography system, UPLC allows the separation of molecules 
in a complex mixture, by partitioning between a stationary phase and a mobile phase 
on the basis of their relative affinity. Usually the most suitable stationary phases are 
made up of alkyl chains bonded covalently to the support surface, which are able to 
interact with apolar proteins. The elution is performed increasing organic solvent 
concentration of the mobile phase. The detection of proteins is achieved by a mass 
spectrometer: in this case, the separated molecules are conveyed to an ESI source 
which provides for their ionization. The ion species are then separated by a 
quadrupole analyzer, according to their m/z value, and are then revelead by a 
detector. Currents generated by each ions are profiled in the Total Ion Current (TIC) 
where each peak represents one or more eluted molecules which can be identified by 
the interpretation of the relative mass spectrum. 
The separation of extracted proteins was performed by using two different 
chromatographic columns, C8 and C18, which differ in the number of carbons of the 
alkyl chains bound to the support. Considering the small size of the alkyl chain, in the 
first column dispersive interactions with the stationary phase are reduced than in the 
second column. Generally, for proteins with a certain size, this leads to improved 
chromatographic peak shapes. Being both used for the separation of small-medium 
proteins, a parallel study was carried out, in order to find out which of them was more 
appropriate in the separation of tomato LTP. 
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Fig 18. UPLC chromatograms related to peel fraction proteins obtained with a C18 (panel above) and a C8 
(panel below) column. 
 
 
 
 
 

 
 
 
 
 
 
 
 
 
 
Fig 19. UPLC chromatograms related to pulp fraction proteins obtained with a C18 (panel above) and a 
C8 (panel below) column. 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
Fig 20. UPLC chromatograms related to seed fraction obtained with a C18 (panel above) and a C8 (panel 
below) column. 



120 
 

As shown in chromatograms reported in Figg 18, 19 and 20, proteins seemed to be 
more abundant in the fraction seeds. Besides, it is pretty clear that C8 column showed 
higher and better resolved peaks. This could be due to the fact that many proteins 
have hydrophobic residues that interact with the column. Consequently, shorter alkyl 
chains are generally more appropriate for the separation of these proteins, in order to 
avoid a prolonged retention leading to a broadening of the chromatographic peak. In 
contrast, peptides are smaller and require longer hydrophobic chains to be efficiently 
separated in reversed phase; in this case a C18 column would be ideal. 
The search of proteins of interest was carried out for every tomato protein fraction by 
investigating mass spectra relating to each chromatographic peak and identifying the 
molecular mass through the multicharged clusters of ions. 
In this way, four proteins with molecular weights similar to the ones of plant LTPs, 
that is 7039 (±1) Da, 9354 (±1) Da, 9441 (±1) Da and 9724 (±1) Da, were detected only 
in the seed fraction. 
 
 
 
 
 
 
 
 
 
 
Fig 21. ESI-Q mass spectrum of 7039 (±1) Da protein. Circles indicate multicharged ions. 
 

 
 
 
 
 
 
 
 
 
Fig 22. ESI-Q mass spectrum of 9354 (±1) Da protein. Circles indicate multicharged ions. 

 
 
 
 
 
 
 
 
 
 
Fig 23. ESI-Q mass spectrum of 9441 (±1) Da protein. Circles indicate multicharged ions. 
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Fig 24. ESI-Q mass spectrum of 9724 (±1) Da protein. Circles indicate multicharged ions. 
 

The retention times and the characteristic ions were summarized in Table 3. 
As shown, all the four proteins had a molecular weight close to the one already found 
for other plant LTPs, such as Pru P 3 from peach (9135 Da),56 LTPa and LTPb from 
pear (9252 and 9250 Da),29 LTPa and LTPb from pomegranate (9342 and 9467),33 
LTP from maize (9046 Da),57 and Mal d 3 from apple (9076 Da).50  
 

Table 3. Retention times and characteristic ions of potential identified LTP 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Extraction procedure of characteristic ions allowed to obtain the eXtract Ion 
Chromatogram (XIC), giving a better understanding of the chromatographic 
dynamics. 
 
 
 
 
 
 
 
 
 

Fig 25. Extracted ion chromatogram of 7039 (±1) Da protein. 
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Fig 26. Extracted ion chromatogram of 9354 (±1) Da protein. 

 
 
 
 
 
 
 
 
 
 

Fig 27. Extracted ion chromatogram of 9441 (±1) Da protein. 

 
 
 
 
 
 
 
 
 
 
 

Fig 28. Extracted ion chromatogram of 9724 (±1) Da protein. 

 
As we can infer from the extracted ion chromatograms, all the four potential tomato 
LTP isoforms co-eluted in two chromatographic peaks, which showed the same mass 
spectrum. This suggested that each isoform could undergo to a partition between a 
folded conformation (or native) which is the first to elute, and a partially unfolded 
conformation (partially denatured), which interacts more with the stationary phase. 
Beside this feature, the retention time of the extracted peaks was pretty similar to the 
one obtained for the pure peach LTP, suggesting a similar protein (Fig 29). 
  



123 
 

 
 
 
 
 
 
 
 
 
 
 
 

Fig 29. Extracted ion chromatogram of pure Pru p 3 (LTP) from peach (9135 ±1 Da). 

 
As already underlined, these potential tomato LTPs were detected only in seed 
fraction sharply, while some weak signals, and not for all four, were observed in pulp 
fraction. By the way, none of the molecular weight of these proteins fit with the 
masses of the tomato LTPs already known in literature (Table 4). 
 
Table 4. List of all the tomato LTP isoforms annoted in Uniprot database. 

 

7.3 Structural characterization of identified proteins 
As no weight match was observed in the databases for the detected potential tomato 
LTP isoforms, in order to obtain more information about their nature another 
investigation was carried out by exploiting the tertiary structure feature which is 
preserved among all the plant LTPs, that is 4 disulphide bridges holding together 8 
cysteine residues.  
The reduction and alkylation of these proteins with dithiothreitol and 2-
iodoacetamide, in fact, would imply a shift in their molecular weight of 464 (±1) Da, 
due to the link of a 58 Da carboxymethyl group to each cysteine residues. An 
UPLC/MS analysis would detect these differences. 
Fractionated protein extracts from tomato peel, pulp and seeds, prepared as described 
in paragraph 4.2, were denatured by urea and then reduced by dithiothreitol, to break 
the disulphide bridges, and alkylated by 2-iodoacetamide, to avoid a random refold. 
Also in this case, the performance of both C18 and C8 column in separating whole 
proteins was tested. 
 
 



124 
 

As already observed before, the seed fraction seemed to be the most abundant in 
proteins, comparing chromatograms from peel and pulp fractions. Also in this case, 
C8 column was the most suitable in separating proteins. 
For each protein of interest, characteristic ions were inferred, considering the shift of 
mass due to reduction and alkylation; they were extracted from TICs and the multi-
charged pattern was investigated for each XIC. 
In this way, and once again only in seed fraction, four proteins with molecular weights 
corresponding to the previous ones with an increase of 464 Da (±1), were found. Mass 
spectra with the characteristic ions are reported below. 
 

 
 
 
 
 
 
 
 
 

 
Fig 30. ESI-Q mass spectrum of 7052 (±1) Da protein (from 7039+464). Circles indicate multicharged 
ions. 

 
 
 
 
 
 
 
 
  

Fig 31. ESI-Q mass spectrum of 9818 (±1) Da protein (from 9354+464). Circles indicate multicharged 
ions. 

 
 
 
 
 
 
 
 
 

Fig 32. ESI-Q mass spectrum of 9904 (±1) Da protein (from 9441+464). Circles indicate multicharged 
ions. 
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Fig 33. ESI-Q mass spectrum of 10189 (±1) Da protein (from 9724+464). Circles indicate multicharged 
ions. 

 
The retention times and the characteristic ions were summarized in Table 5. 
 

Table 5. Retention times and characteristic ions of reduced and alkylated potential LTPs 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Observed retention times were delayed, if compared to the ones of native proteins. 
This could be ascribed to the longer interaction between denatured and alkylated 
proteins with the stationary phase of column. 
Albeit not a certainty, the retention times and shape of the peaks similar to the one of 
peach Pru p 3, the molecular weights ranging between 7-10 kDa and the presence of 4 
disulphide bridges represent meaningful evidences of these proteins as tomato LTP 
isoforms. Further investigations will be performed by MSn to obtain sequence 
information and definitively assess their nature. 
 

8. Conclusions – Part II 

The method of extraction and fractionation of proteins from the three main tomato 
tissues (peel, pulp and seeds) and the UPLC/MS analysis, described in the second part 
of this chapter, allowed to identify four proteins in the seed fraction, which could be 
ascribed to tomato LTP isoforms. Despite the lack of information about the primary 
structure, the retention time, the molecular weights and the proof of 4 disulphide 
bridges in their tertiary structures are important clues which allowed us to assume 
their nature as LTPs. Nevertheless, none of the molecular weight of these potential 
LTPs were already present in the database or did fit with the one purified and 
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characterized from tomato peel, as described in the first part of this chapter. The 
presence of so many LTP isoforms could be due to the biological and physiological 
roles of LTPs in the cell system. Considering their lipid binding capacity and their 
antimicrobial activity, for example, the primary structure of LTPs may need some 
arrangements, set by the evolutionary pressure.  
Besides, in peel and pulp fractions no potential tomato LTP isoforms was detected. 
This may sound in contrast with the most frequent localization of LTP in the peel of 
many plant species, especially in the Rosaceae family,29,56 even if it has been found in 
the seeds of pepper (Capsicum annum),58 and it is commonly concentrated in the 
seeds of hazelnut.34 Considering that the localization of LTPs may be related to the 
belonging family, in this case the finding of potential tomato LTPs has to be ascribed 
to the method of protein extraction and analysis which could allow the detection of 
proteins only in the tissue where they are most concentrated. 
 

9. Conclusive remarks 

The data presented in this chapter describe a very complex scenario, as yet not fully 
understood, depicting the family of non-specific lipid transfer proteins (LTPs). As 
described before, different tomato LTP isoforms were detected, besides the ones 
already reported in the literature.47,49 A new isoform was purified from the peel of a 
common grapevine variety, whilst four proteins, which shared several features with 
well-known plant LTPs, such as molecular weights, retention times and 8 cysteine 
residues bound together by 4 disulphide bridges, were revealed in the seeds of the 
Piccadilly variety.  
First of all, it can be observed that the occurrence of so many tomato LTP isoforms is 
not unusual across the plant kingdom. It is known, in fact, that in the three species for 
which the full genome sequence is available (rice, Arabidopsis, and poplar) 
approximately a dozen of the family LTP1 genes are present in each genome.15 The 
reason for such a plethora of LTP isoforms is still unclear. Considering the amount of 
functional properties which have been hypothesized for LTPs, by observing their 
behaviour in vitro, it may be speculated that one, or more, isoform(s) may be involved 
in the fulfilment of these functions. The ability to detect one isoform or another could 
be related, instead, to several other aspects, which affect proteomic analysis, such as 
the genetic characteristics and the phenological phase of the individual under 
examination, as well as the efficiency of the protein extraction method and the 
sensitivity of the analytical system employed. All these variables may allow the 
preferential detection of one isoform over the others, making it difficult to gain a 
whole and complete understanding of the expression pattern of such proteins. 
Secondly, the LTP distribution across different tomato fruit tissues has been shown to 
be very variable. Unlike what has been previously observed by Pravettoni and co-
workers,47 in this study tomato LTP isoforms have been found in peel or seeds of 
different variety, and no LTP isoform was revealed in pulp tissue. Again, this 
variability in LTP distribution may be related to the genotype, to the stage of ripening 
of the fruit, as well as some technical issues, such as the experimental design, which 
could just give a ‘snapshot’ of the protein expression pattern at a certain moment. LTP 
spatial and temporal expression, in turn, may depend on the functional and biological 
roles fulfilled by these proteins, which could be different according to the tissue, the 
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developmental stages and the physiological conditions. Moreover, the fact that LTPs 
are concentrated in the peel of many plant species, especially in the Rosaceae 
family,29,56,59 but they have been detected also in the seeds,58,34 and in the pulp,47 of 
other plants, suggests a possible correlation of their distribution with the genus and 
the species. 
Thirdly, the structural stability of purified tomato LTP toward gastric pepsinolysis at 
pH 2.5 and simulated gastroduodenal proteolysis at pH 6.5 was investigated. Despite 
the presence in the protein of numerous predicted pepsin, trypsin, and chymotrypsin 
cleavage sites, tomato LTP was only partially digested, since an amount of the intact 
protein was still present at the end of the digestive process. The three-dimensional 
structure of LTP is responsible for its resistance to gastric pH and peptic digestion, 
making this protein an ideal food allergen, as confirmed by the digestion under 
reducing conditions, which led to the complete proteolysis of the protein.  
Finally, the characterization of tomato LTPs still represents a difficult challenge, since 
these peptides comprise a multigenic family with different genes that are expressed in 
different tissues, in different developmental stages of plants and that also react 
differently to an array of stimuli. Studies investigating the presence of isoforms and 
their temporal and spatial distribution within the plant may produce particularly 
complicated results. The characterization and the purification of one isoform rather 
than another, in turn, can affect the efficacy of these proteins for the screening of 
LTP-allergic patients, whenever the tested protein is not the same one to which the 
patient is sensitized. This would require the need to screen for every different LTP 
isoform found, which could be time and cost ineffective. 
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1. Food authenticity 

Consumers worldwide, and European ones in particular, are showing an increasing 
interest in issues related to food, diet and nutrition. The globalization of food markets 
implies, in fact, that consumers come into contact with a great variety of foods and that 
they are more and more concerned about the origin of the food they eat. There is a 
growing enthusiasm among consumers for high quality food with a clear regional identity 
as a consequence of patriotism, specific culinary, organoleptic qualities or purported 
health benefits associated with regional products, a decreased confidence in the quality 
and safety of foods produced outside their local region, country or the EU or concern 
about animal welfare and ‘environmentally friendly’ production methods.1 The 
determination of food authenticity is, therefore, of paramount importance in food quality 
control and safety.  
Food authentication is the process by which a food is verified as complying with its label 
description. Therefore, labelling and compositional regulations, which may differ from 
country to country, have a fundamental place in determining which scientific tests are 
appropriate for a particular issue. In general, food authenticity issues fall into one of the 
following categories: economic adulteration of high value foods, misdescription of the 
geographical, botanical or species origin, non-compliance with the established legislative 
standards and implementation of non-acceptable process practices. Labelling legislation 
is there to ensure that food is properly described and ensures that correctly described 
products remain available to the consumer and that consumer confidence is maintained, 
which in turn ensures a market place for these foods.1 
The incorrect labelling of food represents a commercial fraud, considering the consumer 
acquisition. It is very important to establish that species of high commercial value 
declared are not substitute, partial or entirely, by other lower value species. The 
misleading labelling might also have negative implications concerning health, especially 
for sensitive consumers to non-declared potential allergens. The information given to 
consumers is also essential for them choosing certain foods over others. That choice 
might be the reflection of lifestyles, such as vegetarianism, or religious practices, such as 
Jews and Muslims, where pork meat should be absent. The recent occurrence of several 
food crises has emphasized food safety and protection of consumer’s health as main 
objectives for the food labelling legislation.2  
Most food legislation is harmonized throughout the European Union through a number 
of European Commission (EC) Directives and Regulations. The labelling of food is 
subject to the general rules laid down in Council Directive 2000/13/EC. The main 
provision of such Directive is to require the following particulars in the labelling of food: 
the name under which a product is sold, the list of ingredients, the quantity of certain 
ingredients or categories of ingredients, the net weight, and for alcoholic drinks with 
more than 1.2% alcohol by volume, the alcoholic strength by volume, the date of 
minimum durability i.e. ‘use by’ for those highly perishable foods from a microbiological 
point of view, or ‘best before’, any special storage conditions of use, the name of business 
name and address of the manufacturer, packager, or seller established within the EU, 
and instructions.3 Other particulars need to be given where to omit them would be 
misleading to the consumer. These include any physical process such as freezing, drying 
or irradiation of ingredients, and the geographical origin of the food. There is also a 
requirement to declare the presence of any approved GM ingredients above 0.9% (non-



134 
 

approved are prohibited), and warn consumers of certain allergens not named in the list 
of ingredients. A quantitative ingredient declaration is also required for those 
ingredients highlighted in the name of the food or which consumers would associate with 
the food.1  
The EC also adopted special provisions as regards the protection of geographical 
indications and designations of origin for agricultural products and foodstuffs. The 
Council Regulation (EC) 510/2006 of 20th March 2006 establishes, in fact, the rules for 
protecting designations of origin and geographical indications for agricultural products 
and foodstuffs intended for human consumption. The main provision of Council 
Regulation (EC) 510/2006 is to ensure that only products genuinely originating in a 
specific region are allowed in commerce as such, to make Protected Designation of 
Origin (PDO) and Protected Geographical Indication (PGI) symbols or indications 
obligatory and to enable an easier identification of these products on the market so as to 
facilitate controls.4 
Issues such as tradition and identity play an important role in the perception of food 
authenticity, and the paradox might occur that a food might be safer if produced with 
more modern methods although the traditional method of producing the food is what 
makes it authentic. In the light of serious food safety incidents relating to food 
adulterations and frauds, consumers think of authentic food as being safe, and food 
safety and authenticity are undoubtedly linked. Also, food authenticity is often synonym 
of a positive quality even if people in general are able to recognize that non-traditional 
high quality foods exist as well (e.g. probiotic yoghurts, functional foods, etc.). In 
conclusion, adulteration and food fraud are without any doubt interconnected with the 
concept of food authenticity, even if a more appropriate definition describes food fraud 
as ‘the deliberate and illegal mislabelling of food for economic gain’.1 
 

1.1 Authenticity issue 
As showed elsewhere,5 there can be many different and indeed subtle issues concerning 
labelling which it may be desirable to check by performing chemical tests. However, it is 
possible to classify the issues into a number of similar topics. 
A common authenticity problem is for the species from which a food was made to be 
misdescribed. This may take the form of substitution of one species for another with a 
less commercial value, or the mixing of one species with similar material from a cheaper 
species. Thus, the use of soft wheat in the Italian traditional pasta manufactured,6 the 
replacement of Basmati rice with cheaper long grain-varieties,7 the use of non-premium 
olive cultivars in the production of olive oils with certificated geographical origin,8 the 
employment of cheap fruit pulps (e.g. blackberry or apple) rather than more expensive 
pulps (e.g. strawberry and raspberry) as ingredients of jams, yoghurts and fruit pies and 
desserts,9 are all examples of misdescription.  
Claims concerning the species of origin are effectively claims which concern the genetic 
of the ingredients.5 The application of recent developments in DNA technology 
(described further below) for authenticity testing are thus being developed and used in 
order to verify the match between labelling and the presence or the absence of certain 
food materials. 
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2. Food traceability 

Food authenticity, in general terms, is perceived as an important aspect by consumers at 
an emotional level because it involves their trust in what they buy. As a consequence, it is 
well controlled by food manufacturers and legislators. For this reason, traceability within 
food chains is gaining in importance to the European economy, especially because 
consumers exert pressure by wanting to know the provenance and authenticity of raw 
materials used for the production of foods, not just the nutritional value of those foods. 
In this scenario, the traceability allows to protect the consumer from possible fraud and 
to preserve individual food choices. In addition, the ability to check the origin of raw 
materials by using objective and scientific tools increases the value of quality 
certification (such as trademarks PGI, PDO). This encourages the development of 
economic marginal areas through the enhancement of local and niche products and also 
provides incentives to conserve and maintain the local ecotype biodiversity, through 
increased protection for authentic products.  
Nowadays, the development of organisational and management systems allows the food 
chain to be completely accessible and unambiguous. The instrument to ensure the full 
transparency of the food chain is the food traceability, i.e., the documented identification 
of incoming materials and all of the operations that contribute to the formation of the 
finished product as it is sold to the consumers. It is a system that allows the consumer to 
know, as quickly and as well as possible, origin and methods of production, transfer and 
commercialization of food. The main purpose is to protect consumers’ health and to 
assign responsibilities to those who are involved in agricultural and agro-industry 
productions.  
This checking policy requires the ability to track raw materials at every stage and every 
step of the food chain. This was established by the Regulation 178/2000 (EC): 
‘traceability means the ability to trace and follow a food, feed, food-producing animal or 
substance intended to be, or expected to be incorporated into a food or feed, through all 
stages of production, processing and distribution’. In practice, tracking 
materials/products through a food chain means collecting data that are generated along 
the path from farm to table, every time a stage production has been completed anywhere 
in the chain: seed or nursery industry, farm, first processing company, enterprise 
transformation, distribution and consumer.  
From 1 January 2005 the European Directive 2000/13/EC and the European Regulation 
178/2002 came into effect, according to which and to ensure transparency, all 
production and trading companies should adopt such procedures, exposed in the 
directive, in order to pinpoint the source of all the elements used in a given agro-food 
production process. This means that individual companies must provide data collected 
along the chain, in various stages of processing, organizing them in order to make 
available to the authorities all of the information concerning the whole production 
process. 
The benefits of adopting a system of traceability are multiple; primarily, they can affect 
both consumers, who are protected from being sold an inferior product with a false 
description, and honest traders, who are protected from unfair competition, thus 
increasing competitiveness and facilitating their inclusion in the certification systems. 
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3. Tools for assessing food authenticity 

One of the crucial point of the food traceability systems relies on the availability of 
simple, reliable and efficient tools allowing the immediate identification of ingredients in 
processed or composite mixtures, during any step of the food chain.  
Many different chemical and biochemical techniques have been developed for 
determining the authenticity of food and in recent years methods based on DNA analysis 
have become more important. This is because some techniques, such as immunoassays, 
work well with raw foods but lose their discrimination when applied to cooked or highly 
processed food. Also many techniques do not easily distinguish between closely related 
materials at the chemical level. For example, olive and hazelnut oils are similar 
chemically so the usual analytical methods cannot be applied to detect the adulteration 
of olive oils with hazelnut oil. Conventional chemical methods are also not always able to 
detect country or region of origin of olive oil.10  
DNA provides many advantages that make it especially attractive in studies of diversity 
and relationships. These advantages include: freedom from environmental and 
pleiotropic effects (molecular markers do not exhibit phenotypic plasticity, while 
morphological and biochemical markers can vary in different environments and are 
under polygenic control); a potentially unlimited number of independent markers are 
available, unlike morphological or biochemical data; DNA characters can be more easily 
scored as discrete states of alleles or DNA base pairs, while some morphological, 
biochemical and field evaluation data must be scored as continuously variable characters 
that are less amenable to robust analytical methods;11 DNA is more resilient to 
destruction by food processing (particularly cooking and sterilization) than other marker 
substances; DNA analysis has discriminating power because ultimately the definition of a 
variety or species is dependent on the sequence of the DNA in its genome. 
These advantages do not imply that other more traditional data used to characterize 
biodiversity are not valuable. On the contrary, morphological, ecological and other 
“traditional” data will continue to provide practical and often critical information needed 
to characterize genetic resources. DNA analysis has also the great disadvantage that, 
given a genetically defined material, it can not assess where it has been cultivated or the 
different environmental conditions in which it has been cultivated. The same specific 
variety of tomato, just to name an example, cultivated in Italy or in China, will probably 
be very different, given the different environmental conditions which in turn will result 
in different phenotypes, but will yield the same results at the genetic analysis. At the 
same time, nucleic acid-based technologies are developing rapidly and the informed 
adoption of suitable methods by the food industry has the potential to greatly simplify 
methods of authentication. 
 

3.1 DNA hybridization techniques 
Initial studies using DNA to detect specific species used relatively simple methods, in 
which labelled DNA probes were hybridized to samples of amplified genomic DNA 
covalently attached to nylon membranes in a slot- or dot-blot format.12 This most basic 
regime lacked of specificity, due to the high cross-reactivity among the DNA sequences of 
related species. The use of further species-specific DNA sequence probes has 
subsequently been described and the successful discrimination of meat from different 
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species, even closely related such as sheep and goat, has been accomplished, both in raw 
materials and in processed, heated and canned meat.13,14  
Being quite cumbersome, DNA testing by hybridization has been largely replaced by 
other DNA-based approaches to species identification.  
 

3.2 DNA sequencing  
DNA sequencing based techniques provide better discrimination among the different 
species/varieties than crude hybridization tests. 
Currently, dye-terminator sequencing technique based on the Sanger method is the 
standard method in automated sequencing analysis. The basic technique related with dye 
terminator sequencing and phylogenetic analysis is illustrated in Fig 1. In dye-terminator 
sequencing, the four dideoxynucleotide chain terminators are labelled with fluorescent 
dyes, each with a different wavelength of fluorescence emission. The different 
oligonucleotides having different length are then separated by capillary electrophoresis 
with fluorescence detection. The main advantages of this technique are its robustness, 
automation and high accuracy (>98%). On the other hand, the limitations of this 
technique include dye effects due to differences in the incorporation of the dye-labeled 
chain terminators into the DNA fragment. Such incorporation of dye can result in 
unequal peak heights and shapes in the electronic DNA sequence trace chromatogram 
after capillary electrophoresis. Another drawback is its inability to handle long 
sequences.15 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Fig 1. Schematic diagram summarizing the sequencing of a target DNA sequence. Adapted from reference 16. 

 
A new generation of non-Sanger based sequencing technologies has been evolving on its 
promise of sequencing DNA at unprecedented speed, thereby also enabling impressive 
scientific achievements and novel biological applications. These techniques are based on 
complete genomes rather than just short sequences of a single gene. Briefly, the 
procedure works by first capturing billions of single molecules of sample DNA on an 
application-specific proprietary surface within two flow cells. These captured strands 
serve as templates for the sequencing-by-synthesis. Polymerase and one fluorescently 
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labelled nucleotide (C/G/A/T) are added. The polymerase catalyzes the sequence-specific 
incorporation of fluorescent nucleotides into nascent complementary strands on all the 
templates. After a wash step, which removes all free nucleotides, the incorporated 
nucleotides are imaged and their positions are recorded. The fluorescent group is 
removed in a highly efficient cleavage process, leaving behind the incorporated 
nucleotide. The process continues through each of the other three bases (Fig 2). DNA 
sequencing data from next generation platforms typically present shorter read lengths, 
higher coverage and different error profiles compared with Sanger sequencing data. 
Several software packages have been created especially to cope with the next generation 
sequencing data.15 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Fig 2. Basic workflow of next generation sequencing technique. Adapted from reference 17. 

 
Current interest is also in the DNA barcoding, especially if applied to plants with the aim 
to classify unknown plants in known classification schemes. DNA barcoding is a 
technique for characterizing species of organisms using a short DNA sequence from a 
standard and agreed-upon position in the genome. DNA barcode sequences are very 
short relative to the entire genome and they can be obtained reasonably quickly and 
cheaply.18 The success of species-level assignment of plants using Basic Local Alignment 
Search Tool (BLAST) with individual barcodes has already obtained with different 
species, such as woody trees, shrubs and palms.19 There are some limitations which 
hamper the wide spread use of DNA barcode. First of all, a DNA sequencing- based 
identification system can work only if every species to be identified has its own 
sequences annotated in databases. An incomplete database, in fact, will allow to 
determine if the unknown sequence is different from those already known, but it will not 
imply the definitive identification of a species or its affiliation to a new species.20 
Secondly, in order that the molecular approach is fulfil, the discrimination between 
intra- and inter-specific variability must be accomplished. 
Limitations aside, DNA barcoding has many chances to be applied in the field of 
biological systematic, as a tool in diagnosis and food traceability, and for the 
phylogenesis analysis. 
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3.3 DNA molecular markers 
During the last few decades, the use of molecular markers, revealing polymorphisms at 
the DNA level, has been playing an increasing part in the field of food identification, to 
prevent the adulteration of target plant with other plant species. Due to the rapid 
developments in the field of molecular genetics, varieties of different techniques are now 
available, differing in genomic abundance, level of polymorphism detected, locus 
specificity, reproducibility, technical requirements and financial investment.  
A molecular marker is a DNA sequence that is readily detected and whose inheritance 
can be easily monitored. The uses of molecular markers are based on the naturally 
occurring DNA polymorphism, which forms basis for designing strategies to exploit for 
applied purposes. A marker must be polymorphic, i.e. it must exit in different forms so 
that chromosome carrying the mutant genes can be distinguished from the chromosomes 
with the normal gene by a marker it also carries. Genetic polymorphism is defined as the 
simultaneous occurrence of a trait in the same population of two discontinuous variants 
or genotypes. DNA markers seem to be the best candidates for efficient evaluation and 
selection of plant material. Unlike protein markers, DNA markers segregate as single 
genes and they are not affected by the environment. DNA is easily extracted from plant 
materials and its analysis can be cost and labour effective.11 
An ideal molecular marker must have some desirable properties. For example, it must be 
high polymorphic, as it is polymorphism that is measured for genetic diversity studies; it 
should have a codominant inheritance, allowing the determination of homozygous and 
heterozygous states of diploid organisms; an ideal marker should be evenly and 
frequently distributed throughout the genome; it should be easy, fast and cheap to detect 
by means of easy and fast assays, providing high reproducibility even between different 
laboratories.11 
It is extremely difficult to find a molecular marker, which would meet all the above 
criteria. A wide range of molecular techniques is available that detects polymorphism at 
the DNA level. Various types of molecular markers are utilized to evaluate DNA 
polymorphism and are generally classified as hybridization-based markers and 
polymerase chain reaction (PCR)-based markers. In the former, DNA profiles are 
visualized by hybridizing the restriction enzyme-digested DNA, to a labelled probe, 
which is a DNA fragment of known origin or sequence. PCR-based markers involve in 
vitro amplification of particular DNA sequences or loci, with the help of specifically or 
arbitrarily chosen oligonucleotide sequences (primers) and a thermostable DNA 
polymerase enzyme. The amplified fragments are separated electrophoretically and 
banding patterns are detected by different methods such as staining and 
autoradiography. This technique presents a high potential due to its fastness, simplicity 
sensibility and specificity.11 
There are several technical considerations specific to the use of PCR for amplifying DNA 
derived from food. First, in many instances the test samples will be highly processed and 
might have been heated to temperatures over than 100 °C to cook or sterilize them. This 
results in DNA degradation and so PCR primers should be designed to amplify fragments 
of 200 bp or less.21 Second, across the spectrum of foodstuffs to be examined, many 
different food matrices will be encountered including those high in oils, fats, vegetable 
material, animal tissue and various additives and fillers. The test sample might contain 
only raw ingredients or some or all of the components might have been milled, boiled, 
dried and so on. This means that DNA extraction procedures have to be optimized before 
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analysis begins, in order to ensure that sufficient test DNA is extracted and that 
inhibitors of the PCR are reduced or eliminated.10 To date, no single extraction method 
has proved useful with all the different matrices encountered. This problem is made 
more acute because quantification of the amounts of DNA from each species present 
often is required. 
 

3.3.1 Restriction Fragment Length Polymorphism (RFLP) 
Restriction Fragment Length Polymorphism (RFLP) is a technique in which organisms 
may be differentiated by analysis of patterns derived from cleavage of their DNA. If two 
organisms differ in the distance between sites of cleavage of particular restriction 
endonucleases, the length of the fragments produced will differ when the DNA is 
digested with a restriction enzyme. Size fractionation is achieved by gel electrophoresis 
and, after being transferred to a membrane by Southern blotting, fragments of interest 
are identified by hybridization with radioactive labelled probe (Fig 3). The similarity of 
the patterns generated can be used to differentiate species from one another. Such a 
polymorphism can be used to distinguish plant species, genotypes and, in some cases, 
individual plants.22 They have their origin in the DNA rearrangements that occur due to 
evolutionary processes, point mutations within the restriction enzyme recognition site 
sequences, insertions or deletions within the fragments, and unequal crossing over.23 
 
 
 

 

 

 

 

 

 

 
Fig 3. Schematic representation of RFLP technique. 

 

RFLPs are generally found to be moderately polymorphic. In addition to their high 
genomic abundance and their random distribution, RFLPs have the advantages of 
showing codominant alleles and having high reproducibility. They are very reliable 
markers in linkage analysis and breeding and can easily determine if a linked trait is 
present in a homozygous or heterozygous state. On the other side, the utility of RFLPs 
has been hampered due to the large quantities (1–10 μg) of purified, high molecular 
weight DNA required for each DNA digestion and Southern blotting. The requirement of 
radioactive isotope makes the analysis relatively expensive and hazardous. The assay is 
time-consuming and labour-intensive and only one out of several markers may be 
polymorphic. Despite these limitations, RFLPs have been applied in diversity and 
phylogenetic studies ranging from individuals within populations or species, to closely 
related species.11 RFLPs have been widely used in gene mapping studies because of their 
high genomic abundance.24 They also have been used to investigate relationships in the 
tomato genus Lycopersicon,25 as fingerprinting tool,26 and for diversity studies.27 
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3.3.2 Random Amplified Polymorphic DNA (RAPD) 
RAPD is a PCR-based technology. The method is based on enzymatic amplification of 
target or random DNA segments with arbitrary primers. In 1990 Welsh and McClelland 
developed a new PCR-based genetic assay namely randomly amplified polymorphic DNA 
(RAPD).28 This procedure detects nucleotide sequence polymorphisms in DNA by using a 
single primer of arbitrary nucleotide sequence. In this reaction, a single species of primer 
anneals to the genomic DNA at two different sites on complementary strands of DNA 
template. If these priming sites are within an amplifiable range of each other, a discrete 
DNA product is formed through thermo cyclic amplification. Amplified products are 
separated on agarose gels in the presence of ethidium bromide and view under 
ultraviolet light and presence and absence of band will be observed (Fig 4). 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Fig 4. The principle of RAPD-PCR technique. Arrows indicate primer annealing sites. Adapted from reference 
29. 

 
On an average, each primer directs amplification of several discrete loci in the genome, 
making the assay useful for efficient screening of nucleotide sequence polymorphism 
between individuals. These polymorphisms are considered to be primarily due to 
variation in the primer annealing sites, but they can also be generated by length 
differences in the amplified sequence between primer annealing sites. The main 
advantage of RAPDs is that they are quick and easy to assay. Because PCR is involved, 
only low quantities of template DNA are required. Since random primers are 
commercially available, no sequence data for primer construction are needed. Moreover, 
RAPDs have a very high genomic abundance and are randomly distributed throughout 
the genome. They are dominant markers and hence have limitations in their use as 
markers for mapping. The main drawback of RAPDs is their low reproducibility. Besides, 
RAPD analyses generally require purified, high molecular weight DNA, and precautions 
are needed to avoid contamination of DNA samples because short random primers are 
used that are able to amplify DNA fragments in a variety of organisms. Finally, RAPD 
markers are not locus-specific, and band profiles can not be interpreted in terms of loci 
and alleles (dominance of markers).11 RAPD markers have been employed for the 
construction of intra-specific tomato genetic map,30 and for the assessment of 
phylogenetic diversity and relationships of some tomato varieties.31 
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3.3.3 Amplified Fragment Length Polymorphism (AFLP) 
AFLP is a DNA fingerprinting technique, which detects DNA restriction fragments by 
means of PCR amplification. It involves the restriction of genomic DNA, followed by 
ligation of adaptors complementary to the restriction sites and selective PCR 
amplification of a subset of the adapted restriction fragments. These fragments are 
viewed on denaturing polyacrylamide gels either through autoradiographic or 
fluorescence methodologies.32 The PCR primers consist of a core sequence (part of the 
adapter), and a restriction enzyme specific sequence and 1–5 selective nucleotides (the 
higher the number of selective nucleotides, the lower the number of bands obtained per 
profile). The AFLP banding profiles are the result of variations in the restriction sites or 
in the intervening region (Fig 5). 
 
 

 

 

 

 

 

 

 

 

 

 

 

 
Fig 5. A schematic flow chart showing the principle of the AFLP method. Adapted from reference 33. 

 
The strengths of AFLPs lie in their high genomic abundance, considerable reproducibility 
and automatism, the generation of many informative bands per reaction, their wide 
range of applications, and the fact that no sequence data for primer construction are 
required. On the other side, AFLP method suffers from the need for purified, high 
molecular weight DNA and the dominance of alleles, which does not allow the 
discrimination between the homozygous and the heterozygous genotype.11 AFLPs have 
been applied in studies involving the construction of an intraspecific map of the tomato 
genome,34 and for the identification of markers linked to a tomato gene resistance.35 
 

3.3.4 Minisatellites (VNTRs and HVRs) 
The term minisatellites was introduced by Jeffrey in 1985. These loci contain tandem 
repeats that vary in the number of repeat units between genotypes and are referred to as 
variable number of tandem repeats (VNTRs) (i.e. a single locus that contains variable 
number of tandem repeats between individuals) or hypervariable regions (HVRs) (i.e. 
numerous loci containing tandem repeats within a genome generating high levels of 
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polymorphism between individuals).36 They consist of chromosomal regions containing 
tandem repeat units of a 10–50 base motif, flanked by conserved DNA restriction sites. 
Locus specific probes can be developed by molecular cloning of DNA restriction 
fragments, subsequent screening with a multilocus minisatellite probe and isolation of 
specific fragments (Fig 6). Variation in the number of repeat units, due to unequal 
crossing over or gene conversion, is considered to be the main cause of length 
polymorphisms. Due to the high mutation rate of minisatellites, the level of 
polymorphism is substantial, generally resulting in unique multilocus profiles for 
different individuals within a population. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Fig 6.  The principle of VNTR technique. Arrows indicate restriction recognition sites. 

 
The main advantages of minisatellites are their high level of polymorphism and high 
reproducibility while they hold the disadvantages of RFLPs, due to the high similarity in 
methodological procedures. Moreover, highly informative profiles are generally observed 
due to the generation of many informative bands per reaction. In that case, band profiles 
can not be interpreted in terms of loci and alleles.11 
Concerning the application of VNTR markers for the characterization of tomato genome, 
several studies showed the (GATA)4 motif as the one with the high polymorphic 
power,37,38 although it is not uniformly spread all along the genome. Other polymorphic 
motives along the tomato genome have been found, such as (GGAT)4, (CCTA)4 and 
(CA)8.38 The origin and the function of these motives have not been disclosed, yet, 
although they can contribute to the polymorphisms. Recent experiments of FISH 
(Fluorescent In Situ Hybridization) showed that they are mainly placed in the 
pericentromeric heterochromatin and in the NOR regions.39 
 

3.3.5 Microsatellites or Simple Sequence Repeat (SSR) 
They are sections of DNA, consisting of repeating mono-, di-, tri-, tetra- or penta-
nucleotide units in tandem that are arranged throughout the genomes of most eukaryotic 
species.40 Microsatellite markers, developed from genomic libraries, can belong to either 
the transcribed region or the non transcribed region of the genome, and rarely is there 
information available regarding their functions. Microsatellites, like minisatellites, 
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represent tandem repeats, but their repeat motifs, or core, are shorter (1–6 base pairs). If 
nucleotide sequences in the flanking regions of the microsatellite are known, specific 
primers (generally 20–25 bp) can be designed to amplify the microsatellite by PCR (Fig 
7). 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Fig 7. Representation of a CTT (tri-nucleotide) microsatellite and flanking region and the detection method. 
Arrows indicate positions of PCR primers. Two length variants are shown (A and B). Adapted from reference 
41. 

 
Polymerase slippage during DNA replication, or slipped strand mispairing, is considered 
to be the main cause of variation in the number of repeat units of a microsatellite, 
resulting in length polymorphisms that can be detected by gel electrophoresis or 
capillary electrophoresis. 
The strengths of microsatellites include the codominance of alleles, their high genomic 
abundance in eukaryotes and their random distribution throughout the genome. Because 
the technique is PCR-based, only low quantities of template DNA (10–100 ng per 
reaction) are required. Due to the use of long PCR primers, the reproducibility of 
microsatellites is high and analyses do not require high quality DNA. One of the main 
drawbacks of microsatellites is that high development costs are involved if adequate 
primer sequences for the species of interest are unavailable. Although microsatellites are 
in principle codominant markers, mutations in the primer annealing sites may result in 
the occurrence of null alleles (no amplification of the intended PCR product), which may 
lead to errors in genotype scoring. A very common observation in microsatellite analysis 
is the appearance of stutter bands that are artefacts in the technique that occur by DNA 
slippage during PCR amplification. These can complicate the interpretation of the band 
profiles because size determination of the fragments is more difficult and heterozygotes 
may be confused with homozygotes.11 
Microsatellite sequences are especially suited to distinguish closely related genotypes; 
because of their high degree of variability, they are, therefore, favoured in population 
studies  and for the identification of closely related cultivars.  
Concerning tomato, despite its low level of genetic diversity, SSRs can be highly 
informative and represent a powerful tool for variety discrimination.42,43,44 Moreover, 
several studies have found that genic SSRs are useful for estimating genetic diversity 
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within tomato collection,45,46 and a very useful tool to trace tomato cultivars in tomato 
food chains.47 
 

3.3.6 Cleaved Amplified Polymorphic Sequence (CAPS) 
CAPS are DNA fragments amplified by PCR using specific 20–25 bp primers, followed by 
digestion of the PCR products with a restriction enzyme. Subsequently, length 
polymorphisms resulting from variation in the occurrence of restriction sites are 
identified by gel electrophoresis of the digested products (Fig 8). CAPS have also been 
referred to as PCR-Restriction Fragment Length Polymorphism (PCR-RFLP). 
 
 
 
 
 
 
 
 
 
 
 
 
 

Fig 8. A schematic representation showing the principle of the CAPS method. Arrows indicate positions of 
PCR primers. 

 
Advantages of CAPS include the involvement of PCR requiring only low quantities of 
template DNA (50–100 ng per reaction), the codominance of alleles and the high 
reproducibility. Compared to RFLPs, CAPS analysis does not include the laborious and 
technically demanding steps of Southern blot hybridization and radioactive detection 
procedures. In comparison with RFLP analysis, CAPS polymorphisms are more difficult 
to find because of the limited size of the amplified fragments (300–1800 bp vs 0.5-3.0 kb 
in size of RFLPs).11 
Due to their suitability, CAPS markers have been deeply employed in tomato for gene 
mapping studies,48,49 especially those associated to resistance factors,50,51 for breeding 
purpose,52 and for the distinction of closely related tomato accessions.43 
 

3.3.7 Sequence Characterized Amplified Region (SCAR) 
SCARs are DNA fragments amplified by the PCR using specific 15–30 bp primers, 
designed from nucleotide sequences established from cloned RAPD fragments linked to a 
trait of interest (Fig 9). By using longer PCR primers, SCARs do not face the problem of 
low reproducibility generally encountered with RAPDs. Length polymorphisms are 
detected by gel electrophoresis.53 
The main advantage of SCARs is that they are quick and easy to use. In addition, SCARs 
have a high reproducibility and are locus-specific. Due to the use of PCR, only low 
quantities of template DNA are required (10–100 ng per reaction). The main drawback 
includes the need for sequence data to design the PCR primers and the need to clone the 
sequence to be amplified, which can be cost and time-dispending.11  
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Fig 9. A schematic representation showing the principle of the SCAR method. 

 
As for the CAPS markers, SCARs are locus specific and have been applied in tomato gene 
mapping,54,55 and for marker assisted selection.56  
 

3.4 Single Nucleotide Polymorphism (SNP) 
In recent years, there has been emphasis on the development of newer and more efficient 
molecular marker systems involving inexpensive non gel-based assays with high 
throughput detection systems. Availability of single nucleotide polymorphism is one such 
development that will be addressed in this paragraph. 
Single nucleotide polymorphism (SNP) is a DNA sequence variation occurring when a 
single nucleotide (A, T, G or C) differs among members of a species. SNP is the most 
abundant marker system both in animal and plant genomes. 
The extraordinary abundance of SNPs largely makes them the most attractive molecular 
marker system developed so far. In plant systems, the SNPs seem to be more abundant 
than even those in the human genome, so that in preliminary studies conducted in 
wheat, one SNP per 20 bp,57 and in the maize genome, one SNP per 70 bp,58 have been 
recorded in certain regions of these genomes. SNPs may be found both in the non-
repetitive coding or regulatory sequences and in the repetitive non-coding sequences. 
When present in the coding sequences, they may or may not determine the mutant 
phenotype, but will show 100% association with the trait and will therefore, be very 
useful, both for MAS (Marker-Assisted Selection) and for gene isolation. In tomato, the 
frequency of SNP has been estimated to be relatively lower, one SNP per 4000-8500 bp 
in coding regions:59 the paucity of SNPs in tomato ESTs may due to the low level of 
polymorphism, well know in tomato species, and to a limited genotype sampling in the 
databases. On the other side, tomato genetic variability has been showed to be higher in 
non-coding sequences (non translated regions and introns), where polymorphisms are 
better tolerated than in coding regions.59 This implies that the analysis of non coding 
regions may be a precious tool for the detection of diversity among tomato varieties. 
 

3.4.1 Methods used for discovery and identification of new SNPs 
RFLPs, RAPDs and SSRs which were the markers of choice during the last two decades, 
need gel-based assays and are, therefore, time consuming and expensive. Therefore, 
emphasis is now shifting towards the development of SNP molecular markers, which can 
be detected through non gel-based assays and which allow a high-throughput in the 
amount of data. 
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Locus specific-PCR amplification 
In this approach, locus specific PCR primers are synthesized from the available genomic 
sequences and PCR amplification is undertaken using DNA samples from several 
individuals. PCR amplified products are sequenced and sequence differences are used for 
discovery of new SNPs. Since prior sequence information is necessary, the method can be 
used only for genomic regions with known sequences.60 
 
Alignment among available genomic sequences 
The development of SNPs involving non gel-based assays has recently been facilitated by 
the availability of genome-wide sequences and EST databases. Alignment of genomic and 
EST sequences is the most convenient method for discovery of SNPs, if genomic/EST 
sequences from a heterozygote or from more than one individuals of the same species are 
available in the databases. The alignment of sequences is automated through computer 
software, and will allow detection of SNPs in a cost-effective manner. However, a 
comparison of genomic sequences will detect SNPs, both in coding and non-coding 
regions, while that of ESTs will detect SNPs only in the coding region. Sequences 
experimentally obtained from a shotgun library may also be aligned to available genomic 
sequences to discover new SNPs.60 
 
Whole genome shotgun sequences 
In this approach, random clones from the genomic library prepared from a mixture of 
DNA from several individuals are sequenced. This should require several fold coverage of 
the whole genome before SNPs can be detected by alignment of sequences belonging to 
the same locus.60 
 
Overlapping regions in BACs and PACs 
This is one of the common methods for the detection of SNPs in organisms that have 
been used for genome sequencing (e.g. Arabidopsis, rice). Since the overlapping 
sequences from BACs/PACs (bacterial/P1 artificial chromosomes) may be derived from 
genomes of different individuals, an SNP in the overlapping region can be detected by a 
mismatch.61 

 

3.4.2 Methods used for genotyping individuals at SNP loci 
A number of methods for SNP genotyping are now available, relying on the ability to 
distinguish a perfect match from a single base mismatch. The instrumentation and the 
techniques which recently became available, are allowing accurate genotyping of 
individual plants. The assays used for SNP genotyping can be broadly classified into two 
groups, the gel-based assays and the non gel-based assays, the latter being preferred in 
most laboratories to economize on time and money. 
 

Gel-based assays for SNP detection 
 
RFLP, AFLP and CAPS-based assay: the presence of SNPs can be detected by RFLP, 
AFLP or CAPS conducted on PCR products, whenever such SNP generates or destroys a 
specific restriction site for an enzyme. The PCR product in this method is subjected to 
restriction digestion with individual enzymes to detect differences in patterns, which will 
be due to changes in the restriction sites.60 
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Single-strand conformation polymorphism: single-strand conformation polymorphism 
(SSCP) technology allows detection of polymorphism due to differences of one or more 
base pairs in the PCR products and is therefore suitable for SNP detection. The technique 
relies on the secondary structure being different for single strands derived from PCR 
products that differ by one or more nucleotides at an internal site. In order to detect 
SNPs by this method, PCR product carrying the SNP site is denatured and 
electrophoretically separated in neutral acrylamide gel (Fig 10).62 Any difference between 
the wild strain and a mutant genotype will suggest the presence of SNP. 
 
 
 
 
 
 
 
 
 

Fig 10. A schematic representation showing the principle of the SSCP method. 
 

Allele-specific amplification for SNP genotyping: SNPs can also be detected by designing 
allele-specific primers for individual SNP sites. Different fluorochromes are attached at 
the 5’ ends and the polymorphic nucleotides are attached at the 3’ ends of the two 
primers. These allele-specific primers, when used for PCR with pre-amplified DNA as the 
template, the amplified product will be allele-specific and could be identified either on 
polyacryamide gel or on an automatic sequencer (Fig 11).63 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Fig 11. A flow-chart showing the basic principle of allele-specific amplification for SNP genotyping. Adapted 
from reference 64. 
 

Mismatch at 3’ end leading to failure in PCR reaction: if SNP is present at the 3’ end of 
an amplicon template, it can be detected simply by the failure of amplification due to 
mismatch between the primer sequence and the binding site in the template, although it 



149 
 

may be difficult to distinguish this failure of PCR due to SNP from PCR failure due to 
other reasons.60 
 

Non gel-based assays for SNP detection 
 
TaqMan assay: in an assay described as TaqMan, an oligonucleotide TaqMan probe is 
labelled with a fluorescent reporter molecule (e.g. FAM or VIC) at the 5’ end and a 
quencher (e.g. TAMRA) at the 3’ end. The probe on hybridization to the template DNA is 
degraded at its 5’ end due to exonuclease activity of Taq polymerase (TaqMan), so that 
the reporter is released leading to a rise in fluorescence signal (Fig 12).  
 
 
 
 
 
 
 
 
 
 
 

 
Fig 12. A schematic representation showing the principle of the TaqMan method. 
 

However, when due to the presence of an SNP, the probe mismatches with the template 
leading to failure in duplex formation, no such degradation at the 5’ end of the probe is 
possible and there is no rise in fluorescence signal.65 

 
Molecular beacons: molecular beacons are allele-specific hairpin-shaped oligonucleotide 
hybridization probes that become fluorescent upon target binding.66 
The probe (molecular beacon) will be specific for the target SNP sequence, and the 
sequences at its two ends will be complementary to each other. The two ends of the 
oligonucleotide are labelled just like the oligonucleotide probe used in TaqMan assay. 
The probe in isolation (when not forming a duplex with the target DNA) generates a 
hairpin structure due to self-annealing of its two ends, thus quenching the reporter. But 
when the probe anneals with the template, it gets linearized, thus separating the reporter 
from the quencher and permitting fluorescence signal (Fig 13).  
 
 
 
 
 
 
 
 
 

Fig 13. Diagrammatic representation of the operation of molecular beacons. Adapted from reference 67. 
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Several molecular beacons, each designed to use a different target and labelled with a 
different fluorophore, can be used to distinguish multiple targets in the same reaction 
mix.67 
 
Oligonucleotide ligation assay: in this approach, two independent probes (one is 5’ 
biotinylated and the other 3’ fluorescent-labelled) are used for hybridization with PCR 
product, so that when the probe matches the product, the two probes anneal with the 
PCR product and undergo ligation resulting in an oligonucleotide which is biotinylated at 
the 5’ end and fluorescent-labelled at the 3’ end.68 The ligation product, which is 
fluorescent labelled at the 3’ end, is captured on a solid streptavidin-coated matrix due to 
biotinylation at its 5’ end, and the signal is detected by autoradiography (Fig 14). 
However, when there is a mismatch due to the presence of SNP, fluorescent-labelled and 
biotinylated oligonucleotides are unable to ligate, so that the oligonucleotides captured 
by streptavidin, carry no signal. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Fig 14. Diagrammatic representation of the oligonucleotide ligation assay depicting gene detection through 
ligation of hybridized oligonucleotide probes. Adapted from reference 68. 
 

DNA chips and microarrays: DNA chips and microarrays of immobilized 
oligonucleotides of known sequences, which differ at specific sites of individual 
nucleotides (at the site of SNP), can also be used for detection of SNPs. The technique is 
actually suitable to score several SNPs in parallel from each sample in a multiplexed 
fashion. Four oligonucleotides in a column of an array will differ only at the SNP site and 
only one will be fully homologous. When such an array is hybridized with biotinylated 
PCR product, the perfect match will allow binding and mismatched products will be 
washed away. The perfect match in each case can be detected through a detection 
system.69 
Nowadays, the development of new high performance probes, analogues of DNA, has 
allowed the improvement of such a method. Such a probe, named Peptide Nucleic Acid 
(PNA) has several advantages which bypass many problems often encountered when 
using oligonucleotide probes: higher affinity and selectivity towards the complementary 
DNA sequences, outstanding chemical and biological stability, higher independence of 
hybridization from environment conditions (pH, ionic strength), easiness of 
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functionalization in order to obtain the desired chemical, physical or biological 
characteristics.70 
The selectivity of the probes can be further increased by using modified PNA 
monomers.71 One of the most efficient modifications was the introduction of PNA 
monomers derived from chiral amino acids with positively charged side chains (chiral 
PNAs),72,73 which were shown to be selective in recognition of single point mutations 
with different techniques.74,75 

 
Dynamic allele-specific hybridization: this technique is based on the differences in 
melting temperatures between duplexes resulting due to perfect match and mismatch 
between the PCR product and an allele-specific oligonucleotide, 15–21 bases long.76 The 
differences in the melting temperatures are detected by the use of a dye, which 
intercalates in a duplex DNA molecule and emits fluorescence. For PCR amplification, 
two primers are used, one of which is biotinylated to allow immobilization of the PCR 
product on a solid support. The immobilized PCR product is denatured, so that only 
biotinylated single-stranded DNA is retained on the solid support and the other strand is 
washed away. The biotinylated single-stranded DNA on the solid support is then 
hybridized to allele-specific oligonucleotide probe containing the SNP site. The duplex 
formed with the probe is detected by a low-cost fluorescent intercalating dye specific for 
double-stranded DNA (Fig 15). The dye emits fluorescence proportionate to the amount 
of double stranded DNA produced due to probe–target hybridization. When this hybrid 
duplex is denatured steadily by increasing temperature, the melting can be followed by 
the reduction in the above fluorescence. A rapid and sudden fall in fluorescence indicates 
the melting temperature (Tm) of the duplex. A single base mismatch results in a dramatic 
lowering of this melting temperature, thus permitting detection of SNP. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Fig 15. Diagrammatic representation of the dynamic allele-specific hybridization, used for SNP genotyping. 
Adapted from reference 76. 

 
Temperature modulated heteroduplex analysis usin dHPLC WAVE™ system: SNP 
detection sometimes requires screening for a sequence variant without any a priori 
knowledge of the exact location of a mutation in a given sequence. This will be possible if 
the wild type DNA sample is available for comparison with SNP mutant. For this 
purpose, denaturing high pressure liquid chromatography (dHPLC) has been used, 
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where each SNP yields a unique chromatography pattern with temperature modulated 
heteroduplex analysis or chromatography. The characteristic chromatography pattern 
can be used not only to identify a novel sequence variant, but also as a diagnostic tool, if 
an SNP is already characterized. It has been shown that this approach has extraordinary 
sensitivity to distinguish heteroduplexes from homoduplexes with perfect accuracy, and 
it is this property which has been utilized for SNP detection.60 
Individuals which are heterozygotes for SNP will have 1:1 ratio of wild type and variant 
DNA, so that the PCR products will also have 1:1 ratio of wild type and variant sequence. 
In case of homozygous mutant, the DNA will have to be mixed with wild type PCR 
amplified DNA. In either case, the mixture of wild type and variant DNA is heated and 
cooled again, so that the sample will then have a mixture of homo- and heteroduplexes. 
The heteroduplexes partially denature due to single base pair mismatch and can then be 
distinguished from corresponding homoduplexes by ion-pair reversed phase liquid 
chromatography (Fig 16). 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Fig 16. Diagrammatic representation of the principle involved in temperature modulated heteroduplex 
analysis using dHPLC. 

 
Pyrosequencing for SNP genotyping: Pyrosequencing is actually a new sequencing 
method for obtaining sequences of short DNA segments (up to ~20 nucleotides). The 
method relies on step-wise addition of individual dNTP (with simultaneous release of 
pyrophosphates, i.e. PPi) and monitoring their template guided incorporation into the 
growing DNA chain via chemiluminescent detection of the formation of 
pyrophosphate.77,78 Incorporation of a nucleotide into DNA will be possible, only if it is 
complementary to the next base in the template strand and the quantity incorporated 
will depend on the number of one or more consecutive complementary bases. 
Unincorporated dNTP is degraded using the enzyme apyrase. Pyrophosphate released is 
utilized to convert 5’ amino phosphosulfurate (APS) into ATP with the help of the 
enzyme ATP sulfurylase, and the ATP produced drives luciferase mediated conversion of 



153 
 

luciferin into oxyleciferin, generating light. The light produced is proportionate to ATP 
produced, which in its turn will be directly proportionate to the dNTP consumed. The 
emitted light is detected by a CCD camera and seen in a program as a peak, whose height 
will tell us about the number of molecules of dNTP incorporated (Fig 17).  
 
 

 
 
 
 
 
 
 
 
 
 
 

 
Fig 17. A schematic representation showing the principle of the Pyrosequencing method. 

 
Invasive cleavage assay – A non-PCR assay: PCR does have significant limitations, 
when used in a high throughput approach, so that approaches involving simpler and 
more direct analysis of DNA without prior PCR amplification have been developed. One 
such approach employs ‘invasive cleavage assay’ for nucleic acids and a MALDI-TOF-MS 
detection system.79 The invasive cleavage assay involves hybridization of genomic DNA 
with two sequence-specific oligonucleotides, one termed the invader oligonucleotide, and 
the other termed the probe oligonucleotide. The invader oligonucleotide has a sequence 
homology with a segment of genomic DNA upstream of the SNP site. The probe 
oligonucleotide, on the other hand, has a segment at its 3’ end that is homologous to the 
target DNA, and another segment at its 5’ end, that has no homology with the target 
DNA. On hybridization, a duplex is formed between the homologous segment of the 
probe oligonucleotide and the target DNA. The invader oligonucleotide now invades into 
the duplex for at least one nucleotide, thus forming an overlap at this point of invasion. 
The flap endonucleases cleave the unpaired region (including the overlap) available on 
the 5’ end of the probe, resulting in a 3’-hydroxyl DNA cleavage product (Fig 18). 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Fig 18. A schematic representation showing the principle of the Invader assay. Adapted from reference 80. 
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4. Conclusive remarks 

Food authenticity is presently a subject of great concern to food authorities, as the 
incorrect labelling of foodstuff can represent a commercial fraud. Among many labelling 
declarations which claim ‘quality’ characteristic of a given food most concern varieties of 
vegetables used as ingredients. Their identity in processed or composite mixtures is not 
always readily apparent and verification that the components are authentic and from 
sources acceptable to the consumer may be required. In this scenario, DNA molecular 
markers have been proved to be indispensable tools for traceability purpose, due to the 
high stability of DNA compared with proteins, even in the hostile environments applied 
during many processing steps used for food production, and also to their presence in 
most biological tissue.81 Nowadays, a variety of DNA-based methods is potentially 
available for use in food authentication, varying in their complexity and cost. Among 
these, SNPs have emerged as the new generation of molecular markers, which have 
already been developed in a large number of crop plant genome, not only for studies 
involving associations with a number of traits of economic value, but also for the study of 
genetic diversity and variety identification. Enormous genomic and cDNA sequence data 
that are accumulating in the databases will be extremely useful in future for discovery of 
new SNPs. A number of gel-based and non gel-based methods will also be used for 
detection of already characterized SNPs and for genotyping of populations at these SNP 
sites.60 The genetic variation due to the alternation of single nucleotide allows easy 
comparisons between the results collected by different laboratories using different 
chemicals and technologies, without the needs of extensive controls. Finally, the 
availability of emergent technologies, such as microarrays, coupled to the development 
of new high performance probes, such as PNA, represents a high potential due, not only 
to their easiness, speed and specificity, but also to their miniaturised and automated 
nature, which makes them suitable for a great number of targets. Thus, these new 
technologies are promising tools for multiple species identification in complex matrices, 
answering to the constant needs for food fraud detection and quality assessment. 
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1. Introduction 

In the field of the molecular probes concerning food analysis, Peptide Nucleic Acids 
(PNAs) can be considered very promising tools in DNA detection, due to their unique 
properties. 
PNAs are synthetic DNA analogues in which the phosphodiester backbone is replaced by 
a flexible pseudopeptide, made of repetitive units of N-(2-aminoethyl) glycine to which 
the purine and pyrimidine bases are attached via a methyl carbonyl linker.1 Since in the 
PNA structure the backbone length and the distance of the nucleobases from the 
backbone are the same as in natural DNA, PNAs can bind complementary DNA or RNA 
sequences, following standard Watson-Crick rules.2  
Unlike DNA and RNA, the PNA backbone is not charged. Consequently, there is no 
electrostatic repulsion when PNA hybridizes to its target nucleic acid sequences, giving a 
higher stability to the PNA-DNA or PNA-RNA duplexes than the natural homo- and 
heteroduplexes. This great stability also results in a higher thermal melting temperature 
(Tm) values as compared to DNA-DNA and DNA-RNA duplexes.3  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 
Fig 1.  Chemical structures of PNA as compared to DNA and protein. The backbone of PNA displays 2-
aminoethyl glycine linkages in place of the regular phosphodiester backbone of DNA, and the nucleotides 
bases are attached to this backbone at the amino-nitrogens through methylene carbonyl linkages. The amide 
bond characteristic for both PNA and protein is boxed in. By convention, PNAs are depicted like peptides, 
with the N-terminus at the left (or at the top) position and the c-terminus at the right (or at the bottom) 
position. PNAs hybridize to complementary DNA or RNA sequences in a sequence-dependant manner, 
following the Watson–Crick hydrogen bonding scheme. PNAs can bind to complementary nucleic acids in 
both parallel and anti-parallel orientation, which is illustrated in this figure. The Watson–Crick hydrogen 
bonds are indicated by “...”. Adapted from reference 4. 
 

An additional consequence of the neutral polyamide backbone is that PNAs hybridize 
independently of the presence of salts, which are necessary to attenuate electrostatic 
repulsions in DNA duplex. Indeed, PNA–DNA binding can be efficiently achieved even 
under very low salt concentrations, a condition that promotes the destabilization of RNA 
and DNA secondary structures, improving access to target sequences and facilitating the 
hybridization with the PNAs.5 The unnatural backbone of PNAs also means that PNAs 
are particularly resistant to protease and nuclease degradation.6 Because of this 
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resistance to the enzymatic degradation, the lifetime of PNAs is extended in biological 
fluids, both in vivo and in vitro.  
As already said, PNAs hybridize to complementary DNA or RNA in a sequence dependant 
manner but, in contrast to DNA, PNA can bind in either parallel (N-terminus of PNA 
facing the 5’-end of DNA) or anti-parallel (N-terminus of PNA facing the 3’-end of DNA) 
fashion, both adducts being formed at room temperature, with the anti-parallel 
orientation showing higher stability.7 These data indicate that PNA backbone is more 
flexible than native nucleic acid backbone. Actually, the ability of PNAs to strongly bind 
DNA has been interpreted as a result of the “constrained flexibility” in its structure, since 
too flexible, as well as too rigid, analogs showed very poor binding properties. 
Also, PNA-DNA hybridization is significantly more affected by base mismatches than 
DNA-DNA hybridization. It has been shown that a single mismatch in a mixed PNA–
DNA 15-mer duplex decreases the Tm by up to 15 °C, whereas in the corresponding DNA–
DNA complex, a single mismatch decreases the Tm by only 11 °C.8 Due to this selectivity 
and specificity which allow a high level of discrimination at single base level, PNA probes 
represent a reliable tool for an easy detection of single mutations and single nucleotide 
polymorphisms.9  
Introduction of different functional groups with different charges/polarity/flexibility has 
been described, giving rise to modified PNAs. In particular, the role of chirality in these 
compounds has been deeply investigated by using modified PNAs with stereogenic center 
either in the C2 or in the C5 carbon position of the backbone or in both, by inserting 
aminoacid-derived side chains (Fig 2).10-12  
 
 
 
 
 
 
 
Fig 2. Achiral PNA (left) and chiral PNA substituted at C2 carbon (right). The latter is obtained by inserting a 
monomer based on a chiral amino acid. Adapted from reference 13. 

 
The main effect of the addition of substituents at C2 or C5 carbon is to shift the PNA 
preference towards a right-handed or left-handed helical conformation, according to the 
configuration of the new stereogenic centers, in turn affecting the stability of PNA-DNA 
duplex through a control of the helix handedness. In particular, when using PNAs with 
an amino acid derived stereogenic centre at the C2 position, the intrastrand steric 
hindrance of the amino acid chain influences the PNA helical structure, which thus 
imparts a preference for right-handed (when D-amino acids are used) or a left-handed 
(for L-amino acids) helicity. On the contrary, the use of C5-modified monomers derived 
from L-amino acids were shown to induce a preferential right-handedness.14 As DNA is a 
right-handed helix (in the common B-form), it preferentially bound to 2D- or 5L-PNAs, 
which showed the same preferred handedness. 2L- or 5D-PNAs, which favour the “wrong” 
left-handed helix, were found to bind to DNA more weakly as were forced to assume an 
unfavourable conformation. As a result, C2 and C5-modified PNAs were found to bind 
very effectively to DNA when the stereochemistry was 2D, 5L.12 Chiral PNAs were 
generally found to form slightly less stable PNA-DNA duplexes than their achiral 
analogues,15 the effect being more pronounced for backbone containing negatively 
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charged monomers (derived from aspartic and glutamic acid), probably because of their 
repulsive interactions with the DNA negatively charged phosphate group.16 On the other 
side, the introduction of positively charged monomers (derived from lysine,13 and 
arginine,17) improved the stability of PNA-DNA duplexes. It has also been noted that the 
stereogenic centre was more efficient in effecting selectivity when it was positioned in 
the middle of the PNA strand.18  

Since high sequence selectivity is one of the properties for which PNAs are considered 
excellent probes, in order to achieve a specific recognition of complementary antiparallel 
DNA sequences and to improve the selectivity in the recognition of single base mismatch 
or single point mutation, a series of three adjacent C2-modified chiral monomers, 
termed ‘‘chiral box”, were introduced in the middle of the PNA backbone, resulting in 
PNA probes showing very high direction control (antiparallel vs. parallel binding) and 
exceptional sequence selectivity (Fig 3).13,17 

 

 

 

 

 

 

 

Fig 3. Example of chiral box PNA, incorporating three chiral adjacent monomers of C2‐D‐lysine in the middle of 
the strand. Adapted from reference 13. 
 

Therefore, it appears from the literature data that PNAs can usefully replace DNA probes 
in the revelation of specific gene sequences, being exploitable both on surface and in 
solution technologies, as already demonstrated in the detection of DNA from GMOs,19 

and from hidden allergens,20,21 or in the revelation of SNPs in the human genome.17 

 
2. Aim of the work  

In this chapter several PNA structures were tested in order to value which one could 
provide the best performance in terms of specificity, in binding complementary DNA 
sequences, and selectivity, in mismatch recognition, both in solution and on surface. For 
this aim, a PNA probe, designed to recognize a specific SNP placed along tomato genome, 
was first synthesized, both in the standard format, fully achiral, and as two different 
chirally modified variants, bearing a ‘‘chiral box’’ composed of three C2- or three C5-
modified arginine monomers in the middle of the sequence. Their binding affinity and 
mismatch recognition were tested both in solution and in microarray technology, using 
synthetic DNA oligomers mimicking the sequence containing the mutation. 
 

3. Experimental Part 

3.1 PNA design and synthesis 
Complementary reverse sequences of DNA strand to be detected were obtained using on 
line available FastPCR v 6.0 software.22 For the DNA sequence to be recognized, several 
PNA probes were tested by on line PNA designer support,23 designed by keeping the 
mismatch nucleotides in the central position of the strand and extending the ends of the 
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probes to reduce the difference in their Tm, by balancing the purine/pirimidine ratio. 
Afterwards each of them was first checked to minimize any secondary structure due to 
self- or hetero-annealing, in order to avoid a loss of hybridization efficiency, by using the 
on line program  IDT – Integrated DNA Technologies.24 The sequence specificity was 
then evaluated for each probe using NCBI-BLAST homology tool, to avoid any possible 
hybridization on other non-target regions. PNA probes have been obtained by the 
laboratories of the Department of Organic and Industrial Chemistry, after having being 
synthesized by solid phase methodologies. 
 

3.2 PNA spotting on microarray slides 

3.2.1 Chemicals 
• Sodium carbonate (Na2CO3) (Carlo Erba, Italy) 
• Sodium bicarbonate (NaHCO3) (Carlo Erba, Italy) 
• Carbonate buffer 100 mM (pH 9) 
• Sodium dodecyl Sulphate SDS (0.1% and 10% solutions in Milli Q H2O) (Sigma-

Aldrich, USA) 
• Printing solution: 

− PNA probes (30 and 50 µM) 
− 100 mM Carbonate buffer  
− 0.001% SDS  

• Ammonia (NH3) (1% aqueous solution) (Carlo Erba, Italy) 
• Milli Q H2O obtained with Millipore Alpha Q system 
• Control probe ((AC)11-Cy5)) (Thermo Scientific, Italy) 

 

3.2.2 Instrumentation 
• Genorama® SAL Enhanced Slides (25 x 75 x 1 mm) (Asper Biotech Ltd, Estonia) 
•  SpotArray™ 24 Microarray Printing System (PerkinElmer™ Life Sciences, Inc, 

USA) 
• Express™ Microarray Scanner (PerkinElmer™ Life Sciences, Inc, USA) 
• Reciprocating shaker SSL3 (Stuart Scientific, UK) 
• ALC PK110 Centrifuge (Thermo Electron, USA) 

 
3.2.3 Procedure 

The manufacturer’s instructions for the deposition protocol were slightly changed to 
comply with the special requirement of the chemical structures of PNAs: in particular a 
100 mM carbonate buffer (pH 9.0) containing 0.001% SDS was used as printing solution 
for 30 or 5o µM of PNA probe. Moreover, after every deposition, the pin printing system 
was washed in three solutions containing 100 mM carbonate buffer (pH 9.0) and SDS at 
different concentrations (0.2%, 1%, 0.001%), to avoid carry-over of the probes in 
subsequent depositions. The probes were coupled to the surface by leaving the slides in a 
humid chamber (relative humidity 75%) at room temperature for 12 hours, and the 
remaining reactive sites were blocked by immersion in a 1% aqueous solution of NH3 at 
room temperature for 15’ under gently shaking. The slides were slowly shaken for 15’ 
with 0.1% SDS solution pre-warmed at 40 °C and then washed twice with Milli Q H2O for 
5’ each at room temperature. Each slide was spin-dried twice in a plastic tube at 1200 
r.p.m. for 5’, to remove the remaining washing solution. The efficiency of the deposition 
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step was then checked by acquiring slides at λex=633 nm and λem=670 nm and displaying 
the fluorescent control probe ((AC)11-Cy5). The slides were then ready to undergo the 
hybridization protocol or could be stored under dried atmosphere for future use. All the 
previously described operations were carried out away from direct light in order to 
prevent degradation of the Cy5 fluorophore. 
 

3.3 Hybridization on microarray 

3.3.1 Chemicals 
• Sodium chloride (NaCl) (AnalaR Normapur®, Italy) 
• Sodium citrate (C6H7NaO7) (Carlo Erba, Italy) 
• Chloridric acid (HCl) (Sigma-Aldrich, USA) 
• Saline-Sodium Citrate buffer (SSC 20 x): 

− 17.5 g NaCl (3 M) 
− 10.3 g C6H7NaO7 (0.35 M) 
− Adjust the pH to 7.0 with a  solution of HCl. 
− Add Milli Q H2O to 100 mL 

• Cy5-labeled DNA oligonucleotides full match (FM) and mismatch (MM) 
(Thermo Scientific, Italy) 

• Sodium dodecyl Sulphate SDS (10% solution) (Sigma-Aldrich, USA)  
• Hybridization solution: 

− 0.1 µM DNA Oligonucleotides  
− 2 x SSC buffer  
− 0.1% SDS solution  

 

3.3.2 Instrumentation 
• Array hybridation cassette 1 x 16  (Arrayit Corporation, USA) 
• Gasket array hybridation cassette 1 x16 (Arrayit Corporation, USA) 
• Reciprocating shaker SSL3 (Stuart Scientific, UK) 
• ALC PK110 Centrifuge (Thermo Electron, USA) 
• Express™ Microarray Scanner (PerkinElmer™ Life Sciences, Inc, USA) 

 

3.3.3 Procedure 
The Cy5-labeled DNA-FM and DNA-MM oligonucleotides were used at a final 
concentration of 0.1 µM in 2 x saline-sodium citrate (SSC) solution and 0.1% SDS buffer. 
Hybridization was performed by loading 65 µL of each hybridization solution to array 
hybridization cassett, using a silicone gasket to avoid cross contamination, and leaving 
the slides under slow shaking for 2.5 hours at 40 °C. After the hybridization step, the 
slides were washed under slow shaking for 5’ at 40 °C with a 2 x SSC, 0.1% SDS buffer 
pre-warmed at 40 °C, followed by treatment for 1’ with 0.2 x SSC and for 1’ with 0.1 x 
SSC at room temperature. The slides were then spin-dried twice at 1200 r.p.m. for 5’. All 
post-hybridization steps were performed in a dark environment to prevent degradation 
of the Cy5 fluorophore used to label the oligonucleotides. The fluorescent signal deriving 
from the hybridization was acquired using an Express™ Microarray Scanner at λex=633 
nm and λem=670 nm. To correctly compare the hybridization data, all the images 
reported were acquired with laser power set at 100 and photomultiplier gain set at 70. 
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Images were analyzed using the ScanArray program with integration of 170 µm diameter 
circular area entirely containing the fluorescent spots. 

 

4. Results and Discussion 

4.1  Trial PNA design and synthesis 
In order to elucidate which PNA structure could be the more appropriate in terms of 
DNA binding and mismatch recognition, both in solution and on surface, a trial 
experiment was carried out with a PNA probe designed on the tomato sequence LeOH 
31.3 (see the following chapter for further details), containing the mismatch G/A, as 
illustrated in Fig 4a. 
The trial PNA probe was first designed by using PNA-Tm calculator software,23 as shown 
in Fig 4b.  
 
 
 

 
 
 
 
 

 
 
 
 
 
 
 
 

Fig 4. a, genomic sequence of locus LeOH 31.3, with the polymorphic bases in bold red; b, results from 
calculator software of the possible PNA probes, the underlined nucleotide is the one implying in the SNP 
recognition.  

 
Five different PNA probes, all recognizing the polymorphic base ‘G’ of tomato LeOH 31.3 
sequence, were used for Tm calculation: they were designed by shifting 2 and 4 bases 
toward 5’ end, first, and toward 3’ end, then, in order to have the nucleotide to be 
recognize along all the sequence. All the tested PNA probes had a percentage of purine 
content below the 60%, since purine-rich PNA oligomers tend to aggregate and have low 
solubility in aqueous solutions. Since these types of probes are prone to interact, as 
PNA/PNA interactions are even stronger than PNA/DNA interactions, self-
complementary sequences with inverse repeats, hairpins and palindromes should be 
avoided. Unfortunately, all the tested probes showed a high self-complementary, due to 
the motif ‘CCGG’ containing the polymorphic nucleotide and, for its own geometry, the 
self-complementarity of the probes could not be avoided. Moreover, the lowest Tm 
belonged to the PNA probe with the polymorphic SNP placed in the central position of 
the strand. Since previous studies showed that the presence of ‘chiral box’ in the middle 
of the strand overcomes the lack of binding selectivity and displayed very good single-

a 

b 
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point mismatch recognition,13,17 finally a PNA probe containing the polymorphic 
nucleotide in the central position of the strand was chosen to be synthesized.  
All the PNA probes used in this work were synthesised at the Department of Organic and 
Industrial Chemistry at University of Parma using different strategies. 
The synthesis of the achiral PNA was performed using Fmoc-based chemistry and 
standard protocols, which take the name from the N-terminal amine protecting group (9-
fluorenylmethoxycarbonyl, Fmoc). PNA synthesis proceeded from C-terminal to N-
terminal ends and it started from the first monomer loaded on the resin by a peptide 
bound formation between carboxylic acid group of the monomer and amino group of the 
resin. The resin used in this experiment was the Rink-Amide, a polystyrene resin with a 
linker which is protected on the  N-terminal amine by Fmoc group. A solution containing 
piperidine/NMP (N-Methyl-2-pyrrolidone) allowed the removal of the protecting group 
Fmoc from the resin and the insertion of the first monomer.   
A coupling agent, named HBTU/DIPEA (2-(1H-Benzotriazol-1-yl)-1,1,3,3-
tetramethyluronium Hexafluoro-
phosphate/DiIsopropylEthylAmine), helped the 
formation of the peptide bound, by the production 
of an active ester site in situ. After the first 
monomer has been introduced, protocol required 
the introduction of subsequent monomers (Fig 5), 
as follows: 

 removal of protecting group Fmoc from the 
last monomer loaded on the resin; 

 coupling reaction with the following 
monomer; 

 capping reaction with acetic anhydride in 
order to block all the amino groups which did 
not react 

Each step was preceded by some washes with 
dichloromethane and N- methylpyrrolidone in 
order to clean the resin off from impurities and 
excess reagents, increasing the yield. In this case, 
PNA was synthesized by an automatic ABI 433A 
Synthesizer, except for the first monomer loading 
step on the resin, which was hand-made. At the 
end of the sequence, two 2-(2-
aminoetoxy)etoxyacetyl spacers were inserted, to 
anchor PNA to the solid surface, keeping it at the 
right distance. As the synthesis was terminated, 
PNA was cleaved from the resin with a 
trifluoroacetic acid:m-cresol (9:1) solution. 
Trifluoroacetic acid is a strong acid which breaks 
the bound between PNA and the resin. After being 
treating with trifluoroacetic acid, PNA was 
precipitated with ethyl alcohol and, afterwards, it 
was air-dried for further characterizations.            Fig 5. Scheme of PNA synthesis on solid                            
  solid support. Adapted from reference 25. 
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The synthesis of 2D-chiral-box PNA was carried out by using the submonomeric 
synthesis previously described for other chiral-box.13 Briefly, the synthesis was carried 
out on an MBHA (4-Methylbenzhydrylamine) resin; the chiral monomers were directly 
assembled onto the resin into the middle of the PNA strand by coupling the protected 
backbone and then, after deprotection, inserting on the backbone the nucleobase, always 
on resin. The final cleavage was carried out with trifluoromethanesulfonic acid (TFMSA). 
Unlike the already reported method, D-lysine monomers were substituted by D-argine 
monomers.  
The 5L-chiral box PNA was synthesized by a Boc (butyloxycarbonyl)-based solid phase 
peptide synthesis using a polystyrene resin bearing MBHA group derivatized with Boc-L-
arginine. The coupling reaction was carried out with two preformed chiral monomers,26 

and commercially available Boc-PNA monomers. Boc-deprotection was performed with 
trifluoroacetic acid and final cleavage was carried out in TFMSA. 
All crude PNAs were purified by RP-HPLC with UV detection at 260 nm using a 
semipreparative column C18 and the resulting pure PNA oligomers were characterized by 
ESI-MS-RP-HPLC.26  
 
 
 
 
 
 
 
 
 
 
 
 
Fig 6. Achiral PNA, 2D-chiral-box PNA, 5L-chiral box PNA, and sequences used in this study. AEEA refers to 
the 2-(2-aminoetoxy) etoxyacetyl spacer. Adapted from reference 26. 
 

4.2  PNA recognition and binding properties in solution 
After synthesis and quantification by UV absorbance have been carried out,26 the PNA 
probes complexation properties in solution were investigated by determining the Tm, in 
order to evaluate the PNA ability in binding a DNA complementary sequence and in 
recognizing a mismatch. The determination of Tm, indeed, allowed to assess PNA:DNA 
interaction by recording the absorbance in a temperature range between 18-90 °C and 
subsequent cooling down. The experiments were performed using synthetic DNA 
oligonucleotides having full complementary (FM) or a single-mismatch (MM) sequence, 
corresponding to the polymorphic SNPs observed at locus LeOH 31.3 (Fig 4a and Fig 7).  
 
 
 
 
Fig 7. DNA full matched (DNA-FM) and mismatched (DNA-MM) sequences used in this study. 
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The UV melting curves of the two chiral PNA probes are reported in Fig 8, and the 
corresponding melting temperatures are reported in Table 1 and compared with those of 
the achiral PNA. 
 
 
 
 
 
 
 
 
 
 
 
 
Fig 8. UV melting curves (260 nm) for the DNA-FM with 2D-chiral box PNA (thin line), 5L-chiral box PNA 
(thick line) and achiral PNA (dashed line) performed in PBS buffer, pH 7; concentration of each strand was 5 
µm. Data are expressed as variation of absorbance (∆A). Adapted from reference 26. 

 
Concerning the binding affinity, the 2D-chiral box PNA-DNA-FM duplex was found to 
have similar melting temperature as compared to the achiral PNA:DNA-FM, similarly to 
what observed previously for lysine-based 2D-chiral box PNAs with different sequences,13 

indicating the formation of highly stable duplexes. On the other hand, the melting 
temperature for 5L-chiral box PNA was significantly higher than in the achiral PNA:DNA 
and 2D-chiral box PNA-DNA duplexes, thus confirming that this modification is the most 
suited for obtaining PNA with high affinity for complementary DNA. Besides, the huge 
steric hindrance, due to the three adjacent arginine monomers in the chiral box, seemed 
not to interfere in the PNA:DNA-FM binding.13 

 
 Table 1. UV melting temperature of the duplexes of PNA probes with full match and mismatch DNA. 
Adapted from reference 26. 

 
 
 
 
 
 
 
 
a PNA:DNA melting temperature measured in PBS buffer, pH 7, concentration of 5 µm for each strand 
b Tm (Fullmatch) – Tm (Mismatch). 
 

The recognition of a single mismatch (A instead of G) was also evaluated by the decrease 
in the melting temperatures. In this case, the 2D-chiral box PNA-DNA-MS was found to 
have the lowest melting temperature, with a ∆Tm of 26 °C, greater than that observed for 
the achiral PNA (22 °C), whereas the 5L-chiral box PNA gave a stable duplex also in the 
presence of the mismatch, with ∆Tm of only 20 °C, comparable to that of achiral PNA.  
The higher recognition properties of the 2D-chiral box model could be due to the 
different position of the substituent in the PNA backbone, which is attached to a carbon 
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atom between two rigid amidic groups for the 2D-derivative, whereas in the case of 5L-
derivative, the substituent is located on the aminoethyl moiety, which allows a higher 
conformational freedom (Fig 6). The presence of a mismatch in the central base of the 
2D-chiral box could induce a conformational change which then affects the proper 
conformation of the monomer and of adjacent residues. In this way the overall 
conformation of the ‘‘chiral box’’ segment would be highly distorted and would give rise 
to a less stable PNA:DNA duplex. This effect is less pronounced in the case of 5L 
monomers, due to the possibility for the flanking monomers to better adapt to the 
distorted conformation, therefore preserving the positive electrostatic interactions which 
stabilize the duplex.26 Therefore, while the 5L-chiral box PNA was superior in terms of 
binding, the 2D-chiral box was found to be the best model for the recognition of single 
mismatch in solution. 
 

4.3 PNA recognition and binding properties on microarrays 
PNA probes recognition properties on solid surface were investigated using the 
microarray technology.  
The surface of glass slides were coated with aminosilane (3-
aminopropyltrimethoxysilane + 1,4-phenylenediisothiocyanate). The reaction between 
the amino ends of PNAs and the surface implies the formation of a very stable thiourea 
bond, which ensures the anchoring of PNAs to the slide (Fig 9).  
 
 
 
 
 
 
 
 
 
 
 
 

 Fig 9. Exemplificative mechanism of PNA deposition on slide array. 
 

PNAs were spotted using solutions of two different concentrations (30 and 50 µM), both 
producing similar results (Fig. 10) suggesting that the concentration was sufficient in 
both cases to saturate the active sites of the slide. A set of the achiral, 2D-chiral box, and 
the 5L-chiral box PNA was spotted in duplicate on the same slide, together with a Cy5-
labeled oligonucleotide as a control of deposition. Deposition steps were alternated with 
SDS and H2O washes, in order to clean the pin of the array spotter and avoid ‘carry-over’ 
contaminations.  
Using a multichamber silicone gasket, one set of spots was then hybridized with the full-
match oligonucleotide, and the other with the mismatched one, each bearing Cy5-
labeling, as described in paragraph 3.3, and using a temperature of hybridization of 40 
°C in order to discourage the formation of secondary structure or self- and hetero-dimer 
among the oligonucleotides, which could decrease hybridization efficiency. 
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Fig 10. Microarray analysis of Cy-5 labeled DNA oligonucleotides: a, full-match DNA-FM and b, single-
mismatch DNA-MM sequences. Hybridization was performed as described in Experimental part. Adapted 
from reference 26. 

 
As shown in Fig 10a the achiral PNA gave rise to the more intense signal with the full-
match DNA. The 2D-chiral box gave a stronger signal than 5L-chiral box PNA, which 
showed very weak hybridization. Therefore, the stability of the PNA:DNA-FM duplexes 
under these conditions were in a different order than those observed in solution, 
suggesting that electrostatic interactions which stabilize the duplex in solution can be 
affected by the matrix effect of the activated slide surface and by the additives normally 
used for hybridization.  
The hybridization with the mismatched oligonucleotide gave the results reported in 
Figure 10b, which were supplemented by a quantitative analysis comparing full match 
and mismatch spot intensities: these underlined best recognition properties for the 2D-
chiral box PNA than with the two other cases (Fig 11).26 This is in line with the results of 
sequence selectivity observed in solution. Therefore, for the recognition of a single 
nucleotide mismatch on the array, the 2D-chiral box model was also in this case found to 
be the best overall performing in terms of sequence selectivity. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Fig 11. a, Quantitative analysis of microarray signals obtained with achiral PNA, 2D-chiral box PNA and 5L-
chiral box PNA with full match (DNA-FM, white bars) and mismatched DNA (DNA-MM, gray bars); vertical 
bars indicate standard deviations. b, Selectivity (I full match/I mismatch) observed in the microarray 
hybridization for the various PNA. Adapted from reference 26. 
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4.4 Performance of PNA probes in solution and on surface: a 

comparison 
As shown in described experiments, the behaviour of tested PNA models deeply differs 
between the binding properties in solution and on surface. 5L-chiral box PNA seemed to 
be the best model for the DNA binding in solution, followed by fully achiral PNA and 2D-
chiral box PNA (Table 1). This situation is diametrically opposed to the PNA behavior on 
surface. Here, the best binding properties seemed to belong to the achiral PNA while the 
5L-chiral box PNA gave very less intense signals (Figg 10a and 11a). On the other side, 
the high stability of achiral PNA showed on surface was detrimental for the mismatch 
recognition. Indeed, while in solution all the three PNA structures showed similar good 
SNP discrimination properties, with 2D-chiral box PNA slightly better performing, the 
hybridization on array revealed 2D-chiral box PNA as the best structure in terms of 
selectivity in mismatch recognition, while the achiral PNA still gave a strong signal when 
the hybridization with mismatch DNA was performed. These results suggest that the 
surface could play a meaningful role during the hybridization step. It may be speculated 
that the nature of the solid support and the presence of positive charges on chiral PNA 
probes are more likely responsible for the reduced binding properties on surface, since 
they could promote the aggregation of the PNA, lowering the efficiency of the 
hybridization. Concerning the mismatch recognition properties, it has be noted that 
there is a major difference between the two types of modifications in chiral PNAs: while 
the side chains in the 2D model are pointing toward the major groove, in the 5L model 
they are directed toward the minor groove.11 The higher sequence selectivity observed in 
the case of 2D chiral box can be due to the position of the side chain, which is attached to 
the α-carbon of the more rigid glycine moiety of the PNA backbone, whereas the side 
chain in the 5L derivative is placed in the more flexible aminoethyl group. Distortion of 
the former will likely generate a conformation in which the side chains collide with each 
other, whereas in the case of the 5L derivative, they can be rearranged and the eventual 
repulsive interactions are compensated by the electrostatic interactions with the negative 
potential of the minor groove. Since the side chains in the 5L model are closer to the DNA 
backbone, however, eventual surface-PNA interactions on this side will strongly hamper 
the interaction with DNA, while the same effect occurring on the major groove side 
would be better tolerated, thus leading to a better performance on the microarray 
system.26 
 

5. Conclusions 

Since several works had showed the importance of chirality of PNAs in affecting in a 
positive way DNA recognition and enhancing sequence selectivity, in this chapter the 
performance of three different PNA probes, fully achiral PNA, 2D-arginine-based chiral 
PNA and 5L- arginine-based chiral PNA, has been investigated, in terms of DNA binding 
affinity and mismatch recognition, both in solution and on solid surface. 
The results showed that the 5L-chiral box PNA was superior in binding affinity in 
solution, whereas the 2D-chiral box PNA model was superior in performances when 
recognition of single nucleotides was considered both in solution and in the microarray 
format. These differences could be mainly addressed to the displacement of the chiral 
monomers in the PNA-DNA duplex three-dimensional structure and, therefore, to their 
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interaction with the solid surface. This interfacing, in turns, highly differs according to 
the chemistry of the stereogenic centres and is enhanced by the presence of several chiral 
monomers used to form chiral-box PNAs.  
The information achieved here can be very precious in the design of a PNA-based 
microarray for the recognition of single nucleotide polymorphisms in food analysis. 
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1. Introduction 

The development of systems able to guarantee the identification of food material from 
farm to fork is deemed more and more necessary, due to the consumers’ demand for 
high quality products. As any quality ingredient is in danger of being counterfeit, the 
possibility of univocally identify the ingredients in any step of the food chain 
represents also a means of protecting both high-quality brand names and consumers. 
For many cultivated plant species the most frequent fraudulent adulteration consists 
in the replacement of the declared cultivar with others of lower commercial value. 
Besides damaging the companies that legitimately employ and exploit a specific brand 
or product characteristic, the improper use of a denomination can cause confusion 
among consumers, who can not distinguish in the purchased product its distinctive 
properties. Nowadays molecular markers represent the most reliable tool for varietal 
identification in plants. As, in principle, DNA can be found in any food product, 
application of DNA analyses can be a valuable source of information on the identity of 
food and feed ingredients.1 In the past years molecular diversity of plant species has 
been characterized by the development of a high number of molecular markers, which 
revealed very useful polymorphisms. Concerning tomato, genetic variability among 
cultivated varieties showed to be far lower than that observed in other self-compatible 
species.2 Besides the strict autogamy of this species, the low rate of polymorphism 
may be due to the overexploitation of a limited genetic pool in breeding and selection 
programs. Among the different DNA markers with a high discriminatory power,3,4,5 

single nucleotide polymorphisms (SNPs), which consist in single nucleobase changes 
within the genome, can be successfully used to identify a specific tomato variety,6,7 
even in processed matrices. A wide range of bioassays for the recognition of SNPs has 
been developed in the last few years, either in solution or on surface,8 all aimed at the 
development of fast, cheap, robust and high-throughput methods. Among these, 
surface techniques, and in particular microarray-based platforms,9,10 turned out to be 
extremely interesting. Such methods usually rely on the recognition of a DNA target 
by hybridization with a single strand oligonucleotide probe immobilized onto a 
surface. The quality and efficiency of these methods can be seriously affected by the 
nature of the probes used to recognize complementary sequences; in particular, 
oligonucleotide probes may be replaced with modified molecules with an improved 
affinity and improved specificity in DNA binding, leading to improved recognition 
properties.11,12 Peptide nucleic acids (PNAs) are among the most promising probes, 
showing improved binding properties, if compared to DNA probes, as well as higher 
chemical and enzymatic resistance. The development of PNA-based surface systems 
allowed to obtain more efficient assays, in terms of selectivity in the recognition of 
point mutation, robustness and sensitivity. In food analysis, although still not 
exploited routinely, several promising applications of PNAs have been published in 
the last few years. In particular PNA-microarrays were successfully used for the 
detection of GMOs, hidden allergens and ingredient authentication.13 
As already described in the previous chapter, PNA-microarrays properties in terms of 
specificity of recognition, can be further improved by introducing new chemical 
modifications in the PNA structure, able to allow a straightforward clear-cut 
discrimination, even in the case of single mismatch recognition (SNP). The synthesis 
and the binding properties of PNAs containing arginine-based monomers have been 
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recently reported,14 demonstrating their enhanced recognition properties, in terms of 
binding affinity and mismatch recognition, in solution and on microarray 
platforms.14,15 Such PNAs might constitute an advancement in SNP recognition as 
compared to traditional DNA-based systems, characterized by poor selectivity, and 
therefore could be successfully exploited for gaining information on the identity of 
raw ingredients in foodstuff. 
 

2. Aim of the work 

Using argine-based 2D-chiral box PNA (Arg-PNA), whose enhanced recognition 
properties in terms of binding affinity and mismatch recognition, both in solution and 
on microarray platforms, have been demonstrated in the previous chapter, a model 
Arg-PNA microarray for the simultaneous identification of SNPs characteristic of 
seven different tomato varieties was designed and developed. Highly selective Arg-
PNAs were designed, synthesized and their binding properties in solution were 
assessed. PNA-microarrays based on these probes were prepared and applied to SNP 
discrimination, at first in model experiments, using oligonucleotide mixtures 
simulating the different sequences of the seven tomato varieties, and then by using 
amplified DNA extracted from real food samples. The strength and the limitations of 
such a system for SNP recognition will be thoroughly discussed. 
 

3. Experimental part 

3.1 PNA design 
See paragraph 3.1, Chapter VI – Section II 
 

3.2 Hybridization on microarray 
See paragraph 3.3, Chapter VI – Section II 
 

3.3 Plant materials and food matrices 
Among the tomato varieties, which in 2007 were the most represented in the Italian 
seed market, seven were chosen for this study (Table 1). We also analysed seven 
commercially available tomato products, two chopped, three peeled and two cherry 
canned tomatoes. They corresponded to the mono-varietal sauces made of the same 
listed tomato varieties. All these materials were obtained from the tomato food 
products producer “Annalisa” Lodato S.p.A (Salerno, Italy). 
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Table 1. Tomato varieties used in this study. 

 
 
 
 
 
 
 
 
 
 
 
 
 

3.4 DNA extraction from fresh and canned tomato 

3.4.1 Chemicals 
• D-Sorbitol (C6H14O6) (Fluka, Sigma-Aldrich, USA) 
• Tris base (Sigma-Aldrich, USA) 
• Ethylenediaminetetraacetic acid (C10H16N2O8) (EDTA) (Fluka, Sigma-Aldrich, 

USA) 
• Sodium chloride (NaCl) (AnalaR Normapur®, Italy) 
• Cetrimonium bromide ((C16H33)N(CH3)3Br) (CTAB) (Sigma-Aldrich, USA) 
• Chloridric acid (HCl) (Carlo Erba, Italy) 
• Milli Q H2O obtained with Millipore Alpha Q system 
• Sodium dodecyl sulfate (SDS) (5% solution) (Fluka, Sigma-Aldrich, USA)  
• DNA extraction buffer 1: 

− 6.37 g C6H14O6 (0.35 M) 
− 1.21 g Tris base (0.1 M) 
− 0.14 g EDTA (5 mM) 
− Adjust the pH to 7.0 with HCl solution  
− Add Milli Q H2O to 100 mL 

• DNA extraction buffer 2: 
− 2.42 g Tris base (0.2 M) 
− 1.46 g EDTA (0.05 M) 
− 11.68 g NaCl (2 M) 
− 2 g CTAB (2%) 
− Add Milli Q H2O to 100 mL 

• DNA Microprep Buffer (10 mL for each sample): 
− 2.5 mL DNA extraction buffer 1 
− 2.5 mL DNA extraction buffer 2 
− 1 mL 5% SDS solution 

• Chloroform (CHCl3) (AnalaR Normapur®, Italy) 
• Isopropanol (CH3CH(OH)CH3) (Carlo Erba, Italy) 
• Ethanol (EtOH) (70% solution in  Milli Q H2O) (Sigma-Aldrich, USA)  
• N2 flux 
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• Sterile H2O 
 

3.4.2 Instrumentation 
• Digital Scale BCE 62 PT (Orma, Italy) 
• Homogenizer Ultraturrax T50 basic (IKA Werke, Germany) 
• pH meter 212 (Hanna Instruments, Italy) 
• Centrifuge Universal 320 R (Hettich, Germany) 
• Hotplate Stirrer F 80 (Falc) 
• Autovortex SA6 (Stuart Scientific, UK) 
• Qubit fluorometer 1.0 (Invitrogen, UK) 

 

3.4.3 Procedure 
40 g of fresh (whole fruit) or canned tomato were weighed in a beaker and 
homogenized. 10 g of  blended sample were transferred to a 50 mL plastic tube and an 
equal volume of DNA Microprep buffer (10 mL) was added. The solution was mixed 
and it was incubated at 65 °C for 1 h, under gently shaking. Afterwards, the sample 
was centrifuged at 9000 r.p.m. for 15’ at 4 °C and the supernatant was recovered and 
moved to another 50 mL plastic tube. An equal volume (~ 10 mL) of chloroform was 
added and the two phases were mixed by inverting the tube gently. After a 
centrifugation step at 8000 r.p.m. for 15’ at 4 °C, the aqueous phase was recovered 
and transferred to a clean tube. The separation step with chloroform was repeated 
whenever the supernatant wasn’t clear enough. An equal volume (~ 10 mL) of cold 
isopropanol (-20 °C) was added to the supernatant and the sample was mixed gently 
by inverting, in order to allow DNA precipitation. The pellet was separated by 
centrifugation at 9000 r.p.m. for 45’ at 4 °C. The supernatant was discarded and the 
pellet was washed with 70% EtOH and moved to 1.5 mL eppendorf tube. After another 
step of 1o’ in centrifuge, the EtOH was evaporated under N2 flux and the pellet was re-
suspended in 500 µL sterile H2O. The concentration of extracted DNA was 
determined using the Qubit® fluorometer (Invitrogen) according to the instructions 
by the manufacturer. The extracts were frozen at –20 °C until the analysis time. 
 

3.5 DNA purification 

3.5.1 Chemicals 
• Isopropanol (CH3CH(OH)CH3) (80% solution) (Sigma-Aldrich, USA) 
• Sterile and apyrogenic H2O pre-warmed at 80 °C (Salf SPA, Italy) 
• Wizard DNA Clean Up System (Promega Corporation, USA) 

− Wizard® DNA Clean-Up Resin 
− Wizard® Minicolumns 
−  100 Syringe Barrels (3 cc) 

 

3.5.2 Instrumentation 
• Vacuum Manifold Visiprep™ DL (Supelco, Sigma-Aldrich, USA) 
• Centrifuge 1-13 (Sigma Laboratory Centrifuges, Germany) 
• Hotplate Stirrer F 80 (Falc) 
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3.5.3 Procedure 
One Wizard® Minicolumn was used for each sample. The provided Syringe Barrel was 
attached to the Luer-Lok® extension of each minicolumn. The tip of the 
Minicolumn/Syringe Barrel assembly was inserted into the vacuum manifold. The 
Wizard® DNA Clean-Up resin was thoroughly mixed before removing an aliquot. If 
crystals or aggregates were present, they were dissolved by warming the resin to 37 °C 
for 10’. 1 mL of Wizard® DNA Clean-Up Resin was added to a 1.5 mL microcentrifuge 
tube containing 500 µL of sample and the solution was mixed by inverting several 
times. 
The resin/DNA mix were pipetted into the syringe barrel. The vacuum was applied to 
draw the solution through the minicolumn and it was broken before the minicolumn 
dried up. To wash the column, 2 mL of 80% CH3CH(OH)CH3 were added to the 
syringe barrel, and the vacuum was re-applied to draw the solution through the 
minicolumn. The resin was completely dried by continuing to draw a vacuum for 30’’ 
after the solution has been pulled through the column. The syringe barrel was 
removed and the minicolumn was transferred to a 1.5 mL centrifuge tube. After a 
centrifuge step at 10000 r.p.m. for 7’ to remove any residual CH3CH(OH)CH3, the 
minicolumn was transferred to a new centrifuge tube. 50 μL of pre-warmed H2O were 
applied to the minicolumn and incubated for 1’. The centrifuge tube was centrifuged 
for 5’ at 10000 r.p.m. to elute the bound DNA. The minicolumn was removed and 
discarded and the purified DNA was stored in the microcentrifuge tube at –20 °C. 
 

3.6 Oligonucleotide primers design 
On the basis of the selected tomato sequences containing SNPs (LeOH 8.4, LeOH 
23.1, LeOH 31.3 and LeOH 63, see Results and Discussion section for details), which 
allowed the discrimination of the tomato analyzed hybrids, different primer pairs 
were designed to univocally amplify target DNA regions. The primer design was 
entirely performed using on-line available resources (Primer3 software v 0.9).16 All 
the primer pairs that successfully amplified their targets were then tested using the 
FastPCR software v 6.0,17 to control their suitability to be used in a multiplex system. 
 

3.7 PCR setting 

3.7.1 Chemicals 
• Phire® Hot Start II DNA Polymerase 5 U/µL (Finnzymes, Thermo Scientific, 

Finland) 
• Phire Reaction Buffer 5 x containing 7.5 mM MgCl2 (Finnzymes, Thermo 

Scientific, Finland) 
• Deoxynucleotides 100 mM (dATP, dCTP, dGTP and dTTP) (10 mM solution for 

each dNTPs) (Euroclone, Italy)  
• Oligonucleotide primers desalted and lyophilized (20 µM solution in sterile and 

apyrogenic H2O) (Thermo Scientific, Italy)  
• Sterile and apyrogenic H2O (Salf SPA, Italy) 
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3.7.2 Instrumentation 
• Aura PCR workstation (BioAir Instruments s.r.l., Italy) 
• PCR Sprint Thermal Cycler (Thermo Hybaid,  UK) 

 

3.7.3 Procedure 
ii..  SSiimmpplleexx  PPCCRR  

First of all the efficiency of the primers in amplifying the target sequences were tested 
by performing PCRs using each primer pair with DNA extracted from both fresh and 
canned tomatoes. 
All PCR procedures were performed in a final volume of 50 µL with the following 
reagent concentrations: genomic DNA 30 µg, Phire Reaction Buffer 1 x, MgCl2 1.5 mM, 
dNTPs 0.2 mM each, primer 0.4 µM each (forward and reverse), Phire® Hot Start II 
DNA Polymerase 0.15 U/µL. Thermal cycle conditions were as follows: pre-incubation 
at 95 °C for 5’; 40 cycles consisting of dsDNA denaturation at 95 °C for 40’’, primer 
annealing at 58 °C for 40’’, primer extension at 72 °C for 40’’; and final elongation at 
72 °C for 5'. 
 

iiii..  MMuullttiipplleexx  PPCCRR  
In the multiplex PCR a simultaneous amplification of 4 target sequences of tomato 
genomic DNA was performed, containing all the primer pairs. Considering the primer 
pairs/target response observed in the simplex PCR, the concentration of each primer 
pairs was set as follows: 0.5 µM for LeOH 8.4, LeOH 23.1 and LeOH 63 primer pairs, 
0,8 µM for LeOH 31.3 primer pair. Besides dNTPs concentration was slightly 
increased to 0.3 mM each. Thermal cycle conditions were the same as described 
above. 
 

iiiiii..  UUnnbbaallaanncceedd  PPCCRR  
In this case a double amplification was performed. The first amplification consisted of 
a duplex PCR performed as described above. During the second amplification 3 µL of 
amplified material was used as template for an unbalanced PCR in which the primer 
of each pair copying the target sequence, that is the forward primer, was labelled with 
a Cy5 group; the concentration of labelled and unlabelled primers were 0.5 and 0.05 
µM respectively. The PCR procedures were performed in a final volume of 100 µL and 
the same thermal cycle conditions already described were applied. 
 

iivv..  PPCCRR  ffoorr  SSiinnggllee--SSttrraannddeedd  PPrroodduuccttss  
The procedure used was the same above-reported for the double-stranded products 
except that the PCR primers which wouldn’t incorporate in the single DNA strands to 
be hybridized with the PNA array (reverse primers) were 5’-phosphorylated, while the 
primer of each pair copying the target sequence was labelled with a Cy5 group. The 
PCR products obtained were digested with λ-exonuclease (see paragraph 3.9). 
 

3.8 Agarose gel electrophoresis 

3.8.1 Chemicals 
• TBE buffer 10 X (Euroclone, Italy): 

−  0.89 M Tris pH 8 
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−  0.89 M boric acid 
−  0.02 M EDTA 

• GellyPhor®LM agarose (Euroclone, Italy) 
• Ethidium bromide (EtBr) 5 mg/mL (Euroclone, Italy) 
• Milli Q H2O obtained with Millipore Alpha Q system 
• Orange G dye (Sigma-Aldrich, USA) 
• Glicerol (50% solution) (Fluka, Sigma-Aldrich, USA) 
• Ethylenediaminetetraacetic acid C10H16N2O8 (EDTA) (0.5 M solution in H2O, 

pH 8) (Fluka, Sigma-Aldrich, USA) 
• Orange G loading dye 5 x: 
− 0.01 g Orange G Dye  
− 3 mL Glicerol (30%) 
− 0.6 mL EDTA (0.06 M) 
− Add Milli Q H2O to 5 mL 

• EZ Load™ 20 bp Molecular Ruler (Bio-Rad, Germany)  
 

3.8.2 Instrumentation 
• HU10 Mini Plus Horizontal Gel Unit (Scie-Plas, UK) 
• Photo UV 20 trans-illuminator (Euroclone, Italy) 

• MPSU-200/100 Mini Power Supply Unit (Euroclone, Italy) 

• Digital camera Coolpix 2000 (Nikon Corporation, Japan) 

 

3.8.3 Procedure 
PCR products were analyzed using agarose gel electrophoresis. The gel was prepared 
with 4% or 2% of agarose in Tris-Borate EDTA 0.5 x with 0.5 µg/mL of EtBr. The 
samples to be analyzed were prepared as follows: 16 µL of amplified DNA and 4 µL of 
loading dye. The running conditions were constant voltage at 120 V for 1 h in TBE 0.5 
x. The amplified fragments were displayed by placed the gel on a UV trans-illuminator 
and comparing their molecular weight to the one of molecular standards. Gel image 
were then acquired by a camera. 
 

3.9 Enzymatic digestion by λ-exonuclease 

3.9.1 Chemicals 
• λ-exonuclease reaction buffer 10 x (Euroclone, Italy) 
• λ-exonuclease enzyme 5 U/µL (Euroclone, Italy) 

 

3.9.2 Instrumentation 
• PCR Sprint Thermal Cycler (Thermo Hybaid,  UK) 

 

3.9.3 Procedure 
The amplified fragments underwent an enzymatic digestion by λ-exonuclease which 
recognized and selectively digested the 5’-phosporilated DNA strand in a double-
stranded DNA. The reaction mix concentrations were as follows: λ-exonuclease 
reaction buffer 1 x, 10 enzyme units, 500 ng double-stranded PCR product in a final 
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volume of 100 µL. The digestion was carried out in a thermal cycler for 45’ at 37 °C. 
The reaction was stopped by deactiving the enzyme for 10’ at 75 °C. 
 

3.10 PCR purification protocol 

3.10.1 Chemicals 
• Ethanol (EtOH) (Sigma-Aldrich, USA) 
• EUROGOLD Cycle-Pure Kit protocol (Euroclone, Italy) 
− PerfectBind DNA columns 
− 2 mL Collection Tubes 
− SPW wash buffer  
− XP1 buffer 
− Elution buffer (10 mM Tris-HCl, pH 9,0) 

 

3.10.2  Instrumentation 
• Centrifuge 1-13 (Sigma Laboratory Centrifuges, Germany) 
• Autovortex SA6 (Stuart Scientific, UK) 

 

3.10.3  Procedures 
After the reaction volume has been determinated, an equal volume of XP1 buffer was 
added and the solution was mixed. The sample was applied to a PerfectBind DNA 
column assembled in a clean 2 mL collection tube and centrifuged at 10000 r.p.m for 
1’ at room temperature. The liquid was discard and the collection tube was re-used in 
the following steps. The PerfectBind DNA column was washed by adding 650 μL of 
SPW wash buffer diluted with absolute ethanol, according to the manufacturer’s 
instructions. A centrifuge step was repeated at 10000 r.p.m. for 1’ at room 
temperature. The liquid was discarded and this step was repeated once. The liquid 
was discarded and the empty column was centrifuge for 1’ at 10000 r.p.m. to dry the 
column matrix. This step was essential for good DNA yields. The PerfectBind DNA 
column was placed into a clean 1.5 mL microcentrifuge tube and 30 – 50 μL of elution 
buffer were added (depending on desired concentration of final product) directly onto 
the column matrix and centrifuged for 1’ at 5000 r.p.m. to elute DNA. 
This represented approximately 80 – 90 % of bound DNA. An optional second elution 
will yield any residual DNA, though at a lower concentration. 
 

4. Results and Discussion 

4.1 Choice of tomato DNA sequences containing SNPs 
Tomato hybrids used for the analysis have been described in the experimental part. A 
set of 20 EST-SNPs, as discussed in the literature,18 and characterized by high 
probability to be polymorphic in cultivated tomatoes, were selected and assayed as 
CAPS on genomic DNA of these tomato hybrids, characterized by different fruit 
shapes. SNP identity was verified by sequencing the PCR-amplified products, as 
described elsewhere.3,4 The identified SNPs were illustrated below (Table 2). 
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 Table 2. List of SNPs detected in tomato hybrids, as described in the text. 

 
 
 
 
 
 
 
 
 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
(base)*: observed cut on expected polymorphic nucleotide recognized by CAPS system  
uc: no observed cut by CAPS system (no polymorphism); no sequencing 
(base): no observed cut by CAPS system (no polymorphism); base confirmed by sequencing 
del: nucleotide deletion 
-: no observed amplification  

 
Among the detected SNPs, 4 loci were selected, according to their discriminating 
power among the seven tomato varieties, as reported in Table 3. 
As illustrated below, the combination of polymorphisms observed at the loci LeOH 
8.4, LeOH 23.1, LeOH 31.1 and LeOH 63 could allow the univocal identification of 
each tomato variety. For example, at the locus LeOH 8.4 the genetic asset of ‘PS1296’ 
is different from all the others at the same locus, allowing to differentiate this variety 
from all the others. ‘Talent’ and ‘Cirio’ present univocal genetic asset at the loci LeOH 
23.1 and LeOH 63, respectively. ‘Ercole’ differentiates from ‘Leader’ at the locus LeOH 
63; from ‘Tomito’ at the locus LeOH 31.3 and presents a different polymorphism 
combination from ‘Minidor’ for all the chosen loci. ‘Leader’ is discriminated from 
‘Tomito’ at the loci LeOH 31.3 and LeOH 63 and from ‘Minidor’ at all the other loci, 
but LeOH 63. ‘Tomito’ and ‘Minidor’ could be discriminated at each locus, but LeOH 
31.3, where they show the identical G/A genetic asset. 
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Table 3. Selected SNPs for variety discrimination. ‘Cirio3’, ‘Talent’ and ‘PS1296’ are marked by coloured 
boxes since they are discriminated from all the others by one locus, directly. All the other varieties are 
distinguished by a combination of polymorphisms at the selected loci, which is indicated by symbols. 

 
 
 
 
 
 
 
 
 
 
 
 
The knowledge of these polymorphisms was therefore exploited to design argine-
based 2D-chiral box PNAs, able to recognize the single nucleotide mutations during 
the formation of PNA-DNA duplexes in microarray format, suitable for the 
discrimination of tomato varieties. 
 

4.2 PNA design 
After the preliminary studies presented in the previous chapter had showed that the 
argine-based 2D-chiral box PNA was superior in performances when recognition of 
single nucleotides was considered, both in solution and in the microarray format (see 
chapter VI - section II), the design of other 2D-chiral box PNAs was performed, on the 
basis of the other three tomato DNA sequences (Table 3 and Fig 3) to allow the 
development of a microarray for the simultaneous discrimination of tomato varieties. 
The PNA sequences were chosen using as basis the 2D-chiral box model, with the 
polymorphic base to detect in the middle of the strand. Moreover, PNAs were chosen 
to maximize their hybridization efficiency with their target strand and to minimize 
any unspecific hybridization with any other non-target sequence. For these reasons, 
the PNA probes were first checked to minimize any secondary structure or self- and 
hetero-dimer, which would result in a loss of hybridization efficiency, using the online 
available program IDT – Integrated DNA Technologies (http://eu.idtdna.com/ 
analyzer/ Applications/OligoAnalyzer). The sequence specificity of the designed 
probes was then evaluated to avoid any possible hybridization on other non target 
regions, by aligning each PNA sequence to the whole genomic sequences by NCBI 
BLAST.  
The characteristics of the selected PNA probes for the simultaneous recognition of 
tomato SNPs were reported in Table 4.  
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Table 4. List of the more suitable PNA probes for the simultaneous discrimination of seven tomato 
varieties. The bold underlined nucleotides are the ones implied in the SNP recognition, red nucleobases 
represent the ‘chiral box’. 

H means free N-terminus, NH2 means carboxamide C-terminus. ‘-’ in PNA 7 indicates a nucleobase 
deletion. 
 

As shown in Table 4, a PNA probe was designed for each SNP to be detected, except 
for the locus LeOH 31.3, in order to better exploit the discrimination power of the 
whole system. Since containing different percentage of purine, PNA probes were 
designed with different lengths to maintain the same purine/pyrimidine ratio and 
consequently the same theoretical Tm at the proper concentration. For example, in the 
case of locus LeOH 8.4, the more suitable length of PNA probes was of 9 residues: due 
to their high content in purine nucleotides (above 75%) their theoretical Tm were 
comparable to the ones of longer probes with a lower percentage of purine content 
(that is PNA 3, PNA 5 and PNA 6).  
In the case of PNA 2 and PNA 7, recognizing SNPs at the locus LeOH 23.1, the central 
position did not actually correspond to a SNP, but to a nucleobase deletion (C is 
missed in PNA 7).  
The PNA synthesis was performed as described before, using the 2D-chiral-box 
chemistry. Afterwards, synthetic probes were purified by RP-HPLC, characterized by 
ESI-MS-RP-HPLC and quantified by UV absorbance.19 
 

4.3 PNA binding properties in solution 
As already performed for the trial PNA in the previous chapter, the PNA probe affinity 
towards complementary DNA oligonucleotide sequences, mimicking tomato genomic 
strands, and selectivity for mismatch recognition were initially investigated in 
solution, by measuring the Tm of both full match and mismatch PNA–DNA duplexes 
(Table 5).19 
Experiments were performed in phosphate buffer (10 mM, pH = 7), at a strand 
concentration of 5 µM. Melting temperatures were evaluated as the first derivatives of 
the UV absorption curves at 260 nm in a temperature range from 20 to 90 °C. 
The values (Table 5) showed that full match oligonucleotides were recognized and 
bound with a high affinity, with Tm ranging in a quite close range, from 54 to 66 °C. 
PNAs 1, 3, 4, 5 and 6 were also shown to be able to perform mismatch recognition, 
with an efficiency which turned out to be quite variable, ranging from good (10 °C 
drop in Tm for PNA 6) to exceptional (36 °C drop for PNA 1). Very likely, 
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unpredictable conformational changes due to the sterical hindrance of the arginine 
side chains and the chiral constrain affected duplex formation, thus affecting the final 
duplex stability.  
 
Table 5. PNA sequences and Tm of the PNA:DNA full match/mismatch duplexes in PBS buffer 10 mM (pH 
7.0) at a 5 µM concentration for each strand. Adapted from reference 19. 

a PNA monomers are indicated with the symbol of the corresponding nucleobase; chiral monomers based 
on 2D-Arg are reported in bold, the base corresponding to the SNP position is underlined; AEEA = 
aminoethoxyethoxyacetyl: spacer. b Oligonucleotide sequences (SNP base is bold underlined): 1’: 5’-
TCGGTCTTT-3’, 2’: 5’-CCACCGGAAAA-3’, 3’: 5’-CTTTTGACACA-3’, 4’: 5’-TCGGCCTTT-3’, 5’: 5’-
GGCACCGGATAAG-3’, 6’: 5’-GGCACCAGATAAG-3’, 7’: 5’-CTTTCGACACA-3’,8’: 5’-CCACC-GAAAA-3’.  
 
PNA 2 and PNA 7 are to be considered aside, since they were designed to recognize 
not a mismatch, but a base deletion. PNA 2, the one complementary to the full 
sequence, showed a consistent drop in affinity towards the oligonucleotide sequence 
bearing a deletion in the middle (∆Tm = -21 °C), indicating that a protruding 
nucleobase in the PNA strand (in this case a C) was poorly tolerated from the duplex. 
Quite interestingly, PNA 7, complementary to the sequence with the deletion, showed 
almost the same affinity towards the oligonucleotide sequence bearing an extra 
nucleobase in the middle, indicating that a protruding nucleobase in the DNA strand 
(in this case an A) can be very well tolerated, with almost no effect on the duplex 
stability. 
 

4.4 PNA microarray simulation for tomato SNPs detection 
After that PNA binding properties have been tested in solution, the preparation of the 
PNA microarray platform with the seven synthesized PNAs was then performed. The 
theoretical signal pattern expected by using the seven designed PNA probes targeted 
against the corresponding DNA sequences in the microarray is reported in Fig 1. 
 
 
 
 
 
 
 
 
 
 
 
 
Fig 1. Simulation of the recognition of the seven tomato varieties by the seven designed PNA probes. For 
each cultivated variety the fruit shape is reported in brackets. Adapted from reference 19. 
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PNA deposition was carried out by MICROCRIBI Microarray Service-CRIBI 
(University of Padova, Italy), as previously reported.14 The devices were tested by 
hybridizing them with solutions containing Cy5-labelled synthetic oligonucleotides, 
mimicking the DNA sequences to be recognized (Table 5). The hybridization 
conditions were optimized for each probe, both with full complementary and 
mismatched oligonucleotides, in order to define the best parameters allowing 
simultaneous hybridization of all PNAs and to ensure that no false-positives with no 
complementary or mismatch sequences would take place. As reported previously,14 in 
order to increase the hybridization efficiency and to refine the spot shapes, an 
incubation–hydration step in SDS 0.1%, saline sodium citrate (SSC) buffer (0.3 M 
NaCl, 0.03 M sodium citrate, pH = 7), at 40 °C for 30’ was introduced before 
hybridization with the oligonucleotide solutions. This step was particularly required 
when using the slides several days after PNA spotting. The hybridization solutions 
were prepared in SSC buffer, 0.1% SDS by mixing Cy5 labelled oligonucleotides at 1 
µM concentration. After optimization of the hybridization conditions, the array was 
tested by simulating the different tomato varieties, each characterized by its own 
combination of the different SNP-deletion, by mixing the different oligonucleotide 
sequences, in order to imitate the real samples, as shown in Table 6. 
 

Table 6. Tomato genotypes related to different SNPs. Adapted from reference 19. 

 
 
 
 
 
 
 
 
                        a Oligonucleotide sequences are reported in Table 5. 

 
The solutions were poured on the slides just after mixing at room temperature, in 
order to avoid unspecific interactions. Hybridizations were performed in seven 
independent experiments, one for each variety at room temperature. The results 
obtained in optimal conditions are shown in Fig 2. By comparing the experimental 
results reported in Fig 2 with the theoretical ones in Fig 1, it was possible to outline 
the performance of the PNA probes on the surface. PNA 1 (LeOH 8.4-T), 4 (LeOH 8.4-
C), 5 (LeOH 31.3-G), 3 (LeOH 63-T) and 6 (LeOH 63-C) behaved perfectly, showing 
signals only in the presence of their fullmatch oligonucleotide counterparts, and not 
giving any signals in the presence of oligonucleotides bearing a single mismatch 
simulating the SNP. Thus, even in the presence of small differences in stability shown 
in solution, all these PNA probes were perfectly able to discriminate point mutations 
on a surface system. PNA 2 (LeOH 23.1-G) and 7 (LeOH 23.1-del), aimed at 
recognizing the deletion, on the other side, failed to perform a specific recognition, 
showing positive signals for all oligonucleotides, with or without the deletion. If this 
result was somehow expected in the case of PNA 7, for which in solution there was 
practically no difference in Tm between the target and non-target DNA, the result was 
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somehow surprising for PNA 2, which in solution had shown a quite consistent 
difference in affinity towards the two DNA sequences.  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Fig 2. PNA microarray analysis with Cy5-oligonucleotides in different combinations (see Table 6) in order 
to simulate the seven tomato varieties. Adapted from reference 19. 

 
These results seem to indicate that on the surface, differently than in solution, the 
recognition of the deletion is somehow difficult, indicating that protruding bases in 
either strand (PNA or DNA) can be very well tolerated and therefore might not be a 
good target for PNA probes on a surface system. In any case, the experiment clearly 
indicated that the seven varieties, except for ‘Talent’ and ‘Tomito’, could be 
discriminated by the microarray here presented. 
 

4.5 DNA extraction from tomato fruits and derivatives 
After that the simulation of PNA microarray for tomato variety discrimination has 
been developed, an investigation of the PNA microarray performance with amplified 
DNA extracted from real food was undertaken. For this reason, genomic DNA was 
extracted from both tomato fruits and canned products. 
The protocol for DNA extraction described here has been developed elsewhere,20 and 
it was previously used for DNA isolation from tomato leaves. It was then applied for 
genomic DNA extraction from tomato fruits and processed derivatives, in order to 
check its efficiency and suitability also with these food matrixes. 
After extraction, genomic DNA was purified by Wizard® DNA Clean Up System 
(Promega), in order to purify DNA from digesting enzymes, such as exonucleases and 
endonucleases, which could degrade DNA after the extraction procedure, or from 
salts, proteins and organic molecules, which could interfere during the amplification 
step. Purified DNA was then quantified by Qubit® fluorometer and the concentration 
for each tomato variety, both for fresh fruits and canned products, was reported in 
Table 7. It appeared clear that the concentration of DNA extracted from processed 
tomatoes was drastically reduced. The low amount of detected DNA could obviously 
ascribed to the heat treatments to which tomatoes were subjected during canned 
processing and to the prolonged staying in acid conditions during products shelf-life. 
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Table 7. DNA concentration of tomato fruits and canned products for each variety. 

 
 
 
 
 

 
 
 

 
 
 
These rigid handlings can also affect the integrity of DNA molecules, resulting in 
high-fragmentised regions difficult to be amplified during PCR. For this reason, a trial 
amplification was performed using a primer pair targeting a tomato-specific gene, 
Lat52,21 in order to check the integrity of DNA molecules after processing (Table 8).  
 

Table 8. Primers used for amplificability test for the extracted DNA. 

 
 
 
 
The amplification was carried out on DNA extracted from both tomato fruits and 
processed products and in all cases a fragment of ~ 92 bp was observed. These results 
suggested that the DNA isolation and purification systems here applied were 
appropriate to obtain amplifiable DNA sequences, even from tomato derivatives. 
 

4.6 Development of a multiplex PCR for the simultaneous 

amplification of tomato polymorphic regions 

4.6.1 Primer design 
For the development of a multiplex PCR, whose products would allow the 
discrimination of the seven tomato varieties after PNA array hybridization, a set of 
four primer pairs was designed, targeting the tomato DNA sequences (Fig 3), chosen 
among all the others as the high polymorphic ones (Table 3). First of all, several 
primers were designed and individually tested in silico for their selectivity and 
efficiency in amplifying their targets. The design of primers and the setting of each 
single PCR were performed using the Prime3 software,16 following classical criteria, 
i.e. length ranging between 18-24 bp, Tm differing of maximum 5 °C among the primer 
pairs, G-C content lower than 60% and absence of complementary regions, in order to 
avoid intra- and inter-nonspecific annealing. Since a previous work showed that there 
is a limit in amplicon size when the DNA template is isolated from processed tomato 
products,4 the length of the amplified fragments was also included among the 
parameters, in order to obtain amplicons smaller than 200 bp. Besides, primer 
specificity in amplifying their target region was evaluated by aligning each primer to 
other genomic sequences by NCBI BLAST, in order to avoid their possible 
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hybridization on any another non-target region among those amplified by the 
multiplex PCR.  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Fig 3. Genomic sequences of the loci LeOH 8.4, LeOH 23.1 and LeOH 63 with the polymorphic bases in 
bold red. The blue sequences represent primer position. ‘-’ in LeOH 23.1 indicates a nucleobase deletion. 

 
The possibility of combining all the primer pairs together without generating primer-
dimers was evaluated by means of the FastPCR Software,17 and the results were 
further screened in order to minimize the difference in the melting temperature (Tm), 
thus allowing the simultaneous amplification of the four target regions. The primers 
chosen for the multiplex PCR analysis, their sequences and melting temperatures 
(Tm), and the amplicon lengths are reported in Table 9.  
 

Table 9. Primers used for the Multiplex PCR and their characteristics. 
 
 
 
 
 
 
 
 
 

 

4.6.2 PCR setting 
First of all the efficiency of the primers in amplifying the target sequences were 
separately tested by performing PCRs using each primer pair corresponding to target 
genomic DNA (Fig 4): as expected, all the primer pairs successfully amplified the 
DNA sequences of interest, extracted from tomato leaves, fruits and canned products, 
giving amplicons with the expected molecular weight, without nonspecific amplified 
fragments. Particularly, it has to be noticed that the DNA extracted from processed 
products was still amplified, even when the amplified fragment was bigger than 200 
bp (LeOH 8.4), indicating both the quality of the processed tomato DNA and the 
suitability of the extraction method. It is well-known, indeed, that the proceeding 
conditions can heavily affect the DNA integrity, making very hard the amplification 
step. 
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Fig 4. Single PCR amplification of each tomato locus performed on DNA extracted from fruit, leaf and 
processed tomatoes, using its specific primer pair. ‘L’: Leader variety; ‘T’: Tomito variety; ‘C-’: water 
negative control; ‘M’: molecular markers in exact 20 bp increments. The more intense one corresponds to 
a band at 200 bp. 
 

Of course, differences in the amplification efficiency were shown, indicating the need 
for an accurate calibration of the primer concentrations in the multiplex, to get 
comparable amplification response. A weaker amplification efficiency was observed 
for the PCR targeting the locus LeOH 31.3, probably due to the lower Tm of one of the 
primers. For this reason, for the multiplex PCR the concentration of the primer pairs 
amplifying this sequence was increased to 0.8 µM, while the concentration of the 
other ones was kept at 0.5 µM. The multiplex amplification was carried out amplifying 
the four tomato DNA sequences simultaneously, by using the four specific primer 
pairs in the same reaction (Fig 5). 
 
 
 
 
 
 
 
 
Fig 5. Multiplex PCR of four tomato loci performed on DNA extracted from fruit, leaf and processed 
tomato, using specific primer pair simultaneously. ‘L’: Leader variety; ‘T’: Tomito variety; ‘C-’: water 
negative control; ‘M’: molecular markers in exact 20 bp increments. The more intense one corresponds to 
a band at 200 bp. 

 
As shown in Fig 5, multiplex PCR gave expected amplicons at each locus for all DNA 
samples, meaning that the simultaneous amplification wasn’t affected by the 
concurrent presence of all the four primer pairs. 

LeOH 8.4 LeOH 63 

LeOH 23.1 LeOH 31.3 
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Nevertheless, it appeared quite clear that the strongest amplification signals belonged 
to tomato leaves and fruits, due to the better quality of extracted DNA compared to 
the processed one. Indeed, in the lanes corresponding to tomato derivatives a lower 
band can be observed, due to the primers and dNTPs which were not utilized in the 
reaction efficiently, because of the scarce availability of the template substrate. The 
same band was also observed in the water negative control, where no amplification 
occurred at all. Albeit increased, the concentration of primer pairs targeting the locus 
LeOH 31.3 didn’t improve the amplification efficiency, as shown by the weak band 
corresponding to the LeOH 31.3 amplicon, whose visualization was further made 
worse by the slight difference in bp with the LeOH 23.1 amplicon (130 bp and 118 bp, 
respectively). Although the reduced efficiency of a primer pair, the multiplex PCR 
procedure here proposed appeared to be a valid method for the simultaneous 
amplification of the four selected tomato loci, laying the foundations for following 
hybridization on PNA microarray. 
 

4.7 Amplified sequence hybridization on PNA array 
After both simplex and multiplex PCR have been set up and hybridization conditions 
with oligonucleotides, having the same length as PNAs, have been defined, the 
performance of hybridization of tomato DNA amplified sequences on PNA-based 
array was investigated. At first, the LeOH 8.4 amplicon derived from a simplex PCR 
was used for the hybridization step and, afterwards, analysis was extended to all the 
other three tomato amplified sequences. The amplification was carried out using the 
primer copying the target sequence, that is the forward primer, labelled with a Cy5 
group and the results were checked by agarose gel electrophoresis. Before the 
hybridization step on PNA microarray, the solution containing the amplified 
fragments was denatured at 95 °C for 5’, in order to obtain single strands DNA and 
avoid the formation of secondary structure reducing the hybridization capacity. 
Hybridization step was performed as described before, both at room temperature and 
at 40 °C, to reduced self-folding moiety of the single strand DNA, varying the 
incubation time from 30’ to 150’. In all cases, no signals indicating specific PNA–DNA 
complexation were observed.  
In order to facilitate DNA-PNA hybrid formation on the solid surface, a double 
amplification was performed, at the same locus: the first amplification consisted of a 
simplex PCR, performed as already described; during the second amplification 3 µL (~ 
200 ng) of amplified material were used as template for an unbalanced PCR in which 
the primer copying the target sequence, that is the forward primer, was labelled with 
a Cy5 group. The concentrations of labelled and unlabelled primers were 0.5 µM and 
0.05 µM and the same thermal cycle conditions already described were applied. 
Neither with these conditions a specific PNA-DNA hybridization signal was observed. 
The formation of single strand DNA was also encouraged by increasing the 
concentration of the forward primer in the reaction mix till 0.7 µM, but no improved 
results were detected. 
In order to selectively obtain only the DNA strand complementary to PNA 1 and PNA 
4 (Table 5), dsPCR products, doubly labelled at their 5’ termini with a Cy5 dye and a 
phosphate group, prepared as described in paragraph 3.7.3-iv, were digested using λ-
exonuclease enzyme which recognized and selectively digested the 5’-phosporilated 
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DNA strand in a double-stranded DNA. The resulting Cy5-labeled single stranded 
target amplicon was then used for the hybridization on the array carrying both PNA 1 
and PNA 4. Unfortunately, no specific hybridization signal was still obtained.  
Different purification steps were then added to the previous PCR systems, in order to 
remove any possible contaminants, such as polyphenols derived from the DNA 
extraction step, or excess of primers and dNTPs, which could interfere in the PNA-
DNA duplex formation. For this reason all the described PCR experiments were 
followed by a purification step, performed by EUROGOLD Cycle-Pure Kit protocol, 
and the residual DNA amount was quantified by Qubit® fluorometer, in order to 
assure that amplified fragments to be hybridised were still present in solution after 
purification. Neither this modification allowed us to obtain an improvement in the 
performance of DNA-PNA duplex formation on array.  
Since in all the described hybridization experiments the positive control, that is the 
PNA on array hybridized with the short oligonucleotide mimicking the 
complementary genomic sequence, always gave a signal indicating a specific PNA–
DNA complexation, we wondered if the absence of any specific signal when using PCR 
products could be ascribed to a non-properly working amplification reaction or to a 
problem related to the length of the sequence to be recognized. For this reason an 
investigation of the microarray performance with long synthetic DNA sequences, 
mimicking amplified DNA sequences extracted from real food samples, was 
undertaken. 
In particular, the LeOH 23.1 sequence was chosen for testing hybridizations with long 
DNA tracts. In order to study if and how the different positions of the target sequence 
in the eventual amplicon would affect the DNA detection, different hybridization 
experiments by using longer DNA oligonucleotides containing the target sequences in 
the middle, at the 5’ and at the 3’ ends, were performed. The different sequences used 
for hybridization experiments were three 118 bp oligonucleotides differing in the 
position of the target sequence inside the oligomer, and one shorter variant of one of 
them (60 bp) (Fig 6).  
 

Fig 6. Design of DNA oligonucleotides mimicking the amplified DNA region at the locus LeOH 23.1. The 
bold red letters indicate the region to be recognized by PNA 2. 

 
Hybridization experiments with the four DNA single strand sequences were 
performed under the same conditions used for short oligonucleotides. In all cases, no 
signals indicating specific PNA–DNA complexation were observed, with or without a 
preliminary incubation step at 95 °C for 5’ and/or the hybridization performed at 
room temperature and at 40 °C. The use of Tween 20 replacing SDS as a non-charged 
surfactant did not allow us to observe improved results, as well as the use of 
denaturating conditions (with the addition of small percentages of formamide), in 
order to make the PCR product more accessible to the PNA probes. 
Thus these results seemed to indicate that the chiral box PNA microarray platform, 
albeit very specific, looses binding efficiency in the presence of longer DNA 
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sequences, preventing the formation of PNA–DNA duplexes, and this problem, rather 
than the possibility of non efficient PCR systems, was the cause of the lack of 
detection obtained with amplicons. Although in previous work it had been shown that 
on DNA microarray devices the distance between the fluorophore, used to label 
hybridization, and the target sequence affects the efficiency of detection,22 in our case 
this phenomenon seemed not to be responsible for this behaviour, since the target 
sequence in our experiments had been designed at different distances from the 
fluorophore (Fig 6).  
It may be speculated that the nature of the solid support and the presence of positive 
charges on PNA probes are more likely responsible for this effect, since they could 
promote the aggregation of the PNA on the surface, lowering the efficiency of the 
hybridization. Alternatively, long DNA tracts may aggregate on the positively charged 
surface, making the target DNA difficult to be bound by the PNA probes, and thus 
easily rinsed away during the washing steps. 
Whatever might be the cause, it has already been demonstrated in the previous 
chapter that chiral PNA microarrays give less intense signals when hybridized to 
complementary oligonucleotides, as compared to standard PNAs, showing a higher 
specificity but a lower sensitivity in DNA detection. Given the promising potentialities 
of this kind of probe, future studies will have to be implemented in order to better 
understand the kind of interactions between the positively charged PNA probes, the 
microarray surface and long DNA tracts, which lowers the PNA binding efficiency. 
 

5. Conclusions 

The Arg-PNAs designed and synthesized in this work, tested both in solution and on 
microarray systems, confirmed the ability to perfectly discriminate sequences 
containing SNPs and thus their potentiality to be used to genotype tomato varieties by 
microarray approach. The microarray system here presented was able to 
simultaneously discriminate tomato varieties, except for ‘Talent’ and ‘Tomito’, in 
simulation experiments using oligonucleotide mixtures. Although the efficiency of 
DNA binding was somewhat lower than that usually shown by standard PNA arrays, 
causing a lower sensitivity towards long DNA sequences in this array system, the 
unsurpassed specificity of the PNA probes makes them very promising for the 
development of PNA-based genotyping methodologies. Further studies will be needed 
in order to better clarify the interactions occurring during positively charged PNA 
probes-long DNA tracts duplex formation on microarray surface in order to develop 
modified PNA-based systems able to compete in the future with the commercially 
available oligonucleotide-based recognition systems. 
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1. Introduction 

Several techniques for the in vitro analysis of single base mutations in a genome have 
been published in literature. These include enzymatic,1,2 or chemical,3,4 probing of 
mismatch complexes, gradient gel electrophoresis,5 use of nucleotide analogues 
hybridization,6 with allele specific probes,7 and oligonucleotide ligation assays.8 All 
these methods usually require the target nucleic acid to be amplified by polymerase 
chain reaction (PCR) in order to enhance their sensitivity. PCR itself has also been 
used to analyze directly single base mutations by using allele specific oligonucleotides 
as amplification primers.9,10 Unfortunately, the general applicability of this approach 
is limited by the fact that the majority of primer-template mismatches have no 
significant effect in inhibiting the amplification process.11 To improve this situation, 
Ørum and co-workers developed a method that exploits PNAs to block the PCR 
amplification process in a sequence specific manner, if targeted against one of the 
PCR primer sites, given the higher thermal stability of a DNA/PNA duplex compared 
to the corresponding DNA/DNA duplex.12 The specificity of this approach, called 
PNA-mediated PCR clamping, has proved to be such that two alleles which differ by 
only one base pair can be discriminated.13 PNA clamping has therefore been 
introduced in the genotyping strategies as a way to elegantly modulate PCRs, for 
examples, by specific and efficient inhibition of fragments amplification, which differ 
only by a single base pair mutation.14 
Different strategies have also been investigated in order to better understand whether 
the relative position of the PNA and PCR primer target sites could influence the PNA 
ability to clamp and modulate PCR.13,15 As shown in Fig 1A, the method can operate by 
competition for a common target site between a PNA, complementary to the wild-type 
target sequence, and one of the PCR primers, complementary to the mutant target 
sequence, or vice versa. When the template contains the wild-type sequence, PNA 
binding will dominate over primer binding, due to the higher affinity of the matched 
PNA for the target site. As PNA cannot be extended by the Taq-polymerase the effect 
of this binding is that the amplification reaction is impaired. When the mutant 
sequence is present, PCR primer binding will dominate over PNA binding with the 
resulting generation of amplicons.12 PCR clamping can also operate by interfering 
with primer elongation.13 In one set-up the PNA is located adjacent to one of the PCR 
primers. Here, clamping is expected to operate by preventing initiation of primer 
elongation (Fig 1B). In another setup the PNA is located at a distance from the PCR 
primer. In this case, clamping is expected to operate by elongation arrest (Fig 1C).  
 
 
  
 
 
 
 
 
 
Fig 1. Models for PCR clamping: (A) primer exclusion; (B) inhibition of primer elongation by                  
steric hindrance; (C) elongation arrest. Adapted from reference 15. 
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Clearly, for such block mechanisms to work the PNA must compete effectively against 
its cognate PCR primer in binding to their common recognition site or must bind 
robustly to its specific site in the elongation arrest model.13 To facilitate this 
requirement, the normal 3rd step of PCR cycle is usually extended with a distinct PNA 
annealing step which precedes the PCR primer annealing step and which is at a 
temperature that allows only the fully complementary PNA to bind to its target 
sequence (Fig 2). 
 
 
 
 
 
 
 
 
 
Fig 2. Schematic illustration of the four step PCR cycle profile used in PCR clamping. The PNA annealing 
step is set at a temperature that allows only the complementary PNA to bind. Adapted from reference 12. 

 
Besides the mechanism, there are fundamental differences in the three described 
models, which can be exploited at best according to the type of mutations to be 
detected.13 For example, PNA clamping protocol based on the primer exclusion 
principle does not require that the PNA, once bound to its target, is able to prevent 
read-through by the polymerase, as is the case in the elongation arrest clamping 
mode. Second, the only variables in the primer exclusion clamping mode are the Tm of 
the PNA and the PCR primers and these may be tuned to precision simply by 
changing either the sizes of the PNA and PCR primers, or by altering their exact 
position on the target DNA. Third, when using the primer exclusion principle there is 
the further advantage that, in addition to blocking its cognate target site, the PNA will 
compete with the PCR primer for any cryptic primer sites in the genome, thereby 
suppressing any occurrence of nonspecific background in the PCR process directed by 
this primer. This PNA clamping principle has been successfully exploited for the 
analysis of point mutations both in human,14 and in microorganism.16,17 

On the other side, the ‘elongation arrest’ model has been preferred for the 
enhancement of PCR amplification of variable number of tandem repeat (VNTR) 
loci.18 In this approach the PNA molecules were designed to block the repeat 
sequences at a given locus during amplification, but at the same time they didn’t 
prevent the polymerase from displacing them and extending the primers to 
completion. The presence of PNA blocking the repeat units prevented the re-
annealing of complementary template strands occurring during the later rounds of 
amplification, thus reducing preferential amplification and enhancing the overall 
efficiency. 
Despite all the reported examples, the inhibition operated by the primer extension 
and/or steric hindrance model was shown to be the most efficient condition in 
determining  inhibition of amplification by PNA because it required the lowest 
concentration of PNA to determine a complete disappearance of bands in the 
screening of five main varieties of transgenics crops.15 The use of PNA adjacent to a 
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primer, specific for the identification of a given event, and sharing few bases with it, 
was considered the optimal configuration also for the detection of mitochondrial DNA 
mutations involved in a variety of degenerative desease,19 and to detect K-ras tumor-
specific mutations.20  
Unfortunately, the clamping process is a complex function of affinity and kinetics of 
dissociation and it is strongly influenced by the PNA concentration and melting 
temperature, as well as by the sequence to be clamped; for this reason no general rule 
can be inferred, but each experimentation may require several adjustments in order to 
reach the best results in terms of SNPs detection. 
Despite several studies exploiting the PNA-mediated PCR clamping approaches for 
SNP detection have been already carried out, no one has been performed with chiral 
box PNAs, yet. The better performances of these modified PNAs in solution, in 
binding complementary sequences and in mismatch recognition,21 could in fact 
improve the efficiency of the system in discriminating alleles which differ just for one 
base pair. 
 

2. Aim of the work 

In this chapter, the same argine-based 2D-chiral box PNAs (Arg-PNA) developed in 
the previous chapters were employed in the development of a PNA-mediated PCR 
clamping method for the recognition of tomato cultivars through their characteristic 
amplification patterns. Primer pairs were designed in order to compete with cognate 
PNA probes for binding to their common recognition site, thus blocking DNA 
amplification of genotypes carrying homozygous mutations. The strength and the 
limits of this technique will be illustrated. 
 

3. Experimental part 

3.1 Plant materials and food matrices 
See paragraph 3.3, Chapter VII – Section II 
 

3.2 DNA extraction from fresh and canned tomato 
See paragraph 3.4, Chapter VII – Section II 
 

3.3 Primer design 
Primer pairs were designed on the tomato genomic sequences by Primer3 software v 
0.9,22 considering the standard features already describes elsewhere. Besides, the Tm 
for each primer pair was set to be few degrees lower than the Tm of PNA-DNA 
fullmatch duplex, to avoid PNA loss in binding specificity during primer annealing 
step. As regards the position, reverse primers were placed on the DNA sequences of 
interest in order to share two bases at 3’ end with the H-terminus of PNA specific for 
the mutations to be detected (steric hindrance model) and, consequently, the position 
of forward primers was chosen, among all the ones suggested by the software, in order 
to minimize the length of the amplicons, making eventually more efficient even the 
amplification of DNA extracted from processed tomato. Selected PCR primers were 
then submitted to BLAST search against Solanum lycopersicum database in order to 
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avoid nonspecific annealing that could cause amplification of other non-target 
sequences besides the input template.  The primer couples were further analyzed by 
using the on line program  IDT – Integrated DNA Technologies,23 to avoid primer 
pairing (all combinations including forward-reverse primer pair, forward-forward as 
well as reverse-reverse pairs). 
 

3.4 PNA-mediated PCR clamping 

3.4.1 Chemicals 
• Phire® Hot Start II DNA Polymerase 5 U/µL (Finnzymes, Thermo Scientific, 

Finland) 
• Phire Reaction Buffer 5 x containing 7.5 mM MgCl2 (Finnzymes, Thermo 

Scientific, Finland) 
• Deoxynucleotides 100 mM (dATP, dCTP, dGTP and dTTP) (10 mM solution for 

each dNTPs) (Euroclone, Italy)  
• Oligonucleotide primers desalted and lyophilized (20 µM solution in sterile and 

apyrogenic H2O) (Thermo Scientific, Italy)  
• PNA probes diluted in sterile H2O 
• Sterile and apyrogenic H2O (Salf SPA, Italy) 

 

3.4.2 Instrumentation 
• Aura PCR workstation (BioAir Instruments s.r.l., Italy) 
• PCR Sprint Thermal Cycler (Thermo Hybaid, UK) 

 

3.4.3 Procedure 
All PCR procedures were performed in a final volume of 25 µL with the following 
reagent concentrations: genomic DNA 30 µg, PNA solution at different concentration 
diluted in sterile H2O, Phire Reaction Buffer 1 x, MgCl2 1.5 mM, dNTPs 0.2 mM each, 
primer 0.4 µM each (forward and reverse), Phire® Hot Start II DNA Polymerase 0.15 
U/µL. Thermal cycle conditions were as follows: pre-incubation at 94 °C for 5’; 30 
cycles consisting of dsDNA denaturation at 94 °C for 30’’, PNA annealing at specific 
Ta for 30’’, primer annealing at specific Ta for 30’’, primer extension at 62 °C for 30’’; 
and final elongation at 62 °C for 5’. 
 

3.5 Agarose gel electrophoresis 
See paragraph 3.8, Chapter VII– Section II 
 

4. Result and discussion 

4.1 Choice of DNA sequences for tomato discrimination by 

PNA-mediated PCR clamping 
Given the already characterized tomato SNPs, deeply described in the previous 
chapter, a careful study was carried out in order to select those ones able to 
discriminate among the seven tomato cultivars with the same shape by a PNA- 
clamping approach based on the steric hindrance model. 
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For this purpose, single nucleotide polymorphisms for all the tomato cultivars at each 
locus were analyzed to find the best combination of sequences whose amplification, in 
the presence of the specific PNA for the mutations to be detected, would have 
permitted the identification of tomato varieties by characteristic amplification 
patterns (Table 1). 
Considering that the presence of an heterozygous genotype would not have completely 
blocked the amplification, since the dsDNA containing the nucleotide not recognized 
by the PNA probe would have been amplified anyway, three loci were chosen. As 
shown in Table 1, the amplification of the locus LeOH 8.4 in the presence of PNA 
specific for the recognition of ‘C’ mutation would allow to discriminate ‘Cirio3’, by 
blocking its amplification, from ‘Ercole’ and ‘Talent’, all of them long-shaped. The 
same for ‘Tomito’ and ‘Minidor’ cherry-shaped varieties. 
 
Table 1. Genetic asset concerning SNPs for each tomato varieties and the expected amplification patterns 
in the presence of the specific PNA probes. ‘+’: expected amplification; ‘-’: non-expected amplification. 
The coloured boxes enclose varieties which are discriminated at each locus. 
 
 
 
 
 
 
 
 
 

 
The full discrimination of ‘Ercole’ and ‘Talent’ varieties was expected to be 
accomplished at the locus LeOH 23, where the PNA specific for the deletion mutation 
could block the amplification of the homozygous genotype, distinguishing therefore 
between the two long-shaped varieties. Finally, the round-shaped tomato cultivars 
‘Leader’ and ‘PS1296’ would present a discerning amplification pattern at the locus 
LeOH 63, considering that PNA recognizing ‘T’ mismatch could entirely block the 
amplification reaction for ‘Leader’ carrying homozygous mutation. In this way, by 
performing amplification of these loci in the presence of the specific PNAs for the 
mutations to be detected, a characteristic electrophoresis pattern for tomato varieties 
with the same fruit shape could be developed. 
 

4.2 Primer design 
Considering that a previous work described the steric hindrance strategy as the one 
requiring the lowest concentration of PNA to clamp the amplification,15 and that we 
aimed to obtain a complete blocking of the PCR reaction, whenever the mutation was 
recognized by the specific PNA, primer pairs were designed in order to fulfil the 
requirements of this model. In particular, the reverse primers were positioned on the 
genomic sequence to be amplified so that it shared the last two bases at the 3’ end 
with the first two of PNA N-terminus.  
Besides, for primer design an accurate calibration of the Tm of PNA and relative 
competitive primer was carried out. The Tm of primer pairs was set to be lower than 
the one of PNA-DNA duplex fullmatch, observed in solution:24 in this way, after the 
PNA hybridization step, the primer annealing step would not risk the PNA to 
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unbound from its site. Primer pair sequences, the relative Tm and the amplicon length 
were reported in Table 2 together with the specific PNA sequences to operate the 
clamping and their Tm. 
 

Table 2. Sequences of the primers used for PCR clamping. The red nucleobases indicate the 
nucleobase specific for the SNP to be detected. 

 
 
 
 
 
 
 
 
Each primer pair was also checked for forward-reverse primer pair, forward-forward 
as well as reverse-reverse pairs combination and then submitted to BLAST search 
against Solanum lycopersicum database, to reduce the targeting of nonspecific 
sequences that could reduced the amplification efficiency. 
 

4.3 PNA-mediated PCR clamping 
As a start, the efficiency of the primers in amplifying the target DNA, extracted from 
fresh tomato fruits as previously reported, was tested by performing PCRs using each 
primer pair without any PNA probe. 
 

 
Fig 3. Single PCR amplification of the a) locus LeOH 8.4, b) locus LeOH 23.1 and c) locus LeOH 63, 
performed on DNA extracted from tomato fruits using specific primer pairs. ‘L’: Leader variety; ‘E’: Ercole 
variety; ‘Ta’: Talent variety; ‘P’: PS1296 variety; ‘T’: Tomito variety; ‘Mi’: Minidor variety; ‘C3’: Cirio3 
variety; ‘C-’: water negative control; ‘C+’: positive control (tomato leaf DNA); ‘M’: molecular markers in 
exact 20 bp increments. The more intense one corresponds to a band at 200 bp 

 
As shown in Fig 3, all the primer pairs gave only the expected amplicons, showing 
both specificity and efficiency in amplifying DNA sequences extracted from fresh 
tomato fruits. In order to allow the preferential annealing of PNAs to DNA, the Ta 
(annealing temperature) used for each PNA was meant to be lower of 4-5 °C than 
their Tm observed in solution in previous experiments (see Chapter VII - Section II). 
The Ta for each primer pair was therefore set up considering the Ta of PNAs. In 
general, primers Ta was dropped of about 10 degrees compared to the Ta of cognate 
PNAs, to avoid the destabilization of PNA-DNA duplex during the primer annealing 

a b c 



205 
 

step. Considering this, the temperature of Taq DNA polymerase extension step was 
also lowered from 72 °C to 62 °C. Since PNA molecules are consumed during the 
amplification course, risking the loss of the efficiency in clamping process, the rounds 
of the PCRs were also reduced to 30 cycles. 
Concerning the amount of PNA, several concentrations were tested to find the one 
able to clamp the amplification in a specific way. 
Concerning the locus LeOH 8.4, 150 nm, 500 nm and 1 µM of specific PNA were used, 
by applying a PNA Ta of 55 °C and primer pairs Ta of 45 °C. The concentration of 1 µM 
seemed to work properly (Fig 4). 
 
 
 
 
 
 
 
 
 
 
 
Fig 4. PNA mediated PCR clamping at the locus LeOH 8.4, using the PNA specific for the recognition of 
‘C’ mismatch. ‘L’: Leader variety; ‘E’: Ercole variety; ‘Ta’: Talent variety; ‘P’: PS1296 variety; ‘T’: Tomito 
variety; ‘Mi’: Minidor variety; ‘C3’: Cirio3 variety; ‘C+’: positive control (‘Cirio3’ DNA fruit amplified 
without PNA); ‘C++’: ‘Cirio3’ DNA fruit amplified in the presence of a nonspecific PNA; ‘C-’: amplification 
without DNA with the specific PNA; ‘C--’: amplification without DNA with nonspecific PNA; ‘W’: water 
negative control; ‘M’: molecular markers in exact 20 bp increments. The more intense one corresponds to 
a band at 200 bp 
 

Under these conditions, the amplified fragments of expected length were effectively 
observed only for the heterozygous genotypes and the homozygous ones, carrying the 
other genetic asset, while the homozygous ones for the specific mutation to be 
detected completely lacked of amplification, according to the scheme reported in 
Table 1.  
Despite PNAs have been purified by RP-HPLC and their purity has been previously 
checked by LC-ESI-MS, an amplification test was carried out in the presence of a 
nonspecific PNA (the one recognizing the mismatch at locus LeOH 31.3, see Table 5, 
Chapter VII – Section II), in order to demonstrate that the absence of amplified 
fragments was completely due to the clamping process by the specific PNA and not to 
random PCR inhibitors derived from the PNA synthesis. As expected, the 
amplification was observed in the case of the homozygous genotype ‘Cirio3’ in the 
presence of the nonspecific PNA, confirming the efficiency and specificity of the 
clamping system PNA mediated. 
According to the expected results showed in Table 1, the high selectivity and 
specificity in mismatch recognition of argine-based 2D-chiral box PNA fulfilled the 
modulation of PCR in the discrimination of long- and cherry-shaped tomatoes by 
characteristic gel electrophoresis patterns.  
Unfortunately, the same application wasn’t successful for the clamping of the other 
two tomato loci. In both the cases of the loci LeOH 23.1 and LeOH 63 several 
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adjustments were made to PNA concentration, primer pairs Ta, PNA Ta and times of 
annealing steps in order to encourage the PNA-DNA duplex formation and to fine 
regulate the modulation of PCR. In all the tested cases, the expected PNA-mediated 
clamping was not obtained, but a nonspecific halt of the amplification for all the 
genotypes was observed when the PNA concentration was higher than 10 µM. Besides 
the complex kinetics regulating the PNA-mediated PCR clamping and the influence of 
the target sequence in the achievement of the clamping process, it’s likely that the 
lower Tm for the PNA-DNA fullmatch duplexes observed in solution for the PNA-
LeOH 23.1-del and PNA-LeOH 63-T, compared to the Tm of PNA-LeOH 8.4-C,24 may 
destabilize PNA-DNA duplex during the primer annealing step, thus resulting in the 
amplification of the containing SNP strand. Another trial experiment was also carried 
out by the ‘elongation arrest’ strategy, performed at the locus LeOH 63. In this case, 
the reverse primer was shifted downstream to the PNA position, to let the 
amplification started until it met the PNA-DNA duplex. Neither with this strategy any 
clamp of the homozygous genotypes was observed, confirming the difficulties in the 
setting up the whole system. 
Concerning the behavior of PNA-mediated PCR clamping on DNA extracted from 
processed tomatoes, preliminary experiments showed that 30 cycles of repeated steps 
during the PCR were not enough to obtain an amount of dsDNA detectable by gel 
electrophoresis; on the other hand, the extension of cycle number from 30 to 40 
decreased the efficiency of PNA in blocking the amplification reaction since, as 
already said, the higher the number of cycles, the higher is the PNA consuming and 
the efficiency loss in PCR clamping.  
All these concomitances require further studies in order to better understand and 
clarify the dynamics occurring during the PNA-mediated PCR clamping for the 
accomplishment of single nucleotide polymorphism detection.  
 

5. Conclusions 

Chiral PNAs have been applied to identify point mutations in a PCR-based assay for 
the discrimination of tomato cultivars, exploiting their characteristic amplification 
profiles. The application relies on the increased affinity and specificity of 2D-chiral 
box PNA in mismatch recognition in conjunction with the fact that PNA molecules are 
not recognized and as such extended by DNA polymerases. Thus, PNA oligomers act 
as clamping molecules allowing a precise sequence-specific suppression of 
replication, when the mutation to be detected is present. The assay as such followed 
previous clamping protocols,15,25 in which the 3’-DNA primer was designed to overlap 
with the sequence of the PNA probe, thus competing for their common binding site.  
Despite PNA-mediated PCR clamping is an attractive tool for the detection of SNPs, it 
suffers from some limitations, such as complex kinetics ruling the whole process 
which are determined by several reaction parameters, such as the total number of 
PCR cycles, the primers and PNA annealing temperature and the amount of PNA 
added, as well as the target sequence.12 The fine regulation of these parameters may 
be very time-consuming and not always fruitful; for this reason this technique is not 
fully widespread as a diagnostic tool, yet. Finally, the development of a PNA mediated 
PCR clamping assay in real time, measuring fluorescence at the crossing point rather 
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than evaluating band intensity, may allow a kinetic rather than a static assessment of 
the clamping reaction, giving a quantitative application of this technique.  
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The present Ph.D. thesis dealt with the use of advanced genomic and proteomic 
techniques for the assessment of quality and safety of one of the most important 
traditional and worldwide renowned Italian crop products: tomato. 
In the first section, innovative proteomic approaches have been applied to the issue of 
tomato allergy. The increase of several cases of adverse reaction reported in the last 
few years, following the intake of both raw and cooked tomatoes,1,2 emphasized the 
need to focus on the study of the immunological properties of tomato and on the 
characterization of its main allergens, by using reliable, specific, sensitive, time- and 
cost-effective methods.  
Thereby in the third chapter, the classical immunological techniques, based on gel 
electrophoresis for the separation of proteins, along with advanced mass 
spectrometric systems, have been applied, allowing the detection and the 
characterization of the main allergens in a set of 12 tomato ecotypes. These 
experiments identified two allergenic proteins, profilin and suberization-associated 
anionic peroxidase, already known in the literature as tomato allergens. Moreover, 
they showed that the immunological response was serum-specific, depending both on 
the phenotype and on the tested sera, making it really difficult to make general 
statements on the potential hypoallergenicity of the analysed varieties. The literature 
is very poor concerning specific and exhaustive studies regarding tomato allergens, 
like the one described here.3 Mostly, tomato allergen description has been carried out 
by coupling the classical immunological revelation methods with Edman degradation 
and searching public database for alignaments,4 which limits the fine characterization 
of proteins. The study reported here, on the other hand, underlined the potential of 
the high-resolution mass spectrometric systems in the identification of allergenic 
proteins, being also able to univocally distinguish between isobaric peptides, thus 
confirming the appropriateness of the exploited method for this purpose.  
In the fourth chapter, the characterization of an ‘emergent’ tomato allergen, namely 
nonspecific lipid transfer protein (LTP), has been described. Although some 
interesting attempts have already been carried out in order to characterize this 
allergen and its isoforms and to define their localization within fruit tissues,5,6 they 
were affected by some factors, such as the use of tomato varieties not so common 
among consumers, which could thwart their generalization. For this reason, the 
characterization of tomato LTP isoforms, isolated from tomatoes purchased in the 
local markets, has been achieved by two main approaches. The first one relied on the 
purification of LTP in tomato peel extracts by using chromatographic systems 
working at high pressure (fast-protein LC) and ion exchange chromatography, 
followed by characterization of the obtained protein by LC/MS using a bottom-up 
approach and analysis of its resistance to gastrointestinal digestion. In this way, a 
new protein was identified, whose molecular weight didn’t correspond to the one of 
other LTP isoforms already annotated in the database, but whose isoelectric point, 
secondary and tertiary structures and its resistance to gastrointestinal in vitro 
digestion, allowed speculation about the nature of this protein as a new LTP isoform. 
This is the first time, to the best of our knowledge, that a tomato LTP isoform has 
been so deeply characterized. 
Alternatively, the occurrence and the localization of allergenic tomato nsLTP isoforms 
were investigated by the exploitation of a fast and simple method, based on the 
fractionation of proteins from peel, pulp and seed extracts, using ultracentrifuge 
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devices with molecular cut off able to retain proteins with 10 kDa, followed by 
characterization of retained proteins by LC/MS. This approach revealed the presence 
of four proteins only in the seed fraction, whose molecular weights didn’t fit with any 
of the proteins already annotated, but whose chromatography patterns and the 
presence of four disulphide bridges clearly indicate their nature as LTPs.  
The presence of so many tomato LTP isoforms has not been completely understood, 
yet. Since several activities have been detected for these proteins in vitro, it may be 
speculated that the plant system modulates the expression of such LTPs in order to 
tailor each of them to the proper function. On the other hand, the non simultaneous 
detection of these isoforms in the three main tissues of tomato fruits may be due to 
the sensitivity and effectiveness of the different analytical methods, as well as some 
intrinsic features of the varieties under examination.  
Although further analysis will be necessary to investigate many other aspects related 
to tomato LTPs (the most important and yet largely unknown being the difference 
existing among different varieties), such as their immunological properties, the 
coexistence of so many LTP variants hampers their exploitation as a reliable tool in 
diagnosis and screening tests. 
Despite such limitations, dealing with the nature of the allergen rather than the 
analysis itself, the high-resolution mass spectrometric techniques, together with 
classic and innovative purification strategies, have been shown to be a cornerstone for 
food safety evaluation. 
In the second section of this thesis, advanced genomic techniques have been applied 
to the problem of tomato variety identification. Since one of the most important 
issues concerning food authenticity deals with the substitution of one species for 
another with a lower commercial value, or the mixing of one species with similar 
material from a cheaper species, the ability to identify these ingredients in any steps 
of the food chain represents the priority in the food traceability systems. Nowadays, 
DNA molecular marker-based techniques have the potential to greatly simplify 
methods for authentication. In particular, single nucleotide polymorphisms (SNPs) 
have showed to be very useful and reliable for detecting diversity among tomato 
varieties.7  

Although many techniques have already been developed, in this study SNP genotyping 
has been carried out by means of specific probes, named Peptide Nucleic Acids 
(PNAs), which, due to their nature, possess enhanced properties in mismatch 
recognition compared to oligonucleotide probes.  
Since several modifications have been introduced into PNA backbones, in order to 
improve their performance in terms of specificity and selectivity,8,9,10 in the sixth 
chapter the effect of argine based 2D- and 5L- chiral-box PNAs were compared to the 
performance of the fully ‘achiral’ PNA for the first time, both in solution and on solid 
surfaces, in order to define the best PNA model for doing SNP recognition. 
The data obtained showed that the 5L-chiral box PNA was superior in binding affinity 
when in solution, whereas the 2D-chiral box PNA model was superior in performances 
when recognition of single nucleotides was considered both in solution and in the 
microarray format. It may be speculated that the nature of this behaviour is likely due 
to the displacement of the chiral monomers in the PNA-DNA duplex three-
dimensional structure and, therefore, to their interaction with the solid surface. 
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Information achieved here was then exploited in the design of a PNA-based 
microarray for the recognition of tomato specific SNPs. 
So, in the seventh chapter, argine-based 2D-chiral box PNA microarray, for the 
simultaneous identification of SNPs characteristic of seven different tomato varieties, 
was designed and developed. The Arg-PNAs designed and synthesized, tested both in 
solution and on microarray systems, confirmed the ability to perfectly discriminate 
sequences containing SNPs and thus their potential to be used to genotype tomato 
varieties by the microarray approach. As already reported before for these modified 
probes,11 the system perfectly worked in simulation experiments carried out by using 
oligonucleotide mixtures, mimicking the different sequences of the seven tomato 
varieties, and five out seven tomato varieties were univocally discriminated. On the 
other hand, the efficiency of DNA binding was much lower than that usually shown by 
achiral PNA arrays, causing a lower sensitivity towards long amplified DNA sequences 
in this array system. Despite the high potential of this technique mainly due to the 
outstanding specificity of such probes, further investigations will be necessary in 
order to elucidate the nature of the interactions occurring during positively charged 
PNA probes-long DNA tracts duplex formation on microarray surface and to clarify 
whenever these interactions can affect the efficiency of DNA binding, before it can be 
seriously considered as the standard method for PNA-based genotyping. 
Finally in the eighth chapter, the selectivity and specificity of the same argine-based 
2D-chiral box PNAs, in terms of tomato SNP recognition for variety discrimination, 
were investigated for the first time, to best of our knowledge, in a PNA-mediated PCR 
clamping system. The clamping of the amplification reaction of genotypes carrying 
homozygous mutations was achieved by means of primers designed to compete with 
cognate PNA probes for binding to their common recognition sites. Positive results 
were obtained for one of the three loci tested, which allowed the discrimination of two 
cherry- and of two long-shaped varieties. Although very promising for the detection of 
SNPs, this approach has poorly reliability, since it could be spoiled by many factors, 
including very complex kinetics, the right number of PCR cycles, the primers and PNA 
annealing temperature and the amount of PNA added, as well as the target sequences. 
All these factors hamper its wide diffusion as a diagnostic assay. Moreover, the use of 
modified PNA, for the first time since this technique has been introduced,12 may 
require a finer regulation of the annealing temperatures both of the primers and 
PNAs, due to the high destabilization exercised by the presence of a mismatch, which 
could negatively affect the success of the clamping process. 
Limitations aside, the data reported here confirmed the Arg-PNA ability to perfectly 
discriminate sequences containing SNPs and, thus, their potential to be used to 
genotype tomato varieties. It goes without saying that further investigations will be 
needed to better tailor the potential of this powerful tool to the different platforms 
available, in order to generate a reliable, efficient and fast method for variety 
identification. 
In conclusion, it has been shown in the present Ph.D. thesis how the latest 
advancement in proteomic and genomic techniques can be exploited for assessing 
safety and quality of food products with unprecedented accuracy. 
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