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SUMMARY 
 

 

Summary 

Food allergy represents a nutritional problem for humans, especially in industrial 

countries because any food containing proteins has the potential to trigger allergic 

reactions. Allergic reactions normally involve skin, respiratory tract and gut, reactions to 

inhaled or ingested allergens can even cause anaphylactic shock which may lead to death 

(Bruijzeel-Koomen et al., 1995; Helm and Burks, 2000). A specific immunotherapy is 

currently not available for food allergy (Enrique and Cisteró-Bahíma, 2006; 

Nieuwenhuizen and Lopata, 2005); therefore strict avoidance of allergenic food is the 

only way to prevent allergic responses. Thus, the development of hypoallergenic foods is 

essential for those individuals who already suffer from a food allergy. Our studies 

provided a proof of concept for the production of hypoallergenic tomato fruits by 

silencing allergen-coding genes using the RNA interference (RNAi) approach.  

Isolation of target genes for silencing was the first step. LPTG1 and LTPG2 were 

identified encoding two isoforms of a new tomato allergen, referred to as Lyc e 3.01 and 

Lyc e 3.02 (chapter II). Subsequently, cDNAs of Lyc e 3.01 or Lyc e 3.02 were cloned 

into RNAi constructs. Similarly, a RNAi construct containing cDNA from Lyc e 1.02 

(Westphal et al., 2004) was investigated (chapter III). These RNAi constructs were 

introduced into tomato plants via Agrobacterium-mediated transformation. Efficiency of 

gene silencing was verified by Northern and Western blotting analysis. The accumulation 

of Lyc e 1 and Lyc e 3 was strongly reduced at both transcriptional and translational level 

(chapter II and chapter III). The amount of residual Lyc e 1 or Lyc e 3 was subsequently 

quantified by immunological analysis (ELISA inhibition assay or histamine release 

assay). A ten-fold-decrease in Lyc e 1 abundance was obtained in silenced plants 

(chapter III). Lyc e 3-silenced plants showed a one hundred-fold reduced content of LTP 

(chapter II). Because of the short regeneration time, tomato fruits can be harvested 

rapidly. Our study included the first in vivo clinical analysis (skin prick test) with 

transgenic fruits. A decrease in allergenic protein expression by RNAi silencing led to 

the reduction in allergenic potential of transgenic tomato fruits. Since most patients 

participating in our study are not mono-sensitive to one single allergen, skin prick tests 

showed only a partial reduction in skin reactivity, approximately 20%-80% with Lyc e 3-

silenced fruits and 16%-61% with Lyc e 1-silenced fruits (chapter II and chapter III). 

Additionally, the heritability and stability of gene silencing were verified by means of 
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immunoblotting and functional assays of T1 and T2 generations of Lyc e 3-silenced 

plants (chapter II).  

Plant proteins can trigger allergic reactions in selected populations; otherwise, 

they may fulfill essential functions in plants (Breiteneder and Ebner, 2000; Shewry et al., 

2002; Breiteneder and Radauer, 2004; Asero et al., 2005). The silencing of Lyc e 1 

induced the development of a dwarf phenotype accompanied by a severe yield reduction 

in a number of plants (chapter III). To restore the wild type-phenotype of silenced plants, 

profilin from baker’s yeast (Saccharomyces cerevisiae) was simultaneously expressed in 

Lyc e 1-deficient plants. The hypoallergenicity of yeast profilin (YPFN) was confirmed 

by IgE-binding reactivity with sera from tomato-allergic patients. Immunological and 

clinical analysis revealed a strong reduction in the allergenic potency of YPFN 

expressing plants. Green biomass of YPFN plants was 1.7 fold higher than that of 

silenced plants and reached up to 77% biomass of WT plants. YPFN partly 

complemented Lyc e 1 deficiency in transgenic tomato plants and allowed the 

development of hypoallergenic fruits. 

 The effect of Lyc e 3-silencing was investigated in chapter V. Lyc e 3 encodes  

ns-LTP, which might be involved in plant defense. Northern blotting analysis revealed a 

strong induction in Lyc e 3 accumulation during Xanthomonas campestris infection, 

drought or high salt stress in WT plants but not in Lyc e 3-silenced plants. However, the 

development of bacteria as well as disease symptoms in infected leaves were similar in 

both transgenic and WT plants. No significant difference in green biomass of WT and 

transgenic plants cultivated under stress conditions were observed. Our preliminary data 

suggested that silencing of Lyc e 3 is likely to not affect the responses of tomato plants 

under environmental changes. 

The last section of our study tested the effect of low temperature on the stability 

of RNAi-silencing. Western blotting analysis using specific antisera demonstrated that 

low temperature induced the suppression of RNAi-silencing in leaves, but not in attached 

fruits during different developmental stages. Interestingly, RNAi-silencing was 

transiently inhibited in cold-stored tomato fruits. The preliminary data revealed that low 

temperature might induce a suppression of gene silencing in tomato plants. This might be 

a limitation of using the RNAi-silencing strategy in the development of hypoallergenic 

foods. 
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1 General introduction 

1.1 Food allergy and plant food allergens 

1.1.1  Food allergy 

 The term “allergy” derives from the Greek words “allos” and “ergon” meaning 

"other" and "action", respectively (Glossary of Allergy Terms, Asthma and Allergy 

Foundation of America; www.aafa.org). An allergy is a hypersensitive reaction of one´s 

immune system resulting from the exposure to allergens (Mekori, 1996; Bruijzeel-

Koomen et al., 1995). Hypersensitive reactions can be classified into four types based on 

the mechanisms involved (Roitt, Brostoff and Male, 1993). Type I is known as immediate 

response and is mediated by immunoglobulin E (IgE) antibodies. This is the most 

common hypersensitive reaction in humans and can be induced by different kinds of 

allergens, including pollen, mold, dust mites, animal hair, certain foods, latex, drugs, 

adjuvant, ect. These allergens induce the cross-linking of mast-cell-bound IgEs, resulting 

in the release of mediators. The second type is an IgM- or IgG-mediated cytotoxic 

hypersensitivity in which antibodies directed against cell-surface antigens lead to cell 

destruction. Hypersensitivity type III is mediated by immune complexes consisting of IgG 

antibodies and soluble antigens. Type IV is induced by antigen-specific T cells in which 

the memorial TH1 cells release cytokines to recruit and activate macrophages.  

Allergy to foods can be an important nutritional problem for humans since any 

food source containing proteins has the potential to elicit allergic reactions (Sampson, 

1999a/b and 2004). Most cases of food allergies are immediate responses mediated by 

IgE antibodies in which symptoms develop within hours after the contacts to allergens 

(Bruijzeel-Koomen et al., 1995; Kagan, 2003; Ortolani and Pastorello, 2006). Allergic 

responses may occur on the skin (eczema, dermatitis or hives), in the respiratory tract 

(shortness of breath, rapid breathing or asthma) or the gastrointestinal tract (oral allergy 

syndrome (OAS), abdominal pain or diarrhea). Allergic reactions sometimes are severe 

and can even cause an anaphylactic shock, which may be lethal (Bruijzeel-Koomen et al., 

1995; Helm and Burks, 2000; Kagan, 2003; Sampson, 2003). 

The occurence of food allergies continues to increase year by year, especially in 

industrial countries. General surveys in the American population reported that as many as 

25%-30% households consider at least one family member to have a food allergy (Atkins 

and James, 2007). This high rate was not supported by subsequent studies; however, the 
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actual prevalence of food allergies is believed to be around 1%-3.7 % in adults and up to 

6%-8% in children (Helm and Burks, 2000; Vieths et al., 2002; Wood, 2003; Sampson, 

2004; Madsen, 2005; Mills and Breiteneder, 2005; Atkins and James, 2007). If allergies 

to fruits and vegetables are taken into consideration, higher prevalence in adults has been 

estimated because of the high diversity of plant-derived foods (Vieths et al., 2002; 

Madsen, 2005). 

1.1.2. Classification of plant food allergens 

Identification and characterization of allergens from plant-derived foods were 

mostly based on molecular techniques. Up to date, approximately 400 plant proteins were 

shown to trigger IgE-mediated allergic reactions. The allergens are listed in the allergen 

database (http://www.allergen.org) of the International Union of Immunological Societies 

(IUIS) describing both their biochemical and immunological properties together with 

sequence information. According to the systematic nomenclature of the Allergen 

Nomenclature Subcommittee of the IUIS and the World Health Organization, allergens 

are designated based on their accepted taxonomic name as follows: “The first three letters 

describe the genus, followed by the letter of the species and an Arabic number. The 

numbers are assigned to the allergens following their identification. The same number 

is used to designate homologous allergens of related species”. As examples, Lyc e 1 

refers to the first identified allergen from Lycopersicon esculentum (recently renamed as 

Solanum lycopersicum; tomato), Mal d 4.01 and Mal d 4.02 refer to the two isoforms of 

the fourth identified allergen from Malus domestica (apple).  

Plant food allergens can be classified according to their biological functions, their 

protein structures or their protein families. However, the most popular classification is 

based on both structural and biological functions. It divides plant allergens into three 

major groups: (i) pathogenesis-related (PR) proteins, (ii) storage proteins, and (iii) 

metabolic and structural proteins (Fig. 1) (Breiteneder and Ebner, 2000; Shewry et al., 

2002; Breiteneder and Radauer, 2004; Asero et al., 2005). A high number of plant food 

allergens is homologous to proteins of the fourteen known PR protein families (van Loon 

and van Strien, 1999; Hoffmann-Sommergruber, 2000; Hoffmann-Sommergruber, 2002). 

Among these, PR-2 (β-1, 3-glucanase), PR-3 (chitinase class I), PR-4 (chitinase similar to 

potato Win protein), PR-5 (thaumatin like protein), PR-9 (peroxidase), PR-10 

(intracellular proteins with unknown enzymatic function) and PR-14 (lipid transfer 

protein) are the most prominent allergens. In addition, some allergens show similarity to a 
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thio-protease (PR-6) and protease inhibitors. The PR protein family is part of the defense 

system in plant and is induced by pathogens or environmental stresses. Its members are 

small proteins (5-70 kDa) which are stable at low pH conditions and are rather resistant to 

proteolysis.  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

   

  

 

 

Storage organs such as grains, nuts, soybeans or potato tubers accumulate storage proteins 

or enzyme inhibitors e.g patatin, 2S albumin, prolamins, legumins or α-amylase. Some of 

them are also known to trigger allergic reactions (Seppala et al., 2001; Ogawa et al., 

2000; Pastorello et al., 2001; Breiteneder and Ebner, 2001; Mills et al., 2002; Roux et al., 

2003). These allergens are abundant, large (20-180 kDa) proteins. Another group of plant 

food allergens comprises structural proteins and metabolic enzymes (Breiteneder and 

Ebner, 2000; Shewry et al., 2002; Breiteneder and Radauer, 2004; Breiteneder and Mills, 

2005; Asero et al., 2005). A representative of this group is profilin, which exhibits an 

important function in plant development. Profilin was first identified as an important 

pollen allergen in birch (Valenta et al., 1991). In addition, some metabolic proteins such 

as the β-fructofuranosidase from tomato (Lyc e 2), phenylcoumaran benzylic ether 
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reductase from pear (Pyr c 5), cyclophilin from carrot or oleosin from peanut were 

identified as food allergens (Westphal et al., 2003; Breitender and Radauer, 2004; Asero, 

2005). 

1.2 Mechanism of the IgE-mediated allergic reactions 

Type I hypersensitivity reactions triggered by IgE are the most common allergic 

reactions in humans (Roitt, Brostoff and Male, 1993). IgE-mediated reactions affect 

around 10%-25% of the population in industrial countries (Mekori, 1996). The prevalence 

of food allergy in a selected population is even higher. According to a survey, 3.6% of the 

population of Berlin exhibit food allergy with 69.4% of this group showing an IgE-

mediated reaction (Madsen, 2005). In another study, Bardana (2004) revealed that        

70%-85% of atopic eczema/dermatitis patients displayed IgE-mediated allergic reactions. 

The prevalence among infants under the age of three is as high as 5%-8%, and they are 

normally more affected by IgE-mediated food allergies than adults (Bock, 1987; 

Sampson, 1990).  

IgE forms one of the five immunoglobulin classes (IgA, IgD, IgE, IgG and IgM) 

consisting of two identical light chains (κ or λ) and two identical ε heavy chains folded in 

constant (C) or variable (V) domains. The IgE molecule has the same overall Y-shape 

structure like other classes of immunoglobulins (Roitt, Brostoff and Male, 1993). The 

interaction between an allergen and the immune system involves a sequence of reactions. 

When an allergen enters the body, it is recognized by Antigen Presenting Cells (APCs) 

and subsequently processed into peptides which later interact with the naive TH0 cells 

(Fig. 2). These TH0 cells are modified by interleukine-12 (IL-12) and proglandin E2 

(PGE2) produced by APCs, and become antigen-specific TH2 cells. Such cells produce a 

number of cytokines, especially IL-4, IL-5, IL-10, and IL-13. IL-4 and IL-10 inhibit the 

formation of TH1 cells. This causes a shift in TH1-TH2 balance leading to the 

overproduction of TH2 cells and subsequently an accumulation of cytokines. IL-4 and IL-

13 stimulate B cells to produce a huge amount of allergen-specific IgEs. IL-5 activates 

and degranulates basophils, eosinophils and mast cells. Secreted IgE will attach to high-

affinity IgE receptors (FcεRI) of mast cells, basophilis and eosinophilis. During the 

second contact, the allergens will bind to specific IgEs on the surface of mast cells, 

basophilis and eosinophilis, leading to the degranulation of these cells and release of 

inflammatory mediators including histamine, leukotriens and cytokines. Those mediators 
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cause allergic symptoms on the skin, in the respiratory and the gastrointestinal tracts 

(Roitt, Brostoff and Male, 1993; Jeurink and Savelkoul, 2006; Laché et al., 2006).  

      

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

1.3 Allergy to tomato 

 Tomato (Lycopersicon esculentum or Solanum lycopersicum) belongs to the 

Solanaceace family which is native to South and Central America. Tomato is one of the 

most universally accepted vegetables and contains high amounts of beta-carotene, folate, 

potassium, vitamin C, flavonoids and vitamin E (Mateljan, 2006). Moreover, tomato 

fruits are rich sources of lycopene, one of the most powerful, naturally occurring 

antioxidants and cancer-preventing agents (Lenucci et al., 2006; Minoggio et al., 2003; 

Willcox et al., 2003). Therefore, tomato fruits are highly recommended for the daily diet. 

However, tomato fruits can elicit allergic reactions which are associated with the 

development of symptoms such as OAS, contact urticatia syndromes, rhinitis or 

     Fig. 2:    Mechanism of IgE-mediated allergic reactions  
(modified from Larché et al., Immunology, 2006)  
The recognition of allergens by APC will activate naive TH0 cells 
to become allergen-specific TH2 cells. The balance of TH1-TH2 
will be changed, resulting in the overproduction of TH2. TH2 

produces various inteleukins including IL-4 and IL-13 to 
stimulate overproduction of allergen-specific IgEs. IgEs 
subsequently bind to mast cells via high-affinity IgE receptors 
(FcεRI). During the second contact, the allergen will be        
cross-linked to the specific IgE on the surface of mast cells, 
resulting in the release of inflammatory mediators such as 
histamine. Allergic symptoms will subsequently develop. Linear 
arrows: positive effect; dashed arrows: negative effect. 
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abdominal pains in sensitized patients (Reche et al., 2001; Zacharisen et al., 2002; 

Wesphal et al., 2004). Sensitivity to tomato was first studied in the sixties revealing that 

the most allergenic fraction of ripen tomato fruits was a glycoprotein fraction of about  

20-30 kDa (Bleumink et al., 1966 and 1967). This allergen appeared to be resistant to heat 

denaturation and pepsin digestion. In 1991, McCormick et al. showed that the tomato 

pollen proteins LAT 56 and LAT 59 were homologous to tryptic peptides of ragweed and 

Japanese cedar pollen, respectively. Later, when studying grass pollen-allergic patients, 

Petersen et al. (1996) found eight patients who also had positive skin reactivity to 

tomatoes. Five of them exhibited IgE binding to tomato profilin, and another group of 

five patients displayed IgE response to carbohydrate determinants. Further studies on 

tomato allergens performed by Foetisch et al. (2001) and Kondo et al. (2001) determined 

profilin (PFN) and β-fructofuranosidase (invertase) as IgE-binding components in tomato 

extracts. The corresponding PFN cDNA was then cloned and expressed in E. coli, and 

this protein was officially denominated as the first allergen in tomato, Lyc e 1 

(Willeroider et al., 2003; Westphal et al., 2004). The ß-fructofuranosidase was 

subsequently identified as the second allergen (Lyc e 2) and was shown to be a 

glycoprotein carrying the complex N-glycans (Westphal et al., 2003). Moreover, a non-

specific lipid transfer protein (ns-LTP) bound to a significant amount of specific IgEs, 

suggesting that ns-LTP is a putative allergen in tomato (Foetisch et al., 2001; Kondo et 

al., 2001). Tomato allergic patients showed also sensitivity to other proteins abundant in 

tomato fruits such as polygalacturonase (PG), pectin esterase (PE), chitinase and 

superoxid dismutase (SOD) (Diaz-Pereles et al., 1999; Foetisch et al., 2001; Kondo et al., 

2001). Additionally, some proteins in tomato fruits were identical to known allergens 

from other plant species. For example, tomato fruits contain patatin which was described 

as the allergen in latex (Hev b 7) and potato (Sol t 1) (Breiteneder et al., 1999; Seppala et 

al., 2000). A tomato stress-induced protein (TSI-1) is similar to Dau c 1 from carrot 

(Rodrigo et al., 1991) and a protein P23 from tomato shows homology to Cap a 1 from 

bell pepper (Jensen-Jarolim et al., 1998). Due to sequence homology, cross-reacting IgE 

antibodies may occur. Therefore, patients allergic to some other plant-derived foods 

might be sensitive to tomato as well (Reche et al., 2001; Westphal et al., 2004).  

1.4 Profilin 

 Profilin (PFN) is a small (ca. 14 kDa), globular and cytoplasmic protein involved 

in the regulation of the actin skeleton (Valenta et al., 1991 and 1992). PFN fulfills several 
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cellular functions and has the potential to alter the cyto-architecture of cells and 

morphogenesis of plants. As shown in the model plant Arabidopsis thaliana, down-

regulation of PFN1 expression by antisense inhibition or insertional mutagenesis impaired 

development of seedlings and cell elongation (Ramachandran et al., 2000; McKinney et 

al., 2001). Mature plants showed a dwarf phenotype and early flowering. PFN is encoded 

by a small gene family consisting of two classes with different expression patterns in 

vegetative and reproductive organs. Inspecting the genome of A. thaliana revealed five 

profilin sequences (PFN1-5) of which PFN1, PFN2 and PFN3 are constitutively 

expressed, while PFN4 and PFN5 are pollen-specific (Huang et al., 1996). In tomato 

plants, up to date, three isoforms were described (Yu et al., 1998; Willerroider et al., 

2003; Westphal et al., 2004). The first one was LycPro1 which mainly accumulates in 

pollen (Yu et al., 1998). Two other isoforms (Lyc e 1.01 and Lyc e 1.02) were found in 

different tissues including fruits and were identified as allergens (Willeroider et al., 2003; 

Westphal et al., 2004). The identities between the vegetative and reproductive tomato 

PFNs were up to 75% (Yu et al., 1998; Westphal et al., 2004).  

Apart from the moderately low similarity in amino acid sequences (22%-44%), 

plant PFNs and non-plant PFNs are functional similarities. Hence, plant PFNs could 

interact with mammalian PFNs in vitro (Giehl et al., 1994; Rothkegel et al., 1994) while 

PFNs from A. thaliana and maize could complement a PFN-deficiency in Saccharomyces 

cerevisiace and Schizosaccharomyces pombe (Christensen et al., 1996) or in 

Dictyostelium discoideum (Karakesisoglou et al., 1996), respectively.  

The PFN from birch pollen, Bet v 2 was the first PFN identified as an allergen 

(Valenta et al., 1991). Subsequently, PFNs could be isolated from almost all tree and 

grass pollen (Valenta et al., 1992). The existence of PFNs was also demonstrated in 

various cell types of both dicots and monocots with a high degree of conservation 

between different species (Kandasamy et al., 2002; Radauer et al., 2006). High identity in 

amino acid composition is most likely the reason why plant PFNs became a pan-allergen, 

which bind to IgE antibodies of patients with food, tree and grass pollen or latex allergy 

(Wensing et al., 2002; Radauer et al., 2006; Lόpez-Torrejόn et al., 2007). Fig. 3 (modified 

from Radauer et al., 2006) shows the alignment of the amino acid sequences of 26 

allergenic profilins from 18 different monocot and dicot families. Approximately 59% 

residues were conserved between these profilins. Plant PFNs are recognized by IgE from 

10%-30% of pollen-allergic patients (Valenta et al., 1992; van Ree et al., 1992; Radauer 
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et al., 2006). Therefore, pollen-related food allergy is the main cause for development of 

food allergy within the adult population (Ma et al., 2003).  

         

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Recently, PFN was identified as a minor allergen in tomato fruits reffered to as Lyc e 1. 

According to the allergen database, Lyc e 1 has two isoforms, Lyc e 1.01 and Lyc e 1.02, 

with high similarity between their amino acid sequences. The allergenicity of Lyc e 1 was 

verified by the ability to induce in vitro histamine release from human basophils 

(Westphal et al., 2004). Among tomato-allergic patients, 22%-26% exhibited specific IgE 

binding to Lyc e 1 in fruit extracts (Willerroider et al., 2003; Westphal et al., 2004).     

 Fig. 3:  Sequence alignment of 26 allergenic profilins from 18 different 
monocot and dicot families 
Sequences of different profilins were obtained from allergen database 
(http://www.allergen.org) and aligned by Clustal W algorinum 
(Lasergene, DNA Star, Konstanz, Germany). Identical amino acid 
residues were grey underlined, difference were visualized by boxes. 
Allergen nomenclature: Amb a 8 (short ragweed), Ana c 1 
(pineapple), Api g 4 (celery), Ara h 5 (peanut), Ara t 8 (A. thaliana), 
Art v 4 (common wormwood), Bet v 2 (birch pollen), Cap a 2 (bell 
pepper), Che a 2 (pig ragweed), Cuc m 2 (muskmelon), Cyn d 12 
(Bermuda grass), Gly m 3 (soybean), Hev b 8 (latex), Lil l (trumpet 
lily), Lit c 1 (litchi), Lyc e 1 (tomato), Mal d 4 (apple), Mer a 1       
(M. annua), Mus xp 1(banana), Ole e 2 (olive), Ory s 12 (rice), Par j 3 
(P. judaica),  Phl p 12 (timothy grass), Pho d 2 (date palm), Pru av 4 
(sweetcherry), Zea m 12 (maize). 

M S W Q T Y V D E H L M C D I E G T - G Q H L A S A A I F G T D G N V W A K S S S F P E F K P D - - E I N A I I K E F S E P G A L A P T G L  Amb a 8
M S W Q A Y V D D H L M C E I D G Q - - - H L S S A A I L G H D S T V W A Q S P N F P Q F K P E - - E I S A I L N D F E N P G S L A P T G L  Ana c 1
M S W Q A Y V D D H L M C E V E G N P G Q T L T A A A I I G H D G S V W A Q S S T F P Q I K P E - - E I A G I M K D F D E P G H L A P T G L  Api g 4
M S W Q T Y V D N H L L C E I E G D - - - H L S S A A I L G Q D G G V W A Q S S H F P Q F K P E - - E I T A I M N D F A E P G S L A P T G L  Ara h 5
M S W Q T Y V D D H L M C D V A G N - - - R L T A A A I L G Q D G S V W A Q S N N F P Q V K P E - - E I Q G I K D D F T T P G T L A P T G L  Ara t 8
M S W Q T Y V D D H L M C D I E G T - G Q H L T S A A I F G T D G T V W A K S A S F P E F K P N - - E I D A I I K E F N E A G Q L A P T G L  Art  v 4
M S W Q T Y V D E H L M C D I D G Q - A S N S L A S A I V G H D G S V W A Q S S S F P Q F K P Q - - E I T G I M K D F E E P G H L A P T G L  Bet  v 2
M S W Q T Y V D D H L M C E I E G N - - - R L T S A A I I G Q D G S V W A Q S A T F P Q F K P E - - E I T A I M N D F A E P G T L A P T G L  Cap a 2
M S W Q T Y V D D H L M C D I E G N - - - H L S S A A I L G H D G T V W A Q S P S F P Q L K P E - - E V S A I M K D F N E P G S L A P T G L  Che a 2
M S W Q V Y V D E H L M C E I E G N - - - H L T S A A I I G Q D G S V W A Q S Q N F P Q L K P E - - E V A G I V G D F A D P G T L A P T G L  Cuc m 2
M S W Q A Y V D D H L M C E I E G H - - - H L T S A A I I G H D G T V W A Q S A A F P A F K P E F T E M A N I M K D F D E P G F L A P T G L  Cyn d 12
M S W Q A Y V D D H L L C D I E G N - - - H L T H A A I I G Q D G S V W A Q S T D F P Q F K P E - - E I T A I M N D F N E P G S L A P T G L  Gly  m 3
M S W Q T Y V D D H L M C D I D G H - - - R L T A A A I I G H D G S V W A Q S S S F P Q F K S D - - E V A A V M K D F D E P G S L A P T G L  Hev b 8
M S W Q T Y V D E H L M C E I D G Q - - - H L T A A A I I G H E G G I W A Q S D S F P Q V K P E - - Q T A A I M R D F A E P G S L A P T G L  Lil l
M S W Q T Y V D D H L M C E T D G Q - - - H L T A A A I I G H D G S V W A Q S A N F P Q F K P A - - E I A A I M K D F D E P G S L A P T G L  Lit  c 1
M S W Q A Y V D D H L M C E I E G N - - - H L S A A A I I G H N G S V W A Q S A T F P Q L K P E - - E V T G I M N D F N E P G S L A P T G L  Mal d 4
M S W Q T Y V D D H L M C D I D G Q - G Q H L A A A S I V G H D G S I W A Q S A S F P Q L K P E - - E I T G I M K D F D E P G H L A P T G L  Mer a 1
M S W Q A Y V D D H L M C E I D G Q - - - H L S S A A I L G H D S T V W A Q S P N F P Q F K P E - - E I S A I L N D F E N P G S L A P T G L  Mus xp 1
M S W Q A Y V D D H L M C D I E G H E G H R L T A A A I V G Q D G S V W A Q S A T F P Q F K P E - - E M N G I M T D F N E P G H L A P T G L  Ole e 2
M S W Q T Y V D E H L M C E I E G H - - - H L T S A A I V G H D G T V W A Q S A A F P Q F K P E - - E M T N I M K D F D E P G F L A P T G L  Ory s 12
M S W Q T Y V D E H L M C E I E G H - - - H L A S A A I L G H D G T V W A Q S A D F P Q F K P E - - E I T G I M K D F D E P G H L A P T G M  Phl p 12
M S W Q A Y V D E H L M C E I D G H - - - H L T A A A I L G H D G S V W A Q S S S F P Q F K S E - - E I T N I M N D F N E P G S L A P T G L  Pho d 2
M S W Q A Y V D D H L M C D I D G N - - - R L T A A A I L G Q D G S V W S Q S A T F P A F K P E - - E I A A I L K D L D Q P G T L A P T G L  Pru av 4
M S W Q T Y V D E H L M C E I E G H - - - H L T S A A I V G H D G A T W A Q S T A F P E F K P E - - E M A A I M K D F D E P G H L A P T G L  Zea m 12
M S W Q A Y V D D H L M C D V G - - D G N T P A S A A I I G H D G S V W A Q S A N F P Q L K P E - - E V T G I M N D F N E A G F L A P T G L  Par j 3
M S W Q T Y V D E H L L C E N E G N - - - H L T S A A I I G Q D G T V W A Q S A N F P Q F K P E - - E I T G I M N D F A V P G T L A P T G L  Lyc e 1

F L A G A K Y M V I Q G E P G A V I R G K K G A G G I C I K K T G Q A M V - - F G I Y E E P V N P G Q C N M V V E R L G D Y L V D Q G M    Amb a 8
Y L G G T K Y M V I Q G E P G V V I R G K K G T G G I T V K K T N L A L I I G - - V Y D E P M T P G Q C N M V V E R L G D Y L L E Q G F    Ana c 1
Y L G G A K Y M V I Q G E P N A V I R G K K G S G G V T I K K T G Q A L V F G - - V Y D E P V T P G Q C N V I V E R L G D Y L I D Q G L    Api g 4
Y L G G T K Y M V I Q G E P G A I I P G K K G P G G V T I E K T N Q A L I I G - - I Y D K P M T P G Q C N M I V E R L G D Y L I D T G L    Ara h 5
F L G G N K Y M V I Q G E P N A V I R G K K G A G G V T I K K T T L A L V - - F G I Y D E P M T P G Q C N M V V E N L G E Y L I E S G L    Ara t 8
F L G G A K Y M V I Q G E A G A V I R G K K G A G G I C I K K T G Q A M V - - F G I Y D E P V A P G Q C N M V V E R L G D Y L L D Q G M    Art  v 4
H L G G I K Y M V I Q G E A G A V I R G K K G S G G I T I K K T G Q A L V F G - - I Y E E P V T P G Q C N M V V E R L G D Y L I D Q G L    Bet  v 2
Y L G G T K Y M V I Q G E A G A V I R G K K G P G G I T V K K T N Q A L I I G - - I Y D E P M T P G Q C N M I V E R L G D Y L I E Q S L    Cap a 2
H L G G T K Y M V I Q G E P G D V I R G K K G P G G V T I K K T N Q A L I I G - - I Y G E P M T P G Q C N M V V E R I G D Y L V E Q G M    Che a 2
Y I G G T K Y M V I Q G E P G A V I R G K K G P G G V T V K K T G M A L V I G - - I Y D E P M T P G Q C N M I V E R L G D Y L I D Q G L    Cuc m 2
F L G P T K Y M V I Q G E P G A V I R G K K G S G G V T V K K T G Q A L V I G F T I Y D E P M T P G Q C N M V I E K L G D Y L I E Q G M    Cyn d 12
Y L G G T K Y M V I Q G E P G A V I R G K K G P G G V T V K K T G A A L I I G - - I Y D E P M T P G Q C N M V V E R P G D Y L I D Q G Y    Gly  m 3
H L G G T K Y M V I Q G E P G A V I R G K K G S G G I T V K K T G Q A L I I G - - I Y D E P L T P G Q C N M I V E R L G D Y L L D Q G L    Hev b 8
F L G D G K Y M V I Q G E P G A V I R G K K G S G G V T I K K T N M A L I V G - - I Y D E P M T P G Q C N M V V E R L G D Y L Y D Q G F    Lil l
H L G G T K Y M V I Q G E P G A V I R G K K G P G G I T V K K T T Q A L I I G - - I Y D E P M T P G Q C N M V V E R L G D Y L V D Q G L    Lit  c 1
Y L G G T K Y M V I Q G E P G V V I R G K K G P G G V T V K K S T M A L L I G - - I Y D E P M T P G Q C N M V V E R L G D Y L I E Q G L    Mal d 4
Y I A G T K Y M V I Q G E S G A V I R G K K G S G G I T I K K T G Q A L V F G - - I Y E E P V T P G Q C N M V V E R L G D Y L I E Q G M    Mer a 1
Y L G G T K Y M V I Q G E P G V V I R G K K G T G G I T V K K T N L A L I I G - - V Y D E P M T P G Q C N M V V E R L G D Y L L E Q G F    Mus xp 1
H L G G T K Y M V I Q G E A G A V I R G K K G S G G I T I K K T G Q A L V F G - - I Y E E P V T P G Q C N M V V E R L G D Y L L E Q G L    Ole e 2
F L G P T K Y M V I Q G E P G A V I R G K K G S G G I T V K K T G Q A L V V G - - I Y D E P M T P G Q C N M V V E R L G D Y L V E Q G L    Ory s 12
F V A G A K Y M V I Q G E P G A V I R G K K G A G G I T I K K T G Q A L V V G - - I Y D E P M T P G Q C N M V V E R L G D Y L V E Q G M    Phl p 12
Y L G S T K Y M V I Q G E P G A V I R G K K G S G G V T V K K T N Q A L I F G - - I Y E E P M T P G Q C N M V V E R L G D Y L I E Q G M    Pho d 2
F L G G T K Y M V I Q G E A G A V I R G K K G S G G I T V K K T N Q A L I I G - - I Y D E P L T P G Q C N M I V E R L G D Y L I E Q G L    Pru av 4
I L G G T K Y M V I Q G E P G A V I R G K K G S G G I T V K K T G Q S L I I G - - I Y D E P M T P G Q C N L V V E R L G D Y L L E Q G M    Zea m 12
F L G G T K Y M V I Q G E S G A V I R G K K G S G G A T L K K T G Q A I V I G - - I Y D E P M T P G Q C N L V V E R L G D Y L L E Q G L    Par j 3
Y L G G T K Y M V I Q G E P E A V I R G K K G P G G I T I K K T N Q A L I I G - - I Y D E P M T P G Q C N M I V E R L G D Y L I E Q S L    Lyc e 1
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Lyc e 1 can induce cross-reactivity with PFN from birch pollen, Bet v 2, and PFNs from 

celery, carrot, cherry and pineapple (Westphal et al., 2004).  

1.5 Lipid transfer proteins 

 Lipid transfer proteins (LTPs) are multigenic, small proteins (ca.9-10 kDa) which 

were identified more than 30 years ago. Among the LTP family, the non-specific LTPs        

(ns-LTPs) were initially identified by their ability to facilitate the transfer of various 

lipids between membranes and artificial vesicles in vitro (Rueckert and Schmidt, 1990). 

However, the main function of ns-LTP was later questioned because they are generally 

secreted and associated with the cell walls (Thoma et al., 1993; García-Olmedo et al., 

1995; Marion et al., 2004). Ns-LTPs were supposed to be involved in plant responses to 

biotic and abiotic stress factors. In particular, the pepper ns-LTPs were found to be 

induced following pathogen attack, high salinity, drought, or low temperature stress as 

well as after wounding (Jung et al, 2003; Park et al, 2002). Similarly, the tomato ns-LTP 

was accumulated during salt or drought stress (Plant et al., 1991). Moreover, it was 

demonstrated in barley, sunflower and sugar beet that ns-LTPs could inhibit growth of 

bacteria and fungi (Nielsen et al., 1996; Molina et al, 1997; Gonorazky et al, 2005). 

Studies in A. thaliana indicated the involvement of a putative ns-LTP, DIR1-1, in 

systemic signalling leading to resistance (Maldonado et al., 2002). 

 Allergy to a low-molecular mass (around 10 kDa) protein was first characterized 

in 1992 in peach (Lleonart et al., 1992). Most of the allergenicity of peach was confined 

to the peel. Later this protein was identified as a ns-LTP and was designated Pru p 3.    

Ns-LTPs were characterized as pan-allergens in plant-derived food from Rosaceae fruits 

(peach, apricot, cherry, plum, and pear), Solanaceae (potato, tomato, eggplants), cereals 

(maize, wheat), legumes (soybean, whitebean, and chicken pea), Brassicaceae (cabbage, 

mustard), Rutaceae (lemon, orange) and other plant families (Diaz-Perales et al., 2002; 

Salcedo et al., 2004). Interestingly, ns-LTP was recognized by sensitive patients, 

including those that were not allergic to pollen (Pastorello et al., 1994). It turned out that 

ns-LTP itself can induce allergic responses such as the production of specific IgE and the 

development of allergic symptoms. This is in contrast to most plant food allergens, which 

are recognized because of the primary sensitization to related inhalant allergens such as 

pollen allergens (van Ree, 2002). Therefore, ns-LTP was determined as a true food 

allergen (Asero et al., 2000; van Ree, 2002; Ballmer-Weber et al., 2002; Pastorello and 

Robino, 2004). 
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Ns-LTPs contain eight conserved cystein residues, forming four disulfide bridges 

that keep four α-helices together resulting in a compact barrel-like structure (Fig. 4) (van 

Ree, 2002; Pastorello and Robino, 2004; Pasquato et al., 2006). This structure confers the 

extreme resistance to pepsin digestion, heat denaturation and other forms of processing 

(Asero et al., 2000; Pastorello et al., 2003; Scheurer et al., 2004). Due to their stability, 

ns-LTPs are able to reach the gastrointestinal system in an immunogenic and allergic 

conformation triggering the induction of allergic responses (van Ree, 2002).  

 

  

 

 

 

 

 

 

 

 

 

 

 

 

 

            

 

A 9 kDa-protein from tomato fruits exhibited cross-reactivity to IgE of Rosaceae 

LTP-sensitive-patients (Asero et al., 2004). Furthermore, specific IgE binding to tomato 

fruit extracts was inhibited by cherry LTP (Foetisch et al., 2001). Based on homology, the 

le16 sequence encoding a drought- and abscisic acid-inducible ns-LTP (Plant et al., 1991) 

was suggested to represent Lyc e 3. However, no direct proof for the identity between 

le16 and Lyc e 3 has been provided. 

Fig. 4:    Structure of plant ns-LTP. 
 Upper: amino acid model of ns-LTPs in plants with eight 

conserved cysteins forming four di-sulfide bridges.  
 Lower: three dimensional model of ns-LTP from peach,        

Pru p 3 showing the positions of three immunoreactive 
peptides (green) and the exposed amino acid residues (stick 
representation) (Pasquato et al., Journal of Molecular Biology, 
2006). 

xC3xxxxC13xxxxxxC27C28xxxxxxxxC48xC50xxxxxxxxxxxC73xxxxxxC87xxxC3xxxxC13xxxxxxC27C28xxxxxxxxC48xC50xxxxxxxxxxxC73xxxxxxC87xxxC3xxxxC13xxxxxxC27C28xxxxxxxxC48xC50xxxxxxxxxxxC73xxxxxxC87xx
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1.6 Approaches to control food allergy 

 The simplest way to eliminate food allergy is the avoidance of the causing food. 

However, many allergenic proteins are pan-allergens, which can bind to IgE antibodies of 

different pollen and food allergic patients (Aalberse et al., 2001; Rodriguez and Crespo, 

2002; Ferreira et al., 2004). Therefore, elimination of a number of foods in the diet is 

impossible, especially for children. Additionally, long-term elimination of foods probably 

leads to nutritional disorders, reducing life quality of patients and their family members, 

and severely restricting their social activities and causing isolation.  

Theoretically, the development of food allergy can be prevented by blocking any 

step in the process of allergic reactions, from the allergen uptake to inflammatory 

responses. Up to date, two main approaches are followed modifying either the host 

immune system or the allergenic proteins.  

A specific immunotherapy (SIT) to inhalant allergens has proven to be highly 

successful in preventing the development of allergic reactions. Injection of a predicted 

allergen over a long period of time gradually alters the immune response, in which the 

number of allergen-specific TH2 cells decreases while the number of TH1 cells increases. 

Subsequently, sensitivity to a certain allergen will be reduced (Bousquet et al., 1998; 

Wachholz et al., 2002; Weiss et al., 2006; Larché et al., 2006). This process was 

successfully applied against grass, ragweed, mountain cedar or birch pollen allergies 

(Wachholz et al., 2002; Mahler et al., 2004; Niederberger et al., 2004; Weiss et al., 2006). 

Successful SIT against food allergy was shown only in animal model systems (Roy et al., 

1999; Takagi et al., 2005) and is not widely recommended in humans as stable extracts 

from plant foods standardized for the relevant allergens are limited and severe side effects 

may occur (Enrique and Cisteró-Bahíma, 2006; Nieuwenhuizen and Lopata, 2005). 

However, it was shown that SIT against some pollen allergens which exhibit cross-

reactivity with food allergens may remove symptoms caused by these food allergens, e.g 

SIT against birch pollen reduced the OAS to apples and hazelnuts (Hansen et al., 2004; 

Bucher et al., 2004). Antihistamine treatment may decrease symptoms by inhibiting the 

histamine release of mast cells (Leurs et al., 2002; Simons, 2004). Beside these 

approaches, anti-IgE therapy was shown to reduce severe allergic asthma in peanut-

allergic patients (Leung et al., 2003). Blocking the invasion of cytokines (IL4, IL5, IL9 or 

IL13) by appropriate antibodies has been clinically tested but has not yet been 

commercially recommended for food allergic patients (Nieuwenhuizen and Lopata, 
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2003). Additionally, a natural therapy using Chinese herbal formulas showed promising 

results in down-regulating TH2- and IgE-responses and thereby reducing the allergic 

symptoms as shown in murine models for peanut allergy (Li et al., 2001; Srivastava et al., 

2005).  

A modification of food proteins during processing is another promising approach 

to improve life quality for allergic patients. Enzymatic hydrolysis has been demonstrated 

to be effective and was commercially applied in “Fine rice”. Here, rice grains were 

soaked in actinase to digest the major allergenic globulin (Watanabe et al., 1990). 

Allergens from soybean, roasted peanut or wheat flour might be reduced by hydrolysis 

using protease, peroxidase or a mixture of peroxidase and cellulase (Yamanishi et al., 

1996; Chung et al., 2004; Watanabe et al., 2000). These enzymes can digest the folding 

structure of proteins leading to destruction of the IgE-binding epitops of putative 

allergens. Nevertheless, only a certain number of allergens can be digested via enzymatic 

hydrolysis and a large number of allergens are indigestible or difficult to digest under 

normal food processing conditions (Vieths et al., 1996). Additionally, since digestion is 

an undirected process, the use of enzymes with wide substrate specificities could lead to a 

decrease in the nutritional value of food due to the loss of valuable proteins. Chemical 

removement of peels in order to eliminate LTP from apricots led to a reduction of 

allergenic potential in final products (Brenna et al., 2005). Besides these efforts, another 

strategy was followed in apple. In apple the cultivar Sanatan exhibits the lowest allergenic 

potential. Therefore crossing between different apple cultivars allowed the production of 

a hypoallergenic cultivar with improved agronomic characteristics. Selection and 

breeding of hypoallergenic cultivars is not restricted to apple and can be applied to other 

crops with diverse genotypes. However, this strategy is time-consuming and requires a 

large scale of plant material for selection (Gilissen et al., 2006). 

Compared to the conventional plant breeding, genetic engineering provides an 

alternative strategy to reduce the allergenicity of fruits and vegetables by down-regulation 

the expression of allergens. For example, the accumulation of a 14 kDa allergic protein in 

rice was reduced by antisense approach. The transgenic rice grains showed approximately 

80% less accumulation of the allergenic protein (Tada et al., 1996). The applicability of 

the antisense technology was also demonstrated in soybean and peanut by silencing the 

expression of the major allergens Gly m Bd 30K and Ara h 2, respectively (Herman et al., 

2003; Dodo et al., 2005). Besides food allergens, silencing of a major pollen allergen,  
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Lol p 5, has been reported from ryegrass (Bhalla et al., 1996). Recently, RNA 

interference (RNAi) has been shown to be highly efficient, leading to almost 100% 

inhibition of endogenous transcript accumulation (Smith et al., 2000; Wesley et al., 

2001). Using RNAi, Gilissen et al. (2005) reported a decrease in the accumulation of an 

allergenic protein, Mal d 1 in apple fruits. Subsequently, the allergenic potency of these 

apple plantlets was reduced as shown by skin prick testing. However, due to the long 

regeneration time of apple trees, clinical analysis with the final product could not be 

performed yet. Nevertheless, the first experiment suggested that genetic engineering 

might provide a valuable tool to produce hypoallergenic foods. Compared to conventional 

strategies, genetic engineering allows simultaneous silencing of multigene families 

(homology-based silencing of related genes) and of multiple target genes (chimeric 

RNAi) in a cell and organ specific manner. In addition, allergenicity might be reduced by 

specifically removing IgE binding sites by point mutation. This was demonstrated for   

Lol p 5 from ryegrass, Cry j 1 from Japanese cedar, Pru av 1 from cherry and Ara h 2 

from peanut (Swoboda et al., 2002; Usui et al., 2003; Neudecker et al., 2003; Wiche et al., 

2005; King et al., 2005). Significantly reduced IgE binding to mutated proteins was 

confirmed in vitro by immunoblots. Modulation of IgE binding sites by site-directed 

mutagenesis is therefore a promising approach to provide material with low allergenicity 

for specific immunotherapy.  

1.7 Mechanism of RNA interference  

 RNA interference (RNAi) is an ancient part of the immune system that protects 

plants and animals against viruses by the depletion of viral genomic RNA through 

nucleotide sequence-specific interactions (Voinnet et al., 2001; Baulcombe et al., 2004). 

RNAi was first discovered in 1998 by Fire et al. in the nematode Caenorhabditis elegans. 

From then on it became an effective tool to silence target genes in plants, animals or 

microorganisms. RNAi allows almost 100% efficiency in suppression of homologous 

viral or endogenous genes (Smith et al., 2000; Wesley et al., 2001). Although the 

mechanism of RNAi-induced specific gene silencing in host cells is not clearly 

understood, a general picture of this process is illustrated in Fig. 5. cDNAs of gene (s) of 

interests are cloned in sense and antisense orientation, separated by an intron to form the 

RNAi or hairpin constructs. When introduced into host cells, RNA transcripts are 

transcribed and form the long double-stranded RNA (dsRNA) molecules. Subsequently, 

dsRNAs are processed into 21- to 23-nt RNA duplexes, so called small interfering RNAs 
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(siRNAs), by an Rnase III-like enzyme named Dicer. These siRNAs are incorporated into 

various proteineous factors forming the RNA-induced silencing complex (RISC). ATP-

dependent unwinding of the siRNA duplex generates an active RISC complex. Activated 

RISC then binds to complementary transcripts by base pairing interactions between the 

antisense strand of siRNA and the endogenous mRNA. The bound mRNA is cleaved in a 

sequence specific manner resulting in gene silencing (Chicas and Macino, 2001; Meister 

and Tuschl, 2004; Baulcombe, 2004). Therefore, RNAi silencing could be a powerful 

technique to improve nutritional quality and agronomical performance of plants by 

inhibition of “undesired” gene expression. So far, RNAi technology has been successfully 

used to modify the fatty acid composition in oil, to remove caffeine in coffee, to increase 

the lysine amount in maize or to remove allergenic proteins from apples (Liu et al., 2002; 

Ogita et al., 2003; Segal et al., 2003 and Gilissen et al., 2005). 

 

 

 

 

 

 

            

 

 

  

               

 

 

 

 

R 

 

 

 

Fig. 5:  Proposed mechanism of RNAi induced gene silencing (from Benitech, 
www.benitec.com.au) 
A RNAi construct comprising cDNA from a gene of interest is introduced 
into host cells. RNA transcripts are subsequently transcribed within the host 
cells and form hairpin or ds-RNAs. The initial ds-RNAs are cleaved into 
small interference RNAs (siRNAs) by a nuclease called Dicer. The siRNAs 
then form a complex with the RNA induced silencing complex (RISC). 
RISC will be activated by unwinding of duplexes and displays nuclease 
activity towards mRNA. Sequence specificity and target recognition is 
mediated by the remaining siRNA strand, and target mRNA will be totally 
degraded by exonuclease. 
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RNAi silencing was known as an adaptive defense mechanism against virus 

infection. Therefore, many plant viruses encode suppressors of RNA silencing which do 

have the potential to overcome RNAi-mediated silencing in transgenic plants (Roth et al., 

2004; Vionnet et al., 2005). Overexpression of five different viral suppressors (HcPro, 

P38, P19, P15 and P25) in A. thaliana could restore from 50% to 82% of silenced 

proteins (Dunoyer et al., 2004). Moreover, the mechanism of RNA silencing is based on 

chemical reactions which are commonly temperature-dependent. Szittya et al. (2003) 

investigated an RNAi construct containing cDNA of the CymRV (Cymbidium ringspot 

virus) in order to protect tobacco against viral infection. However, the resistance based on 

RNA silencing was lost at low temperature. Similar phenomena were observed in insects 

(Fortier and Beleto, 2000) and mammalian cells (Kameda et al., 2004). From all reviewed 

studies, silencing efficiency might be negatively influenced by environmental factors. 
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1.8 Aim of the work 

 The increase in the number of allergic patients has intensified the attempts to 

develop successful therapeutic approaches. A specific immunotherapy is mainly 

recommended for inhalant allergies, but not for food allergies. Strict avoidance of 

allergenic food is the only way to prevent allergic responses. Thus, the production of 

hypoallergenic food is essential for allergic patients to improve the quality of their life.  

The aim of this thesis is to generate hypoallergenic tomato fruits by means of 

RNAi-mediated gene silencing. Therefore, genes coding for two tomato allergens, Lyc e 

1 and Lyc e 3, were selected. RNAi technology will be applied to down-regulate their 

expression. Subsequently, the allergic potency of transgenic fruits must be analyzed by 

molecular and clinical tests. Since allergens are functional proteins in plants, the effect of 

gene silencing on plant growth and development will be investigated. Additionally, 

technical limitations of RNAi technology will be assessed.  

Lyc e 3 encodes a ns-LTP belonging to a multigene family in tomato plants with 

at least seven members (Trevino and O´Connell, 1998). Although Lyc e 3 is considered to 

be a tomato allergen, the direct molecular evidence for this is still missing. Therefore, one 

aim of the study is to prove whether Lyc e 3 is a tomato allergen. To this end, all the 

tomato ns-LTP isoforms will be compared against the N-terminal amino acid sequence 

obtained from a putative Lyc e 3 isolated from tomato fruits. Subsequently, homologous 

proteins will be expressed in E. coli and their IgE binding activities to sera from tomato-

allergic patients has to be analyzed. Ns-LTP isoforms which show strong IgE-binding 

might correspond to the tomato allergen, Lyc e 3.  

RNAi technology will be applied to reduce the amount of both Lyc e 3 and the 

known allergen Lyc e 1 (Willeroider et al., 2003; Westphal et al., 2004) in tomato fruits. 

To this end, cDNAs encoding for these proteins will be cloned and used to create RNAi 

constructs, which then will be transformed into tomato plants (chapter II and chapter III). 

Gene silencing will be verified at transcriptional (via Northern blotting) and translational 

level (via Western blotting). The allergenic potency of the resulting transgenic fruits will 

be subsequently characterized by in vitro histamine release assays and by in vivo skin 

prick tests (chapter II and chapter III). In addition, it is intended to investigate the stability 

of gene silencing in following generations by molecular and clinical analysis (chapter II).  
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Lyc e 1 encodes for profilin which fulfills an important role in plant development 

(Ramachandran et al., 2000; McKinney et al., 2001). Therefore, it is expected that 

silencing of Lyc e 1 may cause phenotypic changes in transgenic plants. If this occurs, an 

alternative strategy to produce hypoallergenic tomato fruits will be developed. Thus, the 

Lyc e 1 deficiency might be complemented by simultaneous expression of a 

hypoallergenic variant (chapter IV), such as non-plant profilin from yeast. To this end, the 

hypoallergenicity of yeast PFN has to be confirmed by determining the IgE binding 

activity of the recombinant protein to sera from tomato-sensitized patients. Subsequently, 

the open reading frame of YPFN will be cloned in frame into the Lyc e 1_RNAi vector. 

The allergenic potency of YPFN expressing tomato fruits will be verified by molecular 

and clinical analysis. The efficiency of complementation will be estimated by comparing 

the biomass accumulation in YPFN-expressing plants and Lyc e 1-silenced plants.  

 The role of ns-LTP in plant defense was demonstrated in a number of plants (Jung 

et al., 2003; Park et al., 2002; Molina and García-Olmedo et al., 1997). The tomato ns-

LTP was also induced under salt or drought stress (Plant et al., 1991; Torres-Schumann et 

al., 1992). Moreover, ns-LTP accumulated during bacterial or fungal infection in pepper 

plants. Hence, tomato wild type and Lyc e 3-silenced plants will be challenged by biotic 

(bacterial infection) or abiotic (high salt or drought) stresses and the responses of tomato 

plants under these conditions will be analyzed. 

Besides these approaches, another aim is to investigate the technical limitations of 

RNAi silencing (chapter V), since it was shown that RNAi silencing can be released by 

viral suppressors (Roth et al., 2004; Mossiard and Voinnet, 2004) and low temperature 

(Szittya et al., 2003). To analyze whether or not this occurs in the transgenic plants 

generated, the efficiency of RNAi silencing will be tested exemplary in Lyc e 1-silenced 

plants under low temperature.  
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1.9 Own contributions to the following papers 
 
 
Paper 1: Design of tomato fruits with reduced allergenicity by dsRNAi-mediated 
inhibition of ns-LTP (Lyc e 3) expression. Le QL,  Lorenz Y,  Sonnewald U, 2006, Plant 
Biotechnology Journal  4: 231-242 

- Isolate Lyc e 3 from tomato fruits 
- Construct the RNAi vector to silence Lyc e 3 expression  
- Analyze transgenic tomato fruits (via Northern and Western blottings) 
- Generate fruit samples for histamine release assay 
- Assistance in histamine release assays 

Paper 2: Skin prick tests reveal stable and heritable reduction of allergenic potency of 

gene-silenced tomato fruits. Lorenz Y, Enrique E, Le QL, Scheurer S, 2006,  Journal of 

Allergy and Clinical Immunology 118(3):711-8 

- Verify the stability of RNAi silencing in next generations by Western analysis 
- Generate fruit samples for immunological and clinical analysis 

Paper 3: Reduced allergenicity of tomato fruits harvested from Lyc e 1-silenced 

transgenic tomato plants. Le QL,  Mahler V,  Sonnewald U, 2006, Journal of Allergy and 

Clinical Immunology 118(5):1176-83 

- Construct the RNAi vector to silence Lyc e 1 expression  
- Analyze transgenic tomato fruits (via Northern and Western blottings) 
- Generate fruit samples for immunological and clinical analysis 
- Assistance in skin prick tests 

Manuscript: Yeast profilin partly complements profilin-deficiency in transgenic tomato 
fruits and allows the development of hypoallergenic tomato fruits. Le QL, Lorenz Y, 
Sonnewald U 
 

- Clone YPFN into the expression vector and express YPFN in tobacco leaves 
- Prepare blots for IgE immunoblotting analysis 
- Construct the tandem vector for Lyc e 1 silencing and YPFN expression 
- Analyze transgenic tomato fruits (via RT-PCR, Northern and Western blottings) 
- Generate fruit samples for immunological and clinical analysis 
- Assistance in skin prick tests 

 
 



CHAPTER II    RESULT 

 
 
 
 
 

19

2 Reduction of Lyc e 3 in tomato fruits 
 

2.1 Design of tomato fruits with reduced allergenicity by dsRNAi-mediated   

inhibition of ns-LTP (Lyc e 3) expression  

 
Lien Quynh Le 1*$, Yvonne Lorenz 2$,  Stephan Scheurer 2, Kay Fötisch 2, 
Ernesto Enrique3, Joan Bartra 4, Sophia Biemelt1*, Stefan Vieths2 and Uwe 
Sonnewald1*§ 
 
1 Institut für Pflanzengenetik und Kulturpflanzenforschung, Gatersleben, 
Germany 
2 Paul-Ehrlich-Institut,  Langen, Germany  
3 Hospital General de Castellón, Castellón, Spain 
4 Hospital Universitari de Girona, Girona, Spain 
 
* Present address: Friedrich-Alexander University Erlangen-Nürnberg, 
Erlangen, Germany 
 
$ These authors contributed equally to the paper. 
§ Corresponding author 
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2.2 Skin prick tests reveals stable and heritable reduction of allergenic potency of 

gene silenced tomato fruits 

Yvonne Lorenz, MSc,a Ernesto Enrique, MD,b Lien LeQuynh, MSc,c Kay 

Fötisch, PhD,a Mechthild Retzek,a Sophia Biemelt, PhD,c Uwe Sonnewald, 

PhD,c Stefan Vieths, PhD,a and Stephan Scheurer, PhDa*  

 

Langen and Erlangen-Nuremberg, Germany and Castellón, Spain 

 
a Paul-Ehrlich-Institut,  Langen, Germany  
b Hospital General de Castellón, Castellón, Spain 
c Friedrich-Alexander University Erlangen-Nürnberg, Erlangen, Germany 

 
*Corresponding author 
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3 Reduction of Lyc e 1 in tomato fruits 
 

Reduced allergenicity of tomato fruits harvested from Lyc e 1 silenced 
transgenic tomato plants  

 
Le Q. L.1,  Mahler V.1, Lorenz Y.2,  Scheurer S.2, Biemelt S.1, Vieths S.2 and 
Sonnewald U.1* 
 
1 Friedrich-Alexander University Erlangen-Nürnberg, Erlangen, Germany 
2 Paul-Ehrlich-Institut, Langen, Germany  
 
* Corresponding author  
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4 Complementation of Lyc e 1-deficiency by yeast profilin 
 

Manuscript: Yeast profilin partly complements profilin-deficiency in transgenic 

tomato fruits and allows development of hypoallergenic tomato fruits 

 

Lien Quynh Le1, Yvonne Lorenz3, Stephan Scheurer3, Stefan Vieths3, Vera 

Mahler2 Sophia Biemelt1 and Uwe Sonnewald1*  

 
1 Friedrich-Alexander University Erlangen-Nuremberg, Department of 

Biochemistry, Erlangen, Germany 
2 Friedrich-Alexander University Erlangen-Nuremberg, Department of 

Dermatology, University Hospital, Erlangen, Germany 
3   Paul-Ehrlich-Institute, Langen, Germany  

*: corresponding author 
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4.1 Introduction 

The incidence of food allergy continuously increases year by year particularly in 

industrial countries, and by now has become a serious problem worldwide since every 

protein-containing food can cause allergic reactions. Food allergy can affect 1%-2% of 

the adult population and up to 8% of children population (Helm and Burks, 2000; Wood, 

2003; Sampson, 2004; Madsen, 2005). Food allergy is mainly treated by systematic 

medication or removal and/or avoidance of the causal food (Shimada et al., 2005; 

Sicherer and Sampson, 2006). However, elimination of the allergen-containing food is 

undesirable to growing infants, and may lead to nutritional deficiency. Thus, 

development of hypoallergenic food is essential to improve the quality of life for allergic 

patients.  

The conventional method to produce hypoallergenic food involves using enzymes 

to modify predicted allergenic proteins. For instance, the commercially available “Fine 

rice” is produced by protease digestions of the major allergenic globulin in rice grains 

(Watanabe et al., 1990). Besides, proteases, peroxidases and a combination between 

peroxidases and cellulases are also used in industrial food processing to reduce the 

allergenicity of soybean, roasted peanut or wheat flour (Yamanishi et al., 1996; Chung et 

al., 2004; Watanabe et al., 2000). Nevertheless, as digestion is an undirected process, the 

use of enzymes with wide substrate specificities could lead to a decreased nutritional 

value of food due to loss of valuable proteins. Additionally, each enzyme can digest only 

a certain number of allergens and a large number of allergens are indigestible or difficult 

to digest during normal food processing (Vieths et al., 1996).  

Another promising approach to develop hypoallergenic food is to isolate the 

genes of corresponding allergenic proteins, and subsequently to reduce their expression. 

Thus, RNA interference (RNAi) has been shown to be highly efficient in gene silencing, 

leading to almost 100% inhibition of endogenous transcript accumulation (Smith et al., 

2000; Wesley et al., 2001). Experimentally, the introduction of an RNAi construct 

containing the cDNA of the major apple allergen Mal d 1 led to the removement of    

Mal d 1 in in vitro grown transgenic leaves. Subsequently, the skin prick test (SPT) with 

leaf samples revealed a five fold decrease in the allergenic potential of transgenic 

plantlets (Gilissen et al., 2005). In our previous studies two tomato allergens Lyc e 1 

(profilin) and Lyc e 3 (non-specific lipid transfer protein) were successfully silenced 
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using the RNAi technology. Both in vitro and in vivo tests with tomato-allergic patients 

revealed a strong reduction in allergenic potential of transgenic tomato fruits (Le et al., 

2006a/b; Lorenz et al., 2006). However, while Lyc e 3-silenced plants showed no growth 

penalties (Lorenz et al., 2006), severe growth retardations were observed in a number of 

Lyc e 1-silenced plants (Le et al., 2006b). These plants were smaller, exhibited delayed 

flowering and formed less fruits compared to non-transformed control plants.  

Profilin (PFN) is a ubiquitous protein present in all eukaryotic cells where it is 

involved in polymerization and sequestration of actin. The negative growth effect 

observed in the silenced tomato plants reflects that PFN is essential for normal plant 

development (Le at el., 2006b). A similar phenomenon was observed in Arabidopsis 

thaliana in which down-regulation of several PFN isoforms by antisense inhibition of 

gene expression or insertional mutagenesis impaired development of seedlings and cell 

elongation (Ramachandran et al., 2000; McKinney et al., 2001). It is well documented 

that plant PFNs share functional similarities to non-plant PFNs. For example, birch 

pollen PFN was stably expressed in mammalian cells and showed the same affinity to 

mammalian cytoplasmic actin as compared to the endogenous PFN (Giehl et al., 1994; 

Rothkegel et al., 1996). Overexpression of two PFN isoforms PFN1 and PFN3 from A. 

thaliana could complement the pfn-mutation in both Saccharomyces cerevisiae and 

Schizosaccharomyces pombe (Christensen et al., 1996). Furthermore, a maize pollen 

profilin (ZmPRO2) was able to restore the wild-type phenotype of Dictyostelium 

discoideum profilin deficient cells (Karakesisoglou et al., 1996).   

The aim of this study was to complement PFN-deficient tomato plants by a    

non-allergenic PFN to prove whether physiological function of PFN can be restored 

without introducing a novel allergen. Baker’s yeast (Saccharomyces cerevisiae) was 

chosen since it is widely used as an additive in bakery, food, and beverage industries and 

is therefore common in our daily nutrition. Yeast allergens were characterized in a 

previous study by IgE-immunoblotting revealing 22 IgE stained bands. Forty-one out of 

83 patients (49.4%) showed a positive response. The most frequent bands obtained were 

in the range of 45-48kDa and around 51 kDa (Kortekangas-Savolainen et al., 1993). 

Here, we show that yeast profilin (YPFN) does not exhibit allergenic potency to tomato-

sensitized patients. Furthermore, the severe phenotype of Lyc e 1-silenced tomato plants 

could partly be complemented by overexpression of YPFN. Both in vitro and in vivo 

assays revealed that the YPFN substitution did not increase the allergenic potential of 

transgenic tomato fruits. Therefore we suggest that the substitution of an essential, but 
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allergenic protein with a functional, non-allergenic variant might be a useful attempt on 

the way to produce hypoallergenic tomato fruits.  

4.2 Material and methods 

4.2.1. Patients and sera  

 Patients with tomato allergy were selected based on their case history (e.g. 

appearance of oral allergy syndrome, gastrointestinal or contact urticaria syndrome upon 

ingestion of tomato fruits), positive response in prick-to-prick tests performed with 

tomato fruits, or in vitro basophil histamine release assays. Lyc e 1 sensitivity of these 

patients was confirmed by tomato-specific serum IgE CAP FEIA (Phadia, Uppsala, 

Sweden) or IgE immunoblotting. Sera from tomato-allergic patients showing no 

sensitization to Lyc e 1 and from non-allergic persons were taken as negative controls. 

Patients were recruited in Germany and Spain, but only the German patients were 

involved in SPTs. Approval of the local ethics committees (Faculty of Medicine, 

University of Erlangen-Nuremberg, No. 3344 and General Hospital, Castellόn, Spain) for 

this study and written informed consent of all participants were obtained.   

4.2.2. Plant material and growing condition 

Transgenic YPFN expressing tomato plants (Lycopersicon esculentum, cv. 

Microtom) (F0 generation) were generated in tissue culture under 16 h-light/8 h-dark 

intervals on Murashige Skoog medium containing 2% (w/v) sucrose. After initial 

characterization of in vitro grown plants, tomato plants were transferred to the 

greenhouse. There, they were cultivated in soil with 16 h supplemental light followed by 

8 h darkness. The temperature regimen followed a day/night cycle of 25°C/20°C. For 

following generations, tomato seeds were sown in soil and seedlings were further 

cultivated in the greenhouse under the same conditions as described above. Ten-week-old 

tomato plants were used to assess their green biomass. 

4.2.3. Cloning of profilin from baker´s yeast (Saccharomyces cerevisiae) 

Yeast genomic DNA was isolated from strain Y190 as follows. One single colony 

was inoculated in 2 mL of SDC medium (6.7 g/L yeast Nitrogen base (Difco), 2% glucose) 

and then incubated overnight at 30°C. The pellet was collected by centrifugation at 13 000 

rpm for 5min at 4°C, re-suspended in 2mL LTE buffer (10 mM Tris, 1 mM EDTA pH 8.0) 

and centrifuged again. The pellet was then washed with 2 mL of 5 M NaCl, and 
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subsequently re-suspended in 900 µL LTE buffer containing 10 µg/mL pronase and 300 

µL of 5% N-lauroyl sacrosine and incubated at 37°C for three hours. After incubation, 

DNA was cleaned by 800 µL Phenol: Chloroform (1:1 of v/v) followed by 800 µL 

Chloroform and then precipitated by adding 100% ethanol (2:1 of v/v) and 3 M sodium 

acetate (1:10 of v/v) for two hours at -20°C. The pellet was washed with 70% ethanol, 

dried at room temperature, and dissolved in 100 µL LTE. RNA was removed by incubating 

with 1 µLRNase (10 µg/µl) for one hour at 37°C.  

Yeast PFN (YPFN, Acc. No. M23369) is a single-copy gene in the haploid genome 

of the baker´s yeast; containing 396 bp, interrupted by one intron of 209 bp near the 

starting codon (Magdolen et al., 1988). Therefore, the full-length cDNA can be isolated 

from genomic DNA via the Splicing by Overlap Extension (SOEing) method (Horton et 

al., 1989 and 1990). We designed a 5´oligonucleotide containing ten nucleotides upstream, 

followed by seventeen nucleotides downstream of the intron. The open reading frame of 

YPFN, without the stop codon, was amplified by PCR reaction using Pfu polymerase 

(Stratagene, La Jolla, CA). Gene-specific primers used comprised the following sequences:  

5´YPFN1: 5´-GGTACCATTATGTCTTGGCAAGCATACACTGATAACTTAATG-3´  

3´YPFN1: 5´-AGGATCCGTATTGAACACCAATCAAGTAGTC-3´ 

PCR conditions were: 94°C for 5 min; followed by 30 cycles of 94°C for 20 s, 55°C for   

60 s and 72°C for 2 min; with a final extension step at 72°C for 10 min. PCR products 

were then subcloned into pCR blunt vector (Invitrogen, Karlsruhe, Germany) and their 

identity was verified by sequencing.  

4.2.4. Transient expression of YPFN in tobacco leaves  

A 378 bp fragment (without the stop codon) of YPFN was cloned in frame into a 

modified pBinAR (Höfgen and Willmitzer, 1990) containing the CaMV 35S promoter, the 

OCS terminator and a C-terminal myc-tag using Asp718 and BamHI restriction sites. The 

resulting construct, referred to as pBin_35SYPFN, was transformed into A. tumafaciens 

strain CV58C1 carrying the virulence plasmid pGV2260. Agro-infiltration was essentially 

performed as described in Voinnet et al. (2003) using Nicotiana benthamiana leaves. 

Samples for purification of the recombinant protein were collected two days after 

infiltration.  
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4.2.5. Expression of tomato and yeast profilin in E. coli for molecular and clinical 

analysis  

The recombinant tomato (Lyc e 1.02 isoform) and yeast PFN were expressed in  

E. coli for immunological (IgE immunoblots, ELISA inhibition assay and mediator 

release assay) and clinical (skin prick test) analysis. 

For immunological analysis, the coding region of YPFN was cloned into 

pET101D-TOPO vector (Invitrogen, Karlsruhe, Germany) containing a His tag. The 

coding region of YPFN was amplified using the following specific 5´ and 

3´oligonucleotides:  

5´YPFN2: 5´-CACCATGTCTTGGCAAGCATACACTG-3´ 

3´YPFN2: 5´-GTATTGAACACCAATCAAGTA-3´ 

PCR amplification was carried out using Pwo Polymerase (PreQ Lab, Erlangen, 

Germany) under the following conditions: 94°C for 2 min; followed by 30 cycles of 94°C 

for 15 s, 50°C for 30 s, 68°C for 1 min; with a final extentional step at 68°C for 7 min. 

For expression, pET101D constructs were transformed in E. coli BL21 (DE3) cells 

(Invitrogen, Karlsruhe, Germany). Single colonies were inoculated in 10 mL of LB 

medium containing carbenicillin (500 mg/L) overnight at 37°C. Five mL of the cell 

suspension from overnight culture were transferred into 1 L of LB medium containing 

carbenicillin (500 mg/L). Protein synthesis was induced with 1 mM isopropyl thio-ß-D-

galactoside (IPTG) at OD600 = 0.6 for 4 h at 37°C. Purification of the expressed His tag 

protein was done by Ni-NTA agarose chromatography following the instructions of the 

manufacturer (Qiagen, Hilden, Germany).  

For skin prick tests (SPTs), the coding regions of tomato profilin (Lyc e 1.02) and 

YPFN were cloned into the pET-45b(+) vector containing a N-terminal His-tag 

(Novagen, Darmstadt, Germany). The coding regions were amplified by Taq Polymerase 

(Fermentas Life Science, St. Leon-Rot, Germany) using the following specific 

oligonucleotides:  

5´Lyc e 1.02: 5´-AGGTACCTCGTGGCAAACATATG-3´ 

3´Lyc e 1.02: 5´-AGTCGACCTAGAGACCCTGTTCAATG-3´ 

5´YPFN3: 5´-AGGTACCTCTTGGCAAGCATACAC-3´ 

3´YPFN3: 5´-AGGATCCTTAGTATTGAACACCAATC-3´ 

PCR conditions were: 94°C for 5 min; followed by 30 cycles of 94° for 20 s, 55°C for   

60 s, 72°C for 90 s; with a final extension step at 72°C for 10 min. Expression constructs 
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were transformed in E. coli strain Rosetta (DE3) (Novagen, Darmstadt, Germany). Single 

colonies were inoculated in 10 mL LB medium containing ampicillin (50 mg/L) overnight 

at 37°C. Five mL of the cell suspension were transferred into 1 L LB medium containing 

ampicillin (250 mg/L). Protein synthesis was induced with 0.5 mM IPTG at OD600 = 0.5 

for 4 h at 37°C. Purification of the expressed His tag protein was done by Ni-NTA 

agarose chromatography following the instructions of the manufacturer (Qiagen, Hilden, 

Germany). All endotoxins were removed from the preparation of the recombinant 

proteins before using them for SPT. 

4.2.6. IgE and IgG immunoblots 

The hypoallergenicity of YPFN was verified by IgE immunoblots with 

recombinant proteins expressed in E. coli or tobacco leaves. Tobacco leaves (ca. 200 mg 

fresh weight) were homogenised in extraction buffer containing 50 mM Tris-HCl pH 6.8, 

5 mM MgCl2, 1 mM EDTA, 1 mM EGTA, 5 mM β-mercaptoethanol, 0.1 mM Pefabloc 

proteinase inhibitor, 15% glycerol. Samples were subsequently centrifuged for 10 min at 

4°C and protein content of the supernatant was determined according to Bradford (1976) 

using the BioRad protein assay solution (BioRad, Munich, Germany). Recombinant 

YPFN produced in E. coli (0.5 µg of purified protein per cm) or in tobacco leaves (50 µg 

of total protein per cm) were separated by SDS-PAGE under non-reducing or reducing 

conditions, respectively, and transferred onto nitro-cellulose membranes (Macherey-

Nagel, Dueren, Germany). After blocking in 5% skimmed milk/TBST (20 mM Tris, 500 

mM NaCl, 0.05% Tween 20) for 2 h, membranes were cut into strips and incubated 

overnight with 1:10 diluted sera from tomato-allergic patients. Immunostaining of bound-

IgE antibodies was performed with a biotin-conjugated goat-anti-human IgE antibody 

(Kirkgaard & Perry Laboratories, dilution 1:750, 1 h) and streptavidin AP (dilution 

1:3000, 0.5 h). Visualisation was carried out by means of BioRad alkaline phosphatase 

conjugate substrate Kit (BioRad, Munich, Germany). 

 For IgG immunoblots, total proteins were extracted from wild type and transgenic 

tomato fruits (ca. 1 g fresh weight) as described before, separated on 15% (v/v) SDS 

containing polyacrylamide gels and blotted to nitrocellulose membranes (Macherey-

Nagel, Dueren, Germany). Membranes were blocked for 2 h in 5% skimmed milk/TBST 

(20 mM Tris, 500 mM NaCl, 0.1% Tween 20), and incubated overnight at 4°C with rabbit 

antiserum raised against the myc protein (diluted 1:3000) or anti-ragweed profilin 

antiserum (diluted 1:10 000). Immunodetection was done using the ECL system 
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(Amersham Pharmacia Biotech, Braunschweig, Germany) according to the 

manufacturer’s instruction.  

4.2.7. Tandem vector construction  

To substitute tomato profilin by yeast profilin, YPFN was introduced into the RNAi 

construct (pGW_PFN_RNAi) generated to silence Lyc e 1 (Le et al., 2006b). To this end, a 

1200 bp of the HindIII-YPFN fragment was amplified from pBin_35SYPFN using the 

following specific forward and reverse oligonucleotides:  

5´YPFN4: 5´-AAAGCTTGAATTCCCTATGGAGTCAAAG-3´ 

3´YPFN4: 5´-AAAGCTTGGACAATCAGTAAATTGAACG-3´ 

PCR amplification was carried out using Pfu polymerase (Stratagene, La Jolla, CA) under 

the following conditions: 94°C for 5 min; followed by 30 cycles of 94°C for 20 s, 56°C for 

60 s and 72°C for 2 min 30 s, with a final extension step at 72°C for 10 min. The PCR 

product was introduced into pCR blunt vector (Invitrogen, Karlsruhe, Germany) and 

subjected to sequence analysis. Subsequently, a fragment containing the entire open 

reading frame of YPFN together with 35S promoter and OCS terminator was excised using 

HindIII restriction sites and ligated into the pGW_PFN_RNAi vector which had also been 

digested by HindIII. The resulting construct was designated as pGWPFN_RNAi/YPFN.   

4.2.8. Plant transformation 

The pGWPFN_RNAi/YPFN construct was transformed into Agrobacterium 

tumefaciens CV58C1, carrying the virulence plasmid pGV2260. Tomato cotyledon 

explants were transformed and regenerated as described by Ling et al. (1998).  

4.2.9. RNA isolation and RT-PCR based quantification of profilin expression in 

transgenic plants 

The amount of Lyc e 1 expression in different transgenic tomato plants was 

evaluated in T2 generation of Lyc e 1-silenced and T1 of YPFN-expressing plants, based 

on Lyc e 1 transcript accumulation using RT-PCR. To this end, total RNA was isolated 

from leaves of 10-week-old tomato plants as described by Logemann et al. (1987). Two µg 

of total RNA were treated by RNase-free DNase for 30 min at 37°C, and the reaction was 

stopped by adding 1 µL of 25 mM EDTA followed by heat inactivation at 65°C for          

10 min. RNA was reverse transcribed using the First Strand cDNA synthesis kit 

(Fermentas Life Science, St. Leon-Rot, Germany) following the manufacturer´s 

instructions. One microliter of cDNA was applied for PCR using either the gene-specific 
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primers 5´Lyc e 1.02 and 3´Lyc e 1.02 described before or primers specific for tomato 

actin (Acc. No. U60481) 5´Actin: 5´-ATGGTTGGAATGGGTCAGAAAG-3´ and 

3´Actin: 5´-ATCCAGACACTG TACTTCCTCTC-3´ as internal control.  

To find out the optimal number of cycles, 15 µL of PCR products were taken out of 

the reaction mix at the end of extension step after 25 to 35 cycles and analyzed in 1.2% 

agarose gels. Images were acquired by gel documentation (Peqlab, Erlangen, Germany) 

and quantification of the bands was performed by means of the ImageJ program (National 

Institute of Mental Health, Bethesda, Maryland, USA). RNA samples were normalized for 

initial variations in sample concentration using the actin controls.  

4.2.10. Basophil histamine release  

The basophil histamine release was performed with re-sensitized basophils from a 

non-allergic donor as previously described by Westphal et al., 2003. For stimulation of 

the cells, allergens were diluted to a final concentration of 10 ng/ml, 100 ng/ml,         

1000 ng/ml and 10 000 ng/ml. Released histamine was measured by a commercial 

competitive enzyme immunoassay (Immunotech, Marseille, France). After subtraction of 

the spontaneous release, the allergen-induced histamine release was calculated as 

percentage of the total amount of histamine determined after lysis of the basophils by two 

rounds of freezing and thawing. To reduce the endogenous content of histamine, tomatoes 

were dialyzed overnight (4°C) towards PBS buffer in a slide-A-lyzer® dialysis cassette 

(PIERCE, Cheshire, UK). The extracts were acylated for 2 h, washed and incubated with 

histamine conjugate-AP for 2 h. After washing, bound enzymatic activity was detected by 

addition of a chromogenic substrate according to the instructions of the manufacturer.   

4.2.11. ELISA inhibition 

 Ninety-six-well Maxisorb plates (Nunc, Wiesbaden, Germany) were coated 

overnight at 4°C with 0.5 µg of rLyc e 1.02 diluted in PBS. The plates were blocked with 

PBST (0.05% Tween 20) + 1% bovine serum albumin (BSA) for 2 hours. After three 

washing steps with PBST, each well was incubated with 100 µL diluted human serum 

(PEI 131; diluted 1:10 with PBS) as well as with 100 µL tomato extracts (0.01, 0.1, 1.0, 

10 and 100 µg/mL of total protein) for one hour. As positive control rLyc e 1 (10 µg/mL) 

was applied as inhibitor. Subsequently, plates were washed and incubated with a 

monoclonal anti-human-IgE horseradish peroxidase (HRP) (Southern Biotechnology 

Associates Inc., Birmingham, USA) antibody for 1.5 hours. After three additional 
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washing cycles, visualization was performed with tetramethylbenzidine and hydrogen 

peroxide for approximately 5-10 min. The colour reaction was stopped with 3 M H2SO4 

and absorption was measured at 450 nm. Duplicate determinations were performed for 

each sample. Inhibition rates were calculated as percentage of non-inhibitor values of the 

sera under consideration of the non-specific binding control (no serum and antibody). 

Three blank values were calculated as positive control. 

4.2.12. Skin prick test 

Skin prick tests were performed according to Dreborg (1989). Fresh tomato 

extracts (from microtom wild-type, profilin-reduced and yeast complemented fruits) and 

recombinant tomato and yeast PFN (produced in E. coli) were used for prick-to-prick 

tests in patients. SPT with fruit samples were repeated three times. Control prick test 

solutions (Histamine 1+999 and 0.9% sodium chloride) were purchased from 

Allergopharma, (Reinbek, Germany). Mean wheal diameters were determined after        

20 minutes.  

4.3 Results  

4.3.1. Yeast profilin did not induce an immune response in tomato-allergic patients  

We wanted to exclude the possibility that YPFN exhibits an allergenic potency 

before using it to substitute the allergenic tomato profilin in transgenic plants. To this 

end, the coding sequence of YPFN (Acc. No M23369) from baker´s yeast 

(Saccharomyces cerevisiae) was cloned in frame into an Asp718/BamHI-digested 

pBinAR vector harbouring a C-terminal Myc tag, resulting in the pBin_35SYPFN vector 

(Fig. 1a). The construct was transformed into A. tumefaciens and subsequently used for 

transient expression in N. benthamiana leaves by Agro-infiltration. Two days after 

infiltration, leaves were collected and total proteins (50 µg/cm) were subjected to SDS-

PAGE and blotted onto nitrocellulose membranes. Subsequently, membranes were cut 

into strips and each strip was tested for reactivity with different sera. As shown in       

Fig. 1b, both the C-myc antiserum and the anti-ragweed profilin antiserum detected an 

18 kDa protein corresponding to the PFN-Myc tagged fusion protein in infiltrated, but 

not in non-infiltrated tobacco leaves. These IgG blots showed that the recombinant 

YPFN is highly expressed in plants, and is therefore suitable for further experiments. 

Subsequently, membrane strips were incubated with sera from three different              

Lyc e 1-sensitive patients namely GiTo3, PEI 131, and CEA981096 (Paul-Ehrlich 
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Institute, Langen, Germany). As expected, patients’ sera showed no IgE reactivity to 

non-infiltrated tobacco leaves. Interestingly, there was also no signal detectable in YPFN 

expressing leaves, suggesting that YPFN was not recognized by IgE from sera of        

Lyc e 1-allergic patients.  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

  

 

In addition, the immunogenic potential of YPFN was analyzed in a higher 

number of patients using recombinant yeast profilin produced in E. coli. The coding 

sequence of YPFN was cloned in frame into the pET101D expression vector containing a 

C-terminal His tag, and the recombinant protein was purified under native conditions. 

Purified protein (0.5 μg/cm) was subjected to SDS-PAGE, blotted onto nitrocellulose 

membrane and subsequently cut into strips and tested for IgE reactivity with sera from 

Fig. 1: Investigation of the 
immunogenic potential of YPFN 

(a) Schematic illustration of the binary 
construct expressing YPFN fused to   
3x myc tag used for Agro-infiltration in 
tobacco leaves.  
(b) Immunoglobulin E (IgE)-binding 
analysis with sera from tomato-allergic 
patients against recombinant YPFN 
produced in tobacco leaves (50 µg/cm). 
Lane 1-6: non-transformed tobacco 
leaves showing the background; lane   
7-12: tobacco leaves transiently 
expressing YPFN. Lane 1, 7: buffer 
control; lane 2, 8: anti-myc antibody; 
lane 3, 9: anti-ragweed profilin antibody; 
lane 4-6, 10-12: sera from tomato 
allergic patients (diluted 1:10) in which 
lane 4, 10: sera GI-To3; lane 5, 11: sera 
PEI 131; lane 6, 12: sera CEA981096.  
(c) IgE binding analysis with sera from 
tomato allergic patients (to recombinant 
YPFN (0.5 µg/cm). Recombinant YPFN 
was expressed in E. coli, purified under 
non-reducing condition. Lane 1-14: sera 
from tomato allergic patients (diluted 
1:10); 15: rabbit anti-ragweed profilin 
(1:20 000); 16: mouse anti-Penta His 
(1:1000); NC: negative control (non-
allergic, rabbit and mouse normal 
serum); BC: buffer control. 
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14 different patients (Fig. 1c). The recombinant YPFN was detected by rabbit antisera 

against ragweed profilin and anti-His tag antibody, proving the successful purification of 

the recombinant protein (Fig. 1c, lane 15 and 16). Sera from a non-allergic patient (NC) 

and the buffer control (BC) were also included to determine background reactivity. No 

IgE reactivity to recombinant YPFN was detectable in sera of thirteen patients, whereas 

one patient (GI-To03, lane 7) showed a weak cross-reactivity. In contrast, this patient 

showed no IgE reactivity to recombinant YPFN expressed in plants (Fig. 1b, lane 4). In 

addition, the patient GI-To03 showed also no signal in the coated allergen particle (CAP) 

assay which evaluates specific IgE antibodies towards Lyc e 1 (data not shown). 

Furthermore, we performed an in vitro histamine release assay to investigate whether 

tomato and/or yeast profilin induce an allergic reaction in this patient. The assay revealed 

only a moderately low release of histamine in response to recombinant tomato and yeast 

profilin compared to other patients.  

4.3.2. Generation of yeast profilin-expressing transgenic tomato plants with reduced 

amount of Lyc e 1  

In a previous study we showed that transgenic tomato fruits with strongly decreased 

amount of Lyc e 1 exhibited a reduced allergenic reactivity in tomato allergenic patients 

(Le et al., 2006b). However, these transgenic plants were characterized by severe growth 

retardations. We aimed to prove whether expression of yeast profilin is sufficient to 

complement the profilin-deficiency of these transgenic tomato plants. To this end, a 

HindIII-YPFN fragment comprising the entire open reading frame as well as the 35S 

promoter and the OCS polyadenylation signal was excised from pBin_35SYPFN and 

inserted into the pGW_PFN_RNAi vector (Le et al., 2006b), yielding 

pGW_PFN_RNAi/YPFN. This tandem vector contained both the construct to silence   

Lyc e 1 and the construct driving the expression of YPFN. The expression of each gene is 

controlled by the constitutive 35S promoter of the cauliflower mosaic virus (Fig. 2a). The 

final construct was transformed into A. tumefaciens strain CV58C1. Cotyledons of tomato 

plants (cv. Microtom) were used for Agrobacterium-mediated gene transformation. A 

total of 80 kanamycin-resistant tomato plants (referred to as YPFN plants) were generated 

and analyzed. YPFN plants were screened by IgG immunoblotting for expression of 

YPFN and for the loss of Lyc e 1 protein. Three lines (line 28, 53 and 71) with high 

expression of YPFN paralleled by strong reduction in Lyc e 1 were selected for further 

analysis and compared to three transgenic lines with strong reduction in the amount of 
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Lyc e 1 only (Le  et al., 2006b). Protein extracts from fruits of these plants were separated 

on SDS-PAGE and blotted onto nitrocellulose membranes. For immunodetection of     

Lyc e 1, an anti-rabbit polyclonal antibody raised against profilin from ragweed was used, 

showing a strong protein band migrating at 14 kDa in protein extracts from wild-type 

fruits (Fig. 2b). Similar to IgG immunoblots shown in our previous study, a weak Lyc e 1 

protein band could be visualized in line 14, while in lines 15 and 21 no Lyc e 1 

accumulation was detectable. Among the selected YPFN expressing plants, line 28 

exhibited a strong reduction in Lyc e 1 compared to wild type while no residual Lyc e 1 

could be seen in lines 53 and 71 (Fig. 2b).  

 

 

 

 

 

 

 

 

 

 

 

 

 

   

 

 

 

 

 

 

 

 

 

 

Fig. 2:     Expression analysis of Lyc e 1 and YPFN in transgenic tomato plants 

(a) Schematic illustration of the chimeric construct used to generate 
transgenic tomato plants. The YPFN expressing part comprising the ORF 
of YPFN combined with 35S promoter and OCS terminator was ligated 
to the pGW_PFN_RNAi (Le et al., 2006b) using HindIII restriction sites. 
(b) Western blot analysis of transgenic plants. Protein extracts were 
prepared from tomato fruits of three different Lyc e 1-silenced lines 
(PFN_RNAi, line No. 14, 15 and 21; Le et al., 2006b) and three different 
YPFN-expressing lines (YPFN, line No. 28, 53 and 71). Ten microgram 
of total fruit protein were applied to each lane and Western blot was 
performed using a rabbit-raised polyclonal anti-myc antiserum (dilution 
1:3000) for dectection of YPFN and a rabbit-raised polyclonal anti-
ragweed profilin antiserum (dilution 1:10 000) for detection of Lyc e 1. 
YPFN and Lyc e 1 migrated at approximately 18 kDa and 14 kDa, 
respectively.  
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4.3.3. Yeast profilin can partly complement the growth phenotype of Lyc e 1-

deficient tomato plants 

In order to analyze whether the expression of YPFN in tomato plants can 

overcome the severe growth defects observed in Lyc e 1-deficient tomato plants, the 

accumulation of green biomass was determined and related to the amount of tomato 

profilin. Segregating populations of Lyc e 1-silenced lines 14.2, 15.6 and 21.7 (T2 

generation) and of YPFN lines 28, 53 and 71 (T1 generation) were cultivated in the 

greenhouse together with wild type plants. Fresh weight was determined from ten-week-

old tomato plants. In parallel, the accumulation of Lyc e 1 transcript was quantified by 

RT-PCR. To this end, total RNA was isolated from tomato leaves and treated with 

RNase-free DNase to remove all DNA contamination. Two microgram of total RNA from 

wild type and transgenic plants were reverse-transcribed into cDNA and Lyc e 1 

transcripts were amplified using specific primers, giving a 300 bp fragment. Gene-

specific primers for tomato actin were added as an internal loading control to each 

reaction, resulting in a 800 bp fragment.  

It is well known that PCR amplification is initially exponential but reaches a 

plateau after a certain number of cycles. In our experiments, PCR products were analyzed 

after 25 to 35 cycles to determine the slope of PCR amplification. A linear increase was 

observed between 28 and 32 cycles, and the plateau was reached afterwards (data not 

shown). The abundance of PCR products was indistinguishable between wild type and 

transgenic plants after 35 cycles. Thus, Lyc e 1 transcripts were quantified after 32 PCR 

cycles. Images of the gels were taken using gel documentation equipment, and 

subsequently the accumulation of Lyc e 1 was measured via ImageJ program (National 

Institute of Mental Health, Bethesda, Maryland, USA). Data were normalized to the actin 

controls. As shown in Fig. 3b, the amount of PFN transcripts varied in WT plants 

between 55%-100%, while it ranged from less than 1% to nearly 100% in the transgenic 

lines due to using a segregating population of the transgenic lines. The mean green 

biomass of WT plants was 82.95±4.95 g (n = 10) while the biomass of transgenic plants 

differed from 20 g to 85g. Lyc e 1-silenced plants and YPFN plants containing more than 

5% residual Lyc e 1 showed almost no effect on plant growth and development (Fig. 3a) 

with green biomass reaching 86% of the WT level. In contrast, most of Lyc e 1-silenced 

plants with less than 5% residual Lyc e 1 content exhibited a significant growth reduction 

compared to WT plants (Fig. 3 a, b). Here the biomass accumulation was decreased to 

55.8 % compared to wild type. Hence, the growth development in YPFN-expressing and 
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Lyc e 1-reduced plants containing less than 5% residual Lyc e 1 was compared (Fig. 3c). 

The mean green biomass for Lyc e 1-silenced plants and YPFN plants were      

36.61±22.87 g and 63.98±11.5 g (P-value = 0.0156), respectively. Thus, YPFN plants 

showed a 1.7 fold higher biomass accumulation than Lyc e 1-silenced plants. In 

comparison to non-transformed controls, Lyc e 1 silenced plants attained 44.2% biomass 

while YPFN plants reached 77.1%. This reflects that the reduction of profilin content in 

Lyc e 1-reduced plants was accompanied by a decrease in green biomass accumulation, 

while the biomass accumulation was less affected in plants expressing the yeast profilin.  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Fig 3: Correlation between green biomass and residual Lyc e 1 transcript 
abundance 

(a) Phenotype of ten-week-old WT, Lyc e 1-silenced and YPFN plants. 
Lyc e 1 silenced plants containing more than 5% residual Lyc e 1 or 
YPFN expressing lines exhibited WT-like phenotype. Dwarf 
phenotypes were observed in Lyc e 1-silenced plants containing less 
than 5% remaining Lyc e 1.  

(b) Correlation between green biomass and residual profilin by 
measuring Lyc e 1.02 transcripts. Lyc e 1.02 was amplified from 
cDNA prepared from total RNA and the abudance of Lyc e 1 was 
quantified after 32 PCR cycles via ImageJ program. Tomato plants 
containing less than 5% residual profilin were enclosed in the box. 

(c) Comparison of green biomass of Lyc e 1-silenced plants and YPFN 
plants when the amount of Lyc e 1 remaining was less than 5% of 
WT (P value = 0.0156). 
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4.3.4. ELISA inhibition assay 

 Dose-dependent IgE inhibition assays were performed to verify the suppression of 

tomato profilin as well as the hypoallergenicity of plant-produced YPFN. We used serum 

of one patient (PEI 131) who had a convincing history of tomato allergy and showed IgE 

sensitization to Lyc e 1 and exhibited a positive CAP response (class 3) (Le et al., 2006b). 

Recombinant YPFN and extracts from fruits of wild type and three YPFN lines (Fig. 2b) 

were used as inhibitors. After pre-incubation of serum with extracts from tomato wild-

type fruits (100 µg/mL) or recombinant Lyc e 1 protein (10 µg/mL), IgE-binding was 

completely inhibited (Fig. 4a). In opposite, the IgE binding to recombinant Lyc e 1 was 

not restricted by recombinant YPFN or fruit extracts from YPFN expressing plants, 

indicating that fruit-produced YPFN is most likely hypoallergenic. Additionally, 

transgenic fruits displayed a strong reduction of Lyc e 1 accumulation, suggesting 

remaining Lyc e 1 in YPFN fruits is very low. This confirms that using the tandem 

construct expression of YPFN is induced by simultaneous suppression of endogenous 

tomato profilin. 

4.3.5. Transgenic fruits exhibited a reduced allergenic potential as shown in in vitro 

histamine release assay and in vivo skin prick test 

 As shown before, Lyc e 1-silenced plants containing only small amounts of      

Lyc e 1 exhibited severe growth retardation and formed almost no fruits. Due to this 

restriction, it was impossible to perform clinical analysis with these lines. For this reason, 

we selected Lyc e 1 silenced plants showing strong reduction in Lyc e 1 accumulation, 

but formed enough fruits to perform clinical tests. As shown by IgG immunoblot (Fig. 

2b), Lyc e 1-silenced line 15 and YPFN line 53 had both no detectable amounts of Lyc e 

1 left, while some remaining Lyc e 1 could be detected in YPFN line 28. Histamine 

release assay was performed with stripped basophils from non-allergic donors, passively 

sensitized with serum from one tomato-allergic patient (PEI 131). Since tomatoes contain 

high amounts of histamine, fruits were dialyzed intensively to remove endogenous 

histamine. Recombinant tomato profilin and fruit extract from wild type plants induced a 

strong release of histamine, reaching a maximum of 60% when comparing the highest 

amount of histamine release (Fig. 4b). In contrast, recombinant YPFN and transgenic 

lines induced a negative maximal histamine release (less than 10%), except for YPFN line 

28. The maximal mediator release in response to this line was 20%. Since the remaining 

of Lyc e 1 content in YPFN line 28 was higher compared to the other three transgenic 
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lines, higher mediator release might be due to the interactions between Lyc e 1 and 

basophils. The half maximal histamine release was calculated and accounted for 0.5 ng in 

recombinant Lyc e 1, 10 ng in recombinant YPFN, 0.5 μg in WT fruit extracts, 1.2 μg in 

YPFN line 28, 10 μg in YPFN line 53 and 10 μg in Lyc e 1-silenced line 15. These results 

revealed that recombinant YPFN did not stimulate allergic reactions in patient PEI 131. 

Additionally, approximately 1000 fold of recombinant YPFN was needed to induce the 

same amount of histamine release as if incubated with recombinant Lyc e 1. Similarly, 

from 20- to 100-fold higher concentrations of extracts from transgenic fruits (both YPFN 

and Lyc e 1-silenced lines) were necessary to stimulate the same amount of mediator 

release as with non-transformed fruits.  

  

 
 

 

 

 

 

 

 

 

 

 

 

 

 

 

Skin prick tests were performed with six Lyc e 1-sensitive patients recruited in Germany. 

Histamine dihypochloride was used as positive control and induced a skin reaction of     
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Fig. 4:  Clinical analysis of transgenic tomato fruits 

(a) Dose-dependent IgE inhibition was performed with serum from 
a Lyc e 1-sensitive patient (PEI 131). The patient´s serum was 
incubated with fruit extracts from non-transformed WT and 
three independent YPFN expressing plants (line 28, 53, 71). 
Inhibition with recombinant Lyc e 1 was used as positive 
control. 

(b) Induction of histamine release from stripped human basophils. 
Human basophils from non-allergenic donors were passively 
sensitized with sera from a Lyc e 1-sensitive patient (PEI 131). 
Subsequently, they were stimulated with diluted tomato extracts 
from non-transformed WT, Lyc e 1-silenced (line 15) and 
YPFN- expressing tomato plants (line 28, 53).  

(c) Result of skin prick tests of Lyc e 1-sensitive patients (002, 013) 
using recombinant Lyc e 1; recombinant YPFN; fruit samples 
from non-transformed wild-type; Lyc e 1-silenced (line 21.2.3) 
and YPFN-expressing plants (71.9). SPTs with fruit samples 
were repeated three times.
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7-mm-wheal diameter. Mean skin reactivity to recombinant Lyc e 1 varied from 7- to 9-

mm-wheal diameter, while no skin reactivity was observed with recombinant YPFN   

(Fig. 4c). SPTs were performed with fruits from T2 generation of Lyc e 1-silenced plants 

(line 21.2.3) and T1 generation of YPFN plants (line 71.9). Wild type fruits led to wheal 

diameters varying from 6 to 9.5 mm. The wheal-and-flare reactions to transgenic plants 

differed between the six patients participating in this study which were most likely due to 

the recognition of additional tomato allergens (Le et al., 2006b). For example, in one 

patient who showed exclusive IgE binding to Lyc e 1 (patient 013; Le et al., 2006b), skin 

reactivity from Lyc e 1 and YPFN transgenic fruits was reduced to 43% and 37%, 

respectively. Another patient who reacted with other tomato allergens (patient 002; Le at 

al., 2006b) showed 15.8% reduction to Lyc e 1 and 29% to YPFN expressing transgenic 

fruits. The difference in skin reactivity was less pronounced between two different types 

of transgenic fruits, Lyc e 1-silenced fruits exhibited higher allergenic potential than 

YPFN fruits in one case (patient 002), but there was the opposite response in the other 

patient (013).  

4.4 Discussion 

Profilin is a highly abundant, cytoplasmic protein which was found in plants, 

vertebrates, invertebrates and even vaccinia virus (Valenta et al., 1991). Therefore, plant 

PFNs were characterized as pan-allergens and can be recognized by IgE from food, 

pollen or latex allergic patients (Valenta et al., 1992; Wensing et al., 2002; Radauer et 

al., 2006 ; Lόpez-Torrejόn et al., 2007). In an attempt to produce hypoallergenic food, 

Lyc e 1 encoding a tomato PFN isoform was removed from fruits by gene silencing. 

However, constitutively silencing Lyc e 1 caused severe growth retardation in a number 

of plants, emphasizing the essential function of profilin. Otherwise, fruit-specific 

silencing of Lyc e 1 led only to a moderately low reduction of Lyc e 1 accumulation (Le 

et al., 2006b). To overcome this problem, Lyc e 1 silencing was combined with the 

expression of a hypoallergenic variant. It is likely that specific Lyc e 1 IgE can be 

recognized by other plant PFNs, thus a non-plant profilin, yeast profilin, was selected to 

substitute Lyc e 1. However, the hypoallergenicity of YPFN had to be verified before its 

expression in tomato plants. Besides the production in E. coli cells, YPFN was also 

produced in tobacco leaves for immunological analysis. All patients exhibited no IgE 

binding to YPFN expressed in E. coli or tobacco leaves, with one exception (Fig. 1b, c). 

In only one patient, we observed a weak IgE binding to E. coli-made YPFN (lane 7, Fig. 
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1c), but not to plant-made YPFN (lane 10, Fig. 1b). Surprisingly, this patient revealed no 

in vitro allergenic reactivity, neither with recombinant YPFN nor with recombinant    

Lyc e 1 (both synthesized in E. coli), although the serum strongly reacted with 

recombinant Lyc e 1 (in IgE immunoblots). It was hypothesized that this patient 

recognized only one IgE epitop suffering for positive signal in immunoblots but this is 

not responsible for IgE cross-binding on effector cells. Lyc e 1 and YPFN did not induce 

allergic reactions in this patient. Besides the non-binding reactivity to specific IgE from 

Lyc e 1 sensitive patients, YPFN exhibited a low residual allergenic potential as shown 

in both in vitro and in vivo clinical analysis. The ability to induce histamine release of 

recombinant YPFN was 1000-fold lower than recombinant Lyc e 1 (Fig. 4b). In addition, 

the skin reactivity to recombinant YPFN was also abolished (Fig. 4c). The IgE binding 

components of baker´s yeast was investigated in earlier studies with sera from 83 

subjects (Kortekanas-Savolainen et al., 1993). The pre-dominant yeast allergens are in 

the high molecular weight range, with endolase as the major one. Some proteins in range 

of 10-15 kDa exhibited a weak binding capacity in the IgE immunoblot. Whether these 

proteins can cause allergic reactions is still unknown. However, our immunological 

analysis together with clinical assays revealed that yeast profilin is not allergenic.  

Lyc e 1 and YPFN shared approximately 30% identity in amino acid sequences 

(Fig. 5a). The dissimilarity between these two proteins might lead to the formation of 

different IgE binding epitops. Using IgE sera from pollen-allergic patients to screen a 

number of Bet v 2 peptides, three major linear IgE binding epitops were determined 

(Fedorov et al., 1997a). These were amino acids 1-26, 27-51 and 106-133 in the 

sequence of Bet v 2. The identities between Bet v 2, Lyc e 1 and YPFN are 78.8% and 

31%, respectively. With respect to three putative IgE epitops based on Bet v 2 

backbones,   Lyc e 1 and YPFN shared 22%-36%. The distance between Lyc e 1 and 

YPFN in amino acid sequences and putative IgE binding sites might explain the 

difference in their allergenicity. Thus, YPFN might be useful to complement Lyc e 1 

deficiency in transgenic tomato plants.  

YPFN is encoded by a single copy gene consisting of 126 amino acids with a 

predicted molecular weight of 13.67 kDa and a pI of 5.56 (Magdolen et al., 1988). The 

structural models of Lyc e 1.02 and YPFN were proposed via the Swissmodel program 

(www.swissmodel.expasy.org), revealing a similar structure formed by seven β-sheets 

and two parallel α-helices on one side and an α-helix on the other side (Fig. 5b). These 

structures exhibited the same characteristics as other PFN structures from birch pollen, 
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Acanthamoeba, melon or human (Fedorov et al., 1997b; Lόpez-Torrejόn et al., 2007; 

Nodelman et al., 1996). This model structure was considered to be accurate enough to 

explain ligand binding such as actin and poly-L-proline binding (Lόpez-Torrejόn et al., 

2007). Despite the low amino acid identities, tomato PFN and YPFN displayed the same 

protein folding structure, suggesting the functional similarities. In addition, Christensen et 

al. (1996) and Karakesisoglou et al. (1996) demonstrated a complete substitution of plant 

profilin to yeast profilin or D. discoideum. Thus, complementation by YPFN to profilin-

deficiency was expected. As Lyc e 1 accumulation was reduced less than 5% of WT 

level, severe growth retardation was observed in silenced plants, but not in YPFN plants 

(Fig. 3a). Green biomass of YPFN plants was 1.74 fold higher than in Lyc e 1-silenced 

plants, and reached 77.1% of WT biomass. WT phenotype of Lyc e 1-deficient plants was 

partly restored by the expression of YPFN in transgenic plants. The partial 

complementation might be explained by the low expression of YPFN in transgenic 

tomato plants. As estimated by IgG immunoblotting (Fig. 2b), the highest concentration 

of YPFN (line 71) accounted for approximately 40% of Lyc e 1 in WT plants. Biemelt et 

al. (2003) demonstrated that the translational enhancer Ω of the tobacco mosaic virus 

(U1) improved the protein translation of the L1 transcripts in tobacco plants and potato 

tubers. Thus, cloning the translational enhancer Ω upstream of the YPFN initial codons 

might be useful to improve the expression level of YPFN in tomato plants.  

Furthermore, our aim is the development of an alternative strategy to produce 

hypoallergenic tomato fruits, thus the allergenic potential of YPFN plants was intensively 

estimated. We measured the histamine release from basophils after incubation with fruit 

extracts from YPFN-expressing lines as well as Lyc e 1-silenced lines. YPFN line 53 and 

Lyc e 1-silenced line 15 showed no detectable amounts of Lyc e 1 remaining (Fig. 2b). 

Consistently, no significant difference in maximal histamine release could be detected 

when basophils were inoculated with fruit extracts from these two transgenic lines      

(Fig. 4b). In addition, clinical analyses were performed with fruit samples from Lyc e 1-

silenced and YPFN plants. Although a lower amount of residual Lyc e 1 was expected, 

YPFN line 71 showed no significant reduction in allergenic potency compared to         

Lyc e 1- silenced line 21. One of two patients exhibited only a moderate reduction in skin 

reactivity with fruit samples from YPFN, the other patient displayed a moderate increase 

(Fig. 4c). The different response is most likely due to the fact that the patients involved in 

our study are not mono-sensitive to Lyc e 1 (Le et al., 2006b; Lorenz et al., 2006). 
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Additional allergic proteins e.g. Lyc e 1, Lyc e 3 might be involved in the allergic 

reactions, resulting in a less impressive reduction in skin reactivity. Therefore, the slight 

reduction in Lyc e 1 accumulation in YPFN-expressing plants might be not enough to 

exhibit an obvious decrease in skin reactivity. Nevertheless, we can conclude from these 

data that YPFN did not increase the allergenic potential in transgenic plants.  

 Taken together, we could partly restore the cellular function of profilin in         

Lyc e 1- deficient plants by simultaneous expression of the yeast profilin. The expression 

of YPFN did not introduce a novel allergen in transgenic plants. This provides us an 

alternative strategy to remove functional allergens from fruits and vegetables, in which 

the biological function of allergen(s) can be substituted by functional but non-allergenic 

variant(s).  

 

  

 
 
 
 

 

 

  

 

 

 

 

 

 

 

 

 

 

 

Fig. 5:     Comparison the YPFN and Lyc e 1 in amino acid sequences and 
folding structure  

(a) Predicted linear epitops of birch pollen profilin (Bet v 2) 
(Federov et al., 1997a) in comparision to tomato profilin (Lyc e 
1) and yeast profilin. Alignment of deduced amino acid 
sequences was generated by Clustal W algorinum (Lasergene, 
DNA Star, Konstanz, Germany) in which identical amino acid 
residues are grey underlined. 

(b) Upper: ribbon diagram of Lyc e 1 (left) and YPFN (right) with 
seven  β-sheets and two α-helices paralled on one side and 
another α-helix oin the opposite side. Lower: surface model of 
the ribbon diagrams shown above.
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5 General discussion 

Our study provided a proof of concept for the production of hypoallergenic tomato 

fruits by gene silencing. Suppression of two allergens led to the reduction of allergenic 

potential which was demonstrated in chapter II and III. In this chapter, we will summarize 

the results obtained in previous chapters and further discuss the overall strategies to 

produce hypoallergenic food by genetic engineering as well as some related techniques. 

Chapter III ended with the observation that Lyc e 1-silenced plants showed a severe 

phenotype. Hence an alternative strategy was demonstrated in chapter IV, in which the 

deficiency of Lyc e 1 was complemented by a non-allergenic yeast profilin. In this 

section, we will further discuss the function of yeast profilin as substitution of Lyc e 1. In 

addition, Lyc e 3 encodes ns-LTP which is supposed to be involved in plant defense. 

Therefore, the effect of Lyc e 3-silencing in response to environmental stresses will be 

discussed. The last section of this chapter will deal with the stability of RNAi induced 

gene silencing and possible limitations of the RNAi approach. 

5.1 Production of hypoallergenic tomato fruits by gene silencing 

Hypoallergenic food is essential for those individuals who have already developed 

a food allergy in order to prevent the outbreak of allergic reactions. Hypoallergenic food 

is useful in improving their diet and reducing the risk of nutritional disorders caused by 

long-term elimination of certain foods. In our study, we selected tomato as a plant model. 

Although tomato allergy is believed to be common only in the Mediterranean area, the 

ailment is supposed to be related to birch pollen allergy (Petersen et al., 1996; Foetisch et 

al., 2001), which is one of the most severe allergies in Europe. Moreover, the use of 

tomato as a model offered several advantages in our experiments. The large number of 

tomato Expressed Sequence Tag (EST) libraries with more than 350 000 ESTs in the 

NCBI database, covering different tissues and developmental stages, provided lots of 

information about potential tomato allergens. Additionally, the availability of 

biotechnological methodologies, e.g. transformation protocols, and the short life cycle of 

tomato allowed us to perform analysis of the end product, the tomato fruits rapidly.  

In chapter II and III, we demonstrated a strategy to produce hypoallergenic foods 

by gene silencing. Firstly, genes coding for allergens must be identified by searching 

either in the allergen database as recommend by the International Union of 

Immunological Societies (IUIS) or in an appropriate EST database. Up to date, 
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information of more than 400 plant food allergens has been provided by IUIS. From this 

database, cDNAs of Lyc e 1.01 and Lyc e 1.02, two isoforms of the first isolated tomato 

allergen were identified. However, if the targets of gene silencing are new allergens 

which are not available in the IUIS list, or genes encoding for these allergens belong to 

multigene families, allergenic isoforms must be characterized. Allergenic isoforms can be 

identified by in silico cloning, in which all available ESTs from protein(s) of interest are 

aligned and compared to related allergens. Highly identical isoforms to known allergens 

are subsequently cloned by PCR strategies. Appropriate proteins are further synthesized 

and the immunogenicity of these proteins can be estimated by molecular and clinical 

analysis e.g. IgE immunoblots, histamine release assay or skin prick test (SPT). Based on 

this strategy, we identified two sequences (Lyc e 3.01 and Lyc e 3.02) coding for a new 

tomato allergen, Lyc e 3 (chapter II). After the identification of allergenic proteins, the 

following step is the cloning of partial or full length nucleotide sequences of genes coding 

for these allergens into intron-spliced hairpin constructs (RNAi constructs, reviewed in 

detail in chapter I), and transforming these constructs into plant cells. Finally, allergenic 

potential of transgenic products has to be analyzed by molecular and clinical analysis. 

This strategy was applied successfully in suppression of two single genes coding for 

tomato allergens, Lyc e 1 and Lyc e 3. Western analysis using specific antisera showed a 

strong reduction of Lyc e 1 (Fig. 1, chapter III) or even a reduction below detection limit 

of Lyc e 3 in transgenic tomato fruits (Fig. 3, section 2.1, chapter II). Quantification by 

ELISA inhibition assay revealed a ten-fold decrease of Lyc e 1 accumulation in 

transgenic fruits (Fig. 2, chapter III). Furthermore, in vitro clinical analysis measuring the 

histamine released from sensitized basophils showed a strong reduction in allergenic 

potency of Lyc e 3, ranging from one-tenth to one-hundredth of wild type level (Fig. 5, 

section 2.1, chapter II). Sense, antisense, co-suppression or RNAi approaches are known 

to successfully initiate gene silencing. However, the efficiency of constructs coding sense 

and antisense sequences directed against viruses or endogenous genes in tobacco plants 

was only 7%-15% while RNAi constructs achieved 96%-100% (Smith et al., 2000). 

Similarly, Wesley et al. (2001) revealed that RNAi constructs induced 90%-100% gene 

silencing in four different model plants (tobacco, A. thaliana, cotton and rice) while 

antisense or co-suppression constructs inhibited only 12%-13% of gene expression. High 

efficiency in gene silencing induced by RNAi might provide a more profound strategy to 

remove allergens from fruits and vegetables. As demonstrated by Tada et al. (1996), low 

allergenic rice was produced by silencing one gene encoding for a 14 kDa protein using 
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antisense strategy. The transgenic rice grains showed approximately 80% less 

accumulation of the allergenic protein. Compared to this result, Lyc e 1 or Lyc e 3 residue 

in transgenic tomato fruits in our study was by far lower. Significant silencing led to the 

reduction in allergenic potential of transgenic fruits. The in vivo skin prick testing is a fast 

clinical analysis and easy to perform. It reflects the reactivity of mast-cell-bound IgEs, 

which fulfill a major role in type I allergic reactions (reviewed in chapter I). Our study 

was the first in vivo clinical analysis with transgenic fruits. Nevertheless, while the 

molecular analysis revealed only traces of Lyc e 1 or Lyc e 3 in transgenic fruits, the in 

vivo skin reactivity was less impressive. The reduction in skin reactivity to Lyc e 1- or 

Lyc e 3-silenced fruits varied from 16% to 63% (Fig. 5, chapter III) and 20% to 80% (Fig. 

4, section 2.2, chapter II), respectively. This can be explained by (i) the remaining of   

Lyc e 1 and Lyc e 3 proteins or (ii) additional proteins leading to allergic response. The 

latter explanation seems likely because most patients are not mono-sensitive to Lyc e 1 or 

Lyc e 3 as demonstrated by IgE-binding capacity to other proteins in tomato extract (Fig. 

4, chapter III; Fig. 1, section 2.2, chapter II). Therefore, these additional proteins can 

contribute to the residual allergenicity of transgenic fruits.  

According to the mechanism of RNAi-silencing (chapter I), RNAi construct(s) 

form the double-stranded RNAs (dsRNAs) which are subsequently cleaved into 21- to 23 

nt-small interfering RNAs (siRNAs). These siRNAs will activate the degradation of 

endogenous mRNA by base pairing interactions with homologous sequences (Chicas and 

Macino, 2001; Meister and Tuschl, 2004; Baulcombe, 2004). Therefore, RNAi 

technology might allow the suppression of more than one member of a multigene family 

by targeting sequences that are unique or shared. In our study, we observed the silencing 

of both isoforms of Lyc e 1 and Lyc e 3 when introducing RNAi constructs containing 

cDNAs of Lyc e 1.02 (Fig. 1, chapter III) or Lyc e 3.02 (Fig. 4, section 2.1, chapter II), 

respectively. Additionally, RNAi permits multigene silencing by introducing a RNAi 

construct covering cDNAs of several genes into host cells. This was proven by the 

simultaneous suppression of three homologous basic leucine zipper transcriptional factors 

(bZIP) of the absisic acid-insentive 5 (ABI5) family in A. thaliana (Bensmihen et al., 

2005). The 140 bp fragments of EEL (Enhanced Em Level), AREB3 (Absisic acid-

Responsive Element Binding 3) and AtbZIP67 were used to generate a chimeric RNAi 

construct. A significant reduction and similar efficiency of inhibition were found for all 

genes. A similar result was also demonstrated in mammalian cells. Concurrent inhibition 

of HIV (Human Immunodefenciency Virus) and HBV (Hepatitis B Virus) replicon was 
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obtained by transfection of a chimeric RNAi construct containing sequences of HIV and 

HBV into host cells (Wu et al., 2007). Based on this technique, one could generate a 

chimeric RNAi construct containing nucleotide sequences from all putative tomato 

allergenic proteins to simultaneously remove them from tomato fruits.  

5.2 Substitution of a hyperallergenic variant by a hypoallergenic variant  

As reviewed in the general introduction, plant food allergens can be classified into 

three major groups: (i) pathogenesis-related (PR) proteins, (ii) storage proteins, and (iii) 

metabolical and structural proteins (Breiteneder and Ebner, 2000; Shewry et al., 2002; 

Breiteneder and Radauer, 2004; Asero et al., 2005). Therefore, these allergenic proteins 

may fulfill essential cellular functions in plants apart from their potential harmfulness for 

selected populations. Silencing genes coding for these proteins might lead to phenotypic 

changes of transgenic plants as demonstrated from the reduction of Lyc e 1, a tomato 

allergen involved in plant development. As shown at the end of chapter III, silencing of 

Lyc e 1 in transgenic tomato plants reduced the allergenic potential, but induced the 

development of a dwarf phenotype accompanied by a severe yield-reduction in a number 

of plants. To overcome this limitation, an alternative strategy was demonstrated in chapter 

IV in which the predicted allergen was removed by RNAi, but the severe phenotype was 

complemented by simultaneous expression of a hypoallergenic variant. Therefore, the 

protein selected to restore the loss of function of tomato profilin Lyc e 1 might not cause 

allergic reactions and exhibit functional similarities to Lyc e 1. From the first allergenic 

PFN Bet v 2 identified in birch pollen (Valenta et al., 1991) until now PFNs were found 

in most plant allergenic sources including plant foods, pollen, and latex (Valenta et al., 

1992; Breiteneder et al., 2001; Radauer et al., 2006). Plant PFNs were recognized to be 

highly cross-reactive allergens that bind to IgE antibodies of patients with food and tree 

pollen allergy (Wensing et al., 2002; Radauer et al., 2006; Lόpez-Torrejόn et al., 2007). 

This was later explained by the highly conserved amino acid sequences and the similarity 

in specific IgE-binding epitops. Radauer et al. (2006) compared the amino acid sequences 

of 25 allergenic PFNs from 18 different monocot and dicot families and revealed 59% 

conserved residues between these proteins. The peptide backbone arrangements of six 

representative profilins (from pollen of A. thaliana, birch, H. brasiliensis latex, mugwort 

and from celery tubers and bell pepper fruits) were nearly identical (Fig. SIa). 

Additionally, comparison of all surface-exposed residues of these profilins revealed that 

the centre of epitop 1 (Fig. SIb) and the whole epitop 7 (Fig. SIc) could be identified as 



CHAPTER V  GENERAL DISCUSSION 

 75

conserved. Therefore, these epitops were assumed to be responsible for cross-reactivity 

between plant profilins (Radauer et al., 2006). Due to the high extent of cross-reactivity 

among plant profilins, we selected a non-plant protein, yeast profilin (YPFN), to 

complement the Lyc e 1 deficiency (chapter IV). The hypoallergenicity of YPFN was 

confirmed by IgE immunoblotting with recombinant proteins (Fig. 1, chapter IV). Sera of 

Lyc e 1-sensitized patients in our study exhibited no IgE binding to YPFN expressed in  

E. coli or tobacco leaves, suggesting the hypoallergenic potential of YPFN. This was 

further supported by ELISA inhibition assays, histamine release assays and skin prick 

tests with recombinant protein (Fig. 4, chapter IV). In contrast to Lyc e 1, YPFN is 

hypoallergenic. The explanation for this seems likely to be based on sequence 

dissimilarities. Lyc e 1 and YPFN are approximately 30% similar (Fig. 5a, chapter IV). 

Otherwise, based on three IgE binding sites of birch pollen profilin, Bet v 2, (Fedorov et 

al., 1997a), we determined corresponding sites in amino acid sequences of Lyc e 1 and 

YPFN (Fig. 5, chapter IV). Lyc e 1 shared only 22%-36% identities to YPFN in putative 

IgE epitops. The precise amino acid residues distinguishing between allergenic tomato 

PFN and hypoallergenic YPFN might further be identified by random mutagenesis. Genes 

coding for the tomato allergen Lyc e 1 will be modified to yield hypoallergenic variants 

while mutations of YPFN will result in hyperallergenic proteins. DNA sequence analysis 

might provide an insight into the differences between hyper-and hypoallergenic variants. 

After confirmation the hypoallergenicity of YPFN, this protein was expressed in 

Lyc e 1-deficient tomato fruits (Fig. 2, chapter IV). With the same level of residual      

Lyc e 1, YPFN plants grew better than Lyc e 1-silenced plants. The overexpression of 

YPFN plants can partially restore the WT phenotype (Fig. 3, chapter IV). The functional 

similarity between tomato PFN and YPFN is likely due to the similar folding of these 

proteins. Profilin from tomato and yeast exhibited a model structure consisting of seven 

β-sheets and two parallel α-helices on one side and another α-helix on the opposite side 

(Fig. 5, chapter IV). This backbone is typical for both plant and non-plant profilins, and is 

supposed to be accurate enough to explain the binding of ligands such as actin and poly-

L-proline (Lόpez-Torrejόn et al., 2007). Therefore, despite the amino acid sequence 

difference, plant PFN was stably expressed in mammalian cells and showed the same 

affinity to mammalian cytoplasmic actin as compared to the endogenous PFN (Giehl et 

al., 1994; Rothkegel et al., 1996). Furthermore, plant PFN from A. thaliana or maize can 

overcome the PFN-deficient phenotype in S. cerevisiae, S. pombe or D. discoideum 

(Christensen et al., 1996; Karakesisoglou et al., 1996). Chapter IV demonstrated the same 
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phenomenon in which the loss of Lyc e 1 function was complemented by the expression 

of YPFN. However, our study showed only partial complementation of YPFN to tomato 

which was different from the complete complementation of plant PFN to yeast as 

demonstrated by Christensen et al. (1996). This might be due to the difference in 

expression systems between plant and yeast cells. Another explanation for this 

phenomenon is the low expression of YPFN in tomato plants. The highest concentration 

of YPFN was approximately 40% of Lyc e 1 in wild type plants (Fig. 2, chapter IV). 

Overexpression of YPFN in a stronger expression vector might be an alternative strategy 

to totally complement the Lyc e 1-deficient plants. Moreover, YPFN is a single-copy 

gene (Magdolen et al., 1988), the YPFN-deficient phenotype could be restored by 

different PFN isoforms from A. thaliana. In tomato, PFN is encoded by a small gene-

family. A BLAST search against NCBI database using Lyc e 1.02 nucleotide sequence 

revealed at least four tomato isoforms. Apart from two allergenic isoforms, we obtained a 

full sequence of pollen-specific LePro1 (Yu et al., 1998), and an EST homologous to Hev 

b 8, which is known as an allergen from rubber tree (H. brasiliensis). The interactions 

between YPFN and other tomato PFN isoforms might be more complicated, therefore the 

complete complementation was not observed. 

Finally, the allergenic potential of YPFN-expressing tomato fruits was analyzed. 

Both in vitro and in vivo clinical assays revealed no up-regulation of allergenic potency in 

transgenic fruits (Fig. 4, chapter IV). The physiological function of PFN can be restored 

without introducing a novel allergen. The expression of yeast profilin complemented the 

Lyc e 1-deficiency in tomato plants suggesting an alternative strategy to silence 

functional allergens. 

5.3 Biological function of allergens 

In this section, we will continue discussing the biological function of another 

allergen, Lyc e 3. Lyc e 3 belongs to the superfamily of ns-LTPs. Ns-LTPs are members 

of the PR-14 family (van Loon and van Strien, 1999); however, the precise function is not 

well understood. A number of genes encoding for ns-LTPs are induced by various 

environmental stresses including abiotic (cold, salt, drought, wounding) or biotic 

(bacterial or fungal infections) stresses (Jung et al, 2003; Plant et al., 1991; Torres-

Schumann et al., 1992; Trevino and O´Connell, 1998). Additionally, ns-LTPs displayed 

strong antimicrobial activity. Ns-LTPs or ns-LTP-like proteins purified from barley, 

maize, sugar beet or sunflower seeds can inhibit the development of bacteria and fungi 
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(Molina et al., 1996; Nielsen et al., 1996; Kristensen et al., 2000; Gonorazky et al., 2005). 

Moreover, overexpression of barley LTP2 or wheat LTP enhanced the tolerance to 

bacterial or fungal pathogens in transgenic tobacco, A. thaliana and carrot plants, 

respectively (Molina and García-Olmedo, 1997; Jayaraj and Punja, 2007). Some other 

evidence demonstrated that ns-LTP could bind to a receptor involved in the control of 

plant defense responses in wheat (Buhot et al., 2001) or A. thaliana (Jung et al., 2005). In 

tomato, ns-LTP isoforms are salt and drought responsive, which indicates a possible role 

of ns-LTP in the repair of stress-induced membrane damage (Plant et al., 1991; Torres-

Schumann et al., 1992; Trevino and O´Connell, 1998). The tomato allergenic isoforms, 

Lyc e 3.01 and Lyc e 3.02 shared 71%-90% identity to stress-induced tomato ns-LTPs, 

suggesting the same responses of Lyc e 3 under various environmental conditions. 

Chapter II revealed that the greenhouse-grown Lyc e 3-silenced plants exhibited no 

phenotypic changes compared to wild type plants. In this section, we would like to 

discuss how these transgenic plants respond to stress conditions. To this end, tomato 

plants were cultivated under controlled conditions. Subsequently, six-week-old tomato 

WT and Lyc e 3-silenced plants were challenged with biotic (bacterial infection) or 

abiotic (salt and drought) stresses. Inoculation of tomato plants with the virulent 

Xanthomonas campestris pv. versicatoria (Xcv, wild type strain 75-3, RifR) was carried 

out by infiltration of the bacterial suspension into the lower side of fully expanded leaves. 

In parallel, another set of tomato plants was watered with 100-150 mM NaCl or cultivated 

without water supply to induce salt or drought stress, respectively. Six hours after 

infection with a high concentration of bacteria (cfu: colonies per milliliter = 108), WT 

plants exhibited a rapid increase in Lyc e 3 accumulation. The abundance of Lyc e 3 was 

moderately reduced afterwards, but an overall increase in Lyc e 3 transcripts remained up 

to 48 hours after infection (Fig. SIIa). Reversely, no significant induction of Lyc e 3 was 

obtained in silenced plants. The fast response to Xcv might suggest an antibacterial 

activity of Lyc e 3. Hence, tomato leaves were infected with a lower titer of Xcv          

(cfu = 104) to estimate the bacterial growth in WT and transgenic plants. The 

development of Xcv was monitored over a 10-day-period by harvesting and 

homogenizing two independent leaf discs (ca. 0.5 cm2) in distilled water. Appropriate 10- 

to 1000-fold dilutions were plated in suitable nutrient medium containing rifampicin as a 

selection marker and colonies were counted. Over a period of ten days post infection, Xcv 

can grow similarly in WT and transgenic plants (Fig. SIIb). Otherwise, infected leaves of 

WT and Lyc e 3-silenced plants were undistinguishable. They both exhibited typical Xcv 
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infection phenotype such as chlorosis and subsequent necrotic lesions around eight days 

after infection. Similar to the biotic stress, abiotic stresses (salt and drought) triggered the 

accumulation of Lyc e 3 in WT plants (Fig. SIIIa and Fig. SIVa). Northern analysis 

revealed the consistent reduction of Lyc e 3 in silenced plants before and during 

treatment. Three weeks after cultivating under salt or drought conditions, biomass of 

tomato plants was estimated. Greenhouse-grown WT and transgenic plants were used as 

controls. Biomass of WT and transgenic plants generated under normal conditions were 

undistinguishable, confirming the similarities between WT and Lyc e 1-silenced plants 

described in chapter II. Although Lyc e 3 accumulation was induced by salt stress only in 

WT plants, no significant difference between biomass of WT and silenced plants was 

observed (Fig. SIIIb). Drought stress led to a moderate lower biomass of Lyc e 3-silenced 

plants compared to WT plants (Fig. SIVb). However, as the number of plants analyzed 

was rather small (n = 6), the statistical difference of this data might not be significant. A 

larger number of plants (n ≥ 30) must be investigated to determine if the development of 

Lyc e 3-silenced plants is really affected by salt or drought stresses.  

 Several stress-induced ns-LTP genes were isolated from tomato (Plant et al., 

1991; Torres-Schumann et al., 1992; Trevino and O´Connell, 1998). In agreement with 

former studies, the expression of an allergenic ns-LTP, Lyc e 3 was induced in WT 

tomato plants during both biotic and abiotic stresses, representing adaptive responses to 

environmental changes. Ns-LTP might repair damaged membranes (Plant et al., 1991; 

Torres-Schumann et al., 1992; Trevino and O´Connell, 1998) or prevent bacterial 

development (Molina and García-Olmedo, 1997). Therefore, Lyc e 3-silenced plants were 

expected to be more susceptible than WT plants. Interestingly, although Lyc e 3 was 

completely inhibited in transgenic plants, their responses to bacterial infection, high salt 

or drought stress were similar to WT plants. Lyc e 3 encodes ns-LTP, a member of the 

pathogenesis related (PR)-14 family. The PR protein family is part of the plant´s defense 

system and is normally induced upon environmental changes including pathogen 

infections (viruses, bacteria, fungi), stress conditions (salt, drought, cold, wounding) or 

chemical induction (ethylene, salicylic acid, jasmonic acid) (van Loon, 1985; van Loon 

and van Strien, 1999; Hoffmann-Sommergruber, 2000). PR proteins are commonly small 

proteins, stable under low pH, high temperature and enzymatic digestion and encoded by 

large gene families. Up to date, PR proteins are known to belong to 14 protein families 

referred to as PR1 to PR14 (Hoffmann-Sommergruber, 2000). As PR-proteins generally 

belong to multigene families, it is likely that several isoforms in one family might share 
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similar function. Hence, the loss of function of one member might be overcome by other 

members of the family. Genomic Southern blotting analysis indicated the existence of at 

least seven isoforms encoding for ns-LTP in L. pennelli and L. esculentum (Trevino and 

O´Connell, 1998). Lyc e 3 deficiency might be complemented by other isoforms of the 

ns-LTP family. Therefore, WT and Lyc e 3-silenced plants responded identically under 

environmental changes. 

 Additionally, ns-LTPs are supposed to be involved in plant defense signalling 

pathway. CaLTPs were strongly induced in systemic, upper leaves after infection in lower 

leaves either by pathogenic or non-pathogenic bacteria (Jung et al., 2003 and 2005). In A. 

thaliana, a putative ns-LTP, DIR 1-1(Defective in induced resistance 1-1) is essential for 

the development of systemic acquired resistance (SAR) (Maldonado et al., 2002). dir1-1 

mutant lines exhibited wild type local resistance to Pseudomonas syringae, but the 

expression of PR-proteins was abolished in uninoculated distant leaves. Buhot el al. 

(2004) revealed that a tobacco recombinant LTP1 could bind jasmonic acid (JA). And the 

introduction of the LTP1-JA complex induced long distance protection against                

P. parasitica in tobacco plants. Therefore, the involvement of Lyc e 3 in defense 

signalling must be investigated. Tomato plants will be infected by bacteria or fungi in 

lower leaves. The expression of Lyc e 3 or other PR proteins e.g. PR1, PR5, PRQ will be 

analyzed in systemic, upper leaves. Subsequently, the development of bacteria or fungi in 

local as well as in systemic leaves must be estimated. If Lyc e 3 is required for plant 

defense signalling pathways, silenced plants will lose their resistance in systemic leaves. 

In this case, the lost function of Lyc e 3 may be complemented by simultaneously 

expressing other ns-LTP(s) or PR protein(s) similar in function in silenced plants.  

5.4 Stability of RNAi induced gene silencing 

 As mention before , the introduction of RNAi constructs of desired gene(s) will 

form double-stranded RNAs (dsRNAs) in host cells. Silencing is initiated when dsRNAs 

are processed into 21- to 23 nt-small interfering RNAs (siRNAs) by specific RNase III-

type Dicer enzymes. These siRNAs are incorporated into various protein factors and 

formed a RNA induced silencing complex (RISC). Activated RISC subsequently binds to 

complementary transcripts by base pairing, leading to the degradation of endogenous 

mRNA and subsequently to gene silencing (Meister and Tuschl, 2004; Baulcombe, 2004). 

Compared to former strategies to control gene expression (sense, antisense or co-

suppression), RNAi allows up to 100% gene silencing (Smith et al., 2000; Wesley et al., 
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2001) in both dicots and monocots (reviewed in Benefits of hairpin RNAi in plants, 

CSIRO website: www.pi.csiro.au). RNAi also permits silencing of different isoforms 

from a target gene, as demonstrated by suppressing of seven isoforms of the codeinone 

reductase family (Allen et al., 2004) or silencing different target genes as shown by the 

inhibition of three basic leucine zipper transcriptional factors (bZIP) in A. thaliana 

(Bensmihen et al., 2005). RNAi was successfully adopted in the modification of the fatty 

acid composition of oilseed rape, the reduction of caffeine in coffee beans and the 

increase of lysine contents in maize (Liu et al., 2002; Ogita et al., 2003; Segal et al., 

2003). Recently, RNAi technology has been an effective tool to generate hypoallergenic 

foods (Gilissen et al., 2005; Le at al., 2006a/b; Lorenz et al., 2006). The introduction of a 

RNAi construct containing cDNA of the major apple allergen Mal d 1 led to the removal 

of Mal d 1 in in vitro-grown transgenic leaves. Subsequently, skin prick tests revealed a 

five fold decrease in allergenic potential of transgenic plantlets (Gilissen et al., 2005). In 

chapter II and chapter III, we also demonstrated that the silencing of two tomato allergens 

Lyc e 1 and Lyc e 3 by RNAi strategy led to a reduction of allergenic potential in 

transgenic fruits. 

RNAi was first described in plants as an immune response to viral infection 

(Voinnet, 2001; Baulcombe, 2004). In infected plants, the accumulation of viral RNA 

induces the formation of viral-specific siRNAs and subsequently leads to degradation of 

viral RNA. Accordingly, many plant viruses encode suppressors, which do have the 

potential to inactivate RNA silencing in plants (Roth et al., 2004; Moissiard and Voinnet 

2004). In vitro and in vivo assays showed that P19 from potato virus X (PVX) could bind 

21-nt siRNAs and HcPro from turnip mosaic virus (TuMV) targets RISC (Silhavy and 

Burgyán, 2004; Lakatos et al., 2006). Overexpression of five different viral suppressors 

including HcPro from TuMV, P38 from turnip crinkle virus (TCV), P19 from tomato 

bashy stunt virus (TBSV), P15 from potato virus X (PVX) and P25 from peanut clump 

virus (PCV) in chalcone synthase (CHS)-RNAi-A. thaliana lines could restore from 50% 

to 82% of CHS expression level (Dunoyer et al., 2004). Similarly, many tomato viruses 

contain suppressors which can suppress RNAi-induced gene silencing in tomato plants 

(Kubota et al., 2003; Zrachya et al., 2007). Additionally, plant-virus interactions are 

supposed to be affected by several environmental factors, especially temperature. Szittya 

et al (2003) demonstrated that the resistance exhibited by transgenic tobacco plants 

expressing cDNA from Cymbidium ringspot virus (CymRV) to this virus was based on 

RNA silencing. However, transgenic plants were resistant at 24°C, but susceptible at 



CHAPTER V  GENERAL DISCUSSION 

 81

15°C. Temperature-dependent gene silencing by RNAi was demonstrated in insects 

(Fortier and Belote, 2000). A RNAi vector containing a portion of the sex differentiation 

gene, transformer-2 (tra-2) was introduced in Drosophila melanogaster. Null mutants of 

tra-2 gene are visible in D. melanogaster female flies in which homozygous tra-2 

chromosomal females (XX) develop as phenotypic male, while leaky alleles of tra-2 lead 

to phenotypic changes, ranging from male-like intersexes to female-like intersexes. Male 

or male-like intersexes-transformation were observed in D. melanogaster female flies at 

29°C, but not when the temperature was decreased to 22°C. Furthermore, two GFP 

expressing mammalian cell lines (NIH-3T3 from mouse and HEK 293 from human) 

were transfected with siRNAs containing 19 nucleotides of GFP (Green Fluorescence 

Protein) or GFP5 and subsequently cultivated under different temperatures ranging from 

26°C to 39°C (Kameda et al., 2004). Measurement of GFP accumulation in transfected 

cells revealed that the effect of siRNA-induced gene silencing was remarkably reduced at 

28°C or below in both cell lines. Temperature-dependence of RNAi-induced gene 

silencing is likely to be common in plants, insects or mammalian cells. This section will 

focus on the stability of RNAi-induced gene silencing in tomato plants under low 

temperature. The stable and heritable reduction of allergenic potential via gene silencing 

was demonstrated in greenhouse-grown transgenic plants (chapter II and III). Here we 

analyzed the efficiency of RNAi-induced Lyc e 1-silencing in tomato plants when (i) 

plants were grown under low temperature and (ii) when fruits were stored under low 

temperature. Chapter III showed IgG immunoblots with transgenic fruit extracts in which 

line 14 displayed an approximately 90% reduction while other lines (line 15, 21, 32 and 

39) showed almost complete abolishment of profilin (Fig. 1, chapter III). In this study, 

we selected line 15 and 21 which exhibited a substantial decrease of Lyc e 1 

accumulation for low temperature treatment. WT and T2 plants of Lyc e 1-silenced 

plants were grown under normal greenhouse conditions for ten or twelve weeks. 

Subsequently plants were transformed to low temperature conditions for ten days. The 

day/light regime was set with 12 h supplemental light at 25°C followed by 12h darkness 

at 4°C. It is likely that oxidative stress could be induced under low temperature condition 

during the light phase (Beck et al., 2004). Thus, challenging tomato plants with low 

temperature at night might restrict the occurence of another kind of stress. Leaf samples 

were collected from ten-week-old tomato plants and fruit samples (immature green fruits 

(GFs), mature GFs and red fruits (RFs)) were collected from twelve-week-old tomato 

plants, right after the dark regime. Western analysis showed a strong reduction of Lyc e 1 
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accumulation in transgenic lines before cold treatment, confirming the heritability of 

RNAi under normal greenhouse conditions. A rapid increase of Lyc e 1 accumulation in 

tomato leaves of silenced plants was observed two days post cold treatment (Fig. SVa). 

Quantification of Lyc e 1 content performed by the ImageJ program (National Institute 

of Mental Health, Bethesda, Maryland, USA) showed an increase of two- to twelve-fold. 

Lyc e 1 accumulation gradually increased in transgenic leaves over an eight-day-period 

of cold treatment, but was likely unchanged from eight days post treatment (dpt) to ten 

dpt (Fig. SVa). The induction of Lyc e 1 content in transgenic leaves under low 

temperature was further confirmed via RT-PCR amplification with specific 

oligonucleotides for different isoforms (Fig. SVb). As mentioned before, the tomato 

profilin family encoding Lyc e 1 consists of at least four members. They are Lyc e 1.01 

and Lyc e 1.02 (Willerroider et al., 2003; Westphal et al., 2004), a pollen specific LePro1 

(Yu et al., 1998), and an EST homologous to Hev b 8, an allergenic profilin from rubber 

tree. In this study, apart from the two allergenic isoforms we are also interested in the 

Hev b 8 isoform, but not the pollen specific profilin. Three PFN isoforms were amplified 

via RT-PCR using Taq polymerase. Internal control of loading samples was performed 

using specific tomato actin oligonuleotides (Fig. SVb). RT-PCR also showed an increase 

in mRNA in all three PFN isoforms (Fig. SVb), suggesting a temperature-dependence of 

RNAi-induced gene silencing in tomato leaves. In contrast to leaves, attached fruits 

exhibited a consistent silence of Lyc e 1 before and after cold treatment during three 

developmental stages (Fig. SVIb). We chose three developmental stages of tomato fruits 

from immature fruits to ripen fruits (Fig. SVIa). The development of tomato fruits (cv. 

Microtom) from flowering to ripening takes around 60 days (Obiadalla-Ali et al., 2004). 

Normally, small and green fruits referred to as immature GFs increase in size and remain 

green until 40-50 days after flowering (DAF). Fruits from 40-50 DAF are fully 

developed and contain mature seeds, so called mature GFs. Around 60 DAF, fruits are 

ripe and show red colour. Therefore, during cold treatment the immature GFs developed 

in size while the mature GFs transferred to breaker stage with a moderate change from 

green to light yellow and RFs became softer. The absence of Lyc e 1 in transgenic fruits 

before treatment revealed the silencing-activity under normal conditions (Fig. SVIb). 

During cold treatment no obvious change in Lyc e 1 accumulation was observed. Lyc e 1 

from transgenic fruits was under detection limit at 4 or 8 dpt for all developmental 

stages. These data suggest that the RNAi-mediated gene silencing was stable in tomato 

fruits under low temperature conditions.  
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Commercially, tomatoes are harvested at the mature green stage because the fruits 
are easier to transport compared to ripe fruits and can be stored for a longer time (Gross et 
al., 2004). Therefore, in our study, mature GFs were collected from greenhouse-grown 
tomato plants, and stored under low temperature in order to determine the effect of RNAi-
induced gene silencing during post-harvest. Another set of tomato fruits was stored at 
normal temperature as a control. Samples taken over a ten-day period were analyzed. In 
control samples, there was no change in Lyc e 1 accumulation in wild type as well as 
transgenic fruits durinng storage, suggesting that long-term storage did not effect the Lyc 
e 1 expression (Fig. SVII). Reversely, Lyc e 1 content in transgenic GFs was different 
during cold storage. Lyc e 1 was intensively enriched just one day after cold storage, and 
reached the highest content at 2 dpt. Lyc e 1 then gradually decreased from 3 dpt to 6 dpt 
(Fig. SVII). Lyc e 1 was absolutely vanished from 8 dpt. The difference in Lyc e 1 
accumulation during cold treatment in detached GFs revealed that RNAi silencing was 
intensively suppressed just a few days after cold storage, but recovered thereafter.  

According to the mechanism of RNAi, siRNAs, which are formed by the cleavage 
of dsRNA by Dicer, guide gene silencing. Szittya et al. (2003) showed that low 
temperature inhibited RNA silencing by the control of siRNAs via compromising the 
activity of Dicer. Recently, different Dicers or Dicer-like proteins (DCL) were identified 
in several plant species and shown to process different functional small RNAs (Xie et al., 
2005, Margis et al., 2006). In A. thaliana, AtDCL1 generates micro RNAs (miRNAs), 
which are also small nucleotide sequences sharing functional similarities to siRNA in 
RNA silencing (details in following section). AtDCL2 generates siRNAs associated with 
virus defense or cis-acting siRNAs while siRNAs processed from AtDCL3 guide 
chromatin modification. The last DCL characterized, AtDCL4, produces trans-acting 
siRNAs that regulate vegetative phase changes (Xie et al., 2005). AtDCL2 and AtDCL3 
transcripts accumulate in inflorescence tissue, suggesting the involvement of these 
enzymes in processing dsRNAs that come from different sources (Xie et al., 2004). 
Identical DCLs were found in monocots including rice, barley, maize, wheat and dicots 
such as poplar, suggesting that plants might require a basic set of four Dicer types 
(Margis et al., 2006). Although information about tomato Dicers or Dicer-like proteins is 
not available at the moment, tomatoes are likely to contain at least four Dicers with 
similar functions as described in A. thaliana. The degradation of dsRNA into siRNA in 
different tomato tissues may be associated with different temperature-sensitive Dicers. 
Accordingly, the accumulation of specific siRNA in leaves and fruits during cold 
treatment might differ. In order to investigate this suggestion, total RNA was isolated 
from leaves, attached mature GFs and RFs and detached mature GFs before and four days 
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after cold treatment. The abundance of Lyc e 1 specific siRNAs was detected in different 
tissues via a Northern blot hybridization using radioactive labelled siRNAs of Lyc e 1.02 
(Fig. SVIII). An U6 small nuclear RNA probe was used as a loading control. As 
expected, siRNAs accumulations in attached green or red fruits were similar before or 
after cold treatment, confirming the temperature-independence of RNAi-silencing as 
described before. Interestingly, although Western blotting analysis revealed an increase of 
Lyc e 1 during cold treatment in leaves and in detached fruits, the abundance of siRNAs 
in these tissue was unchanged (Fig. SVIII). Actually, as this analysis was the first 
hybriditation and performed with limited number of samples, it is still unknown how 
siRNAs accumulated in different tomato tissue under low temperature.  

Our preliminary data suggest that low temperature-induced suppression of gene 
silencing occurs in leaves, but not in developing fruits. However, RNAi might be 
transiently inactivated during low temperature storage. Although our present data cannot 
provide a final conclusion, the inhibition of RNAi silencing in leaves or detached fruits 
might limit the biotechnological application of RNAi strategy in the production of 
hypoallergenic fruits and vegetables. For a better understanding of the stability of RNAi, 
a number of experiments must be performed. As demonstrated, stability of RNAi under 
low temperature was analyzed over a ten-day period. In detached fruits, RNAi was 
inactivated within six days, but recovered thereafter (Fig. SVII). It is still unclear whether 
the suppression of gene silencing by low temperature in detached fruits was completely 
overcome after a certain time of storage or not. Analysis of RNAi induced gene silencing 
in tomato fruits over a one-month or more period of cold storage could answer this 
question. Additionally, although Western analysis assumed the inhibition of gene 
silencing by low temperature in leaves and detached fruits, the accumulation of siRNAs 
in these tissues was likely unchanged. Repetition of siRNA analysis has to be performed. 
According to the content of siRNAs during cold treatment, one can suggest effects of low 
temperature on the silencing pathway. If the accumulation of specific siRNA is reduced, 
low temperature inhibit gene silencing by controlling the generation of siRNAs. If the 
abundance of specific siRNAs from various tissue differs, this may be due to the 
existance of several tissue-specific Dicers which react distinctly to low temperature. In 
case no change in siRNA content is observed, low temperature may interfere with the 
gene silencing pathway at steps following the formation of siRNAs. Otherwise, since 
viral suppressors were proven to inactivate RNAi silencing, Lyc e 1- or Lyc e 3-silenced 
plants might be infected with viruses which contain known suppressors. Subsequently, 
the stability of RNAi silencing during viral infection can be analyzed either at 
transcriptional level (via Northern blotting) or at translational level (via Western blotting). 
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Biotechnological application of RNAi-induced gene silencing has considerable 

environmental limits. Low temperature might induce suppression of gene silencing as 

briefly discussed. micro RNA (miRNA) strategies which are speculated to be unaffected 

by low temperature (Szittya et al., 2003; Niu et al., 2006) might overcome this problem. 

miRNAs are stable, single stranded RNAs of 21-24 nucleotides length (Bartel, 2004; 

Carthew, 2006; Zhao and Srivastava, 2007). They are generated from processing of 

longer pre-miRNA precursors by DCL1 and are then recruited to the RISC complex. 

Subsequently, the RISC complex will activate gene silencing via (i) specific base pairing 

and binding to mRNA of endogenous genes, resulting in mRNA degradation (similar to 

siRNAs) or (ii) mediating translational suppression (different from siRNAs) (Bartel, 

2004; Carthew, 2006; Zhao and Srivastava, 2007). Introduction of artificial miRNAs 

(amiRNAs) was recently demonstrated to initiate gene silencing against viral or 

endogenous genes (Niu et al., 2006; Schwab et al., 2006; Qu et al., 2007). Efficiency of 

amiRNA in inhibition single or multiple target genes was estimated to be as high as 

RNAi (Schwab et al., 2006). Given the limitations of RNAi, amiRNA might be an 

alternative strategy for hypoallergenic food production. Specific amiRNAs coding for 

allergens can be engineered into artificial pre-miRNAs and transformed into plant cells 

(Schwab et al., 2006). The formation of amiRNAs in host cells might activate both 

transcriptional and post transcriptional gene silencing, resulting in the removal of 

allergens. 

Besides RNAi or amiRNAi strategies, TILLING (Targeting Induced Local 

Lesion In Genomic) is an alternative approach to silence gene(s) of interest. TILLING is 

a general reverse genetic technique that uses traditional chemical mutangenesis methods 

to create libraries of mutagenized individuals that are later subjected to high throughput 

screens for selection of desired mutants (Slade and Knauf, 2005a; Till et al., 2003 and 

2006b). In this strategy, seeds were treated with mutagens and regenerated to the second 

generation. Genomic DNA is isolated from the mutagenized populations. Mismatched 

base pairings are detected based on PCR strategies using specificly labeled 

oligonucleotides and DNA sequencing. TILLING provides the possibility to obtain null-

mutants of any gene of interest. TILLING results were reported for plants including A. 

thaliana, rice, maize, wheat (Till et al., 2004 and 2006a; Slade et al., 2005b) as well as 

for insects e.g. in Drosophila (Winkler et al., 2005). Genes coding for allergens might be 

chemically mutagenized, and null-mutants can be screened via TILLING. This provides 

a non-genetic modification method to produce hypoallergenic food which is well 
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accepted by consumers. However, TILLING is a time-consuming strategy, in which a 

huge number of plants must be generated for screening. Other limitation of TILLING is 

mutagenesis within multigene families. In contrast to RNAi or amiRNA strategies which 

can simultaneously silence different isoforms of one gene, members of a gene family can 

only be tilled one by one. 

 In conclusion, our studies on transgenic tomato plants provide a proof of concept 

to decrease the allergenic potential by silencing gene expression. Genes coding for 

allergens were isolated, and subsequently appropriate proteins were removed by RNAi 

strategy. The reduction of allergenic proteins leading to the decrease in allergenic 

potential of transgenic fruits was proven by in vitro and in vivo clinical analysis. This 

approach constitutes a future trend in allergen avoidance. Additionally, some known 

allergens (i.e. profilin, invertase or ns-LTP) fulfill essential cellular functions, silencing of 

these proteins might lead to severe phenotypic alteration. Therefore, we developed an 

alternative strategy to overcome this problem. The silencing approach was combined with 

the expression of hypoallergenic variants to restore the biological function of these 

allergens. Finally, RNAi silencing is most likely affected by environmental changes (viral 

infection or low temperature). This can be a technical limitation for biotechnological 

applications of the RNAi silencing strategy. 
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(b) (a) 

SI :    Structure analysis of six different plant profilins (Radauer et al., Clin. 
Exp. Aller. 36, 2006) 

(a) α-carbon traces of profilins from celery tuber (Api g 4, red), mugwort 
pollen (Art v 4.01, brown), bell peper fruit (Cap a 2, dark blue), 
timothy pollen (Phl p 12.2, green), A.thaliana pollen (Ara t 8, orange), 
birch pollen (Bet v 2, purple) and Hevea brasiliensis latex (Hev b 
8.0204, light blue). The N-terminal α-helix and the succeeding loop 
are marked by arrows. 

(b) Conformation epitop 1 of Hev b 8.0204 coloured by residue frequency 
in which blue: residues identical in all analysed profilin sequences 
(variability=1); green: conserved residues (variability<3); yellow: 
variable residues (variability>3) 

(c) Conformation epitop 7 of Hev b 8.0204 

(c) 
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    SII:     Xanthomonas campestris pv. versicatoria infection of Lyc e 3-silenced plants
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          Xcv (wild type strain 75-3) was infected into six-week old WT and Lyc 
e 3 silenced tomato plants by infiltration of bacterial suspensions into 
the lower side of fully expanded leaves. 10mM of MgCl2 was also 
infiltrated into tomato leaves, as a negative control. 

(a) RNA blot analysis of the expression of Lyc e 3 in tomato leaves in 
response to Xcv (cfu=108). Total RNA was extracted from infected 
leaves over 48-hour-period. Twenty micrograms of total RNAs 
from each sample were loaded on each lane and hybridized with 
labeled [32P] cDNA from Lyc e 3.02 (Le et al., 2006a). Lane1/2: 
wild type; lane 3-5: Lyc e 3-silenced plants line 8.21.22, 8.23.30 
and 8.26.22. 

(b) Left: formation of disease symptoms after Xcv infection (cfu = 104). 
Photo was taken 10 days post infection in which chlorosis became 
visible in infected leaves but not in negative control leaves. No 
phenotypic difference was observed in wild type and transgenic 
leaves. Right: bacterial growth in tomato leaves was monitored over 
10 days period. Leaf samples (0.5 cm2) was washed and 
homogenized in distilled water, and different dilution was spread in 
nutrient medium containing rifampicin (250 mg/L). Bacteria were 
counted two days after grown at 280C. Values represent the mean of 
two infected leaves from each plant and error bars represent the 
standard deviations. 
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Tomato plants were regenerated under controlled conditions. 
Subsequently, six-week-old tomato plants were watered with 150ml of 
100mM NaCl in the first day; leaf samples for RNA analysis were 
collected over 72-hour-period. In following days, plants were watered with 
100ml of 100mM NaCl everyday over three weeks. 

(a) RNA blot analysis of the expression of Lyc e 3 in tomato leaves in 
response to salt in which samples were monitored over 72-hour-
period. Total RNA was extracted from leaves and twenty micrograms 
of total RNA from each samples were loaded on each lane and 
hybridized with labeled [32P] cDNA from Lyc e 3.02 (Le et al., 
2006a). Lane 1/2: wild type; lane 3-5: Lyc e 3-silenced plants line 
8.21.15, 8.23.25 and 8.26.25. 

(b) Left: WT and Lyc e 3-silenced plants before treatment. Right: WT 
and Lyc e 3-silenced plants three weeks after treatment.  

(c) Green biomass of tomato plants three weeks after salt treatment. 
Values represent the greenbiomass of six independent WT and   
Lyc e 3-silenced plants which were grown under normal greenhouse 
condition (left) and salt condition (right). Error bars represent the 
standard deviations. 

SIII:    Salt stress in Lyc e 3-silenced plants 
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Tomato plants were regenerated under controlled conditions. 
Subsequently, six-week-old tomato plants were further grown without any 
water supply over three weeks. The first samples (0dpt) were collected 
three days after the last watering. 

(a) RNA blot analysis of the expression of Lyc e 3 in tomato leaves in 
response to drought stress in which samples were monitored over 
seven-day-period. Total RNA was extracted from leaves and twenty 
micrograms of total RNA from each samples were loaded on each 
lane and hybridized with labeled [32P] cDNA from Lyc e 3.02 (Le et 
al., 2006a). Lane 1/2: wild type; lane 3-5: Lyc e 3-silenced plants line 
8.21.18, 8.23.21 and 8.26.26. 

(b) Left: WT and Lyc e 3-silenced plants before treatment. Right: WT 
and Lyc e 3 silenced plants three weeks after treatment.  

(c) Green biomass of tomato plants three weeks after drought treatment. 
Values represent the greenbiomass of six independent WT and   
Lyc e 3-silenced plants which were grown under normal greenhouse 
condition (left) and drought condition (right). Error bars represent the 
standard deviations. 

SIV:    Drought stress in Lyc e 3-silenced plants 
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Lyc e1.01 

  WT   PFN   WT   PFN  WT   PFN 

0dpt 4dpt 8dpt 

  WT   PFN   WT   PFN  WT   PFN 

0dpt 4dpt 8dpt 

  WT   PFN   WT   PFN  WT   PFN 

0dpt 4dpt 8dpt 

Lyc e1.02 Hev b 8

(a) 

(b) 

Actin 
Profilin 

Wild type and T2 generation of Lyc e 1-silenced tomato plants (cv. Microtom) 
were grown in soil with 16h supplemental light followed by 8h darkness. The 
temperature regime followed by a day/night cycle with 25°C/20°C. To analyse 
the impact of low temperature in leaves, ten-week-old tomato wild type and 
transgenic plants were grown further at low temperature in which the day/ 
light regime were set with 12 h supplemental lights at 250C followed by 12h 
darkness at 40C. Leaf samples were collected over ten days period, right after 
the dark regime. 

(a) Western blot analysis of protein expression during cold treatment. Fifty 
micrograms of total proteins from tomato leaves were subjected to each 
lane (1): greenhouse-grown WT plants (2): cold-treated WT plants; 
Lane 3-5: Lyc e 1-silenced line 15.4.8; 21.1.2 and 21.7.5. Western blot 
was performed using a rabbit-raised polyclonal anti ragweed profilin 
antiserum (dilution 1:10 000) and a goat-raised anti-rabbit IgG antibody 
(dilution 1: 20 000). Lyc e 1 migrated at approximately 14 kDa.  

(b) RT-PCR amplification of wild type (WT) and Lyc e 1-silenced plant 
line 21.2.1 during cold treatment. cDNA was synthesized from two 
micrograms of total RNAs isolated from tomato leaves at 0/4/8 dpt. 
PCR amplification using specific profilin oligonucleotides for different 
profilin isoforms and 15 µL PCR products (after 32 PCR cycles) were 
subjected to each lane. Actin was used as an internal control of loading 
samples. Lower bands were profilin isoforms and upper bands were 
actin control. 

SV:     Analysis of Lyc e 1 expression in tomato leaves under low temperature condition 
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WT  WT  14  17  18        WT WT   14  17  18         WT WT   14  17   18 

Immature GF 

Mature GF 

RF 

Lyc e 1 silenced 
# 21.2. 

0dpt 4dpt 8dpt 
Lyc e 1 silenced 

# 21.2. 
Lyc e 1 silenced  

# 21.2. 

Immature GF Mature GF RF 

(a) 

(b) 

Wild type and T2 generation of Lyc e 1-silenced tomato plants (cv. Microtom) 
were grown in soil with 16h supplemental light followed by 8h darkness. The 
temperature regime followed by a day/night cycle with 25°C/20°C. To analyse 
the impact of low temperature in attached fruits, twelve-week-old tomato wild 
type and transgenic plants were grown further at low temperature in which the 
day/ light regime were set with 12 h supplemental light at 25°C followed by 12h 
darkness at 4°C. Immature GFs, mature GFs and RFs were collected over a ten-
day-period, right after the dark regime. 

(a) Three developing stages of tomato fruits. Immature GFs were small, green 
fruits. Mature GFs were fully developed fruits with mature while RFs are 
fully ripe. 

(b) Western blot analysis of Lyc e 1 expression in attached fruits during cold 
treatment. Immature GFs, mature GFs and RFs were collected from wild 
type and transgenic plants at 0/4/8 dpt. Two and ten micrograms of total 
proteins from wild type and transgenic fruits respectively were subjected into 
each lane. Western blot was performed using a rabbit-raised polyclonal anti 
tomato profilin antiserum (dilution 1:4000) and a goat-raised anti-rabbit IgG 
antibody (dilution 1: 20 000). Lyc e 1 migrated at approximately 14 kDa.  

SVI:  Analysis of Lyc e 1 expression in attached tomato fruits under low temperature  



SVII  SUPPLEMENTAL DATA VII
   

 107

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Room 
temperature 

Low 
temperature 

0     1      2      3    4     6     8    10       0     1     2     3   4     6     8    10 dpt 
WT 

Transgenic plants 
(#21.2.13) 

Mature green fruit were detached from wild type and transgenic plants, and 
stored at room temperature or at 4°C. Samples were collected over ten-day-
period. Two and ten micrograms of total proteins from wild type and transgenic 
fruits respectively were subjected into each lane, and Western blot was 
performed using a rabbit-raised polyclonal anti tomato profilin antiserum 
(dilution 1:4000) and a goat-raised anti-rabbit IgG antibody (dilution 1: 20 000). 
Lyc e 1 migrated at approximately 14 kDa. 

SVII:    Analysis of Lyc e 1 expression in detached green fruits during low temperature 
t
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attached fruits detached fruits leaves 

  0       4       0       4      0       4       0       4       0      4        0      4       0      0       4 
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#21.2.7 

RF 
#21.2.7 

Leaves 
#21.2.7 WT

Marker dpt 

GF WT GF 
#21.2.13

30 

20

nt 

Total RNA was extracted from leaves, attached green fruits (GF) and 
red fruits (RF), detached green fruits (GF) and twenty micrograms of 
total RNA from each samples were loaded on each lane. The small 
RNAs were hybridized with radioactively labelled RNA probe of   
Lyc e 1.02. U6 small nuclear RNA probe (labelled with DNA oligo) 
was used as a loading control. A radioactively labelled 10bp ladder 
(Decade marker, Ambion) was used as a marker. 

SVIII:    Detection of profilin hairpin derived siRNAs in low temperature-treated  
                 tomato samples 

U6 
snRNA 
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