
Influence of a Selenium Biofortification of

Apples (Malus domestica BORKH.) on Nutritionally Important

Metabolites of Primary and Secondary Plant Metabolism

Dissertation

zur Erlangung des Doktorgrades

Doctor rerum naturalium

(Dr. rer. nat.)

Universität Hamburg

Fakultät für Mathematik, Informatik und Naturwissenschaften

Fachbereich Chemie

Institut für Lebensmittelchemie

Vorgelegt von

Sabrina Groth

Hamburg, 2024





The present work was carried out under the supervision of Prof. Dr. Sascha Rohn at the

Institute of Food Chemistry, University of Hamburg, in the period from 01.06.2017 to

31.08.2021.

First referee: Prof. Dr. Sascha Rohn

Second referee: Prof. Dr. Bernward Bisping

Date of Disputation: June 21st, 2024

Date of print release: June 16th, 2025





This work was carried out in parts within the framework of the project BiofortiSe

„Biofortifikation von Äpfeln mit Selen zur Verbesserung der Fruchtqualität, der Lagerfähigkeit

und des gesundheitlichen Wertes“.

This project was funded by the German Federal Ministry of Education and Research

(Bundesministerium für Bildung und Forschung, BMBF) within the framework of the idea

competition "New Products for the Bioeconomy".

(FKZ 031B0299A, B, C)





TABLE OF CONTENTS

TABLE OF CONTENTS

List of Publications I

List of Abbreviations IV

List of Illustrations X

List of Tables XII

1. ABSTRACT 1

2. ZUSAMMENFASSUNG 4

3. INTRODUCTION 7

4. THEORETICAL BACKGROUND 10

4.1. Biofortification with selenium 10

4.1.1. Agronomic biofortification with selenium 10

4.1.2. Relevance of selenium in human nutrition 11

4.1.3. Effect of selenium on the quality of plant-based foods 12

4.2. Cultivated apple (Malus domestica BORKH.) 13

4.2.1. Origin and botanical basis 13

4.2.2. Distribution and economic importance 15

4.2.3. Ingredients 15

4.3. Phenolic compounds 16

4.3.1. Functions in the plant, biosynthesis, structure, and classification 16

4.3.2. Phenolic compounds in apples 22

4.3.3. Nutritional importance of phenolic compounds 27

4.4. Antioxidants and antioxidative mechanisms 29

4.5. Polyphenoloxidases 32

4.6. Apple allergy 36

4.6.1. Role of pathogenesis-related (PR) proteins in the plant 36

4.6.2. Reactions of immune system in apple allergy 37

4.6.3. Allergenic proteins in apples 37

4.7. Phenol-protein interactions 42

4.8. Analytical methods 47

4.8.1. Determination of polyphenoloxidase activity 47

4.8.2. Determination of the total phenolic content according to

FOLIN-CIOCALTEU 48



TABLE OF CONTENTS

4.8.3. Photometric determination of antioxidant activity 49

4.8.4. Total protein determination according to BRADFORD 51

4.8.5. Discontinuous sodium dodecyl sulfate-polyacrylamide gel

electrophoresis 52

4.8.6. Enzyme-linked Immunosorbent Assay 54

5. OBJECTIVE OF THE WORK 61

6. CUMULATIVE PART OF THE DISSERTATION 62

6.1. Analysis of antioxidant properties and phenolic compounds in selenium

biofortified apples 64

6.2. Influence of selenium biofortification of apples on the protein content

and the allergenic proteins Mal d 1 and Mal d 3 88

6.3. Analysis of the relationship between phenolic compounds and the

allergenic protein Mal d 1 selenium-biofortified apples 99

7. DISCUSSION 123

7.1. Analysis of antioxidant properties and phenolic compounds in selenium

biofortified apples 125

7.1.1. Evaluation of the methods 126

7.1.2. Influence of biofortification on the selenium content 127

7.1.3. Influence of biofortification on the PPO activity 131

7.1.4 Influence of biofortification on the TPC 133

7.1.5. Influence of biofortification on the AOA 136

7.1.6. Influence of biofortification on the phenolic compounds 138

7.2. Influence of selenium biofortification of apples on the protein content

and the allergenic proteins Mal d 1 and Mal d 3 145

7.2.1. Evaluation of the methods 145

7.2.2. Influence of selenium biofortification on the protein content 148

7.2.3. Influence of selenium biofortification on the pattern of allergenic

proteins 152

7.2.4. Influence of selenium biofortification on the Mal d 1 content 155

7.3. Analysis of the relationship between phenolic compounds and the

allergenic protein Mal d 1 in selenium-biofortified apples 158

7.3.1. Evaluation of the methods 158



TABLE OF CONTENTS

7.3.2. Correlation analysis between selenium content and Mal d 1

content 159

7.3.3. Relationship between PPO activity and Mal d 1 content 160

7.3.4. Analysis of the Relation between TPC and Mal d 1 content 161

7.3.5. Influence of individual phenolic compounds of the Mal d 1 content 162

7.3.6. Relationship between AOA und Mal d 1 164

8. REFERENCES XIV

9. APPENDIX XLII

A List of hazardous substances used according to GHS XLII

B Supplementary material to the publications XLVIII

Acknowledgement LVII

Affidavit of assurance LIX

Curriculum vitae LX



LIST OF PUBLICATIONS

I

List of Publications

Publications in Professional Journals (peer-reviewed)

Groth, S.; Budke, C.; Weber, T.; Neugart, S.; Brockmann, S.; Holz, Sawadski, B. C.; Daum, D.;

Rohn, S. Relationship between Phenolic Compounds, Antioxidant Properties, and the

Allergenic Protein Mal d 1 in Different Selenium-Biofortified Apple Cultivars (Malus

domestica). Molecules 2021, 26(9), 2647. doi: 10.3390/molecules26092647.

Groth, S.; Budke, C.; Weber, T.; Oest, M.; Brockmann, S.; Holz, M.; Daum, D.; Rohn, S. Selenium

biofortification of different varieties of apples (Malus domestica) – Influence on protein

content and the allergenic proteins Mal d 1 and Mal d 3. Food Chemistry 2021, 362, 130134.

doi: 10.1016/j.foodchem.2021.130134.

Groth, S.; Budke, C.; Neugart, S.; Ackermann, S.; Kappenstein, F.-S.; Daum, D.; Rohn, S.

Influence of a selenium biofortification on antioxidant properties and phenolic compounds of

apples (Malus domestica). Antioxidants 2020, 9, 187. doi: 10.3390/antiox9020187.

Groth, S.; Budke, C.; Neugart, S.; Ackermann, S.; Kappenstein, F.-S.; Daum, D.; Rohn, S.

Biofortifikation von Äpfeln mit Selen. Einfluss auf phenolische Verbindungen und antioxidative

Eigenschaften. FOOD-Lab 2020, 2, 12-18.

Groth, S.; Wittmann, R.; Longin, C. F. H.; Böhm, V. Influence of variety and growing location

on carotenoid and vitamin E contents of 184 different durum wheat varieties (Triticum

turgidum ssp. durum) in Germany. European Food Research Technology 2020, 246, 2079-2092.

doi: 10.1007/s00217-020-03557-1.

Halagarda, M.; Groth, S.; Popek, S.; Rohn, S.; Pedan, V. Antioxidant Activity and Phenolic

Profile of Selected Organic and Conventional Honeys from Poland. Antioxidants 2020, 9, 44.

doi: 10.3390/antiox9010044.

Lectures

Groth, S. Zusammenhang zwischen phenolischen Verbindungen, antioxidativen Eigenschaften

und dem allergenen Protein Mal d 1 in verschiedenen Selen-biofortifizierten Apfelsorten. 54.

Vortragstagung der Deutschen Gesellschaft für Qualitätsforschung (Pflanzliche

Nahrungsmittel) e.V. (DGQ), 23. März 2021, digital.



LIST OF PUBLICATIONS

II

Groth, S. Zusammenhang zwischen phenolischen Verbindungen, antioxidativen Eigenschaften

und dem allergenen Protein Mal d 1 in verschiedenen Selen-biofortifizierten Apfelsorten.

GDCh-Arbeitstagung des Regionalverbandes Nord, 18. März 2021, digital. Lebensmittelchemie

75, 51. doi: 10.1002/lemi.202152004.

Groth, S. Selen-Biofortifikation von Äpfeln unterschiedlicher Sorten – Einfluss auf die

allergenen Proteine Mal d 1 und Mal d 3. 58. Wissenschaftlicher Kongress der Deutschen

Gesellschaft für Ernährung (DGE), 17.-19. Februar 2021, digital.

Groth, S. Selenium Biofortification of Different Varieties of Apples – Influence on the

Allergenic Proteins Mal d 1 and Mal d 3. 15. Dreiländertagung DGE/ÖGE/SGE, 19.-20.

November 2020, digital.

Groth, S. Einfluss einer Selen-Biofortifikation von Äpfeln unterschiedlicher Sorten auf die

allergenen Proteine Mal d 1 und Mal d 3. 54. Vortragstagung der Deutschen Gesellschaft für

Qualitätsforschung (Pflanzliche Nahrungsmittel) e.V. (DGQ), 04.-06. März 2020, Hohenheim;

Tagung wurde aufgrund der Covid-19-Pandemie abgesagt, ein Tagungsband wurde jedoch

publiziert.

Groth, S. Einfluss einer Selen-Biofortifikation sowie weiterer Faktoren auf antioxidative

Eigenschaften verschiedener Apfelsorten. Posterflashtalk; 48. Deutscher

Lebensmittelchemikertag, 16.-18. September 2019, Dresden.

Groth, S. Einfluss einer Selen-Biofortifikation auf antioxidative Eigenschaften von Äpfeln.

GDCh-Arbeitstagung des Regionalverbandes Nord, 25.-26. März 2019, Hamburg.

Groth, S. Einfluss einer Selen-Biofortifikation auf antioxidative Eigenschaften von Äpfeln. 56.

Wissenschaftlicher Kongress der Deutschen Gesellschaft für Ernährung (DGE), 19.-21. März

2019, Gießen.

Groth, S. Analyse qualitätsbestimmender Parameter in Selen-biofortifizierten Äpfeln. 52.

Vortragstagung der Deutschen Gesellschaft für Qualitätsforschung (Pflanzliche

Nahrungsmittel) e.V. (DGQ), 26.-27.März 2018, Gießen.

Poster

Groth, S. Influence of selenium biofortification on the antioxidant properties of apples. 12th

World Congress on Polyphenols Applications, 26.-28. September 2018, Bonn.



LIST OF PUBLICATIONS

III

Groth, S. Einfluss einer Selen-Biofortifikation auf antioxidative Eigenschaften von Äpfeln. 47.

Deutscher Lebensmittelchemikertag, 17.-19. September 2018, Berlin.

Groth, S. Analyse qualitätsbestimmender Parameter in Selen-biofortifizierten Äpfeln. GDCh-

Arbeitstagung des Regionalverbandes Nord, 14. März 2018, Hannover.

Groth, S. Analyse qualitätsbestimmender Parameter in Selen-biofortifizierten Äpfeln. 55.

Wissenschaftlicher Kongress der Deutschen Gesellschaft für Ernährung (DGE), 07.-09. März

2018, Stuttgart-Hohenheim.

Groth, S.; Böhm, V. Optimierung der Probenaufarbeitung für die Analyse von Carotinoiden

und Tocopherolen in Hartweizen mittels HPLC.54. Wissenschaftlicher Kongress der Deutschen

Gesellschaft für Ernährung (DGE), 01.-03. März 2017, Kiel.



LIST OF ABBREVEATIONS

IV

List of Abbreviations

AAPH 2,2 -azobis(2-methylamidinopropane)dihydrochloride

ABTS 2,2 -azino-di(3-ethylbenzthiazoline-6-sulfonic acid)

AOA antioxidant activity

AUC area under the curve

BC before Christ

Bet v (1-2) Betula verrucosa 1

bidest. bidestilled

BMBF Bundesministerium für Bildung und Forschung; Federal Ministry
of Education and Research

BMEL Bundesministerium für Ernährung und Landwirtschaft; Federal
Ministry of Food and Agriculture

BS backpack sprayer

BSA bovine serum albumin

BUND Bund für Umwelt und Naturschutz; federation for environment
and nature conservation

°C degree Celsius

C catechin

CA chlorogenic acid

Ca calcium

CH canopy height

CMR cancerogen mutagen reprotoxic

CO catecholoxidase

CoA coenzyme A

CQA p-coumaroylquinic acid

C ring carbon ring

Cu cuprum; copper

cv cultivar

D-A-CH Deutschland-Österreich-Schweiz; Germany-Austria-Suisse

DGE Deutsche Gesellschaft für Ernährung; German Nutrition Society



LIST OF ABBREVEATIONS

V

DGQ Deutsche Gesellschaft für Qualitätsforschung (Pflanzliche
Nahrungsmittel) e.V.; German Society for Quality Research
(vegetable food)

DIECA diethyldithiocarbamate

Disc-SDS-PAGE discontinuous sodium dodecyl sulfate polyacrylamide gel
electrophoresis

DNA desoxyribonucleinacid

DPPH 2,2-diphenyl-1-picrylhydrazyl

d.w. dry weight

EC epicatechin

EDTA ethylenediaminetetraacetic acid

ELISA Enzyme-linked Immunosorbent Assay

ET electron transfer

FC RI high-affinity IgE receptor

FKZ Förderkennzeichen; funding code

FRAP fluorescence recovery after photobleaching

f.w. fresh weight

g gram

GAE gallic acid equivalents

GDCh Gesellschaft Deutscher Chemiker; Society of German Chemists

GF-AAS graphite furnace atomic absorption spectroscopy

GHS globally harmonised system

Glu glucose

GSH glutathione

GSH-Px glutathione peroxidase

GSSG glutathione disulfide

H hydrogen

h hours

ha hectare

HAT hydrogen atom transfer

HepG2 hepatoma G2



LIST OF ABBREVEATIONS

VI

HOCl hypochlorous acid

H phrases hazard phrases

HPLC high performance liquid chromatography

HPLC-DAD-ESI-MSn high performance liquid chromatography equipped with diode
array detector coupled with electrospray ionization mass
spectrometry

HRP horseradish peroxidase

HS hand-held sprayer

H2O water

H2O2 hydrogen peroxide

IgE immunoglobulin E

Ile isoleucine

ITP immuno-tissue-print-assay

kDa kilo Dalton

Kg kilogram

K2SO4 potassium peroxodisulfate

L liter

L lipid radical

LC-ESI-qTOF-MS liquid chromatography electrospray ionization quadrupole
time-of-flight mass spectrometry

Leu leucin

LH fatty acid

LO lipid hydroxy radical

LOO lipid peroxyl radical

LOOH lipid hydroperoxide

m meter

m² square meter

Mal d (1-4) Malus domestica BORKH. (1-4)

mil million

mL milliliter

mmol millimole



LIST OF ABBREVEATIONS

VII

Mo molybdophosphoric acid

MW molecular weight

µg microgram

µmol micromole

N nitrogen

NADPH nicotinamide adenine dinucleotide phosphate, reduced form

NADP+ nicotinamide adenine dinucleotide phosphate, oxidized form

nanoLC-MS/MS nanoscale liquid chromatography coupled to tandem mass
spectrometry

NH3 ammonia

nm nanometer

NO nitric oxide

nsLTP non-specific lipid transfer protein

OAS oral allergy syndrome

ÖGE Österreichische Gesellschaft für Ernährung; Austrian Society for
Nutrition

OH hydroxyl radical

O-O peroxo

ORAC oxygen radical absorbance capacity

OS trailed orchard sprayer

1O2 singlet oxygen

O2 molecular oxygen

O2 superoxide radical

O2
- superoxide anion

O3 ozone

PAL phenylalanine ammonia lyase

PBS phosphate buffered saline

PC B1 procyanidin B1

PC B2 procyanidin B2

pH potentia hydrogenii



LIST OF ABBREVEATIONS

VIII

PHZ phloridzin

P phrases precautionary phrases

PPO polyphenoloxidase

PR pathogenesis-related

PUFA polyunsaturated fatty acid

PVPP polyvinylpolypyrrolidone

PXG phloretin xyloglucoside

QGal quercetin-3-galactoside

QGlu quercetin-3-glucoside

QR quercetin-3-rhamnosid

R quercetin-3-rutinosid/rutin

R radical

RNS reactive nitrogen species

ROO peroxyl radical

ROS reactive oxygen species

R² correlation coefficient

SDS sodium dodecyl sulfate

Se selenium

sec second

SGE Schweizerische Gesellschaft für Ernährung; Swiss Society for
Nutrition

SH sulfhydryl

SOD superoxide dismutase

T temperature

t tons

TE Trolox equivalents

TEAC Trolox equivalent antioxidant capacity

TEMED tetramethylethylendiamine

Thr threonine

TLP thaumatin-like protein



LIST OF ABBREVEATIONS

IX

TMB 3,3',5,5'-tetramethylbenzidine

TPA tungstophosphoric acid

TPC total phenolic content

TRIS tris(hydroxymethyl)aminomethane

Ty tyrosinase

U unit

UV ultraviolet

vs. versus

v/v volume/volume

WHO World Health Organization



LIST OF ILLUSTRATIONS

X

List of Illustrations

Figure 1: Origin of the apple and their evolutionary history
(Industrieverband Agrar, 2018). 14

Figure 2: Shares of apple varieties in the European Union in 2019/2020
(own illustration according to Statista, 2021b). 14

Figure 3: Schematic representation of an apple in longitudinal and cross section
(according to Kadereit et al., 2014). 15

Figure 4: Schematic representation of polyphenol biosynthesis and the individual
classes (own illustration according to Treutter, 2001; Vogt, 2010). 19

Figure 5: Tree chart for overview about the most important phenolic classes and the
structural formulars (own illustration according to Crozier et al. 2009;
Iriti & Faoro, 2009; Manach et al., 2004). 21

Figure 6: Reaction course of glutathioperoxidase (own illustration according to
Elmadfa & Leitzmann, 2015). 31

Figure 7: Reaction mechanism for scavenging superoxide anions using quercetin as an
example (own illustration according to Nimse & Pal, 2015). 33

Figure 8: Reaction scheme of the catalyzed oxidation of phenolic compounds by the
PPOs tyrosinase (Ty) and catecholoxidase (CO)
(own illustration according to Belle, 2013). 34

Figure 9: Schematic representation of the enzymatic oxidation of phenolic compounds
by monophenolase and diphenolase activity (Belle, 2013; Rolff et al., 2011;
Solomon et al., 1996; Tepper et al., 2010). 35

Figure 10: Reaction mechanism of type I allergy/immediate reaction
(own illustration according to Gallin et al., 1992; Ring, 2007). 38

Figure 11: Amino acid similarities between Bet v 1.0101 and Mal d 1.0101 using a color
gradient from purple (very similar) to blue-green (very different). Epitope
residues that differ between Bet v 1.0101 and Mal d 1.0101 are labeled
(Ahammer et al., 2017). 39

Figure 12: Overview of reversible interactions between phenolic compounds and
proteins (own illustration according to Assano et al., 1982; Le Bourvellec
& Renard, 2012). 43

Figure 13: Reaction mechanism of o-quinones with functional side chains of proteins
(own illustration according to Machholz & Lewerenz, 1989). 44

Figure 14: Reaction of o-quinones with functional side chains to form protein crosslinks
(cross left) (own illustration according to Rohn, 2014). 45

Figure 15: Reaction products of phenol-protein interactions via covalent interactions
(according to Buitimea-Cantúa et al., 2018; Rohn, 2014). 46

Figure 16: Reactions of PPO as (a) monophenolase: in the presence of oxygen, the
hydroxylation of phenols to catechols is catalyzed. And as (b) o-diphenolase:



LIST OF ILLUSTRATIONS

XI

the catechols are oxidized to o-quinones by the activity of PPO
(Burton, 1994; Mayer, 2006). 47

Figure 17: (A) Reaction course of PPO over 30 min by formation of quinones.
(B) Determination of the linear section of the reaction course of PPO. 47

Figure 18: Color change in the FOLIN-CIOCALTEU reagent due to a reduction. 48

Figure 19: Reaction mechanism of ABTS (own illustration according to
Huang et al., 2005). 50

Figure 20: Reaction scheme of fluorescein with the radical generator AAPH (own
illustration according to Huang et al., 2002). 50

Figure 21: Chemical structural formula of Coomassie Brilliant Blue G250 as sodium salt. 51

Figure 22: Set-up of a vertical electrophoresis apparatus for SDS-PAGE
(according to Gey, 2008). 53

Figure 23: Basic principles of a direct and indirect ELISA (own illustration according
to ThermoFisher Scientific, 2021). 56

Figure 24: Structural formula of TMB; oxidation to blue dye. 57

Figure 25: Basic principle of the Sandwich-ELISA (own illustration according to
ThermoFisher Scientific, 2021). 58

Figure 26: Basic principle of the competitive ELISA (own illustration according to
ThermoFisher Scientific, 2021). 59

Figure 27: Correlation between selenium fertilizer level and selenium content in the
apples using trailer-mounted orchard sprayers for the application of selenium
fertilizers in 2018 and 2019. 131

Figure 28: Average proportions of the individual phenolic compounds of control samples
of the cultivars 'Fiesta', 'Jonica', 'Golden Delicious', and 'Jonagold'. 142



LIST OF TABLES

XII

List of Tables

Table 1: Ingredients of the apple fruit (Lieberei & Reisdorff, 2012). 16

Table 2: Major classes of phenolic compounds in plants (Harborne, 1980;
O'Connell & Fox, 2001). 20

Table 3: Mean values of the content of individual phenolic compounds in apples in
mg per 100 g of fresh weight (Lee et al., 2003; Neveu & Perez-Jiménez, 2010;
Podsedek & Wilska-Jeszka, 2000; Valavandis & Vlochogianni, 2009;
Vrhovsek et al., 2004; Wojdylo et al., 2008). 25

Table 4: Mean values of the content of individual phenolic compounds in peel and fruit
flesh of four different apple varieties. Data are given in mg per 100 g fresh
weight (Guyot & Le Bourvellec, 2002; Neveu & Perez-Jiménez, 2010;
van der Sluis & Dekker, 2001). 26

Table 5: Essential nutrients and secondary plant metabolites with antioxidant activity
(Grune, 2002; Watzl & Leitzmann, 2005). 32

Table 6: Properties of the four groups of Mal d family allergens (Ballmer-Weber &
Hoffmann-Sommergruber 2011; Gomez et al., 2014; Kleine-Tebbe &
Jakob, 2015). 38

Table 7: Selenium content in control and biofortified apples in µg/100 g f.w. and the
increase factor 127

Table 8: PPO activity in control and biofortified apples in Units/100 g f.w. and the
change factor. 132

Table 9: TPC in control and biofortified apples in mg GAE/100 g d.w. and the
change factor. 134

Table 10: AOA in control and biofortified apples measured by TEAC and ORAC assay
in mmol TE/100 g d.w. and the change factors. 136

Table 11: Contents of the various phenolic compounds (chlorogenic acid, epicatechin,
procyanidin trimer) in the apple samples in mg/100 g d.w. 139

Table 12: Contents of the various phenolic compounds (caffeeoylglucoside, sum of
phloretin glucosides, sum of quercetin glycosides) in the apple samples
in mg/100 g d.w. 140

Table 13: Protein content in mg/100 g d.w. in the apple samples and the change
factors. 149

Table 14: Levels of the allergenic protein Mal d 1 in the selenium biofortified and
control apples in mg/100 g d.w. and the change factors. 155



LIST OF TABLES

XIII

Table 15: Numbering of the GHS symbols. XLI

Table 16: Listing of chemicals used, including manufacturers, GHS classification, H and
P phrases, and disposal. XLI

Table 17: Listing of the CMR substances used in categories 1A and 1B. XLVII



ABSTRACT

1

1. ABSTRACT

In the present work, the influence of a selenium biofortification of apples on nutrionally

important metabolites of primary and secondary plant metabolism was analyzed.

Of particular importance were the content of the trace element selenium, the qualitative and

quantitative composition of phenolic compounds, and the properties associated with the

latter. These include the activity of polyphenoloxidase (PPO), which plays a major catalytic

role in the oxidative degradation of phenolic compounds and their antioxidant properties. In

terms of primary plant metabolism, allergenic proteins, which are categorized as

antinutritional constituents, were relevant, as well. Due to the nutritional significances and

effects, a high content of selenium and phenolic compounds and a low content of allergenic

proteins are desirable in apples. It was hypothesized that this could be achieved by applying

agronomic biofortification, a targeted fertilization method, with selenium.

For this purpose, apple samples of seven different cultivars were cultivated and biofortified

with selenium in different application forms and levels via foliar fertilization. This allows the

selection of the optimal fertilization method and it can be verified which varieties are more or

less suitable for achieving the objectives. Furthermore, by cultivating in three consecutive

years at two growing sites, ecophysiological factors could be identified as a further influencing

factor on the apples‘ constituents.

For the analysis of the activity of PPO, the total phenolic content (TPC) according to FOLIN-

CIOCALTEU, the antioxidant activity (AOA) estimated by the Trolox equivalent antioxidant

capacity (TEAC) and the oxygen radical absorbance capacity (ORAC) assay, and the

measurement of the protein content according to BRADFORD, photometric methods were

established and validated for the matrix apple and apple extracts. Furthermore, an extraction

method for phenolic compounds from apples was developed and optimized. For the

extraction of the proteins as well as for the gel electrophoretic separation of the obtained

extracts by discontinuous sodium dodecyl sulfate polyacrylamide gel electrophoresis (disc-

SDS-PAGE), a method was also developed and optimized. A direct Enzyme-linked

Immunosorbent Assay (ELISA) was developed for the quantitative determination of the

content of the main allergen Mal d 1 in the fruits. High performance liquid chromatography

equipped with diode array detector coupled with electrospray ionization mass spectrometry

(HPLC-DAD-ESI-MSn) was applied to identify and quantify the phenolic compounds, and
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identification of allergenic proteins was performed after in-gel digestion by liquid

chromatography electrospray ionization quadrupole time-of-flight mass spectrometry (LC-ESI-

qTOF-MS) and nanoscale liquid chromatography coupled to tandem mass spectrometry

(nanoLC-MS/MS). Analysis of selenium content was performed by a project partner using

graphite furnace atomic absorption spectroscopy (GF-AAS). The selenium content in the

apples was significantly increased by a factor between 10 and 40 by biofortification to

contents ranging from 2.1 to 23.2 µg/100 g fresh weight (f.w.). The consumption of selenium

biofortified apples can therefore contribute significantly to a better selenium supply for the

population. An apple of medium size can provide about a quarter of the daily selenium

requirement of an adult, which is 70 µg for men and 60 µg for women.

The applied selenium form did not play a significant role with regard to the selenium content

in the apples. However, due to observed fruit damages when selenite was applied, the more

plant-tolerant selenate is favored for future applications.

Biofortification resulted in lower variations of the PPO activity. Furthermore, it was shown

that the level of applied selenium influenced the enzyme activity. Here, higher application

levels were associated with higher PPO activities. PPO activity was related to TPC, as this

enzyme catalyzes the degradation of phenolic compounds. A lower TPC was measured with

higher selenium application, which is explained by the higher PPO activity, through which

more phenolic compounds are oxidized.

With respect to antioxidant activity, biofortification did not show clear trends. This is probably

related to the different antioxidant activities of the individual phenolic compounds. The apples

analyzed in the present work contain mainly chlorogenic acid, with a content of up to 40%, as

well as epicatechin, and high amounts of various quercetin glycosides and phloretin

glucosides. Biofortification showed partially different effects in the cultivars 'Fiesta', 'Jonica',

'Golden Delicious', and 'Jonagold' with regard to the content and proportion of the individual

phenolic compounds. In most cases, a significant increase in epicatechin and

caffeeoylglucoside and a reduction in procyanidin trimer were observed.

The four allergenic proteins Mal d 1, Mal d 2, Mal d 3, and Mal d 4 were identified in the apples

by disc-SDS-PAGE and nanoLC-MS/MS. The protein patterns of the different apple samples are

basically similar, but differ in the intensity of the protein bands, which indicates different levels

of the individual allergenic proteins. Separate analyses of peel and fruit flesh were used to
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determine the localization of the different allergenic proteins. Thus, the peel appeared to be

particularly rich in Mal d 3, whereas Mal d 2 was mainly found in the fruit flesh. Mal d 1 was

found in both the peel and the fruit flesh.

With regard to primary metabolism, biofortification had an influence on protein content and

allergenic proteins. In most cultivars, the application of selenate resulted in higher protein

contents compared to the controls or to the administration of selenite. Based on more intense

bands in the SDS gel, it was assumed that the biofortification leads to an increase in the

synthesis of Mal d 3. In contrast, the content of Mal d 1 was reduced. In particular, statistically

significant reductions in Mal d 1 content were observed in many cultivars during the

application of selenate. Differences were observed between the peel and the flesh, especially

the Mal d 1 content in the flesh was reduced resulting from the biofortification.

In relation to all measured parameters, the apple variety and ecophysiological conditions such

as sunshine duration were identified as further influencing factors.

Correlation analyses were carried out to analyze the relationship between phenolic

compounds and the Mal d 1 content. It was found that PPO activity and the content of

individual phenolic compounds correlated with the Mal d 1 content. The relationship between

PPO activity and Mal d 1 content appeared to be cultivar dependent as well as influenced by

ecophysiological conditions, as both positive and negative correlations were found. Lower

Mal d 1 contents were observed in apples with comparatively high chlorogenic acid content

and low procyanidin trimer and epicatechin content. In contrast, the total phenolic content

and the level of antioxidant activity seem to play only a subordinate role.

There was also a correlation between selenium and Mal d 1 content and thus, an influence of

the agronomic fertilization method. A high selenium content was associated with a low

Mal d 1 content. In addition, the above-mentioned changes in phenolic profile were

frequently observed in the biofortified apples, which were associated with low allergenicity.

Thus, this measure seems to be suitable for a reduction of the allergenic potential in apples.



ZUSAMMENFASSUNG

4

2. ZUSAMMENFASSUNG

In der vorliegenden Arbeit wurde der Einfluss einer Selen-Biofortifikation von Äpfeln auf

ernährungsphysiologisch wichtige Metaboliten des primären und sekundären Pflanzen-

stoffwechsels analysiert.

Von besonderer Bedeutung waren dabei der Gehalt an dem Spurenelement Selen, die

qualitative und quantitative Zusammensetzung der phenolischen Verbindungen und die mit

letzteren verbundenen Eigenschaften. Dazu gehören die Aktivität der Polyphenoloxidase

(PPO), die eine wichtige katalytische Rolle beim oxidativen Abbau von phenolischen

Verbindungen und deren antioxidativen Eigenschaften spielt. Im Hinblick auf den primären

Pflanzenstoffwechsel waren auch allergene Proteine von Bedeutung, die als antinutritive

Bestandteile eingestuft werden. Aufgrund der ernährungsphysiologischen Bedeutung und

Wirkung ist ein hoher Gehalt an Selen und phenolischen Verbindungen und ein geringer

Gehalt an allergenen Proteinen in Äpfeln wünschenswert. Es wurde die Hypothese aufgestellt,

dass dies durch die Anwendung der agronomischen Biofortifikation, einer gezielten

Düngungsmethode, mit Selen erreicht werden könnte.

Zu diesem Zweck wurden Apfelproben von sieben verschiedenen Sorten angebaut und über

eine Blattdüngung mit Selen in verschiedenen Applikationsformen und -mengen

biofortifiziert. Dies ermöglicht die Auswahl der optimalen Düngungsmethode und es kann

überprüft werden, welche Sorten mehr oder weniger geeignet sind, um die Ziele zu erreichen.

Darüber hinaus konnten durch den Anbau in drei aufeinanderfolgenden Jahren an zwei

Standorten ökophysiologische Faktoren als weiterer Einflussfaktor auf die Inhaltsstoffe der

Äpfel identifiziert werden.

Für die Analyse der Polyphenoloxidase-Aktivität, des Gesamtphenolgehaltes nach FOLIN-

CIOCALTEU (TPC), der antioxidativen Aktivität (AOA) mittels Trolox equivalent antioxidant

capacity (TEAC) und oxygen radical absorbance capacity (ORAC) Test sowie der Messung des

Proteingehaltes nach BRADFORD wurden photometrische Methoden für die Matrix Apfel und

die daraus erhaltenen Apfelextrakte etabliert und validiert. Außerdem wurde eine

Extraktionsmethode für phenolische Verbindungen aus Äpfeln entwickelt und optimiert. Für

die Extraktion der Proteine sowie für die gelelektrophoretische Auftrennung der gewonnenen

Extrakte mittels diskontinuierlicher Natriumdodecylsulfat-Polyacrylamid-Gelelektrophorese
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disk-SDS-PAGE) wurde ebenfalls eine Methode entwickelt und optimiert. Für die quantitative

Bestimmung des Gehalts des Hauptallergens Mal d 1 in den Früchten wurde ein direkter

Enzyme-linked Immunosorbent Assay (ELISA) entwickelt. Hochleistungsflüssigkeits-

chromatographie mit Diodenarray-Detektor gekoppelt mit Elektrospray-Ionisations-

Massenspektrometrie (HPLC-DAD-ESI-MSn) wurde zur Identifizierung und Quantifizierung der

phenolischen Verbindungen eingesetzt, und die Identifizierung der allergenen Proteine

erfolgte nach einem In-Gel-Verdau durch Flüssigchromatographie-Elektrospray-Ionisierungs-

Quadrupol-Flugzeit-Massenspektrometrie (LC-ESI-qTOF-MS) und Flüssigchromatographie im

Nanomaßstab gekoppelt mit Tandem-Massenspektrometrie (nanoLC-MS/MS). Die Analyse

des Selengehalts wurde von einem Projektpartner mittels Graphitrohr-Atomabsorptions-

spektroskopie (GF-AAS) durchgeführt. Der Selengehalt in den Äpfeln wurde durch die

Biofortifikation signifikant um einen Faktor zwischen 10 und 40 auf Gehalte von 2,1 bis 23,2

µg/100 g Frischmasse erhöht. Somit kann der Verzehr von selenbiofortifizierten Äpfeln

wesentlich zu einer besseren Selenversorgung der Bevölkerung beitragen. Ein mittelgroßer

Apfel kann etwa ein Viertel des täglichen Selenbedarfs eines Erwachsenen decken, dieser

beträgt 70 µg für Männer und 60 µg für Frauen.

Die eingesetzte Selenform spielte für den Selengehalt in den Äpfeln keine wesentliche Rolle.

Aufgrund der beobachteten Fruchtschäden bei der Anwendung von Selenit wird jedoch das

pflanzenverträglichere Selenat für zukünftige Anwendungen bevorzugt.

Die Biofortifikation führte zu geringeren Schwankungen in der PPO-Aktivität. Darüber hinaus

wurde gezeigt, dass die Höhe der Selenanwendung die Enzymaktivität beeinflusst. Hier

wurden höhere Anwendungsmengen mit höheren PPO-Aktivitäten in Verbindung gebracht.

Die PPO-Aktivität stand im Zusammenhang mit dem TPC, da dieses Enzym den Abbau von

Phenolverbindungen katalysiert. Bei höherem Seleneinsatz wurde ein geringerer TPC

gemessen, was sich durch die höhere PPO-Aktivität erklären lässt, durch die mehr phenolische

Verbindungen oxidiert werden.

In Bezug auf die AOA zeigte die Biofortifikation keine klaren Trends. Dies hängt wahrscheinlich

mit den unterschiedlichen antioxidativen Aktivitäten der einzelnen Phenolverbindungen

zusammen. Die in der vorliegenden Arbeit analysierten Äpfel enthalten vor allem

Chlorogensäure mit einem Gehalt von bis zu 40 % sowie Epicatechin und hohe Mengen

verschiedener Quercetin-Glycoside und Phloretin-Glucoside. Die Biofortifikation zeigte bei
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den Sorten 'Fiesta', 'Jonica', 'Golden Delicious' und 'Jonagold' zum Teil unterschiedliche

Wirkungen in Bezug auf den Gehalt und den Anteil der einzelnen phenolischen Verbindungen.

In den meisten Fällen wurde ein signifikanter Anstieg von Epicatechin und Caffeeoylglucosid

und eine Verringerung von Procyanidintrimer beobachtet.

Die vier allergenen Proteine Mal d 1, Mal d 2, Mal d 3 und Mal d 4 wurden in den Äpfeln durch

disk. SDS-PAGE und nanoLC-MS/MS identifiziert. Die Proteinmuster der verschiedenen

Apfelproben sind grundsätzlich ähnlich, unterscheiden sich aber in der Intensität der

Proteinbanden, was auf unterschiedliche Gehalte der einzelnen allergenen Proteine hinweist.

Zur Bestimmung der Lokalisierung der verschiedenen allergenen Proteine wurden getrennte

Analysen von Schale und Fruchtfleisch durchgeführt. So zeigte sich, dass die Schale besonders

reich an Mal d 3 ist, während Mal d 2 hauptsächlich im Fruchtfleisch zu finden ist. Mal d 1

wurde sowohl in der Schale als auch im Fruchtfleisch gefunden.

In Bezug auf alle gemessenen Parameter wurden die Apfelsorte und ökophysiologische

Bedingungen wie die Sonnenscheindauer als weitere Einflussfaktoren identifiziert.

Korrelationsanalysen wurden durchgeführt, um die Beziehung zwischen phenolischen

Verbindungen und dem Mal d 1-Gehalt zu analysieren. Es wurde festgestellt, dass die PPO-

Aktivität und der Gehalt an einzelnen phenolischen Verbindungen mit dem Mal d 1-Gehalt

korrelierten. Die Beziehung zwischen der PPO-Aktivität und dem Mal d 1-Gehalt schien sowohl

sortenabhängig als auch von den ökophysiologischen Bedingungen beeinflusst zu sein, da

sowohl positive als auch negative Korrelationen festgestellt wurden. Niedrigere Mal d 1-

Gehalte wurden bei Äpfeln mit vergleichsweise hohem Chlorogensäuregehalt und niedrigem

Procyanidintrimer- und Epicatechingehalt beobachtet. Der Gesamtphenolgehalt und das

Niveau der antioxidativen Aktivität scheinen dagegen nur eine untergeordnete Rolle zu

spielen.

Es wurde auch eine Korrelation zwischen dem Selen- und dem Mal d 1-Gehalt und damit ein

Einfluss der agronomischen Düngung festgestellt. Ein hoher Selengehalt war mit einem

niedrigen Mal d 1-Gehalt verbunden. Darüber hinaus wurden bei den biofortifizierten Äpfeln

häufig die oben erwähnten Veränderungen im Phenolprofil beobachtet, die mit einer geringen

Allergenität einhergingen. Somit scheint diese Maßnahme geeignet zu sein, das allergene

Potenzial von Äpfeln zu reduzieren.
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3. INTRODUCTION

Apples are the most popular fruit in Germany, with a consumption of 25 kg per capita (BMEL,

2020; Statista, 2021a). They are rich in many nutritionally important ingredients such as

vitamins, minerals, trace elements, and secondary plant metabolites, especially flavonoids

and phenolic acids (Hyson, 2011; Knekt et al., 1996; Kschonsek et al., 2018; Le Marchand et

al., 2000; Souci et al., 2011; Tsao et al., 2005). The consumption of apples is recommended for

a healthy diet. The oligomeric procyanidins contained in apples are believed to reduce the risk

of stroke, other cardiovascular diseases, and lung cancer (Gerhauser, 2008; Knekt et al., 2000;

Le Marchand et al., 2000). Selenium also has an important role as an essential trace element

in the human diet, and high selenium status is discussed with a lower risk of developing various

cancers (Rayman, 2012). This is due to the fact that selenium is an integral part of some

antioxidant enzymes, which protect cells from being damaged by radicals produced during

oxidative metabolic pathways (Kielliszek & 2016).

In Germany and other European regions, selenium is often inadequately taken up through the

diet (Steinbrenner & Brieglious-Flohé, 2015), because the trace element is present in soils only

& Scheib,

2014). Apples also contain very little amount s of selenium (Navarro-Alarcon & Cabrera-Vique,

2008). The current recommendation for Germany, Austria, and Switzerland (D-A-CH reference

values for nutritional intake) for the daily intake

per kg body weight. With consideration of the reference body weights, the resulting estimated

g/day for adult

women (Kipp et al., 2015). Usually, the need for selenium is largely covered by animal produce,

such as meat or fish. The biofortification of plant produce allows for vegetarians or vegans in

particular to fulfill their needs naturally and as an alternative to food supplements (Oster &

Prellwitz, 1989; Willers et al., 2015).

The agronomic biofortification of food crops with selenium, which involves targeted

fertilization, offers a good opportunity to increase the selenium content. For example,

biofortification in Finland, which has been carried out nationwide since 1985, has successfully

improved selenium supply to the population and achieved optimal selenium status (Alfthan et

al., 2015).
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The project BiofortiSe (Biofortification of apples with selenium to improve fruit quality,

storability and health value), aimed at a fertilization of apple trees with selenium-containing

fertilizers was carried out via foliar fertilization. The primary objective was to increase the

selenium content in the fruit and to analyze the influence of this cultural measure on the

content of secondary plant metabolites.

Biofortification with selenium has already been carried out on various food crops. Here,

different degrees of selenium accumulation were found, depending on the applied selenium

form (sodium selenite or sodium selenate) as well as at different fertilization rates. It was

shown that the treatments resulted in increased selenium contents compared to the

untreated controls (D’Amato et al., 2018; Ekanayake et al., 2015; Hawrylak-Nowak, 2008;

Hawrylak-Nowak, 2013; Ríos et al., 2008; Schiavon et al., 2013; Schiavon et al., 2016). In

addition, an influence on secondary plant metabolites such as phenolic compounds has

already been found in different vegetable crops. Biofortification resulted in higher levels of

phenolic compounds, changes in phenolic profile and/or also increases in antioxidant

flavonoids or antioxidant activity (D’Amato et al., 2017; D’Amato et al., 2018; Bachiega et al.,

2016; Pezzarossa et al., 2012; Schiavon et al., 2013; Schiavon et al., 2016; Zhao et al., 2013).

Consumption of apples can cause allergic reactions (Botton et al., 2008; Breiteneder & Ebner,

2000; Burney et al., 2014; Grafe, 2009), especially in people with birch pollen allergy because

of the homology of the chemical structure of the allergenic proteins Bet v 1 in birch and

Mal d 1 in apples (Gilissen et al., 2005). Sensitization to apples affects about 4 million people

in Germany alone (Bernert et al., 2012; Kschonsek et al., 2019). So far, four allergenic proteins

are known in apple: Mal d 1, Mal d 2, Mal d 3, and Mal d 4 (Grafe, 2009; Kleine-Tebbe et al.,

2016), which differ in various parameters such as protein family, function, and localization in

the fruit, as well as in the clinical symptoms of allergy. For example, the major allergen Mal d 1

is synthesized mainly to protect the plant from pathogens and under certain environmental

stress factors (Beuning et al., 2004; Botton et al., 2009; Breiteneder & Ebner, 2000; Grafe,

2009; Matthes & Schmitz-Eiberger, 2009; Puehringer et al., 2000).

So far, many factors influencing the content of allergenic proteins in apples could be identified.

Here, the content mainly depends on the cultivar (Bolhaar et al., 2005; Kschonsek et al., 2019a;

Matthes & Schmitz-Eiberger, 2009; Sancho et al., 2006a; Schmitz-Eiberger & Matthes, 2011;

Son & Lee, 2001; Zuidmeer et al., 2006). Other influencing factors include storage duration
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and storage conditions (Bolhaar et al., 2005; Kiewning et al., 2013; Kiewning & Schmitz-

Eiberger, 2014; Matthes & Schmitz-Eiberger, 2009; Schmitz-Eiberger & Matthes, 2011; Sancho

et al., 2006a) as well as ecophysiological and cultivation conditions at the growing sites

(Schmitz-Eiberger & Matthes, 2011; Wang et al., 2017; Zuidmeer et al., 2006) or organically

cultivated apples (Fernández-Rivas et al., 2006).

It has already been shown that the primary metabolism, which includes protein biosynthesis,

is also significantly affected by selenium biofortification (D'Amato et al., 2018; Jing et al., 2017;

Poblaciones et al., 2013; Poblaciones et al., 2014a; Poblaciones et al., 2014b; Reis et al., 2018).

Also, a relationship of allergenicity (especially in relation to Mal d 1) with phenolic compounds

and polyphenoloxidase activity, which in turn has a significant influence on polyphenol

content and composition, has been previously described (Björksten et al., 1980; Bernert et al.,

2012; Chung & Champagne, 2009; Kiewning et al., 2013; Kiewning & Schmitz-Eiberger, 2014;

Kschonsek et al., 2019a; Kschonsek et al., 2019b; Rudeschko et al., 1995a; Rudeschko et al.,

1995b; Schmitz-Eiberger & Matthes, 2011; Singh et al., 2011). In this context, it is further

assumed that the interactions between the polyphenols and the allergenic protein Mal d 1

play an important role in reducing allergenic potential (Bergmann et al., 2020; Bernert et al.,

2012).
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4. THEORETICAL BACKGROUND

4.1. Biofortification with selenium

4.1.1. Agronomic biofortification with selenium

Biofortification is an agronomic practice used in plant breeding to selectively increase one or

more nutrient contents in plant foods. This is done through the application of fertilizers. In

most cases, the aim is to increase mineral nutrients such as zinc, iodine, or selenium, as these

are not found in sufficient quantities in the soil (Cakmak, 2009; Gupta & Gupta, 2017; Hirschi,

2009; Lawson et al., 2016). In practical application, it is a simple and inexpensive process. Here,

the incorporation of the applied nutrients depends on many factors such as the method of

application of the fertilizer, the soil composition, and the nutrient mobility in the plant

(Hierschi, 2009). In the BiofortiSe project, liquid fertilizers containing sodium selenite or

sodium selenate were used for foliar fertilization of apple trees. This is intended to increase

the trees' uptake of the mineral, which is only available in limited quantities in the soil, and to

accumulate it naturally in the fruit (Bañuelos et al., 2017; Broadley et al., 2006; Ros et al. 2016).

Selenium can be taken up via roots and above-ground plant parts and integrated into plant

metabolism by incorporation into amino acids such as selenocysteine and selenomethionine

(Winkel et al., 2015). The soils in Germany and other European regions are poor in selenium,

which means that the selenium content of the food plants growing there is also low. This in

turn results in an undersupply or malnutrition of the population in this trace element (

& Scheib, 2014).

In Finland, since the mid-1980s, all mineral fertilizers for use in food and food crop production

have been mandatorily fortified with selenium. This has resulted in a significant increase in

the selenium content of plant and animal foods, which led to a sustainable selenium supply

for the population. The average selenium intake here is within the recommended and thus

optimal range (Alfthan et al., 2015).

However, the soil fertilization practiced there, especially for cereals, does not have sufficient

efficiency in fruit production. Studies on Chinese dates have shown that only a relatively small

proportion of the fertilized selenium is transferred to the fruit when soil fertilization is applied

(Zhao et al., 2013). In addition, there is a risk that the fertilized selenium will be fixed in the

soil by sorption or lost by leaching. In apples, soil fertilization of trees also resulted in little
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accumulation of selenium from applied selenium-rich fertilizers in fruits (Liu et al., 2020). A

comparison between soil and foliar fertilization showed that only a fivefold repetition of soil

fertilization resulted in a comparably high selenium storage in apple leaves and fruits as foliar

fertilization (Jakovljevic et al., 1996). Studies of the three different agronomic techniques soil

fertilization, trunk injection, and foliar fertilization on pear-jujube showed that spray

treatment is the most effective method (Zhao et al., 2013). Selenium form is also a factor

influencing uptake by the plant. For example, the administration of selenate usually leads to

higher selenium accumulation than selenite at the same selenium application rate (D'Amato

et al., 2018; Ekanayake et al., 2015; Hawrylak-Nowak, 2008; Ríos et al., 2008). Further

advantage of selenate is its better plant tolerance (Ros et al., 2016; Puccinelli et al., 2017).

Biofortification can also be easily integrated in apple production as an additive in calcium-

containing fertilizers, as its use for prevention of speckle, lentil cell spot, flesh browning, and

storage rot is established and common practice.

4.1.2. Relevance of selenium in human nutrition

Selenium is an essential trace element in human nutrition and is mainly important as a

component of proteins and enzymes such as glutathione peroxidase, thyroxine 5-deiodinase,

and selenoprotein P (Kielliszek, 2019). Selenium exerts its nutritional functions in the form of

25 selenoproteins that have the amino acid selenocysteine in their active center (Rayman,

2012). Via the enzyme thyroxine-5-deiodinase, selenium is involved in the production of the

active thyroid hormone and thus in the regulation of the immune system (Kielliszek &

2016). Furthermore, selenium is essential for reproduction and has antioxidant, anti-

inflammatory, and antiviral effects ( ). As an integral component of

some antioxidant enzymes that protect cells from radical damage, selenium is also important

(Kielliszek, 2019). Optimal selenium supply can minimize selenium-dependent diseases such

as reduced immune function, cardiovascular system degeneration, and cognitive decline

(Gupta & Gupta, 2017; Kielliszek, 2019; Rayman, 2012). However, if selenium supply is

inadequate, the risk of certain diseases such as colorectal and liver cancer and thyroid disease

increases (Ambroziak et al., 2017; Combs & Yan 2016; Hughes et al., 2015; Hughes et al., 2016;

Schomburg & Arnér, 2017).

Currently, the selenium supply of the population in Germany and other European countries is

insufficient. With a daily intake in Germany for women averaging 38 µg selenium and for men
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47 µg selenium, the actual intake in each case is only about two-thirds of the German Nutrition

Society (DGE) reference values (Kipp et al., 2015). With the exception of Finland, the daily

intake of the population of other countries in Europe is in similarly low ranges (European

Commission, 2000). The recommendations for the daily intake of selenium for Germany,

Austria, and Switzerland (D-A-CH reference values for nutritional intake) are about 1 µg

selenium per kg body weight. Taking into account the reference body weights, the estimated

values for selenium intake are about 70 µg/day for adult men, 60 µg/day for adult women,

and 75 µg for lactating women (Kipp et al., 2015).

The intake of selenium is mainly covered by animal products such as meat and fish. Animal

foods also contain higher levels of selenium due to selenium supplements in animal feed.

Therefore, vegetarians and vegans are more at risk of selenium deficiency than omnivores

(Fallon & Dillon, 2020). As an alternative to selenium-rich supplements, biofortification of

plant-based products is highly suitable for meeting selenium requirements naturally (Oster &

Prellwitz, 1989; Willers et al., 2015). A consumer survey also showed that German consumers

would prefer selenium-rich apples instead of dietary supplements (Wortmann et al., 2018).

Another advantage is the varying bioavailability of the selenium forms in selenium-enriched

foods and in dietary supplements. The latter often contain inorganic selenium forms that are

hardly bioavailable. In contrast, selenium-enriched foods transform the supplied inorganic

selenium into organic compounds such as selenocysteine and selenomethionine, which can

be absorbed more easily in the intestinal tract ( ).

4.1.3. Effect of selenium on the quality of plant-based foods

In addition to an increase in the selenium content of apples, it is to be expected, based on

numerous studies already published, that other fruit characteristics relevant to marketing will

be positively influenced. Studies on pears and peaches showed that even a single

administration of selenium can lead to a significant increase in sugar content and flesh

firmness and can extend the shelf life of the fruit after storage (Pezzarossa et al., 2012). In

pear-jujube (Ziziphus jujuba MILL. cv.

observed (Zhao et al., 2013). An effect on the content of phytochemicals has also been widely

observed in different fruit and vegetable crops: for example, a significant increase in phenolic

compounds was shown in olives, rice, radish, and broccoli (Bachiega et al., 2016; D'Amato et

al., 2014; D'Amato et al., 2017; D'Amato et al. 2018; Pezzarossa et al., 2012; Schiavon et al.,
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2013; Schiavon et al., 2016). Changes in the profile of phenolic compounds with an increase

of antioxidant phenolics or increased antioxidant activity have also been previously observed

in olives, tomatoes, and broccoli (Bachiega et al., 2016; D'Amato et al., 2017; Pezzarossa et al.,

2012; Schiavon et al. 2016).

An influence by biofortification with selenium on the primary metabolism of food crops has

also been reported. Here, selenium application led to changes in protein content in cereal and

vegetable crops such as rice, jujube, peas, bread wheat, and durum wheat (D'Amato et al.,

2018; Jing et al., 2017; Poblaciones et al., 2013; Poblaciones et al., 2014a; Poblaciones et al.,

2014b; Reis et al. 2018).

4.2. Cultivated apple (Malus domestica BORKH.)

4.2.1. Origin and botanical basis

The origin of the apple dates back several million years, and the original apple varieties grew

in tropical and subtropical mountain valleys in Southeast Asia (Aas, 2013; Hanke & Flachowsky,

2017; März, 2012). Figure 1 shows the origin of the apple and their evolutionary history. The

original forms of cultivated apple can be traced back to the wild apple Malus siversii, which

was cultivated in Asia more than 8,000 years ago. They spread via consumption and

subsequent excretion of seeds by animals and humans along the trade route from Central Asia

to the Black Sea. In the 9th century BC, the apple reached Europe. Crossing with locally native

Malus species such as the wild European crab apple M. sylvestris, M. baccata, and M. orientalis

resulted in new cultivars (Duan et al., 2017; Industrieverband Agrar, 2018; Juniper et al., 1998;

Lieberei & Reisdorff, 2012).

The first cultivation of the apple was in Greece in the year 1,000 BC. The apple did not gain

economic importance through the planting of apple trees for the sale of the fruit until the 16th

century (März, 2012). The more than 30,000 apple varieties that exist today were created

through selection and selective crossing (Cornille et al., 2014; Lieberei & Reisdorff, 2012).

However, only about 70 of these varieties are in commercial cultivation in Europe (März,

2012). Among them, the most important varieties in cultivation in the European Union are

'Golden Delicious', 'Gala', 'Red Delicious', 'Jonagold', and 'Elstar' (Figure 2) (März, 2012;

Statista, 2021b).
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Figure 1: Origin of the apple and their evolutionary history (Industrieverband Agrar, 2018).

Figure 2: Shares of apple varieties in the European Union in 2019/2020 (own illustration
according to Statista, 2021b).

The cultivated apple Malus domestica BORKH. belongs to the rose family (Rosaceae) and is a

species of the pome fruit subfamily (Maloideae). Botanically, it belongs to the group of lower

bellows fruits. The schematic structure of an apple is shown in Figure 3. The apple tree is self-

incompatible, so pollination of the five-petaled white to pale pink flower occurs by cross-
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pollination. In this process, a fleshy fruit with five carpels, each containing two ovules, is

formed from the flower base by thickness growth. Since the flesh is thus formed from the

receptacle rather than the ovary, the apple is a pseudo-fruit. The fleshy receptacle is firmly

fused with the ovules, so the seeds can only be released by removing the flesh (exocarp)

(Lewitzki, 2020; Lieberei & Reisdorff, 2012).

Figure 3: Schematic representation of an apple in longitudinal and cross section (according to
Kadereit et al., 2014).

4.2.2. Distribution and economic importance

Cultivated apples are mainly distributed in the temperate climate zone, in the northern areas

of Europe, Asia, and North America (März, 2012). In cultivation and consumption, apples are

one of the most important and popular fruits. In this regard, China, the USA, Turkey, Poland,

and India are the largest producers and exporting countries for apples. In Europe, Poland, Italy,

France, and Germany are the main growing countries in descending order (Statista, 2021c). In

2019, the total global harvest was about 87.2 mio. t, with about 1 mil. t harvested on a

cultivation area around 34,000 hectares in Germany (Statista, 2021d; Statista, 2021e). In

Germany, the apple harvest accounted for about 75% of the total fruit harvest in 2019. This is

followed by strawberries with a share of around 11% (Statista, 2021f). In this context, 73.6 kg

of fruit were consumed per capita in Germany in 2018/2019, whereby apples formed the

largest incentive with an amount of 25.5 kg (Statista, 2021g; Statista, 2021a). Thus, apples

were the most popular fruits.

4.2.3. Ingredients

The apple fruit consists of the ingredients listed in Table 1. These are average values, as

variations occur within the different varieties, growing regions, and growing years. The degree

of ripeness also plays a role (Lieberei & Reisdorff, 2012).
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Table 1: Ingredients of the apple fruit (Lieberei & Reisdorff, 2012).

Ingredient Percentage [%]

Water 85.3
Carbohydrates 11.4
Dietary fiber 2.02
Fats 0.58
Organic acids 0.46
Proteins 0.34
Minerals 0.32

The main component of the apple fruit is water, which accounts for 85%. The sweet taste of

the fruit is due to the carbohydrates it contains, which are mainly soluble sugars in the form

of fructose, glucose, and saccharose. The dietary fiber content is 2.0%. It also contains small

amounts of lipids (0.6%) and proteins (0.3%). Organic acids, mainly malic, quinic and citric

acids, contribute to the flavor in addition to soluble sugars. In addition to the primary

constituents that determine the nutrient and energy content of the fruit, a large number of

nutritionally important vitamins, minerals, and secondary plant metabolites are also present.

For example, apples contain mainly vitamin C (12 mg/100 g), but also a number of B vitamins

(B1, B2, nicotinamide), potassium (144 mg/100 g), sodium (3 mg/100 g), iodine (2 µg/100 g)

and zinc (120 µg/100 g) (Lieberei & Reisdorff, 2012; Souci et al., 2011).

The secondary plant metabolites of carotenoids and the large number of different phenolic

compounds contained in apple fruit serve the plant as defenses against pests and diseases and

are involved in the coloration and flavor of the fruit (März, 2012).

4.3. Phenolic compounds

4.3.1. Functions in the plant, biosynthesis, structure, and classification

In addition to the primary metabolism of the plant, in which vital substances such as amino

acids, sugars, and lipids are formed, plants synthesize other chemical compounds that are not

directly vital to the plant. These are referred to as secondary plant metabolites (Munk, 2008).

They occur naturally in all plant materials and their products, where they help determine

color, appearance, and flavor (Lattanzio, 2003).



THEORETICAL BACKGROUND

17

The phenolic compounds are among the secondary plant metabolites, and here they

constitute the largest group of substances among the secondary metabolites. In general,

phenols in plants function as protective substances against rot, pest or animal damage,

regulation of the plant hormone balance, and use as signal substances. For example, there are

substances that serve to attract insects to pollinate flowers because of their color or scent.

The group of phenols includes various colorants such as anthocyanins (orange-red, red,

purple, blue) and other flavonoids (yellow, orange, brown, black), which give grapes, fruits,

and flowers their attractive color and thus attract insects and birds, ensuring seed dispersal

(Wendelin & Eder, 2002). Particularly in outer tissues, phenolic compounds are also formed

by the plant to protect its cell organelles from harmful UV radiation (Matern & Grimmig, 1993;

Munk, 2008; Rhodes, 1998; Schmid & Amrhein, 1995).

The starting substance for the biosynthesis of phenolic compounds is considered to be the

amino acid L-phenylalanine, which can be synthesized via phosphoenolpyruvate and other

compounds during the shikimic acid pathway (primary metabolic pathway) (Heldt & Piechulla,

2015; Munk, 2008).

Figure 4 shows a schematic representation of polyphenol biosynthesis and the individual

classes. In the first step, trans-cinnamic acid is formed by deamination of L-phenylalanine by

the enzyme phenylalanine ammonia lyase (PAL) in the phenylpropane pathway. In this

process, ammonia is cleaved (Dixon & Paiva, 1995; Vogt, 2010).

Phosphoenolpyruvate + Erythrose phosphate

Shikimic acid

L-phenylalanine

- NH3

PAL





THEORETICAL BACKGROUND

19

Leukopelargonidin

LEUCOANTHOCYANIDINS

Pelargonidin (+)-Catechin

ANTHOCYANIDINS PROANTHOCYANIDINS FLAVAN-3-OLE

Figure 4: Schematic representation of polyphenol biosynthesis and the individual classes (own
illustration according to Treutter, 2001; Vogt, 2010).

After methylation and hydroxylation by further enzymes, a large number of hydroxycinnamic

acid derivatives such as coumarins, flavonoids, isoflavonoids, catechins, and

proanthocyanidins are formed (Vogt, 2010).

Initially, the p-coumaric acid, which belongs to the hydroxycinnamic acids, is formed here by

oxidation reactions. Further oxidation as well as hydroxylation and methylation reactions lead

to the synthesis of caffeic and ferulic acids. The activated hydroxycinnamic acid p-coumaroyl-

CoA, 4-coumaroyl-coenzyme A and three malonyl-CoA units initiate the formation of

flavonoids. Naringenin chalcone is formed, which by condensation and with the participation

of chalcone synthase is the basic structure for the formation of flavonoids. Further

condensation, with the participation of the enzyme chalcone flavanone isomerase, gives rise

to a flavanone (naringenin) from the chalcone. Subsequent cyclization reactions led to the

formation of isoflavones and dihydroflavonols. From the dihydroflavonols

(dihydrokaempferol), the leucoanthocyanidins are formed with the help of dihydroflavonol

reductase, which further react to anthocyanidins by anthocyanidin synthase (Belitz et al.,

2008; Gunzler et al., 1997; Tsao, 2010).

Chemically, phenols are compounds bearing one or more hydroxyl groups or derivatives

thereof on an aromatic ring system (Robards et al., 1999). More than 8,000 different phenolic

compounds are already known (Bravo, 1998). Phenols can be divided into the two major
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groups of simple phenols and polyphenols, with the major class defined according to the

nature of the basic structures of the carbon skeleton (Vermerris & Nicholson, 2006). Table 2

shows the major classes of phenolic compounds in plants (Harborne, 1980; O'Connell & Fox,

2001).

Table 2: Major classes of phenolic compounds in plants (according to Harborne, 1980;
O'Connell & Fox, 2001).

C6 C6-Cn
C6-CnC6 (C6-C3)n Tannins

Simple phenols C6-C1

Phenolic acids
C6-C1-C6

Xanthones
(C6-C3)2

Lignan
Condensed

Benzoquinones C6-C2

Acetophenones
C6-C2-C6

Stilbenes
(C6-C3)2+n

Lignin
Hydrolysible

C6-C2

Phenylacetic acids
C6-C2-C6

Anthraquinones
C6-C3

Hydroxycinnamates
C6-C3-C6

Flavonoids
C6-C3

Coumarins
C6-C3

Chromones
C6-C4

Naphthoquinones

The most important polyphenols in fruits can be divided into three groups: Phenolic carboxylic

acid and its derivatives (non-flavonoids), flavonoids, and low molecular weight phenols

(aroma compounds), see Figure 5 (Herrmann, 1992; Rechner, 2000).

The phenolic carboxylic acids can be further subdivided into the hydroxycinnamic acid and

hydroxybenzoic acid compounds. Hydroxycinnamic acids, which include, for example,

p-coumaric acid and ferulic acid, have a C3-C6 backbone (Belitz et al., 2008).

The largest class of phenolic compounds here are the flavonoids, which include the flavonols,

flavanones, flavones, isoflavones, and anthocyanins (Bernhard & Gerhard, 2001; Ebermann &

Elmadfa, 2008). About 6,500 different structures of flavonoids are known. Based on structural

differences on the C-ring, flavonoids can be classified into the following six groups: Flavonols,

Flavones, Flavanols, Anthocyanidins, Flavanones, and Isoflavones (Bernhard & Gerhard, 2001;

Engelhardt, 1998,).
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The flavan-3-ols form the hydrogenated flavones as colorless compounds, which have a

saturated bond between C2 and C3. Flavanols have two asymmetric C atoms, therefore two

diastereomeric compounds are formed. Flavanols include catechin and epicatechin (Frede,

2010). Flavonols are yellow pigments that have an unsaturated bond between C2 and C3. One

flavonol is quercetin (Frede, 2010). The anthocyanidins form a group of red, purple, and blue

dyes that have conjugated double bonds and a C6-C3-C6 ring system (Wendelin & Eder, 2002).

Chalcones belong to the group of flavonoids, from which they can also be produced

synthetically. Examples of dihydrochalcones are phloretin xyloglucosides (2'-O- -

xyloglucoside) and phloridzin (2'-O- -glucoside), which occur specifically in the Malus genus

(Wendelin & Eder, 2002). The proanthocyanidins represent the colorless precursor of the

colored anthocyanins and are formed from the different degrees of polymerization of flavan-

3-ols or flavan-3,4-diols. (+)-Catechin and (-)-epicatechin are considered to be the basic

structure. An example is procyanidin B2 (Wendelin & Eder, 2002; Belitz et al., 2008).

4.3.2. Phenolic compounds in apples

The five classes of polyphenols found in apples are flavan-3-ols, phenolic acids,

dihydrochalcones, flavonols, and anthocyanidins (Kschonsek et al., 2018; van der Sluis &

Dekker, 2001).

Flavan-3-ols are the most abundant group of polyphenols in apples. They can be divided into

monomers, oligomers, and polymers. The only two monomers of flavan-3-ols in apples are

catechin and epicatechin, with the amount of epicatechin being higher on average. The

condensation of these two monomers leads to oligomers called procyanidins. The most

important procyanidins in apples are procyanidin B1 and procyanidin B2. Monomeric and

oligomeric flavan-3-ols occur in higher amounts in the peel than in the flesh (Tsao et al., 2003).

Flavan-3-ols are responsible for the astringent taste and enzymatic browning of apples by PPO

(Renard & Dupont, 2007). The higher the degree of polymerization, the more astringent the

sensation (Vidal & Francis, 2003).

The two subclasses of phenolic acids are hydroxycinnamic acids and hydroxybenzoic acids. In

apples, only the hydroxycinnamic acids are relevant. The main phenolic acid in apples is

chlorogenic acid. Chlorogenic acid is an ester of caffeic acid and quinic acid. As a

hydrocinnamic acid derivative, p-coumaroylquinic acid occurs in small amounts in apples

(Treutter, 2001). Hydroxycinnamic acid and its derivatives are found in apple peels as well as
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apple pulp. The peeling of an apple consequently does not reduce the phenolic acid

concentration per unit weight. In addition to flavan-3-ols, chlorogenic acid is also a substrate

of PPO and also contributes to the enzymatic browning of apples (Treutter, 2001).

Dihydrochalcones are found exclusively in apples and apple products. The main

dihydrochalcones in apples are phloridzin and phloretin xyloglucoside (Vrhovsek et al., 2004).

They are phloretin derivatives substituted with carbohydrates at the C2-position. While

phloridzin is substituted with glucose, phloretin xyloglucoside is linked with xyloglucose.

Dihydrochalcones occur in higher amounts in apple peel than in apple pulp. In addition,

dihydrochalcones account for up to 60% of the polyphenols in seeds. The dihydrochalcones

content of apples is reduced by peeling and coring. Dihydrochalcones are also substrates of

PPO in apples (Tomás-Barberán & Clifford, 2000).

Flavonols are a group of polyphenols in apples that are of minor importance. The main

flavonols in apples are quercetin-3-galactoside, quercetin-3-glucoside, quercetin-3-

rhamnoside, and quercetin-3-rutinoside, which is also known as rutin. These are glycosylated

quercetin derivatives in which glycosylation occurs in the immediate vicinity of the ketone

group (Treutter et al., 2001). Quercetin derivatives are mainly found in apple peels (Tsao et

al., 2003), where their biosynthesis is induced by light (D'Archivio & Filesi, 2007).

Consequently, the content of quercetin derivatives found in individual fruits of a tree and even

within a fruit can vary significantly depending on sun exposure (Manach et al., 2004). Peeling

an apple removes most of the quercetin glycosides, and therefore the intake of apple flavonols

depends on the method of consumption. Quercetin derivatives are sterically hindered for

oxidation by PPO due to glycosylation at the C3-position (van der Sluis & Dekker, 2002).

Anthocyanidins occur in small amounts in apples and are responsible for the red color of apple

peels. In plants, anthocyanidins occur only glycosidically bound to various sugars. The

glycosides of anthocyanidins are called anthocyanins. Glycosylation with glucose, galactose,

rhamnose, arabinose, and xylulose occurs preferentially at the C3 atom, and the sugars can

occur as mono-, di-, and trisaccharides (Mazza & Miniati, 1993; Prior & Wu, 2006; Rechner,

2000). Depending on pH, strong color changes occur in anthocyanins (Harborne, 1988; Jurd,

1972; Mazza & Miniati, 1993; Schütt, 2014). In red apples, anthocyanins can account for 1 to

3% of total polyphenols. The concentration is highly variable within each cultivar. The major

anthocyanins in apple peels are cyanidin-3-galactoside, cyanidin-3-glucoside, cyanidin-3-
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arabinoside, cyanidin-3-xyloside, and 7-arabinoside (Vrhovsek et al., 2004), although cyanidin-

3-galactoside has been detected exclusively in red apple peel (Tsao et al., 2003).

Apple cultivars differ greatly in their polyphenol contents (Guyot & Marnet, 2003; Sanoner &

Guyot, 1999). Table 3 summarizes the mean values of polyphenol contents obtained in five

experiments with dessert apples and compares them with the data reported by Polyphenol

Explorer (Ceymann, 2013; Neveu & Perez-Jiménez, 2010). The Polyphenol Explorer database

contains data on all relevant polyphenols in apples but does not list variety-specific data

(Neveu & Perez-Jiménez, 2010).

Data are reported in mg per 100 g of fresh weight (f.w.). Polyphenol profiles are typical for the

apple cultivar and are influenced by breeding, culture, growth factors, harvest year, ripeness

at harvest, and postharvest storage (McRae & Lidster 1990; Schmitz-Eiberger & Matthes,

2011; van der Sluis & Dekker, 2002).

In addition, the occurrence and distribution of the main polyphenol classes differed in apple

peels and apple flesh (Kschonsek et al., 2018). In Table 4, the mean values of polyphenol

contents in peels and flesh of apples of the four cultivars (cv.): 'Golden', 'Granny', 'Braeburn',

and 'Jonagold' from the literature are given. Data are presented in mg per 100 g of fresh

weight (Guyot & Le Bourvellec, 2002; Neveu & Perez-Jiménez, 2010; van der Sluis & Dekker,

2001).
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Table 3: Mean values of the content of individual phenolic compounds in apples in mg per
100 g of fresh weight (Lee et al., 2003; Neveu & Perez-Jiménez, 2010; Podsedek & Wilska-
Jeszka, 2000; Valavandis & Vlochogianni, 2009; Vrhovsek et al., 2004; Wojdylo et al., 2008).

Reference/
Phenolic

compounds

Neveu
et al.,
2010

Valavanis
et al.,
2009

Wojdylo
et al.,
2008

Vrhovsek
et al.,
2004

Lee
et al.,
2003

Podsedek
et al.,
2000

Number of
cultivars 10-36 4 67 5 6 10

Flavan-3-ols
C

EC
PC B1
PC B2

1.2
8.3

--
14.6

1.8
9.3
2.3
7.4

11.7
58.5
14.3
60.4

1.0
6.6

--
6.5

--
8.7

--
9.4

1.0
6.0

--
2.3

Phenolic acids
CA

CQA
13.3

2.3
7.1

--
46.9

5.1
8.4
1.7

9.0
--

17.3
--

Dihydrochalcones
PHZ
PXG

2.8
2.6

3.8
--

10.1
--

1.6
1.0

5.6
--

--
--

Flavonols
QGal
QGlu
QR
R

2.4
0.6
1.3
0.2

2.7
--
--
--

17.1
4.6

12.0
0.9

2.7
0.6
0.8
0.2

--
--
--
--

--
--
--
--

C: catechin; EC: epicatechin; PC B1: procyanidin B1; PC B2: procyanidin B2; CA: chlorogenic
acid; CQA: p-coumaroylquinic acid; PHZ: phloridzin; PXG: phloretin xyloglucoside; QGal:
quercetin-3-galactoside; QGlu: quercetin-3-glucoside; QR: quercetin-3-rhamnosid; R:
quercetin-3-rutinosid/rutin.
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4.3.3. Nutritional importance of phenolic compounds

In addition to the tasks that secondary plant metabolites perform in plants to defend against

pests or to attract insects, they play an important role in human nutrition due to their

pharmacological effects (Lieberei & Reisdorff, 2012).

According to the DGE a balanced diet provides about 1.5 g of secondary plant metabolites per

day (DGE, 2004). In general, phytochemicals are believed to have positive effects on human

health by reducing the risk of developing diseases such as diabetes, cardiovascular diseases,

asthma, Alzheimer's disease, and cancer (Boyer & Liu, 2004; Hyson, 2011).

The multitude of beneficial effects of phenolic compounds is primarily due to their antioxidant

activity. The delocalized electron system allows radicals to be scavenged and stabilized.

Phenolic compounds have anticarcinogenic, antioxidant, antimicrobial, immunomodulatory,

antithrombotic, blood pressure-lowering, and blood sugar-lowering effects (Belitz et al., 2008;

Ebermann & Elmadfa, 2008; Hyson, 2011; Watzl & Leitzmann, 2005). Many diseases are

thought to arise as a result of oxidative reactions. For example, cardiovascular disease and

cancer are among the leading causes of death in Western industrialized countries (WHO,

2009).

In a consumption study, the connection between the consumption of apples and the risk of

developing cancer was established. Even the consumption of more than one apple per day

reduces the risk of developing cancer. This was also shown in animal experiments on rats.

After the intake of procyanidins from apples, about 50% fewer cancer cells were detected in

induced colon damage than in control groups. The anti-carcinogenic effect of polyphenols is

based on inhibition of tumor formation by preventing the binding of carcinogenic substances

to the genetic material or protecting membrane lipids and DNA from oxidation (Boyer & Liu,

2004; Bravo, 2009).

Flavonoids are able to inhibit the action of certain oxidizing enzymes in their action. By

inhibiting the enzyme cyclooxygenase, flavonoids prevent the aggregation of platelets, have

an anti-inflammatory effect and thus prevent heart attacks. Likewise, flavonoids have an

influence on the growth of blood vessels and reduce the possibility of tumor proliferation.

Through the lipid peroxidation, flavonoids counteract diseases such as arteriosclerosis

(Ebermann & Elmadfa, 2008).
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In a scientific work by Liu et al. it was found by means of different apple extracts from different

varieties that they are able to inhibit the tumor cell growth of the liver cancer HepG2. In this

case, apple with skin causes higher growth inhibition than apple without skin and there are

also differences between the different varieties (Liu et al., 2001). In another experiment, it

was shown that an even higher antiproliferative effect on tumor cells was achieved using the

peel alone (Wolfe et al., 2003). In a comparison among several different fruits, the third

highest antiproliferative effect was attributed to apple behind cranberries and lemon (Sun et

al., 2002). Similarly, it has been shown that daily apple consumption in combination with the

addition of the trace element selenium reduces the risk of developing asthma in adulthood.

The exact connection to which substances this can be attributed has not yet been clarified. It

is assumed that specific substances in apples, such as anthocyanins or dihydrochalcones, are

responsible for the effect. In the same study, the experiment was carried out with onions,

which did not show any correlation with the risk reduction of asthma. Thus, the flavonols or

flavans contained in the onion could be excluded for the effect. Increased selenium

supplementation is thought to increase the activity of glutathione peroxidase, which is present

in erythrocytes and is able to reduce oxidative stress (Shaheen et al., 2001).

The positive effect of phenolic compounds on human health is limited by the bioavailability of

the substances. Phenolic compounds in plants can be divided into low molecular weight

extractable and high molecular weight non-extractable groups. The extractable compounds

are better absorbed in the gastrointestinal tract than the non-extractable compounds. In

animal studies on rats, these were shown to be excreted in large quantities. The ability to

absorb phenolic compounds in the intestinal tract depends on the basic structure and the

degree of conjugation (Bravo, 2009; Shahkhalili et al., 1990).

In addition to the beneficial effects on health, phenolic compounds also exhibit antinutritional

properties. Especially high molecular weight tannins can bind and precipitate macromolecules

such as proteins, enzymes, but also carbohydrates or lipids, making them unavailable as

nutrients (Shahkhalili et al., 1990). In animal studies, it was shown in rats that phenolic

compounds can decrease the bioavailability of iron, zinc, sodium, and aluminum by

adsorption, but not manganese, calcium, and magnesium (Bravo, 2009). However, the ability

to bind substances or ions can also be advantageous, for example to neutralize heavy metals

in poisoning by complex formation (Belitz et al., 2008).
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4.4. Antioxidants and antioxidant mechanisms

By definition, antioxidants are protective substances that can delay, slow down or prevent

oxidation of molecules present in the body (Halliwell, 1990; Watzl & Leitzmann, 2005). In this

context, antioxidants are able to donate electrons on the one hand and to accept hydrogen

ions on the other hand without reacting to a radical themselves (Fiedeler & Nentwich, 2006;

Watzl & Leitzmann, 2005). Molecules that can trigger oxidation are reactive oxygen species

(ROS) and reactive nitrogen species (RNS). The superoxide anion (O2
-), the hydroxyl radical

( OH) and the peroxyl radical (ROO ) are the most important radical ROS. Hydrogen peroxide

(H2O2) and singlet oxygen (1O2) are among the most important non-radical ROS. Of great

importance in the group of RNS is nitric oxide (NO) (Somogyi et al, 2007; Biesalski, 2000;

Elmadfa & Leitzmann, 2015). The different compounds are considered as precursors for the

formation of free radicals such as singlet oxygen, hydrogen peroxide, hypochlorous acid

(HOCl) and ozone (O3).

The formation of free radicals is a natural process in the human body. On the one hand, they

are generated endogenously, for example, by the mitochondrial respiratory chain, by

oxidative enzymes, or by phagocytosing cells as part of the immune defense system.

Exogenously, free radicals are supplied by food, air pollution, cigarette smoke,

pharmaceuticals, and UV radiation, among others (Berger, 2003; Biesalski, 2000; Grune, 2002;

Watzl & Leitzmann, 2005).

Free radicals are very reactive because they have one or two unpaired electrons in their

electron shell. When a radical reacts with another - non-radical - atom or molecule, a single

electron is accepted or emitted. This leads to the formation of another radical, which in turn

also emits an electron. Since this reaction can be continued indefinitely, it is also called a

radical chain reaction (Watzl & Leitzmann, 2005). It is subdivided into the following three

partial reactions: Chain start (initiation), chain growth (propagation), and chain termination

(termination) (Shahidi & Zhong, 2010). This is illustrated below using the example of the

peroxidation of polyunsaturated fatty acids (PUFA), they are easily attacked by these radicals

due to their double bonds and are therefore preferred reaction partners of ROS and RNS.
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1. Initiation

Reaction of a PUFA (LH) with a radical (R ), in which hydrogen is transferred to the radical

and a lipid radical is formed (L ).

R + LH L + RH

2. Propagation

Reaction of the resulting lipid radical with molecular oxygen (O2) to form a lipid peroxyl

radical. (LOO )

L + O2 LOO

Lipid peroxyl radical forms a lipid hydroperoxide (LOOH) with another fatty acid and a new

fatty acid radical.

LOO + LH LOOH + L

3. Termination

Reaction of the lipid radical with another lipid radical, a lipid hydroxy radical (LO ) or a

lipid peroxy radical to form stable nonradicals.

L + L L-L

L + LO L-O-L

L + LOO L-O-O-L

Chain termination also occurs by reaction with an antioxidant (Belitz et al., 2008).

Free radicals are of health importance because they can damage a variety of biologically

significant macromolecules such as DNA, proteins, and lipids, and play a role in the

pathogenesis of various diseases such as cancer and cardiovascular disease (Elmadfa &

Leitzmann, 2015; Fiedeler & Nentwich, 2006; Finaud et al., 2006; König, 2011; Watzl &

Leitzmann, 2005).

To protect against oxidative damage to important compounds, the body has various

mechanisms that can be divided into endogenous and exogenous factors. Endogenous factors

are protective mechanisms that originate from substances already present in the human body.

These include enzymatic mechanisms in which the body's own enzymes catalyze reactions

that render reactive oxygen-rich compounds or radicals harmless. Examples include

glutathione peroxidase (GSH-Px), catalase, and superoxide dismutase.
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Glutathione peroxidase plays a very important role in catalyzing the regeneration of water and

glutathione from hydrogen peroxide. It is a selenium-dependent enzyme, which has

selenocysteine bound in its active site. Figure 6 shows the reaction course of

glutathioperoxidase. During the reaction, hydrogen is transferred from the enzyme to the

hydrogen peroxide, forming the dimer glutathione disulfide (GSSG) and additionally water.

Subsequently, reduction to the tripeptide glutathione (GSH) occurs with the participation of

NADPH-dependent glutathione reductase (Halliwell & Gutteridge, 2015; Watzl & Leitzmann,

2005).

2 H2O

Glutathione peroxidase

H2O2

GSSG

Glutathione reductase

GSH

NADPH

Glucose-6-
phosphate-

dehydrogenase

NADP+

Figure 6: Reaction course of glutathioperoxidase (own illustration according to Elmadfa &
Leitzmann, 2015).

The enzyme superoxide dismutase (SOD) provides primary protection against superoxide

anoins (O2
-) by catalyzing the conversion of a generated superoxide anion to hydrogen

peroxide (Frei, 1994; Li Li, 1995; Nieß et al., 2002; Watzl & Leitzmann, 2005). Another enzyme,

catalase, which occurs in the peroxisomes of red blood cells and in liver cells, is able to convert

H2O2 into water and oxygen and thus render it harmless (Watzl & Leitzmann, 2005).

Exogenous protective mechanisms include antioxidants, which include some essential

nutrients such as vitamins and minerals, as well as certain secondary plant metabolites.

Table 5 provides an overview of the antioxidants found in food.

The antioxidants react with the radicals and thus absorb their reactivity. In the process, they

are often consumed themselves. They can also be divided into watersoluble and lipidsoluble

antioxidants and, according to their solubility, cause protection of the various cellular

compartments (Grune, 2002).
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Table 5: Essential nutrients and secondary plant metabolites with antioxidant activity (Grune,
2002; Watzl & Leitzmann, 2005).

Essential nutrients Secondary plant metabolites
Vitamin E (tocopherols, tocotrienols) Carotenoids
Vitamin C Polyphenols
Iron, zinc, copper, manganese,
selenium
(as cofactors of enzymatic mechanisms)

Phytoestrogens

Protease inhibitors
Sulfides

As a lipidsoluble antioxidant, vitamin E can inhibit lipid peroxidation processes. It acts as a

radical scavenger and leads to the termination of the radical chain reaction by reacting with

hydroxyl radicals and releasing a hydrogen atom of its hydroxyl group. The resulting

tocopherol radical can be regenerated by vitamin C to form vitamin E again. This interaction

of the two vitamins is called synergism, whereby vitamin C itself becomes a radical that is

regenerated again by the glutathione enzyme system. Vitamin C, as a radical scavenger, also

reacts with watersoluble radicals. Minerals such as iron, zinc, copper, manganese, and

selenium play a role as cofactors of enzymatic protective mechanisms (Biesalski, 2000; Grune,

2002; Watzl & Leitzmann, 2005).

The antioxidant mechanisms of action of polyphenols, which belong to the watersoluble

secondary plant metabolites, are very diverse. Some act as radical scavengers, as chelating

agents for metal ions, as protection against oxidation by singlet oxygen or prevent the

formation of carcinogenic nitrosamines (Watzl & Leitzmann, 2005). An important prerequisite

for the antioxidant activity of a polyphenol is the presence of an alkyl group in the ortho- or

para-position on the phenol ring. When a radical reacts with an antioxidant active polyphenol,

a phenoxy radical is formed, which can be stabilized by the migration of the unpaired electron.

The flavonoid quercetin is able to inhibit the autoxidation of polyunsaturated fatty acids.

However, its main task is to scavenge superoxide anions, see Figure 7 (Watzl & Leitzmann,

2005).
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4.5. Polyphenoloxidases

Polyphenoloxidases are copper-containing enzymes that catalyze redox reactions.

Polyphenoloxidases, which belong to the enzyme class of oxidoreductases (EC 1.14.18.1),

include the enzymes tyrosinase (EC 1.14.18.1), catecholoxidase (EC 1.10.3.2), and laccase

(EC 1.10.3.2) (Gerdemann et al., 2002). In the literature, the generic term PPO has become

established for the three enzymes (Jeske et al., 2019; Marusek et al., 2006; Rescigno et al.,

2002; Salzbrunn, 2007).

Figure 7: Reaction mechanism for scavenging superoxide anions using quercetin as an example
(own illustration according to Nimse & Pal, 2015).

They occur both membrane-bound in chloroplasts and non-membrane-bound in

mitochondria, whereas their substrates, the phenolic compounds, are localized in the vacuole.

After rupture of the cell by wounding, infection or crushing, the membrane is lysed and only

then enzyme and substrate come into contact (Carbonaro & Mattera, 2001; Pizzocaro et al.,

1993; Song et al., 2007). In the presence of oxygen, the enzyme catalyzes the o-hydroxylation

of monophenols (monophenolase or cresolase activity) to catechols and the two-electron

- H

O2
-
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oxidation of o-diphenols to the corresponding o-quinones (diphenolase or catecholase

activity) (Figure 8) (Belle, 2013; Burton, 1994; Gerdemann et al., 2002; Mayer, 2006).

In a non-enzymatic reaction, the o-quinones polymerize to melanins. These polymeric

pigments are perceived as brown areas of fruit flesh. Oxidation of other phenolic compounds

by o-quinones is also possible, resulting in further browning of the flesh. As a result of the

biochemical reactions in the cells, in addition to optical and sensory changes, there is above

all a loss of the phenolic compounds as nutrients (Amiot et al., 1992; Pizzocaro et al., 1993).

Figure 8: Reaction scheme of the catalyzed oxidation of phenolic compounds by the PPOs
tyrosinase (Ty) and catecholoxidase (CO) (own illustration according to Belle, 2013).

Figure 8 shows the reaction pathway of the catalyzed oxidation of phenolic compounds by

tyrosinase and catecholoxidase. Here, tyrosinase can catalyze the reaction of both

monophenols and o-diphenols, whereas catecholoxidase can only oxidize o-diphenols as

substrate (Belle 2013, Gerdemann et al., 2002). The enzyme activities are pH-dependent, with

pH optima ranging from 5 to 7.5 depending on the substrate. Under basic conditions, none of

the enzymes shows significant activity (Belle 2013). Laccases can oxidize various aromatic and

non-aromatic compounds by a radical-catalyzed reaction mechanism such as o-dichinones, p-

diphenols, acyrlamines, and aminophenols, as well as catalyze other reactions of phenolic

compounds such as demethylations and (de)polymerizations (Claus, 2004; Mayer & Harel,

1979; Mayer, 1987; Tron, 2013; Walker & Ferrar, 1998).

PPOs consist of several subunits with two copper-binding sites in their active site. Here, copper

is bound by six or seven histidine residues and one cysteine residue. Depending on the position

of the copper atoms, the active site is called the CuA atom (left) and the CuB atom (right).

During the catalytic cycle, the dinuclear copper center goes through three different forms at

different stages (Fig. 9): a native met state (CuII-CuII), a reduced deoxy state (CuI CuI), and an

oxy state with a dicopper center bound disoxygen (CuII-O2-CuII) (Belle 2013). Figure 9 shows

monophenolase
activity

diphenolase
activity

O2 H2O

Ty

½ O2 H2O

Ty, CO
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the mechanisms of enzymatic oxidation by monophenolase (cresolase) and diphenolase

(catecholase) activity (Belle 2013; Rolff et al., 2011; Solomon et al., 1996; Tepper et al., 2010).

The monophenolase cycle begins with the reduced deoxy form of the copper center. Through

the addition of molecular oxygen, a conversion to the reactive oxy form takes place.

Subsequently, the hydroxyl group of a monophenol binds to one of the two copper atoms,

here CuB atom. Here, the aromatic ring is aligned with the bound peroxide. In this step, the

phenol releases a proton, and the binding of the phenol occurs. This is followed by selective

o-hydroxylation by electrophilic aromatic substitution, the rate of which is determined by the

electron donor ability of the para substituents of the phenol substrate. The electrophilic

property of the peroxide ligand is due to the strong charge orientation of the peroxo group

(O-O) into the copper centers. Simultaneously with the o-hydroxylation, the peroxo bond is

cleaved. Finally, the complexed o-diphenol is directly oxidized to the o-quinone, releasing a

water molecule and regenerating the deoxy form of the copper (Cu) center (Belle 2013; Rolff

et al., 2011; Solomon et al., 1996; Tepper et al., 2010).

Figure 9: Schematic representation of the enzymatic oxidation of phenolic compounds by
monophenolase and diphenolase activity (Belle 2013; Rolff et al., 2011; Solomon et al., 1996;
Tepper et al., 2010).

The diphenolase cycle describes the conversion of two diphenol molecules into the

corresponding quinones. Analogous to the monophenolase cycle, the diphenolase cycle also
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starts with the conversion of the deoxy form into the oxy form by oxygen uptake.

Subsequently, a diphenol molecule binds to the oxy-form and transfers two electrons to the

peroxide of the deoxy-form to convert it to water. After dissociation of the quinone, the

enzyme remains in the met form. The second diphenol molecule then binds to the met form

and donates electrons to the Cu (II) ions, producing the reduced deoxy form. Binding of the

diphenol to the met form results in the transfer of a proton from the diphenol to the hydroxide

ligand of the met form and the concomitant dissociation of the water molecule of its bridging

position (Rolff et al., 2011; Solomon et al., 1996; Tepper et al., 2010).

PPOs occur ubiquitously in animals, plants, fungi, and bacteria. In plants, they are probably

part of the defense mechanism, as a positive correlation between PPO levels and resistance

to pathogens and herbivores has often been observed (Mayer 2006). In apples, the effect of

harvest maturity and storage conditions on PPO activity has been studied (Schmitz-Eiberger &

Matthes, 2011). Other proposed functions of PPOs in plants include participation in

photosynthesis (Gerdemann et al., 2002; van Gelder et al., 1997; Walker & Ferrar, 1998) and

flower pigment formation (Gerdemann et al., 2002; Nakayama et al., 2000).

4.6. Apple allergy

4.6.1. Role of pathogenesis-related (PR) proteins in the plant

Due to the lack of an immune system in plants, they have to protect themselves from

pathogens as well as herbivorous insects by different strategies. To this end, plants firstly

establish a physical barrier by strengthening their cell walls and produce antibiotics, so-called

phytoalexins, and accelerate cell death to suppress the spread of infectious pathogens

(Hoffmann-Sommergruber, 2000).

In addition, a number of proteins are encoded by the host and induced by various types of

pathogens (viruses, bacteria, and fungi) or by chemicals such as ethylene and salicylic acid,

mimicking the effect of pathogen infection and thus inducing stress (Stintzi et al., 1993). These

proteins are referred to as pathogenesis-related proteins. The biochemical characteristics of

PR proteins are low molecular weight, stability at low pH, and resistance to proteases

(Hoffmann-Sommergruber, 2000). The biological functions of PR proteins in plants are

versatile, ranging from antifungal, antibacterial, antiviral, insecticidal, and nematocidal

(Edreva, 2005; Hejgaard et al., 1991).
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The family of PR-10 proteins, also known as Bet v 1 homologs, is ubiquitously distributed in

plants (Fernandes et al., 2013). Different stresses specifically induce gene expression so that

plant defense function can be enabled. Bet v 1-related members include diverse pollen and

food allergens and are particularly abundant in the plant families Rosaceae, Fabaceae, Fagales,

and Apiaceae. They are found in pome and stone fruits (apples, cherries, apricots, peaches),

nuts (hazelnuts), and legumes (soybeans, peanuts) (Hauser et al., 2008).

4.6.2. Reactions of immune system in apple allergy

Apple allergy is classified as an immunoglobulin E (IgE)-mediated food allergy (Kleine-Tebbe &

Jakob, 2015; Kleine-Tebbe et al., 2016; von Baehr, 2017). Food allergies are based on a

misdirected immune response and hypersensitivity of the adaptive immune system to food

proteins. IgE-mediated food allergies are divided into primary and secondary groups. While

primary food allergies are based on sensitization of IgE to animal or plant proteins, secondary

food allergies are based on cross-reactions between IgE primarily sensitized to pollen proteins

and homologous allergen structures in plant foods. Thus, apple allergy is a secondary IgE-

mediated food allergy (Kleine-Tebbe et al., 2016).

This falls under the classification of pathogenic immune reactions established by Gell and

Coombs in 1963, type I reaction and is also referred to as immediate type. Upon initial contact,

allergen-specific IgE antibodies are formed in type I allergy, which bind to the surface of mast

cells or basophilic granulocytes via the so-called Fc receptors (Ring 2007; von Baehr 2017).

When bridging of at least two IgE molecules on the surface of mast cells or basophils occurs

by binding of the antigen or allergen, mast cells or basophils are activated. This leads to

degranulation of mast cells and basophilic leukocytes and subsequent release of preformed

vasoactive inflammatory mediators such as histamine (Fig. 10) (Gallin et al., 1992; Ring, 2007).

The classic symptoms, such as wheal, redness, and itching, occur within seconds to minutes

upon dual contact with allergens (Gell & Coombs, 1963; von Baehr, 2017).

4.6.3. Allergenic proteins in apples

In addition to the nutritive ingredients, apples also contain various allergenic proteins. Table 6

shows an overview of the four, so far known, groups of allergenic proteins in apples: Mal d 1,

Mal d 2, Mal d 3, and Mal d 4 (Grafe, 2009; Kleine-Tebbe et al., 2016). The nomenclature of
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the immediate-type allergens indicates the botanical name (genus and species) and the order

of their first description based on the numbering (Kleine-Tebbe & Jakob, 2015).

Figure 10: Reaction mechanism of type I allergy/immediate reaction (own illustration
according to Gallin et al., 1992; Ring, 2007).

Mal d 1 Mal d 2 Mal d 3 Mal d 4

Molecular
weight 17,65 kDa 25,68 kDa 11,41 kDa 13,96 kDa

Clinical
symptoms

oral allergy
syndrome

(OAS)
--

generalized
symptoms --

Protein family PR-10 PR-5 PR-14 Profilin
Homology/
Cross-reactivity

Bet v 1 thaumatin-like
protein (TLP)

non-specific
lipid transfer

protein (nsLTP)

Bet v 2

Function in
the fruit

fruit ripening;
defense against

pathogens

antifungal transport of
fatty acids and

cell wall
components

--

Localization in
the fruit

in pulp and peel in ripe fruit mainly in the
peel

mainly in fruit
pulp

Properties sensitive to
acid, heat,
enzymes

--
resistant to acid

and heat
--

Occurrance of
allergy

Northern and
Central Europe -- Mediterranean

region
--

Table 6: Properties of the four groups of Mal d family allergens (Ballmer-Weber & Hoffmann-
Sommergruber 2011; Gomez et al., 2014; Kleine-Tebbe & Jakob, 2015).

Among them, the major allergen Mal d 1 is most important in Northern and Central Europe

and leads to oral allergy syndrome in apple allergic patients (Gomez et al., 2014). Mal d 1 has

a molecular weight of 17.65 kDa and is a Bet v 1 homologous protein belonging to the PR-10

Y

YY

mast cell with
specific IgE

degranulation
histamine release

antigen
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family. Bet v 1 homologs are proteins that have molecular similarity to Bet v 1, causing

allergenic cross-reactions. Bet v 1 is the major allergen of warty birch (Betula verrucosa) and

induces more than 95% of IgE binding to birch pollen allergens and represents the most

common cause of pollen-associated food allergies in Northern and Central Europe (Ballmer-

Weber & Hoffmann-Sommergruber, 2011; Kleine-Tebbe & Jakob, 2015). The two allergens

Mal d 1 and Bet v 1 are recognized by the same antibody. Thus, apple allergy often develops

on the basis of sensitization by birch pollen (Grafe, 2009; Paschke, 2008). Mal d 1 shows high

homology to the sequence and structure of Bet v 1, so that cross-reactions are common

(Gilissen et al., 2005; Gomez et al., 2014; Hoffmann-Sommergruber, 2005; Jenkins et al.,

2005). The amino acid sequence identity of Mal d 1 and Bet v 1 is 64.5% (Krath et al., 2009).

Figure 11 illustrates the structures of Mal d 1 and Bet v 1, explaining the cross-reactivities.

More than 70% of patients with birch allergy develop allergic cross-reactivity to Mal d 1

(Ahammer et al., 2017).

Figure 11: Amino acid similarities between Bet v 1.0101 and Mal d 1.0101 using a color
gradient from purple (very similar) to blue-green (very different). Epitope residues that differ
between Bet v 1.0101 and Mal d 1.0101 are labeled (Ahammer et al., 2017).

The protein is produced during fruit ripening and to defend against pathogens. Mal d 1 is

expressed in equal amounts in the fruit flesh and peel of apples and is both acid and heat

sensitive (Marzban et al., 2005). Due to denaturation of the protein in the acidic environment

of the stomach after consumption, the accompanying allergic reactions in the form of the oral

allergy syndrome (OAS) are weak. There are mainly oral symptoms such as irritation of the

mouth and throat, which manifest themselves as tingling or swelling. Heated apple products

(above 60°C), such as pasteurized juice, are usually harmless to allergy sufferers from

Northern and Central Europe and are well tolerated because the protein has been denatured

(Grafe, 2009; Kleine-Tebbe et al., 2016; Marzban et al., 2005; Paschke, 2008; von Baehr, 2017;
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Worm et al., 2014). Southern Europeans show almost no allergic reactions to the protein Mal

d 1, because birch trees are scarcely native in these regions and therefore hardly any

sensitization by birch pollen can occur. In these regions, allergic individuals react

predominantly to Mal d 3, often experiencing severe reactions, also referred to as generalized

symptoms (Gomez et al., 2014).

Mal d 3 is a protein weighing 11.41 kDa and belongs to the superfamily of prolamins,

specifically PR-14 proteins, and belongs to the subgroup of nsLTP proteins. These are acid and

heat resistant and insensitive to enzymes, therefore allergic reactions such as gastric,

intestinal or circulatory complaints up to anaphylactic shock occur, which are much stronger

than with Mal d 1 (Grafe, 2009; Marzban et al., 2005; Paschke, 2008). Thus, severe allergic

symptoms can also occur when processed apples are consumed (van Ree et al., 1997). The

protein is mainly localized in the peel of the fruit, where it performs a function in the transport

of fatty acids and cell wall components (Marzban et al., 2005).

Compared to Mal d 1 and Mal d 3, allergic reactions to Mal d 2 and Mal d 4 occur extremely

rarely and are of lesser importance for the allergenic potential of apples (Paschke, 2008).

Mal d 2 is a thaumatin-like protein and belongs to the PR-5 family (Krebitz et al., 2003). It is

characterized as an antifungal protein and is abundant in ripe apple fruit (Botton et al., 2008).

Furthermore, it is particularly resistant to protease and heat treatments due to its eight

disulfide bridges (Oh et al., 2000; Breiteneder & Ebner, 2000).

With respect to Mal d 4-related allergies, a prevalence similar to that of Mal d 3 has been

frequently reported (van Ree et al., 1995), occurring predominantly in the Mediterranean

region. These allergens include to the profilin protein family and are also involved in allergic

reactions to fruits of other species (Asero et al., 2003; Scheurer et al., 2001; Wensing et al.,

2002; Westphal et al., 2004), with strong cross-activity with the birch pollen profilin Bet v 2

(van Ree et al., 1995).

The extent of the allergic reaction is determined by various factors. The decisive factor is the

concentration of the allergen in the consumed product. Allergy sufferers also have varying

degrees of sensitivity, so that the threshold concentration that leads to an allergic reaction

can vary greatly from individual to individual. Cross-allergy also contributes to the overall

allergic potential of a food. Another factor that influences allergic potential is the presence of

different isoforms, which have different allergenic potential. This is due to the fact that these
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proteins are sometimes encoded by different genes, with slight differences in molecular

structure. The body reacts differently to the different types (Grafe, 2009; Paschke, 2008).

It has been shown that the Mal d 1 content varies greatly in different varieties (Marzban et

al., 2005; Sancho et al., 2006). Therefore, a distinction is made between allergy-tolerant and

allergy-intolerant varieties. The federation for environment and nature conservation (BUND)

Lemgo has published a corresponding overview with recommendations of individual varieties

for apple allergy sufferers. The old apple varieties, which include the 'Gravensteiner', 'Roter

Boskoop', and 'Berlepsch', are considered to be particularly tolerable. These usually have only

a low content of the allergenic protein Mal d 1. Apples of the new varieties, on the other hand,

such as 'Golden Delicious', 'Jonagold', 'Elstar', or 'Granny Smith' trigger reactions in a large

number of allergy sufferers (BUND-Ortsgruppe Lemgo, 2021). Apples of the "new" varieties,

in which the polyphenol content has been reduced by breeding for taste reasons, often have

a higher Mal d 1 content in connection with this and are thus considered to be allergy

provoking. A direct correlation between decreasing polyphenol content and increasing

Mal d 1 content is therefore suspected (Lewitzki, 2020).

However, variations also occur within a variety, mainly due to different site-related

environmental conditions, the stage of ripeness and storage types or durations (Matthes &

Schmitz-Eiberger, 2009; Sancho et al., 2006; Zuidmeer et al., 2006). This is due to the fact that

the protein is synthesized mainly in stress situations, which can be caused by environmental

and cultivation conditions, storage types, or the duration of storage. Thus, a variety

considered to be not allergy provoking may also have a higher Mal d 1 content. It has already

been demonstrated that the Mal d 1 content in the fruit increases during the storage period

after harvesting. This is due to degradation processes, which represent a stress situation in

the apple (Matthes & Schmitz-Eiberger, 2009; Sancho et al., 2006).

In addition, the influence of the phenolic content in apple on the Mal d 1 content is also

discussed. An enzymatic conversion of the polyphenols to quinones could lead to the reaction

of these with a part of the proteins and thus also of the allergens to form polymeric structures.

These are no longer recognized by the immune system as foreign substances, which means

that an allergic reaction does not occur and allergenicity is reduced. However, polyphenols

and Mal d 1 proteins are located separately in the cell. Only during the chewing process the

allergens and polyphenols or quinones come into contact, so that reactions can occur. It is
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questionable whether a corresponding reaction between quinones and allergens can still take

place effectively in the short time available (Grafe, 2009; Neumüller, 2021).

4.7. Phenol-protein interactions

Interactions can occur between phenolic compounds and proteins, which are divided into

non-covalent or reversible bonds and covalent or irreversible bonds. Figure 12 shows an

overview of reversible interactions, which can occur via hydrogen bonds, electrostatic

interactions, hydrophobic interactions, van der Waals forces, and ionic bonds (Haslam, 1996).

Here, hydrophobic interactions occur between aromatic rings of polyphenols and hydrophobic

sites of proteins such as alanine, valine, isoleucine, leucine, methionine, phenylalanine,

tyrosine, tryptophan, proline, and glycine residues. Amino acids such as lysine, arginine,

histidine, asparagine, glutamine, serine, threonine, aspartic acid, glutamic acid, tyrosine,

cysteine, and tryptophan, on the other hand, can be bound to phenolic compounds by

hydrogen bonds that can occur between their nitrogen or oxygen and hydroxyl groups of

phenols (Prigent, 2005; Rawel & Rohn, 2010). The other non-covalent interactions play only a

minor role (Le Bourvellec & Renard, 2012). Non-covalent binding of the phenolic compounds

chlorogenic, ferulic, and gallic acids, as well as quercetin, rutin, and isoquercetin to various

proteins is influenced by the protein structure, i.e., amino acid sequence, and the resulting

structural conformation, as well as by external conditions such as pH, temperature, and ionic

strength (Le Bourvellec & Renard, 2012; Rawel et al., 2005; Rawel et al., 2006).

Polyphenols and especially their oxidation products, quinones, are among the most reactive

ingredients in apples. Irreversible interactions between phenols and proteins occur due to the

reaction of phenols as phenoxy radical, quinone, or semiquinone radical (Kroll et al., 2003;

Selinheimo et al., 2007). This is influenced by the redox capacity of the phenolic compounds

(Alu'datt et al., 2013; Brudzynski et al., 2013; Han & Koh, 2011; Liu et al., 2015; Swieca et al.,

2013).

The oxidative degradation of phenolic compounds catalyzed by PPO leads to the formation of

o-quinones. Since these are reactive, they can subsequently form dimers with other phenolic

compounds as well as adducts with proteins. The dimers can be reoxidized and covalently

cross-link to proteins. Adduct formation occurs via a Michael reaction with nucleophilic

centers of proteins such as primary amino groups (lysine residues), thiol groups (cysteine
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residues), thioether groups (methionine residues), and indole rings (tryptophan residues) due

to the eletrophilic nature of quinones (Kroll et al., 2003; Le Bourvellec & Renard, 2012;

Machholz & Lewerenz, 1989; Rawel & Rohn, 2010). Figure 13 shows the mechanism of

reaction of o-quinones with functional side chains of proteins.

Figure 12: Overview of reversible interactions between phenolic compounds and proteins
(own illustration according to Assano et al., 1982; Le Bourvellec & Renard, 2012).
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Figure 13: Reaction mechanism of o-quinones with functional side chains of proteins (own
illustration according to Machholz & Lewerenz, 1989).

After addition to a protein side chain, the phenolic compounds remain reactive. Therefore,

there is the possibility of reoxidation, which can lead to binding of another protein. This

reaction, called protein cross-linking (cross-links), leads to the formation of dark-colored

protein complexes with high molecular weight (Rohn, 2014). Figure 14 shows the reaction

mechanism of protein cross-linking.

Phenol-protein interactions can lead to the formation of the following three types of products:

(A) simple reaction products in which individual phenolic compounds are bound to a specific

amino acid chain, (B) mixed reaction products consisting of monomers and bound oligomers,

(C) complex cross-linked proteins and variations thereof (Fig. 15) (Rohn, 2014). Since covalent

interactions are irreversible, they can lead to changes in secondary and tertiary protein

structures as well as alter protein solubility and thermal stability (Dunn et al., 2015; Kroll et

al., 2003; Ozdal et al., 2013).

Protein-S-CH3 o-quinone

2 Protein-SH Protein-S-S-Protein

Protein-NH2 Protein-SH
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Figure 14: Reaction of o-quinones with functional side chains to form protein crosslinks (cross
left) (own illustration according to Rohn, 2014).

Protein-NH2 Protein-SH
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4.8. Analytical methods

4.8.1. Determination of polyphenoloxidase activity

Quantitative determination of the catalytic activity of PPO is performed by measuring the

conversion rate of the substrate used, catechol, by the enzyme PPO. Catechol is oxidized to

quinone by the activity of PPO, see Figure 16

and product, photometry can be used to determine enzyme activity.

Figure 16: Reactions of PPO as (a) monophenolase: in the presence of oxygen, the
hydroxylation of phenols to catechols is catalyzed. And as (b) o-diphenolase: the catechols are
oxidized to o-quinones by the activity of PPO (Burton, 1994; Mayer, 2006).

Figure 17 shows an example of the reaction course of the PPO. Due to the activity of the PPO,

the concentration of quinones increased steadily and reached a maximum after about ten

minutes. The PPO was then probably inhibited by the high concentration of the products

formed, so that the concentration slowly decreased. Within the first minute, the increase in

concentration followed a linear function, so the change in absorbance within the first minute

could be used to determine the activity of the PPO.

Figure 17: (A) Reaction course of PPO over 30 min by formation of quinones. (B)
Determination of the linear section of the reaction course of PPO.

The activity of the PPO was calculated from the difference in the increase in absorbance,

taking into account dilution factors, sample volume and initial weight. The catalytic activity is

expressed in units (U). One unit corresponds to one µmol substrate turnover per minute and

(b)(a)

½ O2½ O2
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describes the reaction rate at which an enzymatic reaction proceeds (Bisswanger, 2015;

Kolodziejcyk et al., 2010). In enzyme reactions, the general conditions specific to the enzyme

must be maintained. These include the pH, temperature, and concentration of substrates and

cosubstrates. The amino acids in the active site of the enzyme have functional groups that are

dissociated depending on the pH; only then the substrate can bind to the active site. If the pH

is too acidic, denaturation can lead to a change in the tertiary structure of the proteins,

resulting in inactivation of the enzyme. Therefore, buffer solutions must be used for extraction

(Bisswanger, 2015). The PPO has two pH optima at pH 5.1 and pH 7.3, and the buffer solution

can stabilize the pH of a solution even when the hydroxyl or oxonium ion concentration

changes (Gey, 2012; Janovitz-Klapp et al., 1989).

4.8.2. Determination of the total phenolic content according to FOLIN-CIOCALTEU

Total phenolic content can be determined using the FOLIN-CIOCALTEU assay and is based on the

redox reaction of phenolic compounds with tungstophosphoric acid (TPA) and

molybdophosphoric acid (Mo) and contained in the FOLIN-CIOCALTEU reagent. The reagent has

a yellow color in acidic conditions. Phenols exhibit reducing properties and can reduce the

ions, and the phenolic compounds are oxidized in the process. The partial reduction of the

oxidation state leads to the formation of a complex and to a color change from yellow to blue,

see Figure 18 (Al-Duais et al., 2009; Singleton & Rossi, 1965).

TPA+VI / Mo+VI TPA+V / Mo+V

(light yellow) (dark blue)

Figure 18: Color change in the FOLIN-CIOCALTEU reagent due to a reduction.

The absorbance can be measured photometrically at 765 nm. The color intensity here depends

on the polyphenol content; the higher the content of phenolic compounds, the more ions of

the reagent are reduced and the stronger the blue coloration appears. Since the phenolic

compounds are only present in their dissociated form in an alkaline environment, the reaction

is pH-dependent and can occur under alkaline conditions. Gallic acid, an aromatic compound

of the hydroxybenzoic acid class, is used for calibration and the results are expressed as gallic

acid equivalents (GAE). When using THE FOLIN-CIOCALTEU method, it must be taken into account

that not only phenolic compounds but also other substances with reducing properties are

recorded. These include, for example, ascorbic acid or reducing sugars, which are also found

Reduction
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in plant foods. These also lead to the reduction of molybdate and tungstate ions and thus to

a color change (Al-Duais et al., 2009; Singleton & Rossi, 1965).

4.8.3. Photometric determination of antioxidant activity

Antioxidant activity is the extent to which substrates are protected from oxidative attack. The

determination of this parameter is important in nutritional research as well as for the food

industry. Oxidative processes of cellular components play an important role in the

development of various diseases. Therefore the determination of AOA of tissues of the

organism is also important. As antioxidants from food have a protective influence on the

pathogenesis of various diseases, the AOA of foodstuffs as well as of individual ingredients is

determined (Güngör et al., 2011; Ou et al., 2002; Özyürek et al., 2011). The determination of

the AOA is performed using some established rapid tests, but there are significant differences

in radical sources, substrates, reaction conditions, and quantification methods (Frankel &

Meyer, 2000), so that the results are only comparable to a limited extent. A standardized

method does not exist yet.

Antioxidant activity can be determined using various photometric methods, these differ in the

chemical reactions on which the methods are based. In principle, there are two different

approaches for measuring the AOA: a distinction is made between electron transfer (ET) and

hydrogen atom transfer (HAT). ET-based methods, which are based on a redox reaction with

an oxidizing agent as the detection of the endpoint of the reaction, include the TEAC assay

and also the FOLIN-CIOCALTEU determination of total phenolic content. HAT-based methods are

based on the interaction of a synthetic free radical with an oxidizable sample and the

antioxidants it contains. These include the ORAC assay (Huang et al., 2005).

The Trolox Equivalent Antioxidant Capacity assay is one of the electron transfer methods. The

2,2 -Azino-di(3-ethylbenzthiazoline-6-sulfonic acid) (ABTS) radical used as reagent is first

generated by oxidation with the addition of potassium peroxodisulfate (K2SO4). In this process,

a coloration of the colorless ABTS to the blue-green radical takes place. The presence of

antioxidant substances such as phenolic compounds leads to the reduction of the radical and

the associated loss of color, see Figure 19. The attenuation of the absorbance can be measured

photometrically at 734 nm. This is an endpoint measurement. Trolox, a synthetic hydrophilic

vitamin E analog, is used for calibration. The antioxidant activity of a substance is expressed

as Trolox equivalents (TE) (Huang et al., 2005; Re et al., 1999).
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Figure 19: Reaction mechanism of ABTS (own illustration according to Huang et al. 2005).

The principle of the Oxygen Radical Absorbance Capacity Test method is based on the reaction

of the artificial radical generator 2,2 -azobis(2-methylamidinopropane)dihydrochloride

(AAPH) with the fluorescent dye fluorescein. Fluorescein exhibits nearly constant fluorescence

over time at neutral pH, and is used as a negative control to measure fluorescence. In the

presence of oxygen, oxidation of AAPH to peroxyl radicals occurs at temperatures above 30°C.

The radicals generated oxidize fluorescein resulting in a loss of fluorescence. In the presence

of antioxidants, the reaction of the radicals with the antioxidants occurs due to the property

of the antioxidants as radical scavengers or reducing agents (see Fig. 20). The reaction with

fluorescein is delayed depending on the type and amount of antioxidants present. Since this

is a progression measurement, the reaction is measured until all antioxidants and the

fluorescein have been oxidized by the peroxyl radicals, therefore fluorescence is no longer

measurable (Huang et al., 2002; Ou et al., 2001).

Figure 20: Reaction scheme of fluorescein with the radical generator AAPH (own illustration
according to Huang et al., 2002).

The fluorescence measured over time is plotted as a sigmoid curve. The area under the curve

(AUC) corresponds to the AOA. The delay in the decrease in fluorescence caused by the

T > 30°C

+ O2 - N2

Antioxidans

K2SO4

Fluorescein Fluorescence loss

Antioxidans
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antioxidants is used as a measure of the AOA of the sample. The ORAC value is expressed in

Trolox equivalents per volume or unit weight of the sample, e.g., mmol TE/100 g or mmol

TE/100 mL. Unlike other methods of measuring AOA, ORAC is a progression measurement,

meaning that the antioxidant reaction is measured throughout its course. This takes into

account antioxidants that slow down the reaction rate as well as antioxidants that prolong the

reaction time. Time point measurements such as TEAC only allow determination of AOA at

one time point (Huang et al., 2002).

4.8.4. Total protein determination according to BRADFORD

Total protein determination according to BRADFORD is used to quantify the protein content.

This photometric method is based on a group of blue acid dyes, Coomassie Brilliant Blue G250

(Fig. 21) and can be performed in 96-well microtiter plates. Thus, it is fast and easy to handle

and also provides good reproducibility and sensitivity. Coomassie-Brilliant Blue binds non-

specifically to the cationic and non-polar hydrophobic side chains of proteins in an acidic

environment. This leads to a shift of the absorption maximum of the dye from 465 nm (red)

to 595 nm (blue). It is assumed that here the unprotonated, anionic sulfonate form is stabilized

in a complex. With increasing protein concentration, the absorbance of the solution increases

accordingly. When determining a protein mixture, standard proteins such as bovine serum

albumin (BSA), chymotrypsin, or lysozyme are used for calibration (Bradford, 1976; Lottspeich

& Engels, 2006).

Figure 21: Chemical structural formula of Coomassie Brilliant Blue G250 as sodium salt (own
illustration according to Bradford, 1976; Lottspeich & Engels, 2006).
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4.8.5. Discontinuous sodium dodecyl sulfate-polyacrylamide gel electrophoresis

Discontinuous SDS-PAGE is an analytical method for the separation of proteins in a protein

mixture, which mainly allows qualitative statements about the proteins. The separation is

based on the molecular weights of the individual proteins. An acrylamide-based discontinuous

gel is used as the separation medium, which is composed of a wide-mesh collection gel and a

narrow-mesh separation gel. The gels are prepared in a free-radical polymerization of

acrylamide and N,N'-methylenebisacrylamide, which serves as a crosslinker. The ratio

between acrylamide and crosslinker determines the pore size of the three-dimensional

crosslinked gel. To initiate the radical polymerization, a radical initiator, such as ammonium

peroxodisulfate, which is homolytically cleaved in solution and thus readily decomposes into

free radicals, is required. In addition to the reagents described, a tetramethylethylendiamine

(TEMED) solution is required to act as a polymerization catalyst to accelerate the reaction. The

use of a collecting gel or a separating gel buffer, which contain tris(hydroxymethyl)-

aminomethane (TRIS) and SDS in different compositions, is used to adjust the desired pH in

the respective gels. The collection gel has a pH of 6.8, while the separation gel has a pH of 8.8.

The gels are prepared in a gel cassette in which the gels are layered on top of each other. First,

the narrow-pore release gel is poured. After the polymerization time, the collection gel is then

added. Plastic combs are inserted into the still liquid gel to form pockets into which the

samples are pipetted for electrophoretic separation.

A reduction buffer consisting of TRIS, glycerol, SDS, 2-mercaptoethanol, and bromophenol

blue was added to the protein extracts to be applied and heated to 95°C. Here, the anionic

surfactant SDS serves to mask the intrinsic charges of the proteins by attaching its hydrophobic

moiety to the hydrophobic side chains of the proteins. On average, 1.5 molecules of SDS bind

per peptide bond. The attachment causes the intrinsic charge of the proteins to be masked by

the negative charge of the SDS, creating a uniform overall charge in them. This is dependent

on the molecular weights of the proteins, since more molecules of SDS can attach as the size

of the proteins increases. The use of 2-mercaptoethanol in combination with heating leads to

the cleavage of disulfide bridges and thus to the denaturation of the proteins. At the same

time, renaturation, which would occur with heating alone, is prevented. Therefore, by using

the listed chemicals, separation of proteins is possible regardless of their secondary or tertiary

structure as well as intrinsic charge (Gey, 2008; Matissek et al., 2014).
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Figure 22: Set-up of a vertical electrophoresis apparatus for SDS-PAGE (according to Gey,
2008).

Figure 22 shows the schematic structure of a gel electrophoresis apparatus consisting of

collection and separation gels arranged vertically on top of each other. The protein extracts

mixed with reduction buffer are first applied to the sample pockets of the collection gel and

overlaid with running buffer. The collecting gel has the task of focusing the proteins in protein

stacks in order to obtain increased resolution and band sharpness with the aid of the chloride

ions and glycine contained in the running buffer. To identify the protein bands, a molecular

weight marker is also used and pipetted into a sample pocket.

By applying an electric voltage, the SDS-protein complexes migrate in the electric field towards

the anode. The chloride ions in the collection gel buffer have a high electrophoretic mobility

and are therefore referred to as conducting ions. In contrast, glycine has almost no

electrophoretic mobility because the pH of the collection gel buffer is very similar to the

isoelectric point of glycine (6.06). It is therefore also referred to as a subsequent ion. In the

collection gel, a field strength gradient finally builds up between glycine as the following ion

and chloride as the conducting ion when an electrical voltage is applied, which ensures that

the proteins are focused. The proteins arrange themselves according to their isoelectric point,

leading to the formation of protein stacks. Once the glycine reaches the separation gel, the

electrophoretic mobility increases due to the increase in pH. Glycine is present deprotonated,

correspondingly rushing ahead of the proteins and overtaking the chloride ions. This causes

the protein stacks to dissolve. In this case, gel electrophoretic separation at constant field

anode

cathode

buffer

buffer

small proteins

big proteins

separating gel

collecting gel

glass plates
sample bags
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strength depends on the molecular weight of the individual proteins (Gey, 2008; Matissek et

al., 2014).

After electrophoresis, the protein bands must be fixed and stained. This is very often done

using a Coomassie Brilliant Blue solution with a methanol additive. In this case, the staining

principle corresponds to that of the total protein determination according to BRADFORD.

Alternatively, silver staining can also be performed. This is characterized by a higher

sensitivity, but is associated with a significantly higher workload and the use of hazardous

chemicals (Holtzhauer, 1996). After staining and fixation, the unknown protein bands of the

samples can be compared with the known molecular weights of the recombinant proteins of

the marker and thus identified (Gey, 2008; Matissek et al., 2014).

4.8.6. Enzyme-linked Immunosorbent Assay

ELISA is a frequently used method for the identification and quantification of allergens in food

and is characterized by a high sample throughput combined with a high specificity and

sensitivity. It is an immunochemical method and is based on an enzymatic color reaction using

antibodies that interact with antigens in a specific antigen-antibody manner. The binding

works according to the lock-and-key principle. The antigen binding site of the antibody is

called "paratope". The corresponding binding site on the allergen is called "epitope". With the

help of enzyme-labeled antibodies, a dye can be produced by conversion of a substrate,

allowing the measurement to be detected photometrically (Matissek et al., 2014).

Antibodies are glycoproteins secreted in the human organism to defend against foreign

substances such as viruses or microorganisms. In doing so, they can specifically distinguish

between endogenous and exogenous substances. Also known as immunoglobulins (Ig), they

are divided into the five classes: Immunoglobulins A, D, E, G, and M. They are all present in

the organism at the same time, although their composition differs in the tissues. IgG is the

main component in plasma and therefore has the greatest importance for immunochemistry

(Lottspeich & Engels, 2006). Antibodies for analytical purposes are obtained using laboratory

animals. An appropriate allergen is introduced into the animal body. Through the subsequent

immune response, the organism forms corresponding antibodies, which are isolated from the

animal's blood by purification. In this way, polyclonal antibodies, a mixture of different

antibodies, are obtained. For the synthesis of monoclonal antibodies, after immunization of

the test animal, B lymphocytes, which secrete the monoclonal antibody, are isolated from its



THERORETICAL BACKGROUND

55

spleen cells and fused in vitro with cancer cells. The resulting hybridoma cell line, which arises

from the fusion of two original cells, retains their properties. Thus, this one has the capabilities

to divide indefinitely and produce the desired monoclonal antibody (Matissek et al., 2014).

Both polyclonal and monoclonal antibodies can be used in analytics. The former can react with

multiple epitopes of an allergen and therefore offer the advantage of obtaining amplified

measurement signals due to the possibility of binding with different epitopes of an antigen.

However, this decreases the specificity of binding (Lottspeich & Engels, 2006; Matissek et al.,

2014). Monoclonal antibodies, on the other hand, react only with one epitope of the allergen

and are accordingly more specific.

There are different variants of ELISA, which can basically be divided into direct and indirect

methods. The simplest and usually also most cost-effective method is the direct ELISA. Here,

the allergen to be analyzed is first bound to a microtiter plate by hydrophobic adsorption.

Usually, plates made of polystyrene are used, as this plastic has a high protein binding

capacity. The binding of the antigen to the microtiter plate is subject to an equilibrium

reaction. Thus, in addition to the bound antigen, unbound antigen is also present in solution.

In order for a sufficient amount of antigen to bind to the microtiter plate, an appropriate

incubation time is required. This varies depending on the material to be bound and the pH

and temperature of the solution during the process and can be up to 24 hours. To remove

unbound antigen and other non-binding matrix components, a wash step is then performed

with buffer solutions containing surfactants. To ensure that the antibody reacts only with the

bound antigen in the later course, possible free binding sites on the microtiter plate must be

occupied. The use of BSA or casein is suitable for this purpose. To remove excess unbound

blocking reagent, another washing step is performed. This is followed by the addition of a

detector antibody that specifically binds to the antigen. The blocking reagent is thus not

detected. For detection, an enzyme-labeled antibody is used that converts a substrate into a

colored product, the absorbance of which can subsequently be determined photometrically

(Ganten & Ruckpaul, 1997; Kaufmann, 2014; Luttmann et al., 2014).

Another variant is the indirect ELISA. Here, the principle corresponds fundamentally to that of

the direct ELISA. In contrast to direct ELISA, in which only an enzyme-labeled detector

antibody is used, indirect ELISA first uses a primary antibody that binds to the target antigen.

In a second step, the enzyme-labeled antibody designated as secondary then binds for
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detection. This gives a higher specificity of the measurement (Ganten & Ruckpaul, 1997;

Kaufmann, 2014; Kemeny, 1994; Luttmann et al., 2014; ThermoFisher Scientific, 2021).

Figure 23: Basic principles of a direct and indirect ELISA (own illustration according to
according to ThermoFisher Scientific, 2021).

Figure 23 shows the schematic structure of the direct and indirect ELISA. The use of a

polyclonal antibody is recommended as a detector antibody, as this can bind to several

epitopes of the antigen, thus intensifying the signal (Gey, 2008; Kemeny, 1994). The enzyme

horseradish peroxidase (HRP) is frequently used for labeling. It belongs to the class of

oxidoreductases and catalyzes the reduction of peroxides such as hydrogen peroxide so that

a chromogen can be oxidized, forming a colored product. 3,3',5,5'-tetramethylbenzidine

(TMB), which forms a blue dye upon oxidation and has an absorption maximum at 450 nm, is

often used in this process. The coloration of the oxidation product becomes more intense with

increasing incubation time. To stop the enzymatic reaction, sulfuric acid is added after a fixed

incubation time, which destroys the enzyme and no further conversion occurs (Ganten &

Ruckpaul, 1997; Kaufmann, 2014; Luttmann et al., 2014).

After activation by peroxidase, TMB is blue at an absorption maximum of 650 nm, see Figure

24. When sulfuric acid is added, TMB turns yellow at 450 nm. Sulfuric acid is used to induce

the color change.

HRP

HRP

substrate

detector antibody

detector
antibody

secondary
antibodysubstrate

antigen

direct ELISA indirect ELISA

antigen
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Figure 24: Structural formula of TMB; oxidation to blue dye.

From the properties of the oxidation of TMB to the colored end product, various explanations

for the more intense absorption result. On the one hand, the oxidation proceeds via a charge-

transfer complex as an intermediate and is also temperature-, pH-, and time-dependent. This

is an electron-donor-acceptor complex in which charge transfer occurs. By lowering the pH

during measurement, it is believed that autoxidation of the charge-transfer complex to the

final product is achieved. At the same time, a shift of the reaction equilibrium in favor of the

products could also play a role. An influence on the linear absorption of the product is also

conceivable (Bally & Gribnau, 1989).

The intensity of the coloration that occurs is proportional to the concentration of the oxidation

product formed and thus also proportional to the concentration of the antigen (Gey, 2008).

The absorbance can be determined photometrically using a microplate reader. Based on a

calibration with defined different concentrations of the recombinant antigen identical to the

target allergen, the content of allergen in a sample can be quantified.

Another widely used variant of the ELISA is the sandwich ELISA, which is characterized above

all by its high specificity. Direct and indirect detection is possible. An illustration of the basic

principles can be found in Figure 25. In general, the sandwich ELISA is frequently used when

side reactions of the antibodies with sample components other than the target antigen are to

be expected. For this purpose, microtiter plates are usually used that are already coated with

an antibody, also referred to as primary antibody. Here, monoclonal antibodies are

particularly well suited to achieve high specificity, as the binding of non-specific matrix

components, which could sometimes also bind to the detector antibody, is avoided. After

addition of the sample, the contained allergen binds to the antibody. Unbound matrix

components are removed by a washing step with buffer solutions containing surfactants. In

the case of direct detection, this is followed by the addition of a detector antibody, which

simultaneously represents the secondary enzyme-labeled antibody. This also binds to the

- 2 H

+ 2 H
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antigen, but to a different epitope. As in direct ELISA, a substrate (usually TMB) suitable for

the enzyme (usually HRP) is used. The absorbance of the conversion into a colored product is

subsequently determined photometrically for quantification of the allergen contained in the

sample. If detection is indirect, a detector antibody first binds to the antigen. In a second step,

the secondary, enzyme-labeled antibody binds, resulting in higher specificity.

Figure 25: Basic principle of the Sandwich-ELISA ((own illustration according to according to
ThermoFisher Scientific, 2021).

Compared to the simple ELISA, the sandwich ELISA offers several advantages. For example, it

is characterized by a higher specificity, since the analyte is specifically bound to the primary

antibody, while the other components of the samples are removed by the subsequent

washing step. In the direct method, other components of the sample can also adsorb on the

microtiter plate, although it cannot be ruled out that they may later interact with the antibody.

There is also a higher sensitivity with the sandwich ELISA. The antigen to be determined is

aligned by binding to the primary antibody. This avoids partial non-detection due to

misalignment, as occurs with direct ELISA. Here, the antigen is non-specifically bound to the

microtiter plate, so that it cannot be ensured that the antigen is available in the required

configuration for the antibody.

direct detection indirect detection

HRP

HRP

substrate

substrate

secondary antibody/
detector antibody
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antibody
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The disadvantages of the sandwich ELISA are the time required and the costs. Since several

different antibodies are used in this method, a sandwich ELISA is much more expensive to

perform and requires a significantly longer period of time to measure due to the incubation

of each added antibody (Ganten & Ruckpaul, 1997; Luttmann et al., 2014). Therefore,

performing a simple direct ELISA may be preferred due to cost and time constraints. Besides,

its application is advantageous when the analyte is very small, so that the formation of two

antibodies is spatially impossible (Cell Signaling Technology, 2021).

All ELISA variants described so far are non-competitive methods. However, it is also possible

to perform a competitive ELISA, which is used especially for the quantification of very small

antigenes. Figure 26 shows the basic principle of the competitive ELISA. In this case, a defined

concentration of antibody as pure as possible is bound to the microtiter plate at the beginning.

After blocking still unoccupied formation sites with, for example, BSA, the microtiter plate is

incubated with antigen-containing samples and detector antigenes. This causes the antigen

contained in the sample and the detector antigene to enter into a competitive reaction for the

binding sites of the antibody. In a subsequent washing step, among other things, the complex

of free sample antigen and detector antibody is removed so that only the antibody that binds

to the antigen of the microtiter plate is available for detection. Analogous to direct ELISA, a

substrate is then used for detection using the enzyme-labeled antibody. After conversion to

the colored product, photometric detection is performed (Ganten & Ruckpaul, 1997;

Kaufmann, 2014; Luttmann et al., 2014).

Figure 26: Basic principle of the competitive ELISA (own illustration according to ThermoFisher
Scientific, 2021).

antibody

non-target
antigen
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The reaction between antigen and antibody is an equilibrium reaction. It follows that a lot of

antibody will bind to the free antigen if there is a lot of antigen in the sample, which is removed

in the washing step. Consequently, less antibody will bind to the antigen in the microtiter

plate, so a high antigen concentration in the sample will ultimately result in a lower signal

from the assay. Conversely, a high amount of detector antibody binds to the microplate

antigen when little sample antigen is present. This produces a stronger signal (Luttmann et al.,

2014).

Competitive ELISA can be performed by direct or indirect detection, which is analogous to the

detection described for direct ELISA. In the direct variant, an enzyme-labeled antigen is used

as a competitor to the sample antigen. The indirect variant is based on the use of the target

antigen and another, unlabeled antigen, both of which can bind to the bound antibody. A

subsequently added secondary enzyme-labeled antibody specifically binds the sample antigen

and can be measured photometrically by addition of the substrate, as described earlier. In

general, washing and blocking steps are also used in competitive ELISA to avoid extraneous

binding and adulteration by excess antibodies and antigens (Ganten & Ruckpaul, 1997;

Luttmann et al., 2014).
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5. OBJECTIVE OF THE WORK

In the present work, the influence of selenium biofortification of apples on nutritionally

important metabolites of primary and secondary plant metabolism was investigated. The

primary objective of the overalls project BiofortiSe was to increase the selenium content in

the fruits. Furthermore, phenolic compounds and their properties, such as the activity of the

polyphenoloxidases, which catalyze the oxidation of phenolic compounds, and the antioxidant

activity were the main focus of this dissertation. Based on previously conducted studies on

other various fruit and vegetable crops, an increase in antioxidant-active phenolic compounds

was hypothesized. Furthermore, it was also investigated if, and to which extent, the

biofortification also affects the allergenic profile and content of the major allergen Mal d 1 in

the apples. In addition, a correlation between phenolic compounds and the content of

allergenic proteins was suspected, which was examined in further analysis.

For this purpose, apple samples of seven different cultivars, grown in three consecutive years

at two different growing locations, were analyzed. In 2017, apples of the varieties 'Fiesta',

'Golden Delicious', 'Idared', 'Jonagold', and 'Jonica' were cultivated at the Horticultural

Research Station of the Osnabrück University of Applied Sciences, Germany. The varieties

'Boskoop', 'Golden Delicious', Jonagold', and 'Jonica' were cultivated in 2018 also in

Osnabrück. In the following year, apples of the cultivar 'Elstar' were cultivated in an orchard

of a commercial fruit farm in the "Alte Land" region, Jork, Germany. The biofortification with

selenium was performed by foliar fertilization. Different field trials, which differed in the form

of applied selenium (sodium selenite and sodium selenate) as well as in the application level,

were conducted to investigate the influence of different methodical approaches of selenium

fertilization on important quality parameters of the fruits. Due to the experimental conditions,

other possible influencing factors on the above parameters, such as ecophysiological

conditions, could thus also be analyzed.
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6. CUMULATIVE PART OF THE DISSERTATION

The results of the dissertation are presented in the form of scientific manuscripts. They have

been published in the journals Antioxidants, Food Chemistry, and Molecules. The releases of

the publishers for the use of the articles in the present work are available. Supplementary

information on the publications can be found in the appendix under section B.

The publications describe the influence of selenium biofortification of apples of different

varieties on value-giving metabolites of primary and secondary plant metabolism. Here, the

focus is on phenolic compounds and their associated properties as well as on the allergenic

proteins of the Mal d family.

First, the photometric methods for the analysis of polyphenoloxidase activity, the total

phenolic content according to FOLIN-CIOCALTEU, and the antioxidant properties as estimated by

TEAC and ORAC assay, were established and validated for the matrix apples and apple

extracts. Subsequently, the extraction method for phenolic compounds from apples was

developed and optimized by applying different solvent concentrations or using different

equipment. An HPLC-DAD-ESI-MSn was established and validated for the qualitative and

quantitative analysis of phenolic compounds. With respect to primary plant metabolism, the

focus was on the analysis of allergens. Here, the method for the extraction of proteins from

the apples as well as the method for the gel electrophoretic separation of the obtained protein

extracts via disc-SDS-PAGE were first developed and optimized, and the method for the

determination of the total protein content according to BRADFORD was established and

validated. Furthermore, a direct ELISA for the quantitative determination of the Mal d 1

content in apples was developed. In-gel digestion of the bands from the SDS gels was also

performed for mass spectrometric identification of allergenic proteins by LC-ESI-qTOF-MS and

nanoLC-MS/MS.

Based on the above methods, the following parameters were subsequently determined in the

selenium-biofortified apples:

Polyphenoloxidase activity

Total phenolic content

Antioxidant activity

Phenolic profile
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Total protein content

Protein pattern with focus on allergenic proteins

Mal d 1 content

Mass spectrometric identification of apple proteins.

By comparing the results of the selenium-biofortified apples with the controls, the influence

of the agronomic fertilization method was then analyzed, and possible relationships between

individual constituents were investigated using correlation analyses.
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6.1. Analysis of antioxidant properties and phenolic compounds in selenium

biofortified apples
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In this work, apples of the cultivars 'Golden Delicious' and 'Jonagold' were biofortified with

selenium via foliar fertilization in the growing years 2017 and 2018. Different selenium forms

as well as application levels were used.

The aim of the biofortification was to increase the selenium content of the apples and to

analyze the influence on value-giving secondary plant metabolites, especially phenolic

compounds, as well as their antioxidant properties. Here, the total phenolic content was

determined by FOLIN-CIOCALTEU, the activity of the enzyme polyphenoloxidase, which plays a

catalyzing role in the oxidation of phenolic compounds, and the antioxidant activity by TEAC

and ORAC assays. HPLC-DAD-ESI-MSn analysis was also performed to determine differences in

the content of individual phenolic compounds.

Significant increases in selenium content were found in the fruits. Thus, an apple of the cultivar

'Golden Delicious' can cover the daily selenium requirement by 17-20%, and an apple of the
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cultivar 'Jonagold' even by 20-25%. Biofortification also resulted in lower fluctuations of PPO

activities and varied depending on the level of selenium application. Higher levels of

application were associated with higher PPO activities. This also explains the relationship with

TPC. With higher selenium application, lower TPC were measured, as more phenolic

compounds were degraded by the higher PPO activity. With respect to AOA, no clear trends

were observed by selenium biofortification. This is probably related to the different

antioxidant activities of the individual phenolic compounds. Apples contained mainly

chlorogenic acid and were rich in epicatechin, caffeeoylglucoside, and a procyanidin trimer,

probably C1. Biofortification showed different effects on the two analyzed cultivars: the

phenolic profile of 'Golden Delicious' was comparatively insensitive, whereas especially the

application of selenate to 'Jonagold' led to significant changes in individual phenolic

compounds. In relation to all measured parameters, the apple variety and ecophysiological

conditions such as sunshine duration could also be identified as further influencing factors.

Work shares

Sabrina Groth: Establishment and validation of methods for the determination

of polyphenoloxidase activity, total phenolic content, and

antioxidant properties by TEAC and ORAC assay in apples;

measurement of PPO activity, TPC as well as AOA; experimental

and statistical evaluations; preparation of the manuscript

Total contribution: 35%
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Abstract: Biofortified apples seem to be a suitable produce. In this study, different selenium forms and
application levels were applied to the two apple varieties ‘Golden Delicious’ and ‘Jonagold’, grown
in the years 2017 and 2018 in order to increase the selenium uptake within a typical Western diet.
It was shown that the biofortification, which was performed as a foliar application implemented in
usual calcium fertilization, led to significantly increased selenium contents in the fruits. Furthermore,
biofortification affected the total phenolic content (TPC), the polyphenol oxidase activity (PPO), as
well as the antioxidant activity (AOA), the latter measured with the two well-known assays Trolox
Equivalent Antioxidant Capacity Assay (TEAC) and Oxygen Radical Absorbance Capacity Assays
(ORAC). The varying selenium forms and application levels showed a differing influence on the
parameters mentioned before. Higher fertilizer levels resulted in higher selenium accumulation.
It was found that PPO activity fluctuates less in biofortified apples. With regard to TPC, selenate
led to higher amounts when compared to the untreated controls and selenite resulted in lower TPC.
AOA analysis showed no clear tendencies as a result of the selenium biofortification. In the case of
‘Jonagold’, a higher AOA was generally measured when being biofortified, whereas, in the case of
‘Golden Delicious’, only one form of application led to higher AOA. Additionally, differences in the
amount of major phenolic compounds, measured with High Performance Liquid Chromatography
Mass Spectrometry (HPLC-DAD-ESI-MSn), were observed, depending on the conditions of the
biofortification and the variety.

Keywords: apple; selenium; agronomic biofortification; antioxidant activity; phenolic compounds;
TEAC; Total Phenolic Content; phenoloxidase

1. Introduction

Biofortification is an agronomic practice for specifically enriching food crops with certain nutrients.
In most cases, it is aimed at increasing the content of minerals, such as zinc or selenium, because soil
conditions often do not allow for a natural presence of adequate amounts of these compounds [1–4].
Especially in Germany and other European regions, selenium is only present in small amounts in the
soils, which means that the selenium content of plant produce is correspondingly low [5]. As a result
of targeted applications of selenium-containing fertilizers, the plant increasingly absorbs the mineral,
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which is then integrated into the endogenous plant metabolism by incorporation into amino acids,
such as selenocysteine and selenomethionine [6].

Since 1985, foods, such as cereals, have been successfully biofortified with selenium in Finland.
There, it was shown that the selenium supply of the mean population steadily improved [7].
Biofortification seems to be suitable for addressing selenium deficiency that many people are suffering
from worldwide. Consequently, selenium deficiency-related diseases, such as reduced immune
function, degeneration of the cardiovascular system, and cognitive decline, could be minimized [4,8,9].
A prolonged deficiency of selenium is associated with the endemic diseases Keshan and Keshin-Beck [9].

Selenium is an essential element in human nutrition and therefore plays an important role in the
human organism, especially as a component of proteins and enzymes such as glutathione peroxidase,
thyroxine 5-deiodinase, and selenoprotein P [9]. Selenium is involved in the production of active
thyroid hormones and the regulation of the immune system. It is essential for reproduction and has
antioxidant, anti-inflammatory, and antiviral effects [10]. Furthermore, selenium is an integral part
of some antioxidant enzymes, which protect cells from being damaged by radicals produced during
oxidative metabolic pathways [9]. Some benefits of higher selenium status on the risk of prostate, lung,
colorectal, and bladder cancers have already been described [8].

The recommendations for the daily selenium intake for Germany, Austria, and Switzerland
(D-A-CH reference values for nutritional intake) are approximately 1 µg selenium per kg body weight.
With consideration of the reference body weights, the resulting estimated values for selenium intake
are approximately 70 µg/day for adult men and 60 µg/day for adult women [11]. Usually, the need
for selenium is largely covered by animal produce, such as meat or fish. The biofortification of
plant produce allows for vegetarians or vegans in particular to fulfill their needs naturally and
as an alternative to food supplements [12,13]. A previous consumer survey clearly indicated that
German consumers would prefer selenium-rich apples instead of food supplements for improving their
selenium supply [14]. Another advantage of the intake of selenium-containing food as compared to the
intake of supplements is the different bioavailability of the varying selenium forms. The organic forms
(when anorganic selenium has been already transformed to organic compounds, such as selenocysteine
and selenomethionine in plants) can be more easily absorbed in the intestinal tract when compared to
the inorganic forms, being often present in dietary supplementation products [9,10].

In Germany, apple is the most popular fruit with a consumption of 21.0 kg per capita [15] and
therefore particularly suitable for reaching a broad proportion of the population with a chance for
improving the selenium supply for many people.

Other research groups already carried out studies on various crops for selenium biofortification,
while using foliar fertilization with sodium selenite or sodium selenate. It has been shown that those
treatments led to increased selenium levels in the plants when compared to the untreated controls.
A higher accumulation with selenate was observed when compared to selenite [16–19]. Furthermore,
the influence of different fertilizer levels was investigated, where it was observed that the selenium
content in the plants increased with increasing selenium level [16,18–22]. However, Hawrylak-Nowak
found a decline in the biomass of hydroponically cultivated butterhead lettuce (L. sativa L. var. capitata,
cv. ‘Justyna’) at the highest tested level of 15 µM Se that was contained in the nutrient solution [20].

In addition to the selenium content, the influence of a biofortification on other parameters, such
as fruit quality, and the content of secondary plant substances, such as phenolic compounds, were also
investigated in several studies: Zhao et al. found a significant increase of vitamin C content in selenium
biofortified pear-jujube (Ziziphus jujuba M. cv. ‘Lizao’) [23]. D’Amato et al. conducted a study on olive
oil in which significantly higher levels of phenolic compounds and changes in the phenolic profile were
observed, with the contents of certain antioxidant phenolic compounds increasing, as a result of the
biofortification [24]. Further analyses on rice (Oryza sativa L., cv. ‘Selenio’) showed that moderate doses of
selenite up to 45 mg/L were the best compromise between high selenium levels and an increase of phenolic
acid concentration [16]. Schiavon et al. also found elevated phenolic compound contents in tomatoes
(Solanum lycopersicum L., cv. ‘Margoble’), resulting from a selenium biofortification [21]. Especially, they
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found elevated levels of the antioxidant flavonoids naringenin chalcone, and kaempferol. However,
a simultaneous decrease of cinnamic acid derivatives was observed [21]. In a subsequent study, the same
research group investigated the influence of a selenium biofortification on the leaves and roots of radish
(Raphanus sativus L., cv. ‘Saxa’). The total phenolic content (TPC) in the roots was reduced by 40–60%,
whereas an increase of 10% of the TPC was observed in the leaves when compared to leaves of the control
plants [22]. Bachiega et al. investigated the relationship between phenolic compounds and the antioxidant
activity (AOA) in selenium biofortified broccoli (Brassica oleracea, cv. ‘Italica’). They found a significant
increase in phenolic compounds as well as a higher AOA [25]. Pezzarossa et al. performed studies on
peaches (Prunus persica) and pears (Pyrus communis L.) that were biofortified with sodium selenite: There,
an extended shelf life of the fruits after removal from the storage was shown, being hypothesized to be
related to increased TPC [26].

So far, only few data exist on the selenium biofortification of apples. In 2019, Babalar et al.
investigated the influence of a selenium biofortification with sodium selenate on the apple variety
‘Starking Delicious’ and various quality parameters, also including the TPC. However, it was only
analyzed as a function of the storage time of the fruit; a direct comparison between biofortified and
untreated apples was not done [27]. The aims of the present study were to increase the selenium
concentration in the apples and identify the appropriate dosage form and application level. A further
focus was on the increase of value-added phytochemicals, especially on substances related to AOA.
The relationship between selenium biofortification with phenolic compounds and antioxidant properties
in apples has not yet been investigated. Within the scope of this work, this was analyzed at hand of a
large number of different applications, in which the selenium form and the level of application were
varied. The two apple varieties ‘Golden Delicious’ and ‘Jonagold’ were studied in two consecutive
years because of being very important cultivars for the German market.

2. Materials and Methods

2.1. Chemicals

Disodium hydrogen phosphate dodecahydrate was purchased from Bernd Kraft GmbH
(Duisburg, Germany). Sodium dihydrogen phosphate monohydrate was from AppliChem GmbH
(Darmstadt, Germany) and catechol was from ThermoFisher GmbH (Kandel, Germany). Aceton
was used from VWR International LLC (Fontenay-sous-Bois, France). The standards for the HPLC
analysis (chlorogenic acid, catechin, epicatechin, phloretin-2-glucoside, and quercetin 3-glucoside)
and hydrochloric acid (25%) were from Carl Roth GmbH & Co. KG (Karlsruhe, Germany). Sodium
carbonate was purchased from Grüssing GmbH (Filsum, Germany) and potassium peroxodisulphate
was from Fisher Scientific UK Ltd. (Loughborough, UK). Folin-Ciocalteu’s phenol reagent, potassium
dihydrogen phosphate, and nitric acid (65%) were purchased from Merck KgaA (Darmstadt, Germany).
Galllic acid and 2,2’-azobis(2-methylpropionamidine) dihydrochloride were from Fisher Scientific
GmbH (Schwerte, Germany). 2,2’-Azino-bis-(3-ethylbenzthiazoline-6-sulfonic acid) diammonium salt,
trolox, and fluorescein were purchased from Sigma-Aldrich Chemie GmbH (Deisenhofen, Germany).
All of the chemicals were of analytical grade. Water was purified through a Milli-Q water system
(PURELAB®, Elga LabWater, Veolia Water Technologies GmbH, Celle, Germany) and was used for
buffers, the extracting agents, and dilution of sample extracts.

2.2. Sample Material

The apple cultivars ‘Golden Delicious’ and ‘Jonagold’ were evaluated. Fruits were grown in
2017 and 2018 at the Horticultural Research Station of the Osnabrück University of Applied Sciences,
Germany (N52.310654◦, E008.02844◦; 69 m a.s.l.).

The apple trees were grown on Plaggen soil, the topsoil, and subsoil were loamy sand. The pH
value of the soil was 5.5 and the organic matter content in the topsoil amounted 2.4% and in the subsoil
1.8%. On an adjacent, the horticulturally used area (also loamy sand), the soil Se content determined by
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extraction with aqua regia amounted to 0.25 mg/kg d.w. and by extraction with 0.1 M K2HPO4/KH2PO4

(pH 7.0) was below the detection limit (< 0.1 mg/kg d.w.). This indicates that a relatively low content
of phytoavailable Se was present at the test site. The very low Se contents of the untreated control
apples that ranged between 0.2 and 0.4 µg Se/100 g d.w. confirm that the selenium content in the soil
was very low.

The experimental plant was a randomized block plant design with four repetitions, whereby one
tree corresponded to one repetition. The trees were treated and harvested from both sides. The rows
were aligned in north-south direction. The apples were biofortified with selenium while using a foliar
fertilization approach and the selenium forms sodium selenate and sodium selenite were used in
analytical grade. Foliar fertilization is advantageous over soil application, as plants are directly treated
and, thus, compounds might easily enter fruits. Only the selenium that reaches the fruit is relevant for
biofortification, since selenium is not significantly shifted from the leaves into the fruit. Furthermore,
application can be done in parallel with the traditionally performed calcium sprays [28]. For improving
wetting properties, all of the solutions used for foliar sprays additionally contained 0.02% (v/v) of the
nonionic organosilicone adjuvant Break-Thru® S 240 (AlzChem AG, Trostberg, Germany).

In 2017, the apples were biofortified with 0.15 kg Se per hectare and meter canopy height
(Se/ha x m CH), divided into six applications during the season (beginning in July until the
end of September) with a hand-held spray system (model Easy-Sprayer Plus, Lehnartz GmbH,
Remscheid, Germany). Pure water was sprayed on the trees for the control treatments. During
sampling, ten well-developed medium size apples from well exposed middle parts of the trees were
harvested for subsequent analysis.

The apples were processed at the Osnabrück University of Applied Sciences after two weeks of
storage at 2 ◦C. First, the fruits were divided into eight segments and the stalk while using an apple
slicer. The stalk segment was discarded. The segment samples were directly shock frozen with liquid
nitrogen and stored at −27 ◦C.

In 2018, the application rate of the fertilizer was reduced to 0.075 kg Se/ha x m CH and only sodium
selenate was applied. The application rate was reduced in 2018 due to slight fruit damages occurring in
the year 2017. The selenium fertilizer was applied together with the calcium-containing foliar fertilizer
WUXAL®Ascofol Ca (5 L/ha; Aglukon Spezialdünger GmbH &Co. KG, Düsseldorf, Germany). For the
control treatments, pure water and WUXAL®Ascofol Ca were sprayed on the trees. In that season
(end of June until the end of August), a backpack sprayer (REB 15 AZ2, Birchmeier Sprühtechnik AG,
Stetten, Switzerland) was used for application. Sampling was analogous to the previous year.

With the exception of the enzyme activity determination of the polyphenol oxidase, which was
done from thawed apple samples, all other samples were lyophilized to prevent the degradation of the
phenolic compounds. A frozen sample was placed in a knife mill (Blixer® 4-3000; robot coupe S.N.C.,
Vincennes Cedex, France) with the addition of dry ice and homogenized for 60 s at 3000 rpm. After
homogenization, the sample was freeze dried for 48 h. The dried samples were then filled into 50 mL
tubes and then stored at −20 ◦C until further analysis. A sample set of four randomly chosen apples
per variety were analyzed.

2.3. Determination of the Selenium Content

For the determination of the selenium content, the apples were pre-prepared at the Osnabrück
University of Applied Sciences, as described in 2.2. After the subdivision into eight segments,
the samples were directly dried at 60 ◦C in a fresh air drying oven until their weight remained constant.
After drying, the samples were ground in an ultracentrifugal mill (Retsch ZM 200, Retsch GmbH,
Haan, Germany) at 14,000 rpm to a particle size ≤ 0.5 mm. The powder was stored in plastic tubes
until further sample preparation. A sample digestion was carried out according to the standardized
method DIN EN 13805 [29]. For this purpose, 0.5 g of the ground plant material was digested
while using microwave pressure digestion in quartz glass vessels with 65% nitric acid at 190 ◦C.
The digestion solution was measured with a graphite tube atomic absorption spectrometer (Thermo
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Scientific UNICAM SOLAAR M Series AA, Thermo Fisher Scientific Inc., Waltham, MA, USA). Internal
and external certified reference material was used to ensure the quality of the analysis [ERM-BB422
fish muscle and NIST-1849a infant/adult nutritional (milk) powder]. For samples with low selenium
concentrations (< 2.5 µg/L), selenium analysis was alternatively carried out while using the hydride
technique in accordance with DIN 38405-23 [30].

2.4. Determination of the Polyphenol Oxidase (PPO) Activity

The determination of the PPO activity of the apple samples was done according to
Kolodziejczyk et al. [31] and González et al. [32], with an adaption to a miniaturized procedure.
About 10 g of the frozen sample was weighed and crushed in a mortar. Subsequently, 25 mL of a
phosphate buffer (0.05 M, pH 7.0) were added and then mixed. The sample was incubated for 120 min.
at 4 ◦C in the dark, centrifuged (15 min., 4 ◦C, 3225 g), and the supernatant used to determine PPO
activity. First, 30 µL of the sample extract were given in a 96-well microtiter plate and either 270 µL of
the phosphate buffer (0.2 M, pH 5.5) as blank value or 270 µL of a catechol solution (0.1 M in 0,2 M
phosphate buffer, pH 5.5) were added. The enzyme activity was immediately determined at 25 ◦C by
measuring the change in absorption over 10 min. at a wavelength of λ = 420 nm with a BioTek Synergy
HT microplatereader (BioTek Instruments Inc., Winooski, VT, USA), whereby the change in absorption
was recorded every 60 s. The enzyme activity was given as activity units per 100 g of fresh weight (f.w.)
of a fruit sample. One unit is defined as the change of 0.01 in the absorbance value per minute [31,32].

2.5. Method for Extracting Phenolic Compounds

Sixty miligrams of the lyophilized apple sample were weighed into a 2 mL tube. One milliliter of
the extraction agent 50% aqueous acetone and 0.1% HCl (v/v) was added and treated in an ultrasonic
bath for 5 min. at 30 ◦C. Subsequently, four glass beads (i.D. 4 ± 0.3 mm) were added to each sample
and the sample was ground and mixed in a ball mill (5 min., 25 Hz). The samples were then centrifuged
for 5 min. at 20,817 g and the supernatant transferred into a 15 mL tube. The extraction with the ball
mill was repeated twice and supernatants were combined. The total volume was filled to 4 mL.

2.6. Determination of the Total Phenolic Content (TPC) according to Folin-Ciocalteu

The TPC of the apple samples was determined while using a modified Folin-Ciocalteu methodology,
according to Müller et al. [33]. Twenty microliters of the sample extract were given in a 96-well microtiter
plate, 100 µL of the Folin-Ciocalteu phenol reagent (1:10; v/v), and 80 µL of an aqueous 7.5% (w/v)
sodium carbonate solution were added. Subsequently, incubation was performed for 2 h at room
temperature in the dark. The absorption was measured at a wavelength of 765 nm at 30 ◦C while
using the BioTek Synergy HT microplatereader. TPC is given in gallic acid equivalents per 100 g of dry
weight (mg GA/100 g d.w.) [33,34].

2.7. Analysis of the Antioxidant Activity (AOA) using the Trolox Equivalent Antioxidant Capacity
Assay (TEAC)

The determination of the AOA using the TEAC assay was performed according to Müller et al. [33].
A 75 mM phosphate buffer (pH 7.4) as well as a 7 mM 2,2’-Azino-bis(3-ethylbenzothiazoline-6-sulfonic
acid) diammonium salt (ABTS) stock solution and a 2.45 mM potassium peroxodisulphate solution
were prepared. Both of the solutions were mixed, transferred to an amber glass bottle, and stored for
24 h at room temperature, until the ABTS·+ radical was completely formed. The reagent, known as
ABTS working solution I, was then stored in a refrigerator. Two hours before starting a determination,
the ABTS working solution I was diluted with phosphate buffer (75 mM, pH 7.4) to an absorbance of
E730 = 0.700 ± 0.050. This ABTS working solution II was left at room temperature until measurement.
For calibration, a 2.5 mM trolox stock solution was prepared and diluted 1:10 (v/v) with water. A dilution
series was prepared from this. Twenty microliters of various dilutions of the samples, trolox, or water
(blank value) were given in a 96-well microtiter plate and 200 µL of ABTS working solution II were
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added. The adsorption was measured after 6 min. incubation at 30 ◦C at a wavelength of λ = 730 nm
with the BioTek Syngergy HT microplatereader. AOA is calculated as trolox equivalent 100 g dry
weight per (mmol TE/100 g d.w.) [33,35].

2.8. Analysis of the AOA using the Oxygen Radical Absorbance Capacity Assays (ORAC)

For the ORAC assay, which was also done according to Müller et al. [33], a 0.12 mM fluorescein
solution was prepared from fluorescein and phosphate buffer (75 mM, pH 7.4). From this solution,
the final fluorescein working solution was freshly prepared by a 1:100 dilution with phosphate buffer,
before each analysis. For the 2,2’-azobis(2-methylpropionamidine) dihydrochloride (AAPH) stock
solution (c = 129 mM), AAPH was dissolved in phosphate buffer. Calibration was also done with
trolox. Ten microliters of each sample in the different dilutions, trolox, or water were given in a 96-well
microtiter plate. Subsequently, 100 µL phosphate buffer (75 mM, pH 7.4) or 250 µL for the negative
control were added. After a 10 min. incubation period in the BioTek Synergy HT microplatereader
at 37 ◦C, 150 µL of the AAPH stock solution were added to the blank value, standards, and samples.
The measurement, which was based on fluorescence quenching, was performed at an excitation
wavelength of λ = 485 nm and an emission wavelength of λ = 528 nm at 37 ◦C. The course of the
reaction was recorded for 120 min., with one measurement every two minutes. AOA is also calculated
as trolox equivalent per 100 g dry weight (mmol TE/100 g d.w.) [33,36].

2.9. Qualitative and Quantitative Determination of Phenolic Compounds Using High Performance Liquid
Chromatography Mass Spectrometry (HPLC-MS)

The phenolic compounds were extracted from the lyophilized apple samples (0.01 g) in a
triple extraction with 60% aqueous methanol, according to Neugart et al. [37]. Phenolic compound
identification and quantification were determined while using an 1100 series HPLC system (Agilent
Technologies GmbH, Waldbronn, Germany) equipped with a degasser, binary pump, autosampler,
column oven, and photodiode array detector. An Ascentis® Express F5 column (150 mm × 4.6 mm,
5 µm, Sigma-Aldrich Chemical Co., St. Louis, USA) was used to separate the compounds at a
temperature of 25 ◦C. Eluent A was 0.5% acetic acid, and eluent B was 100% acetonitrile. The gradient
used for eluent B was 5–12% (0–3 min.), 12–25% (3–46 min.), 25–90% (46–49.5 min.), 90% isocratic
(49.5–52 min.), 90–5% (52–52.7 min.), and 5% isocratic (52.7–59 min.). The determination was conducted
at a flow rate of 0.85 mL/min. and wavelengths of 280 nm, 320 nm, and 370 nm for phloretin
glycosides and flavanols, hydroxycinnamic acid derivatives, and non-acylated flavonol glycosides,
respectively. The hydroxycinnamic acid derivatives and glycosides of flavonols were identified as
deprotonated molecular ions and characteristic mass fragment ions according to Schmidt et al. [38] by
HPLC-DAD-ESI-MSn while using an Agilent ion trap mass spectrometer in negative ionization mode.
Nitrogen was used as the dry gas (10 L/min, 325 ◦C) and the nebulizer gas (40 psi) with a capillary
voltage of −3500 V. Helium was used as the collision gas in the ion trap. The mass optimization
for the ion optics of the mass spectrometer for quercetin was performed at m/z 301 or arbitrarily
at m/z 1000. The MSn experiments were performed up to HPLC-DAD-ESI-MS3 in a scan mode
from m/z 200–2000. The standards (chlorogenic acid, catechin, epicatechin, phloretin-2-O-glucoside,
and quercetin-3-O-glucoside) were used for external calibration curves. The results are presented as
mg/100 g dry weight.

2.10. Statistical Analysis

The number of analyses per application with selenium fertilizer or control was n = 4. All of the
analyses were done twice. The data are given in mean± standard deviation and further evaluated while
using Microsoft Excel (Microsoft Office Professional Plus 2016, Redmond, WA, USA). The statistical
analyses were carried out using SPSS (Version 25, IBM® Corporation, Armonk, NY, USA) and the data
were further evaluated with a two-way analysis of variance (ANOVA). The means were compared
while using the Bonferroni post-hoc test at p < 0.05.
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3. Results and Discussion

Table 1 gives an overview of the results of the determination of the selenium content, the polyphenol
oxidase activity, the total phenolic content, and the antioxidant activity that was determined with both
assays - TEAC and ORAC in the biofortified apples of the varieties ‘Golden Delicious’ and ‘Jonagold’
with the various selenium applications, as well as the corresponding untreated controls of the years
2017 and 2018.

3.1. Selenium Content

Biofortification significantly increased in the selenium content of apples in general as compared to
the untreated controls (Table 1). This increase was 10 to 14-fold. The highest content was achieved in
both varieties, which was 5.6 µg Se/100 g f.w when applying 0.15 kg Se per hectare and meter canopy
height in the form of selenite in 2017. The application of selenate at the same dosage level also led
to an identical Se level in ‘Golden Delicious’ and a slightly lower content of 4.5 µg Se/100 g f.w. in
‘Jonagold’. However, these genotypic differences were statistically not significant. The application of
the lower levels of selenium in 2018 resulted in significantly lower selenium contents for both varieties.
Again, the influence of the variety on the selenium content was not significant. The results of the
present study are in line with published data. A significant increase of the selenium content resulting
from biofortification with foliar fertilization has already been observed by other research groups in
a variety of plant foods, especially on vegetables [16–19,21,22,25]. In those studies, the dosage form
and the fertilizer level played a significant role. It was found that selenate leads to higher selenium
accumulations than selenite [16–19] and the selenium content in the plants increased with increasing
application level [16,18–21]. In the present experiments, no significant difference was found between
the two forms of the selenium that were applied.

An increase in selenium concentration was also observed in different fruits. Pezzarossa et al.
carried out a biofortification with 1.0 mg Se/L in the form of sodium selenate on peach (Prunus persica
Batch. cv. Flavorcrest) and pear (Pyrus communis L. cv. ‘Conference’) and increased the selenium
concentration in the fruits from < 0.1 µg Se/100 g f.w. to 0.9 µg Se/100 g f.w. and 3.6 µg Se/100 g f.w.,
respectively [26]. With regard to phytotoxicity resulting from fertilization with selenium, only slight
damages on the fruits were observed in the year 2017. With reduced selenium levels in the follow-up
year, there was no damage, anymore. However, moderate damages on the leaves were present in
both years.

The use of selenium in a long-term cultivation program already showed good experience in Finland.
Here, selenium fertilization has been carried out for many years on a national and compulsory basis.
No corresponding ecological problems have been identified [39,40].

3.2. PPO Activity

PPO are very important enzymes, especially in apples, as quick browning of freshly cut apples is
not accepted by the consumer [41]. Further, formation of the brown colored melanins has not yet been
investigated with regard health risks. Usually, PPO substrates, small phenolic compounds, are still
regarded being more health-beneficial [42–45].

The results show that the application of a higher amount of selenium (0.15 kg Se/ha x m CH),
regardless of the form of selenium used, led, on average, to a higher PPO activity than those of the
untreated controls for the two varieties ‘Golden Delicious’ and ‘Jonagold’ (Table 1, Figure 1; Figure 2).
When on the other hand, the amount of selenium applied was lower (0.075 kg Se/ha x m CH), a lower
PPO activity when compared to the controls was observed, being also valid for both cultivars. However,
these differences between biofortified apples and the corresponding controls were not statistically
significant. Smoleń et al. found increased PPO activities in comparison to the untreated controls,
when performing a biofortification of potatoes (Solanum tuberosum L., cv. ‘Vineta’) with selenium (6.3
µM in the form of sodium selenite) and iodine, with being also not significant [46].
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Furthermore, it was observed that the standard deviation of the measurements was - except for
‘Golden Delicious’ in 2018 - lower in the Se treatments as compared to the corresponding controls.
The coefficient of variation ranged between 25.2 and 73.1% (mean 47.7%) in the controls, whereas, in the
selenium biofortified apples, the values were between 4.8 and 59.4% (mean 38.5%). Holderbaum et al.
also observed high variation coefficients of PPO in four apple cultivars at initial, intermediary, and final
fruit development stages [47]. Reinkensmeier et al. measured low variation coefficients in selected
varieties (e.g., ‘Golden Delicious’ and ‘Jonagold’) [48]. Smoleń et al. also found a high variation in PPO
activity in potatoes as compared to the control with regard to the influence of a biofortification with
selenium [46].

Table 1. Results of the determination of the selenium content, polyphenol oxidase activity, total phenolic
content, and antioxidant activity in all apple samples. Data are given as mean value ± standard deviation
(n = 4). In each column, means followed by different letters are significantly different (p < 0.05).

Variety and Year
o Cultivation Application * Se [µg/100 g f.w.] PPO

[units/100 g f.w.]

Total Phenolic
Compound

[mg GAE/100 g d.w.]

TEAC
[mmol TE/100 g d.w.]

ORAC
[mmol TE/100 g d.w.]

Golden Delicious
2017

control 0.4 ± 0.2 a 12.50 ± 4.05 ,b 858.4 ± 92.5 b,c,d 6.76 ± 0.87 a 5.53 ± 1.32 a,b

0.15 kg selenite 5.6 ± 0.6 b 17.85 ± 0.85 ab 788.3 ± 37.3 b 5.89 ± 0.25 a 4.82 ± 3.50 a

0.15 kg selenate 5.6 ± 0.8 b 23.67 ± 2.66bc 859.6 ± 23.0 b,c,d 7.37 ± 2.01 a 6.36 ± 1.04 a,b

Golden Delicious
2018

control < 0.2 a 37.69 ± 9.50 d 663.0 ± 102.8 a 10.98 ± 1.93 b 9.60 ± 3.23 bc

0.075 kg selenate 2.7 ± 0.8 c 35.07 ± 20.84 c,d 761.3 ± 25.1 a,b 10.83 ± 0.84 b 9.03 ± 4.19 a,b,c

‘Jonagold’
2017

control 0.4 ± 0.2 a 3.90 ± 2.34 a 954.7 ± 58.1 d 7.58 ± 0.75 a 9.56 ± 2.26 b,c

0.15 kg selenite 5.6 ± 1.1 b 3.09 ± 1.50 a 928.4 ± 37.9 c,d 10.51 ± 3.78 b 9.76 ± 2.51 b,c

0.15 kg selenate 4.5 ± 1.6 b 7.11 ± 3.92 a 889.1 ± 54.6 c,d 13.24 ± 1.10 b 9.15 ± 1.62 b,c

‘Jonagold’
2018

control < 0.2 a 9.19 ± 6.72 a 867.7 ± 105.5 b,c,d 12.42 ± 1.33 b 11.24 ± 1.93 c,d

0.075 kg selenate 2.0 ± 0.3 c 6.39 ± 3.29 a 826.5 ± 72.1 b,c 11.27 ± 0.44 b 14.55 ± 0.98 d

* Foliar spray rate per hectare and meter canopy height.

Figure 1. Polyphenol oxidase activity in units/100 g fresh weight (f.w.) for the apple samples of the variety
‘Golden Delicious’. Foliar Se application per hectare and meter canopy height: 0.15 kg as selenite (A),
or selenate (B), 0.075 kg as selenate (C) (n = 4). Different letters are significantly different (p < 0.05).
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Figure 2. Results of polyphenol oxidase activity in units/100 g fresh weight for the apple samples of the
variety ‘Jonagold’. Foliar Se application per hectare and meter canopy height: 0.15 kg as selenite (A),
or selenate (B), 0.075 kg as selenate (C) (n = 4). Different letters are significantly different (p < 0.05).

In addition, variety-specific differences in the PPO activity were observed. Significantly higher
PPO activity was measured for ‘Golden Delicious’ as compared to ‘Jonagold’ in 2018 and partly also
in 2017. Thus, ‘Golden Delicious’´s PPO activity was in a range between 12.50 and 37.69 units/100 g
fw, whereas ‘Jonagold’s’ PPO activity was significantly lower and between 3.09 and 9.19 units/100
g f.w. Variety-specific differences of PPO activity were also observed by Holderbaum et al. [47],
Kolodziejczyk et al. [31], and Kschonsek et al. [49]. The latter investigated various apple varieties,
including ‘Golden Delicious’, which had the highest PPO activity of all the tested varieties [49]. This is
in line with the results that were obtained here.

In addition to the variety influence, there were also differences in the PPO activity between both
growth seasons, which can be explained by an influence of the different ecophysiological conditions of
the crop years, like the sunshine duration and the resulting UV radiation [50]. This difference was
significant for ‘Golden Delicious’, but not for ‘Jonagold’. Kolodziejczyk et al. have already observed
differences in PPO activity within one variety in two consecutive years on a number of different apple
varieties harvested in 2007 and 2008 [31]. Other research groups already investigated the influence
of a UV-C treatment, which is an important postharvest treatment and influence on the PPO activity.
For example, Manzocco et al. observed an inactivation of PPO and the prevention of enzymatic
browning in ‘Golden Delicious’ apples by UV-C radiation [51]. Müller et al. also found a reduction of
PPO activity in apple juices, when apples have been treated with UV-C light. In contrast, treatment
with UV-B radiation did not show any effects [52]. Additionally, reduced PPO activities after UV-C
treatments were observed in other vegetable crops [53,54].

3.3. Total Phenolic Content (TPC)

The results of the TPC determination showed the following trends for the two varieties ‘Golden
Delicious’ and ‘Jonagold’ (Table 1 and Figure 3). The application of selenite led on average to lower
TPC values when compared to the untreated controls. The tendencies in the application of selenate
were different, depending on the amount of fertilizer. Higher levels led to lower or constant TPC values,
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whereas lower levels of selenate tended to higher TPC values as compared to the untreated controls.
However, the differences resulting from a biofortification with selenium were not statistically significant.

Figure 3. Total phenolic content (TPC) in mg GAE/100 g d.w. for the apple samples, depending on
harvest year, apple variety, and form of selenium. Foliar Se application per hectare and meter canopy
height: 0.15 kg as selenite (A), or selenate (B), 0.075 kg as selenate (C) (n = 4). Different letters are
significantly different (p < 0.05).

An increasing TPC of selenium biofortified produce has already been found by other research
groups: Bachiega et al. performed an application of 50 µM selenate to broccoli, which led to a significant
increase in TPC [25]. In onion (Allium cepa L., cv. ‘Hercules’), Põldma et al. observed that an application
of 50 µg/mL selenate via foliar treatment led to increased TPC when compared to the untreated controls,
whereas a higher level with 100 µg/mL resulted in lower TPC [55]. In tomatoes, Schiavon et al. found
that selenate in low concentrations also led to an increase in TPC, when performing foliar fertilization
of up to 20 mg Se/plant [21]. In a follow-up study on radish in 2016, an increase in TPC of 10% in the
leaves when compared to the controls was recorded [22]. Hawrylak-Nowak found that the application
of a moderate level of selenite (63.3 µM) applied via foliar fertilization led to enhanced TPC with a
maximum increase of 43.9% in basil leaves (Ocimum basilicum L.) [18].

TPC also shows variety-specific differences between ‘Golden Delicious’ and ‘Jonagold’, with
‘Jonagold’ having higher values. The mean values of the controls were 858.4 mg GAE/100 g d.w.
for the season 2017 and 663.0 mg GAE/100 g d.w. for the season 2018 for ‘Golden Delicious’, while
the values for ‘Jonagold’ were 954.7 mg GAE/100 g d.w. and 867.7 mg GAE/100 g d.w., respectively.
Variety-specific differences in TPC have already been described by other research groups. In the
studies that were described by Kschonsek et al. and Xu et al., the TPC varied in the different apple
varieties [49,56,57]. In 2018, Kschonsek et al. measured the TPC in 15 different apple cultivars and
studied the peel and the fruit flesh, separately. In the peel, TPC was in a range between 521.9 mg
GAE/100 g and 1590.5 mg GAE/100 g d.w. ‘Golden Delicious’ had the lowest TPC with a content of
521.9 mg GAE/100 g d.w., whereas the TPC of ‘Jonagold’ was 1224.2 mg GAE/100 g d.w. The amounts
in the flesh were 136.5 mg GAE/100 g d.w. for ‘Golden Delicious’ and 177.5 mg GAE/100 g d.w.
for ‘Jonagold’ [49]. When comparing the results of the selenium biofortified apples of the present
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study with those that were obtained by Kschonsek et al. [49], the TPC values of ‘Golden Delicious’
were in a comparable range, whereas the TPC of ‘Jonagold’ apples was somehow much lower in the
present study.

Besides a genotypic influence, it is also obvious that seasonal influences that result from a differing
ecophysiology might lead to differences. In 2018, lower TPC were measured for both varieties when
compared to the previous season. For the summer 2018, a sunshine duration of 756 h, an average
rainfall of 88.5 L/m2, and an average temperature of 19.8 ◦C were determined in the area of Osnabrück,
Germany, where apples were grown. In comparison, the sunshine duration of the previous year 2017
was only 549.4 h with an average rainfall of 224.3 L/m2 and an average temperature of 18.2 ◦C [50].
The difference in the amount of rain only plays a marginal role because of the use of artificial irrigation.
Consequently, sunshine duration in particular seems to be the dominant influence on the level of
the TPC. Moreover, it is not really the sunshine duration, but its direct correlation to UV radiation.
Eichholz et al showed that light intensity and quality are some of the most effective factors on the
biosynthesis of phenolic compounds in white asparagus (Asparagus officinnalis L., cv. ‘Gijnlim’) on
the basis of UV-B treatments [58]. The influence of UV-B has been recently reviewed by Neugart and
Schreiner [59]. Scattino et al. could also demonstrate that a postharvest UV-B irradiation induced
changes of TPC in peaches (Prunus persica L., cv. ‘Suncrest’) and nectarines (Prunus persica var.
nucipersica, cv. ‘Big Top’) [60]. A higher TPC was expected for the apples in comparison to the previous
year based on these results and the present results of year 2018, in which UV-B radiation was more
intensive. However, the TPC of samples from 2017 was higher (Table 1 and Figure 3).

There is an inverse correlation between PPO activity and TPC, because the enzyme catalyzes
the oxidation reaction of phenolic compounds to quinones, which further react to brown colored
polymeric melanins [31,42]. This could explain the influence of the selenium biofortification as well as
the variety-specific differences, where lower PPO activities are associated with higher TPC and higher
enzyme activities with lower TPC.

At an application level of 0.15 kg Se/ha (selenite or selenate), higher PPO activities and lower TPC
were measured as compared to the untreated control. PPO activity and TPC showed that biofortification
at an application level of 0.075 kg Se/ha in the form of sodium selenate—when compared to the untreated
controls—resulted in significant lower enzyme activities on the one hand and a significant increase of
the TPC on the other hand. With regard to genotype, ‘Jonagold’ showed significantly lower enzyme
activity than ‘Golden Delicious’, which resulted in a lower degradation of phenolic compounds.

An increased PPO activity is undesirable, because the enzymatically induced reaction of phenolic
compounds leads to a degradation of the phenolic compounds and, thus, reduces the nutritional value
of apples and apple products and has a negative influence on sensory properties. The consumer
does not accept fast brown of apples and polymeric polyphenolic melanins might contribute to a
certain astringency of food products [58]. Smaller phenolic compounds have positive effects on human
health, due to their antioxidant, anti-inflammatory, and antimicrobial properties [42–45]. However,
high PPO activities in the context of allergenicity of different apple varieties are negatively associated.
Kschonsek et al. found that in some apple varieties high PPO activity are accompanied with lower
concentrations of Mal d 1 [49]. This might be desirable in order to provide consumers with apple
varieties of low allergenic potential.

There are further different data available in the literature regarding the correlation of PPO activity
and TPC. Song et al. found positive correlations between PPO and TPC based on studies of ten apple
varieties [61]. In contrast, Kolodziejczyk et al. found no correlation between these two parameters
on the basis of 22 apple varieties [31]. Allahveran et al. performed biofortification with ascorbic acid
and citric acid on apples of the variety ‘Red Spur’ and determined the PPO activity and TPC among
other parameters. There, biofortification led to a significant increase in TPC and a decrease in PPO
activity [62].
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3.4. Antioxidant Activity (AOA)

The AOA of the apple samples was determined while using the two well-known assays TEAC
and ORAC, which are based on different reaction mechanisms and, thus, different evaluations of AOA
can be done. The ORAC assay bases on hydrogen transfer and measures the antioxidant inhibition
being induced by peroxyl radicals. It represents a biologically relevant mechanism and the antioxidant
activity is determined over time, so that the potential effects of secondary antioxidant compounds
can also be measured and an underestimation can be prevented. The TEAC assay is easy to perform.
Therefore, it is often used and there are many comparative values in the literature. Its mechanism bases
on electron transfer reactions. It is comparatively insensitive to pH and determines both hydrophilic
and lipophilic antioxidants. The TEAC is well suited for the determination of antioxidant activity
in phenolic rich samples, such as apples, as the ABTS•+ reacts quickly with antioxidants and many
phenolic compounds of low redox potential [63].

In the present study, selenium biofortification did not reveal any clear tendencies of an influence on
AOA. The two studied varieties were differently affected (Table 1, Figure 4, Figure 5): ‘Jonagold’ mostly
showed a higher AOA (measured with TEAC) resulting from the biofortification and independently
of the selenium form and the level of application, whereas the AOA of ‘Golden Delicious’ was only
slightly influenced by the biofortification. The increase in AOA was significant for ‘Jonagold’ in 2017
with the application of 0.15 kg Se/ha in the form of selenite and in the form of selenate. Related
to the dose of selenium, the evaluation of the AOA with the TEAC assay provided the following
results: The application of 0.15 kg selenate in the season 2017 led to higher AOA in both varieties.
The treatment with 0.15 kg selenite resulted in lower AOA for ‘Golden Delicious’ and higher AOA for
‘Jonagold’ compared to the corresponding controls (Table 1 and Figure 4). When 0.075 kg Se/ha in the
form of selenate were applied in 2018, a slight, non-significant reduction in AOA was observed for
both varieties.

Figure 4. Results of the antioxidant activity (Trolox Equivalent Antioxidant Capacity Assay (TEAC)
assay) in mmol TE/100 g d.w. for the apple samples. Foliar Se application per hectare and meter canopy
height: 0.15 kg as selenite (A), or selenate (B), 0.075 kg as selenate (C) (n = 4). Different letters are
significantly different (p < 0.05).
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Figure 5. Results of the antioxidant activity (Oxygen Radical Absorbance Capacity Assays (ORAC)
assay) in mmol TE/100 g d.w. for the apple samples. Foliar Se application per hectare and meter canopy
height: 0.15 kg as selenite (A), or selenate (B), 0.075 kg as selenate (C) (n = 4). Different letters are
significantly different (p < 0.05).

For ‘Golden Delicious, the determination of the AOA with the ORAC assay showed the same
tendencies as the TEAC values. However, differences were found for ‘Jonagold’: While the TEAC
value for an application level of 0.15 kg selenate was significantly higher compared to the control,
the ORAC value was lower when compared to the control. The treatment with 0.075 kg selenate led to
an increase of the ORAC value in comparison to the decrease of the TEAC value.

An increase in AOA due to biofortification with selenium has also been noted by other researchers:
Ríos et al. were able to show that increasing doses of selenite and selenate lead to an increase in AOA,
as measured by FRAP and DPPH assay in lettuce plants (Lactuca sativa L. cv ‘Philipus’). Selenate
showed higher AOA when compared to selenite [19]. Põldma et al. determined an increase in
AOA, as measured by TEAC, in onions (Allium cepa L. cv. ‘Hercules’) at a dose of 50 µg/mL Se [55].
Bachiega et al. found a significant increase in AOA as a result of a biofortifiaction of broccoli in addition
to a significantly higher TPC. There, 50 µM selenate was used as fertilizer. The positive correlation can
be explained by the fact that phenolic compounds represent the largest group of antioxidant active
substances in broccoli [25]. Additionally, Ekanayake et al. observed an increase of the AOA of lentils
(Lens culinaris cv. ‘Medikus’), due to a biofortification with selenium [17].

Variety-specific differences occurred in the present study. AOA of ‘Jonagold’ was higher in both
years of cultivation than for ‘Golden Delicious’. Variety-specific differences in the AOA of apples have
already been described in the literature by Xu et al., Kschonsek et al., and Wojdylo et al. [56,57,64].
In those studies, the higher AOA of the variety ‘Jonagold’ as compared to ‘Golden Delicious’ were
found. Kschonsek et al. determined the AOA in the skin and the flesh of different apple varieties:
TEAC values of 2.4 mmol TE/100 g d.w. for ‘Golden Delicious’ and 9.1 mmol TE/100 g d.w. for
‘Jonagold’ were measured for the peel, ORAC values were 8.6 mmol TE/100 g d.w. and 24.6 mmol
TE/100 g d.w., respectively [56], and are therefore comparable with the results that were obtained
in the present study. Wojdylo et al. determined the AOA using the TEAC assay and measured an
AOA of 88.6 ± 6.7 mmol TE/100 g d.w. for ‘Golden Delicious’ and 181.9 ± 0.9 mmol TE/100 g d.w. for
‘Jonagold’ [64].

Xu et al., Kschonsek et al., and Wojdylo et al. were able to show that there are significant positive
correlations between TPC (measured according to Folin-Ciocalteu or via HPLC) and AOA [56,57,64].
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Kschonsek et al. and Wojdylo et al. also determined that the TPC was different, both between the
individual substance groups of the polyphenols and between the individual compounds [56,64].
There, Kschonsek et al measured the highest positive correlation between flavanols and ORAC. Those
compounds are the major contributors to AOA. Within the flavanols, epicatechin had the strongest
influence on the intensity of the AOA [56]. Wojdylo et al. found the highest correlations between
AOA and procyanidins and hydroxycinnamic acids, while using the TEAC, FRAP, and DPPH assay.
The different AOA of the individual varieties are, therefore, due to the different composition of the
phenolic compounds, as these show different antioxidant capacities and potentials [64].

An influence of the weather can also be deduced when comparing the controls from the years 2017
and 2018, similarly to the TPC values. AOA measured as TEAC of the untreated ‘Golden Delicious’
apples from the season 2017 was 6.76 mmol TE/100 g d.w. In the following year, an increase of 62.4%
was observed with a value of 10.98 mmol TE/100 g d.w. For ‘Jonagold’, AOA of 7.58 mmol TE/100 g
d.w., and 12.42 mmol TE/100 g d.w. were measured, corresponding to an increase of 63.9%. With regard
to ORAC values, an increase of the AOA could also be observed for ‘Golden Delicious’, being 73.6%
(5.53 mmol TE/100 g d.w. in 2017 and 9.60 mmol TE/100 g d.w. in 2018). For ‘Jonagold’, on the other
hand, only a moderate increase of 17.6% was observed (9.56 mmol TE/100 g d.w. in 2017 and 11.24
mmol TE/100 g d.w. in 2018).

3.5. Qualitative and Quantitative Determination of Phenolic Compounds Using HPLC-MSn

The following major phenolic compounds could be identified and quantitatively determined
in the apple samples of the varieties ‘Golden Delicious’ and ‘Jonagold’ while using HPLC-MSn

analysis: the dihydrochalcones phloretin-2-xylosyl-glucoside and phloretin-2-glucoside, the flavan-3-ol
epicatechin, and a procyanidin dimer, and a procyanidin trimer, the hydrocinnamic acid derivatives
caffeoyl glucoside and chlorogenic acid, as well as the flavonols quercetin-3-O-galactoside,
quercetin-3-O-xyloside and quercetin-3-O-glucoside. Chlorogenic acid, epicatechin, caffeoyl glucoside,
and the procyanidin trimer were the main compounds in the samples.

Figure 6 shows an exemplary HPLC-chromatogram at 280 nm of an apple sample of the cultivar
‘Jonagold’, biofortified with 0.075 kg Se/ha in the form of selenate, produced in the year 2018. In Table 2,
the total phenolic content as the sum of all individual phenolic compounds, the content of the four main
phenolic compounds and their respective shares of the total phenolic content of the biofortified apples
of the varieties ‘Golden Delicious’ and ‘Jonagold’ with the various selenium applications, as well as
the corresponding untreated controls of the years 2017 and 2018 are listed. For ‘Golden Delicious’,
no data were available from the season 2018.

In the apple varieties ‘Golden Delicious’ and ‘Jonagold’ hydroxycinnamic acid derivatives could
be identified, in particular. The main phenolic compound was chlorogenic acid, with shares between
22.3% and 31.6% of the total sum of individual phenolic compounds. Furthermore, the apples were rich
in epicatechin, caffeoyl glucoside, and a procyanidin trimer. Based on tentative structure elucidation in
the present study and literature descriptions, this trimer is suggested being procyanidin C1 [65].

In a recent review, Rana and Bhushan compiled and evaluated a large number of data of the
analysis of phenolic compounds in apples [66]. It was found that the phenolic compounds of the
subclasses flavonols, dihydrochalcones, flavan-3-ols, and phenolic acids have already been identified
in apples of various varieties. Epicatechin, procyanidin B2, chlorogenic acid, phloridzin, caffeic
acid, and quercetin derivatives are the major components. Dhyani et al. and Zardo et al. identified
chlorogenic acid and epicatechin as major components in ‘Golden Delicious’ [67,68]. In 2005 and 2006,
Wojdylo et al. determined the phenolic compounds in 69 apple cultivars, including ‘Golden Delicious’
and ‘Jonagold’. In both varieties, most of all oligomeric procyanidins, and chlorogenic acid were found,
whereas ‘Jonagold’ contained more epicatechin and chlorogenic acid in comparison [64]. Deviating
results were obtained in the study that was described by Kschonsek et al. In those apple samples
from the varieties ‘Golden Delicious’ and ‘Jonagold’, mainly flavonols were determined, whereas
quercetin derivatives, especially hyperosides, were the main components. Only 5.3% of chlorogenic
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acid (‘Golden Delicious’) and 1.6% (‘Jonagold’) were present in the peel. The flesh only contained very
small amounts of phenolic compounds [56].

Figure 6. High Performance Liquid Chromatography Mass Spectrometry (HPLC-MS)n-chromatogram
at 280 nm of apple cultivar ‘Jonagold’, biofortified with 0.075 kg Se/ha in the form of selenate in
2018. Peak numbers: 1, procyanidin dimer; 2, chlorogenic acid; 3, epicatechin; 4, procyanidin trimer;
5, phloretin-2-xylosyl-glucoside; 6, phloretin-2-glucoside.

In the present study, biofortification with selenium showed different effects for ‘Golden Delicious’
and ‘Jonagold’ with regard to the content and proportion of the individual phenolic compounds.
In particular, the four phenolic compounds that are listed in Table 2 have been influenced resulting
from the biofortification. Further phenolic compounds were not significantly affected.

The phenolic profile of ‘Golden Delicious’ was comparatively insensitive, whereas, in the case of
‘Jonagold’, the application of selenate, in particular, led to changes in the proportions of the individual
phenolic compounds. Here, significant differences in the content of the procyanidin trimer and caffeoyl
glucoside occurred in the samples from 2017, when the higher amount of selenate was applied.

Lower total contents of individual phenolic compounds were measured when compared to the
corresponding controls in all selenium applications on the ‘Jonagold’ variety. These results correspond
to the TPC results. The application of 0.15 kg selenate/ha in 2017 resulted in a significantly lower
concentration and proportion of the procyanidin trimer in ‘Jonagold’ when compared to the untreated
control, whereas the concentration and proportion of caffeoyl glucoside significantly increased from
3.4% to 9.2%. AOA measured with the TEAC assay was highest in the apples of the selenate applications,
which suggests that, due to the high proportion, caffeoyl glucoside is mainly responsible for AOA in
‘Jonagold’. This trend - the increase of caffeoyl glucoside and the TEAC-value - was also observed at
the biofortification of 0.15 kg selenite in 2017, but to a lower extent compared to the selenate treatments.

The application of the lower level of selenate (0.075 kg/ha) in 2018 did not confirm the observations
from the previous year, as no significant changes between control and selenium-biofortified apple
samples have been observed. This observation might be related to the lower amount of selenium
applied. With regard to the AOA, very similar values were also measured in the control and biofortified
samples. Based on the results of the ‘Jonagold’ samples from 2017, correlations between the individual
phenolic compounds and their AOA can be concluded. With a high content of the procyanidin
trimer, low AOA with TEAC and high AOA with ORAC were measured. On the other hand, high
concentrations of caffeoyl glucoside were associated with high AOA by TEAC and low AOA by
ORAC. These results further suggest that these two phenolic compounds have different AOA and -
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due to the different reaction mechanisms of both antioxidant assays - the AOA of different phenolic
compounds were determined and secondary antioxidant products were additionally measured when
using the ORAC assay [69]. The individual contribution of the phenolic compounds should be
analyzed by HPLC-online TEAC because of the different antioxidant capacities and potentials of the
phenolic compounds.

Various research groups have already observed a change in the phenolic profile that results
from a biofortification with selenium: D’Amato et al. found an increase of oleacein, ligustroside
aglycone, and oleocanthal in olive oil, whose contents increased by 32% to 57% compared to the
untreated control [24]. In a follow-up study on rice in 2018, hydroxybenzoic acids and hydroxycinnamic
acids were identified, with an increase in ferulic acid and salicylic acid, whereas the concentrations
of gallic acid decreased [16]. Schiavon et al. carried out experiments with the biofortification of
radish leaves and roots. In roots, the antioxidant flavonoids naringenin chalcone and kaempferol
showed enhanced concentrations and a decrease of cinnamic acid derivatives was observed. In leaves,
the hydroxycinnamic acids, especially kaempferol derivatives, were increased, caffeic acid did not
increase, and other identified phenolic compounds did not show any variation in concentration or
decreased [21]. Pezzarossa et al. performed an application of 1 mg Se/L (as sodium selenate) in
tomatoes (Solanum lycopersion cv. ‘Red Bunch’), in which a significant increase of quercetin was
observed in addition to a decrease of β-carotene and lycopene. Rutin was not influenced [70].
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Table 2. Results of the determination of phenolic compounds using HPLC‐MSn. Data are in average ± standard deviation. The total phenolic content in mg/100 g 

d.w. was calculated by the sum of all quantitative determined phenolic compounds. For the four main phenolic compounds the content in mg/100 g d.w. and the 

percentage share is given. In each column, means followed by different letters are significantly different (p < 0.05). 

Variety and 

Year of 

Cultivation 

Application * 
Σ 

[mg/100 g d.w.] 

Chlorogenic Acid 

[mg/100 g d.w.] % 

Epicatechin 

[mg/100 g d.w.] % 

Procyanidin Trimer 

[mg/100 g d.w.] % 

Caffeoyl glucoside 

[mg/100 g d.w.] % 

Golden 

Deliciousʹ 

2017 

control  126.86 ± 14.04 a,b  32.73 ± 2.92 a   25.9   13.05 ± 3.82 a,b  10.2  9.78 ± 2.30 a  7.6  14.07 ± 1.03 d  11.2 

0.15 kg 

selenite 
119.73 ± 42.13 a  33.62 ± 3.24 a  31.6  12.15 ± 4.75 a,b  10.0  9.07 ± 3.46 a  7.5  14.27 ± 0.63 d   13.8 

0.15 kg 

selenate 
123.66 ± 12.96 a,b  33.49 ± 2.22 a  28.4  13.18 ± 1.64 a,b  10.7  8.33 ± 1.37 a  6.7  13.90 ± 1.72 c,d   11.3 

Golden 

Deliciousʹ 

2018 

control  ‐  ‐  ‐  ‐  ‐  ‐  ‐  ‐  ‐ 

0.075 kg 

selenate 
‐  ‐  ‐  ‐  ‐  ‐  ‐  ‐  ‐ 

ʹJonagoldʹ 

2017 

control  152.52 ± 27.88 b  36.42 ± 13.30 a  24.0  19.50 ± 9.81 b  12.2  18.61 ± 7.48 b  11.8  5.11 ± 0.17 a   3.4 

0.15 kg 

selenite 
130.88 ± 4.38 a,b  29.30 ± 4.22 a  22.3  17.11 ± 2.87 a,b  13.1  14.74 ± 4.11 a,b  11.3   7.68 ± 1.46 a  5.9 

0.15 kg 

selenate 
124.74 ± 11.94 a,b  29.41 ± 2.82 a  23.5  12.10 ± 1.40 a,b  9.7  9.87 ± 1.87 a,  7.9   11.23 ± 2.72 b,c,d  9.2 

ʹJonagoldʹ 

2018 

control  107.39 ± 8.22 a  31.31 ± 0.91 a  29.2  10.74 ± 1.66 a,b  10.0  8.45 ± 0.32 a  7.9  11.47 ± 1.20 b,c,d  10.7 

0.075 kg 

selenate 
104.15 ± 2.97 a  27.07 ± 0.23 a  26.0  9.60 ± 8.39 a  9.1  8.09 ± 5.40 a  7.7   11.28 ± 2.65 b,c,d   10.8 

* Foliar spray rate per hectare and meter canopy height. 
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4. Conclusions

The aim of the present study was to investigate the biofortification of apples with selenium
and its influence on the selenium content, phenolic compounds, and the properties associated with
these substances.

The selenium content, PPO activity, TPC, AOA, and the composition of the phenolic compounds
were influenced in different ways, depending on the conditions of biofortification. Here, the level of
application and the form of selenium used played a major role. Furthermore, variety-specific differences
in the level of the parameters could be identified. ‘Golden Delicious’ and ‘Jonagold’ behaved differently
in some cases. The influence of ecophysiological conditions, especially the different sunshine duration,
was also identified.

Biofortification led to a significant increase in the selenium content in the apples. Here, the level
of selenium accumulation in the fruits mainly depended on the level of fertilizer. The form of selenium
used only played a minor role.

When increasing the selenium content in the apples, the selenium supply with meeting the
nutritional recommendations, can be improved. An apple of the variety ‘Golden Delicious’ with an
average weight of 220 g (± 16,5 g) in 2017 and 213 g (± 15,0 g) in 2018 can, therefore, cover the daily
requirement by approximately 17–20%. Taking into account the higher average weight of ‘Jonagold’
with values of 273 g (± 31,5 g) in 2017 and 255 g (± 25,3 g) in 2018, the consumption of one apple can
cover 20–25% of the daily requirement of selenium.

Further, it can be stated that selenium biofortification has a stabilizing effect on the activity of
PPO, as the values between the apples varied less. The PPO activity was also related to the amount of
selenium fertilizer used—higher levels led to increased activities. This can also explain the TPC, as
higher selenium levels resulted in constant or lower values, because more phenolic compounds are
potentially degraded. A stabilized PPO activity will enable stable browning reactions when focusing
on processed apple products in the future. A quick browning of freshly cut apples is not accepted by
the consumer. Further, the formation of the brown colored melanins has not yet been investigated with
regard health risks. Usually, PPO substrates—small phenolic compounds—are still regarded being
health-beneficial principles.

In further studies, HPLC-onlineTEAC coupling should be used to investigate the AOA of
individual phenolic compounds, as the results that were obtained by HPLC-DAD-ESI-MSn indicate a
certain variability of the phenolic compounds, providing different AOA. Based on the results, it can be
concluded for the present study that the phenolic compounds contained, especially the procyanidin
trimer (suggested to be procyanidin C1) and caffeoyl glucoside, have different AOA, which may also
be different, depending on the variety. These should be further analyzed by HPLC-onlineTEAC. It has
already been described in the literature that different phenolic compounds contribute differently to the
total AOA. Riehle et al. determined the AOA of the individual phenolic compounds in Cistus incanus
herbal tea infusions while using HPLC-onlineTEAC and found that the individual phenolic compounds
had different AOA and different proportions of the total AOA of the samples [71]. Zietz et al. and
Fiol et al. analyzed kale (Brassica oleraceae var. Sabellica) and found different AOA of the flavonoid
glycosides and hydroxycinnamic acid derivatives contained in the samples [72,73].

When the phenolic profiles with their corresponding single antioxidant capacities are evaluated,
it is possible to conclude also for their bioavailability and even bioactivity of the polyphenols.
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6.2. Influence of selenium biofortification of apples on the protein content

and the allergenic proteins Mal d 1 and Mal d 3

Selenium Biofortification of Different Varieties of Apples (Malus domestica) –

Influence on Protein Content and the Allergenic Proteins Mal d 1 and Mal d 3

Sabrina Groth 1, Christoph Budke 2, Timo Weber 2, Marie Oest 1, Sven Brockmann 1,

Martina Holz 1, Diemo Daum 2 and Sascha Rohn 1,3*

1 Hamburg School of Food Science, Institute of Food Chemistry, University of Hamburg,

Grindelallee 117, 20146 Hamburg, Germany
2 Department of Plant Nutrition, Osnabrück University of Applied Sciences, 49090

Osnabrück, Germany
3 Technische Universität Berlin, Institute of Food Technology and Food Chemistry,

Department of Food Chemistry and Analysis, TIB 4/3-1, Gustav-Meyer-Allee 25, 13355 Berlin,

Germany

Food Chemistry 2021, 362, 130134

doi: 10.1016/.j.foodchem.2021.130134

Accepted: 15 May 2021

In this work, the influence of selenium biofortification of seven different apple cultivars, grown

in three consecutive years at two different cultivation sites in northern Germany, on the main

allergenic proteins Mal d 1 and Mal d 3 was investigated. Biofortification was performed by

foliar fertilization. Different forms of selenium and different application levels were used. The

aim of this work was to find out whether, to which extent, and under which conditions the

biofortification of apples with selenium is suitable to reduce the allergenic potential and – in

the long term – to provide affected consumers with low allergenic fruits.

First, the proteins were extracted from the apples and the total protein content was

determined according to BRADFORD. Subsequently, the protein pattern with focus on the

allergenic proteins was analyzed gel electrophoretically by disc-SDS-PAGE and the content of
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Mal d 1 was quantitatively determined by a direct ELISA. Detection of the allergenic proteins

was performed after in-gel digestion of the obtained bands from the SDS gels by mass

spectrometry.

By means of SDS-PAGE and nano-MS/MS the four allergenic proteins Mal d 1, Mal d 2, Mal d 3,

and Mal d 4 could be detected in the apples. Here, the different samples basically showed a

similar protein pattern, but showed differences in the intensity of the bands and thus different

contents of the individual allergens. The separate analysis of peel and fruit flesh also allowed

the determination of the localization of the individual apple allergens. Thus, the peel appears

to be particularly rich in Mal d 3, whereas Mal d 2 is mainly found in the fruit flesh. Mal d 1 is

found in both the peel and the fruit flesh. Biofortification seems to increase the synthesis of

Mal d 3, as more intense bands were observed here. In most cases, the content of Mal d 1 in

the apples was reduced by biofortification. In particular, the application of selenate resulted

in statistically significant reductions in Mal d 1 content in many cultivars, although different

fruit compartments were affected to varying degrees by biofortification. Thus, especially in

the fruit flesh, the Mal d 1 content was significantly reduced. In addition to biofortification,

apple variety and climatic conditions at the growing location were identified as further factors

influencing allergenic proteins.

Work shares

Sabrina Groth: Performance of the in-gel digestion of bands from SDS gels for

mass spectrometric analysis of apple proteins; experimental and

statistical evaluations; preparation of the manuscript

Total contribution: 40%
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6.3. Analysis of the relationship between phenolic compounds and the

allergenic protein Mal d 1 selenium-biofortified apples

Relationship between Phenolic Compounds, Antioxidant Properties, and the Allergenic

Protein Mal d 1 in Different Selenium-Biofortified Apple Cultivars (Malus domestica)
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This work analyzes the relationship between the parameters determined in the two previous

works. Here, the aim is to investigate the interactions between allergenic proteins with other

substances such as phenolic compounds and their properties in selenium-biofortified apples.

For this purpose, selenium-biofortified apples and the corresponding controls of different

cultivars were analyzed and correlation analyses between total phenolic content,

polyphenoloxidase activity, antioxidant activity, and phenolic profile with the content of the

allergenic protein Mal d 1 were performed. Another objective is to evaluate whether the

innovative agronomic method of biofortification is suitable for increasing the content of

selenium and polyphenols in apples while reducing the content of allergenic proteins.
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It was found that there is a correlation between PPO activity and the content of individual

phenolic compounds with the Mal d 1 content. The relationship between PPO activity and

Mal d 1 content appears to be cultivar dependent as well as influenced by ecophysiological

conditions, as both positive and negative correlations were found. Apples high in chlorogenic

acid and low in procyanidin trimer and/or epicatechin showed lower allergic potential. In

contrast, the total phenolic content and the level of antioxidant activity seem to play only a

minor role. In the biofortified apples, the changes in phenolic profile described above were

frequently observed. Thus, this measure seems to be suitable for a reduction of the allergenic

potential in apples.

Work shares

Sabrina Groth: Establishment and validation of the methods for determination

of polyphenoloxidase activity, total phenolic content, and

antioxidant properties by TEAC and ORAC assay in apples;

measurement of PPO activity, TPC, and AOA; performance of in-

gel digestion of bands from SDS gels for mass spectrometric

analysis of apple proteins; experimental and statistical

evaluations; preparation of the manuscript.

Total contribution: 35%
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Abstract: Notable parts of the population in Europe suffer from allergies towards apples. To address
this health problem, the analysis of the interactions of relevant allergens with other substances
such as phenolic compounds is of particular importance. The aim of this study was to evaluate the
correlations between the total phenolic content (TPC), polyphenol oxidase (PPO) activity, antioxidant
activity (AOA), and the phenolic compound profile and the content of the allergenic protein Mal d
1 in six apple cultivars. It was found that the PPO activity and the content of individual phenolic
compounds had an influence on the Mal d 1 content. With regard to the important constituents,
flavan-3-ols and phenolic acids, it was found that apples with a higher content of chlorogenic acid
and a low content of procyanidin trimers and/or epicatechin had a lower allergenic potential. This
is probably based on the reaction of phenolic compounds (when oxidized by the endogenous PPO)
with proteins, thus being able to change the conformation of the (allergenic) proteins, which further
corresponds to a loss of antibody recognition. When apples were additionally biofortified with
selenium, the composition of the apples, with regard to TPC, phenolic profile, AOA, and PPO, was
significantly affected. Consequently, this innovative agronomic practice seems to be promising for
reducing the allergenic potential of apples.

Keywords: apple; biofortification; selenium; antioxidant properties; phenolic compounds; polyphe-
nol oxidase; Mal d 1; allergy

1. Introduction

Apples contain important compounds that are of health-beneficial relevance. Besides
vitamins, a diverse set of minerals and trace elements are present in the fruits [1–4]. Further-
more, the fruits are rich in secondary plant metabolites, especially flavonoids and phenolic
acids [5,6]. In in vitro studies, apple extracts and isolated compounds, especially oligomeric
procyanidins, have been shown to influence several mechanisms of cancer development [7].
The consumption of apples is recommended for a healthy diet, as they are hypothesized to
reduce the risk of stroke, as well as cardiovascular disease and lung cancer [5,6,8].

However, eating apples can also provoke allergic reactions [9–12]. Most commonly,
there are symptoms that primarily occur in patients with hay fever [13]. About 70% of
birch pollen allergy sufferers also show allergic symptoms towards apples because of
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the chemical-structural homology of the allergenic proteins Bet v 1 and Mal d 1, both
belonging to the protein family PR-10 [14]. In a population-based study of young adults
(between 20 and 44 years) in 13 European countries, the prevalence of a type I sensitization
towards apples ranged from 0% in Iceland to 10.3% in Germany (overall average for all
countries: 4.2%) [11]. Type I reaction describes an immediate-type allergy and includes IgE-
mediated reactions [15]. Nationwide, approximately four million Germans are impaired by
an apple allergy [16,17].

The identification of hypoallergenic apple cultivars is important for dietary recommen-
dations, especially for patients suffering from severe symptoms of apple allergy [18,19]. For
this reason, various aspects of apple allergy have been highlighted in numerous scientific
studies since the early 1990s [16–35]. The assessment of the allergenic potential of an apple
cultivar is a complex issue, as the allergen content of apples is influenced by various factors:
the content of allergenic proteins depends primarily on the genotype [17,20–26] but is
also influenced by the level of maturation, postharvest conditions, as well as cultivation
conditions and practices, such as the use of selected fertilizers [21,22,24–29,36,37].

However, it is hypothesized that certain apple cultivars with comparatively higher to-
tal phenolic contents (TPC) are more tolerable with regard to allergenicity. In this context, it
is further assumed that the interactions between the polyphenols and the allergenic protein
Mal d 1 play an important role in reducing allergenic potential [13,16]. Such interactions
can be of a different nature, depending on the structure of the phenolic compounds. Similar
to protein–protein interactions, hydrogen, ionic, hydrophobic, and aromatic interactions
can occur, leading to a change in the conformation of the proteins [38,39].

Some studies in the literature even describe dependencies on the polyphenol com-
position, the allergenicity (mainly with regard to Mal d 1), and the activity of polyphenol
oxidases, with the latter significantly influencing polyphenol content and composition
in apples [16,17,22,28]. Bernert et al. (2012) found a statistically significant correlation
between TPC and apple allergenicity [16]. The results of previous studies reported that
interactions between oxidized plant polyphenols with allergenic proteins are especially
believed to reduce their allergenicity [30,31,40]. During peeling, crushing, or squeezing
of the fruits, p- and o-dihydroxybenzene derivatives are oxidized to quinones, forming
soluble and insoluble protein–phenolic complexes with Mal d 1, and thereby “inactivating”
the protein [20,30,31,41,42]. Such reactions between polyphenols and proteins can even be
between far larger crosslinked melanin-like compounds [39]. A high PPO activity favors
the oxidation of phenolic compounds and, consequently, the suppression of the allergenic
effect of Mal d 1 [27]. The study described by Kiewning et al. (2013) showed that the activity
of PPO seems to be even more important than TPC for lowering the Mal d 1 content. At a
high PPO activity, Mal d 1 was reduced, even when the TPC was low [27]. This assumption
is supported by the studies described by Kschonsek et al. (2019). They observed that
apple cultivars with a high polyphenol content and an equally high PPO activity have
a lower allergenicity [20]. Apple cultivars with a high TPC provided a better tolerance.
Schmitz-Eiberger et al. (2009) evaluated the relationship between Mal d 1 content, PPO
activity, TPC, and antioxidant capacity. The results showed that higher PPO activities and
TPCs lead to a diminished extractability of the allergenic proteins [22].

The two phenolic compound classes, phenolic acids and flavonoids, in particular
seem to exhibit a high reactivity towards proteins, as many of their chemical structures
are highly susceptible to oxidation [39]. These compounds are found in apples, and in
some cultivars in particularly high concentrations [43–46]. Garcia et al. (2007) showed
that the addition of the flavan-3-ols catechin and epicatechin can contribute to a reduction
of allergenicity. Red-fleshed apple cultivars, which can accumulate phenolic compounds
from the anthocyanin class, not only in the fruit peel, but also partially in the fruit flesh,
proved to be particularly low in allergenicity [32,33]. Kschonsek et al. (2019) showed that
high levels of chlorogenic acid, caffeic acid, and epicatechin were associated with a low
concentration of sulfidoleucotrienes, which are synthesized and released by leucocytes
after a contact with allergens [17].
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As mentioned above, apple composition is influenced by all kinds of physical, chemi-
cal, and biological elicitations [47]. In a previous study, the influence of the biofortification
of apples with selenium by foliar fertilization was investigated. There, it was found that
the content and composition of phenolic compounds were significantly influenced by sele-
nium [48]. In other experiments it was found that even the Mal d 1 content was reduced,
in most cases, when the fruits were biofortified with selenate, while apple cultivar and
ecophysiological conditions (e.g., climate) were identified as further influencing factors [34].

The aim of the present study was to investigate the relationship between antioxidant
properties (as a measure of a phenolic compound’s reactivity), phenolic compound com-
position, and the allergenic protein Mal d 1, when biofortifying with selenium. Selenium
might be an interesting influencing factor in this case, as it is also a redox active trace
element. For this purpose, six different apple cultivars from three consecutive growth
seasons, and harvested in two different locations, were characterized. With this study, it
might be possible to evaluate an innovative agronomic practice for enhancing polyphenols
and selenium in apples, while at the same time reducing the content of allergenic proteins.

2. Results and Discussion

To analyze the strength and direction of the linear relationship between the Mal d 1
content and the phenolic compounds, as well as the related properties, correlation analyses
were performed, and the coefficient of determination was calculated. Furthermore, the
influence of a selenium biofortification was also investigated. The contents of the following
parameters in the different selenium-biofortified apple samples and controls are shown in
Tables S1 and S2 in the Supplementary Materials: selenium content, Mal d 1 content, PPO
activity, TPC, content of individual phenolic compounds, and AOA measured by TEAC
and ORAC. The biofortification resulted in a significant increase of the selenium content
in the fruits, by a factor of 10 to 30 compared to the corresponding controls. Furthermore,
the Mal d 1 content of the biofortified apples was reduced in most cases. Regarding the
other parameters in the selenium-biofortified apples, a lower variation of PPO activity,
higher TPCs upon application of selenite, and changes in the concentration of the major
phenolic compounds, such as chlorogenic acid, the fraction of procyanidin trimers, and
caffeoylglucoside were observed.

2.1. Correlation Analysis between Selenium Content and Mal d 1 Content

The correlation analyses showed no correlation between selenium and Mal d 1 content
across all selenium-biofortified apple samples of the six cultivars analyzed. However, a
negative correlation was found for most of the individual cultivars, and a high selenium
content was therefore associated with a low Mal d 1 content. Variety-specific differences
were found. The correlations also varied in strength, with correlation coefficients between
0.0244 and 0.7673 (Table 1). Biofortification with selenium resulted in significantly lower
content of the allergenic protein Mal d 1 in ‘Golden Delicious’ and ‘Boskoop’, making
these cultivars particularly suitable for a further targeted reduction of the Mal d 1 content
by the applied agronomic approach. In the case of ‘Jonagold’, differences between the
two cultivation seasons were observed, and a highly significant negative correlation was
found for the year 2017. In contrast, a slight positive correlation was determined in the
following year. The Mal d 1 content of the cultivars ‘Jonica’ and ‘Elstar’ was only reduced
or increased to a small extent by the biofortification. As there was no correlation between
Mal d 1 and selenium content in ‘Fiesta’, the Mal d 1 content of this variety was not affected
in association to the biofortification approach.
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Table 1. Correlation between Selenium Content and Mal d 1 Content.

Cultivar and Year of Cultivation Correlation Coefficient
Selenium—Mal d 1

All −0.0154
‘Fiesta’ 2017 0.0244
‘Jonica’ 2017 −0.4099

‘Golden Delicious’ 2017 −0.6493 *
‘Jonagold’ 2017 −0.7673 **
‘Boskoop’ 2018 −0.7463 *

‘Jonica’ 2018 −0.3524
‘Golden Delicious’ 2018 −0.7318 *

‘Jonagold’ 2018 0.2491
‘Elstar’ 2019 0.3922

* p ≤ 0.05; ** p ≤ 0.01.

A comparison of the results with the literature can only be made to a limited extent,
due to the lack of comparable studies. To the best of our knowledge, the influence of
the selenium biofortification of plant foods on allergenic proteins had not been described
previously. Nevertheless, a number of other factors have been analyzed for influence on the
content of allergenic proteins in apples, including the cultivation system. Schmitz-Eiberger
(2011) showed that apples from organic cultivation showed significantly higher Mal d 1
contents [22]. Furthermore, allergic persons showed a higher sensitivity when consuming
such apples [29]. The organic cultivation of fruit trees leads to higher susceptibilities
towards environmental stress factors such as fungal, bacterial, and viral attack, which were
shown to result in a higher biosynthesis rate of Mal d 1 [36]. Mal d 1 is a pathogenesis-
related protein, which is synthesized by fruits mainly for defense against such pathogens
and occasionally as an response against certain environmental stress conditions [10,12,21].
Therefore, the results of the present study are in line with the previous findings. It is
hypothesized that the application of selenium-containing fertilizers leads to the better
protection of the fruits against certain stress factors, whereby only a lower synthesis rate
of the Mal d 1 protein is required. The induction of further plant-protective substances,
such as phenolic compounds, resulting from biofortification with selenium in apples [48]
and other crops [49–55] has also been determined in previous studies. Furthermore, it has
already been shown that selenium can protect plants from a range of abiotic stresses such
as cold, drought, radiation, salinity, and heavy metals [56,57]. In such cases, it seems that
the synthesis of the plant protecting protein Mal d 1 is no longer necessary and therefore
reduced in its expression. The role of selenium is associated with the regulation of reactive
oxygen species and the stimulation of antioxidant systems [57,58].

2.2. Relationship between PPO Activity and Mal d 1 Content

The analysis of the correlation between PPO activity and the Mal d 1 content of all
investigated samples showed no correlation. There were also no correlations in a separate
consideration of the two groups, “controls” and “selenium-biofortified apples” (Table 2).
For the analysis of the correlation of the parameters for the individual cultivars, the
following was found: for the cultivars ‘Jonica’ and ‘Golden Delicious’ from the cultivation
year 2017 and ‘Elstar’ from the year 2019, a low Mal d 1 content was associated with a
higher PPO activity (Figure 1A). For ‘Jonica’, the correlation was significant. In contrast, a
positive correlation was found for the first two cultivars and for ‘Boskoop’ in the following
year 2018 (Figure 1B). There was a high significance for ‘Boskoop’. At this point, the
hypothesis was made that the correlation between PPO activity and Mal d 1 content is
influenced by genotype, as well as ecophysiological conditions. ‘Fiesta’ and ‘Jonagold’
showed no correlation between PPO activity and Mal d 1 content in all cultivation seasons.
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Table 2. Relationship between PPO Activity, TPC, Antioxidant Activity (TEAC and ORAC), and Mal d 1 Content.

Cultivar and Year of
Cultivation

Correlation
Coefficient R2

PPO—Mal d 1

Correlation
Coefficient R2

TPC—Mal d 1

Correlation
Coefficient R2

TEAC—Mal d 1

Correlation
Coefficient R2

ORAC—Mal d 1

All −0.1164 0.0582 −0.1676 −0.0211
All control samples −0.1635 −0.0115 −0.3207 −0.0375

All biofortified samples −0.1524 0.1378 0.0006 −0.1382
‘Fiesta’ 2017 0.1463 0.0529 −0.1343 −0.4863
‘Jonica’ 2017 −0.7158 * −0.4915 −0.3110 −0.3962

‘Golden Delicious’ 2017 −0.5614 −0.2115 −0.3889 0.1618
‘Jonagold’ 2017 −0.0444 0.1980 −0.4260 0.6741 *
‘Boskoop’ 2018 0.8589 ** −0.2949 −0.4697 0.0013

‘Jonica’ 2018 0.3496 −0.0322 0.0759 0.0767
‘Golden Delicious’ 2018 0.3847 0.5139 0.8740 * 0.3760

‘Jonagold’ 2018 −0.0296 −0.6023 −0.5536 0.4483
‘Elstar’ 2019 −0.4324 0.3780 0.4998 −0.2930

‘Fiesta’ 2017 Control 0.3081 −0.6859 −0.6037 −0.4795
‘Fiesta’ 2017 Selenium −0.1074 0.5634 0.0820 −0.9576 ***
‘Jonica’ 2017 Control −0.9364 −0.4338 −0.3799 −0.3814

‘Jonica’ 2017 Selenium −0.5521 −0.4679 −0.2717 0.1818
‘Golden Delicious’ 2017

Control 0.5215 −0.4503 −0.4439 −0.5066

‘Golden Delicious’ 2017
Selenium −0.4871 −0.7232 * −0.5940 0.1390

‘Jonagold’ 2017 Control −0.1373 0.7581 0.8501 −0.6730
‘Jonagold’ 2017 Selenium 0.7316 * 0.1126 0.5074 0.7491 *
‘Boskoop’ 2018 Control 0.7455 −0.7328 −0.8318 −0.3367

‘Boskoop’ 2018 Selenium 0.2508 −0.1612 −0.2445 0.7092
‘Jonica’ 2018 Control 0.0281 −0.6060 −0.4973 −0.6569

‘Jonica’ 2018 Selenium 0.8033 0.7256 0.7631 0.4636
‘Golden Delicious’ 2018

Control −0.5166 0.9170 0.7411 0.3569

‘Golden Delicious’ 2018
Selenium −0.8993 0.4206 0.8222 −0.9424

‘Jonagold’ 2018 Control 0.6978 −0.9217 −0.8754 −0.4095
‘Jonagold’ 2018 Selenium −0.9821 * −0.7753 −0.6820 0.6942

‘Elstar’ 2019 Control −0.2390 0.1797 0.1275 −0.1005
‘Elstar’ 2019 Selenium −0.4857 0.3917 0.5802 −0.3532

* p ≤ 0.05; ** p ≤ 0.01; *** p ≤ 0.001.

Among others, ‘Jonica’ and ‘Golden Delicious’ were cultivated in 2017 and 2018.
Consequently, a comparison between the years of cultivation can be made to analyze
the differences in the correlation between PPO activity and the Mal d 1 content. Here,
controls and selenium-biofortified samples were included. Both cultivars were found to
have a significantly higher PPO activity and lower Mal d 1 content in 2018 compared to the
previous year (Table 3). When the data of the individual apples were used for the correlation
analysis, an inverse correlation between PPO activity and Mal d 1 content resulted.

In the two years of cultivation, there were different climatic conditions in the apple
orchard in Osnabrück, Germany. Compared to the previous year, a significantly higher
sunshine duration (+37%) and a significantly lower precipitation (−61%) was recorded for
the year 2018 [59].

A negative correlation between PPO activity and Mal d 1 content has been reported
for different apple cultivars [20,22,27,32]. In one of their studies, Garcia et al. (2007)
investigated the correlation of these parameters in ‘Golden Delicious’ and ‘Jonagold’ and
conducted experiments on ‘Golden Delicious’, where an excess of exogenous PPO was
added to the apple samples. It was shown that the treatment with PPO reduced allergenicity
in the form of a lower IgE-binding capacity of Mal d 1 [32]. Schmitz-Eiberger et al. (2011)
also analyzed the relationship between the Mal d 1 content and the PPO activity. Fruits of
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the three apple cultivars ‘Braeburn’, ‘Topaz’, and ‘Golden Delicious’ were used. The results
of that study showed that a higher PPO activity led to a diminished extractability of Mal d
1 [22]. Kiewning et al. (2013) also performed correlation analyses between Mal d 1 content
and PPO activity of different cultivars. ‘Elstar’ and ‘Diwa’ showed a high correlation, while
the correlation for fruits of ‘Boskoop’ was only moderate [27]. Likewise, Kschonsek et al.
found this type of correlation for six different apple cultivars, including ‘Golden Delicious’.
Determining the Mal d 1 content and PPO activity after a 60-min oxidation period of the
fruits showed a strong decrease of Mal d 1 content, associated with a high PPO activity,
as well [20].

Figure 1. A,B. Correlation between PPO activity and Mal d 1 content of the cultivars ‘Jonica’ (2018), n = 8, ‘Golden Delicious’
(2018), n = 12, ‘Jonica’ (2017), n = 8, ‘Golden Delicious’ (2017), n = 12, and ‘Elstar’ (2019), n = 12. The controls and biofortified
samples are shown. Indication of the coefficient of determination R2 for the respective cultivars. * p ≤ 0.05.
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Table 3. Correlation coefficients between the content of Mal d 1 and the different phenolic compounds.

Cultivar and Year of
Cultivation

Mal d 1 Mal d 1 Mal d 1 Mal d 1 Mal d 1 Mal d 1

Chlorogenic
Acid Epicatechin Procyanidin

Trimers
Caffeoyl

Glucosides

Σ
Phloretin

Glucosides

Σ
Quercetin

Glycosides

All 2017 −0.0379 0.2277 0.5165 *** −0.2685 −0.0361 −0.1151
All controls 2017 −0.3064 0.1077 0.4866 −0.3484 0.3345 0.3230

‘Fiesta’ Control 2017 −0.9558 * 0.7474 0.9904 ** 0.6394 −0.4251 −0.8979
‘Jonica’ Control 2017 0.4068 0.2401 −0.9204 0.0662 0.7636 −0.6081

‘Golden Delicious’
Control 2017 −0.5851 −0.8429 −0.6738 −0.2393 −0.0145 −0.7521

‘Jonagold’ Control 2017 −0.8553 0.5818 0.6812 −0.3038 0.6768 0.6710
All biofortified 2017 0.2869 0.3325 0.4929 ** −0.1586 −0.2357 −0.1782

‘Fiesta’ Selenium 2017 0.2344 0.8735 * 0.4806 0.1037 −0.6540 −0.6743
‘Jonica’ Selenium 2017 −0.0262 0.0871 0.6946 −0.6670 −0.2565 −0.0444

‘Golden Delicious’
Selenium 2017 0.6621 0.5236 0.6252 0.6760 0.8206 * 0.7218 *

‘Jonagold’ Selenium 2017 0.3544 −0.0528 0.4626 −0.0715 −0.0557 0.2322

* p ≤ 0.05; ** p ≤ 0.01; *** p ≤ 0.001.

A decrease in Mal d 1 content or IgE-binding capacity and the accompanied reduced
immunoreactivity seem to result from the reaction of o-quinones, deriving from the ox-
idation of phenolic compounds, with the proteins. As PPO catalyzes this reaction, a
high enzyme activity leads, accordingly, to high o-quinone contents. These in turn can
lead to an irreversible change in the tertiary structure of the allergen by modifying the
nucleophilic amino acid side chains of the proteins, with the possibility of follow-up poly-
merizations [60]. Due to these cross-linkages, conformational epitopes of the allergen get
lost, which reduces or even eliminates allergenicity [32,41,61].

To investigate the influence of selenium biofortification on allergenicity, correlation
analyses of the individual cultivars were performed for the controls and the biofortified
samples (Table 2). No consistent effects were found across all cultivars. For ‘Fiesta’ and
‘Golden Delicious’ from the year 2017, and ‘Jonagold’ from the year 2018, the biofortification
led to a change in correlation towards negative values. For ‘Jonagold’ (2017) and ‘Jonica’
(2018), a change towards a positive correlation was observed for the selenium-biofortified
samples. ‘Golden Delicious’ from the year 2018 and ‘Elstar’ from the year 2019 showed a
stronger negative correlation for the biofortified samples compared to the controls. The
correlation between PPO activity and Mal d 1 content was only significant for ‘Jonagold’.

2.3. Analysis of the Relation between TPC and Mal d 1 Content

The analysis of the correlation between TPC and Mal d 1 showed no correlation,
when considering all samples, and comparing “control” and “selenium biofortification”
(Figure 2). A separate analysis of the individual cultivars showed only a weak negative
correlation for ‘Jonica’ (2017) and ‘Jonagold’ (2018), and only a weak positive correlation
for ‘Golden Delicious’ (2018) and ‘Elstar’ (2019) (Table 2). No correlation was of statistical
significance. At this point, no trend was identified. It was therefore assumed that TPC
alone does not, or only to a small extent, influence the content of allergenic proteins.

In line with this, Kiewning et al. (2013) and Kschonsek et al. (2019b) concluded that
TPC plays only a minor role with regard to Mal d 1 content. In contrast, the activity of PPO
proved to be more important for the reduction of Mal d 1. At high PPO activity, Mal d 1
activity can be reduced, even when the TPC is low [20–27].

According to the consistent results of several studies, there is an inverse relationship
between TPC and the allergenicity of apples [17,22]. Bernert et al. (2012) analyzed the
cultivars ‘Red Boskoop’ and ‘Golden Delicious’, among others, and found that apple
cultivars with a high content of total polyphenols provided a better tolerance for apple
allergy sufferers [16]. Kschonsek et al. (2019a) detected an inverse correlation between high
TPC and low in vitro allergenicity of apples [17]. One of the first attempts to evaluate the
relationship between Mal d 1 content and PPO, TPC, and antioxidant capacity in different
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apple cultivars was reported by Schmitz-Eiberger et al. (2011). Their results showed that
higher PPO activity and TPC lead to a diminished extractability of the allergenic protein
Mal d 1 [22]. It is assumed that oxidative reactions between apple polyphenols and the
allergen are responsible [30,31]. The reduction in allergenicity could be due to the masking
of IgE-binding sites on the allergenic protein, through cross-linking of proteins induced by
oxidative enzymes [39,41]. PPO is the main factor involved in these oxidative reactions in
fruit [32]. A decrease in the allergenic potential of the protein Pru av 1 in the presence of
polyphenols and PPO was also observed in cherries [61].

Figure 2. Correlation between TPC and Mal d 1 of all control samples (n = 36) and of all selenium-biofortified samples
(n = 52).

The biofortification of apples with selenium did not result in any consistent effects
across cultivars with regard to the relationship between TPC and PPO activity. For example,
a change in correlation from negative values (as estimated for the controls) to a positive
correlation was observed in the biofortified samples of the cultivar ‘Fiesta’ from the year
2017. This effect also occurred for ‘Jonica’ (2018). ‘Golden Delicious’ from the year 2017
showed a significantly higher negative correlation, while all other cultivars showed only
marginal differences in correlation between the two parameters.

2.4. Individual Phenolic Compounds Influence the Content of Mal d 1

A qualitative and quantitative analysis of the phenolic compounds of the apple
samples from the cultivation year 2017 was performed by HPLC-MSn. The following com-
pounds were detected: the dihydrochalcones phloretin-2-xylosyl-glucoside and phloretin-
2-glucoside, the flavan-3-ol epicatechin, a procyanidin dimer and a fraction of procyanidin
trimers, the hydroxycinnamic acid derivatives caffeoylglucoside and chlorogenic acid, as
well as the flavonols quercetin-3-O-galactoside, quercetin-3-O-xyloside, and quercetin-3-O-
glucoside.

The main compounds in apples are chlorogenic acid, the sum of the quercetin glyco-
sides, the sum of the two phloretin glucosides, and epicatechin. Significant differences were
found between the cultivars, especially in the content of chlorogenic acid and quercetin
glycosides (Table S2, Supplementary Materials).
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The cultivar ‘Fiesta’ was characterized above all by a high proportion of chlorogenic
acid (40%). The other cultivars only had proportions of 21–27%. Furthermore, differences
appeared in the proportion of epicatechin: ‘Fiesta’ contained an average of 15%, while
the others had only 9–10%. With regard to the phloretin glucosides and the quercetin
glycosides, ‘Fiesta’ contained significantly less of these, at 8% and 23%, compared with
12–14% and 28–41% for the other cultivars, respectively.

Kschonsek et al. (2018) also reported high levels of chlorogenic acid in various ap-
ple cultivars. For this purpose, they analyzed the old cultivars ‘Ontario’ and ‘Dülmener
Rosenapfel’ and the comparatively newer cultivars ‘Braeburn’ and ‘Granny Smith’ and
found significant differences between the old and the new cultivars. Regarding the profile
of phenolic compounds, chlorogenic acid was the main polyphenol in the old apple culti-
vars with a percentage of around 63%. The new apple cultivars ‘Braeburn’ and ‘Granny
Smith’, on the other hand, contained a significantly lower proportion of chlorogenic acid,
amounting for 15.4% [2].

In the present study, correlation analyses were performed for the main individual
phenolic compounds and Mal d 1 content (Table 3). Across all samples, without considering
cultivar or biofortification, the correlation coefficient between Mal d 1 content and the
individual phenolic compounds was highest for the fraction of procyanidin trimers, fol-
lowed by the caffeoylglycosides. For the more complex procyanidins, there was a positive
correlation, with a high significance; samples with a higher content of procyanidin trimers
also had a higher content of Mal d 1. In contrast, there was an inverse correlation for
caffeoylglycosides and Mal d 1.

A separate analysis of the correlation between the individual phenolic compounds
and the allergenic potential for the controls of each cultivar showed different relationships,
depending on the cultivar. For chlorogenic acid, a negative correlation was found for
‘Fiesta’, ‘Golden Delicious’, and ‘Jonagold’ (Figure 3A). High levels of epicatechin were
observed in association with high Mal d 1 levels for ‘Fiesta’ and ‘Jonagold’, whereas there
was a negative correlation for ‘Golden Delicious’ (Figure 3B). Regarding the fraction of
procyanidin trimers, a positive correlation was observed for ‘Fiesta’ and ‘Jonagold’ and
a negative correlation for ‘Jonica’ and ‘Golden Delicious’ (Figure 3C). The correlation
coefficients of caffeoylglucosides and Mal d 1 were low (−0.35 ≥ R2 ≤ 0.06), except for
‘Fiesta’. Therefore, the content of this phenolic compound probably plays only a minor
role with regard to the allergenic potential. The sum of phloretin glucosides correlated
positively with the Mal d 1 content in ‘Jonica’ and ‘Jonagold’. Furthermore, a negative
correlation was observed between the sum of quercetin glycosides and the Mal d 1 content
in all cultivars, except ‘Jonagold’.

The correlation between individual phenolic compounds and the Mal d 1 content of nu-
merous cultivars has already been determined and described in the literature [16,17,20,27,35].
Kiewning et al. (2013) analyzed the abovementioned parameters for the cultivars ‘Elstar’,
‘Diwa’, and ‘Boskoop’ and found a low to moderate correlation between catechin, as well
as epicatechin, and Mal d 1 content. In contrast to ‘Elstar’ and ‘Boskoop’, the correlation be-
tween Mal d 1 and catechin, as well as epicatechin, of the cultivar ‘Diwa’ was negative [27].
Moreover, in the present study, low to moderate correlation coefficients were found with
regard to epicatechin, as well as different dependencies on cultivar.

Bernert et al. (2012) performed an analysis of the correlation between the content
of phenolic compounds and the apple allergy tolerance for different cultivars, including
‘Golden Delicious’. They identified chlorogenic acid as the main polyphenol in all ap-
ple cultivars tested. A statistical evaluation showed a negative correlation between the
chlorogenic acid content and the tolerance claims. When apples contained high levels of
chlorogenic acid, they were better tolerated by allergy sufferers [16]. The present study
confirmed this relationship to a large extent, since in most varieties a high chlorogenic
acid content was correlated with a low content of Mal d 1. Due to this, a better tolerance
is assumed.
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Figure 3. A–C. Correlation between the individual phenolic compounds and the Mal d 1 content in apple samples of the cultivars ‘Fiesta’, ‘Jonica’, ‘Golden Delicious’, and ‘Jonagold’, n = 4
for each variety. (A) Chlorogenic acid; (B) epicatechin; (C) procyanidin trimer. * p ≤ 0.05; ** p ≤ 0.01.
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Kschonsek et al. (2019b) conducted experiments on the influence of enzymatic brown-
ing with regard to in vitro allergenicity in two old and two new apple cultivars and drew
conclusions on the relationship between phenolic compounds and allergenic potential. A
more intense enzymatic browning occurred in the cultivar ‘Ontario’ compared to ‘Dülmener
Rosenapfel’. At the same time, a 25% higher decrease in TPC was observed for ‘Ontario’.
This may have been due to the higher content of total flavanols (50%) and total hydrox-
ycinnamic acids (15%), as the phenolic compound classes are very good substrates for
PPO [20,27,62]. The higher degree of browning was associated with a lower in vitro al-
lergenicity. Correlation analyses showed that high levels of chlorogenic acid, caffeic acid,
and epicatechin were associated with the lower in vitro allergenicity of the apples [20].
The present study could only partially confirm these results. Thus, a negative correlation
between chlorogenic acid and Mal d 1, which is directly related to allergenicity, was also
found in three of the four varieties analyzed. Caffeic acid was not identified in the ap-
ple samples. In comparison to the study by Kschonsek et al., high levels of epicatechin
associated with low Mal d 1 contents were observed only in Golden Delicious [20]. In
contrast, the varieties Fiesta, Jonica, and Jonagold showed a positive correlation of these
two parameters. These differences can be explained by the different cultivars.

In a recent study by Romer et al. (2020), the correlation between the phenolic profile
and Mal d 1 content was investigated in 16 different apple cultivars. No correlation with
the allergen content was found with regard to the levels of flavonols, anthocyanins, and
phenolic acids. The flavan-3-ols catechin and epicatechin, as well as the procyanidins B1,
B3, and a non-specified procyanidin, showed a high positive correlation with the allergen
content [35]. As already explained, the present study was able to confirm the positive
correlation between the content of epicatechin and Mal d 1. Variety-specific differences
were present with regard to procyanidins. A positive correlation was also observed for
‘Fiesta’ and ‘Jonagold’, whereas a low procyanidin content was correlated with a low Mal d
1 content in ‘Golden Delicious’ and ‘Jonagold’.

The allergenicity of apples seems to be mostly influenced by the procyanidins, as
well as their monomer epicatechin, and chlorogenic acid. However, there are differences
between the varieties. Here, a low procyanidin and epicatechin content, as well as a high
content of chlorogenic acid, had an enhanced effect on Mal d 1 content, since low levels of
the allergen were present here. With regard to cultivars being generally low in allergens,
cultivars with a low procyanidin and epicatechin content and a high chlorogenic acid
content seem to, therefore, be advantageous. As only very low correlation coefficients
were measured between the other phenolic compounds and Mal d 1, the content of these
substances probably had no influence on the overall allergenic potential of the apples.

In most cases, biofortification resulted in lower procyanidin and epicatechin contents
and higher levels of chlorogenic acid associated with a lower Mal d 1 content. Therefore,
this agronomic practice seems to be suitable for the reduction of allergenic potential.
Polyphenols, and especially their oxidation products, quinones, are among the most
reactive ingredients in apples. The reaction of phenolic compounds, as phenoxy radicals,
quinones, or semiquinone radicals, results in irreversible interactions with proteins [38,39].
The oxidative degradation of phenolic compounds catalyzed by PPO leads to the formation
of o-quinones (Figure 4).

Figure 4. Reactions of PPO as (a) monophenolase: in the presence of oxygen, the hydroxylation of
phenol derivatives to catechols is catalyzed. (b) o-Diphenolase activity: the catechols are oxidized to
o-quinones by the activity of PPO.
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The o-quinones are very reactive, they can subsequently form dimers/oligomers/ poly-
mers with other phenolic compounds (brown colored melanins), as well as adducts with
proteins. The oligomers, in turn, can be re-oxidized and covalently crosslink proteins [38,39].

The potential anti-allergenic properties of the phenolic compounds are based on dif-
ferent molecular mechanisms: On the one hand, the tertiary structure of the proteins can be
altered to produce a lack of antibody recognition. This can be caused either by the polyphe-
nols themselves, their oxidized forms (o-quinones), or even more directly by PPO. First of
all, polyphenols can act as ligands for the hydrophobic cavity [35,63,64]. Due to structural
similarity, PPO can use the phenolic amino acid tyrosine as a substrate, in addition to other
phenolic compounds. When tyrosine is in the protein structure of the allergens oxidized,
there can be a formation of covalent crosslinks within the protein(s) and, consequently, a
conformational change and a loss of antibody recognition [20,35,65]. Another mechanism
concerns the influence of phenolic compounds on mast cells and the prevention of his-
tamine secretion [27,35,42,66]. Thus, polyphenols are able to influence the binding between
IgE antibodies and the FCεRI receptor on the mast cell surfaces [23–67], resulting in a lower
amount of released histamine and, thus, in a lower allergic recruitment [35].

Furthermore, interactions between the phenolic compounds and the allergenic pro-
teins are possible, which can influence digestion in the gastrointestinal tract and, thus,
inactivating the allergenic effect. Thus, protein–phenol adducts can be formed, which
are enzymatically less digestible [38,39]. As already described above, irreversible bonds
between phenolic compounds and proteins can be formed, whereby phenolic compounds
are oxidized into quinones, which in turn can react with nucleophilic groups of the pro-
tein molecule. These interactions can affect the structure, functionality, and quality of
the proteins, while bioavailability can also be affected by reduced digestibility in the
gastrointestinal tract [68,69].

2.5. Relationship between AOA and Mal d 1

AOA is a measure for the reactivity of phenolic compounds. In the present study, it
was determined using the two well-known assays TEAC and ORAC, which are based on
different reaction mechanisms and, thus, allow a broader measurement of the AOA and
reactivity, respectively. With regard to the determination of AOA in phenol-rich samples
such as apples, the TEAC approach is well established. The stable ABTS-+ radical used
here reacts rapidly with antioxidants and many phenolic compounds with low redox
potential. When using the ORAC assay, AOA can be measured over a longer period via the
antioxidant inhibition being induced by exogenous peroxyl radicals, and representing a
biologically relevant mechanism. The potential effects of secondary antioxidant compounds
can also be measured and underestimation can be prevented [70].

Correlation analyses between the AOA measured with the TEAC assay and the Mal d
1 content showed no correlation for all samples, and for the selenium-biofortified samples,
in particular (Table 2). However, the controls showed an inverse correlation, with the
AOA being higher at low Mal d 1 levels. The analysis of the individual cultivars showed a
positive correlation for ‘Golden Delicious’ from the year 2018 and ‘Elstar’. For all other
cultivars, an inverse correlation of varying degree was observed (Table 2). Furthermore,
correlation analyses were performed between the ORAC value and the Mal d 1 content.
However, the correlation between AOA and Mal d 1 content was weakly negative in all
samples, as well as in all controls and in all selenium-biofortified samples (Table 2). ‘Golden
Delicious’ and ‘Jonagold’ showed a positive correlation between ORAC values and Mal d 1
contents in both years of cultivation (Figure 5A), whereas a negative relation was present
for ‘Fiesta’, ‘Jonica’, and ‘Elstar’ (Figure 5B). Only in the case of ‘Jonagold’ rom 2017 was
the correlation of statistical significance.
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Figure 5. A,B. Correlation between ORAC-values and Mal d 1 contents in the apple fruits of the cultivars (A) ‘Golden
Delicious’ and ‘Jonagold’, harvested in 2017 (n = 12 for each variety) and 2018 (n = 8 for each variety) n Osnabrück; (B)
‘Fiesta’ (n = 12), and ‘Jonica’ (n = 8), harvested 2017 in Osnabrück and ‘Elstar’ (n = 12), harvested 2019 in Jork. * p ≤ 0.05.

In addition to the TPC and the PPO activity, AOA can be assigned to a certain role
in apple allergenicity [22,27,31,32,40,71,72]. Garcia et al. (2007) and Schmitz-Eiberger
et al. (2011) investigated in their studies the relationship between AOA and allergenicity
in ‘Golden Delicious’ apples. They found that AOA and allergenicity were positively
correlated [22,32]. This correlation was only partially observed in the present study. Based
on the data available, it is clear that a positive correlation is only valid for individual
cultivars. This applies for example to ‘Golden Delicious’ and ‘Jonagold’.

Garcia et al. (2007) treated apples of the cultivar ‘Golden Delicious’ with the synthetic
antioxidant dietyldithiocarbamic acid (DIECA). DIECA was added to the samples in
sodium phosphate buffer or in succinate-lactate buffer and incubated for 5 to 24 h. A
significant inhibition of the IgE-binding of Mal d 1 was found to result from an inhibition
of the complex reaction between oxidized phenolic compounds and Mal d 1. The Mal d
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1 content in the samples treated with DIECA was higher than the controls. Compared to
the controls, the IgE-binding of Mal d 1 in the DIECA-treated samples did not decrease as
much, due to a parallel inhibition of further endogenous enzymes [32].

Schmitz-Eiberger et al. (2011) determined the antioxidant capacity of the three apple
cultivars ‘Braeburn’, ‘Topaz’, and ‘Golden Delicious’. Unfortunately, they did not specify
the method or specific values for AOA in their publication. Regarding the relationship
between the AOA, the PPO activity, and the Mal d 1 content, it was found that the Mal d
1 content and the AOA were lowest and the PPO activity was highest in ‘Braeburn’. For
‘Golden Delicious’, the three parameters were in a medium range. For ‘Topaz’, a high TPC,
a high catechin content, a relatively low PPO activity, and a high AOA were measured.
Schmitz-Eiberger et al. (2011) assumed that the IgE-binding of Mal d 1 was reduced by
the low progression of oxidative processes (low PPO activity) or by the inhibition of these
processes resulting from a high AOA. The authors found that a higher PPO activity and
TPC resulted in a diminished extraction of the protein Mal d 1, whereas higher AOA
inhibited the interactions between oxidized phenolic compounds and Mal d 1. This results
in a higher allergenicity and a “normal” extractability of Mal d 1 [22,72].

With regard to AOA measured by TEAC, different changes were found between the
respective controls and biofortified samples. Thus, a consistent trend by biofortification
with selenium was excluded. The evaluation of the correlations between the ORAC value
and the Mal d 1 content, depending on the selenium biofortification, showed a trend
across several cultivars. A positive correlation was found for the biofortified samples
of ‘Jonica’, ‘Golden Delicious’, and ‘Jonagold’ from the year 2017, and for ‘Boskoop’,
‘Jonica’, and ‘Jonagold’ from the year 2018. However, the correlation was negative in the
corresponding controls.

3. Materials and Methods
3.1. Chemicals

Disodium hydrogen phosphate dodecahydrate was purchased from Bernd Kraft
GmbH (Duisburg, Germany). Sodium dihydrogen phosphate monohydrate and 3,3’,5,5’-
tertamethylbenzidine were from AppliChem GmbH (Darmstadt, Germany). Catechol
was from ThermoFisher GmbH (Kandel, Germany). Aceton and ethanol were purchased
from VWR International LLC (Fontenay-sous-Bois, France). Bovine serum albumin (BSA),
citric acid monohydrate, hydrochloric acid (25%), hydrogen peroxide (30%), sodium chlo-
ride, and Tween® 20 were purchased from Carl Roth GmbH & Co. KG (Karlsruhe, Ger-
many). Potassium dihydrogen phosphate, sodium carbonate, and sulphuric acid were
purchased from Grüssing GmbH (Filsum, Germany) and potassium peroxodisulphate was
from Fisher Scientific UK Ltd. (Loughborough, UK). Folin-Ciocalteu’s phenol reagent,
nitric acid (65%), polyvinylpyrrolidone, potassium dihydrogen phosphate, and sodium
diethyldithiocarbamat were from Merck KgaA (Darmstadt, Germany). Galllic acid and
2,2′-azobis(2-methylpropionamidine) dihydrochloride (AAPH) were from Fisher Scien-
tific GmbH (Schwerte, Germany). 2,2′-Azino-bis-(3-ethylbenzthiazoline−6-sulfonic acid)
diammonium salt (ABTS), trolox, and fluorescein were purchased from Sigma-Aldrich
Chemie GmbH (Deisenhofen, Germany). All of the chemicals were of analytical grade.
Water was purified using a Milli-Q water system (PURELAB®, Elga LabWater, Veolia Water
Technologies GmbH, Celle, Germany) and used for buffers, extraction solvents, and for the
dilution of sample extracts.

3.2. Sample Material

For the analysis of the relationship between antioxidant properties, phenolic com-
pounds, and the allergenic protein Mal d 1, six different apple cultivars, grown in three
subsequent years in two different locations, were characterized. Apples of the cultivars
‘Fiesta’, ‘Golden Delicious’, ‘Jonagold’, and ‘Jonica’ were cultivated in 2017 at the Hor-
ticultural Research Station of the Osnabrück University of Applied Sciences, Germany
(52◦31′06.5”N 8◦02′84.4”E; 69 m a.s.l.). In the following year, the cultivars ‘Boskoop’,
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‘Golden Delicious’, Jonagold’, and ‘Jonica” were cultivated in Osnabrück as well. In 2019,
apples of the cultivar ‘Elstar’ were cultivated in an orchard of a commercial fruit farm in
the “Alte Land” region, Jork, Germany (53◦30′37.4”N 9◦44′44.6”E; 4 m a.s.l.). The location
conditions in Osnabrück and Jork and the design of the field experiments have been already
described [34,48]. The apple trees were biofortified with a total of 0.075–0.450 kg selenium
per hectare and at a meter canopy height (Se/ha x m CH) by applying foliar sprays. Apples
of the cultivar ‘Fiesta’ were sprayed once every two weeks before the harvest in 2017.
All other cultivars were treated repeatedly (2–7 times) between mid-June and the end of
September. The last application always took place at least two weeks before harvest.

The detailed composition of the selenium-containing fertilizers used and the equip-
ment for application have already been described by Groth et al. [34]. The selenium content
was determined in air-dried, ground material of fresh apple samples, while the activity of
the polyphenoloxidase was measured in frozen and thawed samples. All other parameters
were determined in lyophilized apples. Freeze-drying was performed after homogeniza-
tion, as described in Groth et al. [48]. For the determination of the selenium content, a
sample set of ten randomly chosen apples per treatment and repetition was analyzed. For
the determination of the other parameters, a sample set of four randomly chosen apples
per treatment and repetition was analyzed.

3.3. Determination of the Polyphenol Oxidase (PPO) Activity

PPO activity was determined as described by Groth et al. [48]. About 10 g of the frozen
sample was weighed, crushed in a mortar, and mixed with 25 mL of a phosphate buffer
(0.05 M, pH 7.0). The subsequent incubation time was 120 min at 4 ◦C, in the dark. The
supernatant obtained after centrifugation (15 min, 4 ◦C, 3225 g) was used for photometric
measurement in a 96-well microtiter plate. First, 30 µL of the sample extract was pipetted
into a well and either 270 µL of a phosphate buffer (0.2 M, pH 5.5) as blank sample or
270 µL of a catechol solution as appositive control (0.1 M in 0.2 M phosphate buffer, pH 5.5)
was added. Measurement over a period of 10 min was performed at a wavelength of
λ = 420 nm at 25 ◦C with a microplate reader (BioTek Synergy HT, BioTek Instruments
Inc., Winooski, VT, USA). The change in absorbance was recorded every 60 s. The enzyme
activity of the samples was expressed as activity units per 100 g of fresh weight (f.w.),
where one unit was defined as the change of 0.01 in the absorbance value per minute [48].

3.4. Method for Extracting Phenolic Compounds

The phenolic compounds were extracted from the apple samples using the method
according to Groth et al. [48]. For this, 60 mg of the lyophilized sample was mixed with
1 mL of extraction solvent (50% aqueous acetone and 0.1% HCl (v/v)) and treated in an
ultrasonic bath (5 min, 30 ◦C). Four glass beads (i. d. 4 ± 0.3 mm) were added and the
sample was ground and mixed in a ball mill (5 min, 25 Hz) (RETSCH® MM 400, Retsch
GmbH, Haan, Germany) and then centrifuged (5 min, 20,817 g). Three treatments were
carried out with the ball mill. The supernatants were combined and filled up to a volume
of 4 mL [48].

3.5. Determination of the Total Phenolic Content (TPC) according to FOLIN-CIOCALTEU

The TPC was evaluated using a modified FOLIN-CIOCALTEU method [48]. Twenty
microliters of the sample extract was mixed with 100 µL FOLIN-CIOCALTEU phenol reagent
(1:10; v/v) and 80 µL of an aqueous 7.5% (w/v) sodium carbonate solution in a 96-well
microtiter plate and incubated in the dark for 2 h. The photometric determination of
TPC was performed at a wavelength of λ = 765 nm with a microplate reader (BioTek
Synergy HT). TPC values are given in gallic acid equivalents per 100 g of dry weight (mg
GAE/100 g d.w.) [48].
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3.6. Identification and Quantification of Single Phenolic Compounds Using High Performance
Liquid Chromatography Mass Spectrometry (HPLC-MS)

Extraction of phenolic compounds from the lyophilized apple samples was carried
out with 60% aqueous methanol in a triple extraction, according to Groth et al. (2020a) and
Neugart et al. (2017) [48,73]. Phenolic compound identification and quantification were
determined using an 1100 series HPLC system (Agilent Technologies GmbH, Waldbronn,
Germany) equipped with an Ascentis® Express F5 column (150 mm × 4.6 mm, 5 µm,
Sigma-Aldrich Chemical Co., St. Louis, MO, USA) and a photodiode array detector.
Eluent A was 0.5% acetic acid, and eluent B was 100% acetonitrile, used in a gradient
modus. The wavelengths of 280 nm, 320 nm, and 370 nm were used for the determination
of phloretin glycosides and flavan−3-ols, hydroxycinnamic acid derivatives, and non-
acylated flavonol glycosides, respectively. The hydroxycinnamic acid derivatives and
flavonoid glycosides (chlorogenic acid, catechin, epicatechin, phloretin-2-O-glucoside, and
quercetin-3-O-glucoside) were identified as deprotonated molecular ions and characteristic
mass fragment ions, according to Schmidt et al. (2010) [74], by HPLC-DAD-ESI-MSn

with an Agilent ion trap mass spectrometer (Agilent Technologies Deutschland GmbH,
Waldbronn, Germany) in negative ionization mode. The results are presented as mg/100 g
dry weight [48].

3.7. Analysis of the Antioxidant Activity (AOA) Using the Trolox Equivalent Antioxidant
Capacity Assay (TEAC) and the Oxygen Radical Absorbance Capacity Assays (ORAC)

AOA was determined by TEAC and ORAC assays. As both are based on different
reaction mechanisms, more information about the AOA and reactivity of the phenolic
compounds can be made than when using only one assay. The measurements were
performed as described by Groth et al. [48]. For determining TEAC, a solution was first
prepared with the ABTS+ radical and diluted with a phosphate buffer (75 mM, pH 7.4)
for reaching an absorbance of E730 = 0.700 ± 0.050 (ABTS working solution II). Twenty
microliters of various dilutions of the samples, trolox for calibration, or water (blank value)
was applied in a 96-well microtiter plate, and then 200 µL of ABTS working solution II was
added. The absorption was measured after 6 min incubation at 30 ◦C and a wavelength of
λ = 730 nm with the BioTek Syngergy HT microplate reader. AOA was calculated as trolox
equivalent per 100 g dry weight (mmol TE/100 g d.w.) [48].

For the determination of the ORAC, 10 µL of each sample, trolox, or water was applied
in a 96-well microtiter plate. Thirty-five microliters of a fluorescein solution (1.2 µM) was
added. Subsequently, 100 µL phosphate buffer, or 250 µL in the case of the negative control,
was added. After a 10 min-incubation period at 37 ◦C in the BioTek Synergy HT microplate
reader, 150 µL of an AAPH solution (c = 129 mM) was added to the blank value, standards,
and samples. The measurement, which is based on fluorescence quenching, was performed
at 37 ◦C, an excitation wavelength of λ = 485 nm, and an emission wavelength of λ = 528
nm. The course of the reaction was recorded for 120 min, with one measurement every
two minutes. AOA was also calculated as trolox equivalent per 100 g dry weight (mmol
TE/100 g d.w.) [48].

3.8. Extraction of Proteins

For the determination of the Mal d 1 content, proteins were first extracted from the
lyophilized apple samples using the method described by Groth et al. [34]. For this purpose,
1.0 g was weighed into grinding bowls and 15 mL of a Björksten extraction buffer with
some modifications was added [40]. The addition of sodium azide was omitted, due to its
inhibitory effect on the polyclonal, HRP-labeled goat anti-mouse antibody used for the
measurement of the Mal d 1 content by direct ELISA (MERCK KGAA, 2019). Extraction
was performed with a ball mill for 10 min at 25 Hz (RETSCH® MM 400). Then, samples
were transferred into 15 mL-tubes and subsequent centrifugation was performed (10 min,
20,817× g). The supernatant was transferred to another 15 mL-tube and extraction was
repeated twice more using the ball mill. All supernatants were combined, concentrated to
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a volume of 3–4 mL by a gaseous stream of nitrogen, and filled up to 5 mL in a volumetric
flask with the phosphate buffer solution [34].

3.9. Determination of the Mal d 1 Content Using ELISA

The use of a direct ELISA for the determination of the Mal d 1 content has already been
described by Groth et al. [34]. First, a 1:10 dilution of the sample extracts was prepared and
10 µL thereof was pipetted into a 96-well microtiter plate. These were further diluted by
adding 190 µL of a Björksten extraction buffer and incubated for 22 h at 4 ◦C. For calibration,
200 µL of a recombinant, commercially available Mal d 1 solution (2 µg/mL, Biomay AG,
Vienna, Austria) was added to each well. A calibration series from 0.1 to 2.0 µL/mL was
prepared. After incubation, washing was repeated five times with 300 µL PBS-T buffer
each time (PBS buffer: sodium chloride 0.034 mmol/L, potassium hydrogen phosphate
0.016 mmol/L; pH 7.0; + 0.5% Tween 20). A 1% BSA solution was added as blocking
reagent and incubated for 2 h at room temperature. Washing was then done five times
with 300 µL PBS-T solution each. Then, 200 µL of a HRP-labelled goat anti-mouse antibody
(goat anti-mouse IgG antibody, peroxidase conjugated, H+L, Merck KGaA, Darmstadt,
Germany) [75] was added and incubated for 18 h at 4 ◦C. For the preparation of the reaction
solution, 10 mL of a citric acid buffer (6.327 g/L citric acid monohydrate in bidest. water,
pH 4.1) was mixed with 0.5 mL of a TMB reagent (2.410 g/L 3,3’,5,5’-tertamethylbenzidine,
0.5 mL hydrogen peroxide (30%), 100 mL acetone, and 900 mL ethanol) [76]. Two-hundred
microliters were pipetted into every well and incubated for 90 min at room temperature
in the dark. As stop solution, 50 µL sulphuric acid (2 M), was added and the photometric
measurement was performed at λ = 450 nm at 30 ◦C in a microplate reader (BioTek Synergy
HT). The Mal d 1 content was given in mg/100 g f.w. [34].

3.10. Statistical Analysis

The number of analyses per application with selenium fertilizer or control was
n = 2. All of the analyses were repeated twice. The data in the Supplementary Mate-
rials, Tables 1 and 2, are given in mean ± standard deviation and were further evaluated
using Microsoft Excel (Microsoft Office Professional Plus 2016, Redmond, WA, USA). To test
the correlation between the individual parameters, correlation analyses were performed,
also using Microsoft Excel, and the coefficient of determination R2 was determined.

4. Conclusions

Several influencing factors have been identified regarding the allergenicity of apples
with Mal d 1 content as a measure. In particular, PPO activity and the content of individual
phenolic compounds, such as chlorogenic acid, epicatechin, and the fraction of procyanidin
trimers, were related to the Mal d 1 content. Biofortification of apples with selenium seems
to be promising as an agronomic practice for reducing the allergenic potential of apples.
The molecular mechanisms are mainly based in the phenol–protein interactions, where
the o-quinones resulting from oxidation by PPO lead to an irreversible conformational
change of the allergens. As a result, the conformal epitopes of the allergen are affected and
allergenicity is reduced. Consequently, it seems to be valuable to take apples into account
that already have a low content of allergenic proteins, to biofortify them with selenium,
and stimulate TPC formation in this way.

Supplementary Materials: The following are available online, Table S1: Results of the determination
of the selenium content, Mal d 1 content, polyphenol oxidase activity, total phenolic content, and an-
tioxidant activity in all apple samples. Table S2: Results of the determination of phenolic compounds
using HPLC-MSn.
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7. DISCUSSION

Biofortification of plant foods is well suited as an agronomic measure to increase the content

of certain nutrients, especially minerals. With regard to selenium, it has already been shown

in different crops such as rice, lentils, sweet basil, lettuce plant, tomato, radish, and pear-

jujube that biofortification resulted in significantly higher contents (D'Amato et al., 2018;

Ekanayake et al., 2015; Hawrylak-Nowak, 2008; Hawrylak-Nowak, 2013; Ríos et al., 2008;

Schiavon et al., 2013; Schiavon et al., 2016; Zhao et al., 2013).

Increasing the mineral content is necessary and sensible to improve the supply of minerals to

the population, as increasingly the soils in Germany and large parts of Europe are becoming

y vegetarian or vegan

diets are therefore at risk of a deficiency of minerals such as selenium (Fallon & Dillon, 2020).

Deficiency of selenium is associated with various symptoms such as reduced immune function,

degeneration of the cardiovascular system, and cognitive decline (Gupta & Gupta, 2017;

Kielliszek, 2019; Rayman, 2012) and can lead to the endemic disease Keshan and Keshin-Beck

(Kielliszek, 2019).

Successful biofortification to increase the population's intake of selenium has already been

achieved through a decision by the Ministry of Agriculture and Forestry in 1984 in Finland and

subsequent implementation nationwide in the form of biofortification of plant foods with

sodium selenate (Alfthan et al., 2015).

Secondary plant metabolites have an important role in human nutrition mainly due to their

pharmacological effects (Lieberei & Reisdorff, 2012). Phenolic compounds represent the

largest group of secondary plant metabolites and have anticarcinogenic, antioxidant,

antimicrobial, immunomodulatory, and antithrombotic effects, based on the antioxidant

properties of the substances (Belitz et al., 2008; Ebermann & Elmadfa, 2008; Hyson, 2011;

Watzl & Leitzmann, 2005). Among others, it has already been observed that procyanidins are

associated with a reduced cancer risk and flavonoids can prevent heart attacks due to their

anti-inflammatory effects (Boyer & Liu, 2004; Bravo, 2009; Ebermann & Elmadfa, 2008). Both

classes of compounds are abundant in apples (Lee et al., 2003; Neveu & Perez-Jiménez, 2010;

Podsedek & Wilska-Jeszka, 2000; Valavandis & Vlochogianni, 2009; Vrhovsek et al., 2004;

Wojdylo et al., 2008).

A high content of phenolic compounds in apples is thus desirable due to their nutritional

effects. In numerous studies, biofortification with selenium - in addition to a significant
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increase in selenium content - also resulted in an increase in phenolic compounds. Thus, in

olives, higher levels of phenolic compounds and changes in the phenolic profile were

observed, with the contents of certain antioxidant phenolic compounds increasing (D'Amato

et al., 2017). An increase in antioxidant flavonoids was also observed in broccoli as well as

tomatoes (Bachiega et al., 2016; Schiavon et al., 2013).

However, in addition to nutritive ingredients, apples also contain antinutritive substances such

as allergenic proteins. In secondary IgE-mediated food allergy, vasoactive inflammatory

mediators such as histamine are released during the allergic reaction, leading to different

clinical symptoms (Gallin et al., 1992; Grafe, 2009; Kleine-Tebbe et al., 2016; Marzban et al.,

2005; Paschke, 2008; Ring, 2007; von Baehr, 2017; Worm et al., 2014). In Northern and Central

Europe, allergy to Mal d 1 is particularly common (Ballmer-Weber & Hoffmann-

Sommergruber, 2011; Kleine-Tebbe & Jakob, 2015). Thus, in Germany, about 4 million people

are affected by sensitization to apples (Bernert et al., 2012; Kschonsek et al., 2019).

So far, many factors could be related to the content of allergenic proteins in apples such as

cultivar (Bolhaar et al., 2005; Kschonsek et al., 2019a; Matthes & Schmitz-Eiberger, 2009;

Sancho et al., 2006a; Schmitz-Eiberger & Matthes, 2011; Son & Lee, 2001; Zuidmeer et al.,

2006), storage duration and storage conditions (Bolhaar et al., 2005; Kiewning et al., 2013;

Kiewning & Schmitz-Eiberger, 2014; Matthes & Schmitz-Eiberger, 2009; Schmitz-Eiberger &

Matthes, 2011; Sancho et al., 2006a) as well as ecophysiological and cultivation conditions of

the growing sites (Schmitz-Eiberger & Matthes, 2011; Wang et al., 2017; Zuidmeer et al., 2006)

or organically cultivation (Fernández-Rivas et al., 2006) on allergenic protein levels in apples

were identified.

The influence of selenium biofortification of apples on allergenic proteins has not yet been

the subject of research. In other crops such as rice, winter jujube, peas, bread-making wheat,

durum wheat, and upland rice, a relationship between selenium biofortification and protein

biosynthesis has already been established (D'Amato et al., 2018; Jing et al., 2017; Poblaciones

et al., 2013; Poblaciones et al., 2014a; Poblaciones et al., 2014b; Reis et al., 2018).

In the present work, the influence of selenium biofortification of apples on important value-

giving metabolites of primary and secondary metabolism was analyzed. Due to the nutritional

and health relevance, phenolic compounds as well as allergenic proteins are in the focus.

Besides the analysis of different parameters of the selenium-biofortified apples and apples of

the control groups as well as a subsequent statistical evaluation, the development of a direct
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ELISA for the quantitative determination of the content of Mal d 1 was the subject of the

present work.

7.1. Analysis of antioxidant properties and phenolic compounds in selenium

biofortified apples

Analysis of antioxidant properties was performed using the TEAC and ORAC photometric

assays. The total phenolic content according to FOLIN-CIOCALTEU was also measured

photometrically (Müller et al., 2010; Singleton & Rossi, 1965). Subsequent qualitative and

quantitative determination of phenolic compounds was performed by HPLC-DAD-ESI-MSn. In

addition, a determination of the enzyme polyphenoloxidase, which plays an important

catalytic role in the oxidative degradation of phenolic compounds, was performed. In order to

establish the relationship between selenium biofortification and the above parameters and to

be able to analyze an influence on the level of selenium content in the fruits, the selenium

content was also measured. This was done by means of GF-AAS at the Osnabrück University

of Applied Sciences by the project partner.

The influence of selenium biofortification was evaluated on apple samples of six different

cultivars, grown in three subsequent years in two different locations. Apples of the cultivars

'Fiesta', 'Golden Delicious', 'Jonagold', and 'Jonica' were cultivated in 2017 at the Horticultural

Research Station of the Osnabrück University of Applied Sciences, Germany. In the following

year, the cultivars 'Boskoop', 'Golden Delicious', 'Jonagold', and 'Jonica' were cultivated in

Osnabrück as well. In 2019, apples of the cultivar 'Elstar' were cultivated in an orchard of a

commercial fruit farm in the “Alte Land” region, Jork, Germany. Different selenium forms and

application heights were used to find the optimal conditions to achieve the set aims. The

biofortification was performed as a foliar application implemented in usual calcium

fertilization. In 2017, the apples were biofortified with 0.15 kg selenium per hectare and meter

canopy height (Se/ha x m CH) in the form of sodium selenite or sodium selenate with a hand

held spray system. Pure water was sprayed on the trees for the control treatments. In 2018,

the application rate of the fertilizer was reduced to 0.075 kg Se/ha x m CH due to slight fruit

damage occurring in the year 2017. In this year, only sodium selenate was applied using a

backpack sprayer, together with the calcium

Calcium (Ca). For the control treatments, pure water and WUXAL®Ascofol Ca were sprayed on
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the trees. For the field trials conducted in 2019 a trailed, air-assisted parcel tunnel sprayer was

in use.

7.1.1. Evaluation of the methods

Prior to the analytical determination of the above parameters, optimization of the method for

extraction of phenolic compounds was first performed. This required the optimization of

individual parameters such as the choice and concentration of the extraction agent, extraction

procedure, -temperature, and -time. In a first step, methanol, acetone, and acetonitrile mixed

with bidestilled (bidest.) water were used as solvent mixtures in different volume

concentrations. The extraction was carried out from a multistage combination of ultrasonic

bath and ball mill. In the ultrasonic bath, the slightly elevated temperature at 30°C improves

the solubility of the phenolic compounds in the extractant. Due to mechanical effects, the

ultrasonic waves additionally lead to the destruction of the cells, which improves the solvent

penetration into the sample matrix and promotes the diffusion of the phenolic compounds

into the liquid phase (Ghafoor et al., 2009). The use of the ball mill results in complete

disruption due to the destruction of the cellular material. The extraction was performed using

selected samples and then the total phenolic content was determined according to FOLIN-

CIOCALTEU.

Using the composition of the extraction solvent acetone/bidest. water (50/50; v/v), the sum

of extracted phenolic compounds was highest in comparison. In a subsequent optimization

step, the extraction performance could be increased by adding small amounts of hydrochloric

acid, so that for the extraction of phenolic compounds from the apple samples the solvent

acetone/bidest. water + 0.1% hydrochloric acid (50/50; v/v) was used. A subsequent

comparison of different extraction procedures showed that the most optimal results were

obtained with a three-stage extraction with a single use of the ultrasonic bath as well as the

use of the ball mill three times. In addition to total phenolic content, antioxidant activity was

also determined using TEAC and ORAC assays.

The FOLIN-CIOCALTEU analysis of total phenolic content is an easy to perform and rapid method.

The disadvantage is that not only phenolic compounds, but also other reducing substances

are detected.
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The determination of PPO activity was performed because these enzymes play an important

catalytic role in the oxidative degradation of phenolic compounds to quinones. These react

widely to form brown colored melanins. Rapid browning of freshly cut apples is undesirable

by the consumer (Nicolas et al., 1994). Furthermore, the substrates of PPO, phenolic

compounds, have a number of health-promoting properties (Bravo, 1998; Kroon &

Williamson, 2005; Del Rio et al., 2010; Tomás-Barberán & Andrés-Lacueva, 2012). Thus, high

PPO activity is undesirable.

Antioxidant activity was determined using two established assays that differ in their reaction

mechanism and therefore allow different assessments of AOA. The hydrogen transfer based

ORAC assay measures the antioxidant inhibition being induced by peroxyl radicals. Thus, this

assay represents a biologically relevant mechanism. The antioxidant activity is measured over

a period of time so that the potential effects of secondary antioxidant compounds can also be

measured, and an underestimation can be prevented. The advantage of the often-used TEAC,

on the other hand, is that there are many comparative values in the literature and the

measured values can therefore be easily classified and compared with existing data. In the

assay based on electron transfer reactions, both hydrophilic and lipophilic antioxidants are

determined. The TEAC is well suited for the determination of antioxidant activity in phenolic

rich samples, such as apples, as the ABTS radical used here reacts quickly with antioxidants

and many phenolic compounds of low redox potential (Prior et al., 2005).

7.1.2. Influence of biofortification on the selenium content

Biofortification resulted in significantly higher selenium content in apples compared to

controls (Manuscripts I and III). The implementation of foliar fertilization showed significantly

increased selenium content in apples of different varieties. Table 7 shows the results of the

determination of selenium content in the control and biofortified apple samples in

µg/100 g f.w.

While the selenium content in apples of the control treatments ranged between

0.1 – 0.7 µg/100 g f.w., selenium-sprayed fruits reached 2.1 – 23.2 µg/100 g f.w. (Table 7).

Thus, the selenium content of apples was increased by the aerial application up by a factor

between about 10 and 40. The low native selenium content in the apples confirmed findings

of soil analyses, carried out at the Horticultural Research Station of the Osnabrück University

of Applied Sciences. These showed that only little selenium was present in the root zone of
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the apple trees at the two experimental sites (0.25 – 0.52 mg/kg extracted with aqua regia). A

total selenium soil content of < 0.60 mg/kg is considered indicative of deficiency for food

production ( .

Table 7: Selenium content in control and biofortified apples in µg/100 g f.w. and the increase
factor.

Variety and
Year of Cultivation Application* Se [µg/100 g f.w.] Increase factor

'Fiesta' 2017
control (HS) 0.1 ± 0.1 ---

0.1 kg selenite (HS) 3.1 ± 1.5 31.0
0.1 kg selenate (HS) 3.1 ± 1.4 31.0

'Jonica' 2017
control (HS) 0.7 ± 0.2 ---

0.15 kg selenite (HS) 13.9 ± 1.3 19.9

'Golden Delicious' 2017
control (HS) 0.4 ± 0.2 ---

0.15 kg selenite (HS) 5.6 ± 0.5 14.0
0.15 kg selenate (HS) 5.6 ± 0.8 14.0

'Jonagold' 2017
control (HS) 0.4 ± 0.2 ---

0.15 kg selenite (HS) 5.6 ± 1.2 14.0
0.15 kg selenate (HS) 4.5 ± 1.6 11.3

'Golden Delicious' 2018
control (BS) 0.3 ± 0.0 ---

0.075 kg selenate (BS) 3.7 ± 0.4 12.3

'Jonagold' 2018
control (BS) 0.2 ± 0.0 ---

0.075 kg selenate (BS) 2.1 ± 0.7 10.5

'Boskoop' 2018 control (OS) 0.4 ± 0.1 ---
0.075 kg selenate (OS) 5.3 ± 0.3 13.3

'Jonica' 2018 control (OS) 0.3 ± 0.1 ---
0.075 kg selenate (OS) 3.9 ± 0.7 13.0

'Elstar' 2019
control (OS) 0.6 ± 0.0 ---

0.15 kg selenate (OS) 8.7 ± 1.4 14.5
0.45 kg selenate (OS) 23.2 ± 2.7 38.7

* Foliar spray rate of selenium per hectare and meter canopy height applied with a hand-held
sprayer (HS), a backpack sprayer (BS) or a trailed orchard sprayer (OS).

The results of the present study are in line with published data. A significant increase of the

selenium content resulting from biofortification with foliar fertilization has already been

observed by other research groups in a variety of plant foods, especially on vegetables

(D’Amato et al., 2018; Ekanayake et al., 2015; Hawrylak-Nowak, 2008; Ríos et al., 2008;

Schiavon et al., 2013; Schiavon et al., 2016; Bachiega et al., 2016). In those studies, the dosage

form and the fertilizer level played a significant role. It was often found that selenate leads to

higher selenium accumulations than selenite (D’Amato et al., 2018; Ekanayake et al., 2015;

Hawrylak-Nowak, 2008; Ríos et al., 2008) and the selenium content in the plants increased

with increasing application level (D’Amato et al., 2018; Hawrylak-Nowak, 2008; Ríos et al.,
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2008; Hawrylak-Nowak, 2013; Schiavon et al., 2013). An increase in selenium concentration

was also observed in different fruits. Pezzarossa et al. carried out a biofortification with

1.0 mg Se/L in the form of sodium selenate on peach (Prunus persica Batch. cv. Flavorcrest)

and pear (Pyrus communis L. cv.

the fruits from <

respectively (Pezzarossa et al., 2012).

A selenium biofortification in the lower range of the magnitude we observed was reported for

selenium-sprayed apples of the variety 'Starking Delicious' (3.5 – 4.2 µg/100 g f.w.) (Babalar

et al., 2019). In this field experiment, however, the selenium application rate was also much

lower (about 0.022 kg/ha). On the other hand, the amount of water applied on the apple trees

was more than twice as high as in our trials. This may have promoted the wetting of the fruits

with the spray solution. Liu et al. investigated soil fertilization as an approach to biofortify

selenium in apples of the variety 'Gala'. For this purpose, a selenium-rich organic fertilizer was

applied to the soil around the trees with a rate of 150 – 300 g Se/ha. In this way, the selenium

content of the fruits was increased to a maximum of 0.6 – 2.1 µg/100 g (Liu et al., 2019). Thus,

the selenium accumulation remained clearly below the level that could be achieved with foliar

fertilization tested in this study. This is in line with the results of Jakovljevic et al., who found

that soil fertilization required five times the amount of selenium fertilizer to achieve a

selenium enrichment similar to foliar fertilization (Jakovljevic et al., 1996). Zhao et al.

investigated three different agronomic techniques to enrich pear-jujube with selenium: soil

fertilization, trunk injection, and foliar fertilization. Again, the spray treatment proved to be

the most effective method (Zhao et al., 2013).

The selenium form (selenite vs. selenate) applied by foliar fertilization did not significantly

affect the level of selenium biofortification in apples. In the literature, different findings on

the impact of the selenium species were reported. After foliar fertilization of potatoes, Poggi

et al. could not detect any difference in the selenium content of the tubers if pure solutions

of sodium selenite or sodium selenate were applied. However, if humid acids were added to

the spray solution, selenate proved to be superior (Poggi et al., 2000). Likewise, in pear,

carrots, and several allium species, selenate sprays led to a higher uptake and translocation of

selenium in plants (Deng et al., 2019; Kápolna et al., 2009; Golubkina et al., 2012). In contrast,

the selenium content in grains of rice plants was more than twice as high following a foliar
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fertilization with selenite than after a corresponding treatment with selenate (Lidon et al.,

2019). Selenium-related phytotoxic effects may also depend on the applied selenium form. In

apple trees, the doses of selenium tested in this study generally resulted in mild to moderate

damage to foliage, which appeared as leaf edge and tip necrosis. At application rates of

0.15 kg Se/ha x m CH, necrotic spots were also occasionally observed on the fruits, especially

around the calyx area. In general, the damage was more pronounced when apples were

treated with selenite than with selenate. This is consistent with previous reports indicating

that selenate is usually better tolerated by plants than selenite, especially in the higher

concentration range (Puccinelli et al., 2017). Therefore, only selenate was selected for the field

experiments during the last two trial years.

Different application systems were used for the foliar sprays performed in this study. When

using hand-held or backpack sprayers, the highest selenium accumulation of

13.9 µg/100 g f.w. was found for the variety 'Jonica' following an application of

0.15 kg Se/ha x m CH (= 0.45 kg Se/ha). In 2018 and 2019 fertilization trials were also carried

out with trailer-mounted orchard sprayers, which are commonly used in commercial fruit

growing. Using this application technique, the selenium content of apples increased

proportionally with increasing selenium fertilizer quantity (see Figure 27). At the highest

fertilization rate of 1.35 kg Se/ha the fruit selenium content rose to 23.2 µg/100 g f.w. in

'Elstar' apples. Similarly, Ren et al. found rising selenium levels in 'Fuji' apples when they were

sprayed with increasing doses of selenite (Ren et al., 2020). Surprisingly, the selenium content

of these fruits did not exceed 15.6 µg/100 g f.w., although the apple trees received even higher

selenium fertilization rates (up to 6.5 kg Se/ha). This discrepancy is probably due to several

causes. First of all, in the 'Fuji' apple orchard, only the leaves were sprayed, while the fruits

were protected by packing in bags before spraying. In contrast, in the present field

experiments the whole tree including the fruits was treated. Furthermore, the spray solution

we applied contained a surfactant to improve the wetting of the hydrophobic surfaces of

leaves and fruits. In the work of Ren et al., the addition of such spray adjuvants is not

mentioned. Another important difference is that the 'Fuji' apples were always peeled during

sample preparation, whereas in present study the fruits were usually examined with peel.

Analyses on reated with a high dose of selenium revealed that the selenium

content in the fruit peel was seven times higher than in the fruit flesh. In total about 43% of

the selenium was in the fruit peel, while 57% had already penetrated the flesh. Similarly,
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Deng et al. reported that in selenium-sprayed pears the fruit peel accounted for up to 58% of

the selenium amount in the whole fruit. Interestingly, selenate was significantly less retained

by fruit peel and thus penetrated better into the fruit than selenite (Deng et al., 2019).

Overall, the results of the present field experiments show that it is possible to biofortify apples

with selenium to an extent that can significantly improve the dietary selenium intake of

humans. In a normal apple orchard with approx. 3.0 m high trees, a foliar fertilization of

approx. 0.5 kg/ha split into several treatments during the fruit development is advised. This

would increase the selenium content of fruits to about 9 µg/100 g f.w. The consumption of

such an apple of medium size (180 g) would cover about a quarter of the daily requirement of

adults, estimated at 70 µg for men and 60 µg for women (Kipp et al., 2015). Selenate is

recommended for spraying, as it is better tolerated by apple trees than selenite. A combined

spraying of selenate with a calcium-containing fertilizer proved to be feasible.

Figure 27: Correlation between selenium fertilizer level and selenium content in the apples
using trailer-mounted orchard sprayers for the application of selenium fertilizers in 2018 and
2019.

7.1.3. Influence of biofortification on the PPO activity

Table 8 shows the results of the determination of PPO activity in the different varieties or

application forms. The respective factor of change was calculated in each case in relation to

the controls. A factor > 1 means that the biofortified apples have a higher PPO activity than

the respective controls, a factor < 1 implies a lower PPO activity in the biofortified fruits.



DISCUSSION

132

Table 8: PPO activity in control and biofortified apples in Units/100 g f.w. and the change
factor.

Variety and
Year of Cultivation Application* PPO

[Units/100 g f.w.] Change factor

'Fiesta' 2017
control (HS) 10.4 ± 7.6 ---

0.1 kg selenite (HS) 1.9 ± 0.3 0.18
0.1 kg selenate (HS) 2.5 ± 1.4 0.24

'Jonica' 2017
control (HS) 3.2 ± 1.7 ---

0.15 kg selenite (HS) 5.5 ± 3.0 1.72

'Golden Delicious' 2017
control (HS) 12.0 ± 2.2 ---

0.15 kg selenite (HS) 18.5 ± 2.8 1.54
0.15 kg selenate (HS) 24.5 ± 9.5 2.04

'Jonagold' 2017
control (HS) 2.4 ± 0.7 ---

0.15 kg selenite (HS) 4.1 ± 1.5 1.71
0.15 kg selenate (HS) 5.8 ± 5.2 2.42

'Golden Delicious' 2018
control (BS) 142.3 ± 34.9 ---

0.075 kg selenate (BS) 61.1 ± 17.5 0.43

'Jonagold' 2018
control (BS) 33.5 ± 6.9 ---

0.075 kg selenate (BS) 42.4 ± 35.0 1.27

'Boskoop' 2018 control (OS) 41.8 ± 10.5 ---
0.075 kg selenate (OS) 18.8 ± 4.7 0.45

'Jonica' 2018 control (OS) 11.4 ± 9.2 ---
0.075 kg selenate (OS) 3.8 ± 1.5 0.33

'Elstar' 2019
control (OS) 3.8 ± 0.8 ---

0.15 kg selenate (OS) 35.5 ± 8.9 9.34
0.45 kg selenate (OS) 3.6 ± 1.1 0.95

* Foliar spray rate of selenium per hectare and meter canopy height applied with a hand-held
sprayer (HS), a backpack sprayer (BS) or a trailed orchard sprayer (OS).

It could be shown that the amount of applied selenium has an influence on the PPO activity.

Thus, the application of a higher amount of selenium (0.15 kg Se/ha x m CH) resulted in higher

enzyme activities in all cultivars, whereas the application of a lower dose

(0.075 kg Se/ha x m CH) resulted in mostly lower values compared to the controls

(Manuscripts I and III). In most cases, increased PPO activity occurred in the biofortified

apples, probably related to TPC and phenolic profile. An increase in TPC was observed. Since

there are more substrates for the PPO in the form of phenolic compounds, the enzyme activity

is higher.

Biofortification with selenium also resulted in increased PPO activities in other crops. Smolén

et al. found that biofortification of potatoes (Solanum tuberosum L., cv.
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comparison to the untreated controls (Smolén et al., 2016).

In addition to the influence of biofortification on PPO activity, other factors also play a role.

Variety-specific differences as well as an influence of ecophysiological conditions were found.

The PPO activity of the cultivar 'Golden Delicious' was highest in both growing years, whereas

the cultivars 'Jonica' and 'Elstar' were characterized by comparatively low activities.

Holderbaum et al., Kolodziejczyk et al., and Kschonsek et al. also found cultivar-specific

differences in PPO activity, with 'Golden Delicious' having the highest PPO activity of all the

varieties tested. Furthermore, differences were observed between the two growing years due

to different ecophysiological conditions. In 2018, a sunshine duration of 756 h, an average

rainfall of 88.5 L/m², and an average temperature of 19.8°C were recorded at the cultivation

site Osnabrück, Germany. In the previous year, however, the sunshine duration was only

549.4 h with an average rainfall of 224.3 L/m² and an average temperature of 18.2°C

(Wetterkontor, 2019). The difference in the amount of rain only plays a marginal role because

of the use of artificial irrigation. Consequently, sunshine duration in particular seems to be the

dominant influence on the level of the PPO activity.

Kolodziejczyk et al. have already observed differences in PPO activity within one variety in two

consecutive years on a number of different apple varieties harvested in 2007 and 2008

(Kolodziejczyk et al., 2010). UV-C treatment is an important postharvest treatment and

influences the PPO activity. Thus, Manzocco et al. observed an inactivation of PPO and the

prevention of enzymatic browning in -C radiation (Manzocco

et al., 2009). Müller et al. also found a reduction of PPO activity in apple juices, when apples

have been treated with UV-C light. In contrast, treatment with UV-B radiation did not show

any effects (Müller et al., 2014). Additionally, reduced PPO activities after UV-C treatments

were observed in other vegetable crops (Cirilli et al., 2017; Lei et al., 2018).

7.1.4. Influence of biofortification on the TPC

The results of the determination of the TPC are shown in Table 9. The differences between

the respective controls and the biofortified apples are quickly recognizable on the basis of the

change factor, thus a factor > 1 means a higher TPC of the biofortified apples, a factor < 1

means a lower TPC compared to the controls.
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Table 9: TPC in control and biofortified apples in mg GAE/100 g d.w. and the change factor.

Variety and
Year of Cultivation Application*

TPC
[mg GAE/

100 g d.w.]
Change factor

'Fiesta' 2017
control (HS) 1,141.3 ± 419.7 ---

0.1 kg selenite (HS) 838.5 ± 273.0 0.73
0.1 kg selenate (HS) 843.9 ± 54.5 0.74

'Jonica' 2017
control (HS) 735.6 ± 66.6 ---

0.15 kg selenite (HS) 843.0 ± 169.2 1.15

'Golden Delicious' 2017
control (HS) 863.8 ± 123.8 ---

0.15 kg selenite (HS) 797.9 ± 44.7 0.92
0.15 kg selenate (HS) 851.4 ± 14.9 0.99

'Jonagold' 2017
control (HS) 938.2 ± 78.0 ---

0.15 kg selenite (HS) 956.5 ± 36.7 1.02
0.15 kg selenate (HS) 893.8 ± 74.0 0.95

'Golden Delicious' 2018
control (BS) 1,212.2 ± 164.3 ---

0.075 kg selenate (BS) 1,206.9 ± 226.4 1.00

'Jonagold' 2018
control (BS) 900.1 ± 136.4 ---

0.075 kg selenate (BS) 815.4 ± 103.5 0.91

'Boskoop' 2018 control (OS) 745.2 ± 66.1 ---
0.075 kg selenate (OS) 743.5 ± 51.3 1.00

'Jonica' 2018
control (OS) 785.1 ± 177.3 ---

0.075 kg selenate (OS) 841.7 ± 106.7 1.07

'Elstar' 2019
control (OS) 828.1 ± 48.0 ---

0.15 kg selenate (OS) 750.7 ± 121.4 0.91
0.45 kg selenate (OS) 902.7 ± 26.8 1.09

* Foliar spray rate of selenium per hectare and meter canopy height applied with a hand-held
sprayer (HS), a backpack sprayer (BS) or a trailed orchard sprayer (OS).

With the exception of the 'Fiesta' variety, biofortification resulted in only minor changes in

TPC. Here, differences were found due to the applied amount of selenium. The application of

the higher amount of selenium (0.15 kg Se/ha x m CH) mostly led to stronger changes than

the application of only 0.075 kg Se (Manuscripts I and III). The cultivar 'Jonica' showed an

increase in TPC in the biofortified samples of 15% in 2017 and 7% in the following year in both

crop years. The TPC of the other cultivars was increased or decreased in the range of up to

9%.

Elevated TPC in various selenium biofortified plant foods have been frequently reported in the

to a significant increase in TPC (Bachiega et al., 2016). In onion (Allium cepa L., cv.

Põldma et al. observed that an application of 50

increased TPC when compared to the untreated controls, whereas a higher level with
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g/mL resulted in lower TPC (Põldma et al., 2013). In tomatoes, Schiavon et al. found that

selenate in low concentrations also led to an increase in TPC, when performing foliar

fertilization of up to 20 mg Se/plant (Schiavon et al., 2013). In a follow-up study on radish in

2016, an increase in TPC of 10% in the leaves when compared to the controls was recorded

(Schiavon et al., 2016). Hawrylak-Nowak found that the application of a moderate level of

to enhanced TPC with a maximum increase

of 43.9% in basil leaves (Ocimum basilicum L.) (Hawrylak-Nowak, 2008).

In the present work, cultivar-specific differences in TPC were found. Thus, 'Golden Delicious'

is characterized by a comparatively high TPC, whereas 'Jonica' and 'Boskoop' are poorer in

phenolic compounds. Kschonsek et al. and Xu et al. also describe different TPC in different

apple cultivars (Kschonsek et al., 2018; Kschonsek et al., 2019; Xu et al., 2016). Kschonsek et

al. determined the TPC in 15 different apple cultivars and found that the 'Golden Delicious'

cultivar had a comparatively low TPC, containing 521.9 mg GAE/100 g peel and

136.5 mg GAE/100 g fruit flesh, respectively (Kschonsek et al., 2018). The measured values are

in a comparable size range with the results of the previous work.

In addition to genotypic differences, differences in TPC were also found due to the

ecophysiological conditions of the growing years. This comparison can be made using the

cultivars 'Jonica', 'Golden Delicious', and 'Jonagold'. The TPC of the three varieties was higher

in 2018 than in the previous year. Here, especially the difference in sunshine duration seems

to have a dominant influence on the height of the TPC. This has a direct correlation with UV

radiation, which in turn is an influencing factor on the biosynthesis of phenolic compounds.

Eichholz et al. showed that light intensity and quality are some of the most effective factors

on the biosynthesis of phenolic compounds in white asparagus (Asparagus officinnalis L., cv.

V-B treatments (Eichholz et al., 2012). Scattino et al. could also

demonstrate that a postharvest UV-B irradiation induced changes of TPC in peaches (Prunus

persica L., cv. Prunus persica var. nucipersica, cv.

et al., 2016).

There is an inverse correlation between the TPC and the PPO activity, because the enzyme

catalyzes the oxidation reaction of phenolic compounds to quinones, which further react to

brown colored polymeric melanins (Bravo, 1998; Kolodziejczyk et al., 2010). This could explain

the influence of the selenium biofortification as well as the variety-specific differences, where
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lower PPO activities are associated with higher TPC and higher enzyme activities with lower

TPC. This correlation has already been described in the literature by Song et al., Kolodziejczyk

et al., and Allahveran et al. Song et al. found positive correlations between PPO and TPC based

on studies of ten apple varieties (Song et al., 2007). In contrast, Kolodziejczyk et al. found no

correlation between these two parameters on the basis of 22 apple varieties (Kolodziejczyk et

al., 2010).

In the present work, higher PPO activities and lower TPC were measured at an application

level of 0.15 kg Se/ha compared to the untreated controls. In contrast, the reduction to

0.075 kg Se/ha tended to result in lower PPO activities as well as higher TPC. Allahveran et al.

performed biofortification with ascorbic acid and citric acid on apples of the variety ‘Red Spur

and determined the PPO activity and TPC among other parameters. There, biofortification led

to a significant increase in TPC and a decrease in PPO activity (Allahveran et al., 2018).

7.1.5. Influence of biofortification on the AOA

Table 10 shows the AOA of the analyzed apple samples by TEAC and ORAC assay and the
respective factors of change.

Biofortification with selenium showed no clear tendencies of an influence on AOA, which was

determined by TEAC. Variety specific differences were observed. The AOA of 'Fiesta'

decreased in the biofortified apples, whereas the other cultivars mostly showed an increased

AOA as a result of biofortification (Manuscripts I and III). 'Jonagold' showed the strongest

increase here with an increase in AOA of up to 80%. The other cultivars were only affected to

a minor extent. When evaluating the ORAC results, it is noticeable that in some cases different

effects occurred compared to the TEAC values. For example, a reduction in AOA of up to 35%

was observed in the ORAC of the 'Jonagold' variety, whereas the TEAC values of the

biofortified samples were significantly higher. This can be explained by the different reaction

mechanism of the two assays as well as by a change in the phenolic profile. On the one hand,

the content of individual phenolic compounds may be altered as a result of biofortification,

and on the other hand, the substances also show different levels of antioxidant activity.

An increase in AOA due to biofortification with selenium has already been described in the

literature. In lettuce plants (Lactuca sativa L. cv 'Philipus') increasing doses of selenite and

selenate lead to an increase in AOA, as measured by Fluorescence Recovery after
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Photobleaching (FRAP) and 2,2-diphenyl-1-picrylhydrazyl (DPPH) assay. Selenate showed

higher AOA when compared to selenite (Ríos et al., 2008).

Table 10: AOA in control and biofortified apples measured by TEAC and ORAC assay in mmol
TE/100 g d.w. and the change factors.

Variety and
Year of

Cultivation
Application*

TEAC
[mmol TE/
100 g d.w.]

Change
factor

ORAC
[mmol TE/
100 g d.w.]

Change
factor

'Fiesta' 2017
control (HS) 15.3 ± 4.9 --- 13.4 ± 5.4 ---

0.1 kg selenite (HS) 11.1 ± 2.6 0.73 4.6 ± 1.8 0.34
0.1 kg selenate (HS) 13.0 ± 0.6 0.85 9.5 ± 0.5 0.71

'Jonica' 2017 control (HS) 5.5 ± 0.5 --- 11.2 ± 1.4 ---
0.15 kg selenite (HS) 5.7 ± 0.9 1.04 14.1 ± 1.2 1.26

'Golden
Delicious' 2017

control (HS) 6.8 ± 1.1 --- 5.4 ± 1.6 ---
0.15 kg selenite (HS) 6.0 ± 0.3 0.88 1.9 ± 1.1 0.35
0.15 kg selenate (HS) 7.6 ± 1.6 1.12 6.0 ± 1.4 1.11

'Jonagold' 2017
control (HS) 7.4 ± 0.9 --- 11.0 ± 2.2 ---

0.15 kg selenite (HS) 11.0 ± 3.9 1.49 7.2 ± 1.2 0.65
0.15 kg selenate (HS) 13.3 ± 1.3 1.80 9.5 ± 1.3 0.86

'Golden
Delicious' 2018

control (HS) 12.1 ± 0.8 --- 14.2 ± 1.5 ---
0.075 kg selenate (BS) 10.7 ± 1.1 0.88 8.8 ± 3.0 0.62

'Jonagold' 2018
control (BS) 11.2 ± 2.8 --- 8.1 ± 1.2 ---

0.075 kg selenate (BS) 11.4 ± 0.8 1.02 15.5 ± 1.2 1.91

'Boskoop' 2018
control (OS) 15.6 ± 2.4 --- 17.0 ± 7.1 ---

0.075 kg selenate (OS) 16.5 3.4 1.06 14.7 ± 0.9 0.86

'Jonica' 2018
control (OS) 12.8 ± 1.8 --- 8.9 ± 1.5 ---

0.075 kg selenate (OS) 11.8 ± 1.6 0.92 5.6 ± 0.9 0.63

'Elstar' 2019
control (OS) 7.0 ± 0.3 --- 14.1 ± 1.0 ---

0.15 kg selenate (OS) 5.7 ± 0.5 0.81 14.4 ± 0.5 1.02
0.45 kg selenate (OS) 7.0 ± 0.2 1.00 12.3 ± 1.0 0.87

* Foliar spray rate of selenium per hectare and meter canopy height applied with a hand-held
sprayer (HS), a backpack sprayer (BS) or a trailed orchard sprayer (OS).

Põldma et al. determined an increase in AOA, as measured by TEAC, in onions (Allium cepa L.

cv. 'Hercules') at a dose of 50 õldma et al., 2013). Bachiega et al. found a significant

increase in AOA as a result of a biofortifiaction of broccoli in addition to a significantly higher

ined

by the fact that phenolic compounds represent the largest group of antioxidant active

substances in broccoli (Bachiega et al., 2016). Additionally, Ekanayake et al. observed an

increase of the AOA of lentils (Lens culinaris cv.

selenium (Ekanayake et al., 2015).
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Variety 'Jonagold'

was higher in both years of cultivation than for 'Golden Delicious'. Variety

in the AOA of apples have already been described in the literature by Kschonsek et al., Wojdylo

et al., and Xu et al. In those studies, the higher AOA of the variety 'Jonagold' as compared to

'Golden Delicious' were found (Kschonsek et al., 2018; Wojdylo et al., 2008; Xu et al., 2016).

Kschonsek et al., Wojdylo et al., and Xu et al. were able to show that there are significant

positive correlations between TPC (measured according to FOLIN IOCALTEU or via HPLC) and

AOA (Kschonsek et al., 2018; Wojdylo et al., 2008; Xu et al., 2016). Kschonsek et al. and

Wojdylo et al. also determined that the TPC was different, both between the individual

substance groups of the polyphenols and between the individual compounds (Kschonsek et

al., 2018; Wojdylo et al., 2008). There, Kschonsek et al. measured the highest positive

correlation between flavanols and ORAC. Those compounds are the major contributors to

AOA. Within the flavanols, epicatechin had the strongest influence on the intensity of the AOA

(Kschonsek et al., 2018). Wojdylo et al. found the highest correlations between AOA and

procyanidins and hydroxycinnamic acids, while using the TEAC, FRAP, and DPPH assay. The

different AOA of the individual varieties are, therefore, due to the different composition of

the phenolic compounds, as these show different antioxidant capacities and potentials

(Wojdylo et al., 2008). An influence of the weather can also be deduced when comparing the

controls from the years 2017 and 2018, similarly to the TPC values.

7.1.6. Influence of biofortification on the phenolic compounds

Tables 11 and 12 show the contents of the various phenolic compounds in the apple samples

in mg/100 g d.w.



Ta
bl

e
11

:C
on

te
nt

so
ft

he
va

rio
us

ph
en

ol
ic

co
m

po
un

ds
(c

hl
or

og
en

ic
ac

id
,e

pi
ca

te
ch

in
,p

ro
cy

an
id

in
tr

im
er

)i
n

th
e

ap
pl

e
sa

m
pl

es
in

m
g/

10
0

g
d.

w
.

Va
rie

ty
an

d
Ye

ar
of

Cu
lti

va
tio

n
Ap

pl
ic

at
io

n*

Ch
lo

ro
ge

ni
c

ac
id

[m
g/

10
0

g
d.

w
.]

Ch
an

ge
fa

ct
or

Ep
ic

at
ec

hi
n

[m
g/

10
0

g
d.

w
.]

Ch
an

ge
fa

ct
or

Pr
oc

ya
ni

di
n

Tr
im

er
[m

g/
10

0
g

d.
w

.]

Ch
an

ge
fa

ct
or

'F
ie

st
a'

20
17

co
nt

ro
l(

HS
)

66
.4

3
±

19
.9

0
---

22
.4

7
±

2.
28

---
15

.5
1

±
0.

49
---

0.
1

kg
se

le
ni

te
(H

S)
50

.1
3

±
15

.0
5

0.
75

14
.0

0
±

4.
38

0.
62

11
.8

1
±

5.
65

0.
76

0.
1

kg
se

le
na

te
(H

S)
56

.8
3

±
2.

78
0.

86
11

.0
0

±
0.

57
0.

49
12

.3
5

±
1.

24
0.

80

'Jo
ni

ca
'2

01
7

co
nt

ro
l(

HS
)

20
.6

4
±

2.
58

---
7.

12
±

1.
95

---
8.

63
±

0.
64

---
0.

15
kg

se
le

ni
te

(H
S)

20
.7

5
±

2.
85

1.
01

7.
11

±
2.

53
1.

00
10

.2
3

±
1.

12
1.

19

'G
ol

de
n

De
lic

io
us

'2
01

7

co
nt

ro
l(

HS
)

33
.6

5
±

3.
92

---
11

.8
6

±
2.

32
---

9.
34

±
2.

33
---

0.
15

kg
se

le
ni

te
(H

S)
33

.4
8

±
0.

29
0.

99
14

.9
8

±
1.

63
1.

26
10

.2
7

±
1.

29
1.

10
0.

15
kg

se
le

na
te

(H
S)

32
.5

9
±

2.
78

0.
97

12
.8

9
±

2.
32

1.
09

8.
46

±
1.

67
0.

91

'Jo
na

go
ld

'2
01

7
co

nt
ro

l(
HS

)
28

.3
6

±
3.

77
---

13
.1

9
±

2.
40

---
14

.4
2

±
2.

40
---

0.
15

kg
se

le
ni

te
(H

S)
30

.2
0

±
5.

48
1.

06
14

.7
5

±
3.

46
1.

12
11

.4
5

±
1.

24
0.

79
0.

15
kg

se
le

na
te

(H
S)

31
.2

5
±

3.
09

1.
10

13
.0

4
±

2.
37

0.
99

11
.1

4
±

1.
89

0.
77

*
Fo

lia
r

sp
ra

y
ra

te
of

se
le

ni
um

pe
r

he
ct

ar
e

an
d

m
et

er
ca

no
py

he
ig

ht
ap

pl
ie

d
w

ith
a

ha
nd

-h
el

d
sp

ra
ye

r
(H

S)
,a

ba
ck

pa
ck

sp
ra

ye
r

(B
S)

or
a

tr
ai

le
d

or
ch

ar
d

sp
ra

ye
r(

O
S)

.

DISCUSSION

139



Ta
bl

e
12

:C
on

te
nt

s
of

th
e

va
rio

us
ph

en
ol

ic
co

m
po

un
ds

(c
af

fe
eo

yl
gl

uc
os

id
e,

su
m

of
ph

lo
re

tin
gl

uc
os

id
es

,s
um

of
qu

er
ce

tin
gl

yc
os

id
es

)i
n

th
e

ap
pl

e
sa

m
pl

es
in

m
g/

10
0

g
d.

w
.

Va
rie

ty
an

d
Ye

ar
of

Cu
lti

va
tio

n
Ap

pl
ic

at
io

n*
Ca

ff
ee

oy
lg

lu
co

si
de

[m
g/

10
0

g
d.

w
.]

Ch
an

ge
fa

ct
or

gl
uc

os
id

e
[m

g/
10

0
g

d.
w

.]

Ch
an

ge
fa

ct
or

gl
yc

os
id

e
[m

g/
10

0
g

d.
w

.]

Ch
an

ge
fa

ct
or

'F
ie

st
a'

20
17

co
nt

ro
l(

HS
)

5.
16

±
0.

26
---

13
.0

1
±

1.
66

---
42

.1
8

±
31

.0
1

---
0.

1
kg

se
le

ni
te

(H
S)

5.
09

±
0.

11
0.

99
9.

28
±

1.
14

0.
71

26
.9

8
±

1.
77

0.
64

0.
1

kg
se

le
na

te
(H

S)
5.

06
±

0.
28

0.
98

12
.2

4
±

1.
87

0.
94

40
.7

2
±

7.
41

0.
97

'Jo
ni

ca
'2

01
7

co
nt

ro
l(

HS
)

5.
23

±
0.

25
---

10
.9

2
±

0.
61

---
23

.8
1

±
1.

63
---

0.
15

kg
se

le
ni

te
(H

S)
5.

24
±

0.
20

1.
00

14
.4

7
±

5.
13

1.
33

37
.7

2
±

13
.7

6
1.

58

'G
ol

de
n

De
lic

io
us

'2
01

7

co
nt

ro
l(

HS
)

14
.8

1
±

0.
41

---
17

.0
0

±
5.

37
---

35
.0

9
±

10
.4

4
---

0.
15

kg
se

le
ni

te
(H

S)
13

.8
8

±
1.

03
0.

94
16

.8
6

±
2.

92
0.

99
53

.3
3

±
18

.6
6

1.
52

0.
15

kg
se

le
na

te
(H

S)
13

.4
2

±
1.

64
0.

91
16

.0
4

±
1.

65
0.

94
42

.5
7

±
9.

68
1.

21

'Jo
na

go
ld

'
20

17

co
nt

ro
l(

HS
)

4.
99

±
0.

12
---

16
.7

4
±

3.
34

---
58

.6
9

±
16

.6
1

---
0.

15
kg

se
le

ni
te

(H
S)

8.
28

±
3.

79
1.

66
19

.6
3

±
6.

25
1.

17
46

.2
0

±
12

.2
0

0.
79

0.
15

kg
se

le
na

te
(H

S)
8.

90
±

4.
57

1.
78

18
.9

6
±

0.
29

1.
13

49
.3

7
±

6.
07

0.
84

*
Fo

lia
r

sp
ra

y
ra

te
of

se
le

ni
um

pe
r

he
ct

ar
e

an
d

m
et

er
ca

no
py

he
ig

ht
ap

pl
ie

d
w

ith
a

ha
nd

-h
el

d
sp

ra
ye

r
(H

S)
,a

ba
ck

pa
ck

sp
ra

ye
r

(B
S)

or
a

tr
ai

le
d

or
ch

ar
d

sp
ra

ye
r(

O
S)

.

140

DISCUSSION



DISCUSSION

141

By HPLC-MSn analysis, the following phenolic compounds were identified and their contents

quantified in apples from the 2017 crop year: the dihydrochalcones phloretin-2-xylosyl-

glucoside and phloretin-2-glucoside, the flavan-3-ol epicatechin, and a procyanidin dimer, and

a procyanidin trimer, the hydrocinnamic acid derivatives caffeoyl glucoside and chlorogenic

acid, as well as the flavonols quercetin-3-O-galactoside, quercetin-3-O-xyloside and quercetin-

3-O-glucoside (Manuscripts I and III).

In their review, Rana and Bushan evaluated a large amount of data on the analysis of phenolic

compounds in apples and found that flavonols, dihydrochalcones, flavan-3-ols, and phenolic

acids have already been identified in apples of various varieties. The main components here

are epicatechin, procyanidin B2, chlorogenic acid, phloridzin, caffeic acid, and quercetin

derivatives (Rana & Bushan, 2016).

The apples studied in the present work contain mainly chlorogenic acid, up to 41.5%, as well

as epicatechin and high amounts of various quercetin glycosides and phloretin glucosides.

Based on tentative structure elucidation in the present study and literature descriptions, this

trimer is suggested to be procyanidin C1 (Masuda et al., 2018). In some cases, significant

differences were found between the individual cultivars. Figure 28 shows the average

proportions of the individual phenolic compounds in a comparison of the cultivars 'Fiesta',

'Jonica', 'Golden Delicious', and 'Jonagold'. The respective controls are shown.

The 'Fiesta' variety is characterized above all by a high content of chlorogenic acid (40%),

whereas 'Jonica' and the other varieties contain significantly less of this substance, at 21-27%.

'Fiesta' is also richer in epicatechin than the other varieties. These in turn contain significantly

more phloretin glucosides and quercetin glycosides than 'Fiesta' (8% and 23%, respectively),

with percentages of 12-14% and 28-41%, respectively.
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Variety specific differences in the content of individual phenolic compounds in apples have

also been described in the literature. For example, Kschonsek et al. also reported that

chlorogenic acid is the main component in different apple cultivars. They analyzed, among

others, the old varieties 'Ontario' and 'Dülmener Rosenapfel' and the comparatively new

varieties 'Braeburn' and 'Granny Smith'. They found significant differences in the content of

the main component. While the two old cultivars were very rich in chlorogenic acid with a

content of about 63%, the new cultivars contained only about 15% (Kschonsek et al., 2018).

Dhyani et al. and Zardo et al. identified chlorogenic acid and epicatechin as major components

in 'Golden Delicious' (Dhyani et al., 2018; Zardo et al., 2013). In 2005 and 2006, Wojdylo et al.

determined the phenolic compounds in 69 apple cultivars, including 'Golden Delicious' and

'Jonagold'. In both varieties, most of all oligomeric procyanidins, and chlorogenic acid were

found, whereas

(Wojdylo et al., 2008).

Biofortification with selenium showed different effects for the cultivars 'Fiesta', 'Jonica',

'Golden Delicious', and 'Jonagold' with regard to the content and proportion of the individual

phenolic compounds. The four main components chlorogenic acid, epicatechin, procyanidin

trimer, and caffeeoylglucoside and the sum of phloretin glucoside and quercetin glycoside

were influenced by biofortification. Further phenolic compounds were not significantly

affected.

The content of individual phenolic compounds was strongly influenced by biofortification,

especially in the varieties 'Fiesta' and 'Jonagold', whereas 'Jonica' and 'Golden Delicious' were

relatively insensitive to the fertilization method. The comparison of the applied selenium

forms showed the application of selenite to have stronger effects on the phenolic profile than

selenate. In the cultivar 'Fiesta', biofortification resulted in a reduction in the content of all six

phenolic compounds by up to 51%. Whether this is a purely variety-specific effect or whether

the reduced application rate of 0.1 kg Se/ha x m CH also plays a role cannot be conclusively

assessed due to the insufficient data available for this. 'Jonica' showed a 58% increase in

quercetin glycoside content. This as well as an increase in epicatechin content was also

observed in 'Golden Delicious'. They were 21% and 52% for quercetin and 9% and 26% for

epicatechin. In the cultivar 'Jonagold', biofortification led to an increase in the content of
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caffeeoyl glucosides (66%, 78%) and the phloretin glucosides (13%, 17%) and to a reduction in

procyanidin trimer (21%, 23%) and the quercetin glycosides (16%, 21%).

A change in the phenolic profile resulting from biofortification with selenium has already been

described in the literature. D'Amato et al. found that in the biofortification of olives, an

increase in the content of oleacein, ligustroside aglycone, and oleocanthal between 32% and

57% was observed in the oil produced from them compared to the untreated controls

(D’Amato et al., 2017). In a subsequent study of rice by the research group, an increase in

ferulic acid and salicylic acid and a decrease in gallic acid concentration were observed

(D’Amato et al., 2018). Schiavon et al. analyzed the influence of biofortification in radish and

performed separate analyses of leaves and roots. In roots, the antioxidant flavonoids

naringenin chalcone and kaempferol showed enhanced concentrations and a decrease of

cinnamic acid derivatives was observed. In leaves, the hydroxycinnamic acids, especially

kaempferol derivatives, were increased. Other identified phenolic compounds did not show

any variation in concentration or decreased (Schiavon et al., 2013). Pezzarossa et al.

performed an application of 1 mg Se/L (as sodium selenate) in tomatoes (Solanum

lycopersicum cv.

-carotene and lycopene. Rutin was not influenced (Pezzarossa et

al., 2013).

Relationships between AOA and phenolic compounds can be inferred. The determination of

AOA by TEAC assay showed a significantly higher AOA with the application of selenate and

selenite in 'Jonagold' compared to the control. Therefore, due to the increased amount of

caffeeoyl glucoside, it is concluded that this phenolic compound has a high AOA and is mainly

responsible for the AOA in 'Jonagold'. Furthermore, high concentrations of caffeoyl glucoside

were associated with high AOA by TEAC and low AOA by ORAC and a high content of the

procyanidin trimer were measured in association with a low AOA with TEAC and high AOA

with ORAC. These results further suggest that these two phenolic compounds have different

AOA and - due to the different reaction mechanisms of both antioxidant assays - the AOA of

different phenolic compounds were determined, and secondary antioxidant products were

additionally measured when using the ORAC assay (Csepregi et al., 2016). A verification of

these hypotheses can be performed in further work using HPLConline-TEAC.
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7.2. Influence of selenium biofortification of apples on the protein content

and the allergenic proteins Mal d 1 and Mal d 3

First, the extraction of proteins from the apple matrix was carried out using an extraction

buffer according to BJÖRKSTEN with some modifications (Björksten et al., 1980). Here, a triple

extraction was performed in the ball mill. The subsequent determination of the total protein

content was performed by the photometric method according to BRADFORD (BRADFORD, 1976).

In addition, to separate the allergenic proteins in the apple samples from each other, a gel

electrophoretic separation of the protein extracts was performed using disc-SDS-PAGE. Here,

triplicate protein extraction was performed using phosphate buffered saline (PBS) buffer in

the ball mill. Based on the different band patterns, conclusions can be made about the

influence of biofortification on the content of Mal d 1, Mal d 2, Mal d 3, and Mal d 4. For the

identification of the apple allergens, LC-MS/MS was subsequently performed. For this

purpose, single protein bands from SDS-PAGE were used, with which in-gel digestion was

performed. A direct ELISA was also developed and applied to determine the Mal d 1 content

in the apple samples. The extracts used for this purpose were obtained from the work-up for

the determination of protein content.

The influence of selenium biofortification on the allergenic proteins was carried out on the

same apple samples with which an analysis of antioxidant properties and phenolic compounds

had already been carried out (see Chapter 7.1.).

7.2.1. Evaluation of the methods

In a first step, different devices for the extraction of proteins from the apple matrix were used

and compared on a selection of apple samples. The Ultra-Turrax, the ball mill, and a thermal

shaker were used in various combinations. The extraction variant with thermal shaker only

showed significantly lower protein contents than with the other methods. One reason for this

is the lack of cell disruption by mechanical force, as achieved by ball mill or Ultra-Turrax, so

that the proteins could only be insufficiently extracted from the individual cells. No

significantly different results were obtained for extraction with ball mill and with or without

shaker afterwards. Similarly, no significantly different value was found for extraction using

Ultra-Turrax. In order to minimize the time required for sample processing, the apple samples

analyzed in this study were finally processed using the ball mill variant without shaker.
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Compared to the variant using Ultra-Turrax, this variant offers the advantage that several

samples can be processed in parallel and a smaller sample volume can be used. However, a

comparison with the literature shows that the proteins could not be quantitatively extracted

with any of the variants. Thus, with a maximum result of 0.214 g protein in 100 g dried apple,

only about 15% of the proteins could be extracted compared to the literature value of

1.4 g/100 g dry matter (Souci et al., 2011). By Matthes and Schmitz-Eiberger, a maximum of

buffer and a similar method. This corresponds to a yield of 11% compared to the literature

value of 0.3 g/100 g fresh mass and is thus in the same range (Matthes & Schmitz-Eiberger,

2009; Souci et al., 2011).

Therefore, in the course of further method optimization, the following factors were changed:

Extraction vessel and volume, repeats, concentration as well as sample weight. Here, it was

found that increasing the extraction volume and sample weight, which were associated with

a change of the extraction vessel, as well as a triplicate extraction and the use of the sample

concentrator led to the most optimal results. This extraction method was therefore used in

the following for the apple samples to be analyzed.

The buffer solution used for extraction was prepared and modified according to Björksten et

al. and Matthes and Schmitz-Eiberger. It contains potassium, polyvinylpolypyrrolidone (PVPP),

diethyldithiocarbamate (DIECA), and ethylenediaminetetraacetic acid (EDTA) and was

adjusted to a pH of 7.0. Here, the buffer components PVPP, EDTA, and DIECA have the task of

preventing reactions between polyphenols or quinones and proteins that come into contact

with each other after cell disruption (Björksten et al., 1980). The addition of sodium azide as

in the method of BJÖRKSTEN, which serves to inhibit the growth of microorganisms, was omitted

because, according to the manufacturer's information, there is considerable inhibition of the

polyclonal HRP-labeled goat anti-mouse antibody and thus a determination of the Mal d 1

content would not be possible (Merck, 2019).

As part of further work, protein extraction should be further optimized. By comparing the

results of the quantitative protein determination according to BRADFORD, a maximum protein

content of 241.53 mg/100g d.w. (biofortified sample: , 2017) was obtained. This

corresponds to a percentage of 17.25% of the total protein content of 1,400 mg/100 g d.w. of

an average dried apple (Souci et al., 2011). It follows that the extraction is not quantitative.
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Matthes et al. were able to obtain a maximum protein content of 33.86 mg/100 g d.w.

(Matthes & Schmitz-Eiberger, 2009). In comparison with the literature value of

300 mg/100 g d.w., 11.29 % of the total protein was thus extracted. With the optimized

extraction according to BJÖRKSTEN, about 1.5 times the amount of protein could be extracted.

The deviation from the total protein content can presumably be attributed to the fact that a

large proportion of the proteins are not soluble in the aqueous milieu because they are in part

firmly bound to the rest of the apple matrix. To obtain higher extraction yields, different

extractants or even acidic or basic digestions of the samples would be an option. However, it

must be noted that the extracted proteins must be preserved native in order to be able to

subsequently quantify the Mal d 1 by ELISA. Since this protein is heat and acid labile, this

further complicates the feasibility with other extraction agents.

Similarly, the use of grinding media for extraction is neither optimal in terms of time nor

quantity. This was used due to the high sample volume. Since they are not usable for the

subsequent centrifugation step, the extracts often had to be quantitatively transferred back

and forth between the grinding media and the extraction tubes, which can result in losses.

The grinding media also only allow two samples to be processed in parallel, so the time

required is correspondingly high.

The method named according to BRADFORD for the determination of the total protein content

can be performed quickly and offers good reproducibility of the results (Bradford, 1976;

Lottspeich & Engels, 2006), which could also be confirmed in the present work.

For gel electrophoretic separation, the above-mentioned protein extracts were first used.

With the aid of the buffer prepared according to BJÖRKSTEN, no meaningful gels could be

obtained, as no bands were detectable. This is attributed to a reaction of the buffer

components with the gel. Therefore, for subsequent gel electrophoreses, a PBS buffer

consisting of potassium dihydrogen phosphate and sodium chloride was used for protein

extraction. To optimize the gel electrophoresis - obtaining higher band sharpness - different

options such as different gel compositions, different extraction approaches with PBS buffer as

well as mixing ratios of the reduction buffer with the sample were tested. Here, the most

optimal results were obtained with an 18% separation gel, which was therefore used for the

analysis of the apple samples using disc-SDS-PAGE. In a further optimization of the protein

extraction for gel electrophoretic separation, a dialysis following the extraction represents an
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alternative. By replacing the buffer by dialysis, the strength of the extraction buffer according

to BJÖRKSTEN can be exploited and disc-SDS-PAGE can be performed with the minimal

background signals of the PBS buffer.

Several different variants of the ELISA technique have been developed for the quantitative

determination of Mal d 1 content in apple samples, as they differ in both specificity and

sensitivity. For the analysis of Mal d 1 content, the competitive ELISA is suitable, as it achieves

high extinctions especially for small antigene molecules. Therefore, a direct competitive ELISA

should be developed based on the method of the indirect competitive ELISA according to

Sancho et al. Therefore, a calibration curve was constructed for calibration and estimation of

the linear range. This showed a negative slope in the range of 0.01-1.0 mg/l Mal d 1, so that

measurements should be made in this range. However, a quantitative determination of the

Mal d 1 content in the apple samples could not be performed due to the amounts of

recombinant Mal d 1 required for this purpose.

Due to its high specificity, the sandwich variant of the ELISA is also well suited for the

determination of the Mal d 1 content from a protein extract. In method development, the

method of Matthes et al. served as a template. Since only little unlabeled Mal d 1 was

available, a dilution of the antibodies higher by a factor of 10 had to be used. As a result,

sufficient staining for detection could only be observed after an incubation period of about

72 h. However, due to the long incubation time, evaporation of the reagents in the wells of

the microtiter plates was observed, whereby it is assumed that reproducible measurements

are not possible.

The variant of direct ELISA also offers the possibility of allergen determination in apples. The

HRP-conjugated goat anti-mouse antibody used for detection is specific enough to distinguish

between the homologous proteins Mal d 1 and Bet v 1.

7.2.2. Influence of selenium biofortification on the protein content

Table 13 shows the protein content in the analyzed apple samples in mg/100 g d.w. The

change factor can be used to access the influence of selenium biofortification.
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Table 13: Protein content in mg/100 g d.w. in the apple samples and the change factors.

Variety and
Year of Cultivation Application* Protein

[mg/100 g d.w.] Change factor

'Fiesta' 2017
control (HS) 190.03 ± 10.66 ---

0.1 kg selenite (HS) 176.95 ± 43.66 0.93
0.1 kg selenate (HS) 218.45 ± 22.63 1.15

'Jonica' 2017 control (HS) 141.50 ± 26.83 ---
0.15 kg selenite (HS) 181.07 ± 33.93 1.28

'Golden Delicious' 2017
control (HS) 161.06 ± 5.31 ---

0.15 kg selenite (HS) 177.52 ± 19.22 1.10
0.15 kg selenate (HS) 171.50 ± 30.61 1.06

'Jonagold' 2017
control (HS) 167.14 ± 8.05 ---

0.15 kg selenite (HS) 201.26 ± 4.59 1.20
0.15 kg selenate (HS) 241.53 ± 5.13 1.45

'Golden Delicious' 2018 control (BS) 197.38 ± 1.77 ---
0.075 kg selenate (BS) 156.50 ± 31.35 0.79

'Jonagold' 2018
control (BS) 147.37 ± 6.79 ---

0.075 kg selenate (BS) 180.02 ± 31.64 1.22

'Boskoop' 2018
control (OS) 233.01 ± 32.88 ---

0.075 kg selenate (OS) 178.83 ± 5.19 0.77

'Jonica' 2018
control (OS) 188.83 ± 36.68 ---

0.075 kg selenate (OS) 159.38 ± 46.41 0.84

'Elstar' 2019
control (OS) 218.40 ± 6.38 ---

0.15 kg selenate (OS) 214.89 ± 14.94 0.98
0.45 kg selenate (OS) 215.70 ± 10.53 0.99

'Elstar' – peel
2019

control (OS) 359.92 ± 26.52 --
0.45 kg selenate (OS) 313.79 ± 11.01 0.87

'Elstar' – pulp
2019

control (OS) 163.89 ± 6.83 --
0.45 kg selenate (OS) 122.23 ± 10.36 0.75

* Foliar spray rate of selenium per hectare and meter canopy height applied with a hand-held
sprayer (HS), a backpack sprayer (BS) or a trailed orchard sprayer (OS).

Different factors influencing the level of protein content were identified. Besides

biofortification technique (form and level of selenium application), the apple variety, and the

climatic conditions in the year of cultivation also play a role.

The application of selenate resulted in higher protein contents in most varieties when being

compared to the selenite application. For 'Jonagold', the biofortification led to significantly

higher protein contents compared to the control. This was especially observed for the

application of selenate, independent of level of selenium and cultivation year. For the year

2017, the protein content of the control was 169.5 mg/100 g d.w., while the application of

selenate resulted in a content of 241.5 mg/100 g d.w., which represents an increase of almost
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45%. In the following year, the difference in protein content between the control and the

selenate application was 22% (147.4 mg/100 g d.w. and 180.0 mg/100 g d.w.). Selenite

fertilization also resulted tended only to slightly higher protein contents.

The influence of a biofortification with selenium on proteins has already been studied by

different research groups on different crops, especially cereals and legumes. However,

different effects have been observed. Poblaciones et al. carried out selenium fertilization trials

with different cereal crops in two growing periods and determined, among other things, the

protein content in grains. Selenite and selenate were applied by foliar sprays at different

application levels (Poblaciones et al., 2014a; Poblaciones et al., 2014b). The biofortification of

wheat (Triticum aestivum L., cv. 'Roxo') did not lead to a significant difference in grain protein

content between the application of selenite and selenate. However, in a crop year which was

characterized by low precipitation, selenate led to a significantly lower protein content than

selenite. Furthermore, the intense drought of this year had a negative influence on the grain

protein content (Poblaciones et al., 2014a). Similar results were observed with durum wheat

(Triticum durum L., cv. 'Marialva'). However, in this cereal species the selenate application

always led to higher protein contents than treatments with selenite, regardless of the year

(Poblaciones et al., 2014b). Differences in protein content depending on the form of

application were also observed in a study on peas (Pisum sativum L., cv. 'Lincoln'). Foliar

applications of selenite resulted in lower crude protein in grain than the sprays with selenate

(Poblaciones et al., 2013). However, this effect does not seem to be valid for all crops, as in a

study with barley (Hordeum vulgare L. ssp. distichum), a difference between the selenium

forms on grain protein was also not observed (Rodrigo et al., 2013).

Reis et al. biofortified rice (Oryza sativa L., cv. 'Ana 5015') with selenate and an additional

treatment with different levels of nitrogen fertilization. Selenium application resulted in lower

protein contents compared to the untreated controls, except for the highest nitrogen

application. There, a higher protein content was measured (Reis et al., 2018). D'Amato et al.

also investigated the influence of a biofortification on rice (Oryza sativa L., cv. 'Selenio'). The

protein content was slightly affected by selenite. With increasing concentrations of selenate

the protein content decreased (D’Amato et al., 2018). Biofortification of pear-jujubes

(Zizyphus jujuba M. cv. 'Lizao') with selenite in a dose of 300 g/ha and foliar fertilization led to

an increase in soluble proteins of 48-52% as described by Zhao et al. (Zhao et al., 2013).
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However, this effect was not observed by Jing et al. when studying the variety 'Zhanhua'.

There, different concentrations of selenite were applied up to a level of 200 mg/L and no

significant differences were found compared to the untreated control (Jing et al., 2017).

In the present study, 'Fiesta' and 'Jonica' showed already initially significant differences in

protein content (in 2017). In the following year, significant differences were found between

'Boskoop', the variety with the highest protein content, and 'Jonagold', which had the lowest

content. Significant differences were also found between 'Golden Delicious' and 'Jonagold'. A

maximum protein content of 233.0 mg/100 g d.w. ('Boskoop') and a minimum of

147.4 mg/100 g d.w. ('Jonagold') was measured.

Matthes et al. also found a difference in the protein content of different apple varieties, with

'Golden Delicious' showing also a significantly higher protein content than 'Jonagold' apples.

The protein contents measured in our present study are in comparable ranges to the data of

Matthes & Schmitz-Eiberger (Matthes & Schmitz-Eiberger, 2009). Marzban et al. also

determined the protein content of different apple varieties and observed significant

differences, with 'Jonagold' showing a slightly higher protein content than 'Golden Delicious'.

Those values were significantly lower than the protein contents obtained in the present study

(Marzban et al., 2005). Differences in the protein content can be explained by different

extraction and determination methods. In the present study, the proteins in the apple samples

were extracted by a triple treatment in the ball mill. However, Marzban et al. only carried out

a simple extraction by stirring the samples.

With regard to the influence of the growth season on the protein content, the controls of the

varieties 'Jonica', 'Jonagold', and 'Golden Delicious' from 2017 were compared with those

from 2018. The varieties were influenced differently. While the protein content of 'Jonica' and

'Golden Delicious' was higher in 2018, the opposite was found for 'Jonagold'. The differences

can be explained by an influence of the different ecophysiological conditions in the years of

cultivation such as precipitation, sunshine duration, and the corresponding UV radiation. For

the year 2018, a significantly higher sunshine duration (+37%) and significantly lower

precipitation (-61%) were recorded (Wetterkontor, 2019). However, the influence of the

amount of rain was of lower importance due to the use of irrigation.

The observations made here are only consistent with previously published data on 'Jonagold':

significantly lower protein content at high sunshine duration combined with drought. Matthes
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and Schmitz-Eiberger (2009) observed significantly different protein contents in the varieties

'Jonagold' and 'Golden Delicious' at two German cultivation sites, which can be differentiated

with regard to the environmental conditions such as precipitation and sunshine duration. At

the location with the significantly higher sunshine duration (+44%), significantly lower protein

contents (-33% and -53%) were found (Matthes & Schmitz-Eiberger, 2009). An influence on

the formation of proteins as a function of environmental conditions such as temperature and

sunshine duration has also already been described for cereals, where the protein content is

an essential quality criterion (Poblaciones et al., 2014a; Poblaciones et al., 2014b; Vollmer et

al., 2018). It was found that in dry years, the protein contents of wheat, durum wheat, and

barley were lower (Poblaciones et al., 2014a; Poblaciones et al., 2014b; Rodrigo et al., 2013).

The separate analysis of fruit flesh and peel of the variety 'Elstar' from 2019 showed that the

proteins are mainly located in the peel. This was independently of the biofortification. The

average protein content in the peel was 68.7% in the control and 72.0% in the biofortified

samples. Only 31.3% and 28.0% of the proteins are present in the fruit flesh, respectively. The

protein content of the fruit flesh was significantly reduced by the biofortification compared to

the control, while the total protein content was not affected.

Shah et al. carried out a measurement of the protein content in peel and fruit flesh, with the

apple variety not being indicated. They conclude that especially the fruit flesh with a content

of 2.0 mg/100 g f.w. (corresponds to a proportion of 71.4%) was particularly richer in protein.

The peel, on the other hand, which is low in protein, contained only 0.8 mg/100 g f.w. (28.6%)

(Shah et al., 2012). Muhktar et al. analyzed the protein content of various apple varieties,

including 'Golden Delicious'. The average protein content was 2.2% in the fruit flesh; values

for the peel were not given (Mukhtar et al., 2010).

7.2.3. Influence of selenium biofortification on the pattern of allergenic proteins

The duplicate determinations of the individual apple samples resulted in comparable protein

patterns with very similar bands, indicating a good reproducibility of this method inclusive the

protein extraction. In general, bands in the range of 18 kDa can be detected, where the well-

known apple allergen Mal d 1 (Mw = 17.65 kDa) can potentially be found. Further bands were

detected in the range of approx. 9 kDa, indicating the potential presence of the Mal d 3

(molecular weight (Mw) = 11.41 kDa). Slightly above the band close to 25 kDa of the molecular

weight marker, broader bands were additionally visible in many samples. These can be
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attributed to the apple allergen Mal d 2, which has a molecular weight of 25.68 kDa. Mal d 4,

which has a molecular weight of 13.96 kDa was not detected.

Other research groups have also already been able to detect the various allergenic proteins in

apples using SDS-PAGE. Matthes and Schmitz-Eiberger (2009) were able to qualitatively detect

Mal d 1 by separating protein extracts of the apple variety 'Greenstar' using SDS-PAGE.

Because of a worse migration front, no Mal d 3 was identified in that study. Further bands

attributable to the other potential apple allergens were also not detected (Matthes & Schmitz-

Eiberger, 2009). Marzban et al. were able to detect Mal d 1 and Mal d 2 by means of a gel

electrophoretic separation of the protein extracts in various apple cultivars, including 'Golden

Delicious' (Marzban et al., 2014). Sancho et al. performed a SDS-PAGE analysis with apple

extracts of two different varieties, identifying Mal d 3 (Sancho et al., 2006b).

The different analyzed apple samples showed a similar protein pattern with regard to Mal d 1,

Mal d 3, and Mal d 2. Intensity differences between the varieties, the years of cultivation, and

due to the biofortification were detected (Manuscript II).

Determination of allergenic protein levels by SDS-PAGE is only semi-quantitative, but allows

rapid evaluation and provides indications of differences in levels due to different intensities

of band staining. Due to different intensities of band staining, it is assumed that there is an

influence of biofortification on the allergenic proteins. Compared to the controls and the

application of selenite, fertilization with selenate probably leads to lower Mal d 1

concentrations in most cultivars. Furthermore, a stronger intensity of the Mal d 3 band was

observed in the biofortified samples. Therefore, biofortification probably leads to an increased

synthesis of this protein. Variety-specific differences appear here: the biofortified apples of

the varieties 'Fiesta' and 'Jonagold' seem to synthesize comparatively much Mal d 3, whereas

'Jonagold', 'Golden Delicious', and 'Jonica' contain only few Mal d 3. The differences in 'Elstar'

were only marginal. 'Jonagold', on the other hand, seems to contain particularly high levels of

Mal d 1.

In the literature, various apple allergens have already been identified by different laboratory

analytical methods and differences between individual cultivars have been described. Using

immuno-tissue-print-assay (ITP), Marzban et al. found variety-specific differences in the

content of Mal d 1, Mal d 2, and Mal d 3 in 'Golden Delicious' (Marzban et al, 2005). In a

subsequent study, it was found that the content of Mal d 1 was higher in 'Golden Delicious',
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'Granny Smith', 'Fuji', and 'Pink Lady' than in 'Topaz' and 'Braeburn'. Protein extracts here were

separated by gel electrophoresis (Marzban et al., 2014). Sancho et al. performed SDS-PAGE

with apple extracts from different cultivars, including 'Cox orchard 3' and 'Jonagored', and an

indirect competitive ELISA to determine the content of Mal d 3. SDS-PAGE showed an identical

protein pattern for the two cultivars, but differences were measured by ELISA: 'Cox orchard 3'

had the highest content with 70.2 µg Mal d 3/g peel, while 'Jonagored' and 'Gala' contained

only 31 µg/g (Sancho et al., 2006b).

In the present work, it was found that the selenium biofortified apples had a higher content

of Mal d 3. This seems to be probably related to the properties of the allergenic protein

belonging to the nsLTP. The expression of nsLTPs is affected by different abiotic stress factors.

However, in this context, differences have been identified in a bunch of selected crops such

as tomato, pepper, and barley. For example, it was observed that salinity led to an induction

of gene expression in the three crops mentioned before, while tomato and pepper responded

to drought and cold, and only pepper responded to wounding (Jung et al., 2003; Molina &

Garcia-Olmedo, 1993; Torres-Schumann et al., 1992; Treviño & O’Connell, 1998). Sancho et al.

could show that the content of Mal d 3 depends on the position of the fruit on the tree (sunny

vs. shady positions): Mal d 3 levels increased 2-fold in apples harvested from the shady site.

Furthermore, differences in the content were dependent on lower and upper part of the tree

(Sancho et al, 2006b). With regard to apples, the application of selenium-containing fertilizers

also seems to be a stress factor for the plant to a certain extent, as the content of Mal d 3

increased.

Separate analysis of protein extracts from peel and fruit flesh of the 'Elstar' variety can

determine in which fruit compartment the various allergenic proteins are localized. It was

found that Mal d 3 is mainly found in the peel of the apples. Mal d 1 is found in both

compartments and Mal d 2 is mainly localized in the fruit flesh. Various research groups have

also determined the localization of allergenic proteins in apples. Marzban et al. performed a

Northern Blot for the detection of the allergens Mal d 1 and Mal d 3 and an ITP to show the

localization of Mal d 1, Mal d 2, and Mal d 3 within apple tissues in four different apple

cultivars. They also found that Mal d 1 is present in peel as well as the fruit flesh, while Mal d 2

is mainly expressed in the fruit flesh and Mal d 3 is only present in the peel. The Northern blot

analysis showed that Mal d 1 transcripts were found in the peel and in the fruit flesh, whereas
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Mal d 3 expression could only be measured in the peel (Marzban et al., 2014). The localization

of Mal d 3 is due to the function of the nsLT protein in the biosynthesis of epicuticular wax or

cuticula and in plant defense mechanisms such as antimicrobial activities (Hoffmann-

Sommergruber, 2005; Marzban et al., 2014; Salcedo et al., 1999; Salcedoet al., 2004).

7.2.4. Influence of selenium biofortification on the Mal d 1 content

The levels of the allergenic protein Mal d 1 measured in the apple samples are shown in

Table 14. Factors of change were calculated to describe the change in the biofortified apples

compared to the controls.

Table 14: Levels of the allergenic protein Mal d 1 in the selenium biofortified and control
apples in mg/100 g d.w. and the change factors.

Variety and
Year of Cultivation Application* Mal d 1

[mg/100 g d.w.] Change factor

'Fiesta' 2017
control (HS) 51.0 ± 19.2 ---

0.1 kg selenite (HS) 68.8 ± 18.7 1.35
0.1 kg selenate (HS) 24.8 ± 4.8 0.49

'Jonica' 2017 control (HS) 43.1 ± 4.5 ---
0.15 kg selenite (HS) 37.3 ± 8.9 0.87

'Golden Delicious' 2017
control (HS) 44.5 ± 3.2 ---

0.15 kg selenite (HS) 36.5 ± 3.9 0.82
0.15 kg selenate (HS) 35.0 ± 3.2 0.79

'Jonagold' 2017
control (HS) 107.5 ± 4.9 ---

0.15 kg selenite (HS) 24.1 ± 4.2 0.22
0.15 kg selenate (HS) 53.3 ± 19.0 0.50

'Golden Delicious' 2018 control (BS) 40.3 ± 5.7 ---
0.075 kg selenate (BS) 29.9 ± 4.0 0.74

'Jonagold' 2018 control (BS) 25.9 ± 3.5 ---
0.075 kg selenate (BS) 39.0 ± 5.7 1.51

'Boskoop' 2018
control (OS) 43.1 ± 6.5 ---

0.075 kg selenate (OS) 30.9 ± 0.1 0.72

'Jonica' 2018
control (OS) 38.0 ± 7.7 ---

0.075 kg selenate (OS) 32.6 ± 5.2 0.86

'Elstar' 2019
control (OS) 46.9 ± 1.0 ---

0.15 kg selenate (OS) 39.0 ± 3.3 0.83
0.45 kg selenate (OS) 53.4 ± 13.6 1.14

'Elstar' – peel
2019

control (OS) 78.9 ± 3.0 --
0.45 kg selenate (OS) 58.9 ± 1.3 0.75

'Elstar' – pulp
2019

control (OS) 29.9 ± 9.9 --
0.45 kg selenate (OS) 17.1 ± 2.7 0.57

* Foliar spray rate of selenium per hectare and meter canopy height applied with a hand-held
sprayer (HS), a backpack sprayer (BS) or a trailed orchard sprayer (OS).



DISCUSSION

156

The different parameters of biofortification have an influence on the content of Mal d 1 in the

apples. In general, a reduction of the Mal d 1 content was observed in the selenium

biofortified samples. In addition, apple variety and ecophysiological conditions were identified

as further factors influencing allergenicity. Furthermore, differences were found in the

separately analyzed peel and fruit flesh samples (Manuscript II).

The application of selenite, which was carried out in crop year 2017, resulted in lower Mal d 1

contents for the cultivars 'Jonica' and 'Golden Delicious' and significantly lower Mal d 1

contents for 'Jonagold' compared to the controls. With the exception of 'Jonagold' from 2018,

fertilization with selenate also resulted in reduced Mal d 1 contents. For 'Fiesta' and 'Jonagold'

from 2017, and 'Golden Delicious' from 2017 and 2018 the differences were even statistically

significant. Tendentially, the application of selenate led to lower contents than the application

of selenite. However, the differences were not statistically significant.

The results can only be classified to a limited extent due to the lack of comparative studies.

The analysis of the influence of biofortification on allergenic proteins has not been the subject

of research to date. With regard to the content of Mal d 1 in apples, many influencing factors

have been identified so far. For example, it has been shown that organically grown apples

have a higher Mal d 1 content (Schmitz-Eiberger & Matthes, 2011) and patients with Mal d 1

allergy show a higher sensitivity when consuming these apples (Klockenbring et al., 2001).

The synthesis of Mal d 1 is influenced by selected ecophysiological stress factors of biotic and

abiotic nature. Mal d 1 is a pathogenesis-related protein and mainly synthesized by the fruits

as a defense agent against pathogens (Beuning et al., 2004; Botton et al., 2009; Breiteneder

et al., 2000; Grafe, 2009; Matthes & Schmitz-Eiberger, 2009; Puehringer et al., 2000). Fruits

that are grown organically are thus more subject to the influence of external stress factors like

fungal, viral, and bacterial attack which are associated with an increased biosynthesis rate of

Mal d 1 (Fernández-Rivas et al., 2006).

With regard to selenium biofortification, it is therefore assumed that the application of

selenium and the associated significantly increased selenium accumulation in the apples leads

to a better protection of the fruits against certain stress factors, whereby less Mal d 1 is

synthesized. The induction of other plant protective substances like phenolic compounds has

already been established in the present work (Manuscripts I und III). Furthermore, selenium,

which is also a plant-protective agent, plays a role. It has already been shown that this trace
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element can boost plants against a plenty of abiotic stresses such as cold, drought, radiation,

salinity, and heavy metals (Feng et al., 2013; Gupta & Gupta, 2017). An additionally increased

synthesis of the plant-protective Mal d 1 is no longer necessary and the gene expression is

therefore downregulated.

With the exception of the variety 'Jonagold', a similar content of Mal d 1 in the range of

38.0 to 51.0 mg/100 g d.w. was measured in the controls of the different apple cultivars. The

almost identical Mal d 1 contents of the varieties 'Jonica', 'Golden Delicious', 'Boskoop', and

'Elstar' are assumed to be the result of genetic relations (Jackson, 2003). Various observations

have been made in literature on the allergen content of different apple varieties. Thus,

Zuidmeer et al. (2006), Matthes and Schmitz-Eiberger (2009), and Kschonsek et al. (2019)

found no significant differences between the varieties, whereas Marzban et al. (2014) found

significant differences between 'Jonagold' and 'Golden Delicious' with higher values for

'Golden Delicious'. Kiewning and Schmitz-Eiberger (2014) observed higher contents at 'Elstar'

compared to 'Boskoop'. Matthes and Schmitz-Eiberger (2009) measured concentrations of

Mal d 1 of 'Jonagold' and 'Golden Delicious' in the range of 1.3 µg/g f. w. and 8.7 µg/g f. w.

Converted with an approximated dry matter content of 15%, this results in values from

0.9 mg/100 g d. w. to 5.8 mg/100 g d. w. Romer et al. (2020) have also measured values for

'Golden Delicious' in this range, converted to dry matter these are from 1.9 mg/100 g d. w. to

2.3 mg/100 g d. w. These values are higher compared to the present study. Possible causes

may lie in the different cultivation locations or the use of different extraction buffer followed

by dialysis by the researchers.

An influence of ecophysiological conditions on the content of Mal d 1 could also be detected.

The control samples of the three cultivars showed a lower Mal d 1 content in the cultivation

year 2018, which was characterized with a high sunshine duration and low precipitation. The

influence of environmental conditions such as precipitation, temperature, and solar radiation

on the Mal d 1 content has already been described in the literature (Zuidmeer et al., 2006;

Matthes & Schmitz-Eiberger, 2009; Botton et al., 2009). In contrast to the present work,

Matthes & Schmitz-Eiberger measured significant higher Mal d 1 contents of 12 different

apple cultivars at the cultivation site with significantly lower precipitation (-44%) and higher

sunshine duration (Matthes & Schmitz-Eiberger, 2009). However, since the apples were
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cultivated at two different locations, the influence of other environmental factors such as soil

conditions and insects or parasites cannot be excluded.

Based on the separate analysis of peel and fruit flesh of 'Elstar' apples from 2019, it was

determined that the allergenic protein Mal d 1 is mainly present in the peel. This is

independent of biofortification, as no changes in the proportions in the compartiments were

detected there. The Mal d 1 content, on the other hand, is subject to the influence of

biofortification, since the Mal d 1 content in the individual plant parts was influenced

differently. In the biofortified samples, the Mal d 1 content in the fruit flesh was reduced by

42.8% compared to the control. Whereas, the content of Mal d 1 in the peel was influenced

by the biofortification only to a lesser extent – the Mal d 1 content was only 25.4% lower.

7.3. Analysis of the relationship between phenolic compounds and the

allergenic protein Mal d 1 in selenium-biofortified apples

The analysis of the relationship between phenolic compounds and their properties with the

allergenic protein Mal d 1 was performed using PEARSON'S correlation analyses (Köhler et al.,

2007)). Here, the strength and direction of the correlation were investigated and the

correlation coefficient R² was calculated. Furthermore, the influence of biofortification with

selenium was analyzed. For the analysis of the correlation, the contents of the following

parameters of selenium biofortified apples and control apples, already partially published in

Manuscripts I and II, were used: Selenium content, PPO activity, total phenolic content,

contents of the individual phenolic compounds, antioxidant activity by TEAC and ORAC assay,

and Mal d 1 content.

7.3.1. Evaluation of the methods

Correlation analyses can be used to determine the strength of the relationship between

individual metric variables. The measure of the degree of correlation is the correlation

coefficient. This varies from -1.0 to +1.0, with values near +1 indicating a close positive

relationship between the variables. Values near 0 indicate no relationship and values near -1

indicate a close negative relationship. This indicates the direction as well as the strength of

the relationship. To avoid misinterpretation, the results of the correlation analysis should

always be considered in the respective context, including plausibility relationships. To perform

a PEARSON statistical analysis, the following requirements must be fulfilled: both variables must
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be ordinal or interval scaled, the relationship between the two variables must be linear, and

the variables should have a normal distribution (Köhler et al., 2007).

Some studies in the literature have already described a relationship between phenolic

compounds and their properties with the allergenic protein Mal d 1 in apples. Since the

analyzed parameters are metric data, on the basis of which a correlation is to be verified, and

the requirements for PEARSON correlation analysis are fulfilled, the performance of a

correlation analysis is suitable.

7.3.2. Correlation Analysis between Selenium Content and Mal d 1 Content

With respect to selenium content, it was found that biofortification resulted in a significant

increase in the fruits by a factor of 10 to 40 compared to the respective controls. Furthermore,

the Mal d 1 content in the biofortified apples was reduced in most cases (Manuscripts I and

II). Manuscript III shows the results of the correlation analyses between the above two

parameters. No correlation was found between selenium and Mal d 1 content across all

samples. However, when each variety is considered separately, a negative correlation can be

observed in most cases, and a high selenium content was therefore associated with a low

Mal d 1 content. Variety-specific differences in strength and direction of the correlation were

found. Here, the correlation coefficients varied between -0.7673 ('Jonagold' 2017) and 0.0244

('Fiesta' 2017). Due to the significant negative correlation between selenium and Mal d 1

content, especially the cultivars 'Golden Delicious' and 'Boskoop' seem to be suitable for a

future targeted reduction of Mal d 1 content by the applied agronomic approach. In 'Jonagold',

differences in correlation were present between the two growing years. The Mal d 1 content

of the cultivars 'Jonica' and 'Elstar' was only reduced or increased to a small extent by the

biofortification and no association was found for 'Fiesta'.

Due to the lack of comparative studies, a comparison of the results can only be made to a

limited extent. The influence of biofortification on allergens has not yet been described.

However, a number of other factors influencing the allergenic protein content in apples have

already been identified. In connection with biofortification, the cultivation system should be

mentioned above all. Schmitz and Matthes (2011) indicated that apples from organic

cultivation showed significantly higher Mal d 1 contents (Schmitz-Eiberger & Matthes, 2011).

Furthermore, allergic persons revealed a higher sensitivity when consuming such apples

(Klockenbring et al., 2001). Since organic cultivation does not involve the use of plant-
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protective substances, the apple trees are more exposed to environmental stress factors such

as fungal, bacterial, and viral attack. This results in a higher biosynthesis rate of Mal d 1, as

this protein is a pathogenesis-related protein, which is synthesized by fruits mainly for defense

against such pathogens and occasionally as an response against certain environmental stress

conditions (Breiteneder & Ebner, 2000; Fernández

Schmitz-Eiberger, 2009).

The application of selenium-containing fertilizers seems to lead to a better protection of the

fruits against different stress factors, so that a lower synthesis of the also plant-protective

protein Mal d 1 is possible. This may result directly from the selenium or indirectly from an

increased synthesis of other plant-protective secondary plant metabolites. On the one hand,

it has already been shown in selenium-biofortified apples that further plant-protective

substances such as phenolic compounds are increasingly synthesized (Manuscripts I and III).

This has also been observed previously in other crops (Bachiega et al., 2016; D'Amato et al.,

2017; D'Amato et al., 2018; Pezzarossa et al., 2012; Schiavon et al., 2013; Schiavon et al., 2016;

Zhao et al., 2013). Furthermore, it has already been shown that selenium can protect plants

from a range of abiotic stresses such as cold, drought, radiation, salinity, and heavy metals

(Feng et al., 2013; Gupta & Gupta, 2017).

7.3.3. Relationship between PPO Activity and Mal d 1 content

The analysis of correlation between PPO activity and Mal d 1 content showed correlations of

different strength and direction in individual varieties. Differences in the correlation were

found for one variety, including 'Jonica', from two different growing years. In the cultivation

year 2017, there was a significant positive correlation here, whereas a negative correlation

was recorded in the following year. In general, a trend towards a negative correlation was

observed, with a low Mal d 1 content, a high PPO activity was observed. Therefore, the

correlation between PPO activity and Mal d 1 content is probably subject to both cultivar

influence and the influence of ecophysiological conditions.

A negative correlation in different apple cultivars is frequently reported in the literature

(Garcia et al., 2007; Kiewning et al., 2013; Kschonsek et al., 2019; Schmitz-Eiberger & Matthes,

2011). Garcia et al. reported a reduced allergenicity in the form of a lower IgE

of Mal d 1 for 'Golden Delicious' and 'Jonagold', if an excess of exogenous PPO was added to

the apple samples (Garcia et al., 2007). Schmitz-Eiberger and Matthes also found higher PPO
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activities in connection with lower extractability of Mal d 1 in different apple varieties

(Schmitz-Eiberger & Matthes, 2011). The strength of the correlation varies here. Kiewning et

al. also performed correlation analyses between Mal d 1 content and PPO activity of different

cultivars. 'Elstar' and 'Diwa' showed a high correlation, while the correlation for fruits of

'Boskoop' was only moderate (Kiewning et al., 2013).

The relationship between high PPO activity and low levels of the allergenic protein Mal d 1

can be explained by the reaction of o-quinones, derived from the oxidation of phenolic

compounds, with proteins. The enzyme PPO catalyzes this reaction, consequently high

enzyme activities lead to high levels of o-quinones. These in turn enter into reactions with

proteins and lead to an irreversible change in the tertiary structure of the allergen by

modifying the nucleophilic amino acid side chains of the proteins, with the possibility of

follow

epitopes of the allergen get lost, which reduces or even eliminates allergenicity (Chung &

Champagne 2009; Garcia et al., 2007; Gruber et al., 2004).

With regard to the influence of selenium biofortification on the correlation between PPO

activity and Mal d 1 content, partial changes in the strength and direction of the correlation

were observed.

7.3.4. Analysis of the Relation between TPC and Mal d 1 Content

The analysis of the relation between TPC and Mal d 1 content in the individual varieties

showed only occasional weak correlations. Since no correlation was of statistical significance,

no trend was identified. It was therefore assumed that TPC alone does not, or only to a small

extent, influence the content of allergenic proteins.

Kiewning et al. and Kschonsek et al. also found that the TPC plays only a minor role with

respect to the Mal d 1 content. Rather, the activity of PPO seems to be more significant for

the reduction of Mal d 1. It was found that when PPO activity is high, Mal d 1 content is

reduced even when TPC is low (Bolhaar et al., 2005; Kiewning et al., 2013; Kschonsek et al.,

2019; Matthes & Schmitz-Eiberger, 2009; Sancho et al., 2006; Son & Lee, 2001; Zuidmeer et

al., 2006). Other research groups observed an inverse relationship between TPC and Mal d 1

content (Bernert et al., 2012; Kschonsek et al., 2019; Schmitz-Eiberger & Matthes, 2011).

Apples with high phenolic compound content were better tolerated by apple allergic
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individuals or showed lower in vitro allergenicity. Schmitz-Eiberger and Matthes described the

relationship between Mal d 1 content, PPO activity, TPC, and antioxidant capacity in different

apple cultivars. Their results showed that higher PPO activity and TPC lead to a diminished

extractability of the allergenic protein Mal d 1 (Schmitz-Eiberger & Matthes, 2011). It is

suggested that oxidative reactions between phenolic compounds and allergenic proteins in

apples are responsible for this relationship (Rudeschko et al., 1995a; Rudeschko et al., 1995b).

The reduction in allergenicity could be due to the masking of IgE

protein, through cross

2009; Rohn, 2014). PPO is the main factor involved in these oxidative reactions in fruit (Garcia

et al., 2007).

A trend in the change of the correlation between TPC and Mal d 1 content in strength and

direction was not observed due to biofortification. Thus, in addition to changes in the direction

of correlation, stronger or weaker correlations occurred in the different varieties.

7.3.5. Influence of individual phenolic compounds of the Mal d 1 content

The correlation between the individual phenolic compounds and the Mal d 1 content also

showed differences between the different varieties. However, trends were evident across

several cultivars. For chlorogenic acid, a negative correlation was observed for 'Fiesta', 'Golden

Delicious', and 'Jonagold'. High levels of epicatechin were observed in association with high

Mal d 1 levels for 'Fiesta' and 'Jonagold', whereas there was a negative correlation for 'Golden

Delicious'. For procyanidin trimer, a positive correlation was observed for 'Fiesta' and

'Jonagold', whereas there was a negative correlation for 'Jonica' and 'Golden Delicious'. Since

the correlation coefficients between caffeeoylglucoside and Mal d 1 are low, this phenolic

compound seems to play only a minor role with respect to allergenic potential. The sum of

phloretin glucosides correlated positively with the Mal d 1 content in 'Jonica' and 'Jonagold'.

Furthermore, a negative correlation was observed between the sum of quercetin glycosides

and the Mal d 1 content in all cultivars, except 'Jonagold'.

In the literature, there are already some studies that analyzed the correlation of individual

phenolic compounds and the Mal d 1 content in different apple cultivars (Bernert et al., 2012;

Kiewning et al., 2013; Kschonsek et al., 2019a; Kschonsek et al., 2019b; Romer et al., 2020).

Kiewning et al. found a low to moderate correlation between catechin and epicatechin and

Mal d 1 content, with differences in the direction of correlation among 'Elstar', ' Boskoop', and
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'Diwa' cultivars (Kiewning et al., 2013). Also in the present work, low to moderate correlation

coefficients were observed for epicatechin and different dependencies due to cultivar. Bernert

et al. found that the content of the main polyphenol chlorogenic acid was negatively

correlated with tolerance claims in 'Golden Delicious'. When apples contained high levels of

chlorogenic acid, they were better tolerated by allergy sufferers (Bernert et al., 2012). The

present study confirmed this relationship to a large extent, since in most varieties a high

chlorogenic acid content was correlated with a low content of Mal d 1. Due to this, a better

tolerance is assumed. Romer et al. conducted a comprehensive study on 16 different apple

cultivars to determine the correlation between the phenolic profile and Mal d 1 content. No

correlation was found for the levels of flavonols, anthocyanins, and phenolic acids. The flavan-

3-ols catechin and epicatechin, as well as the procyanidins B1, B3, and a non-specified

procyanidin, showed a high positive correlation with the allergen content (Romer et al., 2020).

The correlation between epicatechin content and Mal d 1 was confirmed in the present study.

With regard to the procyanidins, variety-specific differences were found here. A positive

correlation was also observed for 'Fiesta' and 'Jonagold', whereas a low procyanidin content

was correlated with a low Mal d 1 content in 'Golden Delicious' and 'Jonagold'. The

allergenicity of apples therefore seems to be mainly influenced by the procyanidins,

epicatechin, and chlorogenic acid. Here, a low content of procyanidin and epicatechin and a

high content of chlorogenic acid have a positive effect on the Mal d 1 content, since low levels

of the allergen are present here. With regard to cultivars being generally low in allergens,

cultivars with a low procyanidin and epicatechin content and a high chlorogenic acid content

seem to be advantageous, therefore. As only very low correlation coefficients were measured

between the other phenolic compounds and Mal d 1, the content of these substances

probably had no influence on the overall allergenic potential of the apples.

Biofortification seems to be well suited for the reduction of the allergenic potential, since in

most cases the biofortified apple samples had a lower content of procyanidin and epicatechin

and a higher content of chlorogenic acid in combination with envious Mal d 1 levels.

The potential anti-allergenic properties of phenolic compounds are based on different

molecular mechanisms: on the one hand, the tertiary structure of the proteins can be altered

by the polyphenols themselves, by their oxidized forms (o-quinones), or directly by PPO, so

that recognition of the antibody is no longer possible (Casanal et al., 2013; Romer et al., 2020;
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Ullah et al., 2017). Due to the structural similarity between the amino acid tyrosine and

phenolic compounds, PPO can also use tyrosine as a substrate. If tyrosine is now present in

the protein structure of the allergen, it is oxidized and there is a formation of covalent

crosslinks within the protein(s) and, consequently, a conformational change and a loss of

antibody recognition (Kschonsek et al., 2019; Romer et al., 2020; Wu et al., 2016). Another

mechanism is based on the influence of phenolic compounds on mast cells and the prevention

of histamine release (Kanda et al., 1998; Romer et al., 2020; Singh et al., 2011; Wang et al.,

2017). Thus, polyphenols are able to influence the binding between IgE antibodies and the

ces, resulting in a lower amount of released histamine

and, thus, in a lower allergic recruitment (Romer et al., 2020; Son & Lee, 2001; Tokura et al.,

2005). Furthermore, interactions between phenolic compounds and the allergenic proteins

may influence digestion in the gastrointestinal tract in a way that inactivates allergenic effects.

The phenol-protein adducts formed are enzymatically less digestible (Rawel et al., 2001; Rohn,

2014). During the formation of irreversible bonds between phenolic compounds and proteins,

the phenolic compounds are oxidized to quinones, which in turn can react with nucleophilic

groups of the protein molecule. These interactions can affect the structure, functionality, and

quality of the proteins, while bioavailability can also be affected by reduced digestibility in the

gastrointestinal tract (Jakobek, 2015; Rohn et al., 2002).

7.3.6. Relationship between AOA und Mal d 1

There was a negative correlation between the AOA and the Mal d 1 content in the majority of

the apple varieties studied. At higher antioxidant activities, the Mal d 1 content tended to be

lower. 'Golden Delicious', in contrast to the other cultivars, showed a positive correlation to

the Mal d 1 content in the TEAC and ORAC assays. In addition to TPC and PPO activity, it has

already been shown that AOA also plays a role in relation to apple allergenicity (Björksten et

al., 1980; Garcia et al., 2007; Kiewning et al., 2013; Rudeschko et al., 1995b; Schmitz-Eiberger

et al., 2003; Schmitz-Eiberger & Matthes, 2011; Vieths et al., 1995).

Garcia et al. and Schmitz-Eiberger and Matthes analyzed the relationship between AOA and

allergenicity of the 'Golden Delicious' cultivar and found a positive correlation (Garcia et al.,

2007; Schmitz-Eiberger & Matthes, 2011). Therefore, with respect to the 'Golden Delicious'

cultivar, the present work confirms the previously published results of other research groups.

Garcia et al. conducted further experiments with 'Golden Delicious' in which the synthesized
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antioxidant DIECA was added to the samples. Compared to the untreated controls, the

Mal d 1 content was higher in the DIECA-treated samples. It is suggested that the complex

reactions between phenolic compounds and Mal d 1 were inhibited (Garcia et al., 2007).

Schmitz-Eiberger and Matthes determined the relationship between AOA, PPO activity, and

Mal d 1 content in three apple cultivars 'Braeburn', 'Topaz', and 'Golden Delicious'. They found

differences in the level of the three parameters. It was found that the Mal d 1 content and the

AOA were lowest, and the PPO activity was highest in 'Braeburn'. For 'Golden Delicious', the

three parameters were in a medium range. For 'Topaz', a high TPC, a high catechin content, a

relatively low PPO activity, and a high AOA were measured. A high PPO activity and a high TPC

resulted in a low Mal d 1 content, whereas a high AOA probably inhibits the interactions

between oxidized phenolic compounds and Mal d 1. This results in a higher allergenicity and

a "normal" extractability of Mal d 1 (Schmitz-Eiberger et al., 2003; Schmitz-Eiberger &

Matthes, 2011).

With respect to AOA by TEAC, no consistent trend through biofortification was observed.

Different correlations between ORAC value and Mal d 1 content were observed between

controls and biofortified apples. For most varieties, a positive correlation was observed in the

biofortified samples, whereas the respective controls showed a negative correlation.
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A) List of hazardous substances used according to GHS

Table 15 lists the numbering of the GHS symbols and Table 16 lists the chemicals used and

their GHS classification and disposal.

Table 15: Numbering of the GHS symbols.

01 02 03 04 05 06 07 08 09

Table 16: Listing of chemicals used, including manufacturers, GHS classification, H and P
phrases, and disposal.

Chemical Manufacturer GHS
classification H phrases P phrases Disposal

Acetone
VWR

International
LLC

02, 07 225, 319,
336

210, 233,
305+351+338 (3)

Acetonitrile
Carl Roth

GmbH & Co.
KG

02, 07
225, 332,
302, 312,

319

210, 240, 302,
352,

305+351+338
(3)

Acetic acid
Carl Roth

GmbH & Co.
KG

02, 05 226, 290,
314

210, 280,
301+330+331,
305+351+338,

308+310

(3)

Ammonium
hydrogen
carbonate

Carl Roth
GmbH & Co.

KG
07 302 301+312, 330 (1)

Ammonium
peroxodisulfate

Carl Roth
GmbH & Co.

KG
03, 07, 08

272, 302,
315, 317,
319, 334,

335

220, 261, 280,
305+351+338,

342+311
(6)

Ammonium
sulfate

AppliChem
GmbH Not a hazardous substance according to GHS (4)
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Chemical Manufacturer GHS
classification H phrases P phrases Disposal

2,2‘-Azino-bis-
(3-Ethylbenz-
thiazoline-6-
sulfonic acid)
diammonium
salt (ABTS)

Sigma-Aldrich
Chemie GmbH Not a hazardous substance according to GHS (6)

2,2’-Azo-bis-(2-
Methylamidino-
propane)
Dihydrochloride
(AAPH)

Fisher
Scientific

GmbH
Not a hazardous substance according to GHS (6)

Bet v 1
monoclonal
antibody

MyBiosource.
com Not a hazardous substance according to GHS (6)

Bovine serum
albumin (BSA)

Carl Roth
GmbH & Co.

KG
Not a hazardous substance according to GHS (6)

Bromophenol
blue

Carl Roth
GmbH & Co.

KG
Not a hazardous substance according to GHS (6)

Catechin
Carl Roth

GmbH & Co.
KG

07 315, 319

264, 280,
302+352, 332,
313, 362, 364,
305+351+338,

337+313

(6)

Catechol ThermoFisher
GmbH 05, 06, 08

301+311,
332, 351,
318, 341

280, 301+310,
301+351+338,

312
(2)

Citric acid
Carl Roth

GmbH & Co.
KG

07 319
280,

305+351+338,
337+313

(4)

Citric acid
monohydrate

Carl Roth
GmbH & Co.

KG
07 319

280,
305+351+338,

337+313
(4)

Chlorogenic acid
Carl Roth

GmbH & Co.
KG

Not a hazardous substance according to GHS (6)

Coomassie
brillant blue
G 250

Carl Roth
GmbH & Co.

KG
Not a hazardous substance according to GHS (3)

2,2-Diphenyl-1-
picrylhydrazyl
(DPPH)

Sigma-Aldrich
Chemie GmbH 08 317, 334 261, 280,

342+311 (2)
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Chemical Manufacturer GHS
classification H phrases P phrases Disposal

Di-potassium
hydrogen
phosphate

Merck KGaA Not a hazardous substance according to GHS (1)

Disodium
hydrogen
phosphate
dodecahydrate

Bernd Kraft
GmbH Not a hazardous substance according to GHS (6)

Disodium
dihydrogen
ethylene-
diamine
tetraacetate

Carl Roth
GmbH & Co.

KG
07, 08 332, 373 260 (6)

Epicatechin
Carl Roth

GmbH & Co.
KG

07 315, 319,
335

261,
305+351+338 (6)

Ethanol
VWR

International
SLLC

02, 07 225, 319
210, 240,

305+351+338,
403+233

(4)

Fluorescein Sigma-Aldrich
Chemie GmbH 07 319 305+351+338 (6)

Folin-Ciocalteu
Reagent Merck KGaA 05 290, 315,

319

280,
305+351+338,

337+313
(6)

Gallic acid
Fisher

Scientific
GmbH

07 315, 319,
335

261,
305+351+338 (6)

Glycerol Merck KGaA Not a hazardous substance according to GHS (3)

Glycine
Carl Roth

GmbH & Co.
KG

Not a hazardous substance according to GHS (6)

Goat-Anti-
mouse-IgG, H+L,
HRP-conjugated

Merck KGaA Not a hazardous substance according to GHS (6)

Goat-Anti-rabbit
IgG (H+L),
unconjugated

Novex ® Not a hazardous substance according to GHS (6)

Hydrochloric
acid (25 %)

Carl Roth
GmbH & Co.

KG
05, 07 290, 341,

335

260, 280,
303+361+353,
304+340+310,
305+351+338

(4)

Hydrogen
peroxide (30 %)

Carl Roth
GmbH & Co.

KG
02, 07

225,
302+312+
332, 319

210,
305+351+338,

403+235
(3)
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Chemical Manufacturer GHS
classification H phrases P phrases Disposal

Isopropanol
VWR

International
S.A.S.

02, 07 225, 319,
336

210, 233, 240,
305+351+338,

403+235
(3)

Mal-d 1-
antibody
HRP-conjugated

Biobyt. Ltd. Not a hazardous substance according to GHS (6)

2-Mercapto-
ethanol

Carl Roth
GmbH & Co.

KG

05, 06, 08,
09

301+331,
310, 315,
317, 318,
373, 410

273, 280,
302+352,

304+340, 305,
351, 338,
308+310

(2)

Methanol
Carl Roth

GmbH & Co.
KG

02, 06, 08
225, 331,
311, 301,

370

210, 233, 280,
302+352,
304+340,
308+310,
403+235

(2)

n-Hexane
VWR

International
S.A.S.

02, 07, 08,
09

223, 304,
361f, 373,
315, 336,

411

210, 240, 273,
301+310, 331,

302+352,
403+235

(3)

Nitric acid
(65 %) Merck KGaA 03, 05, 06 272, 290,

314, 331

280,
303+361+353,

304+340,
305+351+338,

310

(5)

Nitrogen --- 04 280 403 ---

N,N,N’,N'-
Tetramethyl-
ethylendiamine

Carl Roth
GmbH & Co.

KG
02, 05, 07 225, 332,

302, 314

210, 280,
305+351+338,

310
(4)

Ortho-
phosphoric acid

Grüssing
GmbH 05 290, 314

280,
301+330+331,
305+351+338,

308+310

(4)

Phloretin-2-
glucoside

Carl Roth
GmbH & Co.

KG
07 315, 319,

335
261,

305+351+338 (6)

Polyvinyl-
polypyrrolidone Merck KGaA Not a hazardous substance according to GHS (6)

Potassium
dihydrogen
phosphate

Merck KGaA Not a hazardous substance according to GHS (4)
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Chemical Manufacturer GHS
classification H phrases P phrases Disposal

Potassium
peroxodisulfate

Fisher
Scientific UK

Ltd.
03, 07, 08

272, 302,
315, 319,
334, 335

220, 261, 280,
305+351+338,

342+311
(2)

Potassium
hydroxide

Carl Roth
GmbH & Co.

KG
05, 07 290, 302,

314

280,
301+330+331,
305+351+338,

308+310

(1)

Quercetin-3-
glucoside

Carl Roth
GmbH & Co.

KG
06 301 301+310+330 (2)

Rabbit anti-
Apple Mal d 1,
polyclonal
antibody

MyBiosource.
com Not a hazardous substance according to GHS (6)

Recombinant
Mal d 1 Biomay AG Not a hazardous substance according to GHS (6)

Rotiphorese®
Gel 40
(acrylamide,
bisacrylamide)

Carl Roth
GmbH & Co.

KG
06, 08

301, 312,
332, 315,
317, 319,
340, 350,
361f, 372

201, 280,
302+352,
304+340,

305+351+338,
308+310

(5)

Sodium azide Merck KGaA 06, 08, 09 300+310,
373

273, 280,
301+310+330,
302+352+310,

391, 501

(2)

Sodium
carbonate

Grüssing
GmbH 07 319 260,

305+351+338 (1)

Sodium chloride
Carl Roth

GmbH & Co.
KG

Not a hazardous substance according to GHS (4)

Sodium diethyl
dithio-
carbamate

Merck KGaA 07, 09

273, 280,
302+352,
304+340,
305, 351,

338,
308+310

301+312+330 (6)

Sodium
dihydrogen
phosphate
monohydrate

AppliChem
GmbH Not a hazardous substance according to GHS (6)
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Chemical Manufacturer GHS
classification H phrases P phrases Disposal

Sodium
dodecyl sulfate

Carl Roth
GmbH & Co.

KG
02, 05, 07

228,
302+332,
315, 318,
335, 412

210, 261, 280,
301+312+330,
305+351+338

+310,
370+378

(6)

Sodium
hydrogen
carbonate

Merck KGaA Not a hazardous substance according to GHS (6)

Sodium
hydroxide

Carl Roth
GmbH & Co.

KG
05 290, 314

280,
301+330+331,
305+351+338,

308+310

(1)

Sulfuric acid Grüssing
GmbH 05 290, 314

280,
301+330+331,
305+351+338,

308+310

(4)

3,3 -
Tetramethyl-
benzidine

AppliChem
GmbH Not a hazardous substance according to GHS (3)

Trimethyl-
sulfonium
hydroxide in
methanol
(0,25 M)

Carl Roth
GmbH & Co.

KG
02, 06, 08

225,
301+311+
331, 370

210, 280,
301+310,

303+361+353,
308+311

(2)

Tris-(hydroxyl-
methyl)-amino-
methane

SERVA
Electrophoresis

GmbH
Not a hazardous substance according to GHS (6)

Tris-(hydroxyl-
methyl)-amino-
methane
hydrochloride

Carl Roth
GmbH & Co.

KG
Not a hazardous substance according to GHS (6)

Trolox Sigma-Aldrich
Chemie GmbH 07 315, 319,

335
261,

305+351+338 (6)

Tween® 20
Carl Roth

GmbH & Co.
KG

Not a hazardous substance according to GHS (3)

Disposal key:

(1) If necessary, dilute with water or dissolve in it, then dispose of in the container for alkalis.

(2) Dispose of in the container for halogenated or toxic organic solvents.
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(3) If necessary, dissolve in ethanol and dispose of in the container for halogen-free, organic

solvents.

(4) If necessary, dilute with water or dissolve in it, then dispose of in the container for HCl/

H2SO4-containing acids.

(5) If necessary, dilute with water or dissolve in it, then dispose of in the container for nitrate-

containing acids.

(6) Dispose of in the contaminated equipment collection container.

(7) If necessary, dilute with water or dissolve in it and dispose of in the container for silver

waste.

Table 17 lists the CMR substances used in categories 1A and 1B.

Table 17: Listing of the CMR substances used in categories 1A and 1B.

CAS-Number Chemical Process

7789-00-6
Acrylamide

(40%),
K1B, M1B

SDS-PAGE

B) Supplementary material to the publications

Supplementary material to the publications “Selenium Biofortification of Different Varieties

of Apples (Malus domestica) – Influence on Protein Content and the Allergenic Proteins Mal d

1 and Mal d 3” (Food Chemistry 2021) and “Relationship between Phenolic Compounds,

Antioxidant Properties, and the Allergenic Protein Mal d 1 in Different Selenium-Biofortified

Apple Cultivars (Malus domestica)” (Molecules 2021) have been published and can be found

in the following section. Table S1 supplememts the publication in Food Chemistry and tables

S2 and S3 belongs the the paper published in Molecules.
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