<@ sustainability

Article

Influence of Polyphenols on the Resistance of Traditional and
Conventional Apple Varieties to Infection by Penicillium
expansum during Cold Storage

Ana-Marija Gotal Skoko !
Antun Jozinovié¢ 10, Jurislav Babié¢ 10, Drago Subarié¢ 12, Michael Sulyok 40, Rudolf Krska 450, Tihomir Kovat

and Ante Lonéari¢ 1*

check for
updates

Citation: Gotal Skoko, A.-M.;
Skendrovi¢ Babojeli¢, M.; Sarkanj, B,;
Flanjak, I.; Tomac, I.; Jozinovi¢, A.;
Babi¢, J.; Subarié, D.; Sulyok, M.;
Krska, R.; et al. Influence of
Polyphenols on the Resistance of
Traditional and Conventional Apple
Varieties to Infection by Penicillium
expansum during Cold Storage.
Sustainability 2024, 16, 5019.

https:/ /doi.org/10.3390/su16125019

Academic Editor: Rajeev Bhat

Received: 6 May 2024
Revised: 31 May 2024
Accepted: 9 June 2024
Published: 12 June 2024

Copyright: © 2024 by the authors.
Licensee MDPI, Basel, Switzerland.
This article is an open access article
distributed under the terms and
conditions of the Creative Commons
Attribution (CC BY) license (https://
creativecommons.org/licenses /by /
4.0/).

, Martina Skendrovi¢ Babojeli¢ 209, Bojan Sarkanj 3, Ivana Flanjak 1, Ivana Tomac ?,

1
1

Faculty of Food Technology Osijek, Josip Juraj Strossmayer University of Osijek, Franje Kuhaca 18,

31000 Osijek, Croatia; amgotal@ptfos.hr (A.-M.G.S.); ivana.flanjak@ptfos.hr (LE.); ivana.tomac@ptfos.hr (L.T.);
antun jozinovic@ptfos.hr (A.].); jbabic@ptfos.hr (J.B.); dsubaric@ptfos.hr (D.S.); tihomir.kovac@ptfos.hr (T.K.)
Department of Pomology, Faculty of Agriculture, University of Zagreb, Svetosimunska 25,

10000 Zagreb, Croatia; mskendrovic@agr.hr

Department of Food Technology, University Centre Koprivnica, University North, Trg dr. Zarka Dolinara 1,
48000 Koprivnica, Croatia; bsarkanj@unin.hr

Department of Agrobiotechnology (IFA-Tulln), Institute of Bioanalytics and Agro-Metabolomics,

University of Natural Resources and Life Sciences Vienna, Konrad Lorenzstr. 20, A-3430 Tulln, Austria;
michael.sulyok@boku.ac.at (M.S.); rudolf krska@boku.ac.at (R.K.)

Institute for Global Food Security, School of Biological Sciences, Queen’s University Belfast, University Road,
Belfast BT7 1NN, UK

*  Correspondence: ante.loncaric@ptfos.hr; Tel.: +385-1224350

Abstract: This study investigates the impact of polyphenols on the susceptibility of traditional and
conventional apple varieties to Penicillium expansum infection and subsequent patulin biosynthesis
during cold storage. Traditional varieties, notably ‘Bobovec’, exhibit significantly higher levels of total
polyphenols (650.56 £ 9.85 mg/L) and flavonoids (184.11 + 1.48 g/kg dw) compared to conventional
ones after six months of storage, accompanied by the identification of key polyphenols such as chloro-
genic acid, epicatechin, phloridzin, quercetin and procyanidins Bl and B2. These traditional varieties
demonstrate enhanced resistance to P. expansum infection, as evidenced by prolonged periods for colony
formation, particularly “Bobovec” with an average of 384 h. Furthermore, the traditional variety ‘Winter
Banane” and conventional varieties ‘Idared” and ‘Fuji’ showed increased patulin biosynthesis postinoc-
ulation, indicating higher susceptibility to fungal infection. The findings underscore the potential of
polyphenols from traditional apple varieties as natural defences against fungal infections, suggesting
the importance of selecting or breeding varieties with higher polyphenol content to improve resistance
to postharvest pathogens, thereby enhancing the quality and safety of stored apples.
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1. Introduction

Apples are one of the most economically important continental fruits worldwide, both
in terms of production and consumption [1]. Apart from the fact that apples are consumed
and produced in large quantities, they are also important because of their nutritional value
and a considerable number of bioactive compounds such as polyphenols [2—4]. There are
six main classes of polyphenols in apples, including catechins and epicatechins, antho-
cyanins, dihydrochalcones (phloretin and phlorizin), phenolic acids (gallic acid, chlorogenic
acid), procyanidins and flavonol glycosides (flavonoids, quercetin, quercetin conjugates) [5].
All the polyphenols mentioned are contained in the flesh, seeds and peel of apples, and
quercetin conjugates are the most important polyphenols in the peel. Moreover, their concen-
trations in the flesh are much lower than in the skin, with the exception of chlorogenic acid,
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which is the main polyphenol in the flesh [6]. In addition to the peel and pulp, apple seeds
are also a good source of polyphenols, especially phloridzin, chlorogenic acid, p-coumaroyl-
quinic acid and epicatechin [7-9]. In addition, polyphenols have a variety of biological
functions such as antiviral, antioxidant, anti-inflammatory, antifungal, antimicrobial and
antihypertensive and hypoglycaemic properties [10-13]. On the other hand, apples are host
to a wide range of diseases and pests due to their high nutrient and water contents.

One of the most important global problems for the food industry is the control of
soft rot and blue mould caused by Penicillium expansum [14]. This fungus is a cause for
great concern as it can produce various mycotoxins, in particular patulin [15-17]. Patulin
is a mycotoxin that exhibits a broad spectrum of toxicity to animals and plants, including
subacute toxicity, acute toxicity, embryotoxicity, teratogenicity and immunotoxicity [18,19].
Many studies have shown that some polyphenols can reduce the growth of P. expansum
and inhibit patulin synthesis under certain conditions. For example, phloridzin, quercetin,
quercetin-3-rutinoside and chlorogenic acid showed antifungal and antimicrobial activ-
ity [20-22]. The best way to avoid patulin contamination is to take pre- and postharvest
measures that limit P. expansum infestation, such as biological control agents, fungicides,
irradiation, etc. [23]. Therefore, scientists have turned to researching the composition of
traditional apple varieties that have proven to be more resistant to P. expansum infection,
resulting in less use of fungicides, pesticides, etc.

Traditional and conventional apple varieties have the same groups of polyphenols
such as flavonols, dihydrochalcones, phenolic acids, anthocyanins and flavan-3-ols [24,25].
Despite the similarities, the traditional apple varieties proved to have a higher polyphenol
content than the conventional varieties. Due to the higher content of polyphenols, the
traditional apples are more resistant to plant diseases [20,26]. Traditional apple varieties are
also richer in individual polyphenolic compounds such as quercetin-3-rutinoside, procyani-
din B1, B2, epicatechin, chlorogenic acid, etc. [24,27-29]. Although the traditional apple
varieties had a higher polyphenol content, it should not be forgotten that the stability of
polyphenols is the most important nutritional value of food. Polyphenols are unstable and
very susceptible to degradation and reactions with certain factors during processing and
storage. The stability of polyphenols depends on various parameters such as temperature,
metal ions, proteins, enzymes, oxygen, pH, light or interactions with other food compo-
nents. The result of decreasing stability is a change in the structures and a decrease in the
biological activities of the polyphenols [30,31]. The basis for maintaining the stability of
the polyphenols and the quality of the fruit during storage is the reduction of the storage
temperature, which increases the shelf life and maintains the quality of the apple [30].

The aims of this study were therefore to quantify, detect and determine polyphenols,
flavonoids, anthocyanins and total polyphenols in traditional and conventional apple
varieties and to compare the influence of polyphenols on the resistance of traditional
and conventional apple varieties to infection by P. expansum during cold storage and
consequential patulin biosynthesis.

2. Materials and Methods
2.1. Chemicals and Reagents

Folin—Ciocalteu reagent was purchased from Kemika (Zagreb, Croatia). Sodium car-
bonate anhydrous, sodium nitrite, sodium acetate anhydrous and potassium chloride were
purchased from GRAM-MOL d.o.0. (Zagreb, Croatia). Methanol (MS grade), employed as
extraction solvent, was supplied by Scharlaub (Chemie S.A., Barcelona, Spain), ultrapure
water was produced in the laboratory with a Milli-Q gradient system (Millipore, Bedford,
MA, USA) and formic acid was supplied by Merck (Darmstadt, Germany). Aluminium chlo-
ride 98%, extra pure, anhydrous powder was purchased from Alfa Aesar (Massachusetts,
SAD). LC-MS grade acetonitrile was purchased from ].T. Baker (J.T. Baker, Deventer, The
Netherlands). Sodium hydroxide was purchased from T.T.T d.o.o. (Sveta Nedelja, Croatia).
Standard stock solutions (2000-8000 pg/mL) for determination of individual polyphenols
were prepared in methanol using pure polyphenols, including idaein chloride, gallic acid,
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trans-ferulic acid, chlorogenic acid, epigallocatechin, caffeic acid, procyanidin A2, catechin,
p-coumaric acid, phloridzin, epicatechin, myricetin, rutin, quercetin-3-D-glucoside, pro-
cyanidin B1, oenin chloride, quercetin, procyanidin B2 and pelargonidin-3-glucoside, all
of which were provided by Sigma-Aldrich (Chemie Check GmbH, Steinheim, Germany).
From the prepared solutions, standard calibration curve solutions were then generated.
For determination of patulin, patulin (CAS: 149-29-1, >98.0%) was obtained from Sigma-
Aldrich (Chemie Check GmbH, Steinhteim, Germany). Details for chemicals and standards
used for patulin determination are given by Sulyok et al. [32].

2.2. Plant Material

The conventional apple varieties ‘Jonagold’, ‘Idared’, ‘Golden Delicious’, ‘Fuji’ and
‘Granny Smith” were purchased in October 2022 at a local market at the ripening stage
by OPG (family farm business) Pavi¢i¢, Petrijevci, Osijek, Croatia. The traditional apple
varieties ‘Wagener’, "Winter Banane’, ‘Kanadska Reneta’, ‘Zelenika” and ‘Bobovec” were
collected in October 2023 from OPG Horvati¢, Cvetkovac, 38312 Rasinja (46°20'90.3” N
16°69'95.9" E), Croatia. The orchard is located in an area with a temperate continental
climate and the soil type is loamy-clayey, pseudogley, slightly acidic to neutral. The varieties
were grafted onto wild apple rootstocks and the trees were planted at a distance of about
6 m between rows and 5 m within rows. All apple varieties analysed were certified by a
pomologist. Conventional and traditional apple varieties were stored in cold storage at
4 °C for 6 months. The extraction of bioactive substances was carried out using ultrasound.
An average sample was taken from five apples of each variety, which had previously been
freeze-dried (Christ, Osterode am Harz, Germany) and pulverised. An average of 250 mg
per sample was mixed with 1.25 mL of the extraction solvent (80% aqueous methanol).
Ultrasound-assisted extraction (UAE) was performed in an ultrasonic bath at 35 kHz for
15 min in 20 mL test tubes. Each extraction was performed in triplicate.

2.3. Total Polyphenol Content Determination

The total polyphenol content in the conventional and traditional apple varieties was
determinate using the Folin—Ciocalteu method with some modifications according to the
method found in work by Loncari¢ et al. [33]. The determination of the total polyphenol
content was carried out using the spectrophotometric method. The absorbance was mea-
sured at 765 nm using a spectrophotometer (Jenway 6300, Bibby Scientific, Stone, UK).
The average value of each sample was interpolated to a gallic acid calibration curve and
expressed as g gallic acid equivalents per kg of extract (g/kg).

2.4. Flavonoid Determination

The content of flavonoids in the traditional and conventional apple varieties was deter-
mined using a method based on the reaction of flavones and flavonols with aluminium ions
from the reaction mixture. The solution was prepared by mixing the sample volume (0.5 mL),
4 mL of deionised water and 0.3 mL of 5% NaNO,. After five minutes, 0.3 mL of 10% AICl3
was added and after another five minutes, 2 mL of 1 mol/L NaOH and 2.4 mL of deionised
water were added. The absorbance was measured at 510 nm using a spectrophotometer
(Jenway 6300, Bibby Scientific, Stone, UK). The average value of the sample was interpolated
to a katehin calibration curve and expressed as g catechin equivalent per kg of extract (g/kg)
according to the method found in work by Lon¢ari¢ et al. [34].

2.5. Determination of Anthocyanins

The content of anthocyanins in traditional and conventional apple varieties was de-
termined using the pH differential method according to the method found in the work of
Giusti and Wrolstadu [35]. Absorbance was measured at 510 and 700 nm using a spectropho-
tometer (Jenway 6300, Bibby Scientific, Stone, UK). The average value of the sample was
expressed as mg anthocyanins per litre (mg/L).
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2.6. Determination of Polyphenol Profile by HPLC Analysis

Individual polyphenolic compounds were quantified using high-performance liquid
chromatography (HPLC) employing the Shimadzu HPLC instrument (Agilent, 1290 Infinity,
Sestar ID: 2475). The mobile phase of 1% formic acid in water (98-100% pure) was used
as solvent A and 1% formic acid in methanol as solvent B. The UV-Vis absorption spectra
for both the standards and the test samples were recorded in the wavelength range from
190 to 600 nm. The injection volume of the sample was 10 uL and the flow rate of the
mobile phase was 0.8 mL/min. Detection was carried out at 280, 320, 360 and 520 nm,
depending on the component. The average value of the compound was expressed in units
of micrograms per g (1g/g).

2.7. Determination of the Resistance of the Selected Apple Varieties to Infection by
Penicillium expansum

The resistance of the apple varieties to P. expansum CBS 324.48 was determined by
the following method described in Ballester et al. [36]. Investigated apple varieties were
sterilised and cut into 1 cm thick apple slices. In the centre of each slice the core was
removed using a plug hole puncher with 1 cm diameter, where the discs of a growing
culture of 168 h old P. expansum, grown on potato dextrose agar in a Petri dish at 29 °C,
were inserted. The inoculated apple samples were incubated at 29 °C. Fungal growth was
measured and photographed every 24 h until the fungi had reached the edge of the apple
slice. The infected apple sample was discarded and stored at —80 °C until it was subjected
to the determination of the patulin concentration produced.

2.8. Patulin Determination

The determination of patulin in apple samples was carried out identically using the
‘dilute and shoot’” LC-MS/MS method established by Sulyok et al. [32], while the same
QTrap 5500 MS/MS detector (Applied Biosystems, Foster City, CA, USA), equipped with a
TurboV electrospray ionisation (ESI) source, and an Agilent 1290 binary UHPLC system
(Agilent Technologies, Waldbronn, Germany) were used. For the separation of metabolite,
the Gemini® C18 column (150 x 4.6 mm i.d., 5 pum particle size) was combined with the
C18 Security Guard precolumn (4 x 3 mm i.d.) (Phenomenex, Torrance, CA, USA).

2.9. Statistical Analysis

Data presented in this work are expressed as the mean value_standard error of mea-
surement (SEM) from three separate experiments. The pooled datasets were checked for
distribution normality by a Shapiro-Wilk test and compared by nonparametric statistics
methods. Statistical analyses were performed using Statistica 13.5 (TIBCO Software Inc.,
Palo Alto, CA, USA) and differences were considered statistically significant when the
p-value was <0.05. A correlogram was prepared by using Minitab Statistical Software 21.1
(Minitab LLC, State College, PA, USA).

3. Results and Discussion

In this study the content of total polyphenols, flavonoids and anthocyanins, individual
polyphenolic compounds and resistance of selected traditional and conventional apple
varieties to infection by P. expansum and consequential patulin biosynthesis during cold
storage are investigated.

The content and ratio of identified polyphenols in traditional and conventional apple
varieties are given in Table 1. The highest content of total polyphenols in traditional ap-
ple varieties during all six months of storage was detected in ‘Bobovec’ (609.74 + 13.01,
654.83 £ 8.12, 650.56 £ 9.85 g/kg). On the other hand, the lowest content of total polyphe-
nols in traditional apple varieties before and after six months of storage was detected
in “Wagener” (146.92 + 12.69, 224.06 & 8.37, 210.38 £ 5.09 g/kg). The highest content of
total polyphenols in conventional apple varieties during all six months of storage was
detected in ‘Granny Smith’ (462.74 + 25.78, 526.20 & 9.71, 531.75 £ 13.93 g/kg) and the



Sustainability 2024, 16, 5019

50f 15

lowest content of total polyphenols was detected in ‘Idared’ (193.72 + 13.60, 364.44 £ 4.36,
259.32 + 2.96 g/kg). From data given in Table 1 it can be concluded that during the first
three months of storage there was an increase in the content of total polyphenol in both
traditional and conventional apple varieties. The greatest increase during first three months
was recorded in ‘Zelenika’, where the content of polyphenols increased from 372.88 & 15.86
to 641.15 + 5.01 g/kg. An increase of total polyphenol content could be due to ethylene
action which stimulates the activity of the main enzyme in polyphenol biosynthesis, pheny-
lalanine ammonium lyase. At lower temperatures the phenylalanine ammonium lyase
activity is higher [37]. Furthermore, the activity of enzyme polyphenol oxidase, which is
responsible for polyphenol degradation, is lower [38]. These are some of the reasons that
led to an increase in total polyphenol content during cold storage. On the other hand, the
content of flavonoids decreased in all samples after storage (Table 2). The traditional variety
‘Bobovec” had the highest flavonoid content after storage of 184.11 + 1.48 g/kg dw. The
highest content of flavonoids after storage in conventional apple varieties was detected in
‘Fuji” at 126.56 + 3.31 g/kg dw. Some studies [38,39] also reported decreases in the content
of flavonoids during cold storage. It should be highlighted that traditional apple varieties
had significantly higher content of total polyphenols and flavonoids both before and after
storage than conventional ones. Moreover, the contents of flavonoids in traditional and
conventional apple varieties during storage were significantly different (p < 0.0001).

Table 1. Total polyphenol content (g/kg) in traditional and conventional apple varieties during
cold storage.

Sample TPC ! [mg/L] TPC 2 [mg/L] TPC 3 [mg/L]
_ ‘Wagener’ 146.92 +12.69 8 224.06 =+ 8.371 210.38 £ 5.09
£ .8 ‘Winter Banane’ 454.83 +19.66° 491.58 +:0.98 ¢ 503.97 & 15.87 ¢
£5.38 ‘Kanadska Reneta’ 604.09 +15.302 571.07 + 7.06 © 600.13 +23.35°
TE S ‘Zelenika’ 372.88 £ 15.86 641.15 £ 5.01° 402.69 = 8.88¢
= ‘Bobovec’ 609.74 & 13.01 654.83 £ 8.122 650.56 == 9.85 2
98 ‘Jonagold’ 250.77 & 22.66 © 411.88 +3.76 399.49 & 13.97 ¢
& k> ‘Idared’ 193.72 £ 13.60 f 364.44 £ 4.361 259.32 &+ 2.96 I
g s ‘Golden Delicious’ 330.68 + 14.58 ¢ 38111 +11.05" 283.25 +8.848
z Y ‘Fuji’ 333.89 +19.63 4 399.91+ 1338 33731 £15.07f
S ;; ‘Granny Smith’ 462.74 £ 2578 526.20 +9.714 531.75 £ 13.93 ¢
p-value p <0.0001 p <0.0001 p <0.0001

L. after harvest, 2: after three months of storage, 3. after six months of storage. Mean + SD based on three extracts
each measured twice (n = 6). Data are presented as the mean £ SE with ANOVA p-value; means in columns
followed by the same letter are not significantly different, p < 0.0001.

Table 2. The content of flavonoids (g/kg dw ?) in traditional and conventional apple varieties during

cold storage.

Flavonoids !

Flavonoids 2

Flavonoids 3

Sample [g/kg dw ] [g/kg dw 2] [g/kg dw 2]
_ 8 ‘Wagener’ 70.19 + 1.621 51.36 + 0.74 1 38.32 +0.008
£ ‘Winter Banane’ 214.50 + 3.98 ¢ 134.60 + 4.22.¢ 117.74 £ 4.62°
£ g ‘Kanadska Reneta’ 374.89 £ 1512 160.97 & 5.29 € 183.91 £ 1.64 2
T ‘Zelenika’ 190.68 + 3.69 © 195.38 & 3.67 68.13 £ 1.19¢
S ‘Bobovec’ 359.30 + 14.22° 198.42 £ 0.45° 184.11 4+ 1.482
=3 ‘Jonagold’ 130.77 £ 0.90 8 95.87 +2.95f 76.56 +2.70 4
& k2 ‘Idared’ 85.58 £ 4.42h 76.66 = 4.169 8 4244 £5.608
;E) g ‘Golden Delicious’ 129.01 £2.098 81.75+1.228 4891 +281f
2 ‘Fuji’ 16528 £1.51f 105.06 + 4.07 © 126.56 £+ 3.31°
S ;t ‘Granny Smith’ 235.87 £ 4.65 ¢ 175.19 £ 2.90 71.17 £ 4.71 4

p-value p <0.0001 p <0.0001 p <0.0001

1. after harvest, 2: after three months of storage, 3: after six months of storage. : Dry weight. Mean + SD based
on three extracts each measured twice (1 = 6). Data are presented as the mean + SE with ANOVA p-value; means
in columns followed by the same letter are not significantly different, p < 0.0001.
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Furthermore, the contents of anthocyanins in traditional and conventional apple vari-
eties were also determined. Anthocyanins are coloured water-soluble pigments responsible
for the colour of fruit and vegetables, such as blue, purple and red [40]. Besides the colour,
anthocyanins play an important role in the response to abiotic and biotic stressors and
scavenging oxygen free radicals [41]. In this study the content of anthocyanins increases
during storage (Figure 1). One of the reasons is the ability of apples in acidic medium
and at lower temperature to produce more anthocyanins [39,41]. The highest content of
anthocyanins before and after storage was in conventional variety ‘Jonagold’ (15.78 £ 0.52,
20.79 £ 0.00, 27.30 £ 0.00 mg/L). It should be noted that the stability of anthocyanins de-
pends on the light intensity, temperature, pH, oxygen level and the action of enzymes [41].
Moreover, the increase in polyphenol oxidase and peroxidase activity during storage can
result in the degradation of anthocyanins which leads to loss of antioxidant activity and
discoloration [25,42]. In some cases, the content of anthocyanins decreased during storage.
Obtained results are in correlation with results reported by other authors [43,44].

27.30
20.79
15.78
10.52
8.52
6'?66,26 i
L0
2.76 [ 76 4,26 476
251 300 e 335 100 Tk 251ge
174 00 % 000, v -2 000 0,00 %
‘Wagener”  "Winter Banane’ "Kanadska Zelenika’ ‘Bobovec’ "Jonagold ‘Idared’ ‘Golden “Fuji’ ‘Granny Smith”
Reneta’ Delicious’
Traditional apple varieties Conventional apple varieties
m Anthocyanins [mg/L] after harvest Anthocyanins [mg/L] after three months Anthocyanins [mg/L] after six months

Figure 1. The content of anthocyanins (mg/L) in traditional and conventional apple varieties during
cold storage.

The results of individual polyphenols in traditional and conventional apple varieties
obtained by HPLC during storage are shown in Tables 3-5. The contents of individual
polyphenols in traditional and conventional apple varieties during storage were signifi-
cantly different. The most dominant individual polyphenols in investigated apple varieties
were chlorogenic acid, procyanidin B2, phloridzin and epigallocatechin. The results sug-
gest that the amount of individual polyphenols had decreased during cold storage (gallic
acid, trans-ferulic acid, caffeic acid, catechin, rutin, quercetin-3-rutinoside, epigallocate-
chin, quercetin-3-D-glucoside and phloridzin), while the proportion of some individual
polyphenols increased (idaein chloride, chlorogenic acid, procyanidin A2, procyanidin B1,
epicatechin, oenin chloride, p-coumaric acid, myricetin, procyanidin B2 and pelargonidin-
3-glucoside). The greatest increases were recorded for chlorogenic acid in variety ‘Winter
Banane’ (2452-3755 pg/g), procyanidin Bl in ‘Granny Smith” (195-676 ug/g) and pro-
cyanidin B2 in ‘Jonagold” (769-1207 ng/g). On the other hand, the greatest decreases were
recorded for epigallocatechin and phloridzin in ‘Kanadska Reneta’ (1187-524 ng/g and
580-465 pg/g, respectively). In general, the contents of individual polyphenols in the
majority of analysed traditional apple varieties were higher than for conventional ones.
The obtained results are in correlation with other studies [45-47].
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Table 3. The statistical significance (p < 0.0001) and the content of individual polyphenol compounds (ug/g) of the investigated apple varieties after harvest.

Sample IDC GA FA CHA EGC CA PA2 CAT pCA PHL EPI MY RU Q3G PB1 oDC QUE PB2 P3G
Wagener’ nd nd 037+ 65364+ d 088+ 106+ 924+ 027+ 32589 2326+ 1146+ 6485+ 2175+ nd nd 022+ 8187+ nd
- agener < < 0.13°¢ 4728 nd 0.02f 0.12°¢ 1.03h 0169  +283% 1141 0.07" 033f 022f < < 0.05 402h <
2
kS ‘Winter 807+ 062+ 111+ 245222 1824+  247% 138+ 4258+ 047 fg'i‘; 44080+ 4191+ i61966163 145.42 4 d 086+  1306.58 d
g Banane’ 2,624 0.11°¢ 0042  £7076% 3949 0.07° 0.05¢ 0.38f 0.01°¢ o 13.944 1.86°¢ " +4912 nd nd. 001" 48224 nd
S 580.41 2590.49
S  ‘Kanadska nd nd 065+ 223435 118669 572+ 4130+ 20686 089+ oo, 79170+ 1606+ 5034+ 1440+ nd nd 016+ "Ti00 nd
= Reneta’ . = 004>  £5629¢ £97.34%  0.132 9512  £859%  0.04° " 29.20° 0328 1.198 0438 o = 0.02f b o
=
£ Zelenika’ nd 967+ 0674+ 125942 1854+ 140+ 911+ 6211+ 066+ 14217 29022+ 1480+ 13640 5026 + nd nd 045+ 77657 + nd
= - 3.81° 003> 38644 4.034 0.04 d¢ 0.74"® 0.50 ¢ 0.02° +441¢ 780 ¢ 0468  £4.06¢ 1544 e e 0.05¢ 32.01f e
& Bobovec  6238F d 056+ 232741 37913+ 146+ 664+ 12609 093 % 14750 97255+ 5562+ 32376 7859+ 12870+ 060 066  2687.72 4
OPOVEC 990 nd 004>  +£1248>  19.93° 0.014 046%  £417°  002°  +269°  19.92° 050°  +£176°  0.69°¢ 1078° 003>  003¢  +d4e61c %
Jonagold’ 14148 5264 031+ 116373 8.01 & 131+ 108+ 5019+ 016+ 14549 24810+ 967+ 3665+  9.09+ nd 104+ 060+ 76872+ 741+
8 onag +2452 1.82° 0.02¢  +2796¢ 0199 0.02 4 0.04°¢ 057¢ 003 +234¢ 4.038 0.161 0.60" 0.13" o 0052  0.02¢ 420f 0.082
S ‘Idared’ 370+ 937+ 015+ 46904+ 1269+ 125+ 085+ 1265+ 012+ 6593 16192+ 1890+ 2554+ 716+ nd nd 057+ 52744+ nd
S are 0.77°¢ 225% 0039 16.18" 2724 0.38 9 043¢ 025" 0.00 1.69 476" 1.02f 0781 038" - - 0.01¢ 15.98 8 -
3 ‘Golden nd 967+ 067+ 125942 1854+ 140+ 911+ 6211+  0.66% fiz 29022+ 1480+ 13640  50.26 & nd nd 045+ 77657 + nd
& Delicious’ - 3.81°2 0.03°¢ +38.64f 4,034 0.04 ¢ 0.74 ¢ 050" 0.024 o 7.808 0.464 +4.06° 1.54¢ e - 0.058 32.01f e
=
=
g Fuii’ 1834 £ nd 042+ 110789 4595+ 200+ 088+ 3315+ 023+ iog';g 33451+ 2554+  139.06  28.16 % nd 036+ 015+ 96711+ nd
§ ) 1.03¢ = 0.01°¢ +9.92¢ 1.36 <4 0.01°¢ 0.08¢ 0778 0.03 9 cde 5.04¢° 1.08¢  £115¢ 044 . 0.02°¢ 0.03% 6.46° .
S ‘Granny nd 1248+ 032+ 34043+ 7612+  L19+ 128+ 9381+ 087+ 8144 5275+ 4520+ 22800 8294+ 19546+ 121+ 147084 nd
Smith’ o 2992 0.09°¢ 2.331 255¢ 0.01° 0.05°¢ 071°¢ 0.02°2 0.61 % 448¢ 081%  +114¢  029° 11152 = 0.072 +6.83¢ e

IDC: idaein chloride; GA: gallic acid; FA: trans-ferulic acid; CHA: chlorogenic acid; EGC: epigallocatechin; CA: caffeic acid; PA2: procyanidin A2; CAT: catechin; pCA: p-coumaric acid;
PHL: phloridzin; EPI: epicatechin; MY: myricetin; RU: rutin; Q3G: quercetin-3-D-glucoside; PB1: procyanidin B1; ODC: oenin chloride; QUE: quercetin; PB2: procyanidin B2; P3G:
pelargonidin-3-glucoside; data are presented as the mean + SE with ANOVA p-value, means in columns followed by the same letter are not significantly different, p < 0.0001; n.d.:
not detected.
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Table 4. The content of individual polyphenol compounds (ug/g) of the investigated apple varieties after three months of cold storage.

Sample IDC GA FA CHA EGC CA PA2 CAT pCA PHL EPI MY RU Q3G PB1 oDC QUE PB2 P3G
¢ Wagener’ nd d 029+  976.48 + od 098+ 068+ 728+ 030+ 39934 4368+ 1519+ 72874+ 2780+ 542+ o 020+ 13331+ nd
S & o - 0.01°¢ 9.54h o 0.01¢ 0.05°¢ 0.10" 0024  +£220° 0.601 0.06 8 021f 0.09f 0934 - 0.06 4 341 -
i ‘Winter ~ 18.01 + d 081+ 318454 2714+ 340+ 214+ 4150+ 033+ 19822 53931+ 3595+ 28518 8574+ o d 032+  1519.36 d
S Banane’ 0.12¢ < 0.14° +9.86° 1124 0.03P 0.06 051 ¢ 003¢  +£098¢ 2734 135¢  £267% 0432 < < 0.13°¢ +276¢ <
S ‘Kanadska nd nd 1184+  2995.60 120647 229+ 5040+ 18329 081+ 47415 64483+ 1800+ 5888+ 1509+ 68488+ nd 336+  1957.22 nd
g Reneta’ - a 0.18° +£200°  +£91432  0.02°¢ 5232  +9482  002°  +£253%  11.27°¢ 0.84f 0.08 0491 7.46° o 009°  +£2470" a
S Jelenika’ q q 079+ 206234 4540+ 432+ 1038+ 9478+ 128+ 29072 53366+ 2093+ 12087 5681 + d 4 041+ 144547 d
£ clentka nd nd 029°  +£4239 62 002°  047° 0639  020°  +029¢ 2024 003¢  +£055¢  039° nd nd 0.02¢  +474f nd
T Bobovec 6136 q 030+ 248439 9782+ 179+ 1201+ 14626 149+ 17147 123302 37.80+ 11006 3550+ 7978+ 073+ 018+  3409.56 q
S opovec 150° n.d. 004°  £2354°¢ 5540 0.02 < 224 +£021® 0072  4+080f 4£870° 006°  +008c  018¢ 495 0.03° 002¢  £1062° n.d.
g g @ 22372 1393+ 038+ 161692 7.96 + 210+ 227+ 6839+ 036+ 12692 38523+ 1755+ 4009+ 1473+ 22154+ 159+ 017+ 159695  12.06 &
3 onago +0112  301° 001¢  +11.89¢ 075¢ 0.01 < 059°¢ 037¢ 0074  +1268 970f 0.10f 0.16 0201 1.41°%¢ 0.102 0029  +£29434  012°
g ddareqr 1354+ q 025+ 97313+ 4087+ 178+ 115+ 1672+ 025+ 8390+ 28190+ 4090+ 6757+ 2001+ d 4 121+ 92168+ q
< are 1.72¢ n.a. 0.03¢ 19.42h 7.12 de 0.07 <d 0.36°¢ 0.65 & 0.04¢ 0.051 203" 0102 0238 0.151 n.d. n.d. 0.01° 10.751 n.d.
&  ‘Golden o 16624+ 031+ 105842 1712+ 236+ 063+ 1640+ 026+ 18063 33054+ 3711+ 64074+ 2447 & o nd 016+  1019.72 nd
<  Delicious’ a 0.312 0.01°¢ +2.14¢8 6.06¢ 0.01°¢ 0.02°¢ 0398 0004  +1.03° 0178 022" 0.32h 0.188 < < 0.034 +321h <
B Fuit 30.32 + q 078+ 148048 7028+ 432+ 206+ 4166+ 029+ 18269 49177+ 2193+ 13024 2843 + d 032+ 016+ 140348 q
= ut 053¢ n.d. 023%  +£2340f  1.69¢ 1.392 0.38°¢ 059 0054  +022° 025¢ 0049  £007¢  0.14° n.d. 0.01°¢ 004d  +5078 n.d.
g ‘Granny nd 680+ 093+ 37638+ 13016+ 149+ 9624 11792 072+ 11573 65508+ 4036+ 15575 5442+ 27333+ nd 033 + 1710.71 nd
3 Smith’ e 0.46 0.05° 0341 3.61° 0.00 de 1.04° +0.51°¢ 0.02°¢ +030M 1.05° 0.09 2 +0.27° 0.06 ¢ 20.52° - 0.03¢ +533¢ =

IDC: idaein chloride; GA: gallic acid; FA: trans-ferulic acid; CHA: chlorogenic acid; EGC: epigallocatechin; CA: caffeic acid; PA2: procyanidin A2; CAT: catechin; pCA: p-coumaric acid;
PHL: phloridzin; EPIL: epicatechin; MY: myricetin; RU: rutin; Q3G: quercetin-3-D-glucoside; PB1: procyanidin B1; ODC: oenin chloride; QUE: quercetin; PB2: procyanidin B2; P3G:
pelargonidin-3-glucoside; data are presented as the mean + SE with ANOVA p-value; means in columns followed by the same letter are not significantly different, p < 0.0001; n.d.:
not detected.
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Table 5. The content of individual polyphenol compounds (ug/g) of the investigated apple varieties after six months of cold storage.
Sample IDC GA FA CHA EGC CA PA2 CAT pCA PHL EPI MY RU Q3G PB1 ODC  QUE PB2 P3G
Wasener'  nd. nd 057% E’;Zﬁ d 035+ 058+ 456+ 032+ ig‘i'gg 2048 + iz(.)sgé 9319+ 29.87 + i32146092 d 037+ 8478+
8 e 0,21 bd . e 0138 00749 0198  0.02¢f b 0.211 Y 043N 0.52f b e 0.08 ¢ 3.581 =
8 . 375450  140.43 180.09 48627  56.85 30483  103.49 1612.11
£ ‘Winter 890+ 0.81 + 239+ 308+ 3693+ 0.68+ 015+
T Banane o4 nd. gob 695 246 b igbad  ggge  pgsd  F206 982 £015  £076  £097  nd n.d. oo1e 2512 nd
)
S ‘Kamadska L4 L2 fi;gﬁ izfl'l% 4734+ 1309+ 9925+ 140+ fi'i’é jﬁ'gg i4(')5144 fgé‘; 4258 + i0292'3977 d 0.20 + f;éig d
= Reneta’ = 0442 o o 0022 7322  g833b Qb N b ¢ q 0.91¢ o e 0.04 de b an
=
8 1596.39 180.68 35039 4733  137.88 022+  969.06
5, L 042 + 3541+ 160+ 1860+ 5313+ 084+ 5121 +
E Zelenika ndondogorae #2130 V0 (000 gean 1099 poged  TL77 1248 005 2035 g n.d. nd. 003 £1802  nd
265852  164.42 134.55 13755  1077.84 6926  230.39 186.32 025+  2989.49
, , 8028+ 0.44 + 140+ 1046+ 221 + 59.76 + 0.87 +
Bobovec'  “ptrp ndo ghiae 1926 378 (oo pgpe 3 pn ELIL 787 041 182 Tic 1993 G 002 £1172  nd
276.10 1758.28 101.40 21641 30546 5211 12271 156.32 1207.07  16.56
, , 043 + 569+ 123+ 336+ 091 + 2323 + 2144+ 015+
Jonagold”  +1275  nd. oce  F198 ISk ot gprbd 2120 Gmc #0390 & 2.45 £OIL £059  GUNE £2826 (T ggge  E1L70 005
8
T dereqr 2054E 4 010+ 63404 3250+ 117+ 154+ 1345+ 035+ 7420+ iliég i668131 4396+ 1445+ nd 095+ 103'32 d
S 2.14°¢ 001 +£3260  215¢ 0.01f 011 050f  0.01¢  225h Y v 0.191 0.14] an e 0.042 W an
L
S Golden .. 0l 0% 31394 1804+ 051+ 925+ 048+ 005k per g 5238+ 2108+ . oux TR
T Delicious’ < 001 i 129 002°¢ 0049 012f  000° 0458 Py ; 0321 0121 < < 0.01°¢ o o
-2
5 Fuit 272+ 032+ fg;gi 7947+ 157+ 099+ 3648+ 021+ fggg 14;'82 1167491 o718+ 2742+ 023+ 016+ ﬂiﬁ d
g ) 0.884 0.9 ra 1.54 4 0084 0049 0.19¢ 0.01f o A . 0.348 0.608 e 0.03¢  0.03¢ e e
Q
‘Granny A g 071 152'22 i513’1‘2562 121+ 777+ 85.14+ 129+ 9204+ ig g’?g i65dgf3 i‘*ggg 99.21 + i716§3417:5 d 058 + f%‘gg d
Smith’ ndo de g ogbe h be' 002f 1743 049c¢ 001> 1938 . . . 1.23b . nd 001" o nd

IDC: idaein chloride; GA: gallic acid; FA: trans-ferulic acid; CHA: chlorogenic acid; EGC: epigallocatechin; CA: caffeic acid; PA2: procyanidin A2; CAT: catechin; pCA: p-coumaric acid;
PHL: phloridzin; EPIL: epicatechin; MY: myricetin; RU: rutin; Q3G: quercetin-3-D-glucoside; PB1: procyanidin B1; ODC: oenin chloride; QUE: quercetin; PB2: procyanidin B2; P3G:
pelargonidin-3-glucoside; data are presented as the mean + SE with ANOVA p-value; means in columns followed by the same letter are not significantly different, p < 0.0001; n.d.:
not detected.
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Resistance of investigated traditional and conventional apple varieties to infection by
P. expansum during six months of cold storage was also determined (Figures 2—4). Many
abundant polyphenols in apples are involved in the response to patulin attack through
scavenging the free radicals that are induced by patulin [48]. After harvest the traditional
‘Bobovec’ (15 days) and conventional ‘Granny Smith” (15 days) apple varieties had the
highest resistance. Both varieties had the highest content of procyanidin B2, epicatechin
and procyanidin B1. Other authors also observed that higher concentrations of epicatechin
and procyanidins Bl and B2 play a significant role in blue mould resistance [48-50]. On
the other hand, the traditional ‘Zelenika’ and ‘Kanadska Reneta’ (8 days) and conventional
‘Fuji’ (9 days) apple varieties had the lowest resistance. After three months of storage
the traditional ‘Zelenika’ (19 days) and conventional ‘Jonagold” and ‘Golden Delicious’
(19 days) apple varieties had the highest resistance, while the traditional ‘Bobovec’, “Wa-
gener’ and ‘Kanadska Reneta” (16 days) and conventional ‘Idared” and ‘Granny Smith’
(10 days) apple varieties had the lowest resistance. All varieties with lower resistance had
lower content of epicatechin. Furthermore, traditional apple varieties were more resistant
than conventional ones after three months of storage. After six months of storage the
traditional ‘Zelenika’” and ‘Bobovec’ (17 days) and conventional ‘Jonagold” and ‘Idared’
(15 days) had the highest resistance to infection by P. expansum. All varieties with higher
resistance had the highest contents of total polyphenols. On the other hand, the traditional
‘Wagener’ (8 days) and conventional ‘Fuji’ (9 days) apple varieties had the lowest resistance
after six months of storage. Moreover, "‘Wagener” and ‘Fuji’ had low contents of total
polyphenols, procyanidin A2, procyanidin B1 (‘Fuji’) and procyanidin B2 (“Wagener ).

‘Wagener” “Jonagold”
11days C : 11 days
i
‘Winter Banane’ “Ildared’

14 days 11days
"
2
)
9 3
5
= “Zelenika’ g
©
: 2
9 8 days Q
o ©
Q —
®© ©
- =
S 9
9 &
f= ‘Bobovec” 2
o =
I\ o
= o
‘Kanadska Reneta’ “Granny Smith”
8 days 15 days
—

Figure 2. Resistance of investigated apple varieties to infection by P. expansum after harvest.
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“Wagener” “Jonagold”
16days 19days
—_—
“Winter Banane” “Idared”
18days 10days
—_—
7]
7 [
S =
+= [
= =
s “Zelenika’ g “Golden Delicious’
2 )
o o
o 19days o 19days
& — @
p— ©
g 5
=l E=
+ j=
'8 “Bobovec’ 2 “Fuji’
c
= 3
16 days 18days
—_— —_—
“Kanadska Reneta” “Granny Smith”
16 days 10days
_— B ——

Figure 3. Resistance of investigated apple varieties to infection by P. expansum after three months of
cold storage.

“Wagener” “Jonagold”

8 days 15days

 —

|

|
©00 0

‘Winter Banane” “Idared”

10days 15days

——

|

“Golden Delicious”

12 days
—_—

“Zelenika’

17 days

“Bobovec” “Fuji’

Conventional apple varieties

17 days 9 days

|

“Kanadska Reneta” Granny Smith

12 days 12 days

Traditional apple varieties

Figure 4. Resistance of investigated apple varieties to infection by P. expansum after six months of
cold storage.
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The content of patulin in investigated traditional and conventional apple varieties was
determined at the end of the incubation period when the P. expansum colony reached the
edge of the apple slice (Table 6). The extent of host contamination by P. expansum is the
result of the interaction between fruit resistance and pathogen virulence [51]. Consequently,
the production of patulin will be affected by quality parameters of the apple host and
environmental conditions. After harvest the only variety with detected content of patulin
was conventional apple variety ‘Idared” (10.9 & 0.2 pug/kg). ‘Idared” was also one of the
varieties with the lowest resistance to infection by P. expansum. After three months of
storage the concentration of patulin in apple varieties ‘Fuji’, ‘Idared” and ‘Winter Banane’
was above the regulated level of 25 pg/kg for solid apple products [52]. These varieties
also had the lowest storage resistances to infection by P. expansum and lowest content of
procyanidins B1 and B2. After six months of storage the content of patulin was below the
detection limit in every investigated apple variety.

Table 6. The content of patulin in investigated apple varieties. Mean + SD based on three measure-
ments (n = 3).

Patulin [ug/kg] after Cold Storage

Apple Varieties 0 months 3 months 6 months
‘“WAGENER’ CONTROL <LOD <LOD <LOD
‘“WAGENER’ INOCULATED <LOD <LOD <LOD
‘WINTER BANANE” CONTROL <LOD <LOD <LOD
‘WINTER BANANE’ INOCULATED <LOD 1220 4+ 50 <LOD
‘ZELENIKA’ CONTROL <LOD <LOD <LOD
‘ZELENIKA’ INOCULATED <LOD <LOD <LOD
‘BOBOVEC’ CONTROL <LOD <LOD <LOD
‘BOBOVEC’ INOCULATED <LOD <LOD <LOD
‘KANADSKA RENETA’ CONTROL <LOD <LOD <LOD
KANADSKA RENETA cLop cLop cLop
‘JONAGOLD’ CONTROL <LOD <LOD <LOD
TONAGOLD’ INOCULATED <LOD <LOD <LOD
‘IDARED’ CONTROL <LOD <LOD <LOD
‘IDARED’ INOCULATED 109 +0.2 62.1+75 <LOD
‘GOLDEN DELICIOUS” CONTROL <LOD <LOD <LOD
‘GOLDEN DELICIOUS aop aop aop
‘FUJI” CONTROL <LOD <LOD <LOD
‘FUJT" INOCULATED <LOD 35.5 + 6.3 <LOD
‘GRANNY SMITH’ CONTROL <LOD <LOD <LOD
‘GRANNY SMITH’ INOCULATED <LOD <LOD <LOD

<LOD—below detection limit (<5 pg/kg).

4. Conclusions

From the obtained results, it may be concluded that traditional apple varieties had
higher content of polyphenols and flavonoids than conventional ones, especially polyphe-
nols such as phloridzin, quercetin, epicatechin and procyanidins B1 and B2, which could be
responsible for apple resistance to fungal infections. The traditional apple variety ‘Bobovec’
had the highest content of polyphenols and flavonoids during six months of cold storage.
Furthermore, traditional apple varieties proved to have higher resistance to infection by P.
expansum during six months of cold storage than conventional ones, for example, “Bobovec’
had one of the longest growing periods of P. expansum colonies (384h, average). The results
of patulin determination indicate that inoculation with Penicillium expansum resulted in
increased patulin levels in certain apple varieties, such as “Winter Banane’, ‘Idared” and
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‘Fuji’, highlighting the susceptibility of these varieties to fungal infection and consequential
biosynthesis of a higher amount of patulin.

Furthermore, the findings suggest that polyphenols in apples contribute to their
resistance against fungal infections and patulin biosynthesis, emphasising the importance
of breeding or selecting apple varieties with higher polyphenol content for improved
resistance to postharvest pathogens. Overall, the obtained results should add to food safety
and prevention of economic losses caused by P. expansum.
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