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1. INTRODUCTION

It is widely known that consuming apple and its products has a beneficial 
health effect – besides their content of  vitamins and minerals, they are 
considered to be a good source of  natural polyphenols with antioxidant 
activity that scavenge and neutralize free radicals, which in turn play a 
role in the onset of  cardiovascular diseases and cancers (van der Sluis 
et al., 2002; Biedrzycka and Amarowicz 2008). Besides many health-
beneficial effects, polyphenols also make an important contribution 
to apple juice flavour and colour (Lea and Arnold 1978; Renard et al. 
2011). However, some polyphenols with health-beneficial properties 
may cause an undesired astringent taste of  apple juice. Apple juice is 
one of  the most traded and consumed fruit juices in the World alongside 
with orange juice and pineapple juice. The apple juice (not made from 
concentrate) imports in 2012–2016 were 35283–44406 tonnes and 
559–833 tonnes per year in Eastern Europe and in Estonia respectively 
(Calder, 2017). 

Consumer demands have always affected what the beverage market 
offers (Calder, 2019B). The main factors playing role in apple juice liking 
are the sweet and sour taste and a good sweet/sour balance (Okayasu 
and Naito, 2001; Kozlowska et al., 2003; Stolzenbach et al., 2016; 
Włodarska et al., 2016; Kilki, 2018). For recent decades consumers have 
started to be more aware and besides sensory properties value healthier, 
safer and better controlled foods (Gąstoł and Domagała-Świątkiewicz, 
2012). For years now, regulators and consumers have both been leaning 
toward health-conscious beverages (Calder, 2019B). Global awareness on 
the low nutritional value of  soft drinks and on the calorie intake from 
energy and other drinks is increasing, therefore some of  the experts 
believe that fruit juices may steal the market share of  soft drinks in the 
next 10 to 20 years (Calder, 2019A). 

While apple and apple juice health benefits have widely been reported, 
much less attention has been paid to health-threatening compounds in 
apple juice and factors affecting their potential presence. Consumers 
are quite well aware of  plant protection residues, that may be possible 
health threat when consuming conventional apples and its products, but 
very few consumers have heard about mycotoxins in apple products 
(Sumberg, 2017). Health benefits have been reported as a main driver 
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for purchasing organic food (Magnusson et al., 2003), but on the 
other hand, since synthetic fungicides are not used in organic apple 
cultivation system, it may increase the risk for fungal growth in apples 
and mycotoxin occurrence in organic apple juice. A mycotoxin found 
especially in apples and their processed products like juice and puree, is 
called patulin (PAT) and it is mainly produced by Penicillium expansum 
Link – a fungus that causes blue mould rot. PAT can affect human 
health negatively in several ways, causing neurological, gastrointestinal, 
and immunological adverse effects and being a possible genotoxic and 
carcinogenic compound (Saleh and Goktepe, 2019). 

The presence and amount of  both health-beneficial and health 
threatening compounds in apples and their products is affected by 
several factors starting with cultivation and harvest practices and ending 
up with storage conditions and processing technologies. An important 
factor affecting apple juice quality is the selection of  apples used for 
juice pressing. Apple juice has traditionally been a low-cost product 
made from fruit not meeting the quality demands for fresh consumption 
due to factors like unappealing appearance, firmness, or sensitivity to 
bruising (Varming et al., 2013). Less attention has been paid to non-
visual quality characteristics of  these fruits such as polyphenol content 
or latent fungal infections not showing visual signs. 

The growth of  PAT-producing fungi depends on a wide range of  factors 
including water activity, temperature, pH, apple cultivation method and 
harvest maturity (da Cruz Cabral et al., 2013; Vilanova et al., 2014). PAT 
is heat resistant, especially in acidic environments (Cunha et al., 2014) and 
therefore apple juice and other pasteurized products pressed from PAT 
containing apples also contain PAT. Therefore it is crucial to pay attention 
on the apple cultivation, harvest and post-harvest practices to prevent 
PAT contamination in apple juice. The content of  polyphenols in apple 
juice, that in turn affect apple juice sensory properties, is also dependent 
on all the earlier mentioned factors that affect the PAT-producing fungi. 
Additionally, apple juice polyphenolic profile can depend significantly 
on initial crushing and pressing operations – especially the type of  press 
used and the juice pressing speed (Renard et al., 2011). Little data is 
available discussing the advantages and disadvantages of  different juice 
pressing methods in terms of  juice quality, composition and sensory 
properties.
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A topic that has remained without attention, is the suitability of  apples 
with physiological disorders, like superficial scald and bitter pit, for apple 
juice pressing, since these fruits may be more susceptible to fungal attacks 
compared to apples without the named disorders. The current thesis 
aims to provide deeper understanding, how abovementioned factors 
affect apple juice quality in terms of  health-beneficial polyphenols and 
health-threatening mycotoxin PAT.
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2. APPLE JUICE COMPOSITION

2.1. Mineral elements in apple juice and factors affecting their 
concentration. 

Fruits and their juices are important sources of  minerals in human 
nutrition, primarily of  infants and young children (Winiarska-Mieczan 
and Nowak, 2008; Walkling-Ribeiro et al., 2009; Pennington and 
Fisher, 2010; Harmankaya et al., 2012; Velimirovic et al., 2013; Paula 
et al., 2015; Pohl et al., 2018). Mineral elements are needed for human 
body in different amounts depending on the element to maintain good 
health - they have key roles in our body for necessary functions from 
building strong bones and regulating metabolism to transmitting nerve 
impulses (Briones-Labarca et al., 2011; Paula et al., 2015; Gharibzahedi 
and Jafari, 2017). Regular consumption of  fruit juices and functional 
fruit beverages can prevent many mineral elements deficiency diseases 
(Pohl et al., 2018). Early mineral deficiency in childhood can lead to an 
increase in infectious diseases, which cannot only influence immediate 
health but also may have an important impact on adult health (Febles et 
al., 2001; Cámara et al., 2005; Briones-Labarca et al., 2011). 

Minerals are extensively divided into major minerals (macro-minerals) 
and trace minerals (micro-minerals). Major minerals include calcium 
(Ca), magnesium (Mg), potassium (K), sodium (Na), chloride (Cl), 
phosphorus (P) and sulfur (S); while trace minerals are iodine (I), zinc 
(Zn), selenium (Se), iron (Fe), manganese (Mn), copper (Cu), cobalt 
(Co), molybdenum (Mo), fluoride (F), chromium (Cr) and boron (B) 
(Gharibzahedi and Jafari, 2017). The essential mineral elements found 
in apples are: Ca, Cl, Mg, P, K, Na, Cr, Co, Cu, I, Fe, Mn, Mo, Se, Zn 
(Upshaw et al., 1978).

Cultivation system, weather conditions, abiotic stresses like low water 
supply and extreme temperatuures, and the interaction of  all these factors 
can affect fruit mineral content (do Amarante et al., 2008; Martínez-
Ballesta et al., 2010; Cen et al., 2020). Do Amarante et al. (2008) 
reported that in comparison with the conventional orchard the organic 
apple orchard reduced soil supply of  nutrients, leading to a reduced 
concentration of  K, Mg, and N in the leaves and fruits of  ‘Royal Gala’ 
and ‘Fuji’ apples. This is in contradiction with the findings of  Cen et al. 
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(2020) who reported that organic management increased soil nutrient 
availability and organic apples had higher P and K concentrations 
compared to conventional management by 2.9 %, 19.3% respectively. 
The higher N concentration in conventionally produced fruits compared 
to organic fruits has also been reported by other researchers (Rapisarda 
et al., 2005; Herencia et al., 2007; Roussos and Gasparatos, 2009). The 
Ca concentration has been found to be higher in the flesh of  organically 
grown fruits compared to conventionally grown fruits by Roussos 
and Gasparatos (2009). Drought can affect nutrient uptake and impair 
translocation of  some nutrients (Martínez-Ballesta et al., 2010). Hudina 
and Stampar (2000) reported that a reduced water supply for pears either 
at the beginning or the end of  the productive cycle induced a higher 
N content in the fruits compared to untreated controls; reduced water 
supply at the beginning of  the fruit development caused a lower content 
of  Ca and higher content of  K; and reduced water supply at the end 
of  the fruit development caused smaller reductions in the uptake of  
Ca, K and B compared to untreated controls. Iwane and Bessho (2006) 
reported a significant negative correlation between the amount of  solar 
radiation received by the fruit and its mineral content for K, Ca and Zn - 
the concentration of  minerals in apples grown on the inside and on the 
shaded side was higher than in the fruits grown outside of  the crown 
and on the sunny side. A study by Tromp (1975) revealed that the levels 
of  K, N, Mg and P in the fruits were higher of  potted apple trees grown 
at 24 °C compared to apple trees grown at 19 °C.

Compared with vitamins, minerals are much more resistant to industrial 
storage conditions and production processes which may impart oxidative 
and thermal damage, but minerals may be lost in peeling and other 
removal steps during processing (Rickman et al., 2007; Bouzari et al., 
2015; Gharibzahedi and Jafari, 2017). However, the heat treatments such 
as boiling, drying, frying, pressure cooking, steaming and sterilization 
can meaningfully decrease/destruct some macro - (Ca, Mg, P, K, Na) 
and micro - (Fe, Zn, Cu, Mn) minerals (Gharibzahedi and Jafari, 2017). 
Modern processing techniques (e.g., high pressure and sonication) 
compared with the conventional processes have lower negative impacts 
on the content of  micro- and macrominerals (Gharibzahedi and Jafari, 
2017).

In order to produce apple juice rich in mineral elements, it is important 
to pay attention to the cultivation practices and quality of  apples used for 
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juice pressing and if  possible, prefer the modern processing techniques 
in order to preserve larger amount of  apple mineral elements.

2.2. Polyphenols in apple juice and factors affecting their 
concentration

2.2.1. Main polyphenols found in apples

Polyphenols are broadly divided into subclasses: phenolic acids, flavonoids, 
stilbenes, tannins and lignans (Spencer et al., 2008; Ignat et al., 2011). 
Two subclasses of  polyphenols can be found in apples: flavonoids and 
phenolic acids (Fig. 1) (Karaman et al., 2012). The major class of  apple 
polyphenols is flavonoids (Tsao and Yang, 2003; Spencer et al., 2008; 
Ignat et al., 2011), main flavonoids found in apples are flavanols (catechin, 
epicatechin), flavonols (quercetin and its glycosides: rutin/quercetin-
3-O-rutinoside, quercetin-3-D-galactoside/hyperin, quercetin-3-D-
glucoside/isoquercitrin and quercitrin), proanthocyanidins/condensed 
tannins (procyanidin B2) and dihydrochalcones (phloridzin) (Karaman 
et al., 2010; Mainla et al., 2011). Main phenolic acid group found in 
apples is hydroxycinnamic acids which is divided into chlorogenic acid 
and caffeic acid (Karaman et al., 2010). 

In apples, concentrations of  polyphenols depend strongly on the 
cultivar (Oszmiański et al., 2011). Some polyphenol compounds are 
most commonly found in peels and the other in flesh, core or seeds. 
Earlier studies indicate that total phenolic content tends to be highest in 
the peel (Wolfe et al., 2003; Khanizadeh et al., 2008; Begić-Akagić et al., 
2011; Oszmiański et al., 2011). The compounds found in peel are mainly 
(-)epicatechin, (+)catechin, chlorogenic acid, phloridzin, procyanidin 
B2, quercetin and quercetin glycosides (Renard et al., 2011; Karaman 
et al., 2012; Kalinowska et al., 2014). Earlier studies in Estonia carried 
out by Mainla et al., (2011) with six apple cultivars showed that studied 
polyphenols in the apple peel occurred in the following decreasing 
order: phloridzin > quercitrin > (+)catechin >chlorogenic acid > 
quercetin galactoside > quercetin. Some (+)catechin, (-)epicatechin and 
phloridzin can also be found in flesh, but in much lower concentration 
than in the peel (Karaman et al., 2012; Kalinowska et al., 2014). The 
only compound that tends to be higher in the flesh is chlorogenic acid 
(Karaman et al., 2012). Dihydrochalcones, namely phloridzin is present 
in higher concentrations in core section and seeds (Renard et al., 2011).
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2.2.2. Apple juice polyphenol concentration  
and factors affecting it

Extraction of  polyphenols from the apple fruit to the juice is very 
low (van der Sluis et al., 2002; Guyot et al., 2003; Markowski et al., 
2009). During apple processing into apple juice, the loss of  50–90% 
of  the healthy polyphenols is unavoidable (Dietrich et al., 2003 ref  
Oszmiański et al., 2011). The processing technology is an important 
factor affecting apple juice polyphenol concentration (Oszmiański et al., 
2011). Jaeger et al. (2012) stated that release of  polyphenols is lower 
from coarse mash than from fine mash. For instance, small amounts 

 

Main 
POLYPHENOLS 

found in apples

Phenolic acids Hidroxycinnamic 
acids

chlorogenic acid

caffeic acid

Flavonoids

Flavanols
(+)catechin

(-)epicatechin

Flavonols

quercetin

quercitrin*

rutin (quercetin-
3-O-rutinoside)*

quercetin-3-D-
galactoside
(hyperin, 

hyperoside)*

quercetin-3-D-
glucoside

(isoquercitrin)*
Proanthocyani-
dins (condensed 

tannins)
procyanidin B2

Dihydrochalcones phloridzin

Figure 1. Main polyphenols found in apples. *quercetin glycoside
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of  quercetin glycosides (rutin/quercetin-3-O-rutinoside, quercetin-
3-D-galactoside/hyperin, quercetin-3-D-glucoside/isoquercitrin and 
quercitrin) and dihydrochalcones (phloridzin) are extracted during juice 
production, since quercetin glycosides are mainly presented in peel and 
dihydrochalcones in the seeds (Begić-Akagić et al., 2011), therefore the 
content of  these compounds in juice can depend significantly on initial 
crushing and pressing operations (Renard et al., 2011).

Polyphenolic compounds are preferred substrates for oxidative enzymes 
and therefore have a major role in enzymatic browning in fruits and 
fruit juice (Rössle et al., 2010; Keenan et al., 2010). The major enzyme 
responsible for degradation of  polyphenols during milling and pressing 
is polyphenol oxidase (PPO), which results in formation of  brown 
colour melanins and degrades certain flavanols and hydroxycinnamic 
acids (van der Sluis et al., 2002; Guyot et al., 2003; Wolfe et al., 2003; 
Rössle et al., 2010; Begić-Akagić et al., 2011; Keenan et al., 2010; Renard 
et al., 2011). The most changes in polyphenolic composition occur 
during crushing and pressing of  the fruits, during which polyphenols, 
PPO, oxygen and cell walls come into contact and may react (Guyot et 
al., 2003; Hubert et al., 2007; Renard et al., 2011). Each delay during the 
apple juice processing causes oxidation of  phenolic compounds (Begić-
Akagić et al., 2011; Renard et al., 2011).

Processing has substantially different effect on chlorogenic acid levels 
than on the other polyphenolic compounds (Keenan et al., 2010). 
Chlorogenic acid is the second abundant polyphenol in apple fruit 
(Alonso-Salces et al., 2004; Oszmiański and Wojdylo, 2007; Renard 
et al., 2011) and has the highest yield in apple juice because it is the 
most water-soluble polyphenol in apples (van der Sluis et al., 2002). 
Chlorogenic acid is the major substrate for apple PPO (Irwin et al., 
1994). Studies carried out by Keenan et al. (2010) showed that apple 
juice colour change increased as chlorogenic acid content decreased. 

Apple juice polyphenol concentration is affected by different types of  
polyphenols been presented in different parts of  apples (Markowski 
and Plocharski, 2006; Begić-Akagić et al., 2011). Flavonols and 
dehydrocalcones are mainly located in skin and seeds, therefore it is 
difficult to extract them (van der Sluis et al., 2002). Van der Sluis et 
al., (2002) reported that catechins are the most vulnerable compounds 
during apple juice production – total amount of  catechins was 43% 
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lower in raw juice and pomace than in fresh apple or pulp. Same authors 
also reported that slicing and pressing the apples did not affect quercetin 
glycosides levels – pressing only caused dividing these compounds 
between the pomace and juice since the total amount of  quercetin 
glycosides in pomace and juice was equal with the level in fresh apple, 
93% of  quercetin glycosides was present in the pomace and only 7% in 
the juice (van der Sluis et al., 2002). Phloridzin acted similarly, leaving 
77% of  its content in the pomace.

Procyanidins are quantitatively the main polyphenols in apples and they 
contribute to astringency and bitter taste of  apples (Vidal et al., 2003; 
Renard et al., 2011), but oxidation during juice pressing decreases their 
content. Apple procyanidins are mainly (-)epicatechin oligomers, but 
their reactivity toward oxidation can differ from epicatechin (Poupard et 
al., 2011). Procyanidins are not PPO substrates but they can be oxidised 
indirectly by enzymatically generated hydroxycinnamic acid o-quinones 
(Cheynier and Da Silva, 1991; Poupard et al., 2011).

Catechin and epicatehcin are the third major polyphenols presented 
in apple fruits, but are the most affected by the contact with air and 
therefore decreased enormously during juice pressing due oxidation 
(Renard et al., 2011).

2.3. Apple juice sensory properties and factors affecting them

The main sensory properties of  apple juice are: odour (purity, typicality, 
intensity and overall sensation); colour (purity, browning, typicality 
and overall sensation); taste (acidity or sourness, bitterness, sweetness, 
bitter-sweet taste, harmonious taste, astringency, mouth-feel and overall 
sensation) and aroma (fruity, apple aroma, green, sour aroma, syrup-
sweet aroma and overall sensation) (Yahia, 1994; Stolzenbach et al., 
2016; Vranac et al., 2017).

The organoleptic quality of  apple juice depends on the flavour which is 
a result of  two sensations: taste and odour (Yahia, 1994; Abrodo et al., 
2010; Nikfardjam and Maier 2011; Schmutzer et al., 2014). The flavour 
of  apple juice generally depends upon taste mainly related to sweetness 
(sugars); sourness (organic acids); astringency (astringent tannins) 
and aroma (odour-active volatile compounds such as esters, alcohols, 
aldehydes, terpenes, ketones and ethers) (Dixon and Hewett, 2000; 
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Komthong et al., 2006; Schmutzer et al., 2014; Yi et al., 2017; Wibowo 
et al., 2019). The flavor of  apple juice also depends on whether it is 
fresh, made from concentrate, includes pulp, and is processed directly 
(Eisele and Drake 2005; Jaros et al., 2009; Nikfardjam and Maier 2011; 
Schmutzer et al., 2014). 

In general, apple juice taste is mainly associated with the sugar-acid (sweet-
sour) ratio (López et al., 2007; Yi et al., 2017). Since many researchers do 
not have ready access to sensory and/or consumer evaluation facilities, 
they must rely on instrumental and/or chemical measurements of  total 
soluble solids (TSS), titratable acidity (TA) and their ratio, which can 
predict the sweet and acid taste of  apple juice (Harker et al., 2002). 
Sweetness in apple is mainly caused by three sugars: fructose, glucose 
and sucrose. The major organic acid in apple juice is malic acid with 
trace amounts of  citric and quinic acid (Yi et al., 2017, Wibowo et al., 
2019).

It is important to understand the sensory characteristics in relation to 
consumer liking in order to predict consumer choice and successful 
production. Stolzenbach et al. (2016) reported that the sweet and sour 
taste played a key role in apple juice liking and apple juices having a 
good sweet/sour balance were liked the most compared to intense 
acidic and weak sweet. Thus, it was interpreted that apple juices should 
be sweet, but contain a level of  sourness to be liked. Włodarska et al. 
(2016) reported that the vast majority of  Polish consumers preferred 
juices more cloudy, with higher phenolic compounds content, perceived 
as more natural and also juices with higher sucrose content; a much 
smaller number of  consumers preferred acidic juices. Kozlowska et al. 
(2003) reported that apple juice samples with higher sweetness received 
higher scores from the elderly compared to the young people. A recent 
study carried out in Estonia with apple juices pressed from Estonian, 
Danish and Norwegian apple cultivars showed that juices with soluble 
solids and titratable acidity ratio between 19.4 and 20.2 were rated most 
pleasant by the Estonian consumers. Children at the age of  12–13 liked 
more the sweet juices compared to the oldest consumers (Kilki, 2018).

Sensory properties of  an apple juice are mostly dependent on the 
cultivar used, but are also strongly affected by the apple stage of  
maturity, geographic region and climate conditions of  the orchard, apple 
processing and storage conditions (Su and Wiley, 1998; Hashizume et 
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al., 2007; Schmutzer et al., 2014; Vranac et al., 2017; Wibowo et al., 
2019). Systematic selection of  processing method and cultivar can be 
used as a way to modify the sensory characteristics of  apple juice when 
targeting specific markets (Lee et al., 2017). The cultivar used with the 
apples’ sensory profile has the greatest impact on apple juice sensory 
properties (Vranac et al., 2017). The main apple taste influencers – sugar 
and acid contents and their ratio varies among the cultivars (Yahia, 1994; 
Vranac et al., 2017). High quality dessert apples have a relatively high 
sugar content (14-16%) and medium acid content (pH 3.2-3.5) whereas 
most good cooking apples have high acidity (pH 2.8-3.2) and moderate 
sugar content (11–13%) (Goodenough and Atkin, 1981 ref  Yahia, 
1994). Cultivars also differ in the kind and amount of  volatiles produced 
(Yahia, 1994).

Warmer weather seem to favour the development of  attributes associated 
with apple quality including those affecting sensory properties, but 
may also favour the development of  physiological disorders (Yahia, 
1994). Fertilization has also an impact on sensory properties – earlier 
studies have found that nitrogen and phosphorus treatments increase 
the production of  volatile flavour components (Somogyi et al., 1964; 
Brown et al., 1968; Yahia, 1994). Drake et al. (1981) reported that apples 
from trickle-irrigated trees were more mature and higher in yellow 
colour, soluble solids and pH than apples from sprinkle-irrigated trees. 
Guelfat-Reich et al. (1982) reported that acidity was higher in `Golden 
Delicious´ apples from sprinkle-irrigated trees compared to those from 
trickle-irrigated trees.

Fruit maturity at harvest is a critical factor, which affects ripening and 
the development of  apple sensory properties after harvest. If  a fruit is 
picked too early, it may lack a proper colour and may never develop full 
flavour (Brown et al., 1966; Paillard, 1981; Yahia, 1994). Fruits picked 
too late have a tendency to produce fewer volatiles compared to those 
picked at the optimum harvest date (Yahia, 1994).

The lowest possible storage temperature delays fruit ripening and 
senescence, retains fruit quality and prolongs storage life and therefore 
delays starch and acids breakdown and development of  aroma 
volatiles (Yahia, 1994; Echeverria et al., 2004). Humidity plays a role 
in the production of  volatiles depending what temperatures and 
atmosphere regimes are used (Yahia, 1994). A number of  studies have 
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demonstrated that apples ripened after controlled atmosphere storage 
do not develop full characteristic flavour – the higher the CO2 and lower 
the O2 concentration and the longer the fruit is kept under controlled 
atmosphere storage, the greater the suppression of  flavour (Yahia, 1994). 
Sugars and malic acid are the main substrates for apple respiration. The 
major change after harvest in apple taste is the acid level which may fall 
by as much as 50% (Yahia, 1994).

Processing technique has an impact on apple juice sensory attributes: 
during juice production, some of  the apples’ sensory features can be 
diminished due to polyphenolic and volatile compounds responsible 
for flavour, aroma, colour and mouth-feel impression (Su and Wiley, 
1998; Vranac et al., 2017). Polyphenolic compounds in apples affect 
the astringency and bitter taste of  cloudy apple juice and colour 
(Begić-Akagić et al., 2011; Renard et al., 2011). The colour of  apple 
juice changes during processing due to enzymatic and non-enzymatic 
reactions like PPO and peroxidase (Terefe et al., 2014; Yi et al., 2017). 
Odour-active volatile compounds affect apple juice solvent-like, fruity, 
apple-like, grass-like and green apple-like flavours (Su and Wiley, 1998). 
Apple juices are most commonly processed by thermal processing 
which aims at inactivation of  spoilage microorganisms and enzymes 
hence increasing shelf-life of  the product (Aguilar-Rosas et al., 2007; 
Wibowo et al., 2019). However, this treatment affects the quality of  
the juice during processing and storage leading to quality degradative 
reactions such as colour changes, cloud loss and loss of  flavour (Su and 
Wiley, 1998; Krapfenbauer et al., 2006; Aguilar-Rosas et al., 2007; Bi et 
al., 2013; Wibowo et al., 2019). On the other hand, Su and Wiley (1998) 
reported that the characteristic odour-active volatiles seemed to enrich 
flavours during temperature treatments. 

Apple juice processing by high pressure processing (HPP) and pulsed 
electric field (PEF) compared with thermal processing perceives apple 
juice fresh, natural and balanced flavours while thermal processing causes 
cooked flavour; named treatments also retain the natural apple juice 
colour (Bi et al., 2013; Lee et al., 2017; Yi et al., 2017). Conventional 
thermal pasteurisation seems to alter the apple juice aroma by decreasing 
pleasant notes such as fresh and natural, while increasing undesirable 
notes including cooked and sour flavours (Lee et al., 2017; Yi et al., 
2017). 
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3. MYCOTOXIN PATULIN AND FACTORS 
AFFECTING ITS OCCURRENCE IN APPLE JUICE 

3.1. The presence of  patulin in apple-based products

Mycotoxin patulin (PAT) is an important contaminant of  apple products 
that negatively affects human health by being embryotoxic, hepatoxic, 
nephrotoxic, teratogenic (Laidou et al., 2001), immunotoxic, neurotoxic, 
genotoxic (Tournas and Memon, 2009); causes immunosuppressive 
teratogenic effects (Baert et al., 2007), stomach irritation, vomiting, 
haemorrhaging of  the digestive tract (Tournas and Memon, 2009), 
nervousness, convulsions, lung congestion, oedema, hyperaemia (Zhu 
et al., 2013). However, some authors claim that it is unlikely that the 
toxicity is systematic since PAT is degraded quickly after absorption 
in the gastro-intestinal tract, and will probably only lead to local toxic 
effects (Rychlik et al., 2004; Baert et al., 2007). 

Apples and apple-based products are the most important source of  PAT 
in the human diet (Baert et al., 2007). PAT has been found mainly in 
apples and its products, and occasionally in other fruits such as pears, 
apricots, peaches and grapes, being produced in the rotten parts of  
these fruits (Cheraghali et al., 2005; Sant’Ana et al., 2008). The World 
Health Organization (1995) and European Commission (2006) set the 
maximum toxicologically acceptable level for PAT in apple juice to 50 
μg L-1 as well as for fruit juices, concentrated fruit juices, fruit nectars, 
spirit drinks, cider and other fermented drinks derived from apples or 
containing apple juice; for solid apple products, including apple compote 
and apple puree intended for direct consumption 25 μg L-1 and for apple 
juice and solid apple products for infants and young children 10 μg L-1.

Zhong et al. (2018) concluded in their review about occurrence of  
PAT contamination in apples and apple-based products in recent ten 
years (2008-2018), that PAT concentration exceeding legislative limits 
were found in the apple juices of  China, Spain, Serbia, Pakistan and 
Tunisia (maximum PAT levels 94.7, 118.7, 65.4, 120.5 and 167 μg L-1 

respectively); apple purees and pulps in Argentina, Spain and China 
(maximum PAT levels 221, 50.3 and 67.3 μg L-1 respectively). Bachelor 
thesis by Fuchs (2015) gives an overview about PAT contamination in 
different apple products produced in Europe and points out that the 
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legislative limits of  PAT concentration were exceeded in the apple juices 
produced in England with the maximum level 1130 μg L-1 (Burda, 1992), 
in Italy with the maximum level 56.4 μg L-1 (Ritieni, 2003) and Spain 
with the maximum level 118.7 μg L-1 (Murillo et al., 2008); in apple 
puree produced in Italy with the maximum level 74.2 μg L-1 (Ritieni, 
2003); and in baby food produced in Italy with the maximum level 17.7 
μg L-1 (Ritieni, 2003). Cheraghali et al. (2005) reported that in a survey 
carried out in Iran in 2001 and 2002, 33% of  apple juice and apple juice 
concentrate samples out of  65 had PAT contamination above legislative 
limit, the maximum level found was 285.3 μg L-1.

Given the large consumption of  apple products among infants and 
young children, the presence of  PAT in apple-based products triggers 
concerns of  food safety in the public (Zhong et al., 2018).

3.2. Patulin producing fungi

PAT is a toxic secondary metabolite produced by various species of  
Penicillium, Aspergillus and Byssochlamys (Cheraghali et al., 2005; Baert 
et al., 2007; Sant’Ana et al., 2008). PAT has also stated to be produced by 
Fusarium, Alternaria and Mucor species (Steiman et al., 1989; Okeke 
et al., 1993; Laidou et al., 2001; Piqué et al., 2013). However, Frisvad 
et al. (2006) argued that statements claiming that PAT producers can 
also be Alternaria alternata, Fusarium culmorum, Mucor hiemalis, 
Thrichothecium roseum and many others, are errouneus.

In the fruit pre-processing stages (pre-harvest and post-harvest), 
Penicillium expansum is the most commonly encountered PAT-
producing species (Baert et al., 2007; Sant’Ana et al., 2008; Maftei et al., 
2014; Vico et al., 2014). P. expansum invades wounded apples causing 
the blue mold decay that can lead to significant economic losses and 
PAT production during storage (Sant’Ana et al., 2008; Vico et al., 2014; 
Ahmadi-Afzadi et al., 2015; Zhong et al., 2018). Infection can occur 
both in the orchard and during harvesting and storage (Ahmadi-Afzadi 
et al., 2015). Symptoms occur as light colored, soft lesions (Vico et al., 
2014). In general, the symptoms do however not appear until the fruit 
has been kept in cold storage for some weeks (Ahmadi-Afzadi et al., 
2015). P. expansum infects fruit primarily through wounds caused by 
stem punctures or bruises occurring at harvest or during postharvest 
handling (Cheraghali et al., 2005; Vico et al., 2014). Any physical damage 
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suffered by the fruits during transport, loading and unloading, will 
increase their susceptibility to subsequent infection by fungi (FAO, 2003; 
Cheraghali et al., 2005; Sant’Ana et al., 2008). The fungus can also enter 
the fruit through natural openings like lenticels, stem ends and the calyx 
end (Rosenberger et al., 2006; Vico et al., 2014). Controlling internal 
insect damage as well as mechanical injuries of  the fruit during handling 
will greatly decrease mould invasion and spoilage (Tournas and Memon, 
2009). 

Although PAT occurs mostly in mould-damaged fruit, it is possible that 
PAT in apple products originates from apples that have internal spoilage 
while they look sound from the outside (Sant’Ana et al., 2008; Tournas 
and Memon, 2009). Microorganisms can enter the fruit through the 
stem, stem scar, or calyx and in some cases internal fungal growth can 
occur as a result of  insect invasion or other types of  damage, resulting 
in the occurrence of  PAT in externally undamaged fruit (Sant’Ana et al., 
2008; Tournas and Memon, 2009). 

Even though the spores of  many PAT-producing moulds are present 
on the fruits while on the tree, they do not usually grow before the 
fruits are harvested since mould spores can stay dormant for long time 
on the flower and, subsequent to the fruit formation, in the seed cavity 
(Sant’Ana et al., 2008; Tournas and Memon, 2009). After harvest, when 
the plant’s natural defenses are reduced or eliminated, these spores 
could germinate and grow moulds and PAT production can occur post-
harvest if  they are affected by disease or insect damage or if  fruit that 
fell to the ground are used for processing (Sant’Ana et al., 2008; Tournas 
and Memon, 2009). 

3.3. Factors affecting occurrence of  patulin in apple products

As apple-based products are mainly produced of  stored apples, pre- and 
post-harvest strategies are equally important for PAT mitigation (Zhong 
et al., 2018). To guarantee the quality of  apples used in juice processing, 
some pre-harvest measures deserve special attention, such as: the removal 
and destruction of  rotten fruit or wood; adequate spacing of  the trees 
to allow for good air and light penetration between them; the control 
of  pests and diseases that could cause fruit rot or represent a point of  
entrance for PAT-producing moulds; the application of  fungicides to 
prevent mould germination and growth during and after harvest; the 
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use of  fertilisers based on calcium and phosphorus for the plantation to 
improve cell structure and reduce the susceptibility to fruit rot; not store 
fruit with poor mineral composition for long periods of  time (more than 
3–4 months), due to their greater susceptibility to physiological disorders 
and rots, such as those caused by Gloeosporium and Penicillium spp.; 
maintain registers of  the rot indexes for each orchard, since, to this 
date, the history of  an orchard is the best indication of  the need to 
apply fungicides and of  the fruit storage potential (Codex Alimentarius 
Commission, 2003; Sant’Ana et al., 2008).

Harvesting of  the fruits at an adequate maturation stage can greatly 
reduce the index of  rot, since firmer fruit is less susceptible to mechanical 
injury, which is considered to be the main entry point for Penicillium 
(Sant’Ana et al., 2008; Chávez et al., 2014; Ahmadi-Afzadi et al., 
2015; Zhong et al., 2018). Chávez et al. (2014) reported that apples in 
commercial maturity exhibited a greater tolerance to P. expansum than 
did over-mature apples (lesion diameters 31.3 and 34.9 mm, respectively). 
Vilanova et al. (2014) reported that fruit from immature and commercial 
harvests inoculated with P. expansum at 1, 2, 3, 4, 7 and 10 days after 
wounding showed lower incidence of  decay (around 40%, 30%, 7%, 
3%, 3% and 3%, respectively) than fruit from the over-mature harvest 
(95%, 90%, 93%, 76%, 79% and 50%, respectively).

After harvest, when the apples are sent to the warehouse for long-term 
storage, heat treatment like hot water dipping can lead to promising 
reduction of  blue mold infection and PAT production (Zhong et al., 
2018). For example, Spadoni et al. (2015) investigated the effect of  a hot 
water treatment (45 °C for 10 min) on the response of  apple to blue mold 
infection with `Ultima Gala´ apples using 2 different methods: wounded 
apples were: (1) inoculated with a P. expansum spore suspension and 
then heat-treated after 1, 4 and 24 h (Inoc-HT); or (2) first heat-treated 
and then inoculated with a P. expansum spore suspension after 1, 4 
and 24 h (HT-Inoc). Significant reductions in fruit rot incidence, up to 
100%, were observed using the Inoc-HT protocol at 4 and 24 h while a 
30% reduction in blue mold incidence was found at 1 and 4 h using the 
HT-Inoc method.

Traditionally, serious economic loss due to blue mold and other storage 
diseases has been avoided by postharvest application of  fungicides. This 
procedure is, however, not allowed in organic apple production, and 
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is prohibited also in conventional apple production in an increasing 
number of  countries (Tahir and Nybom, 2013; Ahmadi-Afzadi et al., 
2015).

Temperature, atmospheric composition and moisture levels are 
considered as critical components for the proper storage of  apples and 
are widely used in apple storage for the suppression of  P. expansum 
growth (Zhong et al., 2018). 

Storage of  the fruit at/or below 5 °C will inhibit the growth of  P. 
expansum and prevent the production of  PAT (Sant’Ana et al., 2008; 
Tournas and Memon, 2009; Maftei et al., 2014). Moodley et al. (2002) 
reported that the storage of  the apples in polyethylene packages reduced 
PAT production by 99.5% and fungal growth by up to 68% compared 
to non-packaged apples, even with the absence of  modified atmosphere. 
Acar et al. (1998) reported that the decrease of  PAT content of  up 
to 54% was achieved using high-pressure water spraying compared to 
conventional clarification + filtration and ultrafiltration (39% and 25% 
respectively).

During the selection stage, damaged or rotten fruit can be discarded 
or partially used by removing the affected parts (Root and Barret, 
2005; Sant’Ana et al., 2008). The control of  PAT in fruit juice and fruit 
products could be achieved by using healthy fruit, hygienic storage, 
sorting damaged and rotten fruits, trimming off  rotten tissue, filtration 
through activated charcoal, pasteurization and addition of  sulfur 
dioxide or ascorbate (BSDA, 2001; Cheraghali et al., 2005). A significant 
reduction in the levels of  PAT, approximately 80%, can be achieved 
during the washing stage of  deck-stored apples (Sydenham et al., 1995 
ref  Sant’Ana et al., 2008). Although blue mold lesions mainly start 
from wound infections, the fungus can cause “nesting” in a fruit bin by 
growing into neighbouring healthy fruit (Laidou et al., 2001; Sommer et 
al., 2002; Vico et al., 2014). This means that removing the affected parts 
may not be effective for avoiding PAT contamination and the whole 
fruit should be removed. Jackson et al. (2003) reported that the PAT 
content in unfermented apple cider made from unculled apples could 
reach 59.9–120.5 μg L-1, but only reach 0–15.1 μg L-1 in the cider from 
culled ones (Zhong et al., 2018). Baert et al. (2012) reported that the 
contents of  PAT were reduced from 15.8 µg kg-1 to 1.1 µg kg-1 in cloudy 
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AJ and from 8.3 µg kg-1 to 0.6 µg kg-1 in clear AJ by sorting out apples 
with moldy spots over 10 cm2 before juice production.

P. Sumberg (2017) studied the knowledge about mycotoxins of  Estonian 
people who produce apple juice at home. It turned out that 76% of  110 
respondents did not know that apple juice may contain mycotoxins; 42% 
had an opinion, that apple with visible mould has just bad taste without 
causing any potential harm to health; and only 5% agreed, that apples 
with visible mould symptoms are harmful for human health. The results 
of  the mentioned study confirmed, that Estonian people’s awareness 
about mycotoxins and PAT presence in apple juice is very low.
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4. HYPOTHESES AND AIMS OF THE STUDY

Hypotheses of  the present study:

•	 apple cultivation system affects apple mineral content and 
polyphenol concentration and thereby affects apple juice sensory 
properties;

•	  since synthetic fungicides are not used in organic apple 
cultivation system, it increases the risk for PAT occurrence in 
organic apple juice;

•	 higher than optimal apple storage temperature prior processing 
affects apple juice polyphenol content and increases the risk for 
PAT occurrence in apple juice;

•	 processing technology affects apple juice polyphenol composition 
and sensory properties; 

•	 apples with physiological disorders are more susceptible to 
Penicillium expansum infection and therefore juice pressed 
from disordered fruits have a higher PAT content.

The aim of  this study was to provide deeper understanding, how factors 
like apple cultivation system, the storage temperature of  apples before 
juice pressing, apple physiological disorders and apple juice processing 
technologies affect apple juice quality in terms of  health-beneficial 
polyphenols and health-threatening mycotoxin PAT.
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5. MATERIALS AND METHODS

5.1. The origin of  fruits for apple juice processing

Apple juice experiments with Estonian, Danish and Norwegian organic 
and conventional apples were conducted in 2015–2018 (Table 1). 
Altogether 11 apple cultivars were used – six grown in Estonia and 
five grown in Denmark and Norway. Following cultivars were used in 
following experiments: 

1) `Krista´, `Krameri tuviõun´ and `Talvenauding´ organic and 
conventional apples from Estonia in 2015 with the aim to find out if  
apple juice TSS, TA, P, K, Ca, Mg and sensory properties are affected by 
cultivation system (Paper I);

2) `Cortland´, `Krista´, `Krameri tuviõun´ and `Talvenauding´ organic 
apples from Estonia in 2015 with the purpose to find out how three 
different apple juice pressing methods influence juice AsA, TSS, TA, 
polyphenols, TAC and sensory properties (Paper II);

3) `Krameri tuviõun´, `Talvenauding´ and `Krista´ organic and 
conventional apples from Estonia in 2015 in order to find out if  higher 
than optimal storage temperature affect PAT and polyphenol content in 
apple juice (Paper III);

4) `Krameri tuviõun´, `Talvenauding´, `Krista´, `Cortland´ and `Liivi 
kuldrenett´ organic and conventional apples from Estonia; `Rubinstep´, 
`Aroma´, `Ahrista´ apples from Denmark; and `Discovery´, `Aroma´ 
and `Karen Schneider´ apples from Norway to find out if  cultivation 
system affects apple juice polyphenol and PAT content (Paper III);

5) `Antei´ and `Krameri tuviõun´ conventional apples and organic 
`Talvenauding´ apples from Estonia in 2017–2018 in order to find out 
if  the presence of  superficial scald or bitter pit affects fruit susceptibility 
to P. expansum infection and PAT contamination in apple juice (Paper 
IV).



30

Table 1. Overview of  the conducted experiments.

Paper Studied cultivars Impact factor Analysed 
parameters

Harvest 
year 

Orchard 
location

I `Krista´, 
`Krameri 
tuviõun´, 
`Talvenauding´

cultivation 
system (organic, 
conventional),
cultivar

TSS, TA, 
P, K, Ca, 
Mg, sensory 
properties

2015 Vasula,
Polli

II `Cortland´
`Krista´,  
`Krameri 
tuviõun´, 
`Talvenauding´

processing 
technology (WP, 
BP, RFP),
cultivar

AsA, 
TSS, TA, 
polyphenols, 
TAC, 
sensory 
properties,
instrument-
tally 
measured 
colour

2015 Vasula,
Polli

III `Krameri 
tuviõun´, 
`Talvenauding´, 
`Krista´, 
`Cortland´, 
`Rubinstep´, 
`Aroma´, 
`Ahrista´, 
`Discovery´, 
`Karen 
Schneider´
`Liivi kuldrenett´

cultivation 
system (organic, 
conventional), 
pre-processing 
storage 
temperature, 
cultivar

fungal 
species in 
apple cores, 
polyphenols, 
TAC, PAT

2015
2016

Vasula,
Polli,
Årslev, 
Sogn,  
Lofthus,
Jaastad

IV `Antei´,  
`Krameri 
tuviõun´, 
`Talvenauding´

physiological 
disorder (BP, 
SS), cultivar

P. expansum 
infection, 
PAT

2017 Rõhu,
Vasula

The organic and conventional apple orchards of  used apples were 
located in close proximity to one another, in order to exclude possible 
pedoclimatic influences on the measured variables. Estonian apples were 
harvested from Vasula (58°27′N; 26°43′E), Polli (58°08′N; 25°32′E) and 
Rõhu (58°21′N; 26°31′E) orchards; Danish apples were harvested from 
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Årslev (55°18′N; 10°26′E) and Norwegian apples from Sogn (60°54′N; 
7°11′E), Jaastad (60°20′N; 6°37′E) and Lofthus (60°19′N; 6°39′E). 

Vasula apple orchard section, which is organic since 2006, was 
established in 1980. No fertilization or irrigation has been used since 
2006 and no crown pruning has been done. Vasula conventional orchard 
was established in 1981. The orchard was fertilized in autumn and spring 
with complex fertilizers. The orchard received 67kg/ha N; 14 kg/ha P 
and 66 kg/ha K. Trees were sprayed once a year against insect pests and 
three times against apple scab. In Vasula conventional orchard the apple 
tree crowns were pruned every spring. `Antonovka´ seedlings have been 
used as a rootstock in Vasula orchards.

Organic and conventional `Krista´ orchards in Polli Horticultural 
Research Centre were established in 2008. Trees were grafted on 
rootstock MM106. In both orchards apple tree crowns were pruned 
every year. The organic orchard received 11 kg/ha N; 1 kg/ha P and 9 
kg/ha K every year. In 2015 insect pest control was carried out with a 
natural insecticide NeemAzal T/S and trees were sprayed with NaHCO3 
solution against fungal diseases. The conventional orchard received 
65kg/ha N; 17 kg/ha P and 71 kg/ha K. Trees were sprayed twice 
against insect pests and three times against apple scab.

The organic `Aroma´, `Ahrista´ and `Rubinstep´ apples from Denmark 
were harvested from apple orchard in Årslev, where the trees were 
planted in 2011 on rootstocks M9. The apple trees were pruned every 
spring and fertilized with 30 kg/ha N with 10 % BioGrowth every year.

Norwegian organic `Discovery´ apples were harvested from Sogn in 
2015 and Jaastad in 2016; organic `Aroma´ apples were harvested from 
Sogn in 2015 and Lofthus in 2016; and organic ̀ Karen Schneider´ apples 
were harvested from Lofthus. All named organic orchards had the same 
standard agrotechnology: the trees were pruned every year and applied 
750 kg/ha organic fertilizer 8-5-4 NPK Marihøne Plus and pellets made 
of  chicken manure with addition of  bone meal and vinasse. Additionally, 
3 kg/ha Cu was applied before bud break in late March/early April, 3 
kg/ha S from just before flowering until mid-summer and 150 g/ha 
Cu when needed (before or after rainfall in total 6 applications). Sogn 
organic orchard was planted in 2005, trees were grafted on M9 and M26 
rootstocks; Jaastad organic orchard was planted in 2010 and trees were 
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grafted on M9 and M26 rootstocks; and Lofthus organic orchard was 
established in 2010 and the trees were grafted on rootstock M9. 

Conventional `Discovery´ apples were harvested from Jaastad apple 
orchard established in 2010 and the trees were grafted on M9 and M26 
rootstocks. The apple trees were pruned every year. Approximately 500 
kg/ha mineral NPK fertilizer 11-5-18 and 200 kg/ha Ca(NO)2 was 
applied. Synthetic fungicides were used 2–3 times per season.

Conventional `Aroma´ apples were harvested from Lofthus orchard 
established in 2010 and the trees were grafted on rootstock M9. The 
apple trees were pruned every year and fertilized in early spring with 
250 kg/ha NPK fertilizer 12-4-18 and late spring 150 kg ha fertilizer 
Nitrabor (N 15.4 – Ca 18.5 - B 0.3). Synthetic fungicides were used 2–3 
times per season.

5.2. Apple storage conditions before juice processing

In 2015 and 2016 organic and conventional `Krista´, `Krameri tuviõun´, 
`Talvenauding´ and `Cortland´ apples from Estonia were stored at 
3±2 °C and relative humidity 95% until starch degradation occurred. 
`Krameri tuviõun´ apples were stored for 4 weeks, `Krista´ for 12 
weeks, `Cortland´ for 8 weeks and `Talvenauding´ for 10 weeks (Papers 
I, II, III). Additionally, 100 kg of  organic and conventional `Krameri 
tuviõun´, `Krista´ and `Talvenauding´ apples were stored at 9±2 °C 
(`Krameri tuviõun´ for 60, ̀ Krista´ for 73 and ̀ Talvenauding´ for 54 days 
before pressing) (Paper III). In 2015 and 2016, apples from Denmark 
and Norway were stored at 3±2 °C (Paper III). Foreign apples were 
transported to Estonia by land using a non-refrigerated truck, which 
took three days from Denmark and five days from Norway. Apples were 
processed into juice after starch degradation had occurred. 

In 2017 100 kg of  conventional `Antei´ and `Krameri tuviõun´ apples 
and organic ̀ Talvenauding´ apples were harvested per cultivar and stored 
at 3±2 °C and relative humidity 95%. The storage duration for `Krameri 
tuviõun´ was 12 weeks, for `Antei´ 11 weeks and for `Talvenauding´14 
weeks. Since superficial scald develops slowly at low temperatures and 
rapidly at room temperature, half  of  the `Talvenauding´ apples were 
placed at 20±2 °C for one week before the inoculation experiment.
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5.3. Apple juice processing

In 2015 three different apple juice pressing technologies were used: 
rack-and-frame press (RFP) (Fig. 2) (Paper II), water press (WP) (Fig. 
3) (Papers I, II, III, IV) and belt press (BP) (Fig. 4) (Paper II). Before 
processing, all apples with visible symptoms of  fungal infection were 
rejected. 100 kg of  sound fruits were used for each press from each 
cultivar in order to make sure that the sample for each press would be 
representative, since second grade apples from organic orchards have 
large biological variation. No technical replications were carried out, 
since a larger number of  apples was not available from the same orchards 
from all cultivars studied. In addition, results from previous studies (data 
not presented) have shown that if  a standard pressing and pasteurization 
procedure is used with a large number of  apples, the differences between 
technical batches are not significant. 

 
Figure 2. Rack-and-frame press, scheme by L. Heinmaa. 
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Figure 3. Water press, scheme by L. Heinmaa.

 
Figure 4. Belt press, scheme by L. Heinmaa.

Apples were washed, disintegrated with Voran centrifugal mill RM2.2 
(Voran Maschinen GmbH, Pichl bei Wels, Austria) and pressed by 
using RFP, BP and WP. Before pressing with RFP Voran 100P2 (Voran 
Maschinen GmbH, Pichl bei Wels, Austria), apple mash was placed into 
cloth partitions, which were separated by wooden racks and placed as 
layers into the press by hand, the process took about 15 minutes. After 
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that juice was pressed hydraulically, which took another 20 min. During 
juice processing by BP Voran EBP 500 (Voran Maschinen GmbH, Pichl 
bei Wels, Austria), disintegrated apple mash dropped directly onto the 
belt of  the press and the whole juice pressing process took about 2 
min. WP Lancman VSPX 120 (Gomark d.o.o., Vransko, Slovenia) 120 
L straining sack was filled with apple mash which took about 2 min, the 
rubber bladder in the middle was filled with water and juice was squeezed 
through the stainless steel membrane, which took about 20 min. 

All juices were pasteurized at 85 °C for 1 min by tubular system and 
packed immediately into airtight 1.4-litre aluminium foil bags with 
Bag-in-box filler BBF6 (Gebhardt Anlagentechnik GmbH & Co. KG, 
Germany). No enzymatic treatment, centrifugation or ascorbic acid 
addition was used. Juices were cooled down and preserved in a cool 
room at 6–10 °C up to three months until analyses. 

In 2016 only WP was used with the same methods as previously in 2015 
(Paper III).

In 2017 (Paper IV), non-inoculated apples with and without 
physiological disorders were separately pressed into juice 10 weeks 
after harvest. All apples with visual symptoms of  fungal infection were 
rejected before juice pressing. 20 kg of  apples in each treatment were 
washed and disintegrated with Voran centrifugal mill RM2.2 (Voran 
Maschinen GmbH, Pichl bei Wels, Austria) and pressed by water-press 
(WP) as described before. Approximately 10 kg of  apples for each 
cultivar were cut into halves in order to inspect apple cores for possible 
visual symptoms of  fungal infection. Inoculated apples (approximately 
1.5–2 kg in each category) were pressed into juice with a laboratory press 
Sencor Juice Extractor SJE 1005. Juices were pasteurized at 85 °C for 1 
min and packed immediately into airtight 1.4-litre aluminium foil bags.

5.4. Apple inoculation with P. expansum

Inoculation experiments were carried out in autumn 2017 and 
winter 2018. At first, the pilot experiment was carried out in order 
to determine the most virulent Penicillium isolate out of  three and 
to find out if  there is a tendency that apples with BP symptoms are 
more susceptible to Penicillium than healthy apples (Paper IV). For 
the pilot experiment, Penicillium spp spores were collected from three 
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different apple cultivars that had visible blue mould rot symptoms. 
Isolates were separately cultured in PDA plate for 2 weeks at 25 °C in 
the dark. Further on, the procedure described by Chen et al. (2017) was 
followed for inoculum preparation. Conidia were harvested with 0.05% 
Tween and counted with a hemocytometer using an optical microscope 
and diluted to a concentration of  1×105 conidia mL-1. In the pilot 
experiment, 36 `Antei´ apples were used: six apples with and six without 
BP symptoms were inoculated with three different P. expansum isolates. 
Apples were surface disinfected for 2 min with 1% sodium hypochlorite 
solution, rinsed three times with deionized water, and air dried on a 
clean bench. Each apple was inoculated in two places with 10 μL of  
the spore suspension (the suspension was mixed using vortexer before 
inoculation) using a pipette. Sterile distilled water with 0.05% Tween 20 
was used as the control. Apples were stored in plastic baskets at 24 °C 
with RH 80%. 

Lesion diameters were measured 7 and 11 days after inoculation (DAI). 
Two diameter values of  each lesion in two mutually perpendicular 
directions were recorded. The average of  the two values was defined 
as the diameter of  the lesion. No apple juice was pressed in the pilot 
experiment. The most virulent Penicillium isolate out of  three was used 
in further inoculation experiments following the same inoculation and 
lesion diameter measuring procedure as described above. The isolates 
identity as P. expansum was confirmed through molecular analysis as 
described by Adamson et al. (2015). 

For further experiments, conventional `Antei´ and `Krameri tuviõun´ 
apples and organic `Talvenauding´ apples were harvested from South 
Estonian apple orchards in autumn 2017. `Talvenauding´ apples had no 
signs of  SS and `Antei´ and `Krameri tuviõun´ had slight BP symptoms 
when harvested. BP symptoms develop during first two months of  
storage. SS symptoms usually develop during shelf  life, when apples 
are removed from cool storage and transferred to room temperature. 
100 kg of  apples were harvested per cultivar and stored at 3±2 °C and 
relative humidity 95%. The storage duration for `Krameri tuviõun´ was 
12 weeks, for `Antei´ 11 weeks and for `Talvenauding´ 14 weeks. Since 
development of  BP continued during storage, `Antei´ and `Krameri 
tuviõun´ fruits were inspected after two months and divided into two 
categories: sound apples and apples with BP. Since SS develops slowly 
at low temperatures and rapidly at room temperature, half  of  the 
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`Talvenauding´ apples were placed at 20±2 °C for one week before the 
inoculation experiment. Flesh firmness was measured from 10 apples 
per category by using TMS-Pro Texture Analyser (Food Technology 
Corporation, USA) before inoculation. Since `Krameri tuviõun´ has 
conic shape and `Talvenauding´ is ribbed, fruit were cut in half  for 
achieving steadiness during measurement. A small skin area was removed 
from two opposite sides of  each fruit around the equator corresponding 
to the blushed and shaded sides as previously described by Saei et al. 
(2011). The penetration force was measured by pressing a 10 mm 
diameter plunger 5 mm deep into peeled fruit at a speed of  1.7 mm/s. 
The two readings taken on opposing sides of  each fruit were averaged 
to obtain a mean flesh firmness value for each fruit. The readings were 
given in Newton (N). 

In the second experiment 30 `Antei´ and 30 `Krameri tuviõun´ apples 
with and without visible BP symptoms (altogether 120 apples) were 
inoculated with the most virulent P. expansum isolate at the beginning 
of  December 2017. Apples were stored and lesion diameters were 
measured as described in the pilot experiment. Half  of  the inoculated 
apples from each treatment were pressed into juice 7 DAI and the other 
half  after 11 DAI in order to determine if  and how much PAT had been 
produced at each time point. By 11 DAI `Krameri tuviõun´ apples were 
too rotten to press juice and PAT was not determined.

The third inoculation experiment was carried out at the end of  January 
2018 when 30 `Talvenauding´ apples with and without SS symptoms 
were inoculated. The lesion diameters were measured 7 DAI and apples 
were pressed into juice on the same day. Since the lesions were already 
large 7 DAI, it was decided that 11 DAI the deterioration of  apples was 
too large to press juice. 

5.5. Measurements and analyses of  apple juices

Total soluble solids (TSS) (Papers I, II) was measured by digital 
refractometer PAL-1 (ATAGO CO., Ltd., Japan). Titratable acidity (TA) 
(Papers I, II) was determined by titration to pH 8.2 with 0.1 mol L-1 
NaOH and expressed as malic acid. For ascorbic acid (AsA) (Papers I, 
II) determination homogenized apple or apple juice was titrated with 
dichlorophenolindophenol using titrator Mettler Toledo DL50 with 
autosampler Rondolino and electrode DM 140-SC. 
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For the determination of  mineral elements (Paper I) a 5-mL aliquote of  
apple juice was heated with the HNO3 and HClO4 at the temperature 
215 °C. The volume of  mineralized juice was transferred into 50 
mL volumetric flask and filled to mark with deionized water. The 
determination of  elements was performed with the MP-AES Agilent 
4200. The atomic emission lines 213.618, 383.829, 430.253 and 769.867 
nm were used for analysis of  P, Mg, Ca and K, respectively. 

The separation and quantitation of  polyphenols (Papers II, III) was 
performed on the column SHIM-Pack XR-ODSII, on the UHPLC-MS 
Shimadzu Nexera X2 system with ESI ion source (Shimadzu Scientific 
Instruments, Kyoto, Japan). Polyphenol standard solutions 1 mg/mL 
were made into 50% methanol or into 50% methanol with the addition of  
1% hydrochloric acid (Raudsepp et al., 2010). Each calibration point was 
measured in triplicate. Apple juices were diluted in the ratio of  1:5 (v:v) 
into 50% methanol with the addition of  1% formic acid. The solutions 
were centrifuged with Eppendorf  Centrifuge MiniSpin (Eppendorf  AG, 
Hamburg, Germany) 12,100*g for 10 minutes and the supernatants were 
transferred into analysis vials. The column temperature was maintained 
at 40 °C, the total flow of  the mobile phase was 0.2 mL/min and the 
injection sample size was 1 µL. The mobile phase gradient contained a 
mixture of  two solvents: 1% formic acid in water (A) and 1% formic acid 
in methanol (B). The multistep gradient slightly modified after Lambert 
et al. (2015) was used to chromatographically separate the polyphenols: 
for 0.01 to 2 min 1% concentration of  mobile phase B was maintained, 
at 2.1 min the concentration of  B was increased to 5%, from 2.1 to 8 
min it was raised to 10%, from 8 to 12 min to 28% and maintained until 
the min 18. By the min 22, the concentration of  B was raised to 45% and 
by 30 min to 99%. The initial concentration of  solvent B was reached at 
35.1 min and the column was reconditioned with 1% of  solvent B for 
5 minutes.

Total antioxidant capacity (TAC) (Papers II, III) was measured in three 
ways. For total antioxidant capacity caused by freely soluble antioxidants 
(TAC DPPHsol), 15 mL apple juice was extracted with 15 mL of  a 1:1 
mixture of  EtOH and 0.06 N HCl. For TAC caused by deeply extracted 
antioxidants, (TAC DPPH acetone), a 1:1 mixture of  EtOH and acetone, 
acidified with 1% HCl 6N was used. For both extracts, 1.1-diphenyl-
2-picrylhydrazil (DPPH) radical quenching was used, following the 
method proposed by Picchi et al. (2012). All measurements were made 
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using an EPR MiniScope MS200 Magnettech (Berlin, Germany). The 
experimental settings of  the spectrometer were as follows: field set, 
3,350 G; scan range, 68 G; scan time, 30 s; modulation amplitude, 
3,000 mG; microwave attenuation, 4 dB; and receiver gain, 1×102. EPR 
spectra were recorded after 1 min of  reaction at 20 °C. The calibration 
was made with Trolox solutions. The results have been given in mg of  
Trolox equivalents for 100 g of  fresh weight. TAC was also measured 
using superoxide anion scavenging (TAC SASC), following the method 
proposed by Valavanidis et al. (2004). The extract was prepared as 
described for TAC DPPHsol. TAC towards O2- was based on the spin 
trapping of  O2-generated by potassium superoxide (KO2) in DMSO with 
the addition of  18-crown-6 ether to complex K+. The spin trap reagent 
was DMPO. EPR recording conditions were as follows: field set, 3,350 
G; scan range, 150 G; scan time, 45 s; modulation amplitude, 3,000 mG; 
microwave attenuation, 7 dB; receiver gain, 4×100, and spectra were 
recorded after 1 min of  reaction at 20 °C. The system was calibrated 
with solutions of  gallic acid; the results have been expressed as mg of  
gallic acid equivalents for 100 g of  fresh weight.

With instrumental colour analysis (Paper II) CIE L*a*b*, Chroma* 
and hue colorimetric coordinates were recorded with a reflectance 
spectrophotometer (Konica Minolta, CM-2600d, Italy Branch Office, 
Cinisello Balsamo), adapted for a liquid sample. Juice lightness is 
characterized instrumentally by parameter L*, greenness/redness by a*, 
blueness/yellowness by b*, saturation (or colour purity) by C* and angle 
of  the hue in the CIE L*a*b* colour wheel by h. Each juice sample was 
analysed three times, with different aliquots coming from the same bulk 
sample. 

Sensory evaluation (Papers I, II) was carried out at Aarhus University 
in Denmark. A trained sensory panel of  10 assessors (nine females/one 
male aged between 28 and 62 years) was used for apple juice sensory 
descriptive analysis. During evaluation, the juice samples were randomly 
served in small plastic beakers with lids (ABENA A/S, Aabenraa, 
Denmark) in amounts of  approximately 15 mL at room temperature. 
Crackers, water and white tea were provided for palate cleansing for the 
assessors. The sensory evaluation of  the analysed samples was carried 
out in three replicates and in six blocks with breaks in between them, 
in two consecutive days (three blocks per day). The attributes were 
evaluated on a 15-cm, non-structured, continuous scale and the ratings 
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were directly registered electronically on a web-based Compusense Cloud 
System (Compusense Cloud software, Compusense, Canada). Training 
and evaluation were conducted in accordance with the International 
Organization for Standardization (ISO, 1993), and carried out in a 
sensory laboratory fulfilling the requirements provided by the American 
Society for Testing and Materials (ASTM, 1986).

Detection of  fungal species contaminating apple cores (Paper III) 
was carried out as follows: 20 kg of  apples from each treatment were 
cut in half, examined for internal symptoms of  fungal growth and the 
percentage of  apples with infected cores was calculated. Pieces from 
each fruit with internal mould symptoms were separately plated onto 
potato dextrose agar (PDA) in 9 cm diameter sterile Petri dishes. All 
plates were incubated at 23±2 °C in the dark as previously described by 
Soliman et al. (2015). Observations of  fungal growth were recorded at 7 
and 14 days of  incubation. Spores were examined under the microscope 
and fungal species identified by morphological characteristics. 

PAT analyses (Paper III, IV) were carried out at the Estonian Health 
Board laboratory, which is accredited by the Estonian Accreditation 
Centre. An in-house method was used based on AFFINISEP Application 
notebook method (AFFINISEP 2019): juices were pre-treated with 
pectinase enzyme, the sample preparation was based on Solid Phase 
Extraction, PAT was eluated from the cartridge with ethyl acetate. After 
evaporation of  the solvent the residue was dissolved in mobile phase 
and PAT was quantitatively determined by HPLC with UV detection. 
Minimum level of  quantification was 4 µg L-1.

5.6. Statistical analyses

All measurements in Papers I, II, III and IV were carried out on three 
parallel samples for each variable and data were expressed in figures 
as the mean value ± standard error (SE). The data in Papers I, II, 
III and IV were evaluated by one- and two-way analysis of  variance 
(ANOVA) and the means in Papers I, II and III were compared by a 
Fisher least significant difference (LSD) test at a 5% probability level. 
In physiological disorder experiment (Paper IV), significant differences 
among the variables for 7 and 11 DAI separately were determined 
according to Duncan’s multiple range test (p ≤ 0.05). Mann-Whitney U 
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tests were performed to compare lesion diameters between categorical 
variables (Paper IV).

Principal component analysis (PCA) were performed in three different 
experiments in order to describe the structure of: sensory properties, 
TSS, TA, P, K, Ca and Mg in relation to the cultivar and organic and 
conventional cultivation system (Paper I); instrumentally measured 
colour, sensory properties, AsA, TSS, TA, polyphenols and TAC 
in relation to the cultivar and pressing method (Paper II) and PAT, 
polyphenol content and TAC in relation to the cultivar and organic and 
conventional cultivation system (Paper III).

Pearson correlation coefficients were determined: between polyphenols 
and antioxidant capacity parameters of  apple juice (Paper II); and 
between instrumentally measured taste-related parameters and sensory 
properties (sweetness, sourness, bitterness) of  apple juice.

All analyses were performed using Dell Statistica versions 12.0 (Paper 
II) and 13.0 (Papers I, III, IV) (Dell Inc., Tulsa, OK, USA).
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6. RESULTS

6.1. Effect of  cultivar and fruit cultivation system on mineral 
composition of  apple juice (I)

Apple cultivar did not affect apple juice mineral composition as much 
as cultivation system – organic `Krameri tuviõun´ and `Talvenauding´ 
juices had significantly higher P, Mg and K content compared to 
conventional counterparts (Paper I, Table 1). No statistical differences 
between the contents of  mineral elements were detected in `Krista´ 
organic and conventional apple juices. No statistical differences among 
juice Ca levels considering different cultivars or cultivation systems were 
detected. Among analysed cultivars, `Talvenauding´ apple juices tended 
to have higher mineral element contents compared to other cultivars, 
especially organic juices. Overall, K was the most abundant mineral 
element found in apple juice. 

6.2. Effect of  cultivar, fruit cultivation system, pre-processing 
storage temperature of  apples and juice processing technology 

on polyphenol concentration in apple juice (II and III)

In processing technology experiment, apple cultivar did not play as 
significant role in apple juice polyphenol concentration as juice pressing 
method. Only `Cortland´ juices had significantly higher content of  
phloridzin compared to others (Paper II, Table 2). In cultivation system 
and pre-processing storage temperature experiment, cultivar differences 
were more notable among polyphenol concentrations (Paper III, Fig. 2). 
`Discovery´ juice had significantly higher chlorogenic acid, (+)catechin 
and procyanidin B2 content compared to juices from other cultivars, with 
no significant differences between organic and conventional samples. 
Moreover, `Aroma´ juice had the highest (-)epicatechin content. `Liivi 
kuldrenett´ had relatively low content of  polyphenols compared to juices 
from other cultivars, except for phloridzin.

Polyphenol content tended to be higher in organic than in conventional 
juices, but the effect of  apple cultivation system was cultivar-dependent. 
Significant differences were found in `Krameri tuviõun´ juices in 
particular, where organic juices contained about three times more 
chlorogenic acid, four to five times more (-)epicatechin, five times more 
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(+)catechin and about ten times more procyanidin B2 than conventional 
juices (Paper III, Fig. 1). This phenomenon was also noted in 2016 (Paper 
III, Fig. 2), when organic ̀ Krameri tuviõun´ juice had almost double the 
amount of  chlorogenic acid, three times more (-)epicatechin and more 
than double the (+)catechin content compared to conventional juices. 
`Talvenauding´ had also significantly higher contents of  chlorogenic acid, 
(-)epicatechin, catechin and procyanidin B2 in organic juices compared 
to conventional ones both in 2015 and 2016 (Paper III, Fig. 1 and 2). 
Organic `Aroma´ apple juices from Norway had also significantly higher 
contents of  (-)epicatechin, procyanidin B2 and quercitrin compared to 
conventional ones. 

Higher than optimal apple storage temperature had mostly negative 
effects on juice polyphenol content (Paper III, Fig. 1). Organic apples 
tended to be more affected by temperature than conventional ones. 
For instance, organic `Krista´ juice pressed from apples stored at 9 °C, 
contained 35% less (-)epicatechin and 33% less (+)catechin compared to 
the juice pressed from apples stored at optimal temperature (3 °C). For 
conventional `Krista´ juices, higher apple storage temperature caused 
only a 6% reduction in (-)epicatechin content and (+)catechin content 
was not affected. A similar effect was noted for organic and conventional 
`Talvenauding´ juice (+)catechin and (-)epicatechin content, and for 
`Talvenauding´ juice procyanidin B2 content. Also, a clear decrease in 
chlorogenic acid content was detected for organic apples stored at 9 °C, 
but the same effect was not noticed for conventional apples.

Processing technology had significant effect on apple juice polyphenol 
content (Paper II, Table 2). Chlorogenic acid, (-)epicatechin, (+)
catechin and procyanidin B2 concentrations showed similar patterns 
in response to processing: their levels were the highest in BP-juices 
among all cultivars. In `Krista´ and `Krameri tuviõun´ juices the content 
of  mentioned polyphenols were the lowest in RFP-juice. BP method 
showed the highest concentration of  procyanidin B2 in all four apple 
cultivars used; the lowest concentration was found in juice pressed 
with RFP. Rutin was the only polyphenol that had higher levels in RFP-
juices than in BP-juices in most cases. Pressing methods did not have 
a consistent effect on the content of  quercitrin. Sum of  Quercetin-3-
O-galactoside and Quercetin-3-O-glucoside (SUMQ) content was the 
highest in WP-juices among all cultivars except `Krista´, which had 
similar SUMQ content in BP- and WP-juice.
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6.3. Effect of  cultivar, fruit cultivation system and juice 
processing technology on apple juice sensory properties  

(I and II)

6.3.1. Apple juice sensory properties evaluated by trained 
assessors

Sensory properties of  juices were most of  all affected by cultivar: 
`Krameri tuviõun´ juice was sweeter and less sour compared to 
`Talvenauding´ and `Krista´ juice (Paper I, Fig. 1 and Paper II, Table 
6). `Cortland´ juices of  all three pressing technologies were significantly 
sweeter compared to ̀ Talvenauding´ and ̀ Krista´ juices (Paper II, Table 
6). ̀ Krameri tuviõun´ juice had also low astringency level. ̀ Talvenauding´ 
juice had many good sensory properties including the most intense fresh 
flavour and apple flavour and the least bitter taste. On the other hand, 
`Talvenauding´ apple juice had the least golden colour and the highest 
rate of  astringency. `Krista´ apple juice showed generally average values, 
except for being the most non-transparent juice. `Talvenauding´ juices 
were evaluated to be the most sour ones and `Krameri tuviõun´ juices 
the sweetest by the sensory panellists. 

Cultivation system did not affect the sweetness, sourness as well as fresh- 
and apple flavour of  the juices. Only organic `Krameri tuviõun´ juice 
had more intense golden colour compared to conventional counterpart 
(Paper I, Table 3). 

Processing technologies had significant impact on juice taste, aroma 
and flavour characteristics (Fig. 5). BP-juice had the greatest differences 
from others, characterized as less sweet, more sour, bitter and astringent 
compared to WP- and RFP-juices. It also had a less fresh aroma and 
more cooked apple and spicy aroma. BP-juices had also notably less 
golden colour compared to other presses. RFP- and WP-juices had no 
differences in sweetness, sourness, astringency and bitterness. Also, in 
most of  the cases, mentioned presses resulted in similar flavour and 
aroma characteristics of  juices. However, WP-juice of  ̀ Krameri tuviõun´ 
had significantly more apple aroma and flavour, and fresh aroma and 
flavour compared to BP- and RFP-juices. 
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Figure 5. The mean sensory properties of  `Krista´, `Krameri tuviõun´, `Talvenauding´ 
and `Cortland´ apple juices as affected by processing technologies.

6.3.2. Instrumentally measured taste-related parameters of  apple 
juices

Instrumentally measured taste-related parameters were clearly 
more affected by cultivar than by processing technology (Table 2). 
Fruit cultivation system had an effect on juice TSS and TA: higher 
concentrations were measured in organic juices (except for TA in 
`Krista´ apple juice), but TSS/TA ratio was not affected by cultivation 
system (Paper I, Table 2). TSS was significantly higher in ̀ Cortland´ and 
`Talvenauding juices compared to ̀ Krista´ and ̀ Krameri tuviõun´ juices. 
The highest TSS was measured in `Cortland´ RFP juice. TA was higher 
in ̀ Krista´ and ̀ Talvenauding juices compared to ̀ Krameri tuviõun´ and 
`Cortland´ juices. The highest TA was measured in `Talvenauding´ RFP 
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juice. TSS/TA ratio was the highest in `Cortland´ juices and the lowest 
in `Krista´ juices. 

Table 2. Instrumentally measured taste-related parameters (total soluble solids (TSS) 
and titratable acidity (TA) of  organic apple juices depending on pressing with rack-
and-frame press (RFP), belt press (BP) and water press (WP).

`Krista´ `Krameri 
tuviõun´

`Talve-
nauding´

`Cortland´ Mean

TSS (%)
RFP 10.4±0.0h 10.4±0.02h 12.6±0.03b 12.7±0.03a 11.5±0.3A

BP 10.7±0.0f 9.9±0.0i 11.8±0.0d 12.6±0.03b 11.2±0.3B

WP 10.6±0.0g 10.8±0.04e 12.6±0.0b 12.2±0.03c 11.5±0.3A

Mean 10.6±0.0C 10.4±0.1D 12.3±0.1B 12.5±0.1A

TA (%)
RFP 0.70±0.01d 0.54±0.00g 0.76±0.00a 0.57±0.00f 0.64±0.03B

BP 0.75±0.00b 0.52±0.00h 0.74±0.00c 0.61±0.00e 0.66±0.03A

WP  0.70±0.00d 0.57±0.00f 0.71±0.00d 0.46±0.00i 0.61±0.03C

Mean  0.72±0.01B 0.54±0.01C 0.74±0.01A 0.55±0.02C

TSS/TA
RFP 14.9±0.1h 19.1±0.0d 16.5±0.0f 22.2±0.1b 18.2±0.8B

BP 14.3±0.1i 19.0±0.0d 16.0±0.1g 20.5±0.0c 17.4±0.7C

WP 15.1±0.1h 18.9±0.1d 17.8±0.1e 26.6±0.2a 19.6±1.3A

Mean 14.8±0.1D 19.0±0.0B 16.8±0.3C 23.1±0.9A

Values are means ± standard error, n=4. Values with different letters for the same 
parameter are significantly different (P < 0.05).

TSS concentration did not have significant correlation with either 
sweetness, sourness or bitterness assessed by trained panellists (Table 3). 
TA had a strong positive correlation with sourness and strong negative 
correlation with sweetness. TA had also significant positive correlation 
with bitterness. TSS/TA ratio had strong positive correlation with 
sweetness and strong negative correlation with sourness. 
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Table 3. Correlation coefficients between instrumentally measured taste-related 
parameters and sensory properties of  apple juice 

 TSS% TA% TSS/TA Sweetness Sourness Bitterness
TSS%
TA% 0.115
TSS/TA 0.410 -0.845
Sweetness -0.131 -0.906 0.736
Sourness 0.269 0.874 -0.634 -0.956
Bitterness 0.176 0.410 -0.262 -0.572 0.651

Correlations marked with bold are significant at P < 0.05

6.4. Factors affecting patulin content in apple juice (III and VI)

Pre-processing storage temperature of  apples had an effect on apple 
juice PAT contamination, but the effect was not uniform among all 
apple cultivars. Juices pressed from both organic and conventional 
`Talvenauding´ stored at 9±2 °C had PAT contamination (28 and 5 µg 
L-1 respectively), but juice pressed from the same apples stored at 3±2 
°C did not have a PAT content above the quantification limit (Paper 
III, Table 1). Also, juice from organic `Krameri tuviõun´ apples stored 
at 9±2 °C had PAT content of  8 µg L-1, while the juice pressed from 
apples stored at 3±2 °C did not contain PAT. In contrast, juice pressed 
from conventional `Krameri tuviõun´ apples stored at 9±2 °C did not 
contain PAT, while juice pressed from conventional `Krameri tuviõun´ 
apples stored at 3±2 °C had PAT contamination of  25 µg L-1. Neither of  
the juices pressed from `Krista´ apples stored at a warmer temperature 
contained PAT, whereas juice made of  organic apples stored at 3±2 °C 
had low PAT content (6 µg L-1). 

Considering cultivation system, 46% of  organic AJ (n=11) and 33% 
of  conventional AJ (n= 6) contained PAT among all analysed juices in 
2015 (Paper III, Table 1). Two organic juices contained PAT above the 
legal limit: `Ahrista´ juice 191 µg L-1 and `Discovery´ juice 64 µg L-1. In 
2016, no PAT was found in any of  the juices despite the fact that several 
species of  PAT-producing fungi were found from apple cores (Paper 
III, Table 2). 



48

Physiological disorders had significant effect on apple juice PAT 
contamination. Two cultivars out of  three showed that in fruit with 
physiological disorders, Penicilllium infection and PAT production 
proceeded significantly faster compared to apples, which did not have 
physiological disorders. Superficial scald increased the risk for PAT 
occurrence in juice more than bitter pit: while the juice pressed from 
bitter pit–affected apples with no visual signs of  fungal diseases did not 
contain PAT, juice pressed from apples with superficial scald contained 
PAT three times above legislative limits defined by the European 
Commission and World Health Organization (50 μg L-1).

Among the inoculated apples, juice pressed from fruits with bitter pit 
symptoms had significantly higher PAT content than juice pressed from 
sound apples at both 7 and 11 DAI. Also, the PAT content in the juice 
pressed from inoculated `Antei´ apples, which had no physiological 
disorders, contained PAT below the legal limit of  50 μg L-1. PAT content 
in juice pressed from apples with bitter pit symptoms was more than 
three times above the legal limit. Although no significant differences 
in flesh firmness were detected, the results indicated that P. expansum 
develops more rapidly and starts to produce PAT significantly sooner in 
`Antei´ apples with bitter pit symptoms compared to sound apples.

Juice pressed from non-inoculated `Krameri tuviõun´ apples with or 
without bitter pit symptoms did not contain PAT. The lesion diameters 
of  `Krameri tuviõun´ apples with and without bitter pit symptoms were 
not significantly different at 7 or 11 DAI (Paper IV, Table 1). At 7 DAI, 
the content of  PAT was higher in the juice pressed from initially sound 
inoculated apples compared to juice pressed from inoculated apples 
with bitter pit symptoms. The results from `Krameri tuviõun´ apples 
were not in accordance with the findings of  the other two cultivars: 
the lesion diameters of  the apples with no physiological disorders were 
significantly larger and juice PAT content was higher compared to the 
apples with bitter pit symptoms. 

Juice pressed from apples without superficial scald did not contain 
PAT over detection limit (<4 μg L-1), whereas juice pressed from non-
inoculated `Talvenauding´ apples with superficial scald symptoms had 
PAT contamination of  162.5 μg L-1, which is above the legislative limit 
of  50 μg L-1 (World Health Organization, 1995). At 7 DAI, apples with 
superficial scald had significantly smaller lesion diameters than initially 
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sound inoculated apples. However, PAT content was higher in the juice 
pressed from apples with superficial scald symptoms than sound apples 
(4,922 and 4,203 μg L-1, respectively).
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7. DISCUSSION

7.1. Effect of  cultivar and fruit cultivation system on mineral 
composition of  apple juice (I)

Many statements of  earlier studies are in accordance with our findings 
about `Talvenauding´ and `Krameri tuviõun´ organic apple juices: P, K 
and Mg contents were higher in organic juices and the effect of  cultivation 
system was evident. Reviews of  multiple studies show that organic crops 
do provide significantly greater levels of  mineral elements: Worthington 
(2001), Lairon (2010) and Crinnion (2010) reported that P and Mg levels 
were higher in organic crops compared to non-organic counterparts of  
the same foods; Cen et al. (2020) reported that compared to conventional 
management, organic management significantly increased apple P and K 
content; Roussos and Gasparatos (2009) reported that the concentration 
of  K was higher in organic apples. 

Organic `Talvenauding´ and `Krameri tuviõun´ apples were harvested 
from over 30-year old low-maintenance orchards, where trees were not 
fertilized and not pruned for nine years since 2006. Usually the whole 
yield was not harvested from this orchard and thus some amount of  
nutrients were returned to the soil after decomposition of  fallen apples. 
Conventional trees from the same cultivars were pruned and fertilized. It 
is known that pruning causes excessive vegetative growth and therefore 
apple trees are taking up more N, which, due to fertilization, was also 
available to the trees. Since N and K are antagonistic in tree nutrition, it 
could be one reason why conventional apples had lower concentration 
of  K. A previous study from Perring and Preston (1974) showed that 
summer pruning lowered the concentration of  P and K in apples. The 
effects of  different pruning treatments were also studied by Bünemann 
and Struklec (1980), who reported that the effects of  winter- and 
summer pruning on apple fruit P, K, Mg and Ca contents were evident, 
but not uniform in two study years.

Organic and conventional `Krista´ apple juices were not statistically 
different in terms of  mineral composition even though the organic 
orchard received notably less nutrients via fertilization. Since both 
orchards were pruned every spring, we may suggest that the effect of  
pruning overplayed the role of  different rates of  nutrients applied.
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Our results indicate that even though the old low-maintenance organic 
apple orchards do not produce high quality apples for fresh consumption, 
cloudy apple juice made from those apples may be a better source of  
valuable mineral elements for humans than apple juice pressed from 
conventional or well-maintained organic orchards.

7.2. Effect of  cultivar, fruit cultivation system, pre-processing 
storage temperature of  apples and juice processing technology 

on polyphenol concentration in apple juice (II and III)

As reviewed by Kalinowska et al. (2014), the concentration of  individual 
phenolic compounds in apples depends on the cultivar, maturity of  
the fruit, cultivation conditions, harvest, storage and infections. Same 
authors give an overview about the content of  phenolic compounds 
found in a wide range of  different apple cultivars and it is easy to 
conclude that differences in polyphenol concentrations among different 
apple cultivars are evident. In our study, the differences in polyphenol 
content in apple juices among the cultivars were often overplayed by 
other factors. For instance, phloridzin content in apple juice was rather 
influenced by cultivar than by processing technology (Paper II, Table 
2), but organic cultivation system resulted in higher phloridzin contents 
compared to conventional counterparts in all three cultivars studied 
(Paper III, Fig. 1). The concentrations of  other polyphenols studied 
were also higher in `Krameri tuviõun´ and `Talvenauding´ organic 
juices compared to conventional juices (Paper III, Fig. 1 and 2). One 
reason why juice pressed from organic apples had significantly higher 
concentrations of  polyphenols could be the difference in apple fruit 
moth (Agryresthia conjugella Zeller) damage - it has been reported 
earlier that phenolic compounds have an important role as defence 
mechanisms against pathogens (Cushnie and Lamb 2005; Ferreyra et al., 
2012; Sun et al., 2017; Zhong et al., 2018). This pest was highly abundant 
in Vasula organic orchard in Estonia where ̀ Talvenauding´ and ̀ Krameri 
tuviõun´ apples were originating. However, which particular pathogens 
induce the formation of  phenolic compounds, is usually not specified. 

The degrading effect of  higher than optimal apple storage temperature 
on polyphenols and reasons why polyphenol concentration in organic 
apples decreased more than in conventional ones, could be related to the 
multiple injuries of  organic apples caused by pest insects. Injured apples 
have higher respiration rate, which is also accelerated by the higher 
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storage temperature and therefore the degradation processes in fruits 
are faster. Fagundes et al., 2013 reported that during apple respiration, 
organic acids are the main substrates consumed until their content is 
decreased, therefore the TA concentration can be viewed as the indicator 
of  apple fruit respiration rate. For instance, the TA of  `Talvenauding´ 
organic apples stored at 9 °C was 35% lower compared to the apples 
stored at 3 °C while conventional apples of  same cultivar stored at 9 °C 
had 20% lower TA compared to the conventional apples stored at 3 °C 
(data not shown). 

It is known that the content of  phenolic compounds decreases 
substantially during milling and pressing of  apples due to oxidation of  
pomace and freshly pressed juice (van der Sluis et al., 2002). In our 
study, chlorogenic acid, (-)epicatechin, (+)catechin and procyanidin B2 
concentrations showed similar patterns in response to processing: their 
levels were the highest in BP-juices among all cultivars. In `Krista´ and 
`Krameri tuviõun´ juices the content of  mentioned polyphenols were 
the lowest in RFP-juice (Paper II, Fig 1). Chlorogenic acid is considered 
to be the preferred substrate for PPO (Nicolas et al., 1994; Renard et al., 
2011). (-)epicatechin and (+)catechin have also been identified as PPO 
substrates in apples (Rocha and Morais, 2001). The longer crushed apple 
pulp, PPO and named substrates are in contact, the less of  the named 
polyphenols remain in the juice. Our results can mostly be attributed to 
the apple mash oxidation rate: since for BP, disintegrated apple mash 
dropped directly on the belt, and the pressing process was the fastest, 
the pulp oxidation was the lowest and content of  above mentioned 
polyphenols was the highest. For RFP, apple mash was spread out layer 
by layer by hand and therefore most of  the apple mash was oxidised. BP 
method showed the highest concentration of  procyanidin B2 in all four 
cultivars; the lowest concentration was found in juice pressed with RFP. 
Although procyanidins are not PPO substrates, they can be oxidised 
indirectly by enzymatically generated hydroxycinnamic acid o-quinones 
(Le Bourvellec et al., 2009). Therefore, the speed of  crushing, pressing 
and time of  exposure to oxidation influences procyanidin content as 
well. Jaeger et al. (2012) stated that RFP shows lower total phenolics 
content than BP and release of  polyphenols is lower from coarse mash 
than from fine mash. Since the BP abrasive belt crushes apple pulp 
even more after milling, more polyphenols can be extracted to the juice 
depending on the susceptibility of  the polyphenols to oxidation.
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7.3. Effect of  cultivar, fruit cultivation system and juice 
processing technology on apple juice sensory properties  

(I and II)

7.3.1. Apple juice sensory properties evaluated by trained 
assessors 

Earlier study from Tanaka et al. (2015) showed that conventionally 
cultivated apples had significantly more intense flavours and floral, sweet, 
and fruity characteristics, whereas organic apples had green and sour 
taste characteristics. In our study differences between sensory properties 
were mainly significant among cultivars, not caused by cultivation system, 
except organic `Krameri tuviõun´ juice, which had more intense golden 
colour compared to conventional juice (Paper I, Table 3). 

Pressing methods had a significant impact on juice taste, aroma and 
flavour characteristics. BP-juice had the greatest differences from others, 
characterized as less sweet, more sour, bitter and astringent compared 
to WP- and RFP-juices. It also had a less fresh aroma and more cooked 
apple and spicy aroma. Two main causes for mentioned sensory 
properties could be pointed out. First, BP was able to extract more 
polyphenols, especially procyanidins (procyanidin B2, (-)epicatechin and 
(+)catechin) (Paper II, Table 2), which have been stated to contribute 
to the astringent and bitter taste (Lea and Arnold 1978). Apple seeds and 
core are known to contain bitter polyphenols (Kammerer et al., 2014) 
and since the BP is more powerful and pressed the mash drier, some 
polyphenols from the core and seeds could also be extracted. Secondly, 
the oxidation level of  the BP-juice was lower due to the fast process. Our 
results are in agreement with Renard et al. (2011), who demonstrated 
that astringency and bitterness of  cider apple juice decreased with mash 
oxidation levels. BP-juices had also notably less golden colour compared 
to other presses.

RFP- and WP-juices had no differences in sweetness, sourness, 
astringency and bitterness (Paper II, Table 6). Also, in most of  the cases, 
mentioned presses resulted in similar flavour and aroma characteristics 
of  juices. However, WP-juice of  `Krameri tuviõun´ had significantly 
more apple aroma and flavour, and fresh aroma and flavour compared 
to BP- and RFP-juices. Komthong et al. (2006) stated that apple juice 
odours change during enzymatic browning and are dependent on 
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oxidation time, for instance the intensity of  `Jonagold´ apple juice fresh 
and apple-like odours increased sharply after the juice became brown, 
but decreased gradually after two hours of  browning.

7.3.2. Instrumentally measured taste-related parameters of  apple 
juices

The results of  our study showed, that TSS alone does not predict either 
sweetness, sourness or bitterness of  apple juice. This finding is in 
contradiction with the earlier study of  Harker et al. (2002) who reported 
that TSS was the best predictor of  apple fruit sweetness, however, the 
predictive ability was small and evaluation of  sweet taste also required 
assessment by trained sensory panels. The same authors stated that TA 
was amongst the best predictors of  acid taste. In our study, TA could 
predict apple juice sourness and bitterness. 

Our results showed that TSS/TA ratio was the strongest and best 
predictor of  both sweet and sour taste of  apple juice: the higher TSS/
TA ratio, the sweeter and the lower TSS/TA ratio, the more sour is the 
taste of  the product. This finding is in accordance with the results of  a 
recent study carried out in Estonia, where local consumers evaluated the 
sweetness and sourness of  different apple juices and the best predictor 
of  named parameters was TSS/TA ratio (Kilki, 2018).

Higher concentrations of  TA and TSS were measured in organic 
apple juice pressed from `Talvenauding´ and `Krameri tuviõun´ apples 
harvested from old (over 30 years) low-maintenance orchard compared to 
organic apple juice pressed from ̀ Krista´ apples harvested from younger 
(over 10 years), well-maintained and fertilised orchard. Similar tendency 
was noted in the study by Raffo et al. (2014) where `Golden Delicious´ 
apples from the non-fertilised plots tended to accumulate relatively high 
level of  total organic acids (7.71 mg g-1), whereas an opposite trend was 
observed for the commercial organic treatment (fungal biomass based 
fertiliser, obtained by fermentation of  a mixture formed by soya meal, 
sugar, syrups, cottonseed meal, trace elements and vitamins), with total 
acids content of  6.74 mg g-1. Same study showed similar results on the 
sugar content, but only in one study year out of  two.

Stolzenbach et al. (2016) reported that the basic tastes sweet and sour were 
key properties and played a central role in consumer liking acquisition. 
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Also Jaros et al. (2009) reported that one of  the main driving sources 
for sensory preference is the sugar/acid ratio. `Talvenauding´ juices 
were evaluated to be the most sour ones and `Krameri tuviõun´ juices 
the sweetest by the sensory panellists as the instrumentally measured 
taste-related parameters predicted. Jaros et al. (2009) stated that hedonic 
ranking by 110 untrained panellists revealed that the less sweet and 
more acidic apple juice products were significantly preferred; however, 
there was a sub-fraction of  approximately one-third of  the panel who 
preferred the samples with a higher sugar/acid ratio. 

7.4. Factors affecting patulin content in apple juice (III and VI)

7.4.1. Apple cultivation system

Several studies have claimed that conventional apples have a lower 
incidence of  toxigenic moulds compared to organic apples (Tournas 
and Memon 2009, Piqué et al., 2013). Other researchers have found that 
cultivation system did not have any significant effect on PAT content 
in apples (Cunha et al., 2014). Also, according to largescale surveillance 
of  PAT in apple products in Michigan (Harris, 2007), 42.9% of  organic 
AJs (n=14) had detectable PAT, whereas only 21.4% of  conventional 
apple juices (n=145) had PAT contamination. Based on our results from 
the year 2015, a similar trend was noticed: 46% of  organic apple juices 
and 33% of  conventional apple juices contained PAT. However, there 
were exceptions: juice pressed from conventional `Krameri tuviõun´ 
contained PAT (25 µg L-1), whereas its organic counterpart did not 
contain PAT. One of  the reasons could be presence of  bitter pit in 
conventional apples, which was probably caused by excessive nitrogen 
fertilization and intensive pruning of  trees in early spring, which was 
not done in the organic orchard. Our results of  a following experiment 
showed that even though bitter pit is a physiological disorder, it can 
weaken the resistance of  the fruit to pathogens and necrotic pitted tissue 
is a favourable environment for the growth of  PAT-producing fungi. 

7.4.2. Weather conditions

In 2015, juice of  organic `Ahrista´ and `Discovery´ had PAT content 
above the EU legal limit (191 and 64 µg L-1, respectively). The result was 
surprising, since apples were firm and had no visual symptoms of  any 
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fungal diseases. Due to the good visual appearance, apple cores were 
not inspected in 2015. It is known that PAT is mainly produced in rotten 
parts of  the fruits (Cheraghali et al., 2005). Zhong et al. (2018) reported 
that PAT has been constantly detected in apple products made from 
externally healthy apples that have internal rot which is not omitted 
before pressing. However, Soliman et al. (2015) reported that several 
fungal species may inhabit the core of  the fruit that appears visually 
blemish free. Cracks of  the seed cavity may occur due to certain harsh 
environmental conditions and fungal spores can come in contact with the 
internal tissue of  the fruit using it as a substrate, in this case a sound fruit 
may contain toxins (Tournas and Memon, 2009). Soliman et al. (2015) 
reported that PAT-producing Penicillium caused a serious problem since 
the fungus can still grow and produce the mycotoxin without destroying 
the fruit itself. In 2016, apples in the same experiment were cut in half  
prior to processing to inspect the cores. From conventional apples, only 
Estonian `Liivi kuldrenett´ fruits had visual mould symptoms in the 
core. The majority of  organic apples had insect damage and many of  
them had visual symptoms of  fungal infection in the core. Penicillium 
spp. was found in organic `Krameri tuviõun´ apples of  Estonian origin 
and in organic `Aroma´ apples originating from Norway. Alternaria 
spp. was detected in both organic and conventional `Ahrista´ apples, 
which had been grown in Denmark. Fusarium spp. was detected in 
conventional `Ahrista´ and organic `Talvenauding´ apple cores. The 
highest percentages of  apples with visible core mould were found in 
organic `Ahrista´ and organic `Aroma´ apples from Denmark (22.1%, 
16.2% and 10.6%, respectively). Named cultivars had PAT in juice the 
year before, but none of  the apple juices were contaminated with PAT 
in 2016. The hypothesis was formulated that the PAT formation in 2015 
could be related to differences in weather conditions in 2015 and 2016. 
Spotts et al. (2009) have stated that rainfall during or just before harvest 
may increase the risk of  post-harvest decay; therefore the sum of  
precipitation and average temperature two weeks before harvest of  each 
apple cultivar was analysed. It was revealed that in Danish and Estonian 
orchard locations, the harvest season in 2016 was a lot drier and warmer 
compared to the 2015 season when PAT was found in juice (Paper III, 
Table 3). For instance, in 2015 the temperature and rainfall two weeks 
before harvest of  `Ahrista´ apples was average for this period, but in 
2016 there was almost no rain (1.5 mm). In the location of  `Aroma´ 
there was 22 mm more rain in 2015 and in the location of  `Krameri 
tuviõun´ 16 mm more rain fell in 2015, compared to 2016 during the 
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two weeks before harvest. Norwegian `Discovery´ was an exception, 
since it rained more in 2016 and the reasons for PAT occurrence in juice 
in 2015 remain unclear.

7.4.3. Pre-processing storage temperature of  apples

It is common knowledge that apple storage temperature should be as low 
as possible in order to slow down respiration and inhibit development 
of  postharvest diseases. Tournas and Memon (2009) stated that storage 
of  the fruit at/or below 5 °C will inhibit the growth of  P. expansum and 
prevent the production of  PAT. Louw and Korsten (2014) reported that 
higher temperatures (6.2±1.7 °C vs. 0 °C) resulted in a shorter lag phase 
and faster growth rate for P. expansum. Our study indicated that higher 
storage temperatures may increase the probability for PAT occurrence 
in cultivars whose fruits are susceptible to physiological disorders like 
`Krameri tuviõun´ and `Talvenauding´. 

7.4.4. Apple physiological disorders

P. expansum developed more rapidly in `Antei´ apples with bitter pit 
symptoms. Guerrero-Prieto et al. (2017) reported that the greater the 
fruit Ca content, the lower the severity of  P. expansum infection. Our 
results support this statement, because it is widely known that the main 
cause of  bitter pit is Ca deficiency. Fungal conidia of  P. expansum 
invades through wounds and bruises of  the fruit (Spotts et al., 1998) and 
it can be assumed that even though bitter pit affected areas are below 
the skin, somehow the skin above disordered tissues is also weaker and 
makes it possible for P. expansum to invade the fruit. 

The results from `Krameri tuviõun´ apples were not in accordance with 
the findings of  the other two cultivars studied: the lesion diameters of  
the apples with no physiological disorders were significantly larger and 
juice PAT content was higher compared to the apples with bitter pit 
symptoms. The reason for that might be that `Krameri tuviõun´ apples 
were much softer than the other two cultivars studied (Paper IV, Tables 
1 and 2) and therefore more susceptible to different competing fungi like 
Botrytis and Gloeosporium, which were developing alongside with P. 
expansum and suppressing its development. Earlier studies by Morales 
et al. (2013) have proven that interactions between Botrytis cinerea and 
P. expansum in grape juice medium enhanced B. cinerea growth and 
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prevented PAT accumulation, which indicates that P. expansum is a 
weak competitor compared to other common postharvest pathogens 
in apples. 

Juice pressed from apples without superficial scald did not contain 
PAT over detection limit (<4 μg L-1), whereas juice pressed from non-
inoculated `Talvenauding´ apples with superficial scald symptoms had 
PAT contamination of  162.5 μg L-1, which is above the legislative limit 
of  50 μg L-1 (World Health Organization, 1995). At 7 DAI, apples with 
superficial scald had significantly smaller lesion diameters than initially 
sound inoculated apples. However, PAT content was higher in the 
juice pressed from apples with superficial scald symptoms than sound 
apples (4,922 and 4,203 μg L-1, respectively). This may indicate that the 
lesion diameter on the fruit surface does not definitively describe the 
development phase of  P. expansum and production of  mycotoxin 
PAT. The finding is also in accordance with the results of  Drusch and 
Ragab (2003), who reported that no correlation between the size of  the 
lesion and the PAT concentration was found. Although `Talvenauding´ 
apples had similar flesh firmness compared to `Antei´ apples, the lesion 
diameters were approximately twice as large compared to other two 
cultivars and PAT content was extremely high. 

Harris (2007) reported that `Jonagold´ and `Red Delicious´ apple juice 
extracted from rotten tissue of  fruits inoculated with P. expansum in 
the laboratory typically contained >1,000 µg of  PAT L-1 by 6 days after 
inoculation. In our study `Antei´ and `Krameri tuviõun´ apple juice 
pressed after 7 days of  inoculation contained less than 1,000 μg L-1 of  
PAT, but `Talvenauding´ apple juice contained more than 1,000 μg L-1 

of  PAT. 

Based on current study it can be stated that the lesion diameters of  
`Talvenauding´ apples affected by superficial scald were about twice as 
big and the PAT content in apple juice was many times higher compared 
to apple juice pressed from `Krameri tuviõun´ and `Antei´ apples 
affected by bitter pit. This indicates, that P. expansum develops in the 
fruit and starts to produce PAT faster in apples with superficial scald 
compared to apples with bitter pit. The cause for this may be because 
bitter pit formation starts internally in the flesh of  apples and pit appears 
on the fruit surface with time (Jarolmasjed et al., 2016). Superficial 
scald formation starts on the apple surface due to the death of  cells in 
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the epidermal or hypodermal layers of  the skin (Colgan et al., 1999), 
which at later stages can lead to the development of  internal damage 
and pathological disorders (Paliyath et al., 1997). Since P. expansum 
is a wound pathogen and invades the fruit through the skin, it can be 
assumed that superficial scald affected fruits are more susceptible to 
P. expansum development because the surface of  the fruit is already 
damaged. Earlier studies in Estonia have shown that bitter pit in 
`Krameri tuviõun´ usually appears after two months of  storage and 
superficial scald of  `Talvenauding´ after four months of  storage (Moor 
et al., 2006). Based on our observations, mentioned fruits should be 
processed before physiological disorders appear.
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CONCLUSIONS

•	 Factors affecting patulin occurrence in apple juice:

1. The most important outcome of  this thesis was that apple 
physiological disorders increase the risk for patulin occurrence in 
juice (IV). Patulin formation in disordered apples may occur even 
if  visual signs of  fungal infection are not present. Superficial scald 
increases the risk for patulin occurrence in juice more than bitter 
pit. 

2. It was not proven that organic cultivation method would always 
increase the risk for patulin occurrence in apple juice (III). Weather 
conditions, especially amount of  precipitation two weeks before 
apple harvest, turned out to be more important in determining 
patulin formation.

3. Higher, than optimal storage temperatures may increase the risk for 
patulin formation in apples prone to physiological disorders such as 
`Krameri tuviõun´ and `Talvenauding´ apples (III).

4. The proposed protective effect of  polyphenols against patulin-
producing fungi was not confirmed. Some cultivars had high 
polyphenol content and excessive amounts of  patulin at the same 
time (III). 

•	 Factors affecting polyphenol content and mineral compostion 
of  apple juice: 

1. Cultivation system had significant effect on mineral composition 
of  organic apple juice when the apples were harvested from old 
low-maintenance orchards: organic juices turned out to be richer 
source of  P, K and Mg compared to the conventional juices or 
organic apple juices pressed from apples harvested from young 
well-maintained orchards (I).

2. Polyphenols in organic apples were more prone to degradation if  
apples were kept at higher than optimal storage temperatures before 
juice processing (III). 

3. Pressing technology had a significant influence on polyphenol 
concentration in apple juice (II). Rack-and-frame press juices had 
the lowest and belt-press juices the highest content of  polyphenols. 
Compared to rack-and-frame press, water press juices had higher 
antioxidant capacity and content of  quercetin derivatives. 
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•	 Factors affecting sensory properties of  apple juice: 

1. Cultivation system had no influence on apple juice sensory 
properties. 

2. Pressing technology had a significant influence on sensory quality of  
apple juice (II). Belt press-juice had the poorest sensory properties 
characterized as less sweet, more sour, bitter and astringent compared 
to other juices. WP-juices had a fresher aroma and flavour and were 
the most yellow and brightest.

Practical use of  the results

The results of  the current thesis can be put into practice by apple 
growers, apple juice producers, nutritionists, consumers, pharmaceutical 
industry and food supplement producers. 

Apple growers should pay more attention to the rainfall two weeks 
before apple harvest – the results of  current thesis suggest that in rainy 
harvest seasons, apples are more prone to fungal infections in apple 
cores and even fruits with good appearance may be contaminated with 
patulin. The storage temperature of  the apples should not be higher 
than optimal (3±2 °C) to avoid polyphenol degradation and risk for 
patulin formation.

Apples for juice processing should be more carefully inspected, including 
inspections of  apple cores and physiological disorders for reducing 
the risk for apple juice patulin contamination. In order to provide the 
safety of  the apple juices available at the market, the food quality and 
safety controlling institutions should pay more attention to patulin 
contamination and if  necessary, make the patulin analyses out of  each 
batch mandatory.

Juice producers can benefit from apples harvested from old low-
maintenance orchards, which is valuable material for producing apple 
juice richer in mineral elements and polyphenols. 

According to results of  the current thesis, small-scale juice producers 
can be advised to implement water press instead of  rack-and-frame 
press in order to produce healthier, tasty and more aromatic apple juice 
with relatively low cost compared to belt press technology.
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Consumers and nutritionists can find useful information in current 
thesis about apple juice sensory properties, mineral composition and 
content of  health-beneficial polyphenols. Additionally, pharmaceutical 
industry and food supplement producers can benefit from the knowledge 
that `Cortland´ apples have very high phloridzin and procyanidin B2 
concentrations compared to the other studied cultivars. 

Further research objectives 

Our study indicated that patulin occurrence in apple juice is affected 
by multiple factors and can also be found in excessive amounts in juice 
pressed from visually non-spoiled apples. Further studies with different 
cultivars in different pre- and postharvest conditions should be carried 
out, in order to understand better the risk for its occurrence in apple 
products.

Since apples with bitter pit and superficial scald are often used for 
juice pressing all over the world, further studies with apple cultivars 
susceptible to these disorders should be carried out in order to increase 
the knowledge about the risk factors causing patulin contamination in 
apple juice.
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SUMMARY IN ESTONIAN

ÕUNAMAHLA KVALITEETI JA MÜKOTOKSIINI 
PATULIINI TEKET MÕJUTAVAD TEGURID

Sissejuhatus

Õunamahl on apelsini- ja ananassimahla kõrval üks enim turustatavaid 
ja tarbitavaid mahlu maailmas. Aastatel 2012–2016 imporditi Ida-
Euroopasse ja Eestisse vastavalt 35283–44406 tonni ja 559–833 tonni 
kontsentreerimata õunamahla aastas (Calder, 2017).

Õunte ja õunatoodete kasulikkus inimese tervisele on üldteada: lisaks 
vitamiinidele ja mineraalidele sisaldavad need polüfenoole, mis seovad 
ja neutraliseerivad inimorganismis vabu radikaale, kaitstes seeläbi 
inimest südame-veresoonkonna haiguste ja vähi eest (van der Sluis et 
al., 2002; Biedrzycka ja Amarowicz 2008). Lisaks eelmainitud kasulikele 
omadustele avaldavad polüfenoolid olulist mõju ka õunamahla maitsele 
ja värvusele (Lea ja Arnold 1978, Renard et al. 2011). Paljud tervisele 
kasulikud polüfenoolsed ühendid põhjustavad õunamahlas kibedat 
maitset ja kootavat toimet, mis tarbijatele enamasti ei meeldi.

Tarbija eelistused on alati mõjutanud jookide turgu (Calder, 2019B). 
Peamised tegurid, mis mängivad õunamahla meeldivuse puhul rolli, on 
magus ja hapu maitse ning nende kahe omavaheline tasakaal (Okayasu ja 
Naito, 2001; Kozlowska et al., 2003; Stolzenbach et al., 2016; Włodarska 
et al., 2016; Kilki, 2018). Viimaste aastakümnete jooksul on tarbijad 
muutunud teadlikumaks ja hindavad lisaks sensoorsetele omadustele 
tervislikumaid, ohutumaid ja tõhusamalt kontrollitud toiduaineid (Gąstoł 
ja Domagała-Świątkiewicz, 2012). Juba aastaid on nii toitumisspetsialistid 
kui ka tarbijad soosinud terviseteadlikku jookide tarbimist (Calder, 2019B). 
Ülemaailmne teadlikkus energia- ja karastusjookide ebatervislikkusest 
on tõusujoones, seetõttu usuvad mõned eksperdid, et puuviljamahlad 
võivad asendada energia- ja karastusjookide turuosa järgneva 10–20 
aasta jooksul (Calder, 2019A).

Kui õunte ja õunamahla tervistavatest omadustest on palju räägitud, siis 
vähem tähelepanu on pööratud õunamahlas sisalduvatele kahjulikele 
ühenditele ja nende esinemist soodustavatele teguritele. Tarbijad on 
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üsna teadlikud võimalikust taimekaitsevahendite jääkide esinemisest 
õuntes ja vastavates toodetes ning nende võimalikust tervistkahjustavast 
mõjust, kuid väga vähesed tarbijad on kuulnud õunatoodetes esinevatest 
mükotoksiinidest (Sumberg, 2017). Tervislikkus on mahetoidu ostmise 
üks peamisi põhjusi (Magnusson et al., 2003). Teisalt on maheviljeluses 
kasvanud õuntel suurem tõenäosus nakatuda seenhaigustesse ja seeläbi 
võib ka mükotoksiini esinemise oht olla õunamahlas suurem, kuna 
maheviljeluses ei kasutata sünteetilisi fungitsiide. Peamine õuntes ja 
õunatoodetes leiduv mükotoksiin on patuliin ja enamasti toodab seda 
rohehallitust põhjustav seen nimega Penicillium expansum. Patuliin võib 
inimtervist negatiivselt mõjutada mitmel viisil: põhjustada neuroloogilisi, 
immunoloogilisi ja seedetrakti häireid ning olla potentsiaalne 
genotoksiline ja kantserogeenne ühend (Saleh ja Goktepe, 2019). 

Nii tervisele kasulike kui ka tervist kahjustavate ühendite esinemine 
ja kogus õunamahlas sõltub paljudest teguritest alustades kasvatamis- 
ja saagikoristusviisidest ning lõpetades säilitustingimuste ja 
töötlemistehnoloogiatega. Õunamahla kvaliteet sõltub olulisel määral 
pressimiseks valitud õunte kvaliteedist. Õunamahl on traditsiooniliselt 
olnud madala maksumusega toode ja tehtud õuntest, mis ei vasta 
välimuselt lauaõuna kvaliteedistandarditele (Varming et al., 2013). 
Vähem tähelepanu on pööratud sisemistele kvaliteedinäitajatele nagu 
polüfenoolide sisaldusele või latentsetele seenhaigustele, mis ei ole 
visuaalselt nähtavad.

Patuliini produtseerivate seente kasv sõltub paljudest teguritest nagu 
niiskus, temperatuur, pH, õunte kasvatusmeetod ja koristusküpsus 
(da Cruz Cabral et al., 2013; Vilanova et al., 2014). Patuliin ei lagune 
kuumtöötlemisel, eriti happelises keskkonnas (Cunha et al., 2014) 
ning seetõttu sisaldavad patuliini ka õunamahl ja teised pastöriseeritud 
õunatooted, mis on valmistatud patuliini sisaldavatest õuntest. Seetõttu 
on väga oluline pöörata tähelepanu õunte kasvatus-, saagikoristus-, 
säilitus- ja töötlemismeetoditele ennetamaks patuliinisaastet õunamahlas. 

Ka polüfenoolide sisaldus mahlas on sõltuv eelnimetatud teguritest. 
Lisaks võib õunamahlas leiduvate polüfenoolide hulk sõltuda olulisel 
määral õunte purustamis- ja pressimistehnoloogiatest, eriti määravad on 
kasutatav mahlapressi tüüp ja mahla pressimiskiirus (Renard et al., 2011). 
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Teema, millele ei ole tähelepanu pööratud, on füsioloogiliste häiretega 
õunte sobivus mahla pressimiseks. Eeldatakse, et kuna füsioloogilised 
häired ei ole põhjustatud seenhaigustest, on nende kahjustustega õunad 
mahla pressimiseks ohutud. Samas võivad koore pruunistumise või 
kaltsiumipuuduse laikudega õunad olla seenhaigustele vastuvõtlikumad 
ja nakkus võib kahjustatud kudedes areneda nii, et visuaalselt ei 
ole seenhaiguste tunnuseid märgata. Vähe on uuritud ka erinevate 
mahlapressimise meetodite positiivseid ja negatiivseid mõjusid mahla 
kvaliteedile, koostisele ja sensoorsetele omadustele. 

Doktoritöö eesmärk oli välja selgitada järgmist:

•	 viljelusviisi mõju õunamahla mineraalelementide- ja 
polüfenoolide sisaldusele ning sensoorsetele omadustele (I, III);

•	 viljelusviisi mõju patuliini esinemisele õunamahlas (III);

•	 õunte pressimiseelse säilitustemperatuuri mõju polüfenoolide 
sisaldusele ja patuliini esinemisele õunamahlas (III);

•	 pressimistehnoloogia mõju õunamahla polüfenoolide sisaldusele 
ja mahla sensoorsetele omadustele (II);

•	 füsioloogiliste häiretega õunte vastuvõtlikkus rohehallitusele ja 
patuliini tekkele (IV). 

Katsematerjal- ja metoodika

Doktoritöö raames tehtud katsed viidi läbi aastatel 2015–2018 Eesti, Taani 
ja Norra päritolu õuntest pressitud mahladega (Tabel 4). Eesti päritolu 
õunad korjati Vasula (58°27′N; 26°43′E), Polli (58°08′N; 25°32′E) ja 
Rõhu (58°21′N; 26°31′E) õunaaedadest; Taani õunad Årslevist (55°18′N; 
10°26′E); ja Norra õunad Sognist (60°54′N; 7°11′E), Jaastadist (60°20′N; 
6°37′E) ja Lofthusist (60°19′N; 6°39′E). Katsetes, kus võrreldi mahe- ja 
tavõunu, korjati õunad lähestikku asuvatest õunaaedadest, et välistada 
kasvukoha mikrokliima mõju mõõdetud parameetritele.
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Tabel 4. Ülevaade doktoritöö raames toimunud katsetest.

Artik-
kel

Sordid, millest 
mahla pressiti

Uuritud 
mõjufaktor

Analüüsitud 
parameetrid

Saagi-
koristuse 
aasta 

Istandiku 
asukoht

I `Krista´, 
`Krameri 
tuviõun´, 
`Talve nauding´

Viljelusviis 
(mahe, tava), 
sort

Mahla kuivaine-, 
orgaaniliste 
hapete-, P-, K-, 
Ca-, Mg-sisaldus, 
sensoorsed 
omadused

2015 Vasula;
Polli

II `Cortland´
`Krista´, 
`Krameri 
tuviõun´, 
`Talve nauding´

Pressimis-
tehnoloogia 
(vesipress, 
lintpress, 
pakkpress), 
sort

Askorbiin-
happe-, mahla 
kuivaine-, 
orgaaniliste 
hapete-, 
polüfenoolide 
sisaldus, 
antioksüda-
tiivne aktiivsus, 
sensoorsed 
omadused, 
värvus

2015 Vasula;
Polli

III `Krameri 
tuviõun´, 
`Krista´, 
`Cortland´, 
`Rubinstep´, 
`Ahrista´, 
`Discovery´, 
`Aroma´, 
`Karen 
Schneider´,
`Talve nauding´

Viljelusviis 
(mahe, tava), 
pressi-
miseelne 
säilitustem-
peratuur, 
sort

Seenhaigused 
õunasüdami-kes, 
polüfenoolide ja 
patuliini-sisaldus, 
antioksüda-tiivne 
aktiivsus 

2015
2016

Vasula,
Polli,
Årslev, 
Sogn, 
Lofthus,
Jaastad

IV `Antei´, 
`Krameri 
tuviõun´, 
`Talve nauding´

Füsioloogi-
lised häired 
(kaltsiumi-
puuduse 
laigud, koore 
pruunistu-
mine), sort

Õunte 
nakatumine 
rohe hallitusse, 
patuliini sisaldus 
mahlas

2017 Rõhu,
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Katsetes I, II ja III säilitati nii Eesti, Norra ja Taani õunu 3±2 
°C ja 95% suhtelise õhuniiskuse juures. Katsetes, milles uuriti 
säilitustemperatuuri mõju, säilitati lisaks 100 kg `Krameri tuviõun´, 
`Krista´ ja `Talvenauding´ sortide mahe- ja tavaõunu 9±2 °C juures 
(III). Katses IV paigutati `Talvenaudingu´ õunad enne nakatamist 
P. expansum spoorisuspensiooniga üheks nädalaks temperatuurile 
20±2 °C, et koore pruunistumine intensiivistuks. Katses, milles uuriti 
pressimismeetodi mõju, kasutati kolme erinevat mahlapressi: pakkpress, 
vesipress ja lintpress (II). Kõikides teistes katsetes kasutati mahla 
pressimiseks ainult vesipressi (I, II, III, IV). Lisaks kasutati P. expansumi 
spoorisuspensiooniga nakatatud õunte pressimiseks laboripressi (IV). 
Kõik mahlad pastöriseeriti 85 °C juures 1 minuti vältel ja pakendati 
õhutihedatesse mahlakottidesse. Mahlad jahutati ja säilitati 6–10 °C 
juures kuni analüüsimiseni. 

Füsioloogiliste häiretega õuntega viidi läbi P. expansumi 
spoorisuspensiooniga nakatamise katsed (IV). 30 füsioloogiste 
häiretega ja 30 füsioloogiliste häireteta õuna igast sordist nakatati 
spoorisuspensiooniga, pooled õunad pressiti mahlaks 7 päeva ja 
ülejäänud õunad 11 päeva pärast nakatamist selgitamaks välja, kas ja kui 
palju patuliini oli hetkel produtseeritud.

Katseõuntest ja/või mahladest määrati mahla kuivainesisaldus (I, II), 
askorbiinhappesisaldus (I, II), mineraalelementide P, Mg, Ca ja K sisaldus 
(I), polüfenoolide sisaldus (II, III), antioksüdatiivne aktiivsus (II, III), 
instrumentaalselt mõõdetud värvus (II), sensoorsed omadused (I, II), 
hallitusseente liigid õunte südamikes (III), ja patuliinisisaldus (III, IV). 

Tulemused

Viljelusviis mõjutas õunamahla mineraalset koostist sordist olenevalt, 
kuid tulemust võis mõjutada ka istandiku vanus ja hooldustase. Üle 
30-aastasest väetamata ja võralõikuseta maheistandikust korjatud 
`Krameri tuviõuna´ ja `Talvenaudingu´ õuntest pressitud mahl sisaldas 
oluliselt rohkem P, Mg ja K võrreldes tavaviljeluses kasvatatud samade 
sortide mahladega (I). Samas ei erinenud `Krista´ mahe- ja tavaõuntest 
pressitud mahlad mineraalelementide sisalduse poolest. `Krista´ õunad 
korjati Pollist 10-aastastest mahe- ja tavaistandikest, kus ka maheaias oli 
igal aastal teostatud võra lõigatud. Ca-sisaldust õunamahlas ei mõjutanud 
sort ega viljelusviis. 
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Õunamahla polüfenoolide sisaldust mõjutas oluliselt kasutatud 
pressimistehnoloogia (II) – lintpress säilitas tänu väga kiirele 
pressimisprotsessile kõige rohkem tervisele kasulikke polüfenoolseid 
ühendeid ja aeglase tehnoloogiaga pakkpress kõige vähem. Võrreldes 
pressimistehnoloogiaga oli sordi mõju õunamahla polüfenoolide 
sisaldusele marginaalne, ainult floridsiinitase oli võrreldes teiste 
sortidega oluliselt kõrgem sordi `Cortland´ õuntest pressitud mahlades. 
Mahla polüfenoolide sisaldust mõjutas eriti maheõunte puhul 
negatiivselt optimaalsest kõrgem õunte säilitustemperatuur enne mahla 
pressimist. Maheõuntest pressitud mahla puhul oli märgata tendentsi 
kõrgemale polüfenoolide sisaldusele, kuid see mõju oli sorditi erinev 
– märkimisväärsed erinevused olid sordi `Krameri tuviõun´ mahlade 
vahel, kus maheõuntest pressitud mahl sisaldas võrreldes tavaõuntest 
pressitud mahlaga ligikaudu kolm korda rohkem (-)epikatehhiini, ca viis 
korda rohkem (+)katehhiini ja ligikaudu 10 korda rohkem protsüanidiini 
B2 (III). 

Õunamahla sensoorseid omadusi mõjutas kõige rohkem õunasort, 
oluline mõju oli ka pressimistehnoloogial, kuid õunte viljelusviis mahla 
sensoorseid omadusi ei mõjutanud (I, II). Nii sort kui ka viljelusviis 
mõjutasid instrumentaalselt mõõdetud mahla kuivaine ja orgaaniliste 
hapete sisaldust: kõrgemad sisaldused mõõdeti mahemahlades, kuid 
nimetatud parameetrite omavaheline suhe ei sõltunud viljelusviisist (I). 
Pressimistehnoloogia eelmainitud karakteristikutele mõju ei avaldanud.

Pressimiseelne õunte säilitustemperauur avaldas mõju õunamahla 
patuliinisisaldusele, kuid mõju ei olnud kõikidele sortidele ühesugune: 
`Talvenaudingu´ puhul oli optimaalsest kõrgemal säilitustemperatuuril 
patuliinisisaldust suurendav mõju nii tava- kui ka maheõuntest pressitud 
mahlale; `Krameri tuviõuna´ puhul oli mõju sama vaid maheõuntest 
pressitud mahlale ja vastupidine mõju tavaõuntest pressitud mahlale. 
`Krista´ puhul leiti vähesel määral patuliini vaid optimaalsel temperatuuril 
säilitatud õuntest pressitud mahemahlast (III). 

Võttes arvesse viljelusviisi, sisaldas 46% testitud mahemahladest (n=11) 
ja 33% testitud tavamahladest (n= 6) patuliini (III). Kaks mahemahla 
sisaldasid patuliini rohkem kui Maailma Terviseorganisatsiooni määratud 
piirnorm (50 μg L-1): Taani päritolu ilusa välimusega `Ahrista´ õuntest 
pressitud mahl 191 µg L-1 ja Norra `Discovery´ mahl 64 µg L-1. 
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Õunte füsioloogilistel häiretel oli oluline mõju õunamahla 
patuliinisisaldusele: kahe sordi puhul kolmest ilmnes, et füsioloogiliste 
häiretega õuntes toimub Penicilllium seene areng ja patuliini 
produktsioon oluliselt kiiremini kui õuntes, millel füsioloogilised häired 
puudusid. Koore pruunistumine suurendas patuliini esinemise riski 
õunamahlas rohkem kui kaltsiumipuuduse laigud: kui seenhaiguste 
tunnusteta kaltsiumipuuduse laikudega õuntest pressitud mahl ei 
sisaldanud patuliini; siis mahl, mis oli pressitud seenhaiguste tunnusteta 
koore pruunistumisega õunest, sisaldas patuliini kolm korda üle Maailma 
Terviseorganisatsiooni määratud piirnormi.

 Kokkuvõte ja järeldused

•	 Õunamahla patuliinisisaldust mõjutavad tegurid:

1. Doktoritöö kõige olulisem tulemus oli avastus, et õunte 
füsioloogilised häired suurendavad patuliini esinemise riski 
õunamahlas (IV). Patuliin võib tekkida füsioloogiliste häiretega 
õuntes ka siis, kui õuntel puuduvad märgid seenhaigusega 
nakatumisest. Koore pruunistumine suurendab õunamahla 
patuliinisisalduse esinemise riski rohkem kui kaltsiumipuuduse 
laigud. Seetõttu tuleks füsioloogiliste häiretega õunad pressida 
mahlaks esimesel võimalusel, et vähendada õunamahla patuliiniga 
saastumise riski. 

2. Doktoritöös ei leidnud tõestust hüpotees, et mahe viljelusviis tõstab 
alati õunamahla patuliinisisalduse riski (III). Ilmastikutingimused, 
eriti sademete hulk kaks nädalat enne saagikoristust, osutusid 
patuliini tekkel olulisemaks. Seetõttu tuleks vihmastel aastatel pöörata 
rohkem tähelepanu mahla pressimiseks valitud õuntele ja kontrollida 
pisteliselt õunte südamikke võimalike südamikumädanike osas. 

3. Optimaalsest kõrgem õunte säilitustemperatuur enne mahla 
pressimist võib suurendada patuliini teket eelkõige füsioloogilistele 
häiretele vastuvõtlike sortide nagu `Krameri tuviõun´ ja 
`Talvenauding´ õuntest pressitud mahlades (III). 

4. Töös ei leidnud kinnitust ka hüpotees, et polüfenoolsed ühendid 
suurendavad õunte vastupanuvõimet patuliini produtseerivatele 
hallitusseentele. Mõnede sortide mahlades oli samaaegselt nii kõrge 
polüfenoolide- kui ka patuliinisisaldus (III). 
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•	 Õunamahla polüfenoolide ja mineraalelementide sisaldust 
mõjutavad tegurid: 

1. Viljelusviisil oli õunamahla mineraalelementide sisaldusele oluline 
mõju juhul, kui õunad olid korjatud vanadest, vähese hooldusega 
istandikest: mahemahlad osutusid rikkalikumaks P, K ja Mg allikaks 
(I). Maheõuntest pressitud mahladel oli tendents kõrgemale 
polüfenoolide sisaldusele, kuigi sorditi oli mõju erinev (III). 

2. Kui õunu säilitati enne mahla pressimist optimaalsest kõrgemal 
temperatuuril, siis vähenes maheõuntes polüfenoolide sisaldus enam 
kui tavaõunte polüfenoolide sisaldus. Seetõttu ei tohiks pressimiseks 
mõeldud õunu säilitada kõrgemal temperatuuril kui 3±2 °C (III). 

3. Pressimistehnoloogial oli mahla polüfenoolide sisaldusele oluline 
mõju (II). Pakkpressi mahlades oli kõige madalam ja lintpressi 
mahlades kõige kõrgem polüfenoolide sisaldus. Võrreldes 
pakkpressiga oli vesipressi mahladel kõrgem antioksüdatiivne 
aktiivsus ja kvertsetiini derivaatide sisaldus, seega võiks 
väiketootjatele soovitada vesipressi kasutamist pakkpressi asemel 
tootmaks tervislikku ja maitsvat õunamahla.

•	 Õunamahla sensoorseid omadusi mõjutavad tegurid: 

1. Viljelusviis ei avaldanud mõju õunamahla sensoorsetele omadustele 
(I). 

2. Pressimistehnoloogial oli oluline mõju õunamahlade sensoorsetele 
omadustele (II). Lintpressi mahladel oli kõige enam omadusi, mida 
seostatakse tarbijatele mittemeeldimisega: lintpressi mahlad olid 
vähem magusad, enam hapud ja kibedad ning neis esines kootavat 
toimet. Vesipressi mahladel oli kõige värskem aroom ja maitse ning 
mahla värvus oli kõige säravam. Nimetatud omadused lubavad 
eeldada, et tarbijad eelistaksid vesipressi mahlu. 

Töö tulemuste rakendamise võimalused praktikas

Doktoritöö tulemusi saavad praktikas kasutada nii õunakasvatajad, 
õunamahla tootjad, kontrollorganid, toitumisspetsialistid, 
farmaatsiatööstus, toidulisandite tootjad kui ka tarbijad. 

Doktoritöö tulemused viitavad, et vihmastel aastatel on õunad 
vastuvõtlikumad südamikumädanikele ja isegi näiliselt ilusad viljad võivad 
sisaldada patuliini. Seetõttu on vajalik pöörata tähelepanu sademete 
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hulgale kaks nädalat enne saagikoristust. Õunte säilitustemperatuur enne 
mahla pressimist ei tohiks olla kõrgem kui optimaalne (3±2 °C) vältimaks 
polüfenoolide lagunemist ja patuliini tekke ohtu. Mahla pressimiseks 
valitud õunu tuleb pisteliselt kontrollida ka seesmiselt, lõigates näiteks 
igast partiist mõnikümmend kilogrammi õunu pooleks. Füsioloogiliste 
häiretega õunad tuleb mahlaks pressida esimesel võimalusel, et vähendada 
õunamahla patuliiniga saastumise riski. 

Turul müüdavate kontsentreerimata õunamahlade ohutuse tagamiseks 
peaksid toiduohutuse ja -kvaliteedi kontrollasutused (Veterinaar- ja 
Toidulaboratoorium ning Põllumajandusuuringute Keskus) pöörama 
rohkem tähelepanu õunamahlade patuliinianalüüsidele ning vajadusel 
tegema patuliinisisalduse määramise igast toodetud mahlapartiist 
kohustuslikuks.

Mahlatootjad saavad rikkalikuma mineraalelementide- ja polüfenoolide 
sisaldusega mahla pressimiseks edukalt kasutada vanadest vähese 
hooldusega õunaaedadest korjatud õunu. 

Tuginedes doktoritöö tulemustele, võib väiketootjatele soovitada 
vesipressi kasutamist pakkpressi asemel, et toota tervislikumat, 
maitsvamat ja aromaatsemat õunamahla. 

Tarbijad ja toitumisspetsialistid leiavad tööst kasulikku informatsiooni 
õunamahlade sensoorsete omaduste ning mineraalelementide- ja 
polüfenoolide sisalduse kohta. Lisaks on farmaatsiatööstusele ja 
toidulisandite tootjatele oluline info õunasordi `Cortland´ väga kõrge 
floridsiini- ja protsüanidiin B2 sisaldus teiste katses uuritud sortidega 
võrreldes. 

Edasist uurimist vajavad küsimused

Doktoritöö tulemustest selgus, et patuliini võib suurtes kogustes 
leiduda ka õunamahlas, mis on pressitud väliselt riknemistunnusteta või 
füsioloogiliste häiretega õuntest. Edaspidi on oluline uurida patuliini 
teket visuaalsete seenhaiguste tunnusteta õuntes, sest õunamahla tootjad 
loevad niisuguseid õunu ohututeks. Kuna füsioloogilise häiretega õunu 
kasutatakse sageli õunamahla pressimiseks kogu maailmas, tuleks 
nimetatud häiretele vastuvõtlike õunasortidega läbi viia rohkem uuringuid, 
et mõista paremini patuliini esinemise riskitegureid õunamahlades. 
Eelkõige on oluline kindlaks teha, kas ja kuidas on võimalik patuliini 
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teket visuaalselt tervetes õuntes ennustada. Oluline on uurida, visuaalselt 
tervetes õuntes on patuliini tekkeks tarvis erinevate soodustavate 
faktorite kokkulangevust (näiteks vihmane koristusperiood, teatud 
sordiomadused, hilinenud korjamisaeg, ebapiisav jahutusefektiivsus, 
liiga pikk säilitusaeg enne mahla pressimist) või on määravaks vaid mõni 
üksik tegur.
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Abstract 
The aim was to determine the differences in mineral composition and sensory 

properties of cloudy apple juice depending on apple cultivation system. Three 
indigenous Estonian cultivars were chosen on condition that the same cultivars would 
be grown in organic and conventional orchards at the same geographical location. 
‘Krameri tuviõun’ and ‘Talvenauding’ apples were harvested from old (over 30 years) 
low maintenance orchard and ‘Krista’ apples from a 10-year-old experimental orchard. 
100 kg of apples per cultivar and cultivation system were stored at +3±2°C for two 
months and then pressed into juice using a Lancman waterpress. Total soluble solids 
(TSS), titratable acidity (TA) and content of P, K, Ca and Mg were determined from 
apples and from juice. Descriptive sensory analysis of apple juice was carried out by a 
trained sensory panel. ‘Krameri tuviõun’ and ‘Talvenauding’ apples and respective 
juices from old organic orchard had significantly higher content of P, K and Mg 
compared to the conventional counterparts. Mineral composition of ‘Krista’ apples 
from the younger well-maintained organic orchard and respective juice was not 
significantly different from conventional ones except for P concentration, which was 
higher compared to conventional apples. Organic apples from the old orchard had 
higher TSS compared to conventional ones, but this difference was no more significant 
in juice. Sensory properties of juices were most of all affected by cultivar: ‘Krameri 
tuviõun’ juice was sweeter and less sour compared to ‘Talvenauding’ and ‘Krista’. 
Cultivation system did not affect the sweetness, sourness as well as fresh and apple 
flavour. Our results indicate that even though the old organic apple orchards do not 
produce high quality apples for fresh consumption, cloudy apple juice made from those 
apples is a better source of valuable mineral elements for humans than apple juice 
pressed from conventional or well-maintained organic orchards. 

Keywords: taste, flavour, sweetness, sourness, cultivar effect 

INTRODUCTION 
Apple juice has traditionally been a low-cost product made from fruit not meeting the 

quality demands for fresh consumption due to factors like unappealing appearance, firmness, 
or sensitivity to bruising (Varming et al., 2014). These characteristics are common to organic 
apples due to limited methods of avoiding plant diseases (Yue et al., 2009). Appearance is also 
problematic for Estonian ‘Talvenauding’ and ‘Krameri tuviõun’ conventional apples, which 
suffer from superficial scald and bitter pit, respectively. 

Feldmann and Hamm (2015) reported that consumers worldwide prefer local food. A 
consumer study carried out in Estonia demonstrated that people prefer domestic apples 
(Moor et al., 2014). Consumers may also prefer foods that are familiar to them rather than 
selecting new foods (Lyman, 1989). Traditional indigenous fruit cultivars can be considered a 
product strongly bound to a specific territory, reflecting the agricultural tradition of the region 
and the cultural identity of its inhabitants (Cerutti et al., 2013). Several studies have proven 
that old apple cultivars have higher sensory and nutritional qualities when compared to 
commercial ones including better resistance to biotic and abiotic stresses, higher rate of 
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phenolic compounds, greater antioxidant activity and higher level of ascorbic acid (Planchon 
et al., 2004; Varming et al., 2014; SŠ avikin et al., 2014). Indigenous apple cultivars also are 
valuable source for the crop genetic variability (SŠ avikin et al., 2014). Old cultivars should be 
preserved in order to maintain biodiversity, their very unconventional quality traits, such as 
special fruit shape, skin colour, nutritional value and organoleptic traits and also the historical 
and cultural links that these cultivars represent (Cerutti et al., 2013). 

During recent decades consumers have started to be more aware and besides sensory 
properties value healthier, safer and better controlled foods (Gąstoł and Domagała-
SŚwiątkiewicz, 2012). When buying organic apples and apple products, health is often cited as 
the primary reason (Organic Trade Association, 2009; Slattery et al., 2011). Previous studies 
comparing apple and apple juice mineral composition obtained from the organic and 
conventional farming systems have shown some advantages of organic apples: Stüpp et al. 
(2015) reported that ‘Royal Gala’ and ‘Fuji’ organic apples showed higher K/Ca, Mg/Ca and 
(K+Mg)/Ca ratios, higher Ca content, lower soluble solids in apple flesh in both cultivars 
compared to conventional ones as well as higher K content in the flesh of ‘Royal Gala’ apples 
and lower fruit skin K content in ‘Fuji’ apples. Roussos and Gasparatos (2009) found that K 
and Ca concentrations were higher in the flesh portion of organically produced ‘Starking 
Delicious’ apples. However, there have been also controversial findings: Amarante et al. 
(2008) reported that K and Mg concentrations were lower in ‘Royal Gala’ and ‘Fuji’ apples 
produced by organic management system, but Ca concentration of conventional and organic 
apples did not differ statistically. Gąstoł and Domagała-SŚwiątkiewicz (2012) found no 
statistical difference between Mg content of organic and conventional ‘Red Boskoop’ apple 
juices while Weibel et al. (2000) found Mg content to be higher in organic apple juice. 

Mineral elements are needed by the human body in different amounts depending on the 
element to maintain good health. Juices are especially notable sources of minerals in infants’ 
diet (Winiarska-Mieczan and Nowak, 2008). Early mineral deficiency in childhood may lead 
to an increase in infectious diseases which cannot only influence immediate health but also 
may have an important impact on adult health (Cámara et al., 2005; Briones-Labarca et al., 
2011). Despite concerns about healthiness, organoleptic features are still more important to 
many consumers (Falguera et al., 2012) and mineral elements with putative health beneficial 
properties should be observed together with taste-related parameters and sensory 
properties. 

The aim of the current study was to determine mineral composition and sensory 
properties of conventional and organic cloudy apple juices pressed from three Estonian 
indigenous apple cultivars. 

MATERIAL AND METHODS 
Estonian apple cultivars ‘Krista’, ‘Krameri tuviõun’ and ‘Talvenauding’ grown in South 

Estonian conventional and organic orchards were chosen on condition that the same cultivars 
would be grown at the same geographical location. ‘Krameri tuviõun’ and ‘Talvenauding’ 
apples were harvested from old (over 30 years) low maintenance orchard in Vasula (58°27’N; 
26°43’E) and ‘Krista’ apples from a 10-year-old experimental orchard in Polli (58°08’N; 
25°32’E). 

The Vasula apple orchard section, which is organic since 2006, was established in 1980. 
No fertilization or irrigation has been used since 2006 and no crown pruning has been done. 
The Vasula conventional orchard was established in 1981. The orchard was fertilized in 2014 
autumn and spring with complex fertilizers. The orchard received 67 kg ha-1 N, 14 kg ha-1 P 
and 66 kg ha-1 K. Trees were sprayed once against insect pests and three times against apple 
scab. In the Vasula conventional orchard the apple tree crowns were pruned every spring. 

Organic and conventional ‘Krista’ orchards in Polli Horticultural Research Centre were 
established in 2008, where the apple tree crowns were pruned every year. The orchard 
received 11 kg ha-1 N, 1 kg ha-1 P and 9 kg ha-1 K. In 2015 insect pest control was carried out 
with a natural insecticide NeemAzal T/S and trees were sprayed with NaHCO3 solution against 
fungal diseases. 

The conventional orchard received 65 kg ha-1 N, 17 kg ha-1 P and 71 kg ha-1 K. Trees were 
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sprayed twice against insect pests and three times against apple scab. 
100 kg of apples per cultivar and cultivation system were stored at +3±2°C for two 

months until starch degradation occurred. Apples were washed, disintegrated with Voran 
centrifugal mill RM2.2 (Voran Maschinen GmbH, Austria) and pressed cultivar by cultivar into 
juice using a Lancman waterpress. Juices were pasteurized at 85°C for 1 min by tubular system 
and packed immediately into airtight 1.4-L aluminium foil bags with Bag-in-box filler BBF6 
(Gebhardt Anlagentechnik GmbH & Co. KG, Germany). No enzymatic treatment, centrifugation 
or ascorbic acid addition was used. Juices were cooled down and preserved in a cool room at 
6-10°C until analyses. 

Total soluble solids (TSS) was measured by digital refractometer PAL-1 (ATAGO CO., 
Ltd., Japan). Titratable acidity (TA) was determined by titration to pH 8.2 with 0.1 mol L-1 
NaOH and expressed as malic acid. For ascorbic acid (AsA) determination homogenized apple 
or apple juice was titrated with dichlorophenolindophenol using titrator Mettler Toledo DL50 
with autosampler Rondolino and electrode DM 140-SC. 

For the determination of mineral elements a 5-mL aliquote of apple juice was heated 
with the HNO3 and HClO4 at the temperature 215°C. The volume of mineralized juice was 
transferred into 50 mL volumetric flask and filled to mark with deionized water. The 
determination of elements was performed with the MP-AES Agilent 4200. The atomic 
emission lines 213.618, 383.829, 430.253 and 769.867 nm were used for analysis of P, Mg, Ca 
and K, respectively. 

Sensory evaluation was carried out at Aarhus University in Denmark. A trained sensory 
panel of 10 assessors (nine females/one male aged between 28 and 62 years) was used for 
apple juice sensory descriptive analysis. During evaluation, the juice samples were randomly 
served in small plastic beakers with lids (ABENA A/S, Aabenraa, Denmark) in amounts of 
approximately 15 mL at room temperature. Crackers, water and white tea were provided for 
palate cleansing for the assessors. The sensory evaluation of the 12 samples was carried out 
in three replicates and in six blocks with breaks in between them, in two consecutive days 
(three blocks per day). The attributes were evaluated on a 15-cm, non-structured, continuous 
scale and the ratings were directly registered electronically on a web-based Compusense 
Cloud System (Compusense Cloud software, Compusense, Canada). Training and evaluation 
were conducted in accordance with the International Organization for Standardization (ISO, 
1993), and carried out in a sensory laboratory fulfilling the requirements provided by the 
American Society for Testing and Materials (ASTM, 1986). 

All measurements were carried out on three parallel samples for each variable and data 
were expressed in tables as the mean value ± standard error (SE). The data were evaluated by 
two-way analysis of variance (ANOVA) and the means were compared by a Fisher least 
significant difference (LSD) test at a 5% probability level. Analyses were performed on 
standardised mean data. All analyses were performed using Statistica for Windows version 
12.0 (StatSoft, Inc., Tulsa, OK, USA). 

RESULTS AND DISCUSSION 

Mineral composition of apples and juices 
The results showed that higher amounts of mineral elements were found in apples 

compared to juices, especially P and Ca (Table 1). This indicates that the accessibility and 
solubility of P and Ca could have been dependent on the presence of soluble or insoluble 
complexes of P and Ca. Reviews of multiple studies show that organic crops do provide 
significantly greater levels of P and Mg compared to non-organic varieties of the same foods 
(Crinnion, 2010). The statement is in accordance with our findings about organic apples 
harvested from old low-maintenance orchards: P content was higher in organic apples and 
juice except for ‘Krista’. The highest level of P was detected in ‘Talvenauding’ organic apples 
and apple juice. K was the most abundant mineral element found in apple juice, in accordance 
with the results reported by SŠ avikin et al. (2014). Roussos and Gasparatos (2009) reported 
that the concentration of K was higher in organic apples. The pattern of K and Mg 
concentration in our study in organic and conventional apples and juices of different cultivars 
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was the same as for P: the concentration was higher in organic ‘Talvenauding’ and ‘Krameri 
tuviõun’ apples and juices. K content was the highest in ‘Talvenauding’ organic apples and 
juice. Mg content of conventional and organic ‘Krista’ apples and juice was not statistically 
different. No statistical differences among fruit or juice Ca levels considering different 
cultivars or cultivation systems were detected. 

Table 1. Mineral composition of apples and juices. 

Content of mineral elements in apples (mg 100 g-1) 
 P Mg Ca K 
Krameri tuviõun Conventional 9.9 de 5.97 b 5.4 ab 108 def 

Organic 17.5 b 8.35 a 4.5 abc 128 bc 
Talvenauding Conventional 12.2 c 6.49 b 5.4 ab 120 cd 

Organic 20.2 a 7.91 a 5.9 ab 145 a 
Krista Conventional 6.3 fgh 4.63 cd 6.6 a 95 gh 

Organic 10.5 cde 5.59 bc 4.8 ab 105 efg 
Content of mineral elements in juices (mg 100 mL-1) 

 P Mg Ca K 
Krameri tuviõun Conventional 4.7 h 4.05 d 0.5 e 96 gh 

Organic 8.4 ef 5.59 bc 2.1 de 112 de 
Talvenauding Conventional 7.6 fg 6.06 b 2.4 cde 105 efg 

Organic 11.4 cd 7.8 a 3.9 bcd 132 b 
Krista Conventional 5.7 gh 4.25 d 2.5 cde 91 h 

Organic 7.7 fg 4.72 cd 2.5 cde 99 fgh 

‘Talvenauding’ and ‘Krameri tuviõun’ organic apples and juice contained more K, P and 
Mg compared to conventional ones. Apples of named cultivars were harvested from 30-year-
old low-maintenance orchards, where trees were not fertilized and not pruned. Usually the 
whole yield was not harvested from this orchard and thus some amount of nutrients were 
returned to the soil after decomposition of fallen apples. Conventional trees from the same 
cultivars were pruned and fertilized. It is known that pruning causes excessive vegetative 
growth and therefore apple trees are taking up more N, which, due to fertilization, was also 
available to the trees. Since N and K are antagonistic in tree nutrition, it could be one reason 
why conventional apples had lower concentration of K. A previous study from Perring and 
Preston (1974) showed that summer pruning lowered the concentration of P and K in apples. 

Organic and conventional ‘Krista’ apples were not so different in terms of mineral 
composition even though the organic orchard received notably less nutrients via fertilization. 
Since both orchards were pruned every spring, we may suggest that the effect of pruning 
overplayed the role of different rates of nutrients applied. 

Instrumentally measured taste-related parameters of apples and juices 
Harker et al. (2002) stated that the best predictor of apple acid taste is TA and the best 

predictor of sweetness is TSS, however, since TSS predictive ability is smaller, evaluation of 
sweet taste also requires assessment by trained sensory panels. Stolzenbach et al. (2016) 
reported that the basic tastes sweet and sour were key properties and played a central role in 
consumer liking acquisition, therefore apple juices having a sweet/sour balance were most 
liked. Therefore TSS/TA ratio should be observed together to determine the sweetness or 
sourness of fruit or juice: the higher the TSS/TA ratio, the sweeter and the lower TSS/TA ratio, 
the more sour is the taste of the product. Instrumentally measured taste-related parameters 
may provide better information when compared together with other parameters. For instance 
Harker et al. (2008) stated that apples with TSS higher than 12 were more acceptable to 
consumers than apples with lower TSS only in such case, if the apples were firm enough. The 
highest TSS was measured in ‘Talvenauding’ organic apples and also in respective juice (Table 
2); the highest TA was also measured in ‘Talvenauding’ organic apples and juice and also in 
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conventional apples of the same cultivar. TSS/TA ratio was the highest in ‘Krameri tuviõun’ 
apples and juice, indicating that the apples and juice of this cultivar were the sweetest while 
‘Krista’ and ‘Talvenauding’ apples had the most acid taste among fruits and ‘Talvenauding’ 
juice was the most sour one. 

Table 2. Instrumentally measured taste-related parameters of apples and juices. 

   TSS (%) TA (%) TSS/TA 
Krameri tuviõun Conventional Apple 11.3 de 0.38 g 30.0 a 

Juice 10.2 f 0.34 h 29.8 a 
Organic Apple 11.8 c 0.4 g 29.9 a 

Juice 11.5 cd 0.4 g 29.0 a 
Talvenauding Conventional Apple 11.6 cd 0.71 b 16.3 d 

Juice 10.9 e 0.59 e 18.3 c 
Organic Apple 13.3 a 0.81 a 16.4 d 

Juice 12.9 b 0.72 b 17.9 cd 
Krista Conventional Apple 11.7 c 0.67 c 17.6 cd 

Juice 10.2 f 0.46 f 22.1 b 
Organic Apple 10.9 e 0.64 d 17.2 cd 

Juice 11.0 e 0.49 f 22.5 b 

Sensory properties of apple juices 
An earlier study from Tanaka et al. (2015) showed that conventionally cultivated apples 

had significantly more intense flavours and floral, sweet, and fruity characteristics, whereas 
organic apples had green and sour taste characteristics. In our study differences between 
sensory properties were mainly significant among cultivars, not caused by cultivation system, 
except organic ‘Krameri tuviõun’ juice, which had more intense golden colour compared to 
conventional juice (Figure 1). ‘Krameri tuviõun’ juice also had a low astringency level. 
‘Talvenauding’ juice had many good sensory properties including the most intense fresh 
flavour and apple flavour and the least bitter taste. On the other hand, ‘Talvenauding’ apple 
juice had the least golden colour and the highest rate of astringency. ‘Krista’ apple juice 
showed generally “average” values, except for being the most non-transparent juice. 

Jaros et al. (2009) reported that one of the main driving sources for sensory preference 
is the sugar/acid ratio. ‘Talvenauding’ juices were evaluated to be the most sour ones and 
‘Krameri tuviõun’ juices the sweetest by the sensory panellists as the instrumentally 
measured taste-related parameters predicted. Endrizzi et al. (2015) and Symoneaux et al. 
(2012) reported that overall liking of apples was positively influenced by high levels of apple 
sweetness. On the other hand, Jaros et al. (2009) stated that hedonic ranking by 110 untrained 
panellists revealed that the less sweet and more acidic apple juice products were significantly 
preferred; however, there was a sub-fraction of approximately one-third of the panel who 
preferred the samples with a higher sugar/acid ratio. Stolzenbach et al. (2016) reported that 
apple juices should be sweet but contain a level of sourness to be liked, however, the level of 
sourness is critical as a too intense or weak sourness results in lower liking. 

Consumers can be divided into groups based on their preferences about apples and 
apple juices. Stolzenbach et al. (2016) reported that gender did not significantly influence the 
liking scores, but many studies have shown that the preference of sweet or acid taste of fruit 
and juice is affected by age: children and elderly people have been found to be less sensitive 
to the sweetness of sucrose in orange beverages than young adults (Zandstra and de Graaf, 
1998). Ikase and Seglina (2008) reported that Latvian consumers from age groups 35-50 and 
51-61 preferred subacid apples while people younger than 35 years and above 65 liked sweet 
fruits. Most of the younger apple consumers who took part in a Polish survey preferred sweet 
apples (Jesionkowska et al., 2006). The consumer study carried out with Danish children 
showed that apple preference rating was positively related to parameters like sweetness and 
apple flavour (Kühn and Thybo, 2001). Therefore we may speculate that ‘Krameri tuviõun’ 
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apples and apple juice may be liked by younger and elderly consumers who like sweet juice 
and ‘Talvenauding’ and ‘Krista’ apples and juice might be preferred by consumers liking more 
acid apples and juice.

Figure 1. Sensory properties of apple juices.

CONCLUSIONS
Cultivation system had significant effect on mineral composition of organic apples that 

were harvested from old low-maintenance orchards and respective apple juice, which were 
richer a source of P, K and Mg compared to the conventional apples or organic apples 
harvested from young well-maintained orchards and respective juice. The content on mineral 
elements was also affected by cultivar: ‘Talvenauding’ organic apples and respective juice 
were the richest sources of P, K and Mg. Ca content was not affected by cultivation system or 
cultivar.

Cultivation system had no influence on total soluble solids, titratable acidity and 
sensory properties, but the differences were evident among cultivars: ‘Krameri tuviõun’ apple 
juice was the sweetest and ‘Talvenauding’ juice the most sour one. ‘Talvenauding’ juice was 
the least bitter and had the most intense apple and fresh flavour.

Since organically grown ‘Talvenauding’ apples and juice were the richest considering 
mineral elements and juice showed good results in terms of having more apple- and fresh 
flavour, we find that this cultivar, which is grown widely in old Estonian apple orchards, is 
valuable for producing apple juice for the consumers who like rather sour apple juice. 
‘Krameri tuviõun’ apples and juice can be advised to the consumers that like sweet juice and 
‘Krista’ apple juice to the consumers who prefer beverages with the “average” sugar/acid 
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ratio. Apples harvested from old low-maintenance orchards is valuable material for producing 
apple juice richer in mineral elements. 
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a b s t r a c t

Quality of cloudy organic apple juice processed by rack-and-frame press (RFP), water press (WP) or belt
press (BP) was evaluated in terms of sensory properties and instrumentally measured colour, content of
ascorbic acid (AsA), total soluble solids (TSS), titratable acidity (TA), polyphenols and total antioxidant
capacity (TAC).

‘Cortland’, ‘Krista’, ‘Krameri tuvi~oun’ and ‘Talvenauding’ apples from Estonia were separately processed
into juice by RFP, WP and BP. Juice was pasteurized at 85 �C. Pressing methods had a significant effect on
juice quality.

RFP-juices had the lowest TAC and content of health-beneficial polyphenols (chlorogenic acid, (�)
epicatechin, (þ)catechin, procyanidin B2). BP-juices had the highest content of these polyphenols, but
had the poorest sensory quality characterized as less sweet, more sour, bitter and astringent compared to
other juices. RFP- and WP-juices had no differences in sweetness, sourness, astringency and bitterness,
but WP-juices had the highest intensity of fresh aroma and -flavour, yellowness and clearness. Compared
to RFP-juices, WP-juices had higher TAC and content of several health beneficial polyphenols, especially
quercetin derivatives. Thus, WP is a good alternative to RFP in order to produce apple juice which would
have higher antioxidant capacity, better appearance and higher aroma intensity.

© 2016 Elsevier Ltd. All rights reserved.

1. Introduction

Health benefits have been reported as a main driver for pur-
chasing organic food (Magnusson, Arvola, Koivisto Hursti, Åberg, &
Sj€oden, 2003). In Estonia, a strong preference for domestic and
organic apples has been reported (Moor, Moor, P~oldma,&Heinmaa,
2014). K€opke (2005) has argued that a potential advantage of
organic agriculture is that higher concentrations of beneficial sec-
ondary plant substances in organically compared to conventionally
grown crops are produced. The supporting theory for the presence
of higher concentrations of certain antioxidants in organically
grown crops is that they are produced by the plant as a defence
against insects and fungi, which in conventional systems are
avoided by the use of synthetic pesticides (Rosen, 2010). Several

polyphenols have health-beneficial impacts on humans, for
instance chlorogenic acid has a blood pressure lowering effect
(Onakpoya, Spencer, Thompson, & Heneghan, 2015); (�)epi-
catechin has been shown to support metabolic changes in skeletal
and cardiac muscles resulting in greater endurance capacity
(Nogueira et al., 2011); (þ)catechin is said to be one of the most
important phenols in apple which affects molecular mechanisms
involved in angiogenesis, regulation of cell death and multidrug
resistance in cancers (Zanwar, Badole, Shende, Hegde, &
Bodhankar, 2014). Procyanidin B2 has shown good results as a
natural dietary compound against breast cancer cells, and also has
anti-inflammatory effects and cardiovascular benefits (Shilpi et al.,
2015).

However, some polyphenols with health-beneficial properties
may cause an undesired astringent taste of apple juice. Schobinger
andMüller (1975) compared content of sugar, acid and polyphenols
of apple juices with sensory properties: juices with total poly-
phenols more than 775 ppm (775 mg/L) were considered too
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astringent and juices with total polyphenols less than 300 ppm
(300 mg/L) too insipid.

In addition to production method, the processing technology
also has an impact on consumer expectations and product quality.
It has been pointed out that traditionally-made products generally
induce a higher expected liking than industrial products
(Monteleone & Bertuccioli, 2006). According to the European Fruit
Juice Association (AIJN) Liquid Fruit Market Report (2015), the
consumption of fruit from concentrate has decreased over last five
years in EU, whereas the consumption of non-concentrate juice has
increased. Markowski, Baron, Le Qu�er�e, and Plocharski (2015)
assessed the effect of processing technology on apple juice qual-
ity and concluded that most of the cloudy juices had a significantly
higher antioxidant activity than the clear ones.

In several countries, rack-and-frame press (RFP) is traditionally
used by small-scale apple farmers for juice production. Due to the
slow process and exposure of mashed apples to the air, consider-
able amounts of ascorbic acid (AsA) and polyphenols are lost due to
oxidation. In order to make the processing faster, many juice pro-
ducers are implementing water presses (WP) or belt presses (BP).
Little data is available discussing the advantages and disadvantages
of RFP, WP and BP in terms of juice quality.

The aim of the study was to evaluate the quality of cloudy
organic apple juice processed by RFP, WP or BP in terms of selected
polyphenols with putative health beneficial properties and sensory
quality.

2. Experimental

2.1. Reagents and chemicals

The chemicals of analytical or higher grade: chlorogenic acid,
(�)epicatechin, (þ)catechin hydrate, phloridzin dihydrate, quer-
cetin-3-O-galactoside, quercetin-3-O-glucoside, quercitrin hydrate
and rutin hydratewere purchased from Sigma-Aldrich (Schnelldorf,
Germany). Procyanidin B2, formic acid and methanol were pur-
chased from Fluka (Buchs, Switzerland). 1.1-diphenyl-2-
picrylhydrazil (DPPH·), 5.5-dimethylpyrrolidine-N-oxide (DMPO),
dimethyl sulphoxide (DMSO) and K-superoxide Trolox were pur-
chased from Sigma-Aldrich S.r.l., (Milan, Italy).

2.2. Plant material and juice extraction

‘Cortland’ and ‘Krista’ apple cultivars were harvested from Polli
(58�080N 25�320E) and ‘Krameri tuvi~oun’ and ‘Talvenauding’ culti-
vars from Vasula (58�270N 26�430E) certified organic orchards. Both
orchards are located in South Estonian temperate climate zone.
350 kg of apples from 20 apple trees were harvested from each
cultivar and stored at 2 ± 2 �C until starch degradation occurred.
‘Krameri tuvi~oun’ apples were stored for 4 weeks, ‘Krista’ for 12
weeks, ‘Cortland’ for 8 weeks and ‘Talvenauding’ for 10 weeks.
Before processing, all apples with visible symptoms of fungal
infection were rejected. 100 kg of sound fruits were used for each
press from each cultivar in order to make sure that the sample for
each press would be representative, since second grade apples from
organic orchards have large biological variation. No technical rep-
lications were carried out, since a larger number of apples was not
available from the same orchards from all cultivars studied. In
addition, results from previous studies (data not presented) have
shown that if a standard pressing and pasteurization procedure is
used with a large number of apples, the differences between
technical batches are not significant. Apples were washed, dis-
integrated with Voran centrifugal mill RM2.2 (Voran Maschinen
GmbH, Pichl bei Wels, Austria) and pressed by using RFP, BP and
WP. Before pressing with RFP Voran 100P2 (Voran Maschinen

GmbH, Pichl bei Wels, Austria), apple mash was placed into cloth
partitions, which were separated by wooden racks and placed as
layers into the press by hand, which took about 15 min. After that
juice was pressed hydraulically, which took another 20 min. During
juice processing by BP Voran EBP 500 (Voran Maschinen GmbH,
Pichl bei Wels, Austria), disintegrated apple mash dropped directly
onto the belt of the press and the whole juice pressing process took
about 2 min. WP Lancman VSPX 120 (Gomark d.o.o., Vransko,
Slovenia) straining sack was filled with apple mash, which took
about 2 min, the rubber bladder in the middle was filled with water
and juice was squeezed through the stainless steel membrane,
which took about 20min. Juices were pasteurized at 85 �C for 1min
by tubular system and packed immediately into airtight 1.4-L
aluminium foil bags with Bag-in-box filler BBF6 (Gebhardt Anla-
gentechnik GmbH & Co. KG, Germany). No enzymatic treatment,
centrifugation or ascorbic acid addition was used. Juices were
cooled down and preserved in a cool room at 6e10 �C up to three
months until analyses.

2.3. Chemical analyses

Total soluble solids (TSS) was measured by digital refractometer
PAL-1 (ATAGO CO., Ltd., Japan). Titratable acidity (TA) was deter-
mined by titration to pH 8.2 with 0.1 mol/L NaOH and expressed as
malic acid. For AsA determination 100 mL of pure apple juice was
poured into a titration container and titrated with dichlor-
ophenolindophenol using titrator Mettler Toledo DL50 with auto-
sampler Rondolino and electrode DM 140-SC.

The separation and quantitation of polyphenols was performed
on the column SHIM-Pack XR-ODSII, on the UHPLC-MS Shimadzu
Nexera X2 system with ESI ion source (Shimadzu Scientific In-
struments, Kyoto, Japan). Polyphenol standard solutions 1 g/L were
prepared into 500 mL/L methanol in water (Raudsepp, Kaldm€ae,
Kikas, Libek, & Püssa, 2010). Each calibration point was measured
in triplicate. Apple juices were diluted as follows: 2 mL apple juice
was diluted to 10 mL with solution 500 mL/L methanol in water.
The solutions were centrifuged with Eppendorf Centrifuge MiniS-
pin (Eppendorf AG, Hamburg, Germany) 12,100�g for 10 min and
the supernatants were transferred into analysis vials.

The column temperature was maintained at 40 �C, the total flow
of the mobile phase was 0.2 mL/min and the injection sample size
was 1 mL. The mobile phase gradient contained a mixture of two
solvents: 10 mL/L formic acid in water (A) and 10 mL/L formic acid
in methanol (B). The multistep gradient slightly modified after
Lambert et al. (2015) was used to chromatographically separate the
polyphenols: for 0.01e2 min 10 mL/L concentration of mobile
phase B was maintained, at 2.1 min the concentration of B was
increased to 50 mL/L, from 2.1 to 8 min it was raised to 100 mL/L,
from 8 to 12 min to 280 mL/L and maintained until the min 18. By
the min 22, the concentration of B was raised to 450 mL/L and by
30 mine990 mL/L. The initial concentration of solvent B was
reached at 35.1 min and the columnwas reconditioned with 10 mL/
L of solvent B for 5 min.

Total antioxidant capacity (TAC) was measured in three ways.
For TAC caused by freely soluble antioxidants (TAC DPPHsol), 15 mL
apple juice was extracted with 15 mL of a 1:1 mixture of EtOH and
0.06 M HCl. For TAC caused by deeply extracted antioxidants, (TAC
DPPHacet), a 1:1 mixture of EtOH and acetone, acidified to 10 mL/L
with HCl 6M was used. For both extracts, 1.1-diphenyl-2-
picrylhydrazil (DPPH·) radical quenching was used, following the
method proposed by Picchi et al. (2012). All measurements were
made using an EPR MiniScope MS200 Magnettech (Berlin, Ger-
many). The experimental settings of the spectrometer were as
follows: field set, 3350 G; scan range, 68 G; scan time, 30 s; mod-
ulation amplitude, 3000 mG; microwave attenuation, 4 dB; and
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receiver gain, 1 � 102. EPR spectra were recorded after 1 min of
reaction at 20 �C. The calibration was made with Trolox solutions.
The results have been given in g of Trolox equivalents for kg of fresh
weight.

TAC was also measured using superoxide anion scavenging (TAC
SASC), following the method proposed by Valavanidis et al. (2004).
The extract was prepared as described for TAC DPPHsol. TAC to-
wards O2

�· was based on the spin trapping of O2
�· generated by

potassium superoxide (KO2) in DMSO with the addition of 18-
crown-6 ether to complex Kþ. The spin trap reagent was DMPO.
EPR recording conditions were as follows: field set, 3350 G; scan
range, 150 G; scan time, 45 s; modulation amplitude, 3000 mG;
microwave attenuation, 7 dB; receiver gain, 4 � 100, and spectra
were recorded after 1 min of reaction at 20 �C. The system was
calibrated with solutions of gallic acid; the results have been
expressed as g of gallic acid equivalents for kg of fresh weight.

2.4. Instrumental colour analysis

CIE L*a*b*, Chroma* and hue colorimetric coordinates were
recorded with a reflectance spectrophotometer (Konica Minolta,
CM-2600d, Italy Branch Office, Cinisello Balsamo), adapted for a
liquid sample. Juice lightness is characterized instrumentally by
parameter L*, greenness/redness by a*, blueness/yellowness by b*,
saturation (or colour purity) by C* and angle of the hue in the CIE
L*a*b* colour wheel by h. Each juice sample was analysed three
times, with different aliquots coming from the same bulk sample.

2.5. Sensory analysis

A trained sensory panel of 10 assessors (nine females/one male
aged between 28 and 62 years) was used for sensory descriptive
analysis. Prior to the sensory evaluation, the assessors attended a
discussion and a training session (2 h each). During the discussion
the assessors developed a vocabulary based on the following
samples: RFP-Krista, BP-Talvenauding, RFP-Talvenauding, and BP-
Cortland, and the following day, the panel was trained on the
same samples. During discussion and training, the sensory panel
was introduced to reference samples (apple puree, honey, toffee). A
list of 13 sensory descriptors (Table 1) was agreed upon by the
panellists before the evaluation.

During training and evaluation, the juice samples were
randomly served in small plastic beakers with lids (ABENA A/S,
Aabenraa, Denmark) in amounts of approximately 15 mL at room
temperature. Crackers, water and white tea were provided for
palate cleansing for the assessors. The sensory evaluation of the 12
samples was carried out in three replicates and in six blocks with
breaks in between them, in two consecutive days (three blocks per
day). The attributes were evaluated on a 15 cm, non-structured,

continuous scale and the ratings were directly registered elec-
tronically on aweb-based Compusense Cloud System (Compusense
Cloud software, Compusense, Canada). Training and evaluation
were conducted in accordance with the International Organization
for Standardization (ISO, 1993), and carried out in a sensory labo-
ratory fulfilling the requirements provided by the American Society
for Testing and Materials (ASTM, 1986).

2.6. Statistical analyses

All measurements were carried out on three parallel samples for
each variable and data were expressed in tables as the mean
value ± standard error (SE). The data were evaluated by two-way
analysis of variance (ANOVA) and the means were compared by a
Fisher least significant difference (LSD) test at a 5% probability level.
Pearson correlation coefficients between polyphenols and antiox-
idant capacity parameters of apple juicewere determined. Principal
component analysis (PCA) was performed to describe the structure
of the all analysed parameters in relation to the cultivar and
pressing method. Analyses were performed on standardised mean
data. All analyses were performed using Statistica for Windows
version 12.0 (StatSoft, Inc., Tulsa, OK, USA).

3. Results and discussion

3.1. Ascorbic acid and polyphenol concentration

Before processing, AsA content was 56 mg/kg in ‘Krameri tuvi-
~oun’, 94.3 mg/kg in Krista’, 145 mg/kg in ‘Talvenauding’ and
154 mg/kg in ‘Cortland’ apples (data not shown). In juice, AsA
content ranged from 2 to 21 mg/L, thus 78e98% of AsA was
degraded during processing. Our results are in agreement with
Varming, Petersen, and Toldam-Andersen (2013), who have re-
ported that the levels of AsA found in the 18 commercially pro-
duced apple juices in Denmark were negligible, the highest level
was 2.6 mg/100 mL (26 mg/L). It is known that in the presence of
oxygen AsA is degraded to dehydroascorbic acid which is more
prone to further degradation (Gabriel et al., 2015). It has been found
that phenolics in fruit juices have an ascorbate-sparing effect
(Miller & Rice-Evans, 1997). The same authors argued that the
effectiveness of polyphenols in the apple juice is minimal compared
to blackcurrant and orange juice and it may be attributed to the fact
that the phenylpropanoids (including chlorogenic acid) are less
efficient at conserving ascorbate than are the polyphenolic
flavonoids.

Polyphenols play an important role as apple juice components
because they determine the flavour and colour of the juice (Nicolas,
Richard-Forget, Goupy, Amiot, & Aubert, 1994) and have several
health-beneficial properties (Onakpoya et al., 2015). It is known

Table 1
Sensory attributes for apple juice and reference samples.

Attributes Category Description

Golden colour Appearance
Unclear Appearance
Apple aroma Aroma
Fresh aroma Aroma In contrast to faded aroma
Cooked apple aroma Aroma Cooked apple, mashed, heat-treated apples
Spicy aroma Aroma Spicy like cinnamon, vanilla
Sweetness Taste
Sourness Taste
Bitterness Taste
Apple flavour Flavour
Fresh flavour Flavour In contrast to faded flavour
Astringency Mouth feeling
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that the content of phenolic compounds decreases substantially
during milling and pressing of apples due to oxidation of pomace
and freshly pressed juice (Guyot, Marnet, Sanoner, & Drilleau,
2003; Van der Sluis, Dekker, Skrede, & Jongen, 2002).

Procyanidins are the most abundant polyphenols in apples
consisting of oligomers and polymers of catechin units with >95%
of (�)epicatechin (Renard et al., 2011). The main polyphenols in
apple juice, but second abundant polyphenols in apples are
phenolic acids, namely chlorogenic acid (Renard et al., 2011).
Chlorogenic acid is the most water-soluble polyphenolic compound
in apple (Van der Sluis et al., 2002), which explains its highest
concentration in all juices in current study (Table 2). The extraction
of procyanidins into juice has found to be greatly reduced by pro-
cyanidin binding to cell wall material (Brahem, Eder, Renard,
Loonis, & Le Bourvellec, 2016; Guyot et al., 2003; Hanlin, Hrmova,
Harbertson, & Downey, 2010; Renard, Baron, Guyot, & Drilleau,
2001), and therefore the content of determined procyanidins in
our juices were much smaller compared to the chlorogenic acid.

In our study, chlorogenic acid, (�)epicatechin, (þ)catechin and
procyanidin B2 concentrations showed similar patterns in response
to processing: their levels were the highest in BP-juices among all
cultivars. In ‘Krista’ and ‘Krameri tuvi~oun’ juices the content of

mentioned polyphenols was the lowest in RFP-juice (Table 2).
Chlorogenic acid is considered to be the preferred substrate for
polyphenol oxidase (PPO) (Nicolas et al., 1994; Renard et al., 2011);
(�)epicatechin and (þ)catechin have also been identified as PPO
substrates in apples (Rocha & Morais, 2001). The longer crushed
apple pulp, PPO and named substrates are in contact, the less of the
named polyphenols remain in the juice. Our results can mostly be
attributed to the apple mash oxidation rate: since for BP, dis-
integrated apple mash dropped directly on the belt, and the
pressing process was the fastest, the pulp oxidation was the lowest
and content of above mentioned polyphenols was the highest. For
RFP, apple mash was spread out layer by layer by hand and there-
fore most of the apple mash was oxidised. Guyot et al. (2003) have
reported that procyanidin content and polymerization in French
apple cider were particularly affected because of their sensibility to
oxidation and their capacity to be selectively adsorbed on cell-wall
material of the solid parts of the fruits: during crushing of apples in
oxidative conditions, the structure of procyanidins is modified and
they might be with higher interaction capacity, therefore greater
proportion of procyanidin fraction could be retained in the pomace.
Procyanidins can also be oxidised indirectly by enzymatically
generated hydroxycinnamic acid o-quinones (Le Bourvellec, Guyot,

Table 2
Polyphenols and ascorbic acid content (mean ± SE) of organic apple juice from different cultivars depending on pressing with rack-and-frame press (RFP), belt press (BP) and
water press (WP).

‘Krista’ ‘Krameri tuvi~oun’ ‘Talvenauding’ ‘Cortland’ Mean

ASCORBIC ACID (AsA), mg/L

RFP 17.2 ± 0.2b 15.3 ± 0.3bc 4.1 ± 0.1e 3.1 ± 0.0e 9.9 ± 1.9A

BP 13.4 ± 2.0c 9.5 ± 0.5d 3.2 ± 0.1e 2.7 ± 0.1e 7.2 ± 1.4B

WP 20.7 ± 1.0a 15.2 ± 2.0bc 2.5 ± 0.1e 2.1 ± 0.4e 10.1 ± 2.5A

POLYPHENOLS

Phenolic acids
Chlorogenic acid, mg/L
RFP 74 ± 1j 121 ± 1i 200 ± 1fg 179 ± 4h 143 ± 15C

BP 374 ± 4c 523 ± 11a 427 ± 13b 316 ± 4d 409 ± 23A

WP 187 ± 2gh 288 ± 9e 215 ± 4f 190 ± 5gh 220 ± 13B

Procyanidins
Procyanidin B2, mg/L
RFP 0.4 ± 0.0h 0.7 ± 0.1h 5.1 ± 0.4g 23.1 ± 0.3e 7.3 ± 2.8C

BP 37.4 ± 1.2d 55.4 ± 1.3b 54.1 ± 2.0b 98.9 ± 1.2a 61.5 ± 6.9A

WP 7.2 ± 0.0fg 9.3 ± 0.4f 7.1 ± 0.1fg 40.3 ± 0.6c 16.0 ± 4.2B

(þ)catechin, mg/L
RFP 1.9 ± 0.0g 2.1 ± 0.0g 9.5 ± 0.1e 9.7 ± 0.3e 5.8 ± 1.1C

BP 25.6 ± 0.4b 24.4 ± 0.7c 35.3 ± 0.5a 26.2 ± 0.2b 27.9 ± 1.3A

WP 10.0 ± 0.0e 8.3 ± 0.1f 9.9 ± 0.2e 11.5 ± 0.2d 9.9 ± 0.4B

(�)epicatechin, mg/L
RFP 3.3 ± 0.1i 4.4 ± 0.1i 12.3 ± 0.2h 32.9 ± 0.7f 13.2 ± 3.6C

BP 53.2 ± 0.2c 63.3 ± 1.1b 47.4 ± 1.3d 87.3 ± 0.9a 62.8 ± 4.6A

WP 19.9 ± 0.2g 21.5 ± 0.6g 14.2 ± 0.2h 41.5 ± 1.2e 24.3 ± 3.1B

Flavonols
Quercitrin, mg/L
RFP 1.2 ± 0.1ef 1.0 ± 0.0f 1.4 ± 0.0c-f 1.7 ± 0.0b-e 1.4 ± 0.2B

BP 2.4 ± 0.1a 1.4 ± 0.0d-f 1.5 ± 0.0c-f 2.1 ± 0.0ab 1.8 ± 0.1A

WP 2.2 ± 0.0ab 1.8 ± 0.1b-d 1.8 ± 0.0b-d 1.9 ± 0.0a-c 1.9 ± 0.1A

Rutin, mg/L
RFP 0.26 ± 0.00d 0.18 ± 0.02ef 0.35 ± 0.02bc 0.37 ± 0.02ab 0.29 ± 0.02A

BP 0.15 ± 0.01f 0.05 ± 0.01g 0.31 ± 0.03c 0.26 ± 0.01d 0.19 ± 0.03C

WP 0.19 ± 0.01e 0.08 ± 0.01g 0.40 ± 0.01a 0.35 ± 0.01bc 0.25 ± 0.04B

SUMQ (Sum of Quercetin-3-O-galactoside and Quercetin-3-O-glucoside), mg/L
RFP 2.3 ± 0.1c 1.6 ± 0.0e 1.9 ± 0.1d 2.3 ± 0.1c 2.0 ± 0.1C

BP 2.9 ± 0.0a 2.2 ± 0.1c 2.1 ± 0.0cd 2.3 ± 0.1c 2.4 ± 0.1B

WP 3.0 ± 0.1a 3.0 ± 0.1a 2.7 ± 0.1b 2.9 ± 0.1a 2.9 ± 0.1A

Dihydrochalcones
Phloridzin, mg/L
RFP 21.1 ± 0.3g 21.1 ± 0.3g 35.2 ± 0.2d 51.4 ± 1.1b 32.2 ± 3.8C

BP 21.3 ± 0.3g 21.3 ± 0.3g 35.2 ± 0.4d 54.4 ± 0.3a 33.1 ± 4.1B

WP 25.3 ± 0.1f 27.6 ± 0.8c 34.8 ± 0.1d 49.6 ± 1.0c 34.3 ± 2.9A

Values are means ± standard error, n ¼ 3. Values with different letters for the same parameter are significantly different (P < 0.05).
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& Renard, 2009). Therefore, the speed of crushing, pressing and
time of exposure to oxidation influences procyanidin content as
well: the longer the pomace contact with air, the less procyanidins
can be extracted into the juice.

In the current study phloridzin content seemed to be influenced
more by cultivar than by processing method. ‘Cortland’ juices had
significantly higher content of phloridzin compared to others.

Neat quercetin was not detected in any of the juices in the
current study, however, quercetin derivatives quercetin-3-O-
galactoside (or hyperoside), quercetin-3-O-glucoside (or iso-
quercetin), quercitrin (or quercetin 3-O-rhamnoside) and rutin (or
quercetin 3-rutinoside) were present in the studied juices. Rutin
was the only polyphenol that had higher levels in RFP-juices than in
BP-juices in most cases. Neither pressing methods nor cultivar had
a consistent effect on the content of quercitrin. Sum of quercetin-3-
O-galactoside and quercetin-3-O-glucoside (SUMQ) content was
the highest in WP-juices among all cultivars except ‘Krista’, which
had similar SUMQ content in BP- and WP-juice.

Jaeger, Schulz, Lu, and Knorr (2012) stated that RFP shows lower
total phenolics content than BP and release of polyphenols is lower
from coarse mash than from fine mash. Since the BP abrasive belt
crushes apple pulp even more after milling, more polyphenols can
be extracted to the juice depending on the susceptibility of the
polyphenols to oxidation.

3.2. Antioxidant capacity

TAC was measured using three different methods. When
considering the mean effect of pressing methods, the highest TAC

was obtained by measuring superoxide anion scavenging capacity
(SASC) (Table 3). TAC SASC was the highest in BP-juice. Mean TAC
determined by the DPPHsol method was indifferent between WP-
and BP-juices, both of which were superior compared to RFP-juice.

Table 3
Total antioxidant capacity (TAC) of organic apple juices depending on pressing with rack-and-frame press (RFP), belt press (BP) and water press (WP) determined by DPPH
method extracting freely soluble antioxidants (TAC DPPHsol), deeply bound antioxidants (DPPHacet) and superoxide anion scavenging capacity (TAC SASC).

‘Krista’ ‘Krameri tuvi~oun’ ‘Talvenauding’ ‘Cortland’ Mean

TAC DPPHsol, g TE/kg FW
RFP 0.058 ± 0.000h 0.082 ± 0.001g 0.095 ± 0.002f 0.124 ± 0.006c 0.090 ± 0.007B

BP 0.101 ± 0.001ef 0.111 ± 0.001d 0.138 ± 0.005b 0.143 ± 0.002b 0.123 ± 0.005A

WP 0.103 ± 0.001def 0.122 ± 0.004c 0.109 ± 0.003de 0.153 ± 0.002a 0.122 ± 0.006A

TAC DPPHacet, g TE/kg FW
RFP 0.052 ± 0.004i 0.076 ± 0.001h 0.101 ± 0.005fg 0.107 ± 0.003f 0.084 ± 0.007C

BP 0.106 ± 0.003f 0.136 ± 0.003d 0.167 ± 0.002c 0.198 ± 0.005b 0.152 ± 0.010B

WP 0.091 ± 0.003g 0.121 ± 0.002e 0.172 ± 0.0c 0.259 ± 0.008a 0.161 ± 0.019A

TAC SASC, g GAE/kg FW
RFP 0.072 ± 0.013e 0.134 ± 0.012de 0.167 ± 0.02cd 0.158 ± 0.009de 0.133 ± 0.013B

BP 0.201 ± 0.005cd 0.335 ± 0.033ab 0.154 ± 0.042de 0.401 ± 0.071a 0.273 ± 0.035A

WP 0.139 ± 0.016de 0.149 ± 0.031de 0.122 ± 0.023de 0.252 ± 0.021bc 0.166 ± 0.018B

Values aremeans± standard error, n¼ 3. Mean values followed by different letters among the same total antioxidant capacity determinationmethod are significantly different
at P < 0.05.

Table 4
Pearson correlation coefficients between polyphenols and antioxidant capacity parameters of organic apple juice.

CHLA ECAT CAT PHL SumQ QTRI RUT PB2 DPPHsol DPPH acet

ECAT 0.732***

CAT 0.864*** 0.821***

PHL �0.077 0.426** 0.177
SumQ 0.094 0.131 0.035 0.040
QTRI 0.149 0.377* 0.260 0.259 0.665***

RUT �0.433** �0.189 �0.124 0.626*** �0.156 �0.011
PB2 0.651*** 0.970*** 0.806*** 0.501** �0.003 0.276 �0.074
DPPHsol 0.434** 0.657*** 0.547*** 0.735*** 0.314 0.388* 0.190 0.665***

DPPHacet 0.310 0.562*** 0.429** 0.673*** 0.288 0.299 0.324 0.612*** 0.855***

SASC 0.529*** 0.813*** 0.522** 0.380* 0.010 0.198 �0.212 0.798*** 0.529*** 0.510**

*, ** and *** mean the correlations are significant at p � 0.05., p � 0.01 and p � 0.001 levels, respectively. CHLA: Chlorogenic acid, ECAT: Epicatechin, CAT: Catechin, PHL:
Phloridzin, SumQ: Sum of Quercetin-3-D-galactoside and Quercetin-3-D-glucoside, QTRI: Quercitrin, RUT: Rutin, PB2: Procyanidin B2, DPPHsol: TAC_DPPHsol - total anti-
oxidant capacity determined by DPPH method extracting freely soluble antioxidants; TAC DPPHacet - total antioxidant capacity determined by DPPH method extracting
deeply bounded antioxidants; TAC SASC - total antioxidant capacity determined by superoxide anion scavenging capacity.

Table 5
Organic apple juice colour parameters in L*a*b* colour space depending on pressing
with rack-and-frame press (RFP), belt press (BP) and water press (WP).

‘Krista’ ‘Krameri tuvi~oun’ ‘Talvenauding’ ‘Cortland’ Mean

Lightness, L*
RFP 37.1 ± 0.0j 37.3 ± 0.0i 38.5 ± 0.0h 39.2 ± 0.0g 38.0 ± 0.3C

BP 39.9 ± 0.0f 39.2 ± 0.2g 41.5 ± 0.0d 44.7 ± 0.0b 41.3 ± 0.6B

WP 41.0 ± 0.0e 46.4 ± 0.0a 41.8 ± 0.0c 41.0 ± 0.0e 42.6 ± 0.7A

a*
RFP 6.5 ± 0.0c 7.8 ± 0.0a 5.6 ± 0.0e 3.4 ± 0.0i 5.8 ± 0.5B

BP 4.0 ± 0.0h 5.2 ± 0.0f 2.9 ± 0.0j 1.2 ± 0.0k 3.3 ± 0.4C

WP 6.5 ± 0.0c 7.4 ± 0.0b 6.2 ± 0.0d 5.1 ± 0.0g 6.3 ± 0.3A

b*
RFP 12.8 ± 0.0f 14.3 ± 0.1e 12.4 ± 0.0g 10.2 ± 0.0i 12.4 ± 0.4B

BP 10.1 ± 0.0i 11.5 ± 0.0h 10.1 ± 0.0i 7.8 ± 0.0j 9.9 ± 0.4C

WP 16.9 ± 0.0c 26.6 ± 0.1a 18.2 ± 0.0b 15.1 ± 0.0d 19.2 ± 1.3A

Hue angle, h
RFP 63.2 ± 0.0i 61.3 ± 0.0j 65.6 ± 0.0h 71.4 ± 0.0d 65.4 ± 1.1C

BP 68.6 ± 0.0g 65.7 ± 0.1h 73.8 ± 0.1c 81.6 ± 0.0a 72.4 ± 1.8A

WP 69.0 ± 0.0f 74.4 ± 0.0b 71.1 ± 0.0e 71.4 ± 0.1d 71.5 ± 0.6B

Chroma, C*
RFP 14.4 ± 0.0f 16.3 ± 0.1d 13.7 ± 0.0g 10.7 ± 0.0j 13.8 ± 0.6B

BP 10.9 ± 0.0i 12.6 ± 0.0h 10.5 ± 0.0k 7.9 ± 0.0l 10.5 ± 0.5C

WP 18.1 ± 0.0c 27.6 ± 0.1a 19.2 ± 0.0b 15.9 ± 0.0e 20.2 ± 1.3A

Values are means ± standard error, n ¼ 3. Values with different letters within the
same parameter are significantly different (P < 0.05).
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TAC determined by DPPHacet method was the highest in WP-juice
followed by BP- and RFP-juice. Among cultivars, ‘Cortland’ juice had
a tendency to have the highest TAC.

Some active phenolics such as chlorogenic acid, (�)epicatechin,
quercetins and procyanidin B2 have been identified as major anti-
oxidants in apples (Lee, Kim, Kim, Lee, & Lee, 2003). In the current
study, TAC measured by DPPHsol method showed a strong corre-
lationwith (�)epicatechin, phloridzin and procyanidin B2 (Table 4).
DPPHacet method showed a strong correlationwith phloridzin and
procyanidin B2. SASC method had a strong correlation with (�)
epicatechin and procyanidin B2. Results indicate that procyanidin
B2 showed the highest coefficient of TAC among all polyphenols
studied, similar to the findings by Karaman, Tütem, Başkan, and
Apak (2010).

3.3. Instrumentally measured juice colour

Juice colour is one of the major factors affecting quality
perception and consumer's acceptance of fruit and vegetable juices
(Heredia, Gonz�alez-Miret, Mel�endez-Martínez, & Vicario, 2013).
The pressing method may influence the stability of juice colour (De
Paepe et al., 2015). Colorimetric coordinates can be used for char-
acterization of juice darkening and browning. Generally, during
browning the L* values decrease while the a* and b* values in-
crease, meaning the juice's color becomes darker with more red
and yellow components (Krapfenbauer, Kinner, G€ossinger,
Sch€onlechner, & Berghofer, 2006). Cloudy apple juices are ex-
pected to have a yellowish colour which characterizes the freshness
of the product (Will, Roth, Olk, Ludwig, & Dietrich, 2008). In the
current study RFP-juices were characterized by the lowest L* values

Table 6
Sensory attributes of organic apple juice depending on pressing with rack-and-frame press (RFP), belt press (BP) and water press (WP).

‘Krista’ ‘Krameri tuvi~oun’ ‘Talvenauding’ ‘Cortland’ Mean

Sweetness
RFP 7.1 ± 0.9cd 12.2 ± 0.7ab 4.9 ± 0.8ef 11.7 ± 0.6ab 9.0 ± 0.5B

BP 3.9 ± 0.8ef 10.8 ± 0.8bg 3.7 ± 0.7f 8.6 ± 0.9c 6.8 ± 0.5C

WP 7.6 ± 0.9cd 13.0 ± 0.4a 5.9 ± 0.8de 13.5 ± 0.4a 10.0 ± 0.4A

Sourness
RFP 8.3 ± 0.9cd 3.1 ± 0.7fg 10.5 ± 0.7ab 5.8 ± 0.9e 6.9 ± 0.5B

BP 11.5 ± 0.6ab 4.7 ± 0.9ef 12.5 ± 0.5a 7.9 ± 0.8d 9.1 ± 0.4A

WP 8.2 ± 0.8d 2.0 ± 0.4g 10.3 ± 0.8bc 3.2 ± 0.8fg 5.9 ± 0.5C

Bitterness
RFP 3.3 ± 0.7b-d 1.8 ± 0.5cd 4.2 ± 0.9ab 2.8 ± 0.6b-d 3.0 ± 0.3B

BP 5.5 ± 1.0a 4.2 ± 0.8ab 4.2 ± 0.8ab 5.7 ± 0.9a 4.9 ± 0.4A

WP 3.9 ± 0.8ab 1.3 ± 0.4d 3.9 ± 0.8abc 3.0 ± 0.7b-d 3.0 ± 0.4B

Astringency
RFP 7.6 ± 0.8c-e 2.3 ± 0.6h 9.2 ± 0.9b-d 5.4 ± 0.8e-g 6.1 ± 0.4B

BP 11.3 ± 0.6ab 5.3 ± 0.9fg 12.0 ± 0.6a 9.3 ± 0.9bc 9.5 ± 0.4A

WP 7.1 ± 0.9d-f 2.0 ± 0.5h 7.8 ± 0.9cd 4.0 ± 0.9gh 5.2 ± 0.5B

Apple aroma
RFP 9.1 ± 0.8cd 9.0 ± 1.0cd 10.3 ± 0.8a-c 9.9 ± 0.7bc 9.6 ± 0.4B

BP 7.4 ± 0.8d 7.6 ± 0.8d 7.5 ± 0.8d 7.1 ± 0.9d 7.4 ± 0.4C

WP 11.1 ± 0.6abc 12.3 ± 0.7a 11.0 ± 0.6abc 11.7 ± 0.7ab 11.5 ± 0.3A

Fresh apple aroma
RFP 7.8 ± 0.9c 7.8 ± 1.0c 8.8 ± 1.0bc 7.6 ± 0.9c 8.0 ± 0.5B

BP 4.1 ± 0.9d 3.7 ± 0.8d 3.5 ± 0.7d 3.0 ± 0.7d 3.6 ± 0.4C

WP 10.3 ± 0.7ab 11.2 ± 0.8a 10.3 ± 0.8ab 9.6 ± 0.8a-c 10.4 ± 0.4A

Cooked apple aroma
RFP 1.7 ± 0.3d 2.9 ± 0.7cd 3.4 ± 0.8cd 4.6 ± 0.8c 3.1 ± 0.3B

BP 8.5 ± 1.0ab 9.2 ± 0.8ab 8.3 ± 0.9b 10.5 ± 0.8a 9.1 ± 0.4A

WP 3.7 ± 0.8cd 1.6 ± 0.4d 3.3 ± 0.8cd 4.7 ± 0.8c 3.3 ± 0.4B

Spicy aroma
RFP 2.2 ± 0.6ef 3.3 ± 0.7ef 4.1 ± 0.9d-f 4.5 ± 0.7de 3.5 ± 0.4B

BP 6.9 ± 0.9bc 8.1 ± 0.9ab 9.3 ± 1.0a 8.1 ± 1.0ab 8.1 ± 0.5A

WP 4.3 ± 0.8def 2.1 ± 0.5f 2.8 ± 0.6ef 5.6 ± 1.0cd 3.7 ± 0.4B

Apple flavour
RFP 9.8 ± 0.7a-d 8.9 ± 0.9c-e 10.6 ± 0.7a-c 9.2 ± 0.7b-e 9.6 ± 0.4B

BP 7.2 ± 0.9e-g 5.6 ± 0.7g 6.8 ± 0.8fg 7.9 ± 0.9d-f 6.9 ± 0.4C

WP 9.9 ± 0.8a-d 11.2 ± 0.8ab 11.6 ± 0.5a 11.2 ± 0.6ab 11.0 ± 0.4A

Fresh apple flavour
RFP 8.7 ± 0.9b-d 6.7 ± 0.9de 9.4 ± 0.8a-c 5.5 ± 0.7e 7.6 ± 0.4B

BP 4.9 ± 0.9e-g 2.7 ± 0.5g 5.0 ± 0.9ef 3.2 ± 0.6fg 4.0 ± 0.4C

WP 9.0 ± 0.9a-c 10.3 ± 0.9ab 11.1 ± 0.7a 7.9 ± 1.0cd 9.6 ± 0.4A

Apple cider flavour
RFP 5.1 ± 1.0cd 2.9 ± 0.7de 6.4 ± 0.9abc 4.8 ± 0.8cd 4.8 ± 0.4B

BP 8.5 ± 1.0a 5.4 ± 1.0c 8.2 ± 1.0ab 8.6 ± 0.9a 7.7 ± 0.5A

WP 5.0 ± 0.9cd 1.7 ± 0.4e 5.8 ± 0.9bc 4.0 ± 0.8c-e 4.1 ± 0.4B

Golden colour
RFP 13.5 ± 0.3a 14.2 ± 0.2a 11.6 ± 0.5b 11.3 ± 0.5b 12.6 ± 0.2A

BP 7.7 ± 0.6cd 6.5 ± 0.7d 2.3 ± 0.5e 1.5 ± 0.3e 4.5 ± 0.4C

WP 10.9 ± 0.6b 11.3 ± 0.5b 8.6 ± 0.6c 9.0 ± 0.7c 9.9 ± 0.3B

Non-transparency
RFP 6.7 ± 0.8e 7.8 ± 0.8de 11.1 ± 0.5bc 13.3 ± 0.3a 9.7 ± 0.4B

BP 12.9 ± 0.4a 9.4 ± 0.7bc 10.8 ± 0.6bc 14.1 ± 0.3a 11.8 ± 0.3A

WP 8.0 ± 0.7c-e 1.6 ± 0.4f 6.4 ± 0.7e 8.9 ± 0.7cd 6.2 ± 0.4C

Values are means ± standard error, n ¼ 3. Values with different letters within the same attribute are significantly different at P < 0.05.
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(Table 5), thus having the lowest lightness. Consumer preferences
were not evaluated in this study, but in sensory evaluation, RFP-
juices were characterized by having the most golden colour
(Table 6). BP-juices were distinguished by the lowest a* and b*
values, andwere assessed to be less transparent than other juices in
sensory evaluation. WP-juices had the highest C* value, which
describes saturation, and also the highest b* value, which charac-
terises yellowness. In sensory evaluation, most of the WP-juices
were found to be more transparent than others. Thus we may
anticipate that WP-juices had more pleasing colour properties to
consumers compared to other juices.

3.4. Sensory properties

Pressing methods had a significant impact on juice taste, aroma
and flavour characteristics. BP-juice had the greatest differences
from others, characterized as less sweet, more sour, bitter and
astringent compared to WP- and RFP-juices. It also had a less fresh
aroma and more cooked apple and spicy aroma. Two main causes
for mentioned sensory properties could be pointed out. First, BP
was able to extract more polyphenols, especially procyanidins
(procyanidin B2, (�)epicatechin and (þ)catechin) (Table 2), which
have been stated to contribute to the astringent and bitter taste (Lea
& Arnold, 1978). Apple seeds and core are known to contain bitter
polyphenols (Kammerer, Kammerer, Valet, & Carle, 2014) and since
the BP is more powerful and pressed the mash drier, some poly-
phenols from the core and seeds could also be extracted. Secondly,
the oxidation level of the BP-juice was lower due to the fast process.
Our results are in agreement with Renard et al. (2011), who
demonstrated that astringency and bitterness of cider apple juice
decreased with mash oxidation levels. BP-juices had also notably
less golden colour compared to other presses.

RFP- and WP-juices had no differences in sweetness, sourness,
astringency and bitterness (Table 6). Also, in most of the cases,
mentioned presses resulted in similar flavour and aroma charac-
teristics of juices. However, WP-juice of ‘Krameri tuvi~oun’ had
significantly more apple aroma and flavour, and fresh aroma and

flavour compared to BP- and RFP-juices. Komthong, Katoh, Igura,
and Shimoda (2006) stated that apple juice odours change during
enzymatic browning and are dependent on oxidation time, for
instance the intensity of ‘Jonagold’ apple juice fresh and apple-like
odours increased sharply after the juice became brown, but
decreased gradually after 2 h of browning.

3.5. Influence of pressing methods and cultivar on organic apple
juice quality as characterized by PCA

The first two principal components accounted for 59.9% of the
variance in the data set (Fig.1). Themost important determinants of
the first principal component (PC1) were (�)epicatechin, (þ)cate-
chin, procyanidin B2, a* value in the colour space indicating
redness, and sensory properties such as golden colour, cooked
apple aroma, spicy aroma and apple cider flavour (Fig. 1, panel A).
PC2 was most of all determined by sweetness, sourness and
respective instrumental values of TA and TSS/TA. Total antioxidant
capacity determined by DPPHacet method also played a significant
role in PC2.

Clear differentiation of the juices pressed by different methods
can be observed in the PCA map (Fig. 1, panel B). PC1 separated BP-
juices, which were close to health beneficial polyphenols and at the
same time had unfavourable sensory characteristics such as cooked
apple aroma, apple cider flavour, non-transparency and bitterness.
PC2 separated WP-juices, which were close to sweetness, TSS/TA,
apple aroma and SumQ. Depending on cultivar, some of the RFP-
juices had similar characteristics to WP-juices, for instance RFP-
juice of ‘Cortland’ and ‘WP-juice of ‘Talvenauding’ were situated
close to each other in the PCA map.

4. Conclusions

Pressing methods had a significant influence on health benefi-
cial polyphenols and sensory quality of cloudy organic apple juice.
RFP-juice had the lowest quality considering the content of selected
polyphenols with putative health beneficial properties like

Fig. 1. Principal component analysis of the structure of all analysed parameters in relation to the cultivar and pressing method. RFP e rack-and-frame press, BP e belt press, WP e

water press. Analyses are performed on standardised mean data.
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chlorogenic acid, (�)epicatechin, (þ)catechin and procyanidin B2
and also total antioxidant capacity. BP-juice on the other hand
showed the highest quality considering the content of polyphenols
named, but poorest sensory properties characterized as less sweet,
more sour, bitter and astringent compared to other juices. RFP- and
WP-juices had no differences in sweetness, sourness, astringency
and bitterness.WP-juices had a fresher aroma and flavour andwere
the most yellow and brightest. Compared to the RFP-juice, WP-
juices had higher antioxidant capacity and content of several
polyphenols with putative health beneficial properties, especially
quercetin derivatives. According to results of the current research,
small-scale juice producers can be advised to implement WP
instead of RFP in order to produce healthier, tasty and more aro-
matic apple juice with relatively low cost compared to BP
technology.
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The aims of this study were to find out if organic apple juice (AJ) contained higher contents of polyphenols or patu-
lin compared to conventional AJ, and if higher storage temperature before processing increases patulin content in 
juice. AJ was pressed from Estonian, Danish and Norwegian apples. Additionally, three cultivars from Estonian or-
ganic and conventional orchards were stored at 3±2 °C and 9±2 °C before processing. Patulin, polyphenol content 
and antioxidant capacity were determined in pasteurized juices. In 2015, 33% of conventional (n=6) and 46% of 
organic (n=11) juices contained patulin; two of the organic juices above the legal limit (191 and 64µg l-1). In 2016, 
none of the AJs contained patulin. Patulin occurrence was more affected by weather conditions two weeks before 
harvest than by cultivation system and apple storage temperature. Polyphenol content was higher in organic than 
in conventional juices and was reduced at higher apple storage temperature.

Key words: organic foods, food safety, Penicillium expansum, chlorogenic acid, catechin, epicatechin 

Introduction

It is widely known that consuming apple and its products has a beneficial health effect – besides their content 
of vitamins and minerals, they are considered to be a good source of polyphenols with antioxidant activity that 
scavenge and neutralize free radicals, which in turn play a role in the onset of cardiovascular diseases and cancers 
(van der Sluis et al. 2002, Biedrzycka and Amarowicz 2008). Polyphenols also make an important contribution to 
apple juice flavour and colour (Lea and Arnold 1978, Renard et al. 2011).

The worldwide contamination of foods and feeds with mycotoxins such as patulin originating from infected ap-
ples is a significant problem. Mycotoxins are secondary metabolites of fungi that account for huge annual losses 
worldwide in human health, animal health and condemned agricultural products (Zain 2011). Several species of 
genera Fusarium, Aspergillus, Penicillium and Alternaria can synthesize mycotoxins. These compounds are hazard-
ous to animal and human health as they can be lethal, carcinogenic, mutagenic, teratogenic, immunosuppressant, 
or may mimic estrogens (Da Cruz Cabral et al. 2013). A mycotoxin found especially in apples and their processed 
products like juice and puree, is called patulin and it is mainly produced by Penicillium expansum Link – a fungus 
that causes blue mould rot. The European Commission (EC 2006) set the maximum toxicologically acceptable lev-
el for patulin in apple juice to 50 µg l-1.

P. expansum is a necrotrophic fungus that requires a wound in the epidermis to infect the fruit (Spotts et al. 1998, 
Vilanova et al. 2014), therefore it is crucially important to avoid mechanical damage to apples during harvesting 
and postharvest handling. Patulin has also been stated to be produced by Aspergillus, Byssochlamus, Fusarium, 
Alternaria and Mucor species (Steiman et al. 1989, Okeke et al. 1993, Laidou et al. 2001, Piqué et al. 2013). How-
ever, Frisvad et al. (2006) argued with statements claiming that patulin producers can also be Alternaria alterna-
ta, Fusarium culmorum, Mucor hiemalis and Trichothecium roseum. 
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The growth of patulin-producing fungi depends on a wide range of factors including water activity, temperature, 
pH, cultivation method and harvest maturity (da Cruz Cabral et al. 2013, Vilanova et al. 2014). Patulin is heat resis-
tant, especially in acidic environments (Cunha et al. 2014) and therefore apple juice and other pasteurized prod-
ucts pressed from patulin containing apples also contain patulin.

One of the important factors determining fungal growth and mycotoxin production is storage temperature of ap-
ples. However, so far there is no consensus whether higher than optimal storage temperature will promote patulin 
production or not. Baert et al. (2007) reported that patulin concentrations in apples stored at 4 °C were significantly 
higher than when stored at 1 °C, 7 °C and 10 °C. It has been found that the highest growth rates occurred in vivo 
at temperatures between 10 °C and 25 °C for Penicillium species (Lahlali et al. 2005). Several small-scale organic 
apple farmers in Estonia do not have forced air cooling facilities and are using room cooling of apples before pro-
cessing the juice, which often means that the storage temperature is about 10 °C depending on autumn weather 
conditions. Moreover, apples are mostly transported from one country to another in non-refrigerated trucks. 

Consumption of organic foods has become increasingly popular, although the safety of organic foods is still unclear 
and needs to be thoroughly evaluated (Piqué et al. 2013). In conventional apple production, diseases like blue 
mould rot are avoided by application of fungicides, but this is prohibited in organic production. Some studies have 
shown higher concentrations of patulin in organic apple products compared to conventional ones (Tournas and 
Memon 2009, Piqué et al. 2013). In contrast, it has been proposed that in organic production apples are able to 
create a natural barrier against the attack of pathogens by increased synthesis of phenolic compounds (Wojdyło et 
al. 2010) and that higher levels of phenolic compounds reduces fungal growth in fruits (Ahmadi-Afzadi et al. 2015). 

The present study had two aims: 1) to determine the effect of storage temperature higher than optimal before 
processing on patulin content in apple juice; 2) to compare the polyphenols and patulin contents in organic and 
conventional juices pressed from the same cultivars.

Materials and methods
Apple origin, cultivars and storage conditions

In 2015 second grade organic and conventional ‘Krameri tuviõun’, ‘Talvenauding’, ‘Krista’ and organic ‘Cortland’ 
apples from Estonia; organic ‘Rubinstep’, ‘Aroma’ and ‘Ahrista’ from Denmark and organic ‘Discovery’, ‘Aroma’ and 
‘Karen Schneider’ from Norway were used for juice processing. Estonian apples were harvested from two orchards: 
’Krameri tuviõun’ and ’Talvenauding’ from Vasula, Tartu county (58°27’55”N 26°43’00”E); and ’Cortland’ and ’Kris-
ta’ from Polli, Viljandi county (58°08’05”N 25°32’40”E). Danish apples were harvested from Årslev (55°18’50”N 
10°26’40”E), Norwegian ’Discovery’ and ’Aroma’ from Sogn (60°54’46”N 7°11’36”E) and ’Karen Schneider’ from 
Lofthus (60°19’13”N 6°39’13”E). 

In 2016 organic and conventional ‘Liivi kuldrenett’, ‘Krameri tuviõun’, ‘Talvenauding’ apples from Estonia (Vasula); 
organic ‘Ahrista’ and ‘Aroma’ apples from Denmark (Årslev), organic and conventional ‘Discovery’ from Norway 
(Jåstad (60°20’36”N 6°37’16”E) and ‘Aroma’ from Norway, Lofthus were used. Organic and conventional orchards 
were located in close proximity to one another, in order to exclude possible pedoclimatic influences on the meas-
ured variables. Since second grade apples from organic orchards have large biological variation, 100 kg of fruits 
from each cultivar, cultivation technology and storage temperature treatment were pressed into juice in order to 
ensure that the samples would be representative. 

In 2015, a separate experiment with organic and conventional ’Krameri tuviõun’, ’Krista’ and ’Talvenauding’ from 
Estonia was set up: to determine the effect of storage temperature on apple juice quality, 100 kg of apples from 
each cultivar and cultivation technology was stored at 3±2 °C and at 9±2 °C (‘Krameri tuviõun’ for 60, ‘Krista’ for 
73 and ‘Talvenauding’ for 54 days before pressing). Other Estonian apples and apples from Denmark and Norway 
were stored at 3±2 °C. Foreign apples were transported to Estonia by land using a non-refrigerated truck, which 
took three days from Denmark and five days from Norway. Apples were processed into juice after starch degra-
dation had occurred.
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Juice processing
Before processing, all apples with visible symptoms of fungal infection were eliminated. Apples were washed, 
milled with Voran centrifuge RM2.2 (Voran Maschinen GmbH, Pichl bei Wels, Austria) and pressed with water-
press Lancman VSPX 120 (Gomark d.o.o., Vransko, Slovenia). Juices were pasteurized at 85 °C for 1 min by tubular 
system and immediately packed into airtight 1.4-litre aluminium foil bags with Bag-in-box filler BBF6 (Gebhardt 
Anlagentechnik GmbH & Co. KG, Germany). No enzymatic treatment, centrifugation or ascorbic acid addition were 
used. Juices were cooled down and preserved in a cool room at 6–10 °C for up to three months until analyses.

Detection of fungal species contaminating apple cores
In 2015 all apples with visible symptoms of fungal infection were eliminated, but no detection of fungal species 
was carried out. In 2016, 20 kg of apples from each treatment were cut in half, examined for internal symptoms of 
fungal growth and the percentage of apples with infected cores was calculated. Pieces from each fruit with inter-
nal mould symptoms were separately plated onto potato dextrose agar (PDA) in 9 cm diameter sterile Petri dish-
es. All plates were incubated at 23±2 °C in the dark as previously described by Soliman et al. (2015). Observations 
of fungal growth were recorded at 7 and 14 days of incubation. Spores were examined under the microscope and 
fungal species identified by morphological characteristics.

Determination of polyphenols, antioxidant capacity and patulin
The separation and quantitation of polyphenols were performed on the column SHIM-Pack XR-ODSII, on the UHPLC 
Shimadzu Nexera X2 system encoupled with mass spectrometer LCMS 8040 with an electrospray (ESI) ionization 
source (Shimadzu Scientific Instruments, Kyoto, Japan). Quantitation was done using the molecular ions ([M+H]+) 
in selected reaction monitoring mode. Calibration was done using standard solutions of reference compounds as 
described by Raudsepp et al. 2010. Chlorogenic acid, epicatechin, catechin, phloridzin, procyanidin B2 and quer-
citrin were quantitatively determined as previously described by Heinmaa et al. (2017).  

For total antioxidant capacity measurements, 1.1-diphenyl-2-picrylhydrazil (DPPH·) radical quenching was used, fol-
lowing the method proposed by Picchi et al. (2012). All measurements were made using an EPR MiniScope MS200 
Magnettech (Berlin, Germany). The experimental settings of the spectrometer were as follows: field set, 3,350 G; 
scan range, 68 G; scan time, 30 s; modulation amplitude, 3,000 mG; microwave attenuation, 4 dB; and receiver 
gain, 1×102. EPR spectra were recorded after 1 min of reaction at 20 °C. The apple juice extracts were made as in 
a previous work by Heinmaa et al. (2017). The calibration was made with Trolox solutions. 

Patulin analyses were carried out at the Estonian Health Board laboratory, which is accredited by the Estonian 
Accreditation Centre. An in-house method was used based on AFFINISEP Application notebook method (AFFIN-
ISEP 2019): juices were pre-treated with pectinase enzyme, the sample preparation was based on Solid Phase  
Extraction, patulin was eluated from the cartridge with ethyl acetate. After evaporation of the solvent the residue 
was dissolved in mobile phase and patulin was quantitatively determined by HPLC with UV detection. Minimum 
level of quantification was 4 µg l-1. 

Statistical analyses 

All measurements were carried out on three parallel samples for each variable and data were expressed in  
figures as the mean value ± standard error (SE). The data were evaluated by one- and two-way analysis of vari-
ance (ANOVA) and the means were compared by a Fisher least significant difference (LSD) test at a 5% probability 
level. Principal component analysis (PCA) was performed to describe the structure of all the analysed parameters 
in relation to the cultivar and organic and conventional cultivation system. All analyses were performed using Dell 
Statistica version 13.0 (Dell Inc., Tulsa, OK, USA).

Results 
The effect of apple storage temperature and cultivation system on patulin 

concentration in apple juices
Higher than optimal storage temperature did not a have uniform effect on all cultivars. Juices pressed from both 
organic and conventional ‘Talvenauding’ stored at 9±2 °C had patulin contamination (28 and 5 µg l-1 respectively), 
but juice pressed from the same apples stored at 3±2 °C did not have a patulin content above the quantification 
limit (Table 1). Also, juice from organic ‘Krameri tuviõun’ apples stored at 9±2 °C had patulin content of 8 µg l-1, 
while the juice pressed from apples stored at 3±2 °C did not contain patulin. In contrast, juice pressed from con-
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ventional ‘Krameri tuviõun’ apples stored at 9±2 °C did not contain patulin, while juice pressed from conventional 
‘Krameri tuviõun’ apples stored at 3±2 °C had patulin contamination of 25 µg l-1. Neither of the juices pressed from 
‘Krista’ apples stored at a warmer temperature contained patulin, whereas juice made of organic apples stored at 
3±2 °C had low patulin content (6 µg l-1). 

Among all analysed juices in 2015, 46% of organic AJ (n=11) and 33% of conventional AJ (n= 6) contained patulin 
(Table 1). Two organic juices contained patulin above the legal limit: ’Ahrista’ juice 191 µg l-1 and ’Discovery’ juice 
64 µg l-1.

In 2016, no patulin was found in any of the juices (data not shown) despite the fact that several species of pat-
ulin-producing fungi were found from apple cores (Table 2). Organic ’Ahrista’ apples had the highest percentage 
(22.1%) of apples with visual symptoms of fungal infection in cores. Alternaria spp. was found to be the causal 
fungal organism after plating spores onto PDA medium. Organic ’Aroma’ from Denmark and Norway and organic 
’Liivi kuldrenett’, ’Krameri tuviõun’ and ’Talvenauding’ also had some apples with infected cores. Penicillium spp. 
was found from organic ‘Krameri tuviõun’ apples and Fusarium spp. from organic ‘Talvenauding’ apple cores. 
Conventional apples had almost no signs of fungal infections in the cores; only ’Liivi Kuldrenett’ from Estonia had 
4.3% infected cores. 

Table 1. Patulin content (µg l-1) ± SE in apple juices in 2015 from Estonia (EST), Denmark (DK) and Norway (NO), as affected by 
organic and conventional cultivation system and pre-processing storage temperature of apples. Total number of analysed juices: 
17 in three replications

Cultivar and country of origin
Storage 

temperature, 
°C±2 °C

Storage time, 
days

Patulin content in juice, 
µg l-1

Organic Conventional

‘Talvenauding’, EST 3 54 <4 <4

‘Talvenauding’, EST 9 54 28±2 5±0

‘Krameri tuviõun’, EST 3 60 <4 25±2

‘Krameri tuviõun’, EST 9 60 8±1 <4

‘Krista’, EST 3 73 6±0 <4

‘Krista’, EST 9 73 <4 <4

‘Ahrista’, DK 3 54 191±8 no sample

’Rubinstep’, DK 3 44 <4 no sample 

‘Discovery’, NO 3 58 64±5 no sample 

’Karen Schneider’, NO 3 23 <4 no sample 

‘Cortland’, EST 3 44 <4 no sample 

Table 2. The percentage of organic and conventional apples with visual symptoms of pathogen infections in cores before juice 
processing in 2016 and pathogens determined 7 days after plating spores onto PDA agar

Cultivar and country of 
origin

Storage time 
in days Percentage of infected cores Pathogens detected in apple cores

Organic Conventional Organic Conventional

‘Aroma’ DK 54 10.6 no sample yeast no sample

’Aroma’  NO 60 7.2 None Penicillium sp. None

‘Ahrista’ DK 47 22.1 no sample Alternaria sp. no sample

‘Discovery’ NO 78 3.3 None Penicillium sp. None

‘Krameri tuviõun’ EST 20 3.2 None Penicillium sp. None

‘Talvenauding’ EST 52 1.1 None Fusarium sp. None

‘Liivi kuldrenett’ EST 19 6.7 4.3 yeast yeast
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The effect of apple storage temperature and cultivation system on polyphenol 
concentration in apple juices

Higher than optimal apple storage temperature had mostly negative effects on juice polyphenol content (Fig. 1). 
Organic apples tended to be more affected by temperature than conventional ones. For instance, organic ’Kris-
ta’ juice pressed from apples stored at 9 °C, contained 35% less epicatechin and 33% less catechin compared to 
the juice pressed from apples stored at optimal temperature (3 °C). For conventional ’Krista’ juices, higher apple 
storage temperature caused only a 6% reduction in epicatechin content and catechin content was not affected. A 
similar effect was noted for organic and conventional ’Talvenauding’ juice catechin and epicatechin content, and 
for ’Talvenauding’ juice procyanidin B2 content. Also, a clear decrease in chlorogenic acid content was detected 
for organic apples stored at 9 °C, but the same effect was not noticed for conventional apples.

The effect of apple cultivation system on juice polyphenol concentration was cultivar-dependent. Significant dif-
ferences were found in ’Krameri tuviõun’ juices in particular, where organic juices contained about three times 
more chlorogenic acid, four to five times more epicatechin, five times more catechin and about ten times more 
procyanidin B2 than conventional juices (Fig. 1). This phenomenon was also noted in 2016 (Fig. 2), when organic 
’Krameri tuviõun’ juice had almost double the amount of chlorogenic acid, three times more epicatechin and more 
than double the catechin content compared to conventional juices. ’Talvenauding’ had also significantly higher 
contents of chlorogenic acid, epicatechin, catechin and procyanidin B2 in organic juices compared to conventional 
ones both in 2015 and 2016 (Fig. 1 and 2). Organic ’Aroma’ apple juices from Norway had also significantly higher 
contents of epicatechin, procyanidin B2 and quercitrin compared to conventional ones.  

Cultivar differences were also notable (Fig. 2). ’Discovery’ juice had significantly higher chlorogenic acid, catechin 
and procyanidin B2 content compared to juices from other cultivars, with no significant differences between or-
ganic and conventional samples. Moreover, ’Aroma’ juice had the highest epicatechin content. ’Liivi kuldrenett’ 
had relatively low content of polyphenols compared to juices from other cultivars, except for phloridzin.

 
Fig. 1. Concentration of polyphenols in apple juice as affected by apple cultivation system 
(organic and conventional) and apple storage temperature before processing (3 and 9±2 ˚C) 
in Estonia in 2015. Values are means ± standard error, n = 3. Values with different letters are 
significantly different at p < 0.05.
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Polyphenols, total antioxidant capacity and patulin content in organic and 
conventional apple juices as characterized by PCA 

The first two principal components explained 71.6% of the total variation (Fig. 3A and 3B). The most important 
determinants of the first principal component (PC1) were procyanidin B2, epicatechin, antioxidant capacity and 
patulin (Fig. 3A). PC2 was primarily determined by catechin, quercitrin and phloridzin. ’Ahrista’ was clearly dis-
tinguished in the map (Fig. 3B), situated in the same area with high values of patulin, procyanidin B2 and querci-
trin. ‘Aroma’ ‘Discovery’ and ‘Karen Schneider’ formed a group in the same area with catechin. Estonian apples 
’Krista’, ‘Krameri tuviõun’ and ‘Talvenauding’ together with Danish ‘Rubinstep’ formed a separate group on the 
opposite side of patulin and polyphenols. Organic and conventional cultivation method did not have clear distinc-
tions in the PCA map. 

Fig. 2. Concentration of polyphenols in Estonian (‘Liivi kuldrenett’, ‘Krameri tuviõun’ and 
‘Talvenauding’) and Norwegian (‘Discovery’ and ‘Aroma’) apple juices as affected by apple 
cultivar and cultivation system (organic and conventional) in 2016. Values are means ± 
standard error, n = 3. Values with different letters are significantly different at p < 0.05.

Fig. 3. Principal Component Analysis plots of the first two PC-s. The loading of patulin, antioxidant capacity and all 
analysed polyphenols are presented on the left (A) and the loading of cultivars and cultivation system on the right (B). 
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Discussion
Possible reasons for patulin occurrence in apple juices

In the current experiment, a total of 29 apple juices were analysed for patulin content. Based on the results, patu-
lin formation is affected by multiple factors, among which cultivation system and apple storage temperature be-
fore processing might not be the most important ones. 

It is common knowledge that apple storage temperature should be as low as possible in order to slow down respi-
ration and inhibit development of postharvest diseases. Tournas and Memon (2009) stated that storage of the fruit 
at/or below 5°C will inhibit the growth of P. expansum and prevent the production of patulin. Louw and Korsten 
(2014) reported that higher temperatures (6.2±1.7°C vs. 0 °C) resulted in a shorter lag phase and faster growth 
rate for P. expansum. Our study indicated that higher storage temperatures will increase the probability for pat-
ulin occurrence in cultivars whose fruits have thin and fragile skin, like ’Krameri tuviõun’ and ’Talvenauding’, but 
not in firm apples with thicker skin like ’Krista’. As reported by Univer et al. (2009), ’Krista’ had significantly higher 
flesh firmness compared to ’Talvenauding’ (76.7 and 49.3N, respectively) 3 months after harvest. 

Several studies have claimed that conventional apples have a lower incidence of toxigenic moulds compared to 
organic apples (Tournas and Memon 2009, Piqué et al. 2013). Other researchers have found that cultivation sys-
tem did not have any significant effect on patulin content in apples (Cunha et al. 2014). Also, according to large-
scale surveillance of patulin in apple products in Michigan (Harris 2007), 42.9% of organic AJs (n=14) had detect-
able patulin, whereas only 21.4% of conventional AJs (n=145) had patulin contamination. Based on our results 
from the year 2015, a similar trend was noticed: 46% of organic apple juices and 33% of conventional apple juices 
contained patulin. However, there were exceptions: juice pressed from conventional ’Krameri tuviõun’ contained 
patulin (25 µg l-1), whereas its organic counterpart did not contain patulin. One of the hypothetical reasons could 
be presence of bitter pit in conventional apples, which was probably caused by excessive nitrogen fertilization and 
intensive pruning of trees in early spring, which was not done in the organic orchard. Even though bitter pit is a 
physiological disorder, it can weaken the resistance of the fruit to pathogens and necrotic pitted tissue may be a 
favourable environment for the growth of patulin-producing fungi. 

In 2015, juice of organic ‘Ahrista’ and ‘Discovery’ had patulin content above the EU legal limit (191 and 64 µg l-1, 
respectively). The result was surprising, since apples were firm and had no visual symptoms of any fungal diseas-
es. Due to the good visual appearance, apple cores were not inspected in 2015. It is known that patulin is mainly 
produced in rotten parts of the fruits (Cheraghali et al. 2005). Zhong et al. (2018) reported that patulin has been 
constantly detected in apple products made from externally healthy apples that have internal rot which is not 
omitted before pressing. However, Soliman et al. (2015) reported that several fungal species may inhabit the core 
of the fruit that appears visually blemish free. Cracks of the seed cavity may occur due to certain harsh environ-
mental conditions and fungal spores can come in contact with the internal tissue of the fruit using it as a substrate, 
in this case a sound fruit may contain toxins (Tournas and Memon 2009). Soliman et al. (2015) reported that pat-
ulin-producing Penicillium caused a serious problem since the fungus can still grow and produce the mycotoxin 
without destroying the fruit itself.

In 2016, apples in the current experiment were cut in half prior to processing to inspect the cores. From conven-
tional apples, only Estonian ’Liivi kuldrenett’ fruits had visual mould symptoms in the core. The majority of organic 
apples had insect damage and many of them had visual symptoms of fungal infection in the core. Penicillium spp. 
was found in organic ‘Krameri tuviõun’ apples of Estonian origin and in organic ’Aroma’ apples originating from 
Norway. Alternaria spp. was detected in both organic and conventional ‘Ahrista’ apples, which had been grown in 
Denmark. Fusarium spp. was detected in conventional ‘Ahrista’ and organic ‘Talvenauding’ apple cores. 

The highest percentages of apples with visible core mould were found in organic ’Ahrista’ and organic ’Aroma’ ap-
ples from Denmark (22.1%, 16.2% and 10.6%, respectively). Named cultivars had patulin in juice the year before, 
but none of the apple juices were contaminated with patulin in 2016. The hypothesis was formulated that the 
patulin formation in 2015 could be related to differences in weather conditions in 2015 and 2016. Spotts et al. 
(2009) have stated that rainfall during or just before harvest may increase the risk of post-harvest decay; there-
fore the sum of precipitation and average temperature two weeks before harvest of each apple cultivar was ana-
lysed. It was revealed that in Danish and Estonian orchard locations, the harvest season in 2016 was a lot drier 
and warmer compared to the 2015 season when patulin was found in juice (Table 3). For instance, in 2015 the 
temperature and rainfall two weeks before harvest of ’Ahrista’ apples was average for this period, but in 2016 
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there was almost no rain (1.5 mm). In the location of ’Aroma’ there was 22 mm more rain in 2015 and in the loca-
tion of ’Krameri tuviõun’ 16 mm more rain fell in 2015, compared to 2016 during the two weeks before harvest. 
Norwegian ’Discovery’ was an exception, since it rained more in 2016 and the reasons for patulin occurrence in 
juice in 2015 remain unclear. 

Factors affecting polyphenol concentration in apple juices
As reviewed by Kalinowska et al. (2014), the concentration of individual phenolic compounds in apples depends 
on the cultivar, maturity of the fruit, cultivation conditions, harvest, storage and infections. Phenolic compounds 
have an important role as defence mechanisms against pathogens and patulin (Cushnie and Lamb 2005, Ferrey-
ra et al. 2012, Sun et al. 2017, Zhong et al. 2018). However, which particular pathogens induce the formation of 
phenolic compounds, is usually not specified. One reason why juice pressed from organic apples had significantly 
higher concentrations of polyphenols could be the difference in apple fruit moth (Agryresthia conjugella Zeller) 
damage. This pest was highly abundant in Vasula organic orchard in Estonia, and ’Talvenauding’ and ’Krameri tu-
viõun’ apples originating from this orchard had the largest differences in polyphenols between organic and con-
ventional apple juices (Fig. 1 and 2). 

The degrading effect of higher than optimal apple storage temperature on polyphenols and reasons why polyphe-
nol concentration in organic apples decreased more than in conventional ones, could be related to polyphenol 
oxidase (PPO) activity. As reported by Mizobutsi et al. (2010), the PPO activity was highest at 20 °C. PPO is gen-
erally located in plastids of intact cells, while substrates of the enzyme, the polyphenols, are located in the vacu-
oles. Thus, they come into contact when cells are damaged. As mentioned before, organic apples had multiple in-
juries caused by pest insects, which could permit enzymes and substrates to come into contact with one another 
and cause polyphenol degradation. Tsurutani et al. (2002) found that mature apples showed PPO activity in both 
the plastidal and soluble fractions and concluded that part of the PPO is transported in plastids, and then partly 
solubilized. Mentioned authors also proved that plastidal PPO showed several times higher activity than the sol-
uble fraction of PPO. This might explain why the degradation of polyphenols in conventional fruits, where plas-
tid-bound PPO could not be in contact with substrate, was less pronounced than in organic apples, where both 
forms of PPO-s could have activity. 

Table 3. Patulin content in juice pressed from Estonian, Danish and Norwegian apples in 2015 and 2016 in relation to average 
temperature (°C) and sum of precipitation (mm) during the two weeks prior harvest, and compared to the 36 year-average (1980–
2016) for the same period. 

Cultivar Location of 
the orchard

Culti-
vation 
system

Date of 
harvest

Av. temp. 
two 

weeks 
prior 

harvest 

Sum of precipi-
tation two 

weeks prior to 
harvest 

Av. temp. 
for the same 
two weeks 

during
1980–2016

Average 
precipitation for 

the same two 
weeks during 
1980–2016

Patulin 
content in 
juice µg l-1 

± SE

2015

‘Krameri tuviõun’ EST, Vasula CONV 16 Sept 13.2 39.5 12.6 28.9 25±2

‘Krameri tuviõun’ EST, Vasula OR 12 Sept 13.6 47.8 13.3 30.7 <4

‘Krista’ EST, Polli CONV 09 Sept 14.9 25.4 13.8 35.4 <4

Krista’ EST, Polli OR 09 Sept 14.9 25.4 13.8 35.4 6±0

‘Aroma’ DK, Årslev OR 15 Sept 14.1 40.2 14.6 35.8 37±4

‘Ahrista’ DK, Årslev OR 28 Sept 13.5 24.4 13.1 28.1 191±8

‘Discovery’ NOR, Sogn OR 23 Sept 13.6 34.7 10.2 38.6 64±5

2016

‘Krameri tuviõun’ EST, Vasula CONV 09 Sept 15.8 17.5 13.8 35.6 <4

‘Krameri tuviõun’ EST, Vasula OR 09 Sept 15.8 17.5 13.8 35.6 <4

‘Aroma’ DK, Årslev OR 13 Sept 17.8 24.4 14.8 33.1 <4

‘Ahrista’ DK, Årslev OR 20 Sept 18.0 1.5 14.1 33 <4

‘Discovery’ NOR, Jåstad OR 08 Sept 13.9 85.5 12.4 63.4 <4
Only those apple cultivars have been included in the table, for which either organic or conventional counterparts had patulin content in 
juice in 2015. Total number of analysed juices in 2015 and 2016: 29 in three replications.
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The negative effect of warmer storage temperature was especially seen on chlorogenic acid, epicatechin and cat-
echin content, which was significantly lower in all organic apples irrespective of cultivar differences. As reported 
by Fevrier et al. (2017), the apple PPO oxidises specific substrates, mainly caffeoylquinic acid (also called chloro-
genic acid), catechins and dihydrochalcones. This supports our theory that degradation of polyphenols is related 
to PPO activity.

Possible interactions between polyphenols and patulin
It has been reported that procyanidin B2 has a significant impact on blue mould development with partial resis-
tance to this disease in various commercial apple cultivars (Ahmadi-Afzadi et al. 2015). However, our results do 
not support this finding. As characterized by PCA, ’Ahrista’ juice was clearly distinguished by high procyanidin B2 
content and at the same time its juice contained 191 µg l-1 of patulin, which is almost three times above the le-
gal limit. Several cultivars having much lower procyanidin B2 contents did not have any patulin in juice. Yin et al. 
(2017) reported that phloridzin could promote the growth and conidial division of Fusarium moniliforme under 
the experimental conditions. This is in accordance with our results – organic ’Talvenauding’ apple juice had the 
highest concentration of phloridzin in 2016 and the fungus Fusarium spp. was detected from apple cores in 2016. 
Lattanzio et al. (2001) reported that the content of total phenols in apples was higher in the peel around the rot-
ten zone than in the healthy peel. We do not argue with this finding, because in our experiment, no apples with 
visible rotten zones were pressed into juice. However, in our opinion, polyphenol content in apples is cultivar spe-
cific and other factors like weather conditions prior to harvest are more likely to affect apple infection and patu-
lin production. 

Conclusions

Mycotoxin patulin contamination of apple juice has been associated with insufficient inspection of fruits before 
juice processing, when rotten parts of the apples are pressed into juice. Results from this study showed that pat-
ulin can also be found in excessive amounts in juice pressed from visually non-spoiled apples. Higher, than opti-
mal storage temperatures may increase the risk for patulin formation in some cultivars, especially in those with 
thin skin. Moreover, polyphenols in organic apples were more prone to degradation if apples were kept at higher 
than optimal storage temperatures before juice processing. It was not proven that organic cultivation method 
would always increase the risk for patulin occurrence in apple juice. More attention should be paid to the yearly 
fluctuations in weather conditions, especially rainfall two weeks before apple harvest. We suggest that in rainy 
harvest seasons, apples for juice processing should be more carefully inspected, including inspections of possible 
moulds in apple cores. 

Based on our results, there was a tendency for organic apple juice to contain more polyphenols than conventional 
juice, but the proposed protective effect of polyphenols against patulin-producing fungi was not confirmed. Some 
cultivars may have high polyphenol content and excessive amounts of patulin at the same time. 

Our study indicated that patulin occurrence in apple juice is affected by multiple factors and further studies with 
different cultivars in different pre- and postharvest conditions should be carried out, in order to better understand 
the risk for its occurrence in apple products. 
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Abstract. Penicillium expansum infection of apples and mycotoxin patulin (PAT) production has 
previously been associated with many pre- and postharvest factors other than physiological 
disorders. In the current study, ‘Antei’ and ‘Krameri tuviõun’ apples with and without bitter pit 
(BP) symptoms and ‘Talvenauding’ apples with and without superficial scald (SS) symptoms 
were used in order to determine if the named physiological disorders may influence susceptibility 
to P. expansum infection and PAT production. Apples were inoculated with 10 μL P. expansum 
spore suspension with the concentration of 1×105 conidia mL-1 and stored at 24 °C with relative 
humidity (RH) 80%. After 7 and 11 days, lesion diameters were measured, and apples were 
pressed into juice. PAT content was determined in pasteurized juice. Two cultivars out of three 
showed that in fruit with physiological disorders, Penicilllium infection and PAT production 
proceeded significantly faster compared to apples, which did not have physiological disorders. 
SS increased the risk for PAT occurrence in juice more than BP: while the juice pressed from 
BP–affected apples with no visual signs of fungal diseases did not contain PAT, juice pressed 
from apples with SS contained PAT three times above legislative limits defined by the World 
Health Organization (50 μg L-1). 
 
Key words: bitter pit, blue mould, lesion diameter, superficial scald. 
 

INTRODUCTION 
 

Physiological disorders like bitter pit (BP) and superficial scald (SS) have 
commonly been described affecting visual quality of apple fruit and therefore decreasing 
their market value. Less attention has been paid to study whether physiological disorders 
can be possible infection points for mycotoxin-producing fungi, especially Penicillium 
expansum, the major producer of patulin (PAT) (Morales et al., 2007). SS is caused by 
the accumulation of oxidative breakdown products of α-farnesene, which results in the 
death of the hypodermal and epidermal cells (McGlasson, 1996). The disorder is 
characterized by an uneven browning or bronzing of the skin along with the development 
of skin wrinkling and pitting with increasing severity (Rupasinghe et al., 2000; Savran 
& Koyuncu, 2016). The cause of BP has been associated with calcium (Ca) deficiency: 
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Ca sprays and Ca applications to soil during growing season or Ca solution dips at 
postharvest are widespread practices to supply Ca and decrease BP in apples (Ferguson 
& Watkins, 1989; Fallahi et al., 1997; Blanco et al., 2010; Torres et al., 2017). BP is a 
physiological disorder that is defined as brown, corky and roundish lesions, which can 
develop in apples before and after harvest (Jarolmasjed et al., 2016). In Estonia, apples 
‘Krameri tuviõun’ and ‘Antei’ are susceptible to BP among commercially grown 
cultivars. In other countries, several apple cultivars are susceptible to BP like ‘Sinap 
Orlovskij’, ‘Ligol’, ‘Free Redstar’, ‘Rajka’, ‘Topaz’, ‘Sampion’, ‘Honeycrisp’, ‘Golden 
Delicious’ and ‘Granny Smith’ (Lanauskas & Kviklienė, 2006; Bryk & Broniarek-
Niemiec, 2008; Valiuškaitė et al., 2009; Lanauskas et al., 2012; Zúñiga et al., 2017). 

Earlier experiments in Estonia have shown that BP in ‘Krameri Tuviõun’ was not 
reduced by Ca treatment; instead it correlated negatively with Mg and P content and 
Mg:Ca ratio in apples (Moor et al., 2006). It appears that BP is a complex disorder, which 
is not easy to eliminate. Saure (2002) stated that BP is essentially the result of a 
gibberellin-induced increased susceptibility of the cell membranes to stress, and Ca only 
reduces the effect of gibberellins. 

Besides reducing the market value of apples, BP can also be responsible for apple 
susceptibility to different storage diseases. For instance, an earlier study by Holb et al. 
(2012) showed that pre-harvest Ca sprays resulted in significant brown rot reduction on 
apple fruit over a 6-month storage period. So far the named disorders have not been 
associated with susceptibility to patulin-producing fungi and therefore fruits with BP or 
SS are considered to be safe for juice processing. However, in our previous research 
(Heinmaa et al., 2019) we found PAT in juice pressed from apples affected with BP, but 
not showing any visual signs of fungal infection. 

The aforementioned finding led us to the hypotheses of the current study: 1) apples 
with physiological disorders are more susceptible to P. expansum infection; 2) apple 
juice pressed from fruits with physiological disorders has higher PAT content. 

 
MATERIALS AND METHODS 

 
Apple cultivars and inoculation experiments 
At first, the pilot experiment was carried out in order to determine the most virulent 

Penicillium isolate out of three and to find out if there is a tendency that apples with BP 
symptoms are more susceptible to Penicillium than healthy apples. For the pilot 
experiment, Penicillium spp spores were collected from three different apple cultivars 
that had visible blue mould rot symptoms. Isolates were separately cultured in PDA plate 
for 2 weeks at 25 °C in the dark. Further on, the procedure described by Chen et al. 
(2017) was followed for inoculum preparation. Conidia were harvested with 0.05% 
Tween and counted with a hemocytometer using an optical microscope and diluted to a 
concentration of 1×105 conidia mL-1. In the pilot experiment, 36 ‘Antei’ apples were 
used: six apples with and six without BP symptoms were inoculated with three different 
P. expansum isolates. Apples were surface disinfected for 2 min with 1% sodium 
hypochlorite solution, rinsed three times with deionized water, and air dried on a clean 
bench. Each apple was inoculated in two places with 10 μL of the spore suspension (the 
suspension was mixed using vortexer before inoculation) using a pipette. Sterile distilled 
water with 0.05% Tween 20 was used as the control. Apples were stored in plastic 
baskets at 24 °C with RH 80%. 
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Lesion diameters were measured 7 and 11 days after inoculation (DAI). Two 
diameter values of each lesion in two mutually perpendicular directions were recorded. 
The average of the two values was defined as the diameter of the lesion. No apple juice 
was pressed in the pilot experiment. The most virulent Penicillium isolate out of three 
was used in further inoculation experiments following the same inoculation and lesion 
diameter measuring procedure as described above. The isolates identity as P. expansum 
was confirmed through molecular analysis as described by Adamson et al. (2015). 

For further experiments, conventional ‘Antei’ and ‘Krameri tuviõun’ apples and 
organic ‘Talvenauding’ apples were harvested from South Estonian apple orchards in 
autumn 2017. ‘Talvenauding’ apples had no signs of SS and ‘Antei’ and ‘Krameri 
tuviõun’ had slight BP symptoms when harvested. BP symptoms develop during first 
two months of storage. SS symptoms usually develop during shelf life, when apples are 
removed from cool storage and transferred to room temperature. 100 kg of apples were 
harvested per cultivar and stored at 3 ± 2 °C and relative humidity 95%. The storage 
duration for ‘Krameri tuviõun’ was 12 weeks, for ‘Antei’ 11 weeks and for 
‘Talvenauding’14 weeks. Since development of BP continued during storage, ‘Antei’ 
and ‘Krameri tuviõun’ fruits were inspected after two months and divided into two 
categories: sound apples and apples with BP. Since SS develops slowly at low 
temperatures and rapidly at room temperature, half of the ‘Talvenauding’ apples were 
placed at 20 ± 2 °C for one week before the inoculation experiment. Flesh firmness was 
measured from 10 apples per category by using TMS-Pro Texture Analyser (Food 
Technology Corporation, USA) before inoculation. Since ‘Krameri tuviõun’ has conic 
shape and Talvenauding’ is ribbed, fruit were cut in half for achieving steadiness during 
measurement. A small skin area was removed from two opposite sides of each fruit 
around the equator corresponding to the blushed and shaded sides as previously 
described by Saei et al. (2011). The penetration force was measured by pressing a 10 mm 
diameter plunger 5 mm deep into peeled fruit at a speed of 1.7 mm s-1. The two readings 
taken on opposing sides of each fruit were averaged to obtain a mean flesh firmness 
value for each fruit. The readings were given in Newton (N). 

In the second experiment 30 ‘Antei’ and 30 ‘Krameri tuviõun’ apples with and 
without visible BP symptoms (altogether 120 apples) were inoculated with the most 
virulent P. expansum isolate at the beginning of December 2017. Apples were stored and 
lesion diameters were measured as described in the pilot experiment. Half of the 
inoculated apples from each treatment were pressed into juice 7 DAI and the other half 
after 11 DAI in order to determine if and how much PAT had been produced at each 
time point. By 11 DAI ‘Krameri tuviõun’ apples were too rotten to press juice and PAT 
was not determined. 

The third inoculation experiment was carried out at the end of January 2018 when 
30 ‘Talvenauding’ apples with and without SS symptoms were inoculated. The lesion 
diameters were measured 7 DAI and apples were pressed into juice on the same day. 
Since the lesions were already large 7 DAI, it was decided that 11 DAI the deterioration 
of apples was too large to press juice. 

 
Juice pressing and patulin analyses 
Non-inoculated apples with and without physiological disorders were separately 

pressed into juice 10 weeks after harvest. All apples with visual symptoms of fungal 
infection were rejected before juice pressing. 20 kg of apples in each treatment were 
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washed and disintegrated with Voran centrifugal mill RM2.2 (Voran Maschinen GmbH, 
Pichl bei Wels, Austria) and pressed by water-press (WP) Lancman VSPX 120 (Gomark 
d.o.o., Vransko, Slovenia). Juices were pasteurized at 85 °C for 1 min by a tubular system 
and packed immediately into airtight 1.4-litre aluminium foil bags with Bag-in-box filler 
BBF6 (Gebhardt Anlagentechnik GmbH & Co. KG, Germany). Approximately 10 kg of 
apples for each cultivar were cut into halves in order to inspect apple cores for possible 
visual symptoms of fungal infection. Inoculated apples (approximately 1.5–2 kg in each 
category) were pressed into juice with a laboratory press Sencor Juice Extractor SJE 1005. 
Juices were pasteurized at 85 °C for 1 min and packed immediately into airtight 1.4-litre 
aluminium foil bags. PAT analyses were carried out in the Estonian Health Board 
laboratory, which is accredited by the Estonian Accreditation Centre. Juices were pre-
treated with pectinase enzyme. The sample preparation was based on Solid Phase 
Extraction. PAT was eluated from the cartridge with ethyl acetate. After evaporation of 
the solvent, the residue was dissolved in mobile phase, and PAT was quantitatively 
determined by HPLC with UV detection. The level of quantification was 4 μg L-1. 

 
Statistical analysis 
Data obtained in this study were subjected to statistical analysis using Dell 

Statistica version 13 (Dell Inc., USA) and were expressed as the means ± standard errors. 
The effect of P. expansum isolates and BP on lesion diameter was compared by analysis 
of variance (two-way ANOVA) (Fig. 1). Apple flesh firmness and juice PAT content 
were compared by one-way ANOVA (Tables 1 and 2) and significant differences among 
the variables for 7 and 11 DAI separately were determined according to Duncan’s 
multiple range test (p ≤ 0.05). Mann-Whitney U tests were performed to compare lesion 
diameters between categorical variables (Tables 1 and 2). 

 
RESULTS AND DISCUSSION 

 
In the pilot experiment, isolate 3 was the most virulent one as the average  

of (Fig. 1). The average effect of BP was also significant: the lesion diameters of apples 
with BP symptoms were 
significantly larger compared to 
apples with no disorders, which 
indicates that Penicillium develops 
more rapidly in apple tissues with 
BP symptoms. 

Apple flesh firmness was not 
influenced by the presence of BP 
nor SS symptoms in any of the three 
cultivars studied (Tables 1 and 2). 
Juices pressed from non-inoculated 
‘Antei’ apples did not contain PAT, 
irrespective of whether they had BP 
or not (Table 1). Seven DAI lesion 
diameters of ‘Antei’ apples with BP 
symptoms were significantly larger 
than the lesion diameters of sound 

 

 
 
Figure 1. Mean lesion diameters of ‘Antei’ apples 
with BP symptoms and no physiological disorders 
inoculated with three different Penicillium isolates. 
Values with different letters for the same parameter 
are significantly different (two-way ANOVA). 
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apples. Guerrero-Prieto et al. (2017) reported that the greater the fruit Ca content, the 
lower the severity of P. expansum infection. At 11 DAI the lesion sizes were not 
significantly different. Among the inoculated apples, juice pressed from fruits with BP 
symptoms had significantly higher PAT content than juice pressed from sound apples at 
both 7 and 11 DAI. Also, the PAT content in the juice pressed from inoculated ‘Antei’ 
apples, which had no physiological disorders, contained PAT below the legal limit of 
50 μg L-1. PAT content in juice pressed from apples with BP symptoms was more than 
three times above the legal limit. Although no significant differences in flesh firmness 
were detected, the results indicated that P. expansum develops more rapidly and starts to 
produce PAT significantly sooner in ‘Antei’ apples with BP symptoms compared to 
sound apples. Since it is widely known that fungal conidia of P. expansum invade 
through wounds and bruises of the fruit (Spotts et al., 1998) it can be assumed that even 
though BP affected areas are below the skin, somehow the skin above disordered tissues 
is also weaker and makes it possible for P. expansum to invade the fruit. 
 
Table 1. ‘Antei’ and ‘Krameri tuviõun’ apples’ flesh firmness (N) before inoculation, mean 
lesion diameters of inoculated apples (mm) and juice PAT content (µg L-1) ± SE; DAI = days 
after inoculation; BP = Bitter pit; NI = not inoculated  
  ‘Antei’ ‘Krameri tuviõun’ 

Dis-
order DAI 

Flesh 
firmness,  
N 

Lesion 
diameter, 
mm 

PAT,  
µg L-1 

Flesh 
firmness,  
N 

Lesion 
diameter, 
mm 

PAT,  
µg L-1 

none 7 43.8 ± 1.3a 8.8 ± 0.8b 22 ± 5b 31.7 ± 0.9a 13.3 ± 1.2a 609 ± 28a 
BP 7 41.3 ± 1.1a 11.1 ± 1.1a 182 ± 16a 31.2 ± 1.3a 11.0 ± 0.9a 478 ± 34b 
none 11 43.8 ± 1.3A 16.1 ± 2.9A 373 ± 19B 31.7 ± 0.9A  35.0 ± 4.6A - 
BP 11 41.3 ± 1.1A 17.3 ± 2.4A 769 ± 32A 31.2 ± 1.3A  24.6 ± 3.1A  - 
none NI 43.8 ± 1.3a - < 4 31.7 ± 0.9a - < 4 
BP NI 41.3 ± 1.1a - < 4 31.2 ± 1.3a  - < 4 
Values with different letters for the same DAI and parameter for each cultivar are significantly different. 
Apple flesh firmness and juice PAT content were compared by one-way ANOVA and lesion diameters by 
Mann-Whitney U tests. 
 
Table 2. ‘Talvenauding’ apples’ fruit flesh firmness (N) before inoculation, mean lesion 
diameters of inoculated apples (mm) and juice PAT content (µg L-1) ± SE; DAI = days after 
inoculation; SS = Superficial skald; NI = not inoculated 
Disorder DAI Flesh firmness, N Lesion diameter, mm PAT, µg L-1 
none 7 39.4 ± 1.0a 23.5 ± 0.3a 4,203 ± 103b 
SS 7 39.8 ± 0.6a 20.4 ± 0.6b 4,922 ± 128a 
none NI 39.4 ± 1.0A - < 4 
     
SS NI 39.8 ± 0.6A - 162.5 ± 33A 
Values with different letters for the same parameter are significantly different. Apple flesh firmness and 
juice PAT content were compared by one-way ANOVA and lesion diameters by Mann-Whitney U tests. 

 
Juice pressed from non-inoculated ‘Krameri tuviõun’ apples with or without BP 

symptoms did not contain PAT. The lesion diameters of ‘Krameri tuviõun’ apples with 
and without BP symptoms were not significantly different at 7 or 11 DAI (Table 1). At 
7 DAI, the content of PAT was higher in the juice pressed from initially sound inoculated 
apples compared to juice pressed from inoculated apples with BP symptoms. The results 
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from ‘Krameri tuviõun’ apples were not in accordance with the findings of the other two 
cultivars: the lesion diameters of the apples with no physiological disorders were 
significantly larger and juice PAT content was higher compared to the apples with BP 
symptoms. The reason for that might be that ‘Krameri tuviõun’ apples were much softer 
than the other two cultivars studied (Tables 1 and 2) and therefore more susceptible to 
different competing fungi like Botrytis and Gloeosporium, which were developing 
alongside with P. expansum and suppressing its development. Earlier studies by Morales 
et al. (2013) have proven that interactions between Botrytis cinerea and P. expansum in 
grape juice medium enhanced B. cinerea growth and prevented PAT accumulation, 
which indicates that P. expansum is a weak competitor compared other common 
postharvest pathogens in apples. 

‘Talvenauding’ flesh firmness was not affected by SS (Table 2). Juice pressed from 
apples without SS did not contain PAT over detection limit (< 4 μg L-1), whereas juice 
pressed from non-inoculated ’Talvenauding’ apples with SS symptoms had PAT 
contamination of 162.5 μg L-1, which is above the legislative limit of 50 μg L-1 (World 
Health Organization, 1995). At 7 DAI, apples with SS had significantly smaller lesion 
diameters than initially sound inoculated apples. However, PAT content was higher in 
the juice pressed from apples with SS symptoms than sound apples (4,922 and 
4,203 μg L-1, respectively). This may indicate that the lesion diameter on the fruit surface 
does not definitively describe the development phase of P. expansum and production of 
mycotoxin PAT. The finding is also in accordance with the results of Drusch & Ragab 
(2003), who reported that no correlation between the size of the lesion and the PAT 
concentration was found. Although ‘Talvenauding’ apples had similar flesh firmness 
compared to ‘Antei’ apples, the lesion diameters were approximately twice as large 
compared to other two cultivars and PAT content was extremely high. 

Harris (2007) reported that ’Jonagold’ and ’Red Delicious’ apple juice extracted 
from rotten tissue of fruits inoculated with P. expansum in the laboratory typically 
contained > 1,000 µg of PAT L-1 by 6 days after inoculation. In our study ’Antei’ and 
’Krameri tuviõun’ apple juice pressed after 7 days of inoculation contained less than 
1,000 μg L-1 of PAT, but ’Talvenauding’ apple juice contained more than 1,000 μg L-1 
of PAT. 

Based on current study it can be stated that the lesion diameters of ‘Talvenauding’ 
apples affected by SS were about twice as big and the patulin content in AJ was many 
times higher compared to AJ pressed from ‘Krameri tuviõun’ and ‘Antei’ apples affected 
by BP. This indicates, that P. expansum develops in the fruit and starts to produce PAT 
faster in apples with SS compared to apples with BP. The cause for this may be because 
BP formation starts internally in the flesh of apples and pit appears on the fruit surface 
with time (Jarolmasjed et al., 2016). SS formation starts on the apple surface due to the 
death of cells in the epidermal or hypodermal layers of the skin (Colgan et al., 1999), 
which at later stages can lead to the development of internal damage and pathological 
disorders (Paliyath et al., 1997). Since P. expansum is a wound pathogen and invades 
the fruit through the skin, it can be assumed that SS affected fruits are more susceptible 
to P. expansum development because the surface of the fruit is already damaged. 
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CONCLUSIONS 
 

It can be concluded from the current study that among the physiological disorders, 
SS increases the risk for PAT occurrence in juice more than BP. While the juice pressed 
from BP-affected apples with no visual symptoms of fungal diseases did not contain 
PAT, juice pressed from apples with SS had PAT content three times above the 
legislative limit. We also conclude that apples with physiological disorders may be more 
susceptible to P. expansum infection, but cultivar differences also play a role. In the current 
study, two cultivars out of three showed that if P. expansum infection occurred in fruit 
with physiological disorders, PAT production occurred significantly sooner compared 
to initially sound apples even though lesion diameters were not always larger. Since 
apples with BP and SS are often used for juice pressing all over the world, further studies 
with apple cultivars susceptible to these disorders should be carried out in order to 
increase the knowledge about the risk factors causing PAT contamination in apple juice. 
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