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Dynamics of mineral nutrients in apple fruit cultivars during cold storage
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ABSTRACT

Apples are widely consumed and rich in phytochemicals beneficial to human health. This study examines chang-
es in mineral content of five apple cultivars (‘Golden Delicious Reinders’, ‘Red Chief’, ‘Granny Smith’, ‘Gloster’, and
‘Morren’s Jonagored’) during cold storage. Mineral compositions, including macro- [calcium (Ca), potassium (K), and
magnesium (Mg)], and microelements [cobalt (Co), copper (Cu), iron (Fe), manganese (Mn), chromium (Cr), nickel (Ni),
zinc (Zn), and lead (Pb)], were determined using atomic absorption spectrophotometry during harvest and different
periods of cold storage, which is the dominant storage method in Serbia. The content of K, Ca, and Mg followed a
regular accumulation pattern, with the highest levels observed after 120 days of storage. Cultivar/year interactions
significantly affected the K/Ca and K+Mg/Ca ratios. Cu and Fe concentrations were highest in ‘Gloster’ at harvest,
while the lowest levels were found after 120 days of storage in the second year and in ‘Granny Smith’, respectively.
Zn levels were highest in ‘Morrens Jonagored’ after 60 days, and Mn peaked in ‘Gloster’. Pb concentrations increased
during storage across all cultivars. This highlights the importance of monitoring nutrient levels to prevent quality issues
during storage.

Keywords: apple fruit, mineral nutrition, storage physiology, K/Ca ratio, fruit quality

ABSTRAKT

Jabuka je Siroko konzumirano voce bogato fitohemikalijama koje imaju povoljan uticaj na ljudsko zdravlje. U ovoj
studiji proucavane su promene u mineralnom sastavu ploda pet sorti jabuke (‘Golden Delicious Reinders’, ‘Red Chief’,
‘Granny Smith’, ‘Gloster’ i ‘Morren’s Jonagored’) tokom ¢uvanja u hladnjaci. Mineralni sastav, koji podrazumeva sadrzaj
makroelemenata [kalcijum (Ca), kalijum (K) i magnezijum (Mg)] i mikroelemenata [kobalt (Co), bakar (Cu), gvozde (Fe),
mangan (Mn), hrom (Cr), nikl (Ni), cink (Zn) i olovo (Pb)], odredivan je pomoc¢u atomske apsorpcione spektrofotometrije
u vreme berbe i tokom razlic¢itih perioda skladistenja u hladnjaci, kao dominantnog nacina ¢uvanja u Srbiji. Sadrzaji K,
Ca i Mg odlikovali su se utvrdenim obrazcem akumulacije, a najvise vrednosti zabeleZzene su nakon 120 dana cuvanja.
Interakcijski efekat sorte i godine znacajno je uticao na odnose K/Ca i (K+Mg)/Ca. Najvise koncentracije Cu i Fe ut-
vrdene su kod sorti ‘Gloster’ pri berbi, a najniZi nivoi zabeleZeni su u drugoj godini posle 120 dana ¢uvanja kod sorte
‘Granny Smith’. U pogledu Zn najvisa koncentracija utvrdena je kod sorte ‘Morren’s Jonagored’ nakon 60 dana, a Mn
kod sorte jabuke ‘Gloster’. Koncentracije Pb povecavale su se tokom perioda skladistenja kod svih ispitivanih sorti
jabuke. Dobijeni rezultati ukazuju na znacaj utvrdivanja dinamike hranljivih materija u plodu jabuke u cilju prevencije
losijeg kvaliteta tokom skladistenja u hladnjaci.

Kljucne reci: jabuka, mineralna ishrana, fiziologija ¢uvanja, odnos K/Ca, kvalitet ploda
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INTRODUCTION

In 2020, apples (Malus x domestica Borkh.) ranked
as the third most-produced fruit globally, with an annu-
al production of 86.4 million tons (Shahbandeh, 2022).
With an average consumption of approximately 13 kg
per person annually, apples are highly popular in Europe
(AMI, 2021). Apples are recognized for their strong nu-
tritional profile, contributing to increasing awareness of
their health benefits (Ferreira and Ribeiro, 2024). In the
EU, major apple producers include Poland, Italy, France,
and Germany, with dominant cultivars such as ‘Golden
Delicious’ (21%), ‘Gala’ (11%), and ‘ldared’ (9%) (Jako-
bek et al., 2020). In Serbia, common cultivars include
‘Idared’, ‘Gala’, ‘Golden Delicious’, ‘Red Delicious’, Jona-
gold’, ‘Braeburn’, ‘Granny Smith’, and ‘Fuji’ (Magazin et
al., 2022).

Minerals, both macronutrients and micronutrients,
are crucial for human health, supporting various biolog-
ical functions (Acham et al., 2018). Deficiencies in these
minerals can lead to organ damage, metabolic imbalanc-
es, and even fatal outcomes (Cozma et al., 2022). Fruits,
including apples, play an essential role in human nutri-
tion by providing beneficial phytochemicals and vital
minerals (Rehman et al., 2014). Apples are rich in essen-
tial nutrients, contributing to the reduction of chronic
diseases and obesity (Mozaffarian, 2016), and serve as a
significant source of minerals for human health.

When purchasing fruit, consumers initially assess
external qualities such as size, shape, and color. Internal
qualities, such as flesh texture and flavor, are evaluated
post-purchase, influencing future decisions, particular-
ly when linked to health benefits (Musacchi and Serra,
2018). Mineral composition, along with other metabo-
lites, is a significant factor in the chemical quality of fruit,
affecting both its preservation and its health benefits.
The human body requires approximately 20 essential
minerals, divided into macrominerals (needed in quanti-
ties over 100 mg per day) and microminerals (required
in smaller amounts). Both are essential for maintaining
physiological functions (Spada et al., 2010). These nutri-
ents support vital processes like hematopoiesis, tissue

respiration, immune reactions, and reproduction (Struk
et al., 2024). Previous studies on apples have focused on
their chemical composition, including macronutrients,
micronutrients, and bioactive compounds, as well as
their postharvest physiology and storage behavior. Re-
search has also investigated the effects of cultivar, grow-
ing conditions, and storage methods on fruit quality,
shelf life, and nutritional value (Nachtigall and Dechen,
2006; Nour et al., 2010; Gago et al., 2016; Skordas et al.,
2018). Despite these studies, there is limited information
on the combined effects of cultivar, growing year, and
storage period on both macro- and microelement con-
tent in apple fruit, particularly in Serbian apple cultivars.
This gap highlights the need for comprehensive studies
like the present work. Apples are integral to many diets
and offer therapeutic benefits, such as promoting gastric
secretion and absorption, toxin elimination, and a diuret-
ic effect. The World Health Organization (WHO, 2003)
recommends a daily intake of 400 g of fresh fruits and
vegetables to prevent non-communicable diseases, in-
cluding cardiovascular diseases and certain cancers. The
nutrient content of fruit is influenced by factors such as
soil mineral composition, irrigation water quality, weath-
er, agricultural practices, and cultivar type (Turra et al.,
2011). However, limited data exist on the dynamics of

mineral content in apples during cold storage.

The main objective of this study was to evaluate the
effects of cultivar, growing year, and storage period on
the macro- (Ca, K, Mg) and microelement (Co, Cu, Fe,
Mn, Cr, Ni, Zn, Pb) composition of apple fruit. A second-
ary objective was to calculate the K/Ca, K+Mg/Ca, and
Ca/Mg ratios to assess their potential impact on post-
harvest fruit quality and storage stability.

MATERIAL AND METHODS

Plant material and experimental design

The investigation was conducted over a two-year pe-
riod (2019-2020) in the experimental trial of five apple
cultivars (‘Golden Delicious Reinders’, ‘Red Chief’, ‘Gran-
ny Smith’, ‘Gloster’, and ‘Morren’s Jonagored’) all graft-
ed onto M9 rootstock. The orchard was established in
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2006 and is located at Donja Trepca (43° 53' N latitude,
20° 25' E longitude, 223 m altitude) near Cac¢ak, Western
Serbia. Trees were planted at a density of 2,000 trees
per hectare with a spacing of 4 x 1.25 m, except for ‘Red
Chief’, which was planted at a higher density of 2,500
trees per hectare with a spacing of 4 x 1.0 m and trained
using the spindle bush system. Soil management fol-
lowed integrated production principles, including grass
cover between rows and weed-free zones within rows.
Disease and pest control adhered to standard protocols
recommended for commercial apple orchards. According
to records from the Republic Hydrometeorological Ser-
vice of Serbia, the weather conditions in Cac¢ak, both for
the experimental years, were characterized by a mean
growing season temperature of 16.05 °C and total rain-
fall of 80.55 mm (Table 1).

The soil in the apple orchard was classified as vertisol,
with a moderate organic matter content of 2.92% and
nitrogen (N) content of 0.18%. The soil exhibited a slight-
ly acidic reaction, with pH values measured in KC| 0.01
mol/L. The available phosphorus (P) content was suffi-
cient, at 21.26 mg/100 g, while the available potassium
(K) was high, at 45.40 mg/100 g. These soil character-
istics satisfy the agro-environmental requirements for

apple cultivation as described by Kljaji¢ et al. (2023). The
experiment was conducted using a randomized block
design with four replications per treatment. Specific pro-
tective measures were applied to all apple trees accord-
ing to national and international standards (Magazin et
al., 2022; Rilak et al., 2023). Fertilization, pruning, and
irrigation were conducted according to cultivar-specific

recommendations.

Treatments

The study was conducted using a three-factor fac-
torial experimental design with the following factors:
apple cultivar (‘Golden Delicious Reinders’, ‘Red Chief’,
‘Granny Smith’, ‘Gloster’, and ‘Morrens Jonagored’), year
of study (2018 and 2019), and storage period (0, 60, and
120 days). After harvest, apple fruits were transported
to the laboratory of the Fruit Research Institute, Cacak,
and randomly assigned to three storage treatments: 1)
immediate analysis at harvest, 2) cold storage for 60
days, and 3) cold storage for 120 days. Data were ana-
lyzed using three-way ANOVA to evaluate the effects of
individual factors and their interactions on fruit mineral

composition and quality parameters.

Table 1. Mean monthly growing season temperatures and rainfall in Cacak (2019-2020)

Air temperature Rainfall

Month o (mm)

2019 2020 LTA" 2019 2020 LA

VP* VP*
March 7.6 8.0 6.1 29.0 88.6 77.2
April 10.8 12.1 10.7 67.0 36.9 75.6
May 11.9 15.7 14.7 118.8 84.4 98.9
June 20.4 19.7 18.9 236.0 147.3 78.7
July 20.7 21.9 21.2 45.4 127.7 50.4
August 21.3 22.3 21.2 61.6 117.7 41.7
September 17.3 19.4 16.5 20.8 7.5 60.0
October 14.9 131 10.5 16.4 101.9 59.2
Mean of growing season 15.6 16.5 15.0 595.0 712.0 541.7
* Long-term average (55-year average, i.e. 1965-2020 period)
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Table 2. Overview of the sampling dates of the examined apple cultivars by year

Storage period (days)

Cultivar Growing year
0 60 120
‘Golden Delicious Reinders’ 2018/19 30t of September 2" of December 30t of January
2019/20 24t of September 24 of November 26" of January
‘Granny Smith’ 2018/19 30t of September 2" of December 30t of January
2019/20 24t of September 24t of Novembar 25 of January
‘Red Chief’ 2018/19 17t of September 18t of November 17t of January
2019/20 23 of September 23 of November 21 of January
‘Gloster’ 2018/19 1%t of September 15t of November 15t of January
2019/20 17t of September 18t of November 17t of January
‘Morren’s Jonagored’ 2018/19 11* of September 15 of November 15t of January
2019/20 26 of September 26 of November 24 of January

The cold storage conditions were 0.5-2.5 °C, high
relative humidity (90-92%), an O, content of approxi-
mately 21%, CO, at around 0.03%, and N at about 78%.
Sampling times for the investigated apple cultivars are
shown in Table 2.

Mineral fruit quality analysis

Apple fruit samples for the determination of mineral
content were collected from all the experimental treat-
ments during the 2018 and 2019 growing seasons, at
the stage of commercial maturity, as identified by the io-
dine-starch test. Fruits of uniform size, free from visible
damage and infections, were randomly selected from the
same pool of trees and transported to the laboratory of
the Fruit Research Institute (Rilak et al., 2023). A total
of 120 fruits from each examined cultivar were sam-
pled, with 4 replications (30 fruits per replication) per
treatment. Chemical analyses were performed on 100 g
samples of apple fruit from each cultivar, with each rep-
lication consisting of 25 g (4 replications in total). Each
chemical analysis was performed in four replications per
cultivar and treatment to ensure statistical reliability. All

mineral concentrations are expressed in mg/kg of fresh

weight (FW). The homogenized fruit samples were di-
gested following standard protocols to avoid contamina-
tion, and all glassware was acid-washed prior to use. The
procedure follows previously established methods (Mo-
rais et al., 2017) and allows for accurate determination of
macro- and microelements in apple fruit. The analyses
were conducted at the stage of physiological maturity,
as well as after two storage periods (60 and 120 days).

For mineral determination, the fruits were washed
with deionized water and homogenized. A 25 g sample
of fruit was decontaminated with a 10% nitric acid solu-
tion and then subjected to digestion by drying at 600 °C
for 4 hours. Subsequently, 5 mL of 3N HCI| was added
to the sample and heated until the ash was completely
dissolved. The sample was then filtered and diluted to
a final volume of 50 mL with deionized water. The con-
tent of macro, microminerals, and Pb were determined
according to Morais et al. (2017) using atomic absorption
spectrophotometry (Perkin-Elmer, PinAAcle 500, USA).
The results expressed in mg/kg of fresh weight (mg/kg
FW). The ratios of K/Ca, K+tMg/Ca, and Ca/Mg were cal-
culated.
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Statistical analysis

The data were presented as mean * standard error of
the mean (SE). Differences between means were com-
pared by Duncan's Multiple Range test in three-way
analysis of variance (ANOVA) using the MSTAT-C statis-
tical computer package (Michigan State University, East
Lansing, MI, USA). Differences at P<0.05 were consid-
ered significant.

RESULTS AND DISCUSSION

The contents of the macroelements (Ca, Mg, and K)
and their ratios (K/Ca, K+Mg/Ca, Ca/Mg) of assessed ap-
ple cultivars during different storage periods are shown
in Table 3.

Analysis of variance revealed that the content of all
tested macronutrients (K, Ca, Mg) in apple fruits signifi-
cantly depended on the cultivar, growing year, and stor-
age period (experimental factors). The K/Ca and K+Mg/
Ca ratios were influenced mainly by cultivar and grow-
ing year, while the Ca/Mg ratio was largely unaffected
by storage conditions (Figure 1, Table 3). Cultivar/year
interactions caused significant variations in all macro-
nutrient contents and their ratios, except for Mg during
storage, indicating that environmental conditions and
genetic factors jointly affect nutrient accumulation. Stor-
age period influenced the highest K, K/Ca, and K+Mg/Ca
values after 60 days, whereas Ca and Mg concentrations
showed cultivar-specific trends.

Among the cultivars, ‘Red Chief’ had the highest K
and Mg contents, whereas ‘Morrens Jonagored’ showed
the lowest K and Ca levels. ‘Golden Delicious Reinders’
exhibited the highest Ca and Ca/Mg ratio, while ‘Gran-
ny Smith’ had the highest K+Mg/Ca ratio. On average,
nutrient levels followed the order K>~Mg>Ca, consistent
with findings by Nachtigall and Dechen (2006). Mg con-
centrations were within commonly reported ranges for
apple fruit, showing cultivar- and environment-depen-
dent variation rather than nutritional excess (Nour et al.,
2010). K excess is rare but may reduce Ca and Mg avail-
ability, affecting storage quality (Mratini¢ and Durovic,
2015).

Ca content is critical for postharvest quality, as low
Ca increases susceptibility to physiological disorders
and reduces storage potential (Marcelle, 1995; Wojcik,
2004). In this study, Ca ranged from 24.50 to 39.05
mg/kg FW (=0.0025-0.0039% FW), below the 0.05%
threshold suggested for extended storage (Mici¢ et al.,
2005). Antagonistic interactions between K, Mg, and
Ca may further influence fruit quality and susceptibility
to bitter pit (Gransee and Fiihrs, 2013; Bramlage et al,,
1980; Hahn et al., 2022).

Overall, macronutrient contents depended on culti-
var properties, agro-ecological conditions, fertilization
practices, and storage duration, highlighting the need
to consider these factors when predicting apple stor-
age performance and nutritional value (Zavalloni et al.,
2001; Johnston et al., 2002; Wicklund et al., 2021). Ap-
ples provide dietary K, Ca, and Mg, supporting muscle
and nerve function, bone health, and enzymatic activity,
while their fiber and bioactive compounds contribute to
general nutritional value rather than strong therapeutic
effects (Campeanu et al., 2009; Rilak et al., 2025). Lit-
erature reports Ca content in apples ranging from 2 to
202.7 mg/100 g (Morais et al., 2017; Maeaba and Prasad,
2023).

When considering cultivar differences, the highest
K content was recorded in the ‘Red Chief’ cultivar after
120 days of storage in the second growing year (1,713.38
mg/kg FW), while the lowest value was observed in
‘Morrens Jonagored’ (1,444.45 mg/kg FW) (Figure 3). In
contrast, Milinkovi¢ et al. (2018) reported the lowest K
content in ‘Granny Smith’ and the highest in ‘Morrens
Jonagored’ under Cac¢ak agroecological conditions, indi-
cating a strong influence of environmental factors and
year-to-year variability.

Regarding Mg, the highest Mg content was recorded
in ‘Red Chief’ after 60 days of storage in the first growing
year (67.98 mg/kg FW), whereas the lowest value was
observed at the end of storage (120 days) in the second
growing year (25.37 mg/kg FW) (Figure 4). These results
confirm the combined influence of cultivar characteris-
tics and storage duration on Mg dynamics.
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Table 3. Content of macroelements (K, Ca, Mg) content in apple fruits (mean = SE, mg/kg FW)

Treatment K (mg/kg) Ca (mg/kg) Mg (mg/kg) K/Ca K+Mg/Ca Ca/Mg
Cultivar (A)
‘Gloster’ 1218.15 £ 39.86 « 29.53+2.00° 47.00+273¢ 43.67 +2.67°" 4542 +281° 0.69 +0.08 *®
‘Golden Delicious Reinders’ 1266.23 + 43.60 ** 39.05+2.01>2 4741 +3.18¢ 33.28 +1.53¢ 33.52+1.86¢ 0.92+0.11°
‘Granny Smith’ 1297.15+41.85°" 2529 +1.10¢ 4558 +341°¢ 53.22 +3.09? 55.04 +3.152 0.62 +0.06 b*
‘Morrens Jonagored’ 1204.78 + 38.58 ¢ 24.50+£1.50¢ 51.90+290°" 5427 £5.22° 36.00+1.92¢ 0.49 £0.04 ¢
‘Red Chief’ 1375.73+51.29° 32.56 £ 1.65° 57.36 +2.30° 43.79 +2.52° 45.63 +2.58°" 0.59 +0.05b¢
Growing year (B)
2018/2019 1166.65 +23.15° 2847 +£0.77° 55.78 +1.28 4252 +1.63" 4370+ 1.84° 0.52+0.02°
2019/2020 1378.17 £23.952 31.91+1.672 43.92 +2.06" 48.77 £2.77° 4255+205° 0.80 £ 0.06°
Storage period (C)
0 days 1294.18 £ 29.64 2 32.31+1.94= 52,76 +1.78 2 43.69 +£2.60° 4157 +228° 0.67 £0.08°
60 days 1318.44 + 30.85° 29.75+1.54%® 52,19 +2.57 2 47.66 £ 2.67° 4550+ 2.28° 0.61+£0.04°
120 days 1204.67 £ 40.06° 28.51+1.23° 4459 +241° 4559 +3.22° 42.30+256° 0.70£0.05°
ANOVA
A * * * * * *
B * * * * ns *
C * * * ns ns ns
AxB * * ns * * *
AxC * ns * ns ns *
BxC * * x X x ns
AxBxC * ns * ns ns *

Values within each column followed by the same small letter are not significantly different at P < 0.05 by Duncan’s Multiple Range test; * in column indicates significant differences at P < 0.05 by

Duncan’s Multiple Range test; ns: not significant.
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Figure 1. Interaction effects (AxB); 1.a) Ca in apple fruit; 1.b) K/Ca

Ca content and related ratios showed pronounced
variation depending on evaluation date and growing
year. The highest Ca content was observed at harvest
(0 days) in the second growing year (36.79 mg/kg FW),
while the lowest was recorded after 120 days of storage
in the same year (26.03 mg/kg FW). Consequently, the
K/Ca ratio increased during storage, reaching its maxi-
mum after 120 days in the second growing year (56.52),
whereas the lowest value was observed at harvest in the
first growing year (34.66). Similarly, the K+Mg/Ca ratio
reached its highest value after 60 days of storage (51.27),
while the lowest value was recorded after 120 days in
the first growing year (34.66).

ratio in apple fruit; 1.c) K+Mg/Ca ratio in apple fruit

Year effects were also evident in mineral balance. The
K/Ca ratio was generally higher in the second growing
year for all cultivars except ‘Gloster’. In contrast, the
K+Mg/Ca ratio showed higher values in the first grow-
ing year for ‘Gloster’ (35.18), ‘Granny Smith’ (25.52), and
‘Morrens Jonagored’ (28.22), indicating differences in
nutrient equilibrium between seasons.

The observed K/Ca and K+Mg/Ca ratios were higher
than those reported by Doryanizadeh et al. (2017) for
apples stored at 0 °C and 90% relative humidity. As pre-
viously noted, low Ca content combined with high K lev-
els, due to their antagonistic relationship, may increase
susceptibility to bitter pit (Winska-Krysiak and tata,
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2010). These findings support earlier reports highlight-
ing strong cultivar and environmental effects on fruit
mineral composition (Habte et al., 2017).

Figure 2 shows the significant interaction effect of
growing year/storage period on Ca content, K/Ca ratio,
and K+Mg/Ca ratio in apple fruit.

Analysis of variance revealed significant effects of
cultivar, growing year, and storage period on the concen-
trations of Cu, Fe, Zn, Mn, Ni, Co, Cr, and Pb (Table 4). A
significant three-way interaction (cultivar/year/storage
period) was observed for all microelements except Ni,
where only the cultivar/storage period interaction was

Among the studied cultivars, the highest Ni concen-
tration was recorded in ‘Gloster’ after 60 days of stor-
age (0.105 mg/kg FW), whereas the lowest value was
observed in ‘Golden Delicious Reinders’ after 120 days
of storage (0.010 mg/kg FW). Li et al. (2012) reported
elevated Ni concentrations in Chinese apple fruit, with
1.4% of samples exceeding the safety limit of 0.3 mg/kg,
indicating the importance of monitoring trace elements
in fruit.

The Ca/Mg ratio differed significantly among culti-
vars and years, with the highest value recorded in ‘Gold-
en Delicious Reinders’ during the second growing year

significant (Figure 6). (1.56) and the lowest in ‘Morrens Jonagored’ (0.31).
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Figure 2. Interaction effects (BxC); 2.a) Ca in apple fruit; 2.b) K/Ca ratio in apple fruit; 2. c) K+Mg/Ca ratio in apple fruit
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Values at each point followed by the same lowercase letter are not significantly different at P<0.05 according to Duncan’s Multiple Range Test

(results as mean + SE).

Figure 3. K content in apple fruit (AxBxC). 3.a) ‘Gloster’; 3.b) ‘Golden Delicious Reinders’; 3.c) ‘Granny Smith’; 3.d) ‘Morrens Jonag-

ored’; 3.e) ‘Red Chief’
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Figure 4. Mg content in apple fruit (AxBxC). 4.a) ‘Gloster’; 4.b) ‘Golden Delicious Reinders’; 4.c) ‘Granny Smith’; 4.d) ‘Morrens Jona-
gored’; 4.e) ‘Red Chief’
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Figure 5. Ca/Mg value in apple fruit (AxBxC). 5.a) ‘Gloster’; 5.b) ‘Golden Delicious Reinders’; 5.c) ‘Granny Smith’; 5.d) ‘Morrens
Jonagored’; 5.e) ‘Red Chief’
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Figure 6. Ni concentration in apple fruit (AxC). 6.a) ‘Gloster’; 6.b) ‘Golden Delicious Reinders’; 6.c) ‘Granny Smith’; 6.d) ‘Morrens

Jonagored’; 6.e) ‘Red Chief’

Similar Mg/Ca ratios were reported for ‘Fuji’ apples
grown in Southern Brazil (Amarante et al., 2017), high-
lighting the relevance of these ratios for assessing bitter
pit susceptibility.

Previous studies have shown that Mg concentration
may vary depending on peel color and cultivar. Dory-
anizadeh et al. (2017) observed lower Mg content in dark
red apples compared to medium and light red cultivars,
while Ahmed et al. (2025) reported higher Mg levels in
‘Golden’ and ‘Starking’ apples, attributing these differ-
ences to environmental and varietal factors.

Although trace elements are essential in small quan-
tities, excessive intake may pose health risks. Therefore,
their concentrations are interpreted relative to estab-
lished food safety limits rather than categorized as suf-
ficient or insufficient. Nutrient accumulation patterns in
apple tissues remain incompletely understood (Mészaros
et al., 2021). Additionally, postharvest treatments such
as freezing may preserve micronutrient content and re-
duce degradation (Ali et al., 2012; Niyazova et al., 2024).

Figures 7-13 illustrate the interaction effects of cul-
tivar, growing year, and storage period on microelement
concentrations in apple fruit. For Cu, the highest concen-
tration (0.26 mg/kg FW) was recorded in ‘Gloster’ fruit

at harvest (initial evaluation), whereas the lowest value
(0.03 mg/kg FW) was observed after 120 days of stor-
age in the second growing year. These results indicate a
decrease in Cu concentration during storage, which may
be associated with metabolic changes occurring during
fruit ripening and senescence. The Cu concentrations
obtained in the present study were lower than those re-
ported by Park et al. (2011) for apples grown in south-
ern Korea, suggesting that differences in agro-ecological
conditions and production practices may influence mi-

croelement accumulation.

The highest Fe concentration was recorded in
‘Gloster’ fruit at harvest (initial evaluation) in the first
growing year (3.15 mg/kg FW), whereas the lowest
value was observed in ‘Granny Smith’ after 60 and 120
days of storage (0.71 mg/kg FW). The results indicate a
decline in Fe concentration during storage, which may
be associated with physiological and metabolic changes
occurring during fruit maturation and storage. Campea-
nu et al. (2009) emphasized the secondary role of Fe in
plant development and its contribution to fruit quality,
reporting higher FeO concentrations (1.996%-2.752%)
in Romanian apple genotypes compared with the values
obtained in the present study.
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Table 4. Concentrations of microelements in apple fruits (mean + SE, mg/kg FW)

Treatment Cu Fe Zn Mn Ni Co Cr Pb
Cultivar (A)
‘Gloster’ 0.17 +0.02® 277 £0.142 0.32+0.04> 0.48+0.072 0.10+0.01* 0.033+0.01* 0.11+0.01° 0.32+0.04°
‘Golden Delicious Reinders’ 0.14+0.01° 1.35+£0.10¢ 0.20+0.02¢ 0.36+£0.02> 0.04+0.01¢ 0.018+001¢ 0.07+0.01«¢ 027+0.04°
‘Granny Smith’ 0.12+0.01¢ 0.87+0.06¢ 0.42+0.01° 0.34+0.03°> 0.05+0.01¢ 0.020+0.01¢ 0.09+0.01> 0.37+0.04°
‘Morrens Jonagored’ 0.17+0.01° 206+0.15> 0.31+0.04> 035+001°> 0.07+0.01¢ 0.027+0.01> 0.06+0.01¢ 0.27+0.04°
‘Red Chief’ 0.14+0.01° 1.30+0.07 ¢ 0.27+0.01° 0.36+0.02° 0.08+0.01® 0.021+0.01¢ 0.08+0.01°¢ 0.32+0.02°
Growing year (B)
2018/2019 0.15+0.01° 1.78+£0.142 0.36 +0.02° 0.39+0.01° 0.07+0.01® 0.030+0.01* 0.08+001° 0.24+0.02°
2019/2020 0.14+0.01° 1.55+0.09>* 025+0.02° 0.37+0.03® 0.06+0.01° 0.018+0.01°> 0.09+0.012 0.34+£0.03°
Storage period (C)
0 days 0.18 +0.01° 1.86£0.16* 0.35+0.03° 0.43+0.04° 0.08+0.01®° 0.023+0.01°> 0.04+001° 0.14+0.01°
60 days 0.14+0.01° 1.58+0.15* 0.31+0.03®> 040+0.02° 0.07+0.01° 0.021+0.01¢ 0.09+0.01® 026+0.02°
120 days 0.12+0.01°¢ 1.55+£0.12° 0.24+0.02¢ 0.30+0.01°¢ 0.05+0.01¢ 0028+0.01* 0.12+0.01° 0.48 £0.02°
ANOVA
A * * * * * * * *
B * * * * * * * *
C * * * * * * * *
AxB * * * * ns * * *
AxC * * x * * * * *
BxC * hs * * ns * * *
AxBxC * * * * ns * * *

Values within each column followed by the same small letter are not significantly different at P < 0.05 by Duncan’s Multiple Range test; * in column indicates significant differences at P < 0.05 by

..
BU Carm s ivia tp S Qa I5C LCSL, 115, TI0UL Sighititdrit.
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Values at each point followed by the same lowercase letter are not significantly different at P<0.05 according to Duncan’s Multiple Range Test
(results as mean + SE).

Figure 7. Cu concentration in apple fruit (AxBxC). 7.a) ‘Gloster’; 7.b) ‘Golden Delicious Reinders’; 7.c) ‘Granny Smith’; 7.d) ‘Morrens
Jonagored’; 7.e) ‘Red Chief’
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(results as mean + SE).

Figure 8. Fe concentration in apple fruit (AxBxC). 8.a) ‘Gloster’; 8.b) ‘Golden Delicious Reinders’; 8.c) ‘Granny Smith’; 8.d) ‘Morrens
Jonagored’; 8.e) ‘Red Chief’
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Figure 9. Zn concentration in apple fruit (AxBxC). 9.a) ‘Gloster’; 9.b) ‘Golden Delicious Reinders’; 9.c) ‘Granny Smith’; 9.d) ‘Morrens
Jonagored’; 9.e) ‘Red Chief’
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(results as mean + SE).

Figure 10. Mn concentration in apple fruit (AxBxC). 10.a) ‘Gloster’; 10.b) ‘Golden Delicious Reinders’; 10.c) ‘Granny Smith’; 10.d)
‘Morrens Jonagored’; 10.e) ‘Red Chief’
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Figure 11. Co concentration in apple fruit (AxBxC). 11.a) ‘Gloster’; 11.b) ‘Golden Delicious Reinders’; 11.c) ‘Granny Smith’; 11.d)
‘Morrens Jonagored’; 11.e) ‘Red Chief’
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Figure 12. Cr concentration in apple fruit (AxBxC). 12.a) ‘Gloster’; 12.b) ‘Golden Delicious Reinders’; 12.c) ‘Granny Smith’; 12.d)
‘Morrens Jonagored'’; 12.e) ‘Red Chief’
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Figure 13. Pb concentration in apple fruit (AxBxC). 13.a) ‘Gloster’; 13.b) ‘Golden Delicious Reinders’; 13.c) ‘Granny Smith’; 13.d)
‘Morrens Jonagored'’; 13.e) ‘Red Chief’
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Similarly, Macit et al. (2021) reported higher Fe levels
(5.75-14.17 mg/100 g FW) in Turkish apple cultivars,
while Kistechok et al. (2024) observed increased Fe con-
centrations at the end of storage under different storage
technologies, which contrasts with the decreasing trend
observed in this study. Differences in Fe content among
studies may be attributed to genotype, agro-ecological
conditions, and cultivation practices, as previously re-
ported by Brunetto et al. (2015).

After 60 days of cold storage, the highest Zn concen-
tration was observed in ‘Morrens Jonagored’ fruit in the
first growing year (0.68 mg/kg FW), whereas the lowest
value was recorded in ‘Golden Delicious Reinders’ fruit
in the second growing year (0.10 mg/kg FW). Compared
with previous studies, the Zn concentrations recorded
in the present study were lower than those reported
by Aglar et al. (2016) and Skordas et al. (2018), who re-
ported ranges of 1.1-10.3 mg/kg and 1.83-4.98 mg/kg
FW, respectively. These differences further confirm the
influence of cultivar characteristics, environmental con-
ditions, and production practices on microelement accu-
mulation in apple fruit.

The Mn concentration results (Figure 10) showed the
highest Mn level in ‘Gloster’ fruit at harvest (initial evalu-
ation) during the second growing year (1.03 mg/kg FW),
whereas the lowest value was recorded in ‘Granny Smith’
fruit (0.22 mg/kg FW). Compared with the present re-
sults, Skordas et al. (2018) reported considerably higher
Mn concentrations (2-9 mg/kg) in apples grown across
different soil types in Central Greece, attributing these
differences primarily to fertilization practices and inten-
sive agrochemical use. The lower Mn levels observed in
this study may therefore reflect differences in agro-eco-
logical conditions and orchard management practices.

The highest Co concentration (0.04 mg/kg FW) was
observed at the end of storage (120 days) in the first
growing year in the cultivars ‘Gloster’, ‘Morrens Jonag-
ored’, and ‘Red Chief’, while the lowest Co concentra-
tion (0.01 mg/kg FW) was mainly recorded in the second
growing year at harvest and after 60 days of storage,
except for ‘Gloster’. The Co concentrations measured in

this study were comparable to those reported by Skor-
das et al. (2018), indicating that the observed values fall
within ranges commonly reported for apple fruit.

The highest Cr concentration (0.18 mg/kg FW) was
recorded in ‘Gloster’ fruit at harvest during the second
growing year, whereas the lowest values (0.01 mg/kg
FW) were observed in ‘Golden Delicious Reinders’ and
‘Morrens Jonagored’ under the same conditions. Com-
pared with the present study, Wang et al. (2015) reported
considerably higher Cr concentrations in the peel (2.25
mg/kg) and flesh (1.39 mg/kg) of ‘Fuji’ apples grown in
China, suggesting potential health concerns at elevated
levels. Jemaneh et al. (2021) also found higher Cr con-
centrations in green apples (6.15-10.40 mg/kg) than in
red cultivars. In contrast, Skordas et al. (2018) reported
average Cr concentrations below 1 mg/kg, which is con-
sistent with the values obtained in the present study.

Regarding Pb, the interaction of cultivar, growing
year, and storage period significantly affected its con-
centration. The highest Pb level (0.060 mg/kg FW) was
recorded in ‘Gloster’ fruit after 120 days of storage in
the second growing year, while the lowest value (0.006
mg/kg FW) was observed at harvest in ‘Morrens Jonag-
ored’ and ‘Red Chief’ during the first year. A consistent
increase in Pb concentration from harvest to the end
of storage was observed across cultivars in both years.
Nevertheless, Pb concentrations in this study were lower
than those reported by Rusin et al. (2021) and remained
close to the values published by Norton et al. (2015) for
apples grown in Poland (0.009 mg/kg FW).

Elements such as Fe, Cu, Mn, and Zn are essential for
human health; however, the concentrations measured
in apples contribute only partially to recommended dai-
ly intake levels and should be interpreted primarily in
terms of nutritional contribution rather than adequacy.
Variability in trace element content among cultivars and
storage periods reflects differences in genotype, envi-
ronmental conditions, and postharvest dynamics, high-
lighting the importance of monitoring these elements to
ensure both fruit quality and safety.
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The findings of this study have practical implications
for apple production and storage management. Since the
content and ratios of K, Ca, and Mg, as well as micro-
elements such as Fe, Cu, Zn, Mn, Co, Cr, and Pb, varied
significantly among cultivars and evaluation dates, sys-
tematic monitoring of mineral composition is essential.
Cultivars characterized by higher K/Ca ratios or lower
Ca concentrations may exhibit increased susceptibility
to physiological storage disorders, emphasizing the im-
portance of balanced fertilization and adequate calcium
management. In addition, maintaining Pb and Cr concen-
trations at low levels is crucial for food safety, particular-
ly in markets relying on long-term storage or processed

apple products.

CONCLUSION

Our study highlights the critical role of the mineral
composition of apple fruits, particularly in terms of mac-
roelements, in determining postharvest quality, storage
potential, and nutritional value. Variations in macronutri-
ent content were influenced by genotype, storage condi-
tions under controlled atmosphere, and growing environ-
ment. K was the most abundant macroelement, followed
by Mg and Ca, across all cultivars. The ratios of K/Ca,
K+Mg/Ca, and Ca/Mg provided valuable insights into
the fruits’ nutritional dynamics during storage, closely
linked to disorders like bitter pit and storage quality. The
study revealed significant interactions between cultivar,
storage duration, and growing year, affecting mineral
composition. Cultivars such as ‘Jonagold’ and ‘Granny
Smith’ exhibited higher nutrient content after prolonged
cold storage. Maintaining a critical balance of macroele-
ments, especially the antagonistic relationship between
K and Ca, is crucial to reducing storage-related disorders.
In terms of microelements, concentrations varied based
on cultivar, growing year, and storage duration. Though
generally low, monitoring microelements is essential due
to potential heavy metal contamination, which could af-

fect food safety and human health.

In conclusion, understanding the mineral composi-
tion, especially macroelement ratios and their interac-

tions, is vital for assessing apple postharvest behavior
and storage potential. Future research should focus on
nutrient imbalances and their impact on fruit quality, op-
timizing storage methods to maintain apple quality over
time. Further investigation into the relationship between
both macro and microelements and apple quality is es-
sential for enhancing their nutritional profile for consum-
er health.
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