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1 Fruit Research Institute, Kralja Petra I/9, 32 000 Čačak, Serbia; bpopovic@institut-cacak.org (B.P.);
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Abstract: In order to preserve the quality of apple fruit, it is crucial to choose the most suitable
storage technology. Nevertheless, it is also important to maintain the quality of apples during
the shelf life period. In this study, changes in various biochemical quality parameters of ‘Golden
Delicious’ and ‘Idared’ apples during a prolonged shelf life period, after conventional normal
atmosphere (NA) and ultra-low oxygen (ULO) storage, were investigated. After the harvest, the fruit
of examined cultivars were stored in two atmospheres for six months. Weight loss, changes in content
of sugars, organic acids, total phenols, total flavonoids, pectic fractions, and antioxidant capacity
were monitored. Samples were evaluated immediately after removal from the cold chambers and
after 10 and 20 days of shelf life at 20 ◦C. ‘Golden Delicious’ apples stored in ULO exhibited better
qualitative characteristics during 20 days of shelf life compared with apples of the same cultivar
stored in NA. However, evaluated traits in ‘Idared’ apples from NA chambers were of higher quality
in comparison with ‘Idared’ apples stored in the ULO atmosphere.
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1. Introduction

Apple consumption has been shown to be effective in the prevention of cardiovascular diseases,
diabetes, and asthma [1–3]. It is a general opinion that polyphenols are the main contributors to the
biological activities of apples [4]. Nowadays, the beneficial health effects of these secondary plant
metabolites are being reported [5,6]. Many factors, such as genotype, ripening stage, environmental
conditions, and postharvest operations, affect the chemical composition and polyphenols content [7,8].
In order to preserve the quality of apple fruit, it is crucial to apply the most suitable storage technology.
Furthermore, it is also important to minimize the loss of quality and to maintain the high nutritional
value of apples during the shelf life period. In the literature, there are numerous studies referring
to qualitative changes in apples during long-term cold storage, whereas only few studies at room
temperature have been carried out.

The patterns of phenolic changes during storage and shelf life are various. Piretti et al. [9]
noted a decrease of the most important phenolics in ‘Granny Smith’ apple skin either during air and
controlled atmosphere storage or during one week of shelf life at 20 ◦C. In contrast, Bizjak et al. [10]
found that phenolics in the peel increased significantly, whereas they remained constant in the pulp of
apples. Veberic et al. [11] reported a decrease in the content of malic acid and phenolics in the peel
during a three-week shelf life period, indicating different behaviors of phenolic compounds.
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The ability of apples to neutralize health-hazardous oxygen species is of high importance.
Available evidences on the behavior of polyphenols and their contribution to the antioxidant capacity
during shelf life are partly conflicting. Previous studies have shown that the majority of the
antioxidant activity of fruit may originate from the flavonoids and other phenolic compounds [12,13].
However, in several studies, no correlation between the antioxidant capacity and any single phenolic
compounds was found [14,15]. Since antioxidant capacity is a result of several molecules and their
synergistic effects, more research is required to evaluate the effects of cold storage conditions on the
retention of health-promoting compounds in apples during shelf life.

The cell wall of fruit determines the firmness, which is an important quality characteristic of apples.
The structural model of the cell wall consists of a cellulose-hemicellulose network, an amorphous matrix
composed of pectin, and small amounts of phenolics and proteins [16,17]. Since pectic substances
are the most abundant macromolecules within the cell wall matrix, changes in pectin composition
consequently result in changes in the firmness and texture of apples. Ben and Gaweda [18] reported
high correlation coefficients between the content of protopectin and the firmness of ‘Jonathan’ apples.

Since storage methods affect apple quality [19], a better understanding of the relationship between
applied storage conditions and biochemical processes in fruit could lead to the maintenance of apple
quality during shelf life. The objective of this study was to determine the changes in quality and
various biochemical parameters of ‘Golden Delicious’ and ‘Idared’ apples during a 20-day shelf life
period, after conventional normal atmosphere (NA) and ultra-low oxygen (ULO) storage.

2. Materials and Methods

2.1. Plant Material

Fruit of ‘Golden Delicious’ and ‘Idared’ were collected from a commercial orchard in the village
Lipnica (43◦48′51” N; 20◦26′52” E), near Čačak (Central part of Republic of Serbia). Apples were
grown according to the rules of integrated fruit production and harvested at the optimum harvest date.
Samples were collected in the following way: 300 fruit from each cultivar were picked randomly from
10 trees (30 fruit per tree). Apple trees located in the middle of the rows were used for the experiment.
Trees at the border of the orchard were not used. The fruit were selected on the basis of the absence of
damage and disease indicators.

Fruit of each cultivar were divided into two groups containing 150 fruit and stored for six months,
either in normal atmosphere (NA) chambers at 1.5 ◦C and 90% to 92% relative humidity (RH) or in
ultra-low oxygen chambers (1 ◦C, 0.8% O2, 1% CO2, 90% RH for ‘Golden Delicious’ apples; 1.5 ◦C,
1% O2, 1% CO2, 90% RH for ‘Idared’ apples). After cold storage, apples were exposed to 20 ◦C for
20 days to simulate the commonly applied commercial conditions. During this time, quality parameters
were analyzed three times: Immediately after removal from the cold chambers (T1) and after 10 (T2)
and 20 days of shelf life (T3). Twenty apples from each group were selected for determination of
weight loss. On every sampling date, 36 apples from each group were used for laboratory analyses,
conducted in triplicate.

2.2. Weight Loss

Weight loss was determined by periodical weighing of samples. Twenty fruit from each group
were separated for the weight loss test. The weight loss (%) was calculated using the equation:

Weight loss (%) = ((Fruit initial weight − Fruit weight after interval) × 100)/Fruit initial weight (1)

2.3. Soluble Solids Content (SSC), Sugars Content, and Titratable Acidity (TA)

The SSC was determined from the juice obtained from nine apples randomly chosen from
each group. The SSC of the fruit was measured on a digital refractometer (model MA871,
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Milwaukee Instruments, Rocky Mount, NC 27804, USA) and the results were expressed as a percentage
(%).

Sample preparation for the determination of sugar content and TA was performed as follows:
On every sampling date, nine apples from each group were chosen without a particular pattern;
the fruit were cut and cored and seeds were discarded and the tissue was ground using a stainless
steel blender; samples (25 g for each replicate) were homogenized with 100 mL of distilled water;
after 30 min extraction at 78 ◦C, the mixture was diluted to 250 mL with distilled water. Total sugars
(TS) and reducing sugars (RS) content was determined by the Luff–Schoorl method [20]. The titratable
acidity (TA) was determined by neutralization of 10 mL of fruit extract with 0.1 N NaOH to pH 8.2,
using phenolphthalein as the indicator. The results were expressed as grams of malic acid per 100 g
fresh weight (g malic acid/100 g fw).

2.4. Determination of Total Phenolics, Flavonoid Contents, and Antioxidant Activity

On every sampling date, nine apples from each group were randomly chosen and combined into
3 samples, with 3 apples per sample. The tissue of samples (without core and seed) was frozen in liquid
nitrogen and ground. The ground sample (10 g) was stirred with 25 mL of methanol. After 30 min of
ultrasonic extraction, the mixture was centrifuged for 5 min at 5000 rpm, and supernatant was filtered
through a 0.45-mm Minisart filter before analysis.

The total phenolic content (TPH) was determined using a modified Folin–Ciocalteu colorimetric
method [21], with results expressed as milligrams of gallic acid equivalents/100 g fresh weight (mg
GAE/100 g fw). Total flavonoids (TF) were determined according to Liu et al. [22], using the aluminum
chloride colorimetric method. The results were expressed as milligrams of rutin equivalents/100 g
fresh weight (mg RE/100 g fw). Antioxidant capacity (AC) was determined by the ABTS assay. ABTS•+
radical cation scavenging activity was determined according to the method described by Re et al. [23].
Results were expressed as Trolox equivalent antioxidant capacity (mmol TE/100 g fw).

2.5. Determination of Pectic Fractions

Pectic fractions are pectinic acid (fraction soluble in water), pectic acid (PA) (soluble in ammonium
oxalate), and protopectin (PP) (soluble in bases). Determination of pectic fraction was based on the
colored reaction between fractions of pectin and carbazole in the presence of sulfuric acid. Nine apples,
randomly chosen from each group, were used for the preparation of three samples (three apples
per sample). The fruit were cut and cored and seeds were discarded and the tissue was ground
using a stainless steel blender (model UM10ISI, Elta, Germany). Extraction of pectic fractions and
colorimetric determination were performed as previously described [24] using 3 g of sample per replicate.
The absorbance of the mixture at 525 nm was measured using a Beckman, USA spectrophotometer
and compared to the standard curve of the prepared anhydro galacturonic acid. The contents of
protopectin, pectic, and pectinic acid were expressed as milligrams per 100 g fresh weight (mg/100 g
fw).

2.6. Statistical Analysis

The statistical analysis was performed using STATISTICA 7.0 software (Statsoft Inc.,
Tulsa, OK, USA). The data were subjected to the two-way analysis of variance (ANOVA, F test),
followed by a comparison of means according to the Tukey’s test, in order to analyze the influence of
the storage type, the shelf life duration, and their interaction. The experimental design was completely
randomized. Treatments were declared different at p = 0.01 and p = 0.001 levels of significance. All data
were reported as mean ± standard deviation (S.D.) of three replicates.
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3. Results

3.1. Weight Loss

The impact of the storage type and shelf life duration on the weight loss of ‘Golden Delicious’
and ‘Idared’ fruit is presented in Figure 1. The weight loss of fruit of the examined apple cultivars
increased during shelf life. According to the results, the weight loss in ‘Golden Delicious’ apples
was considerably higher in fruit stored under NA storage conditions. ‘Idared’ apples stored in ULO
chambers exhibited higher weight loss after either 10 or 20 days of shelf life.
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Figure 1. Impact of storage type on weight loss (%) in (A) ‘Golden Delicious’ and (B) ‘Idared’ apples
after 10 (T2) and 20 days (T3) of shelf life at 20 ◦C. Values represent mean ± standard deviation (S.D.) of
measurements made on 20 fruit per storage type and shelf life period.

3.2. SSC, Sugars Content, and TA

A decrease in SSC, total sugars, and reducing sugars in ‘Golden Delicious’ apples stored under
NA storage conditions was determined after 20 days of shelf life. In ‘Golden Delicious’ apples from
the ULO chamber, fluctuations in the contents of soluble solids, total sugars, and reducing sugars were
observed (Figure 2). Although an increase of SSC and sugars content was expected, a slight decrease of
these parameters in both examined cultivars was noticed (Figure 2). The most striking change was the
increase of TS and RS contents in ‘Golden Delicious’ apples from the NA chamber after 10 days of
shelf life.
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Figure 2. Impact of storage type on soluble solids content (SSC), total sugars (TS), and reducing sugars
(RS) content expressed in percentage (%) in (A) ‘Golden Delicious’ and (B) ‘Idared’ apples after 10
(T2) and 20 days (T3) of shelf life at 20 ◦C. Values represent mean ± standard deviation (S.D.) of three
replicates per storage type and shelf life period.
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As for titratable acidity, ‘Golden Delicious’ apples from ULO chambers had a higher total acids
content compared to the fruit of the same cultivar stored under NA conditions. In ‘Golden Delicious’
apples from the ULO chamber and ‘Idared’ apples from the NA chamber, a slight increase in TA was
noticed (Figure 3).
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During 10 and 20 days of shelf life, the concentration of total acids in both groups of ‘Idared’
apples was relatively constant while the content of total sugars and reducing sugars showed only
minor changes.

3.3. Content of Total Phenolics, Total Flavonoids, and Antioxidant Capacity

The analysis of variance showed a significant effect of storage conditions on total phenolics,
total flavonoids content, and antioxidant capacity in the fruit of both examined cultivars (Table 1,
Table 2). The obtained results indicate that the content of different health-promoting compounds of
apples change significantly during shelf life and depends on the applied cold storage technique.

Table 1. The effect of storage type and shelf life duration on total phenolics, total flavonoids content,
and antioxidant capacity in ‘Golden Delicious’ apples.

Factor Total Phenolics
(mg GAE/100 g fw)

Total Flavonoids
(mg R/100 g fw)

Antioxidant
Capacity

(mmol TE/100g fw)

Storage type (A) NA storage 68.61 ± 19.28 b 21.32 ± 5.78 b 0.3948 ± 0.2208 b
ULO storage 110.24 ± 9.14 a 33.34 ± 2.68 a 0.5208 ± 0.2835 a

Shelf life duration
(B)

0 days (T1) 104. 46 ± 15.12 a 25.55 ± 8.73 b 0.1577 ± 0.0404 c
10 days (T2) 87.74 ± 26.59 b 32.26 ± 4.20 a 0.4800 ± 0.0597 b
20 days (T3) 76.07 ± 29.38 c 24.19 ± 7.50 b 0.7358 ± 0.1199 a

(A × B)

NA × T1 92.68 ± 5.36 b 17.82 ± 3.38 c 0.1247 ± 0.0142 e
NA × T2 63.69 ± 1.25 c 28.64 ± 1.17 b 0.4300 ± 0.0229 d
NA × T3 49.46 ± 1.43 c 17.52 ± 0.79 c 0.6297 ± 0.0167 b

ULO × T1 116.25 ± 11.25 a 33.27 ± 0.23 ab 0.1907 ± 0.0248 e
ULO × T2 111.78 ± 5.57 a 35.87 ± 1.85 a 0.5300 ± 0.0300 c
ULO × T3 102.68 ± 5.71 ab 30.86 ± 2.51 ab 0.8418 ± 0.0440 a

ANOVA

A *** *** ***

B *** *** ***

A × B ** ** **

The presence of equal letters in the same column indicates that there is no significant difference according to the
Tukey’s test. *** statistically significant differences at p ≤ 0.001; ** statistically significant differences at p ≤ 0.01.
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Table 2. The effect of storage type and shelf life duration on total phenolics, total flavonoids contents,
and antioxidant capacity in ‘Idared’ apples.

Factor
Total Phenolics
(mg GAE/100 g

fw)

Total Flavonoids
(mg R/100 g fw)

Antioxidant
Capacity

(mmol TE/100g fw)

Storage type (A) NA storage 108.37 ± 38.70 a 40.07 ± 8.69 a 0.6782 ± 0.2183 a
ULO storage 77.76 ± 14.58 b 30.13 ± 1.86 b 0.5589 ± 0.2828 b

Shelf life duration
(B)

0 days (T1) 103.87 ± 49.90 a 39.29 ± 11.77 a 0.3197 ± 0.1362 c
10 days (T2) 74.02 ± 14.51 b 30.15 ± 0.95 c 0.6500 ± 0.0235 b
20 days (T3) 101.31 ± 14.92 a 35.86 ± 4.98 c 0.8861 ± 0.0607 a

(A × B)

NA × T1 149.34 ± 4.46 a 49.97 ± 0.69 a 0.4405 ± 0.0104 d
NA × T2 61.07 ± 4.80 d 29.93 ± 4.31 c 0.6533 ± 0.0333 c
NA × T3 114.70 ± 3.58 b 40.31 ± 0.61 b 0.9410 ± 0.0083 a

ULO × T1 58.39 ± 0.94 d 28.61 ± 1.87 c 0.1988 ± 0.0490 e
ULO × T2 86.96 ± 0.36 c 30.37 ± 1.43 c 0.6467 ± 0.0153 c
ULO × T3 87.92 ± 2.32 c 31.41 ± 1.51 c 0.8312 ± 0.0094 b

ANOVA

A *** *** ***

B *** *** ***

A × B *** *** ***

The presence of equal letters in the same column indicates that there is no significant difference according to the
Tukey’s test. *** statistically significant differences at p ≤ 0.001.

‘Golden Delicious’ apples from the ULO chamber exhibited higher antioxidant activity and
total phenolics and flavonoids content in comparison with apples from the NA chamber (Table 1).
After 20 days of shelf life, levels of total phenolics decreased by 46.63% in ‘Golden Delicious’ apples from
the NA chamber and by 11.67% in ‘Golden Delicious’ apples from the ULO chamber. Total flavonoids
showed minor changes. The relatively low antioxidant capacity observed immediately after removal
from cold chambers increased considerably during 20 days at 20 ◦C. Interestingly, after the shelf life
period, higher values for antioxidant capacity were determined in combination with a decrease in
phenolics content.

Statistically significant higher values of total phenolics and flavonoids contents were observed
in ‘Idared’ apples stored under NA conditions in comparison with ‘Idared’ apples from the ULO
chamber. Shelf life led to an increase in antioxidant capacity in both groups of ‘Idared’ apples (Table 2).
Storage under the ULO atmosphere led to low increases of both total phenolics and total flavonoids
content during shelf life.

The antioxidant capacity in all four examined groups of apples increased. In some groups,
the contents of total phenolics and flavonoids decreased significantly during shelf life.

3.4. Pectic Fractions

Transformation of water-insoluble protopectin into water-soluble components, pectinic and pectic
acids, leads to disintegration of the primary cell wall and consequently to softening of fresh fruit.
A significant effect of the storage atmosphere on the pectic solubilization, particularly in ‘Golden
Delicious’ apples, was observed (Table 3). The content of protopectin in ‘Golden Delicious’ apples
from the ULO chamber was higher by 33.77% in comparison with apples stored under NA conditions.
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Table 3. The effect of storage type and shelf life duration on the content of pectic fractions in ‘Golden
Delicious’ apples.

Factor Pectinic Acid
(mg/100 g fw)

Pectic Acid
(mg/100 g fw)

Protopectin
(mg/100 g fw)

Pectinic Acid
/Protopectin

Storage type
(A)

NA storage 90.92 ± 53.13 a 51.16 ± 40.31 a 44.46 ± 14.22 b 2.75 ± 2.58 a
ULO storage 63.30 ± 18.24 b 30.25 ± 20.04 b 67.13 ± 34.88 a 1.66 ± 1.59 b

Shelf life
duration (B)

0 days (T1) 43.46 ± 5.61 c 17.36 ± 4.48 c 71.57 ± 14.88 a 0.64 ± 0.18 b
10 days (T2) 67.91 ± 3.65 b 24.18 ± 4.29 b 71.86 ± 25.79 a 1.05 ± 0.35 b
20 days (T3) 119.95 ± 45.03 a 80.58 ± 26.62 a 23.96 ± 4.58 b 4.94 ± 1.46 a

(A × B)

NA × T1 46.50 ± 4.00 c 21.43 ± 0.64 c 58.14 ± 2.79 c 0.80 ± 0.03 c
NA × T2 65.72 ± 2.54 b 27.33 ± 3.05 c 48.36 ± 2.63 d 1.36 ± 0.13 c
NA × T3 160.54 ± 9.35 a 104.72 ± 3.20 a 25.87 ± 5.04 e 6.10 ± 1.09 a

ULO × T1 40.43 ± 5.93 c 13.29 ± 0.21 d 85.00 ± 2.21 b 0.48 ± 0.08 c
ULO × T2 70.11 ± 3.54 b 21.03 ± 2.61 c 95.34 ± 1.59 a 0.74 ± 0.03 c
ULO × T3 79.37 ± 6.45 b 56.44 ± 3.52 b 21.05 ± 1.25 e 3.77 ± 0.27 b

ANOVA

A *** *** *** ***

B *** *** *** ***

A × B *** *** *** **

The presence of equal letters in the same column indicates that there is no significant difference according to the
Tukey’s test. *** statistically significant differences at p ≤ 0.001; ** statistically significant differences at p ≤ 0.01.

‘Golden Delicious’ apples from the ULO chamber had a higher content of protopectin
on all analysis dates compared to ‘Golden Delicious’ apples stored under NA conditions.
However, storage atmosphere did not affect the content of protopectin in ‘Idared’ apples (Table 4).

Table 4. The effect of storage type and shelf life duration on the content of pectic fractions in
‘Idared’ apples.

Factor Pectinic Acid
(mg/100 g fw)

Pectic Acid
(mg/100 g fw)

Protopectin
(mg/100 g fw)

Pectinic Acid
/Protopectin

Storage type
(A)

NA storage 127.66 ± 64.68 a 47.46 ± 32.64 a 48.21 ± 23.09 a 4.77 ± 5.16 a
ULO storage 80.66 ± 48.91 b 32.54 ± 9.63 b 49.84 ± 32.99 a 1.62 ± 0.81 b

Shelf life
duration (B)

0 days (T1) 62.53 ± 18.48 b 28.04 ± 3.77 b 62.04 ± 5.75 b 1.04 ± 0.39 b
10 days (T2) 70.46 ± 22.37 b 24.36 ± 1.79 c 72.66 ± 5.65 a 0.99 ± 0.39 b
20 days (T3) 179.48 ± 37.64 a 67.61 ± 25.60 a 12.38 ± 6.88 c 17.77 ± 7.27 a

(A × B)

NA × T1 79.07 ± 3.00 c 25.43 ± 0.50 d 57.21 ± 3.57 c 1.38 ± 0.12 c
NA × T2 90.66 ± 5.11 c 25.97 ± 0.14 d 68.86 ± 6.04 ab 1.33 ± 0.19 c
NA × T3 213.23 ± 10.94 a 90.97 ± 0.23 a 18.55 ± 1.72 d 11.58 ± 1.41 b

ULO × T1 46.00 ± 4.93 d 30.64 ± 3.86 c 60.86 ± 0.50 b 0.69 ± 0.07 c
ULO × T2 50.25 ± 0.18 d 22.74 ± 0.45 d 76.45 ± 0.32 a 0.66 ± 0.00 c
ULO × T3 145.73 ± 2.19 b 44.25 ± 1.02 b 6.20 ± 1.11 e 23.95 ± 3.99 a

ANOVA

A *** *** ns ***

B *** *** *** ***

A × B *** *** *** ***

The presence of equal letters in the same column indicates that there is no significant difference according to the
Tukey’s test. *** statistically significant differences at p ≤ 0.001; ns—no significant difference.

After 20 days of shelf life, the concentration of protopectin decreased dramatically in both
examined cultivars, with a simultaneous increase of the pectinic acid:protopectin ratio.
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4. Discussion

In order to satisfy consumers’ needs and expectations, the quality of apple fruit should be
maintained after removal from cold chambers. The shelf life of fruit is affected by a number of
factors, such as growing, harvesting operations, and storage conditions [25–29]. In the present study,
we evaluated the effect of applied cold storage on qualitative changes in apples during shelf life in
order to determine the most suitable storage technique for the examined apple cultivars.

Since metabolic processes continue after harvest, apple fruit lose water during storage and shelf
life, which results in weight loss. Kader [30] reported that increasing the storage duration resulted in
an increased percentage of fruit weight loss. This is in compliance with the obtained results.

The SSC of apples is an important quality factor, which determines fruit taste [31]. In ‘Golden
Delicious’ apples from the NA chamber, SSC increased after 10 days of shelf life, which can be attributed
to starch degradation and moisture loss. Similar results were obtained by Crouch [32] and Farooq [33].
On the other hand, a decrease in SSC was registered in ‘Idared’ apples. In the present study, a decrease
in total sugars after 20 days of shelf life was noticed in both examined cultivars. In ‘Idared’ apples,
the content of reducing sugars mainly showed minor changes during shelf life. This result is in
agreement with Veberic et al. [11], who reported that the content of sugars in apple pulp remained
constant during a 3-week shelf life period. However, Defilippi [34] noted a higher content of total
sugars as well as of sucrose and fructose in apples after 14 days at 20 ◦C.

Jan and Rab [35] reported that increasing the storage duration will result in decreased titratable
acidity of apple juice, which is in compliance with the present study. Pre-Aymard [36] also noticed
a linear decrease of TA during shelf life. The changes in TA are considerably affected by the rate of
metabolism [37].

Different antioxidant components in fruit may in various ways significantly contribute to the
total antioxidant activity. Many authors have studied the correlation between total phenolic content
and antioxidant activity in various fruits [38–41]. Kevers et al. [38] observed a high correlation
between antioxidant capacity and total phenolics in various tested fruits. Vieira et al. [40] reported that
the total phenol content and antioxidant activity were significantly correlated in 11 apple cultivars.
However, Miletić et al. [41] reported that plum fruit containing the highest total phenolics did not
necessarily exhibit the highest antioxidant capacity. Similarly, no clear trend between the phenolics
content and antioxidant activity was observed in the present study. In both examined cultivars,
antioxidant capacity increased significantly regardless of the type of storage. However, total phenolics
and total flavonoids content in ‘Golden Delicious’ apples decreased after 20 days at 20 ◦C. The flavonoids,
primarily quercetin and catechin, are common polyphenoloxidase substrates [42]. Therefore, the
decrease of phenolics content could be related to oxidation by polyphenoloxidase. These results
are consistent with the findings of Lattanzio et al. [43], who determined a decrease in phenolics,
particularly phloridzin, after 10 days of shelf life in ‘Golden Delicious’ fruit. An increase of the total
antioxidant capacity during the shelf life period in ‘Idared’ apples was followed by an increase of the
total phenolics and flavonoids content. In agreement with this, Bizjak et al. [10] detected a higher
amount of all phenolic groups in the apple peel after three weeks of shelf life. In contrast to the results
obtained in the present study, Veberic et al. [11] found no changes of phenolics in the apple peel of
cultivars ‘Jonagold’ and ‘Golden Delicious’ after three weeks of the shelf life period. Similar results
were achieved by Matthes and Schmitz-Eiberger [28], who noted no changes in the phenolics content
during 14 days at 20 ◦C. Since antioxidant activity is a result of several phytochemicals present in
the fruit and their synergistic effect, the lack of a correlation between antioxidant capacity and total
phenolics and flavonoid contents might be explained by the synthesis of other antioxidants during
cold storage and shelf life.

According to the results obtained, storage conditions considerably affected the contents of total
phenols, flavonoids, and antioxidant capacity in both examined cultivars. ‘Golden Delicious’ apples
from the ULO chamber exhibited higher total phenolics, total flavonoids contents, and also higher
antioxidant activity in comparison with apples from the NA chamber. However, in ‘Idared’ apples,
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regular NA storage resulted in a higher antioxidant capacity and total phenolics either immediately
after removal from the cold chamber or after 20 days of shelf life. In contrast to this, Awad and De
Jager [25] observed no significant changes in flavonoid content during 30 weeks of storage under
a controlled atmosphere and cold conditions in apple cultivars ‘Jonagold’ and ‘Elstar’. In disagreement
with this, Leja et al. [44] reported that additional storage of apples at 16 ◦C after four months under
controlled atmosphere cold storage led to an increase in the total phenol content and maintenance of
antioxidant activity.

Pectic substances have a role in the adhesion between cells. Therefore, changes in pectic
composition result in changes in fruit texture and decreased adhesion between cells [45,46].
During apple softening, solubilization and depolymerization of pectic fractions occur. In the present
study, in both apple cultivars, an increase of water-soluble pectic fractions and a decrease of protopectin
were observed. In ‘Golden Delicious’ apples stored under ULO conditions, an increase of water-soluble
pectinic acid and a decrease of protopectin during shelf life were lower compared to ‘Golden Delicious’
apples from the NA chamber. This is in agreement with the results reported by De Smedt et al.
and Siddiqui et al. [47,48], who found that both the decrease in total pectin and hemicellulose and
the increase in water-soluble pectin were the lowest in ULO conditions, higher in the controlled
atmosphere, and the highest in the normal atmosphere. On the other hand, storage conditions did not
statistically significantly affect the content of protopectin in ‘Idared’ apples. However, after 20 days of
shelf life, the pectinic acid:protpectin ratio was considerably higher in ‘Idared’ apples stored under
ULO conditions.

5. Conclusions

Since ULO cold storage is expensive and not so available in developing countries, it is crucial to
determine which apple cultivars must be stored under ultra-low oxygen atmosphere and which could
be stored in NA without losing quality. In the present study, by monitoring the changes in several
qualitative parameters of two apple cultivars, we evaluated the effects of cold storage conditions on
apple quality during shelf life. It was found that various qualitative parameters changed differently,
depending on the applied storage technique. ‘Golden Delicious’ apples from the ULO chamber had
a lower weight loss and significantly higher content of total phenols, flavonoids, and antioxidant
capacity, compared with fruit stored in NA. However, ‘Idared’ apples stored under NA conditions
exhibited better quality traits during shelf life in comparison with fruit from the ULO chamber.
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