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Abstract

Controlled Atmosphere (CA) storage is a widely used technigue to extend the shelf life of
agricultural and horticultural produce. The impact of low oxygen (O2) levels (1%, 2%, and
3%) in combination with 1% carbon dioxide (CO2) on the quality attributes of apples
during 180 days of storage at 0°C + 2°C and 85-95% relative humidity was studied. Results
demonstrated that CA storage significantly reduced the percentage weight loss compared
to the controlled treatment, indicating the effectiveness of low-oxygen conditions in
minimizing physiological deterioration. While a general decrease in total phenols was
observed across all treatments, CA conditions were more effective in preserving these
compounds. Notably, low oxygen atmospheres significantly retarded the decline in
antioxidant activity, suggesting that CA can help maintain the balance of reactive oxygen
species and delay oxidative senescence. The results exhibit the benefits of CA storage in
extending the shelf life and maintaining the nutritional value of apples. The optimal
storage conditions identified in this research can be valuable for the postharvest industry
to improve the quality and marketability of apples.
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Controlled apple storage

Introduction

Apple (Pyrus malus) is a fruit of temperate climates and belongs to the family Rosaceae.
Apple is a climate-sensitive crop and the fourth most widely produced fruit. Apples are
among the most widely used fruits, both for direct consumption and as a raw material for
the preparation of various food products. Fresh apples are a rich source of bioactive
components, including phenolic compounds, ascorbic acid, and particularly flavanols,
such as proanthocyanidins and catechins. They also contain free amino acids and fatty
acids, which play significant roles in human health and the preservation of fruits (Yeung
et al., 2021). The apple fruit composition is 84.7% water, 0.4g proteins, 0.8 g fiber, 0.3 g
ash, 13.9 g carbohydrates, 0.3 g lipid, and vitamin C 8 mg/100 g. Different minerals in
apples include iron (480 pg/100g), potassium (145 mg/100g), calcium (7 mg /100g),
sodium (0.3 mg/100g), Phosphorus (12 mg), lodine (2 pg), and magnesium (6 mg/100g)
(Francini et al., 2021).

Apple, being a good source of food and nutrition, is in high demand throughout the year
and is therefore primarily stored in large quantities. The months of August and September
are ideal for apple harvest, and the central portion of the produce is typically delivered to
local stores or markets for sale and consumption. However, the price point is relatively
low during these months (Zhang et al., 2020). Proper storage is necessary to obtain a
reasonable price and to supply this fruit during the off-season. Apple, being a climacteric
fruit, has its quality deteriorate quickly after harvest owing to the respiration process as
well as ethylene production. Besides quantitative losses, the loss of quality and texture is
also a serious issue in stored apples. According to Hussain et al. (2020) and Shah et al.
(2002), about 17% of apples produced are lost during postharvest operations in
Balochistan, while 28% losses in apple fruit with cold storage for about 22 weeks were
reported by llyas et al. (2007). Postharvest damages may also be influenced by production
area, market distance, and the type of transportation (Ilyas et al., 2007).

Apple is difficult to store for an extended period due to its vulnerability to texture
deterioration and rapid ripening. Different methods have been employed to extend the
storage life of apple fruit, utilizing various approaches at both the pre- and post-harvest
phases. The current global drive for healthier food has led to an increase in demand for
convenient and fresh food products with high nutritional value and free from additives. On
the other hand, most hazardous to human health and have residual effects, besides being
pricey. Consequently, all these aspects have led to research for harmless and more
competitive alternatives (Gudkovsky et al., 2021).

CA storage is the most frequently active technique. Several studies have revealed the
beneficial effects of Controlled Atmosphere (CA) and Modified Atmosphere Packaging
(MAP) on the postharvest management of fruits and vegetables. CA is a sealed
arrangement in which different kinds of gases are regulated from their standard
atmospheric pressure. The amount of oxygen (O>) is reduced, and the level of carbon
dioxide (COy) is raised. As a result of the altered composition of air, various physiological
processes, such as ethylene production, senescence, and respiration rate, are reduced while
maintaining quality (Klein et al., 2020).

Apples, like many fruits, thrive in a carefully controlled environment during storage. Cold
stores, often employing Controlled Atmosphere (CA) or Ultra Low Oxygen (ULO)
techniques, are considered ideal. These methods enable extended storage, sometimes for
up to a year, at temperatures between 0 °C and 5°C, depending on the apple variety, where
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high humidity (90-95%) is crucial to minimize moisture loss. CA/ULO storage involves
reducing oxygen levels and increasing carbon dioxide, creating an atmosphere that slows
down the natural ripening process. Apples, when properly chilled, produce minimal
ethylene, a plant hormone that triggers and enhances ripening. However, even a small
amount of ethylene can initiate ripening in nearby or closely stored apples. ULO storage
significantly reduces ethylene production, making the apples less susceptible to the
ripening hormone’s effects. This careful control of the storage environment ensures that
the apples maintain their quality and freshness for extended periods of storage.

In this study, we aim to create carbon dioxide (CO2)-enriched and oxygen-depleted
environments (CA) for the production of marketable apples with high nutritional quality.
This study specifically examined the effects of varying oxygen (O2) and carbon dioxide
(CO2) levels on storage behavior and nutritional attributes. Period, weight loss, firmness,
acidity, sugars, ascorbic acid, and color of stored apple at 0°C and 85-90 % RH. Moreover,
Figure 1 illustrates the overall process flow. Firstly, pre-storage preparations (mentioned
in the Materials and Methods section) were performed, followed by CA storage, in which
the optimal temperature, relative humidity (RH), and gas composition were adjusted
(depending on the apple variety) to attain the maximum storage period required to maintain
the quality parameters of the apple. During the last day of storage, post-evaluation was
performed.

A controlled Atmosphere Storage Process
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Figure 1. Scheme of CA Storage Study (SQL.: Structured Query Language)

Materials and Methods

The study was conducted at the Post-Harvest Research Center (PHRC), AARI, Faisalabad.
Apples (Variety: Red Delicious) were obtained from Murree Hill Fruit Research Station.
Healthy, evenly sized, and lacking any visible external damage, the fruits were collected
and moved to the PHRC laboratory, which features an air-blast cooling unit. Pre-cooled
apples were washed with an antifungal solution of thiabendazole at 200 ppm and then
immersed in a 3% Calcium Chloride (CaCl2) solution for 3 minutes, respectively (Jackson
et al., 2003).

Fruit Storage

After the surface water had dried, the apples were divided into four groups. The controlled
group was stored in a cold store at 0 °C in a natural atmosphere. At the same time, the
other three treatments were stored in CA chambers at a low temperature of 0 °C £ 2 °C
and 85-95% relative humidity (RH), with oxygen (02) levels of 1%, 2%, and 3%, and a
constant carbon dioxide (CO2) concentration of 1% for all three treatments. At 15-day



Controlled apple storage

storage intervals, physical and chemical analyses of the fruits were conducted, and data on
firmness percentage, weight loss, total soluble solids, color, acidity, pH, phenolic content,
and reducing sugars were recorded.
Fruit Firmness, Total soluble solid (TSS), pH, Acidity
A penetrometer (PCE-FM 200) with an 8 mm plunger was used to measure flesh firmness
on two opposite sides of each fruit, and the results were expressed in kg (Rab et al., 2012).
Total soluble solids content (SSC) was determined using a digital refractometer (DR301-
95 (A.KRUSS OPTRONIC, Germany) at room temperature. The extracted juice sample
was thoroughly shaken using a shaker. The juice sample was placed (dropped) on a
completely dry and clean prism of a refractometer, and the reading was recorded directly
in °Brix.
pH of well-homogenized fruit juice was measured with the help of a digital pH meter
(Model: 1Q 150). The digital pH meter was first standardized with the buffer solutions of
pH 4 and 7.
The acidity of apple juice samples was measured with the help of an acidity meter (model
GMK-835N). A small amount of sample was placed on the sensor of the acidity meter.
The acidity of the samples was measured in percentage according to the method outlined
in AOAC (2006).
Weight Loss of Fruit
Fruit samples of known weight were weighed on a weighing scale (Sartorius AG,
Germany, model: GM1501) after a 15-day storage interval. The loss in weight during the
entire storage period was stated as the weight loss of each sample. The difference between
the final and initial weights was attributed to the weight loss that occurred throughout the
entire storage period (Gundewadi et al., 2018).

Weight loss% (%) = period/Fresh x 100
Ascorbic acid, Phenolic Content, Total antioxidant
The amount of ascorbic acid in apple juice was determined by the titration method by
using 2,6 2,6-dichlorophenol indophenol dye and quantified in mg of ascorbic acid per
100 g weight (AOAC, 2000).

Ascorbic acid (mg/100 g of pulp )
_ Titer x Volume make up x Dye factor x 100

Aliquot X sample weight

The Folin-Ciocalteu method was employed to determine the total phenolic content,
expressed as milligrams of gallic acid equivalents (GAE) per 100 g of fresh weight
(Singleton et al., 1999).

Total antioxidant activity was measured using the CUPRAC method in apples, following
the method described by Apak et al. (2004), as 1 mol Trolox g fresh weight.

Statistical analysis

The trial was conducted as a completely randomized design (CRD) with three replicates,
and the averaged data were analyzed using CRD factorial ANOVA in the statistical
software Statistix 8.1 (Heumann & Shalabh, 2016).
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Results and Discussion
Weight loss

The weight loss after 180 days of storage was less than 7% for all CA-stored fruit
compared to 9.6% in control fruit. The mean values of the treatments (as given in Table
1) indicated that the minimum weight loss was observed in T3 (1.02%) when stored at a
low oxygen level (2%) and high CO2 (1%), while the maximum weight loss (4.63%) was
in the controlled treatment stored at normal cold store conditions.

The storage of apples in low-oxygen and high-CO2 environments significantly influenced
their weight loss and overall quality. Research indicated that controlled atmospheres can
effectively reduce weight loss by slowing down respiration and ethylene production,
which are critical factors in fruit ripening and decay. Therefore, during CA storage, weight
loss was effectively reduced because balancing gas concentrations and temperature
prevented physiological disorders (Watkins et al., 2012). As Park et al. (2018) indicated
in their research, CA storage minimized apple weight loss by maintaining high humidity
and controlling temperature, thereby reducing the vapor pressure deficit and enhancing
storage conditions compared to traditional cold storage methods. While low oxygen levels
induce anaerobic respiration, resulting in the accumulation of byproducts such as ethanol
and lactate, which can lead to cellular damage and weight loss (Cukrov et al., 2016). In
favor of this study, the results of Weber et al. (2013) indicate that weight loss is reduced
when fruit is stored in a controlled atmosphere (CA). The study focused on ‘Maxi Gala'
apples, which were stored in a combination of 0.8 kPa O2 and 2.0 kPa CO2 at 1°C,
resulting in a weight loss of only 3.5%. As well, storing 'Royal Gala' apples at 0.4 kPa O2
and 1.2 kPa CO2 resulted in higher flesh firmness and a lower percentage of weight loss
compared to higher oxygen levels (Berghetti et al., 2021).

Table 1. The weight loss percentage of Apples stored under a controlled atmosphere

Tre Days to storage

am |0 15 30 45 60 75 90 105 | 120 | 135 | 150 | 165 180
ent

T 0.00 | 266 | 6.28 | 9.66 | 1.76 | 3.38 | 584 | 0.20 | 0.68 | 2.16 | 0.00 | 0.88 | 3.58
+0.0 | #0.0 | 0.0 | #0.1 | +0.0 | +0.0 | £0.0 | +0. | 0. | +0.0 | +0. | 0.0 | 0.0
ol 3S 6F A 2Y 3P 6G 00k | 01f | 2w | ool 1c 40

T, 062 | 356 | 753 | 0.00 | 226 | 3.98 | 6.96 | 0.26 | 0.76 | 234 | 0.28 | 1.86 | 3.96
+0.0 | 0.0 | #0.0 | 0.0 | 0.0 | £0.0 | £0.0 | +0j | £0. | 0.0 | #0ij | 0.0 | %0.0
1fg 40 8D ol 2V 4N 7E k 0le | 2U 2X 4N

Ts 078 | 482 | 833 | 034 | 244 | 436 | 0.00 | 048 | 1.13 | 342 | 042 | 228 | 458
+0.0 | £0.0 | 0.0 | *0i +0.0 | 0.0 | £0.0 | #0h | 0. | 0.0 | +0Oh | #0.0 | +0.0

lde | 5J 8C 2T 4M ol 0lb | 3P 2UV | 5L
Ta 142 | 573 | 877 | 084 | 294 | 468 | 0.00 | 056 | 1.24 | 00l | 0.56 | 2.84 | 4.98

+00 | #0.0 | £0.0 | £0.0 | £0.0 | £0.0 | £0.0 | #0. | 0. +0. | 0.0 | £0.0

1z 6H 9B lcd | 3Q 5K ol 0lg | Ola 0lg | 3R 5l

Mean values are statistically insignificant, having similar alphabet LSD value, P > 0.01
Firmness

The firmness of apples varied due to the storage atmosphere, and after 180 days of storage,
a significant change in fruit firmness was observed, with averages of 4.26, 4.43, 5.36, and
4.86 from T1 to T4, respectively. CA storage maintained the firmness of all three
treatments; however, the best results were observed in T3, which had a 1:2 ratio of CO2
and O2. (Figure 2).
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Firmness is a key determinant in consumer selection, with firmer apples often being
favored for their perceived freshness (Su et al., 2024). Apples with higher firmness tend
to have a longer shelf life, reducing waste and increasing profitability for producers (Hu
et al., 2020). The firmness loss of apples during storage is a multifaceted issue influenced
by various factors, including temperature, water loss, and the composition of their cell
walls. Water loss significantly contributed to the decline in firmness, resulting in
undesirable physical changes, such as skin shriveling (Hasan et al., 2024). The
composition of cell wall sugars also affects texture, with specific cultivars exhibiting rapid
texture loss due to changes in galactose and galacturonic acid levels (Liu et al., 2023).
The study by Stevanovi¢ (2022) depicted that CA storage significantly reduced the
metabolic activities of apples, resulting in lower respiration and transpiration rates. This
resulted in less water loss and better firmness, maintaining a higher quality compared to
apples stored in regular air conditions. In addition, another study (Babu et al., 2022) found
that lowering the oxygen level during CA storage from 20.8% to 1-2% decreased the
respiration rate, which ultimately helped reduce firmness loss.

KG/CM2

0 15 30 45 60 75 90 105 120 135 150 165 180
DAYS

——T1 —B—T2 T3 =2=T4

Figure 2. Firmness of apples throughout the storage period

Total Soluble Solids (TSS)

During the 180-day storage period, the total soluble solids (TSS) of all four treatments
increased; however, a significant difference (p < 0.05) was observed between the
treatments. CA storage resulted in a lesser change in TSS compared to standard cold
storage, as shown in Table 2. The observed mean value of the control treatment was 16.29,
whereas for T3 (02 2% and CO2 1%), the average value was 13.27, which was lower than
that of other CA-treated samples.

The increase in TSS during apple storage can be attributed to several biochemical and
physical changes that occur over time. As apples ripen, starches are converted to sugars,
resulting in higher total soluble solids (TSS) levels (Kassebi et al., 2022). During CA
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storage, the rate of metabolic activity was slowed due to the gaseous composition, as
compared to cold storage.

In support of this statement, the results of Majidi et al. (2014) research are presented. As
Majidi et al. (2014) stated, the utilization of a gas mixture consisting of 5 kPa O2 and 3
kPa CO2 significantly retarded the ripening process compared to air in cold storage.
Similarly, Stevanovi¢'s (2022) study found that apples stored in controlled atmosphere
(CA) exhibited significantly lower changes in total soluble solids (TSS) compared to those
stored in regular air, indicating better preservation of TSS during the storage period. The
research by Butkeviciute et al. (2022) found that prolonged storage under controlled
atmosphere (CA) conditions resulted in a more stable composition of phenolic compounds
and antioxidant activity, which in turn affected total soluble solids (TSS).

Table 2. Total soluble salts (TSS) of Apples stored under a controlled atmosphere

Tr Days to storage
eat | 0 15 30 45 60 75 90 105 120 135 | 150 165 | 180
me

nt

T 126 | 152 17. 19.7 | 143 | 164 | 17.7 | 125 | 13.2 | 14.0 | 126 | 13.8 | 147
8+0. +0. 4+0 | 440. | £0.1 +0. 8+0 | 440. | 440. | 240. | 4+0. | 240. | #0.1
13Z | 15L 17 2A 40R 16J .18 13b 13W | 14S | 13ab | 14T | 50P
ab M F E c X T Cc U
T, 13.2 | 158 18. 126 | 149 | 16.6 | 183 | 126 | 133 | 141 | 128 | 141 | 15.0
+0.1 | 8+0 | 24+ | 8+0. | £0.1 | 8+0 | 2+0 | 2+0. | 4+0. | 4+0. | 6x0. | 8+0. | 6x0.
3W .16 0.1 132 5N 17 .18 13b 13W | 14R 132 14R | 15M
X K 8D ab O HI D c X S a S N
T 138 | 165 18. 13.1 | 151 | 171 | 124 | 128 | 136 | 142 | 134 | 143 | 15.2
+0.1 | #0. | 68+ | 2+#0. | 6+0. | +0. | 440 | 8+0. | 2+0. | 4#0. | 2+0. | 0.1 | 40.
4TU | 161 0.1 13X 15L | 17G | .12c | 13Y 14U 14R 13V 4Q 15L
9C Y M Z Vv S W R M
Ty 145 | 16.8 19. 138 | 153 | 173 | 124 | 131 | 138 | 125 | 136 | 145 | 153
4+0. +0. 1+0 | £0.1 | 8+0. | 6£0 | 8+0 | 240. | 6+0. | 4+0. | 8+0. | 6+0. | 4+0.
15P | 17H .19 4TU 15L 17 12b | 13X 14T 13b 14U 15P 15L
Q B F c Y U c \Y

Acidity

The mean values for acidity of T1, T2, T3, and T4 during the storage period were observed
as 0.63, 0.82, 1.42, and 1.34, respectively. The results indicated that T3 performed well.
At the same time, the higher acidity value decreased in the control compared to the CA
stored samples (as shown in Table 3).

The decrease in acidity level during cold storage can be attributed to several biochemical
processes that occur under low-temperature conditions. Cold storage affects the
metabolism of organic acids, leading to their degradation and a subsequent decline in fruit
acidity. The study by Shu et al. (2024) demonstrated that lower temperatures reduced
respiration rates; however, prolonged storage still resulted in significant loss of organic
acids in apples. At the same time, CA helped maintain the acidity content because
modification of the atmosphere around the fruit reduced acid degradation. In the same
context, Stevanovi¢'s (2022) research analyzed various quality parameters, including
acidity, and found that apples stored in a controlled atmosphere exhibited significantly
lower changes in quality compared to those stored in regular air, indicating better
preservation of fruit acidity during storage.
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Table 3. Acidity of Apples stored under a controlled atmosphere

Tre Days to storage

atm | o 15 30 45 60 75 90 105 | 120 | 135 | 150 | 165 | 180
ent

T: 1.08 | 0.68 | 055 | 047 | 111 | 0.74 | 043 | 151 | 142 | 1.33 | 147 | 1.35 | 1.27
+0.0 | 0. +0. | £0.0 | +0.0 | £0.0 | #0f | 0.0 | £0.0 | £0.0 | £0.0 | £0.0 | *0.0
1R 0la | 01d Oe 1Q 1X 2B 1F 1] 1D 1l 1LM
T, 094 | 062 | 04 | 13+ | 091 | 0.7+ | 0.37 | 149 | 14+ | 13+ | 144 | 1.34 | 1.22
+0.0 | 0. +0. | 001 | £0.0 | 0.01 | #0.0 | #0.0 | 0.01 | 0.01 | +0.0 | 0.0 | +0.0
1S 0lb | 00g K 1T Z Oh 1C G K 1E 11 IN
Ts 089 | 0.70 | 042 | 1.26 | 0.87 | 057 | 155 | 147 | 1.37 | 1.28 | 142 | 1.3+ | 121
0.0 | 0. +0. | +0.0 | 0.0 | +0.0 | 0.0 | 0.0 | #+0.0 | £0.0 | £0.0 | 0.01 | #0.0
1U | 01Z | oof | 1M v 1c 2A 1D 1H 1L 1F K IN
N 072 | 061 | 0.15 | 1.15 | 0.76 | 0.48 | 1.52 | 144 | 135 | 151 | 1.4+ | 1.3+ | 1.18
+0.0 | 0. +0. | £0.0 | 0.0 | £0.0 | 0.0 | 0.0 | #0.0 | #0.0 | 0.01 | 0.01 | #0.0
1Y | 01b | 00i 1P 1w Oe 2B 1E 1l 2B G K 10

Vitamin C

The mean values of Vitamin C for Ty, Ty, T3, and T4 on the first day of research were 23.7,
21.9, 25.6, and 22.3, respectively. On the last day of the experiment, the vitamin C mean
values were 7.9, 10.8, 18.6, and 12.2, respectively. These values (as shown in Table 4)
indicate a significant difference (p < 0.05) between treatments and storage days. There
was a lesser decrease in Vitamin C in samples stored in CA compared to the control. The
decrease in values during storage is due to prolonged storage, as vitamin C is susceptible
to degradation under these conditions. Research by Budiarto et al. (2024) indicated that as
storage time increased, vitamin C levels consistently declined. Similar to cold storage, the
vitamin C level decreased more in CA than in cold storage. In support of this, a study by
Randhawa et al. (2020) found that vitamin C levels decreased during cold storage due to
its instability, which was exacerbated by time and temperature. Higher temperatures
accelerated degradation, resulting in significant losses, as observed in orange juice stored
at varying temperatures over 40 days. Moreover, the study by Hussain et al. (2017)
indicated that lower temperatures in CA storage reduced the respiratory rate and slowed
oxidation processes, leading to less conversion of ascorbic acid to dehydroascorbic acid
and, consequently, higher retention of vitamin C compared to cold storage.

Table 4. Vitamin C content of Apples stored under a controlled atmosphere

Tr Storage Days
eat

me 0 15 30 45 60 75 90 105 | 120 | 135 150 | 165 | 180
nt

T, | 23. | 198 | 15. | 7.9+ | 20.6 | 18.2 | 13.6 | 251 | 23.7 | 21.0 | 228 | 194 | 16.8
7#0 | 620. | 26+ | 0.08 | £0.2 | 4#0. | 440 | 2+0. | 0. | 2+0. | 6+0. | 0.1 | 0.1
.24 2Q 0.1 g IN | 18U | .14b | 25B | 24E | 21L | 23G | 9RS | W

E 5Z 0 C M
T, | 21. | 185 | 13. | 21.8 | 19.9 | 173 | 108 | 248 | 233 | 203 | 215 | 19.6 | 16.7
88+ | 4+0. | 5+0 | 9+0. | 2+0. | 6+0. | #0. | 6+0. | 80 | 0.2 | 640. | 2+0. | £0.1
22l 2Q | 17v | 11e | 25C OP
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02 | 19T | .14 .23 22] 2Q | TW
21 U b F K R X
Tz | 20. | 176 | 11. | 21.1 | 19.2 | 164 | 25.6 | 244 | 22.7 | 186 | 214 | 18.7 | 14.2
28+ | 440. | 24+ | 2+0. | 2#0. | 4#0. | 440 | 440. | 6+0 | 0.1 | 4#0. | 2+0. | 4%0.
02 | 18v | 01 | 21L | 19S | 16X | .26 | 24D | .23 9T 21K | 19T | 14a
P 1d Y A G
T, | 19. | 162 | 10. | 20.7 | 18.7 | 152 | 25.2 | 242 | 218 | 223 | 20.7 | 175 | 12.2
24+ | £0.1 | 3+0 | 8+#0. | +0.1 | *0.1 | 60 | +0.2 | #0. | 4+0. | 2+0. | 440. | 240.
0.1 6Y Af | 2IM | 9T 57 .25 4D | 2210 | 22H | 21M | 18V | 12
9S N B N

Total phenols

The result of this research depicted that the total phenolic content varied among all
treatments in the following order: T3 > T4 > T2 > T1. An overall decline in total phenols
was observed in all treatments; however, the drop under CA was less pronounced
compared to storage in normal air. However, the decline was most rapid and significant in
the control treatment, whereas the slightest difference was recorded for T3 throughout the
storage days (as shown in Table 5).

The study by Dong et al. (2022) highlights the continuous decline of total phenolic content
(TPC) in yellow peaches during shelf life, primarily due to polyphenol oxidation facilitated
by polyphenol oxidase. CA storage has been shown to significantly enhance TPC
retention, thereby mitigating oxidative damage from free radicals. Moreover, TPC
decreases progressively through the ripening stages, with significant reductions noted
from the unripe to the semi-ripe stages (Li et al., 2023). In favor of the CA storage study
by Gracia et al. (2019), with controlled atmosphere (CA) storage conditions (e.g., 2% O2-
10% CO2) effectively delaying ripening and maintaining fruit quality, including total
phenolic content (TPC) levels.

Table 5. Total phenolic content of Apples stored under a controlled atmosphere
Tr Storage Days
eat

me 0 15 30 45 60 75 90 105 | 120 | 135 | 150 | 165 | 180
nt

T, | 203. | 180. | 139. | 77.3 | 197. | 182. | 151. | 214. | 200. | 170. | 215. | 204. | 181
5+2. | 32+ | 24+ | 240. | 64+1 | 44+ | 23+ | 26+ | 08+ | 2+1. | 5+2. | 242 | 2+
04A | 18 | 139 | 77G | 98] | 1.82 | 151 | 214 | 2PQ 7S 16V | .04 1.8
DE F HI KL L M NO R X 1b
T, | 201. | 173. | 118. | 204. | 192. | 177. | 128. | 211. | 198. | 173. | 212. | 199. | 178
242, | 51, | 2#1. | 242, | 34+1 | 52+ | 5+1. | 8+2. | 1+1. | 42+ | 68+ | 24+ | 74
01A | 74D | 18G | 04H | 92) | 1.78 | 29 12N | 98Q | 1.73 | 213 | 1.99 | =#1.

B EF 1J KL M M o) R ST \% Y 79c
Ts | 192. | 162. | 103. | 202. | 190. | 168. | 220. | 209. | 192. | 161. | 209. | 191. | 171
62+ | 34+ | 2+1. | 24+ | 36x1 | 2+1. | 8+2. | 78+ | 06x | 24+ | 72+ | 02+ | .28
193 | 1.62 | 03G | 2.02 | 9K 68 | 2IN | 210 | 192 | 161 | 21 | 1.91 | 1.
BC EF H HIJ L M P R TU | VW A 71d
T, | 184. | 154. | 943 | 200. | 186+ | 161. | 218. | 202. | 184. | 217. | 205. | 187. | 158
64+ | 6+1. | 5+0. | 14+ | 1.86 | 44+ | 76+ | 22+ | 55+ | 3+2. | 63+ | 34+ | .32
1.85 | 55F | 94G | 2R L 161 | 219 | 2.02 | 1.85 | 17U | 2.06 | 1.87 | *1.
CD H M N PQ S W a 58e

Total Antioxidant
A substantial decrease in antioxidant activity was observed in the control treatment stored
at a low temperature. However, the apples kept in a low-oxygen atmosphere showed a
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significantly retarded decline in antioxidant activity (Figure 3). After 180 days of storage,
the maximum retention of antioxidants was detected in T3 stored in a 3% oxygen
environment after dipping in a 2% CaCl; solution.

20
18
16
14
12
10

% INHIBITION

L= S A -]

0 15 30 45 60 75 90 105 120 135 150 165 180
DAYS

—=T] =—fl=—T2 T3 ===T4

Figure 3. Antioxidant capacity is exhibited as a percentage inhibition throughout the
storage period

The enzymatic antioxidant system controls the oxidative senescence in fruit. In this study,
CA was capable of preserving the antioxidant activity in apples for an extended period,
effectively maintaining the dynamic balance of reactive oxygen species (Luna et al.,
2016). Saba and Sogvar (2016) also found that treatment with edible coatings was effective
in resisting antioxidant reduction during the cold storage of apples. Consequently, CA can
improve the internal defense ability and antioxidant level of apple tissue (Zhao et al.,
2019). Furthermore, the accumulation of phenolic compounds is also associated with
antioxidant capacity, which can estimate the maturity of fresh fruits and vegetables and
help determine their antioxidant capacity (Guo et al., 2021; Ma et al., 2019). These results
demonstrate that CA significantly delayed the loss of antioxidants, thereby decreasing the
loss of the fruit to free radicals. These findings are in agreement with earlier studies on
strawberries (Wang et al., 2003) and apples (Brackmann, et al., 1998). In this way, the
shelf life of apples can be enhanced by reducing the incidence of decay due to the effect
of controlled atmosphere, as CA influences the strengthening of cell walls and increases
the ability of antioxidant enzymes (Buccheri et al., 2021).

Conclusion

By carefully controlling the conditions within the storage chambers, a significant
extension in the shelf life of apples was achieved. Lowering oxygen levels while
maintaining a 1% carbon dioxide level proved effective in minimizing weight loss and
other quality parameters. This approach not only maintained the apples' good quality for
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longer but also helped retain vital nutrients, such as organic acids and phenols. A natural
decline in antioxidants was observed; however, CA storage slowed this process, which is
crucial for maintaining apples’ appeal to consumers and reducing food waste. By utilizing
the CA storage facility, local farmers and suppliers can expand their market reach and
extend the distribution period, supporting the sustainability of the food supply chain by
reducing the use of chemical preservation and optimizing the use of better storage
techniques. It is essential to note that ideal CA conditions can vary depending on the apple
variety and harvest time. As such, further research is essential to explore these techniques
for optimal results. It can be suggested that CA storage is a novel technique for preserving
the quality of apples. By understanding and optimizing these conditions, we can deliver
fresher, more nutritious fruit to consumers while reducing our environmental impact.
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