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Unravelling during cold storage
and shelf life the pathological
and physicochemical
characteristics of postharvest
apples and oranges

Mohamed Bechir Allagui* and Mouna Ben Amara

Laboratory of Plant Protection, National Institute for Agronomic Research of Tunisia (INRAT),
University of Carthage, Ariana, Tunisia

Fruits are susceptible to a diverse range of postharvest rots, which can reduce
quality if preventive measures are not taken in time. In this study, samples of
orange cv. Maltaise and apple cvs. Golden Delicious and Richared were sorted
without infection or injury, treated or not with sodium metabisulfite (SMB), and
then placed in cold storage for 20, 42, or 59-61 days, followed by a shelf life of 6
or 15 days. Physicochemical characteristics, degree of fruit infection, and weight
loss were analyzed for each storage period. Our results indicated that adequate
postharvest storage depends on the type of fruit, duration of cold storage, and
shelf life. The heat map grouped 'Richared’ apples close to its fresh state, without
developing rot or perceptible weight loss for 60 days at low temperature (6°C)
and 15 days of shelf life. These red apples performed better during storage than
‘Golden’ apples, especially in terms of storability and total flavonoids. Apples of
‘Golden’ showed better storage stability than ‘Maltaise,” which could be stored
properly for up to 20 days at 6°C, followed by a 15-day shelf life, regardless of
treatment with sodium metabisulfite. The longer the oranges were stored, the
greater the risk of infection and the greater the physicochemical properties; in
this case, flavonoids decreased. The chemical criteria (TSS and pH) of apples and
oranges were not affected by soaking in SMB, which was similar to that of
untreated fruit. However, treating such fruits with SMB is regarded as unlikely
because of its low effectiveness in preventing fruit decay during long-term
storage. Cluster analysis showed that total polyphenols were linked to poor
storability, whereas flavonoids, hardness, and TSS were associated with better
storability. This suggests that flavonoids may be more reliable indicators of
storage suitability than total polyphenols.
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1 Introduction

The annual production of pome fruit and citrus in Tunisia is
estimated to be 139,000 tons and 36,500 tons, respectively (GIFruits,
2023). A large quantity of these fruits is usually stored at low
temperatures after harvesting, then gradually sold in the local
market or exported to various countries. The incidence of
postharvest diseases can affect the quality and limit the shelf life
of fresh horticultural produce at various stages of the cold chain.
Postharvest and pre-retail food losses were estimated at 13.2% of
global food production (FAO, 2023), whereas food waste from
retail, catering, and households was estimated at 19% of global food
production (UNEP, 2024), giving a total food loss and waste index
of 32.2%.

Recent attempts have been made to experimentally reduce gray
mold that infects table grapes during storage by stimulating the
antioxidant system of these fruits using antifungal substances that
are considered safe, such as a chitosan/silica nanocomposite
formulation (Youssef and Roberto, 2021). Nevertheless,
packinghouses generally use synthetic fungicides to treat fruit
before storage, in addition to the antifungal treatments carried
out in orchards before harvest, to limit waste and losses, first in
the field and then during storage. When applied in excessive
quantities, these fungicides can impact the environment and pose
a risk to human health (Alaoui et al., 2024; Triantafyllidis et al.,
2022; Soheilifard et al., 2020; Fantke and Jolliet, 2016). Countries
importing fresh fruit apply strict regulations concerning minimum
levels of pesticide residues in the edible parts of fresh produce
(Sivakumar and Bautista-Bafos, 2014). Therefore, a sharp
reduction in synthetic pesticide use is essential. For all these
reasons, this study is focused on safe and environmentally
friendly applications to reduce postharvest deterioration in fruit
quality. Some organic and inorganic salts have been considered as
promising agents for pre- and post-harvest treatments (Romanazzi
etal,, 2012). Natural compounds classified as GRAS, such as sodium
carbonates/bicarbonates, calcium chloride, and silicate, have in
some cases extended the shelf life of fresh fruit after harvesting
(Strano et al., 2022; Alaoui et al., 2017; Mehyar et al., 2011). For
example, GRAS salts such as calcium chloride, sodium bicarbonate/
carbonate and potassium sorbate/bicarbonate/carbonate have been
used to test their ability to prevent postharvest gray mold
(Karabulut et al., 2005; Nigro et al., 2006). Postharvest diseases in
citrus fruits have also been tested using organic salts such as sodium
carbonate/bicarbonate/benzoate/parabens and potassium sorbate
(Montesinos-Herrero et al., 2016; Moscoso-Ramirez and Palou,
2014; Moscoso-Ramirez et al., 2013; Youssef et al., 2012).
Additionally, the efficacy of potassium sorbate against apple blue
rot (P. expansum), was evaluated either as a standalone treatment or
in combination with thiabendazole. These findings indicated that
potassium sorbate exhibited reduced efficacy when used alone
(Fadda et al., 2015).

Other groups of salts and sulfites, used as preservatives and/or
additives, have been applied to prevent rotting of fruits, such as
tomatoes, grapes, raspberries, blueberries, and apricots (de Aguiar
et al., 2023; Miihlbeier et al., 2021; Ahmed et al., 2018; Salur-Can
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et al., 2017; Rodriguez and Zoffoli, 2016). They act as antioxidants
by inhibiting non-enzymatic browning and catalyzing various
enzymatic reactions (Yan et al., 2022; Treesuwan et al., 2022;
Afoakwah, 2020). One sulfite salt is sodium metabisulfite (SMB),
which is generally recognized as safe (GRAS).

In this study, semi-commercial-scale experiments were
conducted on oranges and apples. The fruits were either treated or
untreated with SMB and stored for up to 61 days at 6°C, followed by
six or 15 additional days of shelf life at ambient temperature (18°C).
Physicochemical analyses, rot incidence, and disease severity were
performed initially on fresh fruit and immediately after cold storage
or shelf life. In fruit preservation, the first priority should be to
maintain the sensory quality of the fruit, as this directly influences
consumer purchasing behavior. Sensory qualities are particularly
affected by fungal attacks. In Tunisia, the main fungi responsible for
postharvest fruit decay on oranges and apples are, in order of
importance, Penicillium digitatum, Botrytis cinerea, Penicilllium
italicum and Alternaria alternata (Allagui and Ben Amara, 2024;
Allagui et al., 2024).

The objectives of this study are as follows:

- Evaluate, under semi-commercial conditions, the
effectiveness of SMB in maintaining the quality of apples
and oranges that are undamaged and apparently free
of infection.

- Comparison of the preservative performance of the three
types of fruits during storage.

- Unravel the physicochemical properties and pathological
deterioration of the three kinds of fruits as a function of
storage period, based on eight attributes, including total
phenols and flavonoids, weight loss, and fungal infection.

2 Materials and methods
2.1 Fruit samples

Oranges cv. Maltaise and apples cvs. Golden Delicious and
Richared were obtained in 20 January 2023, from the wholesale
market of fresh fruit and vegetables of ‘Bir Kasaa’ (Tunis). The fruits
were immediately transported to the laboratory and stored at 6°C
for 4 days before the experiments began.

In general, the apple harvest begins in September and the
‘Maltaise’ harvest in January. The ‘Maltaise’ fruit was in a fresh
state, as some of these fruits still have completely green leaves on the
stalk without showing any signs of treatment or wax. The apples
were stored cold in refrigerated chambers before being released for
sale. On these apples, there was no sign of treatment or wax,
although a few fruits showed the beginning of rot (indicating the
absence of antifungal treatment) and were immediately removed.
Therefore, fruits with no visible defects were sorted and prepared
for one of the planned antifungal treatments, and then stored at 6°C
for 20, 42, and 59-61 days, plus 6 or 15 days of shelf life after each
storage period. It should be noted that the absence of visible rot does
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not mean that there is no latent infection, which is difficult to detect
visually on a fruit-by-fruit basis.

The main reason for using these two apple cultivars was their
differential storage behavior, as observed in our preliminary tests,
which needs to be confirmed. We used a single citrus cultivar in our
experiments, the ‘Maltaise,” because it is the most popular and
exported citrus fruit in the country for which we were looking for
answers regarding its storability, in addition to its availability on the
market at the time of the experiment.

2.2 Fruit treatments

Oranges and apples were separated into lots, each containing 25
fruits. For each type of fruit, six lots were organized, three of which
were untreated (control) apart from the initial sorting, used as a
control, and three of which were treated with SMB. For each of the
three storage periods, one untreated and one treated lot of each
cultivar were used for assessment.

According to an earlier study carried out in the laboratory on
fruits that had been inoculated with fungi (Allagui and Ben Amara,
2024), SMB was effective against postharvest rot at 0.5% fruit dip.
This concentration was used in the experiments. The treatment
consisted of soaking the fruit lot separately in a basin containing 10
L of tap water, in which 50 g of SMB was dissolved (conc. 0.5%).
After soaking for 1 min to 2 min, the fruit was left to air dry for 2 h
and then stored at 6°C + 1°C for periods ranging from 20, 42, and
59-61 days, followed by days of shelf life. During storage, the
relative humidity inside the cold room was between 90% and 95%.

After each storage period, the respective lots of ‘Maltaise’ fruit
were exposed to a shelf life at room temperature (18 + 1°C) of 15
days (after 20 days of cold storage) and of 6 days (after 42 or 59 days
of cold storage). The shelf life of apples was 15 days, regardless of
the storage period. All analyses were performed after each cold
storage period and shelf life.

2.3 Assessment of fruit quality

Fruit hardness was determined per storage period on three
randomized fruits from both equatorial sides using a 3 mm
diameter sensor of a fruit hardness tester (LT Lutron FR-5105)
and the force was expressed in Newton (N).

Three randomly selected oranges were juiced (without peel)
using a domestic blender, and pure juice was used for analysis. For
apples, three randomly selected fruits were cut into 1 cm cubic
pieces (without stalk or calyx), and these pieces, including the peel,
were weighed and juiced by adding the same weight of distilled
water (one-time dilution).

One droplet of sample juice was used to determine the TSS,
expressed as a percentage, using a digital hand refractometer
(Hanna Instruments HI96801 HANNA Woonsocket RI USA).
The pH of each juice sample was determined using a pH meter
(AZ8651 pH/ORP METER). Each measurement was replicated
three times.
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The total phenol content (TPC) was determined using the Folin-
Ciocalteu (Folin-C) method as described by Singleton et al. (1999)
with some modifications. In a cuvette, 100 pL of one-time diluted juice
was mixed with 100 pL Folin-C, followed by 2 min of 300 pL of
sodium carbonate solution (20%, NaCQO3). After 2 h of incubation, the
absorbance was read at 750 nm using a UV-visible spectrophotometer
(UV-1700 SHIMADZU, PharmaSpec, Jiangsu, China). The
absorbance determined was compared with the standard curve for
gallic acid (0.02 g L™'-0.10 g L") to determine the TPC, which is
expressed as the mass of gallic acid equivalent (mg GAE/100 g of apple
juice). Each measurement was performed in triplicate.

To determine the total flavonoid content, 250 uL of orange/
apple juice was mixed with 1.25 ml of distilled water to which 75 pL
of sodium nitrate was added. This mixture was left to react for 5
min, 150 pL of aluminum chloride (2%) was added, and the mixture
was left to react for 5 min. This mixture was completed with 500 pL
of sodium hydroxide NaOH (1M) and 3 ml of distilled water. The
absorbance of this solution was determined at 510 nm using a UV-
visible spectrophotometer (UV-1700 SHIMADZU, PharmaSpec,
Jiangsu, China) to determine the total flavonoid content
expressed in mg catechin/100 mg using a catechin calibration curve.

For each lot, fruit weight was determined, and the weight loss
(WL) was calculated as a percentage using the following formula:
WL (%) = [(Pi — Pcs)/Pi] x 100, for cold storage. For shelf life after
cold storage, WL (%) = [(Pcs — Psl)/Pcs] x 100, where Pi is the
initial weight before storage, Pcs is the weight determined
immediately after a particular cold storage (20, 42, or 59 days),
and Psl is the weight determined after a particular shelf life.

Disease incidence was calculated as follows: DI (%) = [Ncs/N] x
100 for each cold storage period (Singh et al., 2012). For shelflife, DI
(%) = [Nsl/(N — Ncs)] x 100, where Ncs is the number of infected
fruits detected after cold storage, Nsl is the number of infected fruits
newly detected after the respective shelf life, and N is the initial
number of fruits. Infected fruits show fungal infection even if the
infection is minimal, i.e., less than 1 mm in diameter.

Disease severity (DS) was also estimated for the individual
infected fruit following an empirical 0-5 rating scale according to
the fruit surface infected (Romanazzi et al., 2013): 0, healthy fruit; 1,
1%-20% infected; 2, 21%-40% infected; 3, 41%-60% infected; 4,
61%-80% infected; and 5, >81% infected. This DS allowed the use of
McKinney’s disease index (MI) calculated according to McKinney
(1923): MI (%) = [(sum of all numerical ratings)/(total number of
tested fruits x 5)] x 100.

2.4 Statistical analysis

Data were subjected to analysis of variance (ANOVA) using
Statgraphics Centurion 16 software. Mean differences were
separated by the honestly significant difference (HSD) procedure
using Tukey’s test at p <0.05. Hierarchical cluster analysis (Ben
Amara et al., 2021) by ‘ClustVis™ (https://biit.cs.ut.ee/clustvis/), a
web tool for visualizing clustering of multivariate data (BETA)-
custom edition, by the PREDECT project from BoxPlotR, using a
defined mean Euclidean distance (Barth et al.,, 2020).
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3 Results

3.1 Quality of oranges after cold storage
and shelf life

3.1.1 Physicochemical properties

The initial hardness of the fruit was 15.3 N, varying over the
storage periods between 10.4 and 16.2 N, but these averages were
not significantly different between treated and untreated fruit for
the respective storage periods.

The initial total soluble solids (TSS) content of fresh oranges
was 11.5%, showing a slight increase over the different storage
periods, varying between 12% and 12.7% in untreated fruit and
between 11.6% and 12.6% in treated fruit (Table 1).

The initial pH of the orange juice was 3, increasing between 3.1
and 3.7 during storage, with no difference between the pH of the
treated and untreated oranges.

The initial total polyphenol content (TPC) of fresh oranges was
174 mg GAE/100 g of orange juice. This content remained
unchanged in oranges stored for 20 days at 6°C, with values
ranging from 171.2 mg GAE/100 g to 174 mg GAE/100 g,
without significant difference (p <0.05) between treated and
untreated oranges.

Over a longer storage period, including shelf life, TPC showed
significantly different levels of decrease and increase, ranging from

10.3389/fhort.2025.1567906

148 mg/100 g to 171.8 mg/100 g, with a slightly higher level for the
fruit treated with SMB.

The initial total flavonoid content (TFC) determined in fresh
fruit was 132.9 mg catechin/100g, which was slightly reduced to
114.8 mg catechin/100 g-116 mg catechin/100 g after 20 days
storage at 6°C. These TFC were reduced, after 42 and 59 days of
cold storage, to 47.8 mg catechin/100 g-48.6 mg catechin/100 g for
treated fruit and 41.2 mg catechin/100 g-76.6 mg catechin/100 g for
untreated fruit. During shelf life, the TFC remained low, with a
higher content in the untreated fruit, except for (20 +
15SL) (Table 1).

Overall, the physicochemical properties of ‘Maltaise’ remained
unaltered by SMB treatment, cold storage period or shelf life.
However, there was a notable decline in the TFC and hardness
with prolonged storage.

3.1.2 Weight loss, disease incidence and disease
severity

After 20 days of storage at 6°C, weight loss was limited to a very
low rate of 0.3% for both untreated and treated fruit, but this loss
increased with longer cold storage, mainly for SMB-treated fruit
(Table 1). Thus, after 42 days, the treated fruit showed a weight loss
of 65.8% compared to 5.3% for the untreated oranges, i.e., an excess
loss of 60.5% due to the SMB treatment alone. At the end of the 59
day-cold storage period, the highest weight loss was 61.2% for

TABLE 1 Weight loss, decay incidence, disease severity and physicochemical properties of oranges of cv. Maltaise stored at 6°C during 20, 42 or 59
days followed by 15 days shelf life for the first storage period of 20 days and by 6 days shelf life for 42 and 59 cold storage; the fruit were untreated

or treated with 0.5% SMB.

Storage period (days)

Parameters Treatment
+15 SL 42 +6 SL
Untreated 12.7 +0.1° 12 +0.15° 125+ 0.1° 124 +0.1° 12.0 + 0.0°
188 115 +03® nd
(%) a a ab ab ab
Treated 12,6 + 0.2 12.1 + 0.02 116 + 0.1 11.6 + 0.1 115+ 0.1
Untreated 3.7 +0.05° 3.3 +0.02° 3.3 +0.02° 31+0° 34 +0.02°
pH 3.0 £ 0.01° nd
Treated 3.5 +0.02° 33+0° 32+0° 3.2 +0.02° 3.4 +0.01°
Untreated 152 + 0.7 123 +0.5° 134+ 1.5° 11.0 + 1.3° 104 + 1.7°
Hardness 153 4 2.4° d
R N VR n
(N) Treated 162 +0.3° 133 +27° 133 +29° 12.7 + 3.0° 11.6 + 1.7°
Untreated 174.9+ 25.2° 145.8 + 2.0° 149.5 + 2.9° 171.9.0 + 29° 151.1 + 13.3°
Total phenols 1740 + 7.4° nd
(Mg GAE/100 g) Treated 1713 £39° 1689+ 158" 1618 +6.1° 1584 +32° 163.0 + 2.8°
. Untreated 114.8 +52° 1114 +2.7° 412 + 14.5¢ 89.8 + 1.8° 76.7 £ 14.7°
Total flavonoids 132,94 18.2° d
. .9+ 18. n
(Mg Catechin/100 g) Treated 1160+ 149° | 1279 +47° 478+ 227 64.0 + 2.4 48.6 + 42°
Weight loss' Untreated . 0.29 3.10 533 13.34 3326 100
(%) Treated 0.32 2145 65.81 68.76 61.24 100
. . Untreated 0 0 4.0 9.5 292 64.3
Disease 1nc1dence 0
(%) Treated 0 182 64.0 66.7 524 100.0
McKinney's discase Untreated . 0 0 32 3.8 58 25.7
Index (%) Treated 0 10.9 416 533 314 80.0

lWeight loss is relative to each storage period. SL, Shelf life; TSS, Total soluble solids; GAE, Gallic acid equivalent; nd, Not determined due to total deterioration caused by fungal infection. For
each attribute, the means in the same row with different letters are significantly different, according to Tukey’s HSD test p <0.05.
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treated oranges compared to 33.3% for untreated oranges. This
represents an additional loss of 27.9%, which is linked to the SMB
treatment in cold storage. With regard to weight loss during shelf
life after discarding the infected fruit from cold storage, it appears
that the weight loss varied from 21.4% (20 + 15SL) to 100% (59 +
6SL) for treated fruit and from 3.1% (20 + 15SL) to 100% (59 + 6SL)
for untreated oranges.

The incidence of the disease on treated and untreated ‘Maltaise’
was zero during cold storage for 20 days. The absence of fruit
infection was also observed in untreated fruits during 15 days of
storage at room temperature (shelf life). Fungal infection began on
treated fruit after 15 days of storage following 20 days of cold
storage, as well as on fruits stored for 42 days or more. The results
showed that the incidence of infection during the latter storage
periods varied between 4% and 64% in untreated ‘Maltaise’ fruit,
compared with 18.2% and 100% in fruit treated with 0.5% SMB. On
the other hand, the disease severity determined using the
Mckinney’s disease index varied between 3.2% and 25.7% in
untreated ‘Maltaise’ and between 10.9% and 80% in those treated
with SMB. The results demonstrate that the incidence and severity
of infection on ‘Maltaise’ oranges, in addition to weight loss, were
minimal and comparable between treated and untreated fruit
during the 20-day cold storage period. However, as the storage
duration increased, the untreated fruit exhibited diminished
susceptibility to these parameters. For the last shelf life (59 +
6SL), the weight loss of the untreated ‘Maltaise’ was 100%, while
the disease incidence was 64.3% and not 100%. In fact, at this stage
of fruit monitoring, the rest of the uninfected fruit was defective

10.3389/fhort.2025.1567906

owing to the change in color and texture of the rind, which became
pale and dry, and therefore unfit for consumption (lost).

3.2 Quality of red apples cv. Richared after
cold storage and shelf life

3.2.1 Physicochemical properties

The initial hardness of the fruit was 16.3 N (Table 2). This
attribute decreased to 14.3 N after 20-42 days of cold storage with
no significant difference between treated and untreated apples. After
61 days, the hardness reached 13 N for both treated and untreated
apples. After 15 days in shelf life following 20, 42 and 61 days of
storage at 6°C, the fruit hardness varied between 14.4 and 9.3 N for
untreated fruit and between 13.1 and 12.1 N for treated fruit.
Overall, the hardness of treated and untreated fruit decreased
slowly and similarly during cold storage but was relatively higher
during shelf life, particularly for untreated fruit.

The initial TSS content of fresh apple juice was 14.2% (Table 2).
This TSS concentration decreased slightly, particularly after 42 days
of cold storage (11.3%-11.6%) and after 61 days of cold storage
(12.5%-12.9%). Shelving of the fruit did not affect this trait; its
content fluctuated between 14% and 12.2%. Fruit treatment was not
a distinguishing criterion for TSS content compared to untreated
fruit. No significant change was recorded in this trait during shelf
life compared with cold storage.

The pH initially recorded in fresh apple juice was 4 and
remained at an average of 4.1 for up to 20 days of cold storage. A

TABLE 2 Weight loss, disease incidence and physicochemical properties of apple cv. Richared stored at 6°C during 20, 42 or 61 days followed by 15
days shelf life for each cold storage; the fruit were untreated/treated with 0.5% SMB.

Storage period (days)

Parameters Treatment
+15 SL 42 +15 SL
Untreated 143 +25° 145 + 1.4° 143 +22° 116 + 1.4° 133 + 0.6° 93+ 1.0°
Hardness (N) 16.3 + 1.2°
Treated 143 + 0.7 131 + 1.1° 143 +2.0° 122+1.8° | 13.0+2.5 121 + 1.5°
Untreated 14.1 +0.1° 14.0 + 0.0 113 +0.1° 123 +0.1° 125 +0.1° 12.8 + 0.0°
TSS (%) 142 + 1.3
Treated 132 +02° 12.8 + 0.0° 11.6 + 0.0° 122 +0.0° 129 + 0.1° 127 £ 0.1°
Untreated 42+ 0.0° 45 +0.0° 33+00° 42 +0.0° 43 +0.0° 42 +0.0°
pH 4.0 +0.03"
Treated 43 +0.0° 45 +0.0° 34 +0.0° 42 +0.0° 41 +0.0° 42 +0.0°
Total phenols Untreated 1163+ 10.7° 129.7 + 3.1° 113.0 + 7.1° 133.1+34° 1163 + 1.9° 1312 +7.3°
o APE . 1087 + 0.9°
(mg GAE/100 ) Treated 1032 + 6.4% 130.6 = 1.7° 1117 + 7.5 1312+51°  1233+53% 1211+ 107
Total flavonoids Untreated 122.2 + 27.9° 925 + 6.1° 96.7 + 1.8 682 +20° 852+ 164° 104.0 + 1.2
s 156.8 + 20.7°
(mg catechin/100 g) Treated 103.7 + 8.7 863 + 5.2¢ 913 + 11.1¢ 817 +58 1164 +58 1276+ 187
Untreated 0.28 1.29 0.59 1.85 0.97 262
Weight loss (%) ] 0
Treated 0.24 1.69 0.45 212 0.62 2.88
. L Untreated 0 0 0 0 0 0
Disease ll’lCldCI‘lCC 0
(%) Treated 0 0 0 0 0 0

lWeight loss is relative to each storage period. SL, Shelf life; TSS, Total soluble solids; GAE, Gallic acid equivalent. For each attribute, the means in the same row with different letters are

significantly different, according to Tukey’s HSD test p <0.05.
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slight decrease in pH was recorded at 3.4 and 3.3 after 42 days of
cold storage for treated and untreated apples respectively, which
increased to 4.1-4.3 during 61 days of cold storage. No significant
change was detected in this characteristic over the shelf life
compared with cold storage.

The initial TPC of fresh apples was 108.8 mg GAE/100 g juice.
This trait was maintained without significant change during the
different cold storage periods ranging between 103.2 mg GAE/100 g
to 113.2 mg GAE/100 g, with no significant differences between
untreated and treated fruit, except for treated apples after 61 cold
storage days, which was 123.2 mg GAE/100 g. For the shelf life, an
increase in this parameter was observed, varying between 121 mg
GAE/100 g and 133 mg GAE/100 g, which represents an increase of
approximately 20 mg GAE/100 g compared with the values for this
parameter in apples (treated or untreated) stored at
low temperatures.

The TFC of the fresh apple juice was 156.8 mg catechin/100 g.
This initial content decreased with cold storage, reaching 85.2 mg
catechin/100 g, the lowest value measured after 61 days of cold
storage for untreated apples compared with 116.4 mg catechin/100
g for treated apples. The TFC values ranged from 91.4 mg catechin/
100 g, for treated fruit after 42 days of cold storage, to 109.2 mg
catechin/100 g, after 20 days of cold storage for untreated fruit.
With regard to shelf life, the TFC showed irregular variations
ranging from 68.2 mg catechin/100 g (42 d + 15SL) to 127.6 mg
catechin/100g (61 d + 15SL). Nevertheless, for the short storage
period between 20, 20 + 15SL, and 42, the TFC of the untreated
apples was higher than that of the treated apples; however, this
situation was reversed for the longer period between 42 + 15SL, 61,
and 61 + 15SL showing higher TFC values for the treated apples.

3.2.2 Weight loss and disease incidence

The weight loss of ‘Richared’ apples ranged from 0.24% (after 20
days cold storage) to 2.88% after 75 days (60 days cold storage and
15 days shelf life). This low weight loss after prolonged storage
could be attributed to a physiological process and not to fungal
infection, as the incidence of disease was zero regardless of the
storage period (Table 2).

3.3 Quality of yellow apples cv. Golden
after cold storage and shelf life

3.3.1 Physicochemical properties

The hardness values of the cv. ‘Golden’ are reported in Table 3.
The initial hardness of the fruit was 12.5 N. This value decreased
slightly to approximately 11.1 N (11.0 to 11.2) throughout the cold
storage periods for untreated fruit. For treated fruit, values for this
characteristic decreased from 13.2 N (20 days of cold storage) to
10.0 N (61 days of cold storage). During shelf life, fruit hardness
showed a downward trend, mainly after 61 + 15SL, reaching 7.6 N,
but with no difference between treated and untreated fruit.

The initial TSS content of the fresh apple juice was 14.4%
(Table 3). This content remained unchanged after 20 days of cold
storage in both the untreated and treated fruits. For longer periods
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of cold storage, untreated fruit showed little change in content,
which fluctuated between 12.3% and 13.5%. However, the content
of the treated fruit gradually decreased to 12.2% and 10.8%,
respectively, after 42 and 61 days of cold storage. For shelf life,
the TSS was relatively high in untreated fruit, unlike in treated fruit,
which showed decreases in relation to the length of the storage
period, decreasing from 12% to 9.7% (Table 3).

The initial pH of fresh apple juice was 3.9 (Table 3). This pH
was maintained within the range of 4 (3.9 and 4.3), with the
exception of the fruit stored for 42 days in cold storage, with a
pH of 3.1. There was no difference between the pH values of the
treated and untreated fruits.

The total phenolic content was approximately 90 mg GAE/100
g-93 mg GAE/100 g at the end of 20 days of cold storage (Table 3),
showing a significant reduction during storage compared with that
detected in fresh fruit, which was 132 mg GAE/100 g. Fruits stored
for longer periods (42 and 61 days) yielded more phenols, with
levels ranging from 102 mg GAE/100 g to 121.2 mg GAE/100 g
(Table 3). There was no significant difference between untreated
and SMB-treated fruits. During the 15-day shelf life, total phenols
accumulated more in untreated fruit than treated fruit after the first
20 days of cold storage, reaching 149.6 mg GAE/100 g (untreated
fruit) and 130.6 mg GAE/100 g (treated fruit), as well as after 61
days of cold storage. The observed increase in phenolic compound
content over shelf life was relatively low during the cold storage
period. On the other hand, the phenolic content of the fruits during
shelf life did not show such an increase after 42 days of cold storage,
as these levels were relatively high during the 42-day cold storage. In
addition, there was an insignificant difference between the phenols
of treated and untreated fruits, regardless of storage period.

The initial flavonoid content of ‘Golden’ juice was 136.4 mg
catechin/100 g (Table 3). Significant differences were recorded
between treated and untreated fruit, with the exception of the last
shelf life 61 + 15SL where both contents were low and close (43.2
mg catechin/100 g-44.4 mg catechin/100 g). Thus, the flavonoid
content of treated apples was much higher than that of untreated
fruit, in some cases twice as high (79 mg catechin/100 g to 145 mg
catechin/100 g, 21.8 mg catechin/100 g to 43.6 mg catechin/100 g,
and 62 mg catechin/100 g to 122.6 mg catechin/100 g). For each
shelf-life periods the flavonoid content of treated and untreated
fruits was lower than that of cold-preserved fruit. Thus, TFC was
better titrated in fruits that had been previously treated and
kept cold.

3.3.2 Weight loss, disease incidence and disease
severity

In the absence of disease incidence, the weight loss of the yellow
apples ranged from 0.21%-0.47% (20 days after cold storage) to
0.54%-0.75% (42 and 61 days after cold storage for treated fruit)
(Table 3). When fungal infections developed on the apples, the
weight loss was higher, ranging from 7.94% (42 days after cold
storage for untreated fruit) to 31.59% (61 + 15SL for treated
fruit) (Table 3).

The extent of weight loss was related to the incidence of disease,
which ranged from 7.7% to 30%, and the McKinney disease index,
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TABLE 3 Weight loss, disease incidence, disease severity and physicochemical properties of apple cv. Golden stored at 6°C during 20, 42 or 61 days
followed by 15 days shelf life for each cold storage; the fruit were untreated/treated with 0.5% SMB.

Storage period (days)

Parameters Treatment
0 +15 SL 42 +15 SL
Untreated 112 +0.7° 9.2 +0.9° 11.0 + 1.7° 112 +22° 11.1£20° 7.7 + L1°
Hardness (N) 12,6 + 1.4°
Treated 132 + 1.5° 9.0 + 0.6° 10.7 + 1.4° 11.7 +2.1° 10.0 +2.1° 7.6 + 0.8
Untreated 144+ 0° 9.3 +0.01° 123 +0.1° 124+ 0.0° 1354 0.1° 14.1 £ 0.5°
TSS (%) 144 +0*
Treated 144 +02° 12.0 + 0.0° 122 +0.0° 11.9 +0.1° 10.8 + 0.1° 9.7 +0.1°
Untreated 3.9 +0.04* 4.1 +0.02* 3.1 +0.01° 4.1 +0.01° 4.1 +0.01* 4.3 +0.01°
pH 3.9 +0.04°
Treated 4.0 + 0.005* 42 +0.01° 3.1 +0.01° 41 +0.01° 4.1+ 0.0° 4.1+0.01°
Untreated 93.1 + 29.4° 149.6 £22.7° | 1212+ 134° | 119.6 + 11.5° 107.5 + 2.8° 113.7 + 49°
Total phenols 131.9 + 6.5°
(mg GAE/100 g) Treated 899+ 1350  130.6£40.0° | 1138 +69° | 1089 % 17.4° 1020 £21.0° 1285+ 7.1°
Untreated 79.0 + 3.5 435 + 529 77.1 +2.9° 91.7 + 16.4° 1225 + 6.9° 432 + 1.8¢
Total flavonoids
136.4 + 1.2°
i Treated 1175
(mg catechin/100 g) reate 1457 +31° 825+ 116° +onge 103.7 +19.3° 62.0 + 4.7 443 + 1164
Untreated 0.47 1.96 7.94 14.67 24.19 3.50
Weight loss (%) I —— (]
Treated 0.21 1.98 0.54 10.96 0.75 31.59
Untreated 0 0 7.7 11.1 23.08 0
Disease incidence (%) 0
Treated 0 0 0 10.0 0 30.0
McKinney's disease Untreated . 0 0 3.08 8.9 10.8 0
1 0y
index (%) Treated 0 0 0 6.0 0 18.0

lWeight loss is relative to each storage period. SL, Shelf life; TSS, Total soluble solids; GAE, Gallic acid equivalent. For each attribute, the means in the same row with different letters are

significantly different, according to Tukey’s HSD test p <0.05.

which ranged from 3.08% to 18% (Table 3). Fruit treatment had no
positive effect on fruit health at the start of cold storage, as even
untreated fruits were unaffected. The effect of treatment only began
to appear after 42 days of cold storage, with the exception of the 61
+ 15SL period, when treated fruit were much more contaminated
(31.59% compared with 3.5% for untreated fruit).

3.4 Heat map inference

Hierarchical cluster analysis was performed in the form of a
heat map based on a defined Euclidean metric distance. This
exploratory analysis is aimed at determining the possible
relationships between the parameters obtained from fruit samples
in storage.

The heat map made it possible to group the fruit samples into
two main clusters based on fungal infection and fruit quality at the
later stages of storage. Group A included fruit from apple cultivars,
whereas Group B included orange fruit (Figure 1). Within Group A,
there were two distinct subgroups: Al and A2, with the Al
subgroup being abundant in terms of hardness, TSS, pH, and
TFC, while in the A2 subgroup, these quality characteristics were
less abundant. The Al characterizes fresh fruit of ‘Golden” and
‘Richared,” the 20 days of cold storage (Cl) for ‘Golden’ and
‘Richared,” the L1 (untreated) shelf life of ‘Richared’ and the C3
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and L3 of ‘Richared.” These results underline that the quality of fruit
after short-term storage is similar to that of fresh fruit, and that
‘Richared’ fruit would retain its initial quality as long as cold storage
and shelf life are extended. The A2 subgroup includes apple samples
subjected to the shelf life L1, L2, and L3 for ‘Golden’ and to L1
(treated) and L2 for ‘Richared’ as well as C3 for ‘Golden.” Although
these parameters in the heat map were less colorful and, therefore,
less abundant in A2 than in A1, no fungal disorders were recorded
in these samples, mainly in cv. Richared. This sub-group implies
that apple fruit quality would be affected particularly during shelf
life, especially in the case of ‘Golden.’

Group B, separating ‘Maltaise’ fruit samples and, to a lesser
extent, some apple samples, is divided into two subgroups Bl and
B2. Subgroup Bl is abundant with other quality criteria including
TPC, TEC and fruit hardness, clustering together fresh oranges with
the CI, L1, and L2 untreated oranges, and the C2 treated ‘Golden’
and ‘Richared’ fruit. This indicates that although these apple
samples were less well preserved than their counterparts during
other storage periods, they remained much longer and in the same
category as fresh oranges.

The subgroup B2 associates orange samples conserved during
longer time as C2, L2, and C3, L3 except for the sample of untreated
‘Golden’ under C2 storage (Figure 1). In this subgroup, decay
incidence and severity, as well as weight loss and TPC, were highly
abundant in the heat map, indicating that these fruit samples were
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Total phenol content

McKinney index 0

FIGURE 1

1
B
Weight loss

Decay incidence

pH

Total Soluble Solids

Hardness

Total flavonoid content

Hierarchical cluster analysis for predicting the link between different physicochemical properties and fungal infection criteria in oranges of cv.
Maltaise and apples of both cvs. Richared and Golden during different storage periods. A and B represent cluster code; Al, A2, B1, and B2 represent
sub-clusters of A and B, respectively. O, orange; G, apple cv. ‘Golden;’ R, apple cv. ‘Richared;” FO, fresh orange; FG, fresh ‘Golden;’ FR, fresh
‘Richared;’ C1, C2, and C3 are cold storage periods of 20, 42, and 59-61 days, respectively. L1, L2, and L3 are the storage times in relation to the
respective cold storage periods; T, treated; N, untreated. The square of cluster A is in a level of abundance (0-2), the square of cluster B in a level of
abundance (0—-4) while the circle of sub-cluster Bl is in a level of abundance (0-1).

the most affected by longer storage. Clearly, the heat map did not
show any particular grouping, highlighting the treatment/non-
treatment aspect. This indicated that the treatment did not play a
distinctive role in differentiating it from the untreated fruit.

4 Discussion

The fruit of cv. Richared was harder than cv. Golden before
storage. However, the hardness of fruits from both cultivars, treated
or untreated, decreased significantly during prolonged storage. The
hardness of oranges was not significantly different between treated
and untreated fruits for the respective storage periods, although this
characteristic decreased with increasing storage time. This indicates
that the interaction between the SMB and the fruit pericarp during
storage is unlikely. As the fruit shelf life increases, apples soften,
which could be due to reduced water content, increased respiration,
changes in pectin content (Billy et al., 2008), and more active starch
hydrolysis (Jan and Rab, 2012). Cell wall polysaccharides are among
the compounds that are responsible for fruit firmness. Degradation
of these compounds by hydrolytic enzymes during ripening leads
to softening of the fruit pericarp (Martinez-Blay et al., 2020) and
could explain the reduction in fruit hardness as storage time
increases, considering the differences in firmness noted between
apple cultivars.

TSS and pH are important organoleptic properties of fruits (Lu
et al,, 2021) that are correlated with the fruit’s texture and
composition (Jan and Rab, 2012). In our study, the TSS content
of orange juice increased slightly during the first storage period.
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During subsequent storage periods, the TSS content remained
unchanged for treated and untreated oranges, implying an early
conversion of available organic acids into sugar, given that the total
soluble constituents of citrus juice are 10% organic acids and 80%
sugars (Lado et al., 2014). The pH of the fruit juice rose rapidly
during the first 20 days of cold storage and then remained stable
throughout the rest of the storage period. This increase in pH could
be linked to the rapid transformation of organic acids into sugar
components (Habibi et al., 2021).

In contrast to oranges, the TSS content in both apple cultivars
decreased during storage. Butkeviciute et al. (2021) described a
decreasing trend of the soluble solid content of some fruit samples
during storage. As the fruit’s shelf life increases, apples soften due to
changes in the pectin content of the cells, imparting progressive
bitterness to the fruit (Billy et al., 2008) in relation to the balance of
sugar and organic acid contents. As a result, pH decreased for
‘Golden’ and ‘Richared’ apples at the end of 40 days of cold storage.

Citrus and apple fruits are rich in bioactive compounds such as
polyphenols (Sanchez-Moreno et al., 2003), which are sources of
antioxidants that inhibit free radicals (Iturralde-Garcia et al., 2022).
Our analyses showed that the TPC of oranges stored at 6°C was
lower than that of freshly harvested ‘Maltaise’ fruit. Rapisarda et al.
(2008) reported a decrease in TPC in ‘Valencia’ oranges after 40
days storage at 6°C, which was attributed to fruit senescence, loss of
astringent flavor and changes in enzyme activity, with phenolic
degradation being responsible for the decrease in TPC (Yang et al,
2024). In apples, our findings indicated that the Golden cultivar
and, to a lesser extent, the Richared cultivar exhibited a reduction in
TPC compared with fresh fruit.
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This accumulation of TPC is greater in ‘Golden’ than in
‘Richared,” although ‘Golden’ seems to be less suitable for long
storage than ‘Richared.” This reverse situation was more
pronounced in ‘Maltaise,” which had more total phenolic content
but less storage capacity. This result is corroborated by the heatmap,
which groups TPC with traits (disease incidence and severity)
that indicate less suitability for storage. This suggests that
total polyphenols are indicative of a lower tolerance to prolonged
cold storage. Nevertheless, Adyanthaya et al. (2009), working on
four apple varieties stored in a cold room (6°C) for 3 months,
pointed out that a possible combination of phenolic metabolites
and antioxidant enzymes is essential for better postharvest
preservation. Sun et al. (2017) hypothesized a possible
relationship between the phenolic content of wild apples and
their postharvest resistance to blue mold (P. expansum) decay.
For example, cold storage has been reported to reduce the phenolic
content in different apple cultivars (Napolitano et al., 2004), and the
TPC of the four apple cultivars was reduced after 4 months of
storage at 2°C. However, other studies have shown that phenolic
compounds in apple cultivars remain relatively constant during
storage (Carbone et al,, 2011).

Flavonoids are plant secondary metabolites with a polyphenolic
structure that are widely present in fruits and vegetables (Panche
et al., 2016). Flavonoids, generally yellow in color, are responsible
for the flavor and color of fruits (Patil and Murumkar, 2024). Our
results showed that longer cold storage and shelf life of ‘Maltaise’
significantly reduced the total flavonoid content. With regard to the
total flavonoid content of apples, a rapid decrease in this nutritional
compound was recorded. The rate of this decrease depended on the
apple cultivar, as a sharp reduction in this compound was observed
for the cultivar ‘Golden’ after long storage and shelf life, compared
with the cultivar Richared, which maintained a relatively higher
TFC as the storage time increased. The heat map revealed a strong
link between the TFC, hardness, and TSS, which could be indicators
of quality preservation during long-term storage. This suggests that
flavonoids are putative biomarkers of storability, unlike total
phenolics. In a survey conducted by Konstantinou et al. (2011) on
apples stored in packaging houses in Greece, four varieties,
including ‘Golden Delicious,” were examined. The findings
revealed a negative correlation between susceptibility to B. cinerea
and flavonoids, whereas susceptibility to Penicillium expansum was
negatively correlated with fruit firmness. These results are
consistent with those obtained in the present study.

In terms of fruit health and weight loss, it should be emphasized
that for the stored fruit still free of fungal infection, weight loss did
not exceed 3% for oranges cv. Maltaise, 2.8% for yellow ‘Golden’
and 0.8% for red apple. For example, the weight loss of cold-
preserved apple cultivars was 2.22% for ‘Red Delicious’ and 2.91%
for ‘Golden Delicious’ (Jan and Rab, 2012), which is in the same
range as our results. This loss of weight, which is difficult to escape
or remedy, may be linked to physiological mechanisms, such as the
exchange of gas and water between the environment and the fruit’s
pericarp during respiration. This limited weight loss is not always
the case for different lots and storage periods, as once the fruit is
affected by rot, it is considered unfit for consumption and therefore,
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all of its weight is considered lost. With increasing storage time, no
better post-treatment protection was observed for oranges or
apples, especially after prolonged storage.

The results obtained under semi-commercial conditions suggest
that ‘Maltaise’ oranges can be stored for up to 35 days (20 days at 6°
C + 15 d SL at ambient temperature) without showing any signs of
deterioration. Then, yellow apples could be stored for up to 61 days
in cold storage, and finally red apples for over 75 days (61 days at 6°
C +15 d SL). Red apples appear to be good candidates for long-term
cold storage. The greater resistance of certain apple cultivars to
decay during storage may be explained by the epidermis, which is
more resistant to rupture, as reported here for the hardness and
flavonoids of cv. Richared. It was highlighted that ‘Golden
Delicious’ has a tender epidermal layer and a cortical tissue
moderately susceptible to P. expansum (Spotts et al., 1999).

Although SMB had no noticeable effect on the physicochemical
properties of the fruit, it appears that over time, this treatment may
make the fruit more susceptible to fungal infection, in contrast to
the untreated fruit, which was better preserved, probably due to an
antagonistic microbiome unaffected by the treatment. Our previous
studies showed that SMB was highly effective in reducing fungal
mycelial growth in vitro and was effective in controlling fruit rot as a
curative treatment for wounded and inoculated fruits (Allagui and
Ben Amara, 2024). In the present study, the efficacy of SMB was not
demonstrated in unwounded or uninoculated fruits. Therefore, this
study provides an answer to the question of its efficacy under semi-
commercial conditions when the fruit is neither wounded nor
inoculated, a result that deserves to be known because, to our
knowledge, it does not seem to have been previously reported on
fruit under semi-commercial conditions. Future research could
focus on the mode of action of SMB on the fruit epidermis, for
example by investigating which specific microorganisms are
affected and whether these effects are concentration-dependent.

5 Conclusions

Our results indicated that successful postharvest fruit
preservation depends on the type of fruit, duration of cold
storage, and shelf life. The Richared apple cultivar retained its
nutritional and sanitary properties without developing rot or
noticeable weight loss for 60 days at a low temperature (6°C) and
shelf life of 15 days. This red apple performed better during storage
than the yellow Golden cultivar, especially in terms of storability
and total flavonoid content. Apples of cv. Golden showed better
stability during storage than the oranges of cv. Maltaise. The latter
was adequately stored for up to 20 days at 6°C, followed by a 15-day
shelf life, irrespective of the sodium metabisulfite treatment. As
storage time progressed, the risk of infection of the oranges
increased, which was associated with the degradation of certain
physicochemical properties, including flavonoids. The nutritional
value (TSS and pH) of apples and oranges was not affected by
soaking in SMB, which was similar to that of the untreated fruit.
However, treatment of fruits with SMB is unlikely because of its
minimal effectiveness in preventing fruit rot during long-term
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storage. It has been proposed that characteristics such as flavonoid
content, hardness and total soluble solids (TSS) may serve as
markers of the fruit’s storage suitability. Conversely, the
polyphenol content has been identified as an indicator of
susceptibility to long-term storage.
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