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1. Introduction

The characteristics of taste, flavor, nutrition, and safety in fruits and vegetables during
post-harvest, minimal processing, fresh-cutting, fermenting, and processing are critical
elements in the storage and sale of products. The growing demand for fruits and vegeta-
bles has led to an increasing interest in the study of maintaining their quality, enhancing
their safety, and extending their shelf life [1]. However, fruits and vegetables are prone to
tissue damage, wound respiration, water loss, transpiration, ethylene production, enzy-
matic browning, tissue softening, and secondary metabolite production during storage,
transportation, and sale along the supply chain [2,3]. Therefore, there is an urgent de-
mand for any new preservation technologies that can maintain the quality of fruits and
vegetables [4–7]. The purpose of this Special Issue, “Advanced Studies in Maintaining
Post-harvest Quality of Fruits and Vegetables“, is to present new preservation technologies
to resolve some of these concerns, such as physiological and quality changes, the study
of preservation technology and its regulation mechanism, metabolomics and microbial
interactions, and any other method that might improve the quality and safety of fruits and
vegetables. Articles on maintaining the quality and safety of any kind of fruits and veg-
etables, including post-harvest, minimally processed, fresh-cut, fermented, and processed
fruits and vegetables were welcomed for this Special Issue. After a rigorous review, a total
of fourteen articles (one review paper and thirteen research papers) were included in this
Special Issue, proposing new preservation technology to improve the quality and shelf life
of various fresh horticultural products.

2. Overview of Published Articles

2.1. Physical Preservation Technologies

The quality attributes of post-harvest fruits and vegetables include a fresh appearance,
firmness, acceptable texture, characteristic flavor, vitamin content, and a sufficient shelf
life to meet distribution. The main significant factors influencing the quality of fruits and
vegetables are the temperature, the atmosphere, and the storage time. Modified atmosphere
packaging is considered an effective technology for extending the shelf life of fruits and
vegetables. Da Silva et al. (contribution 1) evaluated the impact of dipping ‘Palmer’
mangoes in 0.1% and 2.5% (w/v) sorbitol solutions and storing the fruit under a controlled
atmosphere (CA) without atmosphere modification (21 kPa O2 + 0.03 kPa CO2) at 8 ◦C with
95% relative humidity (RH) or with 5 kPa O2 + 5 kPa CO2 at 4 ◦C/95% RH for 28 days. The
result showed sorbitol was effective in minimizing the chilling injury symptoms and did
not compromise the fruit quality, especially when it was stored at 4 ◦C in association with
a CA containing 5 kPa O2 + 5 kPa CO2. It reduced lipid peroxidation and increased the
activities of the superoxide dismutase (SOD) and ascorbate peroxidase (APX) enzymes in
the epicarp and mesocarp, providing greater cold tolerance. Thus, this treatment represents
a viable alternative for managing chilling injuries in mangoes. Erbas (contribution 2)
evaluated the effects of combinations of modified atmosphere packaging and oxalic acid
(OA) treatment on the quality and biochemical content changes in rocket (Eruca sativa Mill.
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cv. Bengi) leaves. The result showed rocket leaves could be stored at 0 ◦C for 8–9 days
with 1 mM OA treatment. Temperature preservation is one of the most common treatments
and traditional physical methods to extend the shelf life of fruits and vegetables. Zhao
et al. (contribution 3) studied the effect of near-freezing temperature (NFT) on the chilling
injury (CI), proline metabolism, and antioxidant capability of peach fruit during storage
times. The results showed that the NFT completely inhibited the occurrence of CI in peach
fruit. The NFT significantly (p < 0.05) enhanced the activities of the superoxide dismutase,
catalase, ascorbate peroxidase, and the 1,1-diphenyl-2-picrylhydrazyl scavenging capacity.
The results suggest that NFT storage can improve the chilling tolerance of peach fruit
by regulating the antioxidant defense and proline metabolism, which might represent
a potential novel method to store fruits and vegetables for longer times. Elataff et al.
(contribution 4) evaluated the effect of different storage temperatures and MeJA on the
quality of and antioxidants in post-harvest Shine Muscat table grapes. The results indicate
MeJA could play a critical role as a stimulator of fruit quality as well as enhance the
physicochemical parameters and antioxidant activities for extending the shelf life of grapes
during storage. Hu et al. (contribution 5) investigated the effect of the combination of
low temperature and different wounding intensities on the quality of fresh-cut pumpkin;
the critical indexes involved in reactive oxygen species (ROS) metabolism, the vitamin
C–glutathione cycle, phenylpropanoid metabolism, and membrane lipid peroxidation were
monitored for pumpkin. The results showed that with the increase in the cutting injury
strength, the lightness, whiteness index, respiration rate, ethylene content, lipoxygenase
activity, and malondialdehyde content of fresh-cut pumpkin increased, while the hardness,
sensory quality, appearance, and total soluble solid content continuously decreased. Lee
et al. (contribution 6) evaluated the quality index changes in the green maturity of Jin
Huang mangoes with different ethylene and post-ripening treatments and then when stored
at different storage periods at 4 ◦C followed by 6 days at 20 ◦C. The result showed that the
mangoes treated with 500 ppm ethylene were slow to ripen during 4 ◦C storage, which
could be sustainable even under 20 ◦C storage. The treatment conditions of Jin Huang
mango with ethylene ripening for 1 day and post-ripening at 20 ◦C for 1 day helped extend
its shelf life at 20 ◦C, stocking and minimizing CI and anthracnose, thereby maintaining a
certain quality.

2.2. Chemical Preservation Technologies

The use of edible films/coatings alone or in combination with antioxidants has benefi-
cial effects on the quality of fresh-cut fruits and vegetables [8–11]. Edible films/coatings
can offer a possibility to extend the shelf life of fresh-cut produce by providing a semi-
permeable barrier to gases and water vapor and, therefore, reduce respiration, enzymatic
browning, and water loss. Sarengaowa et al. (contribution 7) evaluated the quality and
safety of fresh-cut potatoes with an alginate-based edible coating containing thyme essen-
tial oil (AEC-TEO) during a storage period of 16 days at 4 ◦C. The research showed that
AEC-TEO at a 0.05% concentration was the most beneficial for maintaining the quality and
inhibiting microorganisms in the fresh-cut potatoes. This represents a potential application
prospect for the preservation of fresh-cut potatoes. Li et al. (contribution 8) investigated the
effect of solid lipid nanoparticles containing cinnamaldehyde (SLN-CA) on post-harvest
strawberry. It showed that SLN-CA treatment can effectively reduce the probability of
decay and softening, maintain a high level of SOD activity in cells, and improve the sensory
characteristics of strawberries and thereby their shelf life. A recently developed inhibitor of
ethylene action, 1-methylcyclopropene (1-MCP), has been shown to be effective in reducing
the quality deterioration and in extending the shelf life of fresh-cut fruits. Kou et al. (contri-
bution 9) summarized the latest available information on the effects of ethylene and 1-MCP
with respect to enhancing or impairing sweet potato root quality. A better understanding
of the influence of ethylene and 1-MCP on root quality parameters will be useful to further
explore the role and mechanisms of action of ethylene in regulating the post-harvest storage
of sweet potato roots and the contributions to technological development and innovation.
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Habibi et al. (contribution 10) investigated the effects of glycine betaine (GB) and/or methyl
salicylate (MeSA) on the physicochemical changes, the chemical attributes of the juice,
and the peel color of ‘Moro’ blood orange at cold quarantine storage (2 ◦C) for 60 days.
It showed the GB and MeSA treatments offer significant advantages in preserving the
physicochemical characteristics and chemical attributes of ‘Moro’ blood oranges during
cold quarantine storage. These findings underscore the potential of GB and MeSA treat-
ments for maintaining the quality of ‘Moro’ blood oranges during cold quarantine storage,
with a noteworthy synergistic effect between MeSA and GB in preserving the fruit quality.

2.3. Preharvest Treatment Technologies

Preharvest chemical spraying can significantly improve the post-harvest quality of
horticultural products. Spraying has a more pronounced effect [12]. Wang et al. (contribu-
tion 11) investigated the effects of non-bagging film agents on the contents of the mineral
elements and flavonoid metabolites in apple fruits and determined the feasibility of this
method. Individual spraying of non-bagging film agents can significantly increase the total
contents of mineral elements in apples. Application of plant growth regulators (PGRs)
in apricot orchards is a common practice with the goal of improving the yield and/or
the quality of fruits at harvest. However, the question of whether such a treatment alters
post-harvest properties is seldom answered. Milovic´ et al. (contribution 12) examine the
impact of gibberellic acid (GA3) and 6-benzyladenine (BA) on the physical characteris-
tics and composition of apricot fruit after prolonged cold storage (i.e., 21 days) and shelf
life. At harvest, significant differences were observed between the treated and untreated
fruits regarding the flesh firmness, color, ethylene production and respiration rate, and the
flavonoid, carotenoid, and citric acid content, while application of BA100 changed the TA
and TSS. There was no difference in the sensory properties of the treated and non-treated
fruit after cold storage and in the shelf life.

2.4. Other Technologies

Rodríguez et al., (contribution 13) developed a methodology for evaluating the ripen-
ing pattern, internal disorders, flesh composition, and sensory quality of Hass avocados
and to determine predictive quality markers to manage these. The research showed the
PLS-DA model could be a powerful tool for classifying the internal quality of fruits in
avocado-producing countries. Therefore, in countries with highly variable growing con-
ditions and production practices, the use of destructive analyses and multivariate data
analyses could reduce the heterogeneity and allow the shipment of fruits with better inter-
nal quality to the international market. Tziotzios et al. (contribution 14) investigated the
use of a non-destructive hyperspectral imaging approach for the evaluation of kiwifruit
cv. “Hayward” internal quality, focusing on physiological traits such as the soluble solid
concentration (SSC), dry matter (DM), firmness, and the tannins, widely used as quality
attributes. The study concluded that machine learning algorithms, especially neural net-
works, offer substantial accuracy, surpassing traditional methods for evaluating kiwifruit
quality traits. Overall, the current study highlighted the potential of such non-destructive
techniques in revolutionizing quality assessment during post-harvest by yielding rapid
and reliable predictions regarding the critical quality attributes of fruits.

3. Conclusions

These articles, which are written to a very high standard with excellent citations, were
selected from a large number of submissions through rigorous evaluation. This Special
Issue strives to promote more in-depth communication among professional and technical
personnel in the field of horticultural post-harvest preservation technology, improving
post-harvest quality, ensuring product safety, and serving the healthy development of the
horticultural industry.

Conflicts of Interest: The authors declare no conflicts of interest.
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Abstract: Our previous studies have shown that ‘Palmer’ mangoes immersed in solutions containing
2.5% sorbitol and stored under a controlled atmosphere (CA) at 8 ◦C for 30 days had fewer symptoms
of a chilling injury. However, there is no information regarding the effectiveness of sorbitol treatment
in other atmospheres and/or in combination with lower temperatures. Thus, the objective of this
study was to assess the impact of dipping ‘Palmer’ mangoes in 0.1% and 2.5% (w/v) sorbitol solutions
and storing the fruit under a CA without atmosphere modification (21 kPa O2 + 0.03 kPa CO2) at
8 ◦C/95% relative humidity (RH) or with 5 kPa O2 + 5 kPa CO2 at 4 ◦C/95% RH for 28 days. The fruits
were evaluated periodically for chilling injuries, quality, and oxidative metabolism. A chilling injury
(CI) was correlated with increased fresh weight loss (FWL) and changes in the color of the epicarp
(Lpeel, h◦

peel, and Cpeel) and mesocarp (L*pulp). Lipid peroxidation (LPpulp and LPpeel) and the
hydrogen peroxide content (H2O2peel and H2O2pulp) were associated with the development of a CI,
particularly after being transferred to ambient. The treatment with 2.5% sorbitol was more effective in
minimizing the chilling injury symptoms and did not compromise the fruit quality, especially when it
was stored at 4 ◦C in association with a CA containing 5 kPa O2 + 5 kPa CO2. This treatment reduced
lipid peroxidation and increased the activities of the superoxide dismutase (SOD) and ascorbate
peroxidase (APX) enzymes in the epicarp and mesocarp, providing greater cold tolerance. The use of
2.5% sorbitol has been identified as the most efficacious approach for mitigating the adverse impacts
of chilling injuries, preserving the fruit quality, and enhancing oxidative metabolism, even at lower
temperatures. Thus, this treatment represents a viable alternative for managing chilling injuries
in mangoes.

Keywords: Mangifera indica L.; polyols; oxidative metabolism; SOD; APX

1. Introduction

As observed in other horticultural products, cold storage is the primary post-harvest
technology used to extend the shelf life of mangoes because low temperatures reduce
their metabolic activity [1]. Mangoes stored at temperatures between 8 and 13 ◦C have a
post-harvest shelf life of up to 21–30 days, depending on the cultivar and fruit maturity [2,3].
However, prolonged storage at temperatures below 13 ◦C can lead to the development
of a physiological disorder known as a chilling injury (CI), resulting in qualitative and
quantitative losses [4,5].

The symptoms of a CI in mangoes are most evident in the epicarp and are characterized
by the presence of dark, sunken spots resembling burns, which can hinder the marketing

Horticulturae 2024, 10, 354. https://doi.org/10.3390/horticulturae10040354 https://www.mdpi.com/journal/horticulturae



Horticulturae 2024, 10, 354

of fresh fruit, as this defect may render the product unacceptable according to market
standards. The mesocarp is also affected, as the fruit may exhibit irregular ripening [5,6].

The mechanisms related to the development of CIs in plants are related to changes
in the lipid bilayer of the plasma membrane, i.e., transitioning from a more flexible fluid
state to a rigid gel phase due to exposure to low temperatures. This change in rigidity
leads to the loss of functions and the rupture of cell membranes, resulting in cell death [7].
Several studies have reported changes in the rigidity of cell membranes in mangoes with
CIs [8–11].

Exposure to low temperatures also induces the overproduction of reactive oxygen
species (ROS), such as hydrogen peroxide (H2O2), superoxide radicals (O2

•−), and hydroxyl
radicals (•OH), that react with various molecules, leading to lipid membrane peroxida-
tion [12]. In mangoes, ROS overproduction has been correlated with a higher incidence of
CIs [5,13–15] and the manifestation of their various symptoms [16–19].

Sorbitol (C6H14O6) is a water-soluble polyol that naturally occurs in various fruits [20,21]
and plays an important role in the osmotic adjustment of the cytoplasm under stress condi-
tions, potentially stabilizing membranes [22]. It can increase cold stress tolerance [23] by
binding to water and lowering the dielectric constant, even at temperatures above freez-
ing [24]. Sorbitol acts as an osmoprotective agent that has been linked to CI tolerance [25],
contributing to membrane stabilization and reducing structural damage [26]. It can also act
as an antioxidant, affecting the activity of enzymes, such as superoxide dismutase (SOD),
peroxidase (POD), and catalase (CAT), as well as scavenging ROS [27].

In this context, Sanches et al. [15] have reported that ‘Palmer’ mangoes stored at 8 ◦C
for 30 days, when treated with 2.5% sorbitol, showed reduced H2O2 accumulation and
polyphenol oxidase (PPO) activity, higher membrane integrity (malondialdehyde—MDA),
and increased activity of the enzymes SOD, CAT, and ascorbate peroxidase (APX), both
in the epicarp and the mesocarp compared to those in standard storage or storage after
treatment with the polyols propylene glycol and glycerol. Consequently, sorbitol immersion
has been considered a feasible approach to alleviating CI during refrigerated storage.

Under standard cold quarantine treatment conditions (1 ◦C for 14 days), immersion
in a solution containing 0.1% sorbitol was the most effective in mitigating Cis. This effect
was associated with lower MDA and H2O2 concentrations and PPO activity levels, as well
as higher SOD, CAT, and APX enzyme activity and ascorbic acid levels, especially in the
pericarp [28]. The combination of immersion of ‘Palmer’ mangoes in solutions containing
2.5% sorbitol with controlled atmosphere (CA) storage reduced CIs through the activation
of non-enzymatic (ascorbic acid and total phenolic compounds) and enzymatic (SOD, CAT,
and APX) mechanisms in fruits kept at 8 ◦C for 30 days [28]. Despite these results, there is
no information available regarding the effectiveness of sorbitol treatment in other storage
atmospheres and/or in combination with lower temperatures.

Thus, the objective of this study was to evaluate the effect of dipping ‘Palmer’ mangoes
in 0.1 and 2.5% (w/v) sorbitol solutions and storing them under a CA with ambient
atmospheric conditions (21 kPa O2 + 0.03 kPa CO2) at 8 ◦C/95% relative humidity (RH)
or under 5 kPa O2 + 5 kPa CO2 at 4 ◦C/95% RH for 28 days. The development of chilling
injuries, quality modification, and oxidative metabolism were evaluated periodically.

2. Materials and Methods

2.1. Plant Material

‘Palmer’ mangoes were obtained from commercial orchards located in Taquaritinga
(21◦25′57.72′′ latitude south, 48◦32′50.46′′ longitude west), São Paulo, Brazil (Experiment
I), and Belém do São Francisco (8◦32′1.89′′ latitude south, 38◦58′53.97′′ longitude west),
Pernambuco, Brazil (Experiment II). The fruits were harvested at physiological maturity
and selected manually, and then classified according to size, soundness, the absence of me-
chanical damage, and pest and disease lesions. Fruit physiological maturity was evaluated
based on the dry matter (DM) content of 20 fruits from each experiment. The DM content
was 13.1% ± 1% and 13.0% ± 1% in the fruits from Experiments I and II, respectively.
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2.2. Experiment I: Without Gas Modification (Air)

After selection, the mangoes were washed with soap, rinsed with running water, and
dried. Following that, they were dipped in one of the following solutions at 5 ◦C for 60 min:
i. distilled water (control), ii. 0.1% (w/v) food-grade sorbitol, or iii. 2.5% (w/v) food-grade
sorbitol (Sigma-Aldrich, St. Louis, MO, USA) [15]. Subsequently, the mangoes were stored
at 8.0 ± 1.0 ◦C and 95 ± 0.5% RH in a controlled atmosphere chamber (Venezia PCM
1000 model; Fruit Control Equipment, Milan, Italy), with ambient atmosphere conditions
maintained (21 kPa O2 + 0.03 kPa CO2) for 28 days. The fruits were evaluated every 7 days.
During each evaluation, the chilling injury was immediately evaluated, and some of the
fruits were moved to ambient conditions (~24 ± 2.0 ◦C and 75 ± 2.0% RH) to evaluate them
for signs of chilling injuries whenever the fruit became ripe (from 5 to 10 days). This study
was set according to a completely randomized design (CRD) in a factorial arrangement of
3 (treatments: control, 0.1% sorbitol, and 2.5% sorbitol) × 5 (storage periods: 0, 7, 14, 21,
and 28 days) with three replicates.

2.3. Experiment II: CA—Modification of Atmosphere Gases

The fruits for this experiment were washed, rinsed with water, and dried as in the
other study. Following this, they were i. dipped in distilled water and stored in CA with
21 kPa O2 + 0.03 kPa CO2 (negative control), ii. dipped in distilled water and stored in CA
with 5 kPa O2 + 5 kPa CO2 (positive control), iii. dipped in 0.1% (w/v) sorbitol and stored
in CA with 5 kPa O2 + 5 kPa CO2, or iv. dipped in 2.5% (w/v) sorbitol and stored in CA
with 5 kPa O2 + 5 kPa CO2. The fruits were stored at 4.0 ± 1.0 ◦C and 95 ± 0.5% RH in a
controlled atmosphere chamber (Venezia PCM 1000 model; Fruit Control Equipment, Milan,
Italy), and control of the oxygen (O2), carbon dioxide (CO2), and ethylene (C2H4) levels
was performed using SWINGLOS® software, GAC 5000 (Fruit Control Equipment, Milan,
Italy). These conditions were maintained for 28 days, and evaluations were conducted
every 7 days. At each evaluation, some of the fruits were moved to ambient conditions
(~24 ± 2.0 ◦C and 75 ± 2.0% RH) to be evaluated for signs of chilling injuries whenever the
fruit became ripe (from 4 to 7 days). This experiment was set according to a completely
randomized design (CRD) in a factorial arrangement of 4 (treatments: negative control,
positive control, 0.1% sorbitol, and 2.5% sorbitol) × 5 (storage periods: 0, 7, 14, 21, and
28 days) with three replications.

2.4. Evaluations

In both experiments, the fruits were evaluated using the same method.

2.4.1. Chilling Injury Development

To evaluate chilling injury (CI) development, the fruits had their pericarp lesions
visually rated according to the process of Miguel et al. [29] with modifications. Fruits with
no visible symptoms (CI = 0%) were rated as 1, mild symptoms (CI = 0–25%) as 2, moderate
symptoms (CI = 25–50%) as 3, and severe symptoms (CI ≥ 50%) as 4.

2.4.2. Fresh Weight Loss

Fresh weight loss (FWL) was determined by weighing the mangoes on an analytical
balance (AS 2000 model; Mars, Brazil), and the accumulated weight loss was calculated
according to the method of Sanches et al. [15] for each experiment and each evaluation day.
FWL is expressed as a percentage (%).

2.4.3. Firmness

Fruit firmness was measured in the mid portion between the stem end and the remains
of stigma and style of each mango without the epicarp (skin). Firmness was measured
using a penetrometer (Effegi Fruit Tester, Forlì, Italy) with an 8 mm tip, and the results are
expressed in Newtons (N), as has been previously described by Watkins and Harman [30].
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2.4.4. Color

The epicarp (skin) and mesocarp (flesh) colors were measured in the mid portion
between the stem end and the remains of the stigma and style. The skin color was also
measured on opposite sides of each fruit on the blush and green areas of the protruding
side. A reflectometer (CR-400; Minolta, Osaka, Japan) was used to obtain the L*, a*, and b*
values, and chromaticity (C*) and hue angle (h◦) were calculated according to the method
of McGuire [31].

2.4.5. Physicochemical Evaluation

The soluble solid content (SSC) of the fruits was measured using a digital refractometer
(Alpha; Atago Co., Ltd., Tokyo, Japan), and the results are expressed as percentages [32].
Titratable acidity (TA) was measured via titration using 0.1% phenolphthalein as an in-
dicator, and the results are expressed in g kg−1 citric acid [31]. The ratio (SSC/TA) was
calculated according to the method of the AOAC [31], and the pH was determined using a
pH meter (Orion 3 Star; Thermo Scientific, Waltham, MA, USA).

2.5. Oxidative Metabolism
2.5.1. Lipid Peroxidation

For this analysis, samples of peel and pulp (0.5 g) were homogenized with 2.5 mL of a
solution containing 0.1% (w/v) trichloroacetic acid (TCA) and 20% (w/v) polyvinylpyrroli-
done (PVP). After centrifugation (ST16-R; Thermo Scientific, Waltham, MA, USA) at
12,298× g and 4 ◦C for 15 min, 250 μL of the supernatant was mixed with 1 mL 20%
TCA (w/v) and 0.5% thiobarbituric acid (TBA) and incubated in a water bath at 95 ◦C
for 30 min. After this period, the samples were cooled in ice for 10 min and centrifuged
at 12,298× g for 15 min at 4 ◦C. Lipid peroxidation was calculated according to Gratão
et al. [33] and is expressed in μmol of malondialdehyde (MDA) per kg of fresh weight.

2.5.2. Hydrogen Peroxide (H2O2)

The hydrogen peroxide (H2O2) content was determined in 1.0 g peel and pulp samples
according to the process of Alexieva et al. [34]. The samples were homogenized in 0.1%
(w/v) trichloroacetic acid at 4 ◦C and centrifuged at 12,298× g for 20 min at 4 ◦C. Following
this, the supernatant (200 μL) was mixed with 200 μL of 100 mM potassium phosphate
buffer (pH 7.5) and 800 μL of 1 M potassium iodide (KI). The samples were incubated in ice
for 1 h in the dark. The hydrogen peroxide content was measured at 390 nm and expressed
in mol H2O2 per kg of fresh weight.

2.5.3. Superoxide Dismutase (SOD) and Ascorbate Peroxidase (APX) Extraction

These two enzymes were extracted according to the process of Yang et al. [35]. The peel
and pulp samples (1.0 g) were homogenized in 100 mM potassium phosphate buffer (pH 7.0),
1 mM ethylenediaminetetraacetic acid (EDTA), and 20% (w/v) polyvinylpolypyrrolidone
(PVP). The homogenates were filtered using a fine nylon mesh, centrifuged at 12,298× g for
25 min, and immediately frozen at −18 ◦C. The protein levels of the homogenates were
determined [36].

2.5.4. Superoxide Dismutase (SOD) Activity

SOD (SOD, EC 1.15.1.1) activity was measured using the method described by Gian-
nopolitis and Ries [37]. The enzymatic extract (50 μL) was mixed with 1.0 mL of 50 mM
sodium phosphate buffer (pH 7.8), 19.5 mM methionine, 150 μL of NBT, and 300 μL of
riboflavin. The incubation took place under light, and after 15 min, the absorbance was
measured at 560 nm (Beckman spectrophotometer, DU-640; GMI: Mequon, WI, USA). The
SOD activity is defined and expressed in U min−1 kg−1 106 protein [38].
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2.5.5. Ascorbate Peroxidase (APX) Activity

APX (APX, EC 1.11.1.1) activity was measured according to the process of Nakano and
Asada [39]. The enzymatic extract (50 μL) was mixed with 800 μL of 50 mM potassium phos-
phate buffer (pH 7.0), 0.1 mM EDTA, 100 μL of H2O2 (0.03 M), and 50 μL of ascorbic acid
(0.015 M). Ascorbic acid oxidation was measured at 290 nm (Beckman spectrophotometer,
DU-640; USA), and the APX results are expressed in mol H2O2 min−1 kg−1 protein.

2.5.6. Polyphenol Oxidase (PPO) Extraction and Activity Measurements

To extract the polyphenol oxidase (PPO) enzyme (EC 1.14.18.1), 1.0 g of peel and
pulp was homogenized with 50 mM potassium phosphate buffer (pH 7.0) and 1% (w/v)
polyvinylpyrrolidone (PVP) at 4 ◦C. The homogenate was centrifuged (12,298× g for 10 min
at 4 ◦C), and the supernatant was immediately frozen [40]. PPO activity was measured by
mixing 100 μL of enzymatic extract with 1.85 mL of 100 mM potassium phosphate buffer
(pH 6.0). Catechol (100 mM) was used as a substrate, and after 30 min of incubation in a
water bath (30 ◦C for 30 min), the reactions were terminated (800 μL of 2 N perchloric acid)
and the absorbance measured at 395 nm (Beckman spectrophotometer, DU-640; USA). The
activity is expressed in U min−1 kg−1 106 protein [41].

2.6. Statistical Analysis
2.6.1. Univariate

Analysis of variance (ANOVA) was performed on the data. R software version 3.0
(R Core Team, 2020; Auckland, New Zealand) was employed to obtain the means and
compare them using Tukey’s test at 0.05%.

2.6.2. Multivariate

Multivariate analysis was performed to reduce the variables capable of interpretation,
summarizing much of the variability among them. Numerical matrices were constructed
using chilling injury (CI) symptoms, physicochemical variables, and oxidative metabolism
in the peel and pulp of the fruits from the different storage periods in Experiment I (0,
0 + 10, 7, 7 + 5, 14, 14 + 6, 21, 21 + 5, 28, 28 + 5 days) and Experiment II (0, 0 + 7, 7, 7 + 6, 14,
14 + 4, 21, 21 + 4, 28, and 28 + 4 days). Principal component analysis (PCA) was performed
by extracting the principal components via correlation matrix using R software (R Core
Team, 2020; Auckland, New Zealand), and the first two principal components (PC1 and
PC2) were used.

3. Results

The results of univariate analysis can be observed in the Supplementary Materials.
Due to the large number of variables evaluated, we chose to focus on the results from
multivariate analysis. Thus, the score plots and loading plots (biplots) of the PCA were
obtained through correlation matrices based on the analyzed variables (Tables 1 and 2).
The factor loadings used in both the experiments were based on the first two principal
components (PC1 and PC2), correlating chilling injuries with the other analyzed variables.

Table 1. Variable codes for quality attributes used in the principal component analysis of Experiments
I and II.

Variables Codes

Firmness Firmness
pH pH
Soluble solids content SSC
Titratable acidity TA
Ratio SSC/TA SSC/TA
Fresh weight loss FWL
Chilling injury CI
Luminosity peel L*peel
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Table 1. Cont.

Variables Codes

Luminosity pulp L*pulp
Hue angle peel h◦

peel
Hue angle pulp h◦

pulp
Chromaticity peel C*peel
Chromaticity pulp C*pulp

Table 2. Variable codes for oxidative metabolism variables used in the principal component analysis
of Experiments I and II.

Variables Codes

Lipid peroxidation peel LPpeel
Lipid peroxidation pulp LPpulp
Hydrogen peroxide peel H2O2peel
Hydrogen peroxide pulp H2O2pulp
Superoxide dismutase peel SODpeel
Superoxide dismutase pulp SODpulp
Ascorbate peroxidase peel APXpeel
Ascorbate peroxidase pulp APXpulp
Polyphenol oxidase peel PPOpeel
Polyphenol oxidase pulp PPOpulp

3.1. Experiment I: Without Gas Modification (Air)
3.1.1. Chilling Injury and Physicochemical Variables

During cold storage, chilling injury (CI) development was not affected by the sorbitol
treatments (Table 3). At the end of cold storage, the mangoes showed mild-to-moderate
CI symptoms (Figure 1). On the other hand, after being transferred to ambient conditions,
the 2.5% sorbitol treatment reduced CI development (Table 4) and the mangoes showed a
better visual quality (Figures S1 and S2). If the score 3 (moderate symptoms—CI = 25–50%)
is used as a shelf-life threshold, mangoes from the control treatment had a shelf-life of
21 + 5 days and 28 + 5 days when treated with 0.1 and 2.5% sorbitol (Figure 2).

Table 3. Effect of dipping ‘Palmer’ mangoes (Experiment I) in sorbitol (0.1 and 2.5%) and storage
at 8.0 ± 1.0 ◦C and 95 ± 0.5% RH without atmosphere modification (21 kPa O2 + 0.03 kPa CO2) for
28 days on parameters fresh weight loss (FWL), chilling injury (CI), soluble solids content (SSC),
titratable acidity (TA), ratio (SSC/TA), and pH.

Main Effect FWL (%) CI (1–4) SSC (%) TA (g kg1) SSC/TA pH

Treatments (A)
Control 0.86 a 1.30 a 6.49 a 0.280 a 24.39 a 3.83 a

Sorbitol 0.1% 0.86 a 1.15 a 6.39 a 0.276 a 25.91 a 3.79 a

Sorbitol 2.5% 0.72 b 1.10 a 6.47 a 0.254 a 23.70 a 3.88 a

F test 7.63 ** 1.86 ns 0.44 ns 2.91 ns 1.96 ns 1.54 ns

Days (B)

0 0.00 e 1.00 c 6.38 ab 0.255 bc 25.07 b 3.84 a

7 0.46 d 1.11 bc 6.21 b 0.267 abc 23.74 b 3.87 a

14 0.82 c 1.11 bc 6.38 ab 0.305 a 21.70 b 3.75 a

21 1.23 b 1.25 ab 6.54 ab 0.292 ab 23.22 b 3.80 a

28 1.60 a 1.50 a 6.73 a 0.231 c 29.60 a 3.93 a

F test 220.93 ** 4.07 ** 3.59 * 7.74 ** 8.33 ** 2.00 ns

Interaction
F test 0.75 ns 1.50 ns 0.50 ns 3.12 ** 2.86 * 0.70 ns

Means followed by the same letter within each column do not differ statistically from each other using Tukey’s test.
Non-significant interaction (ns), significant interaction at p < 0.05 (*), and significant interaction at p < 0.01 (**).
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Figure 1. Interaction between treatments and storage period for chilling injury (CI) in ‘Palmer’
mangoes (Experiment I) stored at 8.0 ± 1.0 ◦C and 95 ± 0.5% RH without atmosphere modification
(21 kPa O2 + 0.03 kPa CO2) for 28 days, and then transferred to ambient conditions (24 ± 2.0 ◦C and
75 ± 2.0% RH).

Table 4. Effect of dipping ‘Palmer’ mangoes (Experiment I) in sorbitol (0.1 and 2.5%) and storage
at 8.0 ± 1.0 ◦C and 95 ± 0.5% RH without atmosphere modification (21 kPa O2 + 0.03 kPa CO2) for
28 days on the parameters of chilling injury (CI), soluble solids content (SSC), titratable acidity (TA),
SSC/TA ratio, and pH after being transferred to ambient conditions (24 ± 2.0 ◦C and 75 ± 2.0% RH)
from 5 to 10 days.

Main Effects CI (1–4) SSC (%) TA (g kg−1) SSC/TA pH

Treatments (A)

Control 1.80 a 14.13 a 0.252 a 60.53 b 4.00 a

Sorbitol 0.1% 1.70 a 14.05 a 0.209 b 73.21 a 4.04 a

Sorbitol 2.5% 1.65 a 14.29 a 0.234 ab 66.64 ab 4.06 a

Test F 0.30 ns 0.27 ns 4.52 * 7.77 ** 0.38 ns

Days (B)

0 + 10 1.25 b 15.19 a 0.245 ab 62.56 a 3.94 ab

7 + 5 1.33 b 13.98 ab 0.197 b 70.46 a 4.19 a

14 + 6 1.75 b 14.06 ab 0.209 b 67.30 a 4.12 a

21 + 5 1.41 b 14.35 ab 0.214 b 67.05 a 4.09 ab

28 + 5 2.83 a 13.19 b 0.292 a 45.17 b 3.83 b

Test F 12.95 ** 5.44 ** 8.40 ** 3.17 ns 4.49 **
Interaction
Test F 2.46 ** 1.69 ns 3.77 ** 3.81 ** 1.5 ns

Means followed by the same letter within each column do not differ statistically from each other using Tukey’s test.
Non-significant interaction (ns), significant interaction at p < 0.05 (*), and significant interaction at p < 0.01 (**).
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Figure 2. Interaction between treatments and storage period for (Experiment I) stored at 8.0 ± 1.0 ◦C
and 95 ± 0.5% RH without atmosphere modification (21 kPa O2 + 0.03 kPa CO2) for 28 days, and
then transferred to ambient conditions (24 ± 2.0 ◦C and 75 ± 2.0% RH) from 5 to 10 days. Means
followed by double asterisks (**) are significantly different using Tukey’s test at p < 0.01.

The variable related to chilling injury lesions (CI vector) was positioned in the lower
positive quadrant of PC1, grouping with fresh weight loss (FWL), the soluble solid content
(SSC), and pulp luminosity (Lpulp), as shown in Figure 3A. CIs do not correlate with
firmness, peel and pulp chromaticity (C*peel and C*pulp), the pulp hue angle (h◦

pulp), the
ratio (SSC/TA), or the pH. The data from the treatments evaluated on the last storage days
(21 and 28 days) tended to be closer to the CI vector, while those from the control treatment,
followed by immersion in 0.1% sorbitol and the 2.5% sorbitol treatment, were distanced
more from this vector (Figure 3A).

Upon moving the fruits to ambient conditions, the CI vector was positioned in the
upper-left quadrant of PC2, grouping with pulp luminosity (Lpulp), titratable acidity (TA),
and firmness, and was not associated with the SSC levels, pH, SSC/TA, peel chromaticity
(C*peel), or peel hue angle (h◦

peel), as shown in Figure 3A. At the beginning of the storage
period, CIs were associated with the control treatment and with the 0.1% and 2.5% sorbitol
treatments at the end of storage (21 and 28 days) (Figure 3B).
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Figure 3. Biplot of the first principal component (PC1) and the second principal component (PC2) of
‘Palmer’ mango samples (Experiment I) stored at 8.0 ± 1.0 ◦C and 95 ± 0.5% RH without atmosphere
modification (21 kPa O2 + 0.03 kPa CO2) for 28 days (A) and transferred to ambient conditions
(24 ± 2.0 ◦C and 75 ± 2.0% RH) from 5 to 10 days (B). Chilling injury (CI), fresh weight loss (FWL),
luminosity (L*), hue angle (h◦), chromaticity (C*), firmness, soluble solids content (SSC), titratable
acidity (TA), ratio (SSC/TA), and pH. Treatments include control, 0.1% sorbitol, and 2.5% sorbitol.

3.1.2. Cold Damage and Oxidative Metabolism

The sorbitol treatments affected the oxidative metabolism during cold storage (Table 5)
and after moving to ambient conditions (Table 6). The CI vector correlated with the
hydrogen peroxide content in the peel (H2O2peel), especially for the samples evaluated at
the end of storage (21 and 28 days). The 0.1% and 2.5% sorbitol treatments were distanced
from the CI vector, associating with the vectors of the superoxide dismutase enzyme in the
peel and pulp (SODpeel and SODpulp) and the ascorbate peroxidase in the peel (APXpeel).
On the other hand, the control treatment correlated with the vectors related to the hydrogen
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peroxide content in the pulp (H2O2pulp) and the PPO activity in the peel (PPOpeel), as
shown in Figure 4A.

Table 5. Effect of dipping ‘Palmer’ mangoes (Experiment I) in sorbitol (0.1 and 2.5%) and storage
at 8.0 ± 1.0 ◦C and 95 ± 0.5% RH without atmosphere modification (21 kPa O2 + 0.03 kPa CO2) for
28 days on the parameters of lipid peroxidation (LP), hydrogen peroxide content (H2O2), and the
activity of the enzymes superoxide dismutase (SOD), ascorbate peroxidase (APX), and polyphenol
oxidase (PPO).

Main Effects
LP

Peel
LP

Pulp
H2O2

Peel
H2O2

Pulp
SOD
Peel

SOD
Pulp

APX
Peel

APX
Pulp

PPO
Peel

PPO
Pulp

Treatments (A)

Control 2.72 a 2.28 a 76.87 a 57.59 a 129.06 a 204.12 a 64.65 c 123.60 b 133.13 a 180.13 a

Sorbitol 0.1% 2.76 a 2.28 a 75.04 a 51.68 b 120.66 ab 218.50 a 83.82 b 127.87 ab 107.08 b 161.14 b

Sorbitol 2.5% 2.51 a 2.05 b 70.57 a 48.52 b 129.06 a 227.54 a 96.21 a 134.76 a 100.53 b 119.17 c

Test F 2.27 ns 6.27 ** 2.66 ns 9.41 ** 4.63 * 2.80 ns 70.62 ** 4.90 * 51.85 ** 56.95 **
Days (B)

0 3.06 a 2.34 a 8.80 d 91.94 b 105.24 a 101.46 d 41.19 d 227.41 a 184.02 a 81.63 c

7 2.33 b 2.21 a 53.14 c 100.93 a 106.24 a 203.85 c 96.77 ab 97.37 c 90.32 cd 151.36 b

14 2.56 b 1.87 b 89.08 b 14.94 d 125.34 a 296.07 b 102.15 a 84.06 cd 107.83 b 307.77 a

21 2.78 ab 2.27 a 108.91 a 37.63 c 130.58 a 362.51 a 77.83 c 154.71 b 102.46 bc 133.20 b

28 2.59 b 2.33 a 110.86 a 17.48 d 105.24 a 119.71 d 89.85 b 80.18 d 83.27 d 93.45 c

Test F 5.67 ** 8.20 ** 284.82 ** 450.63 ** 2.55 ns 152.09 ** 99.21 ** 364.92 ** 172.00 ** 289.64 **
Interaction
Test F 2.04 ns 1.62 ns 0.99 ns 1.40 ns 0.94 ns 0.37 ns 14.67 ** 1.32 ns 5.59 ** 24.47 **

Means followed by the same letter within each column do not differ statistically from each other by Tukey’s test.
Non-significant interaction (ns), significant interaction at p < 0.05 (*), and significant interaction at p < 0.01 (**).

Table 6. Effect of dipping ‘Palmer’ mangoes (Experiment I) in sorbitol (0.1 and 2.5%) and storage
at 8.0 ± 1.0 ◦C and 95 ± 0.5% RH without atmosphere modification (21 kPa O2 + 0.03 kPa CO2) for
28 days on the parameters of lipid peroxidation (LP), hydrogen peroxide content (H2O2), and the
activity of the enzymes superoxide dismutase (SOD), ascorbate peroxidase (APX), and polyphenol
oxidase (PPO) after transferring the mangoes to ambient conditions (24 ± 2.0 ◦C and 75 ± 2.0% RH)
from 5 to 10 days.

Main Effects
LP

Peel
LP

Pulp
H2O2

Peel
H2O2

Pulp
SOD
Peel

SOD
Pulp

APX
Peel

APX
Pulp

PPO
Peel

PPO
Pulp

Treatments (A)

Control 4.93 a 4.23 a 104.03 a 41.43 a 89.19 b 181.85 c 80.55 c 276.41 c 212.56 a 269.28 a

Sorbitol 0.1% 4.57 ab 4.32 a 99.59 ab 37.36 ab 92.29 b 192.95 b 90.17 b 320.59 b 183.17 b 233.92 b

Sorbitol 2.5% 4.21 b 4.01 a 95.55 b 35.71 b 113.96 a 202.52 a 110.69 a 353.81 a 170.95 c 197.12 c

Test F 4.88 * 1.79 ns 7.29 ** 5.15 * 45.45 ** 15.43 ** 159.49 ** 254.76 ** 52.74 ** 37.95 **
Days (B)

0 + 10 4.64 ab 4.08 ab 89.85 c 63.87 a 57.91 d 257.26 a 90.37 b 374.25 a 189.69 b 150.12 c

7 + 5 5.10 a 3.61 b 108.41 a 25.25 c 162.49 a 119.01 c 111.85 b 311.69 c 236.111 a 284.72 a

14 + 6 4.67 ab 4.56 a 90.78 c 23.75 c 77.87 c 120.19 c 87.39 c 263.10 e 203.12 b 300.59 a

21 + 5 4.27 ab 4.51 a 99.11 b 40.92 b 122.27 b 200.14 b 129.06 a 345.08 b 154.53 c 208.38 b

28 + 5 4.18 b 4.16 ab 110.47 a 37.01 b 71.91 c 265.26 a 63.68 d 290.73 d 161.53 c 223.38 b

Test F 3.11 * 6.14 ** 22.41 ** 92.83 ** 265.85 ** 436.84 ** 260.14 ** 194.87 ** 76.03 ** 64.76 **
Interaction
Test F 1.65 ns 0.33 ns 0.12 ns 0.39 ns 15.52 ** 0.81 ns 14.59 ** 48.50 ** 12.07 ** 2.05 ns

Means followed by the same letter within each column do not differ statistically from each other by Tukey’s test.
Non-significant interaction (ns), significant interaction at p < 0.05 (*), and significant interaction at p < 0.01 (**).
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Figure 4. Biplot of the first principal component (PC1) and the second principal component (PC2) of
‘Palmer’ mango samples (Experiment I) stored at 8.0 ± 1.0 ◦C and 95 ± 0.5% RH without atmosphere
modification (21 kPa O2 + 0.03 kPa CO2) for 28 days (A) and transferred to ambient conditions
(24 ± 2.0 ◦C and 75 ± 2.0% RH) from 5 to 10 days (B). Lipid peroxidation (LP), hydrogen peroxide
(H2O2), superoxide dismutase (SOD), ascorbate peroxidase (APX), and polyphenol oxidase (PPO).
Treatments: control, 0.1% sorbitol, and 2.5% sorbitol.

Upon being transferred to ambient conditions, the vector related to chilling injuries
(Cis) was positioned in the lower positive quadrant of PC1, grouping with the vectors of
lipid peroxidation (LPpulp) and superoxide dismutase (SODpulp), and even more with the
data from the control treatment on evaluation days 21 + 5 and 28 + 5, which were closer to
the CI vector (Figure 4B).

3.2. Experiment II: CA—Modification of Atmospheric Gases
3.2.1. Cold Damage and Physicochemical Variables

The association of sorbitol treatments and CA resulted in fewer chilling injuries (CIs)
developing (Table 7) and a better fruit quality during cold storage compared to the control
treatment (Figure 5). However, the CI symptoms were more severe in this condition with
respect to Experiment I (Tables 3 and 4). Upon moving the fruits to ambient conditions,
the 0.1% and 2.5% sorbitol treatments reduced CI development (Table 8), and the mangoes
showed a better visual quality (Figures S3 and S4). Again, if score 3 (moderate symptoms—
CI = 25–50%) is used as the shelf-life threshold, the only treatment that reached this level
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of CI was the control and CA treatments (Figure 6). Overall, the shelf-life was 21 + 4 and
28 + 4 days for all the treatments (Figure 6).

Table 7. Effect of dipping ‘Palmer’ mangoes (Experiment II) in sorbitol (0.1 and 2.5%) and storage at
4.0 ± 1.0 ◦C and 95 ± 0.5% RH under controlled atmosphere with modified gases (5 kPa O2 + 5 kPa
CO2) for 28 days on the parameters of fresh weight loss (FWL), chilling injury (CI), soluble solids
content (SSC), titratable acidity (TA), the ratio (SSC/TA), and pH.

Main Effect FWL (%) CI (1–4) SSC (%) TA (g kg1) SSC/TA pH

Treatments (A)

Control 0.86 a 1.70 a 8.91 a 0.435 ab 20.65 a 3.63 a

CA 0.77 a 1.60 ab 8.74 a 0.427 ab 20.88 ab 3.70 a

Sorbitol 0.1% + CA 0.76 a 1.40 b 8.38 a 0.476 a 18.37 b 3.72 a

Sorbitol 2.5% + CA 0.73 a 1.35 b 8.66 a 0.418 b 21.16 ab 3.71 a

Test F 1.43 ns 5.24 ** 2.43 ns 3.15 * 3.06 * 1.14 ns

Days (B)

0 0.00 e 1.00 c 6.90 d 0.340 c 21.70 ab 3.81 a

7 0.39 d 1.00 c 7.88 c 0.521 a 15.37 c 3.57 b

14 0.76 c 1.00 c 8.42 c 0.452 b 18.81 bc 3.66 ab

21 1.12 b 1.68 b 9.74 b 0.439 b 22.41 ab 3.73 ab

28 1.62 a 2.87 a 10.42 a 0.441 b 24.28 a 3.68 ab

Test F 149.57 ** 102.72 ** 80.90 ** 15.60 ** 13.84 ** 4.23 **
Interaction
Test F 0.82 ns 2.64 ** 2.85 ** 1.78 ns 0.85 ns 0.43 ns

Means followed by the same letter within each column do not differ statistically from each other using Tukey’s test.
Non-significant interaction (ns), significant interaction at p < 0.05 (*), and significant interaction at p < 0.01 (**).

Figure 5. Interaction between treatments and storage period for chilling injury (CI) in ‘Palmer’
mangoes (Experiment II) stored at 4.0 ± 1.0 ◦C and 95 ± 0.5% RH under controlled atmosphere with
gas modification (5 kPa O2 + 5 kPa CO2) for 28 days, and then transferred to ambient conditions
(24 ± 2.0 ◦C and 75 ± 2.0% RH).
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Table 8. Effect of dipping ‘Palmer’ mangoes (Experiment II) in sorbitol (0.1 and 2.5%) and
storage at 4.0 ± 1.0 ◦C and 95 ± 0.5% RH under controlled atmosphere with modified gases
(5 kPa O2 + 5 kPa CO2) for 28 days on the parameters of chilling injury (CI), soluble solids content
(SSC), titratable acidity (TA), ratio (SSC/TA), and pH after being transferred to ambient conditions
(24 ± 2.0 ◦C and 75 ± 2.0% RH) from 4 to 7 days.

Main Effects CI (1–4) SSC (%) TA (g kg−1) SSC/TA pH

Treatments (A)
Control 2.10 a 11.86 a 0.351 a 34.07 a 3.99 a

CA 1.90 ab 11.75 a 0.336 ab 35.28 a 4.06 a

Sorbitol 0.1% + CA 1.55 b 11.50 a 0.330 b 34.87 a 4.08 a

Sorbitol 2.5% + CA 1.50 b 10.61 b 0.350 a 30.52 b 4.13 a

Test F 5.41 ** 6.63 ** 4.96 ** 7.65 ** 1.29 ns

Days (B)

0 + 7 1.12 c 11.40 ab 0.338 bc 33.85 b 4.02 a

7 + 6 1.12 c 12.21 a 0.324 c 37.81 a 4.19 a

14 + 4 1.56 c 11.41 a b 0.327 c 35.04 ab 4.02 a

21 + 4 2.18 b 10.83 b 0.368 a 29.44 c 4.07 a

28 + 4 2.81 a 11.30 ab 0.353 ab 32.30 bc 4.03 a

Test F 28.09 ** 4.11 ** 12.77 ** 12.59 ** 1.72 ns

Interaction
Test F 0.86 ns 2.68 ** 3.74 ** 1.75 ns 1.34 ns

Means followed by the same letter within each column do not differ statistically from each other using Tukey’s
test. Non-significant interaction (ns), and significant interaction at p < 0.01 (**).

Figure 6. Interaction between treatments and storage period for chilling injury (CI) in ‘Palmer’
mangoes (Experiment II) stored at 4.0 ± 1.0 ◦C and 95 ± 0.5% RH under controlled atmosphere with
gas modification (5 kPa O2 + 5 kPa CO2) for 28 days, and then transferred to ambient conditions
(24 ± 2.0 ◦C and 75 ± 2.0% RH) from 4 to 7 days. Means followed by double asterisks (**) are
significantly different using Tukey’s test at p<0.01.
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The CI vector was in the lower-right quadrant of PC1 and correlated with the FWL,
SSC, C*peel, SSC/TA, and hue angle (h◦

peel) vectors, grouping with the vectors of the
control and CA treatments at both 21 and 28 days of storage (Figure 7A). The vectors of the
variables of firmness, Lpulp, pH, h◦

pulp, and C*pulp were in PC2 and did not correlate with
CIs. In the ambient conditions, the CI vector positioned itself in the upper quadrant of PC1
and correlated with Lpeel, Lpulp, h◦

peel, and C*peel, with the vectors of the control and CA
treatments more grouped with this vector, especially on the last evaluation days (14 + 4,
21 + 4, and 28 + 4). On the other hand, the data from the 2.5% sorbitol treatment grouped
in the lower quadrant of PC1 (Figure 7B).

Figure 7. Biplot of the first principal component (PC1) and the second principal component (PC2) of
‘Palmer’ mango samples (Experiment II) stored at 4 ± 1.0 ◦C and 95 ± 0.5% RH under controlled
atmosphere (5 kPa O2 + 5 kPa CO2) for 28 days (A) and transferred to ambient conditions (24 ± 2.0 ◦C
and 75 ± 2.0% RH) from 4 to 7 days (B). Chilling injury (CI), fresh weight loss (FWL), luminosity (L*), hue
angle (h◦), chromaticity (C*), firmness, soluble solids content (SSC), titratable acidity (TA), ratio (SSC/TA),
and pH. Treatments: negative control, positive CA, 0.1% sorbitol + CA, and 2.5% sorbitol + CA.

3.2.2. Cold Damage and Oxidative Metabolism

The sorbitol treatments affected the oxidative metabolism during cold storage (Table 9)
and after the move to ambient conditions (Table 10). The CI vector was positioned in the
upper-right quadrant of PC1, correlating with LPpulp and grouping with the data from the
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negative control treatment on all the evaluated days as well as the CA and 0.1% sorbitol
treatments on day 28 (Figure 8A). On the other hand, the vectors related to the activity
of the ascorbate peroxidase enzyme (APXpeel and APXpulp) and superoxide dismutase
(SODpulp) were located on the opposite side of CI, highlighting the 0.1% and 2.5% sorbitol
treatments (7 and 14 days), which grouped with the vectors of these enzymes (Figure 8A).

Table 9. Effect of dipping ‘Palmer’ mangoes (Experiment II) in sorbitol (0.1 and 2.5%) and
storage at 4.0 ± 1.0 ◦C and 95 ± 0.5% RH under controlled atmosphere with modified gases
(5 kPa O2 + 5 kPa CO2) for 28 days on the parameters of lipid peroxidation (LP), hydrogen peroxide
content (H2O2), and the activity of the enzymes superoxide dismutase (SOD), ascorbate peroxidase
(APX), and polyphenol oxidase (PPO).

Main Effects
LP

Peel
LP

Pulp
H2O2

Peel
H2O2

Pulp
SOD
Peel

SOD
Pulp

APX
Peel

APX
Pulp

PPO
Peel

PPO
Pulp

Treatments (A)
Control 2.92 a 2.27 a 58.45 a 68.71 a 168.40 d 363.31 c 86.98 c 193.83 c 84.94 a 149.18 a

CA 2.76 a 1.97 a 56.05 ab 53.46 b 182.48 c 378.48 c 99.39 b 232.09 b 73.16 b 131.22 b

Sorbitol 0.1% + CA 2.76 a 1.91 a 52.08 b 48.18 b 200.17 b 403.71 b 102.88 b 238.93 b 67.59 c 100.98 c

Sorbitol 2.5% + CA 2.72 a 1.88 a 50.21 b 38.46 c 207.86 a 424.14 a 112.19 a 267.53 a 61.38 d 91.34 d

Test F 0.53 ns 2.74 ns 5.24 ** 54.63 ** 176.66 ** 27.05 ** 24.05 ** 157.39 ** 50.98 ** 275.54 **
Days (B)
0 2.10 c 1.82 b 69.99 a 11.85 c 178.66 b 646.47 a 160.55 a 2131.24 b 134.80 a 127.04 b

7 2.45 bc 1.99 ab 46.25 c 54.71 b 148.81 d 420.82 b 79.08 d 268.81 a 39.30 d 119.52 c

14 2.66 b 2.43 a 46.77 c 59.99 b 112.11 e 320.52 c 124.69 b 261.82 a 50.98 c 142.11 a

21 3.42 a 1.76 b 46.36 c 80.53 a 349.38 a 333.08 c 102.28 c 216.51 c 47.32 c 94.19 e

28 3.33 a 2.05 ab 61.56 b 53.94 b 159.67 c 241.17 d 35.20 e 186.10 d 86.43 b 108.05 d

Test F 18.12 ** 4.71 ** 36.18 ** 170.95 ** 3837.48 ** 722.86 ** 394.41 ** 156.76 ** 637.60 ** 102.51 **
Interaction
Test F 0.59 ns 0.64 ns 1.22 ns 6.59 ** 65.60 ** 6.12 ** 4.11 ** 29.51 ** 13.01 ** 30.02 **

Means followed by the same letter within each column do not differ statistically from each other using Tukey’s
test. Non-significant interaction (ns), and significant interaction at p < 0.01 (**).

Table 10. Effect of dipping ‘Palmer’ mangoes (Experiment II) in sorbitol (0.1 and 2.5%) and
storage at 4.0 ± 1.0 ◦C and 95 ± 0.5% RH under controlled atmosphere with modified gases
(5 kPa O2 + 5 kPa CO2) for 28 days on the parameters of lipid peroxidation (LP), hydrogen peroxide
content (H2O2), and the activity of the enzymes superoxide dismutase (SOD), ascorbate peroxidase
(APX), and polyphenol oxidase (PPO) after being transferred to the environment (24 ± 2.0 ◦C and
75 ± 2.0% RH) from 4 to 7 days.

Main Effects
LP

Peel
LP

Pulp
H2O2

Peel
H2O2

Pulp
SOD
Peel

SOD
Pulp

APX
Peel

APX
Pulp

PPO
Peel

PPO
Pulp

Treatments (A)
Control 4.11 a 3.41 a 82.29 a 53.85 a 104.39 d 125.64 d 56.16 c 162.15 d 190.58 a 119.27 a

CA 4.01 a 3.32 a 71.72 b 50.94 a 131.48 c 131.77 c 65.07 b 174.05 c 167.62 b 104.32 b

Sorbitol 0.1% + CA 3.81 a 3.30 a 66.37 c 42.66 b 145.41 b 141.46 b 67.27 b 181.72 b 160.28 c 99.93 b

Sorbitol 2.5% + CA 3.75 a 2.95 a 58.92 c 36.86 b 161.92 a 155.30 a 76.92 a 190.04 a 143.45 d 90.31 c

Test F 1.04 ns 1.84 ns 32.23 ** 18.74 ** 241.88 ** 86.97 ** 45.45 ** 44.85 ** 149.68 ** 50.56 **
Days (B)
0 + 7 3.43 b 3.15 ab 71.87 ab 47.60 b 69.92 e 202.64 a 67.60 c 185.59 b 140.00 d 57.69 d

7 + 6 3.58 b 3.80 a 71.01 ab 27.92 c 95.68 c 103.92 d 86.84 a 166.61 c 180.65 c 33.91 e

14 + 4 4.42 a 2.90 b 77.66 a 59.88 a 241.43 a 147.17 b 75.51 b 147.69 d 82.92 e 111.31 c

21 + 4 3.42 b 2.90 b 62.66 c 64.25 a 185.57 b 103.12 d 51.55 d 178.61 c 232.32 a 128.54 b

28 + 4 4.74 a 3.48 ab 65.93 b c 27.90 c 86.39 d 135.87 c 50.33 d 206.15 a 191.52 b 185.91 a

Test F 11.35 ** 5.37 ** 8.91 ** 67.64 ** 1796.24 ** 690.96 ** 121.81 ** 120.85 ** 1005.68 ** 1003.14 **
Interaction
Test F 0.14 ns 0.2 ns 1.04 ns 2.45 * 63.20 ** 9.55 ** 3.38 ** 3.95 ** 26.77 ** 3.45 **

Means followed by the same letter within each column do not differ statistically from each other using Tukey’s test.
Non-significant interaction (ns), significant interaction at p < 0.05 (*), and significant interaction at p < 0.01 (**).
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Figure 8. Biplot of the first principal component (PC1) and the second principal component (PC2) of
‘Palmer’ mango samples (Experiment II) stored at 4 ± 1.0 ◦C and 95 ± 0.5% RH under controlled
atmosphere (5 kPa O2 + 5 kPa CO2) for 28 days (A) and transferred to ambient conditions (24 ± 2.0 ◦C
and 75 ± 2.0% RH) from 4 to 7 days (B). Lipid peroxidation (LP), hydrogen peroxide (H2O2),
superoxide dismutase (SOD), ascorbate peroxidase (APX), and polyphenol oxidase (PPO). Treatments:
negative control, CA, 0.1% sorbitol + CA, and 2.5% sorbitol + CA.

When the fruits were transferred to ambient conditions, the vector of chilling injury
(CI) was positioned in the lower-right quadrant of PC1, correlating with the activity of
the PPO enzyme in the pulp (PPOpulp), LPpeel, H2O2peel, and H2O2pulp and grouping with
the data from the negative control and CA treatments on days 21 + 4 and 28 + 4, which
presented more pronounced chilling injury lesions at the end of storage compared to the
2.5% sorbitol treatment (Figure 8B).

4. Discussion

4.1. Cold Damage and Physicochemical Variables

In both the experiments, the incidence of chilling injuries (CIs) correlated with fresh
weight loss (FWL), especially in the control treatments on the last evaluation days. The same
was reported by Sanches et al. [15], who stored mangoes at 8 ◦C. However, those authors
reported that a 75% RH cold room provided a fresh weight loss of 18%, and even under
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those conditions, immersion in solutions containing polyols (propylene glycol, glycerol,
and sorbitol) significantly reduced the fresh weight loss to 17% [15]. This may suggest an
effect of the modified atmosphere even at reduced sorbitol concentrations (0.1%).

To verify the effectiveness of sorbitol immersion by isolating the control of fresh weight
loss on chilling injury development, we stored the fruit at 8.0 ± 1.0 ◦C and 95 ± 0.5% RH
without gas modification (21 kPa O2 + 0.03 kPa CO2) for 28 days in CA chambers. This
minimized the fresh weight loss (0.78–0.89%), and the sorbitol treatments had no significant
effect. The same occurred during the storage of the fruits at 4.0 ± 1.0 ◦C and 95 ± 0.5%
RH under a CA containing 5 kPa O2 + 5 kPa CO2 for 28 days, i.e., the fresh weight loss
was reduced to 0.65–0.88%. Thus, the effect of the immersion in the sorbitol-containing
solutions was not related to the reduction in fresh weight loss, as there was no significant
effect compared to the control treatments, which showed more severe chilling injury
symptoms regardless of the CA conditions.

The worsening of the chilling injury symptoms when the fruits were moved to ambient
conditions was evidenced by the darkening of the epicarp, which is usually observed
after removal from cold storage and fruits become ripe [42]. For this reason, the chilling
injuries correlated with variables such as Lpeel, h◦

peel, C*peel, and h◦
pulp (Tables S1–S4).

However, the chilling injuries were not restricted to damage to the epicarp and led to
irregular ripening, affecting the color parameters of the pulp, the SSC, the TA, and the ratio.
The discoloration of the epicarp (peel) and irregular ripening are commonly observed in
mangoes stored at low temperatures [43].

Sanches et al. [44] have reported that a combination of immersion in solutions contain-
ing 2.5% sorbitol with storage in CA (5 kPa O2 + 5 kPa CO2) has delayed mango ripening
and controlled chilling injury development. We observed that the mangoes subjected to the
0.1% and 2.5% sorbitol treatments were firmer even after being transferred to the ambient
conditions, which may have affected the ripening process. In both of our experiments,
dipping the fruit in 2.5% sorbitol reduced chilling injury incidence, and the fruits remained
firmer. Thus, maintaining firmness may be related to the control of chilling injuries. Salazar-
Salas et al. [45] observed that ‘Keitt’ mangoes dipped in hot water (HWT) showed a lower
incidence of chilling injuries and had better firmness. Thus, firmness may be indicative of
maintaining the structure of the cell wall and plasma membrane and be associated with
reduced chilling injuries.

4.2. Cold Damage and Oxidative Metabolism

Chilling injury development was related to the accumulation of malondialdehyde
(MDA) (LPpulp and LPpeel), which is considered a marker of lipid membrane peroxida-
tion [46]. In PCA, it was observed that chilling injury correlated with hydrogen peroxide
content (H2O2peel), LPpulp, LPpulp, LPpeel, H2O2peel, H2O2pulp, and LPpeel, especially in the
control treatment on the last evaluation days (21, 21 + 4, 28, and 28 + 4 days), as represented
by increases in the MDA and H2O2 contents.

Dipping the mangoes in sorbitol (0.1% and 2.5%) resulted in a higher activity level
of superoxide dismutase (SOD), which is considered the first enzyme to be activated in
the elimination of ROS via O2 dismutation [13]. Thus, it can be inferred that the sorbitol
influenced the control of oxidative stress by increasing the SOD activity level in the fruit,
similar to other polyols [47].

Other enzymes, such as APX, CAT, and POD, are also considered important in initi-
ating plant defenses against oxidative stress. In this sense, higher activity levels of APX
enzymes can reduce hydrogen peroxide accumulation, which was observed in the fruit
treated with the sorbitol (0.1% and 2.5%) compared to the H2O2peel and H2O2pulp vectors
of the control fruit, which showed significant increases in H2O2 and more severe chill-
ing injury symptoms. Pomegranates (Punica granatum L.) with chilling injury symptoms
had a higher accumulation of H2O2, which was lower in the fruits treated with arginine,
also resulting in increased activity levels of the SOD, CAT, and APX enzymes [48]. Thus,
the activation of the enzymatic defense system (SOD, APX, and CAT) is fundamental for
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reducing H2O2 accumulation in plants under stress conditions [49] and, consequently,
minimizes chilling injuries in fruits stored at low temperatures, which was possible with
the immersion in 2.5% sorbitol.

The most visible symptom of chilling injuries in mangoes is the presence of dark,
sunken spots, similar to burns, associated with a higher polyphenol oxidase enzyme (PPO)
activity level [50]. In both the experiments, the PPO activity correlated with the highest
incidence of chilling injuries, especially in the control treatment of the experiment without
gas modification (21 kPa O2 + 0.03 kPa CO2) after the fruits were transferred to the ambient
conditions in the last days of storage (21 + 4, 28 + 4). However, the treatments with sorbitol,
especially the 2.5% treatment, significantly reduced the PPO activity. This effect was evident
when the CA (5 kPa O2 + 5 kPa CO2) and 2.5% sorbitol treatment were combined, even at
lower temperatures (4.0 ◦C). This demonstrates a synergistic effect between CA and sorbitol
treatment in activating oxidative metabolism to control chilling injuries. However, this
combination only minimizes the chilling injuries, and further studies should be conducted
to explain which mechanisms are involved combining sorbitol and CA.

5. Conclusions

The immersion of ‘Palmer’ mangoes in sorbitol-containing solutions demonstrated
efficacy in mitigating chilling injuries under varied storage conditions, which has not
been extensively explored in the existing literature, such as differing gas compositions
(21 kPa O2 + 0.03 kPa CO2 and 5 kPa O2 + 5 kPa CO2) and temperatures (8 ◦C and 4 ◦C).
When the mangoes were stored under controlled atmosphere (CA) conditions with 95% RH,
it was possible to mitigate the impact of fresh weight loss and chilling injury symptoms,
enabling the preservation of fruit quality for up to 21 + 5 days at 8 ◦C and to 21 + 4 days at
4 ◦C.

The effectiveness of controlling chilling injury was attributed to the attenuation of
lipid peroxidation in the cell membranes and the activation of the antioxidant enzymes
SOD and APX in the epicarp and mesocarp, particularly in the mangoes treated with
sorbitol. Notably, the application of 2.5% sorbitol emerged as the most effective approach to
mitigating chilling injuries, sustaining the fruit quality, and enhancing oxidative metabolism
even at lower temperatures. Thus, this treatment option has established itself as a viable
strategy for chilling injury management in mangoes.

Supplementary Materials: The following supporting information can be downloaded at: https:
//www.mdpi.com/article/10.3390/horticulturae10040354/s1, Figure S1: Epicarp chilling injury (CI)
development in ‘Palmer’ mangoes (Experiment I) stored at 8.0 ± 1.0 ◦C and 95 ± 0.5% RH without
atmosphere modification (21 kPa O2 + 0.03 kPa CO2) for 28 days and then transferred to ambient
conditions (24 ± 2.0 ◦C and 75 ± 2.0% RH) for up to 10 to 5 days; Figure S2: Mesocarp chilling
injury (CI) development in ‘Palmer’ mangoes (Experiment I) stored at 8.0 ± 1.0 ◦C and 95 ± 0.5%
RH without atmosphere modification (21 kPa O2 + 0.03 kPa CO2) for 28 days and then transferred to
ambient conditions (24 ± 2.0 ◦C and 75 ± 2.0% RH) for up to 10 to 5 days; Figure S3: Epicarp chilling
injury (CI) development in ‘Palmer’ mangoes (Experiment II) stored at 4.0 ± 1.0◦C and 95 ± 0.5%
RH under controlled atmosphere with gas modification (5 kPa O2 + 5 kPa CO2) for 28 days and then
transferred to ambient conditions (24 ± 2.0 ◦C and 75 ± 2.0% RH) for up to 7 to 4 days; Figure S4:
Mesocarp chilling injury (CI) development in ‘Palmer’ mangoes (Experiment II) stored at 4.0 ± 1.0
◦C and 95 ± 0.5% RH under controlled atmosphere with gas modification (5 kPa O2 + 5 kPa CO2)
for 28 days and then transferred to ambient conditions (24 ± 2.0◦C and 75 ± 2.0% RH) for up to 7 to
4 days. Table S1: Effect of dipping ‘Palmer’ mangoes (Experiment I) in sorbitol (0.1 and 2.5%) and
storage at 8.0 ± 1.0 ◦C and 95 ± 0.5% RH RH without atmosphere modification (21 kPa O2 + 0.03 kPa
CO2) for 28 days on firmness, luminosity, hue angle, and chromaticity parameters; Table S2: Effect of
dipping ‘Palmer’ mangoes (Experiment I) in sorbitol (0.1 and 2.5%) and storage at 8.0 ± 1.0 ◦C and
95 ± 0.5% RH RH without atmosphere modification (21 kPa O2 + 0.03 kPa CO2) for 28 days on the
parameters of firmness, luminosity, hue angle, and chromaticity after transfer to ambient conditions
(24 ± 2.0 ◦C and 75 ± 2.0% RH) for up to 10 to 7 days. Table S3: Effect of dipping ‘Palmer’ mangoes
(Experiment II) in sorbitol (0.1 and 2.5%) and storage at 4.0 ± 1.0 ◦C and 95 ± 0.5% RH under
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controlled atmosphere with modification of gases (5 kPa O2 + 5 kPa CO2) for 28 days on firmness,
luminosity, hue angle, and chromaticity. Table S4: Effect of dipping ‘Palmer’ mangoes (Experiment II)
in sorbitol (0.1 and 2.5%) and storage at 4.0 ± 1.0 ◦C and 95 ± 0.5% RH under controlled atmosphere
with modified gases (5 kPa O2 + 5 kPa CO2) for 28 days on the parameters of firmness, luminosity,
hue angle, and chromaticity after transfer to ambient conditions (24 ± 2.0 ◦C and 75 ± 2.0% RH) for
up to 7 to 4 days.
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Abstract: Chilling injury (CI) in peach fruit (Prunus persica cv. Yuhualu) is generally caused by
long-time low temperature (5 ◦C or 0 ◦C) storage. However, peach fruit stored at near-freezing
temperature (NFT in this research is −1 ◦C), defined as within 0.5 ◦C above the biological freezing
point of biological tissue, does not exhibit CI symptoms. The effect of NFT on the CI, proline
metabolism, and antioxidant capability of peach fruit during storage was studied and compared with
5 ◦C and 0 ◦C storage as controls. The results exhibit that NFT completely inhibited the occurrence
of CI in peach fruit. NFT significantly (p < 0.05) enhanced the activities of superoxide dismutase,
catalase, ascorbate peroxidase, and 1,1-diphenyl-2-picrylhydrazyl scavenging capacity. Moreover,
the increase of malondialdehyde, ion leakage, and H2O2 accumulation were inhibited remarkably
by NFT, and decreases in the contents of phenolics and ascorbic acid were slowed significantly in
peach fruit stored at NFT (p < 0.05). Additionally, NFT storage enhanced proline accumulation by
modulating the activity of proline metabolizing enzymes. In conclusion, the above results suggest
that NFT storage can improve the chilling tolerance of peach fruit by regulating the antioxidant
defense and proline metabolism, which might represent a potential novel method to store fruits and
vegetables for longer storage times.

Keywords: near-freezing temperature storage; peach fruit; chilling injury; antioxidant defense system;
proline metabolism

1. Introduction

Peach fruit (Prunus persica cv. Yuhualu) is bright in color, rich in aroma and nutrients,
sweet and sour, and well loved by consumers [1]. However, postharvest challenges arise
due to the climacteric nature of peaches, leading to softening and decay when stored at
room temperature. Although low-temperature refrigeration ranging from 0 ◦C to 8 ◦C
is a widely employed strategy to extend peach storage, it often triggers chilling injury
(CI). CI generally results in flesh browning, fibrillation, and aroma loss. Underlying these
manifestations are disruptions in plant cell metabolism, including membrane damage,
reactive oxygen disorder, and alterations in cell wall materials [2–4].

Membrane damage, caused by disturbance of oxidative stress metabolism, is a critical
reason for CI [5]. The antioxidant defense system can reduce CI damage in plants by
reducing damage to the plasma membrane caused by free radicals. Reactive oxygen
species are essential redox signaling factors involved in developmental and physiological
processes, and induce the expression of defense genes and adaptive response. Nitric
oxide treatment can extenuate mitochondrial swelling, maintain mitochondrial membrane
potential and membrane fluidity, and delay the decrease in activities of the cytochrome
pathway and cyanide-insensitive pathway of the mitochondrial respiratory chain in peach
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fruit [6]. Similarly, low temperature generally reduces the activities of catalase (CAT) and
superoxide dismutase (SOD) in postharvest cherry fruit [7].

Various abiotic and biotic stresses generally lead to proline accumulation [8]. Both
exogenous ethylene and glycine betaine treatments can delay plant chilling tolerance by
promoting reactive oxygen species metabolism and proline accumulation [9]. Chitosan
regulates proline metabolism and enhances the chilling tolerance of rice [10]. Generally,
the accumulation of proline can maintain the structure and function of cells, which may
improve the chilling tolerance of plants [11].

Near-freezing temperature (NFT) refers to the temperature range from the freezing
point of the organism to 0 ◦C; the cells of the organism will not suffer freezing damage
under this temperature range. NFT storage technology can inhibit the respiration and
microbial metabolism of postharvest fruits while maintaining their quality [12,13]. Recent
studies have suggested that NFT can significantly restrain CI occurrence and prolong
the storage period of nectarines [14,15]. While this phenomenon shows that the chilling
tolerance of the fruit is significantly enhanced at this temperature, the specific mechanism
has not yet been elucidated.

This research delves into the repercussions of NFT storage on CI, quality, antioxidant
properties, and the metabolism of reactive oxygen species and proline in peach fruits.
The investigation seeks to unravel potential correlations between antioxidant and proline
metabolism and chilling tolerance during NFT storage, presenting valuable insights for the
preservation of fresh vegetables and fruits.

2. Materials and Methods

2.1. Plant Materials and Fruit Treatment

For this experiment, peach fruits (Prunus persica cv. Yuhualu), with commercial
maturity (soluble solids content 8~9◦ brix), color, and size and absence of diseases and
mechanical damage were collected and immediately transferred to the laboratory.

Following established protocols outlined in our previous research [14], the fruits
underwent a precooling process at 5 ◦C ± 0.1 ◦C for 12 h. Subsequently, they were
randomly divided into three groups: 5 ◦C (±0.1 ◦C), 0 ◦C (±0.1 ◦C), and Near-Freezing
Temperature (NFT, −1 ◦C ± 0.1 ◦C). The storage duration was 28 days and the storage
conditions included a relative humidity of 90%. Each treatment was replicated three
times, with each replicate consisting of 100 peach fruits. Sampling was conducted at 0,
7, 14, 21, and 28 days, and fifteen fruits were sampled from each batch. Tissue slices of
approximately 1 cm thick were rapidly frozen in liquid nitrogen and stored at −80 ◦C for
subsequent analysis.

2.2. Confirmation of Near-Freezing Point Temperature of Peach Fruit

After calibration by a 0 ◦C of water and ice, the probe of the high-precision tem-
perature tester (Elitech RC-4HC, JiangChuang, Xuzhou, China) was used for testing the
freezing point temperature [14]. According to the freezing curve (Supplementary Material
Figure S1), the super-cooling point was −2.3 ◦C and the freezing point was −1.1 ◦C. Thus,
to prevent freezing damage, the near-freezing storage temperature was set at −1 ◦C and
the temperature fluctuation was controlled within ±0.1 ◦C.

2.3. Measurement of Incidence and Incidence Index of CI in Peach Fruit

Subjective assessment of CI development was performed with 15 fruits from each repli-
cate according to the previous method [15]. The CI degree was investigated by comparing
the internal browning area of peaches transferred to room temperature for three days after
storage [16]. The degree of internal browning was calculated using a 0 to 4 rating, as follows:
0, no browning; 1, browning area less than 20%; 2, browning area 20~40%; 3, browning area
40~60%; and 4, browning area greater than 60%. The CI index = ∑ (browning degree ×
number of fruits with browning in each grade)/(4 × total number of fruit) × 100%.
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2.4. Determination of Ion Leakage and Contents of Malonaldehyde and H2O2 in Peach Fruits

Ion leakage was determined using 15 pieces of pulp (3 mm thickness × 8 mm diameter)
from 15 fruits [17]. The pulp was allowed to stand in 30 mL of double-distilled water for
30 min. After shaking, the electrical conductivity of the mixed solution was detected by
an electrical conductivity meter (DDS-12B, Beijing, China), then the mixed sample was
warmed in boiling water for 15 min. After cooling, the final conductivity of the mixed
sample was recorded. The relative conductivity is generally used to represent the amount
of ion leakage (conductivity of mixed solution/final conductivity) × 100%.

To test the malonaldehyde (MDA) content, tissue (10 g) was placed in a system of
thiobarbituric acid as previously reported [18]. After chromogenic reaction, the absorbance
was recorded at 532 nm and 600 nm and the accumulation was described in μmol kg−1.
Moreover, flesh tissue (2.0 g) was used for measuring the H2O2 content as previously
reported [19], and the H2O2 content was recorded as mmol kg−1.

2.5. Determination of Proline Level and Related Enzyme Activities in Peach Fruits

The proline content was measured by adding sulfosalicylic acid to ground flesh in an
ice bath, followed by boiling and centrifugation [20]. The absorbance of the supernatant
was tested at 520 nm, with the proline content expressed in mg kg−1.

We modified a previous method for measuring the enzyme activities of pyrroline-
5-carboxylate reductase (P5CR) and Δ1-pyrroline-5-carboxylate synthetase (P5CS) [21].
Fruit tissue (1.0 g) was mixed with formulated extraction buffer (pH 7.5, 2 mmol L−1

phenylmethyl sulfonyl fluoride, 10 mol L−1 MgC12, 0.5 mol L−1 Tris-HCl, 2% Polyvinyl
pyrrolidone). The resulting homogenate was cooled in an ice bath, followed by centrifuga-
tion at 20,000× g for 20 min at 4 ◦C. The residue was repeatedly extracted once, and the
collected supernatant from the centrifugation was combined to form the enzyme extract.

The reaction solution, including 10 mmol L−1 ATP, 20 mmol L−1 MgCl2, 50 mmol L−1

L-glutamate, and 100 mmol L−1 hydroxylamine hydrochloride, was mixed with 1 mL of
the preceding enzyme extract. The reaction termination buffer, containing 5% FeCl3 and
12% trichloroacetic acid in 5 mol L−1 HCl, was added to this system, then the mixture was
reacted in a water bath at 37 ◦C for 15 min. After centrifugation, the supernatant was used
to test the absorbance at 535 nm and the blank control without ATP was used as a reference.
The unit of P5CS (U) is defined as the quantity of enzyme required to produce 1 μmol of
γ-glutamine every 60 s, and results are described in U g−1 protein.

The activity of P5CR was determined by the previous method [22]. Reaction solution
buffer, including 0.1 mmol L−1 NADPH, 0.56 mmol L−1 P5C, was reacted with enzyme
solution (20 μL). The oxidation of 1 μmol of NADPH per minute is defined as one unit
activity of P5CR.

We modified the proline dehydrogenase (PRODH) activity determination method pro-
posed previously [23]. Fruit tissue (3.0 g) was blended at low temperature with potassium
phosphate buffer (100 mmol L−1 5 mL pH 7.4) containing 1.0% (w/v) PVPP, 1.0 mmol L−1

EDTA, 5.0 mmol L−1 MgCl2, 10 mmol L−1 β-mercaptoethanol, and 60 mmol L−1 KCl. After
centrifugation (10,000× g, 15 min, 5 ◦C), the enzymatic activity was estimated using the
obtained supernatant.

The reaction mixture (2.5 mL pH 10.3) contained 1.6 mL 0.15 mol L−1 Na2CO3-
NaHCO3 buffer, 0.2 mL 0.1 mol L−1 L-proline, and 0.2 mL 0.9 mmol L−1 2,6-dichlorophenol
indiophenol. After 5 min warming at 30 ◦C, 0.5 mL reaction mixture was mixed with
0.2 mL enzyme extract and 9 mg mL−1 phenazine methyl sulfate reagent. The absorbance
change at 600 nm was marked immediately. The enzyme activity unit (U) was clarified as
0.01 ΔA600 nm g−1 min−1.
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2.6. Measurement of Enzyme Activities of Antioxidant in Fruit

Fresh pulp (10 g) was used for determining the SOD activity of peach according
to a previous method [24]. The amount of enzyme required to inhibit the tetrazolium
photoredox reaction by 50% was defined as one enzyme unit (U). Following a previous
method [25], 2.0 g pulp was used to prepare the crude enzymatic extract of CAT and
ascorbate peroxidase (APX). Following reported methods, we utilized the enzymatic extract
to calculate the estimated activities of CAT and APX [8]. The enzyme reaction system of
peroxidase (POD) contained 2.5 mL of 0.2 mol L−1 phosphate buffer (pH 5.0), 150 μL
of 0.08% H2O2, 0.1 mL of 0.1% guaiacol, and 10 μL enzyme solution. After adding the
hydrogen peroxide for 5 min, the absorbance at 460 nm was recorded. Each enzyme activity
unit was defined as every 0.01 change in absorbance [26].

2.7. Determination of Phenolics, Ascorbic Acid, and Free Radical Scavenging Capacity

The level of phenolics in the fruits was measured by the Folin–Ciocalteu method [27],
with the phenolics content expressed in gallic acid equivalents and the unit expressed in
g kg−1. In addition, flesh tissue (1.0 g) was used to estimate the ascorbic acid content
in peach fruits following previously reported methods [14]. The volume of the titrated
solution was recorded, with the ascorbic acid content expressed as mg kg−1.

1,1-Diphenyl-2-picrylhydrazyl (DPPH) is generally utilized to evaluate the antioxidant
capacity of tissue [28]. Fruit extract (10 μL) was thoroughly mixed with distilled water
(90 μL) and DPPH methanol (3.9 mL 0.0250 g L−1), then the mixture was placed in the dark
for 30 min. The absorbance was tested at 515 nm without DPPH. The calculation formula
of the clearance rate was as follows: (%) DPPH clearance = (A0 − A1)/A0 × 100%; in the
above formula, A0 represents the Abs control and A1 represents the Abs sample.

2.8. Statistical Analysis

The experiment used a completely randomized design. Analysis of variance was per-
formed among different groups, and Duncan’s multiple interval test was used to compare
the mean values with a significance level of 0.05 (SPSS 11.0 Inc., Chicago, IL, USA). Final
values represent the mean ± SE (standard error) of three replicates. Figures were prepared
using Origin Program 2016 (OriginLab Co., Northampton, MA, USA).

3. Results

3.1. NFT Storage Enhances the Chilling Tolerance of Peach Fruit

Both the CI incidence and CI incidence index of peach fruits stored at 5 ◦C and 0 ◦C
showed an upward trend with the prolongation of storage time. However, the NFT group
did not have any CI symptoms during the whole storage time (Figure 1A,B). On Day 7,
for the 5 ◦C group the CI incidence was 12.61% and the CI incidence index was 5.31%. On
Day 28, for the 0 ◦C group the CI incidence and CI incidence index were 20.93% and 10.52%,
respectively. The above results, as exhibited in Figure 1, indicate that NFT was able to
reduce the occurrence of CI. Figure 1C shows that the degree of browning inside the peach
fruits in the 5 ◦C and 0 ◦C groups increased sharply, while the peach fruits at NFT kept their
original luster and internal color during the whole storage time. This phenomenon suggests
that NFT storage was able to remarkably alleviate the internal browning of peach fruits.
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Figure 1. Effects of different temperature treatments on CI incidence and CI incidence index of peach
fruits. CI incidence (A), CI incidence index (B), and photographs of stored peach fruits (C). Data are
expressed as the mean ± SE (n = 3). Vertical bars represent the standard error of the mean (p < 0.05).
Duncan’s test letters represent the difference among the different temperatures within the same days.

3.2. NFT Can Reduce Ion Leakage and Contents of MDA and H2O2

Figure 2A shows that the ion leakage gradually emerged as an incremental trend in
all groups with the extension of storage time. At 5 ◦C, the ion leakage increased rapidly
by 28.40% within 28 days. This increase in ion leakage was significantly suppressed when
decreasing the storage temperature. The ion leakage level of peach fruits stored at NFT was
significantly (p < 0.05) lower than those of the 0 ◦C and 5 ◦C groups.

Figure 2. Effects of NFT storage on ion leakage (A), MDA content (B), and H2O2 (C) content of peach
fruits. Data are expressed as the mean ± SE (n = 3). Vertical bars represent the standard error of
the mean (p < 0.05). Duncan’s test letters represent the difference among the different temperatures
within the same days.
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During the first of 14 days of storage, NFT inhibited the increase of MDA content,
with a level of 0.048 μmol kg−1. The MDA content of the 5 ◦C group increased rapidly after
Day 7, an abnormal situation that may have been caused by severe fruit rot. Moreover, the
MDA content of the NFT and 0 ◦C groups decreased slowly during the storage period, and
the MDA value of the NFT group increased to 0.591 μmol kg−1 until the end of storage,
which is remarkably lower than the 0 ◦C and 5 ◦C groups (Figure 2B).

As Figure 2C shows, the highest H2O2 contents appeared on Day 28 in the 0 ◦C and
5 ◦C groups, respectively. Compared with the 0 ◦C and 5 ◦C groups, the content of H2O2 in
the NFT increased mildly and remained at a lower level (p < 0.05) in the whole storage time.

3.3. Effect of NFT Storage on Proline Metabolism in Peach Fruit

Compared with the beginning, the proline level of the 5 ◦C storage group decreased by
7% after 14 days of storage (Figure 3A). During the first 21 days of storage, the proline value
of the 0 ◦C storage group was consistently lower than that of the 5 ◦C and NFT groups.
On Day 28 of storage, the proline content of the NFT group was similar to that of the 0 ◦C
group, and was 16% higher than that of the 5 ◦C group.

Figure 3. Effects of NFT storage on proline content and related enzyme activities in peach fruits.
Proline content (A) and activities of P5CS (B), P5CR (C), and PRODH (D). Data are expressed as the
mean ± SE (n = 3). Vertical bars represent the standard error of the mean (p < 0.05). Duncan’s test
letters represent the difference among the different temperatures within the same days.

The P5CS activity of fruits stored at NFT showed a gradual increase throughout the
storage period. The P5CS activity of the NFT group was significantly higher (p < 0.05) on
Day 28 than that of the 5 ◦C and 0 ◦C groups (Figure 3B). In the whole storage time, there
were some fluctuations in the activity of P5CR in the 0 ◦C and 5 ◦C treatment groups, while
the overall change was not significant (Figure 3C). The P5CR activity of the NFT group was
always lower than that of the other two groups during the whole storage process.

During storage, the activity in the different temperature groups first decreased and
then increased. On Day 7, the activity of PRODH in the 0 ◦C and 5 ◦C groups decreased
rapidly to the lowest level and then gradually increased. PRODH activity in the NFT group
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decreased laxly and arrived at the lowest value on Day 21, maintaining a lower level than
the 0 ◦C and 5 ◦C groups (Figure 3D).

3.4. NFT Enhances the Antioxidant Defense System

The SOD activities at different storage temperatures showed signs of a mild retreat at
the beginning, then SOD activities increased and peaked in all groups on Day 21 (Figure 4A).
Compared with the 0 ◦C and 5 ◦C groups, the SOD activity of the NFT group was the
highest, and showed an upward trend during storage. These results indicate that NFT
storage was able to effectively improve the SOD activity of peach fruits.

Figure 4. Effects of NFT storage on reactive oxygen species metabolism in peach fruit. Measurement
of SOD (A), CAT (B), APX (C), and POD (D) activities. Data are expressed as the mean ± SE (n = 3).
Vertical bars represent the standard error of the mean (p < 0.05). Duncan’s test letters represent the
difference among the different temperatures within the same days.

The activities of CAT in all group exhibited a slight fluctuation at the end of storage.
CAT activity in the 0 ◦C and NFT groups decreased to the lowest value at Day 21, then
increased again. NFT treatment delayed the decrease in CAT activity and maintained a
higher level than in the other groups during the whole storage period (p < 0.05, Figure 4B).

Figure 4C shows that APX activity exhibited an increase at beginning of storage,
followed by a decrease; moreover, the APX activity in the NFT storage group was higher
than that of the 0 ◦C and 5 ◦C groups, and was 1.1-fold higher on Day 14. In the whole
storage time except for Day 21, the APX activity of peach fruits stored at NFT was higher
than in the 0 ◦C and 5 ◦C groups.

According to Figure 4D, the POD activity of the peach fruits in the 5 ◦C group remained
unchanged throughout the storage time and was remarkably loftier (p < 0.05) than that of
the other two groups. The POD activity of peach fruits stored at NFT gradually decreased,
and was lower than that of the 0 ◦C and 5 ◦C groups on Day 27.
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3.5. Effects of NFT Storage on Phenolics Content, Ascorbic Acid Content, and DPPH Scavenging
Capacity of Peach Fruit

According to Figure 5A, the contents of peach phenolics at different temperatures
showed a decreasing trend at first and then increasing trend during storage. Among the
different groups, the contents of phenolics at NFT was significantly higher than that of
the 5 ◦C and 0 ◦C groups (p < 0.05). During storage, the ascorbic acid level exhibited a
declining trend at all temperatures, with that of the 5 ◦C group being significantly (p < 0.05)
lower than those of the other two groups. There was no significant difference in ascorbic
acid level between the 0 ◦C and NFT groups (p > 0.05), indicating that both the 0 ◦C and
NFT treatments inhibited the decrease in ascorbic acid content (Figure 5B).

Figure 5. Effects of NFT storage on phenolics content (A), ascorbic acid content (B), and DPPH
scavenging capacity (C) of peach fruits. Data are expressed as the mean ± SE (n = 3). Vertical bars
represent the standard error of the mean (p < 0.05). Duncan’s test letters represent the difference
among the different temperatures within the same days.

DPPH scavenging and phenolics exhibited similar trends (Figure 5C). The DPPH
scavenging capacity in the 5 ◦C and 0 ◦C groups showed a decreasing trend at first,
followed by an increase during storage. Moreover, the scavenging rates on Day 28 and Day
0 were almost the same. The free radical scavenging rate of the NFT group was considerably
higher (p < 0.05) than those of the 5 ◦C and 0 ◦C groups during the whole storage time.

4. Discussion

The symptoms of CI in peach fruits are browning and softening, which seriously affect
fruit quality and commercial value. In recent years, methods such as treatment with heat,
1-Methylcyclopropene, glycine betaine, melatonin, and other methods have been used to
inhibit CI [29–32]. In our study, both the CI incidence and CI index of peach fruits at NFT
did not exhibit growth during the whole storage time, indicating that NFT completely
inhibited the occurrence of CI. Ion leakage is an important physiological indicator for
judging membrane damage, and can accurately reflect its development [33]. The increase
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of ion leakage in the NFT group was very slow, indicating that the fluidity of the cell
membrane was maintained, meaning that the cell membrane remained almost undamaged.

Similarly, low temperature stress can enhance membrane peroxidation and reactive
oxygen metabolism in plant cells; the accumulation of MDA and H2O2 disrupts the plasma
membrane and affects cell membrane fluidity, leading to the development of CI [18,34].
In our study, the results showed that NFT storage significantly decreased both MDA and
H2O2 contents, thereby reducing the toxic effects of free radicals on the cell membrane and
maintaining cellular homeostasis. These results indicate that NFT can enhance chilling
tolerance in fruit.

Proline regulates cell osmotic balance and protects proteins, helping to stabilize the
cell structure when plants are under abiotic stress [35,36]. At the same time, proline can
scavenge free radicals and protect the antioxidant enzyme system [37]. The synthesis of
proline in plants is catalyzed by P5CS and P5CR. For example, P5CS plays a critical role
in the synthesis of proline when plants suffer stress [38]. As the key enzyme in proline
synthesis, the activity of P5CS was reinforced by NFT storage in peach fruits while the
activity of P5CR was weakened, indicating that NFT accelerated proline synthesis. Proline
metabolizing enzymes can coordinate with PRODH to degrade the accumulated proline in
plants, which might result in the breakdown of osmotic balance and cause damage [39].
NFT reduced the activity of PRODH and inhibited the degradation of proline in peach
fruits. The above results suggest that NFT storage can improve proline accumulation by
regulating the activities of enzymes involved in proline metabolism, ultimately enhancing
the chilling tolerance of fruit (Figure 6).

Figure 6. Schematic presentation of NFT inhibiting the occurrence of CI.

Excessive concentrations of reactive oxygen species can lead directly to plant senes-
cence and even death; the antioxidant defense system, including CAT, SOD, APX, and POD,
is critical in regulating the purging of reactive oxygen [40]. When plants suffer from abiotic
stress, the metabolic balance of reactive oxygen species is broken and a large number of free
radicals is generated in the cell, which damages the cell membrane and eventually induces
CI. SOD, as a key enzyme in preventing oxidative stress, catalyzes the formation of H2O2
and O2, after which H2O2 is converted into H2O and O2 under the action of CAT and POD,
retarding the toxic effect of reactive oxygen species [41]. As an enzyme that catalyzes the
breakdown of peroxides, CAT reduces the toxic effects of H2O2 on metabolic tissues [42]. In
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addition, APX catalyzes the redox reaction between ascorbic acid and H2O2 so that ascorbic
acid is oxidized to form hydroascorbic acid, with H2O2 decomposed in the process of main-
taining the balance of free radical metabolism in cells [43]. Furthermore, both phenolics and
ascorbic acid can scavenge free radicals and improve antioxidant capacity [44]. Zhao et al.
found that NFT can effectively promote the accumulation of phenolics in peach fruits and
slow the decline in ascorbic acid content [8]. The changes in the activities of CAT, SOD, and
APX in our research indicate that NFT storage helped to promote scavenging of reactive
oxygen radicals, prevent the accumulation of high oxygen concentrations, maintain the
balance of reactive oxygen species, and re-establish cellular redox homeostasis, thereby
enhancing the chilling tolerance of peach fruits (Figure 6).

5. Conclusions

In conclusion, this study highlights intriguing findings regarding the efficacy of NFT
storage in mitigating chilling injury in peaches, especially when compared to storage at
higher temperatures. Notably, NFT storage exhibited consistent preservation of elevated
levels of antioxidant enzyme activities, ascorbic acid, phenolics, and DPPH scavenging
capacity. In addition, it effectively mitigated the accumulation of malondialdehyde and
inhibited the activity of proline dehydrogenase (PRODH). Finally, NFT storage facilitated
increased proline production and bolstered the overall antioxidant defense system.
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Abstract: The current study investigates the use of a non-destructive hyperspectral imaging approach
for the evaluation of kiwifruit cv. “Hayward” internal quality, focusing on physiological traits such
as soluble solid concentration (SSC), dry matter (DM), firmness, and tannins, widely used as quality
attributes. Regression models, including partial least squares regression (PLSR), bagged trees (BTs),
and three-layered neural network (TLNN), were employed for the estimation of the above-mentioned
quality attributes. Experimental procedures involving the Specim IQ hyperspectral camera utilization
and software were followed for data acquisition and analysis. The effectiveness of PLSR, bagged
trees, and TLNN in predicting the firmness, SSC, DM, and tannins of kiwifruit was assessed via
statistical metrics, including R squared (R2) values and the root mean square error (RMSE). The
obtained results indicate varying degrees of efficiency for each model in predicting kiwifruit quality
parameters. The study concludes that machine learning algorithms, especially neural networks, offer
substantial accuracy, surpassing traditional methods for evaluating kiwifruit quality traits. Overall,
the current study highlights the potential of such non-destructive techniques in revolutionizing
quality assessment during postharvest by yielding rapid and reliable predictions regarding the
critical quality attributes of fruits.

Keywords: hyperspectral imaging; artificial intelligence; regression; machine learning; soluble solids;
firmness; VisNIR; spectroscopy

1. Introduction

Kiwifruit is harvested when it reaches a physiologically mature stage, but is not fully
ripe, with a soluble solid content (SSC) higher than 6.25%. Consequently, it should be
preserved to undergo the process of ripening before it is suitable for consumption [1]. One
of the consistent quality traits of kiwifruit concerns its dry matter (DM), which remains
constant during ripening and only sustains minor losses owing to transpiration or/and
respiration [2]. Typically, DM is determined by employing ovens to remove the moisture
content, and calculating the ratio (%) between the dry and fresh weights [3]. The “Hay-
ward” kiwifruit places great importance on pericarp firmness as a key quality attribute
after harvest. A minimum value of 20 N has been established for the transportation and
wholesale of fruit, while for retail sale and direct consumption, the desired value of firm-
ness is considered to be 10 N [4]. The consumption of high-firmness kiwifruit has been
associated with greater astringency [5], which is mainly due to the elevated tannin content,
and thus affects the aftertaste intensity of kiwifruit [6].

Assessing the qualitative characteristics of kiwifruit before it reaches the stage of
ripeness for consumption is highly valuable [7]. An accurate estimation of internal prop-
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erties, including dry matter (DM) and soluble solid concentration (SSC), under real-time
conditions belongs to crucial factors often related to quality and customer choice [8,9].
The traditional measurement analysis of these properties can reflect the quality of the
fruit. However, this type of analysis is labor-intensive and requires destruction of the
fruit [10]. Spectral and hyperspectral imaging belong to advanced non-destructive tech-
nologies that have drawn a lot of interest in the last few decades for their potential to
measure fruit quality attributes [10]. These methods are more efficient, user-friendly, and
reliable in postharvest applications compared to conventional approaches [11]. Particularly,
visible/near-infrared (Vis/NIR) spectroscopy is a nondestructive analytical technique that
appears promising and does not require pre-sample preparation for quality assessment. The
Vis/NIR spectroscopy technique has been utilized to evaluate the qualitative attributes of
various fruits, such as apples, citrus fruits, and kiwifruits [12]. Non-destructive techniques
like NIR, along with hyperspectral imaging, have been extensively employed to assess the
qualitative characteristics of kiwifruit, such as firmness, pH, soluble solid content (SSC),
and dry matter (DM) [2,13–22]. The integration of Vis/NIR into machine learning (ML)
algorithms enhances the effectiveness of learning, estimating, predicting, and classifying
crucial quality parameters [23]. Their effectiveness lies in their capability of extracting tar-
geted information from the investigated dataset, securing fruit sustainability and resource
consumption that comply with the fundamental principles of precision agriculture.

Moreover, artificial intelligence (AI) takes advantage of its computational potential,
enabling the successful modeling of quality properties in fruits and vegetables [24], provid-
ing constant qualitative and quantitative tools for the assessment of several fruit profiles.
The integration of both machine learning and visible/near-infrared spectroscopy has been
utilized in the analysis of various fruits, particularly those with elevated levels of glucose,
fructose, vitamins, and other vital nutrients [25]. Partial least square regression (PLSR)
was used to predict the internal quality of Actinidia chinensis var. deliciosa (A. Chev.) cv.
“Hayward” using Vis/NIR spectroscopy [26]. On the other hand, PLSR is known for its
exceptional reliability and durability when it comes to creating models for SSC and other
internal quality traits [17].

The current study aims to predict the quality traits of kiwifruit of individual fruit cv.
“Hayward”, including firmness, tannins, SSC, and DM, with the help of hyperspectral data
obtained from the kiwifruit surfaces. Three different regression analysis methods were used
for the assessment of the four investigated quality traits. The employed regression models
aimed to extract possible correlations between the hyperspectral data and each of the four
investigated quality parameters to enable predictions regarding the tested parameters. The
overall results documented that the PLSR, bagged trees, and TLNN models may reflect
the prediction results for firmness, SSC, DM, and tannins in individual kiwifruit during
postharvest ripening.

2. Materials and Methods

2.1. Plant Material and Sampling Process

Kiwifruit (Actinidia chinensis var. deliciosa (A. Chev.) A. Chev. “Hayward”) was
harvested in early November (1–3) 2020 from 20 commercial orchards (from the area of
Imathia, Northern Greece), and was immediately transferred to the Pomology Laboratory
of the Aristotle University of Thessaloniki (AUTh). Regarding the applied sampling
procedure, kiwifruit samples that demonstrated uniform appearance (with no defects)
and weight were selected from each orchard to form a representative sample dataset. The
samples were placed into 16-slot wooden shipping crates (the fruit and crates were marked)
and stored at 0 ◦C (RH 95%) for 40 days, accomplishing a high variation in the tested
kiwifruit quality traits. Afterward, kiwifruit was delivered to the Agricultural Engineering
Laboratory of AUTh and the acquisition of the hyperspectral data was carried out on the
same day at 20 ◦C. Each spectral shot was taken by placing a crate under halogen lamps
Each spectral shot was acquired by manually placing the crate stationary under the halogen
lamp at a distance of 60 cm from the camera. Each shot required 3 mins to be acquired
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due to lower artificial light intensity compared to natural sunlight. Following the camera
shot, firmness and dry matter (DM) were destructively determined in individual fruit,
and then each marked fruit was sampled with liquid nitrogen and stored at −80 ◦C for
further analysis.

2.2. Hyperspectral Data Acquisition

For data acquisition, a Specim IQ (Specim Ltd., Oulu, Finland) hyperspectral camera
was used. The camera was portable and easy to carry since it only weighed 1.3 kg. There
was also the possibility mounting it on a tripod to take hyperspectral images of objects at
a distance that exceeds 150 mm. In the current study, the camera was placed on a tripod
at a static position, following the Specim IQ standards for spectral data acquisition and
following the Specim’s calibration procedure. It also provided the ability to capture data
in the visible and near-infrared (Vis-NIR) spectra for 204 spectral wavelengths between
400 and 1000 nm. The device had a touch-screen and could be connected to a computer
via a USB cable or a wireless Wi-Fi network; therefore, it was possible to immediately
evaluate the quality. Principal component analysis (PCA) was performed on the attained
“Hayward” kiwifruit Vis/NIR spectral data so as to extract the most relevant features from
the acquired dataset. The extracted features denoted linear combinations of the original
spectral bands that were captured through Specim IQ hyperspectral camera, conveying
the most important characteristics of the attained hyperspectral data. This data reduction
technique, implemented under the general framework of the data preprocessing procedure,
was a crucial step for forming a more manageable dataset to be fed as input to the three
employed regression models for the prediction of four investigated qualities in kiwifruit.

Hyperspectral captures were acquired using the default recording mode (DRM) option,
in which raw data and reflection data are stored without being subjected to further process-
ing by the device software. The device captures the absolute black (dark reference) with
the shutter closed, and then the data are downloaded. The white reference confirmation
was performed using simultaneous shooting by placing the special white reference panel
provided by the manufacturer with the camera [27].

Image extraction was carried out with the help of specialized software, Specim IQ
Studio version 2019.05.29.2, provided by the manufacturer of the hyperspectral camera.
The software provides the ability to display the relevant downloads and reflectance data,
create data libraries, and create groups in classification models. It also provides the ability
to transfer the images from the camera environment to the computer environment.

2.3. Kiwifruit Quality Trait Determination

The kiwifruit firmness of pericarp was determined in each marked fruit using the
Texture Analyzer TA XT2i (Stable Microsystems, Godalming, Surrey, UK), as previously
described [28]. Initially, the peel was removed on two opposite sides at a depth of
1 mm; then, a steel cylinder with a 7.9 mm diameter (flat probe end) that was fitted in the
machine branch was inserted into the pericarp (1 cm) at a speed of 20 mm/s. The results
were expressed in Newton (N). After drying each marked fruit to a constant weight at
67 ◦C, the dry matter (DM) content (%) of a 5 mm-thick equatorial slice was found by
dividing the fresh weights by the dried weights. The soluble solid concentration (SSC,
%) was assessed using the juice of each marked fruit employing a digital refractometer
(Atago PR-1, Atago Co., Ltd., Tokyo, Japan). The polyphenolic substances were extracted
using 70% acetone and 0.5% acetic acid. Kiwifruit pericarp was ground up and added to
the extraction solution at a ratio of 1:10 [29]. Tannins were determined using the Folin–
Ciocalteu method, with some modifications [30]. Absorbance was measured at 760 nm on a
microplate reader (Tecan infinite M200 PRO). The polyphenolic extract was incubated with
polyvinyl polypyrrolidone (PVPP) to create a tannin–PVPP complex at the following ratio
of extraction: PVPP, 30:1, v/w, and an absorbance at 760 nm of the residual phenolic solu-
tion was subtracted from that of total phenols. The results were expressed in equivalents of
mg gallic acid kg−1 fresh weight (FW) [31].
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2.4. Hyperspectral Visualization Software

The spectral data were entered into the Scyven program, which is a high-spatial (HS)
image processing tool. The program has the capability to import and modify HS-type files
(.hsz, .hdr, .tif) such as the Specim IQ downloads [32]. The Recover Reflectance option was
utilized in the program to provide the reflectance data. Subsequently, the image label tool
(specifically, the polygon tool) was employed to identify regions that matched the surface
of each kiwifruit (Figure 1a,b).

 

Figure 1. (a) Acquisition of RGB images. (b) Polygon selection attained from the surface of the
8 + kiwifruit.

2.5. Hyperspectral Data Preprocessing

The attained hyperspectral data were exported to a Comma Separated Values, CSV-
type file and then imported into the Excel environment where they were consolidated into
an xlsx type file. A total of 104,394 spectral signatures were exploited for 110 different
examined kiwifruits. During data import into the Matlab environment, data with zero
values were removed, while missing reflectance values were replaced with the nearest
acceptable value.

To avoid any potential issues and abnormalities that may occur during image acqui-
sition that are often responsible for difficulties in analysis and misleading results, it was
essential to ensure that data availability was of high quality to be subjected to further
analysis. For this reason, one of the very well-known smoothing methods, called the
Saviztky–Golay [33], was applied to the attained hyperspectral data (Figure 2).

Figure 2. Raw reflectance values per kiwifruit at each spectral point between 400–1000 nm.

This technique belongs to a common technique that is primarily based on the selection
of sub-windows around a specific point, and the subsequent estimation of the points of the
sub-window projection onto a polynomial fitting. Missing reflectance values were replaced
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with the nearest acceptable value. Moreover, outliers were removed with the help of the
outlier function which removes values that are more than three standard deviations from
the data dimension to secure and enhance the reliability and integrity of the investigated
dataset. A 10-fold cross-validation was performed by splitting the dataset into 10 subsets,
with each subset being further divided into training–validation–testing sets at 70%, 20%,
and 10% respectively.

2.6. Partial Least Square Regression (PLSR)

PLSR is performed with the plsregress function in Matlab in the general form given
as follows:

[Xloadings,Yloadings,Xscores,Yscores,beta,pctVar,mse,stats] = plsregress(X,y,n)

where X represents the dependent variables matrix, y is the independent variable matrix, n

denotes the number of components, Xloadings denotes the matrix with coefficients that
define linear combinations of the components and simulate the initial data X, Yloadings is
the table with coefficients that define linear combinations of the components and simulate
the initial data y, Xscores denotes the table where each row corresponds to an observation
of the X table and each column to a component, Yscores represents the table where each
row corresponds to an observation of the y table and each column to a component, beta is
the table with the PLS coefficients, pctVar denotes the table containing one row with the
percentage of variation (variance) of X and one row with the percentage of variation of y,
mse is the table with the mean squared error (mean squared error) for the values of X, y,

and stats represents the statistics of the model with values of the weights (weights) and the
R2 error for the values of Xscores.

For carrying out the analysis, a high number of components (n > 40) were initially
selected to find the percentage of the model that is successfully predicted according to the
number of components used by employing the pctVar.

2.7. Bagged Trees Regression

The bagged trees algorithm [34], also known as bootstrap aggregating or bagging, is a
powerful machine learning technique designed to improve the predictive performance and
robustness of decision trees. Its function is characterized by the construction of multiple
decision tree models, each being trained on a subset of training data derived by repeated
random sampling from the original training data, the samples being randomly selected
with replacement. By aggregating the predictions of these individual trees, typically
through “majority voting” for classification or averaging for regression problems, bagged
trees reduce the risk of overtraining, improve model generalization, and increase overall
accuracy. Additionally, this ensemble method leverages the diversity of individual trees
to capture various patterns and noise in the data, resulting in a more robust and stable
predictive model that is less sensitive to variations in the training data.

2.8. Three-Layered Neural Network (TLNN)

A three-layer neural network is a machine learning model that consists of an input
layer, an intermediate layer, and an output layer [35]. Each layer contains neurons that
are connected to each other. At the input layer, the input data access the network, then
the information is transferred to the intermediate layer, where many parallel processes are
performed, such as calculating weights and applying activation functions. The output layer
extracts the final prediction or output of the model. Training the three-layer neural network
consists of optimizing connection weights based on the training data, allowing it to learn
complex relationships and patterns in the data. The structure of this three-layer neural
network allows for an efficient representation and extraction of features from data, making
it ideal for many applications such as pattern recognition, classification, and prediction.
Layers with 10 parallel neurons per layer and ReLu activation function [36] were used in
the model.
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3. Results

Kiwifruit quality attributes, such as firmness (determined in kilograms), soluble
solid concentration (SSC, determined as a percentage), dry matter (DM, determined as
a percentage), and tannins (determined in milligrams per gram), were determined for
10 marked fruits from 20 different orchards after 40 days of cold storage at 0 ◦C (RH 95%).
The kiwifruit quality feature measurements are demonstrated in Table 1, while the kiwifruit
quality measurements of each orchard are provided in Supplementary Table S1. Concisely,
the mean kiwifruit firmness was 37 N, with the lowest and highest values being 4 and 66 N,
respectively. The mean SSC was 12.7%, ranging from a minimum of 9.7% to a maximum
of 15.7%. The average DM value was 17.6%, the lowest value was 14.1%, and the highest
value was 23.5%. The mean tannin content was determined to be 198 mg kg−1, ranging
from a minimum of 0 to a maximum of 562 mg kg−1.

Table 1. Kiwifruit quality extracted features.

Firmness (N) SSC (%) DM (%) Tannins (mg/kg)

Mean 36.9 12.68 17.59 198
Median 37.7 12.60 17.29 192

Min. Value 4.4 9.70 14.11 0
Max. Value 65.7 15.70 23.50 562

Range 61.3 6.00 9.39 562
SD 14 1.25 1.93 116

The regression analysis regarding kiwifruit firmness, SCC, DM, and tannins was
performed by applying three different regression techniques, including partial least squares
regression (PLSR), bagged trees, and TLNN (Table 2). The models were evaluated by using
R2 (coefficient of determination) and the root mean square error (RMSE). R2 is generally
used for determining the correlation of the variance in the dependent variable with its
corresponding independent variables. It takes values between 0 and 1, where higher values
indicate better performance. A value of 1 signifies the model’s optimal prediction capability.

Table 2. Regression analysis results for firmness, SSC, DM, and tannins using the PLSR, bagged trees,
and TLNN algorithm models.

PLSR Bagged Trees TLNN

Firmness (n* = 28) R2 0.90 0.93 0.97
RMSE 0.3419 0.3486 0.2819

SSC (n* = 30) R2 0.90 0.91 0.91
RMSE 0.3479 0.3700 0.3651

DM (n* = 19) R2 0.90 0.87 0.93
RMSE 0.3685 0.7244 0.5181

Tannins (n* = 32) R2 0.91 0.88 0.94
RMSE 0.3418 0.4141 0.2819

n* indicates the number of PLS components.

On the other hand, the RMSE denotes the square root of the mean squared error (MSE),
which represents the average squared deviation between the predicted and actual values of
the data. An RMSE equal to 0 indicates a perfect prediction, so values closer to 0 indicate
better performance. As seen in Table 2, the method showcased distinct performances based
on the R squared (R2) values and root mean square error (RMSE).

For each of the applied ML models, the relevant linear regression equation was
extracted, demonstrating that the mathematical relationship between the predicted and
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observed values for the four investigated quality traits was demonstrated (Table 3). The
linear regression equations hold the typical form, given as follows (Equation (1)):

Y = m × x + b (1)

where m denotes the slope, indicating the rate at which each of the predicted quality traits
changes with respect to changes in the observed variable; while b denotes the intercept,
representing the predicted value when the observed variable is zero.

Table 3. Linear regression equations between the predicted and observed values regarding firm-
ness, SSC, dry matter, and tannin content prediction derived from the PLSR, bagged trees, and
TLNN models.

Firmness SSC Dry Matter Tannin Content

PLSR y = 0.9005x + 0.3667 y = 0.9034x + 1.225 y = 0.9047x + 1.676 y = 0.9071x + 0.01835

Bagged Trees y = 0.8884x + 0.4081 y = 0.872x + 1.665 y = 0.8012x + 3.511 y = 0.7691x + 0.04888

TLNN y = 0.9706x + 0.07884 y = 1.002x − 0.02039 y = 1.001x − 0.009929 y = 1.004x + 0.005643

Moreover, statistical tests on the intercept and slope were performed to evaluate
the prediction adaptability and consistency of each of the employed MLs with the actual
observed values (Table 4).

Table 4. Results of the comparison of each linear regression with the corresponding 1:1 line. The n.s.
symbol denotes statistically non-significant differences, and the * and ** symbols represent statistically
significant differences between the lines, at p < 0.05 and 0.01, respectively.

Firmness SSC Dry Matter Tannin Content

Comparison with a
1:1 Line

Comparison with a
1:1 Line

Comparison with a
1:1 Line

Comparison with a
1:1 Line

Slope Intercept Slope Intercept Slope Intercept Slope Intercept

PLSR ns ** ns ** * ** ns **

Bagged Trees * ** * ** ns ** ns **

TLNN ns ** ** ** ** ** * **

For each combination consisting of one of the investigated traits and one of the three
employed ML models, the fitted regression line was compared with the 1:1 line in order
to explore statistically significant differences with respect to the slope and intercept. At
this point, it is worthy to note that a non-significant intercept or slope may suggest the
model’s capacity to capture an essential aspect of the relationship between the observed
and predicted variables. Among all three applied ML regression models, the PLSR model
demonstrated statistically significant relationships (p < 0.05) between firmness and all
predictors, while the bagged trees model showed significant relationships for firmness, dry
matter, and tannin content, and marginally significant for soluble solid content. The TLNN
indicated significant associations only between firmness and tannin content, with all other
predicted values being statistically non-significant (Table 4).

3.1. Kiwifruit Firmness Analysis

By analyzing the percentage of variance regarding firmness prediction, it is evident
that the initial 10 components did not provide enough information to the model. These
components only account for up to 50% of the data, as demonstrated in Figure 3a. Con-
versely, it was noted that 28 components were successfully predicted with a considerably
high accuracy that exceeds 90% for all three utilized models, namely PLSR, bagged trees,
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and TLNN (Table 2). It is also worthy noting that the model’s performance tends to stabilize
for a larger number of components, while there is a slight increase in the prediction rate.
This behavior can be attributed to the employed model’s ability to capture some additional
variations in the hyperspectral data that have not been fully accounted for with fewer
components (Figure 3a).

Figure 3. Firmness prediction results regarding variance. (a) Regression scatter plots comparing the
predicted vs. observed values for firmness derived from the PLSR. (b) Bagged trees (c) and TNN
(d) models. The black line in the graphs (b–d) denotes the theoretical 1:1 line, while the yellow line
denotes the fitted regression line.

The PLSR model exhibited a strong performance with an R2 of 0.90, signifying that
approximately 90% of the variance in the dependent variable could be explained by the
model (Figure 3b). Nevertheless, the root mean square error (RMSE) of 0.3419 signifies a
substantial degree of residual error, implying a deviation between the expected outcomes
and the actual observed values.

On the other hand, bagged trees demonstrated a higher R2 of 0.93, indicating a better
fit to the hyperspectral data than PLSR. Despite this, its RMSE equal to 0.3486 implies
slightly higher error residuals compared to the PLSR, indicating a slightly less accurate
predictive performance on average (Figure 3c and Table 2). However, the most notable
performance was observed in the case of TLNN, which demonstrated an R2 of 0.97. This
high value indicates an extremely strong correlation between the predicted values and
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the target value, capturing 97% of the variance (Table 2). Moreover, the remarkably low
RMSE of 0.246 signifies highly accurate predictions, indicating minimal deviation between
the predicted and observed values. The aforementioned results emphasize the enhanced
performance of the TLNN model in accurately representing the intricate connections
within the kiwifruit data (Figure 3d). The PLSR and bagged trees models demonstrated
satisfactory performances, but overall, the ANN model stands out among the other models
for its remarkable predictive capacity and minimum error. This makes it a highly suitable
and robust choice for predicting and modeling kiwifruit-related properties, as illustrated in
Figure 3 and Table 2.

3.2. Soluble Solid Concentration (SSC) Results

Based on the variance percentage explained versus the number of components (n)
regarding the SSC, it was noted that the first 12 components were proven insufficient for
accurately predicting the model as they explain up to 50% of the data. When “n” is more
than 30, the accuracy of the prediction increases over 90%, as demonstrated in Figure 4a.
It was also observed that the curve tends to stabilize for a higher number of components,
which slightly increases the prediction performance.

Figure 4. Soluble solid concentration (SSC) prediction results regarding variance. (a) Regression
scatter plots comparing the predicted vs. observed values for SCC derived from the PLSR; (b) bagged
trees algorithm; and (c) TLNN algorithm (d) models. The black line in the graphs (b–d) denotes the
theoretical 1:1 line, while the yellow line denotes the fitted regression line.
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The analysis of kiwifruit’s soluble solid concentration using different regression tech-
niques revealed interesting findings, as demonstrated in Table 2. Each employed method—
PLSR, bagged trees, and TLNN—showed varying performances based on their R squared
(R2) values and RMSE. The PLSR displayed a strong performance with an R2 of 0.90, indi-
cating that approximately 90% of the variation in the dependent variable was accounted
for by the model. However, it also showed a moderate RMSE of 0.3479, signifying some
deviation between the predicted and actual values (Figure 4b and Table 2).

Both bagged trees and ANN models exhibited an R2 value of 0.91, indicating a strong
correlation between the predictors and the target variable. This implies that these models
are able to explain 91% of the variance in the data. However, bagged trees had an RMSE of
0.3700, slightly higher than the PLSR, while TLNN showed an RMSE of 0.3651, indicating
a marginally less accurate prediction on average compared to the PLSR (Table 2). In
predicting the soluble solid concentration of kiwifruit, all three models—PLSR, bagged
trees, and TLNN—performed well, explaining a significant portion of the variation. The
PLSR seemed to have a slight edge in predictive accuracy, closely followed by bagged trees
and ANN (Figure 4c,d and Table 2).

3.3. Dry Matter (DM) Results

Based on the DM variance percentage depicted in Figure 5a, it was noticed that the
first five components predict up to 70% of the model. Moreover, the curve shows a gradual
increase and for n > 19, the prediction is greater than 90%.

Figure 5. Dry matter (DM) content regression results regarding variance. (a) Regression scatter
plots comparing the predicted vs. observed values for DM, derived from the PLSR; (b) bagged trees;
(c) and TNN (d) models. The black line in the graphs (b–d) denotes the theoretical 1:1 line, while the
yellow line denotes the fitted regression line.
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The current assessment of kiwifruit dry matter using diverse regression methods re-
vealed some interesting information. Each of the three employed approaches demonstrated
varying performances, indicated by their relative R2 and RMSE values. The PLSR model
showcased respectable performance with an R2 of 0.90, signifying that approximately 90%
of the variance in the dependent variable was captured by the model. However, it displayed
an RMSE of 0.3685, indicating a moderate level of deviation between the predicted and
actual values (Figure 5b and Table 2). The bagged trees model exhibited an R2 value of
0.87, indicating a strong fit to the data. However, the higher RMSE, equal to 0.7244, in
comparison to the PLSR model indicates a less precise predictive performance (Figure 5c
and Table 2). On the other hand, TLNN exhibited the highest R2, equal to 0.93, suggesting
a robust correlation between the predicted and the target value, capturing 93% of the
variance. However, its RMSE of 0.5181, which is lower than that of bagged trees, still
indicates a slightly higher level of error compared to the PLSR (Figure 5d and Table 2). For
predicting the DM of kiwifruits, each method—PLSR, bagged trees, and TLNN—displayed
distinctive performances. In general, the PLSR showcased a strong predictive capacity,
followed by TLNN and bagged trees (Figure 5 and Table 2).

3.4. Tannin Results

Upon examination of Figure 6a, it is evident that the PLSR model prediction was
observed for values of n less than 20 at a rate that is below 70%. When n is more than 32,
the model’s successful prediction rate exceeds 90%. The curve appears to reach a stable
state as the number of components increases, resulting in a minor improvement in the
prediction percentage.

Analysis of tannin levels in kiwifruit using different regression techniques yielded
varying results. The effectiveness of each applied strategy was assessed based on their R
squared (R2) values and root mean square error (RMSE), as presented in Table 2.

The PLSR model demonstrated a solid performance with an R2 of 0.91, capturing
about 91% of the variation. Its RMSE was 0.3418, indicating some deviation between the
predicted and actual values (Figure 6b and Table 2). Regarding the bagged trees algorithm,
it displayed an R2 equal to 0.88 and an RMSE 0.4141, indicating slightly lower accuracy
compared to the PLSR (Figure 6c and Table 2). On the other hand, TLNN showcased
the highest R2 of 0.94, suggesting a strong correlation between the predicted and target
variables, capturing 94% of the variance. Its RMSE of 0.2819 indicates a slight deviation
between the predicted and observed values (Figure 6d and Table 2). Overall, in the
evaluation of tannin levels in kiwifruits, artificial neural networks (ANN) have shown
strong predictive capability, with partial least squares regression (PLSR), and bagged trees
following closely behind.

Taking all the above into consideration, it is evident that all the utilized regression
models demonstrate a significant ability to accurately predict the four investigated quality
characteristics. The accuracy of these predictions ranges from 87% to 97%. The diverse
regression models exhibited varying performances across the prediction of kiwifruit char-
acteristics. Notably, notable predictions were achieved with the help of the three employed
regression models, yielding high and constant predictive performances. Regarding the
employed models’ efficiency, the PLSR has consistently shown strong correlations, while,
on the other hand, demonstrating moderate variations in terms of prediction accuracy. Both
bagged trees and TLNN yielded competitive results for certain attributes; however, they
presented different levels of accuracy and error rates, recommending that the selection of
the appropriate model should consider the trade-offs between predictive power, accuracy,
and computational complexity (Figures 3–6 and Table 2).
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Figure 6. Tannin content regression results regarding variance. (a) Regression scatter plots regarding
tannin prediction comparing the predicted vs. observed values derived from the (b) PLSR; (c); bagged
trees algorithm; and (d) TLNN algorithm models. The black line in the graphs (b–d) denotes the
theoretical 1:1 line, while the yellow line denotes the fitted regression line.

4. Discussion

After a short period of 40 days of cold storage, four “Hayward” kiwifruit quality traits
were destructively tested, namely firmness, soluble solid concentration (SSC), dry matter
(DM), and tannin content, from fruit harvested from different orchards using a Specim
IQ hyperspectral camera. The firmness of kiwifruit is a critical qualitative characteristic
that plays a key role in determining its storage life and commercial viability. This is
because the firmness of the fruit affects how long it can be stored after being harvested [37].
Thus, accurately assessing variations in firmness over time may assist in developing
effective storage and marketing approaches for kiwifruit [18]. The firmness of kiwifruit
can be influenced by various factors, including the mineral composition, particularly the
calcium level, which has a significant impact on the inherent quality of the fruit and its
ripening process [38]. Furthermore, firmness is strongly influenced by both harvest and
postharvest handlings; for example, a dramatic softening could be observed in wounded
or even damaged (with no visual symptoms) kiwifruit during postharvest life [28,39].
In the current study, despite the above-mentioned severe difficulties in predicting the
firmness of kiwifruits, the applied PLS models achieved optimal accuracies in predicting
kiwifruit firmness, ranging from 90 to 97%. It is also worthy mentioning that the light
scattering effect caused by the kiwifruit surface and the cell wall structure did not affect
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the performance of the applied models, since the PCA approach was performed for the
attained reflectance data.

Two further significant indexes of kiwifruit quality are the content of soluble solids
(SSC) and the proportion of dry matter (DM). Typically, kiwifruits have an SSC greater
than 6.2% at the time of harvest [40], while a high dry matter content (over 16%) has been
suggested as a predictor of quality in kiwifruit [3]. Furthermore, Hanker et al. [41] have
suggested that SSC in ready-to-eat kiwifruits should fall between 10 and 14%. In a recent
study, Titeli et al. [6] established an association between elevated levels of DM (dry matter),
SSC (soluble solid content), and acidity, and a greater intensity of taste in kiwifruit. They
emphasized the importance of these factors in determining the overall eating quality of
kiwifruit. Non-destructive methodologies have been widely used to determine the quality
features of kiwifruit, including firmness, SSC, and DM [2,13–19]. Therefore, these quality
features significantly contribute to the overall quality and postharvest performance of
kiwifruit. In the present study, the slightly lower performance in predicting the SSC can be
attributed to the spectral range, as the data were acquired covering a spectral area from 400
to 1000 nm. It would be expected that more useful information for SSC prediction would
be acquired once the data selection has been conducted within a wider range, covering up
to 1450 nm. Since wavelengths at 1198 nm are associated to with C-H single bonds, while
the wavelengths near 1450 nm are correlated with O-H bonds [22], this could possibly
yield useful information, enhancing the employed models’ performance regarding SSC
prediction. On the other hand, the employed models’ performances achieved for DM were
slightly worse compared to the other investigated quality traits, which could be attributed
to possible variability in ripeness during the 40 days of cold storage.

Kiwifruit and persimmon fruits have been identified as high sources of tannin [42], and
in addition to enhancing the antioxidant capacity of fruit, non-polymerized tannins in both
fruits are associated with astringency that affects taste [43,44]. It has been supported that
the high aftertaste intensity of kiwifruit was linked to a lower taste intensity [6], indicating
a negative quality trait for consumption. Moreover, tannin content in fruit wines has been
correlated with bitterness and astringency [45]. Therefore, the level of tannins in kiwifruit
may be associated with the strength of the aftertaste, which is an important aspect in
determining the overall flavor quality of the fruit. Compared to the DM prediction, the
performances of the employed models regarding tannin prediction were slightly better.

The current study offers a comprehensive insight into the application of non-destructive
technologies, particularly spectral and hyperspectral imaging, for the assessment of the
above-mentioned kiwifruit quality traits. Vis/NIR spectroscopy represents a significant
advancement over traditional destructive techniques used to assess internal quality traits
such as soluble solid concentration (SSC), dry matter (DM), firmness, and tannins. This
transition to non-destructive techniques aligns with the growing need for efficient, reliable,
and rapid quality assessment in the postharvest industry [13,14,46–50].

The obtained results underscore the potential of Vis/NIR spectroscopy in accurately
predicting the internal quality parameters of kiwifruit, a finding consistent with earlier
studies on other fruits [51]. The use of principal component analysis (PCA), partial least
square regression (PLSR), and artificial neural networks (ANN) further enhanced the
predictive accuracy, each demonstrating unique strengths and limitations [51]. The perfor-
mance of PLSR, in particular, stood out, demonstrating a strong correlation to the quality
parameters while maintaining a balance between predictive power and computational
complexity [52]. The TLNN model revealed superior predictive ability, most notably in
terms of the R2 and RMSE values (Table 2), indicating its effectiveness in capturing complex
patterns within the data. This highlights the increasing importance of machine learning
(ML) techniques in agricultural research which offer a more comprehensive understanding
of fruit quality assessment. Future studies should focus on optimizing the employed mod-
els for specific quality attributes, considering the trade-offs between accuracy, efficiency,
and computational demands.
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The bagged trees model has found wide application in various fields due to its ability
to improve model performance and reduce the effects of data variability and noise [23].
A minimum number of eight “leafs” (leaf size) was used, i.e., the algorithm takes into
account at least eight samples in each decision tree. The number of trees was set equal to
30 “learners” which feed the algorithm with their decisions individually (Table 2).

The partial least squares regression (PLSR) model is well recognized and scientifically
validated as a methodology for effectively identifying as well as accurately estimating the
internal quality characteristics of kiwifruit [15–17,53]. Moreover, this study serves as a
compelling testament to the enhanced efficacy and acumen showcased by neural networks
in delivering superior performance when juxtaposed against their traditional statistical
counterparts. As such, it was concluded that machine learning algorithms provide sufficient
accuracy in predicting kiwifruit characteristics.

The current study involved a thorough examination of internal quality parameters
in kiwifruits with the help of three discrete regression models. During these analyses,
the reflected data obtained from the surface of kiwifruits underwent extensive analysis
(Figure 2). These reflections were then thoroughly compared to the obtained laboratory
measurements of four distinct quality characteristics: fruit firmness, SSC, DM, and tannin
content (Figures 3–6). The main goal of the regression model was to precisely find and
describe the strong correlations between the spectral data in each of the quality attributes
(Table 2).

This intricate and nuanced interconnection facilitated the subsequent predictive mod-
els for these attributes, thoroughly grounded in the established relationships forged. The
incorporation of advanced regression models like PLSR, bagged trees, and TLNN was
pivotal in this study. Each model exhibited varying degrees of effectiveness in predicting
different quality parameters, with PLSR consistently showing strong correlations across
all parameters (Table 2). The TLNN model exhibited outstanding prediction accuracy and
minimum error, highlighting the promise of ML approaches in agricultural applications.
This conclusion is particularly remarkable (Table 2). The focus on the above critical internal
quality parameters has highlighted the capability of artificial intelligence approaches to
provide rapid, reliable, and efficient quality assessment, surpassing traditional destructive
methods, demonstrating performances ranging from 87% to 97% (Table 2). All this has been
achieved by astutely employing a judicious and optimal array of components (max = 32)
drawn from a vast gamut of 198 distinct wavelengths examined across the visible and
near-infrared spectra. Moreover, the predictive model tailored for determining DW show-
cased an upsurge in performance, manifesting the remarkable ability to deliver comparable
prediction percentages while mandating fewer components, hovering approximately at
2/3 of the previously required quantity (Table 2).

5. Conclusions

The results of the present study confirm that the effective combination of a non-
destructive approach using Vis/NIR spectroscopy and machine learning algorithms offers
a promising alternative to traditional methods, providing a comprehensive understanding
regarding “Hayward” kiwifruit quality assessment, especially for the qualitative firmness,
SSC, DM, and tannin content after postharvest cold storage. Among the three employed
ML algorithms, namely PLSR, bagged trees, and TLNN, the latter demonstrated the highest
prediction capability, demonstrating performances ranging from 87% to 97%. The high
efficiency of the TNN model demonstrated the remarkable capabilities in transforming
quality assessment processes by offering several advantages such as rapidity, reliability,
and efficiency, often surpassing traditional destructive techniques. The ML techniques
have not only been proven capable of improving the efficiency of quality evaluation,
but also aid in more effective resource allocation and reduction in food waste through
precise sorting and grading. The effective integration of spectral imaging and machine
learning techniques can revolutionize quality assessment in the postharvest sector. The
current approach has significant implications for the entire supply chain, from growers and
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processors to retailers and consumers, ensuring the provision of high-quality kiwifruits.
Subsequent studies should prioritize the enhancement of these models, investigating their
suitability for a broader variety of fruits. In addition, it is important to focus on integrating
these nondestructive approaches into real-time, on-field quality assessment systems. This
integration has the potential to significantly enhance the efficiency and sustainability of
postharvest operations.
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Abstract: There has been growing interest in examining the potential of non-bagging patterns due to
the decline of fruit inner quality and the increase in labor force cost and ecological pollution. Spraying
a non-bagging film agent is an important method for non-bagging cultivation. This paper aims
to study the effects of non-bagging film agents on the contents of mineral elements and flavonoid
metabolites in apple fruits and determine the feasibility of this method. Fuji apples were used as the
sample material and treated individually with two non-bagging film agents, namely, humic acid film
(ABM) and Pirrio calcium film (CAM). Also, two control groups, namely, the clear water spraying
without bagging group (CK) and the bagging group (TCK), were set in this study to measure the
contents of mineral elements and flavonoid metabolites in these apples. Compared with those two
control groups, the spraying treatment groups with two kinds of non-bagging film agents present
a significant difference between their total contents of mineral elements, with the total content of
mineral elements of apples in the ABM treatment group being 1.36 times the content of apples in
the CK group. In terms of the flavonoid metabolites, only Astragalin, Tiliroside, Homoplantaginin,
Phlorizin, Apigenin, Hesperidin, Oroxin A, and Kaempferol present significant differences in their
proportions in apples, and there are no significant differences among the proportions of other
compounds. Individual spraying of two kinds of non-bagging film agents can significantly increase
the total contents of mineral elements in apples, with slight effects on the contents of flavonoid
metabolites in these fruits. Therefore, both film agents can be used for cultivating Fuji apples.

Keywords: apples; mineral elements; flavonoid metabolites

1. Introduction

Apple (Malus domestica), one of the most widely cultivated tree fruits in many regions
of the world, is the most important fruit and is liked by all classes of people due to its
pleasant taste and established nutritional and economical value. It is a rich source of
antioxidant compounds, carbohydrates, essential minerals, and dietary fiber [1–3]. China is
the largest apple-producing and -consuming country in the world [4].

The commonly used fruit bagging material in the current market is generally the film-
coated paper bag. With good effects on water retention, freshness preservation, and weight
increase, this bagging material can improve the appearance of fruits and their market
value at the same time. However, such a cultivation method has changed the growth and
development environments of apples, thus leading to problems affecting fruit quality, such
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as reduced contents of phenolic compounds, diminished flavor quality, and some other
problems [5–7]. In recent years, there has been growing interest in examining the potential
of non-bagging patterns due to the decline of fruit inner quality and the increase in labor
force cost and ecological pollution. It has been recognized that the bagging-free cultivation
pattern is an inevitable trend in the apple industry development in China [8].

Spraying non-bagging film agents is an important method for practicing the non-
bagging cultivation of fruits, with non-bagging film agents specifically used in the surface
maintenance of fruits during development. With the spraying of film agent, a layer of
“soft bi-layer biofilm” with a thickness of about 5–10 nanometers can be quickly formed,
covering the surface layer of the fruit. Meanwhile, gaps between membrane molecules of
the layer can allow the free passing-through of oxygen, carbon dioxide, and sunlight, thus
providing all-around protection for preventing pesticides and pests from contaminating
and harming plants.

At present, there are few studies on the influence of spraying non-bagging film agents
on the fruit quality of apples. Under such a circumstance, this study has measured the
contents of forty-two mineral elements and flavonoid metabolites in apple fruits with
the assistance of an inductively coupled plasma emission spectrometer (ICP-MS). With
Fuji apples taken as the research object, two control groups of clear water treatment and
bagging treatment, as well as experimental treatment groups with individual spraying of
two kinds of non-bagging film agents, were set in this study to analyze the contents of
mineral elements and flavonoid metabolites in fruits under these four different treatment
methods. Also, this study has explored the influences of spraying non-bagging film agents
on the contents of mineral elements and flavonoid metabolites in Fuji apple fruits, with
the study results providing basic data support for the further application of non-bagging
cultivation.

2. Materials and Methods

2.1. Analytical Objects

A total of four test groups, namely, the clear water control group (CK), bagging
treatment group (TCK), non-bagging humic acid film agent treatment group (ABM), and
non-bagging Piriol calcium film agent treatment group (CAM), were designed in this study.
Upon the removal of their fuzz, apples in the clear water control group, ABM group,
and CAM group were sprayed with clear water and film agents correspondingly, with a
spraying frequency of once every month for a consecutive period of three months. After the
harvest of apple fruits, they were packed in cartons and delivered to the laboratory on the
same day. Then, ten apples with similar shapes, sizes, and colors were picked from twenty
apple samples under each treatment to investigate the differences among the physical and
chemical indexes, mineral element contents, and flavonoid metabolite contents of apple
fruits treated with different methods.

This study analyzed the physicochemical indicators such as sugar and acid and
determined the contents of trace elements using a fresh sample; for mineral elements, a
dried sample was used.

2.2. Instruments and Reagents

The instruments used for samples’ preparation and analysis include: a microwave
digestion system (MARS 6, CME, New York, NY, USA), an ICP-MS inductively coupled
plasma mass spectrometer (ELAN DRC-e, Perkin Elmer, Waltham, MA, USA), an ultrapure
water manufacturing system (Milli Plus 2150, MILLIPORE, Burlington, MA, USA),and
a 6875D fully-automatic frozen grinder (Retsch, Haan, Germany). Flavonoids contents
were detected by MetWare based on the AB Sciex QTRAP 6500 LC-MS/MS platform
(Singapore, USA).

The reagents used for samples’ preparation and analysis include: mixed standards of
Al, As, B, Ba, Be, Bi, Cd, Ce, Co, Cr, Cs, Cu, Gd, Hg, Li, Mg, Mn, Mo, Na, Nb, Nd, Ni, Pr, Rb,
Sb, Sc, Sm, Sn, Sr, Ti, Th, U, V, Fe, Zn, P, Ru, Au, Ga, Ca, Zr, and Pb (1000 mg·L−1), provided
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by the National Institute of Metrology China, and prepared to the required concentration
when used.

HPLC-grade acetonitrile (ACN) and methanol (MeOH) were purchased from Merck
(Darmstadt, Germany). MilliQ water (Millipore, Molsheim, France) was used in all ex-
periments. Formic acid was purchased from Sigma-Aldrich (St. Louis, MO, USA). All
of the standards were purchased from MCE (MedChemExpress, Shanghai, China). The
stock solutions of standards were prepared at the concentration of 10 mmol·L−1 in 70%
MeOH. All stock solutions were stored at −20 ◦C. The stock solutions were diluted with
70% MeOH to working solutions before analysis.

HNO3, HClO4, and other chemicals used were of standard analytical grade. Deionized
and distilled water was used throughout.

2.3. Measurement of Physical and Chemical Indexes

A 1% electronic balance was used to measure the single-fruit weight, a pointer-type
fruit hardness tester was applied to measure the hardness of apples, and a Brix-acidity
meter was used to measure the soluble solid contents and titratable acidity of apples.

2.4. Determination of Mineral Elements

Based on the method proposed by Liu et al. [9], a slightly modified analysis of induc-
tively coupled plasma mass spectrometry was carried out in this study with the following
specific operation steps:

(1) Dissolving the samples using the microwave digestion method, with the specific
operation steps as follows: Weigh 0.5 g of Lycium barbarum sample (with a precision
of 0.0001 g), and put it in a microwave digestion tube. After the addition of 10 mL
of nitric acid, let the sample stand at room temperature for 3 h, and then put it in a
microwave digestion instrument for sample digestion. Select temperature control to
let the temperature rise to 120 ◦C in 5 min, and keep the temperature there for 10 min.
Then, let the temperature rise to 150 ◦C in 5 min and keep it there for 20 min. After
that, let the temperature further rise to 185 ◦C in 5 min and keep it there for 30 min.
After the completion of digestion, the sample is cooled. Then, gently unscrew the lid
and place the microwave digestion tube on an acid-driven processor to perform acid
removal at 120 ◦C for 2 h. Then, cool the sample to room temperature and wash it with
ultra-pure water in a test tube with scale of 25 mL. After that, dilute it with ultra-pure
water to volume and shake the solution well. Meanwhile, prepare a reagent blank.

(2) Measure the contents of elements in apple fruits through the ICP-MS method under
the following specific working conditions: Generator power: 1300 W; Atomizer flow
rate: 0.95 L·min−1; Plasma torch cooling gas flow rate: 17.0 L·min−1; Auxiliary device
flow rate: 1.20 L·min−1; Detector analog stage voltage: −2350 V; Ion lens voltage:
6.00 V.

All samples were analyzed through the ICP-MS method, with each sample analyzed in
duplicate. The working curve corresponding to each element was plotted, with its specific
linear equation and correlation coefficient listed in Table 1. All correlation coefficients R2

calculated are higher than 0.99, indicating good linear regressions of standard solution
concentrations and absorption peak areas and the feasibility of using these curves to
quantify the contents of mineral elements.

2.5. Metabolites Extraction

The sample was freeze-dried, ground into powder (30 Hz, 1.5 min), and stored at
−80 ◦C until needed. In total, 20 mg powder was weighted and extracted with 0.5 mL 70%
methanol. In total, 10 μL internal standard (4000 nmol·L−1) was added into the extract
as an internal standard (IS) for the quantification. The extract was sonicated for 30 min
and centrifuged at 12,000× g under 4 ◦C for 5 min. The supernatant was filtered through a
0.22 μm membrane filter for further LC-MS/MS analysis.
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Table 1. Influences of different treatment methods on the physical and chemical indexes of fruits.

Treatment
Single Fruit
Weight (g)

Hardness
(kg·cm−2)

Soluble Solid
Content (%)

Titratable Acid
Content (%)

CK 231 ± 43.8 b 8.48 ± 0.82 a 19.4 ± 1.80 a 0.35 ± 0.10 b

TCK 247 ± 44.2 b 9.17 ± 0.87 a 13.7 ± 1.96 a 0.35 ± 0.13 b

ABM 250 ± 30.7 a 9.25 ± 1.16 a 16.6 ± 1.34 a 0.46 ± 0.19 a

CAM 208 ± 18.7 b 8.86 ± 1.03 a 17.3 ± 1.38 a 0.41 ± 0.05 ab

Values with different letters in the same column (a,b) are significantly different (p < 0.05) from each other. Values
are given as the mean ± standard deviation.

2.6. UPLC-ESI-MS/MS Analysis

The sample extracts were analyzed using a UPLC-ESI-MS/MS system. The analytical
conditions were as follows: UPLC column, Waters ACQUITY UPLC HSS T3 C18 (1.8 μm,
100 mm × 2.1 mm i.d.); solvent system, water with 0.05% formic acid (A), acetonitrile with
0.05% formic acid (B). The gradient elution program was set as follows: 0–1 min, 10–20% B;
1–9 min, 20–70% B; 9–12.5 min, 70–95% B; 12.5–13.5 min, 95% B; 13.5–13.6 min, 95–10% B;
13.6–15 min, 10% B. The flow rate was set at 0.35 mL·min−1 and the temperature was set at
40 ◦C. The injection volume is 2 μL.

The ESI source operation parameters were as follows: ion source, ESI +/−; source
temperature 550 ◦C; ion spray voltage (IS) 5500 V (positive), −4500 V (negative); curtain gas
(CUR) was set at 35 psi, respectively. Flavonoids were analyzed using scheduled multiple
reaction monitoring (MRM).

2.7. Data Processing and Statistical Analysis

The mean value (MEAN) and standard deviation (SD) of the traits were calculated
using Microsoft Excel 2016 and were statistically analyzed using IBM SPSS Statistics 26.0
software. Independent-samples t-tests were used to determine the significance of differ-
ences among samples at a level of 0.05. Values were reported as means ± standard deviation
(SD) from triplicate experiments. Mass spectrometric data conducted in MultiQuant 3.0.3.

3. Results

3.1. Effects of Non-Bagging Film Agent Treatment on the Physical and Chemical Indexes of Fruits

Single-fruit weight, hardness, soluble solids, and total acidity are important indicators
for evaluating apple quality. We found that there is a significant difference between the
ABM treatment group, which has the largest single-fruit weight, and the CAM treatment
group, which has the smallest single-fruit weight. However, in terms of the single-fruit
weight, the control groups are not significantly different from the CAM treatment group.
Therefore, it can be inferred that the single-fruit weights of apples in the ABM treatment
group have significantly increased (Table 1). Also, it was found that in terms of apple
hardness, there was no significant difference among all treatment groups (Table 1). An
analysis of the TSS contents shows that there was no significant difference among all
treatment groups, which shows the insignificant influence on the TSS of apples. In terms of
the influence on titratable acid, there were significant differences among different treatment
groups, with the titratable acid contents in the non-bagging film agent treatment groups
being significantly higher than those contents in the control groups (p < 0.05). In summary,
the treatment of non-bagging film agents increases the single-fruit weights of apples and
improves the accumulation of titratable acid.

3.2. Effects of Non-Bagging Film Agent Treatment on the Contents of Mineral Elements of Fruits

Mineral element content is one way to measure fruit quality traits, as mineral elements
are closely related to fruit size, pulp hardness, and soluble solids, and play important
roles in fruit disease resistance storage resistance, and maintaining good quality and
flavor [10,11]. Mineral elements are also very important nutrients that are essential for
healthy human growth and development [12].
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Among all treatment groups, the contents of P, Mg, Ca, and Na are significantly
higher than those contents of other trace elements, with their relative ranges between
0.000482 mg· kg−1 and 1789 mg·kg−1 (Table 2). Among all these elements, the content of
element P, which ranges from 1185 mg·kg-1 to 1789 mg·kg−1, is the highest. The contents
of the elements Ca and Na are in the same order of magnitude as the content of the
element Mg (109–417 mg·kg−1). Also, the contents of elements Al, B, and V are in the
same order of magnitude as the content of the element Fe (11.5–154 mg·kg−1), and the
contents of the elements As, Cr, Cu, Mn, Rb, Sr, Zn, and Ga are in the same order of
magnitude (1.4–6.06 mg·kg−1), with the contents of all of the other elements being lower
than 1 mg·kg−1 (Table 2). An analysis of correlation variance shows that among those
forty-one elements of apple fruits, there are no significant differences among the contents
of fifteen elements (B, Cu, Mg, Mo, Pr, Sb, Sm, Sn, Ti, Th, Ru, Ga, Zr, and Ca) (p > 0.05),
indicating that there are no significant differences among the apple fruits’ absorption
capacities of these elements.

Table 2. Effects of different treatment methods on the contents of mineral elements of fruits (mg·kg−1).

Element CK TCK ABM CAM

Al 38.4 ± 5.7 b 29.7 ± 7.5 b 154 ± 51 a 43.4 ± 9.7 b

As 2.36 ± 0.15 a 2.35 ± 0.14 a 2.1 ± 0.20 ab 1.97 ± 0.23 b

B 69.6 ± 8.01 a 73.4 ± 9.08 a 77.2 ± 4.15 a 80.8 ± 5.86 a

Ba 0.91 ± 0.0884 c 2.48 ± 0.5922 b 1.24 ± 0.2521 c 4.86 ± 0.9407 a

Be 0.0015 ± 0.001 b 0.0065 ± 0.003 ab 0.0105 ± 0.007 a 0.0052 ± 0.001 ab

Bi 0.000652 ± 0.0002 b 0.000564 ± 0.0002 b 0.0013 ± 0.0004 a 0.000482 ± 0.0004 b

Cd 0.00116 ± 0.0001 b 0.00161 ± 0.0007 b 0.00151 ± 0.0006 b 0.00251 ± 0.0007 a

Ce 0.0166 ± 0.0038 b 0.021 ± 0.0074 ab 0.0274 ± 0.0047 a 0.014 ± 0.0073 b

Co 0.0228 ± 0.0067 b 0.0265 ± 0.0047 ab 0.0362 ± 0.0096 a 0.0344 ± 0.0047 a

Cr 1.86 ± 0.24 b 2.17 ± 0.37 b 2.61 ± 0.28 a 1.91 ± 0.28 b

Cs 0.0085 ± 0.0015 b 0.0180 ± 0.0042 a 0.0122 ± 0.0035 b 0.0085 ± 0.0014 b

Cu 1.69 ± 0.08 a 2.17 ± 0.31 a 2.15 ± 0.57 a 1.78 ± 0.28 a

Gd 0.000993 ± 0.0002 b 0.00125 ± 0.0003 b 0.00217 ± 0.0006 a 0.00142 ± 0.0003 b

Hg 0.0039 ± 0.0008 b 0.0024 ± 0.0003 b 0.0055 ± 0.0001 b 0.0708 ± 0.0138 a

Li 0.831 ± 0.065 a 0.5213 ± 0.077 b 0.6255 ± 0.17 b 0.3773 ± 0.11 c

Mg 363 ± 24.7 a 361 ± 39.3 a 417 ± 47 a 405 ± 37.9 a

Mn 1.66 ± 0.19 d 2.25 ± 0.31 c 3.44 ± 0.53 a 2.69 ± 0.23 b

Mo 0.177 ± 0.033 a 0.1562 ± 0.023 a 0.1197 ± 0.016 a 0.1772 ± 0.055 a

Na 109 ± 5.18 b 126 ± 16.7 b 257 ± 12.1 a 130 ± 18 b

Nb 0.0116 ± 0.0057 a 0.0058 ± 0.0026 b 0.0117 ± 0.0035 a 0.0047 ± 0.0011 b

Nd 0.0069 ± 0.001 b 0.0059 ± 0.0005 bc 0.0086 ± 0.0011 a 0.0053 ± 0.0014 c

Ni 0.3374 ± 0.028 b 0.3277 ± 0.107 b 0.3831 ± 0.035 b 0.5525 ± 0.131 a

Pr 0.0024 ± 0.0009 a 0.0025 ± 0.0009 a 0.0034 ± 0.0005 a 0.0033 ± 0.0014 a

Rb 2.81 ± 0.53 b 4.98 ± 0.87 a 4.4 ± 0.97 a 4.18 ± 0.24 a

Sb 0.0136 ± 0.0027 a 0.0087 ± 0.0026 a 0.0114 ± 0.0018 a 0.015 ± 0.0076 a

Sc 0.0927 ± 0.013 a 0.059 ± 0.0029 b 0.0815 ± 0.035 ab 0.0527 ± 0.014 b

Sm 0.0013 ± 0.0007 a 0.0016 ± 0.0006 a 0.0014 ± 0.0002 a 0.0016 ± 0.0006 a

Sn 0.0618 ± 0.012 a 0.0524 ± 0.0077 a 0.0542 ± 0.0065 a 0.0591 ± 0.014 a

Sr 1.74 ± 0.23 c 6.06 ± 1.36 a 4.27 ± 0.83 b 1.4 ± 0.25 c

Ti 1.2 ± 0.26 a 1.33 ± 0.38 a 0.76 ± 0.09 a 0.93 ± 0.54 a

Th 0.0022 ± 0.0013 a 0.0024 ± 0.0026 a 0.0049 ± 0.0018 a 0.0022 ± 0.0008 a

U 0.0061 ± 0.0006 a 0.0044 ± 0.0008 ab 0.0049 ± 0.0006 b 0.0036 ± 0.0007 c

V 15.6 ± 1.79 a 16.6 ± 1.88 a 16.8 ± 2.74 a 11.5 ± 0.66 b

Fe 38.4 ± 8.2 ab 32.1 ± 4.9 b 45.7 ± 7.8 a 40.7 ± 7.6 ab

Zn 4.38 ± 0.41 ab 3.65 ± 0.45 b 4.39 ± 0.62 ab 5.07 ± 1.11 a

P 1185 ± 134 c 1395 ± 215 bc 1567 ± 175 ab 1789 ± 219 a

Ru 0.038 ± 0.0089 a 0.0352 ± 0.013 a 0.0427 ± 0.023 a 0.0288 ± 0.0077 a

Au 0.0333 ± 0.0068 a 0.0165 ± 0.0023 b 0.0138 ± 0.0018 b 0.0171 ± 0.0008 b

Ga 2.02 ± 0.44 a 2.3 ± 0.68 a 2.38 ± 0.78 a 2.87 ± 0.78 a

Zr 0.0219 ± 0.0039 a 0.0251 ± 0.013 a 0.0276 ± 0.0017 a 0.0227 ± 0.0049 a

Ca 242 ± 47 a 250 ± 28 a 262 ± 7.3 a 272 ± 32.9 a

Pb 0.027 ± 0.0054 ab 0.0167 ± 0.0055 b 0.0298 ± 0.0047 ab 0.0386 ± 0.018 a

Values with different letters in the same line (a–c) are significantly different (p < 0.05) from each other. Values are
given as the mean ± standard deviation.
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Among those forty-two elements mentioned above, thirteen elements (Al, As, Hg,
Pb, Cd, Cr, Ni, Sn, Mo, V, Ti, Sb, and Ba) are harmful elements. The contents of the Pb
and Cd elements of apples in each treatment group are all below the limits stipulated
in the National Food Safety Standard—Maximum Levels for Contaminants in Food (GB
2762-2022) [13] on Pb (<0.1 mg·kg−1) and Cd (<0.05 mg·kg−1) contents in fruits. Among
these thirteen elements, in this study, only high contents of Al elements were measured
in apples. Also, the contents of the Al element varied significantly from group to group,
with the Al element contents of apples in the ABM treatment group being 5.2 times those
contents of apples in the TCK group. However, no relevant limit on the Al element is
stipulated in the standard described above.

The results indicate that apples in the ABM treatment group present the highest
total mineral element content, followed by the apples in the CAM treatment group, and
the apples in the TCK and CK groups present the lowest total mineral element content
(Figure 1). Also, the total mineral element content of apples in the ABM treatment group
is 1.36 times the content of apples in the CK group. To sum up, the treatment of the non-
bagging film agent will not change the composition of mineral elements in apples but will
increase their total contents of mineral elements.

Figure 1. Influences of different treatment methods on the total mineral element content of apples.

3.3. Effects of Non-Bagging Film Agent Treatment on the Contents of Flavonoid Metabolites
in Apples

In this study, a total of 204 types of metabolites were selected for testing. Some
metabolite types had no content detected in apples, while some other metabolite types
with relatively low contents detected in apples were not counted. Therefore, this study has
performed a comprehensive analysis on a total of 39 metabolite types that were detected in
apples with relatively high contents. From Table 3, it can be seen that flavonoid metabolites
have a rich presence in apple fruits, with relatively great variations in contents ranging from
0.002 to 466 nmol·g−1. Followed by Quercitrin, Astragalin, Rutin, Avicularin, Calycosin-7-
O-β-D-glucoside, and Hyperoside, whose contents fall into a range between 1 nmol·g−1

and 100 nmol·g−1, (-)-Epicatechin, (-)-Catechin, and Phlorizin have the highest contents,
which are all above 100 nmol g−1. Also, it shows that there are relatively small differences
among the influences of different treatment methods on the contents of 39 metabolites. An
analysis of correlation variance indicates that only Astragalin, Tiliroside, Homoplantaginin,
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Phlorizin, Apigen, Hesperidin, Oroxin A, and Kaempferol present significant differences in
their contents in apples, with no significant content differences among other metabolites,
indicating insignificant influences of the non-bagging film agent treatment methods on the
apple contents of flavonoid metabolites.

Table 3. Influences of different treatment methods on the contents of flavonoid metabolites in fruits
(nmol·g−1).

Compounds CK TCK ABM CAM

Astilbin 0.165 ± 0.05 a 0.088 ± 0.01 a 0.128 ± 0.03 a 0.183 ± 0.04 a

Pinocembrin 0.302 ± 0.28 a 0.219 ± 0.18 a 0.260 ± 0.25 a 0.276 ± 0.22 a

Quercitrin 54.7 ± 4.9 a 44.9 ± 35.9 a 41.3 ± 12.8 a 50.1 ± 7.02 a

Narcissin 0.025 ± 0.008 a 0.022 ± 0.008 a 0.015 ± 0.004 a 0.015 ± 0.004 a

Astragalin 2.28 ± 0.73 a 0.372 ± 0.20 b 0.899 ± 0.05 b 1.48 ± 0.76 ab

Tiliroside 0.046 ± 0.006 c 0.062 ± 0.02 bc 0.084 ± 0.02 ab 0.108 ± 0.01 a

(-)-Epicatechin 358 ± 60 a 466 ± 59 a 461 ± 118 a 450 ± 46.4 a

(-)-Catechin gallate 0.107 ± 0.03 a 0.119 ± 0.02 a 0.146 ± 0.01 a 0.090 ± 0.02 a

Isosakuranetin 0.009 ± 0.005 a 0.005 ± 0.005 a 0.009 ± 0.008 a 0.012 ± 0.006 a

Apigenin 7-glucoside 0.033 ± 0.017 a 0.008 ± 0.002 a 0.008 ± 0.005 a 0.025 ± 0.01 a

Tectochrysin 0.013 ± 0.008 a 0.015 ± 0.01 a 0.021 ± 0.02 a 0.012 ± 0.008 a

Homoplantaginin 0.078 ± 0.01 a 0.045 ± 0.005 b 0.056 ± 0.008 b 0.051 ± 0.009 b

6-Hydroxyflavone 0.020 ± 0.003 a 0.016 ± 0.003 a 0.020 ± 0.003 a 0.018 ± 0.001 a

Naringenin-7-glucoside 0.526 ± 0.01 a 0.635 ± 0.15 a 0.950 ± 0.24 a 0.939 ± 0.15 a

Phloretin 0.058 ± 0.009 a 0.065 ± 0.004 a 0.070 ± 0.02 a 0.077 ± 0.017 a

Spiraeoside 0.039 ± 0.009 a 0.022 ± 0.019 a 0.024 ± 0.015 a 0.030 ± 0.008 a

Quercimeritrin 0.562 ± 0.16 a 0.525 ± 0.59 a 0.423 ± 0.11 a 0.404 ± 0.11 a

Isorhamnetin 3-O-glucoside 0.149 ± 0.02 a 0.085 ± 0.04 a 0.120 ± 0.02 a 0.111 ± 0.02 a

Neohesperidin dihydrochalcone 0.010 ± 0.001 a 0.010 ± 0.002 a 0.011 ± 0.002 a 0.011 ± 0.001 a

Quercetin 0.065 ± 0.009 a 0.045 ± 0.05 a 0.012 ± 0.01 a 0.035 ± 0.03 a

(-)-Catechin 105 ± 10.6 a 173 ± 21.4 a 164 ± 67.6 a 152 ± 37.8 a

Rutin 1.38 ± 0.67 a 1.19 ± 1.31 a 0.597 ± 0.12 a 0.640 ± 0.16 a

Chrysin 0.089 ± 0.06 a 0.083 ± 0.06 a 0.100 ± 0.02 a 0.139 ± 0.09 a

Phlorizin 139 ± 14.2 ab 111 ± 9.13 b 157 ± 30.2 ab 182 ± 29.2 a

Galangin 0.085 ± 0.06 a 0.071 ± 0.05 a 0.105 ± 0.02 a 0.127 ± 0.09 a

Apigenin 0.019 ± 0.003 a 0.008 ± 0.004 b 0.006 ± 0.001 b 0.014 ± 0.005 ab

Avicularin 14.9 ± 1.02 a 15.5 ± 15.4 a 9.63 ± 2.52 a 13.2 ± 1.02 a

Cynaroside 0.928 ± 0.19 a 0.561 ± 0.14 a 0.721 ± 1.45 a 0.905 ± 0.32 a

Calycosin-7-O-β-D-glucoside 12.8 ± 6.21 a 6.88 ± 4.07 a 8.22 ± 4.06 a 7.088 ± 0.13 a

Naringin Dihydrochalcone 0.025 ± 0.002 a 0.025 ± 0.002 a 0.023 ± 0.003 a 0.027 ± 0.006 a

Afzelechin 0.085 ± 0.034 a 0.085 ± 0.034 a 0.014 ± 0.001 a 0.031 ± 0.009 a

Hesperidin 0.024 ± 0.002 a 0.024 ± 0.002 c 0.002 ± 0.002 b 0.013 ± 0.004 c

Taxifolin 0.077 ± 0.007 a 0.077 ± 0.007 a 0.063 ± 0.012 a 0.057 ± 0.015 a

Engeletin 0.013 ± 0.003 a 0.013 ± 0.003 a 0.006 ± 0.001 a 0.012 ± 0.009 a

Oroxin A 0.04 ± 0.006 a 0.04 ± 0.006 c 0.009 ± 0.001 bc 0.019 ± 0.001 ab

Baicalin 0.012 ± 0.005 a 0.012 ± 0.005 a 0.012 ± 0.004 a 0.009 ± 0.004 a

Kaempferol 0.05 ± 0.015 a 0.05 ± 0.015 b 0.021 ± 0.001 b 0.023 ± 0.008 ab

Hyperoside 9.14 ± 1.42 a 9.14 ± 1.42 a 9.09 ± 0.01 a 6.49 ± 2.47 a

Isorhamnetin 0.014 ± 0.001 a 0.014 ± 0.001 a 0.014 ± 0.001 a 0.013 ± 0.001 a

Values with different letters in the same line (a–c) are significantly different (p < 0.05) from each other. Values are
given as the mean ± standard deviation.

From Figure 2A, it can be seen that the major identified metabolites in apple fruits
treated with different methods include chalcones, flavanones, flavanonols, flavanones,
flavones, flavonols, flavanols, and isoflavanones. Among these metabolites, followed
by flavones (28%), chalcones (10%), flavanols (10%), flavanones (8%), flavanonols (8%),
flavanones (3%), and isoflavanones (3%), flavonols (31%) present the largest proportion. It
can be seen that flavonols and flavones are two major metabolites in apples. This finding is
consistent with the study results of Chen et al. [14].
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Figure 2. Classification results of flavonoid metabolites (A); Analysis results of important flavonoid
metabolites in fruits (B).

Figure 2B presents the analysis results of important flavonoid metabolites in ap-
ple fruits. The results indicate that there are not great variations in the contents of
Quercitrin, (-)-Epicatechin, (-)-Catechin gallate, (-)-Catechin, and Hyperoside between
treatment groups and control groups, with no uniform interaction pattern among these
groups. Apples in the treatment groups present more significant influences on the content
of Phlorizin than those apples in the control groups, with less significant effects on the
content of Hyperoside presented by apples in the treatment groups than those effects
presented by apples in the control groups. Among those six important metabolites, only
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Phlorizin presents lower contents in apples in the bagging treatment group than those
contents in apples in the non-bagging groups, indicating that the syntheses of most of these
metabolites do not rely on sunlight and are not affected by the spraying of non-bagging
film agents.

4. Discussion

At present, there are few research reports on the effects of spraying non-bagging film
agents on the quality and mineral elements of fruits. Under such a circumstance, this
paper has systematically investigated the influences of spraying non-bagging film agents
on the physical and chemical indexes and the contents of mineral elements and flavonoid
metabolites of apple fruits. The study results show that spraying a non-bagging film agent
is conducive to the accumulation of mineral elements in fruits and has a relatively small
effect on the contents of their flavonoid metabolites, thus being feasible to be used in the
non-bagging cultivation of apples, and these results are consistent with the study results of
Cheng [15] et al.

In this study, compared with apples in the control groups, apples in the non-bagging
film agent spraying treatment groups all present significantly increased contents of titratable
acid, with no significant differences among their hardness and contents of soluble solids.
This result is similar to the previous study results of other scholars, with some minor
differences. One possible reason is that the effects of those bio-protective films applied in
this study have coincided with the development and metabolic time of fruits, and another
possible reason lies in the fact that these effects are related to the major components and
concentrations of those bio-protective films applied.

Apples contain a great deal of elements such as magnesium (Mg), calcium (Ca), iron
(Fe), and others that are beneficial to the human body [4]. Mineral element content plays
an important role in judging fruit quality and in maintaining the normal physiological
activities of the human body [16,17]. It is well known that phosphorus (P), potassium
(K), calcium (Ca), and trace element iron (Fe) are essential for fruit quality [18]. In recent
years, many studies have explored the effects of mineral nutrients on plant growth, fruit
development, quality, and preservation of fruit, and their molecular mechanisms, especially
the effects of P and K on fruit quality. The results of this research indicate that the contents
of most elements of apples in the non-bagging film agent treatment groups are all higher
than those contents of apples in the control groups, with increased total amounts of mineral
elements. Therefore, this study has provided a new idea for the investigation of maximizing
the nutritional value of apples and a reference for the further popularization and application
of non-bagging cultivation. At the same time, this study has provided basic data support
for the in-depth exploration of the molecular construction mechanisms of mineral elements
in plant cell structures and the interactions and functions of these mineral elements.

Vitamin C, organic acid, sugar, flavonoids, and phenols are plant metabolites whose
contents are regulated by the plant genetic and environmental factors. Some research has
shown that humic acid substances, as an environmental factor, can affect plant metabolism
by regulating the plant protease activity or inducing protease synthesis [19]. Polyphe-
nols are a large group of bioactive plant compounds (over 8000) and have two main
classes called non-flavonoids and flavonoids [20]. The non-flavonoids compounds include
phenolic acids, stilbenes, and lignans, and the flavonoids compounds include flavonols,
anthocyanidins, anthocyanins, isoflavones, flavones, flavanols (or cathechins), flavanones,
and flavanonols [21]. The main polyphenols found in apples are anthocyanins, dihydrochal-
cones, flavanols, flavonols, hydroxybenzoic acid, and hydroxycinnamic acid that play an
important role in the healthful properties of apples [22]. The major flavonoid metabolites
contained in apples include dihydrochalcones, flavanols, and flavonols [13,23], which is
consistent with the results obtained in this study. The influences of different treatment
methods on the contents of 39 metabolite types in apples were analyzed in this study, with
the results showing that only Astragalin, Tiliroside, Homoplantaginin, Phlorizin, Apigenin,
Hesperidin, Oroxin A, and Kaempferol present significant differences in their contents,
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with insignificant differences among the contents of all other metabolites, indicating slight
influences of non-bagging film agents on the contents of flavonoid metabolites in apples.
Some literature has reported that the composition and antioxidant capacities of phenolic
compounds will be affected by the bagging treatment of fruits [24], with significantly
reduced contents of flavonoids in fruit pulp [25], which is similar to, but slightly different
from, the results obtained in this study.

As a new material, non-bagging film agent has the prospect of replacing fruit bagging
in the application and popularization of non-bagging cultivation of apples. However,
because the non-bagging cultivation of apples has high requirements on tree vigor, orchard
management level, and complementary measures in non-bagging cultivation, it is still
necessary to carry out further in-depth research to clarify the complementary measures for
this cultivation technique.

There are some limitations in this study. With the bagging of apples, the contact
between fruits and pesticides is reduced, thus effectively reducing pesticide residues on
apple fruits. Therefore, it is necessary to deeply explore the components of non-bagging
film agents and monitor the pesticide residues of fruits sprayed with non-bagging film
agents to evaluate their safety.

5. Conclusions

Most apples in China have been bagged during cultivating to prevent pests and
diseases in earlier stages and promote coloration and mitigate fruit russeting in later stages.
In this study, a comparative analysis has been performed on the bagging and non-bagging
treatment methods of apples, with the conclusion that the total contents of mineral elements
in apples can be significantly increased with the spraying of two kinds of non-bagging
film agents, with relatively small effects on the contents of flavonoid metabolites in apples.
Therefore, it is suitable to use these two non-bagging film agents in the non-bagging
cultivation of Fuji apples.
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Abstract: The limited cold tolerance of the Jin Huang mango represents a significant impediment
to its potential for international trade. Therefore, this study evaluated the quality index changes of
green maturity Jin Huang mangoes with different post-ripening treatments and then when stored at
different storage periods (7, 14, 21, and 28) at 4 ◦C followed by 6 days at 20 ◦C. This study showed
that the mangoes treated with 500 ppm ethylene were slow to ripen during 4 ◦C storage, which could
be sustainable even under 20 ◦C storage. In addition, the control (CK) group failed to mature or ripen
unevenly after storage at 4 ◦C. Moreover, the T3 group (ethylene ripening for 1 day and post-ripening
at 20 ◦C for 1 day) minimized the occurrence of CI during storage compared to the CK group while
contributing to a 30% decrease in anthracnose incidence and a decrease in firmness and titratable acid
(TA), while total soluble solids (TSS) notably increased, yet the ascorbic acid content in this group
was lower. Hence, the treatment conditions of Jin Huang mango using T3 helped extend its shelf-life
at 20 ◦C, stocking and minimizing CI and anthracnose, thereby maintaining a certain quality.

Keywords: mango; post-harvest; ripening; chilling injury; shipping; shelf-life

1. Introduction

Mangifera indica Linn. was successfully hybridized with ♂keitt × ♀white and has
long been circulating on the market with the breeder’s name (trade name) Jin Huang
mango [1]. It has a large size, high sugar content, low acidity, and high fiber content, with
flat seeds and a high pulp ratio, and it is appreciated by consumers both for its bright
yellow appearance and sweet pulp [2]. However, it is a typical perennial fruit with a short
storage period (shelf-life), which will ripen rapidly post-harvest while undergoing drastic
physiological changes during the ripening process, with respiration and ethylene peaks
occurring. Moreover, anthracnose is a widespread factor that reduces the storage life of
mangoes and is characterized by dark brown or black spots, pits, and decay on the mango
peel, which results in severe economic losses [3].

Currently, it is common practice to extend the shelf-life of ripe mangoes using low-
temperature storage. Yet, Jin Huang mango has poor cold tolerance; more specifically, it
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experiences chilling injury (CI), the inability to change peel color period, browning, de-
pression, ripening disorders, poor taste, and sensitivity to spoilage, which are the adverse
effects of low-temperature (5 ◦C–8 ◦C) storage [4–6]. Additionally, the market receives un-
ripe fruits that are unevenly ripened, necessitating re-ripening treatment and repackaging,
while these extra processes result in increased mechanical damage risks and labor costs [7],
which are not economically feasible. Consequently, this contributes to the high prices of
fruits at the final market end. Unfortunately, the mango faces significant challenges in
international distribution due to its inherent difficulty in post-harvest and ripening. This
poses a considerable obstacle for the mango industry and limits the potential commer-
cial viability. Therefore, the appropriate mitigation and control of anthracnose, including
suitable harvesting techniques, post-harvest handling, and storage practices, are essential.
These would effectively prolong the shelf life of mangoes, minimize economic losses, and
ensure a steady supply of quality mangoes.

Typically, mango fruits self-ripen on the tree, and most mango varieties can be con-
sidered fully ripe on the tree as the standard for harvesting, where the fruits have the
best flavor for immediate consumption. In commercial marketing practices, it is generally
advised against harvesting fruits when they are fully ripe; however, such fruits are more
vulnerable to injury and have a shorter shelf life, which can present significant challenges
during transportation and marketing. Since the Jin Huang mango tends to deteriorate in
the flesh during ripening, large-scale cultivations commonly harvest at a definite point,
such as 100–120 days after anthesis. Yet, the ripening of each fruit differs at the time of
harvest, which causes uneven ripening speeds and, hence, variable quality in different
fruits. Therefore, the artificial ripening technique involves an exogenous ripening agent,
such as exogenous ethylene, which accelerates the ripening time to ensure more uniform
ripening of the same batch of fruits and provides consistent quality after ripening [8,9].
Simultaneously, it offers superior quality fruit (appearance, color, smell, and flavor) to
satisfy consumers’ demands. Moreover, the cold sensitivity of ripened fruits decreases.
Zhao et al. [10] reported that the CI index of unripened mangoes was higher than that of
light yellow and yellow ones for 12 days of storage at 2 ◦C and rewarming to 25 ◦C. In
addition, treating tomatoes with ethylene before storage or shipping can be more effective
than post-storage treatments, which results in faster and more consistent ripening, leading
to a more extended storage period and minimizing the risk of CI during low-temperature
storage [7].

In this study, the aim of ripening was combined with refrigerated storage at low
temperatures while simulating the transportation conditions of rewarming storage to
investigate the different post-ripening treatments (no ripening, ethylene-ripening for
1 day, ethylene-ripening for 1 day + post-ripening for 1 day, and ethylene-ripening for
1 day + post-ripening for 2 days) for green maturity Jin Huang mangoes before low-
temperature storage in the refrigerated storage at 4 ◦C. Simultaneously, we investigated the
changes in the anthracnose incidence, CI index, ripening index, respiration rate, ethylene
production, color analysis, firmness, total soluble solids (TSS), titratable acid (TA), and
ascorbic acid contents of mango during the 28-day storage period and after 20 ◦C rewarm-
ing for 6 days, which could facilitate the evaluation of the feasibility of mango in the actual
commercial operation, namely, the long-term low-temperature marine shipping.

2. Materials and Methods

2.1. Materials

The green maturity Jin Huang mangoes used in this study (three batches were har-
vested from May to July 2023, within 110–120 days after anthesis [11], and the detailed
screening color parameters are shown in Figure A1) were purchased from a local fruit
farmer (Pingtung, Taiwan). For this study, fruits of commensurate size and free from
any signs of disease were selected, while any fruit that displayed signs of bruising was
excluded. All mangoes were placed in PVC carriers and transported via a vehicle back to
the laboratory (within 1 h of travel time). Afterward, the abraded fruits were excluded, and
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similar-sized fruits were selected for subsequent trials. All chemicals were purchased from
Sigma-Aldrich® (Merck KGaA, Darmstadt, Germany) and used without any treatment
unless otherwise stated.

2.2. Grouping and Pre-Processing

All the experimental mangoes were randomly arranged in sponge-lined baskets and
divided into 4 treatment groups (n = 90) as follows: the control group (CK) was without any
treatment; the T1 group was ripened with 500 ppm ethylene at 20 ◦C for 1 day; the T2 group
was ripened with 500 ppm ethylene at room temperature for 1 day and ripened at 20 ◦C for
1 day; the T3 group was ripened with 500 ppm ethylene at 20 ◦C for 1 day and ripened at
20 ◦C for 2 days. Then, the mangoes with different treatments were refrigerated at 4 ◦C, and
during the storage period, the chilling injury (CI) index, anthracnose incidence, ripening
index, respiration rate, ethylene production color change, and physiological and quality
changes were investigated every 7 days, and some of the mangoes were shifted to the
20 ◦C refrigerators for rewarming investigation on the 14th, 21st, and 28th days. Moreover,
the CI index, anthracnose incidence, and color change were investigated daily during the
warming period. In addition, peel color analysis was conducted on the 2nd, 4th, and 6th
days, while fruit quality was analyzed on the 3rd and 6th days of the warming period.

Group Treatment method
Control (CK) Without any treatment

T1 Ripened with 500 ppm ethylene at 20 ◦C for 1 day

T2
Ripened with 500 ppm ethylene at 20 ◦C for 1 day and ripened at 20 ◦C
for 1 day

T3
Ripened with 500 ppm ethylene at 20 ◦C for 1 day and ripened at 20 ◦C
for 2 days

2.3. Chilling Injury (CI) Index

The determination of the CI index of mango in this study was performed as described
by Kong et al. [12] with slight modifications. The symptoms of CI were observed with visual
inspection for the presence of brown spots, localized browning, and pitting. Specifically, the
appearance of scald-like spots (gray) on the epidermis of mangoes also includes browning
and discoloration of the pulp [13]. The CI index was categorized into five levels, and the
indexes were determined as follows: level 0: Without CI, while the CI area of level 1 is less
than 2%; level 2: 2–10%; level 3: 10–20%; and level 4: more than 20%.

2.4. Anthracnose Incidence

The visual observation of the occurrence and determination of anthracnose in mangoes
was based on an approach described by Mokgalapa et al. [14] with minor modifications.
The symptoms of anthracnose present as black, irregular, and sunken lesions. Affected
fruits, especially those of larger size, can undergo a prolonged incubation period, delaying
the onset of disease until the final stages of ripening [15]. Prompt diagnosis and treatment
are essential to prevent the spread of the disease and minimize losses in yield. Mangoes
found to be naturally infected (quiescent) with anthrax at the observation time points
during the storage period of this study were immediately removed, and the incidence of
anthrax in each group was calculated using the following equation.

Anthracnose incidence(%) =
Number of anthracnose − affected fruits

total number of fruit
× 100 (1)

2.5. Ripening Index

The appearance of color change in the mango was observed by the naked eye and de-
termined according to the description in Raghavendra et al. [16], with slight modifications.
The color change levels were classified into 5 levels, defined as follows: Level 0: bright
green peel color. Level 1: greenish to yellowish peel color area. Level 2: the peel color
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area is more yellow than green. Level 3: bright yellow peel color. Level 4: dark yellow
peel color.

2.6. Respiration Rate and Ethylene Production

In this study, mango respiration rate and ethylene content were determined according
to those described by Cheng et al. [17] and Lawson et al. [18], respectively, with some
modifications. Briefly, mangoes were kept in a 6 L breathing tank and then sealed, followed
by sampling every 2 days using a 1 mL syringe at the outlet of the breathing tank for
analysis. Subsequently, sample analysis was performed using a gas chromatograph (GC-
8A, Shimadzu Co., Kyoto, Japan) equipped with a thermal conductivity detector and
column of Porapak P (80/100, 2 m, 2 mm ID, GL Sciences Inc., Torrance, CA, USA) under
the following conditions: 100 ◦C at the injection, 90 ◦C at the column, and respiration rate
expressed in mg CO2 kg−1h−1. In addition, the ethylene production measurement was
changed to a flame ionization detector with a Porapak Q (100/120, 2 m, 2 mm ID, GL
Sciences Inc.) column under the following analytical conditions: 100 ◦C at the injection,
80 ◦C at the column, and the ethylene production expressed as μL kg−1 h−1.

2.7. Color Analysis

The color appearance of the mango sample was determined following an approach
described by Lin et al. [19] and Nkhata, S. G. [20], with minor modifications. The L, a, and b
values of the samples were determined by a colorimeter (SD 5000, Nippon Denshoku Ins.,
Co., Ltd., Tokyo, Japan). The L value (brightness) ranges from 0 to 100, with higher values
representing brighter colors; a value (red, with positive values representing red and negative
values representing green); and b value (yellow, with positive values representing yellow
and negative values representing blue). In addition, the measurements were performed
in the middle section on one side of the fruit (2 points were measured randomly and
averaged), which was covered with a black cloth to avoid affecting the data results. Then,
the total color change (ΔE) was calculated by the following equation.

Total color difference(ΔE) =
√(

ΔL − CK)2 + (Δa − CK)2 +
(

Δb − CK)2
)

(2)

where the ΔL, Δa, and Δb are the measured values of the sample (changes in lightness,
redness, and yellowness) minus the difference from the CK (control).

Moreover, the hue angle (θ value) and color concentration (C value) determinations
and calculations were performed according to the description of Lawson et al. [18], with
minor modifications. The θ value was calculated as the absolute values of b/a multiplied
by the arctangent function, which was used to indicate the color change of the fruit (0◦
represents reddish purple, 90◦ represents yellow, 180◦ represents blue-green, and 270◦
represents blue). The C value was calculated by (a value2 + b value2)1/2, and the higher
value indicated that the C value of the mango peel was more intense.

2.8. Firmness

The determination of the firmness of the mango sample was based on the method
described by Cheng et al. [17]. The firmness of the mango was measured by using a texture
analyzer (EZ-Test 500N, Shimadzu Co., Japan, Tokyo) with the following conditions: use
of a No. 5 probe (0.5 cm in diameter and 10 mm deep into the sample). Each mango was
measured at a single point at the equator, both the front and back sides were measured, the
values were averaged, and the firmness (N) was determined.

2.9. Total Soluble Solid (TSS)

TSS determination in mango was based on the method described by Wu et al. [21].
TSS was determined by taking the juice from the mango pulp and measuring it using a
handheld brix meter (N-1E, Atago Co., Ltd., Tokyo, Japan), expressed in terms of ◦Brix.
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2.10. Titratable Acid (TA)

TA determination in mango was based on the method described by Wu et al. [21],
with some modifications. A total of 10 g of mango pulp was added to 100 mL of reverse
osmosis water and then used a homogenizer (Hsiangtai Machinery Industry Co., Ltd., New
Taipei, Taiwan) for homogenization and then filtration. Afterward, 25 mL of the clarified
solution was titrated with 0.1 N NaOH to pH 8.1 titration endpoint using an automatic
titrator (T5, Mettler Toledo, Columbus, OH, USA). The titration result was determined by
the equivalence of malic acid and NaOH to determine the TA content.

2.11. Ascorbic Acid

The determination of the ascorbic acid of the mango sample was based on the method
described by Cheng et al. [17]. Mango pulp (5 g) was added to 50 mL of 3% metaphosphoric
acid (HPO3), mixed evenly, and filtered. Then, 5 mL of the filtrate was added with 5 mL
of HPO3, which was titrated with indophenol until the color of the solution turned pink.
The above process was repeated for the standard of 1 mM ascorbic acid. Finally, it was
calculated by the following equation:

Ascorbic acid content(mg/100 g)
=

Volume of indophenol used for sample titration (mL)
Volume of indophenol used for titration of ascorbic acid standard (mL) × 50 mL

5 mL × 1 g
5 g

(3)

2.12. Statistical Analysis

All data in this study were analyzed with Statistical Analysis System (V9.0, SAS
Institute, Cary, NC, USA) for one-way analysis of variance (ANOVA), followed by Fisher’s
Least Significant Difference (LSD) to analyze the differences at the significance level of
p < 0.05. Each treatment was observed for thirty fruits, with every ten fruits as one repetition
(n = 1), while all assays used six fruits per group and performed triplicate trials (n = 3). All
the data in the figures were expressed as mean ± standard deviation (SD), and the figures
were plotted with SigmaPlot (V10.0, Systat Software, Inc., Chicago, IL, USA).

3. Results

3.1. Changes in Different Treatments on the Appearance of Mango Fruits

This study showed the peel of CK and T1 remained green and yellowish during
storage, while the peel of T2 and T3 turned yellow (Figure 1A). However, CI occurred in CK
and T1 during storage and was most severe in CK, whereas it occurred to a lesser extent in
T2 and T3. This was attributed to the increased post-ripening period before storage, which
assisted in minimizing the occurrence of CI in the mango fruit. Afterward, all mango fruits
were stored at 4 ◦C for 14, 21, and 28 days, respectively. A portion of the mangoes was
removed and kept at 20 ◦C for 6 days. The results indicated that both CK and T1 peels
showed visible signs of CI and a change in the color of the peels (Figure 1B). Moreover, the
peels on T2 showed a bright yellow color and some anthracnose symptoms, while the peels
of CK and T3 showed more severe anthracnose symptoms.

3.2. Effect of the Post-Ripening Period on the Incidence of Anthracnose in Post-Harvest Mangoes

This study revealed that the incidence of anthracnose was significantly higher in
T3 compared to others during storage; in particular, there were 23% and 47% incidences
of anthracnose at 14 and 21 days of storage, respectively, whereas there was significant
anthracnose incidence in CK at 28 days of storage, while T1 exhibited no anthracnose
incidence during the storage period (Figure 2A). Next, all fruits after 14, 21, and 28 days
of storage were rewarmed (20 ◦C) and stored for 6 days. In this study, the anthracnose
incidence of all fruits was positively correlated with the subsequent storage time, while
T3 was the highest and T1 was the lowest. (Figure 2B–D). Notably, CK showed a rapid
expression of anthracnose symptoms after 21 and 28 days of storage and rewarming.
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(A) 

Figure 1. Cont.
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(B) 

Figure 1. Effects of the post-ripening period on the appearance of Jin Huang mango (A) stored at
4 ◦C for 7, 14, 21, and 28 days; (B) followed by those stored at 20 ◦C for 6 days. The control group
(CK) was without any treatment; the T1 group was ripened with 500 ppm ethylene at 20 ◦C for 1 day;
the T2 group was ripened with 500 ppm ethylene at 20 ◦C for 1 day and ripened at 20 ◦C for 1 day;
the T3 group was ripened with 500 ppm ethylene at 20 ◦C for 1 day and ripened at 20 ◦C for 2 days.
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Figure 2. Effects of post-ripening time on the anthracnose incidence of post-harvest Jin Huang mango.
(A) Storage at 4 ◦C; (B) storage at 4 ◦C for 14 days with rewarming (20 ◦C) for 6 days; (C) storage at
4 ◦C for 21 days with rewarming (20 ◦C) for 6 days; (D) storage at 4 ◦C for 28 days with rewarming
(20 ◦C) for 6 days. The control group (CK; •) was without any treatment; the T1 group (�) was
ripened with 500 ppm ethylene at 20 ◦C for 1 day; the T2 group (�) was ripened with 500 ppm
ethylene at 20 ◦C for 1 day and ripened at 20 ◦C for 1 day; the T3 group (�) was ripened with
500 ppm ethylene at 20 ◦C for 1 day and ripened at 20 ◦C for 2 days. The vertical bar represents the
standard errors of the mean. Values with different letters indicate significant differences (p < 0.05).

3.3. Effects of the Post-Ripening Period on Chilling Injury (CI) Index of Post-Harvest Mangoes

This study showed that the CI index increased rapidly in both the CK and T1 groups
during storage, while CK (3.5) was higher than the others during the 28-day storage period,
and T3 was the lowest (p < 0.05) (Figure 3A). In addition, the CI index of CK and T1 were
significantly higher (p < 0.05) for 14 and 21 days of storage at 4 ◦C with rewarming. This
also indicated that the T2 and T3 treatments significantly minimized the CI index of mango,
where the T3 treatment was the most effective, practically without any CI (Figure 3B,C).
However, the CI index at 4 ◦C for 28 days of storage and rewarming in the CK and T3
groups was significantly higher than others (p < 0.05), whereas the T2 treatment was
effective in minimizing ones (Figure 3D).
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Figure 3. Effects of post-ripening time on the chilling injury index of post-harvest Jin Huang mango.
(A) Storage at 4 ◦C; (B) storage at 4 ◦C for 14 days with rewarming (20 ◦C) for 6 days; (C) storage at
4 ◦C for 21 days with rewarming (20 ◦C) for 6 days; (D) storage at 4 ◦C for 28 days with rewarming
(20 ◦C) for 6 days. The control group (CK; •) was without any treatment; the T1 group (�) was
ripened with 500 ppm ethylene at 20 ◦C for 1 day; the T2 group (�) was ripened with 500 ppm
ethylene at 20 ◦C for 1 day and ripened at 20 ◦C for 1 day; the T3 group (�) was ripened with
500 ppm ethylene at 20 ◦C for 1 day and ripened at 20 ◦C for 2 days. The vertical bar represents the
standard errors of the mean. Values with different letters indicate significant differences (p < 0.05).

3.4. Effects of the Post-Ripening Period on Ripening Index of Post-Harvest Mangoes

This study revealed the same trend of peel color change in mango during storage at
4 ◦C and rewarming (20 ◦C) at storage. However, CK without ripening treatment showed
almost no discoloration, while the ripening index was lower than the ripened mango
during the entire storage period (Figure A2A–D). Notably, the CK showed an abnormal
post-ripening phenomenon after rewarming at storage. Moreover, the ripening index of
fruits was higher and quicker as the duration of ripening treatment increased, where T3
exhibited the highest ripening index during the storage period, followed by T2, while T1
was slower (p < 0.05).

3.5. Effects of the Post-Ripening Period on Respiration Rate and Ethylene Production of
Post-Harvest Mangoes

This study showed no noticeable change in the respiration rate of all groups during
storage. In contrast, the respiration rate of the treatments with different ripening times
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was significantly higher than that of CK on the 7th day of storage (p < 0.05). In contrast,
the T2 and T3 groups exhibited higher respiration rates of 12.6 and 13.9 mg CO2 kg−1 h−1,
respectively (Figure 4A). In addition, the respiratory peak was reached in the T3 group at
14 days of storage (24.5 mg CO2 kg−1 h−1), whereas in the T1 group at 21 days of storage
(16.6 mg CO2 kg−1 h−1), which was higher than others. Regarding ethylene production, CK
showed a higher ethylene production of 1.1 μL kg−1 h−1 at 14 days of storage, whereas there
was no significant difference between the groups, which were less than 1.0 μL kg−1 h−1

(Figure 4B).

 
Figure 4. Effects of the post-ripening period on (A) respiration rate and (B) ethylene production of Jin
Huang mango during storage at 4 ◦C. The control group (CK; •) was without any treatment; the T1
group (�) was ripened with 500 ppm ethylene at 20 ◦C for 1 day; the T2 group (�) was ripened with
500 ppm ethylene at 20 ◦C for 1 day and ripened at 20 ◦C for 1 day; the T3 group (�) was ripened
with 500 ppm ethylene at 20 ◦C for 1 day and ripened at 20 ◦C for 2 days. The vertical bar represents
the standard errors of the mean. Values with different letters indicate significant differences (p < 0.05).
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3.6. Effects of the Post-Ripening Period on the Post-Harvest Quality of Jin Huang Mangoes
3.6.1. Change in ΔE of the Peel

During the initial stage of treatment with varying post-ripening periods, the color
parameters changed in all groups (Figure A3), which were significantly different from
each other (p < 0.05). These implied that values increased over storage time, where the
appearance of color in the T2 and T3 groups significantly differed from that of the CK group.
In addition, the L* and a* values of all fruits under each treatment decreased compared
to the initial values of each, which were reflected in the presentation of ΔE, meaning
that the fruits tended to over-ripen; these results were also validated in the subsequent
analysis (Section 3.7). However, during storage at 4 ◦C, the peel L* value of the CK group
was observed to have undergone a considerable decline, which was significantly more
pronounced than that of the other groups, while this was also reflected in the value of
ΔE. Regarding the storage in the warmed (20 ◦C) condition, the lowest peel L* value
was determined in the CK group, while the T1, T2, and T3 groups were significantly
higher, which also leads to differences in the ΔE (Figure A3B–D). This was attributed to
the lack of post-ripening treatment in the CK group, thereby contributing to CI during
storage. In contrast, the other groups showed relatively slight CI due to the post-ripening
treatment, which enhanced the tolerance to low temperatures. It was recommended that
further investigations be conducted to elucidate the underlying mechanisms responsible
for these observations.

3.6.2. Changes in the Hue Angle (θ Value) of the Peel

This study showed that during storage at 4 ◦C, the CK group had the highest peel θ
value, which ranged from 99.6 ± 0.9 to 103.9 ± 0.6 (p < 0.05), as indicated in Figure A4A.
However, the three ripening treatment groups showed a significantly lower peel θ value,
while the T3 group exhibited the lowest value, ranging from 85.9 ± 0.8 to 86.7 ± 1.0
during storage. In contrast, the T2 group consistently declined the peel θ value throughout
storage, starting from day 14 and persisting until day 28. This trend suggested a gradual
deterioration in the mango quality of those that were stored. Moreover, a similar trend
occurred for the 4 ◦C stored fruits, which were changed to the rewarming (20 ◦C) storage,
and the peel θ value gradually decreased in all groups with increasing rewarming time
(Figure A4B–D).

3.6.3. Changes in the Color Concentration (C Value) of the Peel

This study showed that the peel C value of mango with different ripening treatments
during storage at 4 ◦C ranged from high to low in T3, T2, T1, and CK groups, respectively.
This indicated that the peel C values of mango were significantly increased (p < 0.05) by
ripening treatments (Figure A5). During storage at rewarming (20 ◦C), the C values of
the ripening treatment groups were also significantly higher than that of the CK group
(Figure A5B–D), which suggested that there were no significant differences in the effects of
the two storage conditions on the C value of the mango peel.

3.6.4. Changes in the Firmness of the Mango

This study showed that the firmness of the ripened mango groups was significantly
lower than that of the CK group during storage at 4 ◦C (p < 0.05) (Figure 5A), which was
negatively correlated with the storage time. However, the firmness of mango fruits of each
group in descending order was CK, T1, T2, and T3. Similar trends were also observed after
rewarming, where increased post-ripening contributed to a decrease in firmness during
storage, which also decreased with increased storage time (Figure 5B–D).
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Figure 5. Effects of post-ripening time on the firmness of post-harvest Jin Huang mango. (A) Storage
at 4 ◦C; (B) storage at 4 ◦C for 14 days with rewarming (20 ◦C) for 6 days; (C) storage at 4 ◦C for
21 days with rewarming (20 ◦C) for 6 days; (D) storage at 4 ◦C for 28 days with rewarming (20 ◦C)
for 6 days. The control group (CK; •) was without any treatment; the T1 group (�) was ripened with
500 ppm ethylene at 20 ◦C for 1 day; the T2 group (�) was ripened with 500 ppm ethylene at 20 ◦C
for 1 day and ripened at 20 ◦C for 1 day; the T3 group (�) was ripened with 500 ppm ethylene at
20 ◦C for 1 day and ripened at 20 ◦C for 2 days. The vertical bar represents the standard errors of the
mean. Values with different letters indicate significant differences (p < 0.05).

3.6.5. Changes in the Total Soluble Solids (TSS) Content of the Mango

This study showed that the CK group exhibited the lowest TSS content (ranging from
5.8 ± 0.7. Brix to 7.6 ± 1.4. Brix) during storage at 4 ◦C (Table 1). However, the TSS contents
increased with post-ripening treatment time, particularly in the T2 and T3 groups, which
exhibited higher TSS contents. In contrast, it was discovered that the TSS content of the
post-ripening treatment groups was significantly greater than that of the CK group during
the rewarming storage period (20 ◦C) (p < 0.05). However, no significant differences were
observed among the treatment groups. Notably, the TSS content of the CK group tended to
increase as the rewarming period of storage increased (14–28 days).

The control group (CK) was without any treatment; the T1 group was ripened with
500 ppm ethylene at 20 ◦C for 1 day; the T2 group was ripened with 500 ppm ethylene at
20 ◦C for 1 day and ripened at 20 ◦C for 1 day; the T3 group was ripened with 500 ppm
ethylene at 20 ◦C for 1 day and ripened at 20 ◦C for 2 days.
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3.6.6. Changes in the Titratable Acid (TA) Content of the Mango

This study showed that the TA content of each group during 4 ◦C storage initially
increased with the storage time, then decreased slightly until stabilized (Table 1). These
results indicate that the storage time influenced the TA content of the mangoes. However,
after 14 and 21 days of storage at 4 ◦C then storage at a rewarming temperature (20 ◦C)
for 6 days, the TA contents of the T1 and T3 groups were significantly lower, whereas the
CK and T2 groups exhibited higher TA contents. In addition, the lower TA contents of
the T2 and T3 groups were detected after 28 days at 4 ◦C and then 6 days of storage at
20 ◦C. However, the TA contents of mangoes in all treatment groups tended to decrease
significantly during the rewarming storage period.

3.6.7. Changes in the Ascorbic Acid Content of the Mango

In this study, except for the T2 group, which showed a higher ascorbic acid content
after storage at 4 ◦C, other groups showed a gradual decrease in ascorbic acid contents
as storage time increased; from highest to lowest, they are ranked as T2, T3, T1, and CK,
which were significantly different from each other (p < 0.05) (Table 1). However, after 14
and 28 days of storage at 4 ◦C and then 6 days of rewarming (20 ◦C), the ascorbic acid
contents tended to decrease in all groups. Interestingly, after 21 days of storage at 4 ◦C
followed by rewarming, there was a decreasing trend in CK and T2, whereas there was an
increasing trend in T1 and T3. Yet, there were no significant differences for all groups.

3.7. Changes in the Appearance of Mango Pulp

This study showed that the pulps of CK and T groups were light yellow, and there
were no significant changes during storage at 4 ◦C, whereas the pulps of T2 and T3 groups
were markedly yellow and turned more yellow as storage time increased (Figure 6A).
Subsequently, in the 6 days of storage at a rewarming temperature (20 ◦C), the pulp of the
CK group showed uneven ripening and was waterlogged, as opposed to the fully ripened
and dark yellow pulps of the ripened groups (Figure 6B).

 
(A) 

Figure 6. Cont.
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(B) 

Figure 6. The effects of the post-ripening period on pulps appearance of post-harvest Jin Huang
mangoes (A) stored at 4 ◦C for 14, 21, and 28 days; (B) followed by stored at 20 ◦C for 6 days. The
control group (CK) was without any treatment; the T1 group was ripened with 500 ppm ethylene at
20 ◦C for 1 day; the T2 group was ripened with 500 ppm ethylene at 20 ◦C for 1 day and ripened at
20 ◦C for 1 day; the T3 group was ripened with 500 ppm ethylene at 20 ◦C for 1 day and ripened at
20 ◦C for 2 days.

4. Discussion

Anthracnose pathogens are known to form wounds on the fruit surface, whereas
ethylene improves the permeability of the wounds and releases nutrients to facilitate the bio-
viability of the attached pathogens, thus enhancing the probability of the fruit being infected
by the pathogens [3,14,22]. Moreover, anthracnose is no longer a minor issue but a major
concern for exporters, given the crucial demand for top-notch produce in international
markets [23]. It was reported that the most common fungal isolates currently associated
with mangoes involve 13 species, mainly C. asianum and C. siamense, which accounted for
60% of the germination [24]. It is worth mentioning that anthracnose has asexual spores
(conidia) that can be transmitted, while spores contacting the susceptible tissues of the host
begin to infect the host. The pathogen reproduces, culminating in developing the disease
in the fruit [25]. More specifically, Colletotrichum spp. utilizes a semi-biotrophic mode
of infection to penetrate, colonize, and spread within susceptible host plants; i.e., black
adherent cysts are formed that penetrate the host and form harmless primary mycelium
during the biotrophic stage of infection. Secondary hyphae are then formed during the
necrotic stage, leading to spore colonization on the surface of infected tissues of the host,
resulting in continuous repetitive pathogen transmission and infection [26]. However,
this study showed that storage at 4 ◦C for 28 days in the T1 group and storage at 4 ◦C
for 21 days in the T3 group effectively minimized anthracnose incidence development
(Figure 2A). It is worth mentioning that the CK and T1 groups storage at 4 ◦C for 14–21 days
before switching to rewarming storage for 2–4 days also effectively decreases the incidence
of anthracnose (Figure 2B,C). As fruits ripened, anthracnose incidence increased [27–29].
Furthermore, it was suggested that fruit stored at 20 ◦C ripens faster and is more susceptible
to disease than fruit stored at 10 ◦C and 15 ◦C, with a faster increase in disease severity [30].
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The invasion of fruit pathogens will not show symptoms immediately and only show red
pinpoints on the fruit surfaces, indicating latent infection. Rain or dew will also assist in
spreading the infection, namely, the appearance of reddish-colored tear spots on the surface
of the fruit [31]. The needle-like spots of latent infection expand after ripening, and black,
sunken, irregularly shaped spots appear. However, the spots expand rapidly when the
fruits are ripe, eventually becoming water-soaked and rotted, making it a severe storage
disease [22,31].

Previously, this study confirmed that the T1 group treatment (ripened with 500 ppm
ethylene at 20 ◦C for 1 day) and the modification of storage temperature contributed to the
prolonged shelf-life and incidence of anthracnose during the post-ripening mango storage.

Moreover, CI is the primary limiting factor in mango quality maintenance during
long-term refrigeration and ambient temperature shelf-life, where the typical symptom of
CI was incomplete post-ripening [32]. In particular, exogenous ethylene supplementation
during the storage of tomatoes [33] and mangoes [34–36] provided excellent relief of fruit
CI symptoms. This was attributed to ethylene being a gaseous hormone that regulates
fruit post-ripening, aging, and response to adversity [8,36], and the blockade of ethylene
biosynthesis under low-temperature adversity was shown to be a key factor contributing
to the CI of some fruits. Therefore, the high-maturity fruits were less susceptible to CI than
poorly matured ones [33]. Simultaneously, ethylene treatment promotes mango peel color
change during storage, associated with pigment metabolism in the peel involved in the
endogenous enzyme activities, anthocyanin, and carotenoid accumulation [35].

However, this study confirmed that T2 and T3 treatments were significantly associ-
ated with decreased CI index (Figure 3A–C), where T3 treatment was the most effective
(Figure 3B). Unfortunately, the CI symptoms were evident after rewarming the fruits from
low-temperature storage to high, as observed in this study for 28 days of storage at 4 ◦C and
subsequently storage at 20 ◦C of mangoes (Figure 3D). Similarly, Jiang et al. [37] reported
that CI symptoms of ‘Guifei’ mango during storage at 5 ◦C were minor and exhibited a
gradual darkening of the peel color with the appearance of small black spots while chilling
symptoms of mango turned poorer rapidly after rewarming to 20 ◦C as severe browning,
enlargement of the black spots, depression, and unripeness were observed. In terms of
color appearance, this study found that in the CK group, which was severely chilled after
14 days of storage at 4 ◦C and then at 20 ◦C for another 6 days, there were still some green
coloration, which might result from the chloroplast damage of CI [6,38–40].

Ethylene production and respiration rate serve as important indicators of mango
physiological metabolism, whereas peaks of ethylene and respiration were characterized
in the post-ripening process of mango [41]. Therefore, all groups in this study peaked in
respiration rate and ethylene production during storage at 4 ◦C for 14–21 days (Figure 5A,B),
despite a study by Jiang et al. [37], which reported that ethylene production in mango fruit
was inhibited by storage at a low temperature of 5 ◦C. It was hypothesized that the possible
explanation was caused by cultivar differences and differences associated with the ripening
treatments before storage. Fruit softening is one of the annual ripening characteristics,
significantly affecting shelf life and market value [42]. The softening process of fruits
is caused by the degradation of polysaccharides such as starch, cellulose, and pectin by
amylase, polygalacturonase, and pectin esterase enzymes, which leads to the structural
degradation of the cell wall, thus contributing to the reduction of fruit firmness [21,43–45].
Therefore, the loss of cell expansion pressure and cell wall relaxation with fruit ripening
and senescence resulted in a decrease in firmness [46], which agreed with the results of
this study. Moreover, ethylene plays a crucial role in inducing gene expression, associated
with starch conversion to sugar, with changes in the cell wall structure contributing to
decreased fruit firmness [47]. However, in this study, treatment with ethylene prior to
storage enhanced fruit ripening, leading to the gradual softening of fruits, presumably due
to pectin hydrolysis [48,49].

Regarding TA and TSS, both influence the flavor of fruits and are indicators of their
quality. In mango fruits, TSS content tends to increase with storage time due to the
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decomposition of large molecules such as starch and pectin into smaller ones, namely, the
accumulation of sugar during respiration and the decrease in water content, thus leading
to an increase in TSS content [43,50]. Therefore, this study confirmed that the TSS contents
of mangoes treated with ripening agents were considerably higher than those of the CK
group. The TSS contents kept increasing with ripening during storage. A similar study
reported that the post-harvest application of exogenous ethylene increased TSS levels in
Keitt mangoes [51]. Unfortunately, the TA content of mangoes is observed to decrease with
prolonged storage time. This phenomenon is supported by previous research conducted by
Montalvo et al. [36], who reported that the application of exogenous ethylene can cause a
decrease in the TA of fruits. Moreover, Wang et al. [52] documented a rapid decline in the
citric acid content of mangoes subjected to ethylene treatment. These findings highlight the
significance of storage duration and ethylene treatment in preserving fruit quality.

Furthermore, ascorbic acid is one of the critical antioxidant components in the plant de-
fense system, which can be minimized by producing free radicals during fruit ripening [53].
In this study, we observed that the ascorbic acid content of mango was significantly higher
in the T1 and T2 groups during storage at 4 ◦C as the minimum CI, which was consistent
with the findings of Taghipour et al. [54]. However, the occurrence of CI and lower ascorbic
acid content in the CK group agreed with the findings of Ribeiro, B. S. and S. T. de Fre-
itas [55], as CI is associated with the production of excessive reactive oxygen species (ROS)
related to chloroplasts and mitochondria, such as hydrogen peroxide, superoxide radicals,
and hydroxyl radicals, thereby leading to oxidative damage [12,27,37,38].

Taken together, the conditions of the T3 treatment in this study led to a positive effect
on quality-related indicators, namely decreased TA content and increased TSS. This implies
that mangoes improve overall quality (including flavor, color, texture, and nutrition) during
post-harvest storage. Therefore, the results of this study may contribute to the improvement
and control of the ripening of mangoes during storage and transportation operations with
other potential practical applications.

5. Conclusions

This study confirmed that the pre-ripening treatment at 20 ◦C for 1 day and post-
ripening for 1 day of Jin Huang mangoes with ethylene before storage was sustainable
during storage (4 ◦C), while the accompanying change in temperature effectively mitigated
the CI index of mangoes and provided the benefit of decreasing the anthracnose incidence.
Moreover, maintaining fruit quality storage at 20 ◦C proved to be a practical approach to
enhancing the storage and transportation of Jin Huang mangoes, which also contributed to
the maintenance of the mango availability for consumption despite the decreased firmness,
TA, and ascorbic acid content but increased TSS and favorable appearance. Additionally,
this information could be highly beneficial for researchers and suppliers of Jin Huang
mango, facilitating further development opportunities. However, it is necessary to conduct
further exploration to comprehensively understand the underlying intricacies and de-
velop a more effective combined approach for mitigating various effects on mango quality
during storage.
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Appendix A

 
Figure A1. The color of Jin Huang mango (harvested within 110–120 days after anthesis) on day 0
of each batch in this study. The specific conditions are as follows: (1) L value: 64.96 (average), 69.43
(maximum), 52.34 (minimum); (2) Hue angle (θ value): 103.89 (average), 107.91 (maximum), 98.99
(minimum); (3) Chroma (C value): 44.79 (average), 49.31 (maximum), 39.19 (minimum).

Figure A2. Cont.
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Figure A2. Effects of post-ripening time on the ripening index of post-harvest Jin Huang mango.
(A) Storage at 4 ◦C; (B) storage at 4 ◦C for 14 days with rewarming (20 ◦C) for 6 days; (C) storage at
4 ◦C for 21 days with rewarming (20 ◦C) for 6 days; (D) storage at 4 ◦C for 28 days with rewarming
(20 ◦C) for 6 days. The control group (CK; •) was without any treatment; the T1 group (�) was
ripened with 500 ppm ethylene at 20 ◦C for 1 day; the T2 group (�) was ripened with 500 ppm
ethylene at 20 ◦C for 1 day and ripened at 20 ◦C for 1 day; the T3 group (�) was ripened with
500 ppm ethylene at 20 ◦C for 1 day and ripened at 20 ◦C for 2 days. The vertical bar represents the
standard errors of the mean. Values with different letters indicate significant differences (p < 0.05).

Figure A3. Cont.

85



Horticulturae 2024, 10, 103

 

Figure A3. Effects of post-ripening time on the total color change (ΔE) of post-harvest Jin Huang
mango. (A) Storage at 4 ◦C; (B) storage at 4 ◦C for 14 days with rewarming (20 ◦C) for 6 days;
(C) storage at 4 ◦C for 21 days with rewarming (20 ◦C) for 6 days; (D) storage at 4 ◦C for 28 days
with rewarming (20 ◦C) for 6 days. The control group (CK; •) was without any treatment; the T1
group (�) was ripened with 500 ppm ethylene at 20 ◦C for 1 day; the T2 group (�) was ripened with
500 ppm ethylene at 20 ◦C for 1 day and ripened at 20 ◦C for 1 day; the T3 group (�) was ripened
with 500 ppm ethylene at 20 ◦C for 1 day and ripened at 20 ◦C for 2 days. The vertical bar represents
the standard errors of the mean. Values with different letters indicate significant differences (p < 0.05).

Figure A4. Cont.
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Figure A4. Effects of post-ripening time on the hue angle (θ value) of post-harvest Jin Huang mango.
(A) Storage at 4 ◦C; (B) storage at 4 ◦C for 14 days with rewarming (20 ◦C) for 6 days; (C) storage at
4 ◦C for 21 days with rewarming (20 ◦C) for 6 days; (D) storage at 4 ◦C for 28 days with rewarming
(20 ◦C) for 6 days. The control group (CK; •) was without any treatment; the T1 group (�) was
ripened with 500 ppm ethylene at 20 ◦C for 1 day; the T2 group (�) was ripened with 500 ppm
ethylene at 20 ◦C for 1 day and ripened at 20 ◦C for 1 day; the T3 group (�) was ripened with
500 ppm ethylene at 20 ◦C for 1 day and ripened at 20 ◦C for 2 days. The vertical bar represents the
standard errors of the mean. Values with different letters indicate significant differences (p < 0.05).

Figure A5. Cont.
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Figure A5. Effects of post-ripening time on the color concentration (C value) of post-harvest Jin
Huang mango. (A) Storage at 4 ◦C; (B) storage at 4 ◦C for 14 days with rewarming (20 ◦C) for 6 days;
(C) storage at 4 ◦C for 21 days with rewarming (20 ◦C) for 6 days; (D) storage at 4 ◦C for 28 days
with rewarming (20 ◦C) for 6 days. The control group (CK; •) was without any treatment; the T1
group (�) was ripened with 500 ppm ethylene at 20 ◦C for 1 day; the T2 group (�) was ripened with
500 ppm ethylene at 20 ◦C for 1 day and ripened at 20 ◦C for 1 day; the T3 group (�) was ripened
with 500 ppm ethylene at 20 ◦C for 1 day and ripened at 20 ◦C for 2 days. The vertical bar represents
the standard errors of the mean. Values with different letters indicate significant differences (p < 0.05).
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Abstract: The aim of this study was to find out how different postharvest temperatures and MeJA
treatments affected the quality of table grapes, their antioxidant properties, and the amount of
hydrogen peroxide and malondialdehyde they contained. For the investigation, postharvest Shine
Muscat table grapes were treated with low and high temperatures and MeJA at concentrations of
10 and 100 μmol/L. The results indicated that treating grape berries with MeJA at concentrations
of 10 and 100 μmol/L effectively reduced weight loss and mitigated the increase in soluble solid
content while also mitigating the decrease in berry firmness and titratable acidity. Consequently,
this treatment preserved the sensory and nutritional qualities of the berries and extended their shelf
life. Meanwhile, the application of MeJA at a concentration of 10 μmol/L demonstrated superior
effectiveness compared to the 100 μmol/L concentration and resulted in a significant enhancement of
antioxidant activities by increasing levels of superoxide dismutase, catalase, ascorbate peroxidase,
and polyphenol oxidase. Furthermore, the levels of hydrogen peroxide and malondialdehyde in
the samples increased for all treatments throughout the storage period. Nevertheless, the levels of
hydrogen peroxide and malondialdehyde generation following MeJA treatment remained much
lower compared to samples treated at room temperature and low temperature. Therefore, the
postharvest application of MeJA at a concentration of 10 μmol/L could play a critical role as a
stimulator of fruit quality as well as enhance physicochemical parameters and antioxidant activities
for extending the shelf life of grapes during storage.

Keywords: grape; postharvest; room temperature; low temperature; methyl jasmonate

1. Introduction

Table grape cultivars are among the most widely consumed non-climacteric fruits
globally. China has been the world’s leading producer of table grapes since 2011, with
over 582,728 hectares planted and an annual yield of 11,269,900 t in 2021 [1]. Over the
past ten years, table grape agriculture in China has spread from the western and northern
regions to the southwestern and southern provinces of Sichuan, Jiangsu, Guangxi, and
Yunnan [2]. Table grapes have a low physiological activity rate, and traits like appearance,
color, texture, flavor, and aroma determine their quality. The “veraison” stage marks the
onset of ripening, during which the grapes undergo changes such as sugar accumulation,
berry softening, anthocyanin synthesis, organic acid metabolism, and the accumulation of
flavour compounds [3].
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Soluble solid content (SSC) and sugar/acid ratios are key indicators of table grape
quality, with specific minimum requirements set for each cultivar [4]. The synthesis of
hundreds of different volatile compounds during ripening determines the flavour of table
grapes, which is a complex and important aspect of their quality [5]. Table grapes are highly
perishable after harvest and sensitive to water loss due to rachis and pedicel desiccation,
resulting in browning, weight loss, and fruit softening. Additionally, the necrotrophic
fungus Botrytis cinerea is primarily responsible for fungal degradation, which results in
significant losses [6]. This fungus grows quickly and can spread through berries even at
low temperatures (LT) around 0 ◦C. As a result, table grape preservation is difficult and
depends on a variety of characteristics, with temperature and relative humidity being
especially important.

Temperature is one of the most important factors affecting fruit storage. Fruit can
have its shelf life extended after harvest by being stored at the right temperature, which
also reduces quality deterioration and microbiological infection [7,8]. A growing body of
research suggests that low-temperature storage plays a protective role in fruits by regulating
antioxidant activity, thereby reducing the accumulation of reactive oxygen species (ROS).
This mechanism helps to minimize nutrient consumption and preserve fruit quality [9–11].
According to Zhao et al. [12], preserving sweet cherry and nectarine at near-ice temperatures
considerably increased the activities of superoxide dismutase (SOD), catalase (CAT), and
ascorbate peroxidase (APX). Storage at 4 ◦C also kept the antioxidant enzyme activities
in peach fruit active for a considerable amount of time [13]. The findings of the study
demonstrated that low-temperature storage can effectively maintain high antioxidant
enzyme activity and delay senescence in fruits. This preservation of antioxidant activity
contributes to the preservation of stored fruit quality and extends the overall storage period.

Methyl jasmonate (MeJA) is a plant hormone that acts as a signal molecule involved
in the growth and development of plants. It also plays a crucial role in the plant’s response
to various abiotic and biotic stresses [14–16]. Several previous studies and investigations
show that the exogenous application of MeJA has a positive impact on the quality and
shelf life of various harvested fruits, such as wine grape and bell pepper, which could
be attributed to improved oxidation resistance. Moreover, MeJA applications have been
shown to extend shelf life and be beneficial in mitigating symptoms of chilling injury in
sweet orange and pomegranate [17,18]. It has been proposed that using MeJA lowers the
activity of enzymes that hydrolyse glycosidic connections between cell wall components
to promote cell wall softening in fruits, enhancing firmness and resistance to mechanical
damage while indirectly lowering microbial attack [19].

MeJA has recently been used to improve the chilling resistance of fruits and vegetables
such as pepper and pineapple [20,21]. It is possible that a stronger antioxidant defence
system and a lower malondialdehyde (MDA) level are linked to MeJA’s ability to protect
fruit quality from chilling damage.

Treatment with MeJA raised the levels of ascorbic acid and carotenoids in cherry
tomato fruits that had already been picked. It also caused bioactive metabolites to build
up [22]. During storage, a particular quantity of exogenous MeJA treatment preserved the
fruit quality of blood orange and retained greater total phenolic and anthocyanin content
than in the control [23]. Additionally, postharvest MeJA treatment can preserve and even
enhance the nutritional and medicinal quality of medlar, wine grape, mandarin fruit, and
Centella asiatica [24–27].

It has been demonstrated in several studies that the application of MeJA can improve
the innate disease resistance of plants against pathogen infection and ecological stresses
such as cold [28]. Moreover, MeJA has been shown to have insecticidal properties in
agricultural crops by enhancing the activities of chitinase and β-1,3 glucanases in plant
leaves [29]. Furthermore, exogenous MeJA has been found to enhance chilling tolerance in
horticultural crops by improving the expression of heat shock proteins (HSPs) and C-repeat
binding factor (CBF) [30]. These findings suggest that treatment with MeJA could be a
valuable approach to reducing postharvest diseases and enhancing fruit quality, ultimately
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resulting in an extended shelf life for horticultural produce. Therefore, the aim of our study
is to investigate how temperature regulation and MeJA affect the antioxidant activities of
the Shine Muscat grape from a physiochemical perspective during a period of storage.

2. Materials and Methods

2.1. Fruit Samples and Treatments

The investigation was conducted using white table grapes, namely the Shine Muscat
varietal. The Shine Muscat grapes were manually collected from the experimental vine-
yard of Nanjing Agricultural University, situated in the Jiangsu Academy of Agricultural
Sciences in China. The grape bunches were promptly transported to the laboratory in
cardboard boxes within a span of one hour. Prior to the experiment, the bunches were
organized to guarantee that they possessed identical dimensions and hues and were devoid
of any imperfections or indications of illness. The experiment took place at the laboratory of
the pomology department, situated at Nanjing Agricultural University in Jiangsu Province,
China. The bunches were divided into four groups, as indicated in Table 1. There were
15 boxes in each group, and each group had three boxes that served as replications. Sub-
sequently, the bunches were placed on filter paper and packed in plastic boxes weighing
500 g each prior to storage.

Table 1. Experimental Conditions for Storage of Shine Muscat Grape Bunches for a Duration of
30 Days.

Group Treatment Treatment Mode Temperature Relative Humidity

RT Tap water Soak for 5 min 20 (±5) ◦C 70 (±5) %
LT Tap water Soak for 5 min 4 ◦C 95%
M1 MeJA 10 μmol/L Soak for 5 min 4 ◦C 95%
M2 MeJA 100 μmol/L Soak for 5 min 4 ◦C 95%

Note: RT stands for room temperature, LT stands for low temperature, and MeJA stands for methyl jasmonate.

Analyses were conducted on days 0, 10, 20, and 30 following the treatments. For the RT
treatment, no measurements were taken on the 30th day except for estimating the weight
loss at the end of storage because it had reached the unacceptable limit for consumption
and marketing. Following the physiological evaluation, five berries were taken as samples
and tested three times for subsequent analyses. The samples were immediately frozen in
liquid nitrogen and stored at −80 ◦C.

2.2. Measurement of Physicochemical Properties

The fruit’s quality was assessed by measuring the weight loss ratio, firmness, soluble
solid content (SSC), and titratable acidity (TA) using the methodology outlined in the
AOAC [31] guidelines. Five berries were utilised in order to ascertain the weight reduction
of the samples, and their initial weight was measured prior to storage. The weights of the
remaining samples were measured at each sampling stage. Weight loss was determined
by subtracting the weight at each sampling stage from the initial weight of each sample,
dividing the difference by the initial weight, and then multiplying the quotient by 100.

A digital penetrometer (GY-4 digital fruit penetrometer, China) was used to measure
the penetration force required for a 6 mm diameter probe to enter the berry at a rate of
5 mm/s to a depth of 5 mm. The experiment involved using five berries, which were tested
three times, and the measurements were recorded in Newtons (N).

Five berries from each bunch were mixed and ground to make a homogeneous sample
that was the same for SSC testing. The measurement was made in triplicate at 20 ◦C using
a digital refractometer (3T, Atago Co., Ltd., Tokyo, Japan). A few drops of juice were put
on the prism of the refractometer, and the results were expressed as a percentage.

Five mL of juice was taken and titrated with 0.1 N sodium hydroxide (NaOH) to a
phenolphthalein endpoint using a colour indicator (clear to pink) to measure the percentage
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of titratable acidity. Total acidity was represented as a percentage of tartaric acid in
the results.

2.3. Measurement of Antioxidant Enzyme Activities

The evaluation of antioxidant enzyme activity was conducted using the method
described by Modesti et al. [25]. The frozen berry tissue powder was dissolved in an
extraction buffer (2:5 w/v) containing 100 mM potassium phosphate buffer (pH 7.8), 100 mM
sodium EDTA (pH 7), 1.25 mM polyethylene glycol, and 2 mM dithiothreitol to obtain the
total soluble proteins. After being thoroughly mixed in the mortar with a 5% solution of
polyvinylpolypyrrolidone, the sample was then transferred to a 2 mL Eppendorf tube. The
samples were subjected to a 30 min 14,000× g centrifugation at 4 ◦C. The supernatant was
used to conduct enzyme activity experiments.

A mix of 1.5 mL of 100 μL crude enzyme extract, 50 mM of potassium phosphate
buffer (pH 7.8), 0.1 mM sodium EDTA, 13 mM of methionine, 75 μM NBT, and 2 μM
riboflavin was made to measure SOD activity. Riboflavin was added to start the reaction,
and the absorbance at 560 nm was measured after 15 min of incubation at room temperature
with constant illumination. The amount of enzyme that, under the abovementioned assay
conditions, inhibits the rate of NBT degradation by 50% is considered one SOD unit. The
activity of SOD was determined as U g/FW using a UV spectrophotometer (Shimadzu
UV-1800, Tokyo, Japan) with proper calibration.

To evaluate the activity of CAT, a reaction mixture was made by mixing 1.5 mL of
a crude enzyme extract with 100 L, 20 mM of H2O2, and 50 mM of a pH 7 potassium
phosphate buffer. The procedure began with the introduction of H2O2, and as a result of its
decomposition, the absorbance at 240 nm at 25◦ C for 1 min decreased. CAT activity was
measured as μmol H2O2/g FW.

APX activity was determined using a reaction mixture with a final volume of 1.5 mL.
The mixture consisted of 20 μL of pure enzyme extract, 100 mM of potassium phosphate
buffer (pH 7), 0.25 mM of ascorbic acid, 0.70 mM of H2O2, and 0.66 mM of sodium EDTA
(pH 7). The process was initiated by introducing H2O2, and the ascorbic acid oxidation was
evaluated by measuring the reduction at 290 nm. The activity of APX was expressed as
μmol H2O2/g FW.

Polyphenol oxidase (PPO) activity was determined by incubating 1.5 mL of a final
volume containing 500 mM of catechol in 100 mM of sodium phosphate buffer, pH 6.4,
with 20 μL of a crude enzyme extract and observing the rise in absorbance at 398 nm. The
molar difference in catechol-specific activity was expressed as μmol/g FW.

2.4. Measurement of H2O2 and Malondialdehyde (MDA) Content

To assay the hydrogen peroxide (H2O2) and MDA content, we followed the method
according to Wang et al. [32]. In brief, 4 mL of 0.1% cold trichloroacetic acid was used
to homogenize 0.5 g of the sample. After 20 min in an ice bath, the homogenate was
centrifuged at 12,000× g and 4 ◦C for 20 min. The supernatants produced were collected
for analysis.

For H2O2 content measurement, the reaction system was prepared by collecting 0.5 mL
of supernatant, 1 mL of 1 M potassium iodide, and 0.5 mL of 10 mM potassium phosphate
buffer (pH 7.0). The reaction system was incubated at 25 ◦C for one hour in the dark before
determining the absorbance at 390 nm. H2O2 was used as a standard, and the H2O2 content
was expressed as μmol H2O2/g FW.

To measure the MDA content, 0.4 g of the sample was homogenized in 8 mL of 10%
cold trichloroacetic acid and centrifuged at 10,000× g and 4 ◦C for 20 min. The resulting
2 mL of supernatant was mixed with 2 mL of 20% trichloroacetic acid containing 0.5%
thiobarbituric acid and incubated at 95 ◦C for 30 min. After quick cooling on ice, the
reaction mixture was centrifuged at 10,000× g for 10 min at 4 ◦C. The absorbance of the
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system was measured at 450, 532, and 600 nm. The MDA content was measured using the
equation below and expressed on a (μmol/g FW) basis:

MDA content = 6.452 × (OD532 − OD600) − 0.559 × OD450 (1)

2.5. Statistical Analysis

The data were analysed using one-way analysis of variance (ANOVA) with CoStat
software, as described by Snedecor and Cochran [33]. The results were evaluated as the
mean ± standard error (SE). Significance analysis was performed using Duncan’s multiple
range tests, with a p value < 0.05 considered significant.

3. Results

3.1. Effect of RT, LT, and MeJA on Weight Loss, Firmness, TSS, and TA

According to the results presented in Figure 1A,B, it is evident that there were signif-
icant differences between the treatments in terms of weight loss and berry firmness. In
terms of weight loss, the application of MeJA (M1 and M2) resulted in significantly lower
weight loss compared to both the RT and LT treatments across all storage intervals. Notably,
there were no significant differences between the M1 and M2 treatments in terms of weight
loss at any of the storage intervals. Moreover, the highest weight loss percentages were
recorded for the RT group and the LT group during all storage intervals.

Figure 1. Effects of temperature and MeJA on weight loss (A), firmness (B), SSC (C), and TA content
(D) in grapes during the storage period. The data presented are expressed as the mean ± (SE) of
triplicate assays. Significant differences between the RT, LT, and MeJA samples within the same
period were determined using Duncan’s test (p < 0.05), indicated by different letters.
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Considering berry firmness, the MeJA-treated samples exhibited significantly greater
berry firmness compared to the untreated RT and LT samples. Additionally, berry firmness
was consistently lower at the 10- and 20-day storage intervals for the RT treatment compared
to the MeJA-treated samples.

In summary, the application of MeJA had a significant impact on reducing weight loss
and maintaining berry firmness compared to both RT and LT treatments across the storage
periods. Furthermore, there were no significant differences in weight loss or firmness
between the M1 and M2 treatments at any of the storage intervals, except for the 30-day
interval, where there was a significant difference in firmness between them.

According to the data provided in Figure 1C,D, the results indicate that the MeJA
treatment effectively reduced the increase in SSC in comparison to samples stored at RT
and LT, particularly over the period of 20 to 30 days of storage. Nevertheless, no notable
disparities were detected among the various treatments over the 0- and 10-day storage
periods. Furthermore, there was no discernible disparity observed between the M1 and M2
treatments after 20 and 30 days of storage. There was no discernible disparity between the
RT and LT treatments during the storage period.

Furthermore, the TA percentage in all samples gradually decreased during storage.
There were no significant differences between M1, M2, and LT treatments at 0, 10, and
20 days of storage, except for the 30-day storage interval, where a significant difference was
observed between the M2 and LT treatments. The RT treatment exhibited a much lower TA
percentage compared to the other treatments. Therefore, the main result is that the MeJA
treatment greatly slowed the rise in SSC, especially after 30 days of storage. It also had
different effects on TA compared to the other treatments.

3.2. Effect of RT, LT, and MeJA on SOD, CAT, APX, and PPO Activity

According to the data shown in Figure 2A–C, the levels of SOD, CAT, and APX activity
initially increased in all treatment groups and gradually declined toward the end of the
storage period. The highest activity was observed on day 20 in the M1, M2, LT, and RT
treatments. The application of MeJA resulted in higher values of SOD, CAT, and APX
compared to all other treatments. Additionally, a significant difference was observed
between LT and RT, with RT exhibiting the lowest values of SOD, CAT, and APX compared
to the other treatments. Moreover, a significant difference in the content of SOD, CAT, and
PPO was found between M1 and M2 at 20 and 30 days of storage. However, there was no
clear effect observed in APX between the M1 and M2 treatments during all storage periods.

Based on the results provided, it can be concluded that the application of MeJA signifi-
cantly increased the activity of SOD, CAT, and APX in all of the treatments. Furthermore,
notable differences were observed in these enzyme activities between LT and RT, with the
LT treatment exhibiting significantly higher values of SOD, CAT, and APX than the RT
treatment at 10 and 20 days of storage. To sum up, adding MeJA increased the activity
of SOD, CAT, and APX in all of the treatments. There were notable differences in these
enzyme activities between LT and RT, as well as between M1 and M2 at different storage
times. However, there was no clear effect on APX between M1 and M2 treatments during
all storage periods.

According to the findings in Figure 2D, PPO content showed a gradual rise until it
reached its peak on day 20 of storage, then experienced a slight decline near the end of the
storage period. On day 20, there was a notable disparity between the LT and RT treatments.
Furthermore, a significant difference was observed between the MeJA treatments and the
LT treatment. There was a notable disparity observed in the MeJA treatments (M1 and M2),
specifically during the 20- and 30-day storage periods. The M1 treatment exhibited the
highest values, followed by the M2, LT, and RT treatments.
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Figure 2. Effect of different temperatures and MeJA on SOD (A), CAT (B), APX (C), and PPO activity
(D) in grapes during storage period. The data presented are expressed as the mean ± (SE) of triplicate
assays. Significant differences between the RT, LT, and MeJA samples within the same period were
determined using Duncan’s test (p < 0.05), indicated by different letters.

3.3. Effect of RT, LT, and MeJA on H2O2 and MDA Content

The findings of Figure 3A demonstrate that the concentration of H2O2 in all treatments
indicated a progressive rise, culminating at the conclusion of the storage duration. The LT
samples exhibited the highest concentration of H2O2, indicating a substantial statistical
disparity when compared to the RT samples and those treated with MeJA during storage.
In addition, M1 had the lowest H2O2 level compared to the other treatments during the
storage period.

The analysis of the results presented in Figure 3B indicates a progressive increase in
the content of MDA in all treated samples throughout the storage period. Notably, the
MeJA treatments effectively preserved a lower content of MDA compared with the other
treatments across the entire duration. Specifically, the M1 treatment demonstrated the
lowest MDA content during the storage period, followed by the M2, RT, and LT treatments.
A significant difference was observed between the LT and RT groups, as well as between
the M1 and M2 treatments, during the storage period.
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Figure 3. Effect of different temperatures and MeJA treatment on H2O2 (A) and MDA content (B) in
grapes during storage period. The data presented are expressed as the mean ± (SE) of triplicate
assays. Significant differences between the RT, LT, and MeJA samples within the same period were
determined using Duncan’s test (p < 0.05), indicated by different letters.

4. Discussion

4.1. Effect of RT, LT, and MeJA on Weight Loss, Firmness, TSS, and TA

The weight loss of fruits is a critical parameter used to evaluate their quality and mar-
ketability [34]. As shown in Figure 1A, weight loss percentage increased in all treatments
during the storage period. This increase in weight loss was due to increased respiratory
intake and transpiration water loss [35]. Weight loss increased with storage temperature.
Less weight was lost under LT settings compared to RT conditions at the conclusion of the
storage period. These findings align with previous studies that have shown a significant
reduction in weight loss percentage in fruits such as blueberry, mango, and winter jujube
when stored under LT conditions compared to the control group stored under RT condi-
tions. These results reveal that MeJA treatment could enhance and preserve the quality
of grapes. The findings agreed with [25,36,37]. They indicated that MeJA could inhibit
weight loss in mangosteen, tomato, dragon fruit, papaya, table grape, and wine grape
during storage periods. The decrease in weight loss resulting from MeJA treatment is likely
attributable to inhibition of the fruit’s respiration process, which leads to a reduction in
oxygen consumption and subsequent weight loss [38]. Furthermore, it improves the fruit’s
capacity to retain moisture and decreases the rate of evaporation, resulting in less weight
loss during storage [39]. MeJA also impacts fruit components, specifically organic acids
and flavonoids, resulting in enhanced fruit quality and delayed deterioration [40].

Table grape firmness is an important quality parameter for producers, since severe
softening might result in postharvest decay or consumer rejection [3]. Based on the results
of this research, it was observed that both MeJA treatment and LT storage contributed to
delaying the loss of firmness in grapes. This delay in firmness loss helped in maintaining
the crisp flavour and freshness of the fruit. This effect may be attributed to the ability of LT
to prevent postharvest physiological metabolism, as shown in Figure 1B. These findings
agreed with [34,41,42]. They indicated that storage at LT prevented firmness reduction in
blueberry, winter jujube, and apricot, delaying fruit ripening and senescence. Additionally,
the reduction in fresh weight loss percentage can be due to MeJA treatment reducing the
respiration rate during storage, presumably due to the maintenance of firmness and fruit
quality [43].
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MeJA treatment has been shown to increase firmness in fruits, as reported in previous
studies [44]. This increase in firmness can be due to cell wall integrity stimulation-related
enzymes, such as chitin synthase and phenylalanine ammonia-lyase (PAL).

Previous studies have indicated that the application of MeJA has varying effects on
the expression of PAL. Furthermore, the PAL expression pattern differs between the pulp
and core tissues. However, it is uncertain if PAL directly contributes to lignin formation in
kiwifruit [44]. In peach fruit, MeJA was found to enhance phospholipid remodelling, which
promotes the integrity of the cell wall and reduces electrolyte leakage. This may be due to
the effect of MeJA on the related enzymes of the cell wall [45]. Moreover, MeJA has been
shown to delay the degradation of enzymes, such as cellulose and pectin methylesterase in
mandarin fruit [26].

SSC and TA are key quality parameters that determine the sugar, acid content, and
flavour of fruits. In grapes, these parameters play a critical role in determining the unique
flavour of the grape [46]. As shown in Figure 1C, SSC in all the treatment samples increased
gradually during the storage period. The increase in SSC can be attributed to the elevated
proportion of water loss from the grape berry along with the ongoing conversion of starch
into sugar during the ripening process, leading to a greater concentration of SSC [34]. The
results of this research agree with previous findings that MeJA-treated blueberry fruits
resulted in lower SSC values compared to the untreated, particularly during the 14- and
21-day storage periods [47].

In contrast, the content of TA in all samples reduced slightly and continuously during
storage, as shown in Figure 1D. This can be due to the organic acid consumption in the
respiration process, with a minor decrease shown in treated samples [48]. At the end of
storage, the SSC was lower and the TA content was higher in MeJA samples than in RT and
LT samples, indicating that MeJA delayed the increase in SSC and reduced the decrease in
TA content to maintain a higher storage quality.

The TA content observed during storage could be attributed to the berries’ metabolic
activity during storage, as reported by Caleb et al. [49]. The results of this research are
consistent with the results of El-Beltagi et al. [50], who indicated a decrease in TA content
in pomegranate with increasing storage intervals under cold storage conditions, while
MeJA treatment helped preserve the TA content compared to the control. Furthermore,
it has been shown that blueberry fruits treated with MeJA exhibited a higher TA content
compared to the control during storage, as reported by Huang et al. [47].

Briefly, the application of MeJA substantially suppressed the reduction of titratable
acidity caused by storage-related damage while decreasing the sugars at the end of stor-
age. The decrease in sugars is a result of the production and accumulation of phenolic
compounds, which are driven by MeJA, as well as of the carbohydrates that play a crucial
role as a material and energy source in the metabolism of phenolic compounds [51]. In this
study, grape fruits preserved high quality criteria after 30 days of storage, although the SSC
percentage was reduced.

4.2. Effect of RT, LT, and MeJA on SOD, CAT, APX, and PPO Activity

Antioxidant enzymes, including SOD, CAT, and APX, are essential components of
the antioxidant system and play a main role in alleviating and eliminating ROS. These
antioxidant enzymes also play a significant role during the fruit development stages,
especially the ripening stage. According to Mittler [52], the antioxidants (CAT and APX)
convert H2O2 to O2 and H2O, while SOD catalyses the dissociation process of O2

− into
H2O2 and O2. Previous studies have shown that SOD, CAT, and APX activities can alleviate
chilling injuries and extend the shelf life of postharvest fruits by maintaining membrane
integrity [53]. MeJA treatment improves the quality retention of Agaricus bisporus by
inhibiting the activities of PPO, increasing the activities of antioxidant enzymes such
as CAT and SOD, and reducing the expression levels of genes that encode PPO during
storage [54].
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Based on the findings of this study, it was found that MeJA had a significant impact
on the content of SOD, CAT, APX, and PPO enzymes (as shown in Figure 2). This increase
in enzyme activity was linked to better fruit quality parameters compared to the RT and LT
treatments [36,44]. As a result, the amount of ROS in the fruits after harvest decreased [55].
Similar outcomes were observed in wine grapes treated with MeJA [25]. The results indicate
that one mechanism by which MeJA-treated grapes preserve their quality is through their
increased SOD, CAT, and APX enzyme content. According to [55], MeJA treatments that
preserved higher SOD activity may have lowered O2

− by converting it to H2O2. For
example, the H2O2 content of MeJA-treated grapes increased slightly during storage,
which may have been due to an increase in CAT enzyme content. Higher CAT enzyme
content has been demonstrated to be the cause of conversion of H2O2 to water and O2 [56].
Treatment with 10μM/L MeJA was more effective than treatment with 100μM/L MeJA
in increasing the levels of antioxidant enzymes during storage. The results of this study
agreed with previous studies that demonstrated that a low concentration of MeJA can
effectively suppress the biosynthesis of ethylene, a crucial hormone that plays a role in the
ageing process of fruits and vegetables [57].

The postharvest treatment of grape fruits with MeJA has been observed to result in an
increase in PPO enzyme activity during storage. This increase in activity is likely due to the
enhanced activity of enzyme precursors and the regeneration of enzymes over time [58,59].
However, as enzyme levels drop toward the end of the storage period, there is a potential
for the accumulation of reactive oxygen species (ROS), leading to damage to DNA and
RNA, promotion of membrane peroxidation, and early senescence [60]. These effects can
ultimately result in the loss of texture and quality, as well as impact the taste and nutritional
value of the grape fruit. The data presented suggest that MeJA effectively modulates the
stress response pathways, leading to the induction of PPO activity [61].

It is important to consider these findings when managing postharvest treatments for
grape fruits in order to minimize the negative effects of PPO activity and ROS accumula-
tion during storage. Strategies for controlling PPO activity and ROS accumulation, such
as optimizing storage conditions and employing antioxidant treatments, may be benefi-
cial in preserving the texture, quality, taste, and nutritional value of grape fruits during
postharvest storage.

4.3. Effect of RT, LT, and MeJA on H2O2 and MDA Content

H2O2, a reactive oxygen species, can lead to oxidative stress, membrane peroxidation,
and cell death in plants [62]. Based on the data provided in Figure 3A, the study indicates
that the production of H2O2 and MDA content increased during storage, but following
treatment with MeJA, the levels remained significantly lower compared to grapes treated
with RT and LT. Furthermore, the activity of CAT and APX enzymes appeared to be linked
to stress levels, as their increased activity might have contributed to a reduction in H2O2
accumulation in the tissue. This finding aligns with previous research on MeJA-treated
wine grapes [25].

It is clear that the study suggests a potential role for MeJA in mitigating oxidative
stress and H2O2 accumulation in grapes during storage. This aligns with previous research
on other plant species [55]. The precise mechanism behind MeJA’s impact on H2O2 and
MDA content, as well as its effect on CAT and APX enzymes, would likely benefit from
further investigation and clarification.

MDA, a by-product of lipid peroxidation, is utilized as a marker to assess membrane
damage induced by oxidative stress in plants [63]. In the present study, it was observed that
samples treated with MeJA exhibited lower levels of MDA compared to other treatments,
possibly due to an increase in enzymatic antioxidants. The reduction in MDA formation
attributed to MeJA treatment suggests it may inhibit peroxidation reactions [64]. Conversely,
the research highlighted a significant increase in MDA content in grapes treated with LT
during storage, indicating that LT may accelerate the breakdown of membrane lipids.
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This effect could potentially impact cell compartmentalization and lead to a loss of cell
integrity [65].

These findings suggest that MeJA treatment may play a role in reducing MDA content,
potentially through the modulation of peroxidation reactions and the enhancement of enzy-
matic antioxidants. Additionally, the contrasting impact of LT on MDA content emphasizes
the significance of environmental factors in influencing membrane lipid breakdown and
cellular integrity during storage.

5. Conclusions and Prospects

Notably, this study presents compelling evidence for the efficacy of MeJA treatment,
particularly at a concentration of 10 μmol/L, in preserving the quality attributes of grapes.
This includes the reduction of weight loss, enhancement of firmness, and maintenance
of titratable acidity (TA), alongside the mitigation of the increase in soluble solid content
(SSC). Additionally, the application of MeJA led to elevated levels of crucial antioxidant
enzymes such as superoxide dismutase (SOD), catalase (CAT), ascorbate peroxidase (APX),
and polyphenol oxidase (PPO). Furthermore, it effectively reduced the increase in H2O2
and MDA content during cold storage. Hence, the application of MeJA as a stimulator
of berry quality emerges as a promising strategy to enhance the physical, chemical, and
physiological characteristics of grapes, ultimately improving berry quality.

According to this study, the application of MeJA as a chemical molecule in the wine-
making process holds potential for decreasing the sugar levels in grapes, particularly in
the delayed stages of storage. However, additional investigation is necessary to fully
understand its effectiveness. It is vital to meticulously consider the suitable dosage in order
to attain the desired outcome without jeopardising the excellence of the wine. Moreover,
the use of MeJA might potentially influence the inherent taste of the wine, requiring careful
calibration to maintain the ideal equilibrium among sugar, acidity, and flavour. Due to the
insufficient state of study on this topic, it is crucial to perform further investigation and
achieve thorough knowledge.
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Abstract: Cold quarantine storage is the practice of subjecting citrus fruit to low temperatures after
harvesting to comply with stringent international phytosanitary standards for export, but fruit quality
can be affected during storage. Therefore, this study investigated the effects of glycine betaine (GB)
and/or methyl salicylate (MeSA) on physicochemical changes, chemical attributes of juice, and peel
color of ‘Moro’ blood orange at cold quarantine storage (2 ◦C) for 60 days. Fruit were treated with GB
(15 and 30 mM) by vacuum infiltration at 30 kPa for 8 min and vapor treatment of MeSA (100 μM) for
18 h as well as the combination of both GB concentrations with MeSA. The key findings of this research
revealed that the combined treatment of 30 mM GB and 100 μM MeSA significantly mitigated weight
and firmness losses in ‘Moro’ blood orange fruit during the cold quarantine period. Furthermore,
there was a decrease in titratable acidity (TA) across all treatments, with the highest TA recorded for
the 30 mM GB + 100 μM MeSA combination. Conversely, total soluble solids (TSS), TSS/TA ratio,
and juice pH increased in all treatments, with the control treatment displaying the highest values.
Regarding peel color parameters, which encompass L* (lightness), b*, hue angle (h◦), chroma (C*),
and a*, as well as the citrus color index (CCI), these exhibited characteristic changes during cold
quarantine storage. However, the application of GB and MeSA, especially at the 30 mM GB + 100 μM
MeSA level, noticeably delayed these peel color variations. Overall, GB and MeSA treatments offer
significant advantages in preserving the physicochemical characteristics and chemical attributes of
‘Moro’ blood oranges during cold quarantine storage. These findings underscore the potential of GB
and MeSA treatments for maintaining the quality of ‘Moro’ blood oranges during cold quarantine
storage, with a noteworthy synergistic effect between MeSA and GB in preserving fruit quality.

Keywords: chroma; firmness; juice content; titratable acidity; weight loss

1. Introduction

Blood oranges (Citrus sinensis L. Osbeck) are a desirable citrus crop due to their high
content of bioactive compounds, particularly anthocyanin pigments, known for their health-
related properties. This makes blood oranges popular among consumers who value their
nutritional benefits. The quality attributes of blood oranges, including anthocyanin, color,
flavor, texture, aroma, juiciness, sugar content, seedlessness, size, freshness, and nutritional
value, all play a crucial role in promoting consumer acceptance and satisfaction with blood
oranges [1].

Postharvest life extension and maintenance of citrus fruit quality can be achieved
by storing them at temperatures ranging from 1 to 4 ◦C. For the disinfestation of citrus
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fruit, cold quarantine storage at temperatures between 0.5 and 2 ◦C is widely used and
accepted by regulatory agencies of most importing countries. This method mainly controls
the Mediterranean fruit fly and can be implemented on a commercial scale. Chemical
treatments for the disinfestation of fruit flies are not permitted, and physical treatments such
as controlled atmosphere, dielectric heating, heat treatments, irradiation, and ultrasound
treatments can be expensive and difficult to implement due to the fruit’s threshold tolerance
to treatment. However, it is essential to note that while cold quarantine storage is widely
accepted, this method may cause cold damage. Therefore, protecting citrus fruit from such
damage needs to be clearly defined and addressed [2].

Elicitors are substances that can induce or enhance the production of bioactive com-
pounds and nutritional quality in fruit and vegetables. In recent times, elicitor compounds
have gained popularity as a means of preserving fruit quality during cold storage. One such
treatment involves the use of methyl salicylate (MeSA), a natural volatile compound, which
has been found to effectively maintain the quality of fruits like pomegranate [3] and sweet
cherry [4] during cold storage. In addition, the application of postharvest glycine betaine
(GB) treatment, which is a quaternary ammonium compound, has become prevalent in
the treatment of vegetables during storage including sweet pepper [5] and zucchini [6],
climacteric fruits including peach [7–10], loquat [11], hawthorn [12], pear [13–15], plum [16],
banana [17], and jujube [18], as well as non-climacteric fruits including pomegranate [19]
and strawberry [20].

Exogenous application of elicitor compounds on blood oranges can have beneficial
effects on reducing chilling injury (CI), increasing bioactive compounds, and antioxidant
activity during cold storage. On the other hand, postharvest elicitor treatments are a promis-
ing approach to enhance the postharvest life of blood oranges by mitigating physiological
disorders, preserving quality attributes, and boosting healthy phytochemicals [1]. The
mechanisms through which postharvest treatments of GB and MeSA can reduce postharvest
losses and control CI in blood oranges involve several processes. These include enhanc-
ing antioxidant enzyme activities such as catalase, ascorbate peroxidase, and superoxide
dismutase, promoting proline accumulation, reducing electrolyte leakage, malondialde-
hyde, and hydrogen peroxide content, increasing phenylalanine ammonia-lyase activity,
and decreasing polyphenol oxidase activity. Additionally, these mechanisms suppress
polyphenol oxidase and peroxidase activities. Together, these processes inhibit lipid peroxi-
dation and maintain cell membrane integrity, ultimately preventing fruit losses and chilling
symptoms [21].

The cold temperatures can prolong the storage life of blood oranges by reducing fruit
metabolism and other processes. Previous research has indicated that MeSA or GB can
effectively mitigate CI and preserve the quality of blood oranges stored at 3 ◦C [21,22].
However, there is currently no scientific evidence on the combined effects of organic os-
molyte (GB) and plant growth regulators (MeSA) on blood oranges during cold quarantine
storage, and their potential roles have not been explored. Therefore, this study aimed to
assess the impact of GB and/or MeSA treatments on the physicochemical attributes of
‘Moro’ blood oranges during cold quarantine storage.

2. Materials and Methods

2.1. Fruit Treatments and Storage Conditions

Blood oranges (cv. Moro) were harvested at commercial maturity based on the ratio
of total soluble solids (TSS) to titratable acidity (TA) (TSS/TA ∼= 10). They were then
transported to the postharvest laboratory, where they were checked for uniform size
and the absence of any defects or rind injuries. The fruit were subjected to a vacuum
infiltration treatment with an aqueous solution of 15 and 30 mM GB at 30 kPa for 8 min.
Vapor treatment of 100 μM MeSA was applied to the fruit by placing them in 20 L plastic
containers for 18 h. The combination of GB with MeSA (15 mM GB + 100 μM MeSA,
30 mM GB + 100 μM MeSA) was also performed under the same conditions. The optimal
concentrations of GB and MeSA were determined based on previous study [23]. The control
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fruit received no treatment. Each treatment was conducted on three replicates of five fruit,
which were then placed in polyethylene bags with 16 holes and stored for 60 days at 2 ◦C
with 90% relative humidity (RH). The following parameters were measured after 1, 30, and
60 days of cold storage plus shelf-life conditions (20 ◦C) for two days.

2.2. Weight Loss

The fruit weight was measured individually before storage (W1) and at each sampling
time (W2) using a digital balance (HL-i, A&D, Tokyo, Japan) with an accuracy of 0.001, to
determine the fruit weight loss (WL). The percentage of weight loss was calculated using
the following formula [24]:

Weigt loss (%) =
W1−W2

W1
× 100 (1)

2.3. Firmness

To determine the firmness of each treatment, a texture analyzer (TA-XT2, Surrey, UK)
was used with a 3.5 mm diameter probe to compress the equatorial area of the fruit at a
rate of 10%. The measured data were reported in newton [21].

2.4. Chemical Attributes of Juice

The TSS were measured using a portable refractometer (RBX0032A, Petro Centre,
Singapore) and recorded as a percentage (%). TA was measured by titration with NaOH
0.1 N to pH 8.2 as an endpoint with a pH meter (Jenway 351, London, UK). The maturity
index was calculated by dividing the TSS value by the TA value. The pH of the juice was
measured using a pH meter [24].

2.5. Juice Content

The juice content of the fruit was determined by first weighing the fruit using a digital
balance (HL-i, A&D, Tokyo, Japan). Next, the juice from each treatment was manually
squeezed from hand-peeled fruit and weighed. The fruit juice content was then calculated
using the following formula [24]:

Juice content (%) =
Weigt o f juice
Weigt o f f ruit

× 100 (2)

2.6. Peel Color

The color of the peel of each fruit was measured using a colorimeter (CR400/4P,
Minolta Camera Co., Osaka, Japan) on two opposite sides of the equatorial area of 15 fruit.
The L* value represented lightness (0 = black to 100 = white), while a* and b* values
represented green (−) to red (+) and blue (−) to yellow (+), respectively. Hue angle
(h◦), chroma (C*), and citrus color index (CCI) were then calculated using the following
formula [24]:

Chroma =
√

a∗2 + b∗2 (3)

h◦ = Arctan
b∗

a∗ (4)

CCT = 1000 × a∗

L∗ × b∗
(5)

2.7. Statistical Analysis

The experiment was carried out using a completely randomized design (CRD) with
three replications, and the collected data were subjected to a two-factor analysis of variance
(ANOVA) to analyze the effects of both treatments and storage times. The SAS software
(version 9.4) for Windows was used to perform the data analysis. Mean comparisons were
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carried out using the least significant difference (LSD) test, and the standard errors (SE) of
means were considered with a significance level of p < 0.05.

3. Results

3.1. Weight Loss

All treatments resulted in an increase in weight loss during cold quarantine storage,
with control samples displaying the highest weight loss (Figure 1). However, treatments
led to a significant reduction in weight loss at all sampling times. The combined treatment
of GB and MeSA, especially at 30 mM GB + 100 μM MeSA, had the most positive effect on
weight loss reduction.

Figure 1. Changes in weight loss in control and treated fruit during cold quarantine storage. Vertical
bars represent ± standard errors (SE) of means. Different letters above the bars on columns indicate
significant difference at p < 0.05 level of probability based on LSD test.

3.2. Firmness

All treatments showed a decrease in firmness during cold quarantine storage, with the
control samples exhibiting the most significant loss of firmness (Figure 2). All treatments
were effective in reducing fruit firmness loss at all sampling times, but GB treatments
displayed a synergistic effect in combination with MeSA displaying fruit firmness values
of 27% and 34% higher when 15 mM GB and 30 mM GB, respectively, were applied as a
combined treatment with MeSA respectively as compared to control fruit.

3.3. Chemical Attributes of Juice

Chemical attributes of juice (TSS, TA, TSS/TA, and juice pH) changed during cold
quarantine storage in all treatments (Figure 3). TSS, TSS/TA, and juice pH increased in
all treatments and the highest and lowest values were observed in control and 30 mM
GB + 100 μM MeSA treatment, respectively. TA significantly decreased in all treatments
and treated fruit had the highest TA, especially for 30 mM GB + 100 μM MeSA during
cold quarantine while the lowest TA was observed in control samples. On the other hand,
a dose-dependent effect related to GB concentrations applied was observed to delay the
evolution of these parameters, applied alone or combined with MeSA treatments.
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Figure 2. Changes in firmness in control and treated fruit during cold quarantine storage. Vertical
bars represent ± standard errors (SE) of means. Different letters above the bars on columns indicate
significant difference at p < 0.05 level of probability based on LSD test.

Figure 3. Changes in total soluble solids (TSS), titratable acidity (TA), TSS/TA, juice pH in control
and treated fruit during cold quarantine storage. Vertical bars represent ± standard errors (SE) of
means. Different letters above the bars on columns indicate significant difference at p < 0.05 level of
probability based on LSD test.
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3.4. Juice Content

Juice content decreased during cold quarantine storage and control samples revealed
the most significant loss of juice content (Figure 4). All treatments were effective in reducing
juice content loss at all sampling times, but the most significant juice content loss reduction
was observed with the combined treatment of GB and MeSA, specifically with 30 mM GB +
100 μM MeSA.

Figure 4. Changes in juice content in control and treated fruit during cold quarantine storage. Vertical
bars represent ± standard errors (SE) of means. Different letters above the bars on columns indicate
significant difference at p < 0.05 level of probability based on LSD test.

3.5. Peel Color

Color parameters, L*, a*, b*, h◦, C*, and CCI changed during cold quarantine storage
(Figure 5). In this study, L*, b*, h◦, and C* decreased in all treatments during cold quarantine
storage, while a* and CCI increased. The L* value decreased with the same trends for all
treatments along storage and the reduction of L* in control samples was higher than in
treated fruit. The b* and h◦ values decreased in all treatments and this reduction was more
pronounced in control samples. CCI increased during cold storage in all treatments during
cold quarantine storage. Overall, the combined treatment of GB and MeSA, especially at
30 mM GB + 100 μM MeSA, had the most positive effect on color parameter changes.
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Figure 5. Changes in L*, a*, b*, hue angle (h◦), chroma (C*), and citrus color index (CCI) in control
and treated fruit during cold quarantine storage. Vertical bars represent ± standard errors (SE) of
means. Different letters above the bars on columns indicate significant difference at p < 0.05 level of
probability based on LSD test.

4. Discussion

Cold quarantine storage involves maintaining citrus fruit at low temperatures posthar-
vest to meet strict phytosanitary requirements for international export [2,25]. While cold
quarantine storage can have some benefits for the exportation of citrus fruit, prolonged
storage at low temperatures can affect the texture, juice content, and peel color changes [24].
Therefore, postharvest elicitor treatments can help reduce these negative effects and ensure
the highest possible quality of citrus fruit. In this study, the effects of postharvest treatment
with GB and MeSA on ‘Moro’ blood orange were evaluated to determine their efficiency in
mitigating weight loss, preserving firmness, maintaining the chemical attributes of juice,
retaining juice content, and preserving peel color during cold quarantine storage.

Blood oranges can lose weight during cold storage due to a combination of factors,
including respiration, water loss, chemical changes, transpiration, and cell-wall degrada-
tion [21]. Respiration consumes stored energy, leading to the breakdown of cells, consump-
tion of stored energy, and water, resulting in weight loss. This can lead to weight loss and
affect the fruit’s quality and texture [26]. Although the respiration rate slows down during
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cold storage, it still continues, leading to a continuous loss of weight, as well as a decrease in
size and volume of the fruit. Proper cold storage conditions can help minimize weight loss
and maintain fruit quality. In this study, the applied treatments resulted in a noteworthy
reduction in weight loss. Particularly, the combined application of GB and MeSA exhibited
the most pronounced positive impact on curtailing weight loss. This observation suggests
that GB and MeSA played a significant role in regulating water loss, transpiration, and
the rate of respiration in the treated fruit. Consequently, the treated fruit displayed lower
weight loss compared to the control group, as observed in this study.

Fruit acceptability can be determined by fruit firmness, which is influenced by tem-
perature. Lower temperatures can reduce metabolic activity and the activity of cell-wall
degrading enzymes, resulting in the softening of the fruit. The softening process occurs
due to the breakdown of pectin, a key component of the cell wall, through the activity of
several enzymes, including polygalacturonase, pectin lyase, pectin methylesterase, and
cellulose. When these enzymes are active, pectin depolymerizes, leading to softening [26].
These changes in the cell-wall composition are responsible for the decrease in citrus fruit
firmness during cold storage. In this study, the treated fruit exhibited a decrease in firm-
ness loss compared to the control fruit, with the most pronounced effect observed in the
combination treatment of GB and MeSA during cold quarantine storage. This combination
appeared to synergistically mitigate cell-wall degradation, resulting in the preservation of
turgor pressure and the avoidance of fruit tissue collapse. Consequently, this mechanism
contributed to the maintenance of fruit firmness [21].

During cold storage, citrus fruit undergo glycolysis and the Krebs cycle to produce
cellular energy. However, these processes can also alter the levels of sugars and organic
acids in the citrus fruit through biosynthesis and catabolism [24]. The TSS of citrus fruit
juice is a reliable measure of its sugar content, which makes up around 80% of the TSS,
mainly from sucrose, glucose, and fructose, while 10% consists of organic acids, such
as citric, malic, and ascorbic acids, as well as other components like vitamins, proteins,
free amino acids, and glucosides. The conversion of organic acids to sugars by glycolytic
enzymes can lead to an increase in TSS [21]. However, prolonged cold storage can also
cause a decrease in TSS due to the breakdown of sugars and other soluble constituents [24].

The TA in citrus fruit juice is closely related to the amount of organic acids present.
Organic acids are essential components of citrus fruit juice, and blood oranges are known
to have high levels of citric and malic acids. During cold storage, the organic acids in
the fruit can be consumed for the synthesis of sugars and ATP production, which can
result in a reduction of TA [23]. In this study, the treated fruit, particularly in the case of
30 mM GB + 100 μM MeSA treatment, exhibited elevated TA, which could be attributed to
the potential prevention of alcoholic fermentation during cold quarantine storage [24]. The
applications of GB and MeSA may have played a role in preserving organic acids, thereby
delaying their breakdown and conversion into sugars. The correlation between TA and
TSS was negative. Consequently, these treatments contributed to the preservation of higher
TA levels in the juice of treated fruit as compared to control samples.

The TSS/TA ratio exhibited differences among the treatments in this study, and it
was observed to increase during cold storage. The ratio of sugars to organic acids is not
only an indicator of the harvest maturity of citrus fruit, but it also plays a crucial role in
determining the taste and flavor of the fruit during cold storage [24]. Citric and malic
acids are primarily responsible for the acidity of citrus fruit, and changes in their levels
due to the conversion of organic acids during fruit respiration can significantly alter the
TSS/TA ratio, resulting in varying qualities among different cultivars of citrus fruit [21]. As
a result, the varying changes in the levels of sugars and organic acids can be associated with
the differences in the TSS/TA ratio among the treatments, which exhibit a different range
of values. These values were affected by lower TSS and higher TA in fruit treated with
MeSA and GB alone or in combination, as compared to control fruit, displaying a delayed
metabolism, as observed in different vegetal species treated with these elicitors [5,6]. The
treatments involving MeSA and GB, particularly when combined, appear to exert a positive
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influence on maintaining the delicate balance between sugars and organic acids throughout
the cold quarantine storage period. This effect contributes substantially to enhancing the
overall quality and flavor profile of the blood orange fruit, as evidenced by the MeSA and
GB combination.

The results of this study indicated that the pH of the citrus fruit juice increased during
storage, which can be attributed to the biochemical activity occurring within the fruit. This
activity leads to the conversion of organic acids into sugar products, ultimately resulting
in a shift towards a higher pH [24]. As the concentration of glucose and other sugars in
the fruit increases, it can reduce the rate of respiration, which can also contribute to the
observed increase in pH. Therefore, the increase in the pH of the fruit juice can serve as
an indicator of the consumption of organic acids during cold storage. Furthermore, the
reduction in TA can also be associated with an increase in juice pH, which is consistent
with the observed results of this study [21].

The juice content of citrus fruit is an important factor in determining the overall
quality of citrus fruit. The results of this study showed that the juice content decreased
across all treatments during cold quarantine storage. The variation in the extent of juice
content reduction among treatments could be attributed to the ability of the treatment to
maintain cell membrane integrity [24]. The maintenance of membrane integrity is essential
in preventing the drying of juice vesicles by protecting the sac-juice membranes from
damage under low-temperature conditions [27]. Therefore, fruits that exhibit better cell
membrane integrity are expected to have a lower reduction in juice content during cold
storage, which is in consonance with the weight losses observed in this study.

Peel color is a crucial aspect of citrus fruit quality that greatly influences consumer
preference. The color of the peel can be evaluated primarily based on three major types
of pigments: chlorophylls, carotenoids, and anthocyanins. However, for a commercial
perspective, it may also be important to consider factors such as visual quality and market
acceptability. While chlorophylls are responsible for the green color of citrus fruit before
ripening, carotenoids and anthocyanins play a significant role in determining the final
color of the peel. Anthocyanins are particularly responsible for the red color of the flesh
in blood oranges, but some cultivars also have them present in the peel [28]. When citrus
fruits are exposed to cold temperatures, the color parameters of their peel may be affected.
Specifically, the color may become darker, browner, and less orange. This is because the
low temperature can cause the breakdown of chlorophyll in the peel, leading to changes in
color [29]. Even though citrus fruits are not climacteric and have low ethylene production
and respiration rates during maturity and ripening, color change of their peel can still
occur after harvesting and during cold storage. In the present study, changes in peel color
were observed in all treatments during cold quarantine storage of fruits. The lightness (L*)
value, which represents the amount of light reflected by an object on a scale from black
(0) to white (100), decreased in all treatments, with control samples having the lowest L*
value. More specifically, a decrease in the L* value indicates that the color is becoming
darker. The a* value indicates a shift towards a reddish hue. The a* value, which ranges
from green (−) to red (+), had a positive value in blood orange cultivars and increased
in all treatments during cold quarantine storage. The b* value indicates that the color is
becoming less yellow and browner. The b* value, which ranges from blue (−) to yellow (+),
decreased in all treatments, possibly due to the increase in the a* value or fruit senescence
after prolonged storage [30]. Therefore, it seems that the effect of delaying color parameters
was related to a delay in senescence, as it has been observed in other species treated with
MeSA [3,4] and GB [7,11,18].

During cold storage in this study, the h◦ value, which represents the actual perceived
color of orange or green and is a primary variable in changes in orange color, decreased in
all treatments. The h◦ value ranges from 0 or 360◦ for red, 90◦ for yellow, 180◦ for green,
and 270◦ for blue colors [24]. The h◦ values in this study were in the range of 59−67◦, which
corresponds to orange-yellow to yellow colors in all samples. Control samples had the
lowest h◦ value during cold quarantine storage. Chroma (C*) or saturation index, which
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quantifies the intensity or saturation of color, decreased during cold storage [30]. In this
study, CCI increased in all treatments. A comparative study on blood orange cultivars
stored at 2 and 5 ◦C showed that changes in peel color parameters at 5 ◦C were higher than
at 2 ◦C. The reason for this may be that lower temperatures reduced the biosynthesis or
degradation of blood orange peel pigments [24]. The results indicate that the application of
GB and MeSA treatments can influence these color changes, with the combined treatment
showing the most promising results. These findings provide valuable insights into the
potential strategies for maintaining fruit color quality during extended storage periods.
Specifically, the combined treatment of GB and MeSA, particularly at the concentration
of 30 mM GB + 100 μM MeSA, exhibited the most positive effect on color parameter
changes. This finding suggests that the interaction between these two treatments could
synergistically impact color preservation during cold quarantine storage.

5. Conclusions

In conclusion, the application of GB and MeSA treatments on ‘Moro’ blood oranges
during cold quarantine storage showed significant preservation in physicochemical changes
and chemical attributes of the fruit juice. The combination of 30 mM GB and 100 μM MeSA
proved to be the most effective treatment, reducing weight and firmness losses while
also delaying changes in peel color parameters such as L*, b*, h◦, and C*. Furthermore,
the treated fruit exhibited higher TA, TSS, and TSS/TA compared to the control samples.
These findings highlight the potential of GB and MeSA treatments in maintaining the
physicochemical attributes of ‘Moro’ blood oranges during cold quarantine storage, with
MeSA showing a synergistic effect when combined with GB in preserving the fruit’s quality.
Further research is needed to better understand how GB and MeSA interact with fruit
physiologically. This should involve studying effects of cold quarantine storage through
sensory, nutritional, and molecular analyses.
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Abstract: The effects of combinations of oxalic acid (OA) treatment with modified atmosphere
packaging on the quality and biochemical content changes of rocket (Eruca sativa Mill. cv. Bengi)
leaves were examined. After harvest, selected leaves were dipped into an aqueous solution containing
different concentrations of oxalic acid (0-control, 0.25 mM, 0.5 mM, and 1 mM) for 1 min. Treated
samples were dried and placed in modified atmosphere packages. Treated rockets were stored at
two different temperatures (0 ◦C and 10 ◦C) and 90 ± 5% relative humidity conditions for 10 days.
Leaves were analyzed at 2-day intervals for some quality and biochemical parameters during storage.
OA-treated leaves were greener than those of the control group. At the end of the storage, high doses
(1 mM) of OA applications successfully suppressed the respiration rate (0 ◦C: 63.12 mL CO2 kg−1 h−1,
10 ◦C: 78.09 mL CO2 kg−1 h−1) and retarded the weight loss (0 ◦C: 0.14%, 10 ◦C: 0.49%) and color
discoloration (0 ◦C: ΔE 7.23, 10 ◦C: ΔE 8.34) of rocket leaves. In addition, OA treatments decreased
the vitamin C losses and chlorophyll degradation. In conclusion, rocket leaves could be stored at
0 ◦C for 8–9 days with 1 mM OA treatment and 6 days with the control treatment and at 10 ◦C for
6–7 days with 1 mM OA treatment and 4 days with the control (C) treatment with a minimum quality
loss under MAP conditions.

Keywords: Eruca sativa; oxalic acid; quality; storage; yellowing

1. Introduction

Vegetables undergo numerous biological and physiological changes following harvest.
As a result of the acceleration of biochemical reactions, including respiration rate and
ethylene production in vegetables after harvest, the concentrations of some substances
(including color substances, vitamins, organic acids, and oils/fats) that determine the
quality and nutritional content of the products change, water loss increases, and color
changes take place [1]. Therefore, vegetables cannot be stored for very long following
harvest [2,3]. The best way to preserve postharvest quality by delaying the senescence or
deterioration of products is to minimize respiration, and the most effective way to do this
is to reduce the ambient temperature. In addition to cold storage, heat treatments, edible
coatings, ozone applications, modified atmosphere packaging, controlled atmosphere
storage, and chemical applications have been widely adopted to increase vegetables’ storage
and shelf life and maintain their quality for extended periods [4]. However, the fact that
the toxic effects of chemical applications do not entirely disappear in products with short
storage periods, including vegetables, resulted in a preference for natural applications in
the post-harvest period [5].

Oxalic acid (OA) is a natural organic acid with the formula H2C2O4. It is abundantly
found in many plants (sorrel, rocket, peas, tomatoes, spinach, etc.) [6]. As the final metabolic
product in plants, OA is involved in many vital functions, such as the response to environ-
mental stressors and resistance [7]. In recent studies, exogenously applied OA at non-toxic
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concentrations has been reported to reduce enzymatic browning in litchi [8], control dis-
eases and rot in peaches and kiwifruit, reduce respiration rate and ethylene production and
maintain nutritional quality [9,10], extend shelf life in bananas and plums [11,12], maintain
fruit quality in cherries [13], stimulate the antioxidant system and phenolic content of
lemons [14], and regulate ethanol fermentation in kiwifruit [15]. However, such studies
conducted with vegetables have been very limited. Exogenously applied OA has been
reported to delay quality losses and extend shelf life in tomatoes [16], artichokes [17],
asparagus [18], lettuce, and rocket [19].

Vegetables play an essential role in human nutrition thanks to their vitamin and
mineral content. Nutritionists state that consuming fruit and vegetables reduces the risk of
many diseases and contributes significantly to human health [20]. Therefore, in line with
the increase in people’s interest in health and quality of life in recent years, there has been an
increase in the demand for healthy and fresh products [21]. Particularly, sorted and washed
fresh vegetables have been increasingly attracting consumers’ attention, especially working
people, due to their ease of use. In Turkey, the production of parsley, mint, dill, cress, and
rocket, among the vegetables of which the leaves are eaten, has increased significantly in
recent years. Between 2012 and 2022, the increase in production volume was 86.5% for
parsley, 113.6% for mint, 128.4% for cress, 252.6% for dill, and 429.0 % for rocket. Rocket
production in Turkey was 7689 tons in 2012 and increased to 40,674 tons in 2022 [22].
Rocket (Eruca sativa Mill.) belongs to the Brassicaceae family [23] and can grow naturally
in the Mediterranean Basin. Rocket is gaining popularity worldwide due to its health
benefits. Glucosinolates give rocket, like other members of this family, a unique and rich
aroma [24]. However, due to the high metabolic activity in vegetables of which the leaves
are consumed, such as rocket, yellowing and water loss occur faster, shortening their shelf
life [25,26]. Yellowing due to chlorophyll breakdown, especially during storage, reduces
the marketability of rocket [27,28]. Considering the nutritional value and health value of
rocket, its aroma, and the increase in production, there is a need to investigate the correct
storage conditions and post-harvest practices to minimize the losses that may occur after
harvest.

In line with this information, this study aimed to investigate the effects of post-harvest
OA application on quality changes and biochemical contents of rocket leaves at different
storage temperatures.

2. Materials and Methods

2.1. Reagents

Oxalic acid (≥97%), Tween® 20, methanol (99.9%), Trolox standard, and acetone were
obtained from Sigma Chemical Co. (St. Louis, MO, USA). Folin-Ciocalteu’s and gallic
acid standard were purchased from Merck Co. (Rahway, NJ, USA). The chemicals used
in the preparation of the FRAP solution (2, 4, 6-Tri(2-pyridyl)-s-triazine, iron (3) chloride
hexahydrate, and sodium acetate) were also obtained from Merck Co.

2.2. Plant Material

Rockets were grown with a photoperiod of 16 h, an ambient temperature of 21–22 ◦C,
and a relative humidity of 60–70% under green greenhouse conditions. Commercially
grown rockets (Eruca sativa Mill. cv. Bengi) were harvested (~18–20 cm length) in Antalya-
Turkey in the early morning and immediately transported to the Laboratory of the Posthar-
vest Physiology. In the laboratory, the roots were cut with sharp scissors, and foreign
materials and discolored or bruising leaves were discarded by hand at 5 ◦C. The fully green
leaves without roots were used as plant material. Leaves were dipped in tap water (at
~5–6◦C) to remove soil particles for 1 min.

2.3. Oxalic Acid Treatments and Storage Conditions

Selected leaves were randomly divided into 8 groups for the following treatments (T)
(3500 ± 150 g leaves for each group):
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T1-T2-T3-T4: Leaves were dipped in aqueous solutions (pH 6.5 and at 5 ◦C) of OA at
different doses for 1 min: 0 (control), 0.25 mM, 0.5 mM, and 1 mM, stored at 0 ± 1 ◦C.

T5-T6-T7-T8: Leaves were dipped in aqueous solutions (pH 6.5 and at 5 ◦C) of OA at
different doses for 1 min: 0 (control), 0.25 mM, 0.5 mM, and 1 mM, stored at 10 ± 1 ◦C.

Control groups were dipped in distilled water (5 ◦C) for 1 min. Dipping time (1 min)
was determined according to a previous study about rocket plants [19]. Storage tempera-
tures were chosen to simulate shelf (market) conditions (10 ± 1 ◦C) and normal cold storage
temperatures (0 ± 1 ◦C) for rocket leaves. Tween 20 (0.1%) was also added to enhance
infiltration of all aqueous solutions as a surfactant. After dipping treatments, the leaves
were spun in a salad spinner to dry for about 2 min and placed in modified atmosphere
packages (LDPE) (about 200 ± 50 g per package) at 5 ◦C. For all treatments, 120 packages
(3 replicates × 8 treatments × 5 storage periods − day 0 excluded) were stored for 10 days
with 90 ± 5% relative humidity (RH). About 400–450 g of leaves were selected for initial
(day 0) analysis. Initially and at 2-day intervals during storage, leaves were analyzed to
determine weight loss, respiration rate, leaf color, antioxidant activity, total chlorophyll
content, total phenol content, ascorbic acid (vitamin C) content, yellowing, and external
appearance.

2.4. Physical and Chemical Analysis
2.4.1. Weight Loss and Respiration Rate

The individual modified atmosphere packages (each package was considered as a
replicate, 3 replicates) were weighed at the beginning of the storage (day 0) and placed in
the cold storage rooms. The analysis days (2, 4, 6, 8, and 10 days) MAPs were weighed
again and calculated according to the following Equation (1):

Weight loss (%) = [(First weight − Last weight)/First weight] × 100 (1)

The respiration rate of the leaves was determined by placing (weight 75–80 g leaves)
in a 1 L glass jar hermetically sealed for 30 min [17]. Afterwards, the gas sample was taken
and injected into a gas chromatograph (Agilent 6890N, Palo Alto, CA, USA) equipped with
a thermal conductivity detector. Measurements were performed with 3 replicates, and
results were expressed as mL CO2 kg−1 h−1.

2.4.2. Leaf Color, Yellowing, and External Appearance

Leaf color (L*, a* and b*) was determined at two points on the leaf surface with a
colorimeter (Minolta CR-200, Ramsey, NJ, USA). The colorimeter was calibrated with a
white plate. Color changes (ΔE) at each sampling day were calculated from L*, a*, and b*
values similar to Cefola and Pace [19]. Measurements were performed with 3 replicates,
and each replicate contained 20 leaves. ΔE was calculated according to the following
Equation (2):

ΔE = [(L*0 − L*)2 + (a*0 − a*)2 +(b*0 − b*)2]1/2 (2)

Yellowing was determined based on a five-point hedonic scale (1: dark green, 2: light
green, 3: yellowish-green, 4: greenish-yellow, 5: yellow). When the leaves’ scores reached 3,
they were noted as unmarketable and at the end of their shelf life [25]. The degree of external
appearance has a nine-point hedonic scale (≤1–4: poor, 9: excellent). Evaluations were
made with 3 replicates. The yellowing and external appearance evaluation panel consisted
of 7 members of the research staff (Horticulture Department) who were experienced in
sensory analysis of horticultural crops.

2.4.3. Total Phenolic Content and Antioxidant Activity

Extraction for total phenolic content and antioxidant activity: The leaf samples (5 g)
were placed in a tube (50 mL) and 80% methanol (5 mL) was added. The samples with
methanol were crushed by using a homogenizer. The homogenized samples were placed
in dark conditions (14–16 h at 4 ◦C), and supernatants were stored at −20 ◦C until the
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day of analysis (up to a week) [29]. Total phenolic content was determined using the
Folin-Ciocalteu method as described and modified by Lola-Luz et al. [30]. The standard
curve was developed using gallic acid standard. The absorbance was read at 725 nm using
a spectrophotometer (Varian Cary Bio 100, Mulgrave, Victoria, Australia). Measurements
were performed with 3 replicates. Results were calculated as mg of gallic acid equivalent
(GAE) per g fresh weight (FW).

The ferric reducing antioxidant power (FRAP) assay was used to evaluate the antiox-
idant capacity of rocket leaves. All the equipment and chemicals and the FRAP method
were chosen and determined according to the method stated by Gutiérrez et al. [31]. The
absorbance was read at 593 nm using a spectrophotometer. Measurements were performed
with 3 replicates. The calibrating curve was developed using the Trolox standard. Results
were calculated as Trolox equivalents (Trolox Eq) in g kg−1 FW.

2.4.4. Vitamin C and Total Chlorophyll Content

Vitamin C analysis of the leaves was determined by high-performance liquid chro-
matography (HPLC) (Agilent Technologies Inc.). The leaf sample (10 g) with the extraction
medium (20 mL) was homogenized. The HPLC conditions and method were chosen ac-
cording to the procedure reported by Martínez-Sánchez et al. [32]. Measurements were
performed with 3 replicates. The results were expressed in mg per kg of FW.

For total chlorophyll content analysis, chopped leaves (5 g) were extracted in 80%
acetone (Sigma–Aldrich, Steinheim, Germany) with a homogenizer. The extracted samples
were centrifuged, and the supernatants were collected. Measurements were performed
with 3 replicates. The absorbency of acetone extracts was measured at 663 and 645 nm with
the spectrophotometer [33].

2.5. Statistical Analysis

The study was set up according to a completely factorial randomized design. The
measurements were made in triplicate. All data obtained from this study were statisti-
cally evaluated by the SPSS 19.0 package program. Main effects (treatments and storage
periods) and interactions (treatments × storage periods) were analyzed, and means were
compared by Tukey’s test at a significance level of 0.05. The correlation matrix and principal
components analysis (PCA) were obtained from the R-core program.

3. Results and Discussion

3.1. Weight Loss and Respiration Rate

The weight loss (%) of rocket leaves increased steadily at both storage temperatures
(Figure 1A). However, in general, it can be argued that these increases were minimal due to
the high moisture content in MAP and relatively low water loss. Similarly, Manolopoulou
and Mallidis [34] reported that high CO2, low O2, and high humidity in MAP with pro-
longed storage time effectively reduced water loss from the products and thus weight loss.
In the study, on day 2 of storage, weight loss ranged between 0.08% and 0.11% at 0 ◦C and
between 0.03% and 0.08% at 10 ◦C. At the end of storage on day 10, weight loss values were
between 0.14% and 0.46% at 0 ◦C and between 0.47% and 1.02% at 10 ◦C. It was determined
that the weight loss of rocket leaves stored at 10 ◦C was higher than those stored at 0 ◦C
(Figure 1A). This can be explained by the fact that respiration is better suppressed at low
temperatures, and the metabolic rate is slowed down. Erbaş and Koyuncu [12] reported
that the weight loss in the products increased due to the removal of water from the tissues
during respiration; thus, the respiration rate was effective in weight loss. This is supported
by the fact that OA treatments (especially 1 mM OA) were more effective than the control
treatment at both storage temperatures in terms of reducing weight loss and suppressing
respiration rate.
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Figure 1. The effects of different OA treatments and storage temperatures on the weight loss (A) and
respiration rate (B) of rocket leaves in MAP during storage. C: Control, d: days.

Respiration rate is one of the most critical factors affecting the quality and shelf life of
products after harvest. Therefore, it is essential to suppress or slow down the respiration
rate of products. As shown in Figure 1B, the respiration rate of the rocket leaves was
measured as 106.04 CO2 kg h−1 at the beginning, and on the second day of storage, the
respiration rate decreased compared to the beginning and was between 63.92 mL CO2
kg h−1 (0.5 mM, 0 ◦C) and 81.11 mL CO2 kg h−1 (C, 10 ◦C). The decrease compared to
the initial values can be explained by the action of lowering the ambient temperature and
placing the products under MAP conditions. As expected, since the metabolic activity of
rocket leaves stored at low temperatures slowed down, respiration rates were also lower.
At the end of storage on day 10, the lowest respiration values (63.12 mL CO2 kg h−1,
0 ◦C and 78.09 mL CO2 kg h−1, 10 ◦C) were obtained from 1 mM OA treatment at both
storage temperatures. All OA treatments were effective in suppressing the respiration rate
compared to the control treatment (Table 1). In particular, the 1 mM OA dose was the best
suppressing treatment for respiration rate at both storage temperatures (Figure 1B). This
may be explained by the fact that OA application slows down the metabolic activity of
the products. Our results are in accordance with previous works on vegetables [17,19] and
fruit [12,35] treated with OA, which has been linked to a lower metabolic activity induced
by OA.

Table 1. p values for storage period; treatments and their interactions for rocket leaves.

0 ◦C 10 ◦C

Parameters SP T SP × T SP T SP × T

WL ** * ns ** ** **
RR ** ** ns ** ** **
ΔE ** ** ** ** ** ns

Yellowing ** ** * ** ** **
EE ** ** ** ** ** **

TPC * ** ns ** * ns
AOA * * ns * * ns

Vitamin C * ** ns ** ** ns
TC ** * ** ** ** **

SP: Storage period, T: Treatments, WL: Weight loss, RR: Respiration rate, ΔE: Leaf color, EE: External appearance,
TPC: Total phenolic content, AOA: Antioxidant activity, TC: Total chlorophyll content. Ns represents non
significance at p < 0.05, * represents significance at the 0.05 level, ** represents significance at the 0.01 level.

3.2. Leaf Color, Yellowing, and External Appearance

Yellowing is the biggest ripening symptom in green leafy vegetables [26]. The rocket
leaves’ color and appearance were affected by treatments and storage temperature (Table 1).
In line with the prolonged storage period, yellowing increased in the leaves, resulting in
color and external appearance deterioration. The color change in the rocket leaves started
on the second day, and the highest color change (ΔE: 8.48, 0 ◦C and 11.74, 10 ◦C) was
detected in the control group at both storage temperatures on day 10 at the end of storage.
At the end of storage, the 1 mM OA dose (ΔE: 7.23, 0 ◦C and 8.34, 10 ◦C) was the most

120



Horticulturae 2023, 9, 718

effective treatment in color preservation at both storage temperatures (Figure 2A). In line
with the color change, yellowing and external appearance scores also increased during
storage. On the 10th day of storage, the rocket leaves stored at 10 ◦C had the highest score
in terms of yellowing, while the lowest scores were obtained from those stored at 0 ◦C. At
the end of storage, the control group (4.50 score: 0 ◦C, 4.83 score: 10 ◦C) was determined
to have the highest yellowing scores at both storage temperatures. The lowest yellowing
scores were found in 1 mM OA treatment (3.50 score: 0 ◦C, 4.33 score: 10 ◦C) at both
temperatures (Figure 2B). At the end of storage, all OA treatments were more effective than
the control treatments in terms of yellowing and external appearance (Figure 2B,C). The
external appearance scores of the rocket leaves were not significantly changed in the initial
4 days of storage, but after the 4th day, the differences between the treatments became more
apparent. At the end of storage, the lowest external appearance scores (4.50: 0 ◦C, 2.83 score:
10 ◦C) were obtained from the control groups. As expected, in parallel with the increase
in temperature, the external appearance scores of rocket leaves stored at 0 ◦C were higher
than those stored at 10 ◦C. During storage, the highest external appearance scores were
generally found in the 1 mM OA treatment at both storage temperatures (Figure 2C). It was
thought that the effect of OA on color change, yellowing, and external appearance could be
explained by a slowdown of chlorophyll synthesis and lipid peroxidation, which is known
to have an impact on quality. The positive effects of OA on color and appearance have also
been reported in studies conducted with different vegetable and fruit species [15,19,36].

Figure 2. The effects of different OA treatments and storage temperatures on the leaf color (discol-
oration) (A), yellowing (B), and external appearance (C) of rocket leaves in MAP during storage.
d: days.

3.3. Total Phenolic Content and Antioxidant Activity.

Phenolic compounds, one of the essential antioxidant substances in human nutri-
tion [37], are known as secondary metabolism products of plants and are involved in the
formation of sensory properties and coloration of products [38]. It has been known that
changes in the phenolic content of fruit or vegetables after harvest can be affected by many
factors, including species and variety, ripeness, and harvest time. The TPC values of rocket
leaves, albeit not regularly, increased in parallel with the prolonged storage period. The
increases were rapid from the beginning of storage until day 6 and remained stable on days
8 and 10. The TPC value was 126.5 mg GA 100 g−1 fw at the beginning of storage, 119.6
(10 ◦C, C) to 172.0 mg GA 100 g−1 fw (0 ◦C, 1 mM OA) on day 2, and 198.7 (10 ◦C, C) to
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207.6 mg GA 100 g−1 fw (0 ◦C, 1 mM OA) at the end of storage on day 10. The highest
increase was detected in the OA group samples stored at 0 ◦C (Figure 3A), and the effects
of treatments on the TPC were statistically (p < 0.05) significant (Table 1).

Figure 3. The effects of different OA treatments and storage temperatures on the total phenolic
content (TPC) (A), antioxidant activity (AOA) (B), total chlorophyll content (TC) (C), and vitamin C
(D) of rocket leaves in MAP during storage. C: Control, d: days.

Similar to the TPC values, the AOA values of rocket leaves fluctuated during storage;
however, in general, they increased at the end of storage. The highest increases were
detected in the OA-treated groups. The initial value measured as 79.0 mg 100 g−1 fw was
between 74.4 (10 ◦C, C) and 88.4 mg 100 g−1 fw (0 ◦C, 1 mM OA) at the end of storage.
OA applications were especially influential in terms of the preservation of AOA at 0 ◦C
(Figure 3B). In studies conducted in different species, exogenously applied OA was reported
to protect membrane integrity by preventing oxidation of phenolic substances and lipid
peroxidation and increasing AOA [36,39,40].

3.4. Vitamin C and Total Chlorophyll Content

The total chlorophyll content of the rocket leaves decreased steadily throughout
storage in all treatments and at both storage temperatures. The initial TC value measured
as 50.2 mg 100 g−1 fw was between 17.1 mg 100 g−1 fw (C) and 25.7 mg 100 g−1 fw (1 mM
OA) at 0 ◦C and between 9.5 mg 100 g−1 fw (C) and 15.3 mg 100 g−1 fw (1 mM OA) at
10 ◦C at the end of storage (Figure 3C). Chlorophylls are color pigments responsible for the
formation of green color in horticultural crops. It has been reported that chlorophyll levels
decrease significantly with ripening, and applications that accelerate ripening (such as high
temperature) also accelerate chlorophyll breakdown [41]. This is supported by the fact
that the chlorophyll content of rocket leaves stored at high temperatures (10 ◦C) was lower
than those stored at cold temperatures (0 ◦C). The chlorophyll content of OA-treated rocket
leaves was higher than the C groups at both storage temperatures. The breakdown of
chlorophyll is slower, and the color remains greener in OA-treated rocket leaves (Figure 3C).
Similarly, Kayashima and Katayama [42] have reported that OA, a natural antioxidant
substance, plays a vital role in preventing/slowing down oxidation events, and Cefalo and
Pace [19] have reported that OA delays chlorophyll breakdown. The results obtained in the
yellowing part were consistent with the chlorophyll content.

Vitamin C content decreased as the storage period progressed, regardless of the
application and temperature. Vitamin C decreases rapidly or slowly after harvesting
depending on species, variety, and environmental factors. As shown in Figure 3D, the
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initial vitamin C content was 1.6 mg g−1 fw and was determined to be between 1.2 (0 ◦C,
0.5 and 1 mM OA) and 1.0 mg g−1 fw (0 ◦C: 0.25 mM OA, 10 ◦C: C and 0.25 mM) at
the end of storage on day 10. Vitamin C content decreased at the end of storage, but no
significant differences were observed between the treatments. This was associated with the
preservation of rocket leaves under MAP conditions. MAP may have delayed the oxidation
of vitamin C in all treatments by regulating the permeability of oxygen and carbon dioxide
in it, and vitamin C can also be easily affected by many factors such as temperature, light,
and the presence of oxygen, so the responses of rocket leaves to the treatments in terms of
changes in vitamin C content may be different.

3.5. Indicator Statistics and Principal Component Analysis (PCA)

In the study, it was observed that many factors interact with each other to impact
quality of rocket leaves during storage, so a correlation analysis study is needed. Figure 4
showed the correlation analysis results of the quality parameters of rocket leaves for the
test. As expected, in terms of the analyzed parameters, a highly positive correlation was
generally determined between samples stored at 0 ◦C and 10 ◦C. The highest significant
negative correlation (r: −0.98; p < 0.001) was identified between EE (10 ◦C) and yellowing
values (0 ◦C and 10 ◦C), while the highest significant positive correlation (r: 0.99 ; p < 0.001)
value was identified between YY (0 ◦C) and YY (0 ◦C).

Figure 4. Correlation matrix of the parameters measured in rocket leaves. EE: External appearance,
TC: Total chlorophyll content, C vit: Vitamin C, RR: Respiration rate, WL: Weight loss, Y: Yellowing,
ΔE: Discoloration (color changes), TPC: Total phenolic content, AOA: Antioxidant activity.

KMO and Bartlett tests were performed on the original variables of the indicators of
all samples of rocket leaves. The test results were shown in Table 2. The KMO value was
0.729 in Table 2, indicating that the data were suitable for factor analysis. The probability of
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Bartlett’s test statistical value was 0.000, and it was less than 0.05, which indicated that the
data were correlated and could be used for factor analysis [43].

Table 2. Correlation test of KMO and Bartlett.

Test Method KMO Measure of Sampling Adequacy Bartlett’s Test of Sphericity

Result 0.729
Approx. χ2 df Sig.

799.058 153 0.000

The squares of the coordinates (cos2) provide a measure of how well the major com-
ponent expresses the relevant variable. Cos2 can be used to represent these values. The
correlations between the variables and principal components are another way to express
these values. The first principal component explains 68% of the variance, and the second
principal component explains 12.5%. The squares of the coordinates (cos2) are an indicator
of how successfully the variable of interest is represented by the principal component and
is expressed as cos2. These values are also expressed as correlations between variables
and principal components. When the vector directions of the properties were examined, it
was seen that EE, C vit, TC, and RR exhibited negative correlations with the other proper-
ties. Among the properties that were examined, AOA had the lowest cos2 value and was
considered to have the lowest effect on the principal components (Figure 5).

Figure 5. Principal component analysis (PCA) of the parameters measured in rocket leaves. EE:
External appearance, TC: Total chlorophyll content, C vit: Vitamin C, RR: Respiration rate, WL:
Weight loss, Y: Yellowing, ΔE: Discoloration (color changes), TPC: Total phenolic content, AOA:
Antioxidant activity.

4. Conclusions

In this study, in which the effects of OA applied after harvesting on the quality of
rocket leaves stored at different temperatures were examined, all doses of OA were effective
in preserving the quality compared to the control treatment at both storage temperatures.
In particular, weight loss and respiration rate were very low in OA-treated rocket leaves.
The respiration rate, yellowing, and color change, an indicator of ripening, were low;
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therefore, chlorophyll breakdown was also delayed in OA-treated rocket leaves. Vitamin
C loss was also relatively lower in OA-treated rocket leaves compared to the untreated
control group. The post-harvest quality of rocket leaves preserved by OA treatment under
MAP conditions was maintained longer than the untreated group. In particular, 1 mM OA
doses were the most effective treatment in terms of quality preservation at both storage
temperatures. Considering the yellowing scores, which are very important for vegetables,
it was determined that the rocket leaves cv. Bengi could be stored at 0 ◦C for 8–9 days with
1 mM OA treatment (2.67 score, 8th day) and 6 days with C treatment (2.83 score, 6th day)
and at 10 ◦C for 6–7 days with 1 mM OA treatment (2.17 score, 6th day) and 4 days with
C treatment (2.33 score, 4th day) with a minimum quality loss under MAP conditions. In
conclusion, OA application is considered to be an effective application for the preservation
of the post-harvest quality of rocket leaves. However, since the effects of such post-harvest
applications can be affected by many factors, including variety, harvest time, application
dose, application time, storage time, and storage condition, further studies with different
varieties and species are needed.
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Abstract: Sweet potato (Ipomoea batatas (L.) Lam.) is served as an important root crop worldwide due
to its high yield, strong adaptability and nutrient richness. Sweet potato has played a significant role
in ensuring food security and family income opportunities for local populations in China for years of
experience. The storage roots, which provide abundant nutrition and health benefits to people, are
the mainly harvested and consumed parts of sweet potato. However, after harvest, physiological
disorders, such as sprouting, mechanical injury and infectious postharvest diseases, increase the
magnitude of sweet potato root quality decline and nutritional compound losses. Ethylene and
1-methylcyclopropene (1-MCP) were considered to be effective commercial treatments in sweet
potato postharvest. Exogenous ethylene and 1-MCP treatment could successfully inhibit root sprouts
and reduce rot decay without affecting the storage quality of sweet potato. This review aims to
summarize the latest available information on the effects of ethylene and 1-MCP with respect to
enhancing or impairing sweet potato root quality. A better understanding of the influence of ethylene
and 1-MCP on root quality parameters will be useful to further explore the role and mechanisms of
action of ethylene in regulating the postharvest storage of sweet potato roots and contributions to
technological development and innovation.

Keywords: Ipomoea batatas; postharvest; sprouting; curing; rot

1. Introduction

Sweet potato (Ipomoea batatas (L.) Lam.) is one of the most significant root crops, used
worldwide as a traditional major food source, animal feed and industrial raw material,
with numerous agronomic and nutritional advantages [1,2]. As a good source of carbo-
hydrates, carotenoids, dietary fiber, anthocyanin and other nutrients for people, sweet
potato is consumed in large quantities in China [3–5]. The nutrients with various antioxi-
dants, anti-inflammatory, anti-diabetic, anti-hypotensive properties and specific anti-cancer
bioactivities play an active role in promoting health and protecting the human body from
diseases [6–8]. China is the leading producer of sweet potato at the global level, accounting
for about 54.74% (FAOSTAT, 2020) of the world production [9]. Sweet potato production can
be a source of income for most rural and peri-urban growers in most developing countries.
Although numerous benefits can be obtained from the crop, postharvest losses make its
production unprofitable in most parts of the world. On average, in China, 20 to 30% percent
is lost in sweet potatoes during storage after harvest. These losses affect food security and
nutritional health and have negative financial impacts on both consumers and farmers.

Long-term storage of sweet potato roots allows year-round availability of the crop but
induces various physicochemical changes. During storage, the shelf-life of sweet potato
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roots varies from a few days to months, depending on the cultivar and storage conditions.
Deterioration in postharvest quality of sweet potato roots can be attributed to sprout growth,
postharvest wounding, microbial attack and loss of nutritional properties (Figure 1) [10,11].
When offering the right conditions, sweet potato roots, which are dormant crops, tend to
sprout after a short dormancy period. The appearance of sprouts promotes the wilting of
sweet potato roots, leading to a decrease in nutritional value and causing pathogens to
invade from the long germs. Freshly harvested sweet potato roots have a thin, delicate
skin that is easily mechanically damaged by rough handling during harvest. The roots are
particularly perishable during storage because of their high moisture content (50–80%),
resulting in low mechanical strength, making damage occurrence likely during harvest
and with high susceptibility to microbial decomposition. Root decay results from wound-
induced fungal infections when the temperature and humidity are appropriate for fungal
growth in storage. Root rot leads to a reduction in nutritional properties. The accumulation
of toxins in the root caused by rot during storage should also be considered as it poses a
serious threat to human health when consumed. On the other hand, a high respiratory rate
produces heat and softens the textures, making them vulnerable to harm. A high rate of
respiration also leads to weight loss and a reduction in nutritional quality, including sugar,
phenolic, carotenoids and other nutrients [12]. Extending root dormancy, reducing root
damage and decay and maintaining nutritional properties are the most important aspects
for sweet potato utilization, storage, processing and marketing.

 

Figure 1. Main changes in the deterioration in postharvest quality of sweet potato roots under
exogenous application of ethylene and 1-methylcyclopropene (1-MCP).

Maintaining the quality of sweet potato roots over a long period of storage is chal-
lenging, especially for large-volume growers. There are several options currently available
for the management of postharvest in commercial sweet potato industries. Physical envi-
ronmental regulation has generally been conducted through the manipulation of storage
temperature and relative humidity [13]. The ideal storage conditions for sweet potato
roots are at a temperature of 13–16 ◦C and a relative humidity of 80–95% [14,15]. However,
sweet potato roots are much more sensitive to chilling injury, and cold storage facilities are
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difficult to promote due to high energy consumption and high financial costs for growers.
On the other hand, fungicides are usually applied in industrial operation after harvest to
improve the root qualities. In general, fungicide may be applied by dipping the root in a
chemical suspension tank, utilizing a waterfall application or spraying the fungicide alone
or combined in a wax solution as the sweet potatoes pass over a brush roller conveyor.
Although synthetic sprout inhibitors and fungicides (such as CIPC) are effective in main-
taining quality during storage, the use of chemicals causes environmental pollution, and
the chemical residues have a harmful influence on human health [16].

Ethylene (C2H4) is the key endogenous plant hormone involved in plant development,
maturation and rotting, which is closely related to postharvest quality maintenance in
storage [17,18]. Crops produce ethylene while in storage, and pathogen attack, chilling and
wounding also encourage the formation of ethylene in damaged crops. As an ethylene
inhibitor, 1-MCP protects crops from both internal and external sources of ethylene and
preserves the quality of fresh produce during storage [19]. In recent years, the important
role of ethylene and 1-MCP has been noticed in sweet potato storage as secure, non-toxic
green preservatives. Compared to the conventional technologies, ethylene and 1-MCP have
the advantages of non-toxicity, good chemical stability, easy synthesis, negligible residue
and low use concentration in postharvest of sweet potatoes. However, high exposures of
ethylene or 1-MCP could cause root proximal disease, increased respiration rate, excessive
weight loss and lower sugar content. These biological responses depend on the root
sensitivity to ethylene. The responses of roots to different ethylene concentrations vary
significantly with cultivars. Different treatment concentrations should be tested in advance
between cultivars before use. Despite several disadvantages, since the correct application
dosage is determined, using ethylene and 1-MCP is more effective, less expensive and safer
than conventional technologies.

Several previous studies investigated the responses of sweet potato roots to ethylene
using exogenous ethylene as well as ethylene-binding inhibitors such as 1-methylcyclopropene
(1-MCP). Sweet potato has low ethylene sensitivity and produces very little ethylene during
storage, which is typically considered as a non-respiratory, non-climacteric root [20,21].
However, according to another study, sweet potatoes were classified as climacteric roots
due to their strong respiration after harvest [22]. The respiration type of sweet potato
may vary depending on the cultivars, which needs further study and determination.
Dipping in ethephon, continuous exposure to ethylene gas flow or 24 h exposure to 1-MCP
effectively increased the commercial life of sweet potato roots. The effects of ethylene and
1-MCP on sweet potato postharvest are associated with respiratory rate variation, loss of
water, sugar and phenolic accumulation, reactive oxygen species formation, phytoalexin
protein production and interaction between phytohormones. Transcriptomic analysis has
recently been employed to comprehend the mechanisms of ethylene-induced sprouting
in onions [23]. The specific transcriptional responses to exogenous ethylene application
in potatoes were revealed via RNA sequencing analysis [24]. Furthermore, the molecular
changes associated with curing [25], carvone-treated sprouting [26], cold storage [27,28]
and root development [29] in sweet potato roots were studied using RNA sequencing. The
use of transcriptomic analysis may, thus, reveal molecular mechanisms involved in specific
biological processes during ethylene and 1-MCP treatment.

Exogenous ethylene and 1-MCP treatment showed effective results in sprouting con-
trol, wound curing, disease resistance and maintenance of nutritional properties to maintain
the postharvest storage quality of sweet potatoes (Figure 1). However, studies on the im-
pacts of ethylene and 1-MCP on sweet potato root quality during storage are not available,
and further studies are required to evaluate the parameters of sprout control, disease
resistance and nutrition loss. In this review, we discuss the potential effects of ethylene and
1-MCP on the storage quality of sweet potato roots. A detailed overview of sprout growth,
root decay, wound healing and other disorders, including weight loss, respiration rates and
nutritional properties variation, is also provided in the review.

129



Horticulturae 2023, 9, 667

2. Effects of Ethylene and 1-Methylcyclopropene (1-MCP) on Sprouting Control of
Sweet Potato Roots

Sprouting is nature’s way of passing on the genome of the plant. Seeds begin to sprout
and develop into the same plant as the seed through the process of sprouting. Under
normal storage conditions, sweet potatoes are intended to sprout after a short dormancy
period (about 2–4 weeks) [30]. Sprouting during storage depletes nutrients, which reduces
the quality of the roots. Additionally, the longer sprouts and young leaves of sprouted
sweet potato may carry bacteria or other pathogens. Although sprouted sweet potato is
tender enough and generally safe to eat with no toxicity, people avoid eating them this way
to prevent early sprouting.

Exogenous ethylene and 1-MCP have both been used for years in Western countries
as green chemicals to suppress sprout growth of root crops, including potatoes, gingers,
yams and onions, during storage. The application of ethylene and 1-MCP has been widely
reported to control sprouting in stored potatoes [31,32]. Moreover, 1 μL L−1 1-MCP signifi-
cantly suppressed the sprouting of ginger rhizomes, reduced the accumulation of reactive
oxygen species (ROS) and maintained quality at room temperature storage [33]. The sprout-
ing inhibition of onion bulbs can be achieved when treated with 10 μL L−1 ethylene or
1 μL L−1 1-MCP, respectively, for as little as 24 h [34]. Just as in other root crops, 24 h
exposure of sweet potato roots (cultivars ‘Bushbuck’ and ‘Ibees’) to 625 nl L−1 1-MCP
or continuous 10 μL L−1 ethylene inhibited sprout growth over 4 weeks of storage at
25 ◦C [35]. In another study, continuous exogenous ethylene (10 μL L−1) or 24 h 1-MCP
(1 μL L−1) treatment suppressed sprouting and the dark cooked color of ‘Owairaka Red’
sweet potato roots stored at 25 ◦C and 85% RH for 4 weeks [36]. Similarly, control of sprout-
ing was observed in sweet potato cultivar ‘Covington’ stored under continuous ethylene
(10 μL L−1) during long-term storage at 25 ◦C [37]. Application of 1-MCP (1 μL L−1) for
24 h also significantly inhibited sprout growth in ‘Covington’ roots [20]. However, sprout-
ing of sweet potato cultivar ‘Evangeline’ decreased in response to 1-MCP (1–2 μL L−1)
application in three of four experiments, while ‘Beauregard’ sprouting decreased in two
of four experiments, which provides the first evidence of the variable effect of 1-MCP on
different sweet potato cultivars [38]. The sprouting control abilities of 1-MCP may depend
on cultivars.

According to previous studies, 1 μL L−1 1-MCP applied for 24 h with continuous
10 μL L−1 ethylene treatment is the most commonly used and most effective method to
inhibit sprout growth in sweet potato roots. In general, continuous ethylene gas flow
with air was applied, and 1-MCP solution was prepared using commercial tablets with
fans to ensure even distribution. Sweet potato roots were exposed to the treatments in
the sealed storage boxes at room temperature. Energy through sugar metabolism was
used in sprouting control because the sugar concentration was reduced after 1-MCP and
ethylene treatment [35]. Although ethylene increased root respiration, sprout growth was
significantly suppressed. 1-MCP inhibited this increase in respiration rate and presumably
counteracted the ethylene stimulation of this process. The observations that both ethylene
on its own and 1-MCP inhibit sprout growth suggest that while continuous exogenous
ethylene exposure inhibits sprout growth, ethylene is also essential for sprouting. Low
concentrations of ethylene are necessary to break the dormancy in sweet potato roots,
while high ethylene concentrations applied continuously inhibit sprouting. No sprout
growth was observed when 1-MCP was applied, suggesting that ethylene production was
inhibited by 1-MCP and remained dormant [35,39]. Dormancy of root crops is controlled by
phytohormones, such as ethylene, ABA, cytokinins, gibberellins and auxin, in bud breaking
and sprout growth. However, fewer studies were found on other phytohormones, except
ethylene in sweet potato root. Reactive oxygen species (ROS) including hydrogen peroxide
(H2O2) are also involved in breaking dormancy in root crops by affecting cellular balance
or regulating the expression of genes involved in dormancy. The mechanism of ROS in the
control of sprouting in sweet potato roots has been little explored.
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3. Effects of Ethylene and 1-Methylcyclopropene (1-MCP) on Disease Resistance of
Sweet Potato Roots

Sweet potato is susceptible to a variety of field and storage diseases. To date, posthar-
vest diseases account for the majority of losses in stored sweet potato, severely restricting
their production and commercialization. The high moisture content (50–80%) of sweet
potato roots makes them highly perishable after harvest. Freshly harvested sweet potato
roots generally have a thin, mechanically weak skin outside of the starchy flesh [40].
Pathogenic fungi are produced as a result of mechanical injuries and natural openings on
the surface of the roots during harvest and handling. The infected roots begin to show
discoloration, foul odor, textural changes or grow visible contaminations, which ultimately
leads to decay [41].

Postharvest diseases of sweet potato roots can be attributed to several forms of
pathogenic microorganism infections (fungi, bacteria or viruses), the majority of which
are caused by fungi. The most important postharvest diseases caused by fungi mainly
include soft rot (Rhizopus stolonifer [42], Rhizopus oryzae [41] and Rhizopus nigricans [41]),
sclerotium rot (Sclerotium rolfsii [43]), foot rot (Plenodomus destruens [44]), black rot
(Ceratocystis fimbriata [45,46]), white rot (Globisporangium ultimum [47]) and fusarium root
rot (Fusarium solani [48,49]). These pathogens frequently infect sweet potato roots imme-
diately after harvest or during storage and transport. They enter through natural plant
openings and small wounds caused by insects or tools used in harvesting and transporta-
tion. Pathogens become more active, multiply rapidly and cause infections when the
environment is favorable. Less air circulation, high relative humidity and warm tempera-
ture conditions combine to favor the growth of fungi [41].

Management of sweet potato postharvest diseases using synthetic fungicides is be-
lieved to increase environmental pollution and health hazards of worldwide concern.
For this reason, the development of alternative methods, such as natural plant-derived
products [45,46], GRAS (generally recognized as safe) compounds [48] and microbial an-
tagonists [50], have been actively demonstrated to be most suitable to replace the synthetic
fungicides. Ethylene, a naturally occurring plant hormone, increased the resistance of
sweet potato against black rot in an earlier study [51]. However, in other studies, ethylene
treatment promoted root proximal rot incidence in sweet potato cultivars ‘Beauregard’,
‘Covington’ and ‘Chuanshanzi’ during long-term storage [37,52,53]. Ethylene-induced
decay predominantly initiates from the proximal region, where root splitting also occurred.
End root splitting caused by ethylene treatment may increase the incidence of disease and
lead to proximal rot in sweet potatoes. 1-MCP was normally evaluated in the context of its
antagonistic response to ethylene. Previous work showed that 1-MCP effectively inhibited
root decay in stored sweet potato roots. Application of 1 μL L−1 1-MCP achieved a 10%
lower incidence of rot symptoms compared to the control in ‘Beauregard’ and ‘Evangeline’
roots up to 133 days [54]. ‘Bushbuck’ and ‘Ibees’ treated with 1-MCP (625 nl L−1, 24 h)
showed no disease when stored at 25 ◦C for 4 weeks [35]. Root decay was also significantly
reduced in ‘Covington’ roots by 1 μL L−1 1-MCP for 24 h in 120 days [54].

Ethylene treatment usually increases disease development, simply through its ac-
celeration of ripening or senescence. According to previous studies, ethylene increased
disease in most sweet potato root cultivars. Several observations, however, indicate that
when ethylene is applied before inoculation with a pathogen, it decreases or has no effect
on disease development, but disease development is accelerated when plants are treated
with ethylene after infection. The timing of ethylene exposure of root crops can influence
whether resistance is promoted or suppressed. Ethylene can produce phytoalexins as
pathogenesis-related proteins and rigidify cell walls in the induced systemic resistance of
plants. Priming of defense-related genes ISR (induced systemic resistance) and pathogene-
sis related proteins SAR (systemic acquired resistance) requires the presence of a functional
NPR1 protein, triggered by ethylene receptor genes etr1 and ein2 in Arabidopsis [55]. 1-MCP
treatment tended to maintain root quality and reduce disease development in most studies.
The strongest effect of 1-MCP occurred when roots were harvested soon after treatment.
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Application of 1-MCP immediately after harvest on the root crops is crucial for disease con-
trol [54,56]. The possible disease resistance mechanism after ethylene and 1-MCP treatment
needs further study in sweet potato roots.

4. Effects of Ethylene and 1-Methylcyclopropene (1-MCP) on Wound Healing of Sweet
Potato Roots

Some root, tuber and bulb vegetables, such as garlic, onions, potatoes and sweet
potatoes, need to be cured prior to long-term storage. Following field drying, sorting and
crating, within 1–2 h after harvest, sweet potato roots were cured in a controlled room in
order to promote the healing of wounds acquired during harvest and handling. Curing, as
a low-cost postharvest technique, allows skins to harden, wounds to heal and some of the
starches to convert to sugars, which helps the tubers store for months [57]. The curing of
sweet potato roots includes optimizing three conditions: temperature, relative humidity
and ventilation. The optimal curing conditions are 85–95 ◦F (29–35 ◦C) and 80–90% relative
humidity for 3–7 days [58].

Curing takes longer (up to 3 weeks) if conditions are less than perfect, and it can differ
between sweet potato cultivars. It has been previously documented that dry matter content
of sweet potato roots and wound healing efficiency are closely related. Cultivars with low
dry matter content exhibited a longer shelf-life and more effective wound healing in earlier
studies that investigated 34 cultivars [59]. Furthermore, the association was supported
by the results of experiments conducted with 17 cultivars from different regions of the
world, whose dry matter content ranged from 17.9% to 31.2% [60]. However, ‘Apomuden’
(19%) and ‘Nane’ (27%), two cultivars with low and high dry matter content, showed no
significant difference in their wound healing ability [61].

Mass spectroscopic analysis of the curing process revealed that the sweet potato
surface cells were desiccated, followed by the lignification of the underlying cell layers,
finally covering the skin [59,62]. As a new epidermal tissue, this formative lignified
layer performs as a barrier against pathogenic organisms and prevents excessive moisture
loss [60,63]. Generally, no chemicals are required during the curing process. Unfortunately,
although maintaining proper curing conditions is helpful for maintaining root quality, the
rate of sprouting and decay during long-term storage is still very high. It is necessary
to develop and combine safe and reliable chemicals in the curing process to extend the
storage time of sweet potato roots. The amount of ethylene produced by sweet potato in
response to wounding (2–4 days after wounding) varies among cultivars, and they respond
differently to ethylene treatments [64–66]. Ethylene is involved in lignification and wound
periderm formation during sweet potato wound healing [67]. Moreover, the storage protein
of sweet potato sporamin, as a wound response promoter, was effectively activated by
ethylene [68]. In addition, when 1-MCP was combined with curing, root sprouting was
effectively inhibited during the subsequent storage and the healing of wounds [53]. Further
investigation is required to evaluate the effects of ethylene and 1-MCP treatment, which
are frequently used in the storage period after curing to control sprouting. Their effects on
sweet potato quality also need to be examined when applied in conjunction with curing.

5. Effects of Ethylene and 1-Methylcyclopropene (1-MCP) on Other Quality-Related
Properties of Sweet Potato Roots

After harvest, the sweet potato roots stay metabolically active and perform all func-
tions of living tissues. The primary goal of storage is to maintain root quality and ensure
adequate supply throughout the year by minimizing both physiological disorders and
disease development [69]. According to previous research, the proper storage conditions for
high-quality roots are 55 ◦F (13 ◦C) and 85–90% relative humidity, with adequate ventilation.
Physiological disorders and nutritional losses are related to improper storage conditions,
such as excessive light, extreme temperature, low oxygen and unsuitable moisture [70]. The
following quality-related properties discussed were the other main characteristics of sweet
potato roots that may be affected after harvest when ethylene and 1-MCP were applied
during storage (Table 1).
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Table 1. The effects of ethylene and 1-methylcyclopropene (1-MCP) on quality-related properties in
different sweet potato cultivars.

Cultivars Storage Conditions Applications Treatments Quality-Related Properties Reference

Organic
‘Covington’ and

Portuguese-
derived

‘Covington’

Cold storage at 15 ◦C
Sprouting control and

disease
resistance

1-MCP (1 μL L−1, 24 h)

Reduced sprouting and decay,
phenolic compounds; no effect on

respiration rate and sugar, maintained
saleable weight

Amoah et al.,
2012 [20]

‘Covington’

Cured (30 ºC, 90%
relative humidity,

7 days) then stored at
25 ◦C

Sprouting control Ethylene (10 μL L−1,
applied continuously)

Reduced sugar, phenolic compounds
and phytohormones (abscisic acid and

zeatin riboside); suppressed sprout
growth, doubled root respiration;

increased weight loss and incidence of
proximal rots

Amoah et al.,
2016 [37]

‘Covington’ Cold storage at 15 ◦C Disease
resistance 1-MCP (1 μL L−1, 24 h) Reduced decay, weight loss; no effect

on respiration rate and carbohydrates
Amoah et al.,

2018 [54]

‘Bushbuck’ 25 ◦C in incubators Sprouting control

1-MCP (625 nl L−1, 24 h)

Inhibited sprouting; reduced
respiration rate, weight loss, sugar

content (sucrose, glucose
and fructose)

Cheema et al.,
2010 [71];

Cheema et al.,
2013 [35],Ethylene (10 ppm,

applied continuously)

Inhibited sprouting; increased
respiration rate (3-fold), weight loss
(slightly), sucrose; reduced glucose

and fructose

‘Beijing 553’ and
‘Chuanshanzi’

Curing at 29 ◦C for
4 days, then stored at

(13 ± 0.5) ◦C, 90%
relative humidity

Sprouting control and
disease

resistance

0.045% 1-MCP
cyclodextrin powder,

1.6 g/case

Improved wound healing; inhibited
sprouting and decay; increased sugar
content; decreased starch content, no

color change

Cao et al., 2021
[53]

‘BRS Rubissol’

Curing at 30 ◦C and 90%
relative humidity for

7 days, stored in
chambers at 25 ◦C and
90% relative humidity

Sprouting control

1-MCP 1 mg·L−1 in 90 L
chamber for 24 h

Reduced sprouting, weight loss;
increased dry matter content;
processed fried chips showed

less browning
Lima et al., 2021

[72]
Ethylene 10 μL·L−1 in
90 L chamber for 48 h

Reduced sprouting, weight loss;
increased dry matter content

‘Owairaka Red’

Curing at 30 ◦C and 90%
relative humidity for
4 days then stored at

25 ◦C and 85% relative
humidity

Sprouting control

1-MCP (1 μL L−1, 24 h)
and continuous

ethylene (10 μL L−1)

Inhibited sprout growth; increased
root respiration rates and weight loss;

no color change after cook
Pankomera et al.,

2016 [36]
1-MCP (1 μL L−1, 24 h) No significantly differ from

the control

Ethylene (10 μL L−1,
applied continuously)

Inhibited sprout growth; increased
root respiration rates and weight loss;

darken cooked flesh color

‘Belle Vue’
Curing for 4 days

(25–30 ◦C) then stored
at 20 ◦C

Sprouting control

Ethylene (0.001 kPa,
applied continuously)

with controlled
atmosphere

Reduced sprouting; increased
phenolics contents, sugars, weight

loss and respiration rates

Sowe et al., 2018
[73]

‘Beauregard’

Curing at 85 ◦F and 85%
relative humidity for
5 days then stored at

60 ◦F and 75–85%
relative humidity

Wound healing
Dipping 1 h in 1-MCP
(1 ppm) or ethephon

(2.6 mM)

Breakdown-related features on skin
appeared after ethephon treatment,
not detected in 1-MCP treated roots

Villordon et al.,
2012 [74]

5.1. Weight Loss

During storage, high moisture content (50–80%) evaporates from the surface of sweet
potato roots, resulting in weight loss and possible shriveling of the delicate skin, particularly
at the root ends. Although microbial decay is the main postharvest loss in sweet potato,
weight loss is considered the second most important factor for economic losses in the
marketing of sweet potatoes [41,74]. Weight loss has frequently been used as a stability
indicator for postharvest and shelf-life quality control [54]. There are conflicting reports
regarding the role of exogenous ethylene and 1-MCP on the weight loss of sweet potato
roots. After harvest, in most cases, 1-MCP treatments achieved lower weight loss in root
storage [37]. Several studies indicated that ethylene treatments promote weight loss in
cultivars ‘Covington’ [37,54], ‘Owairaka Red’ [36] and ‘Belle Vue’ [73]. Ethylene plus 1-
MCP treatments increased the weight loss of ‘Owairaka Red’ [36], while in ‘Bushbuck’ and
‘Ibees’, weight loss was decreased by all the treatments, including 1-MCP, ethylene and
ethylene plus 1-MCP, respectively [35]. Excessive weight loss was proved to be associated
with moisture loss, which was accelerated by an increased respiration rate and undesirable
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environmental impacts during storage [37]. In general, ethylene treatment increased the
respiration rate and induced weight loss, but 1-MCP inhibited ethylene release and reduced
the respiration rate of the roots. This effect may differ depending on the treated cultivars’
breathing patterns. Cultivars with low respiratory rates may not show significant changes
in respiration rate after treatment. Weight loss varies due to different degrees of evaporation
caused by different treatment methods, such as gas application or dipping. In addition,
the curing process and sprouting control reduced the loss of weight due to the decreased
evaporation and respiration [35,72]. Decay caused by pathogen infections leads to moisture
loss and aggravated weight loss [54].

5.2. Respiration Rate

Sweet potato, as an underground storage root vegetable, typically has relatively low
respiration rates. However, sweet potato continues to breathe highly in storage to re-
lease energy through the breakdown of stored carbohydrates in the roots. Exposure of
sweet potato to ethylene significantly boosted the respiration rates in the roots of different
cultivars, including ‘Covington’, ‘Owairaka Red’, ‘Bushbuck’ and ‘Belle Vue’ [35–37,73].
Additionally, 1-MCP showed negative impacts on changing this effect when ethylene was
present in ‘Owairaka Red’ [36]. In general, the respiration data distinctly demonstrated
the inhibitory effect of 1-MCP on ethylene. 1-MCP reduced the respiration rates of ‘Bush-
buck’ [35] at room temperature (25 ◦C) stored in incubators, whereas no evident effects
were observed on the respiration rates of ‘Covington’ and ‘Owairaka Red’ stored at low
temperature (15 ◦C) and room temperature (25 ◦C), respectively. Genetic characteristics are
the most important contributing aspect to the respiration rate of sweet potato [75]. Because
of the differences in breathing patterns, various cultivars displayed low or high respiration
rates after treatments. Harsh circumstances, such as mechanical damage, disease infection
and sprout growth, also accelerated the rate of root respiration in storage. The differences
observed above in the experiments could be attributed to the various states of the roots
during storage. High respiration rates frequently coincide with active metabolic activity
and lead to a short storage life that lowers dry matter content and causes weight loss.

5.3. Sugar Content

Sweet potato is known to be high in carbohydrates. Sweet potato with high sugar con-
centrations results in higher quality for processing. Consumer acceptability and preferences
for sugar concentrations may vary regionally. Generally, people prefer low sugar concen-
trations when sweet potato is consumed as a staple food, whereas in the UK or US, sweet
potato with high sugar concentrations is preferred. Carbohydrate macromolecules such as
starch are converted into simple sugars, including sucrose, glucose and fructose, during
sweet potato storage [71]. Transport and accumulation of these sugars are the sources of
energy needed for root physiological metabolism and sprout growth. Conflicting data exist
on the role of endogenous ethylene and 1-MCP in terms of maintaining sugar levels. In the
roots of ‘Covington’ and ‘Bushbuck’, the concentration of monosaccharides was reduced by
ethylene treatment [35,37]. 1-MCP decreased the amount of sucrose, glucose and fructose
in ‘Bushbuck’ but had no effect on the sugars in ‘Covington’ [54,71]. Ethylene, on the
other hand, increased the sugar content in ‘Belle Vue’ [73] and ‘BRS Rubissol’ [73]. 1-MCP
improved the sugar content in ‘Chuanshanzi’ [53] and ‘BRS Rubissol’ [73]. In general,
ethylene promotes respiration, evaporation and sugar hydrolysis, while 1-MCP inhibits
ethylene production and increases sugar content. The difference in treatment results may
also be related to the sugar content in various cultivars. Cultivars with high sugar content
showed no significant changes following treatment. Differences in sugar determination
methodologies could also potentially contribute to such variations.

5.4. Phenolic Compounds

Sweet potato roots contain high levels of phenolic compounds, especially chlorogenic
acids. 1-MCP reduced phenolic levels in ‘Covington’ roots but increased the accumulation
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of phenolic compounds in the proximal ends [38]. Phenolic compounds were unevenly
distributed in sweet potato roots. Higher concentrations of phenolic compounds were
observed in the proximal sections of the roots, while lower concentrations were in the
middle sections [38,76]. The presence of phenolic compounds was related to protection
against disease and is involved in anti-resistance responses in other crops. Higher phenolic
compounds in the proximal ends after 1-MCP treatment may be one of the reasons for
its reduction in pathogenic attack. Since root decay and sprout growth usually tend to
occur at the proximal ends of sweet potato roots, it may be possible to explore how these
processes relate to the content of enriched phenolic compounds after 1-MCP treatment.
Ethylene was found to decrease phenolic compounds in ‘Covington’ roots [37] but increase
the phenolic content in ‘Belle Vue’ roots [73]. The conflicting results may be related to
differences between cultivars and measurement methods. The phenolic content in the
proximal ends needs further observation in ethylene treatment experiments, which helps
to reveal the relationship of sprouting, end rotting and phenolic compounds.

6. Conclusions and Future Perspectives

Sweet potato has a short maturity period (3–5 months), drought tolerance and wide
ecological adaptation with nutritional and economic value for growers and consumers
in different regions of the world. Traditionally, keeping the roots in long-term storage
provides a continuous food supply in the diet season when the staple crops are exhausted.
The difficulties in long-term storage of sweet potato, including sprouting control, disease
resistance and nutritional properties loss, pose a major challenge for extending the shelf life
and improving the quality of the roots. The potential of ethylene and 1-methylcyclopropene
(1-MCP) to maintain the postharvest storage quality of sweet potato has been previously
observed and studied by researchers. In this review, one of the focuses was to investigate
the differences between various cultivars when applying ethylene and 1-MCP. Although
ethylene and 1-MCP were effective in preventing sprouting, wounding and decay dur-
ing storage, their effects varied significantly depending on the cultivars and application
technologies. The influence of ethylene and 1-MCP on sweet potato postharvest quality
needs to be discussed separately for each cultivar to elucidate the significance of ethylene.
These differing effects might be related to the ethylene sensitivity variations of cultivars by
themselves. In part, investigating the trend of respiration rate and the amount of ethylene
released after harvest is a useful tool to observe ethylene sensitivity in each cultivar. Fur-
thermore, application technologies, which lead to variable ethylene reactions in the same
cultivar, might play a role. Sweet potato roots are highly perishable; technologies that are
simple to use, consume less and maintain root quality are highly desirable.

Additionally, attention should also be paid to the molecular mechanisms underlying
the effects of ethylene and 1-MCP in the storage roots of sweet potato roots. From previous
studies trying to discuss the relationships between ethylene and some of the physiological
indicators, such as respiration rate changes, weight loss and variations in sugar and phenolic
content, the molecular mechanism behind them is still unclear. Physiological changes are
regulated by gene expressions, and using molecular techniques to reveal the important
role of ethylene in sweet potato postharvest is also critical. Low levels of ethylene are
necessary for sprouting but, when applied at high levels, ethylene showed an inhibition
effect on sprouting. 1-MCP suppressed sprouting and produced lower levels of ethylene
in the root. This suggests that ethylene and 1-MCP regulated sprouting in different ways.
Further studies are needed to understand the interactions between the multiple ethylene-
related genes involved in sprouting. For disease resistance, ethylene induces resistance
when applied before infection, whereas increased decay when applied during infection
or after symptoms. The dual action of ethylene is that it sometimes acts as a pathogenic
factor and sometimes as a virulence factor for pathogens. This implies that ethylene-
regulated resistance responses depend on the spatial connections of numerous signals
interacting in the network type. Previous evidence suggests that study of this network
is becoming available through transcriptome analyses, indicating that the interaction of
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various regulatory components controls numerous genes in complex ways. Future detailed
analyses of the underlying molecular regulatory networks under the treatments should aid
in further improving root quality in storage. As mentioned earlier, sweet potato is a good
source of numerous balanced nutrients and health-promoting phytochemicals. Thus, more
emphasis should be placed on studying the connections between storage characteristics and
the internal nutritional compounds of the roots, which helps to illuminate the molecular
mechanisms behind them. Furthermore, extensive research is also needed to develop green
and ethylene-related preservatives in order to prolong the storage of sweet potato roots.
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Abstract: Fresh-cut potatoes (Solanum tuberosum L.) are a favorite product on account of their fresh-
ness, convenience, and health benefits. However, cutting causes potatoes to lose their protective
tissue and suffer mechanical damage, which greatly increases the quality deterioration and safety risk
of potatoes. The background microorganism and foodborne pathogens on fresh-cut potatoes might
rapidly grow during transportation, processing, and marketing, and cause high health risks for con-
sumers. In this study, the quality and safety of fresh-cut potatoes coated with an alginate-based edible
coating containing thyme essential oil (AEC-TEO) was evaluated during a storage period of 16 days
at 4 ◦C. Samples were coated with AEC-TEO at different concentrations (0, 0.05, 0.35, and 0.65%, v/v).
The quality characteristics of fresh-cut potatoes including color, weight loss, firmness, and sensory
attributes were evaluated over 4 days. The viability of the background microorganism of fresh-cut
potatoes and artificially inoculated bacteria involving Listeria monocytogenes (LM) was measured
every 4 days. The research showed that treatment with AEC-TEO at a 0.05% concentration was the
most beneficial for maintaining quality and inhibiting the microorganism of fresh-cut potatoes. The
increase in L and firmness was 10.55 and 8.24 N, respectively, and the decrease in browning was 4.19
compared to that in the control. Sensory attributes represent an assessment between “indifferent” and
“like a little”. The reductions in total plate counts, total coliform counts, yeast and mold counts, and
Lactobacillus counts were 2.41 log cfu/g, 1.37 log cfu/g, 1.21 log cfu/g, and 2 log cfu/g, and Listeria
monocytogenes decreased by 3.63 log cfu/g on fresh-cut potatoes after 16 days. Therefore, AEC-TEO
effectively improved the quality of fresh-cut potatoes and, to a certain extent, prolonged their shelf
life. This represents a potential application prospect for the preservation of fresh-cut potatoes.

Keywords: background microorganisms; coating; Listeria monocytogenes; preservation; vegetables

1. Introduction

Potatoes (Solanum tuberosum L.) are economically important staple crop plants that
produce high yields of nutritionally valuable food and are important in our daily lives [1].
Potatoes, as a main crop plant, play an important role in food provision all over the world.
In China and across the world, potatoes rank as the fourth most common agricultural crop
after rice, wheat, and corn. Potatoes are cultured in 79% of the world’s countries, making
this the largest vegetable crop [2]. Potato has been identified by the Food and Agriculture
Organization of the United Nations (FAO) as a staple and sustainable food for the growing
world population [3]. However, a large amount of soil attached to the surface of fresh
potatoes needs to be removed, and potatoes need to be washed before cutting or cooking.
The cleaning and processing of potatoes take more time before the end consumer is reached.
Fresh-cut fruits and vegetables (FFVs) are peeled, cubed, trimmed, and sliced prior to sale
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and have the characteristics of freshness, nutrition, and convenience [4]. Such products
are increasingly becoming popular with consumers. Potato is a kind of preprocessed
vegetable that is suitable for cutting. However, the mechanical damage caused to potatoes
by cutting ruptures the cells and tissues [5], causing texture softening, flavor loss, microbial
growth, and other undesirable phenomena, making storage more difficult and impacting
the commercial value [6]. Hence, it is important to develop preservation technology that
can enhance the quality attributes of fresh-cut potatoes.

Edible coatings (ECs) can maintain freshness as a wrapping on FFVs by improving the
tactile and visual properties of product surfaces [7]. FFVs have been preserved with various
types of ECs, including alginates, pectin, starch, chitosan, gums, and carrageenan [8,9].
Among these, the alginate-based edible coating (AEC) has attracted widespread interest.
Alginate is an anionic polysaccharide found in the outer cell wall of brown algae. In terms
of its physical properties, sodium alginate itself is nontoxic and stable in the environment.
It is able to gel, form films, and bind with numerous molecules [10]. Sodium alginate is
classified as GRAS (generally regarded as safe) by the Food and Drug Administration
(FDA) and can be used as an emulsifier, stabilizer, thickener, or gel [11]. Alginic acid and
its salts are food additives approved by the European Commission [12]. The most common
salt of alginate is sodium alginate [13]. Alginate can be used as an edible, biodegradable
preservative for coating fruits and vegetables [14]. AEC affects fruits and vegetables by
controlling the gas exchange, reducing the moisture transfer, and delaying the ripening
process. Some reports have shown that AEC also has beneficial effects on the preservation
of FFVs [15–17].

Essential oils (EOs), also known as volatile oils, can be obtained from all plant organs,
i.e., flowers, seeds, leaves, roots, wood, twigs, fruits, and bark; they are stored in secretory
cells, cavities, canals, epidermal cells, or glandular trichomes [18]. There is widespread
recognition that essential oils have antibacterial, antifungal, antiparasitic, and antiviral
properties [19]. In one of our previous reports, using in vitro experiments, we demon-
strated that thyme essential oil (TEO) exhibited the strongest antibacterial activity against
foodborne pathogens among many well-known EOs (thyme oil, cinnamon oil, oregano
oil, lemongrass oil, mint oil, rosemary oil, clove oil, eucalyptus oil, lavender oil, tea tree
oil, blumea oil, valerian oil, atractylodes oil, and zingiber oil) [20]. TEO is among the
world’s top ten essential oils and is noted for its antimicrobial, antimycotic, antioxidative,
food preservative, antifungal, and mammalian-age-delaying properties [21]. Antimicro-
bial properties are attributed to the alcohols, phenols, terpenes, and ketones in EOs [22].
Researchers have demonstrated that the main component of TEO is thymol [23]. TEO can
readily enhance antibacterial activity by volatilizing and inhibiting microbial growth on
fresh collard greens and sweet basil leaves during storage [24,25]. However, the volatile
odor of TEO can affect the quality, flavor, and sensory attributes of FFVs. Therefore, TEO
might be combined with EC to reduce these negative impacts. The preservation effects of
alginate EC with oregano essential oils, carboxymethyl chitosan-pullulan EC with galangal
essential oil, EC with cinnamon essential oil, and alginate-based EC with thyme essential
oil have all been evaluated on fruits and vegetables such as tomatoes, mangos, strawberries,
and cantaloupes [26–29]. Moreover, the quality and safety of fresh-cut potatoes treated
with alginate-based EC containing thyme essential oil have been not reported. The de-
velopment of the preservative technology can provide a potential antibacterial agent for
fresh-cut potatoes.

The objective of this study is to further evaluate the preservation effects of AEC-
TEO on the quality and sensory attributes of fresh-cut potatoes, as well as its impact on
background microorganisms and Listeria monocytogenes.

2. Materials and Methods

2.1. Bacterial Inoculum

Listeria monocytogenes (LM, CICC 21633) was purchased from the China Center of
Industrial Culture Collection (CICC, Beijing, China). A tryptic soy broth containing yeast

141



Horticulturae 2023, 9, 543

extract (TSB-YE) was used to culture LM at 37 ◦C for 12 h. The bacterium suspension
was centrifuged at 5000 r/min for 5 min. Peptone water at 0.1% (w/v) was added to mix
the LM for washing. Dilution was carried out using 0.1% (w/v) peptone water, in a ratio
of 1:10, in order to reach the proper inoculum. The population of LM was expressed as
log cfu/mL [30].

2.2. Fresh-Cut Potatoes

Fresh potatoes were obtained from a New-Mart in Dalian City (China). They were
uniform in size, color, and the absence of defects. The experiment site is located at 38.9◦ N
and 121.6◦ E. Fresh potatoes were stored at a low temperature (approximately 4 ◦C) before
being processed. They were cleaned with fresh water to remove surface dirt and washed
again with distilled water. The surface of the samples was sterilized using alcohol (75%
v/v). A biosafety cabinet was used to air-dry samples for 10 min at 25 ◦C. The potatoes
were then cut into cubes (1 cm × 1 cm × 1 cm) using a sterile knife.

2.3. Preparation of AEC-TEO

The preparation of AEC in this study was carried out in line with previous research [29].
A mixture of sodium alginate at 1.29% (w/v) and glycerol at 1.5% (w/v) was stirred in
ultrapure water at 70 ◦C until the solution became transparent [31]. TEO at different
concentrations (0.05%, 0.35%, and 0.65%, v/v) was added to the AEC and stirred for 3 min
at 12,500 rpm using Ultra Turrax T25 mixer (IKA® WERKE, Staufen, Germany). To produce
a cross-linking reaction necessary for gel formation, a 2% (w/v) calcium chloride solution
(food grade) containing 1% (w/v) ascorbic acid (food grade) and 1% (w/v) citric acid (food
grade) was prepared. To the calcium chloride solution, ascorbic acid and citric acid were
added as antioxidants and color fixatives, respectively [32].

2.4. Fresh-Cut Potato Coating

Fresh-cut potatoes were soaked in the solution of sodium alginate containing TEO
for 2 min. Samples were then placed in the calcium chloride solution for 2 min. Fresh-cut
potatoes treated with AEC, AEC-TEO (0.05%), AEC-TEO (0.35%), and AEC-TEO (0.65%)
were evaluated. Uncoated samples were used as controls. Fresh-cut potatoes (10 cubes)
were placed on polystyrene trays as a group and wrapped with PVC films for the evaluation
of quality and sensory attributes every 4 days, for a 16-day period, at 4 ◦C.

2.5. Evaluation of Fresh-Cut Potato Color, Weight Loss, and Firmness

Five group experiments were planned to measure the color of fresh-cut potatoes over
16 days (one test every 4 days). The surfaces of three fresh-cut potato cubes were randomly
selected from one group (10 cubes) for each test. The color of the cut surfaces of the potato
cubes was measured using a CR400/CR410 colorimeter (Minolta, Tokyo, Japan). The
color parameters L* (lightness), a* (green chromaticity), and b* (yellow chromaticity) were
measured. Each measurement was carried out on potato cubes. The browning index (BI)
was calculated using Equation (1), as follows:

BI = [100(x − 0.31)]/0.172 (1)

where
x = (a* + 1.75 L*)/(5.645 L* + a* − 3.012 b*) (2)

Three group experiments were planned to measure the weight loss of fresh-cut pota-
toes over 16 days. Polystyrene trays containing the potato cubes were measured using a
digital balance (PL-2002, METTLER TOLEDO, Greifensee, Switzerland) over a period of
16 days. The weight loss rate was calculated as follows:

Weight loss rate (%) = [(m1 − m2)/m1] × 100 (3)
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where m1 is the initial weight (g) and m2 is the weight at the specified time point (g).
Five group experiments were planned to measure the firmness of fresh-cut potatoes

over 16 days (one test every 4 days). Three fresh-cut potato cubes were randomly selected
from one group (10 cubes) for each test. The firmness of the fresh-cut potatoes was
determined using a TA.XT texture analyzer (Stable Micro Systems Ltd., Godalming, UK).
We measured the firmness of the fresh-cut potato cubes based on the force (N) exerted on
the cubes using the P5 compression probe. Each experiment was carried out three times.

2.6. Sensory Attribute Analysis

The sensory characteristics of the potato cubes were evaluated after 8 days by reg-
ular consumers of potatoes. A total of twenty individuals, including students and staff,
were recruited from the food science and technology faculty. Twenty group experiments
(10 cubes in each group) were planned to evaluate the sensory attributes. Fresh-cut potatoes
were randomly presented to assessors in different treatment groups. Testing was carried
out in individual rooms for each candidate. The odor, color, texture, appearance, and
acceptability of the fresh-cut potatoes were evaluated according to a 9-point hedonic scale
test. The hedonic evaluation scale recorded degrees of appreciation using the following
scoring system: 9 = like very much; 8 = like a lot; 7 = like moderately; 6 = like slightly;
5 = indifferent; 4 = dislike slightly; 3 = dislike moderately; 2 = dislike a lot; 1 = dislike very
much [33,34]. The assessors recorded their responses on paper scorecards. Panelists were
advised to sip water between the evaluations of two different samples.

2.7. Analysis of Background Microorganisms

Fresh-cut potatoes coated with AEC and AEC-TEO of different concentrations (0.05%,
0.35%, and 0.65%, v/v) were stored at 4 ◦C for 16 days. Samples without the coating
served as the control. Samples were taken to measure the background microorganism at
an interval of 4 days during storage time. Samples were homogenized with 0.1% peptone
water (1:10) in a sterile blender. Suspensions of 0.1 mL were taken from the homogenate
and cultured on plate count agar (PCA) at 37 ◦C for 24 h to measure the total plate counts;
on potato dextrose agar (PDA) at 28 ◦C for 48 h to measure yeast and mold counts; on
violet red bile dextrose agar (VRBDA) at 37 ◦C for 24 h to measure total coliform counts;
and on Lactobacilli MRS agar at 37 ◦C for 24 h to measure Lactobacillus counts [35,36].

2.8. Analysis of Listeria monocytogenes (LM)

Fresh-cut potato cubes (10 g) were placed in sterile Petri dishes. For the challenges,
the potato cube surfaces were inoculated with LM suspensions (8–9 log CFU/mL, 500 μL).
Samples were air-dried in a biosafety cabinet at 25 ◦C for 1 h. As described previously,
samples were treated with AEC and AEC-TEO at different concentrations. Untreated
fresh-cut potatoes were used as a control. During the 16-day storage period, fresh-cut
potato cubes were put in a sterile blender bag and stored at 4 ◦C. The population of LM on
the fresh-cut potatoes was measured at 4-day intervals during the 16-day storage period.
Each experiment was conducted three times. The suspension of LM was taken and cultured
on an Oxford agar base at 37 ◦C to determine the bacterial count, which was expressed
as log cfu/g.

2.9. Statistical Analysis

Experiments were conducted in triplicate and the mean + standard deviation values
were obtained for each experiment. The data were analyzed using SPSS software (Version
14.0; SPSS, Chicago, IL, USA). The significance of differences between variables was tested
using a one-way ANOVA (between groups) and a repeated-measures ANOVA (within
groups). Duncan’s multiple range test was used to compare the means. The statistical
significance was determined at p < 0.05.
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3. Results

3.1. Effects of AEC-TEO on the Quality of Fresh-Cut Potatoes
3.1.1. Color

Color is a critical factor in consumer acceptance of fruit and vegetables. Enzymatic
browning is an important process that compromises the color of fresh-cut potatoes. In this
study, L* (lightness) indicates the brightening or darkening of fresh-cut potatoes and BI
indicates enzymatic browning during the storage period.

Figure 1a shows changes in the L* of fresh-cut potatoes treated with AEC with or
without TEO. The L* of fresh-cut potatoes decreased significantly in the control and AEC
treatment during the storage period (p < 0.05). The L* in AEC-TEO (0.05%) was higher than
that in other groups after 12 days. Decreases were more dramatic in fresh-cut potatoes
treated with AEC-TEO (0.35% and 0.65%) than in other treatment groups after 12 days.

 
(a) (b) 

Figure 1. The effect of alginate-based EC with thyme essential oil on color of fresh-cut potatoes at
4 ◦C. (a) L* (lightness); (b) BI (Browning index). Control: Uncoated; AEC: Alginate-based edible
coatings; TEO: Thyme essential oil. The different lowercase letters indicate significant differences
across different treatments. The different uppercase letters indicate significant differences across
different storage times (p < 0.05).

Figure 1b shows changes in the BI of fresh-cut potatoes treated with AEC and AEC-
TEO. The BI of fresh-cut potatoes in the control was higher than that of the other groups on
the fourth day and then decreased more significantly during the storage period. The BI in
AEC was lower than that of the control group after 12 days. The BI of fresh-cut potatoes
treated with AEC-TEO (0.05%) also decreased significantly during the storage period,
reaching the lowest value among all groups on the 16th day. The BI of fresh-cut potatoes
treated with AEC-TEO (0.35% and 0.65%) increased significantly during the storage period,
more dramatically than in other groups after 4 days.

3.1.2. Weight Loss

It was important to assess the quality of the fresh-cut potatoes in terms of weight
loss during the 16-day storage period (Figure 2). The measured weight loss values of the
fresh-cut potatoes increased significantly during storage times (p < 0.05). There were no
significant differences in the control, AEC, and AEC-TEO (0.05%) during storage time
(p ≥ 0.05). The weight loss in AEC-TEO (0.35% and 0.65%) groups was significantly higher
than that in the other treatment groups during storage times (p < 0.05).
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Figure 2. The effect of alginate-based EC with thyme essential oil on weight loss of fresh-cut potatoes
at 4 ◦C. Control: Uncoated; AEC: Alginate-based edible coatings; TEO: Thyme essential oil. The
different lowercase letters indicate significant differences across different treatments. The different
uppercase letters indicate significant differences across different storage times (p < 0.05).

3.1.3. Firmness

The firmness of fruits and vegetables depends on the composition of the cells and the
structure of the cell wall. The softening of fruit occurs during ripening and postharvest
storage and affects the quality, shelf life, and commercial value of the fruit. The process
of softening involves the hydrolysis of starch into sugars and pectin degradation in the
cell wall of the fruit. Figure 3 shows changes in the firmness of fresh-cut potatoes treated
with AEC with or without TEO. The firmness in the control group showed the lowest
value among all treatment groups on the 16th day (p < 0.05). The firmness in the AEC and
AEC-TEO (0.05%, 0.35%, and 0.65%) was higher than that in the control on the 16th day
(p < 0.05). There was no significant difference between AEC and AEC-TEO (0.05%, 0.35%,
and 0.65%) on the 16th day (p ≥ 0.05).

Figure 3. The effect of alginate-based EC with thyme essential oil on firmness of fresh-cut potatoes
at 4 ◦C. Control: Uncoated; AEC: Alginate-based edible coatings; TEO: Thyme essential oil. The
different lowercase letters indicate significant differences across different treatments. The different
uppercase letters indicate significant differences across different storage times (p < 0.05).

3.1.4. Sensory Analysis of Fresh-Cut Potatoes

EOs are known to have strong odors and flavors that might affect the organoleptic
characteristics of fruits. The sensory evaluation of fresh-cut potatoes in the AEC and AEC-
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TEO (0.05%, 0.35%, and 0.65%) treatments after 8 days is presented in Figure 4. Hedonic
data analysis revealed score ranges of 1.55–5.05 for color, 1.5–5 for appearance, 3.3–5.1 for
odor, 2.65–5.6 for texture, and 1.75–5.15 for acceptability. In terms of acceptability, the score
of the fresh-cut potatoes in the AEC-TEO (0.05%) treatment represented an assessment
between “indifferent” and “like a little”. The score for fresh-cut potatoes in the control, AEC,
and AEC-TEO (0.35%) groups represented an assessment between “dislike moderately”
and “dislike a little”. For samples in the AEC-TEO (0.65%) treatment, the acceptability score
represented an assessment between “dislike very much” and “dislike a lot.” Therefore,
fresh-cut potatoes in AEC-TEO (0.05%) obtained significantly higher scores than those in
the control and the AEC-TEO (0.35% and 0.65%) treatments (p < 0.05), and their sensory
attributes might be acceptable for further commercialization. A visualization diagram of
the fresh-cut potatoes during storage times is shown in Figure 5. This shows that fresh-cut
potatoes in the AEC-TEO (0.05%) treatment group were more acceptable visually than
those in other treatment groups during the storage period.

Figure 4. Effect of alginate-based EC with thyme essential oil on sensory attribute of fresh-cut
potatoes after 8 days of storage at 4 ◦C. Control: Uncoated; AEC: Alginate-based edible coatings;
TEO: Thyme essential oil. The hedonic evaluation scale used a 9-point scale as follows: 9 represented
like very much and 1 represented dislike very much. For each sample, the means designated by
different letters are significantly different (p < 0.05).

 

Figure 5. The effect of alginate-based EC with thyme essential oil on appearance of fresh-cut potatoes
at 4 ◦C. Control: Uncoated; AEC: Alginate-based edible coatings; TEO: Thyme essential oil.

3.2. Background Microorganisms

Populations of background microorganisms on fresh-cut potatoes in the AEC treatment
with or without TEO were measured (Figure 6). The results showed considerable increases
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for fresh-cut potatoes in the control, AEC, and AEC-TEO groups (p < 0.05). Total plate
counts, total coliform counts, yeast and mold counts, and lactic acid bacteria counts in
the AEC and AEC-TEO treatments were all lower than those of fresh-cut potatoes in the
control over 16 days (p < 0.05). The total plate counts, total coliform counts, yeast and mold
counts, and lactic acid bacteria counts were much lower in the AEC-TEO treatment than in
the AEC treatment (p < 0.05). The addition of TEO to AEC caused the population of the
background microorganisms to decrease compared with that of fresh-cut potatoes treated
with AEC alone. The total plate counts and total coliform counts of fresh-cut potatoes in
the AEC-TEO (0.05%) treatment group were lower than those in the AEC treatment group
after 12 days. The yeast and mold counts and Lactobacillus counts of fresh-cut potatoes in
the AEC-TEO (0.05%) treatment were lower than those of potatoes treated with AEC alone
after 16 days. The total plate counts in the AEC-TEO (0.35% and 0.65%) treatments were
higher than those in the AEC-TEO (0.05%) treatment after 12 days. The yeast and mold
counts and total coliform counts in the AEC-TEO (0.35% and 0.65%) treatment were higher
than those in the AEC-TEO (0.05%) treatment after 16 days. There were no significant
differences in the Lactobacillus counts among fresh-cut potatoes in the AEC-TEO (0.05%)
and AEC-TEO (0.35%) at 16 days. Interestingly, the values for total plate counts and total
coliform counts recorded in the AEC-TEO (0.05%) treatment increased significantly after
12 days. The counts for yeast and mold and for Lactobacillus bacteria were also obtained for
fresh-cut potatoes treated with AEC-TEO (0.05%) after 16 days.

 
(a) (b) 

 
(c) (d) 

Figure 6. The effect of alginate-based EC with thyme essential oil on background microorganisms on
fresh-cut potatoes at 4 ◦C. (a) Total plate counts; (b) total coliform counts; (c) yeast and mold counts;
(d) lactobacillus counts. Control: Uncoated; AEC: Alginate-based edible coatings; TEO: Thyme
essential oil. Asterisk indicate microorganisms were not detected. The different lowercase letters
indicate significant differences across different treatments. The different uppercase letters indicate
significant differences across different storage times (p < 0.05).
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3.3. Listeria monocytogenes Analysis

Changes in the populations of L. monocytogenes inoculated on the fresh-cut potatoes
in the AEC treatment with and without TEO were also measured (Figure 7). The popula-
tion of L. monocytogenes on fresh-cut potatoes in the AEC, AEC-TEO (0.05%, 0.35%, and
0.65%) treatments decreased significantly during the storage period. The populations of L.
monocytogenes in the AEC were lower than those in the control during the storage period,
and the populations of L. monocytogenes in the AEC-TEO were lower than those treated
with AEC alone. The populations of L. monocytogenes decreased as the concentration of
the essential oil increased. After 16 days, the L. monocytogenes population was lowest on
fresh-cut potatoes with the highest tested concentration of TEO (0.65%).

Figure 7. The effect of alginate-based EC with thyme essential oil on Listeria monocytogenes on fresh-
cut potatoes at 4 ◦C. Control: Uncoated; AEC: Alginate-based edible coatings; TEO: Thyme essential
oil. The different lowercase letters indicate significant differences across different treatments. The
different uppercase letters indicate significant differences across different storage times (p < 0.05).

4. Discussion

Potatoes are suitable for processing into fresh-cut vegetables as a type of important
food material. Fresh-cut potatoes were one of the earliest FFV products in the catering and
retail industries. However, mechanical cutting damages the integrity of the potato tissue
structure and causes physiological and biochemical changes such as enzymatic browning,
water loss, and tissue softening. In particular, the nutrient composition of potatoes provides
ideal growth and reproduction conditions for microorganisms [37]. The combination of EC
and essential oils as preservative agents can inhibit the growth of microorganisms while
maintaining the quality of fresh-cut potatoes. Essential oils are natural and safe and exhibit
antibacterial and antioxidant properties. Other research indicated that perillaldehyde,
anethole, carvacrol, cinnamaldehyde, eugenol, thymol, and anethole essential oils have a
positive effect on enhancing the antioxidant capacities of raspberries, strawberries, and
blueberries [38,39]. However, the volatility of essential oils affects their antibacterial activity.
EC is an excellent preservative for FFVs. It can reduce weight loss, delay tissue softening,
inhibit enzymatic browning, and prevent microbial infection [40]. The volatility of essential
oils might be delayed by mixing with EC and maintaining the flavor and texture of fruit
and vegetables. In addition, EC can also be used as a carrier of active ingredients such as
antioxidants (ascorbic acid, citric acid, and oxalic acid) and nutrients (Vitamin E), which
can increase the nutritional value of FFVs [41].

Color has a significant impact on the quality and appearance of FFVs. In this study,
L* and BI were used to evaluate the color of fresh-cut potatoes. L* (lightness) indicates
the brightening or darkening of fresh-cut potatoes, and BI indicates enzymatic browning
during the storage period. Lower L* and higher BI values indicate more serious brown-
ing. L* significantly decreased and BI significantly increased during the storage period
(p < 0.05). This may be due to the cutting and peeling stimulating signal molecular transmis-
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sion in fruits and vegetables, activating the phenylalanine ammonia lyase, and synthesizing
phenols. The substrate for enzymatic browning is phenols, which are oxidized to quinones
under catalysis [42]. During the 4–12-day period, L* values in the AEC and AEC-TEO
(0.05%) treatments were higher, while BI values were lower, compared with the control
group. These results indicate that AEC inhibited the browning of fresh-cut potatoes by
reducing the reaction between oxygen and PPO. Another study demonstrated that the
combination of an edible coating and cinnamon essential oil reduced phenolic content and
the browning index compared to uncoated fresh-cut apples after 25 days [43]. The addition
of ascorbic acid and citric acid to AEC can also contribute to anti-browning and color pro-
tection [44]. Several studies have reported similar results. For example, fresh-cut potatoes
soaked in ascorbic acid (1%) maintained good coloration for 6 days [45]. A combination of
ascorbic acid (1%) and aloe vera gel (50%) significantly reduced the browning of fresh-cut
lotus root [46]. The combination of lginate-CaCl2 and an acetylate monoglyceride coating
reduced BI compared with the control fresh-cut apples [47]. However, in the current study,
the L* values in the AEC-TEO (0.35% and 0.65%) treatments significantly decreased as
concentrations of TEO increased, while the BI values significantly increased, indicating that
TEO in a high concentration seriously affected the appearance of fresh-cut potatoes. This
may be because a high concentration of TEO damages the potato tissues. The polyphenol
oxidase and substrates in potato tissues lose their separation, and this accelerates enzymatic
browning [48]. In another study, fresh-cut potatoes experienced serious browning when ex-
posed to high concentrations of cinnamon essential oil [49]. In this study, we demonstrated
that adding a higher concentration of TEO affected the sensory quality of fresh-cut potatoes.
This observation is in line with the findings of other studies. For example, the study found
that adding thyme essential oil reduced appearance scores to acceptable levels compared
with chitosan films for fresh collard greens after 8 days [24]. Fresh-cut vegetables treated
with coriander, marjoram, and origanum essential oil show lower odor and taste scores,
which reduced the acceptability of the samples [50]. The addition of 0.5% (v/v) lemongrass
essential oil significantly affected the sensory properties of fresh-cut pineapple, leading
to flavor scores of less than five, and high concentrations of essential oil accelerated the
softening of fresh-cut samples [31].

Weight loss is a crucial index to evaluate the quality of FFVs. In this study, weight
loss in fresh-cut potatoes in the control, AEC, and AEC-TEO groups increased significantly
during the storage period. Because fresh-cut products lose their integrity when peeled,
cut, sliced, or shredded, they are more likely to lose water than uncut fruit and vegetable
products. Fresh-cut potatoes in the AEC and AEC-TEO (0.05%) treatment showed lower
weight loss among all treatment groups during the storage period. Related research has
demonstrated that the edible coating can affect weight loss in fresh-cut papaya. The authors
of [51] found that a combination of alginate and pectin in an edible coating significantly
reduced weight loss in fresh-cut papaya and also reduced juice loss at the end of storage
times. However, in the current study, when the TEO concentration increased to 0.35%
and 0.65%, the weight loss of the fresh-cut potato samples increased significantly. Indeed,
high concentrations of essential oil are toxic to FFVs, causing the destruction of the tissue
structure and increased weight loss [52], as demonstrated by previous authors who found
that higher concentrations of TEO damaged the tissue of fresh-cut apple, resulting in juice
loss, increased respiration, and weight loss [20].

Softening is a serious problem that affects FFVs during storage periods. Starch and
pectin function to hydrolyze during fruit softening [53]. This limits the shelf life of FFVs
and is an important factor affecting the acceptability of consumers. In this study, the AEC
and AEC-TEO maintained the firmness of the fresh-cut potatoes compared with those in
the control. The components used in coating solutions might help fresh-cut potatoes to
maintain their firmness, and the presence of CaCl2 in the EC may be important in this
regard. Ca2+ can bind with pectin to stabilize the cell wall, reduce the activity of cell wall
hydrolase, and slow down the softening rate [54].
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This study reveals that background microorganisms and Listeria monocytogenes are
able to survive and grow on fresh-cut potatoes during storage periods. Fresh-cut potatoes
may provide ideal survival conditions for microorganisms due to the nutrients released
after cutting. Pathogens and spoilage microorganisms have also been reported to grow on
different types of potato products [55,56]. In the current study, background microorganisms
of fresh-cut potatoes in the AEC-TEO treatments were lower than those in the control,
and it is reasonable to suggest that TEO exhibits antibacterial activity and that the coating
process itself might wash away some microorganisms. Other research showed that an
edible coating containing cinnamon oil inhibited yeast and mold on strawberries [28]. An
alginate edible coating with thyme oil reduced mold and yeast growth compared to the
control and alginate without thyme oil [57]. Bacterial counts were significantly reduced in
fruits that were coated with edible coatings with ethanolic essential oil [58]. This study also
demonstrated that the populations of background microorganisms and LM on fresh-cut
potatoes in the AEC-TEO treatments significantly decreased during the storage period,
and antibacterial activity was enhanced with increased concentrations of essential oil.
In a previous study, TEO was found to be effective in inhibiting Listeria monocytogenes,
Salmonella typhimurium, Staphylococcus aureus, and E. coli O157:H7 [20]. TEO exhibits strong
antibacterial activity due to its own volatile components. It is well-known that the chemical
composition of EOs plays an important role in inhibiting microorganisms [59]. TEO is
primarily composed of thymol and carvacrol, and these have biological properties including
anti-inflammatory and liver-protecting effects [60]. Other studies have found that thymol
can effectively inhibit Gram-positive bacteria by interfering with cell membrane lipids,
and proteins, causing an increase in membrane permeability [61]. However, in the current
study, high concentrations of TEO did not significantly inhibit the decline of background
microorganisms on fresh-cut potatoes after 16 days. The chemical structure of fresh-cut
potatoes may be damaged by TEO at concentrations of 0.35% to 0.65%. The juice and
nutrition composition provides rich growth conditions for microorganism growth [62].
Therefore, fresh-cut potatoes in the AEC-TEO (0.35% and 0.65%) treatments were prone
to microorganism growth. In addition, background microorganisms of 6 log cfu/g are
considered an acceptable limit for the shelf life of a fruit product according to the standard
of the Institute of Food Science and Technology (IFST) [63]. In this study, therefore, the
shelf life of fresh-cut potatoes in the AEC-TEO (0.05%) treatment was extended to 16 days.

5. Conclusions

In this study, the AEC-TEO (0.05%) treatment effectively enhanced the L, firmness, and
sensory attributes and reduced the weight loss and browning index regarding the quality
of fresh-cut potatoes after 16 days. In addition, AEC-TEO exhibited increasing antibacterial
activity against background microorganisms and LM on fresh-cut potatoes with increasing
concentrations of TEO. Therefore, the AEC-TEO preservation agent can effectively control
the infection of LM and maintain the sensory quality of fresh-cut potatoes during the
process of packaging, storage, logistics, and sales. The development of AEC-TEO can
ensure the wholesomeness and safety of consumers to meet the present-day growing
consumer demands for fresh-cut potatoes.
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Abstract: Fresh-cut pumpkin is favored by consumers for its environmental protection, safety, and
convenience at home and abroad. To investigate the effect of different wounding intensities (piece,
strip and slice, corresponding to 1.90, 3.53 and 6.29 m2 kg−1) on the quality of fresh-cut pumpkin, the
critical indexes involved in reactive oxygen species (ROS) metabolism, vitamin C-glutathione cycle,
phenylpropanoid metabolism and membrane lipid peroxidation were monitored for pumpkin during
storage at 4 ◦C for 6 d. The results showed that with the increase in cutting injury strength, the light-
ness, whiteness index, respiration rate, ethylene content, lipoxygenase activity and malondialdehyde
content of fresh-cut pumpkin increased, while the hardness, sensory quality, appearance and total
soluble solid content continuously decreased. The quality deterioration was the most severe in the
slice group, while a higher sensory quality was maintained in the piece after 6 d of storage. However,
the activity of phenylalanine ammonia-lyase increased and then contributed to the synthesis of the
phenolic compound, which resulted in enhancements of 79.13%, 29.47% and 16.14% in piece, strip
and slice, respectively. Meanwhile, cutting enhanced the activity of antioxidant enzymes including
ascorbate peroxidase, glutathione reductase, superoxide dismutase and catalase, resulting in the
enhancement of antioxidant activity in fresh-cut pumpkin. The collected results showed that the
wounding intensities have an obvious influence on the quality by regulating physiological and
ROS metabolism.

Keywords: fresh-cut pumpkins; wounding intensities; reactive oxygen species; edible quality

1. Introduction

Pumpkin (Cucurbita moschata Duch.) is one of the most common vegetables in the life
of consumers, and it is favored by worldwide consumers due to its prominent yellow color
and nutritional and functional compounds, such as anthocyanins, phenolic acid derivatives,
flavonoids and vitamins [1]. Fresh pumpkin has a large shape and is not convenient for
consumers to eat, so the market sale of pumpkin is greatly limited, and the pumpkin
product subjected to fresh-cutting treatment can solve the problem. Fresh-cut pumpkins
have the characteristics of convenience, safety, nutrition and freshness [2]. Simultaneously,
the skin residue, core and other waste material produced via fresh-cut processing can also
be recycled and reused for animal feed, which has the characteristics of reducing urban
domestic waste and environmental protection [3,4]. In recent years, fresh-cut pumpkins
have been increasingly favored by consumers due to their convenient characteristics of
ready-to-eat, ready-to-use and ready-to-cook [5,6]. However, cutting causes pumpkins to
suffer irreparable mechanical damage and lose their protective tissue, which may induce
quality deterioration reactions [7].

In general, when fruits and vegetables are in fresh-cutting processing, a systematic
responsive mechanism would be activated. Previous studies have reported that wounding
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stress could stimulate the production of reactive oxygen species (ROS) [2]. A study on
fresh-cut carrots suggested that ROS may increase the resistance of fresh-cut products by
inducing the synthesis and accumulation of secondary metabolites, including polyphenols
and flavonoids [8,9]. Chai et al. [10] found that excessive ROS accumulation will break
the balance of ROS metabolism in plants, increase the burden of scavenging free radicals
and lead to browning and membrane lipid peroxidation, which further reduces the edible
quality of fresh-cut products. Therefore, it is essential to regulate ROS metabolism aimed to
maintain the quality of fresh-cut products.

It has been reported that cutting styles corresponding to different wounding intensity
have an impact on the production of ROS signal in fresh-cut products, and then contribute
to the difference in enzymatic reaction and the phenylpropanoid metabolic pathway [11–13].
Generally, during the processing of fresh-cut pumpkins, different cutting methods subjected
to piece, strip and slice are necessary for the food industry or at home. However, there is still
lacking scientific certification and systematic research on whether the different wounding
intensities affect the quality of fresh-cut pumpkins. Moreover, whether ROSs are involved
in wound-induced quality change in fresh-cut pumpkins is still unknown. Therefore,
three different cutting methods (piece, strip and slice) on the physiological metabolism and
quality of fresh-cut pumpkins were evaluated in this study to select the optimal wounding
intensities of production and consumption. Meanwhile, the regulation mechanism of ROS
on edible quality change of fresh-cut pumpkins was explored, which further provides a
certain theoretical basis for fresh-cut pumpkin during processing and storage.

2. Materials and Methods

2.1. Sample Preparation and Treatment

Our study was conducted from 10 March 2022 to 16 June 2022 in the greenhouse at
the Dalian Shengyuan Farmer, PR China (39◦15′58.72′′ N, 121◦55′41.41′′ E). Sixty seeds
for the Luli pumpkin were sowed on 10 March 2022 in a greenhouse in plastic seedling
trays containing potting mix and starter fertilizer in Shengyuan farm, located in Jinzhou
District, Dalian, China. At two weeks old, the seedlings of each germplasm line were
transplanted on 26 March 2022 into a single plot in the field. The mature tropical pumpkins
were harvested at mature green stage (65 days after flowering).

The pumpkin (Cucurbita moschata, Duch.) variety named “Luli” was harvested in July
2022. Fresh pumpkins were sorted to ensure uniformity of size, color and ripeness and
were maintained at 4 ◦C before processing. Whole samples were thoroughly washed with
tap water and then soaked in sodium hypochlorite (0.2 mL L−1) solution for 2 min for
sterilization. After being rinsed twice with water, the selected pumpkins were cut into
piece, strip and slice. The wounded surface diameter of piece, strip and slice was manually
measured, and then wounding intensities were calculated and found to be 1.90, 3.53 and
6.29 m2 kg−1, respectively. Fresh-cut pumpkins (120 g) were loaded into a polypropylene
container and packaged with polyethylene films (Miuge Chemical Commodities Science
and Technology Co., Ltd., Hangzhou, China), then stored at 4 ◦C. The whole pumpkin
was used as the control in this experiment; all samples were collected at 0, 1, 2, 3, 4, 5 and
6 d. In this experiment, 6 of the samples were taken for analysis of lightness, whiteness
index, respiration rate and ethylene content, and the other samples were frozen with liquid
nitrogen and stored at −80 ◦C for further analysis.

2.2. Lightness, Whiteness Index and Appearance Assay

Tristimulus color values including lightness (L*), redness (a*) and yellowness (b*) of
fresh-cut and control samples were determined by using a HunterLab MiniScan@XE plus
colorimeter (Hunter Associates Laboratory, Reston, VA, USA); the white and black plank
was used as the calibrate standard in this work. For fresh-cut pumpkins, three samples
from each group were chosen to measure surface color, taking an average of three surface
measurements per sample.
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The whiteness index (WI) value was estimated using the formula as shown below,
WI = 100 − [(100 − L*)2 + (a*)2 + (b*)2]1/2 [14], where L*, a* and b* are the color values of
lightness, redness and yellowness of samples. The change in the appearance of fresh-cut
pumpkins during storage was recorded by obtaining pictures.

2.3. Respiration Rate and Ethylene Content Assay

The respiration rate and ethylene content were determined via a gas analyzer (F-940
STORE II, Felix, USA) according to the method reported by Zhou et al. [15]. The respiration
rate of fresh-cut pumpkin was calculated as follows:

Respiration rate =
(C1 − C2)/100 ∗ V

m ∗ t
∗ 1.96

where C1 represents the volume fraction of CO2 in the container (%); C2 represents the
volume fraction of CO2 in the air (%); V is the volume of the container (mL); m represents
the weight of the sample (kg); t represents time (h); 1.96 is the density of CO2 (g L−1).

The ethylene content (μL kg−1 h−1) of the sample was calculated as follows:

Ethylene content =
(C1 − C2) ∗ V
m ∗ t ∗ 1000

where C1 represents the volume fraction of ethylene in the container (%); C2 represents
the volume fraction of ethylene in the air (%); V is the volume of the container (mL); m
represents the weight of the sample (kg); t represents time (h).

2.4. O2
−• and H2O2 Content Assay

The O2
−• and H2O2 content were measured by using commercially available kits

(Shanghai Yuanye Biotechnology Co., Ltd., Shanghai, China). The absorbance of O2
−• and

H2O2 reaction system was monitored at 530 nm and 412 nm, respectively, and then the
result was expressed as mmol kg−1.

2.5. Malondialdehyde (MDA) Content and Lipoxygenase (LOX) Activity Assay

The MDA content was determined by using the color reaction between MDA and
thiobarbituric acid, the measurement method was in accordance with the plant kit (www.
cominbio.com, accessed on 15 September 2022) and the result was expressed in mmol kg−1.

The MDA content was determined by using the color reaction between MDA and
thiobarbituric acid by using the plant kit (Coming Biotechnology Co., Ltd., Suzhou, China).
The MDA content was determined according to the instructions of the manufacturer [16],
and the result was expressed mmol kg−1.

LOX catalyzes the oxidation of linoleic acid, the oxidation product has a characteristic
absorption peak at 280 nm, and the LOX activity was calculated by measuring the increase
rate at 280 nm absorbance. The determination method was in accordance with the plant kit
(Coming Biotechnology Co., Ltd., Suzhou, China) [17]; the result was expressed in U kg−1,
where ULOX = 0.01 × ΔA280 nm per min based on fresh tissue weight.

2.6. Lignin Content and Phenylalanine Ammonia-Lyase (PAL) Activity Assay

The samples were dried to constant weight at 80 ◦C, and then crushed and sieved
through a 40 mesh sieve, which was prepared for the extraction of lignin. The lignin
content was measured with plant kits (Coming Biotechnology Co., Ltd., Suzhou, China),
the method was in accordance with the instructions of the manufacturer [18] and the result
was expressed as g kg−1 based on fresh weight.

The PAL activity was assayed as described by Guan et al. [6]. Frozen samples
(1.0 g) were extracted in 5 mL of ice-cold sodium borate buffer consisting of 5 mmol
L−1 β-mercaptoethanol. The 2.5 mL reaction system comprised borate buffer (2 mL), L-
phenylalanine (1 mL; 20 mmol L−1) and extracted supernatant (0.5 mL). The absorbance

156



Horticulturae 2023, 9, 512

change was measured at 290 nm and one U of PAL was described as the amount of enzyme
that causes a 0.01 absorbance change per minute.

2.7. Antioxidant Activity Assay

The antioxidant activity was assessed by analyzing the hydroxyl radical (OH•), 2,2′-
azinobis-3-ethylbenzthiazoline-6-sulphonate (ABTS) scavenging ability and ferric reducing
antioxidant power (FRAP) by using plant kits (Nanjing Jiancheng Bioengineering Institute
Co., Ltd., Nanjing, China). The OH•, ABTS and FRAP scavenging ability was determined
according to the instructions of the manufacturer; the specific steps were shown at the
company home page [19–21]. The result of OH• and ABTS scavenging ability was expressed
as the formula: scavenging ability (%) = 100 × (Acontrol − Asample)/Acontrol, where Acontrol
and Asample are the absorbances of the control and of the sample, respectively. The FRAP
result was expressed as mmol kg−1 based on a Trolox calibration curve.

2.8. Antioxidant Enzyme Activity Assay

The pumpkin samples were extracted using ice-cold sodium phosphate buffer
(0.2 mol L−1, pH 6.4) and then centrifuged at 12,000× g for 30 min at 4 ◦C, the collected
supernatant was prepared to measure polyphenol oxidase (PPO), peroxidase (POD) and
catalase (CAT) activity. The PPO, POD and CAT activity was determined as reported by
Tian et al. [22] and Chen et al. [23], and the results were expressed as U kg−1.

The activity of superoxide dismutase (SOD), ascorbate peroxidase (APX) and glu-
tathione reductase (GR) was measured using kits (Comin Biotechnology Co., Ltd., Suzhou,
China). The SOD activity was determined according to the instructions of the manufac-
turer [24–26]. The results were expressed as U kg−1, where USOD = 0.01 × Δ450 nm per min,
UAPX = 0.01 × Δ290 nm per min and UGR = 0.01 × Δ340 nm per min.

2.9. Antioxidant Compounds and Total Soluble Solid (TSS) Content Assay

The antioxidant compounds of pumpkin including phenols, flavonoids, anthocyanin,
Vitamin C (Vc) and glutathione (GSH) content affected by wounding intensities were
evaluated in this study. For total phenol content evaluation, the frozen pumpkin sample
(5 g) was mixed with 20 mL 80% ethanol and extracted in the dark at 40 ◦C for 40 min
and the obtained supernatant was prepared to determine the value, expressed as mg kg−1

based on the gallic acid standard curve [6].
The method of flavonoid content measurement was in accordance with Santana-

Galvez [7]. Fresh tissues (0.5 g) were mixed with 5 mL of 99% HCl-methanol for 20 min at
4 ◦C. The absorbance changes of the reaction system were measured at 325 nm to determine
total flavonoid content based on the rutin equivalent standard curve (g kg−1).

Then, the content of anthocyanin, Vc and GSH was determined by using plant kits
(Solarbio Science & Technology Co, Ltd., Beijing, China) in accordance with the manu-
facturer’s instructions. The absorbance of anthocyanin, Vc and GSH was measured at
500 nm, 420 nm and 412 nm, respectively. Anthocyanin, Vc and GSH content are expressed
as g kg−1, mg kg−1 and mmol kg−1, respectively.

TSS content was assayed according to the process of Li et al. [8] by using a hand-held
digital refractometer (PAL-1, ATAGO, Tokyo, Japan), expressed as %.

2.10. Statistical Analysis

All the experiments were performed in triplicates, and data were presented as the
mean ± SD (standard deviation). Orignpro 2021 software (OriginLab., Northampton, MA,
USA) was used for the drawing of figures. One-way analysis of variance (ANOVA) and
least significant difference (LSD) tests via SPSS software, version 20 (IBM Corp., Armonk,
NY, USA) were used to differentiate mean values at the p < 0.05 level.
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3. Results and Discussion

3.1. Colorimetric Values and Appearance

The colorimetric value evaluation involved the important quality parameters of
food [27]. In order to quickly and intuitively illuminate the visual color change of fresh-cut
pumpkin during storage at 4 ◦C, we measured the lightness (L*) as shown in Figure 1a. The
result revealed that the L* of cutting treatment groups increased, and the rising trend of
color difference L* value in a whole pumpkin was significantly lower than that in other
fresh-cutting treatment groups. On storage for 6 d, the L* of whole, piece, strip and slice
was 74.9, 78.6, 79.2 and 81.07, respectively, which indicated that the degree of L* level was
strip > piece > slice > whole (Figure 1a); the above results show that with the increase in
the wounding intensities, the color difference L* value of the fresh-cut pumpkin has an
increasing trend. Furthermore, the whiteness index (WI) was used to indicate the degree
of blanching of fresh-cut pumpkins during storage. According to Figure 1b, the WI was
increased during the whole storage period. On storage for 6 d, the WI of the slice was
reached at the maximum value (56.79), which was 1.69 times higher than the control group.
The result of the sensory evaluation (Figure 1c) also demonstrated that the score of appear-
ance, color, taste, texture and overall appearance in slice was lower than strip and piece,
which indicated the piece pumpkin had the best visible quality.

L

  
(a) (b) 

  
(c) (d)

Figure 1. Effect of wounding intensities on lightness (L*) (a), whiteness index (WI) (b), sensory
evaluation (c) and appearance (d) of fresh-cut pumpkin during storage at 4 ◦C for 6 days. Vertical
bars represent the standard deviation of the mean (n = 3). Different letters indicate significant
differences between the groups (p < 0.05).

158



Horticulturae 2023, 9, 512

The phenomenon of whitening on the cut surface of pumpkin was easy to observe
based on the picture of the appearance (Figure 1d); it was also found in fresh-cut carrots that
the surface is apt to white blush [28]. The reason for this may be that the color compounds
of fresh-cutting processed fruits and vegetables changed during storage due to incomplete
inactivation of enzymes, which would result in the white blush on the surface [29]. How-
ever, this result was opposite to the quality change of fresh-cut potatoes [11] and apples [30]
where the degree of browning phenomenon was deep. The above results also showed that
the color changes were significantly different in fresh fruits and vegetables with different
biological characteristics after being sliced.

3.2. Weight Loss and Total Soluble Solid (TSS) Content

Weight loss was increased significantly for fresh-cut pumpkin (Figure 2a). Among
these groups, the weight loss of sliced pumpkin was highest (1.49%), followed by strip and
piece. As for TSS content in fresh-cut pumpkin, it was affected by wounding intensities,
significantly decreasing during the whole storage period (Table 1), yet it surprisingly
remained almost constant in whole pumpkin during storage. Contrary to the weight loss,
the TSS content of the slice group was lowest; it decreased by 32.49% at 7 d compared with
the original values. A significant negative correlation (R = −0.885) was observed between
weight loss and TSS content, which indicated that fresh-cutting operations easily cause
water loss and further resulted in TSS content change in fresh-cut pumpkin [31,32].

(a) (b) 

Figure 2. Effect of wounding intensities on weight loss (a) and firmness (b) of fresh-cut pumpkin
during storage at 4 ◦C for 6 days. Vertical bars represent the standard deviation of the mean (n = 3).
Different letters indicate significant differences between the groups (p < 0.05).

Firmness is an important apparent property of fresh-cut products [33]; just after
fresh-cutting, the firmness measured on pumpkin was 120.16 N, then it decreased sharply
(Figure 2b). Notably, the firmness of piece, strip and slice showed a slight significant
increase at 3–4 d. Probably, the cutting operation with wounding stress applied during the
experiment resulted in wound healing and then provided an essential barrier for a compact
superficial surface layer, which contributed to surface hardening [1].
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Table 1. Influence of wounding intensities on the quality of fresh-cut pumpkin.

Index Treatment 0 d 1 d 2 d 3 d 4 d 5 d 6 d

TSS (%)

Whole 16.00 ± 0.54 a 15.70 ± 0.20 a 15.30 ± 0.50 a 15.61 ± 0.06 a 15.13 ± 0.44 a 15.52 ± 0.11 a 16.03 ± 0.07 a

Piece 15.65 ± 0.39 a 13.81 ± 0.11 c 12.45 ± 0.39 b 14.57 ± 0.34 b 14.23 ± 0.37 b 12.97 ± 0.11 b 12.54 ± 0.29 b

Strip 15.87 ± 0.13 a 14.62 ± 0.40 b 11.67 ± 0.19 c 12.32 ± 0.33 c 13.12 ± 0.29 c 11.97 ± 0.13 c 11.87 ± 0.15 c

Slice 15.45 ± 0.21 a 13.52 ± 0.16 d 11.55 ± 0.37 c 10.75 ± 0.05 d 12.22 ± 0.22 d 11.07 ± 0.07 d 10.43 ± 0.11 d

Total phenols
content
(g kg−1)

Whole 10.74 ± 0.42 c 10.19 ± 0.25 c 10.04 ± 0.11 c 9.92 ± 0.23 d 10.19 ± 0.44 d 10.35 ± 0.22 d 10.53 ± 0.22 c

Piece 11.16 ± 0.26 b 12.01 ± 0.19 b 13.47 ± 0.21 a 12.74 ± 0.26 c 12.70 ± 0.38 c 12.02 ± 0.29 c 11.07 ± 0.32 b

Strip 11.32 ± 0.35 b 12.32 ± 0.20 ab 12.41 ± 0.23 b 13.52 ± 0.21 b 14.58 ± 0.33 b 13.40 ± 0.22 b 11.61 ± 0.23 b

Slice 12.07 ± 0.28 a 12.71 ± 0.31 a 13.92 ± 0.29 a 15.74 ± 0.04 a 16.30 ± 0.44 a 18.54 ± 0.24 a 12.49 ± 0.34 a

Flavonoids
content
(g kg−1)

Whole 5.95 ± 0.17 a 5.46 ± 0.21 c 5.57 ± 0.35 c 5.89 ± 0.16 d 5.45 ± 0.11 d 5.49 ± 0.31 c 5.58 ± 0.15 b

Piece 5.83 ± 0.19 a 7.60 ± 0.25 a 7.58 ± 0.38 b 8.40 ± 0.19 b 8.97 ± 0.28 b 7.89 ± 0.18 b 7.08 ± 0.19 a

Strip 5.63 ± 0.44 a 6.66 ± 0.12 b 7.37 ± 0.16 b 7.69 ± 0.14 c 7.79 ± 0.16 c 8.21 ± 0.11 b 7.20 ± 0.16 a

Slice 5.98 ± 0.55 a 7.65 ± 0.24 a 8.46 ± 0.18 a 9.10 ± 0.41 a 11.04 ± 0.28 a 8.57 ± 0.07 a 7.44 ± 0.26 a

Anthocyanin
content
(g kg−1)

Whole 0.11 ± 0.04 a 0.13 ± 0.01 c 0.13 ± 0.03 c 0.11 ± 0.01 c 0.16 ± 0.01 d 0.13 ± 0.04 c 0.15 ± 0.01 c

Piece 0.17 ± 0.03 a 0.19 ± 0.02 ab 0.21 ± 0.02 b 0.24 ± 0.01 b 0.55 ± 0.02 b 0.24 ± 0.03 b 0.22 ± 0.02 b

Strip 0.15 ± 0.01 a 0.18 ± 0.02 b 0.20 ± 0.03 ab 0.28 ± 0.02 a 0.35 ± 0.01 c 0.45 ± 0.03 a 0.21 ± 0.02 b

Slice 0.14 ± 0.02 a 0.24 ± 0.03 a 0.26 ± 0.03 a 0.31 ± 0.01 a 0.72 ± 0.01 a 0.50 ± 0.02 a 0.28 ± 0.03 a

Vitamin C
(mg kg−1)

Whole 347.94 ± 1.55 a 350.30 ± 11.28 a 348.57 ± 5.77 a 333.85 ± 1.46 a 337.62 ± 11.41 a 334.68 ± 2.08 a 340.39 ± 1.42 a

Piece 342.21 ± 10.40 a 345.30 ± 10.00 a 315.64 ± 5.13 b 315.76 ± 8.62 b 299.77 ± 7.64 b 287.70 ± 3.54 b 245.30 ± 2.03 b

Strip 344.06 ± 1.85 a 275.20 ± 7.61 c 230.15 ± 2.76 c 218.55 ± 7.36 c 222.85 ± 7.80 c 231.59 ± 1.92 c 228.97 ± 5.30 c

Slice 325.56 ± 3.11 b 322.27 ± 2.96 b 222.69 ± 5.04 c 165.27 ± 7.23 d 159.38 ± 13.80 d 179.79 ± 3.88 d 193.57 ± 7.68 d

Glutathione
(mmol kg−1)

Whole 0.23 ± 0.004 a 0.20 ± 0.015 c 0.25 ± 0.011 d 0.27 ± 0.007 d 0.24 ± 0.012 d 0.25 ± 0.015 d 0.26 ± 0.015 d

Piece 0.20 ± 0.006 c 0.15 ± 0.007 d 0.29 ± 0.005 c 0.52 ± 0.015 c 0.52 ± 0.006 c 0.35 ± 0.007 c 0.43 ± 0.014 c

Strip 0.22 ± 0.004 b 0.24 ± 0.011 b 0.41 ± 0.004 b 0.68 ± 0.002 b 0.75 ± 0.016 b 0.58 ± 0.009 b 0.58 ± 0.005 b

Slice 0.23 ± 0.017 ab 0.33 ± 0.003 a 0.54 ± 0.004 a 0.88 ± 0.006 a 0.80 ± 0.016 a 0.77 ± 0.006 a 0.87 ± 0.014 a

Note: Influence of wounding intensities on TSS, total phenols, flavonoids, anthocyanin, vitamin C and glutathione
content of fresh-cut pumpkin during 6 d of storage at 4 ◦C. Data are expressed as the mean ± SD. Values with
different letters were significantly different at p < 0.05. Lowercase letters represented significant difference among
treatment factors.

3.3. Effect of Wounding Intensities on Physiological Metabolism of Fresh-Cut Pumpkins
3.3.1. Respiration Rate and Ethylene Content

Respiratory rate is an important condition for maintaining the freshness and shelf life
of produce [34]. In this study, the trend for respiration rate of slice, strip and piece was
increased first and reached the peak value on the 3rd day, and increased 1.83, 2.26, and
2.55 times compared with the whole sample (Figure 3a), revealing that the cutting opera-
tion treatment caused wounding stress in fresh tissues and further resulted in triggering
respiratory metabolism of fresh-cut pumpkin [35]. Similar results were found in fresh-cut
potatoes [15], apples [23] and cabbage [27]; all these results indicate that cutting causes fruit
and vegetables to suffer irreparable mechanical damage and lose their protective tissue.

As for ethylene, an important plant signal molecule, it was inspired by wounding
stress in pumpkins. The highest ethylene content in slice, strip and piece was 14.32, 5.72
and 1.29-fold higher than the control, respectively. During the whole storage period, the
enhancement of ethylene content was as follows: slice > strip > piece (p < 0.05, Figure 3b).
The result of a significant positive correlation (R = 0.636) between ethylene and respiration
rate confirmed that ethylene plays a crucial role in regulating the respiratory process during
the processing of fresh-cut pumpkin, and this may be an important reason that directly
affected the pumpkin tissue senescence [36,37].

3.3.2. Phenylpropane Metabolism-Related Parameters

When plants are subjected to mechanical damage and stress, the comprehensive
defense system would be induced [2,38]. Among these, the phenylpropanoid pathway
plays a critical role in the process of resisting wounding stress, by activating the production
of beneficial secondary metabolites including phenolics, flavonoids and lignin [39]. The
previous study of fresh-cut cabbage [27], potato [11], carrot [40] and pitaya [10] illustrated
that wounding stress enhances phenolic and flavonoid content, whereas the effects of
different wounding intensities on these secondary metabolites in pumpkins are scarcely
reported. In this study, we found that the wounding stress increased the total phenol
contents in pumpkin (Table 1). Total phenol content of slice, strip and piece increased
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by 79.13%, 29.47% and 16.14%, respectively, at 5 d compared with the whole pumpkin
(Table 1). As one of the important biological compounds in plants, flavonoids have been
reported to contain important antioxidant substances [41,42]. In this study, we found that
the flavonoid content increased first, at 4 d; the total flavonoid content of slice, strip and
piece pumpkins increased 1.03-fold, 0.43-fold and 0.65-fold, respectively, compared with
the control group (Table 1). It can be clearly seen from the above results that total phenol
and flavonoid content was higher with the increasing wounding intensity, similar results
were found in fresh-cut broccoli [6] and potato [11].

(a) (b) 

Figure 3. Effect of wounding intensities on respiration rate (a) and ethylene content (b) of fresh-cut
pumpkin during storage at 4 ◦C for 6 days. Vertical bars represent the standard deviation of the mean
(n = 3). Different letters indicate significant differences between the groups (p < 0.05).

Lignin is widely regarded as an essential secondary metabolite in agricultural products
and it plays crucial role in repairing wounding and maintaining a solid shape as well as
alleviating oxidative damage and preventing the invasion of pathogenic bacteria [2,43].
The present work revealed that fresh-cut pumpkins accumulated higher lignin content
(Figure 4a), and the lignin levels of fresh-cut pumpkin were slice > strip > piece, and
the total lignin content in slice, strip and piece increased by 164.18%, 134.32% and 68.76%
compared with whole pumpkins (Figure 4a), respectively. In the phenylpropanoid pathway,
PAL is the critical enzyme in the biosynthesis of phenols [13]. According to Figure 4b,
PAL activity of piece, strip and slice pumpkins was all induced by the cutting process;
they arrived at their peaks at 2 d, 3 d and 4 d, respectively, and then declined overall
afterward. The significant positive correlation results among PAL activity, phenols and
lignin content clarified that the fresh-cutting operation increased PAL activity to promote
the synthesis of phenolic substances, which further provide sufficient precursor substances
to generate lignin.

3.3.3. Membrane Lipid Peroxidation-Related Parameters

Generally, MDA is the end product of membrane lipid peroxidation, and it is consid-
ered a biomarker in plants [44,45]. As shown in Figure 5a, the MDA content of the fresh-cut
pumpkin group fluctuated throughout, and the overall change was significant. Throughout
the storage period, the MDA content of the slice, strip and piece was obviously higher than
that of the whole group. At the end of the storage time (6 d), the MDA content in slice,
strip and piece increased by 88.13%, 80.48% and 56.06% compared with whole pumpkins,
respectively. The enhancement in MDA content indicated that wounding stress accelerated
the membrane lipid peroxidation in fresh-cut pumpkins.
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(a) (b) 

Figure 4. Effect of wounding intensities on lignin content (a) and phenylalanine ammonia-lyase
(PAL) activity (b) of fresh-cut pumpkin during storage at 4 ◦C for 6 days. Vertical bars represent the
standard deviation of the mean (n = 3). Different letters indicate significant differences between the
groups (p < 0.05).

  
(a) (b) 

Figure 5. Effect of wounding intensities on MDA content (a) and LOX activity (b) of fresh-cut
pumpkin during storage at 4 ◦C for 6 days. Vertical bars represent the standard deviation of the mean
(n = 3). Different letters indicate significant differences between the groups (p < 0.05).

LOX is a vital enzyme in membrane lipid metabolism by catalyzing polyunsaturated
fatty acids to produce hydrogen peroxide with conjugated double bonds [46]. According
to Figure 5b, LOX activity was continuous in the upward trend. At 6 d, the LOX activ-
ity in slice, strip and piece increased by 31.22%, 24.91% and 18.82% compared with the
whole pumpkin, respectively. In this study, we found that there was a significant positive
correlation (R = 0.649) between LOX and MDA; similar results were found in fresh-cut
potatoes [11], lotus roots [47], pears [46] and Chinese water chestnuts [48] where LOX
could enhanced MDA accumulation through oxidative damage. However, significant
negative correlations were found among LOX and TSS content (−0.822) and firmness
(−0.772), indicating that fresh-cutting reduced TSS content and firmness of pumpkins by
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stimulating LOX enzyme activity. This may be because the enhancement of LOX led to
the membrane lipid peroxidation, and then promoted leakage of cellular substances and
further contributed to the reduction in TSS and firmness.

3.4. Effect of Wounding Intensities on ROS Metabolism of Fresh-Cut Pumpkins
3.4.1. ROS Content

As the key signal molecules in plants, ROS regulate the integration of signal transmis-
sion and activation of the wounding stress response network [49]. The major forms of ROS
in fruits and vegetables, which vary greatly in their functions and characteristics, mainly
include superoxide (O2

−•) and hydrogen peroxide (H2O2) [50]. According to Figure 6a,
the O2

−• content in fresh-cut pumpkin was immediately induced by the cutting process;
similar results were found in various products, such as apple, which suggests that fresh-
cut treatment caused excessive oxidative stress. Moreover, this study revealed that O2

−•
content increases with the increase in wounding intensities. This may be because with the
wounding intensity increasing, the larger wounded surface is in contact with O2, which
speeds up the process of peroxidation and leads to the accumulation of O2

−• [7].

  
(a) (b) 

Figure 6. Effect of wounding intensities on O2
−• (a) and H2O2 content (b) of fresh-cut pumpkin

during storage at 4 ◦C for 6 days. Vertical bars represent the standard deviation of the mean (n = 3).
Different letters indicate significant differences between the groups (p < 0.05).

Different from the O2
−• change trend, H2O2 content in slice pumpkin with the highest

wounding intensity was lower than strip and piece during the first 3 d storage time
(Figure 6b). Whereas H2O2 content also increased with the enhancement of wounding
intensity after 3 d storage, the H2O2 content in slice, strip and piece groups increased
1.70 times, 1.33 times and 0.65 times, respectively, compared with that of whole pumpkins.
There was a significant positive correlation between ROS (O2

−•, H2O) and membrane
lipid peroxidation-related parameters (LOX, MDA); similar results were obtained from the
obvious study that cutting induced the ROS to burst and further caused higher membrane
integrity and oxidative stress to accelerate quality deterioration [51,52]. Additionally, a
significant positive correlation between ROS (O2

−•, H2O) and phenylpropane metabolism-
related indexes (PAL, phenols and lignin content) was also found in this study, revealing
the fact that ROS involves signaling molecules in fresh-cut pumpkins.
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3.4.2. Antioxidant Compound Content

In plants, anthocyanin is a natural pigment existing and is given the color of vegeta-
bles [53]. As shown in Table 1, anthocyanin content increased in all treatments during
the early stage of storage, and then decreased after 5 d of storage time. At 4 d of storage,
the anthocyanin content of slice and piece reached the maximum values, which increased
3.50 times and 2.44 times in comparison with that of whole pumpkins, respectively. The
anthocyanin content of the strip reached the maximum values at 5 d of storage, which
was an increase from 0.15 g kg−1 to 0.45 g kg−1. This finding was similar to the previous
study on red cabbage that the cutting operation resulted in a remarkable enhancement of
anthocyanin [27]. The anthocyanin content decreased at the later storage period, which
could be explained by the color fading appearance by the increase in WI values infresh-
cut pumpkins.

Vc is derived from fresh fruits and vegetables and is an essential nutrient for the
human body [49]. The effects of wounding intensities on the Vc of pumpkin are shown
in Table 1. Vc content decreased continuously, and the Vc content of fresh-cut groups
was lower than the whole group throughout the storage. At the end of the storage time,
the Vc content of slice, strip and piece was decreased by 43.24%, 32.65% and 27.94%,
respectively, compared with the whole pumpkin. Clearly, remarkable differences were
observed in the Vc content in the three wounding intensities. However, a previous study
on fresh-cut broccoli found that the cutting types had no significant effect on Vc content [6].
This may be because of a unique property of pumpkin in which Vc decomposition and
oxidation process was relatively sensitive to wounding stress. Furthermore, different from
the previous reports that the temperature was 20 ◦C during the storage of fresh-cut broccoli,
4 ◦C was applied in this study [6].

GSH was the most important antioxidant sulfhydryl substance involved in the Vc-
GSH metabolism; it interacted with Vc to scavenge free radicals in plants [54]. In this study,
GSH content increased sharply in fresh-cut pumpkins, which is associated with wounding
intensity (Table 1). At 6 d of storage time, the GSH contents of slice, strip and piece
increased 2.35, 1.23 and 0.65 times compared with that of the whole group, respectively. A
similar phenomenon was also observed in fresh-cut red cabbage [55] and potato [56].

3.4.3. ROS Metabolism-Related Enzyme Activity

It is well known that cutting causes fruit and vegetables to suffer irreparable mechan-
ical damage and lose their protective tissue, which may induce ROS accumulation [57].
At the same time, the plant machinery will start its own enzyme system to regulate the
balance of ROS to reduce oxidative damage. In general, there were two types of resistance
enzymes, oxidase and antioxidant enzymes. Among these, polyphenol oxidase (PPO)
and peroxidase (POD) were the most important oxidase enzyme that catalyzes phenolic
substrates to quinone with the presence of ROS [58]. According to Figure 7a, the PPO
activity of slice, strip and piece increased sharply and reached the maximum at 1 d, which
was an of increase 3.91, 2.66, and 1.50 times, respectively, compared with that of the whole
pumpkin. A similar result was found in POD activity; it was induced sharply by wound-
ing stress, and POD activity during storage was ranked as follows: slice > strip > piece
(Figure 7b). Furthermore, a significant positive correlation appeared between oxidase
enzyme (PPO, POD) activity and phenol content, and was also found in PPO, POD activity
and MDA content, which confirmed that PPO and POD accelerated the oxidation process
of phenols and promoted the oxidation process of membrane lipids in fresh-cut pumpkin.
The previous study on fresh-cut apple [23] also addressed that the PPO and POD play a
catalytic role in the process of oxidative damage.
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(a) (b) 

  
(c) (d) 

  
(e) (f) 

Figure 7. Effect of wounding intensities on PPO (a), POD (b), APX (c), GR (d), CAT (e) and SOD (f)
activity of fresh-cut pumpkin during storage at 4 ◦C for 6 days. Vertical bars represent the standard
deviation of the mean (n = 3). Different letters indicate significant differences between the groups (p < 0.05).
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It has been reported that the Vc-GSH cycle was one of the antioxidant enzyme systems,
in which ascorbate peroxidase (APX) and glutathione reductase (GR) interacted with
antioxidant substances (Vc and GSH) to scavenge excess ROS and alleviate oxidative
damage in fresh-cut products [59,60]. In the present work, the fresh-cutting operation
induced the APX and GR activity, and the APX and GR activity of cutting groups was
higher than whole pumpkin during the whole storage time (Figure 7c,d). It is worth
mentioning that APX activity was significantly negatively correlated with Vc content
(−0.727), whereas GR activity was significantly positively correlated with GSH content
(0.599). Meanwhile, the APX and GR activity was significantly positively correlated with
ROS content. The above results revealed that the existence of ROS promoted the process of
Vc-GSH cycle by regulating APX and GR activity.

In plants, SOD could catalyze O2
−• into H2O2, which is then decomposed by CAT [50,61].

As depicted in Figure 7e, the SOD activity of fresh-cut kiwifruits increased substantially
and reached the maximum on the first day of storage, then followed by a slight decrease
until the end of storage. Different from the other antioxidant enzymes, the order of SOD
activity was: slice < strip < piece. Similarly, CAT activity was induced by wounding stress
in fresh-cut pumpkin (Figure 7f), and it was enhanced with the higher wounding intensity.
At 2 d, the CAT activity in slice, strip and piece was increased by 7.94, 5.90 and 5.11 times
compared with whole pumpkin, respectively.

3.4.4. Antioxidant Activity

Studies on lettuce [62], cauliflower [63] and carrot [64] have demonstrated that ABTS
and FRAP are very important assays for the evaluation of antioxidant activity in vegetables.
In this study, the antioxidant activity including OH•, ABTS radical scavenging capacity
and FRAP of fresh-cut pumpkin during storage was analyzed. As shown in Figure 8a,
the OH• radical scavenging capacity increased on day 1 of storage, followed by a gradual
decrease, and then increased again. At the end of storage time (6 d), the OH• radical
scavenging capacity of slice, strip and piece was 31.65%, 16.19% and 18.15% higher than
in whole pumpkin, respectively. Meanwhile, this study found that the cutting operation
also promotes the ABTS radical scavenging capacity (Figure 8b) and FRAP (Figure 8c),
and wounding intensities have an obvious influence on antioxidant activity in fresh-cut
pumpkins. As for ABTS radical scavenging capacity, the levels were ranked as follows:
slice > strip > piece. Unlike the ABTS change trend, the order of FRAP levels in fresh-cut
pumpkins was slice < strip < piece. In order to explain the mechanism of the enhancement
of antioxidant activity in fresh-cut pumpkins induced by wounding stress, the relationship
among antioxidant-related indicators was performed.

According to Figure 9, the antioxidant activity (FRAP, OH•, ABTS) was significantly
positively correlated with antioxidant enzyme (APX, GR) activity, which indicated that
the Vc-GSH cycle facilitated the promotion of antioxidant activity in wounded pumpkin.
Studies on fresh-cut broccoli [60] and celery [65] also demonstrated this result. Moreover,
there was a positive correlation among anthocyanin, GSH, phenol content and antioxidant
activity (ABTS, FRAP), whereas there was no correlation among Vc, flavonoid content and
ABTS, FRAP. Our findings contradict the previous study on red cabbage [27], in which
Vc contributed to improving the antioxidant activity. This was likely due to Vc being
decomposed for providing precursors for GSH synthesis in this study. Various studies
on fresh-cut carrot [66], celery [67], lettuce [68], broccoli [60], mushroom [69], onion [70],
mango [71], pitaya [8], potato [11,72] and red cabbage [28] were consistent with our work
which found that the phenol accumulation would further contribute to the increase in
antioxidant activity. These results confirmed that the antioxidant compounds play different
roles in the process of resisting oxidative damage in fresh-cut products.
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(a) (b) 

 

 

(c)  

Figure 8. Effect of wounding intensities on OH• (a), ABTS (b) radical scavenging capacity and FRAP
(c) of fresh-cut pumpkin during storage at 4 ◦C for 6 days. Vertical bars represent the standard
deviation of the mean (n = 3). Different letters indicate significant differences between the groups
(p < 0.05).

Figure 9. Pearson correlation matrix of indexes. * indicates significance at the p < 0.05 probability level.
** indicates significance at the p < 0.01 probability level. WL, Ethy, Res, Ant, TP, Fla and Fir represent
weight loss, ethylene, respiration, anthocyanin, total phenols, flavonoids and firmness, respectively.
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4. Conclusions

Fresh-cutting operation induced obvious increases in lightness, whiteness index,
respiration rate and ethylene content in fresh-cut pumpkin, and there was a significant
difference in wounding intensities in these parameters. Meanwhile, wounding stress
stimulated the production of ROS, and then improved the process of membrane lipid
peroxidation, which resulted in a decrease in appearance, firmness, sensory quality and TSS
content. Furthermore, fresh-cutting treatment induced the activity of the critical enzyme
involved in phenylpropanoid and ROS metabolism, including PAL, SOD, CAT, APX and
GR, resulting in a synthesis of phenols, flavonoids and GSH and further improved the
ability to clear ROS, which contributed to the increase in antioxidant activity (OH·, ABTS
radical scavenging capacity and FRAP) in wounded pumpkin. These phenomena were
more obvious in the cutting method with the enhancement of wounding intensity degree.
The collected results revealed that different wounding intensities have an obvious influence
on ROS metabolism, Vc-GSH cycle, phenylpropanoid metabolism and membrane lipid
peroxidation, which further affect the quality of fresh-cut pumpkin.
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Abstract: Hass avocado quality varies by origin, season, and production practices. However, there is
a lack of methodologies to guarantee that fruit reaching the market has consistent quality. The aim
of this work was to identify predictive markers for quality management. Fruit samples produced
under different nutrient management, elevation, date-to-harvest, and growth cycle conditions were
analyzed. Dry matter, oil content, internal disorders, sensory attributes, minerals, and fatty acids
were evaluated as quality variables. The results highlighted soil and weather differences among
orchards. Nutrient management practices based on index balancing in some samples increased both
productivity and fruit size. High variability was observed in the dry matter related to the age of the
fruit at harvest. Ripening heterogeneity was very large in low-elevation orchards where the fruit
was picked relatively early. High flesh mineral contents delayed fruit ripening. At low growing
temperatures, more oleic and linoleic acids were present in fruits. The sensory texture and taste
descriptors were affected by the fruit age and related to the flesh composition. Logistic, PLS-DA,
and biplot models effectively represented the variabilities in the ripening pattern, composition, and
sensory profile of avocado fruits and allowed the samples to be grouped according to the internal
fruit quality.

Keywords: ripening heterogeneity; Hass avocado; quality predictive markers; internal disorders;
fruit composition

1. Introduction

Hass avocado consumption is increasing globally due to the demand for healthy and
exotic flavors. Avocado consumption is led by the US with 4–7 kg per-capita consumption,
followed by Canada, EU27 West, and EU27+UK [1]. This consumption trend can increase
with a rise in Asian countries. Hass avocado-producing countries should conduct more
research to achieve profitable productivity and internal quality that allows them to compete
with fruit in destination markets. Effective nutrient management and agroecological
characterization are essential for high-quality fruit and increased productivity in avocado
orchards [2–4].

The marketing of ‘Hass’ avocados is limited by postharvest disorders, causing vast
losses when the fruit is rejected for not meeting quality standards. Challenges include
ripening heterogeneity, internal disorders, and sensory quality. Previous research has
relied on univariate approaches to address the quality of Hass avocados and flesh mineral
composition [5–7]. However, this approach limits the understanding of a phenomenon that
is multivariate.
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Heterogeneity in ripening has been focused on as a main logistical factor [8] but has
not been associated with an increase in internal problems when avocado fruits require
longer durations to ripen. Although fruit can ripen without internal disorders, such fruit
does not always have high sensory quality [9].

Studies performed in the sensory area have implemented acceptance tests mainly
with a focus on postharvest or breeding [10]. Other studies have proposed the content of
fatty acids as a marker of origin [11]. However, metabolism during fruit growth limits the
application of such methods to countries with highly contrasting production conditions,
such as certain regions in Chile, Mexico, and Colombia. In addition, few works have
sought to determine the relationships between fatty-acid profiles and the sensory quality of
avocado fruit.

Multivariate studies are needed to address avocado quality, including internal and
sensory aspects, to ensure consistency across destination markets. Agronomic management
programs should guarantee productivity without compromising fruit quality. Harvest
indices such as dry matter and oil content do not distinguish high or low postharvest
quality. Nondestructive techniques often follow a univariate approach and cannot identify
regions with differentiated fruit qualities. Multivariate studies can help determine how
to manage regions according to market demands. Therefore, the aim of this work was
to develop a methodology for evaluating the ripening pattern, internal disorders, flesh
composition, and sensory quality of Hass avocados and to determine predictive quality
markers to manage it.

2. Materials and Methods

2.1. Field Conditions

In the municipalities of Morales (orchard R) and El Tambo (orchard N) in Cauca,
Colombia, fifteen commercial fruit-bearing 15-year-old ‘Hass’ avocado trees grafted on seed
rootstock (possibly of the Antillean ecological group) were selected. Another previously
analyzed, orchard EB located in Antioquia, Colombia, was used as a quality reference
orchard because it produces fruit with a high internal quality consistently during the
different studied harvest seasons [9].

In the same year in each orchard, trees with different flowering intensities are often
present. In this work, trees were selected due to their high flowering level, vigor, and good
phytosanitary status. For the R and N orchards, the study was conducted over two harvest
cycles, the first corresponding to the intermediate flowering period with anthesis in August
2020 and the second corresponding to the main flowering period with anthesis in March
2021 (Figure 1). All the orchards had a density of 204 trees/Ha.

Climatic conditions were monitored during two consecutive years with a weather
station (Watch Dog 2900ET; Spectrum Technologies, Plainfield, IL, USA); the following
weather variables were recorded: the daily wind speed, rainfall, relative humidity, sunshine,
and maximum, minimum, and average air temperatures. The recorded climatic variables
were used to determine the water balance and the high and low rain seasons according
to the daily reference evapotranspiration (ETo) based on the FAO (Food and Agriculture
Organization) Penman–Monteith method [12].

The nutrient status and management were diagnosed and oriented by the Balanced
Indices of Kenworthy (BIK) [13] for the orchards located in the department of Cauca in
August 2020 (Figure 1). Nutrient removal with a 20-ton target yield was used to calculate
the fertilization plan from the data obtained by Salazar-García and Lazcano-Ferrat [3].
The optimum doses of the nutrients were calculated from the soil fertility, the amount
of nutrient removal for each element with a planned yield, and the fertilizer efficiency.
The annual nutrient units (g) applied per tree were N (504.9), P2O5 (336.6), K2O (656.9),
CaO (22.9), MgO (48.2), and B (4.2). Soil-applied fertilizer was distributed evenly around
the drip line of the tree, and fertilizer was applied monthly. The orchard was managed
under standard practices by the farmer with the exception of trees fertilized with the plan
management based on the BIK. The nutrient management by the farmer was higher, with
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applications per tree every two months in the following doses during the same year (g): N
(236.6), P2O5 (530), K2O (350), CaO (76.5), MgO (14).

Figure 1. Schematic representation of the experimental design and postharvest quality analysis.
Locality (orchard): R, N. BIK: Balanced Indices of Kenworthy. P: nutrient management of the farmer.
A: Nutrient management based on the BIK. Harvest cycle: 1. Harvest from the intermediate flowering
period. 2. Harvest from the main flowering period. FAMEs: fatty acid methyl esters. AAS: Atomic
absorption spectroscopy. ICP: Inductively Coupled Plasma.

Soil chemical analyses of the top 45 cm layer were performed at the beginning of
the experiment, and the results were used to calculate the nutrient supply capacity of the
soil. To determine the plant nutrient status, fifty leaves from the vegetative growth were
collected from trees at a height of 1.5 m every two months during the two consecutive
years of study and washed, oven-dried to a constant mass, and sent to the laboratory at
the “Corporación Colombiana de Investigación Agropecuaria” AGROSAVIA for mineral
nutrient analysis.

The yield (kilogram/tree) and the number of fruits per tree were determined at the
time of harvest during the two flowering cycles. The masses of a hundred randomly
selected fruits from trees with high crop loads were collected and used to calculate the
total number of fruits per tree. The harvested fruit were then classified according to the
Codex Alimentarius standard (Codex Stand 197, [14]) with the following packing carton
sizes (range in grams per fruit): size 10 (364–462), size 12 (300–371), size 14 (258–313), size
16 (227–274), size 18 (203–243), size 20 (184–217), size 22 (165–196), size 24 (151–175), size 26
(144–157), size 28 (134–147), size 30 (123–137), and size 32 (80–123).

2.2. Postharvest Quality
2.2.1. Sampling

In each orchard, a sample of 150 fruits per nutrient management strategy was taken
for each harvest cycle (Figure 1). As described before, one sample was taken from the EB
orchard for comparison with the R and N orchard results. Ten fruits per tree were harvested
when they reached the dry matter (DM) value at commercial maturity employed by the
grower according to the practices of the packing houses. As the DM varies by the production
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region, the fruit development time was established for each orchard. R1 (176 days), N1
(162 days), R2 and N2 (173 days), and EB (226 days). The fruits were harvested manually
with previously disinfected pruning shears, leaving a 5 mm peduncle [15]. Fruit was
harvested between 8:00 and 10:00 h from the outer 0.5 m of the canopy, between 1.5 and
3.0 m above ground, and at random from each quadrant of the tree. The DM and oil content
(OC) were analyzed according to the AOAC methods (American Organization of Analytical
Chemists, No. 934.01 and 963.15, respectively) [16].

2.2.2. Storage and Ripening

The samples were disinfected following the packing house practices and the methods
reported by Hofman et al. (2003) [5]. The fruits were immersed in a prochloraz solution of
0.05% w/v (Mirage 45 ADAMA ANDINA, Pavullo, Italy) for 30 s. Then, the samples were
dried at room temperature and packed into corrugated cardboard boxes. The fruits were
stored for 2 weeks, simulating European market export conditions (at 5 ◦C/90% relative
humidity (RH), Memmert HPP 110, Schwabach, Germany).

After that, the fruit was ripened (20 ◦C/90% RH, Memmert HPP 110). Ripening ended
when fruits reached a rating of 5 according to White et al. (2009), corresponding to the
firmness range from 8 to 12 N, as measured in the fruit’s equatorial zone using a TA-XT
Plus texture analyzer (Texture Technologies Corp., New York City, NY, USA) equipped
with a 30-kg load cell [17]. Each day, two measurements were performed on unpeeled fruit
with a stainless-steel compression plate (P/75.75-mm diameter).

2.2.3. Some Fruit Postharvest Quality Analysis

• Internal defects or disorders

Internal defects were evaluated by cutting fruits longitudinally in half, and the damage
was identified as described in the international quality manual [17]. The internal disorder
incidence (damage frequency in the sample) and severity (percentage of the flesh surface
area affected) were evaluated. The internal disorders evaluated were stem end rot, body
rot, vascular browning, flesh discoloration, and flesh bruising.

• Sensory analysis

The method used involved a sensory profile developed through a multidimensional
approach [18]. Fruits without internal damage were cut longitudinally in two halves, and
the seeds were removed. At the equatorial fruit zone, a cube (2 cm3 each) was taken and
placed into a 30-cm3 plastic dish labeled with a random three-digit number. The test was
then performed by a trained panel of 10 judges (male and female, 25 to 55 years old). The
panelists consisted of personnel from the La Selva Agrosavia researcher center (Rionegro,
Antioquia, Colombia). Five training sessions were performed to familiarize panelists with
avocado quality attributes to identify the sensory intensity of descriptors and evaluate the
sensory scale following the ISO standard [18]. The judges were selected based on their
sensory acuity for basic characteristics (basic tastes, odors, and textures) and their ability to
discriminate among products.

For treatment (see Figure 1), 32 ripened Hass avocado fruits were evaluated. The
descriptors were selected based on previous works [9] and preliminary tests to verify the
consensus of the panel about the Hass avocado sensory descriptors corresponding to the
quality profile. The descriptors evaluated by panelists were fresh appearance, green color,
yellow color, herbal smell, sweet taste, acidic taste, bitter taste, coconut sensation, nutty
sensation, astringent sensation, oily sensation, hard texture, fibrous texture, lumpy texture,
flux texture, and general quality. In general, those descriptors represent appearance, smell,
taste, texture, and general quality attributes evaluated on a scale from 0 to 5. Panelists were
also instructed to take a bite of cracker and drink some water to rinse their palate between
each sample [19].
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The sensory analysis was performed in the laboratory at the postharvest and agrofood
processing pilot plant facilities (Agrosavia La Selva Research Center, Rionegro, Antioquia
Colombia).

• Flesh mineral content

The analysis was performed following the procedure published by Escobar et al. [20].
Briefly, the flesh was dried at 70 ◦C in a forced convection oven (Memmert UF 110) until a
constant weight was attained. Then, the samples were hydrolyzed, and the mineral content
(K, Ca, Mg, S, and Na) was analyzed with an inductively coupled plasma (ICP) emission
spectrometer (Thermo Scientific iCAP 6500 duo, Waltham, MA, USA). Atomic absorption
spectroscopy (AAS, Agilent Technologies FS 240) was used to analyze the P, Fe, Cu, Mn,
and Zn contents. The B content was determined in a spectrophotometer UV—VIS (Thermo
Scientific Spectronic Genesys 10 S) at a wavelength of 430 nm following the methods of
McKean [21].

• Fatty acid methyl esters (FAMEs)

The FAME profile was identified and quantified according to AOAC 996.06 [16]. The
extracted total fat (TF) was methylated to fatty acid methyl esters using BF3 in methanol.
FAMEs were quantitatively measured by gas chromatography and a flame ionization
detector (GC-FID) (Thermo Trace 1300) against the C11:0 internal standard.

2.3. Statistical Analysis

The homoscedasticity and normality of the obtained data were analyzed to determine
whether parametric or nonparametric tests should be applied. The fruit-ripening hetero-
geneity was analyzed using the nonparametric Kruskal–Wallis test. After that, Dunn’s
multiple-comparisons test was applied with a Bonferroni correction (p < 0.05). For the
incidence of internal disorders, descriptive analyses of the qualitative data were used.
Then, the relative frequency was analyzed by a k proportion test using a Chi-square test
(α = 0.05).

The disorder severity was analyzed by a Kruskal–Wallis test. The incidence of internal
disorders was modeled through nonlinear regression using a logistic model (confidence
interval 95%). Multivariate data of minerals and FAME flesh composition were analyzed
by unsupervised (PCA) and supervised (PLS-DA) analysis methods. Sensory product
characterization was performed to identify which descriptors best discriminated a set of
fruits according to the orchard-specific nutrient management program and the growing
cycle. For each descriptor, an ANOVA model was applied to check whether the scores
given by the assessors differed significantly (XLSTAT 2022.2.1 Addinsoft, Paris, France).

3. Results

3.1. Field Conditions

The experimental avocado zones of R and N in the department of Cauca are located at
elevations of 1600 and 1708 m.a.s.l, respectively. The reference orchard EB is located in the
department of Antioquia at an elevation of 2464 m.a.s.l. The variations in climatic conditions
among the EB, R, and N orchards were registered (Figure 2). Significant differences of
approximately 5 ◦C were observed in the maximum and minimum temperatures among
the R, N, and EB orchards (Figure 2a,b).

The cumulative annual precipitation totals were 2060 mm, 1795 mm, and 1411 mm in
the R, N, and EB study areas, respectively, with a differential monthly distribution pattern
throughout the year. An average of 211 mm of precipitation was recorded in the high-rain
seasons from January to May and from October to December, while 61 mm of precipitation
was recorded in the low-rain season from June to September in both R and N. A variation
was reported in the precipitation distribution pattern in the EB location. A low-rain season
occurred in January, February, September, and December, with 42 mm of precipitation
falling (Figure 2c).
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Figure 2. Climate conditions of the Hass avocado experimental zones corresponding to the following
variables: (a) maximum temperature; (b) minimum temperature; and (c) evapotranspiration. O-EB:
Orchard EB. O-N: Orchard N. O-R: Orchard R. ETo: evapotranspiration.

The soil characteristics in the experimental zones located in the Cauca region showed
a sandy loam texture and pH conditions between moderate to hard acidic (Table 1). The
electrical conductivity values indicated that these are salt-free soils, in addition to having
high organic matter (OM) contents, indicating a high nitrogen availability.

The cation exchange capacity (CEC) showed values less than 10 meq/100 g, indicating
the very poor ability of the soil to exchange nutrients such as calcium, magnesium, sodium,
and potassium. These characteristics should be explained by the loamy-sandy texture of
this kind of soil (Table 1). Some of these characteristics are common for the EB orchard, but
the contents of mineral nutrients such as Ca, Mg, P, and minor elements were within the
normal concentration ranges.

Two flowering periods were recorded in two consecutive years, characterized as the
intermediate flowering period or cycle 1 (July September) and the main flowering period
or cycle 2 (February-April); these flowering periods peaked with the largest proportion of
flowers in anthesis in August and March, respectively.
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Table 1. Ranges of chemical contents of the soils in the experimental avocado orchards.

Mineral
R

Min–Max
N

Min–Max
EB

Min–Max

Depth (cm) 0.45 0.45 0.45
pH 5.42 ± 0.10 5.50 ± 0.06 5.12 ± 0.05

EC (ds/m) 0.33 ± 0.10 0.35 ± 0.06 1.05 ± 0.11
OM (%) 12.36 ± 0.47 14.85 ± 0.88 12.53 ± 0.69

P * 4.69 ± 0.72 5.45 ± 0.70 37.79 ± 5.08
S * 67.03 ± 7.4 75.13 ± 7.9 30.52 ± 1.83

Mg ** 0.97 ± 0.15 0.99 ± 0.04 1.64 ± 0.27
Ca ** 2.87± 0.40 3.90 ± 0.5 4.04 ± 0.61
K ** 0.62 ± 0.09 0.44 ± 0.12 0.62 ± 0.05

Na ** 0.09 ± 0.003 0.08 ± 0.008 0.10 ± 0.001
CEC ** 4.64 ± 1.00 5.29 ± 0.6 6.98 ± 0.82

B * 0.22 ± 0.04 0.26 ± 0.03 0.33 ± 0.06
Mn * 2.39 ± 0.30 2.19 ± 0.20 13.05 ± 0.88
Cu * 2.49 ± 0.90 0.69 ± 0.20 5.65 ± 0.41
Fe * 101.95 ± 2.72 80.20 ± 5.60 309.32 ± 22.23
Zn * 1.54 ± 0.20 3.76 ± 1.20 8.56 ± 1.35

Soil texture SL SL SL
R: Orchard R. N: Orchard N. EB: O Orchard EB. EC: electric conductivity. OM: organic matter. CEC: cation
exchange capacity. SL: sandy loam. * = mg/kg, ** = meq/100 g.

The harvest from the intermediate flowering period was recorded in April, and that
from the main flowering period was recorded in November 2021. An increase in the per-
tree yield was registered in the harvest from the main flowering period with a nutrient
management program based on the BIK standards. The wide standard error recorded in all
treatments reflects the variation in the per-tree crop yield due to variations in the flowering
intensity (Figure 3).
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Figure 3. Yield (production average, kg/per tree) of Hass avocados in each orchard using 2 nutrient
management practices during 2 production cycles. Different letters represent significant differences
(p < 0.05) as determined using ANOVA and Tukey’s post hoc test. T: treatments. Orchard: N and R.
P: nutrient management of the farmer. A: Nutrient management based on the BIK standards. Harvest
cycles: 1. Harvest from the intermediate flowering period. 2. Harvest from the main flowering
period.

In accordance with the Codex Alimentarius standard [14], the fresh fruit weight at
harvest showed an increase in the percentage of fruits from size 22 (165–196 g) in both the
R and N orchards (Figure 4a) with the nutrient management program based on the BIK
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standards [13]. In the N orchard, no effect of nutrient management on improving the fruit
weight from the intermediate flowering period was observed (Figure 4b).
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Figure 4. Fruit harvest size classification results according to the Codex Stand 197, 1995. (a) R orchard
and (b) N orchard. P: Nutrient management of the farmer. A: Nutrient management program based
on the BIK standards. 1. Harvest from the intermediate flowering period. 2. Harvest from the main
flowering period.

3.2. Postharvest Quality

In Figure 5, the Hass avocado ripening heterogeneity is shown. The harvest index (DM
or fruit development time) has a greater impact on the ripening pattern of Hass avocados
than either the nutrient management program or the growing season cycle does. The
orchard located above 2400 m.a.s.l had shorter ripening ranges than the orchards situated
at elevations below 1710 m.a.s.l. At high elevations, the development of fruit is slower than
at low elevations because of the temperature differences (approximately 5 ◦C) among the
N, R, and EB orchards (Figure 2a,b).

In terms of fruit development time, differences of at least 50 days were observed
(Figure S1). In other words, the growers at low elevations harvested their fruit earlier than
those at high elevations. Moreover, the mineral accumulations in the R and N orchards were
larger than those in EB, as will be discussed later. Even though the EB orchard had a high
range of variability at harvest (Figure S1), its softening pattern occurred faster. Therefore,
other preharvest factors must influence the ripening heterogeneity pattern, and the need
thus exists to include not only classical harvest indices but also other quality markers when
predicting the robustness of fruit to exportation.

The incidence rates of internal disorders and the corresponding severity were higher
in the N and R orchards than in the EB orchard (Figure S2a). Nutrient management A (BIK)
reduced the incidence of disorders, but there was no significant difference from grower
management (Table S1). Moreover, the disorder severity was lowest at the EB orchard
(Table S2). This is contrary to the literature that reports that at high DM contents, the
highest severity of flesh damage occurs. Therefore, these results confirm that internal
damage appears when fruits take a long time to reach the RTE stage. For the N and R
orchards, the mineral contents impeded the Hass avocado ripening pattern, as discussed
above, and promoted the increased incidence and severity of internal disorders as the
DTRE was lengthened (Figure S3).
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Figure 5. Ripening heterogeneity results of Hass avocados. Orchards: EB, N, and R. A: Nutrient
management-based program on the Balanced Indices of Kenworthy (BIK) standards. P: Nutrient
management of the farmer. 1. Harvest from the intermediate flowering period. 2. Harvest from
the main flowering period. DRTE: Days to ready-to-eat. The crosses represent the mean values, the
yellow dots indicate the minimum and maximum values, and the green dots and brown asterisks
denote outliers.

Vascular browning was the main internal disorder found (37–76%), and the N and
R orchards had the highest occurrence rates of this disorder (Figure S4a, Table S3). Stem
end rot was the second most common internal disorder in the samples (6–46%), for which
the EB orchard had the lowest incidence rate. Flesh discoloration (FD), flesh bruising (FB),
flesh rots, and body rots were found in the samples with low relative incidence frequencies.

For both growth cycles, the percentages of internal damage severity at the R and N
orchards were higher than 20% (Figures S5 and S6). The severity increased after the 8 DRTE
(days to ready-to-eat) and, in many cases, exceeded the control limit and could affect
the consumer acceptance of fruit in the international market [22] because of the disorder
severity [23].

The principal component analysis (PCA) results of the flesh mineral and fatty acid
contents are shown in Figure 6. The score plot shows that the orchards were effectively
grouped according to their composition. In Figure 6b, the loading plot shows that the N
orchard had the highest B, N, Zn, and S contents, except for four samples in growth cycle
1 with nutrient management of the grower, which showed low values of these minerals.
The R orchard had more Mg, Ca, Cu, and Mg, especially during growth cycle 2. This could
be the cause of a reduction in internal quality (increased internal disorders and reduced
sensory quality), as will be discussed. The EB orchard had intermediate quantities of B, Fe,
and Mn even though it had the highest fruit development time and OC.

The samples far from the EB grouping had low internal quality, high ripening het-
erogeneity, and even lower sensory quality, as will be shown later. Descriptive statistics
of the flesh mineral composition for each orchard are presented in Table S4. These EB
mineral contents could be used as a reference to determine Hass avocado heterogeneity
and internal quality. Moreover, the results show that despite growing season 2 having low
harvest indices, the mineral contents were high at this time. The PLS-DA analysis shows
that the principal discriminant variables between orchards indicate that K, N, B, P, and
S correspond to the first factor and B, Cu, S, N, and K correspond to the second factor
(Figure 7).

180



Horticulturae 2023, 9, 460

(a) 

(b) 

EB

EB

EB

EB
EB

EB

NP1

NP1

NP1

NP1

NP1

NP1

NA1
NA1

NA1

NA1NA1

NA1
NP2

NP2

NP2NP2

NP2

NP2

NA2

NA2

NA2

NA2

NA2
NA2

RP1

RP1

RP1

RP1
RP1

RP1 RA1

RA1
RA1

RA1

RA1

RA1
RP2

RP2
RP2

RP2

RP2

RP2
RA2

RA2
RA2

RA2RA2

RA2

-6

-5

-4

-3

-2

-1

0

1

2

3

4

-6 -4 -2 0 2 4 6 8

F2
 (1

8.
33

 %
)

F1 (35.83 %)

EB (Obs) N (Obs) R (Obs)

Saturated

Monounsaturated

Polyunsaturated

Unsaturated

Sat/Un

C14:0

C16:0 C16:1

C18:0

C18:1

C18:2

C18:3

C20:1

O:L
N

P
K

Ca

Mg

S

Fe

Cu

Mn

Zn

B

-8

-6

-4

-2

0

2

4

6

8

-8 -6 -4 -2 0 2 4 6 8

F2
 (1

8.
33

 %
)

F1 (35.83 %)

EB N R

Figure 6. Principal component analysis (PCA) results of the mineral and FAME contents grouped by
the samples: (a) Score plot; (b) Loading plots. Blue dots: active variables. Orchards: EB, N, and R.
A: Nutrient management based on the Balanced Indices of Kenworthy (BIK). P: Nutrient management
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period. Sat/Un (saturated and unsaturated relationship); C14:0 (myristic acid); C16:0 (palmitic acid),
C16:1 (palmitoleic acid), C18:0 (stearic acid); C18:1 (oleic acid), C18:2 (linoleic acid), C18:3 (linolenic
acid). C20:1 (arachidic acid), O:I (oleic and linoleic fatty acids relationship).
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Figure 7. Partial least squares discriminant analysis (PLS-DA) results of the fatty acid and mineral
contents grouped by orchard: Score plot (a); and loading plots (b). R2 = 88.9 (3 factors). Orchards: EB,
N, and R. A: Nutrient management based on the Balanced Indices of Kenworthy (BIK). P: Nutrient
management of the farmer. 1. Harvest from the intermediate flowering period. 2. Harvest from the
main flowering period. Sat/Un:(saturated and unsaturated relationship); C14:0 (myristic acid); C16:0
(palmitic acid), C16:1 (palmitoleic acid), C18:0 (stearic acid); C18:1 (oleic acid), C18:2 (linoleic acid),
C18:3 (linolenic acid). C20:1 (arachidic acid), O:I (oleic and linoleic fatty acids relationship).
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As a grouping factor, the localities or orchards were well classified with the PLS-DA
analysis using fatty acid compositions as regressor variables. The fatty acid proportions
found in each orchard are shown in Table 2. The orchard EB FAME proportion showed
significant differences compared to the Cauca orchards (R and N). EB fruits had less
saturated fat associated with the fatty acids C16:0 and C16:1, while the C18:1 proportion
was significantly higher in the EB orchard. Therefore, the univariate approach confirms
that the FAME content is a marker useful for classifying fruits, and as will be discussed,
FAMEs have a great impact on sensory quality and are related to fruit age.

Table 2. Composition of fatty acids (% fatty acids on the total fatty acid methyl ester—FAMEs—
content) in the three localities studied.

Fatty Acids
Orchards

R N EB

Saturated 27.531 ± 0.547 a 24.465 ± 0.489 b 19.017 ± 1.262 c
Monounsaturated 57.093 ± 1.207 b 57.062 ± 1.079 b 71.453 ± 2.787 a
Polyunsaturated 15.377 ± 0.482 a 13.901 ± 0.431 a 9.693 ± 1.114 b

Unsaturated 72.469 ± 1.443 b 70.963 ± 1.291 b 81.148 ± 3.333 a
Sat/Un 0.381 ± 0.008 a 0.349 ± 0.007 a 0.235 ± 0.018 b
C14:0 0.199 ± 0.046 a 0.204 ± 0.041 a 0.131 ± 0.107 a
C16:0 26.127 ± 0.327 a 24.174 ± 0.293 b 17.340 ± 0.756 c
C16:1 12.012 ± 0.243 a 10.103 ± 0.217 b 7.043 ± 0.561 c
C18:0 0.599 ± 0.118 a 0.866 ± 0.106 a 0.789 ± 0.274 a
C18:1 44.883 ± 0.548 c 49.498 ± 0.490 b 64.164 ± 1.265 a
C18:2 14.371 ± 0.337 a 13.436 ± 0.302 a 9.177 ± 0.779 b
C18:3 1.043 ± 0.035 a 1.008 ± 0.031 a 0.708 ± 0.080 b
C20:1 0.139 ± 0.015 a 0.168 ± 0.013 a 0.158 ± 0.034 a
O:L 3.225 ± 0.117 c 3.748 ± 0.105 b 7.096 ± 0.271 a

Orchards: R; N, and EB. Sat/Un (saturated and unsaturated relationship); C14:0 (myristic acid); C16:0 (palmitic
acid), C16:1 (palmitoleic acid), C18:0 (stearic acid); C18:1 (oleic acid), C18:2 (linoleic acid), C18:3 (linolenic acid).
C20:1 (arachidic acid), O:I (oleic and linoleic fatty acids relationship). The same letter in each row represents
that there are no statistical differences between orchards (Tukey test, p < 0.05). Results are the average (n = 40) ±
standard error.

Factors 1 and 2 explain 80% of the variance observed in the Y variables (orchards),
and with three factors, the model has good robustness with regards to both prediction
and stability (R2 Calibration = 0.889, SEC = 0.106, RMSEC = 0.101, R2 = 0.821 SECV = 0.122,
RMSECV = 0.120). Therefore, the model could be useful for identifying whether new
samples have a composition similar or not to the EB samples (colored in red and defined as
an ellipse quality in Figure 7a).

The classification models found were:
F(EB) = (0.65 + 1.42 × 10−3 × Saturated) + (2.6 × 10−3 × monounsaturated) + (4.80 ×

10−3 × Polyunsaturated) + (2.68 × 10−3 × Unsaturated) − (0.10 × Sat/Un) − (5.48 × 10−2

× C14:0) − (9.35 × 10−3 × C16:0) − 3.06 × 10−2 × C16:1) + (1.86 × 10−2 × C18:0) + (4.45
× 10−3 × C18:1) + (6.73 × 10−3 × C18:2) − 0.18 × C18:3) + (5.5042 × 10−2 × C20:1) + (3.89
× 10−2 × O:L) − (0.39 × N) − (0.42 × P) + (8.58 42 × 10−2 × K) − (1.87 × Ca) + (1.87 ×
Mg) − (5.12 × S) − (3.81 × 10−3 × Fe) − (2.86 × 10−2 × Cu) + (8.61 × 10−2 × Mn) − (1.62
× 10−2 × Zn) + (1.66 × 10−3 × B).

F(N) = −1.21 − (1.12 × 10−2 × Saturated) − (4.11 × 10−3 × monounsaturated) −
(8.81 × 10−3 × Polyunsaturated) − (4.42 × 10−3 × Unsaturated) − (0.25 × Sat/Un) − (2.31
× 10−2 × C14:0) − (7.02 × 10−4 × C16:0) + (2.58 × 10−2 × C16:1) + (0.047 × C18:0) − (1.11
× 10−3 × C18:1) − (6.49 × 10−3 × C18:2) + (8.75 × 10−2 × C18:3) + (0.20 × C20:1) − (2.72
× 10−2 × O:L) + (0.63 × N) + (1.85 × P) + (0.37 × K) + (7.24 × Ca) − (1.11 × 10−2 × Mg) +
(3.67 × S) + (0.014 × Fe) − (4.63 × 10−2 × Cu) − (7.47 × 10−2 × Mn) + (1.99 × 10−2 × Zn)
+ (1.028 × 10−2 × B)

F(R) = (1.56 + 9.77 × 10−3 × Saturated) + (1.54 × 10−3 × monounsaturated) + (4.01 ×
10−3 × Polyunsaturated) + (1.74 × 10−3 × Unsaturated) + (0.35 × Sat/Un) + (7.79 × 10−2
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× C14:0) + (1.00 × 10−2) × C16:0) + (4.76 × 10−3 × C16:1) − (6.54 × 10−2 × C18:0) − (3.35
× 10−3 × C18:1) − (2.40 × 10−4 × C18:2) + (9.22 × 10−2 × C18:3) − (0.26 × C20:1) − (1.18
× 10−2 × O:L) – (0.24 × N) − (1.43 × P) − (0.46 × K) − (5.37 × Ca) − (1.85 × Mg) + (1.46
× S) − (1.02 × 10−2 × Fe) + (7.49 × 10−2 × Cu) − (1.14 × 10−2 × Mn) − (3.69 × 10-3 ×
Zn) − (1.19 × 10−2 × B)

These models could allow us to predict the internal fruit quality and guarantee the
mineral and fatty acids composition necessary to produce a robust fruit for the international
supply chain of fresh fruit.

The quality of Hass avocado fruits must be qualified not only as the absence of internal
disorders but also as an optimal sensory profile related to the origin (country, region, etc.),
rootstock, management, and harvest practices, among other factors. A multivariate profile
indicating the orchards, growing season, and nutrient management factors is shown in
Figure 8.
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Figure 8. Sensory profile of fruits from different orchards under different nutrient management (P
and A) and growth cycle (1 and 2) conditions. Orchards: EB, N, and R. A: Nutrient management
based on the Balanced Indices of Kenworthy (BIK). P: Nutrient management of the farmer. 1. Harvest
from the intermediate flowering period. 2. Harvest from the main flowering period.

The results show that the sensory descriptors related to high general quality are
coconut sensation, hazelnut sensation, flux texture, and creamy sensation (oily sensation),
and the means adjusted for these descriptors were high in EB, RA1, and RP1 tests (Figure 8).

Therefore, as discussed before, the composition has an impact on the overall Hass
avocado fruit quality, and the “quality ellipse” established (Figure 7a) in the flesh mineral
composition indicates that the oleic content and oleic: linoleic relationship are in accordance
with the sensory quality profile. High mineral content is related to hard or firm, lumpy
and fibrous textures, astringent sensations, and sweet, acid, and bitter tastes, effectively
explaining how the sensory profile is related to the RP1, NA1, and NP1 samples. Growing
cycle 2 had a low intensity in almost all of the descriptors, and the factor-2 fruits of the
biplot showed a hard and fibrous texture with a high green color (Factor 2) and poor
development of the discriminant descriptors related to a high sensory quality (Figure 8).
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Moreover, the mineral composition and the internal and sensory quality of fruits are
affected by the fatty acid composition. The EB orchard had a high oleic acid content and a
strong O:L (oleic: linoleic) relationship (Figures 6 and 7). The R and N orchards had greater
saturated fatty acid contents (myristic, palmitic, and stearic acids).

One difference between the R and N orchards was that unsaturated fatty acids were
more abundant in fruits grown in the R orchard. The variability found in the fatty acid
composition between orchards was well-represented by the PLS-DA analysis (Figure 7).
These results explain the differences found in the sensory analysis. The samples with
more unsaturated (EB and R) fatty acids (oleic, linoleic, linolenic, and palmitoleic acids)
had the highest sensory quality (creamy sensation, flux texture, and hazelnut and coconut
sensations).

4. Discussion

As a common characteristic in avocado-producing areas in Colombia, a bimodal
rainfall distribution pattern is presented [24–28], as was registered in the studied avocado-
producing area of Cauca. In this region, the high rainy season registered from January to
May supplies the necessary water for nutrient mobility during the main flowering period.
However, the intermediate flowering matches the low rainy season recorded from June to
September. The flowering phase and initial fruit growth are highly demanding in terms
of water and nutrients, and stress factors resulting from these two resources can increase
the abscission of flowers and set fruits and can affect fruit growth [29–34]. Herein, in the
experimental orchards in Cauca, the nutrient management program based on BIK supplied
nutrients monthly, but the low water availability in the low rainy seasons potentially
limited the transport of these nutrients to the plants during critical periods of high demand
within the intermediate flowering period.

The soils in Cauca orchards showed a low capacity to exchange nutrients such as
calcium, magnesium, sodium, and potassium. Previous reports showed a relationship
between the nutritional condition of avocado trees and the availability of elements in the
soil [35], and some characteristics, such as acidic pH values, low levels of organic matter,
and high to very high levels of Cu, Fe, K, Ca, B, and Zn, lead to deficit concentrations of
nutrients in the leaves [34]. BIK is a widely used tool for diagnosing the nutrimental status
of Hass avocado trees [36,37].

In the methodology adopted herein, we considered an optimum standard value
corresponding to each mineral nutrient in trees with yields exceeding 85 kg per tree and
obtain the standard deviation for each nutrient in this population of trees. Using this tool
to orientate nutrient management in the orchards of the Cauca region, yield increases of
55% and 26% in N and R orchards, respectively, were recorded in the harvest from the main
flowering period. Additionally, improvements in fruit weight were recorded. The results
shown herein are in accordance with the reports of Salazar-García and Lazcano-Ferrat, who
oriented nutrient management based on the BIK methodology and increased fruit calibers
with sizes greater than 170 g by 72% of the orchard yield, using specific fertilization with
doses calculated for each nutrient throughout the growth cycle of the Hass avocado [4].

Ripening heterogeneity has been reported as a severe logistical problem for mar-
keters and results in the fruits of inconsistent quality being delivered to consumers. This
phenomenon is the result of the complex avocado fruit physiology and preharvest and
postharvest factors [8]. Rapid softening during ripening has been associated with C7 sugars,
organic acids, and the lauric acid, stearic acid, and oleic acid contents.

Therefore, avocado-producing countries with high variability face challenges due to
the primary and secondary metabolites of Hass avocados produced during fruit devel-
opment being affected by the climate, harvest practices, rootstock, etc. [8,38]. Moreover,
the preharvest factors and harvest indices are variable in Colombian conditions [39]. In
practice, the harvest begins in low-elevation regions at a DM value close to 23%. Our
results agree with those of Fuentealba et al.: at low DM values, more ripening heterogeneity
occurs [40].
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This is because the biological age of the fruit does not guarantee the quantity of fatty
acids or other metabolites that soften the flesh. Therefore, in Cauca orchards, growers must
increase their development time to ensure adequate Hass avocado ripening.

The flesh mineral content has an effect on delaying the firmness of mesocarp softness
because some elements are present and associated with the cell wall structure. Previously,
nutrition has been reported to play an important role in postharvest Hass avocado quality.
The effect on the internal quality of some minerals has been discussed separately, as briefly
described below. High levels of calcium in avocado fruits have been associated with a
delay in ripening due to the effects on respiration, the impedance of the ethylene peak,
greater firmness after storage, and reduction in internal defects (stem end rot, body rot,
vascular browning flesh discoloration, etc.) [41]. An excess of nitrogen fertilization induces
the activation of cytokinins that inhibit the production of ethylene and ABA [42], making
fruit more vulnerable to fungal pathogen attack [43] and more susceptible to postharvest
rot and vascular browning.

Similar to cell wall-associated calcium, boron differences might be another factor
contributing to the observed ripening heterogeneity because 95% of the flesh B content
is present in the cell wall and acts as a bridge between the cell wall and membrane [8].
In contrast, B-deficient tissues have greater PPO activity and accumulate more phenolic
compounds, the substrates for PPO-mediated browning reactions. Increasing the K supply
beyond the minimum required value may lead to K-induced deficiencies of Ca and Mg,
which could cause increased diffuse discoloration and body rot severity. Attention has
been given to the balance between Mg, Ca, and K cations in the fruit, as this balance seems
to be more strongly associated with avocado fruit quality than the Mg content alone [7].

According to Rooyen and Bower, copper is known to activate a group of oxidizing en-
zymes, such as polyphenol oxidase, monophenol oxidase, laccase, and systems of oxidizing
ascorbic acid [39,44]. Copper acts as a catalyst for the enzymatic systems that lead to enzy-
matic browning and is thought to be interrelated with zinc in various oxidation-reduction
reactions. Zinc is often coordinated with copper in the various oxidation-reduction reac-
tions that lead to browning. For the other minerals, there is a lack of knowledge of their
roles in affecting the internal quality of Hass avocado fruits.

The approaches of past studies aimed to find a simple relationship (linear or nonlinear)
between mineral contents and internal disorders. However, our results show that no one
mineral plays the main role in affecting the internal quality of Hass avocado fruits, and the
associated variabilities could be well-represented in a multivariate approach. PCA and
PLS-DA were very useful because the confidence of the ellipse of the high-quality group
(EB) allowed the identification of multiple vectors (variables) that cause heterogeneity,
internal quality, and sensory profile differences related to the flesh composition.

After the internal disorders, the other quality challenge of Hass avocado origins is
obtaining a sensory quality that is satisfactory to consumer expectations. Therefore, high
sensory quality could serve as a competitive strategy to improve the success of certain
avocado origins in the international market, especially in emerging avocado markets.
Studies have found that the harvest season has an effect on the sensory quality of avocado
fruits.

Arpaia et al. reported that likeability increased with an advancing harvest date (DM
content), and their research was performed with preference sensory tests [45]. Rodríguez
et al. employed a sensory profile test and showed that the discriminant descriptors related
to unmature fruit were green, bitter, acid, spicy taste, and sensations, whereas flux tex-
ture, oily taste, oily texture, and sweet taste were descriptors found in fruits at high DM
contents [9].

The results of this work confirmed that harvest practices had an important impact
on the Hass avocado fruit quality profile. The main issue under field conditions is that
farmers do not have nondestructive equipment or lack knowledge regarding what markers
to measure to sort fruit and guide the harvest decisions to guarantee the robustness and
sensory quality of the fruit at the destination market [46,47]. Our results show that the
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sensory descriptors change among localities and growth cycles and could be explained as
discussed above with regards to the flesh mineral and FAME composition.

There is no information that reports the role of the mineral contents on the sensory
quality of Hass avocado fruits. However, the role of the fruit mineral composition on fruit
softness and mesocarp discoloration in ‘Pinkerton’ avocado fruits was studied by Rooyen
and Bower, who published mineral concentrations related to low, medium, and high risks
of developing internal flesh disorders [39]. The results of this work contribute not only to
reporting optimal mineral ranges for reducing internal damage but also to improving the
sensory profile of Hass avocados.

The flesh–fatty acid relationship is influenced by the temperature of the localities or
regions where the Hass avocado is produced. This phenomenon has been found in many
Hass avocado-producing countries around the world. Some studies have reported that
Hass avocados produced in regions with low temperatures had greater oil contents and
higher proportions of oleic acid than those grown in high-temperature areas. In contrast,
fruits grown in high-temperature regions had more palmitic acid [48,49]. Ferreyra et al.
found that the fatty acid proportion changed with elevation in Chile [41].

The authors reported that high oleic acid contents were related to the maximum
mean temperature. Therefore, different studies have postulated the fatty acid profile as a
biomarker of fruit origin. However, high variabilities exist in avocado-producing countries
such as México, Colombia, Chile, and Peru, thus making such classifications difficult.
The EB locality has an oleic acid content similar to the cool regions or farms from South
Africa [49], New Zealand [48], and Chile [41,49], whereas the low-elevation orchard has a
FAME profile similar to producing localities in Peru; Spain [50]; and California, USA [51].
Fruits grown at the R orchard at both nutrient management levels had more palmitoleic
acid than fruits of other international origins (low and high elevation or temperature) and
were similar to the avocados produced in Florida, USA [52]. There is a lack of information
relating the fatty acid profile to the sensory quality. In this work, it is clear that the sensory
analysis was influenced by the proportion of fatty acids in the samples, especially with
regards to unsaturated fats.

The mouth sensory texture perception could be associated with a change in the
mesocarp tissue due to enzymatic (polygalacturonase and cellulase) action during fruit
ripening and the mineral and fatty acid compositions. The parenchyma tissue contains oil
bodies as a finely dispersed emulsion surrounded by a thin cellulose wall [53], whereas
idioblasts are specialized cells containing large oil sacs covered by a thick cellular wall.

During Hass avocado ripening, the degradation of parenchyma cell walls and the
release of some oil bodies in emulsion form occur [54]. Despite the importance of the role
of fatty acids in Hass avocado composition and quality, few studies have reported the role
of nutrient management in modulating fatty acids. This work contributes to identifying the
quality markers related to nutrient management under field conditions. Our results show
the importance of having a robust fruit flesh composition, and it is necessary to consider
rootstock selection, nutrition management, and orchard location to guarantee consistent
quality to consumers.

It is necessary to increase the knowledge on the development of nondestructive devices,
NIR applications, or other technologies focused on analyzing the discriminant biomarkers
found in this work to predict the integral quality of Hass avocados and their shelf life before
export. These strategies could reduce postharvest losses and satisfy consumer expectations
worldwide.

5. Conclusions

Nutrient BIK management increased the fruit sizes and yields without affecting the
postharvest quality. Differences in growing temperatures among localities influenced the
fruit compositions, especially the fatty acid composition and postharvest internal quality.
The fruit produced at low temperatures had relatively high oleic acid contents, while fruits
from orchards at high growing temperatures had more palmitic, palmitoleic, and stearic
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fatty acids and more internal disorders. Fruits harvested at more development days ripened
faster and thus had reduced internal disorder incidence rates and severities.

The multivariate approach allowed us to find a robust model for representing and
following the variability in the postharvest internal avocado fruit quality independently
of the harvest season, locality, and nutrient management. The PLS-DA model could
be a powerful tool for classifying the internal quality of fruits in avocado-producing
countries. Therefore, in countries with highly variable growing conditions and production
practices, the use of destructive analyses and multivariate data analyses could reduce
the heterogeneity and allow the shipment of fruits with better internal quality to the
international market.
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1 Department of Fruit Growing, Viticulture, Horticulture and Landscape Architecture, Faculty of Agriculture,
University of Novi Sad, Dositej Obradović Sq. 8, 21000 Novi Sad, Serbia
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Abstract: Application of plant growth regulators (PGRs) in apricot orchards is a common practice
with a goal of improving yield and/or quality of fruits at harvest. However, the question of whether
such treatment alters postharvest properties is seldom answered. The effects of an early application
of PGRs on postharvest changes on apricots were investigated on cultivar NS-4, grown on Myrobalan
rootstock with blackthorn interstock in a 5-year-old orchard. PGR treatments included 50 and
100 ppm of benzyladenine (BA) and 200 ppm of gibberellic acid (GA3), which were applied when
the green ovary was surrounded by dying a sepal crown, at the stage where sepals beginning to fall.
Apricots at the stage of commercial ripeness were used for the postharvest experiments. Analysis
was performed at harvest, after 21 days of cold storage (at 1 ± 1 ◦C and 80 ± 10% RH), and after
3 days of shelf life (24 ± 2 ◦C). At harvest, significant differences were observed between treated and
untreated fruits regarding flesh firmness, color, ethylene production and respiration rate, flavonoid,
carotenoid and citric acid content, while application of BA100 changed TA and TSS. Prolonged cold
storage reduced the initial differences in firmness, respiration rate, flavonoid and carotenoid contents,
but new differences in fructose, malic and succinic acid contents began to appear. Shelf life reduced
the difference in citric acid, but differences in TA, TSS, phenol and flavonoid content appeared. There
is no difference in the sensory properties of treated and non-treated fruit after cold storage and shelf
life.

Keywords: apricot; plant growth regulators; cold storage; shelf life

1. Introduction

In order to improve apricot production, many contemporary systems and techniques
were applied in orchards that have resulted in the intensification of fruit production, such as
the use of different rootstocks, interstocks, the increase of tree density, irrigation, pruning,
thinning, fertilization, grassing, mulching, and weed control [1–4]. Despite numerous
advances in apricot production, the main challenges remained unsolved: (1) frost in the
early fruit development phases (flowering) leading to 50% variation in yield coefficient and,
in some years, in total loss of apricot fruit [5]; and (2) the relatively short postharvest life of
apricot fruit, limited by fruit softening, tissue breakdown and browning [6]. In attempts
to improve the postharvest life of apricots, ethylene blockers [7], and different packing
solutions (which include a modified and controlled atmosphere), application of calcium,
salicylic acid [8], melatonin [9], putrescine [10], as well as use of edible coatings [11], and,
recently, irradiation [12] have been frequently used.

Among frequently used methods aiming to improve apricot production is the ap-
plication of plant growth regulators (PGRs). The process of fruit ripening is guided by
the succession of different plant hormones, in terms of their concentration and time of
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appearance. Fruit development begins with high concentrations of auxins, brassinosteroids,
jasmonates and cytokinins, followed by an increase in the concentration of gibberellic
acid [13]. The ripening phase is characterized by a high concentration of abscisic acid,
followed by small peaks of auxins and jasmonates, while the maximum production of
ethylene is present during the transition of fruit from the ripening to senescence stage [13].
The idea behind the external application of PGRs is to alter the natural development of fruit
with a goal to improve its production. That improvement caused by application of PGRs
does not always imply only a higher yield, but in some cases also improves the quality of
the fruit [14].

The application of PGRs regulates plant metabolism, which consequently affects
flowering, fruit set and development, as well as fruit abscission, which ultimately reflects
on fruit size, composition, and color [15–19]. Application of PGRs in early phases of fruit
development is performed with different goals. Thus, gibberellic acid (GA) applied to
fully bloomed plants affected fruit set and yield in apricot [20], while its applications
10 or 21 days before harvest affected thinning, fruit size, and firmness [21]. Cytokinin
applied at the pit hardening stage had an effect on fruit physiological, organoleptic, and
phytochemical properties [22]. In respect to benzyladenine (BA), this plant hormone
belongs to the group of cytokinins, and is well-known for its role in plant growth and
development, while the studies on its effect on fruit development were mostly focused
to climacteric fruits, where it would slow down ripening, possibly through suppressing
biosynthesis of ethylene [13]. It was previously proven that BA has an effect on fruit set,
development, and shape. Namely, the combination of gibberellins A4 and A7 with the
cytokinin BA improved fruit appearance in Red Delicious apples. This success resulted in
its different uses on a wide variety of crops [15]. Application of GA3 at 80% of full bloom
affected fruit set, while its application 15 days prior to harvest had an effect on apricot shelf
life at ambient temperature [23]. Noteworthy, some compounds with a similar structure to
PGRs could have similar impact as PGRs on fruit storage [24].

However, studies examining an impact of PGR application on fruit quality after cold
storage and shelf life are very rare, and mostly based on basic analysis of fruit, such as
weight loss and spoilage [25]. Even rarer are the studies examining the relationship of
an early PGR treatment with storage and shelf life on fruit quality and chemical com-
position [26]. Having in mind the frequent use of PGRs in practice today, and a lack of
knowledge in terms of their effects on treated fruits, the results of the present study provide
a glimpse and some interesting answers to the problems associated with PGR application
and postharvest behavior of treated fruits. Therefore, this paper is expected to have a
significant impact on today’s practice in apricot production.

In our previous study, the effects of PGRs applied in the early stages of fruit develop-
ment were investigated in apricot fruit after 15 days of cold storage followed by several
days of shelf life [27]. The treatment had an impact on flesh firmness at harvest, but
recorded differences were diminished after shelf life. No difference in titratable acidity (TA)
and pH were observed. This study aimed to examine the impact of gibberellic acid (GA3)
and 6-benzyladenine (BA) on the physical characteristics and composition of apricot fruit
after prolonged cold storage (i.e., 21 days) and shelf life.

2. Materials and Methods

2.1. Apricot Production and Preharvest Reatments

Apricot fruits (Prunus armeniaca L.) cv. NS-4 were obtained from trees grown at the
Experimental field for fruit growing, Faculty of Agriculture, Novi Sad, located at Rimski
Šančevi (45◦3382′ N and 19◦8445′ E, 86 m a.s.l.), Republic of Serbia. Cultivar NS-4 used
Myrobalan seedlings (P. cerasifera Ehrh.) as a rootstock with blackthorn (Prunus spinosa
L.) as an interstock. The orchard was established under black anti-hail nets and with drip
irrigation. The lanes were covered with grass, while the space under the trees within each
row was treated with herbicides. The standard agro-technical procedures were performed
annually. The experiment was set up by using 5-year-old apricot trees grown at 4 × 2 m
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planting distance (1250 trees ha−1). The one year trial was set up in a completely random-
ized design with six single trees used per treatment. Plant hormone treatments included
6-benzyladenine in two concentrations (50 mg L−1—BA50 and 100 mg L−1—BA100, Gerba
4LG—4% active ingredient 6-benzyladenine; L-Gobbi, Campo ligure, Italy), 200 mg L−1

gibberellin (GA3, Gibberellin −1.8% active ingredient gibberellin; L-Gobbi, Campo ligure,
Italy) and corresponding, non-treated control. PGRs were applied once by spraying to
whole trees when the green ovaries were surrounded by dying sepal crown, just before
the sepals begin to fall (stone fruit, principal grown stage 7: development of fruit, code 72,
according to Meier [28]). Treatments were applied with a backpack sprayer (Stihl SR-420)
and 4 L was used per treatment on six whole trees per treatment. In order to determine
the effects on apricot fruits at harvest and after the prolonged storage period, fruit in
commercial ripeness (IAD 0.4–0.8), determined by DA-meter (TR Turoni, Bologna, Italy)
were harvested [29].

For postharvest analysis, fruits were distributed in wooden crates 50 × 30 × 8 cm
holding approximately 5 kg of apricots and placed in the cooling chamber at 1 ± 1 ◦C
and 80 ± 10% RH for 21 days. Subsequently, the fruits were removed from cold storage
and exposed for 3 days to shelf life at room temperature (24 ± 2 ◦C). In order to perform
chemical analysis at each sampling period, quarters of 20 fruits was homogenized and
immediately frozen in dry ice.

2.2. Fruit Color, Texture and Weight Loss

Fruit color was determined by performing two measurements on the opposite sides of
the equatorial region, using CR-400 Chroma Meter (Konica-Minolta, Osaka, Japan). Flesh
firmness was measured at the equatorial region of each fruit after peeling off a small circle
of skin. A penetration test was performed with an 8 mm diameter stainless steel rounded
cylinder probe with TA.XT Plus Texture Analyser (Stable Micro Systems, England, UK).
Both analyses were performed on 20 whole apricots.

Weight loss was determined by daily measurement of fruit weight after harvest and
after 21 days of cold storage at room temperature (24 ± 2 ◦C).

2.3. Ethylene Production and Respiration Rate

For determination of ethylene and respiration rate, approximately 250–300 g of fruits
were placed in a 770 mL container, hermetically sealed with multilayer foil at 24 ± 2 ◦C.
CO2 measurement was performed by direct puncture of the sealed foil with a sampling
needle of OXYBABY® 6.0 (WIT-Gasetechnik GmbH & Co KG T, Witten, Germany). Ethylene
was analyzed from 2 mL of gas sampled by a plastic syringe and injected into a 10 mL
headspace vial sealed with silicone septa. Ethylene was determined by gas chromatography
(GC 7890, Agilent, Santa Clara, USA), equipped with a FID detector (Agilent, Santa Clara,
USA) and auto sampler (COMBIPAL, CTC Analytics AG, Zwingen, Switzerland).

2.4. Chemical Analysis

Total soluble solids (TSS; %) were determined by a digital refractometer ATR-ST plus
(Schmidt and Haensch, Berlin, Germany) on previously homogenized apricot samples
at 20 ◦C. Titratable acidity (TA; g malic acid/100 g) was measured from 3 g of sample
dissolved in 30 mL of deionized water. After homogenization, the sample was centrifuged
(Centrifuge 5804R, Ependorf, Hamburg, Germany) at 13,776 g for 5 min, and 10 mL of
supernatant was used for titration with 0.1 M NaOH.

Carotenoid content was analyzed according to Costache et al. [30], while phenol
and flavonoid contents were extracted according to [31]. Phenol content was determined
according to the Folin–Ciocalteu method [32], while the Pękal and Pyrzynska procedure [33]
was used for flavonoids. A brief explanation of the methods used is described earlier
in [6,27,29].

For determination of fructose, glucose, sucrose, citric, malic, and succinic acid content,
the sample was extracted according to [34]. Separation was performed using HPLC Agilent
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1200 series, (Agilent, Santa Clara, CA, USA). For sugar analysis, Zorbax Carbohydrate was
used, (4.6 × 250 mm, 5 μm column; Agilent Technologies, Vienna, Austria), along with
an evaporative light scattering detector (ELSD), while organic acids were analyzed on a
NUCLEOGEL SUGAR 810 H (Macherey-Nagel, Dueren, Germany) column with diode
array detector (DAD).

2.5. Sensory Evaluation

Sensory evaluation of apricot fruits after cold storage and shelf life was conducted by
12 trained panelists (6 women and 6 men), aged 20–65 years, according to the methodology
adopted by Melgarejo et al. [35]. The panelists were asked to score visual appearance
(tissue breakdown and browning) on halved fruits, and intensity of 5 fruit attributes
(sweetness, acidity, apricot flavor, crispiness, and off flavor) on fruit slices. Evaluation
was performed on a continuous scale ranging from 0 (lowest score) to 100 (highest score).
The process was carried out at room temperature (20 ◦C) in individual cabins under white
lighting. The evaluation was performed in two separated sessions within the same day.
All participants received written information about the study, and they signed informed
consent to participate.

2.6. Statistical Analysis

Obtained results were analyzed using two-way ANOVA. Duncan’s multiple range
test was used for testing the significance of differences between average values, while for
weight loss, respiration, and ethylene, Tukey’s HSD test was used. Principal component
analysis (PCA) was performed on data collected at the same time and frequency. Statistical
calculations were performed using TIBCO Data Science—Workbench (Statistica® 14.0.0).

3. Results

3.1. Weight Loss, Respiration Rate and Ethylene Production

Physiological parameters (weight loss, respiration rate, and ethylene production)
were differently affected by the treatments to which were apricots subjected (Figure 1).
Significant impact on weight loss at the end of shelf life was observed only between the
control and BA100-treated fruits (Figure 1A,B).

Respiration rate was significantly decreased at the end of shelf life after the harvest in
all treated apricots versus the control (Figure 1C), while after the cold storage, this effect
was present only in BA100-treated fruits (Figure 1D).

After the harvest, ethylene production increased on the 5th day of shelf life, but only
in the control when compared to the rest of the PGR-treated groups (Figure 1E). After cold
storage, its production increased after the 2nd day of shelf life in all groups, but it became
especially prominent on the 4th day in the control and BA50-treated fruits (Figure 1F).
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Figure 1. Weight loss, respiration rate, and ethylene production in PGR-treated apricots during
shelf life. Fruit weight loss (A,B), respiration rate (C,D), and ethylene production (E,F) after harvest
and cold storage, respectively. PGR treatment: control—untreated apricots; GA3—200 mg L−1 of
gibberellin A3; BA50—50 mg L−1 of 6-benzyladenine; BA100—100 mg L−1 of 6-benzyladenine.
Differences higher than Tukey mark are significantly different (p < 0.05).
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3.2. Physicochemical Properties

The PGR treatments showed different effects on physical properties and chemical
composition on apricots at harvest, and after cold storage and shelf life (Table 1). In general,
PGR treatments alone affected hue◦, TA, and the contents of phenols, flavonoids, fructose,
sucrose, and all organic acids in treated apricots. As expected, cold storage changed all
analyzed parameters in all fruits, except the glucose content. Interaction between the
PGRs and cold storage significantly affected TA, phenols, flavonoids, carotenoids, fructose,
sucrose, malic, citric, and succinic acids, thereby suggesting that detected changes during
cold storage are PGR-dependent.

Table 1. Effects of application of GA and BA on color, texture, quality and chemical composition of
apricot fruit.
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0 62.2 e 77.5 d 21.2 e 1.21 bc 9.96 c 45.0 a 7.6 b 1.47 a 1.10 a 0.854 5.57 d 1.68 abc 1.98 a 0.63 ab

Control 21 59.2 cd 70.8 bc 6.9 cd 1.19 ab 10.98 d 54.7
abcd 8.0 b 2.85 cde 1.50 c 0.890 4.64 bc 1.58 a 1.95 a 0.65 b

21 + 3 57.0 c 68.2 abc 2.9 a 1.36 e 10.78 d 49.4 b 5.6 a 3.21 de 1.52 c 0.897 4.36 b 1.64 abc 2.14 b 0.97 d

0 60.1 de 71.1 bc 25.0 f 1.24 bcd 10.28 c 57.2 bcd 13.0 d 2.27 bc 1.16 b 0.866 5.74 d 1.68 abc 2.16 bc 0.59 a

GA3 21 58.9 cd 65.6 ab 7.5 cd 1.23 bcd 12.10 f 53.0 abc 7.3 b 2.84 cde 1.26 b 0.848 4.23 b 1.72 cd 2.20 bc 0.76 c

21 + 3 55.0 ab 64.0 a 1.1 a 1.56 f 12.74 g 64.4 d 7.6 b 3.33 e 1.65 de 0.799 4.24 b 1.83 d 2.26 bcd 0.76 c

0 61.0 de 70.8 bc 22.9 ef 1.27
bcde 9.86 c 54.1

abcd 9.9 c 2.25 bc 1.18 ab 0.904 5.68 d 1.74 cd 2.21 bc 0.59 a

BA50 21 58.7 cd 64.8 a 5.6 bc 1.11 a 11.52 c 54.1
abcd 7.8 b 2.67 cd 1.63 de 0.846 4.24 b 1.60 ab 2.15 bc 0.77 c

21 + 3 54.7 a 63.2 a 1.9 a 1.30 cde 12.56 fg 57.0 bcd 5.4 a 3.05 de 1.57 d 0.846 5.43 d 1.82 d 2.25 bcd 0.93 d

0 60.3 de 72.3 c 25.7 f 1.32 de 8.76 a 53.9
abcd 12.4 d 2.02 b 1.21 b 0.909 5.14 cd 1.69 bc 2.34 de 0.63 ab

BA100 21 59.2 cd 66.7 abc 9.2 d 1.26 bcd 10.68 d 62.7 cd 8.6 b 2.34 bc 1.63 de 0.835 3.32 a 1.70 bc 2.27 cd 0.83 e

21 + 3 55.9 ab 64.7 a 2.2 a 1.22 bc 12.34
cfg 74.3 d 8.0 b 3.26 de 1.71 e 0.838 4.56 bc 1.83 d 2.40 e 1.20 f

PGRs NS ** NS ** NS ** ** NS ** NS ** ** ** **
Storage ** ** ** ** ** ** ** ** ** NS ** ** ** **
PGRs x Storage NS NS NS ** NS * ** ** ** NS ** * NS **

Values designated by the same letter were not significantly different (p > 0.05). Main factors and their interactions
are presented, and their significance is annotated as follows: NS—not significant, *—significant at 0.05, and
**—significant at 0.01; FW—fresh weight; PGR treatment: control—untreated apricots; GA3—200 mg L−1 of
gibberellin A3; BA50—50 mg L−1 of 6-benzyladenine; BA100—100 mg L−1 of 6-benzyladenine; storage: 0—at
harvest; 21 day of cold storage; 21 + 3—21 day of cold storage followed by 3 days of shelf life.

3.2.1. Physical Properties

At harvest all PGR-treated fruits changed color towards red (hue◦). The application
of PGR did not affect the lightness of skin color, but since the hue◦ values were lower, the
treated fruits appeared as more red, compared to the control (Table 1). Nevertheless, initial
color differences between control and treated fruits faded away after cold storage and shelf
life.

Flesh firmness of apricots after harvest was higher in GA3- and BA100-treated fruits
versus the control. After cold storage, fruit firmness was the highest in BA100-treated
apricots and was only significant if compared to the second BA treatment. After shelf life,
all differences between the treatments were diminished (Table 1).

3.2.2. Chemical Properties

After harvest, only BA100-treated apricots had higher TA and lower TSS than control
apricots. Cold storage decreased TA only in BA50-treated apricots, but after shelf life, it
increased again in all fruits, except in BA100-treated fruits (Table 1). In respect to TSS,
cold storage increased this parameter only in GA3- and BA50-treated fruits, but after shelf
life, all treated apricots has significantly higher values of TSS compared to the control.
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Applied PGRs also changed the chemical composition by increasing the contents of phenol,
flavonoid, carotenoid, fructose, and citric acid.

At harvest, the highest phenol content was present in apricots treated with GA3 and
the lowest in the control (Table 1). After cold storage, no significant differences were
observed among the experimental groups, but after shelf life, phenol content significantly
increased in GA3- and BA100-treated fruits versus the control. Similarly to phenols at
harvest, flavonoids were the highest in GA3-, followed by BA100-treated apricots, while
the lowest content was recorded in the control (Table 1). Unlike the phenol content, which
increased after cold storage and shelf life, flavonoid content had a decreasing trend. As
a result, the lowest loss in these bioactive compounds was detected in GA3- and BA100-
treated apricots comparing to the rest of the groups. In respect to carotenoid content,
all treated fruits had higher values than control fruit (Table 1). However, all recorded
differences were eliminated after cold storage, and the slight increase in its content after
shelf life did not make any difference among the treatments (Table 1).

In respect to sugar contents, only glucose did not change throughout the experiment
(Table 1). Slightly higher fructose content was present at harvest in all treated fruits versus
the control. During the cold storage, fructose content increased in all fruits, except in GA3-
treated fruits, but after shelf life, the highest increase in its content was detected in GA3-
and BA100-treated apricots. Sucrose level at harvest was similar for all fruits; it decreased
during cold storage and after shelf life, with the highest content present in BA100-treated
apricots versus the rest of the fruits.

In general, each of the examined organic acids did not show any decline toward the
end of the experiment (Table 1). At harvest, contents of malic acid was similar among
all fruits. After cold storage, GA3- and BA100-treated apricots were characterized with a
higher content of malic acid then the other two groups, while after shelf life, all treated
apricots exhibited a significantly higher content of malic acid versus the control. Content of
citric acid was higher in treated apricots at harvest as well as after cold storage versus the
control, with BA100 group standing out due to its highest content of this acid. Shelf life
increased the level of citric acid only in the control fruits. Succinic acid content was similar
in all fruits at harvest. During cold storage, its content increased for all treated fruits. After
shelf life, succinic acid increased in all apricots, with the highest content being recorded in
BA100-, while the lowest in GA3-treated apricots

3.3. Sensory Properties

According to the results of sensory analysis, cold storage affected all examined traits,
except inappropriate taste and browning, while PGR treatments only had an impact on
tissue breakdown (Table 2).

After cold storage, the only difference among the examined parameters was detected
regarding aroma between BA50- and BA100-treated apricots. After shelf life, significant
changes in sweetness, sourness, and aroma were recorded in BA100-treated fruits as well as
in aroma in GA3-treated apricots, when compared to initial estimation. After cold storage,
both BA concentrations decreased tissue break down, but the only significant difference
was noted when apricots from the GA3 and BA100 groups were compared.
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Following shelf life, only fruits treated with BA100 had significantly lower tissue
breakdown when compared to the rest of the apricots. Still, tissue break down after shelf
life was quite high for all treatments.

Table 2. Effects of application of GA and BA on sensory properties of apricot fruit.
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Control
21 39.4 ab 34.5 ab 40.5 ab 35.7 b 39.9 b 3.6 20.0 ab 2.5

21 + 3 52.5 ab 20.8 ab 60.9 bc 7.7 a 10.4 a 0.7 90.0 d 7.0

GA3
21 40.7 ab 32.8 ab 40.5 ab 40.8 b 51.2 b 0.7 22.5 b 6.5

21 + 3 58.4 b 15.3 a 72.3 c 0.7 a 7.1 a 0.7 97.2 d 3.3

BA50
21 54.3 ab 18.7 ab 56.8 bc 30.2 b 42.3 b 2.2 7.5 ab 3.0

21 + 3 57.6 b 16.3 a 66.3 c 2.9 a 7.3 a 0.3 97.2 d 5.6

BA100
21 36.7 a 36.7 b 36.0 a 36.3 b 48.7 b 2.0 5.0 a 3.5

21 + 3 56.0 b 15.9 a 68.4 c 7.7 a 6.9 a 1.4 72.5 c 7.0

PGRs NS NS NS NS NS NS ** NS
Storage ** ** ** ** ** NS ** NS
PGRs x Storage NS NS NS NS NS NS NS NS

Values designated by the same letter were not significantly different (p > 0.05). Main factors and their interactions
are presented, and their significance is annotated as follows: NS—not significant, **—significant at 0.01; PGR
treatment: control—untreated apricots; GA3—200 mg L−1 of gibberellin A3; BA50—50 mg L−1 of 6-benzyladenine;
BA100—100 mg L−1 of 6-benzyladenine; storage: 0—at harvest; 21 day of cold storage; 21 + 3—21 day of cold
storage followed by 3 days of shelf life.

3.4. PCA Analysis

Based on the PCA analysis (Figure 2), the first two factors explained more than 70%
of variability in the case of color, texture, and all indicators of metabolic activities: TA,
TSS, phenols, flavonoids, carotenoids, sugars, and organic acids sampled at three sampling
points (Figure 2A). In the case of sensory descriptors assessed after cold storage and shelf
life, the first two factors explain more than 90% (Figure 2B). It is noticeable that most of the
variation is explained by Factor 1 (55.66% and 75.98%, respectively). Given the nature of
the sample separation in both cases, it could be tentatively assumed that Factor 1 represents
the sampling time, while Factor 2 may represent PGR treatments.
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Figure 2. Principal component analysis (PCA) of apricot fruit separation at three sampling points
based on color, texture, quality, and chemical composition (A) and two sampling points based on
sensory characteristics (B). Treatments: GA3—200 mg L−1 of gibberellin A3; BA50—50 mg L−1 of
6-benzyladenine; BA100—100 mg L−1 of 6-benzyladenine; storage: 0—at harvest; 21 day of cold
storage; 21 + 3—21 day of cold storage followed by 3 days of shelf life. Circled treatments represent
the samples belonging to the following groups: before and after cold storage (A) and after cold
storage and after shelf life (B), respectively.

4. Discussion

Apricot perishability is one of the main causes limiting its storability and, consequently,
market potential. This factor becomes even more important when apricots are exposed
to ambient temperatures [36], and it is one of the key reasons why some studies have
no records of apricot shelf life [37]. Despite this, there are reports on the decrease in
physiological loss in apricot cv. Harcot, treated with GA3 following eight days of exposure
to ambient temperature [23]. Our results also indicate a change in weight loss, but a
decrease in weight loss in cv. NS-4 was caused by BA100, rather than GA3, compared to
control (Figure 1A,B).

Application of PGRs often changes fruit texture and color at harvest. In the present
study, PGRs changed fruit color to redder tones, and increased fruit firmness (Table 1).
Similar changes in apricot color were reported after the treatment with 25, 50, 75, and
100 ppm of GA3 [38]. Obtained results of the increase in flesh firmness are similar to
the previous reports, in which apricot fruit firmness increased at harvest as a result of
application of 10 and 15 ppm GA3 [20], and also after application of 50 and 100 ppm BA
and 50 and 100 ppm GA3 [39]. In apricots, beside different concentrations of PGRs, the
time of the application also affects flesh firmness, which is shown in the case of GA [40].

The changes in color and texture at harvest are accompanied with the changes in
chemical composition of apricot fruits; i.e., TA, TSS, phenols, flavonoids, carotenoids
fructose, sucrose, malic, citric, and succinic acid contents (Table 1). Although recorded
changes are not uncommon for apricot fruit, their trends are not always similar. Contrary to
our results, treatment with BA did not change TA [41], nor did the treatment with GA3 [23].
On the other hand, the treatments with GA3 and BA reduced TA [39]. Furthermore,
treatment with different concentrations of BA (50, 100 and 150 ppm) did not change
TSS [41], nor did the treatment with 50 and 100 ppm of GA in two seasons of Patterson
apricot [40]. Still, the treatment with 75 and 100 ppm of GA increased TSS in both applied
timings [38]. Regarding the increase in total phenol content, similar findings were reported
after application of 10 and 15 ppm GA3 [20], while other cytokinins (forchlorfenuron) had
no effect in two apricot cultivars [22]. Glucose level was not changed by PGRs, which is
consistent with reports where lower concentration of synthetic cytokinin did not change
glucose, fructose, sucrose, or sorbitol contents [22]. Moreover, similar changes in quality,
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as a consequence of PGR treatment at harvest, were reported for litchi [18], mango [42],
cherry [43], plum [26], and apricot [41]. Such different trends, despite of similar treatments,
could be explained by several different aspects. Some of them may include the usage
of different cultivars, different PGR concentrations and application time, but also the
variations in climatic conditions should not be overlooked. Another important factor is the
insufficiently defined ripening stage of apricot, which inevitably leads to different stages of
fruit maturity at the moment of harvest, and contributes to inconsistent or contradictory
results. Regarding this, the fruit selection may be resolved using a noninvasive method for
determination of the ripening stage for each apricot individually [22].

Externally added PGRs interact with the naturally defined sequence of the occurrence
of plant hormones and could lead to subtle changes in plant and fruit metabolism, as
detected in this study and in previous reports. Fruit metabolism does not stop after its
picking, thus it continues during the postharvest period, causing changes in almost all
measured parameters (Figure 1, Tables 1 and 2). Alongside 21 days of cold storage, pre-
harvest treatment of apricots with PGRs reflected on a number of observed parameters
during cold storage: TA, fructose and sucrose contents, citric, malic, and succinic acid
contents, bioactive compounds (phenols, flavonoids), and carotenoids.

The mentioned changes caused by PGR application, according to PCA analysis, are
tentatively assigned as Factor 2, which could explain only 15.34% and 14.82% of variability,
respectively (Figure 2A,B). Such small percentages coupled with relatively close proximity
of samples after cold storage and shelf life pointed out a small impact, and thereby the
overall small difference caused by the application of PGRs.

Considering our previous study in which the apricots were stored for 15 days [27],
21 day of cold storage did not eliminate the differences in weight loss. Furthermore,
some parameters appeared to be affected by PGRs as the storage period extended; i.e.,
TA, fructose and sucrose, organic acids, bioactive compounds (phenols, flavonoids), and
carotenoids.

According to some reports, application of PGRs could have a negative effect on apricot
storability, reflected by a reduction of firmness in NAA-treated apricots after 20 days of
cold storage [44]. This effect was not recorded in this study, since the PGRs alone or in
combination with 21 day of cold storage did not affect flesh firmness (Table 1).

Subsequent shelf life, as expected, increased the respiration rate and ethylene produc-
tion when compared to the values before cold storage; also it reduced lightness, increased
malic acid content, and, in the case of GA3 and BA100, increased TSS, phenol, flavonoid,
and fructose contents. None of these differences could be observed by sensory analysis.

5. Conclusions

As expected, the application of PGR improved most of the quality traits and fruit
composition of apricots at harvest. The significant differences between the treated and
untreated fruits were observed at harvest in terms of their flesh firmness, color, ethylene
production and respiration rate, flavonoid, carotenoid, and citric acid contents. Prolonged
cold storage diminished the initial differences in firmness, respiration rate, flavonoid
and carotenoid contents, but new differences in fructose, and malic and succinic acid
contents began to appear. Noteworthy, shelf life reduced the difference in citric acid, but the
differences in TA, TSS, phenol, and flavonoid contents were recorded. In terms of sensory
properties, the treated and non-treated apricots did not show differences following the cold
storage and shelf life. Despite the observed differences in chemical composition at the end
of cold storage, fruit firmness, color, and other sensory traits did not differ between the
treated and non-treated fruits. Differences between the treated and non-treated apricots
were recorded after shelf life in respect to fruit color, more precisely, treated fruits had
lower L*, which made them more dark than control fruits. Still, the recorded fluctuations in
chemical composition needs another extensive and separate study, which will be focused
on the underlying processes that defines the ripening and senescence, as well as the PGR
treatment.
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Abstract: Strawberries are a popular food. However, the growth and reproduction of microorganisms
on the surface of strawberries change their quality and may cause food poisoning. We compared
the effects of solid lipid nanoparticles containing cinnamaldehyde (SLN-CA) and unencapsulated
cinnamaldehyde on the freshness of strawberries stored for seven days. The impacts of SLN-CA at
different concentrations on strawberry firmness, weight loss, rate of fruit rot, and sensory quality
were investigated at 25 ◦C. Superoxide dismutase (SOD) and catalase activities and malonaldehyde
(MDA) and vitamin C contents of strawberry cell homogenates were measured during storage. The
experimental results showed that SLN-CA treatment can effectively reduce the probability of decay
in strawberries without causing excessive weight loss. SLN-CA can reduce softening, maintain a
high level of SOD activity in cells, reduce the accumulation of MDA and consumption of organic
acids, and improve the sensory characteristics of strawberries and thereby their shelf life. Therefore,
SLN-CA is a promising preservation method to increase the shelf life and safety of strawberries.

Keywords: postharvest; solid lipid nanoparticles; Fragaria; fruit storage

1. Introduction

Strawberry (Fragaria × ananassa Duch.) belongs to the family Rosaceae. The fruit
is deliciously sweet, aromatic, and red in colour and has a unique flavour. The pulp is
rich in dietary fibres and minerals, whereas the skin is rich in anthocyanins and contains
many biologically active components, including polyphenolic compounds, flavonoids,
vitamins, pectin, and organic acids, which are highly nutritious [1–5]. Strawberries do
not have strong skin, and the cell wall strength is relatively low, which easily causes
mechanical damage during production and transportation. Mechanical damage causes
damage to the exterior of the strawberry, resulting in the leakage of cellular fluid. The
cytosol contains a large amount of nutrients that greatly facilitate the infection and growth
of microorganisms. The microorganisms’ growth is the main cause of post-harvest rot and
spoilage in strawberries [6–8]. In addition, fresh strawberries have high respiration and fast
metabolic rates, which further accelerate fruit decay [7]. Mildew, softening, and rotting of
strawberries can have serious adverse effects during storage, transportation, and sale [9,10].
Therefore, strawberries are considered a fragile commodity with a very limited shelf life,
typically 6–9 days at 25 ◦C, and an estimated loss rate of up to 40% from the harvest and
storage to table process [11]. Rapid cooling after picking and storing strawberries at a low
temperature of 0–4 ◦C is an effective and common method to maintain the fruit quality. [12].
However, the process of an unbroken cold chain, from picking to the supermarket, is
cost-intensive in terms of material and personnel [13].

Cinnamaldehyde (CA), the main component of essential oils extracted from natural
cinnamon plants, has good antibacterial activity (MIC:1.88 mM) [14]. CA has been found to
inhibit the growth of various bacteria, such as Escherichia coli, Salmonella, Bacillus subtilis, and
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Pseudomonas aeruginosa. CA has been recognised as “Generally Recognized as Safe” (GRAS)
by the US Food and Drug Administration (FDA) and Flavor and Extract Manufacturers
Association. Additionally, the European Commission allows the use of CAs in food. [15].
CA is a natural, green, safe, and highly sensitive antibacterial preservative with great
development potential and good application prospects in the food industry [16,17]. The
application of these natural compounds in the food industry may be a potential alternative;
however, the cost of their application and other issues such as their strong flavour and
potential toxicity limit their use in food conservation [18].

Owing to its pungent odour, CA is difficult to apply directly to fruits and vegetables.
Moreover, a high concentration of CA has a burning effect on the surface of products and
shortens their shelf life. Additionally, high volatilisation and poor stability of CA reduce
its long-term antibacterial effects. A practical solution to overcome these limitations is to
encapsulate CA in solid lipid nanoparticles to form a nanocomplex.

Superoxide dismutase (SOD) and catalase (CAT) are important antioxidant enzymes
in plant cells [19], which eliminate harmful free radicals both inside and outside the cells,
maintain cellular metabolic homeostasis, and protect cells from oxidative damage [20].
SOD primarily clears superoxide free radicals produced within cells, whereas CAT clears
hydrogen peroxide molecules inside and outside the cells. Together, they maintain the
oxidation-reduction balance within the cells and protect strawberry cells from oxidative
damage. Malonaldehyde (MDA) is a toxic metabolite primarily used as a marker of
oxidative stress to measure the degree of oxidative damage to biological molecules such as
cell membranes and enzymes [21].

Solid lipid nanoparticles (SLN) are nanoscale drug carriers developed in the 1980s and
1990s [22]. SLN typically consist of three fundamental components: solid lipids, surfactants,
and water. Lipid compounds are generally recognised as safe (GRAS) and have been shown
to possess biocompatibility and biodegradability since they are naturally present in living
organisms. Solid lipid nanoparticles can encapsulate drugs, thereby protecting them from
degradation [23], decomposition, or inactivation. Sustained drug release can be achieved by
adjusting factors such as the particle size, composition, and surface structure [24]. Owing
to the high stability, simple preparation, high drug loading, excellent biocompatibility, and
biodegradability of SLN, they are one of the current research hotspots [25].

Therefore, the aim of this study was to investigate the effect of solid lipid nanoparticles
containing cinnamaldehyde (SLN-CA) on postharvest strawberry preservation and to
evaluate fruit firmness, colour, SOD, MDA, CAT, cell membrane integrity, and sensory
evaluation results after SLC-CA treatment to provide efficient, long-lasting, natural, and
pollution-free preservatives for future agricultural and horticultural industries.

2. Materials and Methods

2.1. Strawberry

Strawberries (cultivar Sweet Charlie) were harvested in December from a strawberry
garden in the Jinwan District of Zhuhai City, Guangdong Province, China. Strawberries of
similar size, maturity, and shapes, with no mechanical damage, weighing 18–22 g, and with
approximately 80% red fruit surface were selected. Fresh strawberries were immediately
sent to the laboratory at the School of Pharmacy and Food Science, Zhuhai Institute of
Science and Technology, Jinwan District, Zhuhai, China. The experiment started when the
samples arrived at the laboratory and lasted for seven days.

2.2. Preparation of SLN-CA

SLN-CA was prepared by ultrahigh-pressure homogenisation (UHPH) [26]. Ultra-
pure water was stirred on a magnetic stirrer at 65 ◦C, and 1.5% (w/v) Poloxamer 188
(BR, CAS: 9003-11-6, Shanghai Yuanye Bio-Technology Co., Ltd., Shanghai, China) and
1.5% (w/v) Lecithin High Potency (Shengqing Bio Ltd., Xi’an, China) were added as the
aqueous phase. We added 1.5% (w/v) Tween-80 (PC, CAS: 9005-65-6, Shanghai Yuanye
BioTechnology Co., Ltd., Shanghai, China), 1.5% (w/v) monostearin (PC, CAS: 9005-65-6,
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Shanghai Yuanye BioTechnology Co., Ltd., Shanghai, China), and 4% (v/v) CA (AR, 95%,
CAS: 104-55-2, Shanghai Yuanye Biotechnology Co., Ltd., Shanghai, China) to the oil phase
and stirred using a magnetic stirrer at 65 ◦C. The aqueous phase was gradually added to
the oil phase under constant stirring, followed by emulsification and homogenisation using
a microfluidizer. Finally, the homogenised nanoemulsion was rapidly cooled and solidified
into nanoparticles.

2.3. Handling Strawberries and Preservation

To evaluate the quality of strawberries, 240 strawberries were divided into eight groups
for weight loss experiments. Additionally, 672 strawberries were randomly divided into
eight groups, out of which seven groups underwent treatment with different concentrations
of SLN-CA (16.6, 8.3, 4.6, 2.08, and 1.04 μL/mL), CA (6.6 and 1.04 μL/mL), and ultrapure
water. For each treatment, 84 fruits were placed in a large storage box.

2.4. Decay Index of Strawberry Spoilage

The freshness preservation ability of the SLN-CA solution for strawberries was evalu-
ated by analysing the decay incidence and severity during postharvest storage of fruits [27].
Sixty strawberries were selected from the treated pile and divided into three groups, and the
occurrence and severity of spoilage in each group were recorded daily for seven consecutive
days.

The decay index was graded into 5 levels. (0 = absence of symptoms; 1 = 1–25% of
injured area; 2 = 26–50%; 3 = 51–75%; and 4 = 76–100%) [28].

X =
n1 + n2 + n3 + n4

n
× 100

S =
1n1 + 2n2 + 3n3 + 4n4

4n
× 100

where X is Corruption rate (%); S is Severity (%); n1–n4 are the number of strawberries
in decay classes 1–4; n is the total number of strawberries evaluated in each replicate
experiment.

2.5. Quality Evaluation
2.5.1. Weight Loss

The weight loss of each fruit during storage was determined by daily weighing and
expressed as a percentage of weight loss relative to the initial weight according to the
following formula:

W =
(m0 − mn)

m0
× 100%

where W is the weight loss rate (%) of the strawberry samples; m0 is the weight of the
strawberries before storage, and mn is the weight on day n.

2.5.2. Firmness

Firmness was measured using a texture analyser (Bosin, TA. TOUCH, Shanghai,
China) with a 6 mm cylindrical probe and mode selection: texture profile analysis. The
test was conducted at a pre-test speed of 2 mm/s, test speed of 1 mm/s, and post-test
speed of 1 mm/s. The target mode was set to a displacement (mm) value of 5 mm. Each
experimental group was further divided into five parallel groups. Changes in skin and
flesh firmness after treatment with preservation liquid during storage were analysed.

2.5.3. Colour Variation and Visual Appearance

After seven days of storage, the strawberries were removed from the storage envi-
ronment and equilibrated at room temperature. Colour was measured at 25 ◦C using
a colorimeter (KONICA MINOLTA, CR-10 Plus, Tokyo, Japan). Brightness (ΔL*) and
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colour saturation (Chroma, ΔC*) were selected for colour index analysis. Three biological
replicates were used for each experiment.

2.6. Biochemical Index
2.6.1. Preparation of Strawberry Homogenate

Strawberries were chopped into pieces and added to 1:1 ultrapure water. This mixture
was homogenised in a homogenisation bag through beating.

2.6.2. Total Soluble Solids (TSS)

An ABBE refractometer (way-2W, INESA, Shanghai, China) was used to measure the
TSS. The measured values were corrected according to the temperature coefficient of the
refractive index, and measurements were recorded daily during storage [29].

2.6.3. Titratable Acid (TA)

The acid-base titration method with phenolphthalein was used as an indicator of
TA. Tissue TA content was calculated according to the NaOH titrant consumption and
expressed as a mass fraction (%) according to the following formula:

Titratable acid =
V × c × (V1 − V0)× f

Vs × m
× 100%

where V is the total volume of sample extract in mL; Vs is the volume of filtrate taken
during titration in mL; c is the concentration of NaOH titrant in mol/L; V1 is the volume of
NaOH solution consumed for titration of filtrate in mL; V0 is the volume of NaOH solution
consumed for titration of distilled water in mL; m is the mass of sample in g; f is the
conversion factor in g/mmol; Citric acid 0.064 was chosen as the f for this experiment.

2.6.4. SOD Activity

The strawberry homogenate was added to 8 times the volume of phosphate buffer
(phosphate buffer: 0.1 mol/L pH 7–7.4). The mixture was centrifuged at 6000 rpm at
4 ◦C and the supernatant extracted. SOD activity was detected using an SOD assay kit
(Nanjing Jiancheng Institute of Biological Engineering, Nanjing, China) at 450 nm using a
UV spectrophotometer (UV-2600, Shimadzu, Kyoto, Japan). The SOD inhibition rate was
obtained to calculate SOD activity (U) using the following formula:

SOD activity =
SOD Inhibition × 12

50%
× P ÷ M

V

where P is the dilution; M is the strawberry weight in g; V is the volume of the added PBS
in mL.

2.6.5. MDA

The extraction and reaction were performed using a plant MDA test kit (Nanjing
Jiancheng Institute of Biological Engineering, Nanjing, China), and the results were detected
using a UV spectrophotometer at 532 nm. MDA content (nmol/g) was calculated using the
following formula:

MDA content =
AE − Az

AS − AZ
× C ÷ M

V

where C is the concentration of the standard (10 nmol/mL); M is the weight of the plant
tissue (g); V is the total amount of added extract (mL); AE is the absorbance of the sample;
AS is the absorbance of the standard; Az is the absorbance of the blank.

2.6.6. Vitamin C (Vc)

A standard curve for Vc was established using spectrophotometry, and measurements
were recorded daily during storage. Each treatment was repeated three times.
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2.6.7. CAT

The decomposition of H2O2 by CAT can be rapidly aborted by adding ammonium
molybdate. The remaining H2O2 interacted with ammonium molybdate to produce a
yellowish complex, which was measured at 405 nm, and CAT activity was calculated. CAT
viability was assessed using a CAT assay kit (Nanjing Jiancheng Institute of Biological
Engineering, Nanjing, China) (visible light).

2.7. Sensory Evaluation

The nine-point preference scale method for the organoleptic evaluation of strawberries
is universally applicable for evaluating product acceptability and preference and is widely
used in many fields for a wide range of products, such as food and beverages, cosmetics, and
household products. Strawberries stored for seven days were evaluated for shape, colour,
appearance, scent, and overall acceptability based on a nine-point preference scale [30,31]
from 1 (dislike very much) to 9 (like very much). The hedonic evaluation scale was as
follows: 1, dislike very much; 2, dislike a lot; 3, dislike moderately; 4, dislike slightly;
5, indifferent; 6, like slightly; 7, like moderately; 8, like a lot; and 9, like very much. Ten
practitioners (five males and five females, aged 19–45 years) in food and pharmaceutical
science and technology-related disciplines served as evaluators. The evaluators were
trained for the sensory evaluation related to strawberries before the experiment. Sensory
evaluation of the strawberries was performed on a separate test bench in a separate sensory
laboratory. The assessors evaluated the appearance, colour, odour, shape, and overall
acceptability of the strawberries at room temperature (approximately 25 ◦C). This method
was used to determine the acceptability of SLN-CA-treated strawberries after seven days
of storage and to verify the effect of SLN-CA on the sensory properties of the fruits.

3. Results and Discussion

3.1. Decay Index of Strawberry Spoilage

Decay of fruits and vegetables is one of the most important indicators for evaluating
preservatives [28]. Regarding decay incidence (Figure 1a), treatment with 16.6 μL/mL of CA
resulted in complete berry rotting on the third day, whereas treatment with 1.04 μL/mL of CA
led to complete rotting on the fifth day. However, the treatment of strawberries with 1.05,
2.05, and 4.16 μL/mL SLN-CA positively reduced the rate of fruit rot compared to the
that in the control. Even after treating strawberries with unencapsulated CA, the low-
concentration treatment group showed much more severe decay than the blank control
group. Strawberries treated with high concentrations of CA and SLN-CA did not exhibit
mould, and their decay was due to ulceration of the strawberry peel caused by corrosion
because of the high concentrations of CA [32,33]. Regarding the severity (Figure 1b),
the same result of decay rate was observed. Pure CA treatment caused a large area of
strawberry rot. In contrast, 2.05 and 4.16 μL/mL SLN-CA treatment could effectively
alleviate the strawberry rot problem.

Strawberries treated with 8.3–1.04 μL/mL SLN-CA showed a reduction in decay inci-
dence and severity relative to the blank control group. Among them, 1.05 μL/mL freshness
solution-treated strawberries showed decay on the surface during the experiment, and the
multiplication of the decay mainly caused their decay. The same effective concentration
of SLN-CA freshness solution can release CA slowly so that strawberries are not initially
exposed to a high concentration of essential oil. Therefore, strawberries treated with low
concentrations of preservation solutions have insufficient effective concentrations to in-
hibit decay growth later. In contrast, strawberries treated with high concentrations of
unencapsulated essential oil experienced severe rot due to the sudden release and high
concentrations.
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(a) (b) 

Figure 1. Effects of different treatments on incidence (a) and severity (b) of the postharvest decay in
fresh strawberries during a seven-day storage period at 25 ◦C and 60% humidity.

3.2. Weight Loss

The change in weight during storage is an important indicator of strawberry quality.
Weight loss during storage results from respiration and water loss due to transpiration [34].
The results showed that strawberries treated with a high concentration (16.6 μL/mL) of pure
CA started to lose weight severely on the second day, and the weight loss rate was as high
as 42.21 ± 10.39% on the third day. On the third day, the whole fruit was rotten; therefore,
no further data were recorded for this group. In addition, strawberries treated with a low
concentration (1.05 μL/mL) of pure CA showed a weight loss of up to 42.88 ± 5.81% and
whole fruit decay on the fifth day (Table 1). The weight loss rate of strawberries treated
with SLN-CA was lower than that of strawberries treated with pure CA, and no serious
rotting occurred within seven days. Moreover, treatment with 8.3–2.08 μL/mL SLN-CA
did not cause significant weight loss in strawberry fruits compared to the control group
(p ≥ 0.05). The overall weight loss of the 8.3–2.08 μL/mL SLN-CA treatments was near
21.44%. The highest concentration (16.6 μL/mL) of preservation solution resulted in a
slightly higher weight loss compared to the other concentration groups. The weight loss
rate was maintained at 28.98 ± 3.11% on the seventh day. Strawberries treated with a
1.05 μL/mL preservation solution had a better preservation effect than other concentration
groups (p < 0.05), and the weight loss rate was maintained at 16.72 ± 1.33% at the seventh
day (Figure 2). SLN-CA can form a stable complex system that forms a protective film
on the surface of strawberries, reducing evaporation and oxidation, preventing microbial
contamination, and thus reducing the weight loss and decay incidence of strawberries.
However, unencapsulated CA can burn fruit cells [31]. This conclusion was also reflected
in a study on the application of thyme essential oil for the preservation of freshly cut
apples [33]. The photographs of strawberries in Figure 3 show that SLN-CA treatment is
effective in alleviating rotting in strawberries compared to the control group.

3.3. Firmness

Fruit firmness is an important indicator of shelf life and an important aspect for
evaluating quality and commodity value [35]. The initial firmness of the strawberries in
the experiment was 115 ± 7.62 gf. The firmness test results for each test group, as shown
in Figure 3, revealed that the strawberries treated with 2.08 μL/mL SLN-CA had the best
peel firmness, with 117 gf (Figure 4a). There were no significant differences (p > 0.05) in the
flesh firmness of strawberries treated with 4.16, 2.08, and 1.05 μL/mL SLN-CA for seven
days with 72 gf compared to that in the blank control group. The good firmness is due to
the SLN-CA treatment, which reduces the likelihood of strawberries being infected with
pathogenic fungi such as Rhizopus spp. and Botrytis cinerea and reduces the enzymatic
digestion of strawberry cells by microorganisms. Strawberries contain a large amount
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of water, and decay can grow on the surface and inside the fruit, consuming nutrients
and water. This can cause strawberries to become soft and sticky, eventually losing their
crispness and flavour. Additionally, decay can secrete acids and enzymes, which can
accelerate the decay and spoilage of strawberries. Therefore, decay on strawberries can lead
to a decrease in firmness. These enzymatic reactions cause the softening of strawberries [36].
Notably, after seven days of storage, the firmness of the pure CA treatment group was
lower compared to that of the blank control group (Figure 4b) because excessive essential
oil treatment poisoned the strawberries, causing cell destruction and accelerating the aging
of the strawberry tissue, resulting in a decrease in firmness [18].

Table 1. Results of the effect of different treatments on the weight of strawberries before and after
storage and weight loss rate. Different letters above the columns indicate significant differences
among the treatments based on Duncan’s multiple-range test (p < 0.05); D means the strawberry is
completely rotten and nothing is measured.

Processing Means Weight before (g) Weight afterwards (g) Weight Loss Rate (%)

CA (1.05 μL/mL) 12.14 ± 2.05 a D D
CA (16.6 μL/mL) 12.92 ± 1.83 a D D

SLN-CA (1.05 μL/mL) 12.38 ± 2.23 a 10.317 ± 2.2 b 16.72 ± 1.33 a

SLN-CA (2.08 μL/mL) 12.45 ± 2.19 a 9.83 ± 2.14 b 21.04 ± 2.22 b

SLN-CA (4.16 μL/mL) 12.63 ± 2.62 a 10.01 ± 2.49 b 20.72 ± 4.95 b

SLN-CA (8.32 μL/mL) 12.76 ± 1.95 a 9.93 ± 1.88 b 22.17 ± 3.36 b

SLN-CA (16.6 μL/mL) 12.29 ± 1.18 a 8.57 ± 1.12 a 28.98 ± 3.11 c

Control 12.18 ± 1.65 a 9.51 ± 1.584 b 21.98 ± 4.33 b

Figure 2. The change curves of the weight loss rate of strawberries treated with different concen-
trations of SLN-CA preservation solution and CA for seven days. Error bars show the standard
deviation of the means (thirty strawberry repeats); different letters above the columns indicate
significant differences among the treatments based on Duncan’s multiple-range test (p < 0.05).
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Figure 3. Pictures of strawberries stored at 25 ◦C and 60% humidity for seven days after different
treatments.

 
(a)  (b) 

Figure 4. Strawberry peel firmness (a) and strawberry flesh firmness (b) in different treatments and
blank control during seven days. Different letters above the columns indicate significant differences
among the treatments based on Duncan’s multiple-range test (p < 0.05).

3.4. Colour Variation and Visual Appearance

Colour and appearance are important indicators of consumer perceptions of fruit and
vegetable quality. The colour changes in fresh-cut apples in the different treatment groups
are shown in Figure 4. ΔL* and ΔC* were chosen as the colour indices. The ΔL* value
indicates the brightness of the sample, which is one of the indicative parameters of sur-
face darkening due to enzymatic browning or pigment aggregation during storage; the
lower the value, the more serious the browning. The ΔC* value indicates the colour sat-
uration of the sample; the higher the value, the brighter the quality. After seven days of
storage, the treated strawberries were brighter than the blank controls (p < 0.05). How-
ever, the 16.6 μL/mL SLN-CA- and pure CA-treated groups were less bright compared
to the blank control (Figure 5a) because the excessive essential oil burned the strawberry
skin and poisoned the strawberries, causing a severe decrease in brightness [18,31,37].
The ΔC* value indicated the colour saturation of the samples. The colour saturation results
after seven days of storage were similar to the brightness results. Strawberries treated
with 2.08 and 1.05 μL/mL SLN-CA had higher ΔC* compared to that of the blank control
and other treatments (p < 0.05). Treatment with pure CA significantly reduced ΔC* in
strawberries (Figure 5b). High concentrations of CA significantly increased the degree
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of browning in strawberries, probably because the high concentration of CA disrupts the
strawberry cells, causing a loss of separation between enzymes and substrates regionally
distributed in the strawberry tissue and accelerating enzymatic browning. High concentra-
tions of CA are toxic to fruits and vegetables and have been reported in various fruits and
vegetables. Adding rosemary, thyme, and oregano CA to lettuce, coleslaw, and chopped
cabbage reduced the product appearance scores to unacceptable levels throughout storage,
and all the products lost their commercial value after 8 days of storage [38]. In addition,
the slow release of cinnamaldehyde contained in the SLN-CA played a role in avoiding
the toxicity of high concentrations of CA in strawberry cells. Therefore, the brightness and
saturation of the SLN-CA treatment group were significantly higher than those of the CA
group at the same essential oil concentrations.

 
(a) (b) 

Figure 5. Strawberry lightness (a) and strawberry colour saturation (b) in different treatments and
blank control during seven days. Different letters above the columns indicate significant differences
among the treatments based on Duncan’s multiple-range test (p < 0.05).

3.5. Vc, TSS, and TA

TSS, including sugars, acids, vitamins, and minerals, has a crucial influence on straw-
berry quality. The decomposition of TSS and the accumulation of acids by microbial
metabolism are the reasons for the rapid decline in the quality of strawberries in the mid-
dle and late stages of postharvest storage. The TSS of strawberries treated with SLN-CA
was higher compared to that of the blank treatment group (Figure 6a) (p < 0.05), possibly
because of two factors. First, after treatment with SLN-CA, some microorganisms on the
surface of the strawberries were inhibited, protecting the integrity of the cells and allowing
the enzymes and substrates distributed regionally in the strawberry tissues to remain
separate and not digested enzymatically. Second, the lipid nanoparticles were coated on the
surface of the strawberry, forming a solid lipid-cling film, creating an aerated environment
with low oxygen and high carbon dioxide and reducing the metabolic rate in strawberry
cells. In the CA-treated group, the essential oil was not encapsulated and acted at a high
initial release concentration, scorching the cells and decreasing the TSS. Organic acids are
essential components of strawberry flavour. Changes in acidity are mainly influenced by
the metabolic rate, particularly the respiration rate. Respiration depletes organic acids;
therefore, the acidity decreases during storage, which is the leading cause of fruit age-
ing [39]. The Vc contents of the different treatment groups after seven days of storage are
shown in Figure 6b. The decrease in TA content in the 1.05 μL/mL SLN-CA-treated group
may be due to two factors: First, the concentration was too low to inhibit microbial growth,
resulting in acid accumulation via microbial metabolism. Second, microbial multiplication
disrupts the integrity of strawberry cells, causing a loss of separation between enzymes
and substrates regionally distributed in the tissue and accelerating the breakdown of TA.
In contrast, the higher TA content in the pure CA-treated group may be due to the high
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concentration of CA that disrupts the integrity of strawberry cells [38]. The Vc content of
the different treatment groups after seven days of storage is shown in Figure 6c, and the
results were similar to those of TSS and TA.

  

(a) (b) 

 
(c) 

Figure 6. Result of Total soluble solids (a), Titratable acid (b), and Vitamin C content (c) in different
treatments and blank control during seven days. Different letters above the columns indicate
significant differences among the treatments based on Duncan’s multiple-range test (p < 0.05).

3.6. SOD, MDA, and CAT

The effects of the different treatments on the SOD, MDA, and Vc of strawberries after
seven days of storage are shown in Table 2.

Antioxidant enzymes play important roles in the suppression of oxidative stress.
Strawberries constantly produce substances that are harmful to cells, such as H2O2. To
reduce cell damage, strawberries must produce more antioxidant enzymes to remove
harmful substances. Free-radical-induced oxidative stress plays an important role in fruit
senescence.

SOD is the main reactive oxygen species scavenging enzyme, which catalyses the
conversion of O2− to H2O2 and O2, keeping free radicals at a low level and avoiding mem-
brane damage. The first line of defence for scavenging reactive oxygen species in plant cells
is important for maintaining plant cell activity [40]. Strawberries treated with 1.05 μL/mL
of SLN-CA for seven days had the highest SOD activity, reaching 214.77 ± 0.65 U/g, which
was higher compared to that of the blank control (p < 0.05) and 1.05 μL/mL CA-treated
group. CA-treated strawberries with 16.6 μL/mL had 197.86 ± 1.83 U/g after seven days
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of storage, which was lower compared to that of the blank control (p < 0.05). Similarly,
CAT activity in SLN-CA-treated strawberries was significantly higher compared to that
in the immediate treatment groups with unencapsulated CA. Strawberries treated with
2.08 μL/mL SLN-CA showed higher CAT activity compared to that with the other groups
(p < 0.05).

Table 2. Results of the effect of different treatments on SOD, MDA, and Vc of strawberries before and
after storage and weight loss rate. Different letters above the columns indicate significant differences
among the treatments based on Duncan’s multiple-range test (p < 0.05).

Processing Means SOD (U/g) CAT (U/g) MDA (nmol/g)

CA (1.05 μL/mL) 207.25 ± 1.62 a 88.21 ± 7.62 bc 577.75 ± 20.68 de

CA (16.6 μL/mL) 197.86 ± 1.83 b 64.98± 8.69 a 598.63 ± 17.56 e

SLN-CA (1.05 μL/mL) 214.77 ± 0.65 e 92.91 ± 5.11 bc 546.83 ± 11.43 c

SLN-CA (2.08 μL/mL) 212.28 ± 1.08 cd 98.6 ± 6.87 b 463.07 ± 6.92 a

SLN-CA (4.16 μL/mL) 213.02 ± 1.34 de 94.6 ± 6.42 bc 523.23 ± 6.51 b

SLN-CA (8.32 μL/mL) 210.87 ± 0.86 c 88.45 ± 3.08 bc 565.93 ± 8.66 cd

SLN-CA (16.6 μL/mL) 202.08 ± 1.06 b 82.65 ± 7.16 b 580.69 ± 8.93 de

Control 210.42 ± 0.39 c 94.56 ± 5.44 bc 558.48 ± 7.65 cd

MDA is the final product of membrane lipid peroxidation, and SLN-CA treatment
reduced the MDA content in strawberry cells, demonstrating that SLN-CA treatment could
effectively reduce the peroxidation of strawberry cell membranes and further supporting
that SLN-CA treatment can effectively maintain the integrity of cells and tissues and the
fresh quality of strawberry fruit. The MDA concentration in strawberries treated with
SLN-CA was significantly lower compared to that in strawberries naturally treated with
unencapsulated CA. The lowest MDA concentration was observed in 2.08 μL/mL SLN-CA-
treated strawberries (p < 0.05).

The effect of the different CA treatments on SOD, CAT, and MDA in strawberries could
be due to the effective reduction in the growth of microorganisms. The microorganisms on
the surface of the strawberry draw nutrients from the strawberry cells and destroy them,
leading to their decay. However, unencapsulated CA treatment at high concentrations
burned strawberry cells, destroying their cellular integrity.

3.7. Sensory Evaluation

The pungent smell and taste of essential oils can affect the organoleptic properties of
food [41]. So, an organoleptic evaluation was carried out on strawberry fruit on the first
and seventh days of storage at 25 ◦C. Strawberry fruit colour, scent, appearance, shape, and
overall acceptability were rated on a nine-point preference scale ranging from 1 (highly
disliked) to 9 (extremely liked). On day one (Figure 7a), shape, colour, appearance, scent,
and overall acceptability in the 4.16, 2.08, and 1.05 μL/mL SLN-CA-treated groups did
not significantly differ compared to the blank control group (p > 0.05). Unwrapped CA
has a pungent odour that affects the sensory odour of strawberries. The 16.6 μL/mL
CA-treated group had an odour score of only four and an overall acceptability score of five.
In comparison, the 1.05 μL/mL CA-treated group had an odour score of only seven and an
overall acceptability score of seven, indicating that the unencapsulated CA greatly affected
the sensory odour quality of the strawberries. After seven days (Figure 7b), the results were
recorded as 0 and not plotted in the graph because the 16.6 and 1.05 μL/mL CA-treated
groups were severely decayed at four and six days of storage, respectively. Therefore,
the significance of the sensory evaluation was lost. The highest sensory evaluation score
between 7 and 8 and between 6 and 7 was overserved for 2.08 and 4.16 μL/mL SLN-CA-
treated groups, respectively. These groups also performed better than the blank control
group. However, the SLN-CA treatment of more than 8.3 μL/mL negatively affected the
sensory odour of strawberries, and the score dropped between 1 and 4. These results are
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consistent with those of other studies, indicating that high concentrations of essential oils
have a negative impact on the overall acceptability of food. For example, when evaluating
the sensory characteristics of freshly cut sweet melons with lemongrass, the addition of
0.7% lemongrass to the coating formulation significantly reduced the sensory score [42].

 
( )  (b) 

Figure 7. Sensory characteristics of strawberries on the first (a) and seventh day (b) of storage at 25 ◦C.
In the control group of first (a), the SLN-CA score for a concentration range of 1.05–4.16 μL/mL was 9.
The nine-point hedonic evaluation scale was used as follows: 9, like very much to 1, dislike very much.
For each sample, the means designated by different letters are significantly different (p < 0.05).

4. Conclusions

One of the most critical indicators for evaluating preservatives is their ability to prevent
mould and decay of fruits and vegetables. The positive effect of SLN-CA on freshness was
also confirmed by tests on fresh strawberries, in which SLN-CA treatment significantly
reduced the incidence and severity of spoilage. As a potential preservative, SLN-CA can
also reduce the MDA content of cells, increase SOD and CAT activity, and prevent cell
damage. SLN-CA, compared to CA, avoids the toxic effects of high CA concentrations on
strawberry cells, maintains better colour and appearance, and reduces the adverse sensory
effects of CA on strawberries. Conclusively, this study tested the potential application of
SLN-CA in the preservation of strawberries to provide efficient, long-lasting, natural, and
pollution-free preservatives for future agricultural and horticultural industries.
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