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Fruits and vegetables are crucial nutritional sources of carbohydrates, protein, miner-
als, vitamins, and dietary fiber, offering significant benefits to human health. Their high
water content, however, makes them highly susceptible to dehydration and mechanical
damage after harvest. Being living organisms, these horticultural crops undergo continu-
ous physiological and biochemical changes, leading to extensive losses due to microbial
effects, physical injury, and postharvest senescence. These losses significantly impact the
quality and quantity of fruits and vegetables, affecting the balance between harvest and
consumption. Effective postharvest management is therefore essential for maintaining
quality and extending shelf life, thereby reducing economic losses.

This Special Issue compiles a collection of recent research in the field, featuring ten
scientific papers, including eight research articles and two reviews, covering various aspects
of postharvest management.

1. Ripening, Ethylene, and the Application of 1-Methylcyclopropene (1-MCP)

Rapid ripening significantly contributes to the swift deterioration of climacteric fruits
post-harvest, a common occurrence in apples, pears, mangoes, and papayas. Ethylene is
a crucial factor in this process, playing a pivotal role in promoting both respiration and
ripening [1]. The chemical compound 1-methylcyclopropene (1-MCP) effectively binds
to the ethylene receptors in plants, acting as a competitive inhibitor [2]. This binding
mechanism helps mitigate the influence of ethylene, consequently reducing the loss of
quality in fresh produce [2,3].

The application of 1-MCP, both before and after harvest, has achieved considerable
success in various fruits, particularly in apples [3,4] and pears [3]. Recent efforts have
expanded its use to fruits typically consumed at a ripe stage, such as European pears,
mangoes, papayas, bananas, tomatoes, and kiwifruit [5]. In cases such as that of apples,
where ripening is not required before consumption, it is crucial to maintain 1-MCP usage
within the approved dosage limit of 1 ppm or lower [6]. For other fruits, the 1-MCP
dosage must be carefully balanced; it should be high enough to extend storage life, yet
low enough to allow for the fruit to ripen after storage, optionally with additional ripening
treatments [5].

Research by Bai et al. [7] and Shu [8] has shown the importance of skillfully manipu-
lating 1-MCP application for optimal results. Strategies such as delaying the application to
stages of partial ripening [8] and reducing the dosage through a combined approach [7]
have proven effective. Dias et al. [5] have further compiled the most effective methods for re-
versing the effects of 1-MCP, contributing valuable insights to the postharvest management
of climacteric fruits.

Among the contributions in this issue, three articles involve the application of 1-MCP.
Yuan et al. examined the treatment of 1-MCP with or without combination with melatonin
on mangoes, observing improved visual quality and increased activities of antioxidant
enzymes. Prange and Wright reviewed the additional effects of 1-MCP on apples and pears
stored in controlled atmosphere (CA) conditions, finding that some cultivars can be stored
at higher temperatures, potentially leading to energy savings and quality benefits. Shah
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et al. reviewed advances in loquat storage technology, showing that 1-MCP treatment
alleviates chilling injury (CI) in loquat, inhibits reactive oxygen species (ROS) production,
and maintains membrane integrity, thereby reducing internal browning and the incidence
of fruit decay.

2. Controlled and Modified Atmosphere

CA is most commonly used on apples and pears, employing a combination of reduced
oxygen and increased carbon dioxide, along with cold temperature and high relative
humidity (RH), to reduce water loss, lower respiration rate, prevent decay development,
and extend storage life [6]. In comparison with CA, modified atmosphere (MA) is used
for film packaging in small-scale and short-term storage, making it more suitable for
retailers. The atmosphere composition in MA packaging (MAP) is less precise. Bai et al. [9]
demonstrated a perforated packaging which substantially enhanced the quality of small
fruit in modified humidity packaging without considerable changes in the oxygen and
carbon dioxide.

In this Special Issue, three articles relate to CA/MA. Sinde et al. investigated the effects
of passive and active MA on the quality of fresh-cut melons, indicating the importance
of packaging design for different melon types to avoid fermented off-flavor associated
with ethanol and ethyl acetate. Shah et al. summarized the applications of controlled and
modified atmospheres in loquat storage, emphasizing the specific oxygen concentration
needs for different fruits. Compared to the low oxygen concentration of 1–3% in apples
and pears [6], the required concentration for loquat is much higher, at 10–13%. Prange and
Wright intensively examined the effects of CA on apples and pears. A dynamic controlled
atmosphere (DCA) was introduced to indicate the ways in which to adjust the oxygen and
carbon dioxide concentration during storage to fit the changing plant physiological status
in fruit.

3. Natural Wax and Edible Coating Application

Natural wax on the fruit surface plays a key role in protecting against water loss from
the fruit and partially creates low-oxygen and high-carbon dioxide conditions within the
fruit [10]. Under modern postharvest handling systems, washing and brushing remove
most of the natural wax cover, making the fruit more susceptible to water loss and reducing
the effectiveness of CA. Edible coatings function similarly to natural wax but offer enhanced
effects in terms of water protection and internal gas control [10].

Two articles in this Special Issue relate to natural wax and edible coatings. Bai et al.
stored winter melons at 20 ◦C for four months. The natural wax was initially thin directly
after harvest; however, its thickness increased gradually during storage. The nutritional
and phytonutritional contents, along with the volatile profile, were well-maintained after
four months of storage. The appearance remained good even after six months of storage
at 20 ◦C (unpublished data). Obenland et al. explored the performance of a variety of
coatings and found that the coatings did not effectively limit weight loss through either the
cuticle or stem end of the blueberries. On the contrary, the application of coatings caused
a loss of bloom on the blueberry surface, which negatively affected the appearance and
marketability. Although fruits are covered with natural wax, the postharvest application of
edible coatings is a standard procedure for many of them. This is carried out to reduce water
loss, inhibit respiration, slow down postharvest deterioration, and enhance the appearance
of apples, pears, citrus fruits, nectarines, and peaches [10].

4. Cold Storage and Chilling Injury

Cold storage is the most important technology in fresh fruit and vegetable storage.
Many fruits originating from tropical and subtropical regions, as well as some from temper-
ate regions, such as mangoes, grapefruits, winter melons, tomatoes, loquats, and even some
apple varieties, are susceptible to chilling injury (CI). CI in fresh fruits refers to damage
caused by exposing the fruit to low, but not freezing, temperatures. The symptoms vary
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depending on the fruit type, but commonly observed signs include surface pitting, internal
browning, water soaked appearance (translucency), abnormal ripening, off-flavors and
odors, and increased susceptibility to decay [11].

Many fresh products discussed in this Special Issue face CI challenges, including
loquats, melons, winter melons, and apples. Cold storage is used for the quality man-
agement of loquat fruit; however, the susceptibility of some cultivars to CI can lead to
browning and other disorders. Although many melon cultivars are chilling-sensitive, fresh-
cut melons do not exhibit clear CI phenomena. Winter melons are susceptible to CI when
stored below 13 ◦C but retain a long storage life at room temperature. Prange and Wright
reviewed updated storage temperature recommendations and the factors influencing these
temperatures for apples and pears, based on the accumulated postharvest data from the
last 20 years. Apple cultivars have been divided into two storage temperature groups (0 to
1 ◦C and >1 ◦C) based on chilling sensitivity. Gradual cooling, rather than rapid cooling,
is recommended for apple cultivars, especially for chilling-sensitive cultivars. European
pear cultivars are held at storage temperatures close to or just below 0 ◦C since they are
not chilling-sensitive, and most cultivars require a cold temperature to induce ethylene
production and ripening, especially if picked early for long-term storage. Asian pears
apparently have higher-temperature requirements in CA, compared with European pears.
The temperature recommendations for regular air (RA) and CA storage differ in some
apple and European pear cultivars. The CA recommendation is, on average, approximately
0.9 ◦C higher for apple cultivars and approximately 0.5 ◦C higher for pear cultivars, com-
pared with RA. Research evidence suggests that some apple and pear cultivars can be
stored at higher temperatures in DCA than in CA, leading to possible energy savings and
quality benefits.

5. Decay Control

Fresh produce contains 80–95% of water and rich nutrients, which is an ideal medium
for infection and the growth of plant pathogens. In this issue, two articles focus on fruit
postharvest decay. Gong et al. examined metabolic changes in apples during Penicillium
expansum infection, offering insights into decay control strategies. Olmedo et al. explored
the efficacy of thymol vapors in managing grapefruit diseases, demonstrating effectiveness
and safety.

The application of low-residue chemicals or natural compounds in active packaging
systems has been intensively researched for controlling postharvest food safety and decay.
Sun et al. [12–14] used controlled-release chlorine dioxide and carvacrol to control microbial
growth. Miranda et al. [15] applied coatings incorporated with ginger oil to preserve papaya
postharvest quality and prevent decay in papaya.

6. Molecular Markers

The integration of Genome-Wide Association Studies (GWAS) [16], quantitative trait
loci (QTL) [17], and single-nucleotide polymorphism (SNP)-based DNA markers [18] repre-
sents a cutting-edge approach in the genetic improvement of fruits and vegetables. The
analyses are powerful tools used in the agricultural sector, particularly in the improvement
of fruit and vegetable crops. GWAS involves scanning the genomes of many different
plants to identify genetic variants associated with desirable traits, such as chilling injury
tolerance, increased flavor quality, or disease resistance. In contrast, QTL analysis focuses
on pinpointing specific regions in the genome (loci) that are responsible for quantifiable
traits such as disease tolerance. SNP-based DNA markers are a crucial component in this
process. These markers are variations at a single DNA base pair, and they serve as precise
genetic signposts. They are used to track the inheritance of specific traits and facilitate
marker-assisted selection in breeding programs. By combining GWAS, QTL, and SNP
markers, researchers and breeders can more efficiently identify and select for genes that
confer advantageous characteristics, leading to the development of fruit and vegetable
varieties that are better-suited to various environmental conditions, such as chilling tem-
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peratures [19] and plant pathogen pressure [20], and consumer preferences, such as certain
volatile profiles [21,22]. This triad of genomic tools has significantly accelerated the pace
of crop improvement, enabling more targeted and effective breeding strategies. In this
Special Issue, Dos-Santos et al. investigated the effect of QTLs on the volatile compound
composition in melons, showing the potential of molecular markers in crop improvement.

In summary, this Special Issue provides a comprehensive exploration of methods and
advancements in preserving the quality and extending the shelf life of fruits and vegetables
post-harvest. It underscores the critical roles of ripening management, atmospheric condi-
tions, temperature control, and molecular genetics in crop improvement and postharvest
quality. This collection of articles offers a detailed overview of the current and emerging
postharvest management techniques, highlighting their essential role in maintaining the
nutritional and economic value of fruits and vegetables.
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Abstract: Two of the major postharvest diseases impacting grapefruit shelf life and marketability
in the state of Florida (USA) are stem-end rot (SER) caused by Lasiodiplodia theobromae and green
mold (GM) caused by Penicillium digitatum. Here, we investigated the in vitro and in vivo efficacy of
vapors of thymol, a natural compound found in the essential oil of various plants and the primary
constituent of thyme (Thymus vulgaris) oil, as a potential solution for the management of GM and SER.
Thymol vapors at concentrations lower than 10 mg L−1 significantly inhibited the mycelial growth
of both pathogens, causing severe ultrastructural damage to P. digitatum conidia. In in vivo trials,
the incidence and lesion area of GM and SER on inoculated grapefruit were significantly reduced
after a 5 d exposure to 50 mg L−1 thymol vapors. In addition, the in vitro and in vivo sporulation of
P. digitatum was suppressed by thymol. When applied in its vapor phase, thymol had no negative
effect on the fruit, neither introducing perceivable off-flavor nor causing additional weight loss. Our
findings support the pursuit of further studies on the use of thymol, recognized as safe for human
health and the environment, as a promising strategy for grapefruit postharvest disease management.

Keywords: essential oil vapors; citrus; stem-end rot; green mold; sporulation

1. Introduction

Grapefruit (Citrus paradisi) is a citrus fruit grown in tropical and subtropical countries
around the globe and is highly valued for its sour-to-semisweet flavor and its anticarcino-
genic, anti-inflammatory, and antioxidative properties [1–3]. One of the main problems
affecting citrus for fresh consumption and juice production is the significant economic loss
caused by fungal pathogens that infect fruit before, during, or after harvest, which lead
to disease at the postharvest stage. In the state of Florida (USA), hot and humid weather
conditions favor the development of several postharvest diseases, but Diplodia stem-end
rot (SER), caused by Lasiodiplodia theobromae (Pat.) Griffon & Maubl., and green mold
(GM), caused by Penicillium digitatum Sacc., have always been the most prevalent [4,5].
Moreover, since Huanglongbing (HLB) was confirmed in Florida in 2005, citrus production
in Florida has declined significantly largely due to the HLB epidemic [6], while a significant
increase in the preharvest Lasiodiplodia colonization of HLB-affected fruit tissues has also
been reported [7–9]. HLB, attributed to the bacterium Candidatus Liberibacter asiaticus,
affects citrus trees, generating a multitude of symptoms that include twig dieback, leaf
chlorosis and fruit size reduction, asymmetrical shape, irregular color, and premature drop.
Typically, L. theobromae infects the citrus calyx and floral disk (button) during development
on the tree but remains quiescent until the fruit is harvested. In HLB-infected trees, a more
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prolific L. theobromae presence was found in symptomatic fruit than in asymptomatic fruit,
which may result not only in a higher postharvest SER incidence but also in exacerbated
HLB-associated fruit drop in the field. A transcriptomic analysis revealed a gene expression
profile in the abscission zone of HLB fruit that reflects typical characteristics of defense
responses against necrotrophic fungal infection, which was validated by a phytohormone
measurement and fungal detection [8]. Thus, the economic losses associated with SER
appear to be aggravated in Florida since HLB spread throughout the state.

Traditionally, chemical fungicides have been the primary tool for the control of pre-
and postharvest diseases. Postharvest fungicides thiabendazole, imazalil, and fludioxonil
are effective in reducing GM, and they have also shown some efficacy against the SER
causal agent [4]. However, the year-round usage of the same active ingredients is highly
conducive to the selection and proliferation of resistant biotypes of fungal pathogens,
such as P. digitatum [10]. Moreover, fungicide use is increasingly restricted due to the
associated risks to human health and negative environmental impacts. Therefore, growers
and packers are left with few effective and environmentally accepted fungicides, and there
is an urgent need to search for other safe and effective alternatives that also can reduce
the development of pathogen resistance [11,12]. One such alternative is the exploitation of
essential oils (EOs), which are known to have little to no impact on human health or the
environment. These plant aromatic compounds are generally recognized as safe (GRAS),
and research into their use in postharvest disease control has expanded in the past decade.
The utilization of EOs and their main chemical components has resulted in the control of
postharvest diseases on a variety of fresh fruits and vegetables [13–16], but many were
reported to have perceivable negative sensory impacts and/or induced phytotoxic damage
to the peel [17–19]. While much previous work was conducted by incorporating EOs into
wax coatings or dipping fruit into EO solutions, the application of EOs in the vapor phase
has been shown to have certain advantages over that in the liquid phase, such as a minimal
or no negative impact on products’ organoleptic properties, improved penetration, rapid
and homogeneous distribution, and enhanced antimicrobial activity [20–23]. Here, we
evaluated the effect of thymol, the main constituent of thyme (Thymus vulgaris), in its
vapor phase on P. digitatum and L. theobromae. For this purpose, pathogen mycelia and
conidia were exposed to thymol vapors, and inhibitory concentrations were calculated.
The in vivo efficacy of thymol treatments to control SER and GM was tested on grapefruit
(Citrus paradisi) inoculated with fungal pathogens. After storage, weight loss and sensory
perceptions were assessed.

2. Materials and Methods

2.1. Fungal Pathogens and Fruit

The isolates used in this study were obtained from the Department of Horticultural
Sciences at the University of Florida, India River Research and Education Center, in Fort
Pierce, FL (USA). P. digitatum (isolate PD-26) was originally collected by G.E. Brown
(Florida Department of Citrus, Lake Alfred, FL, USA) and is resistant to thiabendazole [24].
L. theobromae (isolate D-36) was isolated from red grapefruit (C. paradisi) showing typical
lesions of Diplodia stem-end rot (SER) from a grove located in Fort Pierce, FL. For both
isolates, morphological identification and pathogenicity tests following Koch postulates on
grapefruit were performed [25]. Isolate identities were confirmed via molecular methods
using ITS4/ITS5 and EF1-728F/EF1-986R primer sets to amplify the internal transcribed
spacer (ITS) region in both isolates and part of the translation elongation factor 1-alpha
(TEF1-α) gene in L. theobromae. Briefly, mycelia grown on potato dextrose broth were
homogenized under liquid nitrogen, and the DNA was extracted using a DNA easy Plant
Mini Kit according to the manufacturer’s protocol (Qiagen Inc., Germantown, MD, USA). A
total of 50 μL PCR mixture was prepared for each isolate, containing 25 μL 2× GoTaq Green
Master Mix (Promega, Madison, WI, USA), 2 μL forward and reverse primers (10 μM),
19 μL nuclease-free water, and 2 μL genomic DNA (25–65 ng mL−1). PCR reactions were
run in a T100 Thermal Cycler (Bio-Rad, Hercules, CA, USA) that was programmed for a
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5 min initial denaturation step at 94 ◦C, followed by 40 cycles (each 45 s at 94 ◦C, 30 s at
52 ◦C, and 90 s at 72 ◦C) and a 6 min final extension at 72 ◦C. The amplified products were
purified using a QIAquick PCR Purification Kit (Qiagen Inc., Germantown, MD, USA) and
sequenced using a 3730xl DNA Analyzer (Applied Biosystems, Hercules, CA, USA). The
obtained sequences were compared to the ones reported for L. theobromae and P. digitatum
in GenBank.

The grapefruits (C. paradisi, var. ‘Flame’) used for the in vivo experiments were
harvested from commercial groves in Saint Lucie County (FL, USA). Fruits with intact
stems and no wounds were selected, taken to the US Horticultural Research Laboratory
(USDA-ARS), superficially sanitized via immersion in 200 mg L−1 NaClO (pH 6) for 2 min,
and then air-dried before use.

2.2. Chemical Compounds

Thymol (98.5%) was purchased from Sigma-Aldrich Co. (St. Louis, MO, USA) and kept
at room temperature in the dark until use. For every assay, a thymol melting/crystallization
cycle was performed by heating thymol powder above its melting point (49.6 ◦C) following
a protocol reported by Cometa et al. [26] with slight modifications. Namely, thymol was
subjected to a thermal treatment at 55 ◦C until melted onto a 20 mm diameter filter paper
(No. 4, Whatman, Cleves, OH, USA). The filter paper was immediately attached to the
inner surface of the top lid of the container that was used as indicated for each assay (Petri
dishes or plastic 11 gal boxes). The containers were immediately closed and sealed.

2.3. Effective Inhibitory Concentration Determination

In vitro fungal growth inhibition using thymol was assayed following the same proto-
col for both pathogens, but the initial fungal structures differed (Figure 1). For L. theobromae,
a 3 mm diameter mycelial plug was placed in the center of a Petri dish (9 cm diameter and
5 cm in height) containing potato dextrose agar (PDA), while for P. digitatum, a 5 μL spot of
conidial suspension containing 104 conidia mL−1 was used for plate inoculation. The dif-
ference in methodology is based on each pathogen’s disease cycle. The key role of conidia
in P. digitatum spread and infection has been previously reported [27]. Asexual spores are
the primary inoculum for GM during fruit–pathogen interaction since the germination of
conidia occurs on the surface wounds of citrus. Conversely, L. theobromae development on
fruit begins in the field, but mycelia remain quiescent until harvest. When the senescence
of stem-end tissue post-abscission proceeds, which may be enhanced by postharvest ethy-
lene degreening treatments and under conducive environmental conditions (such as high
temperatures and relative humidity), fungal hyphae resume growth, colonize and infect
fruit tissue adjacent to the stem-end, and develop through the fruit core tissues, causing
whole fruit decay [4]. After inoculation, thymol treatments were applied by melting and
crystalizing thymol as explained previously. To achieve the final concentrations of 1, 2,
4, 8, and 16 mg L−1 within plate headspaces, 0.32, 0.64, 1.28, 2.56, and 5.12 mg of thymol
were used, respectively. The plates were sealed with parafilm and incubated at 25 ◦C in
the dark. Colony diameters were measured daily until the mycelia in the control plates
without thymol covered the entire plate. Thymol concentrations that inhibited 50 and 90%
of the mycelial growth (effective concentrations, EC50 and EC90) were calculated based on
logarithmic models (based on the relationship between percent inhibition and compound
concentration) [28].
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Figure 1. Protocols for the evaluation of the effect of thymol vapors on pathogens’ in vitro growth
and in vivo development on grapefruit. P. digitatum conidial suspensions (104 conidia mL−1) and L.
theobromae mycelial discs (3 mm diameter) were used to inoculate PDA plates and grapefruit. Thymol
treatments were applied at 25 ◦C in air-tight conditions. After incubation, pathogens’ in vitro growth
and ultrastructural damage were evaluated. In in vivo experiments, disease incidence, lesion area,
weight loss, and sensory analyses were performed after 5 d. Then, containers were opened, thymol
discs were removed, and fruits were stored for 5 additional days to determine whether thymol vapor
had fungicidal or fungistatic effects.

2.4. Scanning Electronic Microscopy (SEM) Observation

SEM was used to observe P. digitatum conidial morphology and cell wall integrity after
treatment with thymol at sublethal concentrations. Conidial suspensions were exposed
to 1 mg L−1 thymol treatment for 24 h and then observed under a microscope. Sample
preparation was performed following a previously reported protocol [29], with some
modifications. Cells were washed three times with deionized water and then covered with
a fixative solution containing 2.5% glutaraldehyde and 4% paraformaldehyde in sodium
cacodylate buffer 0.1 M (pH 7) (Sigma Aldrich Co., St. Louis, MO, USA). Tubes were
incubated at 4 ◦C overnight. Then, the cells were again washed three times and dehydrated
by consecutively transferring them to increasing ethanol concentrations from 30% to 100%.
Incubation with 100% ethanol was carried out three times. Finally, the samples were
transferred to solutions of ethanol:hexamethyldisilizane (HMDS, Sigma Aldrich Co., St.
Louis, MO, USA) at ratios of 3:1, 2:1, and 1:1 with two final steps at 100% HMDS and
allowed to evaporate in a chemical fume hood overnight. The cells were attached to SEM
stubs, and observations were performed using an S-4800 scanning electron microscope
(Hitachi High Technologies America, Inc., Pleasanton, CA, USA) with 1000× magnification
and a 5 kV accelerating voltage.

2.5. In Vivo Assays in Airtight Conditions

For in vivo assays, the fruits were inoculated with the pathogens, as shown in Figure 1.
For L. theobromae, the button on the stem-end of each fruit was removed to expose fresh
tissue. A 3 mm diameter mycelial PDA plug from the margin of a 3 d old fungal colony was
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placed with mycelia facing down on the wounded area. After 6 h at 25 ◦C, the plugs were
removed. For P. digitatum, the fruits were inoculated using a 1 mm wide and 2 mm long
sterile stainless steel rod previously immersed in a freshly prepared conidial suspension
with a concentration of 104 conidia mL−1 [30]. After inoculation, the fruits were placed
inside 11-gallon gasket-sealed storage boxes (Weather Shield Storage Box, Ziploc, S. C.
Johnson & Son, Racine, WI, USA), with twelve fruits per container, arranged in a single
layer. Thymol-containing filter papers were attached to the lids, as explained above, to
achieve concentrations ranging from 1 to 100 mg L−1. This concentration range was
based on antifungal in vitro results, considering that antimicrobial in vivo efficacy is often
lower than antimicrobial in vitro efficacy. A thymol slow-release treatment was included
to determine whether a more extended inhibitory effect was achieved. This treatment
consisted of a Miracloth (Calbiochem®, San Diego, CA, USA) sachet containing pectin–
alginate microencapsulated thymol prepared following a protocol previously reported by
our group [31]. A 40 mm USB cooling fan (5 V, 5300 rpm, Shenzhen Engesen Electronics
Co., Ltd., Shenzhen, China) was attached to an inner wall of each container to ensure air
circulation. The containers were closed and stored at 25 ◦C and 90% RH for 5 d prior to
disease incidence and lesion area evaluation. The filter papers were then removed, and the
fruits were maintained in the open air for an additional 5 d at 25 ◦C to determine whether
the thymol vapor had a fungicidal or fungistatic effect. Controls consisted of inoculated
fruit stored in the same conditions as treatments but not exposed to thymol.

2.6. Weight Loss and Sensory Evaluation

As a quality parameter of grapefruit after thymol treatment, individual fruit weights
were determined before and after 5 d of storage at 25 ◦C. Weight loss was calculated as
(A0 – Ax)/A0) × 100, where A0 is the initial fruit weight, and Ax is the weight at the
corresponding evaluation time.

All treatments were first evaluated for the potential effects of the carryover of thymol
on fruit flavor, and three treatments were chosen for a sensory evaluation test: (i) untreated
control, (ii) 100 mg L−1 thymol, and (iii) 100 mg L−1 thymol encapsulated in pectin–alginate.
Following storage, 10 grapefruits per treatment were washed, sanitized in 0.01% PAA, and
air-dried at room temperature overnight. On the following day, the fruits were peeled,
removing the stem and blossom ends, flavedo, and albedo, and cut into 14–16 pieces each.
The pieces were first mixed in a fruit bowl to ensure that every panelist would obtain
a 3-piece sample representing different fruits from each treatment. The samples were
placed in 3-digit-coded 4 oz cups on a serving tray and served at 18 ◦C in a randomized
order following a Williams design, with the order of presentation balanced across panelists.
Testing took place in isolated booths equipped with positive air pressure and red lighting.
Sensory evaluation was carried out by a panel of 24 untrained staff members, some of
whom were familiar with tasting various citrus fruits. Every panel member was asked
to rank the samples for overall preference (“like most” to “like least”) [32]. In a second
question, they were asked, for each sample, to indicate whether they could detect any
off-flavor and describe that off-flavor if any was perceived.

2.7. Statistical Analysis

For in vitro assays, three Petri dish replicates were performed for each condition, and
the entire panel of assays was performed three times. In vivo experiments were conducted
with a completely randomized design, with two replicates consisting of 12 fruits per
replicate (container with 12 grapefruits). The experiment was performed twice. In all
cases, an analysis of variance was used to check homogeneity and normality, followed
by Student’s t least significant difference (LSD), and mean separations were based on
p values ≤ 0.05. Sensory rank data were analyzed using the Friedman-type statistical test
for rank data, with the non-parametric analog to Fisher’s LSD for rank sums [32].
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3. Results

3.1. Penicillium digitatum Conidia Germination and Lasiodiplodia theobromae Mycelial Growth
Inhibition by Thymol Vapors In Vitro

The antifungal activity of EOs has become an important area of agricultural research
due to the increasing awareness of the human and environmental toxicity associated with
traditional fungicides, as well as the increasing appearance of multi-resistant fungal isolates
in packinghouses throughout the world [33,34]. In this work, we evaluated the effect of
thymol vapors on two major fungal pathogens affecting citrus in Florida (USA). As shown in
Figure 2, fungal growth was significantly affected by exposure to thymol in a concentration-
dependent manner. While both pathogens were completely inhibited by 8 mg L−1 of
thymol, effective concentration calculations showed that P. digitatum (EC50 = 0.135 mg L−1

and EC90 = 1.235 mg L−1) was more sensitive than L. theobromae (EC50 and EC90 of 1.13 and
5.42 mg L−1, respectively).

Figure 2. Lasiodiplodia theobromae and Penicillium digitatum growth inhibition resulting from increasing
thymol vapor concentrations in sealed Petri dishes on potato dextrose agar. Plates were stored at
23 ◦C, and colony diameter was measured daily.

It is noteworthy that, while P. digitatum mycelial growth was not significantly inhibited
by 1 mg L−1 thymol, sporulation was severely affected, leading to a plain white colony
(Figure 3a), compared to the characteristic full green color associated with conidia in the
control plates (Figure 3b), although this inhibition was not quantified. An SEM observation
showed that EO at 1 mg L−1 (sublethal concentration) caused severe ultrastructural damage
to P. digitatum conidia during the first 24 h. The conidia in control samples exhibited a
regular and homogenous morphology consisting of smooth and continuous cell walls
(Figure 3c), while after exposure to EO vapors, most cells were shrunken and abnormally
shaped (Figure 3d). Also, considerable quantities of cellular debris were observed in the
thymol-treated samples, as an indication of conidial lysis. As mentioned previously, L. theo-
bromae growth was delayed by the thymol vapors (Figure 2); however, colony characteristics
remained the same as those observed under control conditions.

The effective concentrations found in the present work were significantly lower than
those reported by other authors. For instance, Ding et al. [35] found that EC50 values ranged
between 29.8 and 55.33 mg L−1 for six different postharvest disease-causing fungi, including
Penicillium sp. Also, Zhang et al. [36] reported a minimum inhibitory concentration of
65 mg L−1 against B. cinerea, and Yan et al. [37] reported an EC50 of 37 mg L−1 against L.
theobromae. The primary difference between previous studies and the present one, other
than the pathogen strains used, is the thymol application method used; previous authors
added thymol directly into a liquid medium or dissolved it in ethanol before incorporating
it into the medium (diffusion methods). Here, pathogens were directly exposed to the EO

11



Foods 2023, 12, 3637

vapors produced after heating at temperatures above thymol’s melting point. The results
of the current study are in agreement with the results of various studies in the medical field
in which EO vapors exhibited greater antimicrobial effects than EOs delivered in liquid
form applied by direct contact [38–41]. In addition, Boukhatem et al. [42] reported that
micellar formation by lipophilic molecules in the aqueous phase reduces EO accessibility
to microorganisms, whereas the vapor phase allows free attachment. These observations
might explain the lower EC50 and EC90 concentrations observed here.

 
(a) (b) 

  
(c) (d) 

Figure 3. Effect of thymol vapor on Penicillium digitatum mycelia and conidia. Suspensions of 104 coni-
dia mL−1 were exposed to thymol vapor at 23 ◦C. Top and lower panels represent colony morphology
after 4 d and conidia ultrastructural characteristics (SEM photographs at 1500× magnification) after
24 h, respectively, for control condition (a,c) and 1 mg L−1 thymol treatment (b,d).

3.2. Postharvest Disease Control by Thymol Vapor on Inoculated Grapefruit

The evaluation of the potential of thymol to control postharvest diseases in grapefruit
was assessed in airtight containers at room temperature over a period of 5 d. When the
fruits were inoculated with L. theobromae or P. digitatum and exposed to direct EO vapors,
concentration-dependent incidence reductions were observed (Figure 4). The effective
concentrations required to reduce in vivo pathogen growth were 10 to 50 times higher
than those in vitro. It is commonly reported that in vivo efficacy is often reduced when
compared to in vitro studies, particularly in the application of antimicrobial compounds
and specifically for EO vapors applied for antimicrobial treatments in fresh food studies,
including citrus [43] and cherry tomatoes [44], as well as in processed food products, like
cheese [45], bread [46], mushrooms [47], and coffee beans [48]. As was observed in the
in vitro assays, P. digitatum was more sensitive to thymol than L. theobromae. For instance,
50 mg L−1 thymol treatment resulted in an 81% reduction in SER incidence and a 90%
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reduction in visible lesion size (Figure 4, lower panels), while the same treatment on P.
digitatum-inoculated fruit resulted in 90 and 99% reductions in GM incidence and lesion
size, respectively (Figure 4, top panels). In contrast, the controlled-release treatment of
thymol did not exhibit any inhibitory effect against the pathogens. This suggests that, after
inoculation, fruit infection developed at a rate that did not allow the controlled-release
thymol to prevent pathogen reproduction.

Figure 4. Incidence and lesion area of green mold (GM) and stem-end rot (SER) on grapefruit
inoculated with Penicillium digitatum (GM) and Lasiodiplodia theobromae (SER), exposed to thymol
vapors at 1, 10, 50, and 100 mg L−1 for 5 d at 23 ◦C. Top panels: GM; bottom panels: SER. Columns
with different letters are significantly different according to Student’s t LSD (p ≤ 0.05).

The different effects of thymol vapors on the assayed pathogens in this study could be
explained by the different growth patterns in fruit and, thus, how much vapor can reach
the mycelia. Edris and Farrag [49] stated that superficial-growing molds are particularly
susceptible to EO volatile compounds. It is known that L. theobromae infects fruit from
the button at the stem-end and proceeds through the core more quickly than the rind [4].
However, P. digitatum infection begins with a wound on the rind and spreads on a number
of skin oil glands through pores, remaining relatively superficial during the first few
days [50]. Based on these characteristics, thymol vapors might be in direct contact with P.
digitatum cells more readily than L. theobromae cells growing underneath the rind through
the core.

After the 5 d initial storage, the fruits were kept for five additional days in the open
air and again evaluated (Figure 5). After 10 d, the GM incidence in the untreated control
remained around 90%, and decayed fruits were fully covered by olive-green conidia. In
Figure 5, the lower left panel shows that, after five additional days, nearly all grapefruits
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exposed to 10 mg L−1 thymol developed decay, which suggests that thymol’s effect is
fungistatic rather than fungicidal. However, the pathogen growing on these fruits was
not able to produce conidia, confirming the anti-sporulating effect observed in in vitro
trials (Figure 3a,b). When developing in a single fruit, P. digitatum usually produces one to
two billion greenish conidial spores that are dispersed into the atmosphere, perpetuating
disease [10]. These conidia are particularly difficult to inactivate due to their stability when
exposed to heat, light, and chemical reagents [51]. While further assays are needed to
elucidate the exact mechanism involved in the sporulation impairment achieved by thymol,
this result is worth highlighting, as it may be crucial for improved postharvest disease
control.

 

Figure 5. Penicillium digitatum-inoculated grapefruits exposed to 10 mg L−1 thymol. Pictures show
control (left panels) and 10 mg L−1 thymol treatment (right panels) after 5 initial days in air-tight
conditions (top) and 5 additional days in the open air (bottom) at 23 ◦C.

The P. digitatum isolate used in this work is resistant to thiabendazole [24]. This
is, as mentioned before, one of the major challenges faced by the agricultural industry
worldwide [52]. It has been reported that the mode of action of thymol is broad and non-
specific; i.e., it induces changes in several metabolic pathways affecting DNA synthesis,
cytoplasmic and outer membrane permeability, and fatty acid and volatile compound
profiles [53]. Hence, microbial resistance development against thymol vapor treatments
is unlikely to occur, which further supports their potential use as alternatives and/or
complements to current postharvest microbial management strategies. Among the various
advantages of the vapor-phase applications of EOs, the gas improves penetration and
homogeneity and can potentially provide a more consistent and uniform pathogen exposure
to thymol, even in hard-to-reach areas. Also, vapor treatments do not require solvents or
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carriers that might be needed for solution-based treatments, and, thus, potential side effects
or interactions between pathogens and those additional ingredients are reduced.

3.3. Fruit Weight Loss and Sensory Evaluation

The exposure of the grapefruit to different thymol concentrations did not alter the
fruit weight loss when compared with the untreated fruit. The fruit weight loss was lower
than 0.4% after 5 days at 25 ◦C in all cases. Also, no phytotoxicity was observed after the
thymol vapor treatments. Previous research has shown that, when essential oil vapor is
applied to fruits, the effects on weight loss can indeed be varied, depending on various
factors, including the essential oil type, vapor concentration, fruit type, and environmental
conditions. A weight loss reduction is most likely related to EOs’ antimicrobial properties,
as well as their ability to form a protective layer on the surface of the fruits, which prevents
moisture loss [54]. Contrarily, an increase in weight loss is mostly due to phytotoxicity
caused by a high EO dosage, which damages the fruit skin, or altered respiration [17,55].
Our observations indicate that the applied thymol vapor dosages did not harm the fruit
surface. However, the low dosage also did not effectively prevent water loss.

As mentioned before, one of the main limitations for the use of EOs in food processing
is the negative impact that they might have on organoleptic properties. Thus, we evaluated
the panelists’ sensory perception after grapefruit exposure to thymol vapors at 100 mg L−1

of thymol pure or microencapsulated in pectin–alginate. In the taste panels, the rank sums
for preference were 51, 50, and 43 points for 100 mg L−1 of thymol, microencapsulated
thymol, and the control, respectively, with no significant difference between treatments
(T = 1.583, Friedman statistics for rank data). Furthermore, the panelists’ comments after
tasting suggested that there were no perceived off-flavors that could be related to the
thymol treatments. The lack of undesired flavors observed in the present work is likely
due to the dosages of the thymol vapors being low enough; thus, accumulation on the fruit
surface did not exceed the threshold levels. Also, the treatment was applied to grapefruit,
which has a rather thick peel acting as a barrier to the edible part. It would be appropriate
to test the treatment in thinner-peel fruit such as mandarins. Nevertheless, our results agree
with those of previous reports where essential oil vapors were used to inhibit different
bacterial and fungal strains that cause food spoilage, without exceeding the acceptable
flavor thresholds [56–58]. Under our experimental conditions, the application of thymol in
the vapor phase would not lead to consumer rejection.

4. Conclusions

Our findings demonstrate the significant inhibitory effects of thymol vapors on the two
primary postharvest pathogens responsible for decay in commercial grapefruit. While thy-
mol alone may not completely control SER and GM, its application resulted in noteworthy
reductions in disease incidence and hindered the production of conidia by P. digitatum. Also,
under our experimental conditions, no negative effects, such as off-flavors or a weight loss
increase, resulted from the thymol vapor applications. These positive outcomes support
the potential implementation of this EO as part of a grapefruit postharvest management
strategy. Future studies involving combinations of thymol vapors and postharvest fungi-
cides, as well as other postharvest fruit handling processes, will be conducted to analyze
the feasibility of its application at commercial scale. Considering this compound’s known
safety for human health and the environment and the several advantages of its application
in the vapor phase compared to in liquid form, our work presents a promising option to
complement current postharvest management approaches.
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Abstract: AbstractIn this study, mango fruit (Tainong No. 1) was treated with either 0.1 mg/L 1-
methylcyclopropene (1-MCP) alone or with a combination of 0.1 mg/L 1-MCP and 0.2 mM melatonin
(MT). The mango fruit was then stored for 10 days at 25 ◦C and 85–90% relative humidity. Quality
characteristics and the active oxygen metabolism of postharvest mangoes were evaluated every
2 days. Compared to untreated mango fruit, those with the treatments of 1-MCP alone or 1-MCP +
MT had a better appearance and higher levels of soluble sugar, ascorbic acid, and titratable acidity.
Moreover, these treatments prevented the loss of fruit firmness, successfully delayed the escalation
of a* and b* values, and reduced malondialdehyde content and superoxide anion generation rate.
After 10 days of storage, mango fruit treated by 1-MCP alone or 1-MCP + MT exhibited increased
activities of antioxidant enzymes such as ascorbate peroxidase, catalase, superoxide dismutase, and
other peroxidases; nevertheless, the two treatment protocols maintained higher mango total phenolic
content only at the later stage of storage. These findings suggest that mango fruit treated with 1-MCP
alone or with 1-MCP + MT improves the quality characteristics and antioxidant activities. Moreover,
compared to 1-MCP treatment alone, 1-MCP + MT-treated mangoes exhibited higher quality and a
stronger regulation of active metabolism during storage.

Keywords: 1-methylcyclopropene; melatonin; mango fruit; active oxygen metabolism; storage

1. Introduction

Mango (Mangnifera indica L.), the ‘King of Fruits’, is grown worldwide for its soft and
juicy pulp, unique flavour and high nutritional content [1,2]. Mangoes can provide plenty
of antioxidants for the human body such as phenolics and vitamins [3,4]. However, mango
fruit is not postharvest-storage resistant because of its vigorous metabolism. It matures
and softens quickly at room temperature and then decays [5], reducing its nutritional and
commercial values.

Previous studies have indicated that active oxygen metabolism has a significant impact
on fruit ripening, senescence, and softening [6,7]. For instance, the single or combined use
of tea polyphenolics and 1-methylcyclopropene (1-MCP) coating impeded the senescence
of bracken and improved its storage quality by modifying its active oxygen metabolism and
reducing its malondialdehyde content [6]. Exogenous H2O2 treatment has been found to
accelerate the senescence and ripening processes of kiwifruit during late storage periods by
leading to an imbalance in redox homeostasis [7]. Similar findings were obtained in studies
on muskmelon [8], sweet cherry [9], strawberry [10], and mango fruit [11]. Although higher
plants have antioxidant defence systems that protect tissues from excessive reactive oxygen
species (ROS), external factors may also regulate reactive oxygen species metabolism.
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1-MCP, a competitive inhibitor of ethylene, is safe and widely applied for preserving
fruits and vegetables. Studies on pear [12], apple [13], nectarine [14], kiwifruit [15–17],
and banana [18] have shown that 1-MCP can enhance the antioxidant activity, preserve
the quality of postharvest fruit, reduce ROS production, and delay the senescence of
fresh produce.

Melatonin (N-acetyl-5-methoxytryptamine, MT) is synthesized from serotonin, which
is metabolized from tryptophan [19,20]. MT is commonly present in plants and animals and
has direct or indirect regulatory influences on the metabolism and growth of plants [21–24].
Exogenous MT has excellent ROS scavenging ability, which has been shown to maintain
higher activities of antioxidant enzymes (e.g., ascorbate peroxidase, catalase, glutathione
reductase, peroxidase, and superoxide dismutase) [25,26], enhance the contents of antioxi-
dants (e.g., glutathione, ascorbic acid, and phenolics [24]), and reduce the production of
ROS [27]. Moreover, MT can maintain better fruit quality [25–27] and is related to ethylene
synthesis in fruit [28].

The single use of MT or 1-MCP to promote the quality and shelf-life of mango has
been investigated in many studies. However, studies on the influences of the combination
of 1-MCP and exogenous MT on active oxygen metabolism and the nutritional quality
of mango are limited. The optimum concentrations of MT and 1-MCP were selected in a
pre-experiment, and based on this, the objective of this work was to assess the effect of the
combined treatment of 1-MCP and MT on the firmness, nutrients, and antioxidant activity
of fresh mango fruit during storage.

2. Materials and Methods

2.1. Fruit Treatments

Mangoes (Tainong No. 1) were collected at commercial maturity (pulp hardness,
151.70 N; total soluble solids content, 6.9%; titratable acid content, 10.21 mg/g Fw; and
soluble sugar content 26.46 mg/g Fw). These were collected at 6:00 a.m. on 2 July 2022, from
a well-managed orchard in Baise City, Guangxi Province, China. On the same day, mangoes
were harvested and delivered to the laboratory. Mangoes were handpicked to remove those
with visual defects, diseases, or mechanical damage. Mangoes were soaked for 10 min
in a 30 mg/L chlorine dioxide solution for sterilisation and then washed with distilled
water. About 25 washed fruits were randomly chosen for quality evaluation. The remaining
mangoes were stochastically separated into three different groups (150 mangoes/group):
1-MCP, 1-MCP combined with MT (1-MCP + MT), and a control group (CK). Fruits were
individually soaked for 30 min in the dark in distilled water (control), 1-MCP (0.1 mg/L),
and a mixture of 1-MCP (0.1 mg/L) and MT (0.2 mmol/L); all treatments contained
0.01 mL/L Tween 20. After being immersed, the fruits were air-dried for 60 min at 25 ◦C in
the dark. Subsequently, the treated fruits were exposed to 0 (control group) and 0.1 mg/L
1-MCP (1-MCP and 1-MCP + MT groups) for 12 h at 25 ◦C. Afterwards, the fruits were
stored for 10 days at 25 ◦C and 85–90% relative humidity.

2.2. Determination of Colour Characteristics and Fruit Firmness

The colour characteristics of the surface of the mango fruits were evaluated using the
approach reported by Chen et al. [29]. Three different individual mangoes were used for
determination. The colour of two points on opposite sides of the equatorial perimeter of
each mango was determined.

The mango fruit firmness was quantified based on the methods reported by Lin
et al. [30] and Yu et al. [31], with minor modifications. A texture instrument (FTC/TMS-
Pilot, Sterling, Virginia, USA) equipped with a 10 mm diameter probe (test rate, 60 mm/s,
starting force, 0.38 N; and puncture distance, 10 mm) was employed for assessing the fruit
firmness without the peel. Eight peeled fruits were analysed. The pulp on two opposite
sides of the equatorial region was cut into squares (1.8 cm × 1.8 cm × 1.3 cm), which were
used to determine the firmness.
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2.3. Measurement of Total Soluble Solids, Soluble Sugar Content and Titratable Acidity

The total soluble solid content, soluble sugar content, and titratable acidity were
calculated using the methods reported by Ma et al. [32], with minor modifications. The
determination of total soluble solids in the filtrate was repeated five times. Titratable
acidity was extracted from 8 g of pulp and determined by acid–base titration. The pulp
from five mangoes was frozen in liquid nitrogen and 1.0 g of pulp powder was used to
determine soluble sugar content. Total soluble solid values are expressed as percentages,
whereas titratable acidity and soluble sugar concentrations are presented as mg/g on a
fresh weight basis.

2.4. Quantification of Ascorbic Acid and Total Phenolic Content

The pulp from five mangoes was frozen in liquid nitrogen and crushed into a frozen
powder, then the powdered pulp (3 g) was used to quantify the level of ascorbic acid using
the approach of Lin et al. [33] and Chen et al. [34]. The ascorbic acid level is presented as
mg/100 g on a fresh weight basis.

The total phenolic level was determined using the approach reported by Chen et al. [35],
with slight modifications. Anhydrous methanol with 1% hydrochloric acid was used to
extract total phenolic from 5 g of frozen mango pulp powder. The standard for total pheno-
lic level determination was gallic acid (GA). The level of total phenolic is presented as mg
GAE/kg (gallic acid equivalent).

2.5. Quantification of the Malondialdehyde Level and Superoxide Anion (O2
−.) Generation Rate

The malondialdehyde level and O2
−. generation rate were quantified using the meth-

ods reported by Lin et al. [36,37], with minor modifications.
The pulp from five mangoes was frozen in liquid nitrogen and crushed into a frozen

powder, and the powdered pulp (5 g) was then used to determine the malondialdehyde
level and O2

−. generation rate. The level of malondialdehyde was calculated and shown
as nmol/100 g on a fresh weight basis, and the O2

−. generation rate was displayed as
μmol/min/kg on a fresh weight basis.

2.6. Assays of the Activities of Superoxide Dismutase, Catalase, Ascorbate Peroxidase, and Peroxidase

Superoxide dismutase, catalase, ascorbate peroxidase, and peroxidase activities were
evaluated using an ELISA kit (Jiangsu Meimian Industrial Co., Ltd., Yancheng, China). The
standard curve was plotted according to the standard’s activity and its corresponding OD
value at 450 nm. The absorbance value of the enzyme activity in the sample was measured
at 450 nm. The superoxide dismutase, catalase, ascorbate peroxidase, and peroxidase
activities were reported as U/g on a fresh weight basis using the standard curve.

2.7. Statistical Analyses

All data are displayed as the average ± standard deviation. For statistical analysis,
SPSS software (version 17.0) was employed to conduct a one-way analysis of variance.
Different letters were applied to represent the statistical significance (p < 0.05).

3. Results

3.1. Colour Characteristics, Visual Appearance, and Fruit Firmness

The change in colour appearance is an important factor in determining fruit ripening
and quality [29]. The noticeable change in mango after storage was that the peel turns
yellow while the surface colour of the peel lightens (Figure 1E).

21



Foods 2023, 12, 1979

Figure 1. The effects of the 1-MCP and 1-MCP + MT treatments on L* (A), a* (B), and b* (C) values
of mango peel firmness (D) and visual appearance (E) of mango fruit during storage at 25 ◦C. Error
bars indicate the standard deviation (SD) of six (L*, a*, and b* value) or eight (firmness) replicates.
Significant differences (p < 0.05) among different treatments on the same storage day are indicated by
different lowercase letters.
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Within 4 days of storage, no significant change was observed in the L* value of the
mango epidermis (Figure 1A, Table S1). However, after being stored for more than 4 days,
the L* value elevated. These results suggested that the colour of the mango epidermis
became lighter (Figure 1E). Compared to the control mango, the L* values increased more
slowly in 1-MCP and 1-MCP + MT-treated mangoes. After a 6- to 10-day storage period,
the control mango had a significantly higher L* value than 1-MCP + MT-treated mango
(p < 0.05). Furthermore, in the final 4 days of storage, the 1-MCP-treated mango also
exhibited a higher L* value than the 1-MCP + MT-treated mango.

The a* value displayed an ascending trend with increased storage time (Figure 1B,
Table S1). The a* values changed slowly in the 1-MCP + MT group. During storage
days 0–6, no significant difference (p < 0.05) was reported in the a* value between the
1-MCP and the control groups. Between 6 and 8 days of storage, a* values in these two
groups escalated rapidly, indicating that the mango peel’s greenish colour had reduced
and quickly turned red during this time. A slow change in the a* value was also observed
in 1-MCP + MT-treated mango throughout the whole storage period. From the sixth day,
the 1-MCP + MT group owned a significantly lower a* value compared to the remaining
two groups (p < 0.05).

During the 4-day storage, the b* value changed slightly in all groups (Figure 1C,
Table S1) and then escalated speedily from the 6th day, indicating that the colour of the
mango peel had begun to turn yellow (Figure 1E). The order of turning yellow from less to
more was: 1-MCP + MT group, 1-MCP group, and then the control group (Figure 1E).

Firmness is one of the most important indicators of fruit quality [12,15]. As shown
in Figure 1D and Table S1, changes in mango firmness occurred along with the period of
storage. The firmness of the mango decreased throughout the storage period, and rapid
softening occurred within the storage duration (2–6 days). During the storage period,
especially on the 4th day, the firmness degradation in mango fruits was significantly
inhibited by 1-MCP + MT and 1-MCP. The firmness of mangoes treated with 1-MCP + MT
and 1-MCP was higher than that of the untreated mangoes. Additionally, the firmness of
the mangoes treated with 1-MCP + MT was considerably greater (p < 0.05) than that of the
control mangoes during days 2–8 of storage.

3.2. Total Soluble Solids, Titratable Acidity, and Soluble Sugar Content

Total soluble solids content, titratable acidity and soluble sugar content are essential
components of mango fruit that affect its taste, nutrition, and storage quality. As shown in
Figure 2A and Table S1, after an initial increase, the total soluble solids content of untreated
mango fruit decreased and then slightly increased again. The total soluble solids content in
1-MCP and 1-MCP + MT-treated mango fruit increased continuously during storage and
was significantly higher than that of untreated mangoes from storage days 8 to 10 (p < 0.05).
However, there was no significant difference between the total soluble solids level of the
1-MCP and the 1-MCP + MT-treated mango fruits.

Figure 2B and Table S1 displays an overall downward trend in the titratable acidity
content of all samples during storage. All treatment groups experienced a gradual decline
in titratable acidity content from days 0–4 before a sharp decline. Within the period of
storage days 4–6, the titratable acidity content of the 1-MCP-treated mangoes remained at
a notably higher level than the control. However, the titratable acidity content reduction
was remarkably delayed by 1-MCP + MT treatment during storage. Interestingly, the
1-MCP + MT-treated mangoes demonstrated a significantly higher level of titratable acidity
than the other two groups (p < 0.05).
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Figure 2. Effects of 1-MCP and 1-MCP + MT treatment on total soluble solids (TSS) content (A),
titratable acidity (TA) (B), and soluble sugar (SS) content (C) in mango fruit during storage at 25 ◦C.
Error bars indicate the SD of three replicates. Significant differences (p < 0.05) among different
treatments on the same storage day are indicated by different lowercase letters.

The soluble sugar level of mango pulp among the three groups exhibited an increasing
tendency during 0–2 days and 4–8 days but decreased during storage days 2–4 and days
8–10 (Figure 2C, Table S1). During storage, the 1-MCP + MT treatment produced more
soluble sugar than the other two groups. Further analysis showed that within the 6–10-day
storage period, the soluble sugar content of the 1-MCP + MT group had a significantly
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higher (p < 0.05) soluble sugar level than the 1-MCP and control groups. Furthermore, the
1-MCP treatment only maintained a significantly elevated content of soluble sugar during
the early and late periods compared to the control (p < 0.05).

3.3. Ascorbic Acid and Total Phenolic Content

Ascorbic acid serves as one of the most essential nutritional factors to estimate the
quality of fruits and vegetables. Moreover, it functions effectively as an antioxidant in
plants. The concentrations of ascorbic acid had a divergent downward trend throughout
the storage process in all three groups, as shown in Figure 3A and Table S1. The ascorbic
acid content decreased sharply in the control mangoes during days 2–4, resulting in a lower
content of ascorbic acid than in the two treatment groups during days 4–10. Statistical
analysis revealed that the 1-MCP group maintained a significantly higher content of ascorbic
acid than the control group on day 4 and during days 0–3 of storage (p < 0.05). Within days
4–10 of storage, the 1-MCP + MT group retained the highest ascorbic acid content.

Figure 3. The effects of 1-MCP and 1-MCP + MT treatment on the ascorbic acid (ASA) content (A) and
total phenolic content (TP) (B) of mango fruit during storage at 25 ◦C. Error bars indicate the SD of
three replicates. Significant differences (p < 0.05) among different treatments on the same storage day
are indicated by different lowercase letters.

The total phenolic content for the three groups during storage is shown in Figure 3B
and Table S1. After 4 days of storage, the total phenolic content of mangoes without
treatment increased rapidly to 407.26 mg GAE/kg and then declined quickly. However, the
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total phenolic content in the two treatment groups raised comparatively slowly during the
storage period, except for a slight decrease in storage days 0–6. It was also shown that the
total phenolic content of the 1-MCP + MT and 1-MCP-treated mangoes was significantly
lower than that of the control (p < 0.05) on days 2–6. Moreover, the total phenolic content of
mangoes with 1-MCP + MT treatment differed significantly from that of the 1-MCP-treated
mangoes at days 4–10 (p < 0.05).

3.4. O2
−. Generation Rate and Malondialdehyde Content

O2
−. as an intracellular ROS can cause irreversible damage to cells when excessively

accumulated. Excess intracellular ROS such as O2
−. may harm cells irreversibly. Figure 4A

and Table S1 indicated that 1-MCP + MT treatment inhibited O2
−. generation during storage

(p < 0.05). The O2
−. generation rate in 1-MCP-treated mango was dramatically different

from that in control mango without 1-MCP on day 6. Nevertheless, the 1-MCP + MT
treatment was more effective in decreasing O2

−. accumulation.

Figure 4. The effects of 1-MCP and 1-MCP + MT treatment on O2
-. generating rate (A) and malondi-

aldehyde (MDA) content (B) in mangoes during storage at 25 ◦C. Error bars indicate the SD of three
replicates. Significant differences (p < 0.05) among different treatments on the same storage day are
indicated by different lowercase letters.

The malondialdehyde content increased continuously over time but most notably
during storage days 2–8 (Figure 4B, Table S1). The malondialdehyde level of the control
mango was 22.28 nmol/100 g on day 6, which was 213% and 202% higher than that of
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the 1-MCP + MT and 1-MCP-treated mango, respectively. These results revealed that the
1-MCP + MT-treated mangoes maintained the lowest malondialdehyde content.

3.5. Superoxide Dismutase, Catalase, Ascorbate Peroxidase, and Peroxidase Activities

Relatively higher superoxide dismutase activity was recorded in mango pulp with
the 1-MCP and 1-MCP + MT treatments (Figure 5A, Table S1), and the 1-MCP + MT treat-
ment was more prominent in stimulating superoxide dismutase activity. The superoxide
dismutase activity of 1-MCP + MT-treated mango pulp was considerably higher at storage
days 2–6 and 10 compared to mangoes in the 1-MCP treatment group and the control group
(p < 0.05). Compared to the control group, a significantly higher superoxide dismutase
activity in mango with 1-MCP treatment was recorded on storage days 4–6 and on storage
day 10 (p < 0.05).

Figure 5. Cont.
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Figure 5. The effects of 1-MCP and 1-MCP + MT treatment on superoxide dismutase (SOD) (A),
catalase (CAT) (B), ascorbate peroxidase (APX) (C), and peroxidase (POD) (D) activities in mangoes
during storage at 25 ◦C. Error bars indicate the SD of three replicates. Significant differences (p < 0.05)
among different treatments on the same storage day are indicated by different lowercase letters.

Throughout the storage period, the activity of catalase in the control mangoes was
significantly lower than in mangoes with 1-MCP treatment. The catalase activity in 1-MCP-
treated mangoes had a significantly higher value (p < 0.05) than that of control mango
at storage days 2–10. Additionally, the catalase activity in 1-MCP + MT-treated mangoes
exhibited lower values on storage days 2–6 and higher values on day 8 than mangoes with
1-MCP treatment (Figure 5B, Table S1). In the early (2 days) and late (8–10 days) of storage,
1-MCP + MT treatment significantly increased catalase activity compared to the control
(p < 0.05).

The ascorbate peroxidase activity of the control mangoes consistently declined from 0
to 8 days and then increased (Figure 5C, Table S1). On storage day 8, the lowest activity
of ascorbate peroxidase was achieved in the control group, which was 51.1% and 48.0%
of the 1-MCP and 1-MCP + MT groups, respectively. After 4–8 days of storage, the
ascorbate peroxidase activity in the control mangoes was significantly lower than that of
1-MCP + MT-treated mango (p < 0.05). In addition, on the 6th day, the ascorbate peroxidase
activity in 1-MCP + MT-treated mangoes was also significantly higher than that of the
1-MCP-treated mangoes (p < 0.05). Figure 5C shows that, in comparison with the control,
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the 1-MCP treatment had an impact on maintaining the ascorbate peroxidase activity at
higher levels for days 4–10, and a significant difference was recorded (p < 0.05).

1-MCP and 1-MCP + MT treatments induced noticeably higher peroxidase activities
(p < 0.05) during the mango storage period compared to the control group (Figure 5D,
Table S1). During the storage period, the peroxidase activity in the control group was
relatively stable. In the 1-MCP group, the peroxidase activity escalated at storage days
0–2, decreased during storage days 2–4, and then remained relatively stable from days 4
to 10. The 1-MCP + MT group showed two periods (days 0–4 and days 6–8) of increasing
peroxidase activity. Further investigation demonstrated that the mangoes with 1-MCP +
MT treatment had significantly higher peroxidase activity than the 1-MCP-treated mangoes
on days 4–8 (p < 0.05).

4. Discussion

Exogenous MT exhibited a positive effect on regulating the ripeness of postharvest fruit
while simultaneously having a negative effect on fruit senescence [21]. Previous studies
have reported that MT accelerates the ripening of tomatoes [38] and grape berries [28]
by promoting ethylene biosynthesis. However, contrary conclusions were drawn from
the studies on bananas [39], strawberries [40], pears [41], and mangoes [42] in which the
use of MT inhibited the production of ethylene and delayed the senescence and ripening
of fruits. Fruit senescence is linked to a decrease in quality and an imbalance in active
oxygen metabolism. In this study, throughout the storage at 25 ◦C, mangoes treated with
1-MCP + MT demonstrated greater antioxidant activity and quality than those treated with
1-MCP alone.

The mango in the 1-MCP + MT group maintained a stable a* value and inhibited the
increase in b* during storage, which reduced the colour change in the mango epidermis
and maintained good appearance quality. In particular, the 1-MCP + MT treatment only
caused the smallest change in a* values of the mango’s epidermis, which meant that these
mangoes remained green after 10 days of storage. The mangoes were significantly yellow
in the 1-MCP and control groups. This result is inconsistent with the result reported by
Rastegar et al. [43] in which the single use of MT showed no impact on the colour change
in mangoes. The synergy of 1-MCP and MT could maintain mango firmness and produce
greater titratable acidity and soluble sugar content than 1-MCP alone or in the control. The
total soluble solids content of mangoes was reduced during days 2–6 of storage due to the
addition of 1-MCP alone and 1-MCP + MT. The reason for this might be that the control
mangoes matured faster after 6 days of storage. In other studies, employing MT alone had
no effect on mango colour change, titratable acidity, or total soluble solids content [43].
Studies have shown that strawberries treated with MT alone have a lower ascorbic acid
content [44], whereas, in this study, the 1-MCP + MT treatment effectively delayed the
decrease in the ascorbic acid content of mangoes and had a higher content than that of the
1-MCP group. Therefore, in terms of obtaining higher-quality mangoes, the combination of
1-MCP and MT is superior to 1-MCP alone.

Exogenous MT has been proven in several studies to increase phenolic synthesis [27,45,46].
Nevertheless, in our investigation, the total phenolic content of the control mangoes sig-
nificantly changed after storage but changed less in the 1-MCP and 1-MCP + MT-treated
mangoes. Plant phenolic compounds assist in disease resistance via antibacterial and
bactericidal activities, free radical removal, and anti-lipid peroxidation [47]. In the late
period of storage, the reduction in total phenolic levels in the control mangoes reduced
the ability of the fruit to resist pathogens, thereby accelerating decay (Figure 1E). At low
concentrations, ROS act as signal molecules in plants and aid in defence responses; however,
excessive amounts can lead to oxidative damage and enhance the ripening and senescence
processes. Antioxidant enzymes and antioxidants in plants affect ROS removal [33,37]. In
this study, we discovered that the combination of 1-MCP and MT played a primary role in
promoting ascorbic acid and strengthening superoxide dismutase, ascorbate peroxidase,
and peroxidase activities. In addition, their combination also inhibited the accumulation of
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O2
−. and malondialdehyde while increasing catalase activity in the latter storage period

(Figure 5), which helped to decrease ROS damage to fruit tissue and delayed the process of
senescence and ripening. Different storage stages were associated with the peak activities
of different antioxidant enzymes, indicating that each of them played a role in scavenging
ROS at different stages. The antioxidative effects of 1-MCP, which reduces ROS production
in other fruits [13–15], are enhanced by MT.

5. Conclusions

The effects of the combined treatment of 1-MCP and MT improved the visual and
quality characteristics of mangoes during storage, maintained higher ascorbic acid content,
decreased O2

−. generation rates, reduced the malondialdehyde content, and maintained
higher antioxidant enzyme activity levels. Whether in terms of quality or the regulation of
the active metabolism of mangoes, the effects of the combination of 1-MCP and MT were
superior to those of 1-MCP alone. Hence, the 1-MCP and MT combined treatment may be
a potential alternative in the postharvest technology of mango fruits during storage.

Supplementary Materials: The following supporting information can be downloaded at: https://
www.mdpi.com/article/10.3390/foods12101979/s1, Table S1: the values of each evaluated parameter
in Figures 1–5 at each storage time.
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Abstract: The effect of the QTL involved in climacteric ripening ETHQB3.5 on the fruit VOC composition
was studied using a set of Near-Isogenic Lines (NILs) containing overlapping introgressions from the
Korean accession PI 16375 on the chromosome 3 in the climacteric ‘Piel de Sapo’ (PS) genetic background.
ETHQB3.5 was mapped in an interval of 1.24 Mb that contained a NAC transcription factor. NIL
fruits also showed differences in VOC composition belonging to acetate esters, non-acetate esters, and
sulfur-derived families. Cosegregation of VOC composition (23 out of 48 total QTLs were mapped) and
climacteric ripening was observed, suggesting a pleiotropic effect of ETHQB3.5. On the other hand,
other VOCs (mainly alkanes, aldehydes, and ketones) showed a pattern of variation independent of
ETHQB3.5 effects, indicating the presence of other genes controlling non-climacteric ripening VOCs.
Network correlation analysis and hierarchical clustering found groups of highly correlated compounds
and confirmed the involvement of the climacteric differences in compound classes and VOC differences.
The modification of melon VOCs may be achieved with or without interfering with its physiological
behavior, but it is likely that high relative concentrations of some type of ethylene-dependent esters
could be achieved in climacteric cultivars.

Keywords: candidate genes; Cucumis melo L.; ethylene production; fruit quality; near-isogenic lines;
respiration rate; quantitative trait loci; volatile organic compounds

1. Introduction

Genetic dissection of fruit aroma volatiles is difficult because of the polygenic nature of
these traits, which remains largely unknown [1]. Most of the Quantitative Trait Loci (QTLs)
associated with volatile organic compounds (VOCs) have been mapped in climacteric fruits,
such as apples [2], peaches [3–5], melons [6–8], or tomatoes [1,9–13], but also in non-climacteric
ones such as grapes [14,15], strawberries [16], and raspberries [17]. One of the difficulties
encountered in the genetic dissection of VOCs is the huge number of compounds involved
and the difficulties associated with their analysis and quantification [18–20]. Multivariate
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statistical tools, including correlation network analysis or clustering procedures, are useful
for identifying interactions between VOCs and for grouping highly correlated compounds,
allowing dimensionality reduction [20,21].

Melon germplasm displays a very high degree of genetic variability underlying its
molecular, morphological, physiological, and compositional characters at plant and fruit
levels, thus providing a reservoir of genetic variability for improving melon cultivars [22–28],
although only a small part has been mapped in integrated maps [25].

Melons have been proposed as alternative models to tomatoes for studying climacteric
fruit ripening because of the presence of climacteric and non-climacteric cultivars within the
same species [29]. In the first attempt to decipher the genetic control of climacteric ripening,
Périn et al. [30] described two major genes (Al-3 and Al-4, located on chromosomes 8
and 9, respectively) as being responsible for the genetic control of climacteric ripening,
together with other QTLs located in different chromosomes with lesser effects. Then, QTLs
with a major effect on climacteric ripening have been mapped in different experimental
populations [31–36]. Among them, ETHQB3.5 was identified in the Near-Isogenic Line
(NIL) SC3-5 that carries an introgression on chromosome 3 from the Korean accession
PI 16375, cultivar Shongwan Charmi (SC), into the Spanish ‘Piel de Sapo’ (PS) genetic
background [31,37]. Remarkably, both PS and SC are non-climacteric cultivars [38]. Addi-
tionally, another set of NILs with shorter introgressions in the same region of chromosome
3 from the same cross has been used to study the possible effects of ETHQB3.5 on traits of
interest for postharvest purposes, including the retention of certain flavors following cold
storage [39] or the production of VOCs [38,40–42].

The main advantage of using NILs compared with other mapping populations is that
QTLs can be located easily in defined introgressions flanked by molecular markers, where
their effects can be studied in a homogeneous genomic background, normally from elite
cultivars. Thus, NIL collections are considered efficient tools for studying the genetics of
complex traits such as VOCs in agronomically important species, e.g., tomato [10,12,43] or
melon [6,38,40,44].

The goal of the study was to map ETHQB3.5 and examine its possible colocaliza-
tion with other QTLs involved in the production of VOCs. This information will lead
to classify VOCs as ethylene-dependent or independent. Putative candidate genes for
climacteric ripening and VOC biosynthesis were tentatively located. Our null hypothesis
is that the candidate gene involved in climacteric ripening boosts climacteric-dependent
VOC biosynthesis.

2. Materials and Methods

2.1. Plant Materials, Crop Management, and Experimental Design

A set of melon NILs with a single homozygous introgression in chromosome 3 from
the Korean accession SC in the genetic background of the Spanish cultivar PS was selected
for the present study. All the NILs were developed from the NIL SC3-5 that harbors an
introgression in chromosome 3 from SC [37], as explained in the mapping schedule of
Figure 1. Based on previous data [38,39], the location of ETHQB3.5 was defined between
markers ECM208 and ECM125 [45]. SC3-5 was backcrossed with the recurrent parent
PS and F1 plants were selfed for subsequent recombinant screening. F2 seedlings were
screened with the aforementioned markers, and plants showing recombinations among
them were transferred to the greenhouse to be self-fertilized. Additional research showed
that original NIL SC3-5 contained an introgression in chromosome 6, including the QTL
ETHQV6.3, that is also involved in climacteric ripening [32]. In fact, SC3-5 showed SC
alleles at markers ECM178, CMCTN41, and A06-C03 [45–47] (Table S1). Recombinant
plants were genotyped with those markers, and those showing SC alleles were discarded.
The recombination events were fixed in the next generation, and the extension of the
recombinant introgressions was determined by genotyping with previously published
mapped makers [24,25,46–50]. A total of six recombinant Introgression Lines (ILs) were
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obtained: SC3-5-7, SC3-5-8, SC3-5-12, SC3-5-13, and SC3-5-14) and were finally included in
the experiments along with the recurrent parent PS.

 
Figure 1. Mapping schedule used to obtain melon Near-Isogenic Lines (NILs) from SC3-5 and the
parental PS.

Melon fruits used in this study were cultivated in an open field under Mediterranean
conditions from April to July at the Integrated Center of Training and Agricultural Ex-
perimentation (CIFEA, in its Spanish acronym) located in Torre Pacheco (Murcia, Spain).
The crop management techniques, harvesting practices, and harvest indices were those
commonly used for this crop [39,40,51]. The numbers of replicates harvested (2–3 fruits
per each of the replicate plants) were: n = 5 for SC3-5-7, n = 7 for SC3-5-8, and SC3-5-12
n = 9 for SC3-5-13 and SC3-5-14, and n = 21 for the parental PS used as reference. More
replicates in PS were required to obtain better results using the Dunnett test after ANOVA.
A completely randomized experimental design has been previously described [38,51,52].

2.2. Physiological Behavior and Maturity Indices at Harvest

The physiological behavior of the NILs and PS was confirmed during two seasons.
According to [39,53], fruits were stored at 21 ± 1 ◦C and relative humidity of 66 ± 6% for
at least 8 d. Respiration rate (CO2) and ethylene production (C2H4) were measured by
the static method in at least 5 individual fruits of different replicate plants. Fruits were
harvested from 7 to 10 a.m. at their optimum stage of maturity according to common
harvest criteria [52]. Fruit density was measured at harvest by water displacement and fruit
weight every day. The measurements were conducted at least 2 h after harvest to temperate
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and equilibrate the fruits with the environment. Fruits were enclosed in hermetic containers
for 1 h and sampled for ethylene after 45 min and for CO2 after 1 h (or the equivalent time
in order to avoid accumulation beyond 1% w/w CO2). The container was opened and
the fruits were ventilated until the next-day measurement. Duplicate samples of 0.5 mL
were removed every time from the headspace and analyzed via gas chromatography (GC)
with Thermo Finnigan Trace GC 2000 (Milan, Italy) equipped with a thermal conductivity
detector and 2-m Porapak N 80/100 column (Agilent J&W, EEUU, Santa Clara, CA, USA)
for CO2 and a GS-Q de 30 m × 0.530 mm column (J&W Scientific, Agilent Technologies
Inc., EEUU) and flame ionization detector for ethylene.

GC conditions for CO2 were: oven temperature of 100 ◦C for 3 min and post-run
conditions of 160 ◦C for 5 min with 70 kPa pressure. The injector and detector temperatures
were 150 ◦C. A constant flow was used by mixing 30 mL He min−1 as inert gas and nitrogen
as make-up gas of 10 mL min−1. The signal range was the maximum of 1.

For C2H4, oven temperature remained at 60 ◦C for 2.2 min, and then, a ramp of
80 ◦C·min−1 up to 80 ◦C was set. Every analysis lasted 2.45 min. The injector and detector
temperatures were 200 ◦C and 250 ◦C, respectively. The split mode was 1:15 with a purge
flow of 90 mL·min−1. The constant flow was established (6 mL·min−1) with a mixture of
synthetic air (350 mL·min−1), H2 (35 mL·min−1), He (4 mL·min−1), and N2 (30 mL·min−1)
as make-up gas. The signal range was 1.

The GCs were previously calibrated with external standards (1 ± 0.1 ppm for ethylene
and 1 ± 0.1% w/w for CO2 -Air Liquide, Valencia, Spain-). Calculations were programmed
in an Excel worksheet according to [54]. In accordance with their physiological behavior
(levels of respiration rate and ethylene production), the NILs and PS (control) were classified
as non-climacteric (NC), light, or moderately climacteric (LC or MC) [52]. The physiological
behavior of the NILs was verified in two different seasons and n ≥ 5 fruits per season
except for the NIL SC3-5-7 (only one season).

2.3. Juice Sampling and VOC Analysis

The methodology used to determine the VOC composition of melon juice by constant
flow gas-chromatography mass-spectrometry (GC-MS) analysis was adapted from [38].
VOCs were tentatively identified and aligned by matching their mass spectra of individual
components with those stored in the National Institute for Standards and Technology
(NIST05a.L, search version 2.0) spectral database and by comparing with linear reten-
tion indices (LRI) reported in the literature or NIST database (http://webbook.nist.gov/
chemistry/cas-ser.html (accessed on 1 January 2022)). VOCs were classified into ten classes
of compounds (acetate esters, organic acids, alcohols, aldehydes, alkanes, ketones, non-
acetate esters, sulfur-derived compounds, terpenes, and others). The variables of the
compound classes and individual VOCs were obtained following a previously described
method [44]. Consistently unidentified compounds (NID) of the untargeted GC-MS analy-
sis were classified as unidentified and reported according to their mass spectra and/or LRI.
The closest group of chemical compounds was tentatively reported from NID1 to NID4
compounds and used for the classification of compound classes. The NID1 compound with
LRI 1143 was the same unidentified compound previously labeled as “NID3” [44].

2.4. Candidate Gene Selection

Molecular markers were anchored to the melon genome v4.0 [48,55] using the BLAST
(Basic Local Alignment Search Tool) available at www.melonomics.net (accessed on 1
January 2022) (Table S1). Annotated genes included in the genomic regions defined by
the markers were also retrieved from the Melonomics 4.0 website. The annotation of the
genes was double-checked, also using BLAST to compare the annotated/predicted melon
genes with the Arabidopsis thaliana database (TAIR; www.arabidopsis.org (accessed on
1 January 2022)) and the Uniref90 protein database (http://www.uniprot.org (accessed
on 1 January 2022)). The annotation was retained when the significance of the BLAST
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comparison was p < 10−5. The role of transcription factors or other genes on the phenotype
was not directly determined.

2.5. Statistical Analysis and QTL Mapping

The statistical analysis applied to the data from the compound classes and individual
VOC variables has been explained previously in detail [44]. For each melon line, all
individual VOCs and the classes of compounds were subjected to exploratory data analysis
to detect possible outliers by using box-whisker plots allowing a visual comparison between
NILs. The data were log-transformed (base 2) and, to apply this transformation, the
zero values of VOCs were substituted by the minimum non-zero values observed in
the whole dataset [12]. The transformed data were submitted to analysis of variance
(ANOVA) with pedigree (NILs and PS) as a factor. The resulting p-values were corrected for
multiple testing by using the Benjamini and Hochberg criterion [56]. Variables that showed
significant differences at level p = 0.05 were selected for further analysis. NIL means were
simultaneously compared with the control PS mean with a Dunnett’s test at level p = 0.05.
NILs showing significant differences were assumed to harbor a QTL for the trait under
study in their respective introgression from SC on chromosome 3. The position of the QTL
was established by substitution mapping based on the different lengths of the introgressed
segments [57].

A correlation network analysis (CNA) by considering the Pearson correlation co-
efficient was performed to evaluate the interactions among VOCs and to find groups
containing highly correlated VOCs, which were visualized by drawing graphs. The pairs
of compounds with absolute Pearson correlation coefficient values higher than a given
threshold were selected. Additionally, a hierarchical cluster analysis (HCA) was carried
out to classify and identify either cluster of VOCs or NILs. Specifically, an agglomerative
hierarchical clustering (AHC) procedure was performed for the individual VOCs of PS and
NILs together, considering the similarity metric defined in terms of the Pearson correlation
coefficient and using the Ward’s minimum variance method. In general, AHC starts with
the definition of each VOC belonging to a cluster. In each step, the closest pair of clusters
are merged into a new cluster until all of the compounds are in a single cluster. In order
to visualize the clustering procedure, a heatmap and a tree diagram (dendrogram) are
represented by including the ordering of the clusters and the level of similarity or distance
between clusters.

All statistical techniques were performed using free R environment software version
4.1.3 (R Foundation for Statistical Computing, Vienna, Austria) and the flashClust package
for HCA and CNA [58]. The correlation networks and the heatmaps were visualized by
using the igraph [59] and the gplot [60] packages, respectively.

2.6. Classification of VOCs According to Ethylene Dependence

The volatile compounds were classified as dependent or independent of ethylene
action according to different criteria: (i) their levels in the NILs compared with PS and the
physiological behavior of each NIL resulting from respiration and ethylene production
measurements in separate fruits (climacteric or non-climacteric behavior) as reported above;
and (ii) the colocalization of QTLs of VOCs and ETHQB3.5.

3. Results

3.1. Ideogram of the NILs. Physiological Behavior, Mapping of ETHQB3.5 and Putative
Candidate Genes

An ideogram showing the five NILs under study was obtained (Figure 2).
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Figure 2. Ideogram showing the extent of the SC introgression on chromosome 3 among the Near-
Isogenic Lines (NILs) and classification of their climacteric behavior (green—non-climacteric, orange—
climacteric). Molecular markers are anchored to the melon genome v4.0. All the molecular markers
are reported in Table S1. Pale or deep green color indicates introgressed region covered by non-
climacteric NILs and pink–orange color by climacteric ones, according to Figures 3 and S1. Pink and
light green indicate the regions between markers where the recombination occurred in each NIL.

The parental PS and the NIL SC3-5-7 showed non-climacteric behavior, whereas
three NILs (SC3-5-8, SC3-5-12, and SC3-5-14) were classified as climacteric. The NIL
SC3-5-13 showed a climacteric respiration peak but was not accompanied by a consistent
peak of ethylene production in the main season of the experiments (Figure 3). How-
ever, the climacteric pattern accompanied by the ethylene peak was confirmed during
an additional season (Figure S1). The climacteric NILs showed moderate respiration
rate levels of 250–1400 nmol·kg−1·s−1 of CO2 and a slight peak of ethylene production of
5–70 pmol·kg−1·s−1 of C2H4 (Figure 3).

In accordance with the above-mentioned classification of climacteric behavior
(Figure 3), the QTL ETHQB3.5 was mapped (Figure 2) between the molecular markers
CMPSNP374 and AI_14-F04 of the melon genome v4.0 and separated by 1.24 Mb (physical
positions from 25.197.968 to 26.434.021), e.g., less than 0.32% of the 400 Mb of the version 4.0
of the melon genome (Figure 2; Tables S1–S3).

Because the role of transcription factor or genes on the phenotype was not directly
determined, only a summary of the genes contained in the regions of potential interest in the
genetic map were reported. One hundred and forty-seven genes were annotated within the
genetic region that included ETHQB3.5, e.g., from MELO3C011093 to MELO3C011239, thirteen
of them were with unknown functions that would require further characterization (Table S3).
One hundred and forty-six additional genes were located in the introgression area studied
outside of the ETHQB3.5 region (forty-five genes from markers CMN22-85 and CMPSNP374;
one hundred and one genes from markers AI_14-F04 and TJ10; Tables S2 and S3).
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Figure 3. Respiration rate (CO2, �) and ethylene production (C2H4, �) (RR and EP, respectively;
mean ± S.E.) during postharvest ripening at 21 ◦C and relative humidity of 66 ± 6%. Non-climacteric
fruits of parental PS (n = 21) and NIL SC3-5-7 (n = 5). Light–moderate climacteric fruits of NILs
SC3-5-8, SC3-5-12 (n = 7), SC3-5-13 (n = 9), and SC3-5-14 (n = 9).

3.2. Volatile Organic Compounds
3.2.1. Compound Classes of VOCs and Univariate Analysis

NILs and PS showed differences in compound classes and individual VOCs
(Tables 1 and 2). Aldehydes, alcohols, and ketones were the major VOC classes in PS
and the NIL SC3-5-7. Ketones were significantly higher in the parental PS than in the NILs.
Furthermore, higher aldehyde content was found in the NIL SC3-5-7 compared with PS.
On the other hand, acetate esters and sulfur-derived compounds were more prominent
among NILs except for SC3-5-7. The NIL SC3-5-8 showed relatively low levels of alkanes
and terpenes compared with PS, whereas the level of compounds classified as “others” in
all NILs (except for SC3-5-7) was lower than in PS (Table 1).

3.2.2. Univariate Analysis of Individual VOCs

A total of 161 consistent volatiles were identified and subjected to univariate and
multivariate analysis. One hundred and ten individual volatile compounds pointed out the
main differences in aroma between PS and NIL (Tables 2 and S4). They were mainly acetate
esters, sulfur-derived compounds, and non-acetate esters, which showed values above
those of PS or the non-climacteric NIL. Twenty-nine of the one hundred and ten compounds
were absent in PS (mainly non-acetate esters and sulfur-derived compounds), and another
thirty-five were present in one or several NILs irrespective of their physiological behavior
(e.g., associated with this introgression in chromosome 3, Table 2).
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Table 1. Main compound classes identified for QTL mapping in melon chromosome 3 using five
Near-Isogenic Lines (NILs) with different physiological behavior. Data are expressed as percentages
of each compound class with respect to the total normalized areas.

NILs. Replicates and Classification of Climacteric Behavior a

PS SC3-5-7 SC3-5-8 SC3-5-12 SC3-5-13 SC3-5-14
ETHQB3.5

Association dn = 21 n = 5 n = 7 n = 7 n = 9 n = 9
Compound

Class b (NC) (NC) (LC/MC) (LC/MC) (LC/MC) (LC/MC)
p-Value

c

ACE 5.89 7.24 43.24 * 46.39 * 15.73 * 24.56 * **** Full
NAE 6.31 5.38 4.90 5.47 6.36 6.00 NS No
ALD 33.30 52.02 * 19.24 13.64 * 35.82 29.44 *** No
ALC 16.80 17.17 14.78 11.40 15.54 16.05 NS No
KET 19.80 9.48 * 6.79 * 6.35 * 13.00 * 10.06 * **** No

ACD 0.24 0.38 0.36 0.30 0.23 1.02 NS No
SDC 1.50 2.22 7.79 * 7.25 * 4.84 * 6.99 * **** Full
TER 1.40 1.01 0.73 * 0.97 1.36 1.31 *** No

AHA 2.08 1.69 0.58 * 1.20 1.96 1.27 ** No
OTH 6.42 3.51 1.63 * 2.62 * 4.36 3.36 * **** No

a Non-climacteric, NC; LC or MC Light or moderate climacteric, respectively. b Compound classes: ACE, acetate
esters; NAE, non-acetate esters; ALD, aldehydes; ALC, alcohols; KET, ketones; ACD, organic acids; SDC, sulfur-
derived compounds; TER, terpenes; AHA, alkanes; OTH, others. Underlined terms indicate absence of QTL
mapped in melon chromosome 3 due to the lack of interpretation of the results. c NIL means followed by an
asterisk were significantly different from the control PS according to one-way ANOVA with pedigree effect
followed by a Dunnett test (p = 0.05). *, **, ***, ****: significance at p ≤ 0.05, 0.01, 0.001, and 0.0001, respectively.
NS, non-significant. d Association of the group of aroma volatiles with the presence of ETHQB3.5 in the map
(Figure 3) without taking into account SC3-5-13.

Hexanal was the most relevant in the percentage of total area (close to 8–20%), par-
ticularly above the upper level in parental PS and the non-climacteric NIL SC3-5-7. In PS,
the content of the three volatile compounds, ethenylbenzene, (1-hydroxy-2,4,4-trimethyl-
pentan-3-yl) 2-methylpropanoate, and 2-ethyl-3-hydroxyhexyl 2-methylpropanoate, was
particularly high compared with the NIL.

Eight individual volatile compounds with higher levels in the climacteric NILs com-
pared with PS (and one, ethenylbenzene, with a lower level in climacteric NILs than in PS)
reflected the differences in physiological behavior between the climacteric NILs and PS.
The eight individual compounds with higher relative levels in all the climacteric NILs were
as follows: two acetate esters (benzyl acetate, butan-2-yl acetate), three non-acetate esters
(methyl propanoate, 1-methylethyl acetate, 2-methylpropyl acetate), one sulfur-derived
compound (1-(3-Hydroxypropylsulfanyl)ethanone), one alcohol (2-Methylbutan-1-ol), and
one unidentified (NID1).

The difference in the aldehyde content between the non-climacteric NIL SC3-5-7 and PS was
mainly due to NID4 and two aldehydes (2,4-dimethylbenzaldehyde; 4-methylbenzaldehyde)
that were undetectable in PS. The other two aldehydes, (E)-hept-4-enal and (E)-non-2-enal, had
a higher content in the NIL SC3-5-7 and other NILs (SC3-5-13 for (E)-hept-4-enal and SC3-5-14
for both compounds) than in PS (Table 2). On the other hand, the aldehydes (2E,6E)-nona-2,6-
dienal and decanal were absent or present in lower concentrations, respectively, in NIL SC3-5-7
compared with PS (Table S5).

3.2.3. Genes Located in the Region Mapped of ETHQB3.5 or Covered by the Introgression

The 1-deoxy-D-xylulose-5-phosphate synthase gene, a putative candidate gene for VOC
biosynthesis, was mapped in the ETHQB3.5 region (Table S3). The other two genes were
found in the surrounding region of the SC introgression in melon chromosome 3, such as
aspartate aminotransferase (MELO3C011284.2; data obtained from MELOGEN from physical
positions 24913797 to 24917594), and a phospholipase (MELO3C011257) (Table S3).
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3.2.4. VOC QTL Mapping

Several scenarios were obtained when we tried to map compound classes or individual
volatiles (Tables 3 and 4) by substitution mapping: (i) the inferred map position of the
volatile QTL colocalized with ETHQB3.5, (ii) the QTL mapped in a different position than
ETHQB3.5 QTL, (iii) the segregation of the trait and introgressions among NILs was not
compatible with the presence of a single QTL in the studied region. QTLs included in the
(i) scenario are climacteric dependent and may be due to pleiotropic effects of ETHQB3.5,
whereas QTLs included in the (ii) scenario would be genes linked to ETHQB3.5 whose
effects would be largely climacteric-independent. For example, QTLs for VOCs belonging
to the acetate esters and sulfur-derived compounds classes colocalized with ETHQB3.5,
whereas QTLs associated with aldehydes and ketones classes were mapped independently
to ETHQB3.5 (Tables 1 and 3).

Forty-four VOC QTL could be mapped (only one per individual VOC) out of the one
hundred and ten with some significant NIL effect in Table 2, and in thirty-one of which
SC alleles increased volatile synthesis (Table 4). Twenty-one QTLs of individual VOCs
colocalized with the region of ETHQB3.5 (plus two more for compound classes of acetate
esters and sulfur-derived compounds), and in nineteen of them (plus two of the compound
classes mentioned above), the SC alleles increased the VOCs synthesis (Tables 4 and S2).
Most of them altered the composition of acetate and non-acetate esters and sulfur-derived
compounds (Tables 2, 4 and S2).

For VOCs without a QTL mapped in chromosome 3 (Table 2), a more complex ge-
netic control was assumed. For example, for 25 VOCs, only SC3-5-8 showed significant
differences compared to PS (Table 2). In another case, only SC3-5-7 showed an increased
level of 2,4-dimethylbenzaldehyde or octyl acetate or a reduction in ethanol or decanal
(Table 2), suggesting that ETHQB3.5 or another tightly linked QTL present in the other
NILs, modulates the effects of a QTL that is to the left part of the introgression that is
covered by SC-3-5-7 (Table 4).

Twenty-five QTLs of VOCs were mapped in regions outside the region of ETHQB3.5 in
chromosome 3. Seventeen of the former QTLs (including aldehydes, ketones, and the rest of
individual VOCs) were mapped to the right of the molecular marker AI_14-F04 (Table S2),
and thirteen of them, including aldehydes, had a negative effect on the PS levels of VOCs.
On the other hand, eight of the QTLs (seven VOCs plus ketones as compound classes) were
mapped to the left of the molecular marker CMPSNP374 and showed a positive effect on
VOC levels in PS, except for ketones as compound classes (Tables 1, 2 and S2).
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3.2.5. Correlation Network and Hierarchical Clustering Analysis

The CNA built sixty-seven groups (Figure 4), five of which had at least three com-
pounds (G1, G2, G3, G4, and G5) (Table 5), and the remaining only had one compound. In
the most numerous group (G1), a network was established among twenty-eight volatile
compounds (Tables 2, 5 and S6; Figure 5); twenty-three of them were signed as important
in the QTL identification in chromosome 3 (seventeen of them with QTLs colocalized with
ETHQB3.5; Tables 4, 5 and S6). Three sub-groups were obtained within G1, mainly associ-
ated with acetate esters, non-acetate esters, and sulfur-derived compounds, respectively. In
G2, aldehyde, alcohol, and ketones were present. In the other groups, the grouping of VOCs
was more difficult to classify, except in G5 (alcohol and non-acetate esters particularly, plus
one terpene and one classified as another VOC type). In G2 and G5, most of the VOCs with
QTL that mapped in chromosome 3 (four per group) were located to the right of ETHQB3.5
and only for ethenylbenzene (in G5) colocalized with ETHQB3.5. The VOCs of G3 and
G4 include compounds not interpretable in Table 4 for QTL mapping in chromosome 3
(Tables 4, 5, S2 and S6).

Table 5. Groups with at least two compounds and correlations above 0.7 in absolute value were
obtained by correlation network analysis (CNA) applied to melon aroma volatile compounds. The
chemical and sensory attributes of the compounds are in Table S6.

Order a CAS b and Group IUPAC c Name

Group 1
1 000079-20-9 Methyl acetate
2 000078-83-1 2-Methylpropan-1-ol
3 000554-12-1 Methyl propanoate
4 001534-08-3 S-Methyl ethanethioate
5 000109-60-4 Propyl acetate
6 000623-42-7 Methyl butanoate
7 000137-32-6 2-Methylbutan-1-ol
8 000110-19-0 2-Methylpropyl acetate
9 000868-57-5 Methyl 2-methylbutanoate

10 000820-71-3 2-Methylprop-2-enyl acetate
11 000106-36-5 Propyl propanoate
12 000123-86-4 Butyl acetate
13 002432-51-1 1-Methylsulfanylbutan-1-one
14 005271-38-5 2-Methylsulfanylethanol
15 000540-42-1 2-Methylpropyl propanoate
16 000123-92-2 3-Methylbutyl acetate
17 000624-41-9 2-Methylbutyl acetate
18 000628-63-7 Pentyl acetate
19 016630-66-3 Methyl 2-methylsulfanylacetate
20 001191-16-8 3-Methylbut-2-enyl acetate
21 023747-45-7 3-Methyl-1-methylsulfanyl-butan-1-one
22 115051-66-6 1-(3-Hydroxypropylsulfanyl)ethanone
23 000142-92-7 Hexyl acetate
24 000470-82-6 1,8,8-Trimethyl-7-oxabicyclo[2-2-2]octane

25 NID1 d NID1 (LRI 1143; RT 20.871) (m/z 43, 88, 73, 61,
148, 41, 45)

26 000140-11-4 Benzyl acetate
27 007371-86-0 4-Acetyloxypentan-2-yl acetate
28 000103-45-7 2-Phenylethyl acetate
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Table 5. Cont.

Order a CAS b and Group IUPAC c Name

Group 2
1 000123-72-8 Butanal
2 000123-73-9 But-2-enal
3 000616-25-1 Pent-1-en-3-ol
4 017528-72-2 Pent-1-en-3-one
5 000565-69-5 2-Methylpentan-3-one
6 000066-25-1 Hexanal

Group 3
1 068411-77-8 Cyclohexane
2 000108-88-3 Methylbenzene
3 018729-48-1 3-Methylcyclopentan-1-ol
4 000105-54-4 Ethyl butanoate

Group 4
1 NID2 d NID2 (LRI 908; RT 8.645) (m/z 71, 41, 58, 55, 56)
2 001565-75-9 2-Phenylbutan-2-ol
3 002040-07-5 1-(2,4,5-Trimethylphenyl)ethanone

Group 5
1 000100-42-5 Ethenylbenzene
2 000591-23-1 3-Methylcyclohexan-1-ol
3 005441-52-1 3,5-Dimethylcyclohexan-1-ol
4 001193-81-3 (2-Methylcyclohexyl)methanol
5 000464-49-3 1,7,7-Trimethylnorbornan-2-one

6 074367-33-2 (1-Hydroxy-2,4,4-trimethyl-pentan-3-yl)
2-methylpropanoate

7 74367-31-0 2-Ethyl-3-hydroxyhexyl 2-methylpropanoate
a Arbitrary order within each group according to correlation network analysis. Underlined numbers are com-
pounds not interpretable in Table 4 for QTL mapping in melon chromosome 3. b CAS, Chemical Abstracts Service
(number of compounds). c IUPAC, International Union of Pure and Applied Chemistry. d All unidentified
compounds are identified with linear retention index, retention time (min), and main ions.

Six clustering VOCs can be clearly identified in the heatmap (Figure 6): C1, C2, C3,
C4, C5, C6, and the detailed VOCs per cluster are shown in Figure 7. Twenty-six of the
VOCs in C1 also belong to the most numerous group (G1) identified by correlation network
analysis. As we mentioned above, these were important VOCs for QTL mapping and many
colocalized with ETHQB3.5 (Table 4). The VOCs included in the groups G3 and G5 were
assigned to the same cluster, C3, while all VOCs in the groups G2 and G4 were identified
into C6 and C5, respectively. Clusters C2 and C4 had no intercorrelated VOCs with higher
correlation absolute values than 0.7.

A heatmap for two-way HCA of melon fruits and their VOCs indicates that cluster C1
showed more evident associations with climacteric NILs because the VOCs included in
the cluster were related to esters (acetate and non-acetate) and sulfur-derived compounds
(mostly esters) (Figure 8). These VOCs were produced via amino acids and, particularly,
methionine. In fact, at the bottom left of the heatmap, the compounds that differentiate
PS from the NILs are found, mostly esters, as expected. At this position, the separation
between SC3-5-8, SC3-5-14, and SC3-5-12 from the rest was evident.

The VOCs in a sub-cluster C4 were mainly related to aldehydes (4-methylbenzaldehyde;
1-cyclohexene-1-carboxaldehyde, 2,6,6-trimethyl-; (E)-hept-4-enal) and ketones (pentane-
2.3-dione; octane-2-5-dione) and were associated to the non-climacteric NIL SC3-5-7, while
the VOCs included in cluster C5 (top of Figure 8, VOCs located on the right), such as
propanal, 2-phenylbutan-2-ol, 1-(2,4,5-trimethylphenyl)ethanone or butan-2-one, were as-
sociated with the climacteric NIL SC3-5-8, which showed an exclusive different level of
these VOCs versus PS (Table 2). Consequently, these VOCs were not interpretable for QTL
mapping (Tables 2 and 4).
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Figure 4. Correlation network analysis (CNA) based on absolute Pearson correlation coefficient with
cut-off value greater than 0.7. Groups identified from individual volatile compounds analyzed for the
Near-Isogenic Lines (NILs) with introgression on melon chromosome 3 (SC3-5-7, SC3-5-8, SC3-5-12,
SC3-5-13, and SC3-5-14) and the parental control ‘Piel de Sapo’ (PS). CAS numbers use dots instead
of dashes. ACE, acetate esters; NAE, non-acetate esters; SDC, sulfur-derived compounds; ALD,
aldehydes; KET, ketones; ALC, alcohols; TER, terpenes; AHA, aliphatic compounds; OTH, other
compounds; NID, unidentified compound.

3.3. Association between VOCs and Climacteric Behavior

The QTL of twenty-one individual VOCs mapped in the ETHQB3.5 region exclusively
showed ethylene dependence (plus the acetate esters and sulfur-derived compounds as
compound classes). Twenty-three QTLs (plus the aldehydes and ketones as compounds
classes) showed full ethylene independence (Tables 3, 4 and S2).
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Figure 5. Grouping of individual volatile compounds with six or more compounds in each group
obtained by correlation network analysis (CNA) applied to individual volatile compounds analyzed
for Near-Isogenic Lines (NILs) with introgression on melon chromosome 3 (SC3-5-7, SC3-5-8, SC3-
5-12, SC3-5-13, and SC3-5-14) and the parental control ‘Piel de Sapo’ (PS). CAS numbers use dots
instead of dashes. ACE, acetate esters; NAE, non-acetate esters; SDC, sulfur-derived compounds;
ALD, aldehydes; KET, ketones; ALC, alcohols; TER, terpenes; AHA, aliphatic compounds; OTH,
other compounds; NID, unidentified compound.
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Figure 6. Heatmap of absolute Pearson correlation coefficients between pairs of individual volatile
compounds was analyzed for the Near-Isogenic Lines (NILs) with introgression on melon chro-
mosome 3 (SC3-5-7, SC3-5-8, SC3-5-12, SC3-5-13, and SC3-5-14) and the parental control ‘Piel de
Sapo‘ (PS). Dendrogram obtained by Ward’s hierarchical clustering method was applied to the log2-
transformed data. The individual volatiles are plotted by their respective CAS numbers (dots instead
of dashes) on the right of the heatmap.
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Figure 7. Detailed dendrograms of the six clusters (C1–C6) identified by hierarchical clustering ap-
plied to individual volatile compounds analyzed for the near-isogenic lines (NILs) with introgression
on melon chromosome 3 (SC3-5-7, SC3-5-8, SC3-5-12, SC3-5-13, and SC3-5-14) and the parental control
‘Piel de Sapo’ (PS). The individual volatiles are plotted by their respective CAS numbers (dots instead
of dashes) plus their chemical compound classes. ACE, acetate esters; NAE, non-acetate esters; SDC,
sulfur derived compounds; ALD, aldehydes; KET, ketones; ALC, alcohols; TER, terpenes; AHA,
aliphatic compounds; OTH, other compounds; NID, unidentified compound.
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Figure 8. Heatmap for two-way hierarchical clustering applied to melon fruits and their aroma
volatiles analyzed for the Near-Isogenic Lines (NILs) with introgression of melon chromosome 3
(SC3-5-7, SC3-5-8, SC3-5-12, SC3-5-13, and SC3-5-14) and the parental control ‘Piel de Sapo’ (PS). Den-
drograms obtained by Ward’s hierarchical clustering method were applied to the log2-transformed
data analyzed. The individual volatiles are plotted by their respective CAS numbers (dots instead of
dashes) on the right of the heatmap.

4. Discussion

The melon aroma was complex and strongly dependent on the NIL or cultivar studied,
but also on physiological behavior (Figure 3), in agreement with previous
results [6,20,38,40,43,62]. Many studies comparing climacteric and non-climacteric cultivars
of different origins reached a similar conclusion concerning the predominance of aldehydes
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and ketones in non-climacteric types and different levels of esters in climacteric ones [62–66],
all in a ripening-dependent manner [18,36,40,67]. However, the present study details that the
components of climacteric melon aroma, such as acetate esters and sulfur-derived compound
classes (and several individual VOCs) colocalized with ETHQB3.5 (Tables 3 and 4). The former
results are supporting the link between this QTL and QTLs of individual VOC production.

In detail, climacteric NILs and PS showed different accumulation levels of certain
individual VOCs, mainly acetate esters (e.g., 1-methylethyl acetate or 2-methylpropyl
acetate) and sulfur-derived compounds (e.g., 1-methylsulfanylbutan-1-one or 3-methyl-1-
methylsulfanyl-butan-1-one) (Table 2). Three of these acetate esters (1-methylethyl acetate,
2-methylpropyl acetate, and benzyl acetate), which are related to the climacteric behavior
of NILs and their QTLs colocalized with ETHQB3.5 (Table 4), and three acetate esters
identified from our results (hexyl acetate, propyl acetate, and methyl acetate) (Table 2) have
been previously reported in NILs with introgression in chromosomes 3 and/or 6 [38,40].
In general, as in [38,40], all these compounds, except 1-methylethyl acetate with its lower
values, showed higher values in the NILs than in PS.

The importance of ethylene-dependent esters (particularly acetate esters) and sulfur-
derived compounds (collectively or individually) has also been outlined in the flesh of intact
fruits of the climacteric NIL SC3-5-1 containing both introgression in melon chromosomes
3 and 6 (and the corresponding QTLs ETHQB3.5 and ETHQV6.3), which indicated that our
results using melon flesh in these NILs are not an artifact [20,36,42]. In addition, thirteen
of the compounds reported in intact fruit are described as important in chromosome 3 in
the present investigation with VOCs obtained from pulp juice, but not all of them have
QTLs that colocalized with ETHQB3.5 (Tables 2, 4 and S2). Among them, the QTLs of 2-
methylbutyl acetate, hexyl acetate, 2-phenylethyl acetate, or S-methyl ethanethioate did not
colocalize with ETHQB3.5, while butyl acetate and 3-methyl-1-methylsulfanyl-butan-1-one
colocalized with ETHQB3.5 (Tables 2, 4 and S2). This result is an indication of potential
ethylene dependence and independence of VOCs of interest in melons.

Several of the esters (acetate and non-acetate) identified (Tables 2 and S4) have been
described as predominant in climacteric orange-flesh cantaloupes (C. melo var. reticulatus,
Naudin, cv. Sol Real) but are also important in oriental melons. In cantaloupes, most of them
were acetate ester-type: methylbutyl (e.g., 2-methylbutyl acetate, 3-methylbutyl acetate),
ethyl (e.g., ethyl butanoate), hexyl (e.g., hexyl acetate), nonenyl and benzyl (e.g., benzyl
acetate), and non-acetate ester-type: butanoates (e.g., ethyl butanoate), methylpropanotaes,
and hexanoates. Alcohols (e.g., 2-methylbutan-1-ol) and aldehydes were described as
important precursors in the synthesis of key esters of melon aroma [67–70]. In climacteric
oriental Hami-type melon, acetate esters (e.g., ester 2-methylpropyl acetate) and non-acetate
esters (e.g., methyl 2-methylbutanoate) have also been reported [71]. The former authors
reported a profile with many other VOCs similar to those in the climacteric NILs under
study (Tables 2 and S4), probably due to the origin of the introgression of the Korean
accession PI161375 [37].

Essentially, ETHQB3.5 in the PS genetic background (Figure 2) enhanced overall ester
VOCs, including acetate and sulfur-derived esters and some non-acetate esters. Santo
Domingo et al. [36] suggested that ETHQB3.5 in PS background does not produce a strong
effect in the main contributors to the melon aroma, at least compared with the other genetic
backgrounds, such as ‘Védrantais’, and that the introduction of other climacteric QTLs is
necessary for designing a strong aromatic melon line. However, the study of ETHQB3.5 is
enough to study VOC’s ethylene dependence or independence. We compared our results
with VOCs obtained via hybrids of/and ACO (antisense aminocyclopropane-1-carboxylic
acid oxidase) in ‘Védrantais’ [72,73] or antisense suppression of alcohol acetyltransferase in
Hami melons [74]. In general, the agreement with the enhancement of many ester VOCs
and those of the antisense ACO could be due to the concomitant increase of many volatiles
of the same pathway and the coordinated expression of the genes associated with this
pathway (Table 4). Even so, some discrepancies are apparent when comparing some ester
VOCs classified as ethylene-independent (Tables 2 and 4) and the apparent full ethylene-
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dependence of esters apparently synthesized from alcohols by alcohol acetyl transferases
(CmAAT) [73]. The potential explanation for this apparent discrepancy (for example, for
2-methylbutyl acetate, a VOC with QTL classified as ethylene-independent, Tables 4 and S2)
is the presence of alternative pathways for ester biosynthesis in melon (yet to be confirmed),
similar to how it happens in apple [75].

On the other hand, the antisense Hami oriental melons that affected the last step of
conversion of alcohols into esters [74], reduced the level of many esters (2-methylpropyl
acetate, butyl acetate, 1-methylsulfanylbutan-1-one, 3-methylbutyl acetate, hexyl acetate,
benzyl acetate, 2-phenylethyl acetate, and methyl acetate). They were characteristic com-
pounds in the climacteric NILs with high levels in general, but not in all of them their QTLs
were mapped within the ETHQB3.5 region (Table 4).

One possible hypothesis for discrepancies with the former authors is the differ-
ences due to the genetic background [36], or that the alteration of climacteric ripening
by ETHQB3.5 had pleiotropic effects on the ethylene and VOC biosynthesis that could
be controlled by genes widely distributed across the melon genome [36], as it has been
revealed by the presence of potential cis e-QTLs [76].

In climacteric NILs, the higher content of individual non-acetate esters (e.g., propyl
propanoate and methyl butanoate) absent from PS and absent in non-climacteric NILs
suggests again a pleiotropic effect and only partial dependence on ethylene of this com-
pound class, as has been outlined for other quality traits with the QTLs of chromosome
3 [32,52]. The non-acetate esters methyl propanoate and methyl butanoate, have previously
been reported in climacteric NILs with higher values than in PS [38,40], and both were
classified as ethylene-dependent here (Tables 4 and S2). The non-acetate esters methyl 2-
methylbutanoate and ethyl butanoate have also been previously reported by [38,40] where
they showed higher values in NILs (climacteric and non-climacteric) than in PS. In fact, this
could be the reason for ethylene-independence or lack of classification, respectively, in our
case (Tables 2, 4 and S2).

Although the climacteric trait in our NILs acts as a powerful enhancer in the production
of many VOCs (Table 2), some of them also increased in non-climacteric NILs compared
to parental PS. This suggests an additional explanation, which is that at least two QTLs
could exist for this compound, the main one, ethylene-dependent, and the minor one,
ethylene-independent. Unfortunately, we were unable to map two QTLs with this pattern,
though this might be the case of a lack of QTL interpretation associated with the production
of certain VOCs, particularly esters (Table 2). We hypothesize that this might be due
to an additional QTL in other non-target introgressions that may also segregate in the
genetic background.

The production of aldehydes, ketones, and alcohols was partly ethylene-independent
because the levels of the individual volatile compounds belonging to these classes of
compounds (Tables 1 and 2) were directly related to the separation according to climacteric
or non-climacteric behavior of the NILs, in agreement with many authors [65,66,77]. One
relevant case was 2-methylbutan-1-ol with relative levels higher in climacteric NILs, a
reason why its QTL mapped within the ETHQB3.5 region (Tables 2 and 4). In this sense, the
introgression in non-climacteric NIL SC3-5-7 induced an increase in the aldehyde content
compared with PS aroma, particularly in several individual compounds, as also observed
in HCA figures (Tables 2, S4 and S5; Figures 7 and 8). Thus, this introgression, without
carrying any QTL or gene that alters the climacteric behavior, had the potential to change
the aroma of PS, as has been detected in NILs with introgression in chromosome 3 or other
chromosomes [6,38,44]. Furthermore, the NIL SC3-5-7 showed reduced terpene content
(Table 1), which might be affected by 1-deoxy-D-xylulose-5-phosphate synthase [15], a
gene that maps in the region of recombination of this NIL located between the molecular
markers CMPSNP374 and ECM60c (Tables 4 and S3).

The coexistence of the dependence and independence of VOC production on ethylene
suggested that our results agreed with [78] and are partly due to the different pathways to
produce branched-chain ester or straight-chain esters, also depending on their precursors.
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According to [67], the metabolism of branched-chain amino acids, including Val, Leu, Ile,
as well as the Phe as an aromatic amino acid, and Cys as a sulfur-containing amino acid,
are under the regulation of ethylene. When Flores et al. [78] studied the formation of hexyl
acetate from hexanal or butyl acetate from butanal, they concluded that the reduction
of fatty acids and aldehydes was essentially an ethylene-dependent process, while the
following process of ester-formation included ethylene-independent components too. In
fact, we located a QTL ethylene-independent for hexanal, hexyl acetate, or butanal, but for
butyl acetate, the QTL mapped was fully ethylene-dependent (Tables 4 and S2). Factors,
other than their physiological behavior but associated with the genotype of each NIL (such
as internal characteristics of the different NILs) and conditioned by the introgression, could
be critical in the production of these VOCs.

The use of mapping in this experiment found clustering of QTLs that apparently
controlled the levels of VOCs, belonging to similar compound classes linked to the genomic
region that contain the climacteric QTL ETHQB3.5 (Figures 4–8). Linkage of ETHQB3.5
to other VOC QTLs in the original SC3-5 introgression could be the reason for the ethy-
lene independence of some VOCs found in this work that have been previously reported
as ethylene-dependent [36]. Additionally, the correlations of VOCs in HCA or CNA
(Figures 4–8) are consistent with the existence of a few genomic regions controlling the
levels of most of the investigated VOCs and with the clustering of QTLs for the same
compound class, in agreement with results in peach [5]. Clustering of QTLs controlling
VOCs with similar chemical structures has been found in apples [2], tomatoes [79], straw-
berries [16], and peaches [5], but this pattern could also be associated with pleiotropic
effects of a single locus or a tight linkage between different loci. Though this genetic
variation in climacteric pattern and VOC production could be important and has significant
agricultural value by using DNA-based molecular markers in plant breeding programs,
new findings on epigenetic variation controlling fruit development and ripening should be
considered for future studies [80,81].

The potential precursors of the VOCs, depending on their chemical groups, are relevant
for the discussion of the HCA (Figures 6 and 7; Tables 5 and S6). Some amino acids (Val,
Phe, Ile, Leu, Thr, Ala and Met) are the main precursors involved in metabolic pathways of
some of the aroma volatiles according to the literature (Tables S4 and S6). The amino acids
Val, Ile, Met, and Ala have been postulated as the precursors of most of the esters found in
our melon fruits (Tables 2, S4 and S6; [67]). The amino acids Val, Ile, and Met were the main
precursors putatively responsible for the production of the volatiles that colocalized with
ETHQB3.5 (Table S4). More specifically, the data and references of Table S4 suggest that the
metabolism of amino acids (mainly Met in sulfur-derived compounds, Ile in non-acetate
esters and Ala, and Phe in acetate esters) is associated with volatile production. Treatment
with 1-methylcyclopropene (1-MCP), a competitor of ethylene for binding to the ethylene
receptor, affects the biosynthesis of flavor volatiles, such as acetate esters derived from
the amino acids Ile and Phe, in cut climacteric Cantaloupe melons stored at 5 ◦C, but also
reduced the amount of sulfur-derived compounds [82]. In general, our results (Table 1)
are consistent with those former findings, but in our study, the effect of 1-MCP was not
significant with some individual VOCs tightly linked to ETHQB3.5 (e.g., for butyl acetate or
2-methylpropyl acetate), or even its effect was the opposite (e.g., for 2-methylbutyl acetate).

On the other hand, linolenic and linoleic fatty acids have also been described as the
main substrates involved in the synthesis of acetate and non-acetate esters [63,83,84]. The
amino acids (mainly Ala) and linolenic acid have been reported by the former authors
(Table S6) to act as precursors of acetate esters (first subcluster in HCA). Three important
compounds were located in this subcluster. The 2-methylbutyl acetate is an odorant with
an intermediate intensity, very abundant in climacteric Cantaloupe-type, Charentais-type,
and oriental Jiashi-type melons [68,71,77], and is predominant, together with butyl acetate
and hexyl acetate, in Galia-type melons, both in the whole fruit and in the flesh [42,77,85].
According to the literature, the precursors of 2-methylbutyl acetate are the amino acids
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L-Ala and L-Ile, whereas linolenic acid is the precursor of hexyl acetate (CAS 142-92-7) and
butyl acetate (CAS 123-86-4) (Table S4).

Among the above CNA subclusters (Figure 8), sulfur-derived compounds are prob-
ably more important because of their potential involvement in the regulation of Yang’s
cycle [86], which uses L-Met as a precursor. Sulfur-derived compounds are important
volatiles in melon aroma, L-Met degradation via methionine-γ-lyase, and the catabolic
route through methionine aminotransferase being key features in the formation of such
compounds and other melon volatiles [63,84,87]. One of these sulfur-derived compounds,
methyl 2-methylsulfanylacetate, was present at very high levels in our climacteric NILs
(Tables 2 and S4) and in other climacteric cultivars [64]. The important presence of sulfur-
derived ester volatiles in climacteric NILs suggests the possible regulation of ethylene
production in climacteric NILs through the conversion of excess L-Met into sulfur-derived
volatiles by this degradation pathway. A similar hypothesis regarding the regulation of
some esters by precursor availability has been suggested in Actinidia chinensis [88]. Some
sulfur-derived compounds have been found in intact climacteric NILs containing the
QTLs ETHQB3.5 and ETHQV6.3, such as the SC3-5-1 [42], and are, therefore, not artifacts
associated with the extraction and analysis procedures reported in other systems [89].

Among the candidate genes located in the ETHQ3.5 QTL region, MELO3C011118,
involved in the ethylene-activated signaling pathway [90] and stress response (Table S3),
could also be directly involved in ethylene production associated with the climacteric
pattern because, according to UNIPROT database (http://www.uniprot.org/uniprot/Q8
RY59 (accessed on 1 January 2022)), the gene also interacts with dehydration-responsive
DREB2 proteins and several transcription factors belonging to several protein families.

On the other hand, MELO3C011229 codifies an EG45-like domain-containing protein
involved in alternative respiration (Table S3) and can be of interest because the cyanide-
insensitive respiration contributes to the rise in respiration rates reported in several fruits
in climacteric and ethylene-mediated ripening [91,92]. Another gene (MELO3C011217)
codifies the Protein TIFY 8 involved in the jasmonic-acid-mediated signaling pathway
in Arabidopsis thaliana (Table S3). Furthermore, MELO3C011093 is a MADS-box protein,
and MELO3C011103 is a MADS-box interactor-like, and these genes play a major role in
fruit development and ripening [93]. MELO3C011118 is associated with stress response,
particularly the ethylene-activated signaling pathway (Table S3). Finally, there were other
genes in the ETHQB3.5 region (Table S3) that could be of interest. MELO3C011164 is a
NAC domain-containing protein 92, and, interestingly, the gene underlying the climacteric
QTL ETHQV6.3 encodes the NAC transcription factor CmNAC-NOR [32,94]. Therefore,
this NAC transcription factor should be taken into consideration to be included in the NAC
positive feedback loop that operates in climacteric melons [95,96].

5. Conclusions

ETHQB3.5 has been mapped in a 1.24 Mb genome region, setting the basis for its
future molecular cloning. The accumulation of VOCs, mostly from the acetate esters,
non-acetate esters, and sulfur-derived compound families, most likely has been associated
with pleiotropic effects of the alteration of climacteric ripening by ETHQB3.5 rather than
structural genes located in this region of melon chromosome 3.

Some QTLs for the VOCs (twenty-three in total) colocalized with ETHQB3.5 (e.g.,
3-methylbutyl acetate, benzyl acetate, 2-methylbutan-1-ol, 2-methylpropyl acetate, and
1-methylsulfanylbutan-1-one), while others did not map on chromosome 3 (ethyl bu-
tanoate and methyl acetate) or mapped nearby (2-methylbutyl acetate, hexyl acetate, and
2-phenylethyl acetate). Therefore, the ethylene dependence of many VOCs must be consid-
ered in future breeding programs.

VOCs from the ketones and aldehyde compound families showed an accumulation
independent of ETHQB3.5, indicating that genes involved in the content of these VOCs
would be present in other regions of the same chromosome 3. Taken together, the results
show that the modification of melon aroma may be achieved with or without interfering
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with its physiological behavior. The production of high levels of some ethylene-dependent
esters and sulfur-derived compounds identified here would require the active participation
of the climacteric QTL ETHQB3.5.
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Abstract: Tribute Citru is a natural citrus hybrid with plenty of vitamins and nutrients. Fruits’ soluble
solids content (SSC) is a critical quality index. This study used hyperspectral imaging at two spectral
ranges (400–1000 nm and 900–1700 nm) to determine SSC in Tribute Citru. Partial least squares
regression (PLSR) and support vector regression (SVR) models were established in order to determine
SSC using the spectral information of the calyx and blossom ends. The average spectra of both ends
as well as their fusion was studied. The successive projections algorithm (SPA) and the correlation
coefficient analysis (CCA) were used to examine the differences in characteristic wavelengths between
the two ends. Most models achieved performances with the correlation coefficient of the training,
validation, and testing sets over 0.6. Results showed that differences in the performances among
the models using the one-sided and two-sided spectral information. No particular regulation could
be found for the differences in model performances and characteristic wavelengths. The results
illustrated that the sampling side was an influencing factor but not the determinant factor for SSC
determination. These results would help with the development of real-world applications for citrus
quality inspection without concerning the sampling sides and the spectral ranges.

Keywords: hyperspectral images; soluble solids content; machine learning; sampling sides; data fusion

1. Introduction

China is now the country with the largest production of citrus. Citrus is a popular
fruit not only for its unique taste but also for its high nutritional content. There are many
excellent cultivars of citrus throughout the world. As one of them, Tribute Citru, also known
as emperor citrus or Gong citrus, is a kind of citrus with high contents of carbohydrates,
fiber, protein, calcium, etc. [1].

The soluble solids content (SSC) is a crucial indicator for evaluating the quality of
Tribute Citru. SSC is the primary and most important quality parameter of concern to
consumers. The common method of measuring SSC is to use a refractometer to measure
the squeezed juice, which is time-consuming and damaging to the sample. Moreover, it
cannot meet the demands for large-scale non-destructive measurement. Thus, rapid and
non-destructive analytical techniques are needed.

Visible/near-infrared spectroscopy is a rapid and non-destructive technique that does
not produce chemical contamination or damage to the sample(s) and has been applied
in detecting fruit SSC [2–4]. Hyperspectral imaging technology combines imaging and
spectroscopy technology, which can obtain spatial information at continuous spectral bands
with high spectral resolution. Many research papers have been published based upon using
hyperspectral imaging technology to detect SSC in fruits [5–9].

There are variations to the physiochemical characteristics within different parts of the
fruit. VIS/NIR spectroscopy conducts point scan. When collecting spectral information of
fruits, the different sampling points along with the equator or other representative regions
were generally collected [10–13]. Some studies have also discussed the influence of spectra
acquisition from different areas for SSC measurement [14–16].
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The impact of variation within the samples should be considered in order to create
a more accurate and robust SSC evaluation method. Hyperspectral imaging (HSI) can
acquire the image of one side of the sample, covering the variations within the side of
the sample. However, most studies acquired hyperspectral images of only one side of
the samples [5–7]. Rare studies have considered using different sides of the fruits for SSC
determination [8,9,17].

The SSC values were generally obtained to establish prediction models by averaging
the measured values of different sample parts. The spectrum of each sample was also
averaged by the spectra of different scanning points. Thus, it would be better if both the
SSC value and the spectrum represent the corresponding sample. Given that different areas
have both variations and similarities, it was worth investigating whether measuring both
sides of samples for HSI was necessary. On the other hand, researchers have shown that
hyperspectral imaging at different spectral ranges could be used to determine the SSC of
fruits. The spectral ranges were also investigated to explore the influence of sampling sides.

In this study, hyperspectral imaging was used to determine SSC in Tribute Citru. The
specific objectives were to (1) explore and compare the performances of hyperspectral imag-
ing for SSC determination at two different spectral ranges (400–1000 nm and 900–1700 nm);
(2) explore and compare the performances of sampling sides (the calyx end and the blossom
end) for SSC determination; (3) explore the performances for SSC determination using
the average spectra of the two sides and fused spectra of the two sides; (4) explore the
characteristic wavelengths for SSC determination using the spectra of two sides to evaluate
the performance consistency by the two sides.

2. Materials and Methods

2.1. Sample Preparation

Tribute Citru fruits were purchased from a local orchard in Liuzhou, Guangxi Province,
China. A total of 458 samples of Tribute Citru fruits with similar sizes and no apparent
damage on the surface were harvested on 22 November 2021. Before image acquisition, the
fruits were stored at transported for four days and stored in the experimental room at a
relatively stable temperature (15 ± 1 °C) for three days. All the samples were numbered
sequentially and awaited the acquisition of hyperspectral images and subsequent SSC
measurement. Figure 1 shows the RGB (red, green, and blue) images of citrus taken by the
hyperspectral imaging system. The image of the fruit blossom end and the calyx end are
shown in Figure 1a,b, respectively.

  
(a) (b) 

Figure 1. RGB images of Tribute Citru. (a): the fruit blossom end; (b) the fruit calyx end.

2.2. SSC Measurement

The experimental arrangement for measuring SSC of Tribute Citru included a WIGGENS
BR0035 Digital Brix Refractometer (WIGGENS Technology Ltd., Beijing, China) with an
accuracy of 0.1 and ◦Brix range of 0–35%. For each of the 458 samples, the fruit was cut into
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three pieces by the axis of the calyx and the blossom. Each piece was squeezed, and the
juice was used to measure the SSC value. To avoid contamination, the refractometer was
washed with distilled water after each measurement and dried with clean paper before the
next reading. The average SSC value of the three pieces was used as the SSC of the sample.

2.3. Hyperspectral Imaging Systems

In this study, hyperspectral imaging systems at two spectral ranges were used for
image acquisition of citrus. The two hyperspectral imaging systems differed in the hy-
perspectral camera. One hyperspectral camera was FX10 (Spectral Imaging Ltd., Oulu,
Finland) with a spectral range of 400–1000 nm (VIS/NIR), and the other hyperspectral cam-
era was FX17 (Spectral Imaging Ltd., Oulu, Finland) with a spectral range of 900–1700 nm.
The two hyperspectral imaging systems shared the same light source (covering the spectral
range of 35–2500 nm), moving platform, computer, and image acquisition software. First,
the hyperspectral images of all the samples were acquired by FX10 camera. Next, the
camera was changed to FX17 without changing the other hardware, and the hyperspectral
images of the samples were then acquired by FX17 camera. The hyperspectral images were
generated by pushbroom imaging (line scanning).

2.4. Hyperspectral Image Acquisition and Spectra Extraction
2.4.1. Hyperspectral Image Acquisition

The samples were placed on the mobile platform in sequence for hyperspectral image
acquisition, as shown in Figure 1. The system parameters were adjusted for hyperspectral
image acquisition. For FX10, the moving speed of the mobile platform was 17 mm/s,
and the exposure time was set as 13.59 ms. For FX17, the moving speed of the mobile
platform was set as 25 mm/s, and the exposure time was set as 8.26 ms. The difference
in speed was because the imaging time of the two cameras was inconsistent. The hyper-
spectral camera will scan the calyx and blossom ends of Tribute Citru as side A and side B
samples, respectively.

2.4.2. Spectra Extraction

Eight or fewer fruits were acquired in one hyperspectral image. Each fruit within the
hyperspectral image was first cut as sub-hyperspectral images. The ENVI 4.7 software
(ITT, Visual Information Solutions, Boulder, CO, USA) was used to cut each of the 458 sam-
ples from the original hyperspectral images, after which each sub-hyperspectral image
contained only one fruit. The entire fruit region was defined as the region of interest (ROI),
and the average spectrum of all pixel-wise spectra within the ROI was extracted.

Due to the noise at the beginning and end of the original spectra, the wavelength
range of 487–974 nm was selected for FX10 and 933–1690 nm for FX17 of each sample.
To eliminate the background interference and reduce the sample shape influence, wavelet
transformation and area normalization preprocessing algorithms were used to preprocess
the spectra. The spectral dataset of the fruit calyx end was named SP-A, and the spectral
dataset of the fruit blossom end was named SP-B. By measuring the two sides of the
samples, information of the entire fruit could be obtained, and more variations could
be covered.

2.5. Data Analysis Methods
2.5.1. Regression Models

Support vector regression (SVR) is an important applied branch of support vector ma-
chine (SVM), a supervised learning algorithm for predicting discrete values [18]. The goal of
SVR is to construct a hyperplane to fit the samples to minimize the overall distance between
all samples and the hyperplane. SVR assumes that an error between the output value and the
predicted value can be tolerated, and only the loss is calculated when the absolute value of
the difference between the two is larger than the error. Therefore, SVR has a certain degree
of tolerance to outliers, robustness, and excellent generalization ability. SVR can solve both
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linear and non-linear issues. For non-linear problems, kernel functions are crucial to map the
original data into high-dimensional spaces. In this study, the radial basis function (RBF) was
used as the kernel function. The regularization parameters and kernel function coefficients
were optimized by the grid-search method in the range of [10−6, 106].

Partial least squares regression (PLSR) is used to seek the underlying linear relationship
between two matrices (independent matrix X and dependent matrix Y), which is a hidden
variable approach to modeling the covariance structure in these two vector spaces. In order
to explain the multidimensional direction with the biggest variance in the Y-space, the PLSR
model tries to identify the multidimensional direction of the X-space [19]. PLSR decomposes
both variables X and Y to extract factors, then the latent factors are arranged in descending
order of their correlation. In contrast to conventional mulblossomle linear regression (MLR)
models, PLSR can be constructed with mulblossomle correlated independent variables.
The model can also be built if the number of samples is less than that of variables.

2.5.2. Wavelength Selection Methods

Successive projections algorithm (SPA) is a forward feature variable selection method.
By projecting wavelengths onto other wavelengths, SPA compares the projection vectors,
and the wavelength with the largest projection vector is selected into the candidate subset of
characteristic wavelengths. The regression model is then used to evaluate the performances
of different subsets. Therefore, SPA selects the combination of variables that contains the
least redundant information and the least covariance [20].

Correlation coefficient analysis (CCA) is used to evaluate the degree of linear corre-
lation between the independent and dependent variables [21]. Its value range is [−1, 1].
A positive value means positive correlation, a negative value means negative correlation,
and a larger absolute value means a higher linear correlation. In this study, the correlation
coefficient between each wavelength and the SSC content was examined in order to identify
the characteristic wavelengths for SSC determination. The Pearson correlation coefficient
was used in this study shown as Equation (1):

ρx,y =
cov(x, y)

σxσy
(1)

where ρx,y stands for the correlation coefficient between the variables x and y, cov(x,y) stands
for the covariance between the variables x and y, and σx and σy stand for the standard
deviation of x and y.

2.6. Model Evaluation and Software

Six indicators were used to evaluate model performance, including correlation coeffi-
cient and root mean square errors of calibration (Rc and RMSEC), correlation coefficient
and root mean square errors of validation (Rv and RMSEV), and correlation coefficient
and root mean square errors of prediction (Rp and RMSEP) were assessed. Generally, the
closer Rc, Rv, and Rp are to 1, the higher the stability and fit of the model, while the closer
RMSEC, RMSEV, and RMSEP are to 0, the stronger the predictive ability of the model is.

In this study, the ENVI 4.7 software was used to cut the image of each fruit from
hyperspectral images. Matlab R2017b (The Math Works, Natick, MA, USA) software was
applied to group the samples and select effective wavelengths by SPA and CCA. The
SVR model was developed on PyCharm Community Edition (version 2021.2.1) (JetBrains,
Prague, Czech Republic) with Python (version 3.7.12), and the PLSR model was conducted
on the Unscrambler X10.1 software (CAMO AS, Oslo, Norway). Specifically, the Origin 2017
64Bit (OriginLab, Northampton, MA, USA) was used to draw spectrograms and dotted
line drawings.
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3. Results

3.1. Outlier Removal

In this study, 458 fruits were studied. To further establish prediction models, outliers
were first identified and removed. The outliers were identified in two steps. First, since
SSC value of each sample was averaged by three manual measurements. To avoid manual
measurement errors, the average SSC of each fruit was first calculated, and the difference
between each measurement and the average value was then calculated. Indeed, there was
no particular criterion for this kind of outlier removal. In this study, when the difference
between the measurement and the averaged value was larger than 15%, the sample was
regarded as an outlier sample. In total, 38 samples were identified as outliers in this step.
Second, the remaining 420 samples were all used to build a PLSR model, and the predictive
error of each sample was calculated. In the end, 20 samples with larger predictive errors
were manually identified as outliers (with a negative impact on model performances)
in the second step. Next, the 400 samples were subsequently randomly divided into
the calibration set (300 samples), the validation set (50 samples), and the prediction set
(50 samples) at a ratio of 6:1:1. It should be noted that outlier removal was conducted using
the spectra of the calyx end. As for the two hyperspectral imaging systems, the identified
outlier samples were different due to the fact that the PLSR model performed differently.
The statistical analysis of SSC content in different sets is shown in Table 1.

Table 1. Statistical analysis of reference values of samples in the calibration, validation, and prediction sets.

Camera
Calibration Set (◦Brix) Validation Set (◦Brix) Prediction Set (◦Brix)

Number Min Max Number Min Max Number Min Max

FX10 300 10.2 14.6 50 10.6 15.0 50 10.7 14.2
FX17 300 10.1 14.6 50 10.5 14.6 50 10.6 14.4

3.2. Spectral Profiles

Figure 2 shows the VIS/NIR reflectance spectra (obtained by FX10) and NIR reflectance
spectra (obtained by NIR), with the horizontal coordinates indicating the 487–974 nm bands
and the 933–1690 nm bands and the vertical coordinates indicating the reflectance of
the spectra. Figure 2a,b shows the VIS/NIR spectra of the fruit calyx end (abbreviated as
FX10-SP-A) and the fruit blossom end (abbreviated as FX10-SP-B) after removing the outlier
samples. Figure 2c,d shows the spectral curves of the two sampling sides at the NIR range
(FX17-SP-A and FX17-SP-B, respectively) after removing the outlier samples. It could be
seen that the trends of the SP-A and SP-B curves were quite similar for each hyperspectral
imaging system. From the spectral profiles, exploring the differences between the two sides
for SSC measurement was difficult.

3.3. Regression Models

PLSR and SVR were used to establish regression models with the FX10 and FX17
datasets of the fruit calyx and blossom ends. The regression results are shown in Table 2.

For the SVR model and PLSR model, the samples were shot in the same order on
the fruit calyx end and fruit blossom end. For both sides of the fruits, the samples in the
calibration, validation, and prediction sets were the same. No samples were in the three
sets at the same time.

For spectra extracted from the FX10 hyperspectral images, SVR and PLSR models ob-
tained close results for each sampling side. Regression models for the calyx end (FX10-SP-A)
showed slightly better performances than those for the blossom end (FX10-SP-B), with Rc,
Rv, and Rp all over 0.7, as shown in Figure 3. However, the differences in the performances
between the two sides were not significant. For spectra extracted from the FX17 hyperspec-
tral images, SVR and PLSR models also obtained close results for each sampling side. The
overall prediction performances of the models for the calyx end (FX17-SP-A) were close to
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those for the blossom end (FX17-SP-B). The overall results of the regression models for the
two sides showed differences in the performances between the sides, and the differences
were insignificant. These results matched the literature [17].

 
(a) (b) 

 
(c) (d) 

Figure 2. VIS/NIR spectra and NIR spectra of the fruit calyx and blossom ends. (a) VIS/NIR spectra
of the fruit calyx end (FX10-SP-A); (b) VIS/NIR spectra of the fruit blossom end (FX10-SP-B); (c) NIR
spectra of the fruit calyx end (FX17-SP-A); (d) NIR spectra of the fruit blossom end (FX17-SP-B).

It was worth investigating whether it was better to use the information of both sides
instead of a single side. Thus, two different approaches to use the spectral information of
the two sides were implemented. First, the average spectrum of the spectra of the two sides
was calculated for each sample. Second, the low-level fusion of the spectrum of each side
by directly concatenating the two spectra ranges was conducted. The results of models
using average spectra and low-level fusion are shown in Table 2. For the average spectra
of FX10, the PLSR model showed slightly better performances than the SVR model. For
the average spectra of FX17, the SVR model showed slightly better performances than the
PLSR model. For the low-level fusion of FX10, the PLSR model outperformed the SVR
model. For low-level fusion of FX17, SVR, and PLSR models obtained close results.

For different datasets, the performances of the PLSR and SVR models varied. For
the two sides, the performances of the same regression model were close. Moreover, the
models using the average spectra of the two sides and the low-level fusion did not show
significant improvement over the models using spectral profiles of a single side.

Indeed, the differences in the performances of models using a single side illustrated
that there were variations of spectral profiles between the two sides. The close performances
of models showed that these variations were not significant. It was a fact that both sides
were in the same fruit, and the differences in spectral profiles might not be significant unless
the color and maturity degree of the two sides were significantly different. When building
regression models using spectra, it would be better to collect enough representative samples
covering the variations of spectral profiles and SSC values. In this study, the performances
of the two sides for SSC measurement did not show significant differences using different
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regression models, indicating no significant variations in spectral profiles. On the other
hand, the two spectral ranges obtained close performances with differences, which matched
the previous studies [17,22–24].

The close results of models using the spectra of a single side and the spectra of two
sides (by averaging and fusing) indicated that the spectral profiles were similar within one
fruit. In this study, the color and maturity degree of the two sides was close, resulting in
the similarity of the spectral profiles in the visible and NIR ranges, respectively. Thus, as
for the hyperspectral image, acquiring one side of the fruits might be enough to represent
the sample unless the internal quality varied significantly within one fruit.

Table 2. Results and parameters of the calibration, validation, and prediction sets by SVR and
PLSR models.

Dataset Model Model Parameter

Calibration Set Validation Set Prediction Set

Rc k RMSEC n

(◦Brix)
Rv l RMSEV o

(◦Brix)
Rp m RMSEP p

(◦Brix)

FX10-SP-A a SVR i
Gamma: 1000.0

C: 106

Eps: 10−5
0.810 0.435 0.750 0.511 0.705 0.53

PLSR j Factor: 19 0.786 0.451 0.769 0.497 0.731 0.51

FX10-SP-B b SVR
Gamma: 10.0

C: 106

Eps: 10−5
0.654 0.562 0.702 0.548 0.672 0.557

PLSR Factor: 16 0.744 0.487 0.705 0.558 0.655 0.571

FX17-SP-A c SVR
Gamma: 10,000.0

C: 1000.0
Eps: 10−5

0.725 0.497 0.744 0.578 0.588 0.567

PLSR Factor: 11 0.738 0.486 0.752 0.561 0.639 0.514

FX17-SP-B d SVR
Gamma: 100.0

C: 106

Eps: 0.001
0.700 0.516 0.769 0.544 0.529 0.591

PLSR Factor: 8 0.685 0.524 0.772 0.540 0.596 0.556

FX10-average e SVR
Gamma: 100.0

C: 106

Eps: 0.001
0.726 0.503 0.733 0.523 0.513 0.658

PLSR Factor: 17 0.782 0.455 0.751 0.515 0.736 0.515

FX17-average f SVR
Gamma: 10,000.0

C: 104

Eps: 0.001
0.796 0.437 0.765 0.546 0.720 0.484

PLSR Factor: 11 0.747 0.479 0.773 0.540 0.611 0.540

FX10-fusion g SVR
Gamma: 1000.0

C: 105

Eps: 0.001
0.882 0.344 0.707 0.566 0.529 0.675

PLSR Factor: 18 0.753 0.480 0.711 0.539 0.680 0.552

FX17-fusion h SVR
Gamma: 10.0

C: 106

Eps: 0.0001
0.708 0.510 0.770 0.543 0.599 0.534

PLSR Factor: 12 0.720 0.499 0.734 0.582 0.597 0.547

a FX10-SP-A: data of the calyx end obtained by FX10 camera; b FX10-SP-B: data of the blossom end obtained by
FX10 camera; c FX17-SP-A: data of the calyx end obtained by FX17 camera; d FX17-SP-B: data of the blossom
end obtained by FX17 camera; e FX10-average: the average spectra of the two sides obtained by FX10 camera;
f FX17-average: the average spectra of the two sides obtained by FX17 camera; g FX10-fusion: the fusion spectra
of the two sides obtained by FX10 camera; h FX17-fusion: the fusion spectra of the two sides obtained by FX17
camera; i SVR: support vector regression; j PLSR: partial least squares regression; k Rc: correlation coefficient of
calibration; l Rv: correlation coefficient of validation; m Rp: correlation coefficient of prediction; n RMSEC: root
mean square errors of calibration; o RMSEV: root mean square errors of validation; p RMSEP: root mean square
errors of prediction.
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(a) (b) 

 
(c) 

Figure 3. Scatter plots of the measured SSC values and predicted SSC values by SVR. (a) FX10-SP-A
of calibration set; (b) FX10-SP-A of validation set; (c) FX10-SP-A of prediction set.

3.4. Analysis of Characteristic Wavelengths

The performances of models using the spectral information of a single side were close.
In order to further explore the influence of spectral variations on characteristic wavelengths
for SSC measurement, two variable selection methods, SPA and CCA, were used to select
the characteristic wavelengths. The characteristic wavelengths of the two sides selected by
SPA are shown in Table 3.

Table 3. Characteristic wavelengths selected by SPA for the datasets of the two sides of the two
hyperspectral image systems.

Datasets Number Characteristic Wavelengths (nm)

FX10-SP-A 18 494, 516, 545, 574, 596, 674, 699, 704, 707, 713, 721, 743, 754, 765, 803, 877, 902, 944
FX10-SP-B 10 516, 526, 540, 548, 765, 800, 817, 872, 905, 927
FX17-SP-A 19 993, 1111, 1139, 1153, 1167, 1202, 1230, 1244, 1251, 1265, 1342, 1363, 1384, 1413, 1427, 1462, 1505, 1554, 1611
FX17-SP-B 20 1020, 1111, 1139, 1146, 1188, 1209, 1237, 1251, 1286, 1321, 1335, 1356, 1377, 1413, 1427, 1455, 1490, 1604, 1626, 1647

As shown in Table 3, the number of selected wavelengths accounted for 10%, 6%,
19% and 20% of the total number of wavelengths at the two spectral ranges, respectively.
Figure 4 shows the characteristic wavelengths selected by SPA. Although the number of
characteristic wavelengths for FX10-SP-A was more than that for FX10-SP-B, they were
quite similar for the selected wavelengths. The characteristic wavelengths at 516 and
765 nm of FX10 were the same for the two sides, and the characteristic wavelengths at 545,
803, 877, and 902 nm of FX10-SP-A and the characteristic wavelengths at 540, 800, 872, and
905 nm of FX10-SP-B were close. A similar phenomenon could be found for FX17 datasets.
The characteristic wavelengths at 1111, 1139, 1251, 1413, and 1427 nm were the same for
both sides of FX17. The characteristic wavelengths at 1202, 1230, 1342, 1462, and 1611 nm
of FX17-SP-A and 1209, 1237, 1335, 1455, and 1604 nm of FX17-SP-B were quite close.
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(a) (b) 

Figure 4. Characteristic wavelengths obtained with SPA. (a) Selected wavelengths of VIS/NIR
spectra including SP-A and SP-B; (b) selected wavelengths of NIR spectra including SP-A and SP-B.
(Note: Given that the average spectra of the two sides partially overlap and are not convenient for
observation, the reflectance values of the SP-B spectra of FX10 were averaged and increased by 0.01,
and the reflectance values of the SP-B spectra of FX17 were averaged and increased by 0.001).

Figure 5 shows the correlation coefficient between each wavelength and the corre-
sponding SSC values. Similarities could be found for the correlation coefficient curves
of both sides. The peaks of the correlation coefficient curves of the two sides indicated
the larger correlation coefficients, and these wavelengths had the potential to contribute
more to SSC measurement. The wavelengths with higher correlation coefficients were
529–569 nm, 620–680 nm, 699–724 nm, and 952–974 nm for both FX10-SP-A and FX10-SP-
B. For FX17, the correlation coefficient curves of both sides showed similar trends. The
wavelengths at 1153–1279 nm and 1398–1547 nm showed higher correlation coefficients.

 
(a) (b) 

Figure 5. Correlation coefficient corresponding to the wavelengths. (a) Correlation coefficient
curves of VIS/NIR averaging spectra (FX10); (b) correlation coefficient curves of NIR averaging
spectra (FX17).

The wavelengths in the visible range (400–780 nm) were mainly related to the color
information of the fruits. The wavelength bands in the range of 780–1100 nm can be
assigned as second and third overtone of C–H stretching and the second overtone of O–H
stretching [25]. The wavelengths between 1200–1389 nm can be attributed to the third and
second overtone of C–H stretch [25]. The wavelengths between 1400 nm and 1440 nm were
related to water [26]. The wavelengths in the range of 1460–1600 nm might be related to
cellulose [27]. The wavelengths between 1569 nm and 1604 nm can also be attributed to the
O–H stretching of the first overtone in carbohydrates [28]. The wavelength of 1647 nm was
attributed to the C–H stretching modes of aromatic C–H [29].

According to Table 3, Figures 2, 4 and 5, it can be seen that the spectral data of the
two sides of Tribute Citru were similar, and the characteristic wavelengths that contributed
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more to the SSC detection were also quite similar. These results also indicated that a single
side of the fruit might be enough for the SSC measurement of Tribute Citru.

SVR and PLSR were built using the characteristic wavelengths identified by SPA and
CCA. The results are shown in Table 4. For characteristic wavelengths of FX10 selected
by SPA, the correlation coefficients of the SVR and PLSR models of the calyx and blossom
ends were around 0.6. Similar results could be observed for characteristic wavelengths of
FX17 selected by SPA.

Table 4. Results and parameters of the calibration, validation, and prediction sets by SVR and PLSR
models using identified characteristic wavelengths.

Dataset Model Model Parameter

Calibration Set Validation Set Prediction Set

Rc k RMSEC n

(◦Brix) Rv l RMSEV o

(◦Brix)
Rp m RMSEP p

(◦Brix)

SPA-FX10-SP-A a SVR i
Gamma: 105

C: 105

Eps: 10−3
0.891 0.333 0.824 0.474 0.596 1.459

PLSR j Factor: 15 0.771 0.465 0.767 0.495 0.678 0.544

SPA-FX10-SP-B b SVR
Gamma: 1000.0

C: 106

Eps: 10−5
0.683 0.535 0.704 0.544 0.636 0.592

PLSR Factor: 9 0.704 0.518 0.675 0.564 0.664 0.568

SPA-FX17-SP-A c SVR
Gamma: 104

C: 103

Eps: 10−5
0.636 0.558 0.737 0.588 0.546 0.561

PLSR Factor: 14 0.743 0.482 0.718 0.592 0.670 0.498

SPA-FX17-SP-B d SVR
Gamma: 103

C: 105

Eps: 10−3
0.681 0.529 0.777 0.541 0.596 0.540

PLSR Factor: 8 0.689 0.522 0.774 0.537 0.594 0.559

CCA-FX10-SP-A e SVR
Gamma: 10

C: 106

Eps: 10−5
0.571 0.603 0.686 0.560 0.456 0.650

PLSR Factor: 14 0.685 0.531 0.699 0.553 0.672 0.564

CCA-FX10-SP-B f SVR
Gamma: 103

C: 105

Eps: 10−3
0.667 0.550 0.604 0.609 0.663 0.560

PLSR Factor: 15 0.705 0.517 0.665 0.607 0.629 0.594

CCA-FX17-SP-A g SVR
Gamma: 105

C: 103

Eps: 10−4
0.714 0.507 0.794 0.533 0.555 0.565

PLSR Factor: 9 0.699 0.514 0.758 0.553 0.658 0.499

CCA-FX17-SP-B h SVR
Gamma: 104

C: 105

Eps: 10−3
0.697 0.517 0.778 0.534 0.519 0.626

PLSR Factor: 9 0.668 0.535 0.788 0.527 0.506 0.644
a SPA-FX10-SP-A: data of the calyx end obtained by FX10 camera using SPA; b SPA-FX10-SP-B: data of the blossom
end obtained by FX10 camera using SPA; c SPA-FX17-SP-A: data of the calyx end obtained by FX17 camera
using SPA; d SPA-FX17-SP-B: data of the blossom end obtained by FX17 camera using SPA; e CCA-FX10-SP-A:
data of the calyx end obtained by FX10 camera using CCA; f CCA-FX10-SP-B: data of the blossom end obtained
by FX10 camera using CCA; g CCA-FX17-SP-A: data of the calyx end obtained by FX17camera using CCA;
h CCA-FX17-SP-B: data of the blossom end obtained by FX17 camera using CCA; i SVR: support vector regression;
j PLSR: partial least squares regression; k Rc: correlation coefficient of calibration; l Rv: correlation coefficient of
validation; m Rp: correlation coefficient of prediction; n RMSEC: root mean square errors of calibration; o RMSEV:
root mean square errors of validation; p RMSEP: root mean square errors of prediction.

For the characteristic wavelengths of FX10 identified by the CCA method, the wave-
length ranges of 529–569 nm, 620–680 nm, 699–724 nm, and 952–974 nm with similar trends
of the calyx and blossom ends were selected to build PLSR and SVR models. Relatively
poor performances were obtained. The correlation coefficients of the training sets of the
SVR and PLSR models were below 0.7. For the characteristic wavelengths of FX17 identified
by the CCA method, the bands at 1153–1279 nm and 1398–1547 nm with similar trends of
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the calyx and blossom ends were selected to build PLSR and SVR models. The results were
not good enough.

Compared with the results in Table 3, the regression models using full range spectra
performed slightly better than the corresponding models using identified characteristic
wavelengths. Although characteristic wavelength selection can reduce the number of input
variables and simplify the models, some useful information may also be lost.

4. Discussion

SSC is the most important quality attribute of concern to consumers. This study used
hyperspectral imaging at two different spectral ranges to estimate the SSC in Tribute Citru,
and the effect of the sampling sides of fruits was also investigated.

The physicochemical properties within one fruit varied in different regions resulting
in differences in the corresponding spectral profiles. As for point-scan near-infrared spec-
troscopy, spectral profiles were generally acquired from different sampling regions, and
corresponding SSC values of the same sampling area were measured. Guthire et al. (2006)
showed the importance of the uniformity of the spectra measurement and quality attributes
measurement [30]. The influence of sampling regions has also been discussed [14–16].
Unlike point-scan near-infrared spectroscopy, hyperspectral imaging can acquire images of
one side of the fruit facing the camera, and each pixel contains a spectrum. Based on this
characteristic, HSI was generally used to acquire images of only one side of the fruits [5–7].
An issue should be addressed that there might also be variations of the physicochemical
properties between different sides of the fruits. In this study, hyperspectral images of the
two different sides of Tribute Citru fruits were acquired and compared. The overall results
of the SSC prediction of the two sides showed insignificant differences using different
regression methods. Further analysis of the characteristic wavelengths for SSC determi-
nation by SPA and CCA showed great similarities between the two sides. Similar results
could be found in previous research, and the performances of SSC prediction using the
hyperspectral images of two opposite sides of plum showed insignificant differences [17].

Two approaches to using the information of the two sides were explored, including
averaging the spectra of the two sides and concatenating the spectra of the two sides. The
results did not show significant improvements using the two approaches compared with
models using one side. Some reasons for this might be that averaging of the spectra of the
two sides could use the information of the entire fruit, and some of the variations might be
reduced by averaging; concatenating the spectra of the two sides might keep the variations;
and some redundant information was used, due to the fact that the spectral features of the
two sides were similar.

Relatively poor performances were obtained for the SSC determination of Tribute
Citru. Some other studies have also obtained results that were not good enough [31–33].
Various factors affected the prediction performances (such as samples, instruments, and
experimental operations, etc.), and more efforts should be made to improve the predic-
tion performances.

This study showed that either side (the calyx and blossom ends) of the Tribute Citru
could be used for SSC measurement of fruits. Although there were variations in the spectral
profiles and physicochemical properties between the two sides of the Tribute Citru, future
real-world applications can be developed by acquiring the hyperspectral images of either
side of the fruits, which will reduce the cost of model development and online detection.

5. Conclusions

In this study, the influence of the sampling side of fruit for SSC determination using
HSI was explored. The average of the spectra of the two sampling sides (the calyx end
and the blossom end) and the fusion (direct concatenation) of the spectra of the two
sampling sides were also investigated. The overall results of the two regression methods
(PLSR and SVR) illustrated that the sampling sides might not significantly affect the
prediction performances. Moreover, the average of the spectra of the two sampling sides
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and the fusion of the spectra of the two sampling sides did not significantly improve the
prediction performances. The performances of the two regression methods validated the
results. The characteristic wavelengths for the SSC prediction using different sampling
sides by the same characteristic wavelength selection method were quite similar, indicating
that sampling on either side (the calyx end and the blossom end) might be used to predict
SSC. The performances of hyperspectral imaging at two different spectral ranges showed
no significant differences, illustrating that both could be used for the SSC prediction of
Tribute Citru. In future studies, more samples should be used to develop more robust and
accurate models with machine learning methods, such as deep learning. The real-world
applications of hyperspectral imaging to inspect quality and safety of Tribute Citru might
then be developed in the future by scanning either side (the calyx end and the blossom end)
of the samples at different spectral ranges.
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Abstract: Winter melon fruits were grown in the field using anaerobic soil disinfestation (ASD) and
conventional fertilizer alone as the control treatment. Fruits were harvested and stored at 20 ◦C
for 120 d, the juice was processed on day one and day 120, and the effects of soil amendment and
120 d storage on the juice’s physical and chemical (sugars, acids, volatile and nutritional compounds)
properties were evaluated. Fruit juice extracted from ASD-grown fruit had greater magnitude of zeta
potential than the control juice, indicating it was physically more stable than the juice obtained from
the control conditions. ASD fruit juice had lower soluble solids content (SSC), and lower volatile
compounds that contribute green, grass, and sulfur notes, and negatively influence flavor quality.
ASD fruit juice had higher vitamin B5 and cytidine. Juice processed from 120 d stored fruit had less
yield due to 12.4–15.6% weight loss. The non-soluble solids content was higher and particle size
was larger, and the SSC and individual sugars decreased. However, titratable acidity (TA) increased
primarily due to increased citric acid. Out of 16 free amino acids, 6 increased and only 1 decreased.
However, three out of five nucleosides decreased; vitamins B1 and B6 increased; vitamins B2, B3 and
C decreased. Overall, juice derived from fruit produced using ASD was physically more stable and
had less SSC and off-odor volatiles than the control, while the fruit juice of those stored for 120 d had
lower SSC and higher TA and nutritional profiles, comparable to freshly harvested fruit.

Keywords: Benincasa hispida; anaerobic soil disinfestation; ASD; volatile; soluble solids content; brix;
acid; zeta potential; particle size; amino acid; vitamin; nucleoside; long storage

1. Introduction

There is sufficient scientific research and surveys showing that decreasing sugar-
sweetened beverage (SSB) intake will reduce the prevalence of overweight individuals
and obesity [1–4]. In contrast, increased fruit and vegetable intake lowers the risk of
serious health problems, such as cardiovascular diseases and cancer [5–7]. Some fruit juice
has similar energy density and sugar content to SSBs, and high fruit juice intake can be
associated with an increased risk of diabetes in spite of the fact that fruit juices also contain
vitamins, fibers, and minerals [8–10]. Thus, the search for low-sugar juices and drinks is
motivated by public health concerns [11].

Different from the sweet cucurbits, such as melons [12] and watermelon [13], winter
melon (Benincasa hispida (Thunb) Cogn.) is a non-sweet cucurbit (<3% sugars) with >90% of
water content [14,15]. It is grown in temperate to tropical regions worldwide [14] and the
crop grows well in Florida [16]. Winter melon is often recognized for its nutritional and
medicinal properties, especially in Asian countries [14,17]. It is a good source of amino acids
(such as three phenolic amino acids [18]), organic acids (tartronic acid with great potential
to play a role in inhibiting the conversion of carbohydrates into fats [19,20]), mineral
elements (such as Ca, K, Mg, Fe, Se [14,21]) and vitamins (such as vitamin C, riboflavin
and Niacin [14]). A number of medicinal properties such as anxiolytic, anticonvulsant,
antidepressant, anti-inflammatory and analgesic, antiasthmatic, hypolipidemic effects have
been observed from winter melon fruit [14,17,21,22]. Pharmacological activities have also
been revealed in seeds, fruit peel and plant stems [22].
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Previous research showed that winter melon juice contains less than 3% soluble solids
content (SSC), and the juice has potential for stand-alone and blends with other fruit and
vegetable juices [18,23]. For this study, we compared different winter melon cultivars and
selected a waxy-coated, round cultivar that produces low sugar, with physically stable juice
(less cloudloss) and less off-odor [18].

Anaerobic soil disinfestation (ASD) is a method of soil disinfestation that is under
development for use in crops that were previously produced using the fumigant methyl
bromide prior to planting. In Florida, ASD is based on the incorporation of a labile carbon
source combined with pasteurized poultry litter, irrigation to soil saturation, and tarping
with gas-impermeable film for about three weeks [24]. The growth of soil anaerobic
microorganisms increases as a direct response to a readily available carbon source and
anaerobic conditions, producing organic acids as a result of anaerobic decomposition. These
compounds are often lethal to soil-borne plant pathogens and plant-parasitic nematodes.
Moreover, changes in resident soil microbial communities, fostered by resource availability
in soil and the rhizosphere, may actively contribute to disease suppression. While it was
reported that ASD affected plant growth and increased tomato yield [25], there are no
published reports on the effects of ASD on fruit quality of winter melons.

In Florida, winter melon harvest season starts in late May/early June and ends in late
January/early February [16]. To secure a stable supply of fruit for processors, technology
needs to be developed to provide fruit during the four-month off-season. Typically, fruit
are stored in cold temperatures for extended periods of time. However, similarly to
other chilling sensitive fruit, such as mango [26] and Japanese apricot [27], winter melons
suffer chilling injury when stored below 13 ◦C [15,28,29]; therefore room temperature is
recommended for long-term storage [15]. A long-term storage experiment showed that
many winter melon breeding lines could be stored at ambient temperature up to 120 d [30].
During storage, sugar, crude fiber, calcium and dry matter content increased while ascorbic
acid and pectin content decreased [30]. However, to date, there is limited knowledge of
how fruit quality and its juice are affected by long-term storage.

The objectives of the current research were to determine (1) if soil amendment by ASD
affects winter melon fruit storability and juice processing properties and (2) the effects of
long-term storage of the fruit on juice quality.

2. Materials and Methods

Winter melon [Benincasa hispida (Thunb.) Cogn] cv. ‘Large Round’ (round type with
thick waxy coating) was directly seeded into raised beds treated with either ASD or
fertilizer only, at the USDA Horticultural Research Laboratory Picos Farm in Fort Pierce,
Florida, USA in fall 2020. After 120 d, fruit were harvested on 3 February 2021 and stored
in a 20 ◦C dark room for up to 120 d. Fruit weight was measured during storage, and
juice was extracted from 1-day and 120-day stored fruit. Juice processing properties and
physicochemical attributes were determined, and effects of soil amendment and storage
time on fruit and juice quality were compared. The experiment was designed with three
field replicates.

2.1. Plant Materials and Field Treatment

Six raised beds (30 m long, 0.9 m wide, 0.25 m high and 1.8 m between centers)
were constructed and three each randomly assigned to ASD or control to represent three
field replications. Each control bed received a commonly implemented application of
pre-plant compound fertilizer (10N-10P2O5-10K2O) at a rate of 560 kg ha−1; supplemental
liquid fertilizer was applied via irrigation as needed. Pasteurized, pelleted poultry litter
(ChickMagic, Cold Spring Egg Farm, Inc., Whitewater, WI, USA) applied at 15 mg ha−1

and feed-grade, black strap molasses (Double S Liquid Feed Service, Danville, IL, USA)
at 13.9 m3 ha−1 was used to establish ASD treatments [31]. Amendments were applied to
the bed top and incorporated to a soil depth of 15 cm using a rotary cultivator. VaporSafe®

totally impermeable film (TIF, 0.03 mm white on black, Raven Industries Inc., Sioux Falls,
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SD, USA) was used to cover all the beds. Each ASD-treated bed was irrigated with 5 cm
of water applied through two drip lines established on each bed [32]. Winter melon was
direct-seeded four weeks after ASD treatments were initiated using in-bed spacing of
1.22 m between holes and three seeds per hole. Plants were thinned to two plants per hole
after emergence. Each replicate contained 50 plants. A single harvest of fruit sized larger
than 4.54 kg was conducted 120 d after planting.

2.2. Fruit Storage and Weight Loss

Melons were held on trellis shelves without packaging, and space between melons
was maintained in storage (Figure 1A,B). Storage temperature was 20 ◦C, with relative
humidity of 80%. After one or 120 d storage, three melons × three replicates per treatment
were processed. For weight loss measurement, fruit weight was measured weekly.

Figure 1. Surface waxy coat and internal structure of winter melon fruit at harvest and after 120 d
storage at 20 ◦C. (A): Fruit, at harvest, covered with different levels of waxy coating; (B): Fruit, after
120 d storage at 20 ◦C, fully covered with thick waxy coating; (C,D): Transverse section of fruit at
harvest (C) and after 120 d storage at 20 ◦C (D).

2.3. Juice Processing

Juice samples were extracted from melons in a lab-scale processing system. Briefly,
after careful washing with fruit detergent (Fruit Cleaner 395, JBT Food Tech., Lakeland, FL,
USA), melons were rinsed, and air-dried. After removing the peel (about 3 mm) and core
(Figure 1C,D), the flesh was cut into 2 cm cubes, and juiced using a Juicerator (Model 6001,
Acme Juicer Mfg Co, Sierra Madre, CA, USA) with a milk filter (Schwartz Manufacturing
Co., Two Rivers, WI, USA) at 2500–3000× g for 1 min. Then, the juice was centrifuged
at 17,000× g for 30 min, and pulp-free juice samples were collected for further quality
analysis. Pulp from the filter and centrifuged pellets were merged as “pulp”. Aliquots of
the supernatant were taken for dry juice weight, soluble solids content (SSC), titratable
acidity (TA), volatiles and non-volatiles analysis, and the measurements were taken from
freshly harvested fruit or after storage at −80 ◦C (volatiles) for up to 4 months.

2.4. Juice Yield and Processing Waste

Material weight was taken at each processing stage, including whole fruit after wash,
peel, flesh and core, filtered pulp and centrifuged pellet (pulp) and pulp-free juice. Thus,
juice production, edible portion (flesh), and waste were calculated.

84



Foods 2023, 12, 209

2.5. Physicochemical Quality Attributes
2.5.1. Particle Size and Juice Stability

In order to study the particle size, zeta potential, and juice stability, juice samples,
15 mL × 3 test tubes per replicate, were heated at 100 ◦C in a water bath for 10 min to
inactivate the enzymes. After cooling the juice samples to 25 ◦C under tap water, 45 mL juice
sample per replicate was collected and centrifuged for 10 min at 360× g. The supernatant
was used for particle size, zeta potential, and juice opacity measurements. For particle
size and zeta potential, the samples were analyzed using a Zetasizer (Malvern Panalytical,
Malvern, UK). For juice opacity, juice samples were transferred to a cuvette and absorbance
at 660 nm was recorded using a UV–visible spectrophotometer (UV-2401PC, Shimadzu,
Columbia, MD, USA) [33]. High absorbance readings correspond to high opacity.

2.5.2. Juice Dry Matter and Non-Soluble Dry Matter

Juice, 100 g per replicate, was vacuum-dried at 55 ◦C. The total dry matter was directly
measured, and non-soluble dry matter was obtained by subtracting SSC from the total dry
matter. All were expressed as percentage of total juice.

2.5.3. SSC, pH and TA

Juice SSC was measured from the supernatant with a refractometer (RX5000α, Atago,
Tokyo, Japan). TA and pH were measured by using a titrator equipped with a robotic
autosampler (model 855, Metrohm, Herisau, Switzerland), a dosing interface (Dosino model
800, Metrohm, Herisau, Switzerland) and controlling software (Tiamo v. 2.5, Metrohm,
Herisau, Switzerland). The principle procedure for TA determination was to titrate 10 mL of
juice sample with 0.1 N NaOH to pH 8.1, the TA value was expressed as [H+] concentration,
mmol L−1 [34].

2.5.4. Measurement of Volatile Compounds

Juice sample, 6 mL, was transferred to a 20-mL vial sealed with Teflon-lined septa (Gerstel
Inc., Linthicum, MD, USA). Volatiles were analyzed by headspace (HS)—solid phase microex-
traction (SPME)—gas chromatography (GC)—mass spectrometry (MS) system, equipped
with an autosampler and a cooling system to maintain samples at 4 ◦C [35,36]. Juice samples
were pre-heated for 30 min at 40 ◦C. A 2 cm SPME fiber (50/30 μm DVB/Carboxen/PDMS,
Supelco, Bellefonte, PA, USA) was then exposed to the headspace for 60 min at 40 ◦C.
After exposure, the SPME fiber was inserted into the GC-MS (Model 7890 GC and 5975 N
MS, Agilent, Santa Clara, CA, USA) injector to desorb the extract for 15 min at 250 ◦C. A
DB-5 column (60 m × 0.25 mm i.d., 1.00 μm film thickness, J&W Scientific, Folsom, CA,
USA) was used to separate volatiles. MS settings were from 30 to 250 m/z and ionized at
70 eV. Volatile compounds were identified by matching their spectra with those from the
National Institute of Standards and Technology (NIST)/Environmental Protection Agency
(EPA)/National Institutes of Health (NIH) Mass Spectral Library (NIST 14; WebBook,
SRD69) and authentic volatile compound standards, as well as by comparing their RIs with
corresponding literature data [23]. The concentrations of volatiles in the juices were calcu-
lated from the total ion current (TIC) of headspace samples, using the regression equations,
determined by injecting five sequential concentrations of each standard to obtain a TIC
calibration [37]. The calibration curves were constructed by adding chemical standards
(Sigma-Aldrich, St. Louis, MO, USA) to a deodorized juice matrix. Deodorization of juice
was performed by a rotary evaporator (R-215, Büchi, Flawil, Switzerland) equipped with a
heating bath (B-491) set at 40 ◦C, a recirculating chiller (F-114) set at −3 ◦C, and a vacuum
controller (V-855) operated under 70–20 mbar with a rotary speed 200–240 rpm until SSC
reached 45%. Deodorized juice was then reconstituted to SSC 2.14% (original SSC level) by
using DI water as the deodorized juice matrix. The chemical standards with C6 or smaller
molecules were added directly into the deodorized juice matrix. The chemicals with >C6
molecules were prepared in two steps, first adding the standards into methanol to make
a 1% stock solution; then, the stock solutions were added to the deodorized juice matrix.

85



Foods 2023, 12, 209

All chemicals were mixed, and the concentrations were based on the abundance of each
chemical in the juice samples. The concentration ranges were 31.25–500 μL L−1 in hexanal,
(E)-2-hexenal and 1-hexanol, 0.3125–5 μL L−1 in acetaldehyde, methanethiol, dimethyl
sulfide, pentanal, and dimethyl disulfide, and 1.5625–25 μL L−1 in all others. Each mixture
had three replicates that were averaged.

2.5.5. Measurement of Nonvolatile Compounds

Juice (supernatant) was filtered with a 0.2 μm PES syringe and spiked with an internal
standard, 13C6-D-fructose, at a final concentration of 40 mg L−1. LC-MS/MS analyses were
performed with an 1290 Infinity II UPLC coupled with a 6470 triple quadrupole MS (Agilent,
Santa Clara, CA, USA). The InfinityLab Poroshell 120 HILIC-Z column (2.1 × 150 mm,
2.7 μm, Agilent, Santa Clara, CA, USA) was held at 15 ◦C. Mobile A consisted of water,
20 mM ammonium acetate (pH 9.3), 5 μM medronic acid and mobile B was acetonitrile.
Initial UPLC conditions were 90% B, 10% A for 1 min, followed by a linear gradient to 78%
B at 8 min, 60% B at 12 min, and 10% B at 15 min. After flushing with 10% B for 3 min, the
column was re-equilibrated with initial conditions (90% B, 10% A) for 10 min. The flow rate
was kept constant at 0.4 mL min−1. The Agilent Jet Stream ESI source was operated with a
gas temperature of 225 ◦C, gas flow of 9 L min−1, nebulizer pressure of 30 psi, sheath gas
temperature of 375 ◦C, sheath gas flow of 12 L min−1, and a capillary voltage (+ and −)
of 3000 V. The MS was operated in dMRM mode and compound-specific fragmentor and
collision energy voltages are listed in Supplementary Table S1. Compounds were identified
by the comparison of MRM transitions listed in Supplementary Table S1 and retention times
with analytical standards. Quantification of the identified compounds was performed by
integrating the area under the chromatographic peak and calculating the amount of each
compound based on standard curves. Standard curves were run in groups according to
abundance levels [amino acids (1–90 mg L−1); higher abundant sugars (150–12,500 mg L−1);
lower abundant sugars and organic acids (10–250 mg L−1); nucleosides (0.004–6 mg L−1);
vitamins B2 and B7 (0.02–1 mg L−1); vitamins B1, B3, B5, B6 and B12 (0.03–1 mg L−1);
vitamin C and malic acid (90–5000 mg L−1)]. A minimum of five points were used in each
standard curve (R2 ≥ 0.99). The vitamin C and malic acid standards were prepared fresh
immediately before their injection while the other standards were stored as stock solutions
and then diluted with LC/MS water before injection. Each treatment group had three
replicates that were averaged. MassHunter Quantitative Analysis software (Agilent, Santa
Clara, CA, USA) was used for data analysis.

2.6. Statistical Analysis

All measurements were replicated three times using the three field replications. JMP
Version 16 (SAS Institute, Gary, NC, USA) was used for analysis of data. Analysis of vari-
ance (ANOVA), and principal component analysis (PCA) was used to evaluate the effect of
soil treatment and storage time on juice processing and quality attributes. Two independent
samples t-Test (TTEST) was used to compare the effect of soil and storage treatments.

3. Results and Discussion

3.1. Weight Loss during Fruit Storage

Fruit harvested from the ASD treatment lost 15.6% of the total weight after 120 d
storage, 3.2% more than the control fruit (Figure 2). The greater weight loss in ASD fruit
was observed from the beginning and throughout the entire storage time (Figure 2). In the
first week, the daily weight loss in ASD fruit was 0.39%, decreased to 0.24% in the next
three weeks, further decreased to 0.10–0.18% until 87 d storage and finally decreased to
0.05–0.06% daily (Figure 2). The control fruit had a 0.30% daily weight loss in the first
week, decreased to 0.10–0.16% in the following seven weeks, and further decreased to
0.03–0.09% in the last ten weeks (Figure 2). The higher weight loss rate for ASD fruit could
be attributed to the lower maturity of the fruit at harvest as observed by a reduced waxy
coating cover (Figure 1). Nevertheless, the difference in daily weight loss between the two
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soil treatments remained even after 60 d storage after the waxy coating had fully developed
on both ASD and control fruit (Figure 1).

Figure 2. Comparison of weight loss of fruit grown in ASD (black dots) and non-treated soils (white
dots). Fruit was stored at 20 ◦C for up to 120 d. * or ** indicate significant difference at 0.05 or 0.01,
respectively, between ASD and control at each storage time.

The transversal section of fresh fruit showed that the cavity was full of endocarp tissue,
septum, central septum and seeds at harvest, but after 120 d storage, the endocarp tissue
shrank (Figure 1C,D). However, soil treatment and storage did not significantly affect the
total core tissue weight (Table 1).

Table 1. Effect of soil treatment and storage time on juice production and waste of winter melons.

Storage Time (d)
Percentage of Each Fruit Portion (%) ANOVA (Prob > |t|)

1 120
Soil Treatment (S) Storage Time (T) S × T

Soil Treatment ASD Control ASD Control

Flesh 67.05 65.02 67.58 66.84 0.033 * z 0.060 0.263
Juice 56.68 53.70 55.43 54.62 0.008 ** 0.772 0.081
Peel 11.48 11.69 12.01 12.36 0.693 0.401 0.922
Core 21.47 23.29 20.41 20.80 0.309 0.118 0.503
Pulp 10.36 11.33 12.15 12.22 0.170 0.005 ** 0.231

Total waste 43.32 46.30 44.57 45.38 0.009 ** 0.741 0.081
z *, ** represent significant levels at 0.05, and 0.01, respectively.

Water loss leads to softening, shriveling, discoloration, and general deterioration of
appearance for most fruits and vegetables. Generally, when weight loss exceeds 4 to 6%
of total fresh weight, the fresh produce becomes unmarketable or unappetizing [38,39].
However, we did not observe visible deterioration on the surface or in the flesh of fruit after
120 d storage even when the cumulative weight loss was over 15.6%. Similar results were
reported in pumpkins that lost 18–21% weight during 120 d storage at 27–31 ◦C without
visible deterioration [40].

3.2. Juice Production and Waste

The control and ASD-produced fresh fruit had 67% and 65% flesh (mesocarp, Figure 1C,D),
respectively, and changed little during the 120 d storage (Table 1). Juice production was
11.33% and 10.36% lower by weight than the flesh in control and ASD fresh fruit, respec-
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tively, due to the pulp being removed by filtration and centrifugation of pellets (Table 1).
The pulp had more than 90% water content (data not shown) and could possibly be reduced
by increasing filtration pressure; pulp waste could also potentially be used as a source of
fiber-rich food supplement. The winter melon juice yield was between 53.70–56.68% of
total fruit weight regardless of the soil treatments or storage time, much higher than orange
juice yield, which is lower than 50% of total fruit weight [41]. ASD fruit produced more
juice with less pulp (Table 1). During the long storage period at 20 ◦C, fruit maturation
progressed, resulting in more pulp (Table 1).

3.3. Particle Size and Stability of Juice

Cloud stability is a desirable attribute in fruit juices; it depends on the surface charge
of particles in the juice (charge repulsion can keep the cloud particles from aggregating)
and the particle size. The zeta potential is a key indicator of the stability of particles in
juice, which characterizes the charge of the particle surfaces that affect the precipitation of
particles in juice. The higher the absolute value of the zeta potential (negative or positive),
the less likely the particles in a cloudy juice will adhere together to form aggregates
(flocculation) and sediment, resulting in more stable the juice. Zeta potential and particle
size analyses have been proven to be valuable tools for prediction of juice stability and
shelf life [42–44].

At the same storage time, particle size in ASD juice was smaller than in control juice;
and the absolute values of zeta potential of ASD juice samples were larger than those of
the control juice samples (Table 2), indicating ASD juice was more stable than control juice.
However, based on the criterion that particles with an absolute value of zeta-potential
larger than 15 mV are expected to be stable [45], both the ASD and the control juice could
not be considered as “stable”, because their absolute values of zeta potential were less than
15 mV, which were 11.58–11.68 mV and 8.77 mV, respectively, for ASD and control juice.
Storing fruit for 120 d did not affect the zeta potential value of the juice, though storage
increased the particle size in both ASD and control fruit juice (Table 2). Taking the particle
size and zeta potential data together, the juice from fresh ASD-grown fruit was more stable
than that derived from the control fruit.

Table 2. Effect of soil treatment and storage time on particle size and juice stability of winter melon
juice samples.

Storage Time (d)
Percentage of Each Fruit Portion (%) ANOVA (Prob > |t|)

1 120
Soil Treatment (S) Storage Time (T) S × T

Soil Treatment ASD Control ASD Control

Absorbance of
supernatant (OD 660 nm) 0.122 0.063 0.214 0.154 0.0001 *** z 0.0048 ** 0.0064 **

Particle size (nm) 533.1 682.4 700.4 748.2 0.0001 *** 0.0001 *** 0.0215 *
Zeta potential (mV) −11.580 −8.769 −11.680 −8.767 0.0008 *** 0.2614 0.1843

z *, **, *** represent significant levels at 0.05, 0.01 and 0.001, respectively.

3.4. Sugars, Acids and Non-Soluble Dry Matter of Juice

The SSC of fresh ASD fruit was 2.14 ◦Bx, and remained during 120 day storage,
however, the value was 2.43 ◦Bx in the control juice, significantly higher than the ASD fruit
juice (Table 3). Interestingly, SSC in the control juice decreased during the 120 d storage
period, in spite of the 13–16% fruit water loss (Figure 2 and Table 3). Our results do not agree
with the Pandey et al. [30] report, which showed that the SSC increased in all 19 genotypes
of winter melons stored at room temperature. In many fruits, the increase in SSC is usually
due to the hydrolysis of starch into soluble sugars or as a consequence of water loss [46,47].
The cultivar used in this experiment underwent a decrease in soluble solids likely due to
increased respiration and/or metabolic reactions that convert soluble solids to insoluble, as
has been reported for many other fruits and vegetables [47]. Fructose and glucose, which
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account for about 40–50% of SSC in fresh juice, decreased to approximately 35–40% after
120 d storage (Table 3). Wills et al. [48] reported that glucose and fructose in mature winter
melon fruit were 0.5% each—similar to our results (Table 3), however, the levels were as
high as 0.8–0.9% in immature fruit, indicating that mature fruit should be used if juice
with low sugar content is desired. Arabinose, galactose, and xylose, the non-cellulosic
neutral sugar components of cell walls were detected, and arabinose was the predominant
component (approx. 0.1%), followed by galactose (approx. 0.015%) and xylose (approx.
0.0005%) (Table 3). The results are different from Gross and Sams [49] who reported that
galactose was the major component in cucurbit fruit.

Table 3. Effect of soil treatment and storage time on total dry matter, soluble solids content, pH, titrat-
able acidity, non-soluble dry matter and individual sugars and acids of winter melon juice samples.

Storage Time (d)
Percentage of Each Fruit Portion (%) ANOVA (Prob > |t|)

1 120
Soil Treatment (S) Storage Time (T) S × T

Soil Treatment ASD Control ASD Control

Total dry matter (%) 2.23 2.57 2.25 2.42 0.0010 *** z 0.1229 0.0630
Soluble solids content (◦Bx) 2.14 2.43 2.11 2.27 0.0010 *** 0.0448 * 0.1241
Non-soluble dry matter (%) 0.093 0.143 0.136 0.146 0.0010 *** 0.0026 ** 0.0046 **

pH 5.45 5.60 5.19 5.21 0.1909 0.001 *** 0.3238
Titratable acidity (H+ mmol L−1) 7.71 6.09 13.94 14.21 0.5065 0.001 *** 0.3624

Fructose (%) 0.5525 0.5246 0.4081 0.4433 0.8879 0.0019 ** 0.2416
Glucose (%) 0.4162 0.4291 0.3124 0.3447 0.4730 0.0140 * 0.7553
Sucrose (%) n.d. y n.d. n.d n.d.

Arabinose (%) 0.1060 0.1031 0.0822 0.0879 0.7569 0.0022 ** 0.3625
Galactose (%) 0.0161 0.0193 0.0132 0.0137 0.2527 0.0202 * 0.3708

Xylose (%) 0.0005 0.0007 0.0004 0.0004 0.1382 0.0152 * 0.0827
Mannose (%) n.d. n.d n.d. n.d

Rhamnose (%) n.d. n.d n.d. n.d
Malic acid (%) 0.1297 0.1023 0.0836 0.0702 0.1327 0.0125 * 0.5850
Citric acid (%) 0.0056 0.0124 0.0643 0.0639 0.4688 0.0001 *** 0.4210

Succinic acid (%) n.d. n.d n.d. n.d
Tartronic acid (%) 0.0017 0.0017 0.0016 0.0016 0.6643 0.0690 0.9398

Galacturonic acid (%) n.d. n.d n.d. n.d
z *, **, *** represent significant levels at 0.05, 0.01 and 0.001, respectively. y Not detectable.

Winter melon juice was slightly acidic, with a pH value of 5.5 when fruit was fresh,
and increased in acidity to pH 5.2 after 120 d storage (Table 3). The TA was 7.71 and
6.09 mmol L−1 in fresh ASD and control juice samples, respectively, and almost doubled
after 120 d storage (Table 3). However, malic acid, the most abundant acid, decreased
approximately 30% after 120 d storage. Conversely, citric acid increased 5–11 times during
storage, and became almost comparable to malic acid; thus the sum of malic and citric acids
increased by 10–15% following storage (Table 3).

Tartronic acid occurs naturally in cucumber and winter melon, and may play a critical
role in inhibiting the conversion of carbohydrates into fats in animal studies [19,20]. Cu-
cumber and winter melon breeders often set tartronic acid content as a quality attribute [50].
However, our data showed that tartronic acid contents were about 1% of the total acids,
and storage did not significantly alter this content (Table 3).

The non-soluble dry matter, an attribute closely correlated to the dietary fiber content [18],
was significantly higher in the control juice, and the content significantly increased during
storage (Table 3), indicating that along with maturity progress and water loss during
storage, cell wall cellulose, hemicelluloses and lignin accumulated (Table 3). Similar results
were found in many plants [51], and confirmed with the storage of winter squash [52].
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3.5. Nutritional Composition of Juice

Six vitamins, 17 free amino acids and five nucleosides were detected by LC-MS/MS
(Table 4). Vitamin C content in fresh juice was 135–140 mg L−1, which agrees with a
previous report in which the extraction solvent was 3% metaphosphoric acid [53]. After
120 d storage at 20 ◦C, vitamin C was reduced by 25% (Table 4). Five B vitamins were
detected: vitamin B5, B1, B6, B2 and B3 (Table 4). The abundant vitamin B5 was higher in
ASD fruit samples (Table 4). After 120 d storage, vitamins B1 and B6 increased, but B2 and
B3 decreased (Table 4). B7 was not detected in winter melon juice.

Table 4. Effect of soil treatment and storage time on vitamins, amino acids and nucleosides of winter
melon juice samples.

Storage Time (d)
Concentration (mg L−1) ANOVA (Prob > |t|)

1 120
Soil Treatment (S) Storage Time (T) S × T

Soil Treatment ASD Control ASD Control

Thiamine (Vitamin B1) 0.113 0.066 0.141 0.121 0.0690 0.0287 * z 0.4166
Riboflavin (Vitamin B2) 0.031 0.031 0.019 0.017 0.7735 0.0005 *** 0.7573

Niacin (Vitamin B3) 0.022 0.032 0.011 0.010 0.3773 0.0063 ** 0.2311
Pantothenic acid (Vitamin B5) 0.682 0.510 0.695 0.604 0.0155 * 0.2437 0.3746

Pyridoxine (Vitamin B6) 0.012 0.009 0.052 0.052 0.8732 0.0020 ** 0.8610
Biotin (Vitamin B7) n.d. y n.d. n.d. n.d.

Cobalamin (Vitamin B12) n.d. n.d. n.d. n.d.
Ascorbic acid (Vitamin C) 139.988 135.279 104.342 101.150 0.4560 0.0001 *** 0.8841

Total vitamins 140.848 135.928 105.260 101.955 0.0798 0.0001 *** 0.6582
Alanine 0.667 0.653 0.757 0.737 0.6947 0.0733 0.9371
Arginine 59.121 91.057 122.451 113.350 0.5127 0.0332 * 0.2533
Aspartate 21.612 15.943 76.286 60.589 0.1267 0.0001 *** 0.4468
Cysteine n.d. n.d. n.d. n.d.

Glutamate 0.557 0.582 2.179 2.158 0.2843 0.0001 *** 0.3952
Glutamine 279.663 406.499 397.641 415.866 0.2718 0.3305 0.4027

Glycine 4.356 6.104 5.044 5.453 0.1770 0.9802 0.3849
Isoleucine 22.341 27.581 33.444 33.015 0.4255 0.0203 * 0.3514
Leucine 22.126 28.325 17.219 18.030 0.0942 0.0034 ** 0.1828
Lysine 12.824 13.489 16.022 16.675 0.6045 0.0311 * 0.9964

Methionine 3.722 5.060 4.689 5.607 0.0632 0.1859 0.6983
Phenylalanine 27.227 33.834 46.009 48.373 0.3701 0.0078 ** 0.6653

Proline 3.142 4.750 4.053 3.815 0.1108 0.9742 0.0422 *
Serine 10.367 9.597 10.685 11.062 0.7763 0.2176 0.4143

Threonine 6.981 8.930 9.710 9.941 0.3525 0.1289 0.4587
Tryptophan 75.083 75.835 77.331 77.424 0.9668 0.8504 0.9741

Tyrosine 34.093 41.208 48.777 48.932 0.2902 0.0082 ** 0.3098
Valine 20.936 25.544 27.458 28.440 0.4517 0.2194 0.6217

Total amino acids 604.817 794.990 899.755 899.468 0.2591 0.0062 ** 0.3564
Adenosine 29.619 26.295 14.651 13.459 0.1360 0.0001 *** 0.4565
Cytidine 1.671 0.700 1.558 0.940 0.0104 * 0.7972 0.4801

Guanosine 8.167 4.249 4.263 2.955 0.0743 0.0755 0.3353
Inosine 0.014 0.015 0.003 0.002 0.9147 0.0001 *** 0.5193

5-Methyluridine n.d. n.d. n.d. n.d.
Uridine 2.319 2.432 1.167 0.834 0.7391 0.0027 ** 0.5064

Total nucleosides 41.790 33.691 21.641 18.189 0.0262 * 0.0001 *** 0.2628
z *, **, *** represent significant levels at 0.05, 0.01 and 0.001, respectively. y Not detectable.

Glutamine was the most abundant amino acid, followed by arginine, tryptophan,
aspartate, tyrosine, phenylalanine, isoleucine, and valine (Table 4). The total amino acids
were 604 and 794 mg L−1 at day 1 and increased to 900 and 899 mg L−1 after 120 d storage,
in ASD and control fruit juice samples, respectively, with no significant differences between
the two soil treatments (Table 4). The data agreed with previous reports: tryptophan,
tyrosine, phenylalanine, the three phenolic amino acids were major components [18,23].
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Dong et al. [54] reported similar total amino acids in winter melon pulp, although the major
components were different [14,54].

Nucleosides and nucleotides are essential in a large number of biological processes.
They are the precursors of the nucleic acids that make up DNA and RNA. Moreover,
nucleosides and nucleotides participate in other metabolic functions as they form part of
biosynthetic routes, operate in the transfer of chemical energy, are components of some
co-enzymes, and play an important role as biological regulators [55]. Five nucleosides
were detected, with adenosine as the greatest component, followed by guanosine (Table 4).
Adenosine, inosine and uridine decreased after 120 d storage, and cytidine and total
nucleosides were higher in the ASD-derived fruit juice samples than in the control (Table 4).

A PCA was performed to project the juice nutritional components onto a 2-component
plot (Figure 3). The PCA discriminated 120 d storage fruit samples from 1 d storage on
both Component 1 and Component 2, explaining 71.3% of the variation in the first two
components (Figure 3a,b). Nutritional components from fresh fruit were on the upper-left
side, including vitamin C, B2 and B3, leucine, and all nucleosides (guanosine and cytidine
being on the lower left part of the quadrant) (Figure 3b). However, most of the amino acids,
located on the right side (Figure 3b), were associated with 120 d stored samples.

 

(a) Scores plot 

(b) Loading plot 

Figure 3. Principal components analysis (PCA) of 6 vitamins, 17 amino acids, and 5 nucleosides in
winter melon juice samples extracted from ASD treated or control fruit that were stored at 20 ◦C for 1
or 120 d. (a) Scores plot and (b) Loading plot.
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3.6. Volatile and Non-Volatile Profile of Juice

Fifteen volatile compounds were identified by GC-MS (Table 5). The major compounds
were aldehydes, including acetaldehyde, pentanal, (Z)-3-hexenal, hexanal, (E)-2-hexenal,
(E,E)-2,4-hexadienal, nonanal, (E,Z)-2,6-nonadienal, and (E)-2-nonenal. They accounted
for about 97% of the total volatiles as measured by total ion current (Table 5). The key
flavor notes associated with these volatiles include green, grass, fat and vegetable soup,
descriptors which are not favorable in stand-alone juice or juice blends [56,57]. There were
three sulfur compounds, methanethiol, dimethyl sulfide, and dimethyl disulfide, which
were very low in concentration, but could potentially contribute strong off-odor [58,59].
There was one monoterpene hydrocarbon (d-limonene) with a very light citrus note, one
alcohol (1-hexanol) with green/grass note, and a rare compound, methoxy-phenyl oxime
which has been reported sporadically without a clear flavor descriptor [60].

Table 5. Effect of soil treatment and storage time on volatile profile of winter melon juice.

Storage Time (Days)
Concentration (ng mL-1) ANOVA (Prob > |t|)

1 120
Soil Treatment (S) Storage Time (T) S × T

Soil Treatment ASD Control ASD Control

Acetaldehyde 1.38 3.33 1.40 3.97 0.0176 * z 0.7099 0.7322
Methanethiol 1.63 1.65 1.42 1.51 0.8270 0.4611 0.8703

Dimethyl sulfide 0.93 1.50 0.95 0.53 0.8121 0.1443 0.1266
Pentanal 2.04 2.49 2.03 2.44 0.0160 * 0.8678 0.9045

Dimethyl disulfide 1.21 1.70 1.12 1.46 0.0097 ** 0.2641 0.6028
(Z)-3-Hexenal 4.34 6.32 4.31 6.22 0.0010 *** 0.9059 0.9391

Hexanal 299.26 340.17 293.92 340.42 0.0075 ** 0.8643 0.8512
(E)-2-Hexenal 190.65 242.69 190.57 242.93 0.0004 *** 0.9946 0.9897

1-Hexanol 74.30 179.65 74.72 198.77 0.0265 * 0.8405 0.8472
Methoxy-phenyl oxime 6.13 5.31 6.18 5.09 0.2104 0.9081 0.8548

(E,E)-2,4-Hexadienal 4.06 5.39 3.95 5.52 0.0203 * 0.9908 0.8339
D-Limonene 8.58 1.70 8.71 1.69 0.0100 ** 0.9806 0.9797

Nonanal 1.58 4.07 1.60 4.11 <0.0001 *** 0.9479 0.9917
(E,Z)-2,6-Nonadienal 13.98 22.37 14.01 22.44 0.0907 0.9917 0.9970

(E)-2-Nonenal 3.59 7.76 3.59 7.81 <0.0001 *** 0.9737 0.9742
Total 613.66 826.11 608.49 844.91 0.0002 *** 0.9532 0.9100

z *, **, *** represent significant levels at 0.05, 0.01, and 0.001, respectively.

Most compounds were affected by soil treatment, with the ASD fruit having lower
volatile concentration in 11 of 15 compounds, and the total concentration was 25% lower
than in the control fruit (Table 5). Those volatiles generally contribute to “green/vegetable”
notes, which is not desirable for fruit juice; thus, ASD fruit and juice are presumed to
have better flavor quality. Lower volatile abundance is preferred regardless of whether the
winter melon juice is used for stand-alone or blended fruit juice. Volatiles were not affected
by storage duration, and there was no interaction between soil treatment and storage times
(Table 5). PCA analysis confirmed the conclusion that volatile profiles were discriminated
by ASD treatment, but not storage time (Figure 4). The PCA discriminated ASD-derived
fruit juice samples from the control samples on Component 1, which explained 56.1% of
the variation (Figure 4a,b). Most juice volatiles were associated with the control samples,
indicating more off-odor volatiles in the control juice (Figure 4).

92



Foods 2023, 12, 209

Figure 4. Principal component analysis (PCA) of 16 volatile compounds in winter melon juice samples
extracted from ASD treated or control fruit that were stored at 20 ◦C for 1 or 120 d. (a) Scores plot
and (b) Loading plot.

From this work, we conclude that the gap in fresh fruit supply during the four-month
off season in winter melon could be made up by long-term, room temperature stored fruit.
The long-term storage resulted in substantial water loss, but there was no loss due to decay.
The long storage also did not cause consistent loss of flavor or nutritional quality. This
research provides strong evidence to the industry that low-cost room temperature storage
would ensure stable fruit supplies for the winter melon juice industry.

4. Conclusions

Fruit harvested from the ASD soil amendment treatment had higher juice yield due to
reduced core and peel waste. However, ASD fruit lost more weight during 120 d storage at
room temperature. Juice from ASD treated fruit was more stable with a greater magnitude
of zeta potential, and had lower SSC, non-soluble dry matter, and total volatiles. The
volatile components were primarily sulfur compounds, and carbon-6 aldehydes, principally
associated with off-flavor in juice. Juice samples resulting from ASD-produced fruit had
higher vitamin B5 and cytidine in their nutritional profiles. Storing fruit at 20 ◦C for
120 d caused fruit weight loss of 12.4 to 15.6%. However, storage did not cause significant
changes in the volatile profiles, although it increased juice pulp, non-soluble dry matter,
and dramatically increased TA content, which was due primarily to an increase in citric
acid. Storage also decreased SSC and pH. Six out of 16 free amino acids increased and
only one decreased; however, three out of five nucleosides decreased. Vitamins B1 and B6
increased, but vitamins B2, B3, and C decreased. The results clearly support the conclusion
that 120 d storage at 20 ◦C did not cause an increase in SSC or flavor deterioration, and the
juice’s nutritional quality was comparable to that obtained from fresh fruit. Fruit juice from
the ASD treatment was physically more stable.

From this work, we conclude that the gap in fresh fruit supply during the four-month
off season in winter melon could be made up by long-term, room temperature stored fruit.
The long-term storage resulted in substantial water loss, but there was no loss due to decay.
The long storage also did not cause consistent loss of flavor or nutritional quality. This
research provides strong evidence to the industry that low-cost room temperature storage
would ensure stable fruit supplies for the winter melon juice industry.
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//www.mdpi.com/article/10.3390/foods12010209/s1, Table S1: LC-MS/MS MRM transitions and
compound specific parameters.
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Abstract: Coatings have been investigated as a means of slowing weight loss and helping to preserve
quality in blueberries but reported results have been inconsistent with the inadequate presentation of
the impact of coatings on blueberry appearance. In this study, we compare the ability to limit weight
loss, along with the effect on appearance, of several previously studied coatings for blueberries and
attempt to identify reasons why coatings have not been more successful in limiting weight loss in
blueberries. In a two-year study, coatings were applied either as a spray or a dip, depending on the
nature of the coating, and included 1% chitosan (CH) with and without either 1% or 2% oleic acid
(OA), 1% Semperfresh (SF), 2% sodium caseinate (SC), and carnauba wax (CAR). None of the coatings
reduced weight loss in either year of the study and sometimes enhanced it. CH, CH + OA, CAR, and
SF greatly altered the appearance of the berries by removing all or a part of the waxy bloom. SC also
did this to some degree but was generally better at maintaining the natural appearance. It was found
that coating application did not effectively limit weight loss through either the cuticle or stem end
of the blueberries. Loss of the bloom on the blueberry surface, confirmed visually and by scanning
electron microscopy, occurred during coating application, but was found to not influence coating
effectiveness. Using CH + OA as an example, it was found that increasing the amount of handling
during the drying process significantly increased subsequent weight loss relative to blueberries with
minimal handling. This indicates that careful handling during the coating process is important for
coating success.

Keywords: weight loss; shrivel; decay; waxy bloom; stem end; handling

1. Introduction

Weight loss during storage is a critical factor in determining blueberry quality with 5%
to 8% being the level at which blueberries can become unmarketable [1]. This is primarily
mediated by a loss of water through the cuticle, although a large proportion also occurs
through the stem scar [2]. Cultivar differences exist in the degree of water loss that occurs,
and these differences have been found to be linked to both size of the stem scar and cuticle
composition [1,3]. Water loss is related linearly to loss in firmness, except when minor water
loss occurs where firmness can transiently increase [4,5]. Firmness at harvest and whether
the fruit have been damaged, as by the utilization of mechanical harvesting, also impact the
degree of softening that may occur in storage. Blueberries that are perceived as being soft
when eaten are less preferred by consumers [6], this attribute being of major importance to
blueberry quality. In addition, the decline in visual quality in the form of shriveling that
accompanies the loss of firmness is considered a major quality defect of blueberries [7].
Minimizing water loss to maintain firmness is, therefore, critical to preserving blueberry
quality following harvest.

The cuticular wax coating acts as a critical component to maintain blueberry quality.
Chu et al. [8] demonstrated that the removal of the epicuticular wax (bloom) of blueberries
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exacerbated both weight loss and decay, leading to a decline in sensory and nutritional
quality. They further found that fruit so treated had reduced levels of antioxidants and
evidence of oxidative damage. While the natural wax layer is thought to be vital to main-
taining the quality of blueberries, experimentation has been conducted on the effectiveness
of supplementing the natural wax layer after harvest with an additional coating to try
to further minimize water loss and slow the rate of senescence. Prior research in blue-
berries has been most focused on evaluating the performance of polysaccharide-based
coatings, such as sodium alginate, chitosan, hydroxypropyl methylcellulose, pectin, or
pullulan [9–13]. Caseinates, which are protein-based coatings, have also been studied [9].
Often combination coatings have been utilized to try to enhance coating functionality.
Examples of this are high-oleic acid sunflower oil and Aloe vera combined with chitosan to
lower water vapor permeability [14,15].

Unfortunately, a great deal of the reported research on blueberries has indicated that
the studied coatings have been either inconsistent or ineffective in reducing weight loss
for reasons that are unclear. The purpose of this study was to evaluate the performance of
a variety of coatings following simulated commercial storage and marketing to obtain a
comparison of their effects on blueberry weight loss and quality and, more importantly, to
examine potential reasons that may influence their effectiveness. The work also included
evaluations on the effect of coating applications on the surface bloom, a characteristic that
is indicative of fresh blueberry quality [16] and had received inadequate attention in prior
work with blueberry coatings.

2. Materials and Methods

2.1. Fruit

Varieties Snowchaser and Jewel were picked at commercial maturity from a research
field at the USDA San Joaquin Valley Agricultural Sciences Center (USDA-SJVASC) on May
19 and 26, respectively, in season 1 (2020) and season 2 (2021). The field was established
in 2016 with 3 m row spacing and 0.9 m between plants in a row. Both irrigation and
fertilization were supplied with drip irrigation. Care was taken to pick blueberries that
had no visible disorders. Fruit for scanning electron microscopy (SEM) work as well as for
the examination of stem end effect were also harvested from the USDA-SJVASC research
field. Fruit were obtained in the off-season from a local grocery store to perform a small
subsidiary test examining the influence of handling and double coating. Variety could not
be obtained in this case.

2.2. Coatings

Most coatings were selected due to their prior use in blueberry research. The coatings
used were as follows: chitosan (CH, high molecular weight class, ≥75% deacylation,
Sigma, St. Louis, MO, USA); Semperfresh (SF, combination of sucrose esters of fatty
acids, sodium carboxymethyl cellulose, and mono- and diglycerides of fatty acids, Pace
International, Wapato, WA, USA); sodium caseinate (SC, Sigma), and a carnauba wax
(CAR) microemulsion (Sta-Fresh 2109, JBT, Riverside, CA, USA). Chitosan was prepared
as a 1% (w/v) solution in 1% acetic acid using a Tekmar Tissumizer (Cincinnati, OH, USA)
to homogenize the mixture, increasing speed as the mixture thickened. When CH was
completely incorporated, Tween 20 and glycerol were added to final concentrations of 0.1%
(w/v) and 50% (w/w of chitosan) [9], respectively. In addition, either 1% or 2% of oleic acid
(OA) was added in season 1, using high-speed homogenization [17]. SF was made to 1% of
the active ingredients (a combination of ingredients as listed above) by dilution in water. A
2% concentration of SC was made in water followed by the addition of glycerol to make
a concentration of 50% (w/w of SC) and Tween 20 to 0.15% (w/v) as reported earlier [9]
but substituting calcium caseinate with SC. CAR was used in undiluted form. Controls of
water or acetic acid only were included to better estimate true treatment effects.
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2.3. Coating Application and Packaging

Coatings were applied either as a dip or, in the case of Semperfresh, both dip and
spray at ambient temperature of (23 ◦C). When applied as a dip the berries were immersed
for 15 s, removed from the solution, and then spread out on a screen and allowed to
dry under ambient conditions. Care was taken during the coating and drying process to
minimize handling and the mechanical impact of the coating process on the fruit. Spraying
was accomplished by placing the berries in a single layer on a screen and using a paint
sprayer (Wagner, Plymouth, MN, USA) set on a fine spray setting to simulate a potential
commercial operation of coating the fruit. Drying in ambient conditions was completed
on a screen. In season 1, the fruit were dip-coated a single time while in season 2, the
fruit were coated twice to ensure complete coverage and potentially enhance effectiveness.
In season 2 the first coating was dried on a screen for 30 min prior to recoating. The
effectiveness of recoating and of utilizing additional handling during the coating process
was examined in season 1 using CH + OA. In this case, there was a comparison made
between minimal handling (normal procedure to apply coating) and one where the fruit
were continually turned during drying. After final drying, the fruit from both years were
placed into vented plastic clamshells (170 g) and the clamshells placed into boxes capable
of holding 12 clamshells. Each clamshell was considered a replication and there were
4 replications per treatment for each storage time.

2.4. Storage

In season 1 blueberries were stored at either 3 weeks or 6 weeks at 1 ◦C and 85% relative
humidity in a 7.9 m2 storage chamber equipped with a TELSEC 2000 environmental control
system (Quest Controls, Palmetto, FL, USA). To better simulate commercial storage and
marketing, the storage regimes in season 2 were altered to: (1) 3 weeks at 1 ◦C, (2) 3 weeks
1 ◦C + 1 week 10 ◦C, (3) 3 weeks 1 ◦C + 1 week 10 ◦C + 2 d 20 ◦C. Relative humidity was
approximately 95% at 1 ◦C, 93% at 10 ◦C and 73% at 20 ◦C. The same storage chamber was
used as in season 1.

2.5. Fruit Quality

Percent weight loss was determined by comparing the weights of the individual
clamshells at the end of each of the two storage times with the initial values in the experi-
ment. There was no removal of decayed fruit during storage. The appearance of the waxy
bloom was rated from 0 to 3, where 0 = perfect, unchanged; 1 = slight loss, acceptable;
2 = moderate loss, not acceptable; 3 = severe loss, not acceptable. Berries that had visible
decay, or with softening characteristics of decay, were counted as decays. Those berries
that had shriveling that would be objectionable to consumers upon close examination were
counted as being shriveled. The shriveling generally occurred at the stem end. Firmness
was measured by the use of a FirmTech 2 (BioWorks, Wamego, KS, USA) in season 1
and a FirmTech FT7 (UP Umweltanallytische Produkte GmbH, Ibbenbürn, Germany) in
season 2. Both instruments were similar in design and measured the force required in
g to cause a 1 mm deflection of the berry. Twenty berries were measured for firmness
from each clamshell in both years. After the removal of decayed berries, all the fruit from
each clamshell were juiced to measure soluble solids concentration (SSC) and titratable
acidity (TA), each clamshell being a replication. The juice was centrifuged at 8100× g
for 10 min and the resulting clear supernatant was used for the measurements. SSC was
determined with a digital refractometer (Atago, Tokyo, Japan) and TA with an automatic
titrator (Mettler model T50, Columbus, OH, USA).

2.6. Stem end Contribution to Weight Loss

Eighty berries of similar size and no blemishes were selected from fruit (cv. San
Joaquin) that were harvested at the SJVASC when the berries were commercially mature.
Twenty berries were used for each of the 4 treatments which were as follows: (1) Untreated;
(2) Stem ends covered, no coating; (3) Stem ends not covered, coating; (4) Stem ends
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covered, coating. Nail polish was used to cover and seal stem ends as in previous work [2]
and SC was the coating. Nail polish was applied to the appropriate treatments and allowed
to dry, followed by the application of coating if needed. Each berry was individually coated,
using forceps to dip the berries into the coating, and carefully placed to dry on Eppendorf
tube racks. After drying each berry was individually weighed and reweighed daily for
4 days, after which the fruit were again weighed on day 7. From this data it was possible
to estimate changes in weight loss or gain due to SC application from either the cuticle or
stem end.

2.7. Scanning Electron Microscopy (SEM)

Coated and uncoated blueberries were carefully packed at the SJVASC in 50-mL Falcon
tubes to allow little or no movement of the individual berries, placed into an insulated
container with ice packs and sent to the University of Tennessee (Knoxville, TN, USA)
by overnight mail. Some of the berries were half-coated to examine the coated/uncoated
interface. The surfaces of coated, half-coated, and uncoated fruit were imaged using a Zeiss
EVO (Zeiss, Oberkochen, Germany) SEM. Samples were mounted on aluminum holders
with double-sided copper tape and analyzed directly (no gold sputter-coating needed)
under variable pressure mode (40 Pa) at 200 pA. Images were processed using Microscopy
Suite software (version 3.4.3, Gaitan, Pleasanton, CA, USA). All analyses were performed at
the University of Tennessee Institute for Advanced Materials and Manufacturing Electron
Microscopy facilities (Knoxville, TN, USA).

2.8. Blueberry Bloom Removal Experimentation

Twenty berries, that were free of injury and with substantial bloom, were selected for
each of the treatments. Berries with the natural bloom present were used in half of the
treatments, while berries for the other half of the treatments had the bloom removed by
using Blu Tack adhesive putty (Bostik, Wauwatosa, WI, USA) as previously described [8].
Both sets of berries had the same control and coatings applied: uncoated, CH, SF, SC, and
CAR. Coatings were applied by dipping individual berries and then carefully placing them
in Eppendorf tube racks to dry. The berries were then transferred to a new rack for storage
at 20 ◦C for 4 days. Weights of the individual berries were taken after the berries had dried
and then daily until the end of storage.

2.9. Statistical Analysis

Blueberry weight loss and bloom data for seasons 1 and 2 were analyzed by a com-
pletely randomized design, using a one-way ANOVA within both variety and storage
time using statistical software (SPSS version 24, IBM, Chicago, IL, USA). Similarly, data
examining the influence of handling on weight loss were analyzed by ANOVA within
storage time and data on the impact of the epicuticular bloom by ANOVA within bloom
condition and storage time, both with SPSS. Both of these analyses used a completely
randomized design. Mean separations for all analyses in this manuscript were determined
using Tukey’s test (p ≤ 0.05).

3. Results

3.1. Effect of Coatings on Weight Loss and Quality

‘Snowchaser’ and ‘Jewel’ were harvested from the same field in both seasons 1 and
2 and subjected to coating treatments prior to storage. In season 1 the blueberries were
stored for either 3 or 6 weeks at 1◦C prior to evaluation (Table 1). Presentation of results
will focus on coatings and not the associated controls unless the controls indicated that
it may have not been just the coating that causes the effect. Weight loss was not different
between the untreated control and any coating after both storage times for either variety.
For the most part, the waxy bloom was not altered to any sizeable extent by the control
treatments throughout the experiments, although ‘Jewel’ after 6 weeks was judged to have
enough natural wax removal that marketability might be impacted, indicating that even the
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control treatments could at times cause substantial damage to the fragile bloom. CH-OA
coatings had a strong impact and caused almost complete removal of the bloom, leaving
the blueberries to be nearly black in color. Both dip and spray versions of SF caused much
less bloom loss and, although the loss was evident, it was in most cases thought not to
alter the marketability of the fruit. Two exceptions to this were SF spray following 3 weeks
for ‘Snowchaser’ and both dip and spray treatments for ‘Jewel’ after 6 weeks. Examples
of the appearance of blueberries with partial or full bloom removal following treatment
(applied in season 2) are shown in Figure 1. There was no consistent change due to coating
application in decay, shrivel or firmness (Supplementary Table S1).

Table 1. Influence of dip or spray coatings on weight loss and berry bloom rating following 3 weeks
or 6 weeks at 1 ◦C in season 1.

Treatment y Weight Loss (%) Bloom (Rating) z Weight Loss (%) Bloom (Rating) z

Loss (%) (Rating z) Loss (%) (Rating z)

3 weeks 1 ◦C ‘Snowchaser’ ‘Jewel’
Untreated 3.47 a 0.0 2.39 a 0.0
Water dip 3.63 a 0.5 3.18 a 1.0
Water spray 3.75 a 0.5 3.23 a 1.0
Acetic acid dip 3.64 a 0.5 3.04 a 1.0
CH + 1% OA dip 3.41 a 3.0 3.26 a 3.0
CH + 2% OA dip 3.52 a 3.0 2.98 a 3.0
SF dip 3.34 a 1.5 3.19 a 1.0
SF spray 3.65 a 2.0 3.40 a 1.0
6 weeks 1 ◦C
Untreated 8.74 ab 0.0 6.08 ab 0.0
Water dip 8.43 ab 0.0 3.61 b 2.0
Water spray 7.91 c 0.0 7.96 a 2.0
Acetic acid dip 8.22 ab 0.0 7.32 a 2.0
CH + 1% OA dip 8.63 ab 3.0 6.56 ab 3.0
CH + 2% OA dip 7.70 b 3.0 6.63 ab 3.0
SF dip 7.90 b 1.0 7.49 a 2.0
SF spray 9.60 a 1.5 7.77 a 2.0

y C = chitosan, OA = oleic acid, SF = Semperfresh. z Waxy bloom coverage: 0 = equivalent to control; 1 = slight
loss but acceptable; 2 = moderate loss, not acceptable le; 3 = severe loss, not acceptable. The same letter within the
same variety and storage time indicates no significant difference with p ≤ 0.05.

Figure 1. Differential removal of waxy bloom due to coating application. SC being an example of
partial and CH of full removal of the waxy bloom.

In season 2, the coating experimentation was altered to include a new storage regime to
better approximate handling and marketing. In addition, different coatings were evaluated
to find ones that might be more effective than those tested in the prior year. In both
varieties, there were no coatings that significantly reduced weight loss below that of the
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untreated control and the effect of the coatings was often to increase weight loss (Table 2). In
contrast to the prior year, there was often seen a negative effect of either the water or acetic
acid controls, particularly in ‘Snowchaser’. This may have been due to there being two
applications in season 2 rather than one in season 1. As evidenced by the bloom ratings, the
waxy bloom was strongly reduced by CH, SF and CAR in both varieties, but in ‘Jewel’ all
the coatings negatively altered the bloom to a level that might limit marketability (example
photos in Figure 1). The control treatments did not alter the bloom in ‘Snowchaser’ but did
occasionally in ‘Jewel’. Fruit coated with CAR often had less decay, and all coatings tended
to reduce SSC, but results for shrivel, firmness and TA were inconsistent (Supplementary
Table S2).

Table 2. Influence of dip coatings on weight loss and berry bloom rating following simulated storage
and marketing in season 2.

Treatment y Weight Loss (%) Bloom (Rating) z Weight Loss (%) Bloom (Rating) z

Loss (%) (Rating z) Loss (%) (Rating z)

3 weeks 1 ◦C ‘Snowchaser’ ‘Jewel’
Untreated 2.53 d 1.0 1.83 d 1.0

Water 3.10 ab 1.0 1.98 cd 1.0
Acetic acid 3.18 ab 1.0 2.00 cd 2.0

CH 3.23 ab 3.0 2.50 b 3.0
SF 2.90 bc 2.0 2.10 cd 2.0
SC 2.63 cd 1.0 2.18 bc 2.0

CAR 3.45 a 3.0 2.98 a 3.0
3 weeks 1 ◦C + 1 week

10 ◦C
Untreated 3.35 bc 1.0 2.55 d 1.0

Water 4.05 a 1.0 2.90 cd 1.0
Acetic acid 4.13 a 1.0 2.83 cd 1.0

CH 4.13 a 3.0 3.45 b 3.0
SF 3.88 ab 2.0 2.83 cd 2.0
SC 3.20 c 1.0 3.03 c 2.0

CAR 4.30 a 3.0 4.03 a 3.0
3 weeks 1 ◦C + 1 week

10 ◦C + 2 d 20 ◦C
Untreated 5.43 c 1.0 3.83 d 1.0

Water 6.78 b 1.0 4.46 bc 1.0
Acetic acid 6.64 b 1.0 4.09 cd 1.0

CH 6.69 b 3.0 4.98 b 3.0
SF 6.56 b 2.0 4.60 bc 2.0
SC 5.71 c 1.0 4.84 b 2.0

CAR 7.69 a 3.0 5.94 a 3.0
y CH = chitosan, SF = Semperfresh, SC = sodium caseinate, CAR = carnauba (undiluted Stafresh 2109). z Waxy
bloom coverage: 0 = equivalent to control; 1 = slight loss but acceptable; 2 = moderate loss, not acceptable;
3 = severe loss, not acceptable. The same letter within the same variety and storage time indicates no significant
difference with p ≤ 0.05.

3.2. Effect of Handling and Additional Coating

An experiment was conducted to examine whether the amount of handling that the
blueberries experienced during the coating process or the number of coats applied would
alter the coating performance (Table 3). Chitsosan + OA was the coating combination
tested. Minimal handling during coating application, which was equivalent to the normal
application practice, resulted in a reduction in weight loss from that of the untreated control
after 3 weeks but not after 6 weeks. Fruit that received extra handling had increased weight
loss above that of the fruit that received minimal handling, although the weight loss was not
different than the untreated control for both storage times. The application of an additional
coat did not help reduce weight loss.
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Table 3. Influence of handling and multiple coats on the effectiveness of a chitosan (CH) + oleic acid (OA)
dip on the prevention of weight loss following 3 weeks or 6 weeks at 1 ◦C using purchased blueberries.

Coating Weight Loss (%) y

3 weeks 6 weeks

Untreated 3.82 ab 7.49 bc
CH + OA minimal handling 2.85 c 6.47 c
CH + OA extra handling z 4.31 b 8.42 ab
CH + OA double coat 4.88 a 9.17 a

y Letters indicate statistical significance (p ≤ 0.05) within week. z Blueberries continually turned while drying.

3.3. Influence of Coating on Cuticle and Stem end Weight Loss

As prior work had demonstrated the importance of the blueberry stem end to weight
loss [2], it was of interest to examine the potential effect of a selected coating on this
region of the blueberry. SC was chosen as the coating to use based upon its slightly better
effectiveness seen in this experiment than the other coatings on preventing weight loss.
Blocking the stem end (sealed) of both uncoated and coated fruit dramatically reduced
the amount of weight loss by approximately 50%, regardless of the presence of coating
(Figure 2A). SC had no effect on limiting weight loss of either sealed or non-sealed fruit.
Calculated relative change over time in weight over time due to SC in either the cuticle or
the stem end of the fruit is indicated in Figure 2B. Interestingly, SC induced a slight increase
in weight loss from the cuticle that linearly increased over time while weight loss from the
stem end slightly declined.

Figure 2. Effect of coating with sodium caseinate (SC) and coverage of the stem end of ‘San Joaquin’
blueberries with nail polish on weight loss during 7 d storage at 20 ◦C (A) and change in weight loss
due to SC in either the cuticle or stem end (B).

3.4. SEM imaging of Coated Fruit

Coated blueberries were imaged to better understand the poor performance of the
coatings in limiting weight loss. SEM images of the various coatings and controls indicated
that the coatings were generally continuous and relatively featureless on the fruit surface
(images not shown). An exception to this was CAR which tended to crack (Figure 3A). This
coating was formulated for citrus fruit and apparently is not appropriate for blueberries
even though CAR is an excellent coating in terms of its low water vapor permeability [18].
The representative images in Figure 3B,C were of half-coated fruit to be able to better
determine the contrast between coated and uncoated areas. It was hoped that it might be
possible to observe additional evidence (beyond darkening of the skin) of the degree that
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the coatings alter the waxy bloom with the idea that alteration of the bloom may have some
role in applied coating performance. In Figure 3C, waxy rodlets that make up the waxy
bloom are visible on the uncoated but not the coated side of the fruit. This contrasts with
a blueberry dipped in 1% acetic acid, the control for CH, where waxy rodlets are visible
throughout (Figure 3D). Since chitosan is transparent then it would have been expected
that the wax would have been visible under the coating had the wax been present.

Figure 3. SEM images of blueberries with only one half of the fruit coated (A–C) or fully coated (D)
to help better understand coating effects. Carnauba (CAR) coating illustrating the propensity of this
coating to crack (A). Two magnifications of the chitosan (CH) coating (B,C) showing its appearance
in contrast to the uncoated portion of the fruit. An image of blueberry treated with acetic acid (1%),
the control for CH, is shown in a treated area of the berry (D).

3.5. Blueberry Bloom Removal

Weight loss from blueberries that were coated over the natural bloom or after it had
been manually removed was examined to further explore the involvement of loss of the
bloom in determining coating effectiveness. Gently wiping the surface of the blueberries
with Blu Tack appeared to remove a substantial portion of the bloom as judged by the
dark appearance of the berries after wiping. The effectiveness of Blu Tack adhesive for
this purpose was previously demonstrated by [8] using SEM imaging. The amount of
bloom removed by this process was determined to be an average of 2.9 mg per blueberry
as estimated by weight loss. The overall weight loss across treatments was significantly
higher (p ≤ 0.05) in blueberries with the bloom removed in contrast with those with intact
bloom. Except for CAR, which lost significantly less weight relative to the untreated control
on days 3 and 4, CH, SF and SC were ineffective in limiting weight loss (Table 4). This was
true regardless of whether the bloom had been present prior to coating.

Table 4. Influence of prior epicuticular bloom removal on coating performance during storage at 20 ◦C.

Weight Loss (%) z

Treatment x Bloom y Days: 1 2 3
Uncoated Present 1.44 ab 3.11 a 4.52 a

CH 1.68 a 3.49 a 5.16 a
SC 1.65 a 3.40 a 5.03 a
SF 1.58 ab 3.27 a 4.87 a

CAR 1.39 b 2.90 a 3.82 b
Uncoated Removed 2.24 ab 4.44 ab 6.48 ab
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Table 4. Cont.

Weight Loss (%) z

CH 2.31 a 4.60 a 6.65 a
SC 2.09 ab 4.20 ab 5.84 ab
SF 1.87 b 3.84 b 5.64 b

CAR 2.02 ab 3.87 ab 5.57 b
x CH = chitosan, SF = Semperfresh, SC = sodium caseinate, CAR = carnauba. y Bloom present or removed by
wiping with Blu-Tack prior to coating application. z Letters indicate statistical significance (p ≤ 0.05) within day
and bloom removal status.

4. Discussion

Experimentation was undertaken in this study to thoroughly characterize the per-
formance of several coatings that had been used in prior research with blueberries and
some that had not yet been tried with this commodity. This was used to set the stage for
experimentation to better understand why blueberry coatings have often been ineffective
in prior research. All the coatings evaluated in this study were ineffective in reducing
weight loss, a result that was consistent in both years of the research using two differ-
ent varieties. In fact, in the second season, weight loss was accelerated by some of the
coatings. The only positive results were with CAR when treating individual berries, an
impractical procedure commercially. The lack of positive effect in our research on weight
loss of chitosan-based coatings agrees with much of the prior research on this coating on
blueberries [9,11,14,19,20], although there are some reports that do indicate a benefit [15,21].
The relatively high water vapor permeability of chitosan film [18] likely contributed to
the poor or inconsistent results. Although components such as oleic acid are sometimes
added to improve water vapor resistance [17], this did not help lower weight loss in the
first season of this study where this was tried. SF, a hydrophobic coating in contrast to the
hydrophilic CAR, was reported to slow weight loss in blueberries [9], but the results in
that study were inconsistent within the duration of the test. In our experiments, SF was
not effective in preventing weight loss at any time. Duan et al. [9] also found that calcium
caseinate was a poor coating to limit weight loss, the same as our findings with SC. To try to
find any coating that would reduce weight loss in blueberries we also tried CAR, a coating
with relatively low water vapor permeability [18,22]. This coating also failed, although
the fact that the coating was formulated for citrus and not blueberries could have played
a part. In addition, unlike in this case, citrus fruit are heat-dried after wax application
which may act to soften or partially melt the wax and make its coverage more continuous.
Cracking developed during storage may have also limited its effectiveness (Figure 3A).
Sodium alginate, pectin, and pullulan, other coatings that have been shown to be of no use
in lessening weight loss in blueberry, were not tried [12,13].

It is recognized that coatings have other functions than just lessening weight loss. Since
firmness can be reduced by weight loss [5], coatings could potentially make blueberries
more firm. Although firmness has been positively impacted in blueberries by coatings in
some studies [9,21], often there have been no or inconsistent effects such as those obtained
in this study (Supplementary Tables S1 and S2). Our results were not surprising given the
poor ability of our coatings to limit weight loss. This was the same situation with shrivel,
another quality attribute directly related to weight loss. Decay can cause a severe loss in
the marketability of the fruit and, accordingly, this has been an important target of most
of the prior studies with blueberry coatings. In the second season, the inhibitory effect of
CH on decay was clear in both varieties as has been often noted in various commodities
by others [23]. Antioxidant capacity may potentially also be altered by coatings but was
not evaluated in this study that focuses on weight loss and external factors due to their
greater importance.

The appearance of coated blueberries has not been commented on in almost all prior
studies yet is very likely important. Mannozzi et al. [13] mentioned that blueberries
treated with sodium alginate or pectin were bluer than the controls. The loss of waxy
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bloom is responsible for this as was acknowledged in Duan et al. [9]. In this study, we
performed visual evaluations for the condition of the bloom to gauge the impact of the
different coatings more completely on this quality parameter. Most treatments, including
the controls, had some negative impact, although sometimes not to the degree that would
likely impact consumer preference. Some coatings, such as CH (with or without OA) and
CAR, always were very damaging and caused a complete or near complete removal of the
bloom (Tables 1 and 2; Figure 1). Other coatings, such as SF and SC were more intermediate
in effect, causing only a partial bloom removal. A recent study by our laboratory found that
partial bloom removal was acceptable to sensory panelists, but full removal was not [24].
This means that a bloom-damaging coating such as CH, despite its benefits in reducing
decay, is likely not acceptable for fresh blueberries unless some more gentle means of
application can be devised.

After confirmation of the ineffectiveness of the coatings tested in this study, the
research moved to experimentation designed to have a better understanding of potential
factors for why the coatings were not more efficacious. One of the first areas of the
investigation was to examine the impact of handling during the application process as
handling was required to both coat and dry the fruit. Using CH + OA as the test coating, it
was found that if the amount of handling during the drying process was increased beyond
what was normally practiced (minimal handling) the weight loss was significantly greater
(Table 3). The results were also similar to CAR (results not shown). This indicates that
the methodology of application can influence the success of the coating. The reason for
this observation is not known but it is supposed that the coverage of the coating may
be compromised by excessive handling. Indeed, SEM observations of blueberries coated
with CH, SF, or SC indicated that these coatings formed films with a tendency to flake
off (Supplementary Figure S1). Attempts to alter the application method to improve
coating performance by spraying instead of dipping were not successful (Table 1). Further
experimentation using an air-brush to delicately apply the coating and then drying without
handling were also not successful. Surprisingly, it was found that with the CH + OA coating,
even the application of an additional coat (using minimal handling during drying) did
not lessen weight loss and, in fact, weight loss was even greater than the single coat with
minimal handling (Table 3). In one of the few mentions of the mode of coating application
for blueberries, Duan et al. [9] noted in their conclusion that dipping may have reduced the
effectiveness of their coatings but offered no explanation of why that may have been so.

The stem end, although small in area relative to the cuticle, was found to be responsible
for an average of 40% of the total weight loss in a study that examined a range of highbush
blueberry genotypes [2]. To gain insight whether the stem end may be more difficult to coat,
and negatively affect coating effectiveness, SC was applied to both blueberries that had
the stem end completely blocked using nail polish [2] and control blueberries where the
stem end had not been blocked. Eliminating water loss through the stem end eliminated
approximately 50% of the total weight loss (Figure 2A), like the findings of Moggia et al. [2].
Same as the research presented earlier in this study, SC did not reduce weight loss in
either sets of blueberries. In this case, the handling of the coated blueberries cannot be
blamed for the ineffectiveness as each fruit was carefully coated and dried individually.
Calculated estimates of the relative effect of SC on both regions indicated the cuticle weight
loss was slightly increased over time while that from the stem end does not change much
or even slightly declined due to SC application. It appears that, at least with SC, that poor
coverage of the stem end was not the reason of the ineffectiveness of the coating in limiting
weight loss.

In this study application of coating often led to a visible darkening of the blueberries
(Figure 1) due to the loss of epicuticular bloom (Figure 3C). Prior research had shown that
removal of the bloom increased weight loss in blueberries [8] and indicated the possibility
that damage to the bloom due to coating application may be at least partially responsible for
the poor coating performance that we observed. To examine this possibility coatings were
applied to natural blueberries (bloom present) and to others that had the bloom artificially
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removed (Table 4). It should also be noted here that the berries were all individually coated
and dried, eliminating the effect of handling. Analysis across treatments indicated that
removal of the bloom did result in greater weight loss (p ≤ 0.5) as had been previously
seen [8], the difference being up to 1.36% by day 3. If damage to the bloom would have
played a significant role in the failure of the coatings to prevent weight loss, however, there
should have been significant differences between the uncoated and coated blueberries in
the group that had the bloom removed as the bloom, in that case, was not a factor. This was
not observed, however, indicating that loss of bloom did not influence coating performance.

5. Conclusions

Additional confirmation was provided in this study to support previous research
indicating the poor effectiveness of coatings to reduce blueberry weight loss. This paper
also highlights the fact that coatings alter the appearance by partial or total removal of the
waxy bloom. This somewhat neglected aspect needs to be considered in the development
and testing of coatings as we have recently shown that consumers prefer blueberries
that have at least partial bloom present [24]. Much of this study focused on determining
potential reasons why the coatings used in this work performed so poorly to provide
means of enhancing the effectiveness of these or other coatings for use for blueberries. Out
of all the factors studied only excessive handling during coating was clearly linked to a
worsening of coating results. This indicates that careful handling is needed during the
coating process, but even with the coating of individual berries where handling was not
an issue, we almost never saw that the coatings were effective in reducing weight loss.
If coatings are to be used for blueberries it may be that novel formulations, specifically
designed for this fruit, are needed for them to be successful. It is also important that
consideration be made to ensure that the coatings can be successfully integrated into the
commercial packing process that currently exists for blueberries.

Supplementary Materials: The following supporting information can be downloaded at: https:
//www.mdpi.com/article/10.3390/foods12010174/s1, Table S1: Influence of dip or spray coatings
on other key quality parameters following 3 weeks or 6 weeks at 1 ◦C in season 1; Table S2: Influence
of dip coatings on other key quality parameters following simulated storage and marketing in
season 2.; Figure S1: Example of sodium caseinate flaking visualized by SEM.
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Abstract: Penicillium expansum is a necrotrophic pathogen, which actively kills host cells and obtains
nutrients from dead cells to achieve infection. However, few reports have elucidated the differential
levels of carbon and nitrogen sources over increasing distances of the leading edge in fungal colonized
fruit tissues during colonization. Our results showed that the highest consumption of sucrose and
fructose, as well as the accumulation of glucose, were found in the decayed region of P. expansum-
colonized ‘Delicious’ apple fruit compared with the healthy region at the leading edge and the
healthy region 6 mm away from the leading edge. As nitrogen sources, the contents of methionine,
glutamate, leucine, valine, isoleucine and serine were the lowest in the decayed region compared
with the healthy regions during colonization. In addition, the titratable acidity, oxalic acid, citric acid,
succinic acid and malic acid showed the highest accumulation in the decayed region compared with
the healthy regions. P. expansum colonization induced the accumulation of saturated fatty acids in
the decayed region, while the level of unsaturated fatty acids was the lowest. These changes were
not observed in the healthy regions. These results indicated that P. expansum kills cells in advance of
its colonization in order to obtain the nutrients of the apple tissue from the distal leading tissue of
the colonized apple. It is understood that more carbon and nitrogen sources are required for fungal
colonization, and a stronger defense response against colonization occurred in the fruit, causing the
transit of nutrients from the distal tissue to the infected sites.

Keywords: Penicillium expansum; apple; fungal infection; carbon source; nitrogen source

1. Introduction

Penicillium expansum is one of the major postharvest pathogens, which causes the
blue mold in pomes, stones and berries [1]. As a necrotrophic fungal, P. expansum kills the
host cells in the colonized sites by secreting extracellular enzymes and acquires nutrients
from these dead cells [2]. Subsequently, due to more demands for nutrients to facilitate
colonization, the healthy tissues around the colonized sites are gradually destroyed, causing
the expansion of the decay [3–5]. Therefore, the development of decay in fruit is a dynamic
process that gradually develops outward from the initial colonized sites to the healthy
tissue around it during fungal colonization [6,7].

During the process of colonization, fungi usually face nutrient limitations. The sugars
and amino acids in fruit are considered as major carbon and nitrogen sources for fungi,
which are utilized by sugar or amino acid transporters located in the fungal hyphae to
achieve the fungal colonization of fruits [8]. The contents of sucrose, fructose, methionine
and glutamate were decreased in the decayed tissue of P. expansum-infected apple fruit [9].
A reduced sucrose content and increased glucose and fructose content, as well as the total
soluble solid content, were observed in the healthy tissue of Monilinia fructicola-infected
peach fruit [10]. Moreover, a decreased glucose and sucrose content was found in the
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healthy tissues of citrus fruit after P. digitatum infection [11]. In addition, higher contents of
amino acids were found in the healthy tissue of P. expansum-infected apple fruit [12].

Organic acids contribute to the pH of fruit [13]. Compared with the healthy tissue of
fruit infected by P. digitatum and P. expansum, higher concentrations of malic and citric acid
were found in the tissue at the leading edge of apple and orange fruit [14]. Moreover, higher
concentrations of citric acid accumulated in the decayed region of P. expansum-infected
apple fruit and P. digitatum-infected grapefruit [13]. Our previous results indicated that
P. expansum inoculation decreased the titratable acid content in the healthy tissue of apple
fruit [15]. Fatty acids form the main composition of the cell membrane in fruit tissue and,
together with the high level of unsaturated fatty acids (USFAs)/saturated fatty acids (SFAs),
contribute to maintaining the fluidity and integrity of the cell membrane [16,17]. However,
fungal infection reduced the ratio of USFAs/SFAs in the healthy tissue of fruit, resulting in
an impaired integrity of the cell membrane of the host [18,19], which enabled the release of
primary metabolites from the cells and their use for fungal colonization. Phomopsis longanae
infection decreased the integrity of the cell membrane by increasing the levels of palmitic
acid and stearic acid and reducing the levels of oleic acid, linoleic acid and linolenic acid
in the healthy tissue of longan fruit [20,21]. In addition, lower contents of oleic acid and
linoleic acid were observed in the decayed tissue of P. expansum-infected apple fruit [9].

The latest results illustrated differences in the contents of sugars, organic acids, amino
acids and fatty acids in the decayed tissue at the leading edge of the center region of
decay in P. expansum-infected ‘Fuji’ apple fruit [9]. However, the changes in these essential
compounds between the colonized and healthy regions of fruit during fungal colonization
are poorly understood. Therefore, the objective of the present study was to analyze changes
in the contents of major sugars, organic acids, amino acids and fatty acids in three different
regions of the ‘Delicious’ apple fruit during P. expansum inoculation, including the decayed
tissue at the leading edge of decay, the healthy tissue at the leading edge and the healthy
tissue 6 cm away from the leading edge, in order to understand the contributions of these
essential metabolites in fruit to fungal colonization. Understanding the dynamic change
in carbon and nitrogen sources in P. expansum-colonized apples can help us to further
investigate the infection mechanism of P. expansum, contributing to the control of blue mold
in apple fruit.

2. Materials and Methods

2.1. Fruit

Apple fruit (Malus domestica Borkh. cv. Delicious) was harvested from a commercial
orchard in Jingtai, Gansu Province, China. Fruits of a uniform size and similar maturity
that were free from wounds and fungal infection were collected from different apple trees.
Subsequently, the fruits were individually covered with foam net bags, put into corrugated
boxes and transferred to the lab on the day of harvest and stored in a cool room (5 ± 2 ◦C,
with a RH 80–90%) until further use.

2.2. Preparation of the Spore Suspension

P. expansum (T01) was supplied by Prof. Shiping Tian of the Institute of Botany, Chinese
Academy of Sciences. The strain was grown on potato dextrose agar plates (PDA) at 25 ◦C
for 7 days. For the spore collection, the plates were flooded with 5 mL sterile water, and the
spores removed by gentle rubbing with a sterile glass rod, followed by filtration through
four layers of sterile cheesecloth. The concentration of the spore suspension was determined
using a hemocytometer and then diluted to a final concentration of 1 × 106 spore mL−1.

2.3. Fruit Inoculation

The fruits were taken out of cool storage. After warming to an ambient temperature
(22 ± 2 ◦C) for 24 h, they were washed with tap water and surface-sterilized in 1% NaClO3
for 2 min, and then washed again with sterile water and dried at an ambient temperature
for 1 h. Two wounds were created with a sterile nail (2 mm depth and 2 mm diameter)
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on opposite sides of the apple along the equator on each fruit before inoculation. Then,
the apple fruit was inoculated with 10 μL of spore suspension in each wound. Sterile
water inoculation was used as a control. After air-drying, all the fruits were placed into
polyethylene bags and stored at an ambient temperature (22 ± 2 ◦C, RH 55–65%).

2.4. Sampling

According to the method of Gong et al. [15], at 2, 4 and 6 days after inoculation,
3 mm-thick tissues of the peel and pulp in the decayed region at the leading edge (DE),
the healthy region at the leading edge (HE) and the healthy region 6 mm away from the
leading edge (OE) were sampled from each fruit, respectively, as shown in Figure 1. In the
experiment, tissues from the same region were blended, and 3 g of them were weighted
and packaged with tinfoil and then immediately frozen in liquid nitrogen. The samples
were stored at −80 ◦C until the time of analysis. A total of 36 apple fruits were contained in
each group, and 12 apple fruits in each group were used for each sampling time. For each
measurement, 3 packages of the samples of the same tissues were used, and 3 replicates
were performed for the measurements.

Figure 1. Pictures of lesion development in P. expansum-colonized apple fruit at 2, 4 and 6 days
of colonization (A). Three regions of the tissues were collected (B). DE, the decayed region at the
leading edge; HE, the healthy region at the leading edge; OE, the healthy region 6 mm away from the
leading edge.

2.5. Measurement of the Total Soluble Solids (TSS) and Titratable Acidity (TA) Contents

The TSS content of the fresh tissues was determined using a digital refractometer
(TD-45, Hangzhou, China) and expressed as %. Ten grams of frozen tissues were ground
and diluted to 100 mL with distilled water for the TA determination. Ten mL of solution
was taken and titrated with 0.2 M NaOH until a pH of 8.2 was reached, and the result was
expressed as % [22].

2.6. Analysis of the Sugar and Organic Acid Contents

The sugars and organic acids were extracted using the method of Zhang et al. [23]
with modifications. Three grams of frozen tissue were finely ground and homogenized
in the presence of 10 mL of cold HPLC-grade ethanol (Sigma-Aldrich Products, St. Loui,
MO, USA) and then incubated at 35 ◦C for 20 min and centrifuged at 10,000× g for 10 min.
The supernatant was transferred to a tube, and the residues were extracted again using
the extraction protocol. Supernatants were added up to volume of 25 mL with ethanol.
Subsequently, 1 mL of the solution was dried using nitrogen at 55 ◦C, and then the residue
was resuspended in 0.5 mL of distilled water and filtered through a 0.22 μm syringe filter
(Agela Technologies, Torrance, CA, USA). The filtered solution was used for the sugar
and organic acid analysis by ACQUITY HPLC (Waters Beckman Coulter Inc., Milford,
MA, USA).

The sugars (fructose, glucose and sucrose) were analyzed as described by Gancedo
and Luh [24], with modifications. A chromatographic separation of the sugars was carried
out using a ZORBAX carbohydrate column (4.5 μm, 4.6 mm × 250 mm, Agilent GL Sciences
Inc., Santa Clara, CA, USA). The mobile phase consisted of acetonitrile:water (80:20, v/v),
and the flow rate was 1.4 mL min−1. Eluted peaks were detected with a refractive index
detector, and the data were analyzed with a Waters Empower system. Organic acids
(oxalic acid, citric acid, succinic acid and malic acid) were analyzed as described by López-
Hernández et al. [25], with modifications. The chromatographic separation of the organic
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acids was carried out using an ODS C18 column (4.6 mm × 250 mm, Waters Beckman
Coulter Inc., Milford, MA, USA). The mobile phase consisted of (NH4)2HPO4 and the flow
rate was 0.5 mL min−1. Eluted peaks were detected with a refractive index detector, and
the data were analyzed with a Waters Empower system. The sugars and organic acids
were detected at 210 nm. The peak area of each sugar and organic acid was quantified by
comparison with the calibration curve of the corresponding standards. The concentrations
of sugars and organic acids were expressed as mg g−1.

2.7. Analysis of the Amino Acid Contents

The amino acid contents were analyzed using the method of Li et al. [26], with some
modifications. One gram of frozen tissue was ground and homogenized with 10 mL
of 5% (v/v) sulfosalicylic acid. Subsequently, the mixture was centrifuged at 12,000× g
for 20 min at 4 ◦C, and the supernatant was transferred to a new tube. The amino acid
content was quantified by reference to 17 amino acid mixed standards using a Hitachi
L-8800 Amino Acid Automatic Analyzer (Hitachi-Hitec, Omuta-shi, Japan) equipped with
a Hitachi custom ion exchange resin (4.6 mm ID × 60 mm). The quantity of each amino
acid was expressed as mg kg−1.

2.8. Analysis of the Fatty Acid (FA) Contents

The FAs were analyzed using the method of Valero-Garrido et al. [27], with some
modifications. Three grams of frozen tissue were ground, and 9 mL hexane:isopropanol (3:2,
v/v) and 100 μL heptadecanoic acid were added into it as an internal standard. The mixture
was heated at 85 ◦C for 1 h and then cooled and supplemented with 1 mL hexane. After 1 h,
100 μL of supernatant was adjusted to 1 mL of hexane. The lipids were quantified as the FA
methyl esters using a Trace 1310 gas chromatograph (ThermoFisher Scientific Inc., Waltham,
MA, USA) equipped with a TG-5MS column (30 m × 0.25 mm × 0.25 μm, ThermoFisher
Scientific Inc., Waltham, MA, USA). The initial oven temperature was 85 ◦C, which was
held for 2 min and then increased by 25 ◦C min−1 to 220 ◦C, by 5 ◦C min−1 to 250 ◦C and by
2 ◦C min−1 to 270 ◦C, and then held for 5 min. The injector and detector were maintained
at 290 ◦C. The splitter ratio was 50:1, the injection volume 1 μL, and the hydrogen flow
was 1.2 mL min−1. The FA content was quantified against the internal standard, and the
quantity of each FA was expressed as mg kg−1. The double bond index (DBI) was calculated
using the following equation: DBI = ([18:1] + 2 × [18:2] + 3 × [18:3])/([16:0] + [18:0]).

2.9. Statistical Analysis

All the data are expressed as the mean ± standard error of the 3 replicates. A statistical
analysis was performed using SPSSv19.0 (SPSS Inc., Chicago, IL, USA). Significant differ-
ences between the samples were calculated using one-way ANOVA followed by Duncan’s
test at p < 0.05.

3. Results and Discussion

3.1. Effects of P. expansum Colonization on the Contents of TSS and Individual Sugars in Different
Regions of the Apple Fruit

Sugars are considered as an important form of carbohydrates in fruit, which are stored
in the vacuoles of cells in harvested fruit [28]. During colonization, sugars are taken up
from the fruit by pathogens as carbon sources to participate fungal development [29]. In the
present study, the contents of TSS increased in the three regions of fruit, but the TSS content
declined from the distal healthy region to the decayed region of the fruit during incubation.
The sucrose content in the DE region was 88.1% and 94.6% lower than that in the HE and
OE regions by the 2nd day of inoculation, respectively (Figure 2). The accumulation of
fructose declined in the DE region, being 30.8%, which was 17% lower than that in the HE
and OE regions by the 6th day of inoculation, respectively (Figure 2). A different pattern
was observed in the consumption of glucose. The content of this sugar was lower in both
the DE and HE regions compared to the OE region on the 2nd of inoculation. However,
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after that, the glucose content increased in both the DE and HE regions and declined in the
OE region (Figure 2). These results may indicate that P. expansum mostly consumed sucrose
and fructose as carbon sources for colonization.

Figure 2. The contents of TSS, sucrose, fructose and glucose in different regions of P. expansum-
inoculated apples during incubation. DE: the decayed tissue at the leading edge; HE: the healthy
tissue at the leading edge; OE: the healthy tissue 6 mm away from the leading edge. The error bar
indicates the standard error (±SE). Capitals indicate a significant difference between different groups
at the same time point, and small letters indicate a significant difference in the same group at the
different time points (p < 0.05).

The accumulation of TSS, sucrose, fructose and glucose in the decayed region is closely
related to the disruption of the fruit’s cell structure caused by fungal colonization. Various
extracellular enzymes are secreted into the decayed tissue by the fungus to disassemble
the cell wall of the fruit during colonization [30], causing the degradation of the cell wall
polysaccharide and the increase in the soluble sugar contents [31]. Moreover, fungal col-
onization facilitates the breakdown of the vacuole of fruit [32], which causes the leakage
of the stored fructose and glucose into to the apoplasmic space in the fruit cells [33]. Our
results showed that fungus prefers to degrade or directly use sucrose as a carbon source
during colonization, which caused a rapid decrease in the sucrose content in the decayed
tissue. The cell wall degradation enzymes secreted by the tips of the fungal mycelium
degrade the cellular components of fruit during colonization, leading to the accumulation
of TSS, sucrose, fructose and glucose in the healthy regions of the leading edge. Moreover,
fungal infection improves the ethylene production of fruit, which accelerates the polysac-
charide degradation of the fruit [34], elevating the sugar contents. Additionally, the higher
accumulation of glucose and fructose in the healthy tissues of the leading edge may be the
results of the transportation of these sugars from the distal tissues in order to defend against
pathogen infection [35,36]. Sucrose can be degraded to create glucose and fructose [37],
which also enhanced the contents of fructose and glucose in the healthy tissues of the
leading edge. The increase in the TSS in the healthy tissues away from the leading edge
may be due mainly to the polysaccharide degradation caused by fungal-induced ethylene
production. Moreover, the decrease in the sucrose, fructose and glucose contents may relate
to the increase in the respiration of the inoculated fruit, which leads to more demands for
energy and a reduced activity for the defense response of the fruit.
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3.2. Effects of P. expansum Colonization on the Contents of Amino Acids in Different Regions of
Apple Fruit

In fruit, amino acids are mainly stored in the vacuole, and they take part in various bio-
logical and metabolic processes in the fruit. Moreover, pathogenic fungi utilize amino acids
as nitrogen sources during colonization [38,39]. Two differential accumulations of amino
acids were observed in the colonized tissue. While there was a decreased accumulation of
methionine, isoleucine, serine, valine, leucine and glutamate, another group of amino acids,
including aspartate, threonine, lysine, arginine, alanine, glycine, cystine, phenylalanine,
histidine and tyrosine, showed an increased accumulation in comparison to the healthy
tissue (Figures 3 and 4). Except for leucine, methionine, glutamate, valine, isoleucine and
serine contents increased in the healthy tissues (HE and OE) during incubation (Figure 3).
The range of the decrease comparing the healthy with the decayed tissues in the contents
of these amino acids was from 0- to 11.3-fold. The observations of the lowest contents of
methionine, glutamate, leucine, valine, isoleucine and serine in the colonized tissue, in
comparison to the healthy tissues, indicate the consumption of these amino acids by the
pathogen (Figure 3).

Figure 3. The decreased contents of amino acids in the decayed region compared with the healthy
regions of P. expansum-inoculated apples during incubation. DE: the decayed tissue at the leading
edge; HE: the healthy tissue at the leading edge; OE: the healthy tissue 6 mm away from the leading
edge. The error bar indicates the standard error (±SE). Capitals indicate a significant difference
between different groups at the same time point, and small letters indicate a significant difference in
the same group at the different time points (p < 0.05).

114



Foods 2022, 11, 3367

Figure 4. The increased contents of amino acids in the decayed region compared with the healthy
regions of P. expansum-inoculated apples during incubation. DE: the decayed tissue at the leading
edge; HE: the healthy tissue at the leading edge; OE: the healthy tissue 6 mm away from the leading
edge. The error bar indicates the standard error (±SE). Capitals indicate a significant difference
between different groups at the same time point, and small letters indicate a significant difference in
the same group at the different time points (p < 0.05).
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On the contrary, after the 2nd day of inoculation, the highest content of aspartate was
observed in the decayed region, which increased by 55.4% and 75.9% compared with the HE
and OE regions by the 6th day of inoculation, respectively (Figure 4). The threonine, lysine,
arginine, alanine, glycine, cystine and tyrosine contents showed no significant difference
between the HE and OE regions during colonization. By the 6th day of inoculation, the
range of the contents of threonine, lysine, arginine, alanine, glycine, cystine and tyrosine
comparing the healthy with the decayed tissues was from 0- to 8.3-fold (Figure 4). The
increased accumulation of amino acids suggested a metabolic response of the fruit to the
pathogen, inducing a specific accumulation in the apple tissues.

Pathogenic fungi secrete proteases into the host during colonization, which causes
proteolysis at the infected sites of the fruit, leading to the accumulation of amino acids in
the decayed tissues of fruit [40]. Moreover, due to the fact that most of the amino acids
are stored in the vacuole of the fruit [39], we hypothesized that fungal colonization may
destroy the vacuole of the fruit, causing the release of amino acids into apoplasmic space
and their accumulation in the decayed region. In the present study, the lowest contents of
methionine, isoleucine, serine, valine, leucine and glutamate and the accumulated contents
of aspartate, threonine, lysine, arginine, alanine, glycine, cysteine, phenylalanine and
histidine were observed in the decayed tissue (Figures 3 and 4). It has been indicated
that fungi can selectively take up amino acids from fruit as nitrogen sources in order to
meet the demands for colonization [41]. Therefore, the decrease in those amino acids in
the decayed region may be more beneficial for P. expansum colonization. Additionally,
the accumulation of methionine, isoleucine, serine, valine, glutamate and aspartate in the
healthy tissue of the leading edge may be involved in their participation in the defense
response of the fruit [42]. Methionine is the precursor of ethylene biosynthesis in fruit, and
ethylene, as a signal, participates in the defense resistance of fruit [43]. Moreover, serine,
isoleucine, aspartate and valine, as signals, can also contribute to the resistance response
of fruit [44–46]. In addition to being related to the defense response, the accumulations of
methionine, isoleucine, serine, valine, glutamate and aspartate during colonization may be
also related to infection-induced ethylene production, which causes protein degradation.

3.3. Effects of P. expansum Colonization on the Contents of TA and Individual Organic Acids in
Different Regions of the Apple Fruit

Organic acids such as citric acid, malic acid and succinic acid participate in the TCA
cycle and are mostly stored in the vacuole of fruit [47]. The TA content accumulated
mostly in the decayed tissue, reaching the most significant difference by the 6th day of
inoculation, which was 23.80% and 76.77% higher than that in the HE and OE regions,
respectively (Figure 5). The HE region had the highest content of malic acid in the first
4 days of inoculation compared with the other two regions, but it was the highest in the DE
region by the 6th day of inoculation, increasing by 1.4- and 2.7-fold compared to that in the
HE and OE regions, respectively (Figure 5). By the 6th day of inoculation, the citric acid
content in the DE region was 1.5- and 1.9-fold higher than that in the HE and OE regions,
respectively (Figure 5). The succinic acid content increased by 4.3- and 3.4-fold in the DE
region compared to that in the HE and OE regions, respectively (Figure 5). The content of
oxalic acid showed a higher amount in the decayed tissues, which increased by 73.1% and
42.7% compared to that in the HE and OE regions on the 4th of inoculation, respectively
(Figure 5). These results indicated that P. expansum increased the accumulation of organic
acid in the decayed tissues compared with the healthy tissues of the infected fruit.

The accumulations of TA, malic acid, citric acid, succinic acid and oxalic acid in the
decayed region of the fruit are related to the breakdown of the fruit vacuole by the fungal
infection. Due to the fact that most of the organic acids are stored in the vacuole, fungal
colonization destroys the membrane of the vacuole, leading to the leakage of these organic
acids into the apoplasmic space and causing the accumulation of these organic acids in the
decayed tissues [47]. Malic acid predominates among the organic acids of apple fruit, which
can enter into the gluconeogenesis pathway to produce glucose [48]. This may explain the
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accumulation of glucose and the reduction in malic acid in the decayed region. P. expansum is
described as an “acidifying fungi” that reduces the host pH by secreting gluconic and citric
acid during colonization, which may contribute to citric acid accumulation in the decayed
tissues [49]. Moreover, the citric and succinic acids in fruit are mainly produced by the TCA
cycle [48]. Fungal colonization may improve the TCA cycle in the decayed region of the
fruit, increasing the contents of citric and succinic acids. The oxalic acid in fruit is derived
from the TCA cycle and ascorbic acid degradation [50]. The accumulation of oxalic acid in
the decayed tissues may relate to the increased TCA cycle and induction of the antioxidant
system of ascorbic acid by the pathogen infection. In addition, the accumulation of TA
and organic acids in the healthy tissues of the leading edge is the result of the enhanced
TCA cycle and tissue acidification caused by fungal colonization. Furthermore, during
colonization, the slight decrease in the TA and organic acid contents is mainly related to
infection-induced ethylene production, accelerating the TAC cycle of the fruit [15].

Figure 5. The contents of TA, malic acid, citric acid, succinic acid and oxalic acid in different regions
of P. expansum-inoculated apples during incubation. DE: the decayed tissue at the leading edge; HE:
the healthy tissue at the leading edge; OE: the healthy tissue 6 mm away from the leading edge.
The error bar indicates the standard error (±SE). Capitals indicate a significant difference between
different groups at the same time point, and small letters indicate a significant difference in the same
group at the different time points (p < 0.05).

3.4. Effects of P. expansum Colonization on the Contents of Fatty Acids in the Different Regions of
Apple Fruit

Fatty acids are an important component of cell membranes [20]. Our results showed
that SFAs, stearic acid and palmitic acid accumulated from the distal healthy region to
the decayed region (Figure 6). The stearic acid content in the DE region was 22.5% and
81.1% higher than that in the HE and OE regions by the 4th day of inoculation, respectively.
Similarly, the palmitic acid content in the DE region was 8.7% and 22.6% higher compared
with the HE and OE regions by the 6th day of inoculation, respectively. On the contrary,
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the content of USFAs, including oleic acid, linoleic acid and linolenic acid, and the DBI
values declined from the distal healthy region to the decayed region (Figure 6). The oleic
acid content in the DE region was 9.2- and 9.4-fold lower compared with the HE and OE
regions by the 4th day of inoculation, respectively. A similar pattern was observed on the
6th day of inoculation, whereupon the linoleic acid content in the DE region was 35.4% and
51.9% lower compared with the HE and OE regions, respectively. Similarly, the linolenic
acid content was 45.3% and 68.2% lower in the DE region than the HE and OE regions
by the 6th day of inoculation, respectively. Additionally, the DBI value showed a similar
pattern, with a 38.8% and 61.3% lower content in the DE region than the HE and OE regions.
These results suggest that P. expansum may consume the USFAs present in the decayed and
healthy regions at the leading edge of the fruit more effectively.

Figure 6. The contents of fatty acids in different regions of P. expansum-inoculated apples during
incubation. DE: the decayed tissue at the leading edge; HE: the healthy tissue at the leading edge;
OE: the healthy tissue 6 mm away from the leading edge. The error bar indicates the standard error
(±SE). Capitals indicate a significant difference between different groups at the same time point, and
small letters indicate a significant difference in the same group at the different time points (p < 0.05).

During colonization, the increase in the SFA (stearic acid and palmitic acid) contents
and the decrease in the USFA (oleic acid, linoleic acid and linolenic acid) contents can
be observed in the decayed tissues. Fungal colonization causes excess reactive oxygen
species (ROS) accumulation in the fruit cells, while ROS can trigger phospholipase A2 that
catalyzes the membrane lipid, releasing USFAs [51,52]. Moreover, ROS can oxidize USFAs
to SFAs, decreasing the degree of unsaturation in the decayed region [53]. The accumulation
of stearic acid and palmitic acid in the healthy tissue of the leading edge or that away
from the decayed region may be involved in the activation of phospholipase A1 caused
by infection [54]. Additionally, the reduction in the contents of linoleic acid, linolenic acid
and DBI may relate mainly to the oxidation of USFAs to SFAs by ROS. In the middle stage
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of colonization, the increase in the oleic acid content in the healthy tissue of the leading
edge or that away from the decayed region is mainly due to the activation of lipase activity
caused by the infection, which accelerates the hydrolysis of the phospholipid membrane,
releasing oleic acid [17]. In addition, compared with the decayed tissue, a higher content
of USFAs was observed in the healthy tissue of the leading edge or that away from the
decayed region during colonization. Linoleic acid and linolenic acid participated directly
or indirectly in the fruit defense via jasmonic-acid-mediated signaling [17,55].

4. Conclusions

Fungal colonization is a dynamic process, which develops in the colonized sites and
spreads to the surrounding healthy tissue of the fruit. Based on the results, we identified
changes in the essential metabolites in different regions of P. expansum-colonized apple during
incubation, as shown in Figure 7. P. expansum preferred to use sucrose and fructose as carbon
sources in the decayed region of the fruit during colonization. The accumulation of fructose
and glucose in the healthy tissues of the leading edge may be related to the degradation of
starch and sucrose. The breakdown of the vacuole and defense response of the fruit were
caused by P. expansum colonization, while the decrease in the sugars in the healthy tissues
away from the decayed region may be mainly involved in the improved ripening caused by
colonization. Moreover, P. expansum selectively took up amino acids in the fruit as nitrogen
sources during colonization. The accumulation of amino acids in the two healthy regions
is mainly the result of protein degradation by pathogen-secreted proteases. In addition, the
accumulation of organic acids in the decayed tissues is mainly related to the breakdown of
the fruit vacuole and accelerated TCA cycle during colonization. The changes in the fatty
acid contents in different tissues suggested that the membrane lipid metabolism and ROS
production are increased from the distal healthy region to the decayed region, while the
defense response of the fruit induced by USFAs may decrease in the same direction. Therefore,
P. expansum kills cells in advance of its infection of the fruit in order to obtain carbon and
nitrogen sources in the distal leading tissue of the infected apple. It is believed that more
nutrients are required for the infection and a stronger defense response of the fruit to the
fungal infection, causing the transit of nutrients from the distal tissue to the infected sites.

Figure 7. Proposed model of changes in the essential metabolites in different regions of P. expansum-
colonized apple during incubation. An upward arrow indicates an increase, a downward arrow
indicates a decrease, a polyline arrow indicates an increase followed by a decrease and a horizontal
arrow indicates no change.
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Abstract: Loquat (Eriobotrya japonica Lindl.) fruit is a rich source of carotenoids, flavonoids, phenolics,
sugars, and organic acids. Although it is classified as a non-climacteric fruit, susceptibility to
mechanical and physical bruising causes its rapid deterioration by moisture loss and postharvest
decay caused by pathogens. Anthracnose, canker, and purple spot are the most prevalent postharvest
diseases of loquat fruit. Cold storage has been used for quality management of loquat fruit, but
the susceptibility of some cultivars to chilling injury (CI) consequently leads to browning and other
disorders. Various techniques, including cold storage, controlled atmosphere storage, hypobaric
storage, modified atmosphere packaging, low-temperature conditioning, heat treatment, edible
coatings, and postharvest chemical application, have been tested to extend shelf life, mitigate chilling
injury, and quality preservation. This review comprehensively focuses on the recent advances in
the postharvest physiology and technology of loquat fruit, such as harvest maturity, fruit ripening
physiology, postharvest storage techniques, and physiological disorders and diseases.

Keywords: browning; chilling injury; Eriobotrya japonica; fruit ripening; postharvest physiology

1. Background

Loquat fruit is believed to have originated during the Han Dynasty in southeast China
approximately 2000 years ago [1]. Currently, it is cultivated in many countries around
the globe, while China, the United States, Japan, Turkey, Spain, Pakistan, India, Brazil,
Greece, and Cyprus are the top producers around the globe [2]. Loquat fruit is a rich source
of vitamins, phenolics, minerals, sugars, organic acids, and antioxidants which protect
the consumer against many diseases. Moreover, loquat fruit reduces the levels of free
lipoproteins, which narrow the arteries and increase blood cholesterol. Flavonoids are only
present in the peel tissues of loquat fruit, while in addition, phenolics and carotenoids are
present in the fruit flesh [3]. The highest total phenolic contents (TPC) have been reported in
‘Mizauto’ fruit as compared to other cultivars [4]. Loquat fruit ripening is a complex process
of different physiological and metabolic changes, mainly including: ethylene biosynthesis
and respiratory modifications [5], colour modifications due to carotenoid biosynthesis [6],
sugar and acid metabolism contributing to the variation in fruit sensory attributes [7] and
changes in the lignin, polysaccharide, and pectin contents during fruit ripening resulting in
cell wall modifications and fruit firmness changes during ripening [8]. These changes are
associated with complex transcriptional elucidations and interlinked metabolic changes
in loquat fruit. Carotenoid biosynthesis is the main constituent of fruit colour and fully
mature loquat fruit may exhibit an orange to yellow colour due to the level and type of
carotenoids [9]. Based on the flesh colour, loquat cultivars are divided into two main
groups, including white and yellow- to orange-fleshed cultivars (Table 1).
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Table 1. Some important loquat cultivars grown in the world [10,11].

Cultivar Harvest Season Flesh Colour Fruit Shape Peel Colour Fruit Flavour

Advance Mid White Pear Yellow Acidic sweet
Ahdar Late White Oval Greenish yellow Sweet Tart
Ahmar Early Yellow Pear Radish orange Sweet Tart
Baiyu Early White Oval Radish blushed Sweet to subacid
Blush Mid White Pear Yellow Subacid

Compagne Early Yellowish white Elongated pear Golden yellow Subacid to sweet
Dahongpao Mid Yellow Oval Orange yellow Subacid

Fire Ball Mid White or straw Ovate Orange Acidic
Jiefangzhong Mid Yellow Oval large Yellow Sweet to subacid
Lyuyangqing Early to mid Deep yellow Ovate Yellowish orange Acidic

Mammoth Mid Orange Rounded oval Orange subacid
Matchless Mid Pale orange Pear Golden yellow Subacid

Mogi Early Light yellow Elliptical Yellow Sweet

Premier Mid White Oblong Salmon orange
with dots Acidic

Safeda Early to mid White creamy Pear Yellow Acidic
Tanaka Late Brownish orange Ovoid or round Orange yellow Sweet
Thales Late Orange yellow Oblong Yellow Sweet

Thames Pride Early Pale orange Ovate Yellow Subacid
Victor Very late White Oblong Deep yellow Sweet

Zhaozong Mid White Pear Yellow Acidic
Zhaozong No. 6 Late Yellow Oval Light yellow Sweet

Chilling injury (CI) is the main constraint in the extension of the cold (<5 ◦C) stor-
age life of loquat fruit, which consequently shortens the marketing window [12–14]. The
application of polyamine [15,16], methyl jasmonate (MeJA) [17], modified atmospheric
packaging (MAP) [18], and low-temperature conditioning (LTC) [19] have been found
effective to mitigate the incidence of CI. Purple spot is another physiological disorder that
is characterized by purple colour spots with irregular and depressed areas on the peel
of loquat fruit due to a calcium deficiency and a sudden change in the water potential
of fruit at the colour break stage. However, purple spot symptomatic fruit has less ac-
ceptability in the supply chain. Gariglio, et al. [20] have reported that the incidence of
the purple spot may be reduced by the application of calcium ethylenediaminetetraacetic
acid, calcium chloride, and calcium nitrate before the colour break stage in loquat fruit.
Moreover, direct sunlight exposure at the onset of colour break is also helpful to lower the
purple spot incidence. Postharvest flesh browning incidence is an important constraint
during postharvest handling of various fruits, including loquat, which is caused by cellular
decompartmentalization. Loquat fruit is highly susceptible to the incidence of internal flesh
browning during the postharvest supply chain. The application of 1-methylcyclopropene (1-
MCP) [21], acetylsalicylic acid [12], oxalic acid [22], calcium chloride [23], MeJA [24], nitric
oxide (NO) [25], and L-cysteine [26] has been reported to lessen the incidence of browning
in loquat. Many other non-chemical alternatives, including controlled atmosphere (CA)
storage [27], MAP [28,29], LTC [13], cold storage [30], and edible coatings [31] have also
been reported to reduce the incidence of postharvest internal browning in loquat fruit.

Previously, the metabolic changes during fruit ripening and the postharvest quality
management of loquat fruit have been summarized in different reviews [2,32]. Moreover,
the mechanism and control strategies of major fungal diseases in loquat fruit have also been
presented in a recent review [33]. However, comprehensive information explaining harvest
maturity indices, harvest and handling at the farm, postharvest quality management
techniques, postharvest disorders and their management, as well as major diseases in the
loquat fruit were not discussed in detail. Hence, the present review focuses on detailed
information on harvest maturity indices, fruit ripening, postharvest disorders and diseases,
and the application of various postharvest technologies to maintain the quality of loquat
fruit during the supply chain.
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2. Determination of Harvest Maturity

In loquat fruit, many physiological and physical attributes have been used to determine
the optimum harvest maturity in different regions of the world. However, fruit colour is
the most adopted technique to determine the harvest maturity of loquat fruit, depending
upon the cultivar [34,35]. Fruit aroma volatiles, total soluble solids (TSS), titratable acidity
(TA), and the TSS/TA ratio have also been reported to estimate the optimum maturity
of loquat fruit [36]. The level of sugars has also been reported to estimate the harvesting
stage of loquat, as there is a higher concentration of fructose and glucose at maturity stage
as compared to the immature fruit [37]. The optimum sugar level in the loquat fruit at
maturity is 10◦ Brix [38]. The harvest stage has a significant direct association with the
postharvest physiology and storage potential of loquat fruit. However, harvesting before
the fully ripe stage is advised by different scientists for commercial purposes, and this
stage can be identified by the eating ripe stage along with the yellowish orange colour of
loquat fruit. On the other hand, the bruising quality of loquat is directly associated with
the degree of ripening, as fully ripened loquat is more susceptible to mechanical damage
than fruit harvested at earlier stages [39].

Due to a higher demand in the markets, loquat fruit is advised to be harvested before
100% colour development, as it is a widely accepted commercial practice. The other
reason to harvest at the early ripe stage is that the incidence of mechanical damage is very
high in the fruit harvested at the fully ripe stage. There may be mechanical bruising and
postharvest losses in loquat fruit when harvested at a fully ripe stage due to soft fruit
flesh [40]. However, there may be an unpleasant fruit taste if loquat is harvested at an
immature stage. Consumer acceptance is the main indicator that should be considered
during the harvesting of fruit. Harvest maturity has been found to significantly influence
postharvest bruising incidence and consumer acceptability. ‘Algerie’ loquat fruit, harvested
with yellow-orange colour stage with 10◦ Brix TSS, exhibited the best eating quality [34].

3. Fruit Physiology Modifications during Ripening

Loquat fruit ripening is the sum of some structural and biochemical changes, including
an increase in fruit size and weight, modifications in fruit firmness, colour development
due to carotenoid biosynthesis, and a decrease in the levels of organic acids [41]. Hamauzu,
et al. [42] investigated the physiological and compositional changes in ‘Mogi’ loquat at
different maturity stages. Ethylene production, respiration rate, flesh firmness, surface
colour, TPC, organic acids and sugar content were observed in fruit harvested at different
maturity stages. They observed that harvesting at the faded green colour stage resulted
in a decline in fruit firmness, decreasing the sugar and organic acid contents. Malic acid
was found to be the most abundant organic acid in loquat at maturity, although there was
also a considerable amount of succinic, fumaric, and citric acids. There was a simultaneous
increase in ethylene biosynthesis at maturity with a considerable decline in respiration rate
and this was the optimum stage for harvest.

The relationship between loquat fruit ripening and ethylene biosynthesis is somewhat
inconclusive, as there have been varied assessments made by different researchers. How-
ever, it is believed to be non-climacteric in nature due to the lack of a sharp rise in ethylene
biosynthesis and respiration rate at harvest maturity [42–44]. Moreover, fruit maturation is
independent on exogenous ethylene application [45], and irregular patterns of relationships
between respiration and ethylene biosynthesis are not evident in loquat fruit despite being
reported for many climacteric fruits [46]. Three genes, including EjACO1, EjACO2, and
EjACS1 from ‘Luoyanqing’ loquat fruit, have been cloned at various ripening stages and
shown to account for endogenous ethylene production. The expression of EjACO2 was
observed in petals and leaves, whereas EjACO1 and EjACS1 appear in fruit. The ethylene
production peaked at the colour break stage, where the EjACO2 expression pattern was
consistent with ethylene biosynthesis [47]. Respiration is another important factor asso-
ciated with loquat fruit ripening and is catalyzed by ethylene biosynthesis. The rate of
respiration during maturation is also correlated with the cultivars. The lowest respiration
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has been reported in ‘Centenaria’ loquat while ‘Mizauto’ and ‘Mizumo’ loquat exhibited a
higher respiration rate up to two days after harvest, and declined thereafter [48]. However,
the pattern of respiration and ethylene biosynthesis is still unknown in many cultivars and
requires future investigations.

Loquat fruit undergoes colour modifications, which is an important maturity index
based on the type of cultivar (yellow or white), contributed by the endogenous carotenoids
production. The major constituent of ripe loquat fruit is β-carotene in the pulp, while
β-cryptoxanthin has been found in the peel tissues [49]. There is a consistent increase in
carotenoid biosynthesis with the advancement in the maturation of loquat fruit [50]. The
advancement of fruit growth causes a reduction in organic acids, except for malic acid,
which is the main acid at the ripe stage, and carotenoids increase in pulp tissues, which
leads to the colour development in loquat fruit. During ripening, fruit softening increases
due to the degradation and hydrolysis of pectin and lignin contents. Immature fruit exhibits
a higher activity of phenylalanine ammonia lyase (PAL) enzyme, which catalyzes lignin
biosynthesis in immature fruit. There was a gradual decline in PAL enzyme activity with
the advancement in fruit maturation, leading to less lignin deposition in the cell walls
of loquat fruit, resulting in fruit softening [51]. Cell wall depolymerizing enzymes play
a significant role in the downregulation of fruit firmness with the advancement in fruit
development. Pectin methyl esterase and polygalacturonase are the principal enzymes
leading to the demethylation and misfunctioning of cross-linkages between the cell wall
components, increasing the hydrolysis of pectin molecules in the cell wall. Similarly, the
cellulase enzyme deteriorates the cell wall polysaccharides and causes fruit softening
during fruit maturation [52].

Sugars and organic acids contribute to the fruit flavour and texture at the ripe stage.
The level of sorbitol is at its maximum in unripe loquat fruit and decreases with the
advancement of fruit maturation. However, sucrose accumulation is very high during the
early fruit maturation phase and is also the predominant sugar in mature loquat fruit [2].
Similarly, glucose and fructose contents also increase with the advancement of loquat
fruit maturation [7]. During ripening, the accumulation of sucrose by the metabolism of
polysaccharide molecules is triggered by a series of sugar-metabolizing enzymes including
sucrose phosphate synthase (SPS), sucrose synthase (SS), and acid invertase (AI), while
the major enzymes catalyzing the metabolism of sorbitol in ripening loquat are sorbitol-6-
phosphate dehydrogenase (S6PDH), sorbitol dehydrogenase (SDH), and sorbitol oxidase
(SOX) [53–55]. The TSS/TA ratio contributes to the sensory attributes of loquat fruit,
including flavour and texture, while approximately seventy-eight various aroma volatiles
have also been identified in loquat fruit [56]. Although the primary aroma volatiles have
also been reported in the literature, changes in the levels of conjugated and non-conjugated
aroma volatiles have not been determined in different loquat fruit cultivars and warrant
further investigation.

4. Harvest and Handling

Harvest and handling are directly associated with the postharvest quality of loquat, as
about 50% of losses are due to the harvest and handling operations of the fruits. Mostly, the
fruit is harvested at 100% colour development for the local markets. In Cyprus, the fruit is
mainly harvested at an early stage (50–75% colour development) and exhibited better shelf
life than late harvesting at 100% colour development [36]. The harvesting stage of loquat
fruit may be judged based on certain physical, physiological, and biochemical attributes
(Table 2). Loquat fruit is harvested manually, using gloves to avoid contamination of the
fruit with germs. Fruit should be cut from the nearby stalk and should not be pulled to
avoid skin bruising, and then gently placed with care in the container. Rough handling
causes bruising and bursting of the peel with sap flow, where later fungal and bacterial
growth leads to deterioration of the fruit [57]. The best time for harvesting loquat is the
morning after sunrise because there is less ethylene production, respiration rate, and lower
fruit internal temperature, which can enhance the shelf life and postharvest quality of the
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fruit [58]. After harvest, fruit should be packed in a container with shock absorber material
to avoid bruising during transport to the packhouse [59]. Package house practices include
many operations, such as the grading of fruit based on colour and quality free from decay,
the removal of insect pest symptoms, exposing the fruit to a low temperature, throwing out
decayed fruit, and packaging. Shading for harvesting fruit is necessary with proper aeration
to remove field heat, followed by transport to the packhouse. Packhouse operations start
with the removal of fruit from containers after the sorting of fruit based on decayed and
healthy fruit. Fruits are mainly graded based on their size and colour, free from any
physical damage, bruising, and disease symptoms. Pre-cooling should also be practiced
for fruit preservation because it reduces postharvest losses by reducing the ethylene and
respiration rate [41]. Physical damage is the first constraint in fruit deterioration that
initiates a stress condition, leading to a subsequent increase in malondialdehyde (MDA)
content, polyphenol oxidase (PPO) enzyme, ethylene, and respiration rate, with a browning
index [60]. Stem cutting with a clipper or sharp knife can help reduce physical damage.
Possible operations from harvest to consumer are listed in Figure 1.

Table 2. Physical, physiological, and biochemical characteristics of loquat fruit at maturity [34,47,48,61].

Parameter Ripe Fruit Concentration

Respiration rate at 20 ◦C (μL CO2 g−1 h−1) 36.59–48.13
Ethylene production at 20 ◦C (nL g−1 h−1) 0.62–1.00

Fruit firmness (N) 3.33–3.83
Lightness 61.56–63.11

a * 8.82–10.57
b * 49.64–52.05

Total soluble solids (◦Brix) 7.63–12.97
Titratable acidity (%) 7.04–9.78

TSS/TA ratio 0.86–1.11
Glucose (g 100 g−1 FW) 1.4–1.7
Fructose (g 100 g−1 FW) 3.08–3.60
Sucrose (g 100 g−1 FW) 5.2–5.4

Malic acid (mg 100 g−1 FW) 101.97–150.14
Citric acid (mg 100 g−1 FW) 895.58–988.05
Ascorbic acid (μg g−1 FW) 15.7–18.3

Total phenolic content (μg GAE/g FW) 427.9–450.7
Total antioxidant content (% inhibition DPPH) 60–65

Total flavonoid content (μg rutin/g FW) 43.5–51.0
Total carotenoids (β-carotene/g FW) 35.7–48.3
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Figure 1. Process flow chart for the harvesting and postharvest handling of loquat fruit is described
based on the literature.

5. Postharvest Handling and Storage Techniques

5.1. Heat Treatment

Heat treatment (HT), conducted either alone or in combination with other techniques
such as cold storage, MAP, and chemical application, has been shown to be effective for the
quality maintenance of loquat fruit [14]. Hot air treatment is an effective technique to control
CI in loquat fruit (Table 3). Hot air treatment at 38 ◦C for 5 h, followed by cold storage at

128



Foods 2023, 12, 1329

1 ◦C for 35 days, is very effective against chilling stress in ‘Jiefangzhong’ loquat fruit. The
above study also showed a significant decline in electrolyte leakage and MDA content with
reduced activities of the lipoxygenase (LOX) and phospholipase D (PLD) enzymes. Further,
linoleic and linolenic acid levels were maintained, which delayed the production of oleic,
stearic, and palmitic acids, in turn leading to a higher unsaturated-to-saturated fatty acid
ratio [62]. Similarly, loquats exposed to hot air treatment (45 ◦C) for 3 h maintained a higher
saturated/unsaturated fatty acid ratio, and inhibited membrane leakage by reducing the
levels of MDA and hydrogen peroxide (H2O2) radicals [14]. Further, HT delayed activities
of polygalacturonase (PG), PPO, peroxidase (POD), and PAL enzymes, maintained higher
juice content, and lowered fruit decay incidence in loquat fruit. Moreover, fruit firmness
was maintained due to the higher pectin and lignin content in the peel of HT-treated
loquat fruit [63]. Similar hot air (35 ◦C, 5 h) treatment in cultivar ‘Jiefangzhong’ was
useful in maintaining higher activities of ascorbate peroxidase (APX), catalase (CAT), and
superoxide dismutase (SOD) with condensed POD enzyme, H2O2 content, and superoxide
anion leading to lesser LOX activity and MDA production, with higher juice content and
alleviation of fruit firmness [64]. Combined hot air and hot water dip applications before
cold storage in ‘Jiefangzhong’ efficiently delayed the senescence of the fruit with a delayed
reduction in TSS and TA, reduced decay, browning index, rot incidence, and improved
sensory qualities with higher juice content [65]. The efficiency of hot air (37 ◦C) for 3 and
6 h, followed by cold storage for 60 days, demonstrated that heat application for 3 h was
very helpful in lowering the internal browning of ‘Fukuhara’ loquat fruit pulp compared to
6 h with lower activities of PAL, POD, and PPO enzymes, which were negatively correlated
with HT, and an intermittent exposure for 3 h with no effect on fruit firmness [66]. Similarly,
hot air exposure at 48–52 ◦C, with cold storage at 2–5 ◦C, reduced CI symptoms, plasma
membrane permeability, and respiration rate, and maintained higher activities of CAT,
POD, and PAL enzymes. Heat shock-induced defence mechanisms ultimately alleviated
chilling stress and respiration rate while enhancing the activities of CAT and POD enzymes
and reducing the activity of the PAL enzyme [67].

Table 3. Effect of heat treatment on postharvest quality management of loquat.

Cultivar Treatment Inference Reference

‘Fukuhara’ Hot air treatment 37 ◦C for
3- and 6 h

Higher AsA, TA, and TSS content with less activity of PAL, POD,
and PPO enzymes were observed. CI was suppressed. [66]

‘Jiefangzhong’ Hot air (38 ◦C) for 36- and
48 h

Less fruit rot, FWL, FD, and internal browning with higher TA and
TSS content. Burning symptoms were observed when stored for 48 h. [65]

‘Jiefangzhong’ Hot air exposure (38 ◦C)
for 5 h

Reduced MDA and H2O2 contents, higher juice content and less
fruit firmness, enhanced APX, SOD, and CAT enzyme activities.

Lowered LOX and superoxide radical production.
[63]

‘Jiefangzhong’ Hot air treatment (38 ◦C)
for 5 h

Delayed the activities of PG, PPO, POD, and PAL enzymes, reduced
lignin deposition and FD, maintained higher sensory quality. [64]

‘Jiefangzhong’ Exposure to hot air at
38 ◦C for 5 h

Inhibition of PLD and LOX enzymes, decline in membrane leakage,
higher linolenic and linoleic acid content with less stearic and oleic
acid. Maintained higher unsaturated/saturated fatty acid content

with less MDA content.

[62]

‘Jiefangzhong’ Hot air (38 ◦C) for 36 h +
Pichia guilliermondii

C. acutatum was lowered with higher SOD and CAT enzymes and
less ROS. Higher lignin deposition due to higher PAL enzyme. [68]

‘Jiefangzhong’ Hot air treatment at 38 ◦C
for 36 h

Reduced FWL, FD, internal browning, and POD, PPO, and PAL
enzymes. Higher APX, CAT, and SOD enzymes with less

membrane leakage. Higher TPC with less CI and ROS.
[69]

‘Jiefangzhong’ Hot air exposure (35 ◦C)
for 3 h

Lowered MDA and H2O2 contents, maintained membrane integrity,
higher NI, AI, SS, and SPS enzyme assays with less sucrose and

higher fructose and glucose level. Alleviated CI symptoms.
[70]
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Table 3. Cont.

Cultivar Treatment Inference Reference

‘Jiefangzhong’ Hot air (38 ◦C, 5 h) +
MeJA 16 μmol L−1

Less protopectin, pectin, and lignin content, less PPO, POD, and
PAL with higher PG, APX, CAT and SOD enzyme activities. [71]

‘Jiefangzhong’
Hot water treatment

(45 ◦C) for 10 min + GB
10 mmol L−1

Reduced MDA content and electrolyte leakage, higher CAT, SOD,
and APX enzymes, higher proline, and GABA due to higher OAT,

P5CS, and GAD enzymes.
[72]

FD = fruit decay, FWL = fruit weight loss, GABA = γ-aminobutyric acid, GAD = glutamate decarboxylase,
GB = glycine betaine, NI = neutral invertase, OAT = ornithine δ-aminotransferase, P5CS = Δ1-pyrroline-5-
carboxylate synthetase, RSM = response surface methodology.

5.2. Postharvest Chemical Treatments

Several chemicals have been used as potential inhibitors against senescence and physi-
ological disorders to extend the storage life of loquat fruit (Table 4). 1-MCP is an ethylene
inhibitor that is used for quality management and extending the shelf life of many horti-
cultural commodities [73–77]. 1-MCP has been found to be very effective against internal
browning and fruit decay incidence, with better sensory attributes in ‘Luoyangqing’ loquat
during storage as well as maintained membrane integrity, reduced oxidation of polyphenols,
superoxide anion accumulation, and activities of PPO and LOX enzymes [21]. Similarly,
1-MCP application lowered fruit decay in ‘Qingzhong’ loquat by inhibiting reactive oxygen
species (ROS) production due to effective 1,1-diphenyl-2-picrylhydrazyl (DPPH) radical
scavenging activity and lower activity of the PPO enzyme [78]. The application of 1-MCP
before cold storage alleviated CI symptoms with a considerable decrease in electrolyte
leakage, H2O2, superoxide radicals, and MDA content by maintaining lower activities of
phospholipase C (PLC) and LOX enzymes and higher CAT enzyme activities [79]. The
application of 1-MCP treated ‘Fuyang’ loquat fruit maintained a higher unsaturated to
saturated fatty acid ratio, leading to higher membrane integrity and reduced CI symptoms.
Moreover, 1-MCP treated fruit reduced the levels of cellulose, hemicellulose, and cyclo-
hexanediaminetetraacetic acid (CDTA) soluble pectin than control [80]. The relationship
between cell wall metabolism and CI is the key factor in the chilling susceptibility of loquat
fruit and is mainly influenced by upstream activities of the phenylpropanoid pathway,
including the activities of coenzyme A ligase:4 coumarate (4CL), the endomembrane-bound
cinnamate 4-hydroxylase (C4H), and PAL enzymes. Exogenous application of 1-MCP
suppressed the activities of PAL, C4H, and 4CL coenzyme A and maintained higher PG
enzyme activity, leading to less pectin and lignin deposition in cold-stored loquat fruit and
hence lowered the CI index [81].

Table 4. Effect of chemical treatments on postharvest quality management of loquat fruit.

Chemical Cultivar Treatment Inference Reference

1-MCP ‘Baisha’,
‘Luoyangqing’

1 μL L−1 + LTC at
5 ◦C for 6d

Less G-POD, CAD, and PAL enzyme activities with less
superoxide radicals, lignin deposition, FD at 5 ◦C LTC, and

1-MCP in both cultivars. ‘Luoyangqing’ was a better
respondent than ‘Baisha’

[82]

‘Claudia’ 1, 2, 3, 4 and
5 μL L−1

CI, browning, FD, and fruit softening were delayed with
better fruit sensory attributes. Best treatment was 1 μL L−1

1-MCP.
[83]

‘Claudia’
‘Nespolone di

Trabia’
0.50 and 1 μL L−1

Fruit firmness was maintained with better TA and lower
browning in both cultivars. However, better results were

presented by ‘Nespolone di Trabia’ with 1 μL L−1

1-MCP treatment.

[84]
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Table 4. Cont.

Chemical Cultivar Treatment Inference Reference

‘Fuyang’ 10, 50 and
100 nL L−1

CI was inhibited with a decrease in MDA, H2O2, and
superoxide radicals, lower LOX, and PLC enzymes.

However, CAT enzyme activity was maintained.
[79]

‘Fuyang’ 2.32 nmol L−1

CI was reduced. Higher linolenic and linoleic acid content,
leading to higher unsaturated/saturated fatty acid ratio.

Less hemicellulose and cellulose content with higher
water- and CDTA-soluble pectin content.

[80]

‘Fuyang’ 50 nL L−1

Suppressed PAL, CAD, C4H, 4CL coenzyme A, POD, and
PPO enzymes, and high PG enzyme activity. CI was also

lowered. Inhibition of FD, browning, and lignin deposition
were observed.

[85]

‘Jiefangzhong’ 50 nL L−1

Suppressed browning, FD, H2O2 content, and superoxide
radicals. Improved APX, SOD, and CAT enzymes with
higher chitinase and β-1,3-glucanase enzymes. Higher

juice content, TSS, and TA were also exhibited. C. acutatum
infection was inhibited.

[81]

‘Luoyangqing’ 0.5, 5 and 50 μL L−1

Inhibited browning and ethylene production. Lowered
PPO and LOX enzymes. Maintained higher TPC and

polyphenol content with reduced superoxide
anion radicals.

[21]

‘Qingzhong’ 50 nL L−1
Lowered FD, enhanced TSS, TA, sucrose, glucose and TPC.

Reduced PPO activity with higher DPPH-radical
scavenging activity. Inhibited ROS production.

[78]

BTH ‘Jiefangzhong’ 10, 30 and
60 mg L−1

Higher TSS and TA were maintained. Suppressed C.
acutatum infestation and PAL enzyme activity. Lignin

deposition was minimized, and there was aggravation of
the disease tolerance mechanism.

[86]

‘Jiefangzhong’,
‘Zhaozhong 6′

10, 30 and
60 mg L−1

Higher chitinase and β-1,3-glucanase, SOD, CAT, POD,
and PPO enzyme activities but suppressed PAL enzyme.

Reduced LOX and ROS production.
[87]

2, 3 and 4% CaCl2
Maintained a lower browning index, weight loss, and TA

while increasing juice content, pH, and TSS. [88]

‘Advance’
4% CaCl2 + 11 mM
AsA + 5 mM CA +

5 mmol SA

Higher hue angle was exhibited. Less FWL, DI, FD, and
firmness were seen. There was higher TA, TSS, and

AsA content.
[89]

‘Changhong’ 1% CaCl2

Reduced CI, superoxide anion, H2O2, and MDA content
while exhibiting higher activities of DHAR, GR, MDHAR,
APX, CAT, and SOD enzymes, as well as a higher DPPH

radical assay.

[90]

‘Changhong’
1% CaCl2,

10 mmol L−1 EGTA

Prevented CI, ion leakage, and MDA content with higher
ATP, ADP, and EC. Increased Ca2+-ATPase and

H+-ATPase, CCO, SDH, PAO, DAO, GAD, OAT, and P5CS
enzymes. There were higher proline, polyamine, and

GABA contents.

[91]

‘Surkh’ 1, 2 and 3% CaCl2
Reduction in EC, FWL, browning, and firmness increase.

Higher TA, TSS, and AsA contents. [23]

‘Trouloti’ 2% CaCl2
Sweetness was increased, and acidity declined with a

lower TPC level. There was no impact on FWL and dry
matter. There was a reduction in respiration rate.

[92]

‘Qingzhong’ 0.8% CaCl2 + 0.2,
0.4 and 0.8% PAA

DI, FD, FWL, respiration rate, and membrane leakage was
decreased. Higher TSS, TA, and AsA content with better

sensory attributes were observed.
[93]
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Table 4. Cont.

Chemical Cultivar Treatment Inference Reference

Ethanol ‘Jiefangzhong’ 300 μL L−1

Boosted activities of PAL, SOD, PPO, POD, chitinase, and
β-1,3-glucanase enzymes. H2O2 was increased which

initiated a defense mechanism against spores and
mycelium of C. acutatum.

[94]

GB ‘Jiefangzhong’
10 mmol L−1

GB + HT 45 ◦C for
10 min

Higher CAT, SOD, APX, P5CS, OAT, and GAD enzymes
with higher GABA and proline content. Reduction in MDA

content and CI symptoms.
[72]

‘Jiefangzhong’ 1, 5, 10,
20 mmol L−1 GB

Higher TFC and TPC content, less FWL, and browning.
Higher CAT and SOD enzymes with less MDA content. A

10 mmolL−1 concentration was best.
[95]

MeJA ‘Fuyang’ 10 mmol L−1 MeJA

Reduction in respiration, ethylene production, PPO, and
PAL enzymes activities. Higher total sugar and organic
acid content with higher TPC and TFC was maintained.

Browning and FD were lessened.

[96]

‘Fuyang’ 10 mmol L−1 MeJA
Reduced CI, saturated fatty acids, H2O2 content, and

superoxide radicals. Fruit firmness and colour
was maintained.

[97]

‘Fuyang’ 10 mmol L−1 MeJA

CI was lowered with less pectin, hemicellulose, pectin,
alcohol content, and lignin deposition by suppressing PAL
and PPO enzymes. CDTA and water soluble pectin were

increased. ROS production was lowered with a remarkable
decline in the POD enzyme.

[98]

‘Jiefangzhong’ 10 μmol L−1 MeJA
Exhibited higher level of chitinase and β-1,3-glucanase

enzymes, higher TSS and TA content, less browning, FD,
and spore germination of C. acutatum.

[24]

‘Jiefangzhong’ 10 μmol L−1 MeJA

Reduced lignin deposition, inhibited PPO and PAL
enzyme activities. MeJA induced H2O2 content that

suppressed the fungal growth of C. acutatum with higher
CAT and APX enzymes.

[99]

‘Jiefangzhong’

10 μmol L−1 MeJA
+ Pichia

membranefaciens
1 × 108 colony-

forming units mL−1

Inhibited spore germination and germ tube elongation of
C. acutatum. There was less disease incidence and higher

chitinase and β-1,3-glucanase enzymes activities
were maintained.

[100]

‘Jiefangzhong’ 10 μmol L−1 MeJA

GSH-POD, APX, and GST enzymes were enhanced with a
higher AsA content. GSH content was decreased due to
more MDHAR, DHAR, and GR enzyme activities, and

inhibition of AO enzyme activity. Browning was
also delayed.

[101]

‘Jiefangzhong’ 10 μmol L−1 MeJA
Higher GABA and proline content were shown with

higher P5CS, OAT, and GAD enzymes and reduced PDH
enzyme. CI was suppressed with less browning.

[102]

‘Jiefangzhong’ 10 μmol L−1 MeJA
Higher ATP, Put, Spd, and Spm content was maintained.

Suppressed AMP and ADP production by increasing
energy status with less anthracnose symptoms.

[103]

‘Jiefangzhong’ MeJA 16 μmol L−1

+ HT at 38 ◦C for 5 h

Less protopectin, pectin and lignin content, less PPO, POD,
and PAL with higher PG, APX, CAT, and SOD

enzyme activities.
[71]

‘Luoyangqing’ 10 μmol L−1 Induced EjbHLH14, EjHB1, and EjPRX12 gene expression,
thereby decreasing CI and lignin content. [17]
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Table 4. Cont.

Chemical Cultivar Treatment Inference Reference

NO ‘Luoyangqing’

0.5 mmol L−1 cPTIO,
0.1 mmol L−1 TUN,

10 m mmol L−1

Gln, 0.5 m mmol
L−1, L-NAME and

0.5 m mmol L−1

PBITU

All these NO inhibitors reduced APX, CAT, POD, and SOD
enzyme activities with higher MDA and H2O2 content.

Membrane leakage and browning were increased. The role
of NO in fruit quality has been confirmed.

[25]

Melatonin ‘Dawuxing’ 50 μL melatonin Reduced weight loss and MDA content while maintaining
higher firmness, ABTS, FRAP, and DPPH radical assays [104]

SA 1500, 2000 and 3000
ppm Reduced browning and increased TSS, TA, and pH. [105]

‘Jiefangzhong’ 1 gL−1 SA
FD, lignin deposition, and browning were decreased.

Reduction in CAD, PAL, and PPO enzymes were
also observed.

[106]

‘Luoyangqing’ 1 mmol L−1 ASA
Reduced the CI symptoms with reduced G-POD, CAD,
and PAL enzyme activities and prohibited superoxide

radical accumulation.
[12]

‘Zaozhong’ 40 and 70 mg L−1

SA

GSH was increased with higher GST, G-POD, MDHAR,
DHAR, and APX enzymes, which alleviated the POD

enzyme and decreased MDA and H2O2 contents with less
DHA activities.

[107]

2, 4-epib-
rassinolide ‘Changhong’ 10 μmol L−1 EBR

The symptoms of lignification were alleviated because of
the delay in the rise in lignin concentration in loquat fruit. [108]

Short
term N2

‘Dahongpao’ 100% N2

Changes in membrane permeability, MDA levels, and ROS
production rates were all significantly slowed down.

Furthermore, SOD and CAT activities were considerably
higher, whereas LOX activity was significantly lower, in

N2-treated fruits compared to control fruits.

[109]

ADP = adenosine diphosphate, AMP = adenosine monophosphate, AO = ascorbate oxidase, ASA = acetyl-
salicylic acid, ATP = adenosine triphosphate, BTH = benzothiadiazole, CA = citric acid, Ca2+-ATPase = Ca2+-
adenosine triphosphate, CCO = cytochrome c oxidase, DAO = diamine oxidase, DHA = dehydroascorbic acid,
DI = disease incidence, EC = electrical conductivity, EBR = epibrassinolide, EGTA = ethylene glycol bis (2-
aminoethyl ether) tetraacetic acid, FD = fruit decay, FWL = fruit weight loss, GABA = γ-aminobutyric acid,
GAD = glutamate decarboxylase, GB = glycine betaine, Gln = glutamine, GSH = glutathione, GSSG = oxidized
glutathione, GST = glutathione-S-transferases, H+-ATPase = H+-adenosine triphosphate, H2O2 = hydrogen
peroxide, HT = heat treatment, L-NAME = NG-nitro-l-Arg methyl ester, OAT = ornithine δ-aminotransferase,
P5CS = Δ1-pyrroline-5-carboxylate synthetase, PAA = peracetic acid, PAO = polyamine oxidase, PBITU = S,S’-1,3-
phenylene-bis(1,2-ethanediyl)-bis-isothiourea, PDH = proline dehydrogenase, PE = polyethylene, ppb = parts per
billion, Put = putriscine, SA = salicylic acid, Spd = spermidine, Spm = Spermine, TUN = tungstate.

MeJA, an ester of jasmonic acid, is a cyclopentanone compound known to regulate
plant growth and is effective against physical and physiological stresses [110]. Recently, the
role of MeJA in the alleviation of CI and quality deterioration in horticultural commodities
has been examined [17,98,102]. MeJA induces chilling tolerance, mainly by inducing gene
expression in EjbHLH14, EjHB1, and EjPRX12 genes, which lowers lignin biosynthesis [17].
The mechanism of MeJA against chilling stress is mainly due to the activation of oxidative
enzymes such as CAT, SOD, POD, and APX, which are mainly initiated by the higher
H2O2 level and delay in the oxidation of unsaturated to saturated fatty acids during
storage. Exogenous MeJA application lowered the ethylene biosynthesis, respiration rate,
and PAL and PPO enzyme activities with higher DPPH-radical scavenging and SOD
enzyme activities [96]. Moreover, there were a delay in H2O2 and superoxide anion
production that inhibited LOX enzyme activity and elevated activities of APX, CAT, and
SOD enzymes, leading to higher membrane integrity due to an increase in unsaturated fatty
acids, hence inducing chilling tolerance in MeJA-treated ‘Fuyang’ loquat than control [97].
MeJA treatment inhibited the activity of the PAL enzyme and increased the activity of
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the PG enzyme, which lowered ROS production and fruit firmness due to a reduction in
lignin, pectin, hemicellulose alcohol residues, and cellulose elevation, thereby inducing CI
tolerance in ‘Fuyang’ loquat during cold storage. Additionally, CDTA- and water-soluble
pectin were reduced with improved solubility of polysaccharides in the cell wall [98].

NO is the major bioactive signaling compound during abiotic and biotic stresses in
plants that triggers a defense response and itself is the major scavenger of ROS during
CI [111]. The inhibition of endogenous NO accumulation is the main factor that makes
a fruit susceptible to oxidative stress and higher membrane leakage due to the activities
of oxidative enzymes such as PPO and POD, with higher lignin deposition due to PAL
enzyme activity. Alternatively, a 50 mmol·L−1 sodium nitroprusside (SNP) dip treatment
maintained a lower activity of LOX and MDA content, leading to a reduction in lipid
peroxidation with higher activities of APX, CAT, and SOD enzymes in ‘Dawuxing’ loquat,
thereby maintaining cell membrane integrity and the suppression of POD and PPO en-
zymes. Additionally, the confirmation of the NO role in low-temperature tolerance and
the signal transduction of jasmonic acid (JA) was confirmed by the exogenous applica-
tion of 2-(4-carboxyphenyl)-4,4,5,5-tetramethylimidazoline-1-oxyl-3-oxide (cPTIO), an NO
scavenger, and the NO inhibitors NaN3 and L-NAME in ‘Zaozhong No. 6′ young loquat
fruit [112]. Chilling stress increased with the application of a NO inhibitor and scavenger
with suppressed activities of SOD, POD, and CAT enzymes while MDA and H2O2 con-
tents were aggravated. The application of cPTIO not only stimulated CI symptoms but
also lowered endogenous NO biosynthesis during cold storage with reduced membrane
integrity [25].

Sulphur is an essential nutrient required for plant growth and development and plays
a crucial role in various physiological processes. It has been shown that improved plant
resilience is directly connected to the increasing levels of sulphur dioxide (SO2) uptake
and SO2 metabolism in plants. The application of SO2 helps to maintain the equilibrium
between the production of ROS and their detoxification, which in turn helps to suppress
ROS formation and prevent the lignification of the flesh of loquat fruit [33]. The treatment
of loquat fruit with an SO2-releasing agent (SO2-releasing pad) substantially reduced the
prevalence of decay and browning. The TSS and TA levels were observed to be higher
than in control fruits [113]. Similarly, after 35 days of storage, loquat fruit treated with
SO2 exhibited acceptable quality and a significantly lower reduction in total acidity and
percentage of juice [15].

Several studies have reported that short-term N2 treatment delayed fruit ripening by
reducing respiration and ethylene production [114,115]. A substantial delay in the rise in
fruit decay rate, less reduction in TSS and TA, improved eating quality, and extended shelf
life were observed in loquat fruits treated with short-term N2 for 6 h at 20 ◦C. Furthermore,
increases in membrane permeability, MDA concentration, and superoxide anion generation
rate were all significantly slowed by short-term exposure to N2. SOD, CAT, and POD
activities were all substantially increased in N2-treated fruits compared to control fruits,
which led to a decrease in CI [109].

Ozone is an allotropic species of oxygen that has powerful disinfection capabilities;
as a result, its use in the postharvest processing of fruits is becoming more widespread.
Under the right conditions during the production process, ozone will activate mechanisms
that are involved in the protection of cellular structures against oxidative stress. This will
increase the concentration of vitamin C, and consequently, the product will have more
antioxidant properties [116]. Loquat fruit, treated with ozone, showed significantly less rise
in lignin content and cell membrane permeability, as well as a decreased fruit deterioration
rate [117].

Calcium is a very important nutrient that not only stimulates the growth of plants but
also enhances the defense mechanism against many physiological and physical stresses [118].
It has been widely used to alleviate CI in cold-stored loquat fruit by triggering the sup-
pression of ROS accumulation through the Helliwell-Asada pathway. Higher activities
of dehydroascorbate reductase (DHAR), monodehydroascorbate reductase (MDHAR),
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glutathione reductase (GR), APX, CAT, and SOD were also exhibited by the calcium
chloride (CaCl2)-treated fruit [90]. Calcium is also effective in inhibiting flesh and peel
browning [105]. CaCl2 pre-storage treatment induced EjCAMTA5-mediated transcriptional
regulation of EjPLC6-like and EjLOX5 genes, which delayed membrane lipid hydrolysis
and maintained cell membrane integrity, preventing loquat fruit browning during chill-
ing stress [119]. The exogenous application of calcium compounds reduced membrane
permeability, suppressed ethylene production and the respiration rate in loquat fruit, re-
sulting in better fruit quality compared to the control [120]. Recently, melatonin has been
found to be effective in the downregulation of MDA content and oxidative stress due to
higher levels of DPPH, ferric ion reducing antioxidant power (FRAP), and 2,2′-azinobis
(3-ethylbenzothiazoline-6-sulfonic acid) (ABTS) assays. In addition, higher phenolic content
in melatonin-mediated loquat fruit was noted with higher activities of PAL, 4CL, C4H, and
cinnamyl alcohol dehydrogenase (CAD) enzymes [104].

5.3. Edible Coatings

Edible coatings play a key role in the postharvest management of loquat fruit [31].
Carbohydrate-based edible coatings have been widely used to extend the shelf life of loquat
fruit. The coating of loquat fruit with chitosan, a polysaccharide, maintained higher catechin
and quercetin polyphenols while reducing ROS accumulation during cold storage [121].
Moreover, chitosan coating suppressed the respiration rate, ethylene production, internal
browning, fruit firmness, and weight loss [122]. The application of a 1% chitosan coating
in ‘Golden Nugget’, ‘Nespolone Rosso di Trabia’, and ‘Algerie’ loquat fruit was beneficial
to delay changes in skin colour, TA, TSS, and sugar content, with lower fruit weight loss
and internal browning, which were correlated with higher ascorbic acid (AsA) content,
carotenoid, flavonoids, polyphenols, and reduced ROS production [123]. The packaging
of loquat fruits with 3% myrtle leaves and exposing them to myrtle leaf vapour for 2 min
inhibited weight loss, decay incidence, and fruit browning [124]. The total phenolic contents
of loquat fruit, coated with an edible coating made from cactus pear mucilage, were
higher than uncoated fruits, which indicated that the coating showed a beneficial effect in
scavenging ROS, protecting cell membrane peroxidation, and delaying the senescence of
loquat fruit [125]. Biomaterials with 0.5% Nigella sativa oil and 0.5% propolis extract reduced
weight loss, maintained fruit firmness, and reduced fruit browning and decay in loquat
fruits during cold storage [126]. The CI symptoms were downregulated in ‘Baiyu’ loquat
fruit by the combination of a nano-silica and chitosan coating through maintaining higher
cell wall integrity, leading to a subsequent decline in fruit weight loss and internal browning
throughout the cold storage period with higher TSS, TA, and sugars [127]. Similarly,
alleviation in CI incidence consequently reduced the activities of the LOX enzyme with
lower MDA production and maintained membrane integrity by reducing the unsaturated
fatty acids in fruit tissues by the chitosan and nano-montmorillonite composite film in
loquat fruit [123]. Natural plant tree extracts from apricot and cherry were also effective in
reducing microbial decay, bacterial colonies, and mycelia growth in loquat and strawberry
fruits during postharvest storage. Moreover, there were no residual chemicals in coated
fruits that may be harmful to consumer health [128]. Although the effectiveness of edible
coatings has been reported in the literature, the production of fermented products is the
major issue in the prolonged storage of edible coated loquat fruit [129]. Moreover, consumer
acceptance toward coated fruit is the main hindrance to commercial usage of edible coatings
for loquat fruit.

5.4. Cold Storage

Cold storage is widely used as it not only reduces the incidence of fruit decay and
internal browning but also significantly extends storage life and maintains loquat fruit
quality [127]. However, CI symptoms are shown to be elevated with low-temperature
storage, which is associated with higher lignin biosynthesis in loquat fruit [27]. Moreover,
some studies have shown that cold storage intensified CI with higher lignin deposition
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and juiceless flesh in cold-stored loquat fruit [85,98]. Tian, et al. [130] have outlined
the minimum temperature to avoid chilling stress to loquats, which varies from 0 to
10 ◦C, depending upon the cultivars. They investigated chilling tolerance in ‘Wuxing’,
‘Zhaozhong’, and ‘Jiefangzhong’ loquat cultivars, observing the optimum temperature for
these cultivars to be 1 ◦C, 8–10 ◦C, and 6–8 ◦C, respectively, for a maximum of 4 weeks
of storage. However, cell wall integrity was maintained at lower temperatures (4 ◦C),
while there was a higher PG correlation with higher temperature storage in ‘Karantoki’
and ‘Morphitiki’ loquat fruit stored at 20 ◦C [52]. Among cultivars, ‘Karantoki’ exhibited
less phenolic content, antioxidative capacity, and acidity during storage. Similarly, there
was an increase in fruit firmness throughout storage at 20 ◦C, with the increase in lignin
content caused by the persistent rise in the activities of POD, CAD, and PAL enzymes in
‘Luoyangqing’ loquat fruit [13]. There was a higher rate of lignin deposition and firmness
in fruit during the early days of cold storage while there was very little difference in loss of
firmness after 3 weeks of storage [29]. The activities of sucrose hydrolysing enzymes were
higher in chilling tolerant cultivars with higher activities of hexokinase and fructokinase
enzymes involved in sugar generation signalling and hexose phosphorylation. Both of
these enzymes maintained lower ethylene synthesis and respiration rates with better fruit
quality after 35 days of cold storage [131].

5.5. Modified Atmosphere Packaging (MAP) and Controlled Atmosphere (CA) Storage

MAP is an effective postharvest strategy to enhance the shelf life and maintain loquat
fruit quality by maintaining a higher CO2 and a lower O2 atmosphere around the fruit [130].
Several studies have outlined the efficacy of MAP in shelf life extension and quality
management of loquats during postharvest storage (Table 5). The MAP storage of ‘Hafif
Çukurgöbek’ loquat was beneficial in maintaining higher flavonoid, phenolic content, total
sugars, organic acid, TA, and TSS with better skin colour and reduced internal browning
and fruit decay at 5 ◦C for 30 days. There was significant inhibition in ethylene production
in MAP stored over the control fruit [132]. Similarly, ‘Champagne de Grasse’ loquat
fruit treated with 1-MCP followed by MAP storage at 5 ◦C for 4 weeks reduced ethylene
production and maintained fruit quality [133]. Postharvest MAP storage in Xtend® bags
maintained higher levels of organic acids and sugars in ‘Morphitiki’ loquat fruit [18].
MAP, using biodegradable polymer polylactic acid bags, was effective in reducing internal
browning, fruit weight loss, and the quality attributes of ‘Golden Nugget’ and ‘Algerie’
loquat fruit during low-temperature storage; however, there was an abrupt rise in the
deterioration of fruit during the shelf period [134]. The MAP of biodegradable polymer
polyactic acid on the postharvest sensory quality and storability of ‘Golden Nugget’ and
‘Algerie’ loquat fruits was effective in lowering internal browning, fruit weight loss, and
quality attributes of both cultivars during low-temperature storage; however, there was
an abrupt rise in deterioration of fruits during the shelf period [135]. ‘Ottawianni’ loquat
fruit stored at 5 ◦C in active MAP with gas combinations (3% CO2 + 12% O2 +85% Ar)
showed better quality attributes, along with a lower decay incidence as compared to the
control [132].

Table 5. Effect of modified atmospheric packaging storage on postharvest quality management
of loquat.

Cultivar Treatment Inference Reference

‘Algerie, ‘Golden
Nugget’, PLA tray at 5 or 10 ◦C Reduced browning, weight loss, and sugar content

with improved organoleptic attributes. [135]

‘Algerie’
Microperforated PE at 2 ◦C

storage and a 4 day shelf life at
20 ◦C

Lowered fruit weight loss, reduced firmness increase,
and maintained higher sugar and acid levels. [29]

‘Champagne de
Grasse’

(I) 312.5 ppb of 1-MCP+MAP (II)
625.5 ppb of 1-MCP+MAP

Reduced internal browning, microbial activity, better
fruit colour, and higher TSS content. [133]
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Table 5. Cont.

Cultivar Treatment Inference Reference

‘Golden Nugget’
‘Syeda’

12.5 μm, 14 μm, or 16 μm thick
PVC films at 0 ◦C

Browning increased with increased PE film thickness,
lowered weight loss, and firmness increase

maintained higher TSS and TA content.
[136]

‘Hafif Çukurgöbek’ MAP (20 μm thick; LifePack) with
3- and 6-mM OA

Higher TPC, TFC, organic acids, and delayed
browning and firmness increase was maintained,

especially in 6 mM and MAP storage.
[132]

‘Japanese Azalea’ MAP with CA (0.5, 1.0%), AsA (1,
2%), NaHMP (0.5, 1.0%)

Higher DPPH radical scavenging activity with a better
TPC, TFC, TA, TSS, and TSS/TA ratio was exhibited

with less browning and weight loss.
[137]

‘Jiefangzhong’ PE packaging with 6 at 10 ◦C Less respiration and fruit weight loss at 10 ◦C than at
6 ◦C with better sensory attributes. [27]

‘Jiefangzhong’
Perforated low density PE with

(4.8 ± 0.67)% CO2 and
(11.5 ± 0.85)% O2.

Reduced weight loss, respiration rate, firmness
increased, and maintained higher TSS, TA, and

vitamin C content.
[60]

‘Karantoki’
‘Morphitiki’

Xtend® packaging + 4 ◦C
storage + 20 ◦C for 2d.

‘Morphitiki’ was better in colour, TSS, TA, and higher
browning was observed in ‘Karantoki’ [18]

‘Mogi’ 0.15% perforated PE + 1, 5, 10, 20
and 30 ◦C

Suppressed respiration rate and ethylene production,
reduction in malic acid and sucrose content, fruit

weight loss and fruit decay were lowered.
[28]

‘Ottawianni’

MAP with (12% O2 + 3%
CO2 + 85% Ar), (12% O2 + 3%
CO2 + 85% N), (15% O2 + 5%
CO2 + 80% Ar), (15% O2 + 5%

CO2 + 80% N)

Ar-treated MAP stored fruits exhibited higher TPC
and TFC content, while there was less browning in N

treated MAP stored fruits.
[132]

‘Surkh’ HDPE (0.09 mm), LDPE (0.03
mm), 0.25% LDPEP at 4 ◦C

LDPE exhibited the least browning, HDPE maintained
the lowest TSS and firmness, and LDPEP maintained

the lowest TA and highest firmness.
[134]

‘Qingzhong’
‘Dawuxing’

Nano-SiO2 packing (0.10% of
nano-SiO2 with film thickness of

40 mm

Substantial reduction in the rate of internal browning,
as well as slowed declines in TSS, TA, and vitamin C

contents and extractable juice in both cultivars.
[138]

‘Palermitana’

PVC plastic film, transmission
rates of water vapor, O2 and CO2

through CX film are
350 g m−2·24 h at 38 ◦C,

18,000 cm3 m−2·24 h,and
47,000 cm3 m−2·24 h at 23 ◦C.

Loquat fruits kept in cold storage and SL with film
packaging significantly prevented shriveling and

maintained interior quality and flavour.
[139]

Ar = argon, HDPE = high density polyethylene, LDPE = low density polyethylene, LDPEP = perforated low
density polyethylene, N = nitrogen, NaHMP = sodium haxamataphosphate, OA = oxalic acid, ppb = parts per
billion, PE = polyethylene, TFC = total flavonoids content.

CA storage is a specific gaseous composition around the fruit, with a higher concentra-
tion of CO2 and a lower O2. Atmospheric ethylene, CO2, O2, storage temperature and time,
ripening stage, and commodity are key factors that determine the ethylene biosynthesis
and respiration rates in CA storage. The CA storage with 10% O2 + 1% CO2 and 70% O2 for
24 h first, followed by CA storage with 10% O2 + 1% CO2 at 1 ◦C was effective in delaying
fruit decay and maintained a TSS: TA ratio with higher endo-polygalacturonase (Endo-PG)
and exo-polygalacturonase (Exo-PG) levels that also mitigated oxidative stress and internal
browning [27]. It was observed that with higher O2 combined with polythene packaging,
the activity of PPO was inhibited, resulting in lower oxidative stress and a browning index
with better TSS and TA content in ‘Jiefangzhong’ loquat fruit [140]. The cost of CA storage
and MAP bags and their unavailability in developing countries is the major limitation in
their commercial use. Extensive research is required to develop the cost-effective and easily
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available MAP bags to lower the fruit quality deterioration and extend the shelf life of
loquat fruit during postharvest storage and the supply chain.

5.6. Hypobaric Storage

Another very important storage technique that has been used to extend the shelf life
by reducing senescence and delay in the ripening of loquat fruit is hypobaric storage. This
technique is described by quick heat loss, reduced pressure, and oxygen levels during
storage. Quality management and shelf life of loquat stored at 2–4 ◦C and 40–50 kPa for
7 weeks exhibited lower fruit flesh browning and fruit decay and higher juice contents
with higher AsA content and TA [141]. The storage period can be increased up to 50 days
when loquat is stored at 10 kPa pressure with low fruit decay and normal fruit flavour [142].
However, there is less information about the efficacy of hypobaric storage on the quality
maintenance and postharvest storage life of loquat, which warrants further investigation.

6. Postharvest Physiological Disorders

6.1. Chilling Injury (CI)

Loquat is a highly perishable fruit that exhibits a very limited shelf life of about 10 days
at ambient temperature due to excessive moisture loss and microbial decay. The desiccation
of the fruit is a critical factor that determines the shelf life of any fresh commodity. Cold
storage is a common way to lower the constraints related to ambient storage. However,
some cultivars, such as the red-fleshed ‘Luoyangqing’ loquat cultivar, are very perishable
due to CI, that can be determined by internal browning, juiceless texture, hardening of
pulp, and stuck peel [143]. Yang, Sun, Wang, Shan, Cai, Zhang, Zhang, Li, Ferguson and
Chen [82] determined the efficacy of different cultivars for CI and reported that ‘Baisha’
was the most susceptible among white-fleshed cultivars. There was increased lignification
accompanied by the browning of pulp tissues and decreased juice content. Moreover, the
activities of lignification enzymes, including guaiacol peroxidase (G-POD), CAD, and PAL
were also increased with higher superoxide-free radical development. The incidence of CI
is directly correlated with the abnormal metabolism of the fruit tissues due to increased
PG and pectin methyl esterase (PME) enzyme activities [16]. Alterations in the levels of
putrescine, spermidine, and spermine in fruit pulp have also been correlated with chilling
stress and severe damage to loquat fruit [15]. Another physiological cause of CI might be a
reduction in unsaturated fatty acids in the cell membrane of the fruit pulp due to oxidative
stress followed by lipid peroxidation [144].

There is a direct correlation between the ethylene biosynthesis signalling and the
expression of CI symptoms in loquat fruit. This role was demonstrated both in chilling
sensitive red-fleshed ‘Luoyangqing’ and chilling tolerant white-fleshed ‘Baisha’ loquat
cultivars [145]. Transcription records of both cultivars showed enhanced expression of
EjCTR1, EjETRS1b, and EjETR1 genes in both cultivars, while EjEIL1 was expressed in
‘Baisha’ only at the middle stage of development; over the course of fruit ripening, there
was a characteristic decrease in the expression of EjEIL1 and EjERS1a genes in both cultivars.
The development of the CI symptoms may be ascribed to oxidative stress, leading to the
formation of MDA [97]. The mechanism in the CI resistance of loquat fruit was primarily
due to higher levels of anti-oxidative enzymes, including APX, glutathione peroxidase
(GSH-POD), SOD, and CAT activities that ultimately lowered H2O2 and superoxide radicals,
leading to a significant decline in lipid peroxidation [146].

Another important physiological aspect which correlated with CI is lignin deposi-
tion in the cell wall of fruit tissues which causes the hardening of pulp and peel tissues.
There are different mechanisms in both white- and red-fleshed loquat cultivars for lignin
deposition [147]. Two genes, EjMYB1 and EjMYB2, isolated from chill-stressed fruit, play
important regulatory roles in lignification and promote the transcription rate for lignin
synthesizing genes. Similarly, the role of EjNAC1, EjNAC2, and EjODO1 genes in lignified
stems and roots indicated that there was a decline in expression during the fruit devel-
opment process [148]. Lignin biosynthesis increased due to increased EjCL5, Ej4CL1, and
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EjPAL1 gene expression caused by trans-activation of the promoter with the overexpression
of EjODO1 [149].

Control of CI

Cold storage is the common technique to store loquat fruit, and some cultivars are
susceptible to CI during low-temperature storage. LTC is an alternative technique for fruit
quality management that regulates biochemical and physiological responses by suppressing
CI incidence [150]. An antagonistic examination of LTC and HT based on the RNA-seq
transcription database with the expression of EjHSF exhibited an abundance in EjHSF1
transcription with a higher HSP EjHsp level in heat-treated loquat fruit, while there was
a higher transcription of EjHSF3 in LTC. Both EjHSF1 and EjHSF3 activated promoters
of lignin biosynthesis-related genes and EjHsp. Therefore, EjHSF induced two distinct
mechanisms in fruit regarding lignin deposition and transcription of EjHSF3 induced in
LTC was positively correlated with lignin biosynthesis, although EjHSF1 induced chilling
resistance in heat-treated loquat fruit [151]. The expression of genes involved in lignin
deposition leading to CI was suppressed by LTC and HT, exhibiting a better quality of
cold-stored loquat fruit [152]. LTC induces higher H2O2 accumulation at an early stage
of loquat fruit storage and induces the chilling tolerance by regulating higher activities
of antioxidant enzymes, including GSH-POD, APX, CAT, and SOD [153]. A significant
reduction in CI symptoms with a double shelf-life extension was observed in ‘Luoyangqing’
loquat fruit exposed to LTC as compared to the control. LTC increased the resistance to
browning in 60 days of cold storage, followed by a 2-day shelf life at 20 ◦C. Improved
sensory attributes and low chilling damage were induced by LTC in loquat fruit [13].

Membrane leakage and internal flesh browning are two prominent symptoms of
CI in loquat fruit. HT induces chilling tolerance in cold-stored loquat fruit by reducing
the conversion of unsaturated fatty acids to saturated fatty acids, inhibiting the activities
of phospholipase D (PLD) and LOX enzymes [62]. The upregulation of ascorbate and
glutathione contents through the higher metabolism of sugars is another possible way to
control the CI in HT-treated loquat fruit. HT induced higher ascorbate and glutathione
contents and reduced fruit firmness, lignin deposition, and lipid peroxidation during low-
temperature storage, leading to higher membrane integrity and chilling tolerance [14]. A
comparative analysis of loquat fruit showing CI symptoms indicates a higher activity of the
CAD enzyme, which is regulated through the expression of EjCAD5. Xu, et al. [154] reported
that the application of hot air treatment suppressed the activity of the CAD enzyme and the
expression of EjCAD5 via a higher transcriptional expression of the EjHAT1 promoter, hence
maintaining less CI symptoms than control loquat fruit during low-temperature storage.

The exogenous application of anti-ripening chemicals is also effective to suppress CI
symptoms in loquat fruit. The application of MeJA induces chilling tolerance by regulating
the arginine metabolic pathway and increases γ-aminobutyric acid and proline contents in
loquat fruit [102]. Moreover, MeJA increases the activities of antioxidant enzymes in cold-
stored loquat fruit, leading to the reduced conversion of liquid to gel phase. MeJA-treated
loquat fruit exhibited a higher metabolism of glutathione and ascorbic acid, followed by
higher activities of SOD, CAT, and APX enzymes, and fewer CI symptoms [101]. 1-MCP
reduces CI symptoms in loquat fruit by maintaining a higher unsaturated to saturated fatty
acid ratio and reducing the activities of phospholipases and oxidative enzymes [79,80]. NO
is also reported to lower the incidence of CI in cold-stored loquat fruit by regulating sugar
metabolism [25].

6.2. Enzymatic Browning

Enzymatic browning is probably one of the most pronounced disorders in fruits and
vegetables [76,155]. It reduces consumer acceptability of vegetables and fruits. The most
accepted mechanism of browning is the oxidation of phenolic compounds by the oxidative
enzyme PPO, which involves O-diphenol and oxygen oxidoreductase activities. Phenolic
compounds are naturally present in the vacuole of plant cells while the oxidative enzymes
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are part of cellular cytoplasm [156]. Degradation and oxidative damage to the vacuolar
membrane initiate the reaction of PPO with phenolic compounds. Monophenolase or creso-
lase enzymes catalyse the production of O-diphenol by the hydroxylation of monophenol,
leading to further oxidation of O-diphenols to O-quinones. Both reactions are catalyzed by
the PPO enzyme in the presence of O2. PAL and POD enzymes play a supportive role in
the oxidation of phenolic compounds [157]. Potentially, SO2 fumigation was used for the
inhibition of internal and pericarp browning in horticultural commodities [158]; however,
due to its residual effects and carcinogenicity, it was prohibited in the fruit industry [26]. To
avoid hazards caused by SO2 fumigation, many alternative chemicals, such as 1-MCP [21],
acetylsalicylic acid [12], oxalic acid [22], calcium chloride [23], MeJA [97], and NO [25],
have also been reported to minimize the incidence of postharvest internal browning in
loquat fruit. However, internal flesh browning is still a major constraint in the loquat fruit
supply chain and warrants an investigation of the strategies to control browning.

7. Diseases

Diseases cause fruit decay, limit preharvest production and postharvest life, and
deteriorate fruit quality. A variety of pathogens are involved in pre- and post-harvest
diseases; the main pathogenic organisms are C. gloeosporioides, C. acutatum, Pseudomonas
syringae, Phytophthora palmivora, Diplodia natalensis, Diplocarpon mespili and Botrytis cinerea.

7.1. Purple Spot

Purple spot, caused by Diplocarpon mespili fungus, is a major preharvest disease
that not only deteriorates fruit production in the preharvest phase but also limits the
supply chain of loquat fruit in local and distant offshore markets [159]. Purple spot has
been reported in many regions of the world and reduces about 50% of the commercial
and cosmetic value of loquat fruit, and adversely impacts consumer acceptability. Early
maturing cultivars are more vulnerable to being affected, and symptoms appear at the
colour break stage during fruit development, leading to a decline in commercial value [46].
According to Gariglio, et al. [160] the initiation of purple spot is directly associated with
a modified water relationship between peel and pulp tissues, leading to the spontaneous
purple colour development followed by higher sugar accumulation in loquat fruit and
a simultaneous rise in growth rate. Other symptoms are juiceless hard cells, collapsed
cytoplasm with a breakdown in cellular composition out of the plasmalemma, flaccid
peel tissues, and deformed fruit shape [46,161]. Sunlight exposure with low temperature
and higher differences between day and night temperatures increases the purple spot
incidence in loquat fruit. However, there is no influence of purple spot on the transpiration
from the surface of the fruit [162]. Purple spot on loquat exhibit an irregular fruit surface
and a more depressed area with slight spots of purple colour at the start of the disease,
resulting in a 20% loss in natural fruit colour; however, this affects the epidermal tissues,
with no effects on deeper flesh tissues. A calcium deficiency accompanied by a fungus
attack may also lead to the development of deeper spots because there is a characteristic
decline in the calcium level in loquat fruit throughout fruit development [162]. Contrarily,
Blumenfeld [57] reported that the main cause of purple spots is the sudden change in water
potential at the colour break stage of the fruit. This was very clear evidence that the purple
spot appearance was correlated with dehydration of peel tissues and sudden exposure to
low temperatures at the fruit colour break stage. Moreover, there was no difference in the
permeability of the cuticle, and there was no damage to the cuticle layer of the fruit surface,
although peel tissues were damaged by purple spot [44].

Another very important phenomenon is the reduction in the levels of Cu, K, and
Fe in the peel tissues of the affected fruit compared to healthy fruit [159]. Purple spot
incidence is mainly dependent upon the type of cultivar, the temperature change during
fruit development, and the osmotic balance of the fruit. It has been demonstrated that
early-maturing cultivars are more susceptible to the development of purple spot (60%) than
late-maturing cultivars (30%) [163]. A significant increase in purple spots was associated
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with lower temperatures during the colour break stage, although the plants grown in a
greenhouse that bear a higher night temperature compared to the open area, were less
susceptible to purple spots. Direct exposure to the sunlight lessened purple spots on
fruit exposed to light compared to shady areas. The management of purple spot is very
important for the supply chain of loquat fruit. In this context, the efficacy of fruit thinning
on the purple spot was assessed. There was higher carbohydrate accumulation with a
higher growth rate in thinned fruit. Thinning led to a higher sugar content that was directly
correlated with the incidence of purple spot.

In conclusion, there should be less or no fruit thinning to avoid the purple spot in
loquat fruit [159]. In contrast, a higher accumulation of fructose, sucrose, glucose, and TSS
lowered purple spot in the ‘Karantoki’ loquat. On the other hand, ‘Obusa’ exhibited the
highest purple spot susceptibility due to the lower accumulation of sugars and TSS in fruit.
Moreover, it was also proposed that there was a direct role of fruit maturity at the harvest
stage on the development of purple spots, as there was the highest incidence in ‘Obusa’
harvested at commercial maturity. ‘Morphitiki’ was the most resistant cultivar against
purple spots, as compared to ‘Karantoki’ and ‘Obusa’ [164]. However, there is a need to
investigate the control strategies for the management of purple spot incidence.

7.2. Anthracnose

The incidence of anthracnose is caused by the fungus Colletotrichum genus [81,165].
There are many known species of genus Colletotrichum, such as C. acutatum, C. eriobotryae,
C. simmondsii, C. godetiae, C. gloeosporioides, C. siamense, and C. nymphaeae; however, the
most important are C. gloeosporioides and C. acutatum in loquat fruit, which deteriorate
the fruit quality during postharvest handling [68,165,166]. The development of dark and
water-soaked lesions are typical symptoms of anthracnose rot and often occur with pink
gelatinous masses at the center of lesions during wet, moist, and warm temperatures. The
severity of the disease is directly associated with a higher storage temperature and moisture
content [94]. Different species of Colletotrichum were isolated in Taiwan [166]. In this regard,
β-tubulin (TUB2), actin (ACT), chitin synthase (CHS-1), glyceraldehyde-3-phosphate dehy-
drogenase (GAPDH), and internal transcribed spacer (ITS) genes were sequenced and two
different types of C. eriobotryae and C. nymphaeae were found. However, the main pathogen
causing anthracnose in Taiwan is C. eriobotryae. Oxidative stress and the production of
ROS are mainly associated with the severity of the disease, as exhibited by higher H2O2
assay in infected fruit with reduced activities of SOD and CAT enzymes [166]. Similarly,
morphological and phylogenic identification of a new strain, C. godetiae, in loquat fruit
was identified by an internal transcribed space region (ITS) and four housekeeping partial
genes relevant to TUB2, CHS-1, ACT, and GAPDH sequences by revealing reconstruction
strain clusters through an ITS4 and ITS5 assay. Typical symptoms of Colletotrichum were
similar concerning the molecular and morphological characteristics of this new strain, but
it showed a different ITS assay [165].

Different strategies have been reported in the literature to control Colletotrichum in-
festations in loquat fruit. The exogenous application of MeJA has been reported to inhibit
the spore germination and lesion diameter of C. acutatum. MeJA-mediated anthracnose rot,
either by the direct inhibition of spores or indirectly through the higher H2O2 accumulation,
resulting in reduced activities of PAL and PPO enzymes and lignin deposition in the peel
tissues of ‘Jiefangzhong’ loquat fruit [24]. The defense-mediated activity of MeJA against
anthracnose is also associated with higher sugar and juice contents and a reduction in inter-
nal browning, leading to the higher activities of chitinase and β-1,3-glucanase enzymes [99].
Moreover, the disease resistance in MeJA-treated loquat fruit might also be ascribed to the
higher polyamine biosynthesis and cellular ATP levels [103]. Similar results were observed
in the inhibition of anthracnose rot with the application of a 1-MCP treatment to loquat
fruit [81]. Although chemical treatments have been reported to control the incidence of
anthracnose rot, there may be residual levels of these chemicals that may be harmful to
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consumer health. Consumer concern for chemical residual effects initiated the search for
biological alternatives to control the infestation of Colletotrichum.

Biological control is also significant in reducing the C. gloeosporioides infestation in
loquat fruit. Yan, et al. [167] reported that there was a negative correlation between the
inoculation of the Bacillus amyloliquefaciens MG3 strain and fungal growth, and an inhibition
of spore germination. Similarly, another strain (HG01) of B. amyloliquefaciens was found to be
very effective in reducing C. acutatum severity and delayed oxidative stress due to a lower
PAL enzyme activity in loquat fruit [168]. Bacillus cereus AR156 induced a higher phenolic
biosynthesis and H2O2 accumulation when inoculated in loquat fruit with Colletotrichum
acutatum colonies. The possible defense-oriented pathway may be ascribed to the inhibition
of membrane leakage due to higher activities of POD, PPO, PAL, β-1,3-glucanase and
chitinase enzymes that induced higher H2O2 accumulation [169]. Pichia membranefaciens, a
yeast, was reported to inhibit spore germination by increasing the activities of chitinase and
β-1,3-glucanase enzymes that played a defensive role against C. acutatum. MeJA played a
stimulating role in the enhancement of P. memranfaciens colonies at an exponential rate with
higher biocontrol activities against the germ tube elongation of C. acutatum [100]. Moreover,
there was also a positive role of Pichia membranefaciens in the reduction of C. acutatum spore
germination and lesion diameter in loquat fruit [170].

7.3. Loquat Canker

Loquat is very susceptible to many bacterial diseases and cankers caused by Pseu-
domonas syringae pv. eriobotryae is one of the most severe diseases worldwide [171]. This
disease attacks almost all parts of the plant and appears as brown lesions on the leaf and
fruit surfaces that damage the mesophyll cells. There is a natural defense mechanism in
loquat to alleviate canker disease, and the genetic basis of the resistance was discovered
by identifying the gene locus and linkage group in the wild loquat species Eriobotrya de-
flexa [172]. Hiehata, et al. [173] outlined that the loquat resistance against Pseudomonas
syringae can only be expressed in homozygous conditions, as Psc-c a recessive gene that
triggers the plant defense mechanism. To check the efficacy of different hybrids obtained
by two resistant cultivars, ‘Shiromogi’ and ‘Champagne’, 14 different crosses of both of
these cultivars were observed, and it was found that there was more resistance among the
hybrids, as compared to the original parent lines. It was further suggested that there is
more than one gene involved in the disease tolerance in loquat fruit that cannot be deter-
mined by the phenotype or genotype of the Psc-c locus gene. Based on disease symptoms,
Pseudomonas has been classified into three potential groups, A, B, and C, from which only
group C pathogens cause brown spots on the skin of leaves and fruit [174]. However, future
research on the canker control strategies in loquat on its transmission, mode of action, and
control strategies in loquat fruit is warranted.

8. Conclusions and Future Prospects

Loquat fruit is regarded as a minor fruit containing a wide array of phytochemicals
and health-promoting compounds. Short shelf life with accelerated quality degradation
remains a challenge for growers, processors, and associated industry stakeholders. It is still
considered an unexploited fruit crop, presenting extensive research gaps in disease control,
nutrition for fruit quality, protection of on-tree delicate ripe fruit to avoid physical and
mechanical injuries, postharvest handling and storage, and supply chain. Loquat is not well
documented for its harvest handling and postharvest operations and for the quantitative
losses in the supply chain from farmgate to consumers. During the postharvest period,
low-temperature storage is coupled with certain constraints, such as susceptibility to CI,
enzymatic browning, and microbial decay, which substantially downgrade the quality and
marketability of stored loquat fruit.

In conclusion, loquat is highly perishable, and future research encompassing various
pre- and post-harvest factors affecting postharvest quality warrants further investigations.
The fruit ripening physiology of loquat fruit is worth studying, which warrants further
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research involving molecular approaches to determine alterations in fruit quality. The
appropriate harvest maturity standards are yet to be determined for different types of
storage conditions. Moreover, the integrated pre- and post-harvest approaches to managing
the postharvest diseases of loquat warrant further investigation. Although cold storage
is the most widely used practice for the storage of loquat, it causes CI. Considering the
adverse impacts of CI on loquat fruit quality, the management strategies for CI must be
considered for future research. The holistic approaches encompassing preharvest and
postharvest practices impacting the storage of loquat fruit must be standardized on a
genotype and regional basis to reduce postharvest losses.
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Abstract: An exploration of the range of expert opinions on the optimum storage temperature for
apples and pears in RA (refrigerated air), CA (controlled atmosphere), and DCA (dynamic controlled
atmosphere) is provided, based on the accumulated postharvest data from the last 20 years. Apple
cultivars have been divided into two storage temperature groups (0 to 1 ◦C and >1 ◦C), based
on chilling sensitivity. Increasingly, gradual cooling, rather than rapid cooling, is recommended
for apple cultivars, especially for chilling-sensitive cultivars. European pear cultivars are held at
storage temperatures close to or just below 0 ◦C since they are not chilling-sensitive, and most
cultivars require a cold temperature to induce ethylene production and ripening, especially if picked
early for long-term storage. Asian pears apparently have higher temperature requirements in CA,
compared with European pears. The temperature recommendations for RA and CA storage differ
in some apple and European pear cultivars. In such cases, the CA recommendation is, on average,
approximately 0.9 ◦C higher for apple cultivars and approximately 0.5 ◦C higher for pear cultivars,
compared with RA. Research evidence suggests that some apple and pear cultivars can be stored
at higher temperatures in DCA than in CA, and if the ethylene inhibitor, 1-methylcyclopropene
(1-MCP), is applied in CA and/or DCA, leading to possible energy savings and quality benefits. A
cool growing season may increase postharvest disorders, depending on cultivar and region. The store
or packinghouse manager may choose to mitigate potential postharvest problems by maintaining the
storage temperature at or above the temperature listed here and/or using stepwise (gradual) cooling.
The storage temperature can affect the humidity and vapour pressure deficit (driving force) in the
storage room. Altering the vapour pressure deficit controls the water loss in stored fruit, which can
affect various quality parameters and the occurrence of several storage disorders.

Keywords: apples; pears; storage temperature; refrigerated atmosphere; controlled atmosphere;
dynamic controlled atmosphere; chilling-sensitive; energy savings; pre-harvest effects; storage
humidity

1. Introduction

The most recent estimate of the total world fruit production was 883 million tonnes
(t) in 2019 (https://www.fao.org/3/cb4477en/cb4477en.pdf, accessed on 16 December
2022). The world’s apple (Malus domestica Borkh.) and European pear (Pyrus communis L.)
production was estimated at approximately 104 million t (81 million t apple plus 23 million
t pear) in 2021 (http://www.wapa-association.org/asp/article_2.asp?doc_id=643, accessed
on 16 December 2022), which is approximately 11.8% of the total world fruit production and
second only to bananas and plantains (18%). Asian pears (Nashi) (Pyrus pyrifolia (Burm.f.)
Nak., P. bretschneideri Rehder, or P. ussuriensis Maxim.) production is historically small
compared with apples and European pears and reliable production values are not available.

Storing at the lowest acceptable temperature is an essential factor in extending the
storage life of apples and pears [1,2]. If stored above this temperature, fruit senescence
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and associated fungal decay will shorten the storage period, and if stored below that
temperature, fruit may freeze, or the fruit can develop chilling-induced disorders [1]. There
are some cultivars of apples and Asian pears that are prone to chilling disorders and
a solution for these cultivars is to store them at a higher temperature and/or use low-
temperature conditioning, which is a gradual lowering of the temperature over a period of
several days or weeks [3–8].

It should be noted that ethylene production is stimulated by chilling in some apple and
European pear cultivars [9–19]. Induction of ethylene production, which hastens ripening
in pears, can occur at temperatures ≤ 10 ◦C [9,15,19–21], but in at least one cultivar, Passe
Crassane, it must be ≤5 ◦C [22]. Some apple cultivars, e.g., Golden Delicious, Granny
Smith, Lady Williams, and Fuji, are also chilling-sensitive and can be induced to ripen by
exposure to 0–10 ◦C in air [9,15]. Cold-induced stimulation of ethylene formation is due to
the increased activity of both 1-aminocyclopropane-1-carboxylic acid (ACC) synthase and
ACC oxidase, which then leads to increased ethylene production, especially when the fruit
temperature is increased after removal from cold storage [12,14,15]. The low-temperature
requirement varies with the cultivar, with early maturing pear cultivars having a shorter
requirement, 0–20 days, while later-maturing cultivars require longer durations, >40 days.
The low-temperature requirement in pears can be reduced by applying exogenous ethylene
and/or delaying harvest [16–19,23–25].

Controlled atmosphere (CA) storage is based on the alteration and maintenance of
gas composition different from that of air (78 kPa N2, 21 kPa O2, and 0.03 kPa CO2) in the
storage atmosphere of the commodity. Ripening at the lowest acceptable temperature is
delayed by CA conditions in almost all apple and pear cultivars, compared with refrigerated
air (RA) conditions [1,8,10,16,26]. The major benefit of CA is derived from lowering the O2
concentration as low as possible without inducing undesirable anaerobic metabolism. A
low O2 concentration inhibits respiratory metabolism and, if sufficiently low, it also inhibits
ethylene biosynthesis and perception and ripening [8,26].

Almost all the information on the recommended storage temperature for apples and
pears is for fruit stored in CA, with a limited number of temperature recommendations for
storage in RA. Unfortunately, there is no central repository for the recommendations and
the last summary was by Kupferman at the 8th International Controlled Atmosphere Re-
search Conference [27]. He presented a summary of the most recent (to that date) controlled
atmosphere (CA) recommendations for apples and pears. It included CA requirements for
32 apple and 9 pear cultivars, from 9 different growing regions. His summary identified the
optimum storage temperature, atmosphere, and storage duration for each of these cultivars.
Prange [8] has updated Kupferman’s CA storage recommendations with more recent data,
including information on temperature and CA recommendations for 116 apple and 38 pear
cultivars. The intent of this review is to provide more current storage temperature recom-
mendations along with the factors identified by Prange [8] that can affect the recommended
storage temperatures.

2. Development of a Database

A database of postharvest information generated between 2000 and 2022 was compiled
from published and unpublished sources. Including the information from Kupferman [27],
this database now comprises 116 apple cultivars and 42 European and Asian pear cultivars
from approximately 17 growing regions (Tables 1 and 2). Each recommendation in the
database included most of the following key details: cultivar(s), country/region, year,
optimum RA storage temperature, optimum CA storage temperature, recommended O2
and/or CO2 atmospheres, and storage duration, plus any relevant notes.
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Table 1. Apple cultivars included in Kupferman’s work [27], and additional apple cultivars assembled
from published and unpublished information available between 2000 and 2022 (from Prange [8], with
permission).

32 Apple Cultivars with CA Recommendations, as
Reported by Kupferman [27]

84 Additional Apple Cultivars with CA Recommendations

‘Boskoop’, ‘Braeburn’, ’Cortland’, ‘Cox’s Orange
Pippin’, ‘Delicious’, ‘Elstar’, ‘Empire’, ‘Fuji’, ‘Gala’,
‘Gloster’, ‘Golden Delicious’, ‘Granny Smith’,
‘Gravenstein’, ‘Idared’, ‘Jonagold’, ‘Jonathan’, ‘Lobo’,
‘Macfree’, ‘McIntosh’, ‘Moira’, ‘Mutsu’, ‘Northern Spy’,
‘Nova Easygro’, ‘Novamac’, ‘Novaspy’, ‘Prima’,
‘Priscilla’, ‘Rome’, ‘Sciros’ (‘Pacific Rose’), ‘Spartan’,
‘Splendour’, ‘Stayman’

‘Alwa’, ‘Ambrosia’, ‘Antàres’, ‘Antonovka ohuknovenaya’, ‘Aport’,
‘Aprelskoe’, ‘Ariane’, ‘Arlet’, ‘Belchard’ (‘Chantecler’), ‘Belgica’,
‘Berkutovskoe’, ‘Bogatir’, ‘Bonita’, ‘Bonza’, ‘Bramley’s Seedling’, ‘Caudle’
(‘Cameo’), ‘Chopin’, ‘Choupette’, ‘CIV G198′ (‘Modi’), ‘Civni’ (‘Rubens’),
‘Coobishevskoe’, ‘Coolikovskoe’, ‘Coop 38′ (‘Goldrush’), ‘Corichnoe
Novoe’, ‘Cosmic Crisp’, ‘Cripps Pink’ (‘Pink Lady’), ‘Cripps Red’
(‘Sundowner’, ‘Joya’), ‘Delblush’ (‘Tentation’), ‘Discovery’, ‘Egremont
Russet’, ‘Firmgold’, ‘Glockenapfel’, ‘Golden Orange’, ‘Golden Russet’,
‘Honeycrisp’, ‘Imrus’, ‘Jonamac’, ‘Karmijn de Sonnaville’ (‘Carmine’),
‘Ladina’, ‘Lady Williams’, ‘La Flamboyante’ (‘Mairac’), Ligol’, ‘Macoun’,
‘Maigold’, ‘Martovskoe’, ‘Meridian’, ‘Milwa’ (‘Diwa’), ‘Nicogreen’
(‘Greenstar’), ‘Nicoter” (‘Kanzi’), ‘Noris’, ‘Orlik’, ‘Orlovskoe polosatoe’,
‘Pamyat Michurina’, ‘Pamyat Voinu’, ‘Pazazz’, ‘Pepin Shafrany’, ‘Pinova’
(‘Corail’), ‘Red Pippin’, ‘Reinette grise du Canada’, ‘Renet Chernenco’,
‘Renet Coorsky Zolotai’, ‘Rososhanskoe polosatne’, ‘Rubinette’, ‘Salish’,
‘Šampion’ (‘Champion’), ‘Scifresh’ (‘Jazz’), ‘Scilate’ (‘Envy’), ‘Severni
Sinap’, ‘Sinap Beloruski’, ‘Sinap Orlovski’, ‘Skoroplodnoe’, ‘Spigold’,
‘Summerred’, ‘Tambovskoe’, ‘Topaz’, ‘Veteran’, ‘Vishnevonee’, ‘Welsey’,
‘Winesap’, ‘Worcester Pearmain’, ‘Yellow Newtown’, ‘York’,
‘Zhigulevskoe’, ‘Zimnee polosatoe’

Table 2. Pear cultivars included in Kupferman’s work [27], and additional pear cultivars assembled
from published and unpublished information available between 2000 and 2022 (from Prange [8], with
permission).

9 Pear Cultivars with CA Recommendations, as
Reported by Kupferman [27]

29 Additional Pear Cultivars
with CA Recommendations

‘Beurré Bosc’ (‘Kaiser Alexander’), ‘Beurré d’Anjou’,
‘Conference’, ‘Doyenné du Comice’ (‘Vereinsdechant’,
‘Sweet Sensation’, ‘Decana del Comizio’), ‘Forelle’,
‘Josephine’ (‘Joséphine de Malines’), ‘Packham’s
Triumph’, ‘Rosemarie’, ‘Williams Bon Chretien’
(‘Bartlett’)

25 European Pear cultivars
‘Abate Fetel’, ‘Alexander Lucas’, ‘Alexandrine Douillard’, ‘Amfora’,
‘Angélys’, ‘Beurré Hardy’, ‘Cold Snap’ (‘Harovin Sundown’), ‘Concorde’,
‘Corella’, ‘Delbuena’, ‘Delmoip’, ‘Dr. Jules Guyot’ (‘Limonera’), ‘Erica’,
‘Flamingo’, ‘Forelle’, ‘Fred’ (‘CH 201′), ‘General Leclerc’, ‘Gute Louise’
(‘Louise Bonne d’Avranches’), ‘Harrow Sweet’, ‘Nojabrska’ (‘Novembra’),
‘Passe Crassane’, ‘Rocha’, ‘Selena’ (‘Elliott’), ‘Spadona’ (‘Blanquilla’),
‘Winter Nelis’ (‘Bonne de Maline’)

4 Asian Pear Cultivars
‘Chojuro’, ‘Hosui’, ‘Nijisseiki’, ‘Ya Li’

Since 2003 when Kupferman’s summary was published, the amount of information
on CA recommendations for apple and pear cultivars has significantly increased. Not
only has the number of cultivars greatly increased (Tables 1 and 2), but the number of
recommendations for each cultivar has also grown. For example, there are more than 35 CA
recommendations each for Gala and Golden Delicious.

The increase in the number of cultivars in the database is a reflection of the changes
in the apple and pear industry. Not only are there new cultivars every year, but in some
cultivars, there is evidence that some newly identified clones may have real differences that
necessitate different harvest and storage recommendations. These clonal differences need
more research. Perhaps researchers could identify the clone as well as the cultivar that they
are using in future research.

Another trend in the industry is the appearance of new ‘club varieties’ that are pro-
tected for a number of years under plant breeders’ rights in many countries. Even though
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growers are being encouraged to plant these club varieties, many of them could not be
included in this database due to limited, or non-existent, harvest and storage information.
Part of the club variety trend is the use of a new trademarked name (and sometimes mul-
tiple names) as an alternative to the actual cultivar name. The approach employed here
is to use a generally accepted cultivar name and list in parentheses the known alternative
names, e.g., Cripps Pink (Pink Lady).

3. Effect of Cultivar, CA, and RA on Storage Temperature Recommendations

Several trends since Kupferman’s publication can be identified by examining the
postharvest database information. First, the apple cultivars listed in Tables 3 and 4 can
be divided into two groups based on their chilling sensitivity, using 1 ◦C as the critical
boundary temperature. This is believed to be the first instance of grouping apples in this
way:

• Chilling-insensitive: apple cultivars that are not chilling-sensitive in CA and can be
stored at 0 to 1 ◦C (Table 3).

• Chilling-sensitive: apple cultivars that are chilling-sensitive in CA and need to be
stored > 1 ◦C (Table 4).

Table 3. Apple cultivars that are not chilling-sensitive in CA (can be stored between 0 and 1 ◦C),
arranged from lowest to highest recommended storage temperature. If the number of recommenda-
tions < 4, the CA temperature recommendation should be considered provisional (from Prange [8],
with permission).

Chilling-Insensitive Cultivars
(Including Clones)

Mean Recommended CA Temperature (◦C) Number of Recommendations

Mutsu (Crispin) 0 5
Delicious 0.22 17
Granny Smith 0.47 14
Lady Williams 0.50 2
Spartan 0.58 6
Gala 0.61 27
Golden Delicious 0.62 22
Stayman 0.62 2
Fuji a 0.63 12
Rome (Rome Beauty, Morgenduft) 0.65 5
Northern Spy 0.67 5
Braeburn a 0.74 15
Delblush (Tentation) 0.75 2
Jonathan 0.75 4
Cripps Red (Sundowner, Joya) 0.75 4
Jonagold’ 0.84 16
Šampion (Champion) 0.84 5
Ligol 0.92 3
Gloster 0.94 4
Ladina 1.00 2
Topaz 1.00 2

a Gradual cooling may be required.

Over the last 20 years, a trend for gradual instead of abrupt (static) cooling recommen-
dations has developed, and this trend is likely to increase in the future. Although most of
the cultivars listed in Tables 3 and 4 have only static temperature recommendations, some
now also have one or more recommendations to cool gradually (stepwise) to the final CA
storage temperature (noted in the tables). Most of these cultivars are in the chilling-sensitive
group, i.e., those that should be stored above 1 ◦C.
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Table 4. Apple cultivars that are chilling-sensitive in CA (must be stored > 1 ◦C), arranged from
lowest to highest recommended storage temperature. If the number of recommendations < 4, the CA
temperature recommendation should be considered provisional (from Prange [8], with permission).

Chilling-Sensitive Cultivars (Including
Clones)

Mean Recommended CA Temperature (◦C) Number of Recommendations

Caudle (Cameo) 1.13 2
Cortland 1.16 9
Ambrosia 1.20 5
Civni (Rubens) 1.22 3
Elstar a 1.23 12
Winesap 1.25 1
Pinova (Corail) a 1.25 4
Coop 38 (Goldrush) 1.38 2
Alwa 1.50 2
Scilate (Envy) a 1.50 2
Cripps Pink (Pink Lady) a 1.67 12
Idared 1.77 10
Scifresh (Jazz) a 1.85 4
Belchard 2.00 2
Empire 2.12 10
Arlet 2.25 2
McIntosh a 2.79 5
Nicoter (Kanzi) a 2.88 5
Honeycrisp a 3.00 6
Cox’s Orange Pippin 3.50 5
Belle de Boskoop 3.96 6
Lobo 4.12 2
Bramley’s Seedling 4.38 2

a Gradual cooling may be required.

Interestingly, two of the cultivars in the chilling-insensitive group (Table 3), ‘Fuji’ and
‘Braeburn’, also have some gradual cooling recommendations. The collected recommenda-
tions for ‘Fuji’ (Table 5) and for ‘Braeburn’ (Table 6) illustrate the range of CA temperature
recommendations for some cultivars. For both cultivars, there are several recommendations
for storage above 1 ◦C, suggesting chilling sensitivity of the fruit grown in those regions.
There are also some recommendations for gradual cooling and/or delayed introduction of
CA for these cultivars (Tables 5 and 6).

Table 5. CA temperature recommendations for ‘Fuji’ apple (from Prange [8], with permission).

CA Temperature (◦C) Country Year

−0.5 South Africa 2018
0 Poland 2016

Chile 2020
0.5 Australia 2000

0–1.0
Canada 2012
USA (California) 2000

0.5–1.0
Argentina 2012
France 2010, 2014

1.0 USA (Washington) 2003
1.1 + gradual cooling USA (Pennsylvania) 2008
2.0–2.5 + gradual cooling + delayed CA Italy 2018
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Table 6. CA temperature recommendations for ‘Braeburn’ apple (from Prange [8], with permission).

CA Temperature (◦C) Country Year

−0.5 South Africa 2003, 2008
0.50 New Zealand 2003

0.50–1.0
Argentina 2012
France 2010, 2014
Switzerland 2018

1.0

Australia 2000
Belgium 2017
Poland 2016
USA (Washington) 2003

1.1 + gradual cooling USA (Pennsylvania) 2008
1.0–1.5 + delayed CA Italy 2018
1.5–2.0 + delayed CA UK 2017

Unlike the apple cultivars, very few of the pear cultivars have more than four tem-
perature recommendations (Table 7). Two pear cultivars, Conference and Doyenné du
Comice, do have at least one recommendation to gradually cool. Perhaps further research
will determine whether these two cultivars are chilling-sensitive and could benefit from a
higher storage temperature. Unless and until that happens, the mean storage temperature
recommendations for European pear cultivars range from −1.0 to +0.25 ◦C. In contrast, the
recommendations for the four Asian pear cultivars average from 0 to +0.50 ◦C, i.e., slightly
higher than for the European pears.

Table 7. Temperature recommendations for European and Asian pear cultivars in CA, arranged from
lowest to highest. If the number of recommendations is <4, the CA temperature recommendation
should be considered provisional (from Prange [8], with permission).

Cultivar (Including Clones)
Mean Recommended
CA Temperature (◦C)

Number of
Recommendations

European pears
‘Angélys’ −1.00 1
‘Beurré Hardy’ −1.00 1
‘Dr. Jules Guyot’ (‘French Bartlett’, ‘Limonera’) −1.00 1
‘Selena’ (‘Elliott’) −1.00 1
‘Spadona’ (‘Blanquilla’) −1.00 1
‘Abaté Fetel’ −0.62 4
‘Amfora’ −0.50 1
‘Delbuena’ −0.50 1
‘Delmoip’ −0.50 1
‘Erica’ −0.50 1
‘Forelle’ −0.50 2
‘Flamingo’ −0.50 1
‘Josephine’(‘Joséphine de Malines’) −0.50 3
‘Nojabrska’ (‘Novembra’) −0.50 1
‘Passe Crassane’ −0.50 1
‘Rocha’ −0.50 1
‘Rosemarie’ −0.50 2
‘Winter Nelis’ (‘Bonne de Maline’) −0.50 1
‘Conference’ −0.49 12
‘Beurré Bosc’ (‘Kaiser Alexander’) −0.47 8
‘Doyenné du Comice’ (‘Vereinsdechant’,

‘Sweet Sensation’, ‘Decana del Comizio’) −0.44 10

‘Packham’s Triumph’ −0.43 10
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Table 7. Cont.

Cultivar (Including Clones)
Mean Recommended
CA Temperature (◦C)

Number of
Recommendations

‘Beurré d’Anjou’ −0.38 2
‘Williams Bon Chretien’ (‘Bartlett’) −0.36 12
‘Alexander Lucas’ −0.25 2
‘Cold Snap ‘ (‘Harovin Sundown’) 0 1
‘General Leclerc’ 0 1
‘Concorde’ 0.12 2
‘Gute Louise’ (‘Louise Bonne d’Avranches’) 0.12 2
‘Fred’ (‘CH 201′) 0.25 1

Asian pears
‘Ya Li’ 0 1
‘Chojuro’ 0.50 1
‘Hosui’ 0.50 1
‘Nijisseki’ 0.50 2

4. Comparison of Storage Temperatures in RA, CA, and DCA and Effect of 1-MCP

4.1. Temperature in RA vs. CA

Some of the entries in the database have only an RA or only a CA temperature
recommendation. Nevertheless, among the apple cultivars, there are 109 recommendations,
for 54 cultivars, that contain both RA and CA storage temperature recommendations.
Among these:

• 63% of the recommendations specify the same RA and CA temperature
• 35% of the temperature recommendations are higher in CA than in RA, i.e., higher by

a mean of 0.93 ◦C (range of 0.2 to 3.5 ◦C)
• 1% of the recommendations are lower in CA, i.e., lower by a mean of −0.40 ◦C

The higher temperature in CA is in agreement with Kupferman [27], who suggested
that the CA temperature for a few specific apple cultivars can range from 0.5 to 1.0 ◦C
higher than the RA recommendation. Interestingly, Fidler et al. [28] also stated that “the
temperature used for a given cultivar kept in RA is usually 0.5 to 1.0 ◦C lower than that used
in CA.” Two explanations are offered for this difference. Fidler, Wilkinson, and Edney [28]
say that it is because “apples are more susceptible to low-temperature breakdown in CA
than in air,” so it is necessary to use a higher temperature if CA is used. However, another
more plausible explanation was offered much earlier by Davis and Blair [29] in a study
on McIntosh, a chilling-sensitive cultivar. They state that using CA for this cultivar in
combination with a non-chilling temperature, e.g., 4.4 ◦C, not only increases the storage
period, compared with RA, but actually reduces the hazards associated with storage at a
colder temperature.

For European pear cultivars, there are 34 recommendations for 17 cultivars that
included both RA and CA storage temperature recommendations:

• 62% of the recommendations specify the same RA and CA temperature
• 38% of the recommendations are higher in CA than RA, i.e., higher by a mean of

0.52 ◦C (range of 0.1 to 0.7 ◦C)

There have been no studies of Asian pears that include both RA and CA storage tem-
peratures. Therefore, at this time, it is assumed that the recommended storage temperature
in RA and CA should be the same.

4.2. Temperature in DCA vs. CA

To date, commercial recommendations for storage temperatures in a dynamic con-
trolled atmosphere (DCA) are the same as for conventional CA. However, physiological
studies show that lowering the O2 concentration below 1.0 kPa, as in DCA, reduces apple
and pear metabolic rates compared with the rates in CA (where typical O2 > 1.0 kPa).
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This allows storage temperatures in DCA to be higher than in CA, possibly up to approxi-
mately 5 ◦C, without incurring any negative metabolic effects (see Prange [8] for oxygen
recommendations).

In support of this, the research on increasing storage temperatures in DCA, compared
with CA, reports a number of possible benefits (Table 8). These include energy and cost
savings, fewer storage disorders (especially chilling disorders), reduction in storage rot, less
weight loss, and improved flavour. More research may be required to define the benefits
of higher storage temperatures for specific cultivars of interest, perhaps also with higher
commercial DCA temperature recommendations.

Table 8. Benefits of elevated storage temperature for apples stored in DCA (from Prange [8], with
permission).

Cultivar(s) Condition Benefit Reference

‘Royal Gala’,
‘Cripps Pink’ (‘Pink Lady’) DCA-CF at 5 ◦C vs. CA at 3 ◦C 35% energy saving during cooling and

15% during storage. [30]

‘Cripps Pink’ (‘Pink Lady’) DCA-CF at 3 ◦C vs. CA at 3 ◦C Reduced flesh browning. [30]

‘Golden Delicious’, ‘Jonagold’,
‘Pinova’ DCA-CF at 3–4 ◦C vs. ULO at 1 ◦C

15–50% energy saving, less weight loss,
less storage rot (Pinova), improved taste,
no quality loss.

[31,32]

‘Elstar’, ‘Jonagold’, ‘Gloster’ DCA-CF (with or without 1-MCP) at
3.5–10 ◦C vs. ULO at 2 ◦C

Combination of DCA-CF +1-MCP is
more favourable than either alone,
especially at higher storage temperatures.
Benefits include better firmness, and
control of watercore, internal browning,
and skin spots.

[33]

Galaxy Gala
DCA-RQ 1.3 and DCA-RQ 1.5 at
higher temperatures (2.0 or 2.5 ◦C),
compared with 1.5 ◦C

Galaxy Gala can be stored at higher
temperatures (2.0 or 2.5 ◦C), because of
lower mealiness, ethylene production,
ACC oxidase, and higher flesh firmness,
than at 1.5 ◦C.

[34]

Nicoter (Kanzi) DCA-CF or DCA-RQ 1.5 at 3 vs. 1 ◦C
Both DCA methods at 3 ◦C produced
better quality and fewer disorders,
compared with 1 ◦C.

[35]

Royal Gala and Galaxy Gala

for both clones:
1.2 kPa O2 and 2 kPa CO2 vs.
0.8 k Pa O2 and 1.6 kPa CO2
for Galaxy only:
0.4 kPa O2 and 1.2 kPa CO2 at 1.0 vs.
1.5 ◦C

Storage of both Gala clones at extremely
low O2 at 1.5 ◦C provided better quality,
compared with 1 ◦C

[36]

4.3. Effect of 1-Methylcyclopropene (1-MCP) on Storage Temperature Recommendations

The growth regulator 1-methylcyclopropene (1-MCP) is a vapour under physiological
conditions and acts by inhibiting the binding of the hormone ethylene to its binding
site [37,38]. Exposure to 1-MCP can temporarily render plant material insensitive to
ethylene when applied at the parts-per-billion level. It is applied as a postharvest treatment
but is sometimes applied on trees pre-harvest. The 1-MCP can reduce several serious
storage disorders that cause fruit loss, such as senescent breakdown and superficial scald,
but the incidence of others, including carbon dioxide injury and flesh browning, can be
increased by 1-MCP [38]. Since apple fruit in storage can respond well to 1-MCP treatment,
it is recommended for use on most apple cultivars, whereas recommendations for its use in
stored pears has been more limited to a few selected cultivars.

Mir and Beaudry [39] were the first to propose the use of 1-MCP to reduce the require-
ment for refrigeration. They stored Delicious apples in RA at temperatures between 0 and
20 ◦C. They concluded that storage of 1-MCP-treated apple fruit at elevated temperatures
will be limited to relatively short durations (<50 days) without some means of controlling
storage decay.
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Mattheis [40] stated that, in Washington State, some storage operators have altered CA
conditions based on the reduced rates of fruit ripening after 1-MCP treatment. Higher O2
and temperature set points have been used in some warehouses, but widespread adoption
of these changes has not yet occurred. The use of higher O2 and higher temperatures
lowers the risk of low O2 or low-temperature injuries. An additional benefit is a decrease
in power costs. McCormick et al. [41,42] examined the effect of adding 1-MCP to Gala
and Jonagold apples in commercial rooms under CA conditions in Germany. The setpoint
temperature of the control rooms without 1-MCP was 1.5 ◦C and, in the 1-MCP rooms,
it was 2.5 ◦C higher at 4.0 ◦C. Assessment of the Gala and Jonagold fruit removed from
storage at various times and evaluated for quality after seven days at ambient temperature
to simulate marketing showed that 1-MCP-treated fruit at the higher storage temperature
had similar or better quality attributes, compared with the fruit not treated with 1-MCP. An
energy audit after 6 and 8 months showed that a 35% (‘Gala’ experiment) and 26% reduction
(Jonagold experiment) in energy was achieved by storage at the higher temperature. In the
UK, a trial with Gala apples using a storage temperature of 3.5 ◦C in the 1-MCP-treated
CA room, compared with 0.5 ◦C in the control CA room, yielded similar results as in
Germany [43,44]. Harz-Pitre [45] reported on similar commercial trials with CA-stored
Golden Delicious, Granny Smith, Gala, Delicious, and Cripps Pink in South Africa. The
1-MCP-treated fruit were stored at 1.5 ◦C warmer than fruit not treated with 1-MCP. The
report claimed that the findings at the various packhouses turned out to be excellent, with
an average of 16% kWh saving for each degree Celsius of temperature increase. Kittemann,
McCormick, and Neuwald [31] stored Golden Delicious, Jonagold, and Pinova for seven
months in either CA at 1 ◦C without 1-MCP or CA at 5 ◦C with 1-MCP. Storing at 4 ◦C
higher with 1-MCP resulted in an energy saving of 70%. The effect of storing in CA at 5 ◦C
with 1-MCP on fruit quality and decay varied with the cultivar, with no consistent negative
effects.

Despite these commercially sponsored results, there are few recommendations of
higher storage temperatures when using 1-MCP. Zanella [45] suggests that CA storage of
Cripps Pink in Italy is possible at 4 ◦C with 1-MCP, compared with 2.5 ◦C without 1-MCP.
In Belgium, there are recommendations for CA with and without 1-MCP for five apple
and three pear cultivars [46]. For the five apple cultivars, if 1-MCP is used, the CA storage
temperature recommendation does not change for Gala and Greenstar, increases 0.2 ◦C
for Pinova, and increases 0.5 ◦C for Golden Delicious and Jonagold. For the three pear
cultivars, if 1-MCP is used, the CA storage temperature recommendation does not change
for Comice, increases 0.2 ◦C for Conference, and increases 1.0 ◦C for Alexander Lucas.

It may be possible to achieve energy saving by increasing the storage temperature in
CA if 1-MCP is used but there needs to be more research on how much of an increase is
acceptable for specific cultivars in each growing region. Köpcke [33] examined the effect of
combining 1-MCP with DCA on German-grown Elstar, Jonagold, and Gloster apples stored
at 2.0, 3.5, and 8.7 ◦C for 140 days plus a 10-day shelf-life. Their overall conclusion was
that the combination of 1-MCP and DCA storage is more favourable than 1-MCP or DCA
alone, especially at higher storage temperatures. de Oliveira Anese et al. [34] tested this
assumption with Brazilian-grown Galaxy Gala apples stored at 1.5, 2.0, and 2.5 ◦C in CA
and DCA, with and without 1-MCP. They concluded that Galaxy Gala apples can be stored
at more elevated temperatures (2.0 and 2.5 ◦C) under DCA, with no extra benefit with the
addition of 1-MCP application. The 1-MCP was only beneficial if CA was used, rather than
DCA. Vanoli et al. [47] conducted a similar study with Abate Fetel pear using 2 storage
temperatures (−0.5 and 1 ◦C), 3 atmospheres (RA, CA, and DCA), and 2 storage times
(20 and 28 weeks), with the aim of finding a better strategy to ensure ethylene-induced
softening without inducing storage disorders. Although fruit treated with 1-MCP reduced
or stopped softening, especially at −0.5 ◦C, they concluded that 90–95% of 1-MCP-treated
fruit stored in CA and DCA was saleable, regardless of storage temperature and storage.
They recommended that further research is needed to develop an optimum strategy.
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These results suggest that further research is needed on the benefit of combining
1-MCP with DCA to allow for higher storage temperatures and thereby achieve greater
energy savings.

5. Effects of Growing Season Temperature on Storage Temperature

Examination of the variations in storage guidelines employed around the world for
widely grown cultivars reveals that the recommended storage temperature in production
regions with a relatively warm growing season is often lower than the temperature rec-
ommended in regions with cooler climates. This is consistent with the findings of Wright
et al. [48]. It suggests that lower growing season temperatures, especially during the
latter part of the season, are associated with increased susceptibility to low-temperature
breakdown (LTB) of apples in storage, which can be avoided by increasing the storage
temperature [48–50]. For example, in Cripps Pink apples, fruit can develop two types of
flesh browning, both of which vary depending on the heat units during the growing season
(Tables 9 and 10 [51,52]). Diffuse flesh browning (DFB) is a chilling disorder which behaves
like LTB, i.e., it occurs when the growing degree days (GDD, 10 ◦C base temperature) are
below 1100–1200, and it can be controlled with a higher storage temperature, e.g., 3 ◦C
(Table 11). Radial flesh browning (RFB) is a senescent disorder that may occur in regions
or seasons that accumulate between 1100 and 1800 GDD (Tables 9 and 10 [53]), although
there is no clear predictable relationship between RFB and GDD [53]. This is not surprising
since senescent breakdown can occur in all apple cultivars and is affected by a number of
factors [14,18]. In contrast with DFB, RFB is controlled by a lowered storage temperature,
either by storing directly at 1 ◦C, or by stepwise cooling to 1 ◦C (Table 11). However,
fruit from a region or season that accumulates >1700–1800 GDD has little or no risk of
developing either of these disorders during storage.

Table 9. Relationship between growing degree days (GDD) from full bloom to harvest and the
incidence of diffuse and radial types of flesh browning (FB) in Cripps Pink apples (from [8,51], with
permission).

Type of Flesh Browning GDD Incidence of Flesh Browning, %

Diffuse

888 95.4
888 99.4
904 75.7
904 76.0
930 8.1

Radial

1462 57.5
1462 54.2
1567 27.8
1641 10.0
1679 0

Table 10. The effect of growing degree days (GDD) on the two types of flesh browning in Cripps Pink
apples. The chilling disorder or diffuse flesh browning develops in cool regions, whereas senescent
disorder or radial flesh browning develops in warm regions. Neither of these develop in hot regions.
Although Cripps Pink is also susceptible to CO2 injury, this is not dependent on GDD (from [8,52],
with permission).

District
GDD10 ◦C

(2005 Data)

Type of Flesh Browning

Radial Diffuse CO2 Injury

159



Foods 2023, 12, 466

Table 10. Cont.

District
GDD10 ◦C

(2005 Data)

Type of Flesh Browning

Radial Diffuse CO2 Injury

Tasmania, Australia 807 Cool

Hot

Y Y
Nelson, New Zealand 1026 Y Y
Hawkes Bay, New Zealand 1102 Y Y
Yarra Valley, Australia 1162 Y Y Y
Manjimup, Australia 1405 Y Y
Batlow, Australia 1556 Y Y
Goulburn Valley, Australia 1688 Y Y
California 1840 Y

Table 11. Overall recommendations for control of diffuse and radial flesh browning in Cripps Pink
apples (from [8,51,52], with permission).

Diffuse Flesh Browning Radial Flesh Browning

Classification Chilling injury Senescent breakdown
Climatic range <1100 GDD >1100 GDD 1

Maturity SPI 2 3.5 SPI 3.5
Storage temperature 3.0 ◦C 3 1 ◦C 4 or stepwise cooling 5

Storage atmosphere <1% CO2 <1% CO2
Orchard management Ensure calcium levels are adequate Best commercial practice 6

1 Since insufficient data in the climatic range of 1100–1400 growing degree days (GDD) > 10 ◦C are currently
available, the type of flesh browning that develops in this range has not been determined. However, the general
recommendations for radial flesh browning (RFB) may be suitable as a guide. 2 The starch pattern index (SPI)
recommendation is based on the Centre Technique Interprofessionnel des Fruits et Légumes (CTIFL) 10-point
scale. 3 Storage at 3 ◦C will prevent the development of diffuse flesh browning (DFB), however storage at 1 ◦C
will reduce symptoms. Storage at 3 ◦C will reduce the period of storage before loss of quality occurs. 4 Storage at
1 ◦C successfully prevented RFB, however this was in a low-risk season. In a high-risk season, storage at a higher
temperature may be required. 5 The stepwise cooling recommendation is: 2 weeks at 3 ◦C, followed by 2 weeks at
2 ◦C, then the remainder of the storage period at 1 ◦C. 6 Use best commercial practices for management of crop
load and fruit nutrition.

If no local expert advice is available and the growing season is cooler than ‘normal’ for
a cultivar that is prone to cool season disorders, the store/packinghouse manager should
consider mitigating potential postharvest problems by avoiding storage temperatures
below those listed in Table 9, and/or by implementing stepwise cooling over 1–2 months.
Climate change, which is slowly increasing the growing temperature over the course of
many decades, may alter what is a ‘normal’ growing season. However, this change is
gradual, relies on averaging over the course of many disparate years, and can be associated
with other changes, such as increased frequency of drought and extreme temperature
events. This makes it difficult to predict how climate change will affect storage temperature
recommendations and this remains poorly studied.

6. Interaction between Storage Temperature and Humidity

The rate at which water is lost from a single apple or pear fruit is a function of three
factors, i.e., the surface area of the fruit, the vapour permeance of the fruit surface, and the
difference in water vapour pressure between the inside and the outside of the fruit (see [8]
for more detail). The difference in water vapour pressure between the inside of the fruit
and the room air is also known as the driving force.
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Water leaves the fruit in the form of water vapour. The water vapour pressure inside
the fruit is assumed to be 100% RH at the temperature of the fruit. If the room air is also
at 100% relative humidity (RH), then there is no difference, and thus no net loss of water
from the fruit. Therefore, in theory, as much water enters the fruit as leaves it. In practice,
however, the room air cannot be maintained at 100% RH because of the need to cool the
fruit.

In all modern apple and pear storerooms, cooling is accomplished using the cooling
coils of a mechanical refrigeration system to cool the room air and fans to distribute the
cool air throughout the room. This type of cooling system increases the water vapour
difference (driving force) because the cold temperature of the evaporation coils reduces
the water-holding capacity of the room air. To achieve cooling, the temperature of the
discharged air from the evaporation coils must be lower than the room air. This reduces its
moisture-holding capacity and excess moisture condenses onto the evaporation coils. Thus,
the relationship between the temperature of the room air and the temperature of the air
discharged from evaporation coils dictates the maximum room air RH (Figure 1). Using
the graph in Figure 1, one can estimate the maximum room air RH from two temperature
measurements, i.e., room air and evaporation discharge temperatures, without measuring
the actual RH in the room.

Figure 1. Relationship of the relative humidity (RH) of the room air to the temperature of the
discharge air from the evaporation coils (from [8], with permission).
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During the room-filling stage and RA storage, the only reliable method to measure
weight loss is by repeated weighing of fruit samples since the room humidity can be quite
variable due to variable bin numbers, bin material (plastic vs. wood), and repeated room
opening. For example, the use of dry wood bins, compared with plastic bins, results in a
depression in storeroom humidity that can last for weeks (Figure 2).

Figure 2. The amount of condensed water (litres per week) from a room with plastic bins and a room
with wooden bins (150 tons of pears per room) (from [8,54], with permission).

Note that, in a sealed CA room, one can measure the amount of condensation from the
evaporation coils to determine if the room air RH is at its maximum. This can be measured
manually (Figure 3a) or electronically (Figure 3b). If there is no condensate, then the room
air is actually below the maximum possible RH (Figure 1). In such a situation, the fruit will
be subject to greater weight loss. The RH can be increased by adding water to the room
floor, or by misting, or by adding more fruit if the room is only partially filled. If condensate
is present, the amount collected can be used to estimate weight loss in the storage room,
assuming that 1 L of condensate water equals 1 kg of weight loss. This is expressed as
litres/1000 kg/month, i.e., 1 L/1000 kg/month equals 0.10% weight loss per month.

Altering the water loss in stored fruit affects various quality parameters and the
occurrence of several storage disorders [8,55]. Consequently, some specialists recommend
an amount of weight loss during long-term CA storage which varies with the cultivar, e.g.,
1.5–2.5% for Golden Delicious apple and Conference pear, 2.0–2.5% for Gala apple, and
2.5–3.0% for Elstar apple [55].
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(a) (b)

Figure 3. (a) Manual collection of water outside a CA room from the evaporation coils inside the
room. There is a drain trap on the water pipe inside the CA room, to maintain airtight conditions.
The volume collected in the green container is measured to determine moisture loss from the fruit,
since 1 L collected equals 1 kg of weight loss from the fruit in the room. (b) Device for computerised
electronic collection of water outside a CA room, from the evaporation coils inside the room (https:
//storage.isolcell.com/en/sentinel/). This system can redirect drainage water either back into the
storeroom (onto the floor) or outside, according to the humidity requirements.

7. Conclusions

There is no single storage temperature that can be used for apples or pears. The choice
of storage temperature is dependent on several factors. An exploration of the range of
expert opinions on the optimum storage temperature for apples and pears in RA, CA, and
DCA was provided in this study, based on the accumulated postharvest data from the last
20 years. Apple cultivars have been divided into two storage temperature groups (0 to 1 ◦C
and >1 ◦C), based on chilling sensitivity. Increasingly, gradual cooling, rather than rapid
cooling, is recommended, especially for chilling-sensitive cultivars. European pears are not
chilling-sensitive and most of the cultivars can be stored between −1 and 0 ◦C. European
pears also require a period of chilling, especially if harvested early, to stimulate ethylene
production and ripening. There is limited information on the recommended storage tem-
perature for Asian pear species. The current information suggests the storage temperature
should be 0 to 0.5 ◦C in either RA or CA, with some cultivars needing gradual cooling to
avoid chilling injury. The temperature recommendations for RA and CA storage differ in
some cultivars. In such cases, the CA recommendation is, on average, approximately 0.9 ◦C
higher for apple cultivars and approximately 0.5 ◦C higher for pear cultivars, compared
with RA. Research evidence indicates that apples can be stored at higher temperatures in
DCA than in CA, leading to possible energy savings and quality benefits. Applying 1-MCP
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to some cultivars of apples and pears may also provide similar benefits. A cool growing
season may increase the chilling sensitivity and increase certain disorders, depending
on the cultivar and region. The store or packinghouse manager may choose to mitigate
potential postharvest problems by maintaining the storage temperature at or above the
temperature listed here and/or using stepwise (gradual) cooling. The storage temperature
can affect the humidity and vapour pressure deficit (driving force) in the storage room.
Altering the vapour pressure deficit controls the water loss in stored fruit, which can affect
various quality parameters and the occurrence of several storage disorders.
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Abstract: Marketing melons (Cucumis melo) as convenient fresh-cut products is popular nowadays.
However, damage inflicted by fresh-cut processing results in fast quality degradation and food safety
risks. The life of fresh-cut produce can be extended by a modified atmosphere (MA), either generated
in a package by tissue respiration (a passive MA) or injected by gas flushing (an active MA). This
work investigated the effect of passive and active MA formed in packages of different perforation
levels on the quality of fresh-cut melons of two genetic groups: C. melo var. cantalupensis, characterized
by climacteric fruit behavior, and non-climacteric C. melo inodorus. The best product preservation
was achieved in passive MA packages: non-perforated for inodorus melons and micro-perforated
for cantalupensis ones. The optimal packages allowed for the preservation of both genotypes for
14 days at 6–8 ◦C. The major factors limiting the shelf life of fresh-cut melons were microbial spoilage,
translucency disorder and hypoxic fermentation associated with cantalupensis melons with enhanced
ethyl acetate accumulation. Inodorus melons were found to be preferable for fresh-cut processing
since they were less prone to fermented off-flavor development.

Keywords: Cucumis melo; cultivar groups; ready-to-eat; shelf life; MAP; package perforation;
headspace; fermentation volatiles; ethyl acetate

1. Introduction

Melons (Cucumis melo L.) are popular with consumers due to their high nutritional
value, pleasant flavor and texture [1]. At the same time, melon is relatively inconvenient
for consumption due to its large size and the presence of a considerable inedible part [2].
Therefore, marketing melons as convenient ready-to-eat sliced or cubed fresh-cut products
is an attractive option for both consumers and retailers.

However, fresh-cut processing renders the fruit highly perishable, promoting physio-
logical deterioration and providing a favorable environment for spoilage microorganisms
and human pathogens [3]. In fresh-cut melons, cutting induces changes in texture, firmness
and color that may result in a water-soaked appearance (translucency) of the tissues [4,5].
It affects respiration and ethylene production rates [6], as well as the profile of aroma
volatiles [7,8]. Selecting the proper raw material in terms of genotype [9–11] and ma-
turity [12] is important for ensuring the sufficient shelf life of fresh-cut melons. Product
preparation should include efficient precut decontamination [11,13], aseptic processing with
sharp tools [14,15], the storage of the final products under appropriate temperatures [16,17]
and atmosphere composition [5,18].

A modified atmosphere (MA) with reduced oxygen and enhanced carbon dioxide lev-
els can slow down produce deterioration via reduced respiration, inhibited ethylene biosyn-
thesis and/or action and microbiostatic activity [19,20]. In traditional equilibrium (so-called
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“passive”) systems, the MA is generated due to produce respiration within semipermeable
plastic modified atmosphere packaging (MAP). Such “passive” MA buildup may take a
few days (a transient period) when the produce is exposed to non-optimal conditions and
keeps deteriorating. In addition, a misbalance between high produce respiratory activity
and insufficient package gas permeability may result in oxygen depletion and off-flavor
development associated with the accumulation of fermentation volatiles, e.g., ethanol,
acetaldehyde and ethyl acetate [21,22]. A micro-perforated MAP can prevent oxygen deple-
tion by ensuring sufficient gas exchange, but it expands the transient period even more. On
the other hand, in the case of “active” MAP systems, the package is flushed with an optimal
gas mixture, diminishing the transient period. However, it does not eliminate and even
aggravates the risk of hypoxia in the packages of highly respiring produce. The approach
of micro-perforated active modified atmosphere (MAMA) packaging combines an active
MA with the use of laser-micro-perforated plastic films in order to minimize the transient
period and at the same time prevent hypoxia [23,24].

Cucumis melo is very diverse in fruit characteristics such as size, shape, color, texture,
taste, composition and physiological behavior [25]. Based on fruit traits and uses, the species
includes six cultivar groups, two of them being the most important commercially [2,26].
C. melo var. cantalupensis is characterized by medium–large-sized climacteric fruit with a
netted, smooth or scaly rind of variable color. The fruits are aromatic, have sweet, juicy flesh
and easily detach from the vine (“slip”) at maturity. The group includes dessert melon types
such as Galia, Ananas, Charentais, ‘American shipper’ cantaloupes (muskmelons), etc. In
contrast, C. melo var. inodorus is characterized by large-sized melons with non-aromatic,
non-climacteric and relatively long-stored fruit with a thick, smooth, warty or wrinkled
rind. This group includes sweet dessert melons, such as Honeydew, Piel-de-Sapo and
Casaba types. Each of these types is represented by numerous cultivars. For example, over
sixty Galia-type cultivars are available in the market [27].

The major objective of the present study has been investigating the performance of
different MA packaging types as a means to preserve the quality of fresh-cut melons of the
cantalupensis and inodorus groups during a simulated shelf life.

2. Materials and Methods

2.1. Plant Material and Fruit Processing

Green-fleshed Galia-type melons (C. melo var. cantalupensis, cv. ‘Raanan’, HaZera Ge-
netics, Israel) and pink-fleshed Piel-de-Sapo-type melons (C. melo var. inodorus, cv. ‘Sorbeto’,
Catom Seeds, Israel) were harvested at commercial maturity from commercial plots in the
northern Arava Valley, Israel. The melons were selected for uniformity and maturity based on
ground color, appearance and firmness and brought to the ARO—The Volcani Institute—in
an air-conditioned vehicle on the day of harvest. The fruits were pre-cooled and kept at 6 ◦C
for about 2 days until the processing. The melons were aseptically processed at the pilot
fresh-cut facility at the Department of Postharvest Science, ARO—The Volcani Institute,
Israel. They were soaked in a sodium hypochlorite solution (100 ppm active chlorine) for
10 min, brushed within this solution for 2 min with a stiff plastic brush, rinsed with tap
water and allowed to dry under the flow of sterile air. During processing, the fruits were
cut with a sharp, cleaned knife to prepare melon flesh chunks of approximately 2.5 cm
in size.

2.2. Packaging and Storage

Chunks from the same melon were randomly distributed between polyethylene tereph-
thalate (CPET) trays of 171 × 127 × 50 mm dimensions (MCP Performance Plastics, Kibbutz
Hama’apil, Israel), ca. 100 g per tray. The trays were sealed to obtain different package
types. In the case of a passive MA, the trays were sealed without gas flushing and contained
regular air as the initial atmosphere. In the case of an active MA, the trays, before sealing,
were flushed with a gas mix of 5% O2, 10% CO2 and 85% N2. Typically, the initial in-package
atmosphere contained, in that case, 6 kPa of O2 and 9 kPa of CO2. The heat-sealing of both
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the active and passive MA trays and the gas flushing of the active MA trays were carried
out with an ILPRA Food Basic packaging machine (ILPRA, Vigevano, Italy). The trays were
sealed with a 35 μm thick polyester-based medium-barrier laminate lidding film Topaz-335
(Plastopil, Kibbutz Hazorea, Israel) of the following perforation levels: (a) non-perforated,
(b) with one laser micro-hole of ca. 70 μm per tray, or (c) with two micro-holes of the same
size per tray. To obtain pinhole-perforated packages (d), one thin-needle (0.5 mm) hole
was created manually in the active-MA trays sealed with a non-perforated lidding film. In
(e) the control macro-perforated packages, MA generation was prevented by the manual
perforation of two opposite walls of the sealed trays (air as the initial atmosphere) using a
hot instrument, 2.5 mm in diameter, altogether creating two holes per tray. Typically, at
least ten replicate packages were prepared per treatment, each from a different melon. All
packages were stored under simulated cooled shelf-life conditions (temperature of 7 ± 1 ◦C,
relative humidity of ca. 90%). The packages were sampled on day 0 and after one and
two weeks of storage. With inodorus melons, the amount of material allowed an additional
sampling point after 12 days of storage.

2.3. In-Package Atmosphere Composition Analysis

The atmosphere composition inside the packages was measured for O2 and CO2 by
using an OXYBABY 6.0 gas analyzer (WITT-GASETECHNIK GmbH & Co. KG, Witten,
Germany) comprising an infrared sensor for CO2 measurements and an electrochemical
sensor for O2. The instrument’s needle was inserted into the packages through adhesive
rubber septa attached to the lidding film.

Headspace atmosphere samples of 8 mL were withdrawn from the packages via the
above-mentioned septa using 10 mL gas-tight syringes with hypodermic 25 G needles
(0.5 mm × 16 mm). The concentrations of acetaldehyde, ethanol and ethyl acetate were
analyzed simultaneously with a Varian 3300 gas chromatograph (Varian, Inc., Palo Alto, CA,
USA) equipped with a flame ionization detector and a 20% Carbowax 20 M packed column
using helium as the carrier gas. The column, injector and detector temperatures were 80,
110 and 180 ◦C, respectively, as described by Poverenov et al. [28]. The concentration of
ethylene was measured as described by Freiman et al. [29] by using a Varian 3300 GC
instrument with a flame-ionization detector and a stainless steel column (length: 1.5 m;
outside diameter: 3.17 mm; internal diameter: 2.16 mm) packed with HayeSep T, with a
particle size of 0.125–0.149 mm (Alltech Associates, Inc., Deerfield, IL, USA). Helium was
used as the carrier gas (5 mL/min).

2.4. Quality Assessment

The product quality was evaluated visually and organoleptically by three expert
panelists (including one representing the industry) according to a scoring method as
described by Van Oirschot and Tomlins [30]. For each quality parameter, the scores were
assigned by a consensus decision of the panel according to the evaluation form received
from the industry. The evaluated quality parameters included off-odor (severe to no), off-
flavor (severe to no), piece shape (misshapen to clean-cut), translucency, i.e., water-soaked
appearance (severe to no), decay, i.e., external signs of microbial spoilage (severe to no)
and texture (mushy to crunchy). For all quality parameters, a uniform 5-grade scale was
used, in which the scores of 1, 2.5 and 5 were, respectively, the worst, the marketability
threshold and the best quality grade. The general quality decline was determined by the
lowest score received by a sample in any category evaluated, i.e., a sample that obtained a
score below 2.5 in any category was judged non-marketable. At least three typical packages
were evaluated at each sampling point for each packaging type, and their scores were used
as replications.

First, the panelists partially peeled off the plastic film and evaluated the off-odor
intensity. Second, visual evaluations were conducted for piece shape, color, translucency
and decay. In addition, the drip loss was measured with a pipette. At last, if samples
were visually acceptable, the panelists performed off-flavor and texture evaluations. The
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panelists used water between samples to cleanse their palates. The experimental samples
were presented in random order.

The soluble solids content (SSC, %) of the juice was determined with a digital re-
fractometer (Atago Co. Ltd., 3210 Huncho, Itabashi Ku, Tokyo, Japan). The analysis was
performed in triplicate using, as replication, a juice sample obtained by squeezing three
pooled melon chunks in a cloth pouch. The flesh firmness (N) was measured with a pen-
etrometer (Chatillon Digital Force Guage, New York, NY, USA) equipped with a 6 mm
conical probe on three cubes from each replication tray, for a total of nine measurements
per sampling point. The probe was inserted into the side surfaces of the melon chunk to
omit the effect of the natural firmness gradient within the melon when the skin-facing side
is firmer than the seed-cavity-facing one.

2.5. Statistical Analysis

The experiments were performed in triplicate and repeated at least twice for each
melon cultivar. The results of a typical trial are presented in this paper. Microsoft Office
Excel spreadsheets were used to calculate the means, standard deviations and 95% t-based
confidence intervals. The statistical analyses used JMP Version 5.0.1 software (SAS Institute,
2003, Cary, NC, USA). The significant differences among the sample means were evaluated
by a one-way analysis of variance (ANOVA) and, where appropriate, the means were
differentiated post hoc by the Tukey honestly significant difference (HSD) test.

3. Results

3.1. Headspace Atmosphere Composition
3.1.1. Oxygen

Similar oxygen dynamics were observed in the packages of the two melon geno-
types. Package perforation was the major factor determining the oxygen level. In the
non-perforated packages, complete oxygen depletion was reached in the active MA pack-
ages after one week of storage, and in the passive MA packages, after two weeks, i.e., at
the end of the trial (Figure 1A,B). In the micro-perforated passive and active MA packages,
the O2 steady-state concentrations varied between 15 and 18 kPa, depending on the per-
foration level. There was no change in the oxygen concentration of the macro-perforated
control packages.

3.1.2. Carbon Dioxide

The CO2 accumulation in the non-perforated active MA packages steadily increased
and exceeded 21 kPa, indicating hypoxic fermentation [20]. Although the CO2 dynam-
ics were generally similar in the packages of the two genotypes, the final CO2 level in
these packages was slightly higher for the cantalupensis melons than for the inodorus ones,
25 vs. 22 kPa, respectively. On the other hand, in the non-perforated passive MA packages
of both genotypes, the CO2 level stabilized at 17 kPa (Figure 1C,D). The steady-state CO2
ranges were 2.5–3, 5–6 and 7–8 kPa for pinhole, two-micro-hole and one-micro-hole perfo-
rated packages, respectively, both in the passive and active MAs (Figure 1C,D). Practically
no CO2 accumulation was observed in the macro-perforated packages.

3.1.3. Ethylene

In contrast to oxygen and carbon dioxide, the headspace ethylene concentrations
differed markedly between the two genotypes, being approximately one order of magni-
tude higher in the packages of the climacteric cantalupensis melons than in those of the
non-climacteric inodorus ones. Interestingly, the ethylene level was strongly affected by
the MA type. The most drastic contrast was observed in the non-perforated packages,
where the highest ethylene accumulation was observed in the non-perforated passive MA
packages (0.5 and 5 ppm for the inodorus and cantalupensis genotypes, respectively), while
the non-perforated active MA packages contained negligible ethylene levels (Figure 1E,F).
Irrespective of perforation, the accumulation of ethylene in all the active MA packages did
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not exceed 0.1 ppm for the inodorus melons and 1 ppm for the cantalupensis ones. In the
passive MA packages with one micro-hole, ethylene actively accumulated during the first
week of storage but subsequently declined (Figure 1E,F). Apparently, the headspace ethy-
lene level was affected by the interplay between the tissue biosynthetic activity suppressed
by CO2 and ethylene diffusion from the packages to the outside atmosphere, depending on
the film perforation.

Figure 1. Effects of passive and active MA packaging on oxygen (A,B), carbon dioxide (C,D) and
ethylene (E,F) levels in the headspace of packages containing 100 g of fresh-cut inodorus (A,C,E) or
cantalupensis (B,D,F) melons during storage at 6–8 ◦C. Individual data points are the means of three
replications. Vertical bars represent honest significant differences (HSDs) (p ≤ 0.05) for each sampling
period determined by the Tukey HSD test.

3.1.4. Fermentation Volatiles

In the samples of inodorus melon, during the first week of storage, there was no
significant difference in the content of fermentative volatiles, especially in the passive MA
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packages, where similar results were observed in the non-perforated and macro-perforated
packages (Figure 2A). At the same time, in the active MA packages, the least perforated
packages (zero or one micro-hole) showed a trend toward somewhat higher ethanol levels.
During the second week, the patterns of fermentation volatiles in the inodorus packages
stabilized, showing significantly a higher accumulation of fermentation volatiles in the
non-perforated packages than in all the perforated ones. Interestingly, ethanol was the most
prevalent volatile in the non-perforated active MA packages, while acetaldehyde prevailed
in the non-perforated passive MA packages. At the same time, in the perforated packages,
the accumulation of fermentation volatiles in the active MA was somewhat higher than in
the passive MA, mainly due to the enhanced acetaldehyde levels (Figure 2A). Ethyl acetate
was observed in small amounts in the inodorus passive MA packages but was practically
absent in the active MA packages.

Figure 2. Effects of passive and active MA packaging on the content of fermentation volatiles
(ppm) in the headspace of packages containing 100 g of fresh-cut inodorus (A) and cantalupen-
sis (B) melons after one and two weeks of storage at 6–8 ◦C. Package perforation levels: non-
perforated (N-perf.), a single 70 μm micro-hole (1 micro), two 70 μm micro-holes (2 micro),
a single 0.5 mm hole (Pinhole), two 2.5 mm holes (Macro). Individual data points are the means of
three replications. Vertical bars represent 95% t-based confidence intervals in the total content of
fermentation volatiles.
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The amount of fermentation volatiles in the headspace of the MA-packaged cantalupen-
sis melons was typically 5–10 times greater than that of the inodorus ones. This difference
was primarily due to the accumulation of ethyl acetate that prevailed in the headspace of all
the MA-packaged cantalupensis melon samples but was just a minor ingredient in inodorus
volatiles (Figure 2A,B). On the other hand, in the absence of MA, the macro-perforated
packages of both genotypes showed relatively little ethyl acetate and similar total-level
fermentation volatiles (ca. 5–10 ppm). The largest concentrations of fermentation volatiles
were produced by the cantalupensis fresh-cut melons in the non-perforated active MA
packages, ca. 80 and 150 ppm after 7 and 14 days of storage, respectively. In addition
to ethyl acetate, these packages accumulated enhanced amounts of ethanol (Figure 2B).
Interestingly, the cantalupensis passive MA packages with two micro-holes contained, after
14 days of storage, much more ethyl acetate vapor than those with one micro-hole.

3.2. Quality: Inodorus Melons

No decay was observed in the fresh-cut inodorus melons during the first 7 days of
storage. Later on, the macro-perforated packages showed the most obvious decay devel-
opment (Figure 3A), accompanied by a certain piece shape loss (Figure 3B). On the other
hand, the non-perforated passive and active MA packages had no decay throughout the
whole storage period. In all the perforated packages, the severity of decay was aggravated
after 12 days of storage, except for the active MA package with 1 micro-hole, where the
decay was minimal (Figure 3A).

The passive MA packages (non-perforated or single-micro-hole-perforated) showed
the best odor (Figure 3C) and taste (Figure 3D) stability of the fresh-cut inodorus melons.
Certain fermented off-odor and off-flavor (Figure 3C,D) notes were sensible in the non-
perforated active MA packages and, during the last days of storage, in the active MA
packaged with a single micro-hole. At the same time, a moldy off-odor was detected
in the macro-perforated and pinhole-perforated packages. However, it should be noted
that the off-odor and off-flavor scores in the tested inodorus melon samples never reached
prohibitively strong scores and never declined below the marketability threshold of 2.5.
The samples with visible decay were not tasted, so there were not enough replications for a
statistical analysis of the off-flavor severity at a 15-day time point (Figure 3D).

Figure 3E clearly demonstrates that the active MA enhanced the translucency. This
effect was especially evident in the non-perforated packages, although the difference in
translucency between the various active MA treatments was not statistically significant. In
addition, at the end of storage, an enhancement in translucency (water-soaked appearance)
was observed in the macro-perforated packages as one of the decay manifestations. Practi-
cally no translucency was detected in the non-perforated passive MA packages (Figure 3E).
The firmness and SSC levels in the fresh-cut inodorus melons were within 7–9 N and 9–11%
ranges, respectively. No significant changes were detected during the storage of healthy
melon pieces (Supplementary Material, Tables S1 and S2). However, the decay obviously
resulted in tissue maceration and softening.

An integral characteristic of a product’s quality decline during storage is presented
in Figure 3F. The fastest and most severe deterioration was observed in the macro-
perforated packages containing no MA, primarily due to the decay development. The
best quality preservation was ensured by the non-perforated passive MA. While the non-
perforated active MA also showed good decay control, its positive effect was jeopardized
by translucency aggravation.
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Figure 3. Effects of passive and active MA packaging on the quality scores of 100 g portions of fresh-
cut inodorus melons stored for up to 15 days at 6–8 ◦C. Quality parameters: decay (A), piece shape
(B), off-odor (C), off-flavor (D), translucency (E) and general quality/marketability (F). All quality
parameters were evaluated according to a 5-grade visual scale, where a score of 5 corresponded to
the highest quality, and a score of 1 to the lowest one. Individual data points are the means of three
replications. Vertical bars represent honest significant differences (HSDs) (p ≤ 0.05) for each sampling
period determined by the Tukey HSD test.
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3.3. Quality: Cantalupensis Melons

The trends in the microbial decay of the fresh-cut cantalupensis melons were simi-
lar to those observed with the inodorus type. The greatest microbial spoilage was evi-
dent in the macro-perforated packages containing no MA (Figure 4). During the second
week of storage, mold-caused decay developed in the packages less protected by MA,
i.e., the packages that were macro-perforated, pinhole-perforated and micro-perforated
with two holes (Figure 5A). At similar perforation levels, the active MA packages showed
lower decay severity than the passive MA ones. This decay was associated with a slight
piece deformation (Figure 5B). On the other hand, the non-perforated or single-hole micro-
perforated packages had no or negligible decay (Figure 5A).

 
Figure 4. Effects of package perforation level on the appearance of 100 g portions of fresh-cut
cantalupensis melons stored for 14 days at 6–8 ◦C. Perforation levels: a single micro-hole (ca. 70 μm)
per package (A); two micro-holes (ca. 70 μm) per package (B); two macro-holes (2.5 mm) per package
(C); and non-perforated package (D).

In contrast to the inodorus samples, the fresh-cut cantalupensis melons had a dis-
tinct smell, combining the typical melon aroma with that or another degree of off-odor.
A moldy off-odor was sensible during the second week of storage in the headspace of
the macro-perforated packages, characterized by severe decay (Figure 4). Noticeable fer-
mented off-odor and off-flavor appeared in the non-perforated active MA packages and, to
a lesser extent, in the non-perforated passive MA and active MA packages with a single
micro-hole (Figure 5C,D). Off-flavor was also registered in the active MA packages with
two micro-holes (Figure 5D). Similar to the inodorus melons, the samples showing visible
decay during the second week of storage (see Figure 5A) were not tasted at the 14-day time
point. Therefore, the only treatment that showed acceptable edible quality throughout the
storage period was passive MA with a single micro-hole (Figure 5D).
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Figure 5. Effects of passive and active MA packaging on the quality scores of 100 g portions of fresh-
cut cantalupensis melons stored for up to 14 days at 6–8 ◦C. Quality parameters: decay (A), piece shape
(B), off-odor (C), off-flavor (D), translucency (E) and general quality/marketability (F). All quality
parameters were evaluated according to a 5-grade visual scale, where a score of 5 corresponded to
the highest quality, and a score of 1 to the lowest one. Individual data points are the means of three
replications. Vertical bars represent honest significant differences (HSDs) (p ≤ 0.05) for each sampling
period determined by the Tukey HSD test.
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The translucency in the cantalupensis melons was less evident than in the inodorus ones,
except for the macro-perforated packages, where water soaking was one of the signs of
decay development. At similar perforation levels, the active MA packages had somewhat
higher translucency scores than the passive MA ones, although the difference was usually
statistically insignificant (Figure 5E). The firmness and SSC levels of the cantalupensis melons
were within the ranges of 6–8 N and 9–10%, respectively. These values did not change
significantly during storage, provided the fresh-cut pieces remained free from microbial
decay (Supplementary Material, Tables S1 and S2).

Figure 5F summarizes all the deterioration phenomena in the fresh-cut cantalupensis
melons as an integral general quality parameter. The most severe quality degradation
took place in the macro-perforated packages due to the decay development and in the
non-perforated active MA packages due to the prohibitive off-flavor and off-odor. On
the other hand, the passive MA packages with a single micro-hole allowed for the best
quality preservation of the fresh-cut cantalupensis melons during the 14-day storage period
(Figure 5F). In a separate trial, we found that such packaging could extend the shelf life of
fresh-cut cantalupensis melons up to 21 days.

4. Discussion

Modified atmosphere packaging (MAP) is defined as ‘the packaging of a perishable
product in an atmosphere which has been modified so that its composition is other than that
of air’ [31,32], and the resulting environment minimizes the physiological and microbial
deterioration of the foods [33]. With respiring foods such as fresh produce, atmosphere
modification is based on restricting gas exchange between the package interior and the
environment [34]. The MA composition is determined by the balance between food’s respi-
ration and gas diffusion through a package [33]. However, different commodities require
diverse atmospheric compositions for their best preservation, and the barrier properties
of available plastic films are not always suitable for reaching these conditions [35]. In
particular, packaging highly respiring fresh-cut fruits and vegetables in existing plastic
films may lead to undesirable hypoxic fermentation, and therefore perforation is required
to avoid this condition. At the same time, excessive perforation may preclude MA for-
mation, making the in-package atmosphere identical to the surrounding air [36]. Using
micro-porous or micro-perforated packaging materials helps modulate the package barrier
properties in order to create a desirable atmosphere [34,37,38]. To reach this purpose, the
perforation size should not exceed 100–500 μm, and the perforation level should be opti-
mized, preferably based on mathematical modeling [36]. Perforation-mediated MAP serves,
nowadays, as the basis for modern industrially applied technologies for the preservation of
fresh produce [39,40].

A modified atmosphere in a package can be created either solely by the respiratory
activity of the product (so-called “passive MAP”) or actively (“active MAP”) by displacing
air with a desired gas mixture and/or by using additives that absorb or release gases or
volatile compounds [33,41]. In both the “passive” and “active” MAP versions, the equilib-
rium steady-state concentrations are determined by the balance between the respiration
rate of the product and the diffusion characteristics of the packaging material. However,
flushing a package with a gas mix can shorten the time needed to attain a desirable MA
that may be critical for the preservation of products highly sensitive to oxygen or with a
low respiration rate [33]. Nowadays, active MAP is a postharvest technology commonly
applied to maintain the quality and extend the shelf life of fresh produce [41]. At first
glance, the idea of combining the active MAP technique with micro-perforated packaging
(micro-perforated active modified atmosphere, or MAMA packaging) seems paradoxical
because it allows for a partial escape of the injected gas mix through perforations. However,
it in face allows the MAP to be stabilized without a risk of hypoxia [24]. The positive effects
of micro-perforated active MAP on produce preservation have been demonstrated with
fresh-cut strawberries [23], cabbage [42], litchi [43] and rocket leaves [44].

177



Foods 2024, 13, 256

The results of this work have confirmed the efficacy of MAs for the preservation of
fresh-cut cantalupensis and inodorus melons [5,45]. The optimal MA solutions adjusted in
our trials for each one of the two genotypes tested allowed their quality to be maintained for
up to 14 days. Microbial decay and physiological disorders (fermentation and translucency
development) were the major factors limiting the shelf life of the produce [5,9]. The
major MA advantage was related to the control of microbial spoilage, primarily due to the
fungistatic effect of the elevated CO2 levels [19,20].

At the same time, using a low-oxygen MA was associated with the risk of hypoxic
fermentation due to eventually passing the anaerobic compensation point (ACP), resulting
in flavor deterioration [21,22]. The two genotypes differed markedly in the amount and
composition of volatiles generated under low-oxygen conditions. Ethyl acetate prevailed
in the fermentation volatiles produced by the fresh-cut cantalupensis melons exposed to
hypoxia. Ethyl acetate is a characteristic melon fermentation marker associated with
an unpleasant solvent-like off-flavor [22,46]. The inodorus melons produced very little
ethyl acetate, while their ethanol and acetaldehyde levels were comparable (typically,
1.5–2 times lower) with those of the cantalupensis packages. The difference in ethyl acetate
production was most probably related to the genetically determined low expression of
genes responsible for alcohol acetyl transferase (AAT) enzymes in the non-climacteric
inodorus melon types [47,48]. Due to this difference, the total accumulation of fermentation
volatiles in the headspace of the oxygen-deficient MA packages of the inodorus melons was
5–10 times lower than in the cantalupensis melons. Therefore, the fresh-cut inodorus melons
could benefit from the decay control provided by non-perforated MA with a low risk of
prohibitive off-flavor. Altogether, inodorus melon varieties may be preferable for fresh-cut
processing since they are less prone to fermented off-flavor development.

The effects of micro-perforated packaging on the storage of fresh-cut melons are
poorly presented in the literature. Aguayo et al. [49] showed no advantage of micro-
perforated polypropylene passive MA packages for the preservation of fresh-cut inodorus-
type ‘Amarillo’ melons compared with non-perforated ones, as was also found for inodorus
melons in our study. On the other hand, with the MA-packaged cantalupensis melons, micro-
perforation was essential for keeping their sensory quality at an acceptable level under
the given storage conditions. Moreover, choosing an appropriate perforation level was
critical for the realization of the MA potential, as illustrated by the significant difference
in decay severity between the packages bearing one vs. two micro-holes. A minimal
micro-perforation level (a single 70 μm hole per 100 g package) was helpful for the efficient
preservation of the cantalupensis melons in the passive MA packages, simultaneously
controlling decay and off-flavor generation.

In this study, we compared passive and active MAs as a means of preserving fresh-cut
melons of two genetic types: inodorus and cantalupensis. Furthermore, the performance of
the novel approach of MAMA packaging combining active MA with micro-perforation [24]
was tested with fresh-cut melons. The difference in the atmosphere composition between
the active and passive MA packages was evident during the first week of storage, while
during the second week, the packages of the same perforation level reached similar steady-
state concentrations of oxygen and carbon dioxide, irrespective of their initial atmospheric
compositions. This observation was in line with the model prediction that the steady-state
O2 and CO2 levels in MA packages depend on the product’s respiration rate and the
packaging material’s permeability, but not on the initial atmosphere [23,24]. On the other
hand, the initial atmosphere determined the conditions during the transient period and
its duration. Thus, the non-perforated active MA packages reached hypoxia after one
week of storage, while in the non-perforated passive MA packages, it took twice as long
and happened just at the end of storage. Understandably, the non-perforated active MA
resulted in stronger fermentation and flavor deterioration than the passive one, although
the differences were not always statistically significant.

The combination of active MA with micro-perforation (MAMA packaging) was sup-
posed to prevent the risk of hypoxia and, at the same time, stabilize the MA composition
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within a desirable range, ensuring efficient spoilage control. Indeed, the active MA pack-
ages with a single micro-hole allowed for the maintenance of a steady 8–9 kPa CO2 level
throughout the storage period, which is close to the recommendations [50] and sufficient
to control the microbial decay of the product for two weeks. In addition, the active MA
packaging, either perforated or not, inhibited ethylene production by both melon geno-
types, most probably due to the effects of CO2 [51] and/or ethanol vapor [52] on ethylene
biosynthesis. This ethylene inhibition might have a positive effect on product preservation
because fresh-cut melon deterioration is associated with ethylene effects [53,54].

At the same time, in contrast to reports by Bai et al. [9,18], the active MA in our trials
tended to aggravate translucency development in both genotypes, especially in the inodorus
melons. This trend toward higher translucency was observed in all the active MA packages,
including the pinhole-perforated ones that had a very moderate degree of atmosphere
modification (2–3 kPa CO2 and 18–19 kPa O2). We suggest, therefore, that the translucency
in this case might be enhanced not by a certain atmosphere composition but by the gas
flushing procedure per se, which included vacuum application. Pressure fluctuations may
cause translucency in fruit tissues [55]. Water soaking and translucency in fresh-cut melons
and watermelons are associated with tissue disruption and cell wall degradation [56,57].
Inodorus Sorbeto cv. flesh might be especially susceptible to this disorder due to its crispy
texture and high turgidity. If our suggestion is true, the translucency development in
active MA packaging might be alleviated by packaging machinery performing gas flushing
without vacuum application.

The MAMA packages with a single micro-hole ensured that the headspace oxygen
level remained well above the ACP, about 15 kPa. Nevertheless, the cantalupensis melons
kept in these packages demonstrated an enhanced accumulation of fermentation volatiles,
in particular ethyl acetate, and noticeable off-flavor. This phenomenon might be a result of
local hypoxia caused by tissue water-soaking, as shown for fruit watercore disorder [58,59],
possibly in combination with an elevated headspace carbon dioxide level. Altogether, the
performance of the active MA and, in particular, the MAMA packaging observed in this
study did not justify their advantage over the passive MA for the preservation of fresh-
cut melons, in contrast to the results obtained previously with topped strawberries [23].
Furthermore, the most successful packaging solutions revealed by this study were a non-
perforated passive MA for the inodorus-type melon and a single-micro-hole passive MA
for the cantalupensis-type melon. Additional advantages of these packaging solutions
for the industry are their technical simplicity and relative cost efficiency. Naturally, the
choice of packaging solutions should reflect the respiratory activity of the object affected by
its physiological peculiarities and storage environment, in particular observing the cold
chain conditions.

5. Conclusions

The study has confirmed the efficacy of MA packaging for the preservation of fresh-cut
melons, primarily due to the control of microbial spoilage.

Fermented off-flavor associated with ethyl acetate accumulation was the major risk of
using a low-oxygen MA with fresh-cut cantalupensis melons.

Inodorus melons were found to be preferable for fresh-cut processing since they were
less prone to fermented off-flavor development.

The active MA tended to aggravate translucency development, especially in the
inodorus melons, presumably due to the effect of the vacuum-driven gas flushing procedure
on the flesh tissue integrity.

No advantages justifying the application of active MA packaging to fresh-cut melons
as compared to a passive MA were observed in this study.

The non-perforated passive MA packaging was suitable for the preservation of the
fresh-cut inodorus melons, while a minimal micro-perforation level was needed for the
cantalupensis melons in order to preserve their sensory quality.
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The optimal packaging methods allowed for the good quality preservation of both
genotypes for 14 days of shelf life at 6–8 ◦C.

Supplementary Materials: The following supporting information can be downloaded at
https://www.mdpi.com/article/10.3390/foods13020256/s1: Table S1. Effect of genotype, pack-
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