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Ruiz-Cruz, Francisco Javier Wong-Corral, Jesús Borboa-Flores, et al.
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Editorial

Fruits Quality and Sensory Analysis

Paola Sánchez-Bravo 1,2,* and Luis Noguera-Artiaga 1,*

1 Department of Agro-Food Technology, Escuela Politécnica Superior de Orihuela (EPSO), Centro de
Investigación e Innovación Agroalimentaria y Agroambiental (CIAGRO-UMH), Universidad Miguel
Hernández de Elche (UMH), Carretera de Beniel, km 3.2, 03312 Orihuela, Spain

2 Phytochemistry and Healthy Food Lab., Research Group on Quality, Safety, and Bioactivity of Plant Foods,
Department of Food Science and Technology, CEBAS-CSIC, Campus Espinardo, 25, 30100 Murcia, Spain

* Correspondence: paola.sanchezb@umh.es (P.S.-B.); lnoguera@umh.es (L.N.-A.)

1. Introduction

With the objective of using sensory analysis tools to dually consider the changes in
quality that fruit undergoes (functional, nutritional, and sensory) throughout its growth,
processing, and shelf life and consumer acceptance, given consumers are increasingly
demanding sustainable and higher-quality food, we edited this Special Issue on “Fruits
Quality and Sensory Analysis” (URL: https://www.mdpi.com/journal/horticulturae/
special_issues/Fruits_Quality_Sensory_Analysis (accessed on 10 October 2024)). The par-
ticipating papers studied tomato, apricot, coffee, sweet cherry, pistachio, kiwi, mushroom,
pear, and orange, among other things.

2. An Overview of the Published Articles

The correlation between the sensory profile of a food and its phytochemical profile,
as well as its influence on consumer preferences, highlights the importance of expanding
the research on this topic. An example of this was a study carried out on tomato fruits
from three Physalis species (P. ixocarpa, P. angulata, and P. philadelphica) (Contribution 1), in
which it was found that certain metabolite expressions are involved in taste variations that
directly impact consumer preferences. Hence, preserving biodiversity is important not only
in terms of fruit production but also in terms of contributing to meeting consumer demands
in terms of fruit’s aroma and flavor (Contribution 1). In line with this, studies have been
carried out on genetically improving the metabolic profile and volatile compound contents
in plum and apricot hybrids, demonstrating that hybrid seeds inherit the metabolites
present in parental seeds, as well as the volatile compound profile from one of the parents
(Contribution 2).

On the other hand, in coffee cultivation (the main beverage worldwide after water), a
positive correlation was observed between average growing temperature (22–26 ◦C) and
phenol and flavonoid concentrations, as well as key sensory attributes, highlighting the
importance of good cultivation practices to optimizing coffee’s functional and organoleptic
quality (Contribution 3). Similar results were found for sweet cherries planted in China
(Contribution 4) in that the type of soil and fertilization, as well as climatic parameters, had
an effect on their functional (β-carotene and flavonoids), nutritional (minerals, TSS, and
titratable acidity), and sensory (maturity, size, and edibility rate) quality (Contribution 4).
Furthermore, Caranqui-Aldaz et al. (Contribution 5) evaluated the quality of the “mortiño”
fruit (Vaccinium floribundum Kunth) grown in the moorland of Chimborazo volcano in
Ecuador, revealing that altitude also affects its contents of bioactive compounds (flavonols,
hydroxycinnamic acids, and anthocyanins), sugars, organic acids, and minerals.

In evaluating correlations with the expression of certain metabolites in fruits, it was
found that in kiwi, the contents of certain minerals and metabolites (fructose, maltose,
mannobiose, tagatose, and citrate) are key to its sensory quality and provide a strong flavor,
while others (such as serine) have a negative effect (Contribution 6). Furthermore, the
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relationship between the color of fruit’s skin and its physicochemical and sensory qualities
was also evaluated in this Special Issue. Alonso-Salinas et al. evaluated the pigmentation
intensity of the blood orange “Sanguinelli”, showing that the more reddish the color of
its skin was, the higher its sugar and anthocyanin contents were, which correlated with
a greater consumer perception of sweeter fruit, while the other parameters studied did
not depend on its external pigmentation (acidity, firmness, size, or juice yield); in this way,
they provided a simpler and more intuitive way for the industry to classify fruit batches
(Contribution 7).

The use of rootstocks and how they affect the yield, growth, and sensory quality
of fruit have been widely established. In this Special Issue, a further step was taken to
advance this scientific knowledge in demonstrating that the cultivar–rootstock combination
influences the tree vigor, yield, yield efficiency, weight, kernel oil content, and fatty acid
profile in pistachios (Contribution 8).

The current trend of increasing fruit conservation through postharvest treatments was
also covered by this Special Issue. Alonso-Salinas et al. (Contribution 9) used potassium
permanganate filters in devices with ultraviolet radiation and a constant air flow to promote
contact between ethylene and oxidizing agents (at 1 and 8 ◦C), optimizing the maintenance
of the physicochemical quality (weight, size, firmness, antioxidant capacity, etc.) of “Ercol-
ini” pears in postharvest conservation and even improving their sensory quality attributes
(flavor and odor), associated with green fruit (Contribution 9). This Special Issue also
features two bibliographic reviews that provide a comprehensive overview of the strategies
for delaying ethylene-mediated ripening in climacteric fruits and their impact on their shelf
life, sensory attributes, and volatile compound contents (Contribution 10), as well as the
use of new emerging technologies (active packaging, natural antioxidant and antimicrobial
compounds, high hydrostatic pressure, UV-C radiation, and ozone) to effectively prolong
the quality of fresh fruit (physicochemical, microbiological, nutritional, and sensory) during
storage (Contribution 11).

Computer vision has also been used to classify the quality of one of the most popular
fungus species, Oudemansiella raphaniepes. Six convolution neural network (CNN) models
were used, and based on their detection time and accuracy in classifying images, it was
shown that they can be a great tool when it comes to identifying and classifying these
fungi, thus clearing the path for the use of this technique with other products to minimize
production costs (Contribution 12).

3. Conclusions

In summary, reducing losses in food quality and maintaining health-related compound
contents, along with consumer consumption, are indispensable, and research is required to
improve how fruit quality and its parameters are affected during cultivation or processing,
since in order to obtain high-quality food products, these need to be controlled from the
moment it is planted and harvested. Following these developments and global trends
towards more nutritious, functional, and sustainable foods, as demonstrated by most of the
authors that contributed to this Special Issue, further research into each and every one of
the key aspects mentioned is required to help preserve the integrity of bioactive ingredients
throughout fruit’s growth, processing, and shelf life, as well as its sensory quality to ensure
consumer acceptance of food products.
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Comparative Metabolomic Fingerprinting Analysis of Tomato
Fruits from Physalis Species in Mexico’s Balsas Basin

Sergio Arias-Martínez 1,†, Guadalupe Oyoque-Salcedo 1,2,†, Oscar Giovanni Gutiérrez-Cárdenas 3,
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sariasm@ipn.mx (S.A.-M.); goyoque@ipn.mx (G.O.-S.)

2 Tecnológico Nacional de México, Instituto Tecnológico de Roque, Carretera Celaya, Juventino Rosas Km. 8,
Celaya 38110, Guanajuato, Mexico

3 Universidad de La Ciénega del Estado de Michoacán de Ocampo, Genómica Alimentaria,
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4 Investigadores por México, Consejo Nacional de Humanidades, Ciencias y Tecnología (CONAHCYT),
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+52-222-548-4626 (J.R.T.-G.)

† These authors contributed equally to this work.

Abstract: This study investigated the chemical and sensory distinctions in tomato fruits from three
Physalis species (P. ixocarpa, P. angulata, and P. philadelphica) found in Michoacán, Mexico, using
metabolomic fingerprinting through GC-MS analysis. The objective was to identify organoleptic
differences that could influence consumer preferences, highlighting the significance of these species’
unique traits. These species represented a valuable genetic reservoir for potential hybridization or
selection aimed at enhancing commercial varieties by focusing on organoleptic properties rather
than traditional selection criteria like fruit size or yield. This research emphasizes the importance of
preserving Mexican biodiversity and providing insights into domestication processes that prioritize
flavor and sensory qualities. By analyzing metabolite profiles and their correlation with taste prefer-
ences, this study contributes to understanding how these differences could be leveraged in breeding
programs to develop new tomato varieties with preferred flavors. It was suggested that variations
in taste among the species are mainly due to differences in metabolite expression. This knowledge
underscores the importance of organoleptic properties in the selection and domestication of edible
fruits, offering a pathway toward the conservation and enhancement of tomato varieties through the
exploitation of genetic diversity for organoleptic improvement.

Keywords: Physalis species; metabolomic fingerprinting; SPME-GC/MS analysis; organoleptic prop-
erties; consumer preferences; genetic diversity

1. Introduction

The genus Physalis is renowned for its rich diversity and its significant roles in the
agriculture and food industries. It is native to and has diversified extensively in Mexico,
comprising approximately 65 species [1,2]. This genus exhibits remarkable biological
diversity, including numerous edible species that have been cultivated and domesticated
over time [3,4]. The phenotypic variability among these species is considerable, influenced
by inherent biological characteristics and selective pressures from agricultural practices
aimed at optimizing agronomic yields and environmental resilience [5].

Domestication efforts have typically focused on improving fruit yield and size, as
well as modifying plant and fruit morphology to enhance adaptability and productivity.
Furthermore, organoleptic qualities such as acidity, sweetness, and bitterness are critically
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assessed, as these traits significantly impact consumer preferences and guide the selection
of particular cultivars [6]. Within this genus, Physalis philadelphica stands out as the most
commercially significant species, characterized by larger fruits and a mildly acidic taste
profile, making it an essential component of many traditional Mexican dishes [5,7,8].

The most well-known Physalis species is P. philadelphica, which is distributed world-
wide and from which commercial varieties have been developed [7]. Unlike other less
domesticated species, it is characterized by a larger fruit (up to six times bigger) and a
slightly acidic taste [5,8]. Despite being the only commercially cultivated Physalis species, it
is a fundamental ingredient in many dishes of traditional Mexican cuisine [9].

In Mexico, it is common to find various locally consumed Physalis varieties [10]. These
showcase distinct flavors and chemical properties. In the Ciénega region of Michoacán,
which belongs to the Balsas Basin, it is still possible to find species, such as P. angulata and
P. ixocarpa, cultivated and marketed under the name “tomate milpero” [11,12].

Previous research suggests that the domestication of these species is still ongoing,
though not necessarily with a focus on increasing fruit size or yield [13]. However, both
species are valued for their organoleptic properties in contrast to commercial tomatoes.

This study aims to analyze the chemical differences in the fruits of the three main
Physalis species marketed in the Cienega region of Michoacán. Employing metabolomic
fingerprinting techniques through Solid Phase Microextraction, Gas Chromatography–
Mass Spectrometry (SPME-GC/MS), we seek to uncover variations in the organoleptic
properties of the fruits. This methodology not only enables the discovery of new traits
that could be integrated into commercial varieties but also supports the conservation of a
vital segment of Mexican biodiversity, thereby safeguarding a valuable genetic reservoir
for future hybridization and selection efforts.

2. Materials and Methods

2.1. Sample Collection

Biological samples were procured from local markets in the Cienega region of Mi-
choacán. Fruits were sourced directly from local producers and collectors, ensuring their
provenance from municipalities adjacent to the region. Selection criteria for the fruit spec-
imens included an absence of disease or insect damage and a uniform stage of maturity.
Maturity was verified through consistent indicators of fruit quality, such as turgency and
uniformity of color. These stringent criteria ensured the collection of high-quality specimens
suitable for subsequent analysis.

2.2. Metabolomic Fingerprinting Analisis using SPME-GC/MS
2.2.1. Sample Preparation and Extraction

Fruits were meticulously cleaned by rinsing them three times with distilled water
before they were air-dried in a shaded area to prevent chemical degradation from sun-
light exposure. Once dried, the fruits were rapidly frozen using liquid nitrogen to halt
all metabolic activity and were stored at −80 ◦C to preserve their biochemical integrity.
Subsequently, the fruits were lyophilized in a vacuum chamber to remove moisture without
degrading sensitive compounds. The dried samples were then finely ground using a Retch
mill to produce a uniform powder, facilitating consistent sample handling and extraction.
A total of 100 milligrams of the lyophilized and ground tissue from each fruit sample was
precisely weighed and transferred into amber vials to protect the sensitive compounds
from light degradation. For statistical robustness, five replicates were prepared for each
population studied. The vials were then incubated at 40 ◦C for one hour to equilibrate.

2.2.2. Solid-Phase Microextraction (SPME)

A 50/30 μm DVB/CAR/PDMS fiber (Supelco, Bellefonte, PA, USA) was used for
extraction. The fiber was preconditioned in the GC/MS at 230 ± 1 ◦C for 15 min before
each run. For analysis, the fiber was exposed for 30 min in the headspace of the sample
at a controlled temperature of 30 ± 1 ◦C. The fiber was then stored in a holder (57330-u,
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Supelco, PA, USA) to prevent contamination and subsequently introduced into the GC/MS
injector at 230 ± 1 ◦C to desorb the volatile organic compounds (VOCs). All analyses were
performed in triplicate to ensure reproducibility.

2.2.3. Gas Chromatography–Mass Spectrometry (GC/MS)

A Clarus 680 gas chromatograph (Perkin-Elmer Inc., Massa, MA, USA) equipped
with an Elite-5 MS capillary column (30 m length, 0.32 mm ID, 0.25 μm film thickness,
operational temperature range from −60 to 320/350 ◦C) was used. Helium was employed
as the carrier gas at a constant flow rate of 1 mL/min with an initial hold time of 0.05 min.
The column temperature started at 30 ± 1 ◦C for 2 min and was then ramped up to 140 ◦C
at 9 ◦C/min and held for 5 min. The injector temperature was maintained at 230 ± 1 ◦C.
The mass spectrometer (Clarus SQ8T, Perkin-Elmer Inc., Massa, MA, USA) operated with
an electron impact ionization source at 70 eV in the scan mode, analyzing a range from
30 to 400 m/z. The temperatures of the transfer line and the ionization source were set
at 230 and 250 ◦C, respectively, optimizing the transfer and ionization of analytes. This
comprehensive setup allowed for detailed profiling of the metabolomic fingerprint of each
fruit sample, providing insights into their unique chemical compositions.

2.3. Data Analysis

To discern differences in the metabolomic fingerprints of the samples, we adopted a
Non-Targeted Metabolomic approach. Original (.raw) files were converted to the CDF for-
mat for examination on the XCMS Online platform (https://xcmsonline.scripps.edu) [14].
This platform facilitated feature detection, retention time adjustment, and the peak align-
ment of original chromatograms [15]. To avoid false positives in metabolite identification,
only those with q values ≤ 0.05 were considered. Post-detection by XCMS Online, data
normalization, and an ANOVA test were executed to pinpoint pivotal metabolites in rela-
tion to treatments. We manually annotated the chosen metabolites using the NIST library
with a threshold of 0.8. Annotated results underwent analysis in RStudio ver. 2023.03.0
utilizing the MetaboanalystR ver. 3.3.0 library [16]. Detected metabolites were categorized
by their chemical groupings, followed by a comparative analysis of their relative and
absolute expression proportions. A subsequent ANOVA discerned significant metabolites
in each trial.

We computed a correlation matrix to detect relationships between diverse metabolites.
Results were charted using the corrplot library in R, exclusively highlighting correlations
with statistically significant differences. To ascertain inter-species distinctions, we con-
structed a heatmap utilizing the ion matrix of the most differentiated metabolites. The
heatmap’s construction used automatically normalized and scaled data. Dendrograms
employed the Minkowski correlation as a distance metric, paired with the Ward clustering
algorithm, and set branch significance at p ≤ 0.05.

3. Results

3.1. Metabolite Profiling across Physalis Species

Across the three studied Physalis species, a total of 50 metabolites were identified,
which belong to 15 chemical groups. The aldehydes group contained the highest number
of metabolites, numbering 11, followed by alcohol with 10. Notably, eight chemical groups
comprise only a single metabolite (Figure 1). All species exhibited identical metabolites,
with no evidence of any compound’s absence or exclusivity to a particular species.
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Figure 1. Metabolomic profile detected by GC-MS in the fruits of three Physalis species (angulata,
ixocarpa, and philadelphica).

3.2. Metabolite Distribution by Chemical Group

Significant differences (p < 0.05) in metabolite expression were observed across almost
all chemical groups, excluding esters and terpenes (Figure 2). The groups expressing
the highest levels, in descending order, were alcohols, ketones, aldehydes, alkenes, and
lactones. All other chemical groups displayed reduced expressions in comparison. In all
chemical groups, P. angulata manifested the most pronounced expression compared to the
other two Physalis species.

Figure 2. Metabolite expression by chemical group in fruits of three Physalis species (angulata, ixocarpa,
and philadelphica). Error bars indicate standard errors of the mean. Statistically significant differences
are denoted by distinct letters, as determined by Tukey’s post hoc test (p < 0.05).

Concerning relative compound abundance in the fruits, a similar trend to absolute
expression was noticed, with alcohols, aldehydes, and ketones being the most predomi-
nant groups, together comprising 75% of the total compound abundance. The remaining
chemical groups contributed a lower proportion (Figure 3).
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Figure 3. Relative compound abundance by chemical group in fruits of three Physalis species (angulata,
ixocarpa, and philadelphica).

Within the alcohol group, the species P. angulata and P. philadelphica exhibited a
higher relative abundance compared to P. ixocarpa. As for aldehydes, P. ixocarpa showed a
marked abundance of these compounds compared to the other two species. Specifically,
for P. angulata and P. philadelphica, ketones emerged as the second most abundant group,
followed by aldehydes. Conversely, in P. ixocarpa, aldehydes were second in abundance,
trailed by ketones. Alkenes, lactones, and sugars displayed some differences in proportion,
but their overall abundance was limited.

3.3. Alcohol and Aldehyde Groups

Alcohol represents the most abundant group in the fruits of all three species. Within
this group, four specific alcohols accounted for nearly 75% of the total alcohol abundance:
1-Penten-3-ol, 1-phenyl-; 2,5-Dimethylcyclohexanol; Benzenemethanol, 4-ethyl-; and 2-
Isopropyl-5-methyl-1-heptanol (Figure 4). Notable differences among species were ob-
served in less abundant alcohols, such as 2-Cyclohexen-1-ol and 1-methyl-, with P. ixocarpa
displaying the highest abundance.

Figure 4. Distribution of specific alcohols in fruits of three Physalis species (angulata, ixocarpa, and
philadelphica).
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Aldehydes emerged as the second most abundant group, holding significant impor-
tance due to their contribution to fruit flavors (Figure 5). A greater variability was observed
among the aldehydes than the alcohols, stemming from divergent proportions across
species. P. angulata and P. philadelphica shared similar aldehyde distributions. A notable
difference was evident in the benzaldehyde levels between these two species. Conversely,
P. ixocarpa presented a distinct aldehyde profile, with furfural as the predominant aldehyde,
followed by 2,5-dihydroxybenzaldehyde. This species exhibited a significant decrease in
levels of octanal, benzaldehyde 4-methyl, 2-heptenal, and 2-hexenal relative to the other
species while showing an increase in 2,5-dihydroxybenzaldehyde.

Figure 5. Comparative analysis of aldehyde distribution in fruits of three Physalis species (angulata,
ixocarpa, and philadelphica).

3.4. Metabolite Correlations

Chemical group correlations across each of the three populations were presented
as a matrix, only including statistically significant correlations (p < 0.05). In P. ixocarpa,
four positive correlations between chemical groups were found. Noteworthy interactions
were observed between sugar concentrations with amino acids and between alcohols and
ketones (Figure 6).

Figure 6. Matrix representation of significant chemical group correlations in fruits of P. ixocarpa.
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P. angulata exhibited both positive and negative significant correlations. Perhaps the
most crucial correlation, especially regarding flavor context, was the inverse relationship
between aldehydes and sugars, which showed a correlation coefficient of −1 (Figure 7).

Figure 7. Matrix representation of significant chemical group correlations in fruits of P. angulata.

In P. philadelphica, eight significant correlations were identified, with the interactions
between sugars with amino acids and aldehydes being particularly important (Figure 8).

Figure 8. Matrix representation of significant chemical group correlations in fruits of P. philadelphica.

3.5. Heatmap Analysis

Of the 50 detected metabolites in Physalis species’ fruits, 20 displayed significant
differences in relative expression (p ≤ 0.05). The heatmap was constructed using the nor-
malized expression of metabolites, which showed significant variance. The expression
levels of metabolites are color-coded, ranging from blue (indicating low expression) to
red (indicating high expression) (Figure 9). In the figure, each row signifies an individual
metabolite, and each column corresponds to a specific Physalis species. The top dendrogram
indicates a global classification (metabolomic fingerprinting), suggesting that P. ixocarpa
and P. philadelphica are more closely related than P. angulata, which exhibits a contrasting
expression pattern. The side dendrogram delineates the metabolites according to their
expression levels. Here, metabolites from P. ixocarpa and P. philadelphica express higher
levels relative to P. angulata. Specific metabolites with heightened expression in P. ixocarpa
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include 2-Cyclohexen-1-ol, 1-methyl-; Terpinen-4-ol; 2-hydroxy-2,4-dimethyl-hept-6-en-3-
one; (+)-4-Carene; methyl salicylate; furfural; and Benzaldehyde. In contrast, P. philadelphica
showed elevated expression in 1-Undecene, 7-methyl-. In this section, P. angulata predomi-
nantly underexpressed these metabolites.

Figure 9. Comparative metabolomic heatmap of fruits of three Physalis species based on the relative
expression of 20 significant metabolites. The heatmap is generated from normalized data, with expres-
sion levels color-coded from blue (low expression) to red (high expression). Each row corresponds to
a specific metabolite, and each column represents an individual Physalis species. The top dendrogram
showcases global metabolomic fingerprinting.

The bottom portion of the heatmap depicts an inverse trend where P. angulata shows a
pronounced overexpression of metabolites like Ethanol; 4,5-Dipropenyldihydro-furan-2-
one; 2-hexenal, (E)-; Heptadecane; 3-Octyne, 7-methyl-; Hexanal octyl ether; Furan, 2-ethyl-;
and 1-Octen-3-one. Conversely, P. ixocarpa and P. philadelphica largely exhibit reduced or
even negative expression levels.

4. Discussion

In this study, the chemical composition of the fruits from three species of the genus
Physalis found in the Balsas basin region of Mexico was analyzed. Significant differences
were identified in the absolute expression and relative abundance of various metabolites.
However, there were no differences in the presence or absence of metabolites across the three
studied species. As such, variations in taste can be attributed to the proportions of these
metabolites. These observed discrepancies might primarily arise from the organoleptic
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characteristics selected during domestication, given that the three species undergo varying
levels of selection.

The Balsas basin has a rich history of domesticating plant species with agricultural
value. P. philadelphica is the most renowned species due to its global production and
consumption [17]. Conversely, the species P. angulata and P. ixocarpa are fruits primarily
produced and consumed in specific regions of Mexico [3,4,8], and they exhibit morpho-
logical and organoleptic characteristics distinct from P. philadelphica, which are valued by
locals [13].

The lack of selection based on size suggests that the primary focus in the selection
process revolves around traits associated with fruit flavors [5,13]. Both Physalis species are
reported to have more pleasant tastes than their commercial counterparts. These attributes
could be harnessed in breeding programs to establish commercial varieties [18].

The absence of exclusive metabolites among the three species suggests a low differen-
tiation level, indicating no evolution of new biochemical pathways [19]. Differences are
likely due to metabolic regulation, where certain metabolites are produced preferentially
due to selection (domestication) processes. This phenomenon has been documented in
species with extensive selection histories, where the search for novel organoleptic features
remains a primary goal [20,21]. Such is the case with chili peppers and other fruit-bearing
plants [22]; defining taste is complex as it involves a vast array of compounds, and their
proportion is crucial.

Significant differences were observed in the relative expression of nearly all detected
chemical groups. P. angulata exhibited the highest abundance in most chemical groups.
However, fruits from this species are not the preferred choice for residents of the Cienega
de Michoacán region. Local inhabitants report that P. angulata fruits have a more acidic and
bitter taste compared to the P. ixocarpa fruits (J. R. Torres-García, pers. observ.). This flavor
variation might be due to the dominant presence of alcohols, overshadowing the tastes
from other pleasant-tasting compounds that are present in smaller proportions [6].

In addition to noticeable concentration differences among this species, perhaps the
most critical aspect is the balance of various metabolites within the fruit. For instance,
sugars and terpenes, known for their contribution to food flavor, were found in relatively
smaller concentrations compared to other chemical groups [23].

In all three species, the chemical groups of aldehydes and alcohols had the highest
number of metabolites, making them the most abundant in both absolute and relative
metabolite expressions. As previously mentioned, all three species had the same com-
pounds, but their proportions varied. In the case of alcohol, the most prevalent were
1-Penten-3-ol and 1-phenyl- in P. angulata and P. philadelphica, both of which impart a bitter
taste. In contrast, in P. ixocarpa, higher concentrations of alcohol like Benzenemethanol
4-ethyl-, and 2-isopropyl-5-methyl-1-heptanol were detected, which contribute pleasant
aromas and fruity flavors to foods [21].

Correlations indicate that even if the same metabolites are shared, their expression
level and interrelation differ between species. Various studies have suggested that do-
mestication can influence the flavors or organoleptic characteristics of plants [20,21]. In
most of these, it is argued that this is due to differences in gene regulation related to flavor
compound synthesis.

In the case of P. ixocarpa, the positive correlation between sugars and amino acids
is relevant both nutritionally and organoleptically [24]. An increase in the fruit’s total
sugars is associated with an increase in the number of amino acids, specifically lysine,
which is an essential amino acid. Thus, a better taste also implies a higher nutritional value.
Furthermore, the correlation between alcohols and ketones is closely linked to flavor, as
both chemical groups significantly influence fruit flavor. These correlations are crucial
since they affect both taste and nutrition, which are two essential characteristics for genetic
improvement [18]. For P. angulata, the negative correlation found between aldehydes and
sugars could be a reason why its flavor is not as popular in the Cienega de Michoacán region.
Both chemical groups contribute to organoleptic characteristics, providing a pleasant taste
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and aroma [6]. The negative correlation suggests that it is challenging to maximize one’s
concentration without compromising the other, limiting the selection of improved taste
varieties. For P. philadelphica, relevant correlations were observed in both nutritional (amino
acid–sugars) and organoleptic characteristics (aldehyde–sugars, aldehyde–terpenes). It
is the species of Physalis genus that has the highest production and global consumption,
which might explain the observed correlations, possibly due to improvement schemes [18].

Classification based solely on metabolites with significant statistical differences (p ≤ 0.05)
allows for a more objective evaluation between species. It was observed that P. ixocarpa and
P. philadelphica have more similar metabolic profiles compared to P. angulata.

Specifically, certain compounds were identified to be more significant than others in
terms of classification and flavor attributes. In the case of P. ixocarpa, higher concentrations
of certain compounds pivotal to flavor contribution were observed, such as 2-Cyclohexen-
1-ol, 1-methyl-, which possesses a sweet and woody aroma [21] and is frequently found
in plant essential oils. Terpinen-4-ol exudes a herbaceous and spicy aroma and has been
recognized for its antimicrobial potential, potentially influencing food preservation [24].
Benzaldehyde, with its bitter almond scent, is extensively employed in the food industry
and can be found in other aromatic fruits, such as the Huangjiu [25]. Another notable
metabolite, (+)-4-Carene, carries a sweet and resinous scent. Among the compounds
most expressed in this fruit are furfural, which emits a sweet and almondy aroma, and
methyl salicylate, with its sweet minty scent, which is commonly utilized in the food
and cosmetic industries. However, two compounds were also identified that do not
contribute pleasant flavors. These include 2-hydroxy-2,4-dimethyl, which has a burnt
scent, and Cyclopentanecarboxaldehyde, 2-methyl-3-methylene-, which emits a strong and
unpleasant odor. In the case of the latter, its expression level was found to be equal to that
in P. angulata.

In P. angulata, there is a higher expression of compounds such as Ethanol; 4,5-Dipropeny
ldihydro-furan-2-one; 2-hexenal, (E)-; Heptadecane; 3-Octyne, 7-methyl-; Hexanal octyl
ether; Furan, 2-ethyl-; and 1-Octen-3-one. These compounds typically impart mild and
pleasant flavors. However, at high concentrations, they can produce unpleasant tastes.
On the other hand, compounds known to deliver unpalatable flavors include 3-Octyne,
7-methyl-; Heptadecane; Furan, 2-ethyl-; 1-Octen-3-one; Butanoic acid, 4-hydroxy-; and
Cyclopentanecarboxaldehyde, 2-methyl-3-methylene-. The latter displays an expression
level similar to that in P. ixocarpa, suggesting that domestication processes focusing on
flavor have not encompassed all metabolites, and characteristics of wild relatives can still
be found. Conversely, the compound Cyclopentanecarboxaldehyde, 2-methyl-3-methylene-
showed the lowest expression in the P. philadelphica population. This compound is an
aldehyde that can also influence the aroma and taste of tomato fruits. Nonetheless, due
to its low expression, its contribution to the flavor of fruits from this population may be
less significant.

In light of the observations from this comprehensive study, it becomes evident that
the process of domestication and genetic selection within the Physalis genus has led to
significant variations in metabolite profiles among species, even when the same metabolites
are universally present. These variations are intricately connected to perceived tastes and
organoleptic characteristics and are further influenced by the relative concentrations of
different metabolites. It is crucial to recognize that the quest for optimizing flavor does not
solely rely on the presence or absence of specific compounds but depends heavily on their
relative proportions and interrelations. As the world continues to globalize and the demand
for diverse and unique flavors increases, understanding these intricate relationships in
crops like Physalis becomes paramount. Embracing this knowledge can pave the way
for creating optimized crop varieties that cater not just to local preferences but can find
acceptance on a global palate. Furthermore, this study underscores the value of revisiting
and appreciating the biochemical complexity inherent in our traditional crops, as there
remains a vast untapped potential to harness their genetic diversity for the betterment of
global agriculture and food systems.
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5. Conclusions

In conclusion, this study on the metabolomic profiling and sensory characteristics of
tomato fruits from three distinct Physalis species in the Cienega region of Michoacán, Mexico,
provides clear evidence of the significant chemical diversity that exists among the species
studied. Utilizing advanced metabolomic fingerprinting techniques via SPME-GC/MS, we
were able to identify specific variations in the organoleptic properties of the fruits, which
directly impact consumer preferences. These findings highlight the importance of these
species as valuable genetic reservoirs that could be exploited to enhance commercial tomato
varieties, focusing on improving organoleptic qualities over traditional selection criteria
such as fruit size or yield. Moreover, this study underscores the relevance of preserving
Mexican biodiversity and leveraging its potential to strengthen the sustainability and
acceptance of native varieties in local and global markets. Integrating these insights into
breeding programs could lead to the development of tomato varieties that not only meet
market demands in terms of flavor and aroma but also contribute to the conservation of
native species, enriching global agricultural diversity.
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Abstract: Plum–apricot hybrids are the successful backcrosses of plums and apricots. Plums and
apricots are well-known and preferred by consumers because of their distinct sensory and bene-
ficial health properties. However, kernel consumption remains limited even though kernels are
easily accessible. The “Stendesto” hybrid originates from the “Modesto” apricot and the “Stanley”
plum. Kernal metabolites exhibited quantitative differences in terms of metabolites identified by
gas chromatography–mass spectrometry (GC–MS) analysis and HS-SPME technique profiling. The
results revealed a total of 55 different compounds. Phenolic acids, hydrocarbons, organic acids, fatty
acids, sugar acids and alcohols, mono- and disaccharides, as well as amino acids were identified in
the studied kernels. The hybrid kernel generally inherited all the metabolites present in the parental
kernels. Volatile organic compounds were also investigated. Thirty-five compounds identified as
aldehydes, alcohols, ketones, furans, acids, esters, and alkanes were present in the studied samples.
Considering volatile organic compounds (VOCs), the hybrid kernel had more resemblance to the
plum one, bearing that alkanes were only identified in the apricot kernel. The objective of this study
was to investigate the volatile composition and metabolic profile of the first Bulgarian plum–apricot
hybrid kernels, and to provide comparable data relevant to both parents. With the aid of principal
component analysis (PCA) and hierarchical cluster analysis (HCA), differentiation and clustering
of the results occurred in terms of the metabolites present in the plum–apricot hybrid kernels with
reference to their parental lines. This study is the first providing information about the metabolic
profile of variety-defined kernels. It is also a pioneering study on the comprehensive evaluation of
fruit hybrids.

Keywords: Prunus spp.; fruit; volatile organic compounds (VOCs); principal component analysis;
metabolic chemotaxonomy; volatolomics

1. Introduction

Metabolomic studies are comprehensive tools used to reveal the composition of phyto-
chemicals in various plant tissues and organs [1]. Metabolomics is an omics approach used
for more than twenty years in research [2]. It can be divided into targeted and non-targeted
approaches [3]. The non-targeted approach detects both known and unknown metabolites,
resulting in full profiling [4]. The targeted approach uses a selective known metabolite
signal [3]. Metabolomics can use different analytical platforms, including spectroscopy,
chromatography, and nuclear magnetic resonance, among others [5]. Metabolomic studies
can be used to detect changes during different maturity stages of growing conditions [6].
Gas chromatography–mass spectrometry (GC–MS) is a common technique applied to the
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identification and characterization of metabolites’ composition. The production of volatile
organic compounds (VOCs) is regulated via various metabolomics pathways from their
precursors [7]. They are important flavor-contributing agents. Volatile compounds can
be divided into primary (synthetized during maturation) and secondary (produced by
tissue disruption) ones [8]. Headspace solid-phase microextraction is an effective tool
for increased volatile recovery and characterization. It is commonly used with GC–MS.
Solid-phase microextraction (SPME)-GC–MS is used in experimental chemistry due to its
universalization [9].

The volatile composition of fruits has been widely studied, and different classes of
compounds have been documented [10]. However, fruit kernels have not been thoroughly
examined in terms of their volatile profile. In fact, the olfactory association of the fruit
itself and its kernel widely differs. Kernel oils seldom hold the sensory feeling of the
fruit. Consequently, it is of interest to define the major VOCs in kernels as well. The
metabolic profile of kernels and the Prunus genus in particular is focused mostly on
the existence of amygdalin [11]. Its presence is typical for apricot kernels and almonds,
and it is known that amygdalin is enzymatically metabolized into cyanide [12]. That
is why the quantity of amygdalin is important in terms of preservation of good health.
Apricot seeds are also reported to contain several phenolic compounds, i.e., phenolic
acids and flavonoids [13]. At present, efforts have been made to achieve sustainable
exploitation of resources in every aspect of life. Food provision is viewed as a major societal
challenge, and a continuous search for nutritious resources is gaining researchers’ interest.
The valorization of peels and fruit pomace is not new, and authors have focused on the
possibility of incorporating fruit wastes in various industries knowing that they possess
many health-enhancing molecules [14,15]. Several papers are now hinting that kernels
are rich in metabolites and could be part of the human diet [16]. Some authors suggest
that kernels could be valuable supplements in the future due to their beneficial chemical
content [17]. Recently, mango seed kernels have been valorized due to their beneficial
composition [18].

The plant-based diet has been recognized as having nutritive value. Fruits are gener-
ally part of the human diet, and they provide a palette of phytochemicals. Fruits are rich
in phytochemicals, i.e., phenolic acids, organic acids, and sugars, among others [19]. It is
known that the agrosystem changes gradually due to unfavorable meteorological condi-
tions, the existence of pathogens, or deficiency/toxicity of minerals [20]. The agronomy
sector is constantly searching for new sustainable cultivars that have better yield, need
less maintenance, and use fewer resources, as well as being able to successfully thrive in
the changing climate [21]. The genus Prunus has major representatives that are cherished
worldwide, like peaches, apricots, plums, and cherries, among others. Fruit hybrids are an
interesting approach towards the changing demands of consumers. They combine the most
characteristic features of both their parents as well as pose an interesting niche of research
with reference to their composition. Plum–apricot fruits are stone fruit like their parents,
plums and apricots. Plum–apricot hybrids may result in three main types: plumcots, pluots,
and apriums [22]. The “Stendesto” plum–apricot hybrid is the only successful Bulgarian
one of the kind, and it is a plumcot. The plumcot is considered 50% plum and 50% apricot.
Information about its composition is practically missing; the same applies for its parents,
the “Modesto” apricot (father) and the “Stanley” plum (mother). The “Stendesto” plumcot
was officially registered in 2013. Not many papers are available on the topic of fruit hybrid
composition, which sets new research directions in the identification and application of
potential biologically active sources.

A major setback in published papers is the lack of variety/cultivar identification. Not
only do the geographical location, soil specificity, and local meteorology factors play an
important role in the differences between fruits but also the variety/cultivar itself [23].
This makes it mandatory to pay more attention to the variety differences, especially if
they occur in the same species in local and introduced lands. Fruits are providers of vita-
mins, minerals, and phytochemicals, but they also generate high amounts of by-products
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regarding their kernels. Researchers have found ways to incorporate kernels in several
industries, i.e., cosmetics, biofuel, detergents, and pharmaceuticals, among others [24]. To
date, information about the application of kernels in the food industry is scarce [25]. A
thorough holistic approach towards their composition, beneficial compounds, and possible
biological activity might set a path for their better understanding and utilization.

The objective of this study was to investigate the volatile composition and metabolic
profile of the first Bulgarian plum–apricot hybrid kernels, and to provide comparable
data relevant to both parents. With the aid of principal component analysis (PCA) and
hierarchical cluster analysis (HCA), differentiation and clustering of the results were pro-
vided in terms of the metabolites present in plum–apricot hybrid kernels with reference to
their parental lines. This work may not only represent an interesting approach for future
studies in line with trending topics like zero-waste management but also be used as core
information for further comparison in relative papers. Highlighting kernels as potential
nutritional and functional sources will definitely aid in the utilization of this by-product.

2. Results and Discussion

The studied kernels were characterized in terms of their VOCs, polar metabolites, and
lipids. Information about the compounds found in fruit kernels is scarce or missing. Thus,
this is considered a first comprehensive report about the composition of apricot, plum, and
plum–apricot kernels. A total of forty-three compounds were identified from the samples
(Table 1). Between them, amino acids, organic acids, sugar acids and alcohols, mono- and
disaccharides, phenolic acids, and hydrocarbons were identified as existing groups.

Table 1. Metabolites (mg/g dry weight) identified in studied kernels analyzed by HS-SPME-GC–MS.

RI Class/Name Modesto Stanley Stendesto

Amino acids
1105 Alanine 0.35 ± 0.11 a 0.22 ± 0.07 a 0.30 ± 0.13 a

1232 Valine 0.17 ± 0.06 a 0.14 ± 0.05 a 0.08 ± 0.02 a

1259 Leucine 0.76 ± 0.24 a 0.57 ± 0.18 ab 0.28 ± 0.09 b

1296 Isoleucine 0.30 ± 0.10 a 0.21 ± 0.07 a 0.12 ± 0.04 a

1302 Proline 0.93 ± 0.30 a 0.18 ± 0.06 b 0.13 ± 0.04 b

1343 Serine 1.07 ± 0.34 a 0.73 ± 0.23 ab 0.30 ± 0.10 b

1362 Threonine 0.25 ± 0.08 a 0.45 ± 0.15 a 0.36 ± 0.12 a

1502 Aspartic acid 0.78 ± 0.25 a 0.33 ± 0.11 a 0.48 ± 0.15 a

1519 Pyroglutamic acid 0.64 ± 0.20 a 0.42 ± 0.13 ab 0.11 ± 0.03 b

1625 Phenylalanine 0.18 ± 0.06 ab 0.37 ± 0.12 a 0.06 ± 0.02 b

1656 Asparagine 0.68 ± 0.22 a 0.39 ± 0.13 a 0.31 ± 0.10 a

1775 Glutamine 0.30 ± 0.10 a 0.22 ± 0.07 a 0.16 ± 0.05 a

1839 Arginine 0.88 ± 0.28 b 5.43 ± 1.74 a 4.61 ± 1.48 a

Organic acids

1119 Oxalic acid 0.73 ± 0.23 a 0.45 ± 0.14 ab 0.11 ± 0.04 b

1314 Succinic acid 0.19 ± 0.06 a 0.08 ± 0.03 b 0.05 ± 0.02 b

1330 Fumaric acid 0.11 ± 0.03 a 0.05 ± 0.02 b 0.03 ± 0.01 b

1475 Mallic acid 1.92 ± 0.62 a 0.05 ± 0.02 b 2.60 ± 0.83 a

1530 γ-Aminobutyric acid 0.13 ± 0.04 ab 0.16 ± 0.05 a 0.06 ± 0.02 b

1727 2-Aminoadipic acid 1.85 ± 0.59 a 1.36 ± 0.44 a 1.07 ± 0.34 a

1816 Isocitric acid 0.39 ± 0.12 ab 0.24 ± 0.08 b 0.74 ± 0.24 a

Sugar acids and alcohols

1264 Glycerol 1.75 ± 0.56 a 0.36 ± 0.11 b 0.47 ± 0.15 b

1541 Eritrreonic acid 1.19 ± 0.38 a 0.93 ± 0.30 a 0.52 ± 0.17 a

1611 Glutamic acid 0.43 ± 0.14 a 0.14 ± 0.04 b 0.15 ± 0.05 b

1695 Xylitol 2.30 ± 0.74 a 1.65 ± 0.53 a 0.87 ± 0.28 a

1718 Arabitol 0.68 ± 0.22 a 0.50 ± 0.16 a 0.27 ± 0.09 a

1801 Glyceric acid-3-phosphate 0.21 ± 0.07 a 0.19 ± 0.06 a 0.43 ± 0.14 a
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Table 1. Cont.

RI Class/Name Modesto Stanley Stendesto

Sugar acids and alcohols
1920 Sorbitol 7.22 ± 2.32 a 12.31 ± 3.95 a 11.53 ± 3.70 a

2009 Gluconic acid 0.12 ± 0.04 b 0.30 ± 0.10 a 0.11 ± 0.03 b

2018 Glucaric acid 0.25 ± 0.08 a 0.15 ± 0.05 a 0.12 ± 0.04 a

2041 Myo-Inositol isomer 0.83 ± 0.27 a 0.53 ± 0.17 ab 0.29 ± 0.09 b

2101 Myo-Inositol isomer 2.05 ± 0.66 a 0.21 ± 0.07 b 0.74 ± 0.24 b

Mono- and disaccharides

1855 Fructose isomer 2.38 ± 0.76 b 6.48 ± 2.08 ab 7.05 ± 2.11 a

1869 Fructose isomer 1.60 ± 0.51 b 4.95 ± 1.59 ab 5.51 ± 1.77 a

1876 1-Methyl-α-D-glucopyranoside 0.10 ± 0.03 b 0.27 ± 0.09 ab 0.36 ± 0.12 a

1882 Glucose isomer 2.78 ± 0.89 b 9.90 ± 2.18 a 12.00 ± 2.85 a

1898 Glucose isomer 0.83 ± 0.27 b 2.21 ± 0.71 ab 2.60 ± 0.83 a

1937 Glucose 1-phosphate 0.16 ± 0.05 b 0.25 ± 0.08 b 4.05 ± 1.30 a

2687 Sucrose 15.54 ± 2.99 a 7.39 ± 1.37 b 10.25 ± 2.29 ab

Phenolic acids

1835 Protocatechuic acid 0.32 ± 0.10 ab 0.17 ± 0.06 b 0.60 ± 0.19 a

1940 trans-p-Coumaric acid 0.55 ± 0.18 a 0.41 ± 0.13 a 0.24 ± 0.10 a

2106 trans-Ferulic acid 0.19 ± 0.07 a 0.38 ± 0.12 a 0.26 ± 0.08 a

Others

1400 Tetradecane 0.64 ± 0.21 a 0.46 ± 0.15 ab 0.13 ± 0.04 b

1600 Hexadecane 0.29 ± 0.09 a 0.20 ± 0.06 a 0.12 ± 0.04 a

Amino acids marked in blue color are essential; RI—retention index. Different letters in the same row indicate
statistically significant differences (p < 0.05) according to ANOVA and the Tukey test.

Amino acids were found in small quantities, yet the hybrid kernel had managed to
keep all the amino acids present in both apricot and plum. The same trend applied to the
other identified classes, where the hybrid had inherited all the metabolites present in its
parents. A study about apricot fruit and seeds showed a resemblance in the metabolites
found in the apricot kernel, although only 36 metabolites were identified [26]. Arginine was
the most abundant in both hybrid and plum kernels, while serine had the highest value in
the apricot kernel. Arginine is important to human nutrition since research has shown that
it can increase lipolytic enzymes’ activity and decrease insulin resistance [27]. Serine is also
reported as exceptionally important, especially being a substrate for glucose and protein
synthesis and building of phospholipids [28]. Mallic and 2-aminoadipic acids were the
organic acids with the highest values in the studied kernels. The plum–apricot hybrid had
the most malic acid, while the apricot had the most 2-aminoadipic acid. Aminoadipic acid
is an object of scientific research due to its recent identification as a biomarker of insulin
resistance and obesity [29]. Mallic acid is commonly found in fruits, and it is reported to
be an antimicrobial agent combined with citric acid [30]. The current results show that
organic acids also accumulate in kernels. Sorbitol had the highest values from the group of
sugar acids and alcohols. The sorbitol pathway is a two-step one, where in the first step
glucose is converted into sorbitol, and then in the second step sorbitol is converted into
fructose [31]. The plum–apricot hybrid’s kernel had lower quantities of sorbitol compared
to its parents but had accumulated more glucose and fructose as isomers. Sorbitol is an
alternative sweetener that is widespread in some Prunus spp. [32]. Sucrose and glucose and
fructose isomers were predominant in the plum–apricot hybrid kernels. The amount of
sucrose in the apricot kernel was 50% higher compared to the hybrid. Kernels from Turkish
apricots were also high in fructose, glucose, sucrose, and maltose [33]. Protocatechuic acid
was the dominant one in the plum–apricot hybrid kernels, while trans-p-coumaric acid
had its highest values in both its parents. Protocatechuic acid is reported to possess an
assortment of biological activities, i.e., antibacterial, antiviral, anticancer, antiosteoporotic,
and antioxidant, among others [34].

The overall distribution of the different classes of metabolites is presented in Figure 1.
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Figure 1. Distribution of metabolites in studied fruit kernels according to their chemical families.
Different letters in the same chemical family indicate statistically significant differences (p < 0.05)
according to ANOVA and the Tukey test.

The plum–apricot hybrid kernels had more mono- and disaccharides and phenolic
acids compared to the parents, the same amount of amino acids as apricot kernels, and
decreased sugar acids and alcohols. Considering the amount of fatty and organic acids, the
amount was more similar to the apricot kernels than to the plum kernels. The distribution
of the individual compounds was different, and their amounts contributed differently not
only to the specific chemical family but also to the kernel variety. Due to the lack of relevant
data, comparison with subject reference to other papers cannot be conducted.

The fatty acids content is presented in Table 2, where a total of twelve compounds
were identified, including four fatty alcohols. Although more saturated fatty acids were
discovered, their amount did not exceed the value of unsaturated fatty acids. The polyun-
saturated fatty acids were more frequent, but the amount of monounsaturated fatty acids
was greater. The saturated/unsaturated ratios in the studied kernels are as follows:
0.93 (“Modesto”), 1.01 (“Stanley”), and 0.96 (“Stendesto”).

Table 2. Fatty acids (mg/g dry weight) identified in studied kernels analyzed by HS-SPME-GC–MS.

RI Fatty Acids “Modesto” “Stanley” “Stendesto”

1519 Lauric acid 3.93 ± 1.12 a 3.16 ± 1.12 a 2.67 ± 1.12 a

1572 Dodecanol 1.59 ± 0.45 a 1.04 ± 0.45 a 0.97 ± 0.45 a

1725 Mirystic acid 8.75 ± 2.51 a 8.00 ± 2.51 a 8.66 ± 2.51 a

1874 Tetradecanol 0.33 ± 0.09 a 0.21 ± 0.09 a 0.24 ± 0.09 a

1920 Palmitic acid 1.16 ± 0.33 a 0.94 ± 0.33 a 1.07 ± 0.33 a

1943 Hexadecanol 0.48 ± 0.14 a 0.34 ± 0.14 a 0.64 ± 0.14 a

2094 Linoleic acid 7.06 ± 2.02 a 4.27 ± 2.02 a 5.08 ± 2.02 a

2101 Oleic acid 12.68 ± 3.63 a 11.00 ± 3.63 a 13.39 ± 3.63 a

2106 Linolenic acid 0.78 ± 0.22 ab 1.24 ± 0.22 a 0.38 ± 0.22 b

2128 Stearic acid 0.94 ± 0.27 b 1.41 ± 0.27 ab 1.71 ± 0.27 a

2157 Octadecanol 0.89 ± 0.25 a 1.12 ± 0.25 a 1.44 ± 0.25 a

2311 Eicosanoic acid 1.00 ± 0.29 a 0.52 ± 0.29 a 0.79 ± 0.29 a

RI—retention index. Different letters in the same row indicate statistically significant differences (p < 0.05)
according to ANOVA and the Tukey test.

Myristic, linoleic, and oleic acids were the predominant ones. Linoleic and oleic
acids have been reported as promising anti-mycobacterial agents with high antioxidant

20



Horticulturae 2024, 10, 257

potential [35]. It can be seen that the hybrid inherited the presence of all the identified
fatty acids from its parents. Only the amounts of dodecanol and linoleic acids in the
plum–apricot hybrid’s kernels were less than identified in both plum and apricot. On the
other hand, the plum–apricot kernel accumulated more octadecanol, oleic, and stearic acids
than both its parents. Other papers investigated the composition of the oil from plum
and apricot kernels, where they identified ten fatty acids with the prevalence of oleic and
linoleic acids [36], demonstrating consistency with the current results.

The investigated volatile compounds are presented in Table 3. The HS-SPME-GC–MS
analysis revealed the existence of thirty-five compounds profiled as aldehydes, alcohols,
ketones, furans, acids, esters, and alkanes. While most metabolites were present in all the
samples, alkanes were only identified in the apricot kernel. This hinted that the volatile
profile of the hybrid kernel was more similar to the plum than to the apricot in terms of
class distinction.

Table 3. Identified volatile compounds (% of total ion current) in studied kernels analyzed by
HS-SPME-GC–MS.

RI Name/Class Modesto Stanley Stendesto

Aldehydes

566 2-Methylpropanal 5.43 ± 0.91 a 2.50 ± 0.42 b 6.34 ± 1.07 a

595 n-Butanal 1.52 ± 0.26 ab 1.94 ± 0.33 a 1.22 ± 0.20 b

653 3-Methylbutanal 0.61 ± 0.10 a 0.53 ± 0.09 a 0.49 ± 0.08 a

667 2-Methylbutanal 2.98 ± 0.50 a 1.33 ± 0.22 a 2.38 ± 0.40 a

698 Pentanal 4.41 ± 0.74 b 8.12 ± 1.36 a 5.53 ± 0.93 ab

752 (E)-2-Pentenal 0.88 ± 0.15 a 0.27 ± 0.05 a 0.70 ± 0.12 a

792 n-Hexanal 9.74 ± 1.64 b 18.61 ± 3.13 a 14.79 ± 2.49 ab

830 2-Furfural 2.61 ± 0.44 a 3.40 ± 0.57 a 2.09 ± 0.35 a

902 Heptanal 1.46 ± 0.25 b 1.67 ± 0.28 a 1.17 ± 0.20 b

961 (E)-2-Heptenal 6.15 ± 1.03 a 10.19 ± 1.71 a 4.92 ± 0.83 a

975 Benzaldehyde 26.99 ± 4.53 b 20.82 ± 3.50 a 22.59 ± 3.79 b

1011 n-Octanal 1.37 ± 0.23 b 2.29 ± 0.39 a 1.10 ± 0.18 ab

1073 (E)-2-Octenal 3.18 ± 0.53 a 5.34 ± 0.90 a 4.55 ± 0.76 a

1106 n-Nonanal 4.10 ± 0.69 ab 2.84 ± 0.48 a 3.28 ± 0.55 b

1146 (E)-2-Nonenal 0.71 ± 0.12 b 0.94 ± 0.16 b 0.57 ± 0.10 a

1232 (E)-2-Decenal 1.08 ± 0.18 b 0.80 ± 0.13 a 1.86 ± 0.31 a

Alcohols

500 Ethanol 0.20 ± 0.03 b 1.00 ± 0.17 ab 1.25 ± 0.21 a

680 1-Butanol 0.64 ± 0.11 b 0.95 ± 0.16 a 1.19 ± 0.20 a

689 1-Penten-3-ol 0.17 ± 0.03 ab 0.52 ± 0.09 b 0.65 ± 0.11 a

770 1-Pentanol 4.25 ± 0.71 a 2.66 ± 0.45 b 5.33 ± 0.90 b

1036 Benzyl alcohol 10.35 ± 1.74 a 2.30 ± 0.39 a 2.87 ± 0.48 a

1173 4-Ethylphenol 0.65 ± 0.11 a 0.48 ± 0.08 a 0.60 ± 0.10 a

Ketones

515 2-Propanone 0.95 ± 0.16 a 0.44 ± 0.07 b 0.75 ± 0.13 ab

691 2-Pentanone 0.75 ± 0.13 a 0.49 ± 0.08 a 0.61 ± 0.10 a

892 2-Heptanone 1.58 ± 0.27 a 1.86 ± 0.31 a 2.38 ± 0.40 a

Furans

995 2-Pentylfuran 1.33 ± 0.22 b 3.89 ± 0.65 a 4.86 ± 0.82 ab

Acids

741 Acetic acid 0.25 ± 0.04 b 2.02 ± 0.34 a 2.74 ± 0.46 a

Esters

617 Ethyl acetate 0.35 ± 0.06 b 0.57 ± 0.10 a 0.12 ± 0.02 c

1161 Benzyl acetate 0.49 ± 0.08 ND 0.69 ± 0.12
1175 Ethyl benzoate 0.63 ± 0.11 ND 0.80 ± 0.13
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Table 3. Cont.

RI Name/Class Modesto Stanley Stendesto

Alkanes
900 Nonane 0.95 ± 0.16 ND ND
1000 Decane 0.48 ± 0.08 ND ND
1100 Undecane 0.67 ± 0.11 ND ND
1200 Dodecane 0.29 ± 0.05 ND ND
1300 Tridecane 0.73 ± 0.12 ND ND

RI—retention index; ND—not detected. Different letters in the same row indicate statistically significant differ-
ences (p < 0.05) according to ANOVA and the Tukey test.

Figure 2 reveals the differences between the hybrid kernels and those of plum and
apricot in terms of %TIC (total ion current) predominance and variety dependance.
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Figure 2. Distribution of volatile compounds according to their chemical families in studied fruit
kernels. Different letters in the same chemical family indicate statistically significant differences
(p < 0.05) according to ANOVA and the Tukey test.

Aldehydes contributed the most to the volatile profile of the three kernels. In terms
of aldehydes, ketones, and esters, the hybrid showed more similarity to the apricot, while
the %TIC of identified furans, alkanes, and acids corresponded more to the plum. The
percentage of TIC of the alcohols was less than the ones in the apricot kernel and more than
in the plum kernel.

Aroma has always been important not only to the food industry but also to cosme-
tology, pharmacology, and others. Kernel oils have a distinct smell that is not connected
to the olfactory association of the fruit. The most important from the currently identi-
fied aldehydes were 2-methylpropanal (“Stendesto”); pentanal, n-hexanal, (E)-2-heptenal
(“Stanley”), and benzaldehyde (“Modesto”). The hybrid kernel had the most n-hexanal and
benzaldehyde. The least present from the %TIC were 3-methylbutanal and (E)-2-nonenal.
Benzaldehyde is connected to the almond aroma [37]. Esters, acids, and alkanes were
identified in relatively small %TIC. However, the hybrid kernel held the highest %TIC
for acetic acid and ethyl benzoate. Esters contribute to the typical floral and fruity flavor
of products [38]; thus, the hybrid kernel should exhibit more floral and fruity volatiles
compared to its parents. Acetic acid, on the other hand, is a major odor-active component
identified in fruit vinegars [39].
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Benzyl alcohol dominated in the apricot kernel, while 1-pentanol dominated in the
hybrid one. Benzyl alcohol is associated with a floral odor and a marzipan-like flavor [40]
and 1-pentanol with a fruity odor [41]. 2-heptanone was the major ketone in the hybrid
kernel. According to research, it contributes to an oxidative odor [42]. The overall volatile
assessment can be linked to the threshold levels the different compounds possess. Aldehy-
des have lower sensory thresholds compared to alcohols [43]; thus, they might be viewed
as the largest contributors to the sensory associations of the three studied kernels. Furan
and its derivatives usually occur in heat-processed foods and beverages [44]. Moreover,
2-penthylfuran has been identified in a number of foods, i.e., baby food, deep-fried foods,
and fruit juice [45], and 2-penthylfuran is the only furan identified in the three kernels,
where the hybrid one held the highest %TIC. This compound is known for its distinct fruity
flavor and caramel undertones [46].

Figure 3 is a visual presentation of the odor description of each kernel variety based
on the VOCs present in them.

   

Modesto Stanley Stendesto

Figure 3. Odor component distribution in studied fruit kernels (according to https://foodb.ca/
compounds descriptor (accessed 1 December 2023).

It can be seen that the hybrid kernel had distinct sweet (32%) and fatty (17%) sensory
properties, while the plum kernel had a more fruity (23%), sweet (27%), and fatty (25%)
odor description. The apricot kernel also presented a sweet (34%), fatty (19%), and floral
(18%) profile. The least recognized odors in the apricot kernel were the ethereal and bitter
ones, while in the plum and plum–apricot kernels those were the ethereal and sour ones.
The nutty odor was evenly distributed in the hybrid and plum kernels, and more distinct in
the apricot kernel. In terms of sensory perception, the plum–apricot kernel is more similar
to the apricot kernel than to the plum kernel.

This research can be viewed as a pioneering study on the topic of metabolite identifi-
cation of “Modesto” (apricot), “Stanley” (plum), and “Stendesto” (plum–apricot hybrid)
kernels and provide a stepping stone for future evaluations and comparisons.

Principal Component and Hierarchical Cluster Analyses of HS-SPME-GC–MS Data

The chemical composition and volatile content were analyzed using principal compo-
nent analysis (PCA) and further explored to distinguished separate groups with hierarchical
cluster analysis (HCA). As shown in Figure 4A (metabolites), two principal components
were generated in the PCA with an eigenvalue greater than 1, accounting for 65.8% (65%
for PC 1 and 35% for PC2) of the total variance, whereas, in Figure 4B (VOCs), 59.7% were
distributed for PC1 (52.1%) and PC2 (47.9%). Glucaric acid, glucose-1-phosphate, isoc-
itric acid, 2-heptanone, 1-butanol, and acetic acid are positioned most positively, whereas
trans-ferulic acid, threonine, (e)-2-heptenal, and 1-pentanol contributed most negatively.

As illustrated in Figure 5, the samples can be divided into two clusters for both
metabolites (Figure 5A) and volatile compounds (Figure 5B).
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(A)

(B)

Figure 4. Principal component analysis of kernel samples. Eigenvector loading values of compounds:
(A) primary metabolites; (B) VOCs.
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(A)

(B)

Figure 5. Clustering results of kernel samples, shown as heatmap: (A) primary metabolites; (B) VOCs.
The values were normalized by log10 transformation.
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The apricot kernel is placed separately from the plum and plum–apricot hybrid kernels.
The results from the PCA and HCA were useful to preliminarily distinguish the samples.
A correlation analysis of the data is presented in Figure 6. It is assumed that the positively
correlated metabolite pairs have similar chemical composition, biological function, and
homogeneous characteristics [47].

A positive correlation has been established between n-hexanal and pentanal, n-
nonanal, acetic acid, 1-butanol, 2-pentylfuran, 1-penten-3-ol, and (E)-2-octenal. Benzalde-
hyde was positively correlated with sixteen structures, including ethyl benzoate, tridecane,
undecane, decane, and benzyl alcohol, among others. Additionally, benzyl alcohol had
a positive correlation with fifteen VOCs (2-propanone, 2-furfural, ethyl benzoate, benzyl
acetate, and tridecane, among others). Serine and nineteen of the identified metabolites
(alanine, valine, leucine, oxalic acid, and fumaric acid, among others) had a positive correla-
tion. Mallic acid was positively correlated with sucrose, aspartic acid, linoleic acid, palmitic
acid, oleic acid, and eight others. Sorbitol has a positive correlation with eleven metabolites,
including arginine, glutamine, isoleucine, eicosanoic acid, xylitol, threonine, and others.
Oleic acid was positively correlated with fifteen metabolites (myristic and gluconic acids
having the highest correlation values).

(A)

Figure 6. Cont.
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(B)

Figure 6. Pearson’s correlation heatmaps of the differential compounds in studied kernels:
(A) primary metabolites; (B) VOCs. The values were normalized by log10 transformation.

3. Materials and Methods

3.1. Materials

Three kernels from the following fruit varieties were objects of analysis: “Modesto”
(apricot), “Stanley” (plum), and “Stendesto” (plum–apricot hybrid). The kernels were
collected from several trees of the same variety. All trees were part of the same plantation. A
total of sixty kernels per variety (“Modesto”, ”Stendesto”, and “Stanley”) were gathered and
thoroughly cleaned from the pulp. All kernels were extracted from ripe fruits. The kernels
were left to air-dry, and then were broken into pieces with a Bosch MCM3PM386 robot
(Robert Bosch GmbH, Germany) and after that ground with the aid of WMF 0417070011
grinder (Tefal OBH Nordica Group AB, Sweeden). Each kernel variety was placed in a
sterile container and kept in a cool, dark, and dry place prior to analysis.

3.2. Headspace Solid-Phase Microextraction (HS-SPME) and Gas Chromatography–Mass
Spectrometry Analysis (GC–MS)

A 2 cm SPME fiber assembly Divinylbenzene/Carboxen/Polydimethylsiloxane
(DVB/CAR/PDMS, Supelco, Bellefonte, PA, USA) was utilized for headspace sampling.

The HS-SPME extraction technique of the studied kernels followed the description of
Uekane et al. [48]. An online integrated sampling procedure was automatically performed
with a G1888 Network Headspace Sampler. An Agilent 7890A GC unit coupled to an
Agilent 5975C MSD and a DB-5ms (30 m × 0.25 mm × 0.25 μm) column were used to
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analyze the volatile compounds in all samples. The oven temperature program was the
following: from 40 ◦C (hold 1 min) to 250 ◦C (hold 5 min) at 2 ◦C/min; carrier gas: helium
with flow rate: 1.0 mL/min; transfer line temperature: 270 ◦C; ion source temperature:
200 ◦C, EI energy: 70 eV, mass range: 50 to 550 m/z at 1.0 s/decade.

The extraction procedure of the polar and lipid fractions was completed as described
by Ivanova et al. [49]: 0.05 g freeze-dried material was mixed with 1.0 mL methanol/water
(75:25, v/v) solution and 50.0 μL of each internal standard (nonadecanoic acid methyl
ester, ribitol, each in concentration 1.0 mg/mL for the quantification of metabolites of
fractions A, and B, respectively), followed by heating at 70 ◦C for 1 h in a laboratory
thermomixer (Analytik Jena AG). The solution, cooling to room temperature, was subjected
to the following procedure: 500.0 mL chloroform and 200.0 mL water were added, and then
the mixture was centrifuged (5 min/22 ◦C/13,000 rpm). The lower phase was designed for
the analysis of non-polar substances (fraction A), whereas the upper phase for the polar
constituents (fraction B). The two phases obtained were vacuum-dried in a centrifugal
vacuum concentrator (Labconco Centrivap) at 40 ◦C. To the dried residue of fraction “A”,
1.0 mL 2% H2SO4 in methanol were added and the mixture was heated on Thermo-Shaker
TS-100 (1 h/96 ◦C/300 rpm). After cooling, the solution was extracted with n-hexane
(3 × 500.0 mL). Combined organic layers were vacuum-dried in a centrifugal vacuum
concentrator (Labconco Centrivap) at 40 ◦C.

Prior to the gas chromatography–mass spectrometry (GC–MS) analysis, fractions “A”
and “B” were derivatized by the following procedures: 100.0 μL pyridine and 100.0 μL
BSTFA were added to the dried residue (fraction “A”), then heated on Thermoshaker, Ana-
lytik Jena AG, Germany (45 min/70 ◦C/300 rpm). 1.0 μL from the solution was injected into
the GC–MS.; 300.0 μL solution of methoxyamine hydrochloride (20.0 mg/mL in pyridine)
was added to dried residue (fraction “B”), and the mixture was heated on Thermo-Shaker
TS-100 (1 h/70 ◦C/300 rpm). After cooling, 100.0 μL BSTFA were added to the mixture
then heated on Thermoshaker, Analytik Jena AG, Germany (40 min/70 ◦C/300 rpm), and
1.0 μL from the solution was injected into the GC–MS system.

The 2.73 AMDIS software (Automated Mass Spectral Deconvolution and Identification
System, NIST, Gaithersburg, MD, USA) assisted in the reading of the mass spectra and the
metabolite identification. The separated compounds were compared to the GC–MS spectra
and retention indices (RI) of reference compounds in the Golm Metabolome Database
(http://csbdb.mpimp-golm.mpg.de/csbdb/gmd/gmd.html, accessed on 1 December 2023)
and NIST’08 database (NIST Mass Spectral Database, PC-Version 5.0, 2008 from National
Institute of Standards and Technology, Gaithersburg, MD, USA). The 2.73 AMDIS software
recorded the RIs of the compounds with a standard n-hydrocarbon calibration mixture
(C8–36, Restek, Teknokroma, Spain). Analyses were triplicated for each kernel variety.

3.3. Statistical Analysis

MS Excel software 365 was used for data analysis. Results are presented as mean ± SD
(standard deviation). Additional statistical analyses of the data were presented using one-
way ANOVA and a Tukey–Kramer post hoc test (α = 0.05), as described by Assaad et al. [50].
PCA and HCA of GC–MS data were conducted using MetaboAnalyst, a web-based plat-
form (www.metaboanalyst.ca, accessed on 15 December 2023). The concentrations of the
identified compounds were employed for PCA. All zero values were replaced with a value
(1/2 of the minimum positive values in the original data) assumed to be the detection limit.
PCA (95% confidence level) was employed to calculate the eigenvector loading values and
to identify the major statistically different components among the samples. The GC–MS
data were also subjected to HCA, which produced a Ward dendrogram of hierarchical
clustering and Euclidean distance measurement between the analyzed samples. The values
were normalized by log10 transformation.
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4. Conclusions

No data regarding the primary metabolites and VOCs of kernels from the “Modesto”
(apricot), “Stanley” (plum), and “Stendesto” (plum–apricot) varieties were present in litera-
ture, which makes this a first comprehensive evaluation regarding this important byproduct.
In total, fifty-five metabolites were identified belonging to the following chemical groups:
phenolic acids, hydrocarbons, organic acids, fatty acids, sugar acids and alcohols, mono-
and disaccharides, and amino acids. The most abundant were the fatty acids, sugar acids
and alcohols, and mono- and disaccharides. The hybrid kernel generally inherited all the
metabolites present in the parental kernels. Thirty-five VOCs were identified from the
three samples, with aldehydes contributing most. Considering the VOCs, the hybrid kernel
had more resemblance to the plum one, bearing that alkanes were only identified in the
apricot kernel.

The applied PCA placed the plum and plum–apricot kernels in the same group,
leaving the apricot kernel in a separate group. The obtained results can successfully be
used as a reference and stepping stone for future analyses. Focusing attention on kernels as
potential nutritional and functional sources will definitely aid with the utilization of this
by-product.
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Abstract: In Ecuador, the cultivation of two main coffee species, Coffea arabica L. and Coffea canephora
L., holds significant economic, environmental, social, and public health importance. C. arabica
displays wide adaptability to diverse growing conditions, while C. canephora exhibits less versatility
in adaptation but is superior in metabolite production in the ripe fruits (with the potential to double
caffeine content). Our hypothesis revolves around the differences in the production of secondary
metabolites, antioxidant capacity and sensory attributes based on the environmental conditions
of the two studies species cultivated in Ecuador. The assessment of the metabolic composition of
high-altitude coffee grown in Ecuador involved the determination of secondary metabolites and
quantification of the antioxidant capacity through the 2,2-diphenyl-1-picrylhydrazyl assay, 2,2′-azino-
bis (3-ethylbenzothiazoline-6-sulfonic acid) quenching assay, and ferric reducing antioxidant power
assay. In the case of C. arabica, a high positive correlation was observed for total phenolic content
(TPC) (4.188 ± 0.029 mg gallic acid equivalent (GAE)/g dry weight (dw)) and total flavonoid content
(TFC) (0.442 ± 0.001 mg quercetin (QE)/g dw) with the antioxidant activity determined through ABTS
free-radical-scavenging activity (23.179 ± 1.802 μmol Trolox (TEAC)/g dw) (R = 0.68), a medium
correlation with DPPH• radical-scavenging activity (65.875 ± 1.129 μmol TEAC/g dw) (R = 0.57),
and a low correlation with ferric reducing antioxidant power assay ((100.164 ± 0.332 μmol Fe2+/g
dw) (R = 0.27). A high correlation (R > 90) was observed for the values evaluated in the case of C.
canephora. The caffeine content was high in C. arabica beans from Los Ríos province and in C. canephora
beans from Loja.

Keywords: biological activity; flavor; metabolites; optimal climatic conditions; coffee varieties

1. Introduction

Ecuador stands out as one of the most biodiverse countries globally, benefiting from
optimal climatic conditions that support a wide array of crops. The Coastal region experi-
ences a tropical, arid, and dry humid climate, with the rainy season occurring in April and
May, and a dry season (characterized by low rainfall) from June to November/December.
The average temperature ranges from 22 to 25 ◦C, and rainfall levels fluctuate between
60 and 2000 mm, influenced by the Humboldt current [1]. Moving to the Sierra region,
extreme rainfall is observed in March, April, and October due to the sun’s position. The
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average annual rainfall in this area ranges from 700 to 1200 mm, and the temperature,
varying between 13 and 16 ◦C, is contingent on altitude (ranging from 500 to 6000 m above
sea level (m.a.s.l.). In the eastern region of Ecuador, the average altitude is 1000 m.a.s.l.,
with consistent humidity throughout the year, as the annual rainfall hovers between 2000
and 3000 mm.

The cultivation of coffee in Ecuador holds significant economic importance, contribut-
ing substantially to income generation and foreign exchange. Moreover, it plays a crucial
role in the social fabric, involving diverse communities and ethnic groups across various
provinces in Ecuador. From an environmental perspective, coffee cultivation is predomi-
nantly practiced within agroforestry systems, thereby aiding in preserving native flora and
fauna within diverse soil and climatic conditions. Additionally, the institutional and health
aspects of coffee production are noteworthy, as coffee consumption has been linked to a
reduced incidence of health risks such as type 2 diabetes, liver damage, and neurodegener-
ative diseases [2,3]. According to Duicela-Guambi et al. [4], 68% of coffee plantations in
Ecuador yield arabica coffee, while the remaining 32% produce robusta coffee.

Coffea is indeed a diverse genus, comprising around 80 different species, with C. arabica
L. and C. canephora L. being the most economically significant. Species within the Coffea
genus typically manifest as trees or saplings with dense, horizontally spreading branches [5].
Their hermaphroditic flowers are arranged in intricate inflorescences, featuring generally
white corollas, occasionally pale pink, with exposed anthers and an elongated style [6]. The
fruits take the form of drupe-like berries, exhibiting a color range from yellowish to reddish
at maturity, with the coffee kernel or seed covered by a double layer and characterized by a
ventral invagination [7]. The leaves of Coffea plants are shiny and dark green, with visible
veining, and grow in an opposite arrangement with the next pair of leaves [8].

In Ecuador, C. arabica is indeed the most economically significant coffee species. It
is a seasonal crop that exhibits wide adaptability, thriving in altitudes ranging between
1500 and 2000 m.a.s.l. and temperatures of 17–23 ◦C, while also demonstrating resistance
to drought [9]. The ideal soil conditions for coffee cultivation in Ecuador are described as
loam, sandy loam, or clay loam with a granular texture, a deep “A” horizon, good drainage,
adequate organic matter content, and a pH level ranging from 5.5 to 6.5 [10,11].

C. canephora, also known as robusta coffee, contains about twice as much caffeine as
C. arabica. It is less fragrant compared to arabica and exhibits superior resistance to heat,
diseases, and pests. This species thrives in regions with a yearly temperature range of 22–26
◦C, annual rainfall between 2000–3500 mm, and humidity levels of 85–90%. Its optimal
growing range is at altitudes of 0–700 m.a.s.l., and it produces round beans [12] with
oval-shaped seeds [13]. Robusta coffee is typically cultivated at altitudes below 600 m.a.s.l.,
primarily in humid tropical forest areas prevalent in the Amazon and Coastal regions. The
climatic conditions of C. arabica and C. canephora are described in Figure 1.

33



Horticulturae 2024, 10, 200

 

Figure 1. Summary of general characteristics of coffee plants Coffea arabica L. and Coffea canephora L.
The optimal height for C. arabica is 800 to 2000 m above sea level, while C. canephora develops better
from sea level to 700 m (Adapted from Gómez-Merino et al. [14], Starovicova & Hartemink [15],
Cornelissen [16]).

According to Gotteland & De Pablo [2], coffee has various applications beyond being
a popular beverage due to its rich content of bioactive compounds, including phenolics, in
particular, chlorogenic acids, which act as antioxidants in the body. These antioxidants play
a role in combating oxidative stress and neutralizing free radicals, potentially contributing
to protection against chronic diseases such as cardiovascular disease, type 2 diabetes, and
certain types of cancer. Additionally, coffee is beneficial in protecting against oxidative
damage and skin aging [17].

Metabolites with high biological activity can be found in plants of the Coffea genus,
including phenolic compounds (chlorogenic acids), diterpenes, and melanins [18]. The
production of these compounds is influenced by various internal and external factors such
as soil composition, water demand, climate, growing conditions, and ripening stage [19].
Caffeine and chlorogenic acids are known to provide several health benefits, primarily
related to their antioxidant properties, which help protect against damage from reactive
oxygen species (ROS) and oxidative stress through the donation of hydrogen atoms [20].

According to Patay et al. [21], the most abundant phenolic compound in Coffea
species is 5-caffeoylquinic acid and its isomers, and the most important alkaloid is caf-
feine. The characteristic aroma of coffee is attributed to the presence of terpenoids such as
4-vinylguaiacol, α-2-furfurylthiol, and 3-methylbutane yrosin [22]. Additionally, other sec-
ondary metabolites found in the mature leaves and fruits of Coffea plants include trigonelline
(alkaloid), 2-ethyl-3,5-dimethylpyrazine, 3-methylbutanal, 2-furfurylthiol, methylpropanal,
3-mercapto-3-methylbutyl formate, and methanethiol [23]. Robusta coffee also contains
16-O-methylcaffeophestol [24], as described in Figure 2.
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Figure 2. Coffea arabica L. and Coffea canephora L. sampling of crops cultivated in different Ecuadorian
Provinces, stating the common chemical compounds and the role that antioxidant compounds play
against free radicals, as well as the optimal growth conditions for each species, the species C. canephora
is cultivated in the provinces of Cotopaxi, Guayas, Loja, Santo Domingo y Sucumbios while the
species C. arabica is cultivated in the provinces of Bolivar, Cotopaxi, Guayas, Imbabura, Loja, Los
Rios, Pichincha, Santo Domingo, Sucumbios.

The present study aims to evaluate the metabolic composition, biological activity, and
sensorial attributes of coffee varieties grown in Ecuador. The research emphasizes the
significance of investigating the production of secondary metabolites not only at the bean
level but also within the plant to achieve a high antioxidant capacity. This investigation
considers differences in the production of secondary metabolites, antioxidant capacity, and
sensorial attributes according to the environmental conditions of the two species C. arabica
and C. canephora cultivated in Ecuador. This research will provide valuable insights into
the influence of environmental factors on the production of bioactive compounds in coffee
plants, particularly at high altitudes, and may have implications for the development of
coffee cultivation practices to optimize the antioxidant potential of the beans.

2. Materials and Methods

2.1. Chemicals

For the determination of secondary metabolites, Folin—Ciocalteu reagents (for phe-
nolics), aluminum chloride (AlCl3), and sodium acetate (CH3COONa) (for flavonoids)
were used. For the quantification of the antioxidant capacity, 2,2-diphenyl-1-picrihydrazyl
(DPPH), 2,2-azinobis (3-ethylbenzothiazoline-6-sulfonic acid) diammonium salt (ABTS),
2,4,6-Tri(2-pyridyl)-triazine (TPTZ), and iron (III) chloride hexahydrate were used. Calibra-
tion curves were constructed using standard solutions of 6-hydroxy-2,5,7,8-tetramethylchro-
man-2-carboxylic acid (Trolox), 3,4,5-trihydroxybenzoic acid (gallic acid), potassium persul-
fate, sulfate iron (III) heptahydrate, quercetin, and ethanol 95%. All of the chemicals were
purchased from Sigma-Aldrich Chemical Co. (St. Louis, MO, USA).
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2.2. Sample Collection and Processing

Leaves and fruits of both species were collected. C. arabica samples were collected
from certified coffee-producing farms from Bolívar, Cotopaxi, and Guayas provinces in the
rainy season, Imbabura in the dry season, Pichincha in the rainy season, Santo Domingo de
los Tsáchilas in the rainy season, and Loja, Los Ríos, and Sucumbíos, in the rainy season
as well. The C. canephora samples were collected from the Cotopaxi, Guayas, Loja, Santo
Domingo de los Tsáchilas, and Sucumbíos provinces. Random sampling with 5 replicates
was carried out at different points of the crop to guarantee the homogeneity of the samples
of the C. canephora and C. arabica species. For fruits, the physical aspect was taken into
account. Priority was given to ripe beans that exhibited a characteristic intense red color,
and absence of rotten spots, or bruises, indicating the optimum state for harvesting. In
contrast, for leaves, ripe leaves with a uniform color were taken, these were wrapped in
paper towels and stored with silica gel, for transport in a cooler for analysis to the CICTE
laboratory of the Universidad de las Fuerzas Armadas in Cantón Rumiñahui.

2.3. Extraction of Active Ingredients

Prior to the determination of the antioxidant character and phytochemical compounds
produced by coffee plants, leaves, and fruits were washed with distilled water to remove
impurities. Ground leaves (5 g) were placed in 25 mL of 95% ethanol (v/v), used as a
solvent, for 24 h at 4 ◦C in the dark. Fresh coffee fruits were ground, using 30 g of the raw
material with 100 mL of 95% ethanol for extraction in a 24 h period. The supernatants were
filtered through Whatman no. 1 filter paper, vacuum evaporated, and kept at 4 ◦C until
use [25]. Then, for phenolic and flavonoid content, and antioxidant capacity assays, three
replicates from each sample were used for analysis.

2.4. Determination of Total Phenol Content

The method described by Madaan et al. [26], with modifications, was used to deter-
mine the total phenol content (TPC). Following the reaction between the phenolic groups
and the phosphomolybdic and phosphotungstic acids from the Folin-Ciocalteu reagent,
green-blue complex detectable at 710 nm is formed. Briefly, an aliquot of the extract was
dissolved in the solvent extraction, diluted to 5 mL of Milli-Q water, and added to 1.5 mL
of the Folin-Ciocalteu reagent. To carry out the reaction, the mixture was left for 5 min
at room temperature (25 ◦C), then 2 mL of a 100 g/L solution of Na2CO3 was added.
The absorbance was measured after 30 min with a spectrophotometer against a control
without extract. Gallic acid was used for the calibration curve using standard solutions at a
concentration between 0–250 mg/L, obtaining the equation, y = 0.0112x + 0.1759 with a
correlation factor of R2 = 0.9794.

2.5. Determination of Flavonoid Content

The determination of the total content of flavonoids from our extracts was carried
out spectrophotometrically according to the AlCl3 colorimetric method or the Dowd
method [27], a method based on the formation of a flavonoid-aluminum complex with
maximum absorption at 430 nm. A 1 mL aliquot of the extract solution was mixed with
0.3 mL of 10% (v/v) AlCl3 solution in methanol, 0.2 mL (1 M) potassium acetate, and
5.6 mL of distilled water. The mixture was incubated for 10 min at room temperature before
measuring the absorbance of the reaction mixture at 430 nm. The standard calibration curve
was performed at a concentration between 0–1.5 mg/L using quercetin as the standard,
obtaining through linear regression the equation, y = 1.4566x + 0.0265 with a correlation
factor of R2 = 0.9935.

2.6. HPLC Quantification of Caffeine Content

Quantification of the caffeine content present in coffee beans was performed by
high-performance liquid chromatography (HPLC) using the methodology proposed by
Wanyika et al. [28]. An Agilent 1100/1200 Series HPLC (Santa Clara, CA, USA) instrument
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with a binary pump (G1312A), column oven (G1316A), and auto-injector (G1329A) man-
aged by Chemstation software LTS 01.11 (Agilent Technologies, Santa Clara, CA, USA) was
used for caffeine content quantification. An Agilent Zorbax SB C18 column 150 × 3.9 mm2,
internal diameter, particle size, 4 μm, at a flow rate of 1.4 mL/min and a temperature of
22 ◦C, using as the mobile phase a 20% (v/v) methanol solution in deionized water was
used for the separation phase. The caffeine standard solution was prepared at a concen-
tration of 100 mg/mL to match the mobile phase. The calibration curve was performed
using the standard solutions prepared by serial dilution of the stock solution with the
mobile phase at concentrations of 0, 0.02, 0.04, 0.06, and 0.08 mg/mL. Coffee pericarp
was freeze-dried and a solution was prepared with distilled water at a concentration of
20 mg/mL. The sample was prepared with 5 mL of the freeze-dried coffee solution, and
calibrated with the mobile phase to 50 mL. Standards and sample were placed in the HPLC
system under the conditions: column, reversed phase, ODS detector, 250 × 4.6 nm2, a flow
rate of 1 mL/min, wavelength of 278 nm, pressure of 150 khf/cm2, mobile phase of water,
acetic acid, and methanol (79.9:0.1:20) and injection volume of 10 μL. The results (average
values ± standard deviations) were expressed as mg/g dw.

2.7. Determination of Antioxidant Capacity
2.7.1. Free Radical Scavenging by Use of the DPPH Radical

The DPPH free radical method was based on the protocol established by Guo et al. [29]
with modifications. A volume of 2 mL DPPH stock solution (0.1 mM) was added in each of
the test tubes containing 0.1 mL of the crude extract sample and incubated in the dark, at
room temperature, for 30 min. The absorbance was measured at a wavelength of 517 nm
and the scavenging ability as a percentage was calculated as DPPH scavenging ability = (A
control − A sample/A control) × 100. A Trolox standard solution was used for the
calibration curve determination with concentrations ranging from 0–0.625 mM, obtaining
the following equation, y = 158.07x − 1.6766 with a correlation factor of R2 = 0.9955.

2.7.2. Free Radical Scavenging through the Use of the ABTS Radical Cation

The method described by Loizzo et al. [30] was used to determine the antioxidant
activity based on the ABTS free radical assay. A mixture of ABTS (2 mM) and potassium
persulfate (70 mM) was allowed to stand overnight at room temperature in the dark to form
the ABTS radical cation before use. The ABTS solution was then diluted with 80% methanol
to obtain an absorbance of 0.700 ± 0.005 at 734 nm. A total of 100 μL of appropriately
diluted samples was added to 2 mL of ABTS solution and the absorbance was recorded
at 734 nm after 1 min of incubation at room temperature. The standard calibration curve
was built using Trolox standard solutions with concentrations ranging from 0 to 2.5 mM,
producing the equation, y = 31.995x + 3.9568 with a correlation factor of R2 = 0.9697.

2.7.3. Ferric Reducing Antioxidant Power Assay FRAP

The method used for determining the reducing capacity [31] uses antioxidants as
reductants in a redox-related colorimetric method, using a slightly reduced oxidant, the
ferric ion (Fe3+), present in stoichiometric excess. The ferric tripyridyltriazine complex
(Fe3+-TPTZ) is reduced (in the presence of low pH) by the antioxidants in the sample to the
ferrous form (Fe2+-TPTZ), which appears as a deep blue color. The reaction is monitored at
593 nm. The FRAP reagent was prepared by mixing the acetate buffer (300 mM, pH 3.6),
a solution of 10 mM TPTZ in 40 mM HCl and 20 mMFeCl3 at 10:1:1 (v/v/v). The sample
was incubated with 2 mL of FRAP solution (prepared by mixing 25 mL acetate buffer
solution, 5 mL TPTZ solution, and 10 mL FeCl3·6H2O solution) at 37 ◦C, for 30 min in the
dark. All solutions were prepared on the day of use. A standard curve was constructed
by using different concentrations of FeSO4 × 7H2O ranging from 0–5 mM, following a
linear regression to obtain the equation, y = 0.3654x − 0.0532 with a correlation factor of
R2 = 0.9686.
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2.8. Sensory and Organoleptic Evaluation

In this study, a panel of 36 coffee enthusiasts, who are regular consumers of coffee and
possess a strong knowledge of its sensory attributes, was selected to participate in a sensory
evaluation of fresh coffee fruits. Before the evaluation, the panelists received training to
familiarize themselves with the specific characteristics of fresh coffee fruits and the lexicon
used for sensory evaluation. The lexicon for sensory evaluation of fresh coffee fruits (in
a standardized manner) includes descriptive terms related to aroma (e.g., floral, fruity,
roasted), flavor (e.g., nutty, chocolatey, acidic), after-flavor (e.g., lingering, bitter), acidity
(e.g., bright, sharp), sourness (e.g., mild, pronounced), body (e.g., full-bodied, light), color
(e.g., dark, medium, light), and texture (e.g., smooth, gritty). Each panelist received a cup
with 3 coffee beans from each province, for both C. arabica and C. canephora species. A total
of 27 samples were tested for C. arabica, originating from the provinces of Bolívar, Cotopaxi,
Guayas, Imbabura, Loja, Los Ríos, Pichincha, Santo Domingo, and Sucumbíos, while each
panelist tested 15 samples from Cotopaxi, Guayas, Loja, Santo Domingo, and Sucumbíos
for C. canephora. Before the evaluation, the samples were meticulously prepared to offer a
comprehensive sensory experience. The procedure begins with a cleaning of the samples to
exclude physical defects and impurities. After the first step, all samples must pass through
sensory evaluations such as olfactory and visual; additionally, an examination of defects is
prepared followed by the analysis of the physical variables represented by fragrance, flavor,
residual flavor, acidity, body, bitterness, color, and texture [27]. The panelists received
information about the specific characteristics of fresh coffee fruits and underwent training
to familiarize themselves with the sensory attributes. Using a standardized questionnaire,
panelists scored various attributes including aroma, flavor, after-flavor, acidity, sourness,
body, color, and texture of the fresh coffee fruits. The data obtained from the sensory
evaluation was then aggregated and analyzed to identify trends and preferences related
to the characteristics of the fresh coffee fruits. All variables receive a rating from 0 to 10,
where 9–10 is classified as very good, 6–8 as good, 4–5 as intermediate, 2–3 as low, and 0–1
as bad, according to the Specialty Coffee Association of Africa protocol [4].

2.9. Statistical Analysis

For statistical analysis, the R Studio statistic program was used. Data was analyzed by
a three-way ANOVA test under a p < 0.05 value of significance. The assays were conducted
in triplicate and presented as mean ± standard deviation. Permutational multivariate
analysis of variance (PERMANOVA), which extends the univariate factorial linear model to
multiple dimensions without requiring a known probability distribution of the dependent
variables [32], was used to perform the statistical analysis of non-parametric data. The
correlation between total phenolic content, total flavonoid content, and antioxidant capacity
was evaluated by using Pearson’s correlation coefficient, while the correlation matrix was
depicted as a scatter plot matrix. A negative value indicates a negative linear correlation,
a positive value indicates a positive linear correlation, and 0 indicates no linear correla-
tion [33]. The correlation ranking (values as *** high correlation, ** medium correlation, *
low correlation) was established based on Maurage et al. [34]

3. Results

3.1. Total Phenolic Content and Total Flavonoid Content

The phenolic concentration was evaluated in leaves and fruit for each of the species, from
different provinces of Ecuador. In the evaluated samples from C. arabica, the top concentration
in fruit was recorded in the province of Cotopaxi (4.188 ± 0.029 mg GAE/g dw, while the
lowest concentration was recorded in the province of Bolivar (0.996 ± 0.066 mg GAE/g dw).
In the case of the leaf samples, the top phenolic content was in the province of Guayas
(10.869 ± 0.002 mg GAE/g dw), while the lowest concentration was observed in the province
of Los Ríos (1.124 ± 0.181 mg GAE/g dw). For the fruits of C. canephora, the province with
the uppermost phenolic content was in Cotopaxi (3.036 ± 0.317 mg GAE/g dw), and the
lowest concentration in the province of Loja (1.298 ± 0.101 mg GAE/g dw). In the case
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of the leaf samples, it was determined that the peak phenolic content was in Guayas
Province (10.782 ± 0.004 mg GAE/g dw), and the lowest concentration in the province
of Loja (2.533 ± 0.112 mg GAE/g dw). An analysis of variance (ANOVA) was carried out,
determining significant differences between the samples (p-value < 0.0001) as shown in
Figure 3a.

(a) 

(b) 

Figure 3. Total phenolic and flavonoid content from leaves and fruits for C. arabica (a) and C. canephora
(b) collected from different regions of Ecuador. Legend: TFC—total flavonoid content, TPC—total
phenolic content.

The province with the upper value of total flavonoid content in C. arabica fruit samples
was Cotopaxi (0.442 ± 0.001 mg QE/g dw), while the lowest content was recorded in the
province of Loja (0.076 ± 0.006 mg QE/g dw). In leaf samples, the total flavonoid content
with the highest result was recorded in Guayas (1.028 ± 0.014 mg QE/g dw), and the
lowest in Bolivar (0.129 ± 0.008 mg QE/g dw). In the case of the fruit of C. canephora, the
top total flavonoid content was recorded in Sucumbios (0.385 ± 0.008 mg QE/g dw) and
the lowest in Cotopaxi (0.128 ± 0.02 mg QE/g dw). An analysis of variance was carried
out (p-value < 0.0001) with results reported in Figure 3b.
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3.2. Determination of Caffeine Content

The highest value of caffeine content in C. arabica samples was recorded in the province
of Los Ríos (15.09 mg/g dw); while the lowest value was found in the province of Imbabura
(0.91 ± 0.00629 mg/g dw). Regarding the C. canephora species, the highest value was
recorded in the province of Loja (18.05 ± 0.15803 mg/g dw), and the lowest value was
recorded in the province of Santo Domingo de los Tsáchilas (1.97 ± 0.03557 mg/g dw), as
shown in Table 1.

Table 1. Total Caffeine Content in C. arabica and C. canephora collected from different regions of
Ecuador.

Species Province Caffeine Content (mg/g dw)

Coffea arabica

Pichincha 1.76 ± 0.0729
Imbabura 0.91 ± 0.00629

Sucumbios 12.23 ± 0.52208
Cotopaxi 13.96 ± 0.27289

Loja 9.29 ± 0.03744
Bolívar 13.87 ± 0.15794

Los Ríos 15.09 ± 0.15803
Guayas 13.38 ± 0.23911

Santo Domingo de los Tsáchilas 3.26 ± 0.09705

Coffea canephora

Sucumbios 10.32 ±0.02242
Cotopaxi 16.31 ± 0.10919

Loja 18.05 ± 0.21232
Guayas 11.61 ± 0.12294

Santo Domingo de los Tsáchilas 1.97 ± 0.03557

3.3. Antioxidant Capacity

When evaluating the antioxidant capacity through the ABTS test, for the C. arabica
species, the best antioxidant capacity in fruit samples was obtained in the province of Co-
topaxi (23.179 ± 1.802 μmol TEAC/g dw) and the lowest value in Imbabura
(1.885 ± 0.05 μmol TEAC/g dw), while in leaf samples, the highest result was found in
Santo Domingo de los Tsáchilas Province (100.085 ± 0.817 μmol TEAC/g dw), and the
lowest was recorded in the province of Imbabura (2.488 ± 0.045 μmol TEAC/g dw). For the
fruit of C. canephora species, the best antioxidant capacity was found in the province of Guayas
(24.533 ± 0.202 μmol TEAC/g dw), and the lowest was recorded in Santo Domingo de los
Tsáchilas (8.331 ± 0.127 μmol TEAC/g dw), while for leaf samples, the highest antioxidant
capacity was found in Guayas (24.533 ± 0.202 μmol TEAC/g dw) and the lowest in Loja
(23.932 ± 0.416 μmol TEAC/g dw).

In the DPPH test, for C. arabica fruit, the highest antioxidant capacity was obtained
in the province of Imbabura (65.875 ± 1.129 μmol TEAC/g dw) and the lowest value in
Los Ríos (8.225 ± 1.138 μmol TEAC/g dw), however, for the leaf, the highest capacity was
from the province of Loja (304.876 ± 25.455 μmol TEAC/g dw) and the lowest capacity
was found in the province of Bolivar (21.028 ± 1.252 μmol TEAC/g dw). In the case
of C. canephora, fruit samples from the Loja province showed the highest antioxidant
capacity (85.869 ± 1.727 μmol TEAC/g dw), while the lowest was recorded in Sucumbios
(24.124 ± 1.203 μmol TEAC/g dw). Regarding the antioxidant capacity of the leaf samples,
the highest result was recorded in Guayas (196.956 ± 0.279 μmol TEAC/g dw) and the
lowest in Loja (71.149 ± 9.519 μmol TEAC/g dw).

In the FRAP test, peak radical reduction power in C. arabica fruit was obtained in the
province of Imbabura (100.164 ± 0.332 μmol Fe2+/g dw), and the lowest was registered
from Los Ríos (8.225 ± 1.138 μmol Fe2+/g dw). Analyses of leaf samples resulted in a
higher reduction power in the province of Pichincha (102.705 ± 0.447 μmol Fe2+/g dw). In
the case of C. canephora, fruit samples from the Loja Province registered a higher radical
reduction power (36.567 ± 1.127 μmol Fe2+/g dw), than the results recorded in Santo
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Domingo de los Tsáchilas (8.336 ± 0.127 μmol Fe2+/g dw). As for the leaf samples, the top
capacity was recorded in Guayas (100.286 ± 0.114 μmol Fe2+/g dw) and the lowest in Loja
(35.928 ± 2.164 μmol Fe2+/g dw). An analysis of variance was performed (p-value < 0.0001)
and the results are presented in Figures 4 and 5. Data were expressed in TEAC/g dw for
ABTS and DPPH and μmol Fe2+/g dw for FRAP.

Figure 4. Antioxidant activity (ABTS, DPPH, and FRAP) of Coffea arabica fruits and leaves from
all the tested provinces. Legend: ABTS—Free radical scavenging using ABTS radical cation assay,
DPPH—Free radical scavenging using DPPH radical assay, FRAP—Ferric reducing antioxidant power
assay).

Figure 5. Antioxidant activity (ABTS, DPPH and FRAP) of Coffea canephora fruits and leaves from
all the tested provinces. Legend: ABTS—Free radical scavenging using ABTS radical cation assay,
DPPH—Free radical scavenging using DPPH radical assay, FRAP—Ferric reducing antioxidant power
assay).
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3.4. Correlation

The correlations between the total content of secondary metabolites, phenolics, and
flavonoids and the three antioxidant capacity methods (ABTS, DPPH, and FRAP) were
evaluated for each species of Coffea sp. In the case of C. canephora, a high positive correlation
(R > 90) was observed for all of the values evaluated. For C. arabica, the correlation of all
of the values evaluated resulted in a high positive correlation for TPC in ABTS (R = 0.68),
medium in DPPH (R = 0.57), and low in FRAP (R = 0.27), while for TFC a similar trend
was observed with values for ABTS (R = 0.64) and DPPH (R = 0.47) of medium positive
character and a low positive value for FRAP (R = 0.05) (Figures 6 and 7).

Figure 6. Correlation of total flavonoid content and total phenolic content to ABTS, DPPH, and FRAP
assays in the C. arabica between plant organs leaf and fruit. A high positive correlation is observed.
Asterisks indicate the type of correlation, *** high correlation, ** medium correlation, * low correlation.
Legend: ABTS—Free radical scavenging using the ABTS radical cation assay, DPPH—Free radical
scavenging using the DPPH radical assay, FRAP—Ferric reducing antioxidant power assay).

3.5. Sensory and Organoleptic Evaluation of Raw Coffee Beans

The C. arabica species predominates in fragrance with a mean score of 8.05 ± 1.234,
while the lowest value was for bitterness with a mean of 6 ± 2.534. C. canephora predomi-
nates in bean texture with a mean score of 8.8, while the lowest score was for bitterness
5.8 ± 2.201. Flavor, residual flavor, acidity, body, and coloring are comparable in the two
species (Figure 8).
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Figure 7. Correlation of total flavonoid content and total phenolic content to ABTS, DPPH, and FRAP
assays in the C. robusta between plant organs leaf and fruit. A high positive correlation is observed.
Asterisks indicate the type of correlation, *** high correlation, * low correlation. Legend: ABTS—Free
radical scavenging using the ABTS radical cation assay, DPPH—Free radical scavenging using the
DPPH radical assay, FRAP—Ferric reducing antioxidant power assay).

Figure 8. Sensory and organoleptic evaluation of raw coffee beans.

4. Discussion

When comparing the results obtained for both Coffea species, it is not possible to
establish a relationship between the province and the highest phenolic content, as both
recorded higher values in different provinces, but when the lowest values were recorded,
a tendency was established in the province of Loja for C. arabica and C. canephora. For C.
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canephora, Guayas province is among the provinces with the highest content. According
to Carvalho Neto et al. [35], the beans contain high concentrations of caffeine, phenolic
compounds, flavonoids, and triacylglycerols, bioactive compounds with high antioxidant
and antimicrobial activity. Hudáková et al. [36] support these claims by stating that coffee
is an exceptional source of antioxidants, particularly phenolic compounds, which play a
significant role in neutralizing free radicals.

Mature coffee plants contain phenolic compounds such as catechins, carotenoids,
anthocyanins, and chlorogenic acids [37]. The high content of phenolic compounds in
leaves compared to coffee beans is congruent with Patay et al. [21], who reported that
leaves have a higher concentration of chlorogenic acid compared to other parts of the plant
because its presence is related to the level of exposure to UV light.

Chlorogenic acids comprise hydroxycinnamic esters with quinic acid, including caf-
feoylquinic acid, dicaffeoylquinic acid, feruloylquinic acid, and coumaroylquinic acid,
compounds that show antioxidant capacity [38]. Chlorogenic acids, present in coffee, have
attracted the attention of several researchers as it has antioxidant, antibacterial, antiviral,
antibiotic, anti-inflammatory, and neuroprotective properties. Clinical applications are
being developed thanks to their cardiovascular properties in the treatment of hypertension,
as its role in plants is an intermediate for the synthesis of lignin [39].

The results regarding the neutralization of DPPH radicals show that for each gram of
sample, a Trolox equivalent of 65.875 ± 1.129 μmol TEAC/g dw is inhibited in the fruits of
the C. arabica species originating in the province of Imbabura, while the lowest concentration
is observed in Los Ríos. As for leaves, the highest concentration was recorded in the
province of Loja, while the lowest value was found in Bolivar. Abdulmajid [40] and Guambi
et al. [4] mention that the antioxidant character of coffee varies depending on various
pre-harvest factors such as altitude, soil type, geographical location, and plant genetics.
Concerning the fruits of the C. canephora species, the highest antioxidant concentration
was recorded in the province of Loja, in contrast to Sucumbios (lowest value). For leaves,
the highest concentration was found in the province of Guayas, while the lowest was
recorded in Loja. Lemos et al. [41] reported that the diversity present in the environments
where coffee is grown can influence the chemical composition depending on the genetic
variability of the species, harvesting processes, and other agronomic conditions. The highest
antioxidant activity determined through the ABTS method was observed in C. arabica
(23.179 ± 1.802 μmol TEAC/g dw) and C. canephora (24.533 ± 0.202 μmol TEAC/g dw)
ripe fruits from Cotopaxi and Guayas provinces, respectively. Acidri et al. [42] reported
on the antioxidant capacity of ripe coffee beans, highlighting that the fruits are the most
crucial component of the plant and that as they ripen, approximately 7% of the total
content of chlorogenic acids is lost, increasing the antioxidant character. Additionally,
Platzer et al. [43] mention that absorbance readings can be affected, since the ABTS method
measures hydrophilic antioxidants, leading to overestimates due to the thermodynamics of
the reaction.

In the FRAP assay, Pacheco-Coello & Rabottini-Villamizar [44] reported the reduc-
ing potential of the ferric ion (Fe3+) with a value of 178.32 ± 0.99 μmol Fe2+/g, which
differs significantly from the results obtained here, where the best readings were given
in fruits and leaves of C. arabica species originating from the provinces of Imbabura
(100.164 ± 0.332 μmol Fe2+/g dw) and Pichincha (102.705 ± 0.447 μmol Fe2+/g dw).

Echegaray et al. [45] point out that FRAP, being an assay based on redox reactions, is
susceptible to any substance capable of yielding electrons, causing measurement errors due
to possible interference. This assay is also limited when certain substances are found in
the sample used through the assay, such as fluorides, phosphates, citrates, tartrates, the
presence of lipids, and other intracellular molecules which can interfere with phenolics
determination [46,47]. Ahmed et al. [23] mention in their study that they found both
increases and decreases in secondary metabolites and sensory characteristics that define
coffee quality in response to changes in environmental conditions. It is also influenced by
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the microenvironment in which the compound is located, which could result in interactions
with each other, producing synergistic or inhibitory effects [48].

It is important to consider that the antioxidant capacity present in food originating
from plants is not determined solely by the sum of the individual antioxidant capacities of
each component [49]. Our results showed a positive correlation for C. arabica between the
DPPH assay and TPC (0.571 ***), TFC (0.468 ***), and between ABTS and TPC (0.684 ***) and
TFC (0.640 ***). In the case of C. canephora, significant correlations were observed between
antioxidant activity determined through all assays used and secondary metabolites: DPPH
and TPC (0.943 ***) and TFC (0.839 ***), ABTS and TPC (0.980 ***) and TFC (0.933 ***). In
contrast to C. arabica, C. canephora showed significant correlation between FRAP and TPC
(0.944 ***) and TFC (0.874 ***).

A representative metabolite of coffee is caffeine, contained in both green and roasted
coffee beans and also in coffee beverages; the average caffeine content in green beans in C.
arabica ranged from 0.7 to 1.3% [50]. In our tested samples, the caffeine content was higher
in C. canephora collected from 2 of 5 provinces, compared with C. arabica; but lower than that
described in the literature [51]. The caffeine content was found in higher percentages in the
fruit of C. canephora from the province of Loja. According to Koshiro et al. [52], the caffeine
content increases related to the stage of growth, being higher when the fruit is green or
not completely reddened. Perdani et al. [53] noted that coffee fruits have a high content of
phenolics, with chlorogenic acids being the highest phytochemical compound found (90%).
In the same study, it was determined that the geographical position of the crop for the
plant has a significant influence on the content of both phenolics and caffeine. According
to Vega et al. [54], the amount of caffeine present in coffee plants is related to its role as a
defense mechanism against herbivores, while for Stevenson et al. [55], the concentration of
this metabolite could be related to the need to stimulate pollinators.

Sensory analysis of pulped coffee fruit showed differences between the parameters
measured by Cotacallapa et al. [56], the organoleptic quality of the fruit depends on
the cultivation practices, as well as the genetic origin or similarity of the variables. For
Alves et al. [57], the organoleptic properties of coffee beans are affected by the amount
of direct light received by the plant. The highest score was received for aroma. Ludwig
et al. [58] mention that green coffee is characterized by mild aromas related to plant parts,
such as flowers, fruits, and vegetables; the desirable fragrance associated with coffee
beverages develops during roasting. According to Velásquez & Banchón [59], C. arabica is
considered a high-altitude coffee and is characterized by a weak body, somewhat acidic,
and strong fragrance due to its low caffeine content, while the altitude of cultivation of C.
canephora is lower and gives it a less acidic sensory characteristic.

5. Conclusions

Coffee grown in the provinces in the Coastal region, with optimal temperatures
ranging from 22 to 26 ◦C, has been found to yield better concentrations of phenols and
flavonoids, along with enhanced antioxidant capacity. Notably, the highest antioxidant
capacity for DPPH and ABTS tests was observed in Cotopaxi province for C. arabica and Loja
province for C. canephora. Furthermore, C. canephora exhibited the highest caffeine content,
which is a typical characteristic of this species. In sensory tests, C. arabica obtained the best
score, while C. canephora scored the highest in terms of texture. These findings underscore
the influence of environmental conditions on the production of bioactive compounds,
biological capacity, and the sensory attributes of coffee, highlighting the potential for
optimizing cultivation practices to enhance the quality and antioxidant properties of coffee
beans.
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Abstract: As one of the fruits widely planted in China, the quality of sweet cherries is affected
by various factors. This study aims to investigate the characteristics of geographical indication
(GI) sweet cherries grown in China and to analyze the effects of cultivars, climate types, and soil
conditions on their quality traits. Twenty-two parameters of nine cherry samples and their planted
soil properties were analyzed through a descriptive analysis and correlation analysis. There were
significant differences in the physiochemical traits. Notable positive correlations between the fruit
weight and its size, rate of edibility, and flavonoid content were shown. The Univariate-General
Line Model exhibited that weight, soluble solids content (SSC), titratable acidity (TA), and total
phenolic content (TPC) were mainly influenced by both the cultivar and climate type, while only
the cultivar affected the maturity index (MI). Soil condition parameters were significantly different
for each sample. Based on the established linear regression models, it was found that soil P had a
positive impact on SSC and TA, but a negative effect on TPC (p < 0.05). On the other hand, soil K had
a negative effect on TA but a positive impact on TPC (p < 0.05).

Keywords: sweet cherry; physiochemical properties; influencing factors; geographical indication

1. Introduction

Sweet cherry (Prunus avium L.) is a commercially valuable fruit in the global market,
due to its appealing appearance, delicious taste, and nutritional traits [1,2]. Large fruit
size is considered to be a priority aim for breeding programs and is highly associated with
commercial value [3]. The size-related parameters of width and weight are widely applied
as grading indexes in North American, European, and Asian countries [4–6]. The levels
of soluble solids, total sugar, and titratable acidity affect cherries’ taste, both sweetness
and sourness. These factors impact the overall perception of the taste of cherries and can
determine whether consumers enjoy them or not [7,8]. Cherries are rich in polyphenolics
that offer functional benefits to our health, making them a remarkable supplement to our
diet. Anthocyanins, flavonoids, and hydroxycinnamic acids are dominant compounds
for polyphenolics in cherry fruits [9]. Studies have shown that cherries contain phenolic
compounds that can protect the nervous system, alleviate diabetes, inhibit chronic inflam-
mation, and reduce serum uric acid levels. These benefits are attributed to the strong
antioxidant properties of the compounds found in cherries [10–13].

The quality of cherries is influenced by various factors such as their genotypes, ripen-
ing stage, soil conditions, agronomic practices, and how they are treated after being har-
vested [14–16]. Sweet cherries grown in the same region exhibited noticeable variances
in size, weight, SSC, TA, and phenolic composition [7,17]. When the same sweet cherry
cultivars were introduced to separate experiment sites with different climate conditions,
they showed varying levels of adaptability in terms of tree growth and fruit size [18,19].
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With the soil amendment of sweet cherry trees, the changes in soil nutrition indicators
have had an influence on their yielding and fruit characterizations [20,21]. Potassium
plays an important role in carbon assimilation and transportation; metabolism regulation;
affecting fruit size, color, soluble solids, and titratable acidity [22,23]; and increasing the
ability of plants to resist diseases, and cold [24]. Phosphorus is one of the vital constitu-
tional elements for cell membranes, primarily participating in energy transfer, enzyme
activation/inactivation, and photosynthesis. It significantly contributes to fruit yield and
modulating the production of metabolites and soluble solids [25].

The sweet cherry (P. avium) was first introduced in China more than 150 years ago
and has become the dominant species with popular cultivars, such as Tieton, Hondeng,
Brooks, Summit, Russia NO.8, Van, and Santina [26,27]. According to the USDA’s annual
report, China has emerged as the top consumer of sweet cherries in recent times. Cherry
production in China was 650,000 tons in 2022/2023, followed by Turkey (980,000 tons)
and the European Union (727,000 tons). By 2022, cherry planting areas in China reached
about 170,000 hectares, ranking first in the world [27]. With greatly increasing demand
in the Chinese market, sweet cherries are not only grown in the originally introduced
place Bohai Bay but also widely expanded in various provinces in the northwestern and
southwestern parts of China. Since there is a lack of reasonable evaluation for growers, the
newly introduced varieties cannot fully reflect the high quality in the new planting area as
in the original places.

A geographical indication (GI) identifies a good that originated in a specific region,
where given quality, reputation, or characteristics are essentially attributed to its geo-
graphical origin [28]. By 2022, there were 39 pieces of cherry GIs (mostly belonging to
sweet cherries) registered in the Ministry of Agriculture and Rural Affairs of the People’s
Republic of China (PRC). Each GI cherry product has unique characteristics due to its vari-
ations in cultivar and planting conditions. With regard to GI products (cherries included),
researchers paid more attention to establishing traceability models to distinguish the au-
thenticity of agricultural products by detecting multiple mineral elements and volatile
compounds [29–31], rather than analyzing differences in product quality traits contributing
to their cultivar and unique planting conditions [32,33].

Though many researchers have studied the impact of growing conditions (weather,
fertilization, and irrigation) on sweet cherries in major producing countries [34–36], most of
them were more likely to focus on vegetative growth and to study the effects of the specific
soil nutrients on growth [37,38]; the influencing factors on fruit quality parameters have
also been rarely involved. Also, a few surveys focused on cherry fruit characteristics in
China—an emerging producer. In order to make suggestions for growers to select suitable
sweet cherry cultivars in the appropriate planting environment and to manage orchards
effectively, it is necessary to investigate the physicochemical properties of GI cherries in
different regions and identify the factors (cultivar, climate type, and soil conditions) that
affect them.

2. Materials and Methods

2.1. Fruit and Soil Materials

Nine cherry samples were obtained from nine GI products registered in the Ministry of
Agriculture and Rural Affairs of the PRC (Table 1). For each GI product, one presentative
commercial mature sweet cherry cultivar was selected. Three orchards located relatively
scattered were chosen within the protective range for a GI product. The same weight of cherry
fruits (500 g) was randomly picked and collected in an orchard. Cherries from three orchards
were fully mixed as a whole, regarded as one GI cherry sample (about 1.5 kg for each). The
samples were immediately packed with ice bags and transported to the laboratory within
24 h. All parameters of fresh fruits, including weight, size, juice yield, edible rate, soluble
solids content, titratable acidity, maturity index, sugar composition, total sugar, total phenolics,
total anthocyanins, total flavonoids, procyanidin, β-carotene, ascorbic acid, and minerals
(potassium, magnesium, calcium, and iron), were analyzed immediately.
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Table 1. Name, origin, variety, climate type, and maturation time for GI cherries in this study.

GI Name Origin Variety Climate Type Picking Time

Baqiao Xi’an, Shanxi Hongdeng Temperate monsoon Mid May
Tianbao Taian, Shandong Huangmi Temperate monsoon Mid May

Jiangxian Yuncheng, Shanxi Tieton Temperate monsoon Mid May

Wenchuan Aba Tibetan and Qiang
Autonomous Prefecture, Sichuan Hongdeng Subtropical monsoon Mid May

Xiehu Lianyungang, Jiangsu Brooks Subtropical monsoon Mid May~Early June
Tongzhou Tongzhou, Beijing Hongdeng Temperate monsoon Early June
Qinzhou Tianshui, Gansu Tieton Temperate monsoon Mid June

Ledu Haidong, Qinghai Tieton Plateau mountain Mid June
Dalian Dalian, Liaoning Russian NO.8 Temperate monsoon Late June

Taking the trunk as a circular dot and extending outward to the edge of the crown
projection for soil collection, each tree took two points symmetrically, and 0–40 cm of soil
was drilled with stainless steel soil. The soil samples collected from the three planting areas
were thoroughly blended to ensure homogeneity. In each orchard, 300 g of a soil sample
was collected, and for each GI product, a total of 900 g of a soil sample was obtained.

2.2. Chemicals and Reagents

All chemicals applied were an analytical grade, and the mobile phase ingredient and
solution for the determination of sugar composition, total anthocyanins, β-carotene, and
ascorbic acid were of an HPLC grade. Sugar standards included glucose (≥99.5%), fruc-
tose (≥99.0%), lactose (≥98.0%), sucrose (≥99.5%), and maltose (≥99.0%), as well as L (+)-
ascorbic acid (≥99.0%), all purchased from Sigma (St. Louis, MO, USA). Gallic acid (≥99.0%),
cyanidin-3-O-rutinoside (≥95.0%), procyanidin (≥95.0%), β-carotene (≥98.0%), delphinidin
(≥97.0%), cyanidin-O-glucoside (≥95.0%), petunidin chloride (≥95.0%), pelargonium chlo-
ride (≥96.0%), peonidin (≥97.0%), and malvidin (≥97.0%) were from Yuanye Bio-Technology
(Shanghai, China). The purities of potassium, magnesium, calcium, and iron standards were
all 1000 μg/mL, all of which were purchased from the National Nonferrous Metals and
Electronic Materials Analysis and Testing Center (Beijing, China).

2.3. Weight and Size Measurements

Twenty-five cherries of each GI sample were randomly chosen for each batch. Their
weights were measured with the ME204/02 digital weight scale (METTLER TOLEDO,
Shanghai, China). The width and length of fruits were determined using a digital vernier
caliper (GELIXI, Hangzhou, China). The shape index was calculated as

shape index = length/width

The results were expressed as average values of 25 cherry fruits.

2.4. Juice Yield and Edible Rate Measurements

Fruit juice was obtained from 500 g of cherry flesh pulped with an electronic juicer.
The juice sample was then centrifuged at 6149× g for 5 min using a high-speed centrifuge
and the supernatant was collected and weighed [39]. The edible rate was calculated by
randomly selecting 15 cherries, then weighing the whole fruit, stone, and stalk, respectively.
These two parameters were measured in triplicate.

edible rate =
M(whole fruit)− M(stone)− M(stalk)

M(whole fruit)
× 100%

2.5. Soluble Solids Content, Titratable Acidity, Maturity Index, Sugar Composition, and Total Sugar

These parameters were detected with an independent homogenate (n = 2), extracted
from 25 pitted cherries. Soluble solids content (SSC) was measured with a digital refrac-
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tometer (MDS-R500, Shanghai, China) and the result was expressed as Brix◦. Titratable
acidity (TA) was determined with an FE28 pH meter (METTLER TOLEDO, Shanghai,
China), titrating the sample with 0.1 M NaOH up to pH 8.2. The result was expressed as g
malic acid 100 g−1 fresh weight (FW). The maturity index (MI) was the ratio of SSC and TA.
Sugar composition was determined with a CM5400 HPLC system (HITACHI, Tokyo, Japan)
equipped with a ZOBRAX NH2 column (4.6 mm × 250 mm × 5 μm) and Chromaster
5430 refractive index detector (HITACHI, Tokyo, Japan). Each sample was injected twice.
Total sugar values were calculated with the sum of individual sugar contents [40].

2.6. Total Phenolics, Total Anthocyanins, Total Flavonoids, and Procyanidin

Total phenolic content (TPC) was assayed according to the Folin–Ciocalteu method [41]
with a T6 UV spectrophotometer (PERSEE, Beijing, China). Gallic acid was used as a
standard for quantification. The results were expressed as gallic acid mg 100 g−1 FW.
Total anthocyanins content (TAC) was determined with an HPLC system equipped with a
ZORBAX SB C18 column (4.6 mm × 250 mm × 5μm) and chromaster 5100 UV detector
(HITACHI, Japan), measured at 530 nm. The column was eluted with the mobile phase
(A: 1% formic acid solution; B: 1% formic-acid–acetonitrile solution). Anthocyanins were
ultrasonically extracted from the cherry homogenate combined with the ethanol-water-HCl
solution (v:v:v = 2:1:1) for 30 min, and then hydrolyzed with boiling water for 1 h [42].
Quantification was carried out by comparing the peak area of the sample solution with
that of the mixed standard solution, which was dissolved with a HCl-methanol solution
(v:v = 10:90). The anthocyanin content was the sum of six anthocyanins, and expressed
as mg kg−1 FW. According to Marinella De Leo [1], total flavonoid content (TFC) was
measured with the aluminum chloride colorimetric method. The solution mixture was
measured with a T6 UV spectrophotometer (PERSEE, Beijing, China) at 510 nm. The
results were expressed as quercetin (mg100 g−1 FW). Procyanidin content was determined
using Monika with a few modifications [43]. A T6 UV spectrophotometer (PERSEE, Beijing,
China) was applied to detect anthocyanidin ions generated by being treated with a 5% (v/v)
HCl-n-butanol solution and a 2% (w/v) NH4Fe(SO4)2 solution (prepared with 2 M HCl)
in boiling water for 40 min. The absorbance was measured at 546 nm. The results were
expressed as mg 100 g−1 FW.

2.7. β-Carotene and Ascorbic Acid

The β-carotene content was measured with an a1260 HPLC system (Agilent, Santa
Clara, CA, USA) equipped with an Ultimate XB-C18 column (4.6 mm × 250 mm × 5 μm)
and G1315D VL DAD detector (Agilent, Santa Clara, CA, USA). Homogenized samples
were saponified to release carotene into a free state, and dichloromethane was extracted
with petroleum ether to constant volume, and then separated using reversed-phase chro-
matography with quantification using an external standard method. Mobile phase A and B
were methanol–acetonitrile–water (v:v:v = 73.5:24.5:2) and methyl tert-butyl ether (MTBE),
respectively. The results were expressed as ug100 g−1 FW [44]. The mixture of cherry flesh
and metaphosphoric acid dissolution was homogenized as tested samples for measuring
ascorbic acid [45], which was evaluated with a CM5110 HPLC system (HITACHI, Japan)
equipped with an Ultimate XB-C18 column (4.6 mm × 250 mm × 5 μm) and G1315D VL
DAD detector (Agilent, Santa Clara, CA, USA). The column was diluted with the mobile
phase (A: KH2PO4-Cetyltrimethylammonium bromide water solution; B: 100% methanol).
The results were reported as mg100 g−1 FW.

2.8. Mineral Content of Cherry Fruits

The mineral content was detected with an iCAP6300 inductively coupled plasma
emission spectrometer (Thermo, MA, USA) with homogenized samples, prepared with
the wet digestion method according to Matos-Reyes [46]. The sample was added with a
10 mL mixture solution of nitric acid and perchloric acid (v:v = 10:1). Then, the mixture was
heated at a high temperature until white smoke appeared and the digestion solution was
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transparent and colorless. The solution was cooled down and water was added to 25 mL
for measuring. The results were expressed as mg kg−1 FW.

2.9. Parameters of Planted Soil

All soil samples were dried and passed through a 2 mm sieve before measurements.
Soil pH was measured with a PHS-3C pH meter (JINGHONG, Shanghai, China) with
an electrode immersed in standard buffers of pH 4.01, pH 6.87, and pH 9.18 in turn for
calibration. The soil–water suspension samples (w:v = 1:2.5) were prepared with water
removing CO2. The electrode should be washed with clean water, and be absorbed using
filter paper strips after each test [47]. Soil organic matter was evaluated with an exces-
sive 0.4 M potassium-dichromate–sulfuric-acid solution to oxidize organic carbon in the
air-dried soil sample, and the excess potassium dichromate was titrated with a ferrous
sulfate standard solution. The amount of organic carbon was calculated according to the
oxidation correction coefficient from the consumed amount of potassium dichromate and
then multiplied by the constant of 1.724, which was the content of soil organic matter [47].
Available phosphorus was determined with a UV-1800 spectrophotometer (SHIMADZU,
Kyoto, Japan) with the tested sample, prepared with a hydrochloric acid and sulfuric acid
solution to dissolve and release iron phosphate and aluminum salt. The phosphorus stan-
dard series chromogenic solution was made with a 5.0 mL aluminum ladder anti-developer
at 20 ◦C (30 min) and then measured at 700 nm [47]. Available potassium was detected with
a 5800 ICP-OES inductively coupled plasma optical emission spectrometer (Agilent, Santa
Clara, CA, USA) with 1 M acetic acid extraction [48]. Available calcium and available iron
were measured with ammonium-hydrogen-carbonate–diethylene-triaminepentaacetic-acid
(AB-DTPA) extraction and DTPA extraction, respectively. Then, the prepared samples were
detected with a 5800 ICP-OES inductively coupled plasma optical emission spectrometer
(Agilent, Santa Clara, CA, USA) [49].

2.10. Statistics Analysis

All experiment data were detected twice and expressed as the mean ± SD using
Microsoft Excel 2019 (Microsoft, Redmond, WA, USA), except for fruit weight, length,
width, and shape index, which were expressed as the mean ± SD of 25 determinations.
An analysis of variance (ANOVA) was performed on all the physicochemical parameters.
A significant difference analysis of all parameters between groups was performed with
Duncan’s test and p < 0.05 was regarded as the significant level. A correlation analysis of
physiochemical and soil parameters was determined with Pearson’s correlation coefficient
at a significant level for p < 0.05, p < 0.01, and p < 0.001, respectively. The correlation
analysis of physiochemical parameters was completed with the Omicshare online plat-
form (https://www.omicshare.com/tools/Home/Task/taskdetail?tasknum=reporticawg5
e8d0d, accessed on 10 August 2023). The univariate general linear model was applied to
analyze the influencing factors of main quality traits. The relationship between quality and
soil condition was established with the multiple linear regression model after a collinearity
analysis. All these analysis methods were completed with SPSS Statistics V17.0 (IBM Inc.,
Chicago, IL, USA).

3. Results and Discussions

3.1. Variability in Physicochemical Properties of GI Cherries

The external properties of GI cherries are shown in Table 2. The size and weight
of cherry fruits are important commercial attributes for market acceptance [3,50]. The
width and length of cherry samples varied from 21.61 mm to 34.78 mm, and 20.33 mm to
31.15 mm, respectively. The fruit weight ranged from 5.00 g to 17.92 g. Both the size and
weight of cherries exhibited significant differences (p < 0.05). Dalian showed significantly
bigger size and weight than the others, while Tianbao was the smallest among all samples.
The result of fruit weight exhibited as higher than that of Italian cherries (3.85~12.97 g)
and Portuguese cherries (4.87~11.75 g) [7,51]. The shape index of GI cherries ranged from
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0.79 to 0.99, and the average value was 0.89. Although Tongzhou had the same variety as
Baqiao and Wenchuan, it had a distinct shape that set it apart from the others. Both juice
yield and edible rate are important factors influencing the taste of commercial cherries.
The edible rates of cherry samples ranged from 90.73 ± 0.15% to 96.23 ± 0.25% with a
CV of 1.92%. However, the juice yield had a wider range, varying from 39.70 ± 0.61% to
71.10 ± 0.82% with a CV of 16.61%. This result is in accord with Jia et al. [39], as the juice
yield is comprehensively affected by genotype, planting patterns, and maturity [52,53].

Table 2. External properties of GI cherry samples.

Sample Width (mm) Length (mm) Shape Index Weight (g) Juice Yield (%) Edible Rate (%)

Baqiao 28.66 ± 0.98 d 24.53 ± 0.83 c 0.86 ± 0.03 bc 10.24 ± 0.09 d 60.47 ± 1.29 c 92.50 ± 0.36 b
Tianbao 21.61 ± 1.65 a 21.38 ± 0.95 ab 0.99 ± 0.04 e 5.00 ± 0.23 a 63.63 ± 1.10 d 90.93 ± 0.75 a

Jiangxian 24.08 ± 1.24 b 21.05 ± 5.67 ab 0.91 ± 0.18 bcd 11.00 ± 0.04 e 66.08 ± 1.63 e 93.37 ± 0.31 c
Wenchuan 24.23 ± 1.35 b 20.33 ± 1.20 a 0.84 ± 0.04 ab 10.40 ± 0.01 d 49.09 ± 1.30 b 92.93 ± 0.54 bc

Xiehu 24.41 ± 0.68 b 22.23 ± 0.67 b 0.91 ± 0.04 d 6.71 ± 0.11 b 68.20 ± 0.23 f 90.73 ± 0.15 a
Tongzhou 26.93 ± 2.68 c 21.27 ± 1.48 ab 0.79 ± 0.04 a 6.97 ± 0.21 b 39.70 ± 0.61 a 92.67 ± 0.42 bc
Qinzhou 31.77 ± 1.34 e 29.45 ± 1.05 d 0.93 ± 0.03 d 14.76 ± 0.24 f 71.10 ± 0.82 g 95.20 ± 0.27 d

Ledu 26.80 ± 1.43 c 23.60 ± 0.90 c 0.88 ± 0.03 bcd 8.22 ± 0.25 c 66.17 ± 0.35 e 92.50 ± 0.36 b
Dalian 34.78 ± 1.26 f 31.15 ± 1.24 e 0.90 ± 0.03 cd 17.92 ± 0.10 g 59.97 ± 0.35 c 96.23 ± 0.25 e
Mean 27.03 23.89 0.89 10.14 60.49 93.01
Std. 4.15 3.88 0.06 4.10 10.05 1.78

CV% 15.37 16.27 6.41 40.47 16.61 1.92

Note: Std. and CV represent standard deviation and coefficient of variation, respectively. Different letters in each
column stand for mean values significantly different according to Duncan’s test at p < 0.05.

Soluble solids content (SSC) and titratable acidity (TA) represent the cherry compo-
sition of soluble content (vitamin, mineral, amino acids, sugar, etc.) and organic acids,
respectively [54]. SSC and TA are also essential parameters reflecting cherry flavor with
sweetness and sourness, and their levels gradually increase during the ripening process
for cherries. Ultimately, MI as a maturity index is often analyzed to evaluate the optimum
harvest date and to determine consumer preference [52,54,55]. From Table 3, the average
SSC was 16.54 ± 3.15 Brix◦, ranging from 12.64 ± 0.10 Brix◦ to 23.67 ± 1.00 Brix◦. Sig-
nificant differences among samples were exhibited in terms of TA, which varied widely
from 0.33 ± 0.01% to 0.99 ± 0.01%. Both the ranges of SSC and TA were in general accor-
dance with the worldwide level (SSC: 13.5 to 24.5 Brix◦; TA: 0.5% to 1.3%) [54]. Previous
studies reported that SSC values above 15~18 Brix◦ could be regarded as commercially
ideal [56,57]. Tianbao (12.64 ± 0.10 Brix◦) and Qinzhou (15.69 ± 0.06 Brix◦) have lower
soluble solid content compared to others. However, their MI values are significantly higher,
with Tianbao at 38.56 ± 1.82 and Qinzhou at 35.22 ± 0.30, which can be attributed to their
lower titratable acidity. A series of studies confirmed that the SSC and TA of cherries
mainly depend on cultivars [58,59]. Therefore, it can be seen that taking SSC, TA, and
MI into account is more comprehensive and reasonable than only detecting the SSC of
cherries to measure the fruit’s degree of ripening. Compared to SSC, total sugar can be
more exact to confirm the sugar content of fruits and to reflect the sweet flavor of cherries.
Table 3 exhibits that the average total sugar was 13.81 ± 3.65 g/100 g, varying greatly
from 9.09 ± 0.16 g/100 g (Baqiao) to 19.70 ± 0.22 g/100 g (Tongzhou). With regard to
sugar composition, the results are similar to the previous report that glucose and fruc-
tose are the two main sugars found in GI cherries, and the glucose content is bigger than
that of fructose [60,61]. For fructose, it ranged from 4.20 ± 0.01 g/100 g FW (Baqiao)
to 6.37 ± 0.41 g/100 g FW (Wenchuan), in accordance with the sweet cherries grown in
Canada and Italy (4.4 g/100 g FW to 6.7 g/100 g FW) [9,62]. Meanwhile, glucose of GI
cherries owned a broader range (4.89 ± 0.09 g/100 g FW to 13.79 ± 0.50 g/100 g FW) than
that of cherries in other countries (5.2 g/100 g FW to 10 g/100 g FW).
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Table 3. Taste properties of GI cherry samples.

Sample
Soluble Solids

(Brix◦)
Titratable

Acidity (g/kg)
Maturity Index

Total Sugar
(g/100 g)

Glucose
(g/100 g)

Fructose
(g/100 g)

Baqiao 12.65 ± 0.49 a 4.9 ± 0.00 c 25.65 ± 1.10 b 9.09 ± 0.16 a 4.89 ± 0.09 a 4.20 ± 0.01 a
Tianbao 12.64 ± 0.10 a 3.3 ± 0.01 a 38.56 ± 1.82 e 9.83 ± 0.01 a 5.33 ± 0.26 a 4.50 ± 0.01 a

Jiangxian 17.47 ± 1.15 c 5.4 ± 0.00 c 32.59 ± 2.16 d 15.69 ± 0.05 e 10.30 ± 0.45 d 5.39 ± 0.11 b
Wenchuan 23.67 ± 1.00 e 8.0 ± 0.00 e 29.52 ± 0.96 c 18.75 ± 0.36 f 12.38 ± 0.64 e 6.37 ± 0.41 d

Xiehu 15.29 ± 0.17 b 8.1 ± 0.00 e 18.82 ± 0.10 a 13.85 ± 0.79 d 9.42 ± 0.40 c 4.43 ± 0.18 a
Tongzhou 19.08 ± 0.61 d 9.9 ± 0.01 f 19.21 ± 0.84 a 19.70 ± 0.22 g 13.79 ± 0.50 f 5.91 ± 0.27 c
Qinzhou 15.69 ± 0.06 b 4.5 ± 0.00 b 35.22 ± 0.30 e 12.79 ± 0.13 c 7.28 ± 0.34 b 5.51 ± 0.18 bc

Ledu 17.72 ± 0.28 c 6.9 ± 0.02 d 25.72 ± 0.37 b 12.73 ± 0.02 c 6.83 ± 0.08 b 5.90 ± 0.08 c
Dalian 17.22 ± 0.28 c 5.5 ± 0.01 c 31.13 ± 0.78 cd 11.86 ± 0.06 b 6.67 ± 0.09 b 5.19 ± 0.11 b
Mean 16.54 6.10 28.49 13.81 8.11 5.24
Std. 3.15 2.00 6.77 3.65 3.08 0.68

CV% 19.01% 32.94% 23.77% 26.45% 37.93% 12.93%

Notes: Std. and CV represent standard deviation and coefficient of variation, respectively. Different letters in each
column stand for mean values significantly different according to Duncan’s test at p < 0.05.

The nutritional properties of GI cherries showed a significant difference (p < 0.05)
in this study (Table 4). Polyphenols including anthocyanins, flavonoids, and pheno-
lic acids [54] are the dominant phytochemicals for sweet cherries with strong antiox-
idant activity in vitro and in vivo [63–65]. The formation and accumulation of total
phenolic compounds are influenced by various factors, such as cultivars, agronomic
conditions, maturity degree, and postharvest preservation [7,50,66]. Regarding TPC,
the highest value was 197.72 ± 3.94 mg/100 g FW for Dalian, while the lowest value of
100.04 ± 3.88 mg/100 g FW was observed in Wenchuan. The TPC range of GI cherries in
this study is higher than that of twenty-four sweet cherry cultivars planted in Italy and
Turkey (84.96 ± 3.37 mg/100 g FW to 156 ± 1.30 mg/100 g FW; 58.31 ± 10.56 mg/100 g
FW to 115.41 ± 7.98 mg/100 g FW) [60,67]. During the ripening stages of sweet cher-
ries, phenolic compounds, particularly anthocyanins, play a significant role in producing
the red color [2]. TPC and TAC of Dalian exhibited as significantly higher than others
(197.72 ± 3.94 mg/100 g FW and 53.82 ± 2.31 mg/kg FW, respectively) as the Dalian
cherry sample owned a dark red color mainly due to genotype and ripening stage [2].
Flavonoids also contribute to the biological activities of sweet cherries. TFC of GI cherries
ranged from 7.86 ± 0.49 mg/100 g FW (Tianbao) to 35.64 ± 2.22 mg/100 g FW (Dalian),
which generally represented the total flavonoids content of sweet cherries grown in China
(7.79 ± 0.26 mg/100 g FW to 25.03 ± 0.26 mg/100 g FW) [68]. However, the result is lower
than that of cherry fruits planted in Poland and Spain [64,65]. Procyanidin is a type of
colorless chemical compound that is not present in all cherry cultivars [7]. However, most
sour cherry cultivars contain high levels of procyanidin, which is known to have strong
antioxidant properties and can effectively scavenge free radicals [69]. The content of pro-
cyanidin greatly varied from 2.98 ± 1.34 mg/100 g FW (Xiehu) to 61.77 ± 1.85 mg/100 g
FW (Dalian). Carotenoids are a group of pigment compounds primarily composed of
β-carotene. This yellow lipophilic pigment is responsible for converting into vitamin
A in the human body [70]. Baqiao was significantly the highest (followed by Tianbao),
while Jiangxian, Ledu, Qinzhou, and Wenchuan were under 50 μg/100 g. The β-carotene
levels of Baqiao, Wenchuan, and Tongzhou, despite belonging to the same cultivar, dis-
played noteworthy differences (p < 0.05). This result could also be explained with their
growing conditions [70,71]. Ascorbic acid is one of the metabolites with antioxidant ac-
tivity, besides phenolic compounds and carotenoids [8]. Generally, the ascorbic acid of
sweet cherries and sour cherries ranged from 6~10 mg/100 g FW and 5~22 mg/100 g
FW, respectively [9,69]. The content of ascorbic acid in the samples varied, with Qinzhou
showing the highest at 7.61 ± 0.42 mg/100 g FW and Dalian exhibiting the lowest at
3.69 ± 0.24 mg/100 g FW. The mean value was 6.09 ± 1.80 mg/100 g FW, which was
higher than Van, Noir De Guben, and 0–900 Ziraat grown in Turkey [72]. The mineral
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properties of GI cherries varied significantly (p < 0.05). The mineral composition of cherries
not only depends on fruit cultivars but also on soil conditions [69,73]. When it comes to
potassium levels, Tongzhou (3090.44 ± 114.08 mg/kg FW) was significantly the highest
while Baqiao (1840.91 ± 77.73 mg/kg FW) was the lowest. The mean value for all samples
was 2268.84 ± 402.47 mg/kg FW. Cherries are considered to be a supplemental intake
source of potassium [7,9]. The 100 g of GI cherries analyzed in this study could provide
9.20~15.45% for AI (2000 mg/d) of potassium. Compared to the abundant content of
potassium, lower concentrations of magnesium (92.31 ± 0.85~184.10 ± 2.91 mg/kg FW),
calcium (70.13 ± 4.89~155.01 ± 5.40 mg/kg FW), and iron (3.01 ± 0.14~9.14 ± 0.38 mg/kg
FW) were also found [9].

A variance analysis of physiochemical parameters in Tables 2–4 suggests that high
variability existed for most of the characteristics in cherry fruits due to various influenc-
ing factors. Dalian is characterized as a big size with high fruit weight, and phenolics
enrichment. Wenchuan is outstanding for its high values of soluble solids content, while
presenting a low value of total phenolic compounds. Qinzhou owned high values of juice
yield and maturity index. Tongzhou is notable for mineral enrichment (K, Mg, and Ca)
with a high content of titratable acidity, total sugar, and glucose. Baqiao was enriched in
β-carotene with a low value regarding soluble solids content. Though Baqiao, Wenchuan,
and Tongzhou belonged to the same cultivar (Hongdeng), these samples exhibited different
quality characterizations, which maybe contributed to planting environment conditions.
Moreover, 8 out of 22 parameters showed smaller CVs than 20% [74,75], which indicated
low variability among GI cherries for width, length, shape index, juice yield, edible rate,
fructose, and potassium. Breeding programs focus on several important characteristics that
are desirable to consumers, including fruit size, juice yield, edible rate, and soluble solids
content. These traits can be easily noticed and appreciated by consumers [50,76,77]. All
nutritional trait parameters had a coefficient of variation (CV) greater than 20% (except for
K) with values ranging from 21.16% for TPC to 113.46% for β-carotene. In recent times,
consumers have come to recognize the importance of the health benefits associated with
the nutrient-rich properties of cherries, in addition to their appearance and taste. As a
result, breeding efforts should also aim to improve nutritional parameters alongside size
and taste.
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3.2. Correlation Analysis of Quality Parameters for GI Cherries

Correlations of physicochemical properties exhibited at significant levels (Figure 1).
Cherry fruit weight showed remarkably positive correlations with width (r = 0.856 **),
length (r = 0.834 **), and edible rate (r = 0.956 **), which were supported with the previous
literature studying sweet cherries [55,59,74]. Additionally, fruit weight showed noticeably
high correlation with total flavonoids content (r = 0.855 **). Edible rate showed a positive
correlation with flavonoids (r = 0.897 **) and anthocyanin (r = 0.805 **). It can be explained
that the weight of the fruit increases as phenolic compounds accumulate during the mat-
uration of sweet cherries [78–80]. The content of soluble solids in fruits is closely linked
to both total sugar and fructose content, with strong positive correlations (r = 0.824 ** and
r = 0.896 **, respectively). Soluble solids content is a key indicator of fruit maturity and
sweetness, making them important parameters to consider [79,80]. The amount of sugar
in the sweet cherries was mostly made up of total sugar and had a strong correlation
with glucose (r = 0.993 **). According to Figure 1, there was a strong positive correlation
(r = 0.945 **) between anthocyanin and total flavonoid content. It has been reported that
pre-synthesis genes of anthocyanin play a dominant role in the biosynthesis of flavonoids
during sweet cherries’ development [79]. Titratable acidity showed positive correlations
with glucose (r = 0.821 **) and potassium (r = 0.949 **). Accumulation of organic acids hap-
pened in the same ripening stage as the synthesis of sugar. Both the content of organic acids
and sugar increased to a summit point at harvest time for sweet cherries [81,82]. Previous
literature found that the titratable acidity of sweet cherries enhanced with increasing doses
of potassium fertilization [38,83], simultaneously exerting positive effects on the content of
potassium in cherry fruits [8]. A significantly positive correlation between potassium and
magnesium (r = 0.851 **) was also detected in this study. Currently, there is insufficient data
on the correlation between mineral composition in cherries. Only a few researchers have
found that applying potassium fertilization led to a decrease in magnesium levels in sweet
cherry fruits and leaves [84,85]. The result from Figure 1 shows the negative correlation
between Ca and juice yield (r = −0.765 *); however, no current literature reported a direct
relationship between them. It is possible to explain that Ca in fruit determines the func-
tionality of sweet cherry xylem development. This contributes to increasing fruit firmness,
reducing fruit water absorption, and avoiding cracking [35,86,87].

The cherry properties can be described with external parameters (width, length,
shape index, fruit weight, juice yield, and edible rate), taste parameters (soluble solids
content, titratable acidity, maturity index, total sugar, glucose, and fructose), and nutrition
parameters (total phenolics, total flavonoids, total anthocyanins, procyanidin, β-carotene,
ascorbic acid, potassium, magnesium, calcium, and iron). After taking into account the
connections between various external factors and ease of detection, the fruit weight was
selected as a representation of the exterior qualities of cherries [3,5,74]. When evaluating
the taste of cherries, the balance of sweet and sour flavors is considered the most important
factor. The flavor is influenced by factors such as the soluble solids content, titratable
acidity, and maturity index, which are also helpful for measuring the maturity of the
fruit. Polyphenol compounds are the dominant bioactive constituents. Both anthocyanins
and flavonoids belong to phenolic compound groups. Total phenols, anthocyanins, and
flavonoids show significant positive correlations, as seen in Figure 1. Therefore, fruit
weight, soluble solids content, titratable acidity, maturity index, and total phenols are
regarded as typical quality parameters of GI cherries to study their influencing factors.

3.3. Effect of Cultivar and Climate Type on the Properties of GI Cherries

The Univariate-General Line Model presents the average values of quality parameters
and the effects of variety and climate types in Table 5. Significant effects of variety and
climate on fruit weight, acidity, and phenols exist (p < 0.01). Russia NO.8 had signifi-
cantly higher fruit weight than other cultivars. Cherries grown in temperate monsoon
climates were also heavier than those in subtropical monsoon and plateau mountain cli-
mates. Different cultivars exhibit a range of fruit weights due to the correlation between
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fruit weight and cell numbers as determined with the quantitative trait locus (QTL) [3,88].
Also, cherry fruit weight was significantly influenced by precipitation, evapotranspira-
tion, and insolation [89]. The difference in soluble solids content between cultivars was
significant (p < 0.05), but it was more sensitive to climate types (p < 0.01). Researchers
have confirmed that the same cherry fruit cultivars exhibit diverse ranges of soluble solids
content depending on weather parameters in different planting sites [90–92]. The soluble
solids content of cherries was dominantly influenced by weather conditions, compared
with the cultivar factor. Iryna et al. [93] already mathematically substantiated that weather
condition parameters (especially the humidity and temperature) greatly affect the accu-
mulation of SSC for cherry fruits. Titratable acidity was determined with the cultivar
and climate type, as supported with previous studies [89,94]. Table 5 shows significant
differences in titratable acidity among the three climate types, which can be attributed
to the dilution effect of precipitation conditions. The maturity index of Russia NO.8 was
significantly higher (35.64 ± 2.33) than that of other cultivars. The maturity index was
highly related to soluble solids content and titratable acidity, which was influenced by
both factors of genotype and ripening stage [81] to present various sensory characteristics.
However, there was no significant effect of climate type on the maturity index (calculated
from SSC and TA) (p > 0.05). Previous studies have shown that different cherry cultivars
have varying levels of total phenol content. Russia NO.8 had the highest, while Tieton had
the lowest. The total phenol content of GI cherries grown in different climate types was also
significantly different from each other (p < 0.01). Tables 2–4 shows no significant difference
in TPC between Jiangxian and Qinzhou, both grown in temperate monsoon climates with
the same cultivar (Tieton) (p > 0.05). However, their TPC levels were noticeably lower than
that of Ledu (Tieton) planted in the climate of a plateau mountain (p < 0.05).

Figure 1. Pearson’s correlation coefficients of physiochemical parameters for GI cherries. Note: ***, **,
* Correlation is significant, respectively. W, weight; L, length; SI, shape index; Jy, juice yield; Er, edible
rate; SSC, soluble solids content; Glu, glucose; Fru, fructose; TS, total sugar; TA, titratable acidity; MI,
maturity index; TAC, total anthocyanins content; PC, procyanidins; TPC, total phenolic content; TFC,
total flavonoid content. AA, ascorbic acids; Mg, magnesium; K, potassium; Ca, calcium; Fe, iron.
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Table 5. Effects (mean ± SE) of cultivars and climate types on typical quality parameters of GI cherries.

Factors Fruit Weight
Soluble Solids

Content
Titratable

Acidity
Maturity Index Total Phenols

Cultivars
Honegdeng 9.50 ± 0.49 b 19.77 0.90 b 19.06 ± 0.30 b 14.18 ± 1.43 ab 112.72 ± 11.11 a
Huangmi 5.00 ± 0.793 a 12.64 ± 1.47 a 27.50 ± 0.49 d 7.86 ± 2.33 a 143.10 ± 0.60 b

Tieton 10.55 ± 0.49 c 17.15 ± 0.90 b 21.34 ± 0.30 c 17.42 ± 1.43 b 135.79 ± 5.68 b
Brooks 6.71 ± 0.79 a 15.29 ± 1.47 ab 15.64 ± 0.49 a 9.55 ± 2.33 a 104.71 ± 3.94 a

Russia NO.8 17.93 ± 0.79 d 17.22 ± 1.47 b 18.86 ± 0.49 b 35.64 ± 2.33 c 197.72 ± 28.67 c

Climate types
Temperate monsoon 11.10 ± 0.34 b 15.58 ± 0.64 a 22.55 ± 0.21 c 18.58 ± 1.01 b 147.26 ± 1.53 b
Subtropical monsoon 8.56 ± 0.56 a 19.48 ± 1.04 b 18.15 ± 0.35 b 12.04 ± 1.65 a 102.37 ± 2.94 a

Plateau Mountain 8.22 ± 0.79 a 17.72 ± 1.47 ab 16.29 ± 0.49 a 17.82 ± 2.33 b 149.06 ± 3.53 c

ANOVA p-value Main
Effects

Cultivars 0.000 *** 0.011 ** 0.000 *** 0.000 *** 0.000 ***
Climate types 0.000 *** 0.004 *** 0.000 *** NS 0.000 ***

Note: *** and ** represent the significance levels at p < 0.01 and p < 0.05, respectively. NS means non-significant.
Means followed by the same letters within each column represent no significant difference (with Duncan’s test,
α < 0.05).

3.4. The Relationship between Soil Conditions and Properties of GI Cherries

The results of soil conditions for GI cherries are presented in Table 6. Besides the
factors of cultivar and climate type, pollination success, reproductive maximization, and
high-quality cherry fruits are related to proper soil conditions [95,96]. The average pH
value of the soil was 7.53 ± 0.59 (pH 6.0~7.0 was recommended), ranging from 6.61 ± 0.01
(Xiehu) to 8.26 ± 0.01 (Ledu) [97]. According to Cristóbal and Melakeberhan, improper
pH would lead to inhibiting plant growth by disturbing mineral absorption [97,98]. Soil
organic matter is comprised of multiple fractions from well-decomposed living organisms
that can provide nutrients for plant growth. It is often used to assess soil quality measure-
ments [99]. The mean organic matter value was 24.14 ± 12.84 g/kg, shown in Table 6. The
levels of soil organic matter from Tongzhou (35.60 ± 0.21 g/kg), Dalian (42.00 ± 0.35 g/kg),
and Wenchuan (44.10 ± 0.49 g/kg) are similar to Watsona’s report; however, the others
are significantly lower than previous studies [20,100]. Both P and K of soil samples varied
significantly (p < 0.05), and the coefficients of variation were 120.62% and 97.07%, respec-
tively. The SSC level of Wenchuan was the highest, which may be explained with that P
supply is a crucial factor that affects SSC modulation for cherries during the preharvest
time, and biosynthesis of sugar is negatively influenced by P deficiency [97,101]. Soil K of
samples ranged from 128.00 ± 0.71 mg/kg (Tianbao) to 1760.00 ± 3.54 (Dalian). According
to AĞLAR and Bustamante, higher values of fruit weight and size were obtained with
potassium fertilization treatment [83,102], which can illustrate the phenomenon of Dalian
cherry fruit with the biggest weight and size, while Tianbao is with the smallest among all
samples. Though soil K of Dalian was the highest, the lowest content of Ca was found in the
fruit sample (70.13 ± 4.89 mg/kg) from Tables 2–4. It was supported with a previous report
that high-dose K application promotes the decrease in the fruit Ca level [84]. Soil Fe and
soil Ca are also necessary for sweet cherry growth and fruit quality promotion [103,104].
Previous researchers discovered that soil pH determined both the levels of Fe and Ca in
planted soil. Soil Ca enrichment and soil Fe reduction are related to elevated soil pH [105],
which are in accordance with the results in this study (Table 6). However, the adverse result
was also found that enrichment for soil Fe was stimulated with higher soil pH [106]. That
may be attributed to different cultivars of fruits [95,106].
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Table 6. Parameters of soil conditions for GI cherries.

Samples pH
Organic Matter

g/kg
Available P

mg/kg
Available K

mg/kg
Available Fe

mg/kg
Available Ca

mg/kg

Baqiao 7.85 ± 0.01 f 14.50 ± 0.14 c 13.90 ± 0.42 a 237.00 ± 0.00 d 20.90 ± 0.00 b 335.00 ± 1.41 b
Tianbao 6.65 ± 0.00 b 18.50 ± 0.57 d 40.00 ± 0.85 b 128.00 ± 0.71 a 28.10 ± 0.00 e 392.00 ± 0.71 e

Jiangxian 7.98 ± 0.00 g 19.30 ± 0.06 e 71.60 ± 0.90 c 419.00 ± 1.41 f 29.70 ± 0.21 f 333.00 ± 2.12 b
Wenchuan 7.21 ± 0.01 c 44.10 ± 0.49 h 542.00 ± 22.63 f 837.00 ± 2.12 h 25.50 ± 0.00 d 427.00 ± 2.83 f

Xiehu 6.61 ± 0.01 a 13.40 ± 0.14 b 49.90 ± 2.55 b 187.00 ± 1.41 c 54.60 ± 0.07 i 291.00 ± 1.41 a
Tongzhou 7.77 ± 0.00 e 35.60 ± 0.21 f 248.00 ± 4.95 d 752.00 ± 9.19 g 34.40 ± 0.00 h 371.0 ± 02.12 d
Qinzhou 7.98 ± 0.00 g 19.30 ± 0.07 e 60.84 ± 2.31 bc 358.00 ± 0.00 e 23.00 ± 0.00 c 344.00 ± 1.41 c

Ledu 8.26 ± 0.01 h 10.60 ± 0.14 a 14.35 ± 0.52 a 173.00 ± 2.12 b 5.37 ± 0.01 a 438.00 ± 2.83 g
Dalian 7.43 ± 0.01 d 42.00 ± 0.35 g 308.50 ± 13.44 e 1760.00 ± 3.54 i 31.80 ± 0.35 g 461.00 ± 2.12 h
Mean 7.53 24.14 149.90 539.00 28.15 376.89
Std. 0.59 12.84 180.81 523.23 13.04 56.70

CV (%) 7.90% 53.18% 120.62% 97.07% 46.30% 15.05%

Note: Std. and CV represent standard deviation and coefficient of variation, respectively. Different letters in each
column stand for mean values significantly different according to Duncan’s test at p < 0.05.

The correlation analysis of soil condition parameters was performed before the es-
tablishment of multiple linear regression models (Table 7). Organic matter exhibited
significantly positive correlations with available P (r = 0.939) and available K (r = 0.849),
respectively (not shown). A collinearity diagnosis was carried out based on the correlation
result. Regression models characterizing the dependence of cherry quality traits on soil
condition factors are exhibited in Table 7. SSC was only significantly impacted by soil
P (R2 = 0.648, p < 0.05), and the regression equation was YSSC = 0.016X1 + 14.488. The
equation between SSC and soil available P substantiated that phosphorus played an im-
portant role in accumulating the sugar of cherry fruits [68,98]. The highest SSC value of
Wenchuan was related to its high level of soil P (Table 6). Researchers have also found
that phosphorus fertilization could improve SSC levels in the Rosaceae family [107,108].
The phenomenon may be caused by two reasons: (1) higher P content caused in leaf tissue
by phosphorus fertilization helps to enhance the photosynthetic rate [109], and then to
improve the accumulation of carbohydrates, and (2) sugar transportation and allocation
from roots and shoots are affected by P content in the plant [99,110]. High P content in cher-
ries is obtained by improving sugar transportation from leaf to fruit [111]. The regression
equation for TA with soil parameters was YTA = 0.008X1 − 0.008X2 + 0.455X3 + 0.081X4
+ 5.709X5 − 76.980 (R2 = 0.861). From Table 7, TA was positively influenced by soil P, Fe,
Ca, and pH; however, a significantly negative influence was exerted with soil K (p < 0.05).
Researchers also found that TA change was caused by phosphorus and potassium fer-
tilization, while little literature discovered the effects of soil Fe and Ca on TA [112,113].
Phosphorus serves as a vital constituent of nucleic acid, adenosine triphosphate, and cell
membrane structures [114]. High P content in the fruit increased with P fertilization en-
hances the requirement of carbohydrates (like TA) for modulating important processes
related to energy transfer and membrane synthesis [115]. Previous literature reported that
potassium supply to fruits has a positive impact on their TA levels [115,116], but negative
effects [38,117] or non-significant effects on TA and organic acids were also found [118,119].
There are two explanations for the relationship between potassium and TA change. (1) In
most cases, additional potassium takes part in the upregulation of the tricarboxylic acid
pathway to promote the synthesis of organic acids. (2) Potassium also affects tonoplastic
transport regulation, and is essential for organic acids to vacuole storage or release by
modulating cell membrane permeability [22,120]. This process cannot have an effect on
the TA level, as no protons are formed to affect it. However, a definite illustration of the
negative effect of potassium on TA has not been studied at present. The role of potassium
in TA change depends on the kinds of fruit, fertilization dose, and physiological status of
fruits [22,116,119]. A specific relationship between TPC and soil factors was also obtained
in this study. The regression model was YTPC = −0.009X3 − 0.002X1 + 0.001X2 + 1.409
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(R2 = 0.917). A significantly positive impact on TPC was shown with soil Fe and K, while it
was significantly negatively influenced by soil P (p < 0.05). The TPC positively affected by
soil K may contribute to the enhancement of the carbohydrates. Potassium plays a vital
role in promoting photosynthesis activity and stimulating carbohydrate translocation [118],
which indirectly increases the TPC content in the plant with potassium fertilization [121].
The result of positive correlations between the carbohydrates and total phenolics under
high K application has already been studied in previous research [121,122]. It is noteworthy
that though P supply is a critical factor in improving cherry quality during preharvest
periods, P deficiency promotes total phenol compound accumulation and flesh-browning
inhibition in fruit cells [97,113].

Table 7. Multiple linear regression equations of typical quality properties dependent on soil condition
parameters.

Quality
Parameters

Influencing Factors Regression Equation F Sig. Modified R2

SSC available P YSSC = 0.016X1 + 14.488 15.731 0.005 0.648

TA available P, available K,
available Fe, available Ca, pH

YTA = 0.008X1 − 0.008X2 + 0.455X3 + 0.081X4 +
5.709X5 − 76.980 10.882 0.039 0.861

TPC available Fe, available P,
available K YTPC = −0.009X3 − 0.002X1 + 0.001X2 + 1.409 30.542 0.001 0.917

Note: X1, available P; X2, available K; X3, available Fe; X4, available Ca; X5, pH.

4. Conclusions

The present work studied the physicochemical properties of GI cherries grown in
China and investigated the factors affecting fruit quality. Peculiar quality traits of cherry
samples exhibited significant differences in each physicochemical parameter, attributed to
their cultivars and specific environmental conditions. Dalian presented the largest size and
weight with the highest content of bioactive compounds. The highest SSC was found in
Wenchuan, and Baqiao presented the highest content of β-carotene. Tongzhou was rich in
minerals (K, Mg, and Ca). Moreover, the influencing factors of both cultivars and climate
types presented the main effects on weight, SSC, TA, and TPC (p < 0.05 and p < 0.01).
However, MI was only influenced by cultivars. Significant differences in soil conditions for
GI cherries were achieved. This would help make suggestions for growers and breeding
scientists to select cultivars planted in places with appropriate climate types. The multiple
linear regressions showed that soil P positively affected SSC and TA, while exerting a
negative influence on TPC. The soil K showed a negative effect on TA, with a positive effect
on TPC. This would help orchard operators improve cherry fruit quality by modulating
fertilization plans. Even so, further research should be carried out by investigating the
influence mechanisms of the specific climatical parameters (like humidity and precipitation)
or the combined soil nutrients on fruit quality traits, in order to help growers specifically
determine suitable growing environments for different cultivars, and to obtain optimum
fertilization formulas.
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54. Ozgur, C.; Cemile, E.O.; Atakan, G.; İsa, E.; İsmail, D. Determination of optimum harvest date of sweet cherry cv. Lapins grown
in Isparta. Turk. J. Agric. For. 2014, 2, 1905–1910.

64



Horticulturae 2023, 9, 1118

55. Wani, A.A.; Singh, P.; Gul, K.; Wani, M.H.; Langowski, H.C. Sweet cherry (Prunus avium): Critical factors affecting the composition
and shelf life. Food Packag. Shelf Life 2014, 1, 86–99. [CrossRef]

56. Kappel, F.; Granger, A.; Hrotkó, K.; Schuster, M. Fruit Breeding; Springer: Berlin, Germany, 2011; pp. 459–504.
57. Ooraikul, B.; Stiles, M.E. Modified Atmosphere Packaging of Food; Ellis Horwood Ltd.: Chichester, UK, 1991; pp. 169–242.
58. Sakshi, P.; Rachel, A.I.; Carlos, R.C.; Luis, F.L.; Veronica, C.S.; Juan, C.C.; Dario, J.C. Fruit Characterization of Prunus serotina

subsp. capuli. Horticulturae 2022, 8, 838. [CrossRef]
59. Valentina, U.; Jerneja, F.; Franci, Š. Sugars, organic acids, phenolic composition and antioxidant activity of sweet cherry (Prunus

avium L.). Food Chem. 2008, 107, 185–192.
60. Ali, A.H.; Nurullah, D. Physicochemical characteristics, antioxidant activity, organic acid and sugar contents of 12 sweet cherry

(Prunus avium L.) cultivars grown in Turkey. J. Food Sci. 2015, 80, 564–570.
61. Girard, B.; Kopp, T.G. Physicochemical Characteristics of Selected Sweet Cherry Cultivars. J. Agric. Food Chem. 1998, 46, 471–476.

[CrossRef]
62. Gloria, D.R.; Daniel, R.V.; Patricia, M.; Merichel, P.; Maria, L.M. Composition of nonextractable polyphenols from sweet cherry

pomace determined by dart-orbitrap-hrms and their in vitro and in vivo potential antioxidant, antiaging, and neuroprotective
activities. J. Agric. Food Chem. 2002, 70, 7993–8009.

63. Nuria, A.; Ana, G.; Marta, B.; Antonia, G.; Dolores, M.M. Comparison of phenolic compounds profile and antioxidant properties
of different sweet cherry (Prunus avium L.) varieties. Food Chem. 2019, 279, 260–271.
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Abstract: Mortiño (Vaccinium floribundum Kunth) is considered a “superfruit” due to its antioxidant
capacity and possible health benefits. To date, there is no known study that addresses the biochemical
characterization of mortiño berries from the paramo of the Chimborazo volcano (Ecuador). So,
the aim of this research was to evaluate for the first time the effect of the stage of development of
the mortiño berries (two stages) and environment of origin (three sampling areas) on fruit quality.
Polyphenol compounds were identified by high-performance liquid chromatography (HPLC) cou-
pled to electrospray ionization mass spectrometric (ESI-MSn) and quantified by high-performance
liquid chromatography with a diode array detector (HPLC-DAD). Moreover, antioxidant properties
(ABTS•+, and DPPH), sugar and organic acids, and minerals were examined. The main organic
acids were quinic and citric acid, while glucose, fructose, sucrose, mannose, and sorbitol were the
main sugars determined in the mortiño fruits. The main constituents of the mortiño berries in-
cluded hydroxycinnamic acids (5-O-caffeoylquinic acid), flavonols (quercetin 3-hexoside, quercetin
5-hexoside, quercetin 3-pentoside, and quercetin-3-O-rhamnoside) and anthocyanins. Seven antho-
cyanins were identified: glycosides of cyanidin, delphinidin, petunidin, peonidin, and pelargonidin.
The research confirms that the mortiño berries produced in the Ecuadorian paramo area are a valuable
source of polyphenolics, rich in sugars and organic acids, and can be classified as a good source
of microelements.

Keywords: antioxidant activity; polyphenolic; anthocyanins; mortiño; minerals

1. Introduction

Mortiño (Vaccinium floribundum Kunth)—also known as Andean blueberry—is a de-
ciduous perennial shrub endemic to the high Andes of South America and it is considered
a “superfruit” due to its antioxidant capacity and possible health benefits [1,2]. This species
is particularly common in the Andes from Venezuela to Bolivia and has been used since
immemorial times. The berry is consumed fresh, dried, in sausages, jellies, jams, desserts,
and in a special beverage called “colada morada” [3,4]. Mortiño berries are used by local
communities in Ecuador for medical uses (allegedly as an aliment for rheumatism, fevers,
colics, common colds, hangovers, and liver and kidney problems), as well as for orna-
mental and other uses as dye, fodder, or firewood [5]. One of the current limitations of
V. floribundum fruit production is that the plant has not been domesticated and the technical
difficulties to cultivate it, in addition to the continuous fragmentation experienced by
mortiño populations due to anthropogenic processes such as deforestation, productive land
reconversion, and overexploitation [6]. Mortiño berries can be found at local markets in
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the northern Andes (Colombia and Ecuador), where these fruits are usually collected from
wild plants. Actually, with the advancement in food processing technologies, commercial
mortiño products are available in the markets in different presentations such as capsules,
powder, and wines, known as Wine of the Andes [7].

Mortiño, which can be found in Ecuador in the paramos at high altitudes ranging from
3000 to 4500 m above sea level (masl) [3], is a source of anthocyanins, proanthocyanidins,
and polyphenolic compounds, which have been shown to possess antioxidant and anti-
inflammatory properties, as well as lipid accumulation inhibition activity in adipocytes [8].
Freire [9] and Coba et al. [10] reported that berries of mortiño have relatively high concentra-
tions of sugar, antioxidants such as vitamin C and the vitamin B complex, and minerals such
as potassium, calcium, and phosphorus. The concentration of phytonutrients is influenced
by many factors, such as variety, state of maturity, location, environmental conditions,
agricultural practices, and pre-/postharvest handling [11–13]. During fruit ripening several
biochemical and physiological processes take place, producing changes in fruit quality
parameters [14]. Thus, due to oxidative stress in advanced stages of development, an
increase in the content of phenol levels and a high content of antioxidant compounds have
been observed [10]; however, during berry storage, the content of anthocyanins is reduced,
as temperature is the main factor for destabilization of molecular structure [15]. Studies
carried out show that the lyophilized extract of Vaccinium floribundum does not present
toxicity and could be safely included as an ingredient in food. Because of its functional
properties, the mortiño extract can also be handled as an antioxidant or natural colorant
in the food industry, or even for the development of nutraceuticals in the pharmaceutical
industry [16]. Thus, Guijarro-Fuertes et al. [17] developed bread with healthier properties
by adding mortiño pulp. Moreover, it has even been used for the synthesis of nanoparticles
and solar cells [18]. Additionally, the mortiño bagasse also contains a high amount of gallic
acid, chlorogenic acid, caffeic acid, epicatechin, and coumaric acid, which makes it a very
interesting source of antioxidant compounds [19]; the berries present as well antimicrobial
activity, which makes the blueberry a potential source of bioproducts that can be used to
develop new antimicrobials [1]. In addition, medicinal properties have been attributed to V.
floribundum, such as potential applications in managing the symptoms of diabetes [20] and
protection against oxidative stress [21].

Biochemical, nutraceutical and functional evaluation of mortiño plant material is essen-
tial to acknowledge its potential as a health-promoting aliment. To our knowledge, there are
no studies that have addressed the biochemical characterization of Vaccinium floribundum
from the paramo of the Chimborazo volcano (Ecuador).

For all the above-mentioned reasons, the objective of this research was the novel
evaluation of the effect of the stage of development of mortiño berries (two stages) and
location of origin (three sampling areas) on: (i) antioxidant activity, (ii) mineral composition,
(iii) profile of sugars and organic acids, (iv) total phenolic content, and (v) anthocyanin
profile and non-anthocyanin phenolic profile of mortiño (Vaccinium floribundum Kunth)
produced in the volcano Chimborazo paramo (Ecuador). This information can be used to
improve the market for mortiño, which can provide sustainable economic opportunities
for farmers, and can be useful in promoting the conservation and sustainable use of this
natural resource.

2. Materials and Methods

2.1. Plant Material

Three different local habitats with presence of V. floribundum were sampled in the
paramo of the Chimborazo volcano in the central Andes of Ecuador. The sampling areas
were to observe “mortiño” individuals selected based on verbal information from park
rangers. In each study area, different adult plants were randomly selected.

Fresh berries of V. floribundum were harvested in three sampling areas: Culebrillas,
Polylepis, and Cubillín, in the paramo of the Chimborazo volcano (Ecuador), the native
habitat of the species. All growing environments showed loamy-sandy texture soils, with

69



Horticulturae 2022, 8, 956

fairly poor percentages of organic matter (0.90% in Polylepis and Culebrillas, and 0.80%
in Cubillín), acidic pH values of 5.27 (Culebrillas and Polylepis) and 5.63 (Cubillín). The
predominant vegetation in the three monitored areas was the herbaceous paramo, and only
Cubillín also showed an Alpine steppe (alpine grassland).

Berries were randomly picked from different parts of wild bushes on mountain slopes
at an altitude between 3500 and 4100 masl. More information about each environmental
area is shown in Table 1 and Figure 1. The berries were classified according to their maturity
state into: (i) Stage 7: Fruit development; the berries began to develop anthocyanins, which
was identified by their reddish coloration from the apical to the basal part of the fruit, and
(ii) Stage 8: Ripening or fruit maturity; 100% of cluster berries shows a purple epicarp [22].

Table 1. Sampling areas where the mortiño berries were harvested in the paramo of the Chimborazo
volcano, Ecuador.

Locality
Name

Province Coordinates Altitude (m) Vegetation Type
Mean

Temperature(◦C)
Mean

Precipitation(mm)

Culebrillas Bolívar 01◦34.20′ S
78.55.5′ W 4000 Herbaceous

paramo 3.1 967

Polylepis Chimborazo 01◦32.41′ S
78◦53.5′ W 4076 Herbaceous

paramo 3.1 967

Cubillín Chimborazo 01◦45′ S 78◦31′ W 3500 High mountain
forest 7.0 1000

 

Figure 1. The three paramo zones where the mortiño berries were harvested.

2.2. Sample Preparation

After sorting, the berries were cleaned by removing leaves, stems, and damaged
berries and were washed with drinking water to reduce the microbial load, dirt, and
organic matter. Then, the berries were immediately frozen with liquid nitrogen and later
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freeze-dried in an Alpha 2–4 freeze drier (Alpha 2–4; Christ, Osterode am Harz, Germany)
for 24 h at a pressure reduction of 0.220 mbar. The temperature in the drying chamber was
−25 ◦C, while the heating plate reached 15 ◦C. At the end of freeze-drying, the samples
were powdered, and vacuum packed at −20 ◦C until analyzed. Moisture content in freeze-
dried mortiño was 5 g 100 g−1. For conversion from DM to FW, the moisture contents in
fresh and freeze-dried mortiño were used.

2.3. Extraction Procedure for Total Polyphenols Content (TPC) and Antioxidant Activity (AA)

The extraction procedure for TPC and AA quantification was prepared as described
by Wojdyło et al. [23]. The extractions were performed in triplicate.

2.3.1. Quantification of Total Polyphenols Content (TPC)

The TPC was determined using the Folin–Ciocalteu colorimetric method described
by Singleton et al. [24], with some modifications. The absorbance of the blue complex
formed was read at 765 nm using a UV–visible spectrophotometer (Termospectromic
Helios Gamma UVG 1002 E, Cambridge, UK). Calibration curves, with a concentration
range between 0 and 0.25 g GAE L−1, were used for the quantification of TPC and showed
good linearity (r2 ≥ 0.996). All determinations were performed in triplicate, and results
were expressed as milligrams of gallic acid equivalent per 100 g of sample dry matter (mg
of GAE 100 g−1 of DM).

2.3.2. Determination of Antioxidant Activity by Two Different Methods
ABTS Method

The ABTS [2,2-azinobis-(3-ethylbenzothiazoline-6-sulfonic acid) assay was performed
according to Re et al. [25] with some modifications. The absorbance was measured by UV–
visible spectrophotometer (Termospectromic Helios Gamma UVG 1002 E, Cambridge, UK).
All determinations were performed by triplicate, and the results were expressed in mil-
limoles of Trolox per kilogram of sample dry matter (mmol Trolox kg−1 of DM).

DPPH Method

The radical scavenging activity was evaluated using the DPPH• radical (2,2-diphenyl-
1-picrylhydrazyl) method, as described by Brand-Williams et al. [26], with a modification in
the reaction time. The decrease in absorbance was measured at 515 nm using a UV–visible
spectrophotometer (Termospectromic Helios Gamma UVG 1002 E, Cambridge, UK). All
determinations were performed by triplicate, and the results were expressed in millimoles
of Trolox per kilogram of sample dry matter (mmol Trolox kg−1 of DM).

Calibration curves in the range 0.01–5.00 mmol Trolox L−1 were used for the quantifi-
cation of the two methods of antioxidant activity, both showing good linearity (r2 ≥ 0.998).

2.4. Determination of Sugars and Organic Acids Profile

Organic acids and sugars profile were identified and quantified according to
Hernández et al. [27], with some modifications. Briefly, half a gram of freeze-dried mor-
tiño berry was mixed with 5 mL of phosphate buffer (50 mmol L–1) pH 7.8; the mixture
was homogenized, centrifuged, and filtered. Then, 10 μL of the supernatant was injected
into a Hewlett Packard (Wilmington, DE, USA) series 1100 high-performance liquid chro-
matography equipped with a refractive index detector for sugars detection, and UV–Vis
detector for organic acids analysis. A Supelcogel TM C-610H column (30 cm × 7.8 mm)
with a pre-column (Supelguard 5 cm × 4.6 mm; Supelco, Bellefonte, PA, USA) was used
for the analyses of both organic acids and sugars. Absorbance of organic acids was mea-
sured at 210 nm. Analyses were run in triplicate and the results expressed as g kg−1 dry
matter (DM).
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2.5. Minerals Analysis

To determine mineral content in the mortiño berries weighed accurately to a weight
of 0.1 g of freeze-dried powdered into 75 mL Teflon (TFM) vessels. Then, 4 mL HNO3
(69 vol.%) and 2 mL of ultra-high-purity deionized water were added and left to stand
for 15 min to pre-digest the samples. Next, samples were microwave (CEM Mars One
240/50, Matthews, NC, USA) digested. The quantification of macro-elements [calcium (Ca),
sodium (Na), potassium (K), and magnesium (Mg)] and micro-elements [iron (Fe),
copper (Cu), manganese (Mn), and zinc (Zn)] was carried using an Inductively Coupled
Plasma Mass Spectrometer (ICPMS-2030, Shimazu, Kyoto, Japan). Calibration curves
were used for the quantification of minerals and showed good linearity (R2 ≥ 0.998). The
analyses were run in triplicate and results expressed as g kg−1 and mg kg−1 for macro and
micro-elements, respectively.

2.6. Identification and Quantification of Phenolic Compounds by HPLC-DAD-ESI-MSn

2.6.1. Extraction and Determination of Phenolic Compounds Non-Anthocyanin

Extraction method: Samples (50 mg) were mixed with 1 mL of extractant (methanol/water
(80:20, v/v) + 1% formic acid), and this mix was stirred during 5 min. After that time, the
samples were centrifuged for 10 min at 12,000 rpm and 4 ◦C. The supernatant was filtered
through a 0.45 μm PTFE filter (Millipore Billerica, MA, USA) and then was stored at −20 ◦C
until further use. All extractions were carried out in triplicate.

Phenolic compounds non-anthocyanin: For the analysis of the different samples of
mortiño berries, HPLC-ESI-DAD-MSn Ion Trap (Agilent 1100 series System) was used,
which allows us to make successive breaks of the precursor ion for its identification of
unknowns. Chromatographic separation was carried out on a C18 column (Poroshell 120,
100 mm × 3 mm i.d., 2.7 μm particle size). The mobile phases consisted of two solvents:
water/formic acid (95:1, v/v) as solvent A and acetonitrile as solvent B at a flow rate of
1 mL min−1. For the determination of polyphenols, the gradient started with 5% B to
reach 60% B at 37 min, at 40 min the percentage of B increased to 98% and was maintained
for 2 min before returning to the initial conditions. The injection volume was 20 μL.
Relative quantification of the phenolic compounds present in the samples was performed
by chromatographic comparison with pure standards (caffeic acid, rutinoside quercetin,
pelargonidin and cyanidin), and their absorbance spectra at four wavelengths emitted at
280, 320, 360, and 520 nm through a diode array UV detector (DAD) integrated in the HPLC
and connected on-line to the mass spectrometer.

2.6.2. Identification and Quantification of Anthocyanins

Extraction method: Anthocyanins extraction and analysis were determined using
the method proposed by Hong et al. [28] with some modifications. Briefly, half a gram
of freeze-dried samples of mortiño berries was mixed by shaking in an orbital bath, with
4 mL cold extractant [methanol/water/formic acid (80:19.9:0.1, v/v/v)] for 10 min. The
mixture was sonicated by ultrasonic bath for 10 min. Next, the samples were centrifuged
for 10 min, 4000 rpm at 4 ◦C, and the supernatants were collected; the pellets residue
was re-extracted twice using the same steps, being the supernatants definitely combined.
Following, two milliliters of the supernatant were filtered through a 0.45 μm nylon Millipore
membrane filter, and then stored at −20 ◦C until further use. All extractions were carried
out in triplicate.

Analytical method: Anthocyanins profile was determined by high-performance liq-
uid chromatography triple quadrupole mass spectrometer (LC-MS/MS 8050; Shimadzu,
Kyoto, Japan). The molecules were ionized using Atmospheric Pressure Ionization (Electro-
spray Ion-ization-ESI). Chromatographic separations were performed with a C18 column
(Mediterranean SEA 18, 10 mm × 0.21 mm i.d., 2.2 μm particle size) from Teknokroma
(Barcelona, Spain). The mobile phase A consisted of 0.1% (v/v) formic acid (FA) in wa-
ter (Milli-Q), and the mobile phase B consisted of 0.1% (v/v) formic acid in acetonitrile
(ACN) at a flow rate of 0.4 mL min-1, an injection volume of 10 μL and oven tempera-
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ture of 50 ◦ C. The gradient condition was 0–2 min 5% B, 2–10 min 95% B, 10–11 min
95% B, 11–12 min 5%B, and 12–16 min 5% B. For the quantification of the anthocyanins
(Delphinidin 3-O-glucoside; Cyanidin-3,5-di-O-glucoside; Cyanidin 3-O-glucoside; Cya-
nidin-3-O-arabinoside; Petunidin-3-O-glucoside; Peonidin-3-O-glucoside; Pelargonidin-3-
O-rutinoside), a stock of 100 ppm was made, and from it, a calibration plot of concentrations
0.1, 0.3, 0.5, 0.8 and 1 ppm was obtained. All analyses were performed in triplicate.

2.7. Statistical Analyses

The data were subjected to one-way analysis of variance (ANOVA) and later to Tukey’s
multiple-range test to compare the means. The confidence interval was 95%, and the
significant difference was defined as p < 0.05. Principal component analysis (PCA) was
used to reduce this complex dataset to a lower dimension and reveal simplified structures
and relations between localities and states of maturity. To perform these statistical analyses,
the software XLSTAT Premium 2016 (Version 9-Addinsoft, New York, NY, USA) was used.

3. Results and Discussion

Since the processed experimental data are so diverse, the results are differently pre-
sented into main subheadings.

3.1. Antioxidant Activity (AA) and Total Polyphenol Content (TPC)

The results for AA and TPC obtained in mortiño berries are summarized in Table 2.
These parameters are important from a functional point of view because oxidative stress
is reported to be the key factor for many diseases such as cardiovascular, hypertension,
atherosclerosis, neurodegenerative or cancer, mainly caused by an imbalance between
reactive oxygen species (ROS) and the antioxidative defense system [29]. The AA of
mortiño berries was evaluated using two spectrophotometric assays: ABTS and DPPH, as
each antioxidant compound has different mechanism of action. Significant differences were
observed for “sampling area”, “stage” and the interaction “sampling area x stage” factors.
The highest value of AA by ABTS method was found in mortiño berries collected in the
zone of Culebrillas (65.74 mmol Trolox kg−1 DM) while for DPPH method the highest
value was obtained in mortiño berries collected in Polylepis (77.22 mmol Trolox kg−1 DM).
These results were slightly higher than those reported by Vasco et al. [3] in mortiño berries
and in Andean blackberry, and that those reported by Garzon et al. [4] for Colombian
bilberries (V. meridionale). Furthermore, our AA values were higher compared to the values
reported by Sellappan et al. [30] for other Vaccinium species as V. corymbosum L. hybrids
and V. ashei. On the other hand, and with respect to the stage of fruit development, the
AA for both methods decreased during fruit development, ranging from 63.34 (stage 7)
to 39.74 (stage 8) mmol Trolox kg−1 DM for ABTS method, and from 72.16 (stage 7) to
55.37 (stage 8) mmol Trolox kg−1 DM for DPPH method. The same trend was reported by
Esquivel-Alvarado et al. [31] for berries of V. consanguineum, V. poasanum and V. floribundum
collected between 3000 and 3200 masl. Analyzing the interaction “sampling area x stage”
factors (Table 2), it can be seen that the highest AA content, measured by both methods, was
found in the mortiño fruits collected in the Polylepis and Culebrillas areas (>4000 masl).
The results indicate that mortiño berries have a great inhibitory activity against free radicals,
as can be seen when contrasted with other reports in the literature. Therefore, it can be
concluded that mortiño berries are an accessible source of antioxidants.
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Table 2. Antioxidant activity (mmol Trolox kg−1 dry matter, DM) and total polyphenol content [mg
gallic acid equivalent (GAE) 100 g−1 DM] in Mortiño berries as affected by sampling area and stage
of fruit development.

Factor ABTS DPPH TPC

(mmol Trolox kg−1 DM) (mg GAE 100 g−1 DM)

ANOVA Test †

Zone *** *** ***
Stage *** *** ***

Sampling zone x
Stage *** *** ***

Tukey’s multiple range test ‡

Zone
Polylepis 47.76 b 77.22 a 2231.45 b
Cubillín 41.12 c 44.85 c 1649.69 c

Culebrillas 65.74 a 69.22 b 2651.57 a
Stage ¥

Stage 7 63.34 a 72.16 a 2559.12 a
Stage 8 39.74 b 55.37 b 1796.02 b

Study zone × Stage
Polylepis * Stage 7 79.53 a 86.64 a 3089.38 a
Polylepis * Stage 8 16.00 e 67.80 b 1373.52 e
Cubillín * Stage 7 41.43 d 50.97 c 1717.46 d
Cubillín * Stage 8 40.81 d 38.72 d 1581.91 d

Culebrillas* Stage 7 69.07 b 78.86 a 2870.53 b
Culebrillas* Stage 8 62.42 c 59.57 bc 2432.62 c

† NS: not significant at p < 0.05; * and ***, significant at p < 0.05 and 0.001, respectively. ‡ Values (mean of
3 replications) followed by the same letter, within the same column was not significantly different (p < 0.05),
Tukey’s least significant difference test. ¥ Stage 7: Fruit development; the berries began to develop anthocyanins;
Stage 8: Ripening or maturity of fruit; 100% of cluster berries epicarp is purple.

With respect to the TPC, significant differences were also observed for the “sampling
zone”, “stage” and the interaction “sampling zone × stage” factors for p < 0.001. For
the “sampling area” factor, the highest values were found for mortiño berries collected in
Polylepis and Culebrillas, ranging those from 2231.45 (Polylepis) to 2651.57 (Culebrillas) mg
GAE 100 g−1 DM; while the lowest values were obtained in the location of Cubillín
at lower altitude (values 0.67- fold lower). For the “stage” factor, mortiño berries pre-
sented the highest levels of TPC in stage 7 (2559.12 mg GAE 100 g−1 DM); and for
the interaction “sampling zone × stage” factors, the highest levels were found for the
“Polylepis × Stage 7” (3089.38 mg GAE 100 g−1 DM) and the “Culebrillas × Stage 7”
(2870.53 mg GAE 100 g−1 DM). TPC decreased during fruit development by 0.70-fold
for stage 8 (Table 2). A similar trend was reported by Esquivel-Alvarado et al. [31] for
V. floribundum collected at an altitude of 3200 m, who reported values from 1787 mg GAE
100 g−1 DM for early fruit development stage to 1441 mg GAE 100 g−1 DM for the late
fruit development stage. This trend can be attributed to changes such as the hydrolysis
of glycosides, the oxidation of phenols by polyphenol oxidases, and the polymerization
of free phenols [32]. In the current study, the content of total polyphenol was higher than
those reported by Prior et al. [11], who reported mean TPC values for V. corymbosum.,
V. angustifolia, and V. myrtillus of 347, 398, and 525 mg GAE 100 g−1 FW, respectively, and
were also higher than those found in other fruits as pomegranate (777 to 1660 g GAE kg−1

DM), plum (440 mg GAE 100 g−1 FW) and strawberry (238 mg GAE 100 g−1 FW) [3,33],
whereas were lower than those reported by Llerena et al. [34] for blackberry (6352.28 mg
GAE 100 g−1 DM).

In this study, total polyphenols content and antioxidant activity were clearly influenced
by altitude. The higher the altitude, the higher the contents of TPC and AA presented by
mortiño berries. These results demonstrate that altitude is an important factor affecting the
antioxidant activity and total polyphenols content in V. floribundum. Similarly, previous
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studies have indicated that AA and TPC levels can vary significantly depending on the
geographical location of the mortiño plants, as well as the growing conditions such as
altitude, radiation, and temperature [1]. The high content of TPC in mortiño berries can
significantly contribute to the use of this material as a source of natural antioxidants.

3.2. Sugars and Organic Acids Profile

Table 3 summarizes the effects of environmental origin and stage of fruit development
on organic acids (OA) and sugars profile and content. The main organic acids found in V.
floribundum were quinic acid, followed by citric and malic acids. The same main organic
acids were reported by Wang et al. [35] in 10 populations of Vaccinium uliginosum from
the Changbai Mountains of China. The “Sampling zone” factor significantly (p < 0.001)
affected the three acids content.

Table 3. Organic acids and sugar content (g kg−1 dry matter, DM) in Mortiño berries as affected by
location and stage of fruit development.

Factor Organic Acids Sugars
Citric Malic Quinic Sucrose Glucose Fructose Mannose Sorbitol

ANOVA Test †

Zone *** *** *** *** *** *** *** ***
Stage *** *** *** *** NS *** *** ***
Zonex
Stage *** *** *** *** *** *** *** ***

Tukey’s multiple range test ‡

Zone
Polylepis 41.98 b 22.30 c 108.39 c 9.96 b 110.05 a 60.80 b 31.80 b 106.46 c
Cubillín 65.05 a 28.35 b 199.48 a 61.42 a 71.75 b 50.61 b 35.82 b 190.55 a

Culebrillas 58.06 a 36.71 a 155.99 b 13.05 b 106.94 a 79.19 a 134.04 a 157.76 b
Stage ¥

Stage 7 63.10 a 26.22 b 177.32 a 41.56 a 91.91 39.08 b 79.30 a 178.97 a
Stage 8 46.96 b 32.02 a 131.92 b 14.73 b 100.58 87.99 a 55.14 b 124.20 b

Zone × Stage
Polylepis *

Stage 7 50.76 b 10.21 e 153.20 b 12.90 bc 116.43 a 64.35 b 34.14 cd 145.12 b

Polylepis *
Stage 8 33.20 c 34.96 b 63.57 c 7.02 c 103.66 ab 57.25 b 29.45 cd 67.80 c

Cubillín *
Stage 7 75.98 a 25.23 cd 216.84 a 104.74 a 60.04 c 24.19 c 21.00 d 217.02 a

Cubillín *
Stage 8 54.11 b 31.47 bc 182.12 ab 18.10 b 83.46 bc 77.03 b 50.64 c 164.07 b

Culebrillas
* Stage 7 62.56 ab 19.04 de 161.91 b 7.04 c 99.27 ab 28.69 c 182.76 a 174.77 ab

Culebrillas
* Stage 8 53.56 b 54.37 a 150.07 b 19.07 b 114.61 a 129.69 a 85.32 b 140.75 b

† NS: not significant at p < 0.05; * and ***, significant at p < 0.05 and 0.001, respectively. ‡ Values (mean of
3 replications) followed by the same letter, within the same column were not significantly different (p < 0.05),
Tukey’s least significant difference test. ¥ Stage 7: Fruit development; the berries began to develop anthocyanins;
Stage 8: Ripening or maturity of fruit; 100% of the epicarp of the cluster berries is purple.

Quinic and citric acids predominated over malic acid in all environmental areas. This
result agreed with that obtained by Mikulic-Petkovsek et al. [36], who indicated that fruit of
the Ericaceae family generally contained very little malic acid. Mikulic-Petkovsek et al. [37]
reported that wild bilberry fruits (V. myrtillus) from high altitude (up to 636 masl) had
more organic acids content, compared with bilberry fruit from lower altitudes (up to
217 m). While mortiño berries collected in Cubillín (at an altitude of 3500 m and at a mean
temperature of 7 ◦C) showed the highest content of total OA (287.88 g kg−1), Culebrillas
and Polylepis (at more than 4000 m altitude and at a mean temperature of 3.1 ◦C) showed
total OA contents of 250.76 g kg−1 and 172.67 g kg−1, respectively. It is important to note
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that changes in organic acids in response to temperature also depend on other factors
as plant age or fruit type. The temperature at which fruits are grown affects both their
titratable acidity and the content of stored organic acids [38]. Our results agree with those
found by Mikulic-Petkovsek et al. [37]. However, the results obtained in this study suggest
that above 3500 m of altitude the content of organic acids decreases strongly; from 3500 m
of altitude (Cubillín) to 4076 (Polylepis), the total AO content decreased to 60%.

Different studies indicate that the organic acid content of the flesh of fruits is affected by
environmental factors and cultivation practices such as temperature, light intensity, cultivar,
rootstock, mineral nutrition, water availability, and fruit load/pruning. Nonetheless, how
these factors alter metabolism to bring about changes in organic acid content is in most
cases uncertain [39]. Thus, Wang et al. [35] reported that in V. uliginosum the organic
acid content was not related to altitude. These differences may be due to a combination
of different growing environments (e.g., microclimate), genetics, or other environmental
factors. The “stage” and the interaction “zone x stage” factors also affected significantly
(p < 0.001) the organic acid content (Table 3). Organic acids accumulate in the flesh of
many types of fruits at certain stages of their development [38]. Organic acids are related to
maturation, in particular malic acid which confers a bitter taste. Thus, the results obtained
in this study showed that malic acid increases with maturation, ranging from 26.22 g kg−1

DM (Stage 7) to 32.02 g kg−1 DM (Stage 8), while both quinic and citric acids decreased.
Ayaz et al. [40] also reported in V. artostaphylos and V. myrtillus that the level of malic acid
increased gradually during the maturation of fruits. Compared to previous results reported
by Kafkas et al. [41] for blackberries and Correia et al. [42] for Highbush blueberries
(V. corymbosum), our study showed much lower contents of malic acid for V. floribundum.

Regarding the sugar content, glucose, fructose, sucrose, mannose, and sorbitol were
the main sugars determined in the fruits of mortiño (Table 3). The sugar content was signif-
icantly (p < 0.001) affected by the “location”, “stage” and the interaction “location × stage”
factors. The higher values of glucose and fructose were obtained in the areas of higher
altitudes (>4000 m), Polylepis, and Culebrillas. Additionally, Wang et al. [35] reported
that the higher the location altitude (>1200 m considered high altitude), the higher the
contents of glucose and fructose in bog bilberry (V. uliginosum). On the other hand, during
fruit development of mortiño, fructose and glucose increased while sucrose, mannose,
and sorbitol decreased; the low sucrose content may be due to enzymatic hydrolysis
or its transformation into other sugars during the ripening process. Our values agreed
with the results reported by Kalt and McDonal [43] for lowbush blueberry (V. angusti-
folium), Correia et al. [42] for highbush blueberry (V. corymbosum), and Ayaz et al. [40] for
V. arcostaphylos and V. myrtillus. However, Mikulic-Petkovsek et al. [37] indicated that
bilberries grown at low altitude sites (217 m considered low altitude) contained higher
levels of total sugars compared to bilberries grown at higher altitudes (636 m considered
high altitude). Additionally, since the sucrose content of mortiño was quite low, this fruit
should be recommended for low-carbohydrate diets.

Sorbitol is a sugar alcohol characteristic of higher plants. It is a major final product of
photosynthesis and, together with sucrose, represents the main forma of carbon translocated
in some fruit species [36]. While the highest sorbitol content (190.55 g kg−1 DM) was
obtained in mortiño fruits grown at low altitudes (Cubillín), the lowest content was found
in those fruits grown at higher altitudes (>4000 m). Though Mikulic-Petkovsek [36] also
detected sorbitol in chokeberry, rowanberry, and eastern shadbush, this sugar was not
detected at all in other berry species [44]. Our results suggest that climate factors such as
altitude and temperature play an important role in the sugar content of mortiño berries.
Likewise, Cobo et al. [45] also observed this variability in the chemical composition of V.
floribundum fruits, as a result of climatic and geographic influences.

3.3. Mineral Content

The content of the macronutrients and micronutrients was significantly affected by
the “growing environment” and the interaction “growing environment × stage” factors.
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Only the macronutrients potassium (K), sodium (Na), and magnesium (Mg) and the
micronutrient iron (Fe) were significantly affected by the “stage” factor (Table 4). While
the highest quantity of macronutrients (K > Ca > Mg > Na) was found in the mortiño
fruits grown in Polylepis, the highest content of micronutrients (Fe > Mn) was observed in
fruits grown in Cubillín. Unfortunately, to date there are no studies that provide complete
information on the content of minerals in mortiño fruits, and neither how these contents
can be influenced by the factors previously outlined such as altitude, stage of development
of the fruit, temperature, etc. Vasco et al. [3] reported that mortiño berries are rich in
potassium; a serving of 100 g could provide 13% of the recommended adequate intake
(AI) of 4.7 g/day for adults. Our results revealed that the macronutrient (K, Na, and Mg)
contents decrease with fruit development, while calcium (Ca) and iron (Fe) are the only
macro and micronutrients that increase with fruit development. Several studies showed
that Ca is an effective pressure-lowering agent [46]; thus, a high Ca content can be beneficial
for health. Likewise, it was observed that mortiño immature berries (development stage 7)
grown at high altitudes (>4000 m) had a higher potassium content (10.13 and 8.27 g kg−1

DM for Polylepis and Culebrillas, respectively). Our results indicated that the mineral
content in mortiño fruits is clearly influenced by the growing conditions, the state of fruit
development, and the altitude. Karlsons et al. [47] studied the mineral composition of
four species of Vaccinium (V. corymbosum, V. myrtillus, V. macrocarpon, and V. oxycoccos), and
reported that the berries of these species were characterized by having a high content of Fe,
Ca, Mg, and Mn. In our study, mortiño berries showed levels of macro and micronutrients
comparable to those obtained by Karlsons et al. [47] and by Miljkovič et al. [48] in Serbia for
V. myrtillus. The mineral composition shown by mortiño fruits indicates that these berries
are an excellent source of K, Ca, and Fe. In addition, due to their low levels of sodium,
mortiño fruits could be properly recommended for low-sodium diets.

3.4. Identification and Quantification of Phenolic Compounds Non-Anthocyanin and Anthocyanins

A total of sixteen different compounds, nine non-anthocyanin (Table 5) and seven
anthocyanins (Table 6) have been identified in mortiño berries. To make the discussion
easy to follow, phenolic compounds non-anthocyanin and anthocyanins were discussed
separately. Quantification of each identified compound is shown in Table 7.

Table 4. Minerals content (g or mg kg−1 dry matter, DM) in Mortiño berries as affected by environ-
mental zone and stage of fruit development.

Factor K Na Ca Mg Cu Mn Fe Zn

Macro-Elements (g kg−1) Micro-Elements (mg kg−1)

ANOVA Test †

Zone ** *** *** *** ** *** *** ***
Stage ** *** NS *** NS NS *** NS
Zonex
Stage ** *** *** *** ** *** *** ***

Tukey’s multiple range test ‡

Zone
Polylepis 8.85 a 0.30 a 4.88 a 1.24 a 5.63 a 47.63 b 80.95 b 29.61 a
Cubillín 6.83 b 0.24 b 1.80 c 0.41 c 4.74 b 93.05 a 126.89 a 14.40 c

Culebrillas 8.10 a 0.22 b 3.47 b 0.93 b 4.84 ab 22.96 c 70.90 b 17.79 b
Stage ¥

Stage 7 8.52 a 0.28 a 3.18 0.92 a 5.11 56.76 70.84 b 21.60
Stage 8 7.33 b 0.23 b 3.58 0.79 b 5.03 52.34 114.99 a 19.60
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Table 4. Cont.

Factor K Na Ca Mg Cu Mn Fe Zn

Macro-Elements (g kg−1) Micro-Elements (mg kg−1)
Zone × Stage

Polylepis *
Stage 7 10.13 a 0.36 a 3.92 b 1.28 a 5.06 ab 48.97 b 69.81 bc 32.42 a

Polylepis *
Stage 8 7.57 b 0.25 bc 5.84 a 1.20 a 6.20 a 46.30 b 92.10 b 26.80 a

Cubillín *
Stage 7 7.15 b 0.27 b 1.87 c 0.43 c 5.02 ab 93.04 a 61.29 c 15.82 bc

Cubillín *
Stage 8 6.50 b 0.21 bc 1.72 c 0.39 c 4.42 b 93.07 a 192.49 a 12.99 c

Culebrillas
* Stage 7 8.27 ab 0.19 a 3.74 b 1.06 a 5.22 ab 28.26 c 81.41 bc 16.55 bc

Culebrillas
* Stage 8 7.93 b 0.24 ab 3.20 bc 0.81 b 4.46 b 17.67 c 60.38 c 19.02 b

† NS: not significant at p < 0.05; *, **, and ***. significant at p < 0.05, 0.01, and 0.001, respectively. ‡ Values (mean of
3 replications) followed by the same letter, within the same column, were not significantly different (p < 0.05),
Tukey’s least significant difference test. ¥ Stage 7: Fruit development; the berries began to develop anthocyanins;
Stage 8: Ripening or fruit maturity; 100% of cluster berries epicarp is purple.

Table 5. Phenolic compounds (non-anthocyanin) identified by HPLC-DAD-ESI-MSn in Mortiño berries.

Peak No. a Rt (min) bMS/MS (m/z) Name of Compounds c Chemical Family

P1 7.3 353,191 3-O-Caffeoylquinic acid Hydroxycinnamic Acid

P2 9.1 337,163 3-Coumaroylquinic acid Hydroxycinnamic Acid

P3 9.9 707,353,191 5-O-Caffeoylquinic acid Hydroxycinnamic Acid

P4 12.6 335,179 Caffeoylshikimic acid Hydroxycinnamic Acid

P5 15.9 433,323 Caffeic acid derivate Hydroxycinnamic Acid

P6 16 463,301 Quercetin 3-hexoside Flavonols

P7 17.8 463,301 Quercetin 5-hexoside Flavonols

P8 18 433,301 Quercetin 3-pentoside Flavonols

P9 18.1 447,301 Quercetin-3-O-
rhamnoside Flavonols

a Rt = retention time; b MS/MS = tandem mass spectrometry; c Compounds were numberer by their elution time.

Table 6. Anthocyanins identified by HPLC-ESI-MSn in Mortiño berries.

Peak No. a Rt (min) Molecular Ion [M + H] (m/z) bMS/MS (m/z) Name of Compounds c

An1 2.3 627 303,465 Delphinidin 3-O-glucoside

An2 4.3 611 287,449 Cyanidin-3,5-di-O-glucoside

An3 4.8 449 287,213,137 Cyanidin 3-O-glucoside

An4 4.9 419 287,137,213 Cyanidin-3-O-arabinoside

An5 4.9 479 317,302,274 Petunidin-3-O-glucoside

An6 5.1 463 301,286,201 Peonidin-3-O-glucoside

An7 5.0 579 271,433 Pelargonidin-3-O-rutinoside
a Rt = retention time; b MS/MS = tandem mass spectrometry; c Compounds were numberer by their elution time.
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The nine non-anthocyanin phenolic compounds were classified into two chemical fami-
lies: (i) hydroxycinnamic acid (5 compounds), and (ii) flavonols (4 compounds). The content
of the phenolic compounds non-anthocyanins was significantly affected by the “growing
zone”, “stage” and the interaction “growing zone x stage” factors (Table 7). Five hydrox-
ycinnamic acids were detected, four caffeoyl acid derivates, and one coumaroylquinic
acid. Baenas et al. [16] also identified in mortiño berries purchased at a local market in
Machaci, Ecuador, the same four caffeoyl acid derivates, but at very low concentrations
compared to our values; yet they could not identify the presence of coumaroylquinic
acid. Furthermore, the highest content of hydroxycinnamic acids was noted for mortiño
berries grown in Culebrillas (2701.92 mg 100 g−1 DM), followed by Cubillín (1502.89 mg
100 g−1 DM), while the lowest content was presented by mortiño fruits grown in Polylepis
(505,42 mg 100 g−1 DM). From the hydroxycinnamic acids, the isomer of chlorogenic acid,
5-O-caffeoylquinic acid, was the most representative in mortiño berries. Our results agree
with previous studies carried out by Vasco et al. [3] in V. floribundum, by Garzón et al. [4]
in V. meridionale, by Prencipe et al. [49] in Vaccinium berries and by Baenas et al. [16] in
V. floribundum. Moreover, Wojdyło et al. [50] reported that hydroxycinnamic acids such
as 5-caffeoylquinic and caffeoylquinic acid are good sources of antioxidants in vitro that
protect low-density lipoprotein (LDL) from oxidation and therefore, supposedly prevent
various age-related diseases. Therefore, the consumption of mortiño berries would reduce
the risk of cardiovascular disease since its antioxidants lower low-density lipoprotein (LDL)
cholesterol levels.

The flavanol glycosides were the second group after the hydroxycinnamic acid deriva-
tives that contributed to the final concentration of polyphenols in mortiño berries. Addition-
ally, those fruits grown in Culebrillas presented the highest levels of flavonols, the quercetin
3-hexoside, quercetin 5-hexoside, and quercetin-3-O-rhamnoside were significantly high
(Table 7). Other studies also reported these flavonols as the predominant ones in mortiño
berries [3,16]. Garzón et al. [4] reported in V. meridionale that 93% of the total flavonoids
are represented by quercetin derivatives. High content of flavonols may well reflect plant
responses to biotic and abiotic stresses or just acclimation to environmental stressors such
as heat, cold, UV radiation, drought, salinity, or an attack of herbivores or pathogens [51].
In this study, the highest content of flavonols and hydroxycinnamic acids was obtained for
mortiño fruits at the early stages of fruit development (stage 7); the only exception was the
5-O-Caffeoylquinic acid, which showed a higher content in the late stage of development.
According to Garzón et al. [4], a fairly common feature in the Vaccinium family is the
presence of quercetin glycosides and hydroxycinnamic acids. Our results confirm that fruit
maturity stage and altitude definitely influence the content of non-anthocyanin phenolic
compounds; in such a way that above 4000 m of altitude there is a strong reduction in
the content of these phenolic compounds. Jaakola and Hohtola [52] reported that flavonol
accumulation in fruit skin, as a result of sunlight exposition, is well documented and is the
most important environmental factor inducing flavonol biosynthesis, just like that; fruits
with sun-exposed peel have higher levels of anthocyanins and flavonols than those grown
in the shade. In the literature, there is a great variability regarding the non-anthocyanin
phenolic compounds in mortiño berries and in other several species of the Vaccinium genus.
This variability is due to several factors such as stage of maturity, agronomic factors, cul-
tivars and varieties, geographic region, storage conditions, ripeness, and climate, among
others [3,16,31].

Anthocyanins are coloring pigments that give a wide range of colors such as orange,
red, purple, and blue in flowers, seeds, fruits, and vegetative tissues [53]. Blueberry and
bilberry (Vaccinium spp.) are one of the richest sources of anthocyanins [3,16]. In this study,
seven anthocyanins have been identified in mortiño berries: glycosides of cyanidin (peaks
An2, An3, and An4), delphinidin (peak An1), petunidin (peak An5), peonidin (peak An6)
and pelargonidin (peak An7) (Table 6). Baenas et al. [16] and Esquivel-Alvarado et al. [31]
reported the presence of six and five anthocyanins in mortiño berries, respectively, namely
derivatives of delphinidin and cyanidin. Garzón et al. [4] and Vasco et al. [3] reported
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that Colombian bilberry and Andean blueberry contained only cyanidin and delphinidin
glycosides. To our knowledge, the current study identifies the presence of petunidin,
peonidin, and pelargonidin in V. floribundum. In addition, the anthocyanins contents were
significantly affected by the “growing environment”, “stage” and the interaction “growing
environment x stage” factors (Table 7). Analyzing the environmental area factor, it was
observed that the predominant anthocyanins were cyanidin-3-O-arabinoside (ranging from
18.69 mg 100 g−1 DM of Cubillín to 11.47 mg 100 g−1 DM of Culebrillas), followed by
cyanidin 3-O-glucoside (ranging from 10.71 mg 100 g-1 DM of Cubillín to 6.08 mg 100 g−1

DM of Culebrillas). Likewise, higher contents of anthocyanins were shown when mortiño
berries reached the late developmental stage (stage 8), being the cyanidin derivatives,
followed by petunidin and peonidin, the main anthocyanins. The mortiño fruits showing
the highest anthocyanin contents were those grown at an altitude of 3500 m and in a
more advanced developmental stage (stage 8). Furthermore, our results indicate that the
anthocyanin content slightly decreases above 3500 m of altitude.

It is fairly known that temperature plays a vital role in the synthesis of anthocyanins,
and these are more prone to oxidation and relatively unstable. However, the mechanisms
are not well understood [54]. Low temperature induces anthocyanin synthesis in various
species [55]. However, the accumulation of anthocyanins in cold temperatures is light
dependent; in the absence of light, low temperatures prevent anthocyanin biosynthesis. The
regulation of cold induction of anthocyanins and the role of light are not well understood
yet [52]. The higher the solar radiation at high altitudes, the greater the influence on the
secondary metabolite profiles [52]. Li et al. [56] reported that warm weather was related to
low levels of anthocyanins, and cool weather was associated with the rapid accumulation
of anthocyanins in fruit skin. Maier and Hoecker [57] suggested that high light intensity
stimulates anthocyanins production in most plants. In view of the results obtained in
this research, well-designed long-term studies are necessary to better understand the
plant–environment interaction regarding anthocyanin biosynthesis.

3.5. Principal Component Analysis (PCA)

PCA was used because it is one of the beneficial statistical tools for analyzing several
samples and variables in order to establish their differences and similarities. Figure 2 shows
that 64.19% of the total variance in the data are represented by PC1 and PC2. Of these two
top principal components, PC1 described 42.29% of the total variation and PC2 explained
21.90% of the variation. It is important to note that the higher the distance between two
parameters, the lower their correlation. Considering F1 as the dimension that explained the
main differences among growing areas and fruit developmental stage Culebrillas-red and
Culebrillas-green were positively linked with hydroxycinnamic acids (3-coumaroylquinic
acid, and 5-caffeoylquinic acid), flavonols (quercetin derivatives), (antioxidant activity
(ABTS), TPC, and organic acids (quinic and malic acids). Instead, Cubillín-red and Cubillín-
green were positively linked with anthocyanins (cyanidin 3-O-glucoside, cyanidin-3-O-
arabinoside, pelargonidin-3-O-rutinoside, and peonidin-3-O-glucoside), hydroxycinnamic
acids (caffeoylshikimic acid), flavonols (quercetin-3-pentoside) and minerals (Mn and Fe).

On the other hand, whereas Polylepis-red was negatively linked with anthocyanins
(cyanidin-3,5-di-O-glucoside, petunidin-3-O-glucoside, and delphinidin 3-O-glucoside),
minerals (Cu) and sugar (fructose), Polylepis-green was positively linked with minerals
(Ca, Na, Zn, K, and Mg), antioxidant activity (DPPH) and sugars (glucose).

The biplot (Figure 2) showed that Culebrillas-red and Cubillín-green were laid rela-
tively close to each other along the X-axis (PC1). Polylepis-red had large negative scores on
the PC2, and it was quite separated from the other locations across PC1. Polylepis-green
had large positive scores on the PC2 axis, and it was opposed to Polylepis-red.
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Figure 2. Biplot of principal components analysis (PCA) means showing the relationship among
phytochemical parameters and effects of environmental zones (Polylepis, Cubillín and Culebrillas)
and stage of development of the fruit of mortiño berries (stage 7 green and stage 8 red).

The results clearly indicated that the sampling zone and fruit developmental stage
factors had a crucial effect on the chemical composition and polyphenol compounds of Vac-
cinium floribundum. Therefore, more research considering both the growing environmental
factor and the stage of development of the fruit is a must to obtain mortiño berries with
high contents of bioactive compounds, becoming an exceptional ingredient to be used in
both the cosmetic and pharmacological industries, as well as in the agri-food one.

4. Conclusions

The present study investigated the chemical composition and polyphenol compounds
of Vaccinium floribundum produced in the volcano Chimborazo paramo, Ecuador. The
study was carried out in three growing areas (Polylepis, Culebrillas, and Cubillín) located
above 3500 m of altitude and with mortiño berries showing two different stages of fruit
development. Despite the fact that the altitude at which this mountain fruit species is
found is the main limitation for observation and monitoring, the research confirms that
the mortiño berries produced in the Ecuadorian paramo area are a valuable source of
polyphenols, rich in sugars and organic acids and can be classified as a good source of
microelements, an excellent source of K, Ca and Fe. In addition, due to their low sodium
levels, mortiño berries could be recommended for low-sodium diets. The main constituents
of mortiño berries include hydroxycinnamic acids (5-O-caffeoylquinic acid), flavonols
(quercetin derivatives), and anthocyanins. Three anthocyanins (petunidin, peonidin, and
pelargonidin) were reported for the first time in mortiño berries, which have never been
before identified and quantified in V. floribundum. Overall, our data indicate that altitude
and stage of fruit development significantly affect mortiño berries quality. This research
may successfully contribute to improving market sales for the mortiño and, at the same
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time, can provide sustainable economic opportunities for farmers. Finally, our contribution
to improving knowledge about this wild fruit species will help improve the sustainability
and preservation of this rich natural resource.
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Abstract: The assessment of fruit quality traits is a key factor in increasing consumer acceptance of
kiwifruit. Here, an experiment was performed to evaluate the relationship between dry matter (DM)
and soluble solids concentration (SSC), evaluated by both destructive (D) and non-destructive (ND)
approaches, with acidity content and sensory evaluation, particularly taste, in fully ripened ‘Hayward’
kiwifruits from 20 orchards. Nutrient content and metabolomic analysis were also performed in
ripened kiwifruit tissues (pericarp, placenta, and seeds) from four selected orchards of kiwifruits of
high taste scores (HTS) and four orchards of low taste scores (LTS). The results suggest that ND-DM
measurement positively correlated with D-DM and may serve as an indicator of kiwifruit taste.
Moreover, the taste of kiwifruit was affected by both SSC and acidity. Based on the nutrient content
of the pericarp and the primary metabolites of the pericarp and placenta, a clear separation was
observed between kiwifruits with HTS and those with LTS, while no differences were found in seed
samples. Metabolites such as fructose, maltose, mannobiose, tagatose, and citrate were accumulated
in kiwifruits with a strong taste in the pericarp, whereas others, such as serine in the pericarp and
placenta, have a negative impact on taste. The current study contributes to a greater understanding
of the influence of dry matter, ripening characteristics, primary metabolites, and nutrient content on
the taste of kiwifruits.

Keywords: dry matter; metabolomics; sensory evaluation; taste; elements

1. Introduction

The dietary and nutritional value of kiwifruit is highly appreciated by consumers [1,2].
Fruit ripening, as a process, is signaled by changes in the sensory components, including
taste (e.g., increased sweetness), visual appearance (internal color change), texture (soften-
ing of the flesh), and aroma (formation of volatile organic compounds, VOCs) [3]. Aroma
and taste primarily develop during the final stages of ripening in climacteric fruit such
as kiwifruit, where they are associated with autocatalytic ethylene production [4]. Conse-
quently, flavor, texture, aroma, nutritional elements, and expiration life are the primary
characteristics that influence consumers’ preferences and determine a product’s quality.
Kiwifruit flavor is the most important quality indicator and characterized by balance of
sweetness and acidity with a fine blend of volatile aromatic compounds [5], illustrating
how these specific characteristics are affected by the ratio between sugars and acids [6,7].

The soluble solid concentration (SSC) is recognized as the primary ripening criterion
for kiwifruits, which are harvested when the SSC content exceeds 6.25% Brix. SSC content
depends on the accumulation of sugars in the form of starch/dry matter during fruit
ripening [7], and there is a direct correlation between SSC content and sweetness in flavor [8].
Dry matter is also another crucial quality indicator for kiwifruit; it refers to the non-water
components of the fruit and, whether there are photosynthesizing leaves, it increases
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as the fruit ripens [9]. According to Feng [9], the anticipated concentration of SSC in
ripe fruit corresponds to the percentage of dried weight at harvest, reduced by three
percent. Dry weight estimation is an accepted indicator of fruit ripening and a predictor
of SSC in New Zealand [10], allowing producers to obtain higher prices [11]. Crisosto [8]
noted the reliability of dry matter as an indicator of quality, but not ripening, of kiwifruit,
which confirms the increased consumer acceptability of high dry weight kiwifruits [5].
Liao [12] found that cultivation practices such as kiwifruit canopy formation and summer
pruning influence the fruit’s dry matter content. In addition, the final estimation of all
these fruit quality traits that may affect flavor is being studied through sensory evaluation.
Sensory analysis is a technique that provides valuable information that food processing
industries use to evaluate the quality of their products [13]. To be more representative,
comparisons and correlations between outcomes of sensory analysis must be quantified
and rated [14]. Consequently, the correlation between the sensory evaluation’s results and
objective measurements provides the highest degree of reliability when calculating fruit
quality index [15].

The purpose of this study is to (i) establish a relationship between destructive and non-
destructive methods for evaluating the quality of fully ripened kiwifruits, and (ii) reveal
possible kiwifruit quality indicators, utilizing sensory evaluation and particularly kiwifruits’
taste from different orchards and from separated fruit tissues (pericarp, placenta, and seeds)
and their association with nutrient content and metabolites abundance.

2. Materials and Methods

2.1. Experiment and Fruit Sampling

Kiwifruits (Actinidia chinensis var. deliciosa (A. Chev.) A. Chev. ‘Hayward’) were
harvested from 20 productive (all above 5 years old) commercial orchards (codes 1–20) that
are located in the Nestos area (East Macedonia, North Greece; Figure S1). All orchards
were subjected to standard cultural practices for sustainable kiwifruit production. During
the commercial harvest period, 200 fruits per orchard, with an average soluble solid
concentration of SSC = 6.25% Brix and fruit weight of approximately 100 g, were collected.
Fruit were transferred to the laboratory of Pomology at Aristotle University and, following
postharvest storage at 0 ◦C (RH = 95%) for three weeks, were then maintained at 20 ◦C
(RH = 70%) until ripened (pericarp firmness lower than 10 Newtons). In the fully ripe stage
of kiwifruits, both non-destructive and destructive approaches were used to determine
dry matter and SSC; additionally, acidity as well as sensory evaluation were performed.
In parallel, the kiwifruits were divided into three distinct tissues: pericarp, placenta, and
seeds, followed by sampling with liquid nitrogen and storage at −80 ◦C for further analysis.

2.2. Fruit Quality Traits
2.2.1. Non-Destructive Estimation of the Dry Matter and Soluble Solid Concentration

The non-destructive determination of kiwifruit dry matter (%) and SSC (%) were
carried out in 30 kiwifruits per orchard at the fully ripe stage using an F-750 device
(NIR spectroscopy-based technology, Produce Quality Meter, Felix Instruments, Camas,
WA, USA) with the software of F-751 Kiwi Quality Meter. Initially, the F-750 device was
calibrated with 20 fruits at 20 ◦C (RH = 70%). The fruit was placed in the special holder
and the reading was taken according to the manufacturer’s instructions. Thereafter, non-
destructive determination of dry matter (%) and SSC (%) were conducted in the kiwifruits
from 20 orchards.

2.2.2. Destructive Determination of Dry Matter, Soluble Solid Concentration, and Acidity

Dry matter content was determined in a transverse slice (1 cm) from the equatorial
region of each fruit, when dried in an oven (65 ◦C, 48 h), and expressed as a percentage (%)
of dry weight against fresh slice weight. Soluble solid concentration (SSC, %) and titratable
acidity (TA) were determined in juice from three biological replicates of 10 kiwifruits per
orchard. SSC measurement was performed using a digital refractometer (Atago PR-101,
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Atago Co., Ltd., Tokyo, Japan) while TA was performed by potentiometric titration with
0.01 NaOH up to pH 8.2 and was expressed in citric acid (%), as previously described [16].

2.3. Sensory Evaluation Analysis

Panelists evaluated the ripe kiwifruits of cultivar ‘Hayward’ under normal light,
temperature, and relative humidity conditions, as previously described [17]. The sensory
descriptors that were determined based on intensity scale were appearance (1 = abnormal
fruit with defects and 9 = oval shape without any defect), internal color (pericarp green
intensity; 1 = white; R, G, B = 255, 255, 255; 5 = light green; R, G, B = 0, 180, 0; 9 = dark green;
R, G, B = 0, 120, 0), texture/firmness (1 (4 N) to 9 (10 N)) from low to high firmness based on
chewing of pericarp and placenta) [18], aftertaste intensity (1 = absent and 9 = very strong),
taste intensity (1 = without taste; taste of mineral water and 9 = high; very tasteful), as
previously described with some modifications [19]. Each sample was labeled with a random
four-digit code, containing five whole kiwifruits of each orchard, and then transverse slices
(1 cm) of each fruit were presented on white polystyrene plates balanced in a randomized
order across the nine judges/panelists. A training session was organized with the purpose
of acquainting the panelists with the sensory evaluation approach, attribute definitions,
and reference standards. Additional information about the tested parameters is provided
in Table S1.

2.4. Mineral Element Analysis

Determination of nutrients (K, P, Ca, Mg, Na, Zn, Fe, Mn, Cu) was performed in
the pericarp of ripe kiwifruits (dry samples) by the inductively coupled plasma optical
emission spectrometry (ICP–OES) system (Perkin Elmer Optima 2100DV, PerkinElmer Inc.,
Waltham, MA, USA). A batch of five kiwifruits in three biological replicates per orchard
was used, and extraction was carried out on ash dissolution in 6 N HCl, after sample
incineration at 550 ◦C for 6 h. The Kjeldahl method was used to perform the analysis of
nitrogen (N) with a Vapodest 50 s system (Gerhardt, Königswinter, Germany) [20].

2.5. Primary Polar Metabolites Analysis

Primary polar metabolites extraction of ripe kiwifruits in each tissue (pericarp, pla-
centa, seeds) and derivatization processes were employed, as previously described [16],
with slight modifications. Frozen grinding tissue (0.5 g) from eight selected orchards
(four orchards that received a high score based on taste and four orchards that received
a low score based on taste) were used. Samples were extracted with 1.4 mL of methanol
(100%, pre-cooled at −20 ◦C), and 0.1 mL adonitol (1 mg mL−1) was added as an internal
quantitative standard, and then incubated for 10 min (70 ◦C). In the supernatant, 0.75 mL
of chloroform (100%, pre-cooled at −20 ◦C) and 1.5 mL dH2O (100%, pre-cooled at 4 ◦C)
was added and then centrifugated (2200× g, 4 ◦C, 10 min). An aliquot of 0.15 mL of the su-
pernatant was transferred into a vial glass and placed to dry in a desiccator under vacuum.
The residues were redissolved in 0.04 mL methoxyamine hydrochloride (20 mg mL−1)
and then in 0.07 mL N–methyl–N–(trimethylsilyl) trifluoroacetamide reagent (MSTFA) for
120 min and 30 min at 37 ◦C, respectively. The GC–MS analysis was carried out with a
Perkin Elmer Clarus™ SQ 8 (Waltham, MA, USA), as previously described in detail [16].
Compounds were determined using standards or NIST11 database or GOLM metabolome
database [21]. The metabolites were expressed as the relative abundance of adonitol and
are provided in Table S2.

2.6. Statistical Processing and Analysis

The statistical analysis of all quality traits, sensory attributes, and mineral elements
was conducted using SPSS (SPSS v27.0., Chicago, IL, USA) by one-way ANOVA or by
multivariate analysis of variance (MANOVA) [22]. Metabolomic analysis was performed by
analysis of variance (ANOVA) between high- and low-taste-score kiwifruits. Mean values
were compared based on the least significant difference (LSD) or Student’s t-test; p ≤ 0.05.
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Pearson correlation analysis was conducted using SPSS whereas principal components
analysis (PCA) and hierarchical clustering along with a heatmap were employed using
ClustVis software 2.0 [23].

3. Results

3.1. Non-Destructive Application to Define Fruit Quality

To examine the internal kiwifruit quality at the fully ripe stage from the 20 orchards,
both non-destructive and destructive approaches were used to determine dry matter
(DM) and soluble solid concentration (SSC), as well as the acidity content and the sensory
attributes (Figure 1).

1 0 0 0 0 0 0

0, 561 1 0, 004 0 0, 101 0, 044 1

0, 491 0, 37 1 0, 261 0, 003 0, 032 1

0, 47 0, 576 0, 147 1 0, 005 0, 001 1

0, 494 0, 214 0, 372 0, 361 1 0 1

0, 564 0, 261 0, 277 0, 419 0, 455 1 0

0 0 0 0 0 0 1

Figure 1. Quality traits of fully ripe fruits from 20 kiwifruit orchards: (a) dry matter (%) of fruit using
destructive (D-DM) and non-destructive (ND-DM) approach, (b) soluble solids concentration (% Brix)
of fruit using destructive (D-SSC) and non-destructive (ND-SSC) methods, (c) sensory evaluation of
kiwifruit base on intensity score ranged from 1 (without taste) to 9 (very strong taste/aftertaste) of
taste and aftertaste (ATaste), (d) titratable acidity (TA), and (e) Pearson correlation of seven variables
depicted with a heatmap (red indicates positive whereas green indicates negative correlation). The
dotted line indicates the grand mean of its variable. The means of its quality and sensory trait were
compared based on least significant difference (LSD) p ≤ 0.05.
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The average dry matter (DM) content at the 20 orchards was 16% by the destructive
(D) and 16.3% by the non-destructive (ND) approach. The higher DM was recorded at
orchard codes 3 and 7 and the lower DM was recorded at 6 and 8 orchard codes both
in D and ND approaches (Figure 1a). The average soluble solid concentration (SSC) at
the 20 orchards was 15.3% and 11.6% by D and ND approaches, respectively. It is worth
noting that ND-SSC was significantly underestimated with respect to D-SSC. Nevertheless,
a higher SSC was recorded in both D and ND approaches at orchard code 7. Additionally,
high SSC was observed at orchard codes 12 for D and 3 for ND, whereas the lower SSC
was at orchard codes 4 and 1 for D and orchard codes 6 and 8 for ND (Figure 1b). We
should also highlight that orchard codes 3 and 7 received high values of DM and SSC,
while orchards 6 and 8 received low values of DM and SSC.

Sensory evaluation revealed an acceptable intensity score (≥5) for most of the orchards
analyzed for descriptors such as appearance, internal color, and texture/firmness intensity
in fully ripe kiwifruits (Table S1). We assumed that taste and aftertaste are two crucial
descriptors in kiwifruit sensory evaluation. Thus, we were focused on these two descrip-
tors; the average taste score was 5.2 and the average aftertaste score was 5.9 among the
20 orchards. The four higher scores in taste were observed at 7, 14, 9, and 5 codes of
orchards whereas the four lower scores were observed at 17, 11, 6, and 19 codes of orchards
(Figure 1c). In contrast, aftertaste (Ataste) results were recorded at a higher intensity in
low-taste-score orchards, such as 17 and 19, indicating a negative relationship between
taste and aftertaste in kiwifruits. Finally, the average value of acidity (TA) content at the
ripe kiwifruits of 20 orchards was 1.3%, with the higher TA being recorded at orchard codes
12 and 16 and the lower TA at orchard codes 10 and 8 (Figure 1d).

To uncover possible associations among the seven variables tested, a Pearson corre-
lation analysis was performed. This examination revealed positive correlations between
destructive and non-destructive approaches among DM, SSC, TA, and taste, whereas a
negative correlation was observed between taste and Ataste intensity (Figure 1e). Hence,
considering the above-mentioned correlations and to evaluate the factors affecting the taste
in ripe kiwifruit, we chose the four orchards with the highest scores (7, 14, 9, and 5 codes
of orchards) and four orchards with the lowest scores (17, 11, 6, and 19 codes of orchards)
according to their taste assessment for further analysis.

3.2. Taste-Dependent Quality Traits and Mineral Content

To estimate the impact of taste in ripe kiwifruit, the four orchards that received a high
taste score (HTS) were compared with the four orchards that received a low taste score
(LTS). Physiological analysis revealed that the HTS orchards exhibited higher values of dry
matter, SSC, and acidity than the LTS orchards, whereas LTS orchards had higher Ataste
intensity than HTS (Figure 2a). In contrast to the physiological data, the mineral content in
the pericarp of ripe kiwifruit displayed a decrease in HTS compared with LTS orchards,
concerning the content of nitrogen, phosphorus, potassium, iron, and zinc (Figure 2b).
However, the content of calcium, magnesium, sodium, copper, and manganese was similar
between the ripe kiwifruits that received high and low taste scores (Figure 2b).
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Figure 2. (a) Sensory evaluation (taste and aftertaste intensity) and physiological traits (dry matter,
SSC, and TA) of fully ripe kiwifruits with high taste scores (HTS, dark green) and low taste scores (LTS,
light green), and (b) mineral content in the pericarp of ripe kiwifruits with high taste scores (HTS,
dark green) and low taste scores (LTS, light green). Each box plot was constructed by 12 replicates
(four codes of orchards × three biological replicates). Means were compared based on Student’s t-test;
* p ≤ 0.05, ** p ≤ 0.01, *** p ≤ 0.001.

3.3. Taste-Associated Primary Metabolites in the Various Kiwifruit Tissues

To identify the contribution of primary metabolites in the taste of kiwifruit at the
fully ripe stage, a primary polar metabolomic analysis in three kiwifruit tissues (pericarp,
placenta, and seeds) was performed. The orchards that received a high taste score (HTS)
were compared with the orchards of LTS in each tissue separately. In pericarp tissue,
42 metabolites were identified belonging to five classes, namely sugars (16), acids (11),
alcohols (6), amino acids (7), and other compounds (3). A clear separation was observed
between HTS and LTS in the pericarp of ripe kiwifruits based on hierarchical cluster
analysis, as depicted in Figure 3a. Pericarp metabolomic analysis exhibited a decrease
of two amino acids (valine and serine), one alcohol (inositol), and one other compound
(phosphoric acid) in the HTS kiwifruits (Figure 3a, Table S2). On the contrary, an increase
in nine sugars (tagatose, fructose, glucose, talose, sucrose, turanose, lactulose, mannobiose,
and maltose), three acids (oxalic acid, citric acid, and quininic acid), one alcohol (galactinol),
and one other compound (aucubin) was detected in the HTS kiwifruits (Figure 3a, Table S2).
Furthermore, we found an increase in sugars and acids as well as a reduction in amino
acids and other compounds in the HTS kiwifruits (Figure 3b).
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Figure 3. (a) Heatmap and hierarchical cluster analysis of the primary metabolites in the pericarp
of the fully ripe kiwifruits with high taste scores (HTS; codes of orchards 5, 7, 9, 14) and low taste
scores (LTS; codes of orchards 6, 11, 17, 19) using ClustVis software. The orange color indicates an
increase in abundance; the purple color indicates a decrease in the abundance of each metabolite.
(b) Metabolite classes in the pericarp of fully ripe kiwifruits with high taste scores (HTS, dark green)
and low taste scores (LTS, light green). Each box plot was constructed by 12 replicates (four codes of
orchards × three biological replicates). Means were compared based on Student’s t-test; * p ≤ 0.05,
** p ≤ 0.01, *** p ≤ 0.001. Metabolite data are provided in Table S2.

The current metabolomic analysis also identified 42 metabolites in the placenta tis-
sue. In addition to this, 32 metabolites were detected in seeds tissue that correspond to
five classes, namely sugars (16), acids (6), alcohols (6), amino acids (3), and other com-
pounds (1). Based on hierarchical cluster analysis, a distinct separation was also noticed
between HTS and LTS in the placenta of ripe kiwifruits but not in seeds, as illustrated
in Figure 4. Metabolomic analysis in the placenta tissue disclosed a decrease in HTS of
two sugars (xylose and galactose), two alcohols (sorbitol and galactinol), one acid (lactic
acid), and three amino acids (serine, GABA, and oxoproline) (Figure 4a, Table S2).

An increase in metabolic abundance in the placenta of HTS kiwifruits was detected
regarding six sugars (tagatose, turanose, lactulose, mannobiose, maltose, and lactose), one
acid (erythronic acid), one alcohol (maltitol), and one other compound (aucubin) (Figure 4a,
Table S2). In addition to this, seed metabolomic analysis showed a decrease in oxalic acid
(acid) in HTS kiwifruits (Figure 4b, Table S2). In the seed of HTS kiwifruits, we also noticed
an accumulation of three sugars (glucose, trehalose, and turanose), citric acid (acid), and
aucubin (other compounds) (Figure 4b, Table S2).
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Figure 4. Heatmap and hierarchical cluster analysis of primary metabolites in the (a) placenta and
(b) seeds of fully ripe kiwifruits with high taste scores (HTS; codes of orchards 5, 7, 9, 14) and low taste
scores (LTS; codes of orchards 6, 11, 17, 19) using ClustVis software 2.0. The orange color indicates
an increase in abundance; the purple color indicates a decrease in abundance. Metabolite data are
provided in Table S2.

3.4. Taste-Based Discrimination of Fully Ripe Kiwifruits

To understand the effect of nutrients and metabolites on taste, a principal component
analysis (PCA) was performed (Figure 5). Based on PCA of nutrients in the pericarp, we
detected a clear separation between kiwifruits with high taste scores (HTS) and low taste
scores (LTS) (Figure 5a). Similarly, a distinct separation was observed when PCA was
performed in the metabolites of the pericarp and placenta but not in seeds between HTS
kiwifruits and LTS ones (Figure 5b). It was also obvious that the discrimination of kiwifruits
based on taste in the pericarp and placenta was mainly due to PC1, which explained
the 20.7% variability of metabolites (Figure 5b). Focusing on metabolites that mainly
participated in the construction of PC1, we noticed that six sugars (fructose, turanose,
mannobiose, maltose, talose, and tagatose) and citric acid (the main acid in kiwifruits)
received a positive score, above 0.6, indicating an increase in their abundance in the pericarp
of HTS (Figure 5c). On the contrary, two amino acids (serine and valine) and phosphoric
acid scored below −0.6, indicating an increase in their abundance in the pericarp of LTS
(Figure 5c). In parallel, six sugars (lactose, turanose, maltose, lactulose, tagatose, and
mannobiose), maltitol, and aucubin received scores above 0.6, implying an increase in
their abundance in the placenta of HTS, whereas three amino acids (aspartic acid, GABA,
and serine), two sugars (xylose, galactose), three acids (glyceric acid, threonic acid, and
malic acid), galactinol, and ethanolamine scored below −0.6, indicating an increase in their
abundance in the placenta of LTS kiwifruit (Figure 5c).
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Figure 5. Principal component analysis (PCA) of the (a) minerals in fully ripe kiwifruits with high
taste scores (HTS) and low taste scores (LTS), and (b) primary metabolites in the pericarp (cycle),
placenta (square), and seeds (triangle) of fruit with high taste scores (HTS) and low taste scores (LTS).
(c) Discrimination of LTS and HTS in the pericarp and placenta samples based on the metabolites
using PCA models.

4. Discussion

It is well known that, during kiwifruit ripening, an increase in levels of SSC, ethylene,
and volatiles, as well as a decrease in acids, starch content, and firmness, occur [5]. Flavor
generation compounds are linked to both aroma (volatile compounds) and taste (sweet and
acidic) in kiwifruit undergoing ripening. It is also well documented that soft kiwifruits, due
to the activation of cell-wall-related enzymes such as polygalacturonase [24–26], are sweeter,
whereas firmer kiwifruits are more acidic. Generally, values of firmness of approximately
8–10 Newtons make the kiwifruit ready to eat [27], while fruits with a slightly softer texture
are more acceptable [18]. Therefore, our study focused on ripe kiwifruits, below 8 Newtons
in the pericarp firmness, to determine quality traits such as SSC, DM, acidity, sensory
attributes such as taste, etc. (Figure 1).

In the present study, considerable variation in fruit DM and SSC were evident among
orchard samples of kiwifruit (Figure 1). Such variation in kiwifruit DM and SSC observed
in this study was similar to that reported elsewhere [6]. For kiwifruit, the application
of NIR-spectroscopy has been proposed as a tool for a quality metric and a harvest ma-
turity metric [28]. It was also interesting that the non-destructive determination of DM
and SSC using NIR-spectroscopy could develop strategies for appropriate postharvest
handling of kiwifruits [2]. Especially, the SSC in kiwifruits should be higher than 6.2%
Brix at harvest [29], while high DM (above 16%) was proposed as a quality indicator in
kiwifruits [30]. It has been suggested that SSC should range between 10–14 ◦Brix in ready-
to-eat kiwifruits [6]. In the current study, SSC ranged above these values from 14 to 16.7%
Brix (Figure 1).

Since the DM of kiwifruit shows only minor change over the postharvest period [30],
the measure of fruit DM at harvest may be used to predict the kiwifruit sensory po-
tential following cold storage. In addition, the high level of dry matter in kiwifruits is
linked to the acceptance of consumers with respect to the taste, since their sweetness in-
creased [6,10,29,31–33]. In the present study, we also noticed that quality characteristics
of kiwifruits (DM, SSC, and acidity) were positively associated with their taste scores
(Figures 1 and 2a). As a result, DM content, SSC, and acidity can be considered as indi-
cators related to other intrinsic quality attributes to improve the precision of the sorting
process.

The nutrient content of the fruit may be contributed to the proportion of dry mat-
ter [5]. Nevertheless, there is still an extensive gap in our understanding concerning the
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connection between nutrient homeostasis and dry matter of kiwifruit. In this regard, an
interesting finding that emerged from this work is the fact that nutrient elements tend to
elevate their content in the pericarp tissue of LTS kiwifruits (Figure 2b), suggesting that
it can be possibly used for discrimination between HTS and LTS kiwifruits (Figure 5a).
This connection between fruit nutrient concentration and DM needs further attention,
particularly considering the fact that mineral elements have been previously analyzed to
achieve fruit-part discrimination [34].

Central carbon metabolism, which in fruits involves the pathways of sucrose, starch,
major organic acids, and respiration, provides energy and biosynthetic precursors to
support fruit growth and, eventually, ripening [35]. It is also essential for fruit quality, as
sweetness and sourness are conditioned by sugars and organic acids, respectively, which
are major components in most fruits [35]. Focusing on taste via discrimination in high-
and low-taste-score kiwifruits, we examined the effect of the primary metabolites in the
different parts of kiwifruits, including pericarp, placenta, and seeds (Figures 3 and 4).
The metabolic profile in kiwifruit pericarp displayed an enhancement of sugars and acids
in kiwifruit that received a high taste score (Figure 3b). The interplay between SSC and
acidity has been previously pointed out in kiwifruits for achieving high rates of consumer
acceptance [5,6]. Moreover, no strong changes in the primary metabolites of seed samples
were observed between the HTS and LTS groups of kiwifruit (Figure 4b). Recently, it was
proposed that seeds’ presence (depending on the pollen donor) in kiwifruits did not affect
taste balance [36], reinforcing our observation.

Based on the high taste score (HTS), a clear discrimination in primary metabolites in
both pericarp and placenta tissues was recorded (Figures 3–5), probably due to hydrolysis
of starch to glucose during the postharvest period resulting in sugar accumulation in HTS
kiwifruit [37]. It was documented that metabolites along with sensory properties influence
taste in a variety of foods [38,39]. The discrimination between HTS and LTS pericarp
samples may be related to the levels of nine metabolites (Figure 5c), among them, citric
acid which is the main acid in cv. ‘Hayward’ [40,41] and fructose which is one of the main
sugars in kiwifruits [16,42]. Hence, the elevated abundance of fructose and citric acid
in HTS could be associated with the taste as well as with the observed increase in acids
and sugars in HTS kiwifruits (Figure 3). It is also worth noting that other sugars such as
turanose, maltose, tagatose, and mannobiose (these sugars in kiwifruits were found in low
abundance [16,42]) were also responsible for the distinct patterns between HTS and LTS in
the pericarp and placenta tissues (Figure 5c). Moreover, an amino acid, serine, increased
in the placenta and pericarp of LTS fruit (Figure 5c), indicating that this metabolite may
be associated with the low-taste feature in kiwifruit. Recently, serine has been positively
related to quality features in guava fruits [43].

5. Conclusions

This study indicates that non-destructive methods for determining dried matter can be
used as an internal indicator of kiwifruit taste. In addition, the taste of kiwifruit was influenced
by both SSC and acidity and it was the most important sensory characteristic in terms of
overall acceptability. There was also evidence of discrimination between kiwifruits with high
and low taste scores based on the nutrient content and primary metabolites of the pericarp
and placenta. Several metabolites (fructose, maltose, mannobiose, tagatose, and citrate) were
elevated in kiwifruits with a strong taste, whereas others, such as serine, may have a negative
impact on taste. This study revealed the significance of certain minerals and metabolites in
taste discrimination and set a basis for future research on the quality of kiwifruit.

Supplementary Materials: The following are available online at https://www.mdpi.com/article/
10.3390/horticulturae9080915/s1, Figure S1. Sampling area and location of kiwifruit orchards;
Table S1. Sensory analysis of ripe kiwifruits; Table S2. Quantitative results of metabolites in ripe
kiwifruit tissues.
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Abstract: This study evaluated the relation between rind colour and the internal physicochemical and
sensory qualities of ‘Sanguinelli’ blood oranges, one of the main blood orange cultivars grown in the
Mediterranean region. To this end, 400 fruits were harvested in three different orchards and classified
according to rind pigmentation intensity (slight, medium, intense, very intense). All fruits were
individually evaluated by determining rind and pulp colour, total soluble solids, acidity, maturity
index, juice yield, firmness, and size. Moreover, 71 consumers performed a triangle test to evaluate
if fruit sensory properties depended on rind pigmentation. Our results revealed (for the first time)
that pulp pigmentation and total soluble solid (TSS) content strongly depend on rind colouration.
Among the fruit from the same orchard, the redder the pigmented fruit was (externally) the deeper
the red pulp, and the higher the TSS became. This pattern was corroborated in the three orchards
under study. Other characteristics, such as acidity, juice yield, firmness, and fruit size, did not depend
on external pigmentation. Sensory studies showed that the more coloured the fruit, the higher the
accumulated sugar content; consumers perceive these fruits as being sweeter than slightly pigmented
ones. This information can be very useful for the citrus industry as external colour may become a
quality index for blood oranges, as well as for consumers to make purchase decisions.

Keywords: total soluble solids; anthocyanin; colour; triangle test; consumers

1. Introduction

Among the different groups of oranges, blood oranges (Citrus sinensis L. Osbeck) stand
out for their unique, red-coloured flesh and rinds, due to their anthocyanin content. These
soluble pigments belong to the flavonoid compounds family and are responsible for the
characteristic colours of other fruits, such as pomegranates [1], grapes [2,3], or different
kinds of berries [4,5].

The popularity of these oranges is growing worldwide [6], but they are cultivated
mainly in the Mediterranean region. In Italy, blood oranges have a long-standing tradition
and are well placed on the markets. The ‘Sanguinello’, ‘Tarocco’, and ‘Moro’ varieties
have protected geographical indications (Rossa di Sicilia) [7]. In recent years, consumers
in Spain have focused on blood oranges; production is increasing, with a focus mainly on
the ‘Sanguinelli’ cultivar, which comes from spontaneous mutation of the blood orange
‘Doble Fina’.

In addition to anthocyanin compounds being used to confer colour to fruit, these
compounds are known for their high antioxidant capacity [8]. Awareness about the health
benefits of phytonutrients is driving consumer purchases as well as fruit consumption.
Thus, anthocyanin levels in the pulps of blood oranges represent important quality indices
for fresh and processed products [9].
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However, when growers harvest the fruit and when consumers purchase it in stores,
they can only evaluate the external fruit appearance. Therefore, it is necessary to investigate
if the rind colouring intensity of blood oranges is related to pulp pigmentation and, there-
fore, to the anthocyanin content of the edible part. Along these lines, two different studies
carried out with Tarocco and Moro [9,10] found that exposing fruits to cold storage at 8 ◦C
increased the anthocyanin content of both the pulp and rind. According to these studies,
when fruits are exposed to low temperatures after harvest, they undergo an anthocyanin
accumulation process and, therefore, colour enhancement, which happens in parallel to the
pulp and rind. However, no studies have approached the relation between external and
internal colourings at harvest.

Recently, Cebadera-Miranda et al. [11] described varieties with an intense yellow–
orange colouring and the reddest pulp, and others with a more reddish peel colouring and
a more yellow–orange pulp. However, we herein wished to examine the relation between
rind and pulp colouration from a different perspective. Fruits from the same variety may
present wide pigmentation variability, even if they come from the same orchard. The causes
of such variability are unclear, but Lo Piero [12] suggested that it can be at least partially
related to the position of fruits on the canopy. In this study, we wished to investigate if a
relation exists between the intensity of rind pigmentation and pulp pigmentation when
fruits of the same cultivar are evaluated. That is, if the external fruit colour is related to the
internal colouration and if, therefore, the fruit appearance may act as an indicator of flesh
anthocyanin content. Moreover, it was necessary to evaluate if internal characteristics, other
than the pulp colour, depend on the rind colour. Furthermore, it was necessary to evaluate
if sensory fruit properties, other than visual appearance, are linked to rind pigmentation.

In this context, this study aimed to answer two different questions about the relation
between the external appearance and the internal quality of ‘Sanguinelli’ blood oranges:
(1) is the physicochemical quality of pulp linked to rind pigmentation intensity? (2) Are
sensory properties perceived by consumers linked to rind pigmentation intensity?

2. Materials and Methods

2.1. Plant Material

Blood oranges (Citrus sinensis L. Osbeck) cv. Sanguinelli were obtained from a packing
house located in Valencia (Valencian Community, Spain). In the second half of February
(the 2019 season), three different fruit batches corresponding to the fruit harvested from
three commercial orchards were collected at the packing house, the day after harvest
(Orchard 1, Orchard 2, and Orchard 3). The mean values of day and night temperatures
from 1 January to harvest date for each orchard were as follows (mean ± SD): 12.8 ± 1.9
and 8.8 ± 2.5 for Orchard 1, 12.7 ± 2.4 and 7.8 ± 3.9 Orchard 2, and 12.9 ± 2.2 and 6.2 ± 3.3
for Orchard 3.

Then fruit were transferred to the Postharvest Department of the Valencian Institute
for Agricultural Research (IVIA), where they were divided into lots according to rind
pigmentation. The fruits from Orchards 1 and 2 were divided into three lots: slight (P1),
medium (P2), and intense (P3) rind pigmentation. In Orchard 3, fruits were divided into
two lots according to fruit appearance: medium (P2) and very intense (P4) pigmentation
(Figure 1).

Three steps were followed to divide fruit into batches according to their pigmentation:
(1) upon the arrival of fruit from each orchard to the laboratory, batches of 50 fruits with
different rind pigmentations were initially made by one researcher with experience in
blood oranges. (2) Then, the fruit previously selected for batches were mixed and another
researcher was asked to group the fruit into 50-fruit batches based on the perceived colour.
In case of doubts about any specific fruit, it could be removed and substituted for another
one that did not cause the researchers to doubt. In general, a maximum of 1 or 2 fruits
per lot of 50 fruits generated disagreement between both researchers and were substituted
for consensus. (3) Finally, fruit were mixed again, and we asked a consumer to divide the
fruit into 50-fruit batches based on the colour he/she perceived. For the three orchards,
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consumers who made the final batches showed no difference with respect to the lots that
were made by researchers in the previous steps. The three consumers who participated in
this study were invited to do so based on their consumption of blood oranges (at least once
every two weeks during the season) and their interest in participating. They were given a
box of chocolates for participating.

 

Figure 1. ‘Sanguinelli’ blood oranges grouped according to increased rind pigmentation intensity
(P1—slight, P2—medium, P3—intense, P4—very intense).

The 50 fruits per lot were numbered and the following non-destructive measurements
were individually taken on each one: rind colour, firmness, diameter, and weight. Then,
juice was obtained individually from all 50 fruits to make the following determinations:
juice yield (JY), juice colour, total soluble solids (TSS), titratable acidity (TA), and maturity
index (MI).

Moreover, in view of the physicochemical results obtained when evaluating the
fruit from Orchard 1, sensory studies were planned to be included when analysing the
fruit from Orchard 2. Total anthocyanin content was determined in juice samples used
for sensory evaluation.

2.2. Physicochemical Analysis

Firmness measurements were taken using an Instron Universal Testing Machine
(model 3343, Instron, Ltd., Buckinghamshire, UK). The results are expressed as the percent-
age of millimetres of fruit deformation resulting from 10 N pressure, applied by a 3.5 cm
plunger on the longitudinal axis at constant speed. Weight (in grams) was determined
using an analytical balance while diameter (in millimetres) was measured using a calliper.

As reported in previous studies [9], among the several CIELAB parameters, the
a*/b* ratio is the one that best displays changes in rind and pulp pigmentation in blood
oranges [9,13,14]. Hence, in this study, the a*/b* ratio was also considered as the colour
index (a*/b* < −0.5 correspond to dark green tones, a*/b* ≈ 0 indicates the colour break
from green to yellow, a*/b* ≈ +0.5 correspond to orange tones, and a*/b* > +0.5 correspond
to red tones).

Pigmentation of the blood orange rind is usually quite heterogeneous around the fruit
surface. Previous studies have described the determination of the rind colour by taking
measurements along the equatorial axis [9] or by taking three consecutive measurements
in the darkest part of the peel, the clearest part, and on the base of the fruit [11]. These
procedures may be valid to evaluate colour evolution during storage [9] or to compare
samples from different varieties [11]. However, in order to study in-depth the relation
between the external pigmentations and internal characteristics of fruit from the same
variety, a method is needed to better reflect the rind pigmentation heterogeneity. Thus, in
this study, a new method to measure rind colour was proposed. After visually evaluating
fruit, an estimation of the percentage of surface displaying each pigmentation intensity
(I1-absence—very light, I2-medium, I3-intense, and I4-very intense) was recorded. To this
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end, the skin colour of each fruit was evaluated all round its surface; firstly, one 180◦ fruit
face was evaluated before it was rotated to evaluate the opposite 180◦ fruit face. Two to
three different pigmentation areas were generally detected on each fruit (Figure S1). Then
measurements of the parameters L*, a*, b* of the CIELAB space were taken in all of these
areas using a Minolta colorimeter (model CR-300; Minolta Co., Ltd., Osaka, Japan), and the
ratio a*/b* was calculated for each area. Then, a unique a*/b* value was calculated per
individual fruit according to the following formula:

a*/b* = [(% of surface with intensity 1 × a*/b*-value in this area) + (% of surface with
intensity 2 × a*/b* value in this area) + (% of surface with intensity 3 × a*/b* value in
this area) + (% of surface with intensity 4 × a*/b*value in this area)]/100.

Pulp colouration was determined by squeezing each fruit individually via an electric
juice extractor with a rotating head (Lomi®, Model 4, Lorenzo Miguel, S.L., Madrid, Spain).
The a*/b* value was measured on juice samples, which were also used to determine JY, TA,
and TSS. The juice yield was expressed as a percentage, calculated by dividing the volume
of juice by the total fruit weight. The TA was determined by titration with a 0.1 N NaOH
solution, using phenolphthalein as the indicator, expressed as g of citric acid per 1 L of juice.
The TSS in juice was measured by a digital refractometer (Atago PR-1, Atago Co., Ltd.,
Tokyo, Japan) and data were expressed as %. The maturity index (MI) was calculated as
TSS/TA.

2.3. Sensory Evaluation

Sensory studies were performed with the fruit from Orchard 2 to evaluate if rind
pigmentation had an effect on the juice sensory properties. The triangle discrimination test
technique [15,16] was used to determine whether there were any detectable differences in
the sensory properties of the juice samples. A panel of 71 consumers evaluated the juice
samples from fruit lots P1 (slight rind pigmentation) and P3 (intense rind pigmentation)
(Figure 1). To this end, after separating the volume of juice needed to determine the
aforementioned physicochemical characteristics, the remaining juice obtained from fruit
lots P1 and P3 was used in the sensory analysis. For each lot, five juice samples were
obtained by mixing the juice that remained from 10 fruits in each one. Before the sensory
evaluation, colour, TA, TSS, MI, and total anthocyanin content were determined in these
five juices of each type. Then consumers compared the juices obtained from fruits with low
pigmented rinds (juice P1) versus very intense rind pigmentation (juice P3). Panellists were
simultaneously presented with three samples—two from juice P1 and one from juice P3, or
vice versa.

Consumers were between the ages of 22 and 61 years; the male/female ratio (%) was
between 43/57. All consumers voluntarily agreed to participate in the evaluation session.
Panellists were seated in partitioned booths and samples were randomly presented to
avoid any positional bias as the middle sample was usually chosen as “odd”. The possible
combinations of samples from the triad were: AAB, ABA, BAA, BBA, BAB, and ABB.
All samples were coded with three-digit random numbers. In order to avoid consumer
responses being conditioned by juice colour, samples were served in opaque cardboard
glasses with perforated lids and a red-coloured straws (Figure S2). In addition, red lights
were used in the tasting booths; 30-mL juice samples were served at room temperature
and panellists were provided with glasses of water for palate cleansing, which they used
between samples. Then they were asked to taste samples from left to right and to indicate
the odd sample. They were also asked to indicate the main reason why they found the odd
sample different compared to the other two.

In addition to the physicochemical characterisations (colour, TA, TSS, and MI) of
the juice samples used for the sensory evaluation, two 2-mL samples were frozen for
the posterior total anthocyanin content (TAC) evaluation. The total anthocyanin content
(TAC) was determined by the pH differential method [17]. Anthocyanin pigments undergo
reversible structural transformations with changes in pH manifested by strikingly different
absorbance spectra. The coloured oxonium form predominates at pH 1.0 and the colourless
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hemiketal form at pH 4.5. The pH-differential method is based on this reaction, and permits
accurate and rapid measurements of the total anthocyanins, expressed as mg/L.

2.4. Statistical Analysis

An ANOVA was applied to the physicochemical data to evaluate if they depended
on external pigmentation. A multiple comparison between means was run by Duncan’s
multiple range test (p = 0.05). To determine if significant differences were perceived
by consumers between the evaluated juice samples, the number of correct answers in
the triangle test was calculated and the significance of differences according to binomial
distribution was established. All statistical analyses were performed with the XL-stat
programme (2019 version).

3. Results

3.1. Pulp Pigmentation Is Linked to Rind Pigmentation

In this study, the rind pigmentation of fruit depended on the orchard. The fruit from
Orchards 1 and 2 showed similar pigmentation ranges and were divided into three lots
according to pigmentation intensity (P1—slight, P2—medium, and P3—intense). However,
the fruit from Orchard 3 were generally more coloured and homogenous, and only two lots
were obtained (P2—medium and P4—very intense pigmentation). A representation of the
different pigmentation intensities is shown in Figure 1.

One of the objectives of this study was to evaluate to what extent of information
(i.e., about internal fruit properties) that the ‘Sanguinelli’ rind colour provides us with.
Therefore, we needed to be sure that the colour measurements reflected, as much as
possible, the human perception of fruit colour. To this end, the heterogeneous distribution
of pigmentation around the rind surface was considered when measuring the external
colour. The procedure is explained in detail in the Material and Methods section; it mainly
took into account the intensity and area of pigmentation while measuring the rind colour.
Our results show a gradual increase in the a*/b* index, parallel to the rind pigmentation
intensity. Thus the colour index of samples shown in Figure 1 is as follows: P1= 0.51 ± 0.07;
P2= 0.72 ± 0.16; P3 = 1.28 ± 0.3; P4 = 1.59 ± 0.37.

Figure 2 shows the mean values for the different physicochemical characteristics
determined per pigmentation group and orchard. For all three orchards, significant differ-
ences in the a*/b* values were detected among the different sample groups created based
on the visual perception of rind colour (Figure 2A, letters above bars). When the a*/b*
values of the different lots (P1, P2, P3, and P4) were compared among orchards, no signifi-
cant differences were detected among the lots with the same rind pigmentation intensity
(Figure 2A, letters inside bars). This reveals that the visual fruit classification was consistent
among the orchards.

The mean a*/b* values of the juice obtained from the 50 fruits belonging to each
group are shown in Figure 2B. The ANOVA analysis, performed to explore if pulp colour
depended on rind pigmentation, revealed a clear pattern that was detected in the three
orchards. Thus, for each orchard, the more intense the rind pigmentation was, the more
coloured the juice was. In all cases, except for P2 and P3 from Orchard 2, significant
differences in juice pigmentations were detected according to the rind colour.

However, when taking into account the fruit from the three orchards to perform the
statistical analysis, some differences in the juice colour were detected between fruits with
the same rind pigmentation, but from different orchards. For example, the juice of the
P1- fruit from Orchard 1 had a significantly lower a*/b* value than that of the juice from
the P1-fruit from Orchard 2. Therefore, despite detecting a common pattern in all three
orchards (the more intense the rind pigmentation, the more coloured the juice), significant
variabilities existed among the orchards.
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Figure 2. Effect of rind pigmentation intensity (P1—slight, P2—medium, P3—intense, P4—very
intense) of ‘Sanguinelli’ on internal properties ((A)—rind colour, (B)—juice colour, (C)—TSS,
(D)—titratable acidity, (E)—maturity index, (F)—firmness, (G)—juice yield, (H)—diameter,
(I)—weight). For each orchard, different letters above the bars indicate significant differences among
fruit lots. The italics at the bottom of the bars denote differences among fruit lots when comparing all
the fruit lots; i.e., when comparing the lots from the three orchards by Duncan’s multiple range test
(p = 0.05).
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A Pearson correlation analysis revealed that correlation between a*/b* values of rind
and a*/b* values of juice was significant for Orchard 1 but not for Orchard 2 and 3. Despite
the coefficient correlation being relatively low, r = 0.29, significance was detected when
correlation was performed, taking into account data from the total dataset (Table S1).

To more profoundly study the relation between the rind and pulp colour, the frequency
distribution histogram was obtained (Figure 3). To help interpretate these data, a juice
colour scale was developed in this study (Figure 4). Bars in the histogram (Figure 3)
represent the percentages of juice samples (y-axis) within a certain range of a*/b* values
(X-axis). A similar distribution was detected in the three orchards under study. The fruit
with slight rind pigmentation (P1) displayed wide pulp pigmentation variability, with a*/b*
values ranging between 0.25 and 2.25 (Orchard 1) and between 0.25 and 3.75 (Orchard 2).
As observed in Figure 4, these values correspond to the fruit with orange pulp and red-
coloured pulp, respectively. In the fruit with rind colour P2, variability was narrower than
in P1, as pulp colour was generally more pigmented, and most of the samples had a*/b*
values that fell within the range of 1.25–2.50 (Figure 3). In the P3 group, no juice with a*/b*
values lower than 1.25 was detected, and most samples concentrated a*/b* values between
2 and 2.75, which corresponded to deep red juice. Finally, the most rind-pigmented fruit
(P4) obtained pulp a*/b* values between 1.50 and 3, which were once again related to deep
pigmented pulp (Figure 4). Therefore, it can be stated that, although certain intra- and inter-
orchard variabilities can be expected, the more pigmented the skin colour is, the higher the
probability of finding fruit with a deep red pulp.

Figure 3. Frequency distribution of the pulp colour (a*/b* values of juice) of ‘Sanguinelli’ blood oranges
grouped according to rind pigmentation (P1—slight, P2—medium, P3—intense, P4—very intense). Each
group of intensity per orchard consisted of 50 individually analysed fruits.
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Figure 4. Relation between visual colour of juice and a*/b* index.

3.2. Concentration of Total Soluble Solids Depends on Rind and Pulp Pigmentation

Figure 2C shows the content of total soluble solids depending on external colouration.
Interestingly, our results showed for the fruits of each orchard that the more intense the
rind pigmentation was, the higher the content of soluble solids in the juice. This effect was
corroborated in the fruits from the three orchards under study.

Similar to that reported for juice colouration, certain variabilities among orchards were
observed, mainly in the more intensely pigmented fruit.

Once again, we looked closely at the relation between TSS and rind colour by ob-
taining the frequency distribution histogram, in which bars represent the percentage of
juice samples with a certain range of TSS content (Figure 5). TSS ranged between 8.5
(P2-Orchard 3) and 13.5 (P3-Orchard 1). Similar to that described for pulp colouration, TSS
showed certain intra- and inter-orchard variability but, in all cases, the more pigmented
the rind, the higher the frequency of the samples with high TSS. This was clearly observed
in Orchard 2, where the most frequent TSS content was 10.5–11% for P1-fruit, 11–11.5% for
P2-fruit, and 11.5–12% in P3-fruit.

Moreover, as a close relation between rind pigmentation and pulp colouration was
observed in this study, the relation between pulp colour and total soluble solids was
also investigated. To this end, the Pearson correlation between the a*/b* values and the
TSS of the juice samples were studied by taking into account the 400 fruits individually
evaluated in this study. The correlation coefficient was r = 0.53 and the p-value was lower
than 0.05, which indicates that TSS content was significantly related to pulp colouration.
Significant correlations were also detected when data from each of the orchards were
analysed separately (Table S1). As the a*/b values of juice increased, as colouration
changed from orange to deep red, a positive correlation between them and TSS indicated
that the more pigmented the pulp, the higher the TSS content.

Parallel to the increment in TSS associated with rind pigmentation, the MI was found
to be linked to some extent to rind colouration (Figure 2E). Although this relation was not
as clear as that of the rind colour and TSS, it was still evident that the most pigmented rind
fruit had a higher MI than the less coloured fruit.

3.3. Physicochemical Characteristics Not Linked to Pigmentation

Apart from juice colour, TSS, and MI, the other physicochemical characteristics herein
evaluated did not show a relation with rind colour. In the three orchards, firmness values
came close to 2% of deformation with juice yield at around 50%, and no differences were
found among the sample groups (Figure 2F,G).

Fruit size, determined as diameter and weight, was slightly bigger in the fruit from
Orchard 2. In this orchard, an effect of pigmentation was observed, as the most pigmented
fruits were smaller. However, this pattern was not detected in Orchards 1 or 3 (Figure 2H,I).
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Figure 5. Frequency distribution of the total soluble solid content of ‘Sanguinelli’ blood oranges
grouped according to rind pigmentation (P1—slight, P2—medium, P3—intense, P4—very intense).
Each group of intensity for each orchard consisted of 50 individually analysed fruits.

3.4. Effect of Rind Pigmentation on Sensory Properties

The second main objective of this study was to investigate if the sensory properties
perceived by consumers when tasting ‘Sanguinelli’ fruits depended to some extent on rind
pigmentation. To this end, a triangle test was carried out.

The test was performed with fruit from Orchard 2, and juice samples were obtained
from the fruits with slight (a*/b* = 0.55) and intense (a*/b* = 1.31) rind pigmentations
(Table 1). The mean values of the TSS content, TA, MI, total anthocyanin content, and the
colour of the juice samples obtained from these fruits are shown in Table 1. According to
our previous results, the juice obtained from the most pigmented rind fruit (juice P3) was
the most coloured and had a higher TSS than the juice obtained from the less pigmented
rind fruit (juice P1). As no differences were detected in TA, the higher TSS of juice P3
resulted in a higher MI. In agreement with its more intense pigmentation, juice P3 showed
a higher total anthocyanin content than juice P1. The results from the triangle test revealed
significant differences in their sensory properties (p-value = 0.04). The main reasons
given by consumers (94% of those who gave a correct answer) involved differences in the
sweetness/acidity level.
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Table 1. Physicochemical characteristics of juice samples with markedly different rind pigmentations
(Orchard 2, samples P1—slight rind pigmentation and P3—intense rind pigmentation) and results
from the triangular test performed by consumers. TA is expressed as g citric acid/100 mL and TAC as
mg/L. For each parameter, * indicates significant differences between the two different juice samples.

Samples Physicochemical

Juice a*/b*
Rind a*/b* Juice TSS

(%) TA MI TAC

P1 0.55 * 1.12 * 11.2 * 1.5 7.4 * 40 *
P3 1.31 2.36 12.1 1.4 8.6 59

Sensory

Juice Trials Correct answers p-value

P1 vs. P3 71 51 0.04
* Significant differences between juices according to the LSD test (p-value < 0.05).

4. Discussion

Rind pigmentation heterogeneity is a characteristic of most blood orange varieties.
According to Kafkas et al. [18], the most coloured area usually corresponds to the part of
the fruit with a north orientation.

An accurate procedure to measure rind colour, considering the rind pigmentation
heterogeneity, was herein stablished. This method allows obtaining colour measurements
that better reflect the human eye perception of fruit colouration. Accurate colour data
were the basis to evaluate the relation between rind pigmentation and the internal fruit
properties. From a practical point of view, when colour is determined by a colorimeter, this
method can be slow, but useful, for researchers. Moreover, it could be implemented into
colour determination with automatic calibrator machines.

The individual evaluation of 400 fruits revealed a clear relation between juice and
rind pigmentation in one of the main varieties cultivated in the Mediterranean region. To
date, the relation between rind and pulp colour has been mainly approached by comparing
different varieties. Accordingly, Cebadera-Miranda et al. [11] reported that it is possible
to find fruit with an intensely coloured rind, but a slight coloured pulp, and vice versa.
However, we focused on variability within the same variety, and our results revealed that
the more pigmented the rind, the higher the probability of an intensely coloured pulp.

As pulp pigmentation is linked to anthocyanin content in Sanguinelli fruits [11], our
results imply that, to some extent, rind pigmentation is an indicator of pulp anthocyanin
content. In this sense, as consumer interests in healthy foods increase, one reason to
promote blood oranges is based on their high anthocyanin content. Hence, this information
can be very useful for the citrus industry and consumers, as intensely pigmented oranges
may offer added value due to their high content of antioxidant compounds.

However, it is worth noting that significant inter-orchard variability was detected.
Thus the criterion that the more pigmented the rind, the higher probability of obtaining
fruit with a high anthocyanin content, seems to apply mainly when comparing fruit from
the same lot.

According to Lo Piero [12], anthocyanin accumulation in blood orange cultivars is
affected by different factors, such as variety, maturity, cultivation region, cultural practices,
and many other environmental factors. Therefore, some of these factors are likely to
contribute to the inter-orchard variability herein observed. Among them, it is possible that
temperature contributes to the most intense rind pigmentation of fruit from the Orchard 3.
Thus, the highest temperatures at day and the lowest at night were recorded for this
orchard. According to Butelli et al. [19], all blood orange varieties require strong day–night
thermal clines for intense colour formation in fruit flesh, and varieties such as ‘Moro’, with
the potential for high pigmentation, are strongly dependent on the prevailing climatic
conditions during fruit ripening for full colour development.
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However, we should note that, as herein reported for the first time, under the same
conditions (same orchard), anthocyanin accumulation in ‘Sanguinelli’ blood orange pulp
parallels to rind anthocyanin accumulation, to some extent.

Interestingly, our results also revealed that the TSS content was clearly related to
rind and pulp pigmentation. Along these lines, in a study in which the development and
maturation process of blond and blood oranges were compared, Muccilli et al. [20] found a
higher accumulation of enzymes related to sugar in the pulp of blood oranges. These au-
thors linked the higher sugar metabolism required in blood cultivars to the need for carbon
skeletons required for anthocyanin biosynthesis [20]. More recently, Carmona et al. [21]
carried out a protein analysis while storing ‘Moro’ at low temperatures and described that
when fruits were stored at 9 ◦C, anthocyanin accumulation took place, which correlated
with the promotion, among others, of the protein belonging to the metabolism of sugars.
Therefore, some previous information has indirectly reported the accumulation of sugars
during processes in which anthocyanins also accumulated, such as fruit development or
storage at low temperatures. However, this study demonstrates for the first time that
among the fruit of the same lot, the more pigmented the fruit is, the higher the TSS content.
If we assume that the MI is an indicator of the fruit maturity stage, it can be stated that the
most pigmented fruits were in the most advanced maturity stage. However, it is important
to clarify that, at least partially, the accumulation of sugars in blood oranges seems to
run parallel to anthocyanin accumulation, and is not directly related to the maturation
process. It is well-known that increments in TSS associated with citrus fruit maturation are
accompanied by a drop in the acidity level. However, our results showed no differences in
the TA depending on the pigmentation for any of the three studied orchards. Similar to TA,
other physicochemical characteristics, such as fruit size, firmness, or juice yield, were not
related to pigmentation.

Finally, we conducted a sensory test to evaluate if fruit pigmentation could affect
the sensory properties perceived by consumers. The initial hypothesis that led us to
approach this question was that anthocyanin content was reported to affect the sensory
properties of hibiscus drinks [22]. Moreover, in wine, anthocyanin content may affect
the sensory profile by a reaction with other compounds [23,24]. Our results showed that
consumers found differences between juice samples obtained from slight versus intense
pigmented rind oranges. These samples showed significant differences in juice colour,
which corroborated the stablished relation between external and internal pigmentation.
Moreover, a physicochemical analysis showed that they differed in terms of MI, with an
almost 1-point difference. Such a difference in MI was associated with a higher TSS content
of the most pigmented fruit. The great majority (94%) of consumers that identified the
odd sample, referred the sweetness/acidity perception as the main detected difference.
Therefore, the differences in the MI index were identified as the main factors to affect the
sensory properties perceived by consumers. Hence, our hypothesis in this regard is that
the anthocyanin content itself does not affect sensory properties, but the TSS accumulation
that occurs parallel to anthocyanin accumulation may result in sensory differences between
highly pigmented fruit and slightly pigmented fruit.

To summarise, our results revealed that the internal properties of ‘Sanguinelli’ blood
oranges are linked to rind pigmentation. For the fruit from the same orchard, the more
intense the rind colour, the more pigmented the pulp and, therefore, the higher anthocyanin
content. Moreover, TSS content also increases in parallel to anthocyanin accumulation. As
the acidity level does not depend on fruit pigmentation, this increment in TSS results in
fruit with a higher MI, which leads consumers to perceive that the most pigmented fruit is
sweeter than the slightly pigmented fruit. Therefore, the intensity of rind pigmentation
may act as a quality parameter linked to nutritional and sensory properties. Sorting fruit by
rind colour would allow the industry to commercialize batches of fruit with homogenous
properties and to give added value to the most pigmented ones.

109



Horticulturae 2022, 8, 448

Supplementary Materials: The following supporting information can be downloaded at: https:
//www.mdpi.com/article/10.3390/horticulturae8050448/s1, Figure S1: Visual estimation of rind
colour areas where colour measurements were taken per fruit. After evaluating each side of the fruit
(one 180◦ fruit face and the opposite 180◦ fruit face), the areas with the same intensity (I) were added
and then divided by 2; Figure S2: Samples presentation in booths to consumers for the triangle test;
Table S1: Pearson correlation between the colour index (a*/b*) of rind and juice, and between the
colour index (a*/b*) of juice and total soluble solids.
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Abstract: Pistachio (Pistacia vera L.) cultivation under rainfed conditions of the South Mediterranean
has not been studied in depth. Under changing climate conditions, knowledge of cultivar and
rootstock performances allows for the optimal use of genetic resources to improve yield and nut
quality. This study aimed to evaluate growth, yield, and fruit characteristics of ‘Mateur’ and ‘Achouri’
pistachio cultivars grafted on P. vera and P. atlantica rootstocks grown in northeastern Tunisia. The
research was based on three years worth of monitoring of growth, yield and fruit quality. Results
showed that annual bio-climatic features had significant effects on all studied parameters. The
‘Mateur’ cultivar showed higher vigor and fruit yield than ‘Achouri’. Fruit production was higher
in P. atlantica rootstock for ‘Mateur’ but similar in both studied rootstocks for ‘Achouri’. Kernel
fat contents (40.7–46.8%) and fatty acid profiles were low or not affected by cultivar, rootstock and
their combination. Oleic acid (C18:1) was the major fatty acid (68.94–69.22%) in kernel oil. The
unsaturated/saturated fatty acid and oleic/linoleic acid ratios indicated that nuts obtained had high
quality. The lower performances of ‘Achouri’ cultivar in the studied conditions may be related to
low acclimation ability of this cultivar. These conditions, however, seem to be suitable for both
studied rootstocks.

Keywords: Pistacia vera; yields; fruit characteristics; pistachio oil; rainfed conditions

1. Introduction

Pistachio nut species, belonging to the Anacardiaceae family, are native to arid zones
of Central and West Asia and are spread throughout the Mediterranean Basin. Pistachio
kernels are a nutritive nutrient which can be included in a healthy diet to prevent heart
diseases [1]. Pistachios have high energetic content with sensorial characteristics highly
appreciated by consumers and are a good source of minerals, vitamins, fatty acids (linoleic,
linolenic and oleic acids) and phenolic compounds [2–8].

With climate evolution, the Mediterranean Basin is expected to become 20% warmer
than the global average with less and more variable precipitations [9]. This leads to the
loss of genetic diversity, a reduction in yield and high vulnerability of plants to pests
and diseases. Agricultural productivity is more affected when crops are grown under
rainfed conditions or with low water supply, often, of low quality. In this situation, a water
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saving strategy is adopted for more efficient use of the available water for agriculture. Due
to its tolerance to drought and its low water requirements, the cultivation of pistachio
(Pistacia vera L.) has aroused great interest among farmers [10]. In addition, farmers are
very interested in its cultivation under rainfed conditions to enhance the value of arid and
semi-arid areas and maximize profits [11,12].

The main pistachio-producer countries are Iran, USA, Turkey, Syria, Italy, Greece and
Tunisia. Tunisia is the main producer country in the southern part of the Mediterranean
Basin, with a total annual production in 2020 of 4662 t, covering an area of 30,196 ha [13].
Most of the plantations are spread in the southern and the central parts of the country with
arid and semi-arid climate and no more than 300 mm of average annual rainfall. These
regions are among the areas most affected by water stress and temperature rise in the last
decades [14–16]. Moreover, the durability of this crop is threatened due to low genetic
diversity, with the ‘Mateur’ cultivar and P. vera rootstock being the most used. Selecting
adapted and efficient plant material and determining the areas most suitable for this crop
are among proposed strategies for the sustainability of this crop in Tunisia [15].

The rootstock influences growth, fruit production and quality of many fruit species
including pistachio [7,17–20]. The scion–rootstock interaction may lead to variable re-
sponses linked to genetic and physiologic factors and, also, to soil–rootstock and root–soil
microbiom interactions [21]. Rootstock has particular importance in pistachio orchards as
grafting is the main technique used for its propagation. In traditional orchards, native Pista-
cia species are used as rootstocks (P. atlantica, P. terebinthus, P. vera, P. integerrima, P. khinjuk,
P. palaestina, etc.). Recently, selected vigorous and stress-tolerant rootstocks were used in
modern orchards to improve crop adaptation and agronomic performance [22–25]. As the
diversification of cultivars and rootstocks can be a good tool for enhancing crop adaptation
and productivity, recent researches have paid attention to the physiological and agronomic
evaluation of pistachio rootstocks and scion–rootstock interactions under different growing
conditions and their effects on agro-food parameters [1,11,22,26–31]. It was found that the
responses were not homogeneous, and were sometimes contradictory, depending on the
different experimental conditions and the stem–rootstock combination. Considering these
variable responses, supplemental knowledge of scion–rootstock response under specific
orchard managements and environmental conditions may help for an optimal use of avail-
able genetic resources with low water supply. Despite the large extension of non-irrigated
pistachio orchards in the Mediterranean, only a few studies have been performed in such
conditions to assess crop yield and nut quality.

The aim of this work was to study the agronomic performance of four pistachio
scion–rootstock combinations grown under rainfed conditions in northeastern Tunisia. The
evaluation focused on the effects of the cultivar, the rootstock and their interaction on plant
growth, yield and physical and biochemical nut characteristics.

2. Material and Methods

2.1. Experimental Orchard and Growing Conditions

This study was carried out under rainfed conditions in the northeast of Tunisia in the
Mornag experimental research unit (36◦38′ N–10◦16′ E) of the National Institute of Agro-
nomic Research of Tunisia (INRAT). This region belongs to the upper semi-arid bioclimatic
stage characterized by mild winters and dry and hot summers. Monitoring was undertaken
during three consecutive years, from 2014 to 2016. The total annual rainfall was 352.5 in
2014, 468.9 in 2015 and 482.1 mm in 2016. Almost 80% of the total precipitations occurred
from October to March. The monthly average minima and maxima temperatures varied
between 7 ◦C and 35 ◦C. The coldest and hottest months were, respectively, December
to February and July and August. The soil of the orchard was highly calcareous (26.3%
total CaCO3) with a silty loam texture. The soil pH and the electrical conductivity (EC)
were 7.4 and 1 mS/cm, respectively. The orchard management followed usual standards
of pruning, fertilization and tillage. The cultural management practices were those con-
ventionally used for this crop under these growing conditions. Those practices consisted
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of tillage (mechanical plowing and weed control), N-P-K fertilization spread over the soil,
winter pruning and pest and disease control.

2.2. Plant Material

Experiments were performed on twenty-two-year-old trees of ‘Mateur’ and ‘Achouri’
pistachio cultivars grafted on P. vera and P. atlantica rootstocks. Grafting was realized at
the second year after rootstock planting. The tree spacing in the orchard was 7 × 8 m.
Male trees were placed in entire rows between each three female rows. For each treatment
(scion–rootstock combination), at least five trees of comparable size and vigor were chosen
for the monitoring.

2.3. Tree Vigor, Yield and Yield Efficiency

For the determination of scion-trunk-cross-sectional area (TCSA), the tree-trunk perime-
ter was measured at about 30 cm above the graft point when trees have reached the full
dormancy (December). TCSA below the graft point was not determined because of the
low position of grafting points. Fruit clusters were harvested manually at full maturity
occurring in late August. The fruit is considered ripened when the hull becomes easily
separated from the shell. For each tree, fruits were separated from clusters and weighed.
Tree yield efficiency (g/cm2) was calculated by dividing the fruit yield by the TCSA.

2.4. Physical Traits of Fruits

Fresh weights of fruit and nut as well as dry weights of nut and kernel were mea-
sured for 3 lots of 100 fruits per tree. Nut dehiscence rate was determined. The nut and
kernel length (L), width (W) and thickness (T) were measured with a digital caliper for
25 fruits per tree following IPGRI descriptors for Pistacia vera L. [32]. Sphericity (φ) of
fruits, nuts and kernels was calculated according to Equations (1) and (2), with Dg being
the geometric diameter:

φ = Dg/L ∗ 100 (1)

Dg = (L ∗ W ∗ T)1/3 (2)

2.5. Kernel-Oil Content and Fatty-Acid Composition

The fat content of pistachio kernels, harvested in 2014, was extracted using hexane
as solvent. A one-gram sample of grounded kernels was mixed with 3 mL of n-hexane.
The mixture was sonicated in an ultrasonic bath (Model 3000512, JP Selecta S.A., Barcelona,
Spain) with a constant frequency of 40 kHz at room temperature for 3 h before being cen-
trifuged at 15,000 rpm for 10 min. The fat portion was recuperated by n-hexane evaporation
using a stream of nitrogen. Fatty-acid methyl esters (FAMEs) were prepared according to
the method described by Carbonell-Barrachina et al. [6] using identical chromatography
set-up and conditions. Identification of FAMEs was carried out on 50 mg of extracting oil
by comparison with authentic standards from Sigma-Aldrich. This analysis was run in
triplicate, and results were expressed as percent of the total area.

Kernel oil extraction in 2015 and 2016 was performed using hexane as solvent and
a VELP SCIENTIFICA soxhlet apparatus. Dried kernels were ground, weighed and in-
troduced in soxhlet cartridges before immersion in hexane for 72 min at 130 ◦C, solvent
washing for 20 min and finally solvent recover for 30 min. After complete evaporation of
the solvent, the buckets containing the oil were weighed. The percent of fat content (FC)
relative to dry matter was calculated.

2.6. Statistical Analyses

Data were subjected to one-way analysis of variance (ANOVA) using SPSS 20.0 soft-
ware (Manugistics, Inc., Rockville, MD, USA). Duncan multiple-range test was used to
compare the means. Differences were considered statistically significant at p ≤ 0.05.
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3. Results

3.1. Tree Vigor, Yield and Yield Efficiency

The TCSA showed no significant variation according to year and rootstock (Table 1).
The cultivar and the scion–rootstock interaction, however, significantly affected tree vigor
with higher trunk growth on P. atlantica and P. vera rootstocks for, respectively, ‘Mateur’
and ‘Achouri’ cultivars.

Table 1. Trunk-cross-sectional area (TCSA), average tree yield and yield efficiency (YE). Values
(n = 5 to 8) followed by the same letter, within the same column, were not significantly different;
NS: not significant; * Significant (p ≤ 0.05).

TCSA (cm2) Yield (kg tree−1) YE (g cm−2)

ANOVA

Year NS * *

Cultivar * * *

Rootstock NS NS NS

Cultivar/Rootstock

‘Mateur’/P. vera 304.8 b ± 59.6 7.3 b ± 5.6 27.4 a ± 19.8

‘Mateur’/P. atlantica 437.3 a ± 73.9 10.1 a ± 7.1 23.8 a ± 18.0

‘Achouri’/P. vera 327.9 b ± 100.5 3 c ± 3.6 11.3 b ± 13.2

‘Achouri’/P. atlantica 248.8 c ± 69.2 3.5 c ± 3.6 13.8 b ± 13.7

Average tree yield showed significant annual variation (Table 1). The highest yields
were recorded in 2014 and 2016, while 2015 was marked by a significantly lower tree
production, indicating ‘off’ year features. ‘Mateur’ was 2.6-fold more productive than
‘Achouri’ with a significantly higher yield for P. atlantica rootstock. No effect of rootstock
was recorded for ‘Achouri’ with this parameter. Tree production (Figure 1) showed no
significant effect of rootstock for both cultivars except a significantly higher yield of ‘Mateur’
on P. atlantica rootstock in 2016. Inter-annual variation of fruit yield differed with cultivar.
‘Mateur’ exhibited ‘on’ year behavior in 2014 and 2016. ‘Achouri’ only exhibited an ‘on’
year in 2014, while 2015 and 2016 were consecutively ‘off’ years. In the ‘off’ year (2015), the
‘Mateur’ production was, respectively, 55.8% and 71.2% lower than those of the ‘on’ years
(2014 and 2016). ‘Achouri’ exhibited a yield reduction of 85.9% and 70.5%, respectively, in
the ‘off’ years (2015 and 2016) in comparison with the ‘on’ year (2014). Yield efficiency of
trees (Table 1) varied according to the year and the cultivar but was not influenced by the
rootstock. ‘Mateur’ YE was about two-fold that of ‘Achouri’.

3.2. Fruit Physical Traits

Data of Table 2 show significant effects of year and cultivar on fruit weight and nut
dehiscence rate, but no effect of rootstock. Nut fresh and dry weights in 2014 and 2015
were significantly higher than in 2016, while nut dehiscence rate was significantly lower
in 2014 than in 2015 and 2016 (data not shown). Fruit weight and almost all fruit size and
shape parameters showed significant variation from year to year, with higher values in
2015 (Tables 2 and 3). Fruits and nuts of ‘Mateur’ were significantly heavier, longer, wider
and thicker than those of ‘Achouri’. The same was the case concerning the length and the
width of ‘Mateur’ kernel. The average thickness of the ‘Achouri’ kernel, however, was
significantly higher than that of ‘Mateur’. A minor effect due to rootstock was recorded
for these parameters. The thickness of fruits, the length and the width of nuts, and the
thickness of kernels had more variation according to rootstock with significantly higher
values on P. vera rootstock. The scion–rootstock combination data revealed few significant
differences. The ‘Mateur’ cultivar produced shorter nuts and thinner kernels on P. atlantica
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rootstock. Fruit sphericity (φ) varied significantly from year to year with higher values
in 2016.

 

Figure 1. Effect of cultivar–rootstock interaction on annual fruit yield of pistachio. Mtr: Mateur;
Ach: Achouri; atl: P. atlantica; vera: P. vera; Columns with the same letter are not significantly different
(ANOVA, p ≤ 0.05).

Table 2. Mean weights (g) of fresh fruit (FFW) and nut (NFW), dry weights of nut (NDW) and kernel
(KDW), and nut dehiscence rate (DR) in percent (%).

Treatment FFW N FW NDW KDW DR

ANOVA

Year * * * NS *

Cultivar * * * * *

Rootstock NS NS NS NS NS

Cultivar * Rootstock * * * * *

Cultivar/Rootstock

‘Mateur’/P. vera 209.6 a ± 30.8 124.4 a ± 14.8 88.6 a ± 12.4 52.2 a ± 17.9 53.0 b ± 52.4

‘Mateur’/P. atlantica 215.0 a ± 33.52 121.3 a ± 18.8 91.4 a ± 28.0 44.3 ab ± 10.1 63.5 ab ± 30.7

‘Achouri’/P. vera 173.2 b ± 30.52 94.6 b ± 23.9 74.1 b ± 19.8 31.0 c ± 10.4 83.4 a ± 19.9

‘Achouri’/P. atlantica 177.1 b ± 44.68 101.9 b ± 26.8 74.9 ab ± 17.4 39.0 bc ± 12.6 82.6 a ± 19.5

Values (mean of three lots of 100 fruits per tree) followed by the same letter, within the same column, are not
significantly different (p ≤ 0.05); Kernel weight values and corresponding statistical analysis were for 2015 and
2016 only; NS: not significant; * Significant.

3.3. Kernel Oil Content and Fatty-Acid Profile

The oil content of pistachio kernels ranged between 40.7% and 46.8% (Table 4). No
significant variation was found according to year, cultivar, rootstock and scion–rootstock
combination. However, a clear tendency of increasing kernel oil content on P. atlantica
rootstock can be observed for both studied cultivars.
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Eight fatty acids were found in pistachio kernels (Table 4): palmitic acid (C16:0),
palmitoleic acid (C16:1), stearic acid (C18:0), oleic acid (C18:1), linoleic acid (C18:2), linoleic
acid (C18:3), arachidic acid (C20:0) and gadoleic acid (C20:1). Variations on the composition
of fatty acids were observed according to the year, especially palmitic, palmitoleic, stearic
and oleic acids. Linolenic, arachidic and gadoleic acids were more stable and in minor
proportions (0.14–0.38%). In all samples, unsaturated (UFAs) and saturated fatty acids
(SFAs) showed little variation and ranged between 88.1% and 88.7% and 11.5% and 12.3%,
respectively. The UFA–SFA ratios were between 7.5 and 7.8. The mono-saturated oleic
acid was the major fatty acid with little variation (67.62% to 70.41%). Linoleic acid content
varied from 16.7% to 18.7%. The oleic/linoleic acid ratios were between 3.8 and 4.5.
Obtained results showed no effect of cultivar or rootstock on kernel fatty acid profile
for all the experimental periods. The scion–rootstock combination, however, influenced
the stearic acid profile for the ‘Mateur’ cultivar with significantly higher amounts on
P. atlantica rootstock.

4. Discussion

4.1. Tree Vigor, Yield and Yield Efficiency

The scion–rootstock interaction has been demonstrated to have a significant impact
on growth and yield of pistachio [26,31,33,34]. The results of this study clearly established
this effect. ‘Mateur’ with higher vigor (TCSA) exhibited higher yield performance than
‘Achouri’. The rootstock had no significant effect on TCSA, yield and yield efficiency.

Data of average tree yield of ‘Mateur’ cultivar in this study were consistent with those
claimed by Oukabli [35] in rainy conditions (9.7 kg tree−1). In the drought conditions of
Sfax (southeast Tunisia), the average yield of this cultivar was 2.5 kg/tree [36]. The lower
performance of ‘Achouri’ suggested low acclimation capacity to the tested bio-climatic
conditions. Lacasta et al. [22,26] reported higher yield production of ‘Achouri’ compared
to ‘Mateur’ under the rainfed conditions of central Spain. Rootstock had a significant effect
on ‘Mateur’ fruit yield with higher performance for P. atlantica rootstock. These results
were consistent with those of Carbonell-Barrachina et al. [6] on the Kerman variety that
produced significantly higher yield on P. atlantica than on P. integerrima and P. terebinthus
rootstocks. Similarly, Lacasta et al. [22] reported higher productivity of eight cultivars
including ‘Achouri’ (8.4 kg/tree) on P. atlantica rootstock compared to P. terebinthus, P. vera
and P. integerrima. This was not the case in our study for the ‘Achouri’ cultivar with any
rootstock effect noted. The lower tree growth and productivity of the ‘Achouri’ cultivar
compared to ‘Mateur’ may be explained by the lesser adaptive capacity of this cultivar to
Mornag rainfed conditions.

An alternate bearing is a common trait of pistachio [37,38]. This phenomenon is
accentuated by warm climate and rainfed conditions. Its intensity may vary according to
the cultivar. Yield variation between the ‘off’ and the ‘on’ year can reach three- to five-fold
for the Kerman pistachio variety [6]. In the case of this study, this variation did not reach
two-fold. Before building up results from a longer monitoring period, these results cannot
give exhaustive information on the alternate bearing intensity of studied cultivars.

4.2. Physical Traits of Fruits

The physical characteristics of fruits can be influenced by cultivar, rootstock and
bioclimatic features [39–42]. Data of ‘Mateur’ dry weight in shell nuts in this study are
comparable to those obtained by Vargas et al. [43] in the climatic conditions of the northern
Mediterranean (IRTA-Mas Bové—Spain). Those of ‘Achouri’ were, however, lower (74.5 g)
than those obtained by these authors (100 g).

Shell splitting is an attractive trait of pistachio nuts that determines the choice of
variety in the market. Its occurrence depends on the growth of kernel and nutshell [44].
Factors that enhance kernel size concerning shell size, such as irrigation management
and crop load, are thought to promote shell splitting [22]. Climatic conditions in rainfed
orchards could have a relevant impact on the seasonal growth of trees and consequently
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fruit quality. This may, partly, explain the annual variation of DR in this study, which was
lower in 2014 than in 2015 and 2016. Shell splitting is closely linked to the cultivar [39].
In this study, significant differences of DR were shown between ‘Mateur’ and ‘Achouri’
cultivars. The nut split rate was significantly higher for ‘Achouri’ than for ‘Mateur’. This
was in accordance with Vargas et al. [35] in terms of variation, but the DR values in our
experiments were higher (82.9% vs. 66% for ‘Achouri’ and 58.5% vs. 43% for ‘Mateur’). It
was reported that the DR of ‘Achouri’ nuts ranged between 55 and 90% [43,45]. For both
studied cultivars, no effect of rootstock was observed on fruit weight and DR. Similarly, the
‘Bianca’ pistachio cultivar showed no variation of DR with rootstock [33]. Other pistachio
cultivars, however, have been reported to exhibit significant differences in nut splitting rate
according to the rootstock [41,46].

Fruit size and shape are important parameters that are considered in marketing and in
post-harvest processing, such as design and setting of equipment [47]. Fruit sizes of ‘Mateur’
and ‘Achouri’ in this study were comparable to those of Vargas et al. [43]. Sphericity of
fruits, nuts and kernels of both studied cultivars varied from 60.2% to 66.7%, indicating an
elongated shape. The most ovoid-shaped Iranian pistachios (Akbari, Badami, Kalle-Ghuchi,
Momtaz and Ohadi) were reported to range between 68.2% and 79.8% [47]. Overall, the
year of harvest and, to a lesser degree, the cultivar had the most important effects on fruit
size and shape of pistachio in this study. The influence of rootstock on these parameters
was lower despite a tendency of ‘Mateur’ and ‘Achouri’ cultivars to produce smaller fruits
on P. atlantica rootstock. The ‘Achouri’ cultivar produced significantly lower spherical
kernels on P. atlantica rootstock.

4.3. Fat Content and Fatty-Acid Profile

Kernel fat content of pistachio samples varied from 45.25% in 2015 to 42.92% in 2016
(Table 4). No significant variation was recorded between the two studied cultivars and
rootstocks as well as their interactions. Fat content values recorded here are similar to those
reported by Carbonell-Barrachina et al. [6] for the Kerman pistachio cultivar but lower
than those obtained for other pistachio cultivars [4,5]. The fatty-acid composition of kernel
samples of studied pistachio cultivars varied significantly over years, but not according
to cultivar, rootstock or cultivar–rootstock interaction in our experimental conditions.
Significant variation in fatty-acid profile with rootstock was found for immature pistachio
kernels [48]. Noguera-Artiaga et al. [30] found no significant variation with rootstock of
these components except for the polyunsaturated α-Linolenic acid (C18:3). The content
of oleic acid (67.62–70.41%), the major mono-unsaturated fatty acid in pistachio kernel
samples, had similar percentages as previously found in Italian (70.1–71.5%), Turkish (53.16–
72.63%) and Iranian (51.8–71.23%) kernels [4,5,49]. Similarly, data of linoleic acid contents
(16.7–18.7%) were in agreement with those reported for Iranian (17.36–35.16%) and Turkish
(16.58 and 35.40%) varieties [48,49]. The comparison of fatty-acid composition of ‘Mateur’
cultivar with that reported by Chahed et al. [3] in the southern area of Tunisia (Sfax) revealed
higher palmitic, palmitoleic, stearic and oleic acids in Sfax than in the Mornag (northern)
area. Conversely, higher and equal rates of linoleic and linolenic acids were found in
Mornag compared to Sfax (7.6% and 0.2% for linoleic and linolenic acids, respectively).
Similar geographical variations were reported by Chahed et al. [3] in oil composition of
pistachio kernels originating in ‘Mateur’ and Sfax areas. This may be attributed to the
effect of plant water status on pistachio nut quality [6,12]. The quality index based on
the oleic/linoleic (O/L) acid ratio is commonly used for fat-quality assessment to predict
chemical stability and shelf life of the oil [1]. The higher this ratio, the greater the stability
of the oil. None of the studied parameters here had an effect on this index. Recorded values
(3.8–4.5) were comparable to Greek and Italian cultivars (3.9–5.9) but higher than those
reported by Tsantili et al. [4] and Esteki et al. [1] for Iranian pistachio cultivars (1.9–3.7). The
total rates of unsaturated (UFAs) and saturated fatty acids (SFAs) as well as the UFA/SFA
ratio results were in agreement with other pistachio research findings [4,5,48]. The nut
pistachio quality of these cultivar–rootstock combinations may contribute to compensating
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for the reduced financial impact of relatively low-productivity orchards under these rainfed
conditions.

5. Conclusions

This work showed high annual variation for the studied parameter for ‘Mateur’ and
‘Achouri’ pistachio cultivars grown under rainfed conditions of the Mornag semi-arid
climate. Seasonal climatic features were shown to play a major role in plant growth, yield
and quality in these growing conditions. The low productivity of ‘Achouri’ compared to
‘Mateur’ seems to be linked to less adaptation capacity. All studied parameters appeared
to be dependent on cultivar–rootstock combination except for the fatty-acid profile of
kernel oil. Technological traits of kernel oils revealed a high quality product that should be
valorized to promote higher farmer incomes in this region. Obtained results support the
alternative use of P. atlantica rootstock in Tunisian pistachio orchards to increase biodiversity
and crop adaptation. Pistachio is a great alternative for farmers in the Mediterranean Basin
given its low environmental impact and the appreciation of its fruits by consumers.
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Abstract: This present study proposes an improvement for the postharvest preservation of the ‘Ercol-
ini’ pear, a fruit that is little tested in the field, using a combination of ethylene elimination methods.
The techniques used were potassium permanganate filters in devices with ultraviolet radiation and
constant air flow to favour the contact of ethylene with the oxidising agents. The analysis carried out
included weight, diameter, firmness, soluble solids content, total acidity, maturity index, ascorbic
acid concentration, total phenolic compounds, antioxidant capacity via the ORAC method and a
descriptive sensory analysis using experts. In addition, the ethylene removal method was tested at
two storage temperatures: 1 ◦C, near optimal temperature, and 8 ◦C, the standard temperature for
transport and storage of fruit on a commercial scale. The results showed a marked improvement in
the maintenance of postharvest physicochemical quality using the proposed combination of methods.
The sensory analysis confirmed what was observed in the laboratory, with higher organoleptic quality
values observed in pears treated with the complete system under study consisting of filter and
machine, highlighting the greater presence of flavours and odours related to green fruit. Ultimately,
this innovation could be highly relevant for the food industry.

Keywords: climacteric fruit; fruit storage; potassium permanganate; Pyrus communis; UV-C

1. Introduction

The presence of ethylene in preservation atmospheres has been shown to be detri-
mental to the quality and shelf life of fruit and vegetables. In the case of climacteric fruits,
ethylene accelerates the ripening processes, a highly undesirable aspect for their optimal
commercialisation, leading to waste in a world that is becoming increasingly populated and
more demanding of high-quality food. Fruit ripening is a complex process that promotes
both physical and physiological changes, leading to a progressive deterioration of the
products. Postharvest ripening cannot be stopped but it can be slowed down [1–3].

According to the report on the “DOP Pera Ercolina de Jumilla” carried out by Jesús
García Brunton in 2011, pears of the variety ‘Ercolini’ belong to the group of climacteric
fruits. This variety is characterised for having a medium size, as compared to other varieties
such as ‘Bosc Kobak’ [4,5], with white and juicy flesh. Its skin is green and turns yellow
when it ripens, a process that takes place very quickly. For this reason, it is essential to store
them correctly in atmospheres without ethylene. Its maximum storage time is 3 weeks.
The annual production of the ‘Ercolini’ pear in the Region of Murcia is approximately
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22,000 tonnes, 48% of the Spanish national production, and 24% of the European production
of this variety, and is, therefore, a crop of national importance [5].

It is known that the exposure to ethylene produces undesirable effects on fruit. In stone
fruits such as apricot or peach, other authors have shown that their conservation without
ethylene elimination leads to loss of weight, firmness, total acidity (TA), organoleptic quali-
ties, and an increase in soluble solid content (SSC) [6]. In tomato, Mansourbahmani and
collaborators showed a similar effect when comparing the application of various ethylene
removal methods; these authors concluded that ethylene removal treatments could be
a useful tool for reducing spoilage and maintaining fruit quality [7]. In pears, Charoen-
chongsuk et al., showed a relationship between colour loss, chlorophyll degradation, and
softening of Russet pear, due to high ethylene exposure [8]. This effect may be related to
the production of reactive oxygen species (ROS) in the degradation processes associated
with ripening. Therefore, it would be interesting to study the evolution of the antioxidant
activity in this product.

According to Alonso-Salinas [9,10], Kim [11], and Wei [12], ethylene removal by
potassium permanganate (KMnO4) oxidation is the most interesting method in terms of
cost-effectiveness. This oxidising agent is anchored in active adsorbent materials such as
zeolites, activated carbon, carbon nanospheres, and silica gel, to keep KMnO4 and ethylene
in contact [13]. These metal-coated porous materials are often used as fillers or active
ingredients to be added to packaging films or paper, or as carriers where other ethylene
scavengers can be incorporated [14].

Photocatalysis is also a suitable technique for ethylene removal [11,15,16]. UV light
has been extensively studied as part of an ethylene degradation system, which is mainly
attributed to its photochemical reactivity. Ethylene photo-degradation starts with the
radiation of UV-C light, which generates oxidizing agents [11,17]. Although it is true that the
efficiency of this ethylene removal method is not the best [18–20], it is sufficiently versatile
to be incorporated as a support to other methods, to improve their overall effectiveness.

However, the above options to remove ethylene and avoid its action on fruits are
not the only methods used. For example, the most widely studied in recent years is the
treatment with 1-methylcyclopropene (1-MCP), a chemically synthesised molecule formed
by a small hydrocarbon very similar to ethylene that competes with this gas for its receptor
binding points (Ad-ERS1a, Ad-ETR2 and Ad-ETR3) inhibiting the expression of several
transcription factors associated with ethylene (Ad-ERF4, Ad-ERF6, Ad-ERF10 and Ad-
ERF14). This largely prevents the ripening of climacteric fruits by avoiding the action
of ethylene even if it is still in the preservation atmosphere [12,21]. Nevertheless, not
a few authors have doubts about its effectiveness compared to other methods such as
KMnO4 or palladium [7,10,12,22]. Another method of ethylene removal briefly studied
is the application of palladium as an ethylene oxidising agent, acting in a similar way
to KMnO4. Nevertheless, although Smith et al. [23] indicate that it is more efficient than
KMnO4, its industrial application is complicated, since the cost of this metal is very high in
the current market.

The aim of this study was to determine the effect of a novel combined ethylene removal
method (KMnO4 and UV-C radiation) on the postharvest quality and sensory analysis of
pear cv ‘Ercolini’ preserved at two refrigeration treatments (1 ◦C and 8 ◦C).

2. Materials and Methods

2.1. Plant Material

Forty kilograms of ‘Ercolini’ pears (Pyrus communis L.) were supplied by “Coopera-
tiva Hortofrutícola Campos de Jumilla” (Jumilla, Murcia, Spain). This variety has D.O.P.
certification in Jumilla. The pears were harvested in the traditional way and preserved
at 1 ± 1 ◦C for a day until laboratory transport for subsequent analysis. On the day of
harvesting (26 July 2022), the supplying company classified the produce by calliper, and
on the same day, the harvest index analyses were carried out to check the homogeneity of
the pears. All the harvest index analyses were performed on 15 pears randomly selected
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from those supplied by the company and in the same way as the subsequent studies. The
harvest indexes are shown in Table 1. Then, the pears were cooled and transported the
following day (27 July 2022) to the laboratory to start the study.

Table 1. Harvest indexes. The means ± standard error of the means (SEM) are shown. n = 15.

Parameters Weight (g) Calliper (mm) Firmness (N)
Soluble Solid

Content
(SSC) (%)

Total Acidity
TA (%)

Colour

Data 116 ± 10 54.3 ± 2.5 52.6 ± 4.5 11.8 ± 0.9 0.35 ± 0.06
a *: −10.9 ± 2.8
b *: 40.3 ± 4.8
L *: 70.1 ± 3.6

Method

Navigator
Balance, Ohaus
Europe Gmbh

(Nänikon,
Switzerland).

Mitutoyo
530-122,

Mitutoyo Spain
(Guipúzcoa,

Spain).

CT3
texturometer,

AMETEK
Brookfield

(Middleboro,
MA, USA).

Pocket
Brix-Acidity
meter, Atago

(Tokyo, Japan).

Pocket
Brix-Acidity
meter, Atago

(Tokyo, Japan).

Colourpin II,
Natural Color

System
(Stockholm,

Sweden).

2.2. Experimental Design

A total of 340 pears (40 kg) were randomly distributed into six 150 L (volume) conser-
vation chambers (CCs) (Eurofred Cool Head RCG200, Eurofred S.A., Barcelona, Catalonia,
Spain) for ethylene removal and temperature treatments.

According to Alonso-Salinas [9], the filters used were composed of KMnO4 anchored
to the active centre of zeolite, which allowed for a better interaction of this oxidizing
substance with ethylene. The composition of the filters in terms of granulometry and
other adsorbent substances was patented in Spain by the company “Nuevas Tecnologías
Agroalimentarias KEEPCOOL” (Molina de Segura, Spain), patent No. 2548787 (2016). The
adsorbing material was covered by a semi-permeable paper, which enables the entry of
ethylene-rich air and the output of air clean of this phytohormone. Conversely, this kind
of paper prevented the intrusion of water or other particles that could interfere with the
process. Ethylene filters were installed inside an M-CAM 50 device (KEEPCCOL, Molina
de Segura, Spain), which is an air-flow-forcing machine, to ensure that all the air in the
CC passes through the filter. The volume of air moved inside the system is 750 L/min,
which means that all the ethylene inside the CC is removed in 12 s, since the chamber has a
capacity of 150 L.

In addition, this system incorporates a photocatalytic ultraviolet light system UV-C
(TUV 254 nm, Philips, Amsterdam, Netherland) to aid the KMnO4 filters in the removal of
ethylene. The ultraviolet light is focused on the air coming out of the filters, not on the fruit.
Throughout the article, the machine, filter and UV-C light combination will be referred to
as the filter-device (FD).

According to Yildirim [24], UV-C exposure may have a negative effect on food quality.
To avoid this possible adverse effect, the light beam was focused on the ethylene and not on
the fruit since the device is completely closed, except for two air inlet and outlet openings,
the UV-C radiation does not leave the system. To clarify the operation of this process, a
diagram of the system is shown in Figure 1.

The combination of KMnO4 and UV-C radiation was chosen due to KMnO4 being
more effective than 1-MCP according to the literature [7,10,12,22] and easier to implement
in the food industry than palladium due to its low cost. In addition, UV light was added
because of its easiness of application and its support to KMnO4.

Two treatments at 1 ◦C and 8 ◦C were set-up. These temperatures were selected
because they are the standard storage temperatures utilised by fruit distribution companies.
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Figure 1. Ethylene scavenger diagram. Own source.

In terms of ethylene removal, preservation temperature and relative humidity the
treatments were classified as follows (Table 2):

Table 2. Classification of the treatments applied according to storage temperature (◦C), relative
humidity (%) and the presence or absence of ethylene scavengers.

Treatments 1 ◦C-C 1 ◦C-F 1 ◦C-FD 8 ◦C-C 8 ◦C-F 8 ◦C-FD

Temperature 1 ◦C 1 ◦C 1 ◦C 8 ◦C 8 ◦C 8 ◦C

Relative humidity 90% 90% 90% 90% 90% 90%

Ethylene scavenger None Filter Filter + Device None Filter Filter + Device

2.3. Physicochemical Variables

All physicochemical analyses were carried out in triplicate on each pear, on five pears
per treatment and per day (n = 5) throughout the entire storage period on the following
days: 0, 7, 14, 21 and 28 (from 27 July 2022 to 24 August 2022). The shelf life (28 days) was
established according to the optimum commercial life of the ‘Ercolini’ pear suggested by
the supplying company. Similar storage times were also observed in other studies [3,25–27].

The ethylene (C2H4) concentration was measured using a Gas Analyzer (Felix Three F-
950, Felix Instruments, Camas, WA, USA) and expressed as nmol kg−1 h−1. The measuring
flow rate of the Gas Analyser was 1 mL s−1 and 5 measurements were carried out for each
day of analysis and treatment. A sealed access to the CCs was opened so that a sonde
could be inserted to measure the ethylene concentration without disturbing the internal
atmosphere of the chambers. The resolution of the Gas Analyzer was 0.1 ppm and the lower
limit of detection is 0.15 ppm. Since at the time of arrival of the pears in the laboratory
the ethylene concentration inside the CCs was 0, in order to observe possible differences,
ethylene measurements on day 0 were made 6 h after the start of the study.

The weight was measured using a precision balance (Navigator Balance, Ohaus Europe
Gmbh Nänikon, Switzerland), expressed in grams. The calliper of the pears was measured
with a vernier calliper Mitutoyo 530-122, Mitutoyo Spain (Guipúzcoa, Spain) and expressed
in millimetres. The calliper was considered as the equatorial diameter of the pears.

The firmness of the pears was measured with a CT3 texturometer (AMETEK Brookfield,
Middleboro, MA, USA) equipped with a cylindrical probe measuring 35 mm height and
6 mm in diameter, which penetrated into the fruit 10 mm at a speed of 0.5 mm s−1. Pear
firmness was considered as the maximum force (N) measured during probe penetration.

126



Horticulturae 2022, 8, 1078

The soluble solid content (SSC), pH, and total acidity (TA) were measured on fruit
samples using the method adapted from Zhang [28]. Twenty grams of pear (without
differentiating between skin and flesh) were taken and added to 20 mL of distilled water,
then homogenised with a mixer (Ultra turrax T25, LabWare Wilmington, DE, USA) for
30 s. The homogenate was centrifuged at 3600× g for 10 min in a centrifuge at 4 ◦C
(Eppendorf Centrifuge 5810, Hamburg, Germany), and the supernatant, mentioned in the
rest of the manuscript as pear extract, was used to obtain SSC, pH, TA, ascorbic acid, TPC
and antioxidant capacity according to ORAC.

The SSC of the pear extract was determined with a digital refractometer (Pocket
Brix-Acidity meter, Atago Tokyo, Japan).) at 20 ◦C and expressed as a percentage (sugar
equivalents in g 100 g−1). The pH of the pear extract was determined with a pH-meter
(Testo 206-pH2, Testo, Barcelona, Spain).

The determination of TA of the pear extract was made according to [28] with a Pocket
Brix-Acidity meter, Atago (Tokyo, Japan). The results were expressed as g L−1.

The maturity index (MI) was determined by dividing SSC (%) by TA (%). The expres-
sion of this parameter is dimensionless.

The ascorbic acid analysis was adapted from the Nielsen [29] method. First, two
different solutions were prepared:

- Acid solution: 30 g of metaphosphoric acid (Acrós Organics, Geel, Belgium) and 80 mL
of acetic acid (Panreac, Castellar del Vallés, Barcelona, Spain) were added in a 1 L flask
and levelled.

- Dichlorophenol solution: 250 mg 2,6-dichlorophenol indophenol (Scharlab S.L.,
Barcelona, Spain), 210 mg sodium hydrogen carbonate (Panreac, Castellar del Vallés,
Barcelona, Spain) were weighed, dissolved and levelled in a 1 L flask.

Ascorbic acid reduces 2,6-dichlorophenol indophenol from purple to a colourless
solution. Thus, a 2 mL aliquot of the pear extract was taken and 5 mL of the acid solution
was added. Subsequently, the resulting mix was titrated with the 2,6-dichlorophenol
indophenol solution under constant stirring until a change in colour to pink was observed.
The amount of ascorbic acid was determined by the following formula (F = 0.1):

Ascorbic acid
(

mg L−1
)
=

F ∗ mL used o f 2, 6 − DCF ∗ 1000 mL o f juice
Sample (mL)

(1)

F = titter of dye (0.1 = mg ascorbic acid equivalent to 1.0 mL indophenol standard solu-
tion). Ascorbic acid was expressed as milligrams per 100 mL of pear juice (mg 100 mL−1).

The total phenolic content (TPC) of the pear was determined colorimetrically at 765 nm
using the Folin–Ciocalteau reagent according to a modification of the Kidron [30] method.
The Folin–Ciocalteau reaction was performed by mixing 100 μL of the pear extract, 150 μL
of Folin–Ciocalteau reagent, 450 μL of 20% Na2CO3, and 2300 μL of distilled water. After
2 h of reaction in dark, the absorbance of the sample was measured against a blank with a
spectrophotometer (Shimadzu model UV-1603, Japan). Three measurements were made
per pear and 5 pears were analysed for each treatment and day. The calibration curve
(y = 0.5206x + 0.0899; R2 = 0.998) was made using gallic acid as the standard at the range of
25–250 μg mL−1. TPC was expressed in grams of gallic acid equivalents per kilograms of
fresh pear (g kg−1).

The antioxidant capacity of the pear extract was measured with ORAC (Oxygen
Radical Absorbance Capacity) method following the one described by [31]. It was carried
out with a SpectraMax ID3 multidetector microplate reader, from Bio-Tek Instruments, Inc.
(USA), using 96-well polystyrene microplates with black sides and clear bottoms. To each
well were added 100 mL of fluorescein (from a solution of 1.32 mg fluorescein in 1 L of
distilled water), 50 mL of phosphate buffer (1%) and 20 uL of the pear extract diluted 1-10.
After 30 min incubation in the dark at 37 ◦C, 30 uL of 2,2′-azobis(2-methylpropionamidine)
dihydrochloride was added and the reaction started and finished after 2 h. Fluorescence was
read through the clear bottom every minute of the reaction, with an excitation wavelength of
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485 nm and an emission filter of 528 nm. The plate reader was controlled by SoftMax Pro 7.1
software. All reaction mixtures were prepared in triplicate and at least three independent
assays were performed for each pear. A total of 5 pears were analysed for each treatment
per day. The results were expressed in μmol of Trolox equivalents per kilograms of fresh
pear (μmol kg−1). The net area under the curve (AUC) for each well was calculated by
subtracting the AUC for the blank from its AUC.

2.4. Descriptive Sensory Analysis

A trained panel consisting of 10 highly trained panellists (aged 25 to 55 years;
6 female and 4 male) from the Food Quality and Safety research group (Universidad Miguel
Hernández de Elche, UMH, Orihuela, Spain) conducted the descriptive sensory analysis.
Each panellist had more than 1000 h of experience with fruits. The methodology used for
the descriptive sensory analysis was that previously described by Noguera-Artiaga [32]
and the lexicon used was developed according to Gittins [33]. The scale used ranged from
10 (extremely high intensity) to 0 (no intensity) with 0.5 increments. The samples were
served in odour-free disposable plates, at room temperature (~22 ◦C), and were coded
using 3-digit numbers. Mineral water and unsalted crackers were provided to panellists
to clean their palates between samples. The analyses were run in triplicate (n = 3). The
descriptive sensory analysis was carried out at the beginning (establishing a control at
day 0) and at the end of the study comparing the pears after 28 days (24 August 2022) of
storage of the 6 treatments described.

2.5. Statistical Analysis

The descriptive statistics (mean and standard error of the mean [SEM] and the differ-
ent tests described below were performed using the StatGraphics Centurion XV software
(StatPoint Technologies, Warrenton, VA, USA). The Shaphiro-Wilk test was performed to
check the normality of the data. In addition, to check the homogeneity of variance, Bartlett’s
test was applied. The six treatments were compared according to 10 variables analysed
using a two-way analysis of variance (ANOVA) on days 7, 14, 21 and 28 of the experiment.
Pearson’s correlation coefficient (r) was calculated to measure the linear relationship be-
tween pairs of variables in the correlation matrix (at the end of the experiment, 28 days). A
principal component analysis (PCA), followed by a partial least squares discriminant analy-
sis, was conducted to assign the principal components displaying eigenvalues greater than
or equal to 1.0, which led to the identification of two principal components that explained
78% of the variation within the data set (at the end of the experiment, 28 days). The sensory
analysis was analysed using an analysis of variance (One-way ANOVA), comparing day 0
with day 28 of the experiment. Finally, Tukey’s Multiple Range Test was utilised to separate
the means and detect significant differences between the treatments (p-value < 0.05).

3. Results and Discussion

3.1. Ethylene

Pear is a climacteric fruit, which means that the ripening process continues once
harvested, and this is highly affected by the presence of ethylene. Climacteric fruits increase
the production of ethylene during post-harvest ripening, with this gas being responsible
for the coordination of the ripening process. Ethylene has an autocatalytic feedback effect,
i.e., a higher presence in the storage environment implies a higher ethylene production
in the fruit. Therefore, it is crucial to maintain low ethylene levels to ensure an adequate
shelf-life and quality of pears [9]. Furthermore, according to Hu [34], pear has a high
ethylene sensitivity between 0.03 and 0.1 μL L−1, which indicates that the presence of
ethylene exceeding this threshold can cause significant damage to the product.

Figure 2 shows the ethylene concentration throughout preservation of ‘Ercolini’ pears.
This parameter increased steadily in all treatments. However, it was affected by the different
storage temperatures and by the use of the KMnO4 filters or the complete ethylene removal
system (filter + UV).
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Figure 2. Ethylene concentration expressed as nmol kg−1 h−1 over the storage time in pears subjected
to the different treatments: 1 ◦C-C (Control), 1 ◦C-F (Filter), 1 ◦C-FD (Filter + Device), 8 ◦C-C (Control),
8 ◦C-F (Filter) and 8 ◦C-FD (Filter + Device).

In the treatments kept at 1 ◦C, differences were observed from day 0 onwards. Treat-
ment 1 ◦C-C (control) showed higher values than treatments 1 ◦C-F and 1 ◦C-FD. The
1 ◦C-C treatment reached its maximum value on day 28 with 1.32·10−4 nmol kg−1 h−1. The
1 ◦C-F treatment reached its maximum value of 4.37·10−5 nmol kg−1 h−1 on day 28 as well,
3-fold lower than the control treatment. However, with the 1 ◦C-FD treatment, ethylene
concentrations were obtained that barely exceeded 2·10−5 nmol kg−1 h−1 throughout the
entire storage time, between 5 and 7-fold lower than the control treatment.

In the treatments stored at a more stressful temperature (8 ◦C), higher levels of ethylene
concentration were observed on average. The 8 ◦C-C treatment reached its maximum on
the 28th day of analysis, 2.35·10−4 nmol kg−1 h−1. This value highly differed from the
treatments in which different ethylene removal methods were used. On the one hand,
for the treatment in which KMnO4 filters were exclusively used (8 ◦C-F), the maximum
ethylene concentration levels of 8.84·10−5 nmol kg−1 h−1 were recorded on day 28, almost
3-fold lower than 8 ◦C-C. On the other hand, for the treatment in which the complete
ethylene elimination system was used, the maximum concentration of this phytohormone
was observed on day 28, with a value of 5.29·10−5 nmol kg−1 h−1, 2-fold lower than 8 ◦C-F
and close to 10-fold lower than 8 ◦C-C.

From an overall point of view, the use of KMnO4 filters (treatments 1 ◦C-F and
8 ◦C-F) achieved a reduction in ethylene concentration of 69.91% and 62.38% compared to
the control treatments at 1 ◦C and 8 ◦C, respectively, on day 28. However, the use of the
complete system (treatments 1 ◦C-FD and 8 ◦C-FD) reduced the concentration by 84.77%
and 77.48% compared to the control treatments, at 1 ◦C and 8 ◦C, respectively, at the end of
the trial.

These results are in agreement with the existing literature. According to Bower [1], it is
certainly desirable to minimise ethylene concentrations around stored pears to reduce the
incidence of scald and internal breakdown. Alonso-Salinas [9] reported a reduction in the
ethylene concentration of 52% in peaches stored at 1 ± 1 ◦C, using the same ethylene elimi-
nation system as in the present study. Other researchers showed the effect of KMnO4 and
ultraviolet light as ethylene scavengers separately [19,35,36], nevertheless, their individual
effectiveness is lower than that seen in this study as a combination.
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Álvarez-Hernández [6] described the effect of applying KMnO4-based ethylene scav-
engers on apricots stored at 2 ◦C, indicating a reduction of close to 100; these data are
similar to those found in the present manuscript. However, Nguyen [4] reported that
using 0.14% of 1-MCP, (a synthetic molecule that competes with ethylene for its receptors),
achieved a reduction in the ethylene concentration in ‘Bosc Kobak’ pears between 5% and
60% compared to the control, depending on the starting day of treatment; similar data
have been seen in other studies [3,37]. The use of this molecule, 1-MCP, is shown to be less
effective in ethylene removal than those based on potassium permanganate.

3.2. Physico-Chemical Variables Analysed

Table 3 shows the evolution of the physico-chemical variables of pears from the
beginning to the end of the conservation period for each treatment. In this table, the
1 ◦C-FD treatment had a better preservation performance and/or longer shelf life than the
rest of the treatments at the end of the experiment (day 28), with a higher weight percentage
(97.1%), higher calliper percentage (92.5%), except for 8 ◦C-FD treatment (95.4%), higher
firmness (44.9 N), lower SSC (12.0%), higher TA (3.27 g L−1), lower MI (39.4), higher
ascorbic acid concentration (4.4 mg 100 mL−1), higher TPC concentration (0.39 g kg−1), and
higher antioxidant capacity measured with ORAC (3.14 μmol kg−1). All of these results are
indicative of a less advanced ripening stage and a consequent prolongation of pear shelf life.
The raw data are presented in the Supplementary Materials Tables S1–S3 which include
the results of the parameters analysed on days 0, 7, 14, 21, and 28 separated into physical
variables (Table S1), biochemical variables (Table S2), and bioactive variables (Table S3).

The order of treatments in terms of effectiveness is as follows: 1 ◦C-FD, 1 ◦C-F, 8 ◦C-FD
and 1 ◦C-C. This suggests that the increase in temperature followed by a correct elimination
of ethylene (8 ◦C-FD) slows down the loss of post-harvest quality of the pear, as compared
to the control treatment at normal refrigeration temperature (1 ◦C-C).

In regard to the weight and calliper variables, Charoenchongsuk [8] reported a 20%
loss in ‘Gorham’ pear firmness after 20 days of storage at 20 ◦C, and a delay in the softening
of Russet pears using 1-MCP (1 μL L−1) related to water and weight loss. This effect has also
been observed by other authors in various fruit species such as melon [38], apricot [6,39],
peach [9,40,41] or kiwifruit [42,43]. In terms of firmness, Nguyen [4] showed that the
use of 1-MCP (0.14%) was able to maintain the firmness of the pears cv ‘Bosc Kobak’ for
14 days without a significant variation. However, Argenta [44] observed a decrease of
about 40% of firmness in 1-MCP-treated treatments (0.42 mmol m−3) after 30 days of
storage. Escribano [45] reported that after 24 days of application of 0.6 μL L−1 of 1-MCP,
the firmness of treated ‘Bartlett’ pears was reduced by about 80%. Until day 12 of the
trial, the firmness was maintained. However, on day 14 and subsequent days, the firmness
dropped sharply from 80 N on day 12 to 15 N on day 24 of storage.

In relation to the biochemical variables, both of those directly related to maturity and
those related to bioactive compounds, Nguyen [4] observed significant differences through
the application of 1-MCP (0.14%) to inactivate the action of ethylene on ‘Bosc Kobak’ pears;
Chiriboga [46] showed that, by applying 1-MCP (300 nL L−1), it is possible to preserve
the ability to remove reactive oxygen species (ROS) in ‘Conference’ pears by blocking the
autocatalytic feedback effect of ethylene. These researchers analysed electrolyte leakage
(EL), total peroxidase (POX), superoxide dismutase (SOD) and catalase activity (CAT) to
reach this conclusion. Using KMnO4 as ethylene scavengers, Álvarez-Hernández [47] and
Salamanca [48] observed similar effects, but on apricot and in 5 different varieties of tomato,
respectively. Alvarez-Hernandez et al. [6] and Salamanca et al. [48] obtained alike results
to those presented in this manuscript, supporting the findings reported here. However,
Chiriboga et al. [46] obtained lower oxidation protection results than those observed in this
study, corroborating that potassium permanganate-based ethylene scavengers are more
effective in protecting the bioactive activity of pears than 1-MCP.
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Table 3. Evolution from day 0 to day 28 of the physicochemical variables in pears subjected to the
different treatments: 1 ◦C-C (Control), 1 ◦C-F (Filter), 1 ◦C-FD (Filter + Device), 8 ◦C-C (Control),
8 ◦C-F (Filter) and 8 ◦C-FD (Filter + Device). The variables measured were: weight expressed as
average percentage compared to day 0 (being day 0 the 100% of average weight value of each
treatment individually); calliper expressed as percentage compared to day 0 of each treatment;
firmness expressed in Newtons; SSC expressed as percentage; pH; TA expressed as g L−1, MI as the
SSC (%)/TA (%) ratio; ascorbic acid content expressed as mg 100 mL−1; total phenolic compounds
expressed as ggalic acid kg−1 and antioxidant capacity measured with the ORAC method expressed as
μmolTrollox.Eq. kg−1. The means ± standard error of the means (SEM) are shown. Different letters
for each treatment represent statistically significant differences according to Tukey’s test, n = 5 per
treatment and day. The parameters have also been analysed by factors: ethylene (E), temperature (T)
and the interaction of both ethylene × temperature (E × T).

Treatments
Weight (%) Calliper (%) Firmness (N)

Day 0 Day 28 Day 0 Day 28 Day 0 Day 28

1 ◦C-C

100

82.9 ± 3.5 b

100

82.5 ± 1.5 b

48.9 ± 1.7

34.4 ± 1.6 c
1 ◦C-F 91.7 ± 6.3 a 91.6 ± 1.5 a 43.4 ± 1.6 ab

1 ◦C-FD 97.1 ± 8.3 a 92.5 ± 0.7 a 44.9 ± 2.1 a
8 ◦C-C 89.9 ± 4.4 a 83.3 ± 2.0 b 26.1 ± 2.6 d
8 ◦C-F 91.1 ± 2.8 a 89.9 ± 1.7 a 33.0 ± 1.8 c

8 ◦C-FD 93.2 ± 1.6 a 95.4 ± 2.7 a 37.4 ± 2.1 bc

Ethylene (E) - ** - *** - ***
Temperature (T) - n.s. - ** - ***

E × T - ** - n.s. - n.s.

Treatments
SSC (%) TA (g L−1) MI

Day 0 Day 28 Day 0 Day 28 Day 0 Day 28

1 ◦C-C

12.5 ± 0.42

15.5 ± 0.65 ab

3.69 ± 0.47

1.76 ± 0.29 c

34.4 ± 2.44

95.9 ± 16.2 ab
1 ◦C-F 12.5 ± 0.29 c 2.93 ± 0.29 ab 43.7 ± 3.7 c

1 ◦C-FD 12.0 ± 0.41 c 3.27 ± 0.46 a 39.4 ± 6.3 c
8 ◦C-C 17.5 ± 0.65 a 1.51 ± 0.22 c 125.5 ± 22.0 a
8 ◦C-F 15.3 ± 1.10 b 1.93 ± 0.29 bc 84.1 ± 12.1 abc

8 ◦C-FD 15.0 ± 0.41 b 2.09 ± 0.29 bc 75.7 ± 10.1 bc

Ethylene (E) - *** - *** - ***
Temperature (T) - *** - *** - ***

E × T - n.s. - n.s. - n.s.

Treatments
Ascorbic Acid (mg 100mL−1) TPC (g kg−1)

Antioxidant capacity (μmol
kg−1)

Day 0 Day 28 Day 0 Day 28 Day 0 Day 28

1 ◦C-C

5.0 ± 0.47

2.9 ± 0.37 bcd

0.49 ± 0.03

0.26 ± 0.02 cd

4.17 ± 0.08

2.18 ± 0.14 c
1 ◦C-F 3.8 ± 0.28 ab 0.35 ± 0.04 ab 2.83 ± 0.06 ab

1 ◦C-FD 4.4 ± 0.21 a 0.39 ± 0.03 a 3.14 ± 0.22 a
8 ◦C-C 1.7 ± 0.22 d 0.21 ± 0.04 d 1.78 ± 0.14 d
8 ◦C-F 2.0 ± 0.39 cd 0.29 ± 0.05 bc 2.21 ± 0.05 c

8 ◦C-FD 3.1 ± 0.48 abc 0.36 ± 0.05 ab 2.56 ± 0.19 bc

Ethylene (E) - *** - *** - ***
Temperature (T) - *** - ** - ***

E × T - n.s. - n.s. - n.s.

Levels of statistical significance are: * p < 0.05, ** p < 0.01 and *** p < 0.001. n.s.: no significant differences.

However, Mansourbahmani [7] observed no significant differences between the ap-
plication of 1-MCP (0.14%), KMnO4 (20%) or 5% palladium as ethylene scavengers in AA,
TPC, and antioxidant capacity (ORAC) during 35 days of tomato preservation. The data
presented in this study contradict the findings of Mansourbahmani et al. [7] since we have
seen differences in the application of KMnO4 and UV-C radiation in these parameters.
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3.3. Sensory Analysis

After the descriptive sensory analysis of pear samples, statistically significant differ-
ences were found in 18 of the 23 sensory descriptors studied (Table 4).

Table 4. Descriptive sensory analysis of pears. Number of panellists: 10. n = 3.

Sensory Descriptor ANOVA Day 0
1 ◦C (Day 28) 8 ◦C (Day 28)

C F FD C F FD

COLOUR
External ** 9.0 a 6.0 c 7.0 bc 8.5 b 2.0 e 3.0 de 4.0 d
Internal *** 8.0 a 6.0 b 6.0 b 7.5 a 2.0 c 2.0 c 5.0 b
Spotting * 1.0 c 8.0 a 5.5 b 3.0 c 8.5 a 9.0 a 6.0 b

ODOUR
Pear *** 7.0 a 4.0 c 5.5 b 7.0 a 1.5 d 2.0 d 2.0 d

Fruity (Green) *** 8.0 a 4.0 bc 5.0 b 8.0 a 1.0 c 1.0 c 3.0 c
Fruity (ripe) *** 4.0 d 8.0 bc 8.0 bc 5.0 d 9.0 a 9.0 a 7.0 b

Floral ** 3.0 a 1.0 b 1.0 b 2.5 a 1.0 b 1.0 b 2.5 a
Earthy n.s. 1.5 3.0 3.0 1.0 3.5 4.0 3.0

FLAVOUR
Pear ** 8.5 a 4.0 b 4.5 b 7.0 a 1.5 d 1.5 d 2.5 c

Fruity (Green) *** 8.5 a 5.0 b 6.0 b 7.0 a 0.5 d 1.0 d 3.0 c
Fruity (ripe) *** 2.0 d 4.0 c 4.0 c 2.5 d 9.5 a 9.5 a 7.0 b

Floral * 3.0 a 1.5 b 2.0 b 3.0 a 1.0 b 1.0 b 2.0 b
Earthy * 3.0 a 4.5 a 4.0 a 2.5 bc 1.0 b 2.0 b 2.0 b
Sweet * 4.0 b 3.0 c 3.5 c 5.0 a 4.5 b 5.5 a 5.0 a
Sour n.s. 1.0 1.0 1.0 1.5 2.0 2.5 2.0
Bitter * 0.5 c 0.5 c 0.5 c 0.5 c 3.0 a 2.0 b 2.0 b

Astringent n.s. 1.0 1.0 1.0 1.0 2.0 1.5 1.5
Aftertaste ** 4.0 a 2.0 b 2.5 b 4.5 a 1.0 b 1.5 b 2.5 b

TEXTURE
Hardness *** 9.0 a 6.0 c 6.0 c 7.5 b 2.0 e 2.5 e 4.5 d

Crunchiness *** 9.0 a 6.0 c 5.5 c 7.5 b 1.0 d 1.5 d 3.0 d
Solubility *** 9.0 a 7.0 bc 6.5 bc 8.0 b 6.0 c 7.5 b 8.0 b

Residual particles n.s. 3.0 5.0 4.5 2.5 3.5 4.0 3.5
Fibrousness n.s. 1.0 3.0 3.0 1.0 3.0 3.0 3.0

Levels of statistical significance are: * p < 0.05, ** p < 0.01 and *** p < 0.001. n.s.: no significant differences. Values
(mean of 3 replications) followed by the same letter, within the same sensory descriptor, were not significantly
different (p > 0.05), according to Tukey’s least significant difference test.

The colour of the fruits was affected by the ethylene treatments studied, both externally
and internally. Samples from the 1 ◦C-FD treatment were the most preserved as compared
with the initial colour values (control sample, day zero), while samples from the 8 ◦C-C
treatment changed the most. Initially, the fruits had an intense green external colour, which
gradually turned brown in the samples with less intensity. Similar changes were observed
in the internal colour of the fruit, but in this case, the colour changed from a characteristic
white to yellow-brown. Regarding staining, it was intense in the 8 ◦C-C, 8 ◦C-FD, 8 ◦C-F
and 1 ◦C-C samples, while it remained practically null in the rest of the samples.

Regarding the odour, again, the 1 ◦C-FD sample obtained intensity values close to the
control sample, demonstrating that this treatment is capable of very effectively preserving
the characteristic odour of the product for a longer period. In the rest of the treatments, a
change was observed in terms of the perception of the fruity odour, with the appearance of
high intensities of fruitiness characteristic of ripe fruits. These perceptions were maintained
when the same descriptors were analysed via the retro nasal route. Fruit aroma plays a
well-established role in determining the final sensory quality, and is a strong determinant of
consumer preference for a fruit. Thus, the longer the initial aroma of the fruit is preserved,
the more market possibilities it has [49]. Volatile esters are a mayor group of volatile organic
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compounds contributing to the aroma of pears and, although ripening is inhibited during
refrigeration, the release of volatile compounds still proceeds [50]. The results reported
here indicate that the 1 ◦C-F treatment slowed the loss of these compounds.

If we analyse the results related to sweetness, sourness, astringency, and aftertaste, we
again observed that the 1 ◦C-FD treatment maintained the intensities of the control fruit,
while the 8 ◦C-C treatment had the most altered organoleptic properties.

Finally, when analysing the results obtained after the texture analysis, no differences
were found in the content of residual particles and the fibrousness of the samples. However,
differences appeared in hardness, crunchiness, and solubility in the mouth. With respect
to hardness and crunchiness, the 1 ◦C-FD treatment presented intensities closest to the
control, although slightly lower, followed by the 1 ◦C-F and 1 ◦C-C treatments. As for the
solubility in the mouth, all the treatments were affected in their intensity with respect to
the control sample.

Some authors have shown that the synthesis of esters may be related to the production
of ethylene [50–52]. In the case of pears, this connection occurs through the expression of
the PuAAT1 gene, which is responsible for the synthesis of these aromatic compounds [53].
The results obtained after the use of KMnO4 and UV light, may indicate that as the fruit is
producing ethylene naturally, the production of esters is also being activated. However, by
eliminating the excess of ethylene in the chamber, the ripening of the fruit is stopped, but
the synthesis of esters continues, which is why the conservation is prolonged, maintaining
the typical flavour of the fruit.

These sensory results allow us to conclude that the 1 ◦C-FD treatment reduced the
ripening of the pears for a longer period of time, preserving the odour, flavour, and texture
of samples.

3.4. Correlation Matrix and Principal Component Analysis

In order to study the association between the variables studied, a correlation matrix
was created (Table 5). The results can be separated into physical variables (weight, calliper,
and firmness), biochemical variables (SSC, pH, TA, and MI) and bioactive variables (ascorbic
acid, total phenolic compounds, and antioxidant capacity measured with ORAC).

Table 5. Pearson’s correlation matrix (r) for analysed. Significant interactions are highlighted in bold.
The parameter r represented in this table ranges from 1 to −1 depending on whether the correlations
between parameters are positive or negative respectively. The variables analysed were: weight (W),
calliper (C), firmness (F), soluble solid content (SSC), pH, total acidity (TA), maturity index (MI),
ascorbic acid (AA), total phenolic compounds (TPC) and antioxidant capacity (ORAC). The data used
are from the final day of the study (day 28).

W C F SSC pH TA MI AA TPC

C 0.5976 ** - - - - - - - -
F 0.1449 n.s. 0.2914 n.s. - - - - - - -

SSC −0.1510 n.s. −0.3793 * −0.8344 *** - - - - - -
pH −0.0620 n.s. −0.2884 n.s. −0.7391 *** 0.8209 *** - - - - -
TA 0.2226 n.s. 0.2732 n.s. 0.7369 *** −0.6806 ** −0.6353 ** - - - -
MI −0.2499 n.s. −0.3314 n.s. −0.8158 *** 0.7661 *** 0.7083 *** −0.8862 *** - - -
AA 0.1693 n.s. 0.3262 n.s. 0.7097 *** −0.6896 ** −0.6577 ** 0.6204 ** −0.6240 ** - -
TPC 0.2170 n.s. 0.5682 * 0.7509 *** −0.6930 ** −0.7238 *** 0.6594 ** −0.7129 *** 0.6207 ** -

ORAC 0.1422 n.s. 0.4062 * 0.8681 *** −0.8010 *** −0.6596 ** 0.6980 ** −0.7054 *** 0.8058 *** 0.7003 ***

Levels of statistical significance are: * p < 0.05, ** p < 0.01 and *** p < 0.001. n.s.: no significant differences.

Regarding the physical variables, a moderate correlation between weight and calliper
was observed. In addition, a weak correlation was also observed between calliper and
some of the biochemical and bioactive variables, such as SSC, ORAC and, TPC. Firmness
stands out from the rest of the variables, as it maintained a strong relationship with all the
internal variables, both biochemical and bioactive compounds.

As for the biochemical variables, a strong correlation was observed between them
and with the compounds involved in antioxidant capacity. SSC had a strong correlation
with pH, MI, and antioxidant capacity (ORAC), and a moderate correlation with TA,
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ascorbic acid (AA), and TPC. pH had a moderate correlation with TA, AA, and ORAC,
and a strong correlation with MI and TPC. TA had a strong correlation with MI and a
moderate correlation with all compounds related to antioxidant activity. All of these
variables represent compounds involved in fruit biochemical processes that are more
dependent on fruit maturity.

The bioactive compounds correlated amongst themselves. AA concentration showed
a strong correlation with ORAC and a moderate correlation with TPC. ORAC was strongly
correlated with both variables. This can be explained by the fact that the ORAC method is
a generic way of determining antioxidant activity, which together with other compounds,
depends on the concentration of AA and the action of TPC, and therefore its correlation
with them was strong.

Tables 4 and 5 show a relationship between the data from both sets of analyses. Some
examples are given below; the panellists of the descriptive sensory analysis concluded that
those pears with higher flavour and fruity odour (green) were those that matched with
the lowest maturity indexes (MI) in the treatments 1 ◦C-F and 1 ◦C-FD; the same happens
with the treatments preserved at 8 ◦C. Also, panellists found that the highest hardness fits
with those treatments that presented the highest firmness. This allows us to have two ways
of confirming the efficacy of the applied treatments. Moreover, the sensory point of view
(more related to commercial acceptance) is entirely linked to the physicochemical one in
this manuscript. Therefore, this method of ethylene elimination can be very useful as a tool
to be applied at industrial level. Álvarez-Hernández et al. [6], described a similar effect
applying a KMnO4-based ethylene scavenger on apricot.

In addition, to be able to indicate which set of variables explained the greatest vari-
ability in the experiment, and how the different treatments were separated, a principal
component analysis (PCA) was carried out.

The purpose of the analysis is to first obtain a small number of linear combinations
of the 8 variables studied (W, C, F, pH, MI, AA, TPC and ORAC) that explain the greatest
variability in the data. In this case, 2 components were extracted, since these 2 components
had eigenvalues greater than or equal to 1.0. These components are principal component 1
(PC1) which explains 61.09% of the variability of the experiment, and principal component 2
(PC2) which explains 17.41% of the variability of the experiment. Together they explained
78.51% of the variability in the original data (Table S4 and Figure S1). The second step is to
indicate, for each extracted component, which variables had more weight or were the most
important (variables with a higher absolute value). In PC1, the variables with the most
weight, from high to low, were: F > ORAC > FC > MI > pH > AA. It can be concluded that
PC1 contained all the internal quality variables that ultimately affect firmness according
to the observed ethylene concentrations; this suggests that firmness, in this study, was
the priority marker of the internal quality of the fruit, and was also notably important in
the physical quality of the pears. Following the same criteria, in PC2 the variables with
the most weight, from highest to lowest, were: W > C. It can be concluded that the PC2
included all variables related with water loss, and therefore those that were affected by the
different temperatures applied (Table S5).

Although no references to other similar correlation studies have been found, the
findings of this manuscript are indirectly corroborated by the existing literature. Many
authors consider firmness [4,54,55] and antioxidant capacity [46,56–58] as the main markers
of fruit quality, which supports what was observed in this study, as they are the two
parameters with more weight in PC1 of the analysis by principal components.

As indicated above, the other objective is to be able to locate the treatments in a scatter
diagram (Figure 3) or bigraphic (Figure S2). These figures are achieved through of the
principal component table where for each treatment (5 per treatment for a total of 30 data),
the scores obtained for each component are represented. In addition, the average score for
each of the six treatments is added (Table S6a).
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Figure 3. A principal component analysis applied to the different treatments (1 ◦C-C, 1 ◦C-F, 1 ◦C-FD,
8 ◦C-C, 8 ◦C-F and 8 ◦C-FD). Two principal components (PC1 and PC2) resulted in a model that
explained 78.5% of the total variance.

The scatter plot shows that the treatments were well separated with the two PCs,
but PC1 was the best, with a value of F = 75.72 ***, which allowed us to classify the
treatments into four clusters (Table S6b): the first cluster is shaped by the 1 ◦C-FD and
1 ◦C-F treatments; the second cluster only includes the 8 ◦C-FD treatment; the third cluster
is composed of the 8 ◦C-F and 1 ◦C-C treatments; and the fourth cluster only contained the
8 ◦C-C treatment (Table S6c). Regarding PC2, the treatments were not as well separated,
with a value of F = 10.46 ***, which allowed us to classify the treatments into three clusters
(Table S6d): the first cluster only formed by the 1 ◦C-C treatment; the second cluster
included the 1 ◦C-F, 1 ◦C-FD, 8 ◦C-F and 8 ◦C-C treatments; and the third cluster only the
8 ◦C-FD treatment. These scores reconfirm the results described in the previous paragraph,
which indicated that in PC1, the elimination of ethylene was essential in the preservation
of the postharvest quality of the ‘Ercolini’ pear. Meanwhile, in PC2, a separation of the
treatments was observed in relation to the temperature used for storage (Table S6e).

4. Conclusions

In this study, we carried out a complete evaluation of the effects of ethylene removal by
KMnO4, UV-C radiation and continuous air flow during the postharvest quality preserva-
tion, as well as the sensory analysis of ‘Ercolini’ pears at 1 ◦C and 8 ◦C. Based on the results
described above, it can be concluded that the use of the combination of the aforementioned
ethylene elimination methods maintained very low levels of this phytohormone, with
values close to 0. As for the condition of the pears, those preserved using the complete
ethylene elimination system (FD treatments) showed a higher physicochemical quality
than the rest of the treatments, including increased weight, calliper, firmness, TA, ascorbic
acid, TPC and antioxidant capacity retention and lower levels of SSC and MI, especially
in the treatment with low temperature (1 ◦C-FD). In addition, that treatment had higher
scores in the evaluation through sensory analysis. On the other hand, in the treatment
with a more stressful preservation temperature, with the complete system of ethylene
removal (8 ◦C-FD), the pears showed a state of maturity equal or lower than the control
treatment at optimum temperature (1 ◦C-C). These results prove that the correct elimination
of ethylene with the methods described here, delays the postharvest ripening of ‘Ercolini’
pears extending its shelf life.
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Supplementary Materials: The following supporting information can be downloaded at: https://
www.mdpi.com/article/10.3390/horticulturae8111078/s1, Figure S1: Sedimentation graph; Figure S2:
Graphical representation of the principal components marking with lines for each variables and
wit points for each score; Table S1: Evolution during storage time of the physical variables in pears
subjected to the different treatments: 1 ◦C-C (Control), 1 ◦C-F (Filter), 1 ◦C-FD (Filter + Device),
8 ◦C-C (Control), 8 ◦C-F (Filter) and 8 ◦C-FD (Filter + Device); Table S2: Evolution during storage
time of the biochemical variables in pears subjected to different treatments: 1 ◦C-C (Control), 1 ◦C-F
(Filter), 1 ◦C-FD (Filter + Device), 8 ◦C-C (Control), 8 ◦C-F (Filter) and 8 ◦C-FD (Filter + Device);
Table S3: Evolution during storage time of the bioactive compounds in pears subjected to different
treatments: 1 ◦C-C (Control), 1 ◦C-F (Filter), 1 ◦C-FD (Filter + Device), 8 ◦C-C (Control), 8 ◦C-F (Filter)
and 8 ◦C-FD (Filter + Device); Table S4: Principal Component Analysis; Table S5: Table of Component
Weights; Table S6a: This table shows the scores of the principal components; Table S6b: ANOVA
table for the component 1 scores according to the treatments; Table S6c: Multiple comparisons test
for the component 1 scores by treatments using Tukey HSD method; Table S6d: ANOVA table for
the component 2 scores according to the treatments; Table S6e: Multiple comparisons test for the
component 2 scores by treatments using Tukey’s HSD method.
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Abstract: Climacteric fruits undergo a characteristic ripening process regulated by ethylene, a key
plant hormone. Extending the shelf life of these fruits while preserving their postharvest quality
poses a significant challenge for the food industry. This review provides a comprehensive overview of
physiological and molecular strategies to delay ethylene-mediated ripening in climacteric fruits and
their impact on shelf life, postharvest quality, sensory attributes, and volatile compounds. Addition-
ally, it examines the role of ethylene in fruit ripening, analysing various ethylene managing strategies
including ethylene inhibitors, ethylene adsorbents, and ethylene scavengers by catalytic oxidation.
This review concludes with future research directions including molecular and genetic approaches
for reducing ethylene production or responsiveness in fruits, integrated strategies, environmental
considerations, and commercial applications for improving postharvest handling and fruit quality.

Keywords: delayed ripening; fruit preservation; phytohormone

1. Introduction

Ripening is a complex, genetically programmed, and irreversible phenomenon involv-
ing a series of physiological, biochemical, and organoleptic changes. Since this process is
unstoppable, there is a finite time for commercialization and consumption where the prod-
uct exhibits desirable quality attributes. Once this time has elapsed, ripening becomes an
adversary as it leads to processes such as weight, size, and firmness reduction, organoleptic
degradation, or loss in bioactive compounds, resulting in an inedible and unmarketable
product, leading to economic and environmental losses.

According to the Ministry of Agriculture, Fisheries and Food of the Government of
Spain, in its report entitled “More food, less waste” [1], global food losses and waste in 2020
amounted to one-third of the world’s food production intended for human consumption.
This translates into losses of approximately 1.3 billion tons per year, a quantity sufficient
for feeding 2 billion people. In Europe, this figure stands at 89 million tons and that for
Spain is 7.7 million tons. In economic terms, global food losses and waste would amount to
throwing away more than €782.397 billion (excluding environmental and social costs).

According to De Laurentiis [2], households in the European Union waste about 17 bil-
lion kilograms of fresh fruit and vegetables each year, which is 35.3 kg per person per year.
On average, 29% of fresh fruits and vegetables are wasted in households. Furthermore, ac-
cording to the programme “Informe Semanal: Comer bien, tirar menos” by Radio Televisión
Española (RTVE) [3], aired on 11 March 2023, more than two-fifths of all fruit, vegetable,
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and green crops are wasted because they are “ugly”. This subjective criterion prevails over
other objectives such as firmness, flavour, or internal composition of these foods.

Based on the aforementioned, proper management of ripening-related processes
can provide more marketing and consumption time for the customer, thereby avoiding
waste and subsequent economic losses and environmental problems for the entire produc-
tion chain.

1.1. Ethylene: A Ripening Plant Hormone

Ethylene is a plant hormone produced by plants and fruits that remains in gaseous
state under normal conditions (25 ◦C temperature and 1 atm pressure). It is biologically
active in minimal amounts and its effects are commercially crucial in fruit and vegetable
ripening [4]. The role of ethylene as a potent regulator of plant growth has been established
over the last hundred years, but its effects have been known for several centuries. The
use of ethylene to accelerate fruit ripening has been known since ancient times. Examples
of this phenomenon include the ripening of apples in southern Italy using quinces for
joint preservation or the ripening of mangoes in India using straw combustion. It is even
known that in ancient Egyptian civilization, superficial cuts were made in the skin of figs
to stimulate their ripening. Subsequently, it was discovered that these cuts or scarifications
promote fruit stress, leading to increased respiration and ethylene production [5].

Phytohormones play a role in many aspects of plant development. Ethylene was one
of the first plant hormones discovered. Its discovery arose from a remarkably curious fact.
Although by the mid-19th century it was clear that the presence of gaseous materials in
the air could modify plant growth, it was not until the late 19th century that the Russian
researcher Dimitry Neljubow identified ethylene, an active component of street lamp gas,
as the generator of a strange growth habit in pea seedlings suffering from etiolation [6].
The first evidence that plant material produces a gas that affects the growth of nearby
plants was discovered by Cousins in 1910 [7], who hypothesized that gases emitted by
oranges caused banana ripening in mixed commercial shipments. However, since healthy
oranges produce very little ethylene because they are non-climacteric fruits, the origin of
this ethylene was from oranges infected with fungi. In 1917, Sarah Doubt successfully
correlated the presence of ethylene with the stimulation of leaf and fruit abscission [8].

In 1924, Frank E. Denny [9] observed that farmers cultivating Florida lemons stored
their fruits in sheds with kerosene lamps, thinking that heat caused them to lose their green
colour. Upon investigation, Denny discovered that it was the ethylene produced by those
lamps that induced the colour change in lemons from green to yellow, a process later known
as degreening. Gane [10] demonstrated in 1934 that fruits during ripening synthesize
ethylene. He provided chemical evidence that ethylene was indeed mostly produced
by ripest bananas, demonstrating that plants produce ethylene themselves, confirming
Cousins’ hypothesis. He later found that ethylene was also produced by other fruits and
could promote seed germination [11]. Crocker reported in 1935 [12] that ethylene acts
similarly to auxins, being involved in plant growth and the senescence of vegetative tissues
in Arabidopsis thaliana L. Therefore, it was established that ethylene is a plant hormone.

Subsequently, between the 1940s and the early 1970s, methods for eliminating this
phytohormone to extend the shelf life of plant products began to be proposed [13]. South-
wick & Smock showed in 1943 [14] that by using activated charcoal with bromine as an
adsorbent for ethylene, the shelf life of ‘McIntosh’ apples could be extended by a month.
In 1971, Scott and colleagues [15] proposed the use of ultraviolet light to eliminate ethy-
lene and thus extend the shelf life of fruits, although these methods were still far from
industrial application.

In recent years, multiple procedures have been developed to eliminate or inactivate
ethylene and its effects. Among them, oxidative ethylene removers (such as potassium
permanganate or titanium dioxide) and ethylene inhibitors (such as salicylic acid or 1-MCP)
stand out. Currently, this field faces the following challenges:
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1. Observing the effect of different ethylene removal methods on as many foods
as possible;

2. Discovering to what extent food quality is maintained through these methods;
3. Establishing which of them are truly applicable on an industrial scale and refining

these methods to make them more effective.

Ethylene can be classified according to its origin as endogenous and exogenous.
Endogenous ethylene is produced by a fruit as a result of its internal synthesis. In contrast,
exogenous ethylene is produced by other agents, which can be biological, such as other
adjacent fruits, or of another nature such as the combustion of vegetables like straw or
stubble or combustion in vehicle engines [16].

Regarding the capacity of this gas to act, effects of ethylene have been recorded at
very low concentrations, even below 0.001 μL per litre of air [17]. While it is true that in
the initial stages of fruit development, a high presence of this gas can be beneficial as it
promotes and accelerates their development, in later stages, especially during postharvest,
it can be detrimental by accelerating senescence and reducing their commercial life [18,19].
This rapid ripening favoured by the presence of ethylene affects most of the qualitative
parameters of fruits, from physical parameters such as weight or firmness to biochemical
parameters such as antioxidant capacity, soluble solids, pH, or acidity.

1.2. Scope and Structure of This Review

This review aims to provide a comprehensive examination of the ripening dynamics
of climacteric fruits, with a specific focus on ethylene control and removal. By synthesizing
current research findings, theoretical frameworks, and practical applications, this review
seeks to deepen our understanding of the interplay between ethylene and fruit ripen-
ing processes, elucidating the molecular mechanisms, physiological effects, and practical
implications of ethylene biology in the horticultural industry.

To achieve these objectives, this review will be structured into several interrelated
sections, each addressing specific aspects of climacteric fruit ripening and ethylene biology:

• Climacteric fruits and ethylene: This section will provide a comprehensive overview
of climacteric fruits and their characteristic ripening process. It will define climacteric
fruits, delineate the stages of their ripening process, and discuss the physiological
changes associated with ripening. Additionally, it will highlight the pivotal role of
ethylene as a master regulator of climacteric fruit ripening, emphasizing its multi-
faceted functions and importance in fruit development and maturation.

• Regulation of ethylene biosynthesis and signalling: This section will delve into the
molecular mechanisms underlying ethylene biosynthesis, perception, and signal trans-
duction in climacteric fruits. It will explore the regulatory pathways governing ethy-
lene production, receptor-mediated signalling cascades, and downstream responses in
fruit tissues. Additionally, it will discuss the environmental and hormonal factors that
modulate ethylene biosynthesis and signalling pathways, providing insights into the
complexity of ethylene regulation during fruit ripening.

• Physiological and molecular effects of ethylene on fruit ripening: This section will
examine the specific molecular and physiological effects of ethylene on climacteric
fruit ripening processes. It will elucidate how ethylene influences key ripening-related
events, such as fruit softening, flavour development, colour changes, and aroma
production. By integrating molecular biology, biochemistry, and physiology, this
section will offer a comprehensive understanding of ethylene-mediated ripening
processes at the cellular and tissue levels.

• Ethylene managing strategies: This section will be destined to go deep in different
strategies to remove, inhibit, or reduce the effect that ethylene could have according to
its interaction with climacteric and non-climacteric fruits.

• Practical implications and future directions: This final section will discuss the practical
implications of ethylene biology for agricultural practices, postharvest management,
and fruit quality enhancement. It will highlight potential strategies for manipulating
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ethylene levels, optimizing postharvest handling techniques, and improving fruit
quality and shelf life. Additionally, it will identify emerging research trends and future
directions in ethylene research, pointing towards new opportunities for innovation
and advancement in this field.

Overall, this review aims to provide a comprehensive synthesis of current knowledge
on the interrelationship between climacteric fruit ripening and ethylene biology, offering
valuable insights into the mechanisms, regulation, and practical applications of ethylene in
fruit production and postharvest handling.

2. Climacteric Fruits and Ethylene

Fruit ripening has always been the subject of intense study due to its relevance to the
nutritional characteristics that define its quality [20,21]. As mentioned earlier, depending on
the respiration pattern displayed, fruits can be divided into climacteric fruits, which exhibit
an increase in respiration rate mediated by a sudden rise in ethylene, and non-climacteric
fruits, in which there is no increase in respiration rate or accumulation of ethylene [22].

Both climacteric and non-climacteric fruits show common pathways regarding the
signal transduction pathway in response to ethylene [23] and accumulate abscisic acid
(ABA), especially at the beginning of ripening [24,25]. The accumulation of ABA precedes
and, therefore, modulates ethylene production in climacteric fruits and triggers ripening in
non-climacteric ones while they are still in the plant [25,26]. Recently, the fundamental role
of abscisic acid (ABA) in non-climacteric fruits, especially in Fragaria × ananassa, affecting
cell wall modification was demonstrated. This is because ABA suppresses the production of
pectin esterase and polygalacturonase enzymes, which degrade the cell wall and promote
softening of the affected fruits [27,28].

The focus on the ripening process of climacteric fruits can be divided into several
sequential stages, each characterized by specific physiological and biochemical changes
(Figure 1):

• Pre-climacteric phase: At the beginning of fruit development, climacteric fruits are in
the pre-climacteric phase. During this stage, ethylene production and respiration rates
are relatively low. The fruits are typically firm, green, and physiologically immature.
Although metabolic processes are occurring, they are not yet at levels indicative
of ripening.

• Climacteric peak: As fruits reach maturity, they undergo a dramatic increase in ethy-
lene biosynthesis and respiration, marking the climacteric peak. This peak is a pivotal
event in the ripening process and triggers a cascade of biochemical and physiological
changes. One of the most notable transformations is the conversion of starches into
sugars, leading to increased sweetness. Additionally, the fruit softens as cell wall
components break down, resulting in changes in texture and juiciness. Other changes
include alterations in pigmentation, aroma development, and flavour enhancement.

• Climacteric phase: Following the climacteric peak, fruits enter the climacteric phase,
characterized by sustained ethylene production and ongoing metabolic activity. Ripen-
ing processes initiated during the peak continue, albeit at a slower pace. This phase is
crucial for the completion of ripening, as fruits continue to develop desirable sensory
attributes and undergo structural modifications indicative of ripeness.

• Post-climacteric phase: Eventually, climacteric fruits enter the post-climacteric phase,
marked by a decline in ethylene production and respiration rates. While fruits remain
physiologically ripe during this phase, they may exhibit signs of senescence, such as
loss in firmness, increased susceptibility to decay, and decline in sensory quality.

The ripening process of climacteric fruits is governed by a complex network of hor-
monal, genetic, and environmental factors. Ethylene, in particular, plays a central role in
coordinating ripening-related processes by regulating gene expression, enzyme activities,
and physiological responses. Additionally, interactions between ethylene and other hor-
mones, such as auxins, abscisic acid, and gibberellins, further modulate ripening dynamics.
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There are two ethylene production systems according to the developmental stages of
plant tissues and fruits: system I and system II.

• System I of ethylene production is associated with vegetative tissues and fruits in the
early stages of development and is characterized by low rates of ethylene production,
auto-inhibitory character (a process by which ethylene induces and controls its own
production), and absence of relevant peaks in the production of this phytohormone [29,
30].

• On the other hand, system II is present in more advanced development processes,
especially in climacteric fruits, and is characterized by high rates of ethylene emission,
feedback (higher ethylene concentration in the environment implies higher production
of the same), and a high peak of ethylene production at the onset of physiological
maturity [29].

The systems I and II of climacteric fruits are identical in the ethylene synthesis pathway.
They exhibit different response patterns to exogenous ethylene, which may be related to
the distinct properties of the ACS and ACO isoenzymes.

Figure 1. Respiration rate and ethylene production during postharvest (own source: http://hdl.
handle.net/10952/6740 (accessed on 20 May 2023)).

As shown in Figure 1, climacteric fruits exhibit a peak in respiration and ethylene
production during the ripening process and are capable of ripening even after harvest,
whereas non-climacteric fruits do not show any peak in respiration and cannot ripen after
harvest [31]. The differences between the two types of fruits are detailed below:

Firstly, climacteric fruits contain both the system I and system II of ethylene production,
whereas non-climacteric fruits only emit ethylene through the so-called system I. This means
that, at the onset of ripening, climacteric fruits experience a peak in respiration, followed
by massive ethylene production [32]. As mentioned earlier, system II is characterized by
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feedback in ethylene production, where more ethylene in the environment leads to higher
production. This maintains the ethylene peak until reaching an overripe state [30]. In
contrast, for non-climacteric fruits, once the point of physiological maturity is reached,
ethylene production remains, without significant changes, at a basal level [33,34]

Secondly, both climacteric and non-climacteric fruits show little difference during
the developmental phase, as they only produce minimal amounts of ethylene. However,
during the full ripening period, the amount of ethylene produced by climacteric fruits is
much higher than that of non-climacteric fruits.

Thirdly, the application of exogenous ethylene is only effective in the early stages
of development of climacteric fruits on the tree, which can lead to increased respiration
and autocatalysis of endogenous ethylene. This reaction is irreversible because artificially
applying ethylene accelerates the fruit ripening process, and as mentioned earlier, ripening
cannot be stopped.

Finally, increasing the concentration of exogenous ethylene advances the appearance
of the respiratory peak in climacteric fruits, but the intensity of the respiratory peak remains
unchanged. However, for non-climacteric fruits, increasing the concentration of exogenous
ethylene may increase respiratory intensity but not the duration of the respiratory peak [35].

The biochemical changes induced by ethylene, along with the microbiological damage
caused by bacteria or fungi, are the main causes of deterioration in climacteric fruits, even
under low-temperature storage conditions [36,37]. Consequently, an appropriate strategy
must be adopted to prevent ethylene accumulation in order to prolong the postharvest
life of such plant products and thereby reduce losses [38]. The effect of ethylene must be
blocked or eliminated to improve its quality and extend its shelf life. Furthermore, its
application should not only be limited to storage but should also be applied to handling
and all stages after harvest [39]. To effectively eliminate or block the effect of ethylene, a
thorough understanding of available methods, their industrial application, effectiveness,
and cost is necessary.

The physiological maturity or ripening of a fruit is defined, according to the dictionary
of the Royal Spanish Academy as “the state of development in which a fruit meets the
requirements to be consumed or used by the consumer for a particular purpose”. In these
terms, two categories can be distinguished depending on whether, once harvested, they
continue to ripen, known as climacteric fruits, or if their ripening is interrupted, known as
non-climacteric fruits. For climacteric fruits, the ripening process is initiated by changes in
their hormonal composition. It is not a gradual process; there is a peak of ripeness followed
by ageing or overripening [5].

The onset of climacteric ripening is a well-defined process characterized by a rapid
increase in the rate of respiration and ethylene production by the fruit. Climacteric fruits
have the ability to continue ripening even when separated from the mother plant, provided
they have reached a physiological state that ensures ethylene production. Examples of such
fruits include apple, avocado, peach, or tomato [38,40–42].

Conversely, regarding non-climacteric fruits, the ripening process is gradual and
continuous. They lack the ability to continue ripening once separated from the mother
plant, so it must be ensured that they have reached an appropriate state of maturity for
consumption at the time of harvest. Citrus fruits, grapes, pomegranates, or raspberries fall
into this category of non-climacteric fruits [33,43].

About the effect of ethylene on non-climacteric fruits, although they do not show a
clear increase in ethylene production rates during ripening, in certain cases, their exposure
to exogenously applied ethylene can stimulate certain ripening-related processes, such as
the inhibition of senescence, the inhibition of the development of physiological disorders,
and the inhibition of colour changes [44]. Exogenous ethylene can react with ethylene
receptors both in the early and late stages, leading to accelerated ripening. However, in
this case, once exogenous ethylene application is stopped, the fruits will return to their
pretreatment levels of respiration and ethylene production [35,45]. This process is widely
applied in citrus fruits, for example, in lemons. These fruits are harvested without reaching
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their physiological ripeness (colour change from green to yellow). Subsequently, when they
are ready for consumption, they undergo a process called “degreening” in which controlled
ethylene is introduced into lemon storage chambers until they reach their optimal ripeness
for consumption and then return to their pretreatment levels of respiration and ethylene
production [46].

As an example, exposure to 1-MCP had an effect on delaying rachis browning in
table grape varieties (Thompson Seedless’), thus suggesting the possible involvement
of the ethylene signalling pathway in the regulation of the rachis browning process of
non-climacteric fruit [47]. Another example can be found on pomegranates, where the
main problems associated with their postharvest storage are related to weight loss and
shrivelling, as well as peel discolouration. Previous studies indicated that exposure to
ethylene blockers such as 1-MCP reduced skin shrivelling [48] and the incidence of peel
browning [49].

Depending on the type of fruit and the ripening stage it is in, ethylene can have both
positive and negative effects. The beneficial effects of ethylene include stimulating ripening
in climacteric fruits until they reach the optimal consumption stage, developing colour
through pigment synthesis (anthocyanin and lycopene), and chlorophyll degradation (a pro-
cess known as degreening, commonly applied in the case of lemons). The negative effects
of ethylene, especially during the postharvest of climacteric fruits, are numerous. Excessive
softening, weight loss, loss in bioactive compounds, and emission of unpleasant volatile
compounds in fruit [50]; leaf and flower abscission in higher plants; accelerated hardening
of vegetables; increased susceptibility to bacterial or fungal pathogens; stimulation of
sprouting; changes in shape; and appearance of reddish spots are some of them [43,51].
These undesirable changes often occur due to accelerated ripening caused by exposure
to ethylene emitted by adjacent fruits and/or to ethylene generated as a contaminant in
locations where the product is placed, whether in greenhouses, trucks, ships, or airplanes
during storage and transport. Therefore, it is crucial to reduce surrounding ethylene as
well as inhibit ethylene biosynthesis to minimize its impact on the product.

3. Regulation of Ethylene Biosynthesis and Signalling

3.1. Biosynthesis of Ethylene in Climacteric Fruits and the Enzymes Involved

As mentioned earlier, ethylene is involved in many aspects of plant development,
including seed germination, root hair development in roots, seedling growth, leaf and
petal abscission, fruit ripening, and plant organ senescence [4,52]. Ethylene production
is regulated by internal signals during development and in response to biotic (pathogen
attack) and abiotic environmental stimuli, such as wounds, hypoxia, ozone, cold, or freezing.
Regulation can also occur at the level of perception or signal transduction [53,54].

Many plant tissues produce ethylene at concentrations that are mostly low. It was not
until the discovery of gas chromatography that deeper knowledge of ethylene synthesis
and metabolism began [55,56]. Bradford [57] clarified and explained the ethylene synthesis
transduction pathway through a series of experiments in apples, summarizing it as a chain
of reactions starting from the amino acid methionine and ending with ethylene synthesis,
resulting in a series of intermediate products: methionine → S-adenosyl-L-methionine
(SAM) → 1-aminocyclopropane-1-carboxylic acid (ACC) → ethylene.

Ethylene originates from the third and fourth carbon of methionine. During the cycle,
methionine binds to adenosine to form SAM; subsequently, SAM, apart from giving rise to
ACC, can produce 5′-methylthioadenosine (MTA), which, after the cycle repeat reaction and
hydrolysis, regenerates methionine, leading to high rates of ethylene production without
the need for high levels of intracellular methionine [55]. This ensures that the amino acid
content in plants is ready for a new cycle of ethylene production [56–58]. This important
discovery was made thanks to the work of Professor Shan Fa Yang [4]; therefore, this
ethylene production cycle was named the “Yang cycle” (Figure 2).
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Figure 2. Yang cycle (own adaptation: http://hdl.handle.net/10952/6740 (accessed on 20 May
2023)) [4,59].

During ethylene synthesis, the activity of three enzymes is regulated: SAM synthetase
(SAMS), ACC synthase (ACS), and ACC oxidase (ACO). SAM synthesized by the enzyme
SAMS is also involved in other biochemical pathways such as that related to polyamine
synthesis [60–62]. On the other hand, the ACS enzyme catalyses the breakdown of SAM into
ACC and MTA, thus being the key point that limits the speed of the entire pathway. ACS
is present in the cytoplasm forming monomers, dimers, or even trimers, with monomers
exhibiting the highest catalytic activity. In biochemical assays carried out by Yamagami and
colleagues in 2003 [63], the analysis of the amino acid sequence of the enzymes showed that
all ACS isoforms depend on pyridoxal phosphate (PLP) coenzymes. Therefore, inhibitors of
enzymes competing for PLP such as aminoethoxyvinylglycine (AVG) and aminooxyacetic
acid (AOA) can be used to inhibit ethylene synthesis [64]. In addition, cobalt ion and low
oxygen levels can also affect ethylene production by inhibiting the final step of the pathway,
catalysed by ACC oxidase, to finally give ethylene. Finally, ACO forms ethylene, CO2, and
cyanide from ACC. This latter component (cyanide) is detoxified by beta-cyanoalanine
synthase to beta-cyanoalanine to prevent toxicity of accumulated cyanide during high rates
of ethylene biosynthesis [64]. In 2002, Chung and colleagues [65] discovered that the ACO
enzyme is widely distributed in various plant tissues, and its function depends on the
effects of ferrous ion (Fe2+) and oxygen (O2), and therefore various chelating agents can
inhibit its activity. The activity of this enzyme also depends on ascorbic acid or vitamin C as
a co-substrate, establishing a direct relationship between the concentration of this acid and
ethylene production [66]. There is still no clear evidence about the cellular localization of the
ACO enzyme, although several authors indicate that it could be found in the cytosol [67,68],
but this is still unknown [69].

Recent advances have shown that ethylene synthesis and metabolism in plants are
closely correlated with environmental factors such as light and temperature. There are
also other processes in which the three key enzymes mentioned are involved that can
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regulate ethylene production. For example, Argueso and colleagues reported [70] that
the expression of multiple ACS genes (ACS2, ACS4 and ACS5) is induced by wounds,
increasing ethylene synthesis.

3.2. Ethylene Perception and Signalling

Researchers’ understanding of the ethylene signal transduction pathways primarily
stems from genetic and molecular biology studies of Arabidopsis thaliana L mutants [71].
The initial step in ethylene perception involves its binding to receptors for this molecule
in plants and fruits. Cells possess a family of five receptors located in the endoplasmic
reticulum (ER) membrane that are homologous to bacterial histidine kinases, namely, ETR1,
ETR2, EIN4, ERS1, and ERS2, corresponding to ethylene receptors 1, 2, ethylene insensitive
4, and ethylene response sensor 1, 2, respectively, which bind to ethylene with the assistance
of a copper cofactor in the transmembrane domain of the protein receptor [71–73].

While some receptor specialization has been recognized, it is believed that they pri-
marily function by modulating the activity of the kinase called CTR1. Inactivation of this
kinase in the presence of ethylene results in decreased levels of phosphorylation of the
transmembrane protein located in the endoplasmic reticulum, EIN2 [74–76]. Two different
responses have been characterized by studying EIN2 activity. On one hand, there is a rapid
growth inhibition once the fruit is harvested, which occurs within minutes of hormone
exposure [76,77]. On the other hand, many other changes, possibly slower, are induced by
this hormone, including alterations at the transcriptional level in hundreds of genes [77,78].
Target genes include those involved in ripening, seed germination, wound response, senes-
cence, and other phenomena whose functions are still unknown. This entire process is
schematically illustrated in Figure 3.

 

 

Figure 3. Ethylene perception and signalling (own source: http://hdl.handle.net/10952/6740 (ac-
cessed on 20 May 2023)).
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Despite the growing evidence that CTR1 is directly regulated by ethylene receptors, the
biochemical events controlling such regulation are not well understood. The involvement
of a MAPK cascade and its role in ethylene signal transmission are still unclear, and more
conclusive genetic evidence is needed. Another question to be addressed is the function
of EIN2, a protein that plays an essential role in mediating all known ethylene responses.
Regarding events occurring in the nucleus, determining how ethylene controls the stabil-
ity/activity of primary transcription factors, such as EIN3, EIL1, or EIL2, represents another
challenge, as well as determining the subsequent steps in gene regulation. Experiments us-
ing global gene expression profiling show that hundreds of genes are induced or repressed
by ethylene. In the future, it will be important to discern how many of these genes are
immediate targets of EIN3 and, in the long term, to categorize the transcriptional networks
involved in ethylene responses.

Ethylene receptors, along with other two-component receptors—those having a part
that receives the extracellular stimulus and another part that modifies a transcription
factor regulating gene expression to rapidly adapt to environmental changes (such as
phytochromes and cytokinin receptors)—are believed to have been acquired by plants from
cyanobacteria, which allowed for the contribution of chloroplasts through endosymbiosis,
as they are homologous to some bacterial receptors [79–84].

Data from recent phylogenetic analysis suggest a common origin for the ethylene-
binding domain in cyanobacteria and plants [85]. Therefore, it is interesting to note
that ethylene binding has been observed in at least one cyanobacterium, Synechocys-
tis sp., which has a functional ethylene receptor regulating cell surface properties affecting
biofilm formation and phototaxis, i.e., the ability of cells to orient in response to light
intensity [86–88]. Furthermore, ethylene-binding affinities to some of these cyanobacte-
ria and to the ethylene receptor of Synechocystis sp. are similar to those observed in
plants [89], demonstrating conservation of this domain among these organisms. However,
the primitive prokaryotic organism from which ethylene receptors first emerged remains
unknown [71].

Plants contain multiple isoforms of ethylene receptors. Early studies identified
ethylene-binding sites in plant endoplasmic reticulum (ER) membranes [90,91], a finding
corroborated by subsequent research [92–97]. In Arabidopsis thaliana L., the five afore-
mentioned isoforms (ETR1, ETR2, ERS1, ERS2, and EIN 4) have been identified [55,98–100].
Mutations in any of these receptors prevent ethylene binding to them and lead to a plant
showing ethylene insensitivity [55,86,98,101]. Additionally, some mutations in these re-
ceptors do not affect ethylene binding but prevent signalling through the receptor, also
resulting in ethylene insensitivity [86].

4. Physiological and Molecular Effects of Ethylene on Fruit Ripening

Ethylene-mediated fruit ripening involves a complex interplay of physiological and
biochemical changes that occur in response to ethylene signalling. These changes are crucial
for transforming immature, unripe fruit into fully mature, ripe fruit with desirable sensory
attributes. Understanding the intricate mechanisms underlying ethylene-mediated ripening
provides insights into the regulation of key ripening processes and offers opportunities for
improving postharvest fruit quality and shelf life.

4.1. Effect of Ethylene Over Shelf Life, Quality and Disease Resistance

Phytohormone is also a key player in how long fruits and vegetables stay fresh. For
example, ethylene speeds up the ripening process, which is great for achieving peak flavour
and texture. However, beyond this point, ethylene can cause them to overripen and spoil
much faster [51]. Ethylene also initiates the ageing process in plants, known as senescence,
and induces abscission. Consequently, this results in a decline in the overall quality of the
produce, affecting both its appearance and texture [53]. Another crucial role of the ethylene
is stimulating the production of enzymes that degrade cell wall components, resulting
in the softening of fruit tissue. This softening increases the susceptibility of the fruit to
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mechanical damage and microbial decay [102]. Lastly, ethylene increases the respiration
rate in fruits, leading to a faster depletion of their energy reserves. This elevated metabolic
activity accelerates the loss in firmness, flavour, and nutritional value, thereby contributing
to a reduced shelf life [103].

Ethylene plays a crucial role in impacting the quality of fruits and vegetables, but its
effects can be a double-edged sword if not carefully managed. Firstly, ethylene is known to
induce the production of enzymes that break down cell walls, which leads to the softening
of fruits. While this is essential for ripening, it can also result in a loss in texture and
firmness, qualities highly valued by consumers [104]. Another effect of ethylene is the
degradation of chlorophylls. This process affects the vibrant green colour of many fruits
and vegetables, making them appear less fresh and less appealing. In addition, ethylene
causes overripening, provoking a significant drop in overall quality and visual appeal.
This deterioration can make fresh produce look unappetizing and less desirable [105].
Furthermore, the presence of ethylene during storage and transport is a significant issue. It
can speed up the ripening process before the produce reaches consumers, resulting in a
noticeable decline in quality by the time it reaches the shelves [106].

Ethylene also plays a multifaceted role in fruit disease resistance, acting as both a
promoter and a suppressor depending on the context. Its influence is nuanced and varies
with different factors. On one hand, ethylene can boost the fruit’s defence mechanisms
against pathogens. For example, research on ‘Kyoho’ grapes shows that treating them with
ethephon, a compound that releases ethylene, before ripening can enhance the expression
of genes related to both fruit colouration and disease resistance. This treatment led to
improved resistance against Botrytis cinerea, a common fungal pathogen [107].

Firstly, the ethylene response involves a variety of genes that are differentially ex-
pressed when plants are challenged by pathogens. For instance, in a study on potato, a
total of 1226 ethylene-specific differentially expressed genes (DEGs) were identified, in-
cluding those encoding for transcription factors, kinases, defence enzymes, and disease
resistance-related genes [108]. These genes are part of the plant’s immune system, help-
ing to activate defence responses. Secondly, transcription factors such as those from the
APETALA2/ethylene response factor (AP2/ERF) family play a pivotal role in plant disease
resistance. They act downstream of mitogen-activated protein kinase (MAPK) cascades and
regulate the expression of genes associated with hormonal signalling pathways, biosynthe-
sis of secondary metabolites, and formation of physical barriers [109,110]. For example, the
ERF gene from the tomato is known to confer resistance to Pseudomonas syringae pv. tomato
by activating genes encoding antifungal proteins and proteins involved in oxidative burst.
Ethylene’s role in disease resistance is closely linked to its biosynthesis and signalling path-
ways. In terms of disease resistance, the glutathione metabolism pathway, which includes
key enzymes like glutathione S-transferase (GST), plays an important role in response to
ethylene stimulus [111].

4.2. Effect of Ethylene on the Physical Characteristics of Fruits during Ripening

Ethylene is responsible for a series of physiological changes that transform the physi-
cal characteristics of fruits, directly affecting important physical parameters that impact
their commercial value, such as weight, size, and texture. Controlling the presence of
ethylene has a positive effect on maintaining the physical characteristics of fruits during
postharvest storage.

Fruit weight is an important parameter for fruit producers, especially from an eco-
nomic perspective, making the control of fruit weight loss crucial. This loss is associated
with excessive water loss due to transpiration, which is related to low relative humidity
(RH). Water loss after harvesting is an unavoidable phenomenon, resulting in weight loss,
size reduction, wilting, abnormal textures, and quality degradation. The dehydration of
peaches can be prevented by maintaining a high environment RH (90–95%), while also
controlling air speed and using physical or chemical barriers [112,113].
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Different authors have shown evidence that by controlling and eliminating ethylene,
weight loss during postharvest storage can be reduced. Emadpour and colleagues [42]
observed a weight loss reduction of only 3% during the storage of peaches using an ethylene
eliminator like potassium permanganate. Mansourbahmani and colleagues [41] recorded
a weight loss reduction of only 2% in ‘Valouro’ tomatoes when ethylene concentration
in the storage chamber was controlled with potassium permanganate mixed with zeolite
after 35 days of storage. Alonso-Salinas and colleagues [114] recorded weight reductions
of between 3% and 7% in pears stored in an atmosphere with ethylene reduction systems,
compared to weight losses of 10% and 17% in pears stored without ethylene control systems
over a 28-day period.

Regarding fruit size during storage, it tends to show a similar trend as fruit weight [115].
These authors also observed that the decrease in the diameter of peaches, compared with
weight loss, was less sensitive to the presence of ethylene in the storage atmosphere. The
presence of ethylene promotes accelerated respiration, which causes a greater decrease in
weight and size due to increased water loss [36]. In a study conducted with pears stored
for 28 days, it was observed that the reduction in size was around 20% when ethylene was
not removed from the storage chamber and between 5% and 10% when different ethylene
removal techniques, such as potassium permanganate filters combined with ultraviolet
light, were used [114].

Firmness is one of the main quality attributes that determine the acceptance of the
product by the consumer. On one hand, weight loss influences firmness in a directly
proportional relationship. On the other hand, ethylene significantly affects fruit firmness
by triggering cell wall hydrolysis, which leads to fruit softening [116,117]. In addition, the
expression of polygalacturonase-related genes is associated with ethylene production [118].
The action of this enzyme is considered key in the softening of fruits, increasing its activity in
those treatments where the exposure to ethylene was higher [119]. Wu and colleagues [113]
demonstrated that the effect of ethylene scavengers on apricots resulted in significantly
higher firmness compared to control fruit.

Álvarez-Hernández and colleagues [120] showed that apricots with an ethylene re-
moval system based on potassium permanganate and sepiolite sachets recorded 20% more
firmness than the control treatment after 36 days of storage. Mansourbahmani and col-
leagues [41] recorded approximately 15% preservation of firmness on the final day when
applying their ethylene removal method in tomatoes. In a study on peaches stored with and
without an ethylene removal system, Alonso-Salinas and colleagues [115] observed that
the firmness of the fruits from which ethylene was removed from the storage atmosphere
maintained the same firmness during the first 7 days, tending then to equalize with the
texture of the peaches stored without ethylene removers. These same authors observed,
in a trial conducted with pears stored at 1 ◦C and 8 ◦C, that removing ethylene from the
storage atmosphere reduced firmness by 10% and 28%, respectively, while not removing
ethylene reduced firmness by 29% (1 ◦C) and 46% (8 ◦C) [114].

4.3. Effect of Ethylene on the Biochemical Characteristics of Fruits during Ripening

Ethylene is a crucial plant hormone that plays a significant role in the regulation of
fruit ripening [121]. During ripening, ethylene significantly impacts the biochemical charac-
teristics of fruits, enhancing attributes such as sweetness, maturity index, and antioxidant
capacity, while modulating acidity, pH, and the concentration of bioactive compounds [122].
Understanding these changes during ripening is essential for optimizing postharvest han-
dling and improving consumer satisfaction [123].

Ethylene significantly influences the accumulation of solid soluble content (SSC) in
fruits. During postharvest ripening of climacteric fruits, such as peaches, sugars displace
acids by certain metabolic processes, increasing SSC and giving the fruit a sweet taste.
Therefore, SSC is a key indicator of the ripening stage of the fruit [124,125]. The increase in
SSC primarily comprises an increase in sugars such as glucose, fructose, and sucrose [126].
This process is facilitated by the ethylene-induced activation of enzymes like invertase
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and amylase, which catalyse the breakdown of starches into simpler sugars [127]. Total
acidity (TA) of fruits generally decreases during ethylene-induced ripening. This decline
is attributed to the metabolic conversion of organic acids, such as citric and malic acids,
into sugars and other metabolites [128]. The reduction in acidity not only affects the
taste, making the fruit less sour, but also impacts the overall flavour profile and consumer
preference [129]. The pH of fruits typically rises during ethylene-mediated ripening. This
increase in pH correlates with the decrease in TA, reflecting the metabolic changes occurring
within the fruit tissues. Monitoring pH changes is crucial for understanding the ripening
dynamics and the biochemical environment of the fruit [130].

Maturity index (MI) defined as the ratio of SSC to TA, serves as an indicator of fruit
ripeness. Ethylene accelerates the ripening process, thereby increasing the MI. A higher MI
indicates a more advanced stage of ripeness, characterized by optimal sugar levels and re-
duced acidity, which are desirable traits for market quality and consumer acceptance, [131]
but if the maturity index (MI) becomes too high due to the effect of ethylene, several nega-
tive outcomes can occur: (1) Overripening: Fruits may become too soft and mushy, leading
to a loss in structural integrity and an undesirable texture for consumers [132]. (2) Flavour
deterioration: Overripened fruits often experience changes in flavour, becoming overly
sweet and losing the balance of acidity and sweetness that defines optimal ripeness [133];
(3) nutrient degradation: ascorbic acid (vitamin C), phenolic compounds, and antioxidant
capacity (ORAC) initially can increase with ripening due to ethylene being able to stimulate
the expression of genes involved in the ascorbate biosynthetic pathway and favouring the
activity of phenylalanine ammonia-lyase (PAL), leading to increased synthesis of phenolic
compounds (such as flavonoids and anthocyanins) and contributing to the accumulation of
antioxidant capabilities. On the contrary, excessive ethylene exposure and overripening can
lead to the degradation of these compounds due to oxidative degradation and metabolic
consumption, reducing the fruit’s nutritional value and antioxidant capacity [123,134,135];
(4) Increased susceptibility to diseases and pests: Overripened fruits are more prone to in-
fections and infestations, leading to higher postharvest losses and a decrease in marketable
yield [136]. (5) Economic losses: Fruits that are too ripe may have a shorter shelf life and
become unmarketable, resulting in economic losses for producers and retailers [137,138].

Different studies performed by Alonso et al. in peaches, tomatoes, and
pears [114,115,139] showed favourable responses to the preservation of the quality and
shelf life of these fruits thanks to the different methodologies applied for the elimination of
ethylene through oxidation reactions mediated by KMnO4 and UV-C. Other studies have
reported a less successful effect of ethylene scavengers on peach fruit conserved for 36 days
at 0 ◦C [42,140] or in apricots stored at 15 ◦C [120].

4.4. Effect of Ethylene on the Organoleptic Characteristics of Fruits during Ripening

Fruit ripening brings out the best taste and scent, which influences the fruit’s flavour.
Fruits go through biochemical changes when they ripen, such as colour breakdown, starch
hydrolysis, sugar and acid metabolism, volatile production, and cell wall disintegration,
all of which affect flavour. These modifications add to the typical aroma of ripe fruits as
well as their sweet and sour taste. Furthermore, when fruit ripens, its texture improves,
becoming crisper, juicier, or melty, intensifying the taste release in the mouth. Ethylene
gas regulates the ripening process and contributes to the softening and flavouring of fruit.
Fruit ripening is an intricate process that involves a range of physiological and biochemical
changes that have a big impact on the fruit’s flavour [141–143].

The flavour changes associated with ethylene involve a network of genes, transcription
factors, and metabolic pathways. Firstly, specific genes responsible for the synthesis of
flavour compounds as genes encoding enzymes like lipoxygenases, hydroperoxide lyases,
and alcohol dehydrogenases are involved in the formation of volatile compounds that con-
tribute to fruit aroma [144]. Additionally, genes related to the biosynthesis of sugars, acids,
and secondary metabolites like carotenoids and flavonoids are also ethylene-responsive
and contribute to flavour [145]. Secondly, transcription factors such as the RIN (RIPENING
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INHIBITOR), NOR (NONRIPENING), and CNR (COLOURLESS NONRIPENING) play
crucial roles in the regulation of ripening-related genes. These factors can directly or indi-
rectly influence the expression of genes involved in flavour compound biosynthesis [144].
For instance, the transcription factor HY5 has been shown to bind to the promoter of
SWEET12c, a gene involved in sugar transport, thereby modulating sugar content and
influencing sweetness in tomato fruit [145]. Finally, ethylene influences several metabolic
pathways that are directly related to flavour development. The Lox pathway is responsible
for the production of volatile compounds that contribute to aroma [146]. The glycolytic
pathway and tricarboxylic acid (TCA) cycle are involved in sugar and acid metabolism,
affecting sweetness and sourness [147]. Ethylene also affects the isoprenoid pathway, which
includes the biosynthesis of carotenoids, contributing to both colour and flavour [145].

Ethylene is a highly volatile substance produced by many fruits during their ripening
process, and it is thus considered a maturation hormone. These fruits ripen due to the
action of ethylene, as increased concentrations accelerate the maturation process, altering
the colour, firmness, flavour, and characteristic aromas of each fruit. During maturation,
the starch in fruits is converted into sugars (fructose and glucose), tannins are reduced—
these are compounds characteristic of unripe fruit that impart a bitter taste—and the pH
increases, decreasing acidity. All these changes lead to modifications in the organoleptic
characteristics of the fruit [148].

Volatile compounds, which undergo modifications during ripening, play a significant
role in the flavour of foods. These compounds belong to various chemical families, with
the most notable being hydrocarbons, aldehydes, ketones, alcohols, carboxylic acids, esters,
and lactones [149,150].

Several authors have investigated the control of ethylene synthesis on the production
of volatile compounds during fruit ripening. These changes in the aromatic profile have
led to greater sensory acceptance by consumers of the final product [151,152].

Moreover, if ethylene control, through its inhibitors, is combined with other evalua-
tive parameters such as different storage conditions—controlled or dynamic atmospheres,
partial oxygen pressure, temperature, or fruit CO2 production—it could offer commer-
cial benefits. These conditions can slow down the respiration rate of the fruit, partially
inhibit ethylene synthesis, and result in improvements in sensory parameters such as
acidity and firmness, while also enhancing aroma formation and the synthesis of aromatic
compounds [114,139,151,153–155].

Another crucial parameter in the sensory evaluation of fruits is colour, which influ-
ences flavour perception and is affected by ethylene synthesis and the presence of its
inhibitors. This has led to positive evaluations from consumer panels analysing these
products [29,105,153,156].

5. Ethylene Managing Strategies

Given that fruits and vegetables ripen faster regardless of whether ethylene exposure
is exogenous or endogenous, it is essential to eliminate both types [51,157,158]. Therefore,
strategies that allow for controlling ethylene levels in storage environments of climac-
teric fruits are crucial for reducing postharvest losses of products and maintaining the
organoleptic quality of fruits [159].

Over the past two decades, various methods for ethylene control have been developed,
becoming increasingly effective in achieving minimal ethylene concentrations in fruit
storage and transportation environments. These methods can be classified into three
well-defined categories:

• Ethylene inhibitors:

� 1-MCP: 1-methylcyclopropene;
� SA: salicylic acid;
� AVG: aminoethoxyvinylglycine;
� AOA: amino-oxyacetic acid.

• Ethylene adsorbents:
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� Zeolite;
� Activated carbon;
� Metal–organic frameworks;
� Silica gel.

• Ethylene scavengers by catalytic oxidation:

� KMnO4: potassium permanganate;
� UV radiation;
� TiO2: titanium dioxide;
� O3: ozone;
� Palladium;
� Cold plasma and other technologies.

5.1. Ethylene Inhibitors

Ethylene inhibitors act at some point in the biosynthesis, signalling, or perception path-
ways of ethylene as previously developed. By delaying or slowing down these metabolic
processes, they hinder the natural progression of product ripening.

5.1.1. 1-Methylcyclopropene (1-MCP)

1-MCP is a chemically synthesized molecule belonging to the family of small-ring
hydrocarbons (Figure 4). Under normal environmental conditions (25 ◦C and 1 atm), 1-
MCP is gaseous; therefore, in its commercial form, it is encapsulated in γ-cyclodextrins that
dissolve with the relative humidity of the environment, releasing this gas [160,161].

Figure 4. 1-MCP molecular structure.

This molecule is characterized by having a molecular structure similar to ethylene.
This causes it to compete with this phytohormone for the ethylene membrane receptors
(ETR1, ERS1, and EIN4) located on the plasma membranes of plant cells, inhibiting the
ethylene response [29]. This mechanism can be observed in Figure 5.

Additionally, 1-MCP interacts with ethylene transmembrane receptors in a more in-
tense and rapid manner than ethylene itself, facilitating the binding of 1-MCP to these
receptors [162]. Other studies have shown that 1-MCP has other functions besides compet-
ing for ethylene reception; however, these mechanisms have not yet been discovered [163].
The effects of applying this molecule have been widely studied in the last 15 years (Table 1).

However, 1-MCP shows lower effectiveness than other ethylene scavengers or deacti-
vators such as palladium compounds or the use of potassium permanganate as ethylene
oxidants [29,41]. The reason for this is that 1-MCP is limited to competing with ethylene for
cellular receptors, thereby partially preventing its reactivation but not eliminating it. Addi-
tionally, 1-MCP does not block all ethylene receptors in plant cells, thus its effectiveness is
lower than expected [164].
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Figure 5. Ethylene perception and signalling with 1-MCP (own source: http://hdl.handle.net/1095
2/6740 (accessed on 20 May 2023)).

Table 1. Studies on the application of 1-MCP in different formats and concentrations on the preserva-
tion of various fruits.

Format Concentration Fruit Conditions Significative Results Reference

Gas 0.5 μL L−1 ‘Raf’ Tomato 10 ◦C, 90% RH, 7 days
20 ◦C, 90% RH, 4 days

It reduces both ethylene production and
respiration rate and, in turn, delays

weight, soluble solids content, and total
acidity changes.

[165]

Gas 1 μL L−1

Pear cv:
‘Gorham’

‘Gran Champion’
‘La France’

‘Gold La France’

20 ◦C, 25 days

Reduction in ethylene production,
significant delay in the expression of
genes related to the change in skin

colour of pears, and preservation of
chlorophyll and fruit firmness.

[166]

Gas
Gas

0.1 μL L−1

0.035 μL L−1 ‘Unicorn’ Tomato 10 ◦C, 85% RH, 15 days

The treatment using a higher
concentration of 1-MCP showed a

higher conservation of lycopene and
weight.

[167]

Gas 0.9 μL L−1 ‘Hayward’ Kiwi 20 ◦C, 95% RH, 20 days

Inhibition of ethylene production and
respiration rate, delay of rot incidence,
weight loss, increase in soluble solids

content and total bacterial count.
Improved preservation of firmness,

chlorophyll, total acidity, ascorbic acid,
and antioxidant capacity.

[168]

Micro-bubbles 100–400 ppb ‘Khai’ Banana 25 ◦C, 85% RH, 12 days

Reduced respiration rate and ethylene
production. Higher preservation of total

chlorophyll content, colour, firmness,
total soluble solids, antioxidant capacity,

and total phenolic compounds.

[169]

Gas 100 nL L−1 ‘Gold’ and ‘Rainbow’
Papaya

22 ◦C, 85% RH, 25 days
10 ◦C, 85% RH, 25 days

Fruits treated with high concentrations
of 1-MCP showed increased firmness

and delayed colour variation, meaning
delayed ripening. The authors claim

that commercial application could lead
to a 30% reduction in papaya ripening.

[170]
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5.1.2. Salicylic Acid (SA)

Salicylic acid (SA) (Figure 6) is a phenolic compound found in plants that is currently
considered an endogenous plant hormone [171]. This molecule regulates many processes
such as stress response, plant development, thermogenesis, photosynthesis, stomatal
behaviour, transpiration, ion absorption and transport, seed germination, and glycolysis,
among others [172,173].

Figure 6. SA molecular structure.

It acts as an antagonist of ACC oxidase (ACO), inhibiting its action; this enzyme is
crucial in the process of ethylene production. ACO oxidizes ACC to ethylene in its final
stage [174]. It has been demonstrated that SA inhibits ethylene production in various plants.
Leslie and Romani in 1988 [175] observed that applying a concentration of 80 μM of SA
during washing of pears (Pyrus communis L.) reduced the ethylene production rate by 80%
after 24 h. Srivastava & Dwivedi in 2000 [176] applied 100 μM of SA to bananas, achieving,
approximately, a 50% reduction in respiration rate. These authors also observed a reduction
in the activity of cellulase and polygalacturonase enzymes after SA application. Babalar
and colleagues [173] applied SA at a concentration of 2 mM, achieving effective reduction
in both fungal rot and respiration rate in ‘Selva’ variety strawberries. In ‘Canino’ apricots,
Elmenofy et al. in 2021 [177] compared the application of two ethylene inhibitors such as SA
(4 mM) and AVG (150 mg L−1), recommending the application of SA (4 mM) which yielded
optimal yield, quality, and preservation of this apricot variety when grown under Egyptian
environmental conditions, where the research was conducted. Lastly, Mansourbahmani
and colleagues [41] compared different ethylene removal methods, including SA. These
authors concluded that applying a 1% SA solution to ‘Valouro’ variety tomatoes reduced
ethylene production by 25%, which was lower than other investigated methods such as 1-
MCP application or ethylene oxidation via the use of palladium, potassium permanganate,
or UV-C radiation.

Recently, applications of SA as an elicitor have been discovered. It refers to a substance
or signal that triggers a specific response in a cell, organism, or system. In plants, elicitors
can be molecules like phytohormones, which activate specific receptors on the surface of
cells, leading to a cascade of intracellular signalling events ultimately resulting in a cellular
response. Gong and colleagues [178] reported in their review that SA application during
fruit formation (lemon, pomegranate, mango, and strawberry among others) improved
phenylpropanoid metabolism and carotenoid biosynthesis, increasing accumulation of
flavonoids, ascorbic acid, and carotenoids, thereby enhancing antioxidant activity in the
subsequently harvested fruit.

5.1.3. Aminoethoxyvinylglycine (AVG)

Similar to SA, aminoethoxyvinylglycine (AVG) (Figure 7) is a compound that inhibits
ethylene production by intervening at some point in the metabolic pathways that leads
to its production. Specifically, AVG is an inhibitor of ACC synthase (ACS) as it binds to
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its coenzyme, pyridoxal phosphate (PLP), preventing the conversion of SAM to ACC and
thereby affecting the subsequent production of ethylene [179–181].

Figure 7. AVG molecular structure.

The postharvest application of AVG has been studied in various fruits: Salveit [182]
applied a 10 mM solution of AVG in tomatoes (Lycopersicon esculentum Mill.) of the ‘Castle-
mart’ variety, resulting in a 30% reduction in respiration rate and a 70% reduction in
ethylene production rate of the fruits. Ozturk and colleagues [183] applied 200 mg L−1 of
AVG in plums two weeks before harvest in the ‘Black Beauty’, ‘Black Amber’, and ‘Fibre’
plum varieties. Results showed a 60% reduction in ethylene production and respiration
rate. They also observed a delay in the colour change from green to red and prevented
firmness loss (70% firmer fruits in treated fruits) and weight loss (15% more weight in
treated fruits). The same author in 2019 applied 225 mg L−1 of AVG in kiwifruits (Actinia
deliciosa L.) of the ‘Hayward’ variety, observing similar results, but no differences were
observed with the control in the analysis of ascorbic acid and total flavonoids with the
application of AVG [184]. Similar effects were observed by Yuan & Carbaugh [185] in
apples of the ‘Golden Supreme’ and ‘Golden Delicious’ varieties, Muñoz-Robredo and
colleagues [186] in apricots of the ‘Patterson’ variety, Xie and colleagues [187] in pears of
the ‘Starkrimson’ variety, Kim and colleagues [188] in plums of the ‘Formosa’ variety, and
Win and colleagues [189] in persimmons of the ‘Sangjudungsi’ variety.

However, possible negative effects on fruit aroma development have been reported,
resulting in loss in intensity [190,191]. Additionally, its cost is too high for industrial
application [180].

5.1.4. Aminooxyacetic Acid (AOA)

Unlike the compounds mentioned earlier (1-MCP, SA, and AVG), AOA (Figure 8) is a
nonspecific inhibitor of all enzymes that use PLP as a coenzyme, including ACC synthase,
so its application could decrease ethylene synthesis [180,192,193]. Due to its nonspecificity,
it may interfere with other enzymatic reactions, negatively affecting other physiological
processes [194].

Figure 8. AOA molecular structure.
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Bulantseva and colleagues [195] applied a solution of AOA at 10 mg L−1 to bananas
harvested at three different ripening stages (green, green-yellow, and bright yellow). Those
treated and harvested in the green and green-yellow stages had ethylene production rates
about 30% lower than controls at the same ripening stages. Lima and colleagues [196]
immersed the roots of sweet potatoes of the ‘BRS Rubissol’ variety in 1 mg L−1 of AOA,
resulting in better preservation of weight, total sugars, and pH and a reduction in sprouting
compared to untreated potatoes, thereby extending the shelf life of treated potatoes.

To date, the application of this compound has been mainly limited to the preservation
of harvested flowers [197], while its application in fruits and vegetables has not been
sufficiently tested.

5.2. Ethylene Adsorbents

Methods for trapping ethylene and minimizing its action are based on two physical
phenomena: adsorption and absorption. Adsorption occurs when a particle adheres to the
surface of a solid material. On the other hand, in absorption, the particle remains within
the solid material. Many materials are capable of carrying out adsorption/absorption
processes of ethylene, and they have been used to develop ethylene scavengers. Among
them, zeolites, activated carbon, and metal–organic frameworks stand out.

5.2.1. Zeolite

Zeolites (Figure 9) [198] are three-dimensional microporous structures of crystalline
aluminosilicates. Zeolites have negative charges in their structure that are balanced with
alkali or alkaline earth ions [199]. The pore size of zeolites ranges from 3 to 12 Å, which
gives them the capacity to adsorb many chemical substances with a certain degree of
specificity, including ethylene [18].

Figure 9. Zeolite typical structure (own adaptation from [199]).

Ethylene can be absorbed within the structure of zeolite and adsorbed on the surface
of the zeolite structure [200]. In the case of natural zeolites, a large pore diameter (12 Å)
favours ethylene (diameter 3.9 Å) to pass through the pore openings and be absorbed into
the interior of the zeolite [201]. There are two theories for explaining this phenomenon. The
first refers to a cation–π interaction (non-covalent molecular interaction between a cation
and an electron-rich system) between the double-bond electrons of ethylene and metallic
cations of the zeolite. The second theory involves a resulting CH-O interaction between the
hydrogen atoms of ethylene and oxygen atoms on the surface of the zeolite [18,199,202].

De Bruijin and colleagues [203] applied zeolites (composed of 53% clinoptilolite, 40%
mordenite, and 7% quartz) as adsorbents in the conservation of tomatoes of the ‘Medano’
variety and observed a 50% reduction in ethylene concentration measurements up to day
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10 of storage at 10 ◦C. From that point on, ethylene levels between the control treatment
and the treatment with zeolite adsorbents equalized. These authors concluded that it may
be an effective method for ethylene capture but that it alone is not highly effective. Mariah
and colleagues [204] reached a similar conclusion in their review work.

However, despite the fact that zeolites do not cause a significant environmental
impact and are non-toxic, their ethylene retention capacity is low and nonspecific for this
molecule [112].

5.2.2. Activated Carbon

The use of activated carbon dates back to 1940. Southwick and Smock as early as
in 1943 [14] used brominated charcoal to remove ethylene from the storage atmosphere
of ‘McIntosh’ apples, which allowed for a considerable extension of the fruit’s life in that
controlled atmosphere for a period of 2 to 3 months.

Activated carbon traps ethylene by adsorption (Figure 10) [205]. Its effectiveness
depends on factors such as the contact surface, pore size, temperature, and relative humidity
of the environment [193]. Granular powder activated carbon is the most common form used
for ethylene capture with this methodology. Bailén and colleagues [206] confirmed that at
an ethylene concentration ranging from 1 to 7.5 μL L−1 in the air, granular activated carbon
of 20 to 60 meshes (a unit of measure for the pore diameter of a sieve in particle size analysis,
in this case between 0.841 and 0.177 mm) could adsorb 70% of the available ethylene, while
powdered activated carbon of 100 to 400 meshes (between 0.149 and 0.037 mm) could only
adsorb 40%.

Figure 10. Active carbon acts as an ethylene adsorbent. When this phytohormone penetrates through
the structural cracks in the active carbon, it remains adhered to the walls, thus preventing its effect
(own adaptation from [205]).

Jaimun and Sabgsywan [207] applied activated carbon to chitosan-coated papers
(aminopolysaccharide biopolymer) and vanillin to compare its effect with other ethylene
scavengers such as zeolite in the transport boxes of ‘Nam Dok Mai’ mangoes preserved for
30 days at 13 ◦C. In their results, they observed that the application of zeolite in this context
was more effective than activated carbon for ethylene adsorption, although the differences
between these treatments were low (1.91 mL L−1 of ethylene for zeolite, 2.31 mL L−1 of
ethylene for activated carbon, and 3.21 mL L−1 of ethylene for the control treatment at
28 days of trial). No differences were observed between applying activated carbon or
zeolite in the rest of the analysed parameters (weight, firmness, titratable acidity, and
soluble solids), but differences were observed with the control treatment, thus maintaining
the quality of mangoes treated with both adsorbent substances during the storage time.
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The main advantages of activated carbon as an ethylene remover are its environmental
friendliness due to its carbon composition, low toxicity, availability, and low cost. However,
its nonspecific adsorption nature is a significant limitation for its widespread use as an
ethylene adsorbent alone, so it is usually used as an adjunct along with other ethylene
scavengers and removers such as potassium permanganate (KMnO4) or palladium [18,29].

5.2.3. Metal–Organic Frameworks

Metal–organic frameworks (MOFs) are a type of synthetic porous material formed
by metal ions or groups of ions bonded to organic molecules. The combination of dif-
ferent organic and inorganic molecules provides flexibility in terms of pore size, shape,
and structure [208]. MOFs have an exceptionally high adsorption surface area (from
1000 to 3000 m2 g−1), greater than zeolites (320 m2 g−1) and activated carbon
(827 to 1120 m2 g−1) [209]. MOFs can selectively adsorb volatile compounds such as
ethylene [208,210].

Awalgaonkar [164] found that MOFs had better ethylene inactivation capacity than
potassium permanganate under low and controlled relative humidity conditions. Chopra
and colleagues [210] reported that MOFs do not adsorb ethylene as efficiently when there
is water in the storage environment. This is indeed a problem for its implementation at an
industrial level since the storage environments of plant products typically have relative
humidity values between 90 and 95%. Although this method is effective for ethylene
capture, it has not yet been approved by the U.S. Food and Drug Administration for use in
the food industry [18]. Further research and development of this product are necessary to
enable its application.

As seen thus far, ethylene traps, while effective at “capturing” ethylene, are not
efficient at preventing its action. Some of the main drawbacks of these technologies are
as follows:

1. Ethylene is only adsorbed on the surface or absorbed into the interior of these materials
but cannot be decomposed.

2. Desorption phenomena (the opposite process of adsorption/absorption) may occur,
whereby a substance is released from or through a surface.

3. Over time, the effectiveness of adsorption/absorption tends to decrease as these
materials easily become saturated and require replacement.

5.3. Ethylene Removal by Catalytic Oxidation

This method of ethylene elimination relies on chemical oxidation–reduction reactions
in which ethylene irreversibly dissociates into CO2 and water. The effectiveness of this
method depends on the oxidizing capacity of the various compounds that can be used for
this purpose.

5.3.1. Potassium Permanganate (KMnO4)

Potassium permanganate acts on the double bond of the ethylene molecule to oxidize
it in the presence of water. Ethylene, when oxidized by potassium permanganate, initially
forms acetaldehyde, which is subsequently oxidized to acetic acid and then to carbon
dioxide and water.

The redox reaction caused by potassium permanganate results in a colour change in
the permanganate itself, shifting from purple (MnO4 ions) to brown (MnO2). The studies
conducted using potassium permanganate as an ethylene remover are quite diverse. Its
effects have been tested in various applications involving apples [211], apricots [120],
blueberries [212], tomatoes [41,139,213], pears [114,214], and peaches [42,115], among
others. Many studies conducted with this molecule aim to enhance ethylene removal by
increasing the contact surface of potassium permanganate with this phytohormone. This is
achieved by mixing it with inert materials such as zeolites or activated carbon mentioned
earlier, compounds that also aid in the absorption and adsorption of ethylene (see Table 2).
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Table 2. Some studies on the application of potassium permanganate, in different formats, in the
preservation of fruits.

Format Concentration Fruit Conditions Significative results Reference

LDPE Sachet

Saturated and dried
KMnO4 solution

(50 mL) together with
natural clays and
activated carbon

‘Pollock’ Avocado 12 ◦C, 94% RH,
21 days

Reduction in CO2 and C2H4
concentrations in the packaging.
Maintained good visual quality.
Inhibited disease incidence and

reduced chilling damage. Delayed
weight and firmness losses. Soluble
solid content and flesh colour were

not significantly affected.

[215]

LDPE Sachet

5 g KMnO4 and
vermiculite mixture

at doses of 1.5 and 1%
w/w

‘Musa’ Banana 18 ◦C, 70–80% RH,
16 days

Delayed yellowing of the skin.
Slower increase in CSS and decrease
in AT. Reduced loss in firmness and

weight. Minimal increase in the
SSC/TA ratio.

[216]

Sachet
Mixture of natural
clays and KMnO4
(9 g per kg of fruit)

‘Hayward’ Kiwi 0 ◦C, 85–95% RH,
200 days

Delayed firmness. Reduction in the
increase in SSC and decrease in TA.
Reduction in total chlorophyll and

ascorbic acid degradation.

[217]

LDPE Sachet
20 g KMnO4 together

with aluminium
oxide

‘Nijisseiki’ Pear 0 ◦C, 90% RH,
252 days

Delayed yellowing. Decrease in
C2H4 levels and respiration rate.

Reduced severity of disorders
(browning of flesh and heart).

[218]

Sachet
20% KMnO4 in

bentonite zeolite
(2:1 w/w)

‘Valouro’ Tomato 7 ◦C, 90% RH,
35 days

Reduction in C2H4. Delayed
softening of the fruit. Minimization

of the rate of decrease in phenol
content and antioxidant activity.
Decreased ascorbic content and

increased lycopene content.
Delayed water weight loss and

reduced severity of rotting.

[41]

This molecule has significant industrial applications due to its low production cost,
ease of incorporation into storage and transportation systems, and high effectiveness in
ethylene removal. The main drawback lies in its rapid consumption and potential toxicity
upon contact with food. However, it is worth mentioning that this issue has been addressed
by presenting it (in most of its commercial forms) in easily replaceable sachets when they
become saturated.

5.3.2. UV Radiation

Short-wave UV radiation between 100 and 280 nm (UV-C) is also capable of acting
on the double bond of ethylene, generating oxidizing radicals that ultimately produce
CO2 and water in the reaction process, a phenomenon known as photocatalysis [219,220].
Additionally, this radiation can produce small amounts of ozone at these wavelengths, a
molecule that also acts on ethylene, as will be discussed in the following points.

Bu and colleagues [221] applied UV-C radiation at 254 nm to tomatoes of the ‘Zhenzhu’
variety. Despite the direct impact of UV radiation on the fruit potentially causing adverse
effects, these researchers observed a significant 20% reduction in the ethylene production
rate. Mabusela and colleagues [222] in their review article studied ultraviolet radiation at
254 nm and 185 nm in a vacuum environment. At both wavelengths, ethylene elimination
was observed through two pathways: firstly, the direct action of UV-C radiation on the
double bond of ethylene and, secondly, by producing ROS by reacting with water and
oxygen from the environment (considering that the relative humidity of fruit storage
environments shows values around 90% and 21% for oxygen). These ROS then react with
ethylene, producing CO2 and water (Figure 11).
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Figure 11. How two different wavelengths of UV-C radiation affect ethylene removal. The first one,
at 254 nm, produces an indirect ethylene elimination by producing free radicals that act on ethylene.
The second wavelength works directly on the ethylene molecules (own adaptation from [222]).

The effectiveness of the treatments studied by Mabusela and colleagues [222] depends
on numerous factors that greatly influence the ethylene removal rate. One example is
relative humidity. Water is the main source of ROS when attacked by radiation; therefore,
low relative humidity significantly affects ethylene removal using this method. Currently,
there is no consensus on the performance of this ethylene oxidation technique.

Additionally, UV-C radiation has been extensively studied for its ability to eliminate
spores of microorganisms present in fruit storage environments [223]. This is an effect that
must be considered, as fungal and bacterial diseases, among many other effects, increase
the ethylene production rate in infected fruits [222].

This method has numerous advantages, such as ease of implementation, low energy
consumption, effective ethylene removal under optimal conditions, and the elimination of
spores, minimizing fungal and bacterial infections. However, it has several disadvantages
that, if not considered, would reduce its effectiveness:

• Relative humidity: As mentioned earlier, environmental water is the main source of
certain ROS, crucial for the efficacy of this method. The lower the relative humidity,
the lower the ethylene removal achievable with UV-C radiation [224].

• Initial ethylene concentration: Increasing the initial concentration of ethylene, while
keeping the photon energy constant, reduces the energy received by a greater number
of ethylene molecules, thus reducing ethylene removal [157,225].

• Oxygen concentration: Oxygen is the precursor of certain ROS and ozone that facilitate
this process. A low concentration of this gas will hinder ethylene removal [225].

• Direct incidence on fruits: When UV-C radiation is directly targeted at fruits, it causes
structural changes that negatively affect their quality [222].
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5.3.3. Titanium Dioxide (TiO2)

Photocatalysis is another approach for eliminating ethylene [16,219,226]. Titanium
dioxide (TiO2) is a semiconductor material and one of the most frequently employed
photocatalysts for ethylene degradation, a capacity primarily attributed to its unique
photochemical reactivity and physical properties, which include high brightness (due to
high refractive index) and resistance to discolouration [29].

The complete mechanism of organic compound oxidation by UV light radiation on
titanium dioxide is described by Pathak and colleagues [225]. In summary, the reaction
is based on the irradiation with UV wavelengths (hν) (around 240–380 nm) which causes
titanium dioxide to generate electrons (e-) and other effects (reaction 1). These, when
acting on the water in the environment, produce highly reactive hydroxyl radicals (·OH)
(reaction 2). These radicals then react with organic compounds, resulting in CO2 and water
(reaction 3) [219,220].

- Reaction 1: TiO2 + hν (UV energy/radiation) → TiO2 + e− + h+
- Reaction 2: H2O + h+ → ·OH + H+
- Reaction 3: ·OH + Organic compound (ethylene) → CO2 + H2O

Although the mechanism of photocatalytic oxidation has been described [225], the
exact mechanism of reaction with ethylene remains a topic of debate due to the presence of
various reaction intermediates that have not been fully elucidated [157].

Numerous studies have been conducted on the application of this ethylene elimination
technology. Alves and colleagues [227] applied it to cherry tomatoes stored at 18 ◦C with a
relative humidity of 85%. The treatment involved passing a constant airflow through the
titanium dioxide and UV light system. During the storage period, cherry tomatoes treated
with titanium dioxide irradiated with UV light showed a lower concentration of ethylene,
lower respiration rate, lower total soluble solids content, and higher concentrations of
lycopene and titratable acidity compared to the control, demonstrating that fruits treated
with photocatalysis did not reach full ripeness. Li and colleagues [228] obtained similar
results using the same tomato variety for their study.

In recent years, many studies on the effect of titanium dioxide–UV on ethylene have
focused on its application as a component of films or fruit packaging. Among them,
Fonseca and colleagues [229] evaluated the efficacy of polyethylene foam nets coated with
a photocatalytic nanocomposite composed of gelatine and titanium dioxide for degrading
the ethylene produced by papayas (Carica papaya L.) of the ‘Golden’ variety. The fruits
treated with gelatine–titanium dioxide and irradiated with UV light showed a 60% lower
ethylene accumulation than the fruit in the control group after four days of storage, as well
as higher firmness and lower ripening index (soluble solids/titratable acidity ratio). Ghosh
and colleagues [230] applied photoactivated titanium dioxide and chitosan to form a film
to cover peppers of the ‘Tejaswani’ variety stored at room temperature (25 ◦C). The treated
peppers maintained CSS and had higher firmness, cell integrity, hydration, and colour. De
Chiara and colleagues [231] applied a powder composed of titanium dioxide and silicon
dioxide in different proportions for the preservation of ‘Camone’ tomatoes. In tomatoes
treated with an 80–20 ratio (TiO2–SiO2), ethylene completely degraded after 14 days of
study. However, the fruits in this treatment did not reach the red colouration stage.

Titanium dioxide is categorized as a food additive by the U.S. Food and Drug Ad-
ministration under code 21CFR73.575 and is inexpensive. This makes it cost-effective for
application in fruit storage and transportation. However, there are some drawbacks to
consider for its implementation:

• It requires very controlled storage conditions as the effectiveness of titanium dioxide
depends on numerous variables such as humidity, temperature, or UV light inten-
sity [157,193,206].

• It is not a selective method, as seen in the summary of the reaction triggered by
titanium dioxide and UV radiation. In addition to ethylene, it acts on other organic
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compounds such as aromatic compounds, which can affect the organoleptic quality of
the fruits [232].

• It can increase the storage temperature, which may lead to fruit damage [233].
• If UV radiation, essential for this method to be effective, directly impacts the fruits, it

can lead to negative consequences such as loss in aroma, rupture of cell membranes,
and degradation of structures [234].

5.3.4. Ozone (O3)

Ozone, typically produced with UV lamps, is a strongly oxidizing molecule that can
also be used as an ethylene eliminator [219]. Ozone, being a highly reactive gas, acts on
the double bond of ethylene, breaking it and dissociating this phytohormone into CO2
and water according to the following reaction: O3 + C2H4 → CO2 + H2O. The application
of this method is straightforward. It involves passing a flow of air from fruit storage
facilities (rich in ethylene) through an ozone generator and returning it to the warehouse
free of ethylene [235]. Liang and colleagues [236] analysed ethylene production, firmness,
vitamin C content, malondialdehyde content, levels of ascorbate peroxidase, peroxidase,
and aromatic compound contents of ‘Hard Pink’ tomatoes stored for 25 days at 10 ◦C
and treated with 17.14 mg (m3)−1 of ozone for 1 h at the start of the study. The results
showed that ozone treatment delayed the loss in firmness, bioactive compounds, and
aromatic compounds and reduced the ethylene production rate by 50% during the first
15 days. Toti and colleagues [237] treated ‘Cantaloupe’ melons with 0.3 ppm of ozone
at 6 ◦C for 13 days. Their results indicated that ozone treatment reduced the activity of
cell wall enzymes (α-arabinopyranosidase, β-galactopyranosidase, and polygalacturonase)
responsible for their degradation and hence the softening of melons. Ethylene concentration
was also reduced. With all this, the quality of the treated melons was maintained for a
longer period. More recently, Gao and colleagues [238] treated ‘Muscat Hamburg’ grapes,
despite being non-climacteric fruits, with 14.98 mg (m3)−1 of ozone. The results revealed
a reduction in ethylene production close to 30% in the fruits subjected to the treatment.
Additionally, there was maintenance of antioxidant capacity with higher concentrations
of enzymes such as catalase (CAT), peroxidase (POD), superoxide dismutase (SOD), and
polyphenol oxidase (PPO), capable of removing reactive oxygen species (ROS) from plant
tissues. Furthermore, a lower incidence of fungal diseases was observed in the treated
fruits. Although considered safe by the FDA (U.S. Food and Drug Administration) and not
complicated for industrial implementation, ozone presents several drawbacks:

• Handling is very challenging due to its easy decomposition into oxygen [159].
• If certain levels are exceeded, ozone shifts from offering significant improvements to

being harmful as it can destroy tissues, leading to wounds that can promote ethylene
production due to stress [219].

• Even though it is safe at low concentrations, ozone begins to have harmful effects on
human health from 5 ppm onwards, including vision problems, sensation of asphyxia,
headaches, pulmonary oedema, and coma when concentrations reach 50 ppm [239].

5.3.5. Palladium

Palladium is a scarce metal with numerous applications, including its use as a catalyst
in chemical reactions and in medicine for surgical material production. It also has the ability
to absorb hydrogen into its metallic structure and purify hydrocarbons in the automotive
industry. This latter application prompted its use as a potential ethylene eliminator through
catalysis. Similar to other ethylene oxidants, palladium irreversibly decomposes ethylene
into CO2 and water.

Bailén and colleagues [206] employed a mixture of granulated (20–60 mesh) activated
carbon with 1% palladium on three tomato varieties, ‘Beef’, ‘Mendez’, and ‘Raf’. Within
the first 50 h, nearly 60% ethylene elimination was achieved in all three varieties, along
with better preservation of firmness and colour, both internally and externally. Mok and
colleagues [240] applied a mixture of ZSM-5 zeolite and 0.36% palladium in the conservation
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of ‘Fuji’ apples, introduced into quartz tubes through which air from the storage chamber
passed. The results showed nearly 100% ethylene elimination after 40 days of storage.
Tzeng and colleagues [241] observed a 99% ethylene removal in banana preservation using
a similar mixture and application method.

Mansourbahmani and colleagues [41] employed palladium with nano zeolites in
various concentrations (0%, 1%, 2.5%, and 5%) and compared this ethylene removal method
with other ethylene eliminators or inhibitors such as potassium permanganate, 1-MCP, and
UV-C, concluding that the palladium method was the most effective.

Although this method does not have many drawbacks, its industrial application
proves to be very complicated due to palladium being a very scarce and difficult-to-extract
metal and consequently extremely expensive. Additionally, the country with the highest
production of this element worldwide is the Russian Federation, which is currently subject
to numerous economic and commercial sanctions (due to the invasion of Ukraine), further
increasing its price.

5.3.6. Cold Plasma and Other Technologies

Cold plasma technology has emerged as a promising method for ethylene scavenging,
offering a non-thermal and eco-friendly approach to extend the shelf life and maintain
the quality of fresh produce. This promising and novel method stands out (1) for being
a non-thermal technology, which means it does not rely on heat to achieve its effects,
and is particularly beneficial for ethylene scavenging as it avoids thermal damage to the
produce, maintaining its nutritional and sensory properties; (2) as favouring microbial
decontamination where cold plasma has shown effectiveness in microbial decontamination,
enzyme denaturation, and pesticide degradation, which are all crucial for preserving the
quality and safety of food products; and (3) for its versatility and applications where cold
plasma technology allows for its application in various forms, such as direct treatment,
plasma-treated water, and functional coatings. This flexibility makes it suitable for a wide
range of uses in the food industry [242]. In addition, cold plasma is considered an eco-
friendly technology due to its low energy requirements and minimal environmental impact.
It represents a sustainable option for ethylene scavenging and food preservation [243].
The potential of cold plasma technology in food processing is vast, with ongoing research
exploring its scalability and commercial viability. Future advancements are expected to
further enhance its effectiveness and applicability in the food industry [242].

Other novel advances and developments in ethylene scavenging beyond cold plasma
technology are as follows: (1) The first is nanotechnology, where the incorporation of
nanoparticles into polymer matrices has been shown to play a major role in reducing the
permeability of gases and the absorption of ethylene. This approach enhances the effective-
ness of packaging materials in controlling ethylene levels around fresh produce [105]. For
this reason, nanotechnology is at the forefront of advancing ethylene scavenging techniques
to maintain the quality and extend the shelf life of fruits and vegetables. For example,
nanosilica has been isolated from rice straw and used in a polyvinyl alcohol (PVA) for-
mulation to coat paperboard, which showed improved barrier, mechanical, and surface
properties, along with higher ethylene scavenging activity compared to uncoated paper-
board [244]. Also, palladium encapsulated nanofibres has been developed for ethylene
scavenging. Encapsulation of 1–2% PdCl2 in nanomats has increased the ethylene scaveng-
ing capacity significantly, proving to be effective in the presence of fruits like sapota [245].
(2) The second is mechanochemical synthesis, where recent studies have investigated the
use of mechanochemically synthesized absorbents for ethylene removal. These materials
have shown promising ethylene scavenging activity and offer a safer, innovative, and
eco-friendlier approach to active packaging [246]. This process involves the use of me-
chanical force to induce chemical reactions, which can be used to synthesize metal–organic
frameworks (MOFs) that are effective in ethylene scavenging [247].
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6. Practical Implications and Future Directions

6.1. Energy Consumption

Controlled atmosphere storage or refrigeration require significant energy inputs
to maintain optimal storage conditions. High energy consumption associated with re-
frigeration systems contributes to greenhouse gas emissions and environmental foot-
print, highlighting the need for energy-efficient technologies and alternative cooling
methods [248–250].

6.2. Food, Microbiological, and Chemical Safety

Ensuring the safety of ethylene inhibition strategies involves addressing potential
risks to human health, worker safety, and food quality: On one hand, workers involved
in handling ethylene inhibition chemicals or applying postharvest treatments may be
exposed to potential health hazards, such as respiratory irritation or skin sensitization.
Proper training, personal protective equipment (PPE), and adherence to safety protocols
are essential for minimizing chemical exposure risks and ensuring worker safety. On the
other hand, ethylene inhibition treatments and packaging materials must comply with
regulatory standards and food safety guidelines to prevent contamination and ensure
consumer protection. Residual chemicals or contaminants from postharvest treatments or
packaging materials should be carefully monitored and controlled to maintain food safety
and quality throughout the supply chain. In addition, improper handling or storage of fruits
treated with ethylene inhibition strategies may increase the risk of microbial contamination
and foodborne illness. Effective sanitation practices, temperature control, and hygienic
handling procedures are essential for minimizing microbial risks and ensuring food safety
from farm to fork [160,251–254].

6.3. Exploring Sustainable and Eco-Friendly Alternatives

Packaging plays a critical role in maintaining fruit quality and extending shelf life by
creating protective barriers against external factors, including ethylene exposure, phys-
ical damage, and microbial contamination. Increased adoption of single-use plastics in
packaging can exacerbate plastic pollution and waste management issues, necessitating
the adoption of recyclable or biodegradable packaging alternatives and promoting circular
economy initiatives. Utilizing biodegradable or compostable packaging materials derived
from renewable sources, such as bioplastics or cellulose-based films, can help to reduce
plastic waste and promote circular economy principles, in addition to exploring innovative
packaging designs and technologies that enhance gas barrier properties, extend shelf life,
and minimize resource consumption throughout the packaging lifecycle. Innovation of
smart packaging solutions equipped with sensors, indicators, and active components for
real-time monitoring and control of ethylene levels, fruit quality, and storage conditions en-
hances supply chain transparency, traceability, and product integrity, ensuring end-to-end
quality assurance and consumer confidence [255–263].

6.4. Biocontrol Agents

Biocontrol agents offer sustainable alternatives to chemical treatments, providing
effective control of postharvest pathogens and decay while promoting environmental
sustainability and food safety. Implementing integrated pest management (IPM) strategies
that incorporate biocontrol agents can reduce reliance on synthetic pesticides and minimize
environmental contamination risks [264,265].

6.5. Commercial and Industrial Applications

The implementation of ethylene inhibition strategies in the fruit industry encompasses
various postharvest handling and storage practices aimed at extending shelf life, preserving
quality, and ensuring market competitiveness.

Pretreatments and harvest treatments may be employed to mitigate ethylene produc-
tion and enhance fruit quality. Techniques such as preharvest stress conditioning, including
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deficit irrigation or exposure to plant growth regulators, can modulate ethylene biosynthe-
sis and improve fruit firmness, colour development, and flavour. Additionally, preharvest
application of natural or bio-based ethylene inhibitors may offer sustainable alternatives to
synthetic chemicals, reducing environmental impacts and chemical residues. Harvesting
fruits at the appropriate stage of maturity, using sharp tools to prevent mechanical damage,
and handling fruits gently to avoid bruising or injury are essential considerations. Prompt
removal of harvested fruits from the field and rapid cooling to reduce respiration rates and
ethylene production are key steps in preserving postharvest quality and extending shelf
life [266–269].

Efficient transportation and distribution networks are essential for minimizing posthar-
vest losses and ensuring timely delivery of fresh fruits to markets. Temperature-controlled
transport vehicles, such as refrigerated trucks or containers, maintain optimal storage
conditions throughout transit, preventing temperature fluctuations and ethylene build-up.
Monitoring devices and data loggers enable real-time tracking of environmental parameters,
ensuring compliance with quality standards and regulatory requirements [270,271].

Proper handling and display practices at retail outlets are crucial for preserving fruit
quality and enhancing consumer appeal. Temperature-controlled display cases, ethylene
filters, and airflow management systems help minimize ethylene exposure and maintain
freshness. Training retail staff on proper handling techniques, including gentle handling,
regular rotation of stock, and removal of damaged or overripe fruits, ensures optimal
product presentation and reduces waste [272].

Finally, as for consumer education and behaviour change, it is possible to promote
eco-friendly alternatives, sustainable consumption behaviours, and waste reduction strate-
gies through education campaigns, labelling initiatives, and consumer engagement pro-
grammes [273,274].

7. Conclusions

In conclusion, this review provides a comprehensive examination of ethylene-mediated
ripening in climacteric fruits and the strategies employed to delay this process, thereby
enhancing postharvest quality. Beginning with an introduction to climacteric fruits and the
pivotal role of ethylene in their ripening, this review delineated the scope and structure
of the discussion. Ethylene, as a plant hormone, plays a fundamental role in initiating
and coordinating fruit ripening, orchestrating a cascade of physiological and biochemical
changes. Various ethylene inhibition strategies were explored, encompassing chemical
inhibitors, temperature control, modified atmospheres, and controlled atmosphere storage.
These strategies act by reducing ethylene levels or its effects, thereby extending shelf life
and preserving fruit quality. Understanding ethylene production and receptor mechanisms
is crucial for effective inhibition strategies. Insights into ethylene biosynthesis, enzyme
regulation, and receptor targeting were discussed to elucidate the underlying processes.

This review highlighted the significant impact of ethylene inhibition on shelf life
extension and postharvest quality. Examples and case studies underscored the efficacy
of these strategies in maintaining firmness, colour, sugar content, and nutritional value
while reducing decay and pathogen development. Sensory quality, including flavour,
aroma, and texture, emerged as a key consideration in ethylene inhibition. Examination
of sensory attributes and consumer preferences emphasized the importance of treated
fruits in meeting market demands. Furthermore, alterations in volatile compounds due to
ethylene inhibition were investigated, shedding light on aroma profiles and the potential
for off-flavours. Molecular and genetic approaches offered promising avenues for reducing
ethylene responsiveness and developing genetically modified varieties with improved
shelf life. Integrated approaches, combining multiple inhibition strategies, demonstrated
enhanced efficacy and synergy between postharvest treatments and packaging techniques.
Commercial and industrial applications showcased success stories and economic bene-
fits, illustrating the real-world impact of ethylene inhibition strategies. Looking ahead,
future directions in ethylene inhibition encompass emerging research areas and technologi-
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cal advancements, including nanomaterials and precision agriculture. Leveraging these
innovations holds the promise of further enhancing efficacy, sustainability, and market
competitiveness in the fruit industry. Finally, environmental and safety considerations un-
derscored the importance of exploring sustainable and eco-friendly alternatives, ensuring
responsible stewardship of resources and minimizing adverse impacts on the environment
and human health. In essence, this review underscores the critical role of ethylene inhi-
bition in preserving postharvest quality, driving innovation, and shaping the future of
the fruit industry. By embracing emerging technologies, advancing scientific knowledge,
and fostering collaborative efforts, stakeholders can continue to unlock new opportunities
and address challenges in ethylene-mediated ripening, ultimately benefiting producers,
consumers, and the environment.
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Abstract: Fresh-cut fruits have been in great demand by consumers owing to the convenience of
buying them in shopping centers as ready-to-eat products, and various advantages, such as the fact
that they are healthy and fresh products. However, their shelf lives are brief due to their physiological
changes and maturation. Therefore, this review includes information from the physicochemical,
microbiological, nutritional, and sensory points of view on the deterioration mechanisms of fresh-
cut fruits. In addition, updated information is presented on the different emerging technologies,
such as active packaging (edible films, coatings, and modified atmospheres), natural preservatives
(antioxidants and antimicrobials), and physical treatments (high hydrostatic pressure, UV-C radiation,
and ozone). The benefits and disadvantages of each of these technologies and the ease of their
applications are discussed. Having alternatives to preserve fresh-cut fruit is essential both for the
consumer and the merchant, since the consumer could then obtain a high-quality product maintaining
all its properties without causing any damage, and the merchant would receive economic benefits by
having more time to sell the product.

Keywords: microbial quality; sensory quality; edible coating and films; natural antioxidants; natural
antimicrobials; modified atmospheres; UV-C; ozone; high hydrostatic pressure

1. Introduction

In recent years, fruit consumption has increased in a large portion of the population
due to the current concern for a healthy lifestyle [1]. Fruits are a rich source of vitamins,
minerals, and dietary fiber, which are essential for the human diet. Due to a population that
is very busy with their different activities, and which consequently has less time to prepare
its food, there has been a tendency to demand fresh, nutritious, convenient, and quickly
accessible products, such as fresh-cut produce. Therefore, fresh-cut fruits constitute one of
the fastest-growing food industry segments [2]. The Food and Drug Administration (FDA)
defines fresh-cut fruit as any fruit that has been changed physically from its natural state
by minimal processing, such as chopping, dicing, peeling, shredding, slicing, spiralizing, or
tearing [3]. Fresh-cut fruits remain fresh without additional treatment, such as blanching,
freezing, canning, cooking, or adding juice, syrup, or dressing. These products can be
considered ready-to-eat but may or may not be washed before being packed for use by the
customer or a retail food store. Fresh-cut fruits can include single or mixed fruits in the
same packaging, providing great convenience, nutritional value, taste, and freshness [3].

The maintenance of the quality of fresh-cut fruits is attributed to the physiological
and biological mechanisms of each fruit and environmental conditions such as storage
conditions, temperature, and humidity [4]. The main disadvantage of fresh-cut fruits is
their short shelf-lives, often less than two weeks [5]. When fresh fruits are cut or minimally
processed, they are susceptible to chemical, physical, microbiological, and sensory changes.
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This affects the product’s marketability and reduces its nutritional value, and several food-
borne outbreaks are linked to fresh-cut produce [1]. Additionally, it must be considered that
many other factors can impact the final product, such as the type of packaging, postharvest
processing, and type of cultivar, among others [6]. Whole fruits have a natural barrier (peel)
that protects them from spoilage, microorganisms, or environmental conditions; however,
this barrier is typically removed during the processing of fresh-cut fruits, making them
more susceptible to decay (Figure 1) [7]. It is even more challenging to maintain the quality
of fresh-cut fruits than vegetables due to their complicated physiology [8].

 

Figure 1. Minimal processing affects sensory quality and promotes microbial growth. The red up
arrow indicates increase and the red down arrow indicates decrease.

Several methods could be employed to preserve fruits; however, as fresh-cut fruits
are consumed fresh, thermal or freeze techniques are unsuitable because they impair the
sensory, nutritional, and physicochemical quality. As a result, finding effective strategies to
prevent microorganism growth while maintaining the quality of fresh-cut fruits is of great
interest to food industries. The conventional way of retaining the fresh-cut products’ micro-
biological quality is through washing and disinfection with chlorine due to its low cost and
ease of use. However, it has been hypothesized that chlorination’s disinfection byproducts
may pose a health risk to humans [9]. Moreover, consumers demand more natural and
fresh products without synthetic additives, making them nutritionally healthier. Therefore,
technologies such as active packing, natural additives, ultraviolet light, high hydrostatic
pressure, and ozone treatments are emerging to improve fresh-cut fruits’ microbiology
and sensory quality. This review summarizes some recent findings concerning the use of
emerging technologies to improve the quality of fresh-cut fruit.

Our article summarizes recent studies about the main alternatives with which to
maintain the sensory physicochemical quality and ensure the microbiological safety of
fresh-cut fruits. In the last year, several reviews have addressed the issue of fresh-cut fruits’
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preservation with some differences. For example, Yousuf et al. [10] conducted a critical
study to summarize the impacts of utilizing essential-oil edible coatings on fresh/fresh-cut
fruits and vegetables. The primary emphasis was on the inclusion of essential oils in edible
coatings, their benefits and drawbacks, methods of extracting essential oils, and the results
obtained from their use in fruits, fresh cut fruits, and vegetables to extend their shelf lives.
The key difference between our study and theirs is that they only focused on a single
technology, whereas we summarize multiple conservation strategies. Giannakourou and
Tsironi [1] outlined the hurdles of technology applied in the preservation and shelf-life
extension of fresh-cut fruits and vegetables. This review highlights the combinations of
traditional methods, such as temperature control and chemical agents, and a number of
emerging technologies, including high hydrostatic pressure, UV-C irradiation, pulse light,
ozone, ultrasound, and some packaging methods. The primary goal of this study was to
emphasize the combination of technologies to boost efficacy; it also reviews studies on
entire fruits and vegetables in comparison to our study.

Other reviews individually addressed different technologies; for example, Botondi,
Barone, and Grasso [2] in their review aimed to increase understanding of environmentally
beneficial technologies, such as ozone, which prolongs shelf life and preserves the quality
of fresh-cut fruits and vegetables without emitting toxic chemicals that can harm plant
material and the environment. Zhang et al. [11] highlighted the most recently published
studies based on the use of plant extracts for browning suppression in fresh-cut fruits and
vegetables. They described the types of plant extracts, their anti-browning capabilities, the
main extraction techniques, and application procedures for fresh-cut fruits and vegetables.
Kocira et al. [12] shows the application, trends and perspectives of polysaccharide coatings
and edible films, and their influences on the quality of fruits and vegetables, while demon-
strating their main functions and advantages. However, this review does not consider
fresh-cut fruits.

2. Fresh-Cut Fruit Processing Impacts Physicochemical, Sensory, and Microbial Quality

When fresh fruits are cut or minimally processed (peeling, cutting, or slicing), they are
susceptible to chemical, physical, sensory, and microbiological changes. Wounding during
processing results in an increase in off-flavor compounds, loss of firmness and respiration,
reduced fresh-cut shelf life, and senescence processes [4]. One of the degradation factors
of these products is the color change. For the consumer, the product’s first appearance is
significant, since each product’s characteristic color indicates its freshness and quality [13].
Polyphenol oxidase (PPO) and peroxidase (POD) are the main enzymes that cause color
degradation and degradation of other sensory properties, such as taste and flavor, in fresh-
cut fruits [14]. In particular, the PPO enzyme catalyzes the oxidation of polyphenols to
o-quinones in the presence of oxygen, producing undesirable pigments (brown coloration
of many fruits and vegetables) during ripening, storage, processing, and handling. At
the same time, the POD enzyme (considered antioxidant) catalyzes the conversion of
hydrogen peroxide to water using various substrates, such as polyphenols, lipids, or other
compounds [15]. There are several studies focused on the inhibition of these enzymes
using different inhibitory compounds, such as volatile compounds, cysteine, and ascorbic
acid [16,17]; or by other processes, such as microwaving [18], ultrasonication [19], high
isostatic pressure, and thermal conditions [20,21].

Flavor and texture are other attributes that must be considered in consumer satisfaction.
The flavor is commonly related to aroma (odor) and taste (salty, sour, bitter, sweet, and
umami). Umami is described by salts of amino acids and nucleotides [22]. The flavor
in fresh-cut fruits can be affected by the increases in sugar contents, decrease in organic
acids, and changes in aroma (volatile compounds) [13]. Enzymes such as lipoxygenase or
peroxidase lead to the development of undesirable flavors—rancid, cardboard, or oxidized
off-flavors (Figure 2) [23].
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Figure 2. Enzymatic reactions and other factors that produce browning and off-flavors of fresh-cut
fruits. The red up arrow indicates increase and the red down arrow indicates decrease.

On the other hand, the textural properties of fresh-cut fruits are related to the defor-
mation, disintegration, and flow of the food under a force. The texture is related to the
cell wall components (pectin, hemicellulose, and cellulose), generating the softening of
fresh-cut fruits during storage by enzymatic or non-enzymatic mechanisms. This is due
to the loss of cohesiveness, which decreases intermolecular bonding between cell wall
polymers. Consequently, an increase in the solubility of the wall constituents is observed,
principally pectin, generating the softening. Other factors, such as pH, salt concentration,
and water, deficiency could influence texture loss [24].

Salinas-Hernández et al. [25] predicted fresh-cut mango’s shelf life, indicating that
physicochemical variables related to sensory changes can be identified and used as quality
indicators. Therefore, physicochemical variables (weight, volume, pH, titratable acid-
ity, soluble solids content, volatiles) with high correlations with the sensory attributes
(color, texture, and flavor) can be used as indicators of the sensory changes, since they are
easy to measure, objective, and relatively inexpensive. Additionally, the identification of
these variables was carried out by regression analysis. There are several studies relating
physicochemical and sensory characteristics of papaya [26], persimmon [27], plums [28],
mango-based fruit bar [29], jackfruit [30], apples [31], and oranges [32], among other
fresh-cut fruits.

Fresh-cut fruits are considered perishable due to their intrinsic characteristics and
minimal processing that favor microbial growth, which can cause changes in safety and
sensory and physicochemical properties. Fresh-cut fruit cells naturally deteriorate with
time and are influenced by conditions after harvest, processing, and storage. Peeling and
processing cause physiological damage and cell disruption, resulting in the release of their
components, such as carbohydrates and proteins, which serve as a source of nutrients
for native or exogenous microorganisms [33]. Minimal processing destroys living plants’
protective membranes and barriers, allowing microbial pathogens to enter and contaminate
them. The chances of food-borne illness due to pathogens or spoilage organisms growing
in these products are very high. In addition, fresh-cut fruits have water activity levels
between 0.8 and 0.99 and pH values between 3.0 and 7.5, suitable conditions for the
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growth of microorganisms [2]. The types and growth rates of the microorganisms will be
significantly influenced by the product’s temperature, the relative humidity, the atmosphere,
and intrinsic factors such as pH, water content, and nutrients [34].

Fresh-cut fruits are prone to the invasion and colonization of microorganisms such as
mesophiles and psychrophiles, molds, and yeasts [2]. Two types of microorganisms can
contaminate these products: deteriorative and pathogenic. Deteriorative microorganisms
cause damage to fresh-cut fruits and make them sensorily unacceptable. For example, this
type of microorganism causes the production of lactic acid, acetic acid, hydrogen gases, and
carbon dioxide, which results in sour odors and puffing up of packages. Other products
include thiols, esters, amines, and peroxides that cause off-flavors, odors, and color changes.
In addition, spoilage microorganisms can produce enzymes such as proteases, lipases, and
amylases that cause structural changes in tissue and flavor [34]. The incidence of pathogenic
microorganisms represents a food safety risk. Fresh-cut fruits when consumed raw are
vehicles for the transmission of pathogens. Among the most common pathogenic microor-
ganisms found in fresh-cut fruits are bacteria such as Listeria monocytogenes, Escherichia coli,
Salmonella enterica, Campylobacter spp., and Staphylococcus aureus; fungi such as Alternaria
spp., Penicillium spp., Botrytis spp., Rhizopus spp., and Colletotrichum spp.; and some viruses,
such as norovirus and hepatitis A [2,35–37]. These microorganisms are responsible for
many outbreaks worldwide [37]. The microbiological safety of fresh-cut fruits is crucial
to maintaining their commercial value. Microbial contamination has an economic impact
on food loss because it reduces the product’s shelf life through deterioration and risks the
public’s health by causing foodborne illnesses [33,38]. As these products are consumed
without any thermal treatment, it is essential to keep the microbial loads of fresh-cut fruits
as low as possible to avoid foodborne diseases.

One of the key elements influencing the quality of fresh-cut fruits is exposure to cold
temperatures immediately after harvest to reduce the effects of cutting stress. Sometimes
a temperature just above that which would cause chilling injury gives the optimal condi-
tion for quality. Due to the perishable nature of fresh-cut fruits, on some occasions, it is
preferable to store them under refrigeration at a temperature that could cause slight chilling
injury as opposed to one that would promote quick natural deterioration [39]. Chilling
damage to fresh-cut fruits can have various symptoms, some of which are noted despite
minor visual manifestations; for example, poor flavor retention associated with the inhibi-
tion of volatile aroma production, increased respiration rates in fresh-cuts relative to the
corresponding whole fruit, and tissue transparency and juice leakage because membrane
damage, particularly in fresh-cut tropical and subtropical fruit. The signs of chilling injury
in the entire fruit can also be generalized for fresh-cut products, such as softening or other
textural alterations, pigment loss, and increased CO2 production [40]. In fresh-cut fruits,
chilling injury symptoms are caused mainly by the physical shifting of the membrane from
a liquid–crystalline to a solid–gel phase during chilling. This process is highly reliant on the
degree of membrane lipid saturation. The fluidity-dependent membranes start solidifying
at cool temperatures, causing membrane integrity/leakiness problems, solute diffusion,
tissue water loss, and membrane-bound protein agglomeration. Due to disruptions in the
membranes connected to the electron transport chain, suboptimal chilling temperatures
may also hasten oxidatively induced senescence and increase the accumulation of active
oxygen species [39].

Cold storage temperatures have an impact on final product quality. For example, fresh-
cut mango, a tropical fruit, is susceptible to chilling injury when stored at low temperatures,
compromising its overall sensory quality. The ideal storage temperature for fresh-cut fruits
is never more than 5 ◦C, a chilling temperature for freezing delicate tropical fruits such as
mangoes. Despite the possibility of chilling injury, Dea, Brecht, Nunes, and Baldwin [40]
showed that fresh-cut mango slices had a longer shelf-life when stored at 5 ◦C than at
12 ◦C because the negative changes in appearance and aroma that occurred at the higher
temperature were more unpleasant than the moderate negative changes that appeared at a
lower temperature. Marrero and Kader [41] reported that temperature was the primary
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factor affecting the quality of fresh-cut pineapple. The pulp pieces’ post-cutting life was
4 days at 10 ◦C, yet more than 2 weeks at 0 ◦C. This increased longevity at levels below the
chilling injury limit is also the case for whole fruits. At all temperatures, a rapid increase in
respiration followed by an increase in ethylene production marked the end of commercial
life. Beyond this point, storage was continued, which resulted in the development of
off-tastes, smells, and microbiological deterioration. Even after being maintained at 0 ◦C
for two weeks, the pulp fragments exhibited no symptoms of chilling damage. Since some
of the symptoms may not appear for several days after being transferred to non-chilling
temperatures, this may be because of the short time (approximately 3 h) between removal
from refrigerated storage and quality evaluation. The impacts of temperature on fresh-cut
fruits’ physicochemical, sensory, and microbiological quality still require more research.

3. Emerging Technologies to Preserve the Shelf Lives of Fresh-Cut Fruits

3.1. Active Packaging
3.1.1. Edible Films and Coatings

Some technologies have been developed to preserve fresh-cut fruits, such as edible
packaging [42–44]. This includes any edible material used to wrap food to prolong its
shelf life that can be safely consumed with it. Edible films and coatings present exciting
features, including biocompatibility, edibility, and a wide range of applications, making
them excellent alternatives for fruit preservation [45]. The terms “film” and “coating”
are frequently used interchangeably to describe a relatively thin layer of edible material
covering a product’s surface. While a coating is placed and formed directly on the food’s
surface, a film is sometimes distinguished from a coating because it is a stand-alone
wrapping material. Edible coatings are typically used for liquid applications, whereas
edible films are used as solid sheets and subsequently applied to food products [46].

Edible films and coating materials must be safe for human consumption, since they are
not removed before consuming the product and must not alter the original product’s taste,
texture, smell, or appearance [47]. These emerging technologies can address customers’
demands for more natural, nutritious, ready-to-eat, and minimally processed products
without generating waste [48]. In addition, edible films and coatings may replace, to some
extent, plastic packaging with natural and biodegradable substances. Therefore, their use
could significantly reduce packaging requirements and waste disposal problems [49].

Edible films are generally good moisture barriers, thereby restricting moisture ex-
change between fresh-cut fruits and the atmosphere, hence reducing microbial devel-
opment, weight loss, texture changes, and undesired chemical and enzymatic reactions.
Fresh-cut fruits experience less respiration and senescence due to the changing environ-
ment caused by edible components’ good oxygen and gas barriers [50]. Furthermore,
coatings may improve the visual quality by providing gloss to the coated commodities [51].
Edible films and coatings can also be used as carriers of antioxidants, flavoring agents,
coloring agents, growth regulators, and antimicrobials that will improve food quality and
safety [52–54].

Coating materials include carbohydrates, proteins, lipids, and combinations [55].
Polysaccharides such as alginate, pectin, cellulose, starch, chitosan, carrageenan, arabic
gum, and xanthan gum are polysaccharides that constitute the fundamental structure of
the polymeric matrix [56–58]. These polymers are also effective gas barriers at low and
intermediate relative humidity levels because they are hydrophilic, but due to their high
water vapor permeability, they are poor moisture barriers [59]. Paraffin, carnauba, beeswax,
shellac resin, and certain oils are the most popular lipids used for edible coatings because
they have strong barrier qualities [60]. Proteins such as milk casein, milk zein, maize,
and whey are beneficial as gas barriers (O2 and CO2) and antimicrobial carriers in coating
treatments; however, they have limited water barrier capabilities [61,62]. Plasticizers,
stabilizers, and emulsifiers can also be used to improve edible coatings’ physical and
chemical characteristics [60]. The functionality of covers and films is commonly evaluated
through mechanical properties, such as strength, elasticity, and rheological properties [46].
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Edible coatings are applied using various methods, such as immersion (dipping),
spraying, and brushing (Figure 3) [46]. The dipping process submerges the product in the
coating solution for a period and then lets it dry for a few minutes. For fresh-cut fruits, the
immersion approach is the most popular [63]. The spraying direction is appropriate when
the coating solution has a low viscosity and can be sprayed over the product. Brushing
involves applying the coating solution directly to the product’s surface with a brush;
nevertheless, some variables, such as the amount left in the brush, are difficult to control
and may influence this process [64].

 

Figure 3. Main goals of edible coatings and how they are applied to fresh-cut fruits.

The loss of quality of fresh-cut fruits is due to physiological changes in the fruits, such
as an altered respiration rate, loss of water, changes in texture, a decrease in organic acids,
an increase in soluble solids, and starch breakdown, among others. Numerous studies have
been conducted to study edible coatings in various fruits to avoid physiological changes
and prolong their shelf lives (Table 1), considering the appropriate coating materials [4].
During postharvest deterioration, fresh fruits are particularly prone to weight loss, which
contributes to product wilting and loss of textural qualities, such as softening and crispness,
resulting in low market value and poor consumer acceptance [4]. In this context, adding
ascorbic acid (1%) to a chitosan-based coating on strawberry fruits during cold storage
for 15 days reduced weight loss. It also suppressed fruit softening by reducing cell wall
degrading enzymes, such as polygalacturonase, cellulase, and pectin methyl esterase
activities [65]. Furthermore, this treatment reduced the percentage of decayed fruits while
maintaining soluble solids, titratable acidity, and antioxidant activity without affecting the
fruits’ sensory quality (color, taste, glossiness, and overall acceptability).

Respiration rate is one element that contributes to postharvest loss and the shelf
lives of fresh-cut fruits [10]. Edible coatings can reduce respiration by establishing a
modified internal atmosphere that acts as a barrier to oxygen and carbon dioxide. Afifah
et al. [66] studied how the respiration rate of fresh-cut apple slices coated with chitosan and
stevia combinations changed after three days of storage in modified atmosphere packing
(polypropylene-PP, 30 μm) at +1 ◦C. The edible coatings reduced the respiration rate,
which was explained by the diffusion of oxygen from the packaging atmosphere to the
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fruit tissue, due to the high O2 resistance generated by the edible coating, which slowed
plant metabolism.

Table 1. Edible coatings and films used to improve fresh-cut fruits’ quality.

Fresh-Cut
Fruit

Edible
Film/Coating

Material

Treatment
Application

Storage Condition Results Reference

Apple

Sodium alginate +
Tween-80 +
glycerol +
thymol-ethanol
solution

The container
was covered 5 days at 4 ◦C

• Increase antioxidant status
• Inhibition of S. aureus and E.

coli growth
• Reduction of weight loss
• Retain nutrition and

surface color

[67]

Apple

Whey protein
concentrate +
apple
pomace extract

Immersion 12 days at 5 ◦C

• Decrease in the weight loss
• Reduction of

browning index
• Reduction of

microbial loads
• Slight effect in

sensory evaluation

[68]

Apple

Sodium alginate +
carboxymethyl
cellulose + glycerol
+ calcium chloride
+ citric acid +
shallot
waste extracts

Wrapped films 12 days at 4 ◦C
• Prevention of

browning index
• Maintain the overall quality

[69]

Apple Chitosan +
ascorbic acid Immersion 14 days at 5 ◦C

• Suppress browning
• Retain flesh firmness
• Maintain phenolic

compounds throughout
• Delay the microbial growth

[70]

Apple

Pectin + whey
protein + sweet
orange essential oil
or lemon
essential oil

Immersion 7 days at 4 ◦C

• Reduce weight loss
• Reduce changes in color

and texture
• Reduce microbial counts
• No change in flavor

[71]

Apple Chitosan + gelatin
+ tannic acid

Cover for
polyethylene
terephthalate
packages box

10 days at 4 ◦C

• Decrease weight loss
• Delay browning degree
• Inhibit the lipid

oxidase activity
• Decrease the

malondialdehyde content

[72]

Kiwifruit

Aloe vera gel +
hydroxypropyl
methylcellulose +
lemon essential oil

Spraying 10 days at 4 ◦C

• Act as a barrier to
gas exchange

• Reduce microbial load
• Present Herbaceous and

lemon taste
• Preserve the quality of

fresh-cut kiwifruit

[73]
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Table 1. Cont.

Fresh-Cut
Fruit

Edible
Film/Coating

Material

Treatment
Application

Storage Condition Results Reference

Mango Carrageenan
+ beeswax Immersion 6 days at 6 ◦C

• Reduce weight loss
• Delay an increase in total

soluble solids
• Maintain pH, total acidity,

and growth of
microorganisms.

• No difference in
sensory perception

[66]

Mango
Citric, ascorbic +
potassium sorbate
acid + aloe vera

Immersion 6 days at 7 ◦C

• Resist the loss of water
• More weight shrinkage
• Retain the brightness
• Inhibit the development

of redness
• Maintain the yellow color
• Maintain vitamin C levels

[74]

Melon

Citral
nanoemulsions +
chitosan or
carboxymethyl
cellulose

Immersion 7 ◦C for 14 days
• Reduce microbial counts

antimicrobial protection
• Extent product’s storability

[75]

Orange Sodium
alginate + cocoa

Immersion 9 days at 6 ◦C

• Maintain texture quality
• Maintain the microbiological

properties (yeast and
mesophilic aerobic bacteria)

• Maintain the
sensory properties

[32]

Papaya Alginate + oregano
essential oil

Immersion 12 days at 4 ◦C
• Reduce water loss
• Increase sensory scores with

low oil concentrations
[76]

Papaya Starch + stearic
acid + aloe vera

Immersion 12 days at 10 ◦C

• Reduce weight loss
• Improve firmness
• Retain color
• Slight decrease in

ascorbic acid
• Extent microbial quality

[77]

Pear Whey protein Immersion 4 ◦C for 28 days

• Reduce browning
• Maintain firmness
• Maintain taste, smell, color,

and hardness properties

[43]

Pineapple
Sodium alginate +
citral
nanoemulsion

Immersion 4 ◦C for 12 days

• Improve color retention
(higher L* and b* values)

• Reduce respiration rate
• Reduce microbial growth

(S. enterica and
L. monocytogenes)

• Higher concentrations of
citral cause a decrease in
texture and
sensory acceptance.

[78]
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Table 1. Cont.

Fresh-Cut
Fruit

Edible
Film/Coating

Material

Treatment
Application

Storage Condition Results Reference

Strawberry Alginate +
calcium chloride

Immersion 15 days at 4 ◦C

• Reduce respiration and
transpiration rates

• Delay the increase in the pH
and soluble solid content

• Delay surface mold growth
• Preserve the sensory

properties (color
and texture)

[79]

L* = brightness; b* = yellow/blue coordinates.

Citric acid, malic acid, and glutamic acid are the primary sources of titrable acidity in
fresh-cut fruits and serve as substrates for respiration; therefore, titrable acidity drops with
fruit ripening or maturity. By reducing respiration, edible coatings effectively postpone
the loss of organic acids. For example, Alharaty and Ramaswamy [79] coated fresh-cut
strawberries, and they showed higher citric acid (%) than the uncoated samples. The
acidity decreased slightly in the coated samples during the 15 days of storage compared
to uncoated fruits. On the other hand, the breakdown of starch into soluble sugars or the
hydrolysis of cell walls increases the total soluble solids of fruits during storage. By limiting
the respiration rate, the edible coating reduces the breakdown of complex sugars into simple
sugars. In this approach, fresh-cut Fuji apples were treated with three edible coatings based
on Aloe vera gel and lemon essential oils applied by the spraying method [80]. The results
showed that soluble solids content was reduced in uncoated samples, and the treatment
was able to limit the loss of soluble solids content from the first three days of storage by
maintaining this behavior until the last day of evaluation. In addition, this edible coating
reduced weight loss and color changes and delayed the browning process during cold
storage without affecting apples’ taste, aroma, or flavor. The total soluble solids allow for
the measurement of sugar content, and when combined with titratable acidity, provide
helpful input on consumer satisfaction with the fruit.

The potential for developing edible antimicrobial coatings as a cost-effective way
to extend the shelf lives of fresh-cut fruit has been examined. Antimicrobial chemicals
can be delivered through edible films and coatings to prevent food spoiling caused by
bacteria, extending product shelf life by many folds [75]. Antimicrobial compounds can
be found naturally in the raw material used to make the packaging, or they can be added
to it specifically. Some antimicrobial chemicals have been isolated from plants and tested
in various polymeric matrixes for antibacterial activity [81]. Zhang et al. [82] produced
sodium alginate/pullulan composite films with different capsaicin concentrations. Their
physicochemical characteristics were studied thoroughly, and the film’s transmittance,
elongation at break, and moisture content dropped as the capsaicin concentration increased.
In contrast, the tensile strength, water vapor permeability, and surface contact angle
increased. Furthermore, the composite films showed good antibacterial activity against
E. coli and S. aureus in liquid culture tests. Different composite films covered fresh mature
apple cubes. As the capsaicin content increased in the film, the apples stayed fresh longer,
which demonstrated that the edible films could prolong the shelf life of apples and inhibit
the growth of bacteria.

Organic acids (acetic, benzoic, lactic, propionic, sorbic), fatty acid esters (glyceryl
monolaurate), polypeptides (lysozyme, peroxidase, lactoferrin, nisin), plant essential oils
(EOs) (cinnamon, oregano, lemongrass), nitrites, and sulfites are among the antimicrobials
that can be incorporated into edible coatings [46]. In a recent study, Marquez et al. [83]
coated fresh-cut apples with a blended whey protein/pectin film made in transglutaminase,
and the coated and untreated fruits samples were compared throughout 10 days of stor-
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age. The treatment-preserved phenolic content prevented microbial growth, and reduced
hardness and chewiness without affecting sensory acceptability. All these studies prove the
potential of edible coatings to keep fresh-cut fruits’ physicochemical, microbiological, and
sensory quality. However, there is still a lack of studies that handle more samples and are
applied in real conditions.

Even though various edible coatings and films have been successfully deposited on
fresh-cut fruits, this technique may have some limitations and negatively impact the final
product’s quality. For example, a thick coating on the surface of fruit creates an unfavor-
able barrier between the interior and exterior atmosphere and prevents the exchange of
respiratory gases (CO2 and O2), lowering the fruit’s quality [84]. Therefore, it is essential to
modify the coating’s thickness for the variety, storage conditions, and marketing tempera-
tures. Additionally, for edible coatings, the type of material should be considered based
on whether the fruit is climacteric or not to cover the fruit’s needs, delay ripening, and
reduce weight loss. Incorporating antimicrobials, antioxidants, nutraceuticals, or other
substances into the coatings could give fresh-cut fruits an undesirable odor, flavor, or color,
mainly if essential oils are employed [85]. Additionally, the incorporation of bioactive
compounds can affect the mechanical properties of the edible coatings [86]. This must be
contemplated before its application to assure sensory quality and consumer acceptance.
Another restriction may be increased cost, since more materials and operations were added
to the fresh-cut fruits [85]. Therefore, it is crucial to search for low-cost materials and
employ highly effective manufacturing and application techniques. Another drawback
found in edible coatings is that they must be regulated and declared on the labels; and it
must be ensured that the material used and added ingredients are non-toxic, food grade,
and meet the highest hygiene standards [86].

3.1.2. Modified Atmosphere Packaging

Modified atmosphere packaging (MAP) is an inexpensive preservation technique used
to extend the shelf life of fruit postharvest by slowing its respiration rate and senescence,
and inhibiting microbial growth [87,88]. This technology reduces food waste and constitutes
12.3 of the United Nations’ 2030 Sustainable Development Goals [89,90].

Active MAP is a method that involves the removal of air from inside the package
(by flushing or evacuation-backflushing) and its replacement by a gas or gas mixture
(N2, CO2, and O2) supplied from pressurized cylinders or otherwise [87,91]. Therefore,
applying MAP requires packing which is airtight to maintain gas concentrations during the
necessary exposure time [92]. Another advantage of this package type is the biogeneration
of a MA: the commodity of producing the MA by reducing the O2 and increasing the
CO2 levels through respiratory metabolism [88]. Packaging permeability is another factor
that influences gaseous composition. Gaseous composition can be modified by micro-
perforations in the film (commonly 60–120 μm), and the size, shape, and method of hole
production are crucial for MAP’s effectiveness [88].

Oxygen and carbon dioxide are the most important gasses, because these two gases are
crucial parts of the respiration processes in fruits. These gases inside the package decrease
the respiration rate affecting all the fresh-cut fruits’ metabolic pathways. Elevating the
carbon dioxide concentration at the expense of oxygen decreases the respiration rate [91].

The reduction of the respiration rate with MAP support prevents oxidation and reduces
ethylene biosynthesis. Oxidation is a factor that induces the browning in fruits and leads
to the loss of the nutritional value of fruits due to the destruction of many nutrients, such
as vitamins and proteins [93]. Fresh-cut fruits contain phenolic compounds that prevent
staining or discoloration when processed into fresh-cut products. This, combined with
MAP, allows enzyme-mediated browning to decrease, and MAP with low oxygen and
high carbon dioxide content increases the shelf-life by reducing ethylene biosynthesis and
perception [94].

Some authors reported that MAP increases the fruit’s bioactive compounds during
storage (Table 2). Phenolic compounds are valuable for human health as antioxidants and
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free-radical inhibitors, and affect the products’ organoleptic properties [95]. In addition,
ethylene synthesis is interrupted when oxygen is restricted and carbon dioxide increases,
reducing the respiration rate [93]. When the respiration rate is reduced, the amount of
carbohydrate consumed is also reduced, and the accumulated carbohydrates are used
to produce phenolic compounds [96]. This increase in phenol content is due to genetic
potential and environmental factors during growing and postharvest, such as a high CO2
concentration that induces abiotic stress [93]. Some authors have also reported that high
CO2 content (5–7 kPa) prevents the oxidation of the main antioxidant compounds in fresh-
cut strawberries [97]. On the other hand, carotenoid biosynthesis continues after fruit
harvest and increases when exposed to a CO2-rich modified atmosphere [93].

The carotenoids are related to vitamin A, and researchers believe that carotenoids ab-
sorb light wavelengths that cause chlorophyll optical oxidation, preserving chlorophyll and
reducing damage [98]. Carotenoid oxidative degradation depends on environmental factors
(oxygen level, temperature, and light) and the non-enzymatic oxidation of carotenoids by
reactive oxygen [98,99]. Therefore, the increasing carotenoid content in MAP is probably
due to the prevention of oxidative stress in the presence of high CO2.

Table 2. Bioactive compounds in the fresh-cut fruits after the use of MAP during storage.

Bioactive
Compounds

MAP Exposure Time Result Fresh-Cut Fruit References

Vitamin C 20% CO2, in air 10 days 124 mg/L Apple (braeburn) [91]
Vitamin C 7 Kpa CO2 28 days 5.9 mg/100 g Apple (golden delicious) [100]

Hydroxybenzoic acid 2.5 O2 + 7 Kpa CO2 21 days 10.1 mg/kg Strawberry [101]
p-Coumaric acid 7 Kpa CO2 21 days 7.8 mg/kg Strawberry [101]

Ellagic acid 7 Kpa CO2 21 days 73.8 mg/kg Strawberry [101]
Myricetin 7 Kpa CO2 5 days 5.2 mg/kg Strawberry [101]
Quercetin 7 Kpa CO2 21 days 33.5 mg/kg Strawberry [101]

Kaempferol 7 Kpa CO2 21 days 4.0 mg/kg Strawberry [101]
Vitamin C 7 Kpa CO2 21 days 400 mg/kg Strawberry [101]

Several studies have shown physicochemical qualities such as a firmness to increase in
MAP with high CO2 levels of 10% to 20% during storage at 4 ◦C (e.g., for apple slices) [91].
Fruit softening occurs in the middle lamellar pectin degradation of cell walls due to cell wall
hydrolase activity [102]. Furthermore, MAP induces the loss of tissue strength, depending
on O2 availability [91]. On the order hand, MAP treatment did not affect soluble solid
content or total acidity during storage [91,103–105].

Postharvest handling of fresh-cut fruits such as apples and pears has been of concern
due to contamination with different microorganisms. For example, fungal and total aerobic
mesophilic bacteria counts on fresh-cut apples stored in MAP flushed with CO2 (20%)
decreased to 5 and 3.5 log CFU/g (control samples) until below 3.5 and 2.5 log CFU/g
(MAP samples), respectively, on day 10 at 4 ◦C [91]. Furthermore, for fresh-cut pears,
fungal and bacterial counts decreased from 5.4 and 6.5 CFU/g (control samples) to 4.0 and
6.0 CFU/g (21% CO2), respectively, by 21 days at 4 ◦C [105].

The main pathogens found in strawberries are Botrytis cinerea, Rhizopus spp., Mucor
spp., Colletotrichum spp., and Penicillium spp. [106]. The technique of MAP with a CO2-rich
atmosphere has been shown to effectively reduce the development of B. cinerea, Rhizopus
stolonifera, and Mucor species in strawberry fruit [107,108]. For this reason, using MAP
technology is one of the best methods and most studied for controlling fresh-cut fruits.

3.2. Natural Preservatives
3.2.1. Antioxidants

Besides peeling, cutting, or slicing, the loss of membrane integrity of the fruits is
related to several stress factors that can generate reactive oxygen species (ROS). ROS can act
as secondary messengers in various critical physiological phenomena; however, ROS also
induce oxidative damage under stress conditions [109]. The ROS mainly comprise singlet
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oxygen (1O2), hydrogen peroxide (H2O2), superoxide radicals (O•−
2), and hydroxyl radicals

(OH•). Degradation of pigments, lipids, proteins, and other biomolecules indicates cellular
damage by ROS, which leads to cell death. To prevent or attenuate this phenomenon,
exogenous antioxidants could be a helpful solution for fresh-cut fruits. These compounds
inactivate ROS, PPO, and POX to reduce the formation of brown pigments [110]. Synthetic
antioxidants have been used for this due to their high efficacy; however, consumers demand
more natural and sustainable compounds as food ingredients.

Plant phenolic compounds are potent antioxidants due to their redox properties, re-
ducing agents, hydrogen donators, and singlet oxygen quenchers [111]. Flavonoids are the
main phenolic compounds of their entire class and are divided into flavonols, flavones,
isoflavones, and anthocyanins. They have a role in scavenging principally 1O2 [109]. Phe-
nolic extracts from plants or fruits and their antioxidant potential to preserve fresh-cut
fruits have been extensively studied (Table 3). For example, yerba mate, pomegranate, ki-
wifruit, elderberry flower, strawberry tree (leaves and branches), vine (leaves and branches),
olive (leaves and branches), pear (pulp, peel, pomace), apple (peel and pomace), bitter
melon, and mango seed extracts are used to reduce browning and increase the antioxi-
dant capacities of fresh-cut mangoes, apples, and pears [110,112–115]. Some examples of
phenolics from plant or fruit extracts are rosmarinic acid, p-coumaric acid, trans-cinnamic
acid, hydroxyphenyl lactic acid, caffeic acid, gallic acid, vanillin, quercetin, resveratrol, and
eugenol [116–118].

On the other hand, ascorbic acid is the most abundant and extensively studied antiox-
idant compound. Its mechanism of action is through electron donation to a wide range
of enzymatic and non-enzymatic reactions. Ascorbic acid participates in the first defense
against ROS attacks, reacting with H2O2, OH•, and O•−

2; and it regenerates α-tocopherol
from tocopheroxyl radicals, protecting membranes from oxidative stress damage [109].
Table 3 shows some studies on reducing the browning of fresh-cut fruits, principally apples
using ascorbic acid.

Another antioxidant commonly used in fresh-cut fruits is citric acid. This compound is
often considered safe. It can prevent browning and fruit disease by reducing the respiration
of postharvest fruits. Citric acid treatment can slow down the decreases in the soluble sugars
and titratable acidity and is beneficial to maintaining fruit quality during storage [124].
Usually, this antioxidant compound affects PPO, and with its inhibition, produces an
antibrowning effect on fresh-cut fruits, as is the case with apples [14,113,114].

Melatonin is a hormone from fruits or vegetables that can protect cell structure, reduce
peroxide levels by removing free radicals, reduce lipid peroxidation, enhance oxidation
resistance, and prevent DNA damage [120]. According to Dan et al. [125], this molecule
also inhibits browning during the cultivation of plant tissue; therefore, it can inhibit the oxi-
dation of phenolic compounds, being a powerful antioxidant. Studies in recent years have
promoted fruit ripeness and improved its storage quality, as is the case for tomatoes [126]
and strawberries [127]. They have also reduced surface browning on fresh-cut apples and
pears [120]. Antioxidants such as natural preservatives are essential in the food industry
because they allow foods to conserve their nutritional properties and quality levels, prevent-
ing contact between oxidative enzymes and phenols, and indirectly inhibiting enzymatic
browning. However, limitations have been observed when applying antioxidants: for
example, they could modify the natural flavor of fresh-cut fruits, which generally depends
on the concentration—that is, the higher the concentration, the greater the susceptibility
of the fresh-cut fruits to having their flavor modified [113,114]. This has the consequence
that consumers reject fresh-cut fruits for consumption, as they do not perceive their nat-
ural flavor. Therefore, most studies focus on determining the optimal concentrations of
antioxidants that preserve the nutritional and sensory quality of fresh-cut fruits.
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Table 3. Effects of pure or extracted antioxidant compounds on the quality of fresh-cut fruits.

Antioxidant/
Source of Antioxidant

Fresh-Cut Fruit Treatment Application Principal Results References

Rosmarinic acid, p-Coumaric acid,
Trans-Cinnamic acid,
Hydroxyphenyllactic acid, caffeic acid,
ascorbic acid, gallic acid, citric acid
and BHA

Apple Immersion (500 μg/mL of
each antioxidant)

Reduced the browning, maintained
the acidic pH and restricted growth
of L. monocytogenes even after
10 days of treatment.

[116]

Calcium ascorbate; vanillin or
cinnamic acid Nectarine Immersion (6% calcium

L-ascorbate) Reduced browning [117]

Mango seed extract Mango Immersion (6.25 g/L of
the extract)

Preserved fresh-cut fruits, increasing
polyphenols, flavonoids and
antioxidant capacity.

[112]

Apple polyphenols Red pitaya Spraying
(5 g/L apple polyphenols)

Maintained sensory (retention of
color, delay of the softening) and
nutritional attributes of fresh-cut red
pitaya fruit.

[119]

Yerba mate (Ilex paraguariensis)
Citric acid
Ascorbic acid

Apple
Infusion (1.2% yerba mate
+ 0.9% citric acid + 1.0%
ascorbic acid)

Increased antioxidant capacity and
decreased browning.
The color, flavor and texture of the
apples were kept.

[113,114]

Phenolics from juice or extract of
pomegranate and kiwifruit Pear Immersion (0.3% of

antioxidants)
Improved antioxidant capacity and
prevented enzymatic browning. [115]

Melatonin Pear Soaked with 0, 0.05, 0.1
and 0.5 mM melatonin

Reduced the surface browning,
maintained the titratable acidity,
enhanced total phenolic content and
antioxidant capacity, and delayed the
reduction of ascorbic acid.

[120]

Extracts of:
Elderberry flower (Sambucus L.)
Vine (Vitis vinifera L.) leaves and
branches
Pear (Pyrus communis L. “Rocha”) pulp,
peel and pomace
Olive (Oleo europaea L.) leaves and
branches
Apple (Malus domestica L.) peel and
pomace
Acorn (Quercus L.) bark
Bitter Melon (Momordica charantia L.)
whole plant
Strawberry tree (Arbutus Unedo L.) leaves
and branches
Potato plant (Solanum tuberosum L.)
leaves

Pear
Sprayed
(9.5 mg/mL, 5 mg/mL
and 16 mg/mL)

Delaying fresh-cut pear
browning expansion.
Strawberry leaves and branches
were the best antioxidant extracts.

[110]

Coconut liquid endosperm Apple
Immersion
(100% into the
coconut liquid)

Coconut liquid endosperms are
feasible natural agent inhibiting
browning incidence of fresh-cut
fruits during storage.

[121]

Melatonin Apple and Pear Immersion (0.05, 0.1, and
0.2 mM melatonin)

Reduced surface browning in
fresh-cut foods. [122]

Citric acid Apple Immersion (5% citric acid) Inactivation of Salmonella and
polyphenol oxidase. [123]

Eugenol Water chestnut Immersion
(0.4% and 1.5% eugenol)

Eugenol exhibited inhibitory effect
on fresh-cut water
chestnuts browning.
Eugenol could also enhance the
enzymatic/non-enzymatic
antioxidant capacity and
alleviate the ROS damage
to membrane

[118]
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3.2.2. Antimicrobials

As was stated before, fresh-cut fruits are more susceptible to microbial spoilage than
raw produce. Traditional antimicrobials have been widely used for many years to preserve
food products. However, currently, there is great interest in using natural antimicrobial
agents to prevent microbial deterioration, assure safe consumption, and retain the physic-
ochemical and sensory quality of food due to the demand for healthier, fresher products
with lower amounts of synthetic preservatives [128]. Emerging technologies involve using
natural compounds with bioactive properties to enhance the shelf lives of fresh-cut fruits.
They have been used against food spoilage and pathogenic microorganisms [129].

Several antimicrobials from various sources, such as animals (chitosan), plants (pheno-
lic extracts, essential oils), and microbial (nisin), have been effectively used for the preserva-
tion of fresh-cut fruits [130]. The most common bioactive compounds with proven efficacy
are plant derivatives such as essential oils and phenolic compounds [131]. Antimicrobials
have different concentrations and effects for inhibition or inactivation of microbial growth.
The specific antimicrobial targets include cell walls, membranes, metabolic enzymes, pro-
tein synthesis, and genetic systems. However, the exact antimicrobial mechanisms have
not been fully elucidated. They also depend on the type, genus, species, and strain of
the microorganism and environmental conditions (pH, water activity, temperature, and
atmosphere, among others) [132].

Essential oils from spices and medicinal plants are sources of many bioactive com-
pounds of great interest in the food industry with antimicrobial attributes [133–135]. Es-
sential oils are oily liquids formed from complex mixtures of volatile compounds with
strong aromas that are responsible for the fragrances of flowers and other plants. Thei main
compounds are of low molecular weight, such as hydrocarbons, terpenes, terpenoids, and
their derivatives [136]. Essential oils are produced by many plants as secondary metabolites
and extracted from leaves, husks, bark, flowers, buds, and seeds through steam distillation,
hydrodistillation, or solvent extraction [10]. Essential oils are used as flavorings and aroma-
tized in perfumery, cosmetics, and the food industry because they are generally recognized
as safe.

Numerous studies have shown the potential of essential oils against Gram-negative
and Gram-positive bacteria and fungi. The antibacterial mechanisms of essential oils are
related to their hydrophobicity and the structures of their components. The lipophilic
nature of essential oils allows them to pass through the cell wall and damage the cyto-
plasmic membrane while disrupting various layers of polysaccharides, fatty acids, and
phospholipids, eventually rendering them permeable. They can also bind to proteins to
prevent them from carrying out their normal functions of transporting molecules and ions.
Additionally, the hydrophobic components present in the essential oil could change the
permeability of the microbial cell membrane for cations such as H+ and K+, which modify
the flow of protons, changing the cellular pH and affecting the chemical compositions
of the cells and their activity. Loss of differential permeability results in an imbalance in
intracellular osmotic pressure, which then disrupts intracellular organelles, leading to the
release of cytoplasmic contents, lower proton motive force, a depleted ATP pool, and the
denaturing of various enzymes and proteins, ultimately causing cell death [137,138].

For decades, essential oils have been identified as food additives to preserve the
microbiological quality of fresh-cut fruits. Emerging technologies are currently being
studied to improve solubility and reduce essential oils’ strong aromas and flavors, such
as edible coatings and films added with natural antimicrobials. Essential oils can help
decrease the permeability of water vapor in hydrophilic films due to their lipidic properties,
and provide other helpful properties, such as structural, optical, tensile, and antimicrobial
ones [139]. For example, hydroxypropyl methylcellulose coatings added with Thai essential
oil were applied to mango to decrease the losses in weight and firmness, and color change.
Additionally, this treatment showed antifungal activity against Colletotrichum gloeosporioides
and good sensory acceptance [140].
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A nanoemulsion of orange peel essential oil was added to pectin-based edible coatings
at 0.5 and 1.0% to evaluate the quality of orange slices stored at 4 ◦C for 17 days. The
slices coated with 1.0% essential oil showed fewer mesophilic aerobic microorganisms and
yeasts and molds loads compared to samples without essential oil. The findings revealed
that orange peel essential oil nanoemulsion-based edible coatings could improve the shelf
life of orange slices without compromising sensory qualities [141]. In a similar approach,
gellan coatings with added geraniol (1.2 and 2.4 μL) were used to preserve the quality of
fresh-cut strawberries for 7 days at 5 ◦C. The coatings at both doses reduced mesophilic
bacterium, yeast, mold, and psychrophilic counts compared to untreated samples. However,
the treatments did not improve the texture and sensory quality; the fruit showed higher
firmness loss than the control fruit [142].

Phenolic compounds are a large and varied group of molecules found in plants which
have different structures and functions. These compounds are synthesized by the plant’s
secondary metabolism during the plant’s normal development and once the plant tissue
undergoes diverse types of stress [143]. According to their structural characteristics, about
10,000 phenolic compounds are divided into several groups. The molecular structure
of any phenolic compound includes an aromatic ring attached to at least one hydroxyl
group. Phenolic acids and flavonoids are the most investigated food additives among the
several families of phenolic compounds [144]. Antimicrobial activity has been associated
with hydroxyl groups’ presence, number, and positions in their structures. The hydroxyl
groups can bind to essential enzymes of microbial metabolism and increase the affinity for
cytoplasmatic membranes, which can cause microbial death, inhibition of virulence factors,
and biofilm formation [145]. It has been demonstrated that adding a single hydroxyl group
and particular lipophilicity to a molecule increases its antibacterial capabilities [144].

Byproducts from fruits, such as peel and seed, have many phenolic compounds with
antimicrobial potential. For example, pomegranate peel extract rich in phenolic compounds,
such as ellagitannins, showed in vitro bactericidal and bacteriostatic activity against five
strains of L. monocytogenes, and at 12 g/L demonstrated vigorous antibacterial activity
against bacterial load on fresh-cut apple, melon, and pear throughout a 7-day storage
period [128]. However, this study did not evaluate the sensory acceptance of the product,
which is an essential part of the quality of fresh-cut fruits. It is essential to consider that
the results of the in vitro activity are always better than those in vivo, since the presence
of organic matter increases the survival of the bacteria and decreases the contact of the
extracts with the bacteria. In addition, it should also be considered that the extracts with
the highest content of phenolic compounds generally present the greatest effects and the
highest pH, which influences the chemical structures and functions of polyphenols.

Similarly, mango seed extract was used at 6.25 g/L, the highest concentration with
sensory acceptability, to preserve fresh-cut mango quality and reduce inoculated bacte-
ria [112]. In the same approach, aqueous extracts of nut byproducts, cashew nut shell and
coconut shell, were applied to fresh-cut papaya, thereby reducing the population of E. coli,
L. monocytogenes, and S. enterica. However, cashew nut shell extract affected the sensory
characteristics—darkening the fresh-cut papaya tissues. Therefore, the authors proposed co-
conut shell, rich in luteolin, as an excellent antimicrobial additive in food applications [146].
Grape byproducts, stem and leaf extracts, were micro-encapsulated and added as bio-
preservatives in a fresh-cut fruit salad of grape, apple, and sweet corn. The extract capsules
formed a film on the fruits, reduced the inoculated loads of Aspergillus ochraceus and
Alternaria alternata, and reduced ochratoxin, a dangerous mycotoxin. When applied to
fresh-cut fruit salad, the stem capsules were more effective than leaf capsules [147].

Using natural compounds such as essential oils and plant extracts is quite promising
for preserving fresh-cut fruits; however, their applications still face some challenges [148].
The application of natural antimicrobials presents some limitations due to their potent
aromas, high reactivity, hydrophobicity, decreased solubility, and potential interactions
with food’s carbohydrates and fatty acids that could modify its organoleptic qualities [149].
For example, essential oils are highly irritating, which can cause damage to fruit tissues,
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and have strong aromas and flavors that can be unpleasant for the consumer. Additionally,
some plant extracts have strong colorations that can affect the color of food products [112].
In this sense, the optimal doses that are effective in inhibiting microbial growth and do
not affect sensory quality should be evaluated. In addition, one must create a palatable
combination with the aromas and flavor notes of essential oils or plant extracts and fresh-cut
fruits. The appropriate combination might boost natural food preservation trends [10].

3.3. Physical Treatments
3.3.1. UV-C Radiation

Exploring more effective ways to maintain the quality of fresh-cut fruits has led us
to look for other technologies, such as shortwave ultraviolet (UV-C, 190–280 nm) irra-
diation. This technique is approved by the Food and Drug Administration of the USA
and is recognized as safe for food products because it is environmentally friendly and
toxic-residue-free [150]. The uses that have been attributed to this technique in fresh-cut
fruits are varied: inhibiting the browning process (reducing PPO), prolonging the shelf-life,
maintaining optimal quality during storage, delaying ripening, reducing softening, and
avoiding undesirable flavors [150–153]. Additionally, UV-C induces stress in fruit and con-
sequently heightens the antioxidant defense system and some concentrations of secondary
metabolites, such as phenolic compounds and pigments [154,155]. Additionally, UV-C
radiation may extend the shelf life of fresh-cut products by its microbicidal effect due to
the formation of pyrimidine dimers blocking the microbial cell replication due to DNA
alteration [156].

A 4.54 kJ m−2 dose was used for the UV-C treatment of fresh-cut pomegranate arils
storage for 14 days. The end of shelf life showed the lowest mesophile, yeast, and mold
growth and the highest total antioxidant activity and phenolic content [157]. Recently,
fresh-cut lotus (Nelumbo nucifera Gaertn.) root exposed to a UV-C lamp (75 W) for 10 min
and then stored for 8 days exhibited a significantly low browning degree, soluble quinone
content, and inactivation of enzymes activities (polyphenol oxidase, peroxidase, and pheny-
lalanine ammonia lyase) [152]. UV-C (4.5 kJ m−2) disinfection treatment and nano-coating
lemon essential oil nanocapsules were used to preserve fresh-cut cucumber for 15 days. A
good correlation was observed between increasing the fruit’s shelf life and decreasing its
enzymatic activity [158]. Similarly, UV-C radiation (4.0 kJ m−2) for 5 min combined with
calcium lactate was applied to fresh-cut kiwifruit slices for 7 days of storage. UV-C and
calcium lactate treatment could synergistically maintain overall quality and improve the
antioxidant capacity of kiwifruit slices [153]. These studies demonstrate the usefulness of
the maintenance and quality of fresh-cut fruits when applying UV-C radiation. However,
the application of UV-C radiation does not have the same impact on all fresh cut fruits,
which is a limiting factor for the application of this technology. For example, the application
of UV-C in fresh-cut pomegranate arils decreased the amounts of yeast and mold, whereas
in kiwi slices this decrease was not observed [153]. The exposure time is also an important
factor, since being exposed for several minutes could cause damage to the tissues, causing
nutritional and physicochemical changes. For this reason, an alternative use is to apply
UV-C radiation with other technologies [153,158].

3.3.2. High Hydrostatic Pressure

High hydrostatic pressure (HHP) generates safe and stable food products and does
not damage the sensory or nutritional properties of the product [159,160]. This technology
requires high initial capital investment. However, the costs of the HHP-processed products
have improved during the last few years [161]. In addition, HHP applications are increasing
the health benefits to consumers by adding value products [162,163]. In general, HHP uses
isostatic pressures between 100 and 1000 MPa and does not require heat [164]. HHP is a
non-thermal process, and the temperature of water used does not exceed 50 ◦C [165]. HHP
processing may present positive effects such as eliminating pathogenic and deteriorative
microorganisms to ensure food safety and extend the product’s shelf-life [166]. However,
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HPP technology negatively affects food matrices by altering the structures of enzymes
responsible for desired compounds due to the breakage of weak interactions (hydrophobic
and electrostatic interactions) [167].

HHP has shown some potential applications in maintaining and enhancing nutritional
value and bioactive compounds through microbial and enzyme inactivation, extending the
shelf lives of different fruits [161]. However, various quality changes have been reported
after using HHP, such as darkening of avocado slices and persimmon [168,169]. Denoya
et al. [170] suggested that increased pressure in the HHP conditions decreases the activity of
PPO in fresh-cut fruits such as peach, and found evidence of the close relationship between
the PPO residual activity and the degree of browning for the processed peach pieces.
However, it has been reported that increasing pressure in fresh-cut Hachiya persimmon
causes changes in tissue structure and physicochemical properties [171].

On the other hand, HHP with moderate pressure (up to 600 MPa) for short holding
times on colorimetric and textural parameters on fresh-cut pumpkins and peach had no
effect, and the esterification degree of pectin decreased after HHP [170,172,173]. However,
moderate pressures produce lysis of the cell membranes, causing the food matrix’s mechani-
cal disruption. To avoid this scenario, it is recommended to use 200 MPa to maintain the best
physicochemical properties and preserve the integrity of the bioactive compounds [170,171].
These alterations could be because mechanisms of enzymatic inactivation by HHP are very
complex and depend on the product and conditions [174].

HHP technology is cold pasteurization that inactivates microorganisms, significantly
extending the products’ shelf-life and guaranteeing food safety [161]. For example, HHP
processing can ensure the microbiological safety of fresh-cut pumpkins. HHP immediately
reduced the total plate counts (TPC) to 1.61 and 1.52 log10 CFU/g at 450 and 550 MPa, re-
spectively, and to 2.57 and 1.69 log10 CFU/g, respectively, after 45 days [175]. This increase
in the TPC could be because the HHP treatment does not entirely inactive microorganisms.
In general, the tendency in pressure-treated products at a higher pressure and holding
time treatments is to significantly increase mesophilic aerobic microorganisms’ lag phase
times [175]. This may be due to the greater severity of membrane structure damage, an
increase in pH, and the recovery and growth of injured cells [176].

3.3.3. Ozone

Ozone has been widely used in the food and agriculture industry and is “generally
recognized as safe” (GRAS) by the FDA (US Food and Drug Administration, 2001). The
ozone treatments are mainly applied as aqueous ozone and gaseous ozone. Aqueous ozone,
a sanitizing agent, is a highly effective disinfectant at low concentrations and short contact
times, capable of rapidly decomposing into oxygen, and therefore, does not leave a residue
on treated products [177,178]. Therefore, washing with ozone is a highly efficient and safe
disinfection method to preserve fresh-cut fruits and vegetables and can be a good substitute
for washing with chlorine. Recent studies have indicated that ozone can delay texture
deterioration of fresh-cut fruits and vegetables such as apples, green bell peppers, and
onions [179–181]. Gaseous ozone treatment is developed as a sanitization method to avoid
cross-contamination when used with large volumes of produce that could not be sanitized
by further washing with disinfectants [182].

Some studies evaluated the effectiveness of ozone in various fruits and vegetables.
The effects of ozone are associated with multiple reactions, including the inactivation of
enzymes, alterations in nucleic acid concentrations, and oxidation of membrane lipids [183].
Ozone treatment could reduce weight loss, minimize tissue destruction, maintain cell
integrity, and thus reduce moisture transpiration [184]. Ozone has been praised for its
efficacy in maintaining the firmness of products. However, the firmness of products
inevitably decays over storage time. In general, ozone has made a minor impact on
this reduction and does not affect the texture of fresh-cut products during the storage
period [178,184].
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The degradation of polyphenols during ozonation produces several chemical reac-
tions [184]. This occurs due to the penetration of ozone into the cells with an oxygen ion
that leads to direct responses with the compounds and the hydroxyl radicals produced
through the oxygen ion catalyzed by the hydroxide ion [178,184,185]. Several authors
have reported the main quality parameters of fresh-cut fruits treated with aqueous or
gaseous ozone (Table 4). Aqueous and gaseous ozone treatments do not induce stress in the
respiration rate in fresh-cut products and cause the inactivation of biosynthetic enzymes,
which will be responsible for various metabolic activities, inclusive of ethylene biosynthesis
for a brief time, and enhancing the antioxidant capacity and total phenolic content without
compromising on its sensorial quality during storage [184,186].

Table 4. Quality parameters and microbiological control of fresh-cut fruits treated with aqueous or
gaseous ozone.

Fresh-Cut Fruit Treatment Results References

Apple
Aqueous ozone
1.4 mg/L At 5 and
10 min

• Respiratory rate is maintained
• Ethylene production maintained at low levels
• PPO activity was decreased
• Causes the loss of antioxidant compounds
• Antioxidant capacity was increased

[184]

Apple Aqueous ozone
1.4 mg/L at 5 min

• Softening during the storage is reduced
• Water-soluble pectin was increased
• Protopectin content, 4% KOH-soluble fraction, and cellulose

content were decreased
• 24% KOH-soluble fraction was maintained
• Pectin methylesterase activity was increased
• β-galactosidase and α-arabinofuranosidase activities

were inhibited
• Polygalacturonase activity was maintained

[179]

Papaya
Gaseous ozone
9.2 μL/L at 10, 20 and
30 min

• Total phenolic content was increased
• Ascorbic acid content was decreased [187]

Durian Gaseous ozone
900 mg/L at 3 and 5 min

• The appearance of the flesh and funiculus was maintained
• The respiration rate was reduced
• Ethylene production was reduced
• Total phenolic content was increased
• Antioxidant capacity was increased

[186]

Durian
Gaseous ozone
900 mg/L for 14 days at
4 ◦C of storage

• Total bacteria count was 2.10 log CFU/g
• The coliform population was 1.93 log CFU/g [186]

Apple

Aqueous ozone
1.4 μL/L at 5 min for
12 days and 4 ◦C
of storage

• Total bacteria count was 3.5 log CFU/g
• Total molds count was 1.42 log CFU/g
• Total yeasts count was 3.33 log CFU/g

[184]

Papaya
Gaseous ozone
9.2 μL/L for 10 and
30 min directly

• Total mesophilic bacteria value was 0.22 log CFU/g at
10 min

• Coliform count was 1.12 log CFU/g at 30 min
[187]

Bell pepper Gaseous ozone
9 ppm for 6 h

• E. coli O157 count was 2.89 log CFU/g
• S. Typhimurium count was 2.56 log CFU/g
• L. monocytogenes count was 3.06 log CFU/g

[182]

Ozone is a strong oxidant and an antimicrobial agent (Liu et al., 2016; Liu et al., 2021).
The effectiveness of ozone in microorganisms increases proportionally to the increase
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in concentration and exposure time [184,186]. Oxidative damage by ozone produces
irregular cell structure in bacteria, inducing ROS destruction of lipid and protein molecules
embedded in the bacterial cell membrane [182,188]. The lipid peroxidation by ozone forms
lipid hydroperoxides (LOOH) that produce lipid degradation, leading to cell wall rupture,
cellular leakage, excessive nutrient loss, and cell death [182]. Studies showed that aqueous
and gaseous ozone could be employed to achieve desired microbial safety (Table 4). Ozone
is an alternative sanitizer used for several fresh-cut fruits, achieving microbial reductions
and increasing shelf life. However, ozone is a highly reactive compound. It may cause
physiological injury to the product, and it is necessary to keep ozone concentrations as
low as possible [182]. Some fresh-cut fruits and vegetables, such as apples, green bell
peppers, and onions, are susceptible to ozone, causing texture deterioration [180,181,184].
The effectiveness of ozone depends on product type, O3 concentration, and treatment time.

4. Futures Trends

Emerging technologies, such as natural antioxidant and antimicrobial compounds,
modified atmosphere, ozone, UV-C, and high hydrostatic pressure, are still not fully
implemented in the food industry because of their high costs, or they do not guarantee the
total safety of the product. Therefore, future research should combine various preservation
methods, known as hurdle technologies, to generate a synergistic effect due to the different
mechanisms of action to increase food products’ nutritional, sensory, and microbiological
quality. They should also carry out studies optimizing these technologies for industrial
applications to determine doses and secondary effects on the nutritional and sensory
quality of the products. This will allow us to offer methods that produce fresher, safer, more
nutritious, more natural food with fewer synthetic additives.

According to the information collected in this review, there are still many areas of
opportunity in terms of developing and applying technologies such as pulsed light and
smart packaging to study the increase in the quality of fresh-cut fruits. Some advantages
and disadvantages of the different emerging technologies that can be applied to fresh-cut
fruits were already seen in this review; however, one of these technologies that was not
mentioned in the previous points is pulsed light treatments. Pulsed light treatment (intense
broad spectrum ranging from UV to near-infrared) is a decontamination method for foods
(inactivates microorganisms) consisting of repeatedly providing light at certain intervals
during storage to further extend the shelf lives of fresh-cut fruits [189]. However, only a
few studies have been conducted using this technology on fresh-cut fruits; for example,
raspberries and blueberries [190], mangoes [191,192], apples [193], strawberries [194], and
cantaloupes [189]. Therefore, this technology could be used on other fresh-cut fruits to
increase their shelf lives while preserving their nutritional quality and sensory aspects.
Other technologies that were not seen in this review were treatments with cold plasma,
heat shock, and hydrogen sulfide, among others, which are very interesting technologies,
but the information on their effects on fresh-cut fruits is very limited. For this reason, it
was difficult to cover these issues in the current review.

Another significant area of opportunity is being able to complement emerging tech-
nologies using so-called smart packaging. Smart packaging is a broad concept that en-
compasses several functions related to packaged goods, such as foods and beverages, to
maintain integrity and prevent food spoilage (shelf life) through visual or other indicators.
In addition, they respond to changes in the environmental conditions of the product or
the packaging. Finally, they must communicate the product’s condition and report on the
opening and integrity of the seal. Some smart packages are in use today, and many others
are under development. However, most studies focus on whole fruits, and there are almost
no studies on fresh-cut fruits [195,196], so this could be an excellent area of opportunity.

5. Conclusions

Fresh-cut fruits are in great demand for their convenience and nutritional quality.
However, they are highly perishable and susceptible to contamination and microbiological
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deterioration, which increases the risk of disease and compromises the nutritional and
sensory quality of the product. The challenge for the food industries and the scientific
community is the search for technologies to extend fresh-cut fruits’ shelf lives. Emerging
technologies are of recent creation and are alternatives to conventional technologies. They
aim to eliminate microorganisms and maintain maximum nutritional and sensory quality.
The objective, the nature of the fruit, its physiological characteristics, storage conditions,
and efficacious doses, among other factors, must be considered to select the most suitable
technology. This is because each fresh-cut fruit has distinctive characteristics, especially
regarding bioactive compounds, since some products may contain them in greater or lesser
amounts and even lack some of them. Within these technologies, active packaging, antioxi-
dant and antimicrobial natural compounds, high hydrostatic pressure, UV-C radiation, and
ozone are good candidates to extend the shelf lives of fresh-cut fruits and provide high
microbiological and sensory quality during the preservation period.
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Abstract: As a traditional edible and medicinal fungus in China, Oudemansiella raphanipes has high
economic benefits. In order to achieve the automatic classification of Oudemansiella raphanipes into four
quality levels using their image dataset, a quality grading algorithm based on neural network models
was proposed. At first, the transfer learning strategy and six typical convolution neural network
models, e.g., VGG16, ResNet50, InceptionV3, NasNet-Mobile, EfficientNet, and MobileNetV2, were
used to train the datasets. Experiments show that MobileNetV2 has good performance considering
both testing accuracy and detection time. MobileNetV2 only needs 37.5 ms to classify an image,
which is shorter by 11.76%, 28.57%, 46.42%, 59.45%, and 79.73%, respectively, compared with the
classification times of InceptionV3, EfficientNetB0, ResNet50, NasNet-Mobile, and VGG16. Based
on the original MobileNetV2 model, four optimization methods, including data augmentation,
hyperparameter selecting, an overfitting control strategy, and a dynamic learning rate strategy, were
adopted to improve the accuracy. The final classification accuracy can reach as high as 98.75%,
while the detection time for one image is only 22.5 ms and the model size is only 16.48 MB. This
quality grading algorithm based on an improved MobileNetV2 model is feasible and effective for
Oudemansiella raphanipes, satisfying the needs in the production line.

Keywords: Oudemansiella raphanipes; quality grading; convolutional neural network; transfer learning

1. Introduction

Oudemansiella raphanipes is one of the traditional Chinese edible and medicinal mush-
rooms and has high development value [1]. It is not only rich in many nutrients, such as
vitamins, amino acids, and rich trace elements, but also has some medical effects, such as
anti-inflammatory and analgesic effects. Owing to the significantly different prices in the
market for different qualities of Oudemansiella raphanipes, it is very important for quality
grading to distinguish the high-quality products from the poor-quality ones. However,
the traditional manual quality grading process requires a high labor force and is low in
efficiency, which seriously restricts the economic benefits. Therefore, it is urgent to develop
an automated and intelligent quality grading algorithm for Oudemansiella raphanipes.

The quality grading of Oudemansiella raphanipes belongs to the field of image classifica-
tion. In recent years, with the development of deep learning, convolutional neural networks
(CNNs) can fully extract the high-dimensional features of objects. The classification algo-
rithm based on deep learning has been widely used for various crops, such as grains [2–4],
fruits [5–8], and vegetables [9–11]. For instance, Sujatha R et al. compared the performance
of machine learning (support vector machine, random forest, stochastic gradient descent)
and deep learning (InceptionV3, VGG16, VGG19) in terms of citrus plant disease detection,
showing that VGG16 had the best classification accuracy of 89.5% [12]. Esgario J. G. M.
et al. estimated the stress severity caused by biotic agents on coffee leaves using ResNet50,
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showing an accuracy of 95.24% for the biotic stress classification and 86.51% for severity
estimation [13]. Arwatchananukul S et al. recognized 15 species of Paphiopedilum orchid
using the InceptionV3 feature extractor, showing a recognition rate of up to 98.6% [14].
Ji M. et al. proposed a binary relevance multi-label learning algorithm combined with
NasNet to simultaneously recognize 7 crop species, classify 10 crop diseases, and estimate
the severity of 3 kinds of crop disease, showing a test accuracy of 85.28% [15]. Suharjito
et al. classified the ripeness levels of a fresh fruit bunch of oil palm using EfficientNetB0
with a data augmentation method named “9-angle crop”, showing a good test accuracy of
89.8% on Keras datasets [16].

In terms of the classification of mushrooms, Preechasuk J. et al. detected the 45 species
of edible and poisonous mushrooms by a 6-layer CNN with the average accuracy of 74%
on the dataset of 8556 images [17]. Zahan N. et al. used InceptionV3, VGG16, and ResNet50
to identify the 45 species of edible, inedible, and poisonous mushrooms, and InceptionV3
achieved the highest accuracy of 88.40% on the dataset of 8190 images [18]. Zhao M. et al.
proposed a four-type classification method based on a compound knowledge distillation
algorithm, using ResNet50 as the teacher model and ResNet18 as the student model to
perform weight training and compound distillation on the dataset of 3000 images, in which
the testing accuracy was 96.89% and the detection time was 32 ms [19]. Ketwongsa W. et al.
classified five species of edible and poisonous mushrooms based on AlexNet, ResNet50,
and GoogleNet, and a proposed modified AlexNet model using a dataset of 623 images; the
proposed model had the fastest training time while maintaining an accuracy of 98.5% [20].

In a production line, the quality grading of mushrooms requires not only a high
accuracy, but also a small detection time and few computing resources. However, the deep
learning CNN often demands a large detection time and a high level of computing resources.
MobileNet is the first generation of lightweight neural networks [21] and has demonstrated
its high accuracy as well as small detection time and low requirement of computing
resources on various datasets [22–26]. Compared with other neural networks [27–33], the
depth separable convolution in MobileNet leads to a smaller number of parameters and,
thus, a smaller amount of calculation. As a result, the high accuracy MobileNet can also
achieve a fast speed on a CPU and a small storage space, which is suitable for practical
industrial computers.

Moreover, the collection of labelled datasets is time-consuming and labor-intensive
work; thus, sometimes only a small dataset can be obtained. However, a deep CNN trained
from scratch with small datasets has difficulty obtaining high accuracy. As a result, transfer
learning was used to obtain knowledge from a big dataset, and then to complete new tasks
using small datasets [9].

In this paper, we provide an algorithm for the quality grading of Oudemansiella raphanipes,
which is a good case study when developing a new image classification application. At
first, six typical CNNs, including VGG16, ResNet50, InceptionV3, NasNet-Mobile, Effi-
cientNet, and MobileNetV2, were pretrained on the dataset of ImageNet and transferred
to our dataset of Oudemansiella raphanipes. Balancing the three criterions of high accu-
racy, small detection time, and small mode size, MobileNetV2 was selected and improved
for the quality grading of Oudemansiella raphanipes. The final classification accuracy can
reach as high as 98.75%, while the detection time for one image is only 22.5 ms and the
model size is only 16.48 MB. This algorithm is efficient, fast, and resource-saving, which
meets the demand of the price-sensitive market and is suitable for deployment on the
production line.

2. Materials and Methods

2.1. Datasets

Figure 1 shows our experimental setup for image acquisition. Each Oudemansiella
raphanipes was put into a shielding box, in which a light source (four 45-watt fluorescent
lamps with a color temperature of 5000 K) was illuminated from the top and a color camera
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(Canon 760D with EOSUtility software) took the images with the vertical shooting height
of 45 cm. The resolution of each image is 3984 × 2656.

 

Figure 1. Experimental setup for image acquisition.

All these images were preliminarily labeled by three experts and divided into four
quality levels: Class 1, Class 2, Class 3, and Class 4, according to the size, shape, color,
texture, viewpoint. After preliminarily labelling, the three experts inspected each category
and corrected the wrongly labelled images after discussion. Finally, each category contained
1000 images, the quality level of which was agreed and confirmed by all three experts.
Figure 2 gives a typical example of each category.

  

  

Figure 2. Four quality levels of Oudemansiella raphanipes. (a) Class 1; (b) Class 2; (c) Class 3; (d) Class 4.

Before training, the input image needed to be preprocessed. Firstly, the image was
downscaled in equal proportion so that it could be used as the input of a neural network.
For example, in the MobileNetV2 network [21], the image size needs to be adjusted to
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be 224 × 224 × 3 pixels. Secondly, the images of each category were randomly grouped
into a training dataset, a validation dataset, and a testing dataset at a ratio of 7:2:1. Af-
ter grouping, there were 2800 images in the training set (700 images for each category),
800 images in the validation set (200 images for each category), and 400 images in the
testing set (100 images for each category).

2.2. Transfer Leaning

Figure 3 gives the flowchart of the transfer learning method. At first, the selected
base model, e.g., MobileNetV2, was trained on a big dataset, e.g., ImageNet [34], and its
network weights were determined. Following the pretrained model, we added a head
model and a classifier layer. The head model had a global average pooling layer, a flatten
layer, and a fully connected layer. The global average pooling layer was used to down-
sample the output of the pretrained model, the flattening layer was used to flatten the
multi-dimensional vector into one dimension, and the fully connected layer adopted the
ReLU as the activation function to integrate and map the image features into values. The
classifier layer adopted the softmax activation function to classify the values’ output from
the fully connected layer. Subsequently, the whole model composed of the pretrained
model, the head model, and the classifier layer was trained on the small dataset acquired
in Section 2.1. Note that the network weights of the pretrained model are kept frozen in
the small dataset training, while those of the head model and the classifier layer should
be trained.

Figure 3. Transfer leaning method for MobileNetV2.

2.3. Computing Resources

One benefit of transfer leaning is that the required computing resources are less than
the traditional CNN training. The computing resources used in this paper are shown
in Table 1.

Table 1. Computing resources.

Equipment Environment

CPU Intel(R) Core(TM) i5-8250U, 1.80 GHz
Memory 8 GB

Operation system Windows 10 (64bit)
Python Version 3.7.0

Tensorflow Version 2.3.0
Compiler environment PyCharm 2020
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3. Results

3.1. Comparison of MobileNetV2 with other Five Typical CNN Models

Six typical CNN models, including VGG16 [27], ResNet50 [28], InceptionV3 [29],
NasNet-Mobile [30], EfficientNetB0 [31], and MobileNetV2 [21], were evaluated based on
the transfer learning from a big dataset, that is, ImageNet [34], to a small dataset, that is,
the dataset acquired in Section 2.1.

In the training process, the Adam optimizer was adopted, the learning rate was
selected as 0.01, the batch size was 16, and the number of epochs was 20. Figure 4 gives
the validation accuracies and losses. VGG16 can reach the highest validation accuracy of
98.88% and the lowest validation loss. ResNet50 fluctuates greatly in the early epochs and
its validation accuracy is only 93.68%. EfficientNetB0 also has a relatively lower accuracy of
94.37%. The convergence characteristics of InceptionV3, NasNet-Mobile, and MobileNetV2
are similar, and their validation accuracies are 95.96%, 95.42%, and 96.04%, respectively.

 

(a) (b) 

1 3 5 7 9 11 13 15 17 19
Epoch

0.7

0.75

0.8

0.85

0.9

0.95

1

VGG16
ResNet50
InceptionV3
NasNet-Mobile
EfficientNetB0
MobileNetV2

1 3 5 7 9 11 13 15 17 19
Epoch

0

0.1

0.2

0.3

0.4

0.5

0.6
VGG16
ResNet50
InceptionV3
NasNet-Mobile
EfficientNetB0
MobileNetV2

Figure 4. The validation (a) accuracies and (b) losses of VGG16, ResNet50, InceptionV3, NasNet-
Mobile, EfficientNetB0, and MobileNetV2.

The trained models were applied on the testing dataset and their confusion matrixes
are presented in Figure 5. Each of the six CNN models have good recognition accuracies
for the four classes, except that there are many errors in the identification of Class 1 from
Class 2. It also seems that the classification errors between Class 1 and Class 2 are higher
than those between Class 3 and 4. However, the classification errors between the relatively
high-quality Oudemansiella raphanipes (Class 1 and 2) and the relatively low-quality ones
(Class 3 and 4) is very low, indicating that the characteristics of these two levels of products
are obvious and easy to distinguish.

The testing accuracy on the total testing dataset, the average detection time for a single
image, and the model size are given in Table 2. In terms of testing accuracy, VGG16 still
performs the best and can reach an accuracy of 97.75%. InceptionV3, NasNet-Mobile, and
MobileNetV2 also perform well with accuracies of 94.25%, 94.25%, and 94.75%, respectively,
while EfficientNetB0 has a relatively low testing accuracy of 93%. Owing to the errors in
the identification of Class 1 (see Figure 5b), ResNet50 has an overall accuracy of only 90%.
In terms of detection time, MobileNetV2 only needs 37.5 ms to classify an image, which
is lower than that of the other five models. This detection time is shortened by 11.76%,
28.57%, 46.42%, 59.46%, and 79.73%, respectively, compared with those of InceptionV3,
EfficientNetB0, ResNet50, NasNet-Mobile, and VGG16. In terms of the size of the model,
MobileNetV2, representing a typical lightweight CNN, takes up the least memory space
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because the number of parameters is much smaller than that of ordinary CNN models. It
only needs 16.44 MB of storage space, which is smaller than the 23.35 MB of EfficientNetB0,
23.70 MB of NasNet-Mobile, 56.2 MB of VGG16, 90.38 MB of ResNet50, and 83.74 MB of
Inception V3.

Figure 5. The confusion matrixes of (a) VGG16, (b) ResNet50, (c) InceptionV3, (d) NasNet-Mobile,
(e) EfficientNetB0, and (f) MobileNetV2 applied on testing dataset.

Table 2. The testing accuracy, average detection time, and model size of VGG16, ResNet50, Incep-
tionV3, NasNet-Mobile, EfficientNetB0, and MobileNetV2.

CNN Models Test Accuracy (%)
Average Detection

Time (ms)
Model Size

(MB)

VGG16 97.75 185 56.20
ResNet50 90.00 70 90.38

InceptionV3 94.25 42.5 83.74
NasNet-Mobile 94.25 92.5 23.70
EfficientNetB0 93.00 52.5 23.35
MobileNetV2 94.75 37.5 16.44

In the production line of Oudemansiella raphanipes, the appropriate quality grading
algorithm should not only consider the accuracy but also the matching degree of hardware
equipment. Although VGG16 performs excellently when testing accuracy, it is not suit-
able for our grading owing to its long detection time and high requirement of computing
resources. ResNet50 performs poorly on the dataset and cannot meet the accuracy require-
ments. Both InceptionV3 and NasNet-Mobile have a moderate accuracy, but the former
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requires a large model size, while the latter requires a long detection time. EfficientNetB0
balances the testing accuracy, the detection time, and the model size, but the performance
is still not good enough. Compared with the above five models, MobileNetV2 can greatly
shorten the detection time and can be deployed in productional computers, or even mobile
phones, with poor computing resources, while its accuracy is only 3% lower than that
of VGG16. These advantages are in line with the production practice. As a result, we
selected MobileNetV2 as the basic model for the following improvements to increase the
testing accuracy.

3.2. Optimizations of MobileNetV2

Four optimization methods, including data augmentation, hyperparameter selecting,
an overfitting control strategy, and a dynamic learning rate strategy, were applied on the
MobileNetV2 model to further improve its classification accuracy while giving full play
to the advantages of portability and rapidity. In the experiments, each model was trained
three times and the average values of validation accuracies and losses were taken to prevent
random errors.

3.2.1. Optimization 1: Data Augmentation

A small amount of training data have difficulty providing enough information for the
model to learn. Therefore, data augmentation is often used to expand the amount of data
so as to make the model fully learn the image features and to improve the generalization
ability of the model.

For our dataset of Oudemansiella raphanipes, three methods, including 90◦ rotation,
horizontal flip, and vertical flip, were randomly used to enrich the dataset. The dataset was
expanded to 8000 images. Therefore, we had 5600 images in the training set (1400 images
for each category), 1600 images in the verification set (400 images for each category), and
800 images in the testing set (200 images for each category).

3.2.2. Optimization 2: Hyperparameter Selecting

In the training process of a neural network model, the appropriate hyperparameters
can effectively accelerate the convergence of the model and improve its accuracy. Based on
the basic model after data augmentation, four important hyperparameters, including the
optimizer, learning rate, batch size, and number of epochs, were investigated.

• Optimizer

The Adam, SGD, and Adagrad optimizers were investigated. The Adam optimizer
performs the best on the validation accuracy and loss.

• Learning Rate

The learning rates of 0.1, 0.01, 0.001, and 0.0001 were evaluated. If the learning rate
is 0.001, both the validation accuracy and loss have relatively stable convergence trends,
which can not only avoid the large fluctuations when the learning rate is larger, but also
avoid the slow convergence speed when the learning rate is smaller.

• Batch Size

The batch sizes of 8, 16, 32, and 64 were examined. A small batch size, such as 8 or
16, leads to a short training time but a significant fluctuation in the function curves of
validation accuracy and loss. A large batch size, such as 32 or 64, leads to a stable and fast
convergence speed but a relatively long training time. Considering the validation accuracy
and training time, the batch size of 32 was adopted.

• Number of Epochs

The number of epochs was set as large as 40 for performance evaluation. The validation
accuracy and loss curves decrease rapidly in the first 20 epochs. After that, the curves are
convergent, indicating that the performance of the model is no longer improved. Balancing
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the training time and validation accuracy, the number of epochs was set to 20 in the
following experiments.

3.2.3. Optimization 3: Overfitting Control Strategy

Overfitting is a condition where the model fits well with the training dataset but does
not have good generalization ability, thus it provides low accuracy on new datasets. The
appropriate overfitting control strategy can improve the validation and testing accuracies.
On the basis of the optimized model after hyperparameter selection, two overfitting control
strategies, including the batch normalization (BN) layer [35] and the dropout layer [36],
were discussed.

We added the BN layer after the pretrained model to normalize its last convolution
layer and the dropout layer after the fully connected layer in the head model. The probabil-
ity in the dropout layer was set to 0.5, which means that the neuron had a 50% probability
of being dropout. Figure 6 presents the validation accuracies and losses of different cases
with or without the two strategies. It is shown that adding both the BN and dropout layers
can effectively restrain the curve fluctuation and improve the validation accuracy as well
as reduce the validation loss. It is better to apply the two strategies simultaneously than
to apply only one alone. Compared with the dropout layer, the BN layer plays a more
important role in accelerating the convergence speed. In addition, the training accuracy
after applying both strategies is 99.02%, while the validation accuracy is 98.50%, with a
difference of 0.52%. This value is lower than the difference of 2.18% in the model with
optimization 2, proving the effectiveness of the overfitting control strategies.
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Figure 6. The validation (a) accuracies and (b) losses of the cases with different overfitting
control strategies.

3.2.4. Optimization 4: Dynamic Learning Rate Strategy

Whether the learning rate is good or not depends on two aspects: (a) the convergence
speed should be as fast as possible and (b) the optimal solution can be found accurately.
From the results in Section 3.2.2 (not shown here), a large learning rate makes the validation
loss curve decline rapidly in the early epochs of training, but it also causes fluctuation in the
later epochs, which makes it difficult for the model to converge to the optimal solution; a
small learning rate makes the validation loss curve more stable in the later epochs, but there
is a problem of slow convergence. If both a large learning rate and a small learning rate are
combined in the training process to provide the full effect of their respective advantages,
the training performance can be further improved. This is the adjustment strategy of the
dynamic learning rate. Generally, the dynamic learning rate means that a large learning
rate is set in the early epochs of training and is attenuated to be a relatively small value in
the later epochs.
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Three adjustment strategies, including exponential decay, cosine annealing decay, and
adaptive decay, were evaluated.

• Exponential Decay

Exponential decay obeys αt = α0βt, where α0 is the initial learning rate, β is the decay
coefficient, and t is the number of iterations. The characteristic of exponential decay is that
the variation rate of the learning rate decreases with the increase in iterations.

• Cosine Annealing Decay

Cosine annealing decay uses the cosine function to reduce the learning rate. The
learning rate decreases slowly in the early epochs, rapidly in the middle, and slowly again
in the later epochs. Compared with the exponential decay, cosine annealing decay can
maintain a large learning rate at the beginning of training, thus accelerating the convergence
of the model.

• Adaptive Decay

Adaptive decay is a dynamic learning rate strategy, which usually takes the value
of the validation loss as the monitoring index for dynamic adjustment. If the validation
loss does not decrease in several epochs, the learning rate would decay to a fraction of the
original learning rate. This strategy can be dynamically adjusted according to the validation
results and has more flexibility.

Figure 7 presents the validation accuracies and losses for the following four cases:
(a) a fixed learning rate of 0.001, (b) the exponential decay with α0 is 0.001 and β is 0.9,
(c) the cosine annealing decay with the initial learning rate of 0.001 and the end value of
0, (d) the adaptive decay in which the learning rate would decay to 1/10 of the previous
value if the validation loss does not decrease for two consecutive epochs. It is shown that
the adaptive decay strategy has a low validation loss and a high validation accuracy, which
are, respectively, 0.0310 and 99.12% after 20 epochs. In the training process, the adaptive
adjustment triggered two times and the learning rate attenuated to 1e-4 and 1e-5 in the 7th
and 18th epoch, respectively.

 

(a) (b) 

Va
lid

at
io

n 
A

cc
ur

ac
y

1 3 5 7 9 11 13 15 17 19
Epoch

0.02

0.04

0.06

0.08

0.1

0.12

0.14
Fixed learning rate
Exponential decay
Cosine decay
Adaptive decay

Figure 7. The validation (a) accuracies and (b) losses of the cases with different learning rates.

3.2.5. Performance Comparison after the Four Optimizations

To improve the quality grading performance of Oudemansiella raphanipes, the original
MobileNetV2 model in Section 3.1 (Model 0), was continuously optimized by the data
augmentation in Section 3.2.1 (Model 1), the hyperparameter selection in Section 3.2.2
(Model 2), the overfitting control strategy in Section 3.2.3 (Model 3), and the dynamic
learning rate strategy in Section 3.2.4 (Model 4). In this section, the performances of these
models are compared and discussed.
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Figure 8 presents the validation accuracy and loss curves of the five models. With
the increase in the optimization methods, the validation accuracy increases and the loss
decreases. Moreover, their convergence speed is significantly accelerated. Taking Model 4
at the 20th epoch as an example, its validation accuracy and loss are 99.12% and 0.0295,
respectively, showing a 3.35% increment and 0.1091 decrement, respectively, compared
with those of Model 0 as shown in Figure 4.
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Figure 8. The validation (a) accuracies and (b) losses of different models.

Figure 9 gives the confusion matrixes of the four optimized models. Compared with
the results of Model 0 shown in Figure 5d, the testing accuracies of all the four classes are
improved. In particular, the problem of a low accuracy for distinguishing Class 1 from
Class 2 in the original Model 0 is solved in the updated Model 4, in which the testing
accuracies for Classes 1, 2, 3, and 4 are 98%, 99%, 98%, and 100%, respectively. Table 3 lists
the testing accuracies, detection time for a single image, model size, F1 scores, and Kappa
coefficients for the testing dataset. The F1 score, which takes into account both the precision
and recall, can be calculated by Equation (1) [17,18,20].

F1 Score = 2 × precision × recall
precision + recall

, (1)

where precision = TP/(TP + FP), recall = TP/(TP + FN), TP represents the quantity that the
real value is 1 and the predicted value is 1, FP represents the quantity that the real value
is 0 and the predicted value is 1, and FN represents the quantity that the real value is 1
and the predicted value is 0. The Kappa coefficient, which is a statistical indicator used
for a consistency test; that is, whether the predicted results are consistent with the actual
classification results, can be calculated by Equation (2) [19].

Kappa coefficient =
Po − Pe

1 − Pe
, (2)

where Po is the testing accuracy and Pe represents the sum of the actual number and
predicted number of respective categories divided by the square of the total number of
samples. It is shown that, with the increase in the optimization methods, all of the testing
accuracies, F1 scores, and Kappa coefficients increase. Taking Model 4 as an example, its
testing accuracy, F1 score, and Kappa coefficient are 98.75%, 98.75%, and 0.983, respectively,
showing 4.00%, 3.75%, and 0.053 increments, respectively, compared with those of Model
0. The large F1 score and Kappa coefficient prove that the predicted results are almost
perfectly consistent with the actual classification results. In addition, the detection time for
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a single image in Model 4 is 22.5 ms, which is 40% less than the 37.5 ms in Model 0, while
the model size stays almost the same.

Figure 9. The confusion matrixes of (a) Model 1, (b) Model 2, (c) Model 3, and (d) Model 4.

Table 3. The validation and testing performance of different models.

Model
Testing

Accuracy (%)
Average Detection

Time (ms)
Model Size

(MB)
F1 Score

(%)
Kappa

Coefficient

Model 0 94.75 37.5 16.44 95.00 0.930
Model 1 96.25 45 16.44 96.30 0.948
Model 2 97.38 52.5 16.44 96.95 0.965
Model 3 98.00 23.75 16.48 98.00 0.973
Model 4 98.75 22.5 16.48 98.75 0.983

4. Discussion

The motivation of this work is for the quality grading of Oudemansiella raphanipes in
a production line. The Oudemansiella raphanipes are placed on a carrier plate one by one
and transported to an image-acquisition box, in which a color camera takes images of
the Oudemansiella raphanipes and send the images to an industrial computer. The quality
grading algorithm implements the classification and, then, the Oudemansiella raphanipes of
different grades are grouped into different collection bins. As a result, the application of
a quality grading algorithm requires not only a high accuracy but also a small detection
time. Moreover, if cheaper computer resources are expected, a smaller model size is also
required. On the premise of a relatively good accuracy, the basic MobileNetV2 model has
the advantages of fast and efficient training, a small detection time, and small storage space
compared with VGG16, ResNet50, InceptionV3, NasNet-Mobile, and EfficientNet. As a
result, we selected MobileNetV2 as the basic model. Subsequently, the basic model was
optimized by four strategies, including data augmentation, hyperparameter selecting, the
overfitting control strategy, and the dynamic learning rate strategy; thereby, the convergence
speed was accelerated and the classification accuracy was improved. The performance of
the optimized MobileNetV2, of which the testing accuracy is 98.75%, the detection time
for a single image is 22.5 ms, and the model size is 16.48 MB, satisfies the needs in the
production line. Moreover, compared with the published papers on the classification of
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mushrooms using CNN [17–20], shown in Table 4, our improved MobileNetV2 still has the
highest testing accuracy, the lowest detection time, and the best consistency of the predicted
results with the actual classification results.

Table 4. Performance comparison between published papers and this paper.

Reference Model
Testing

Accuracy (%)
Detection
Time (ms)

F1 Score
(%)

Kappa
Coefficient

[17] 6-layer CNN 74 / 74 /
[18] InceptionV3 88.40 / 88 /
[19] ResNet18 96.89 32 / 0.959
[20] Modified AlexNet 98.5 / 99.09 /

This paper Improved MobileNetV2 98.75 22.5 98.75 0.983

Although the final classification accuracy can reach as high as 98.75%, the perfor-
mance of the quality grading algorithm was only evaluated on the dataset of images with a
simple background (see Figure 2). This simple background is applicable in a production
line as described above. However, if the images are taken with a complex background,
e.g., multiple Oudemansiella raphanipes in the soil, the classification accuracy would signifi-
cantly decrease. The quality grading algorithm for Oudemansiella raphanipes in the soil is in
progress and will be published in the near future.

5. Conclusions

To obtain a quality grading algorithm of Oudemansiella raphanipes by a deep CNN
model, transfer leaning was adopted. Six typical CNN models, including VGG16, ResNet50,
InceptionV3, NasNet-Mobile, EfficientNet, and MobileNetV2, were pretrained on the
dataset of ImageNet and transferred to our dataset of Oudemansiella raphanipes. Consider-
ing both the testing accuracy and detection time, the MobileNetV2 was selected for further
optimization. Four optimization methods, including data augmentation, hyperparameter
selecting, the overfitting control strategy, and the dynamic learning rate strategy, were
applied. As a result, the improved MobileNetV2 has advantages of a high efficiency, high
speed, and small storage space. The testing accuracy is 98.75%, the detection time for a
single image is 22.5 ms, and the model size is 16.48 MB. These characteristics are in line
with the production practice.
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