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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 ($-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 “mortifio”
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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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 Michoacan, 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

Horticulturae 2024, 10, 600. https:/ /doi.org/10.3390/horticulturae10060600
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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 Michoacan,
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 Michoacdn. 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-
choacan. 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 um 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,



Horticulturae 2024, 10, 600

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 um 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.
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Esters %
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0 0.5x 108 1x10° 1.5x10°
Relative Expression

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.
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°
&
2
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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.

Aldehydes
cy 2-methyl
1.0 1 2,6,6-trimethyl

Heptanal
[ 1-Cyclohexene-1-carboxaldehyde
] Benzaldehyde
M 2-Hexenal, (E)-
B 2.5-Dihydroxybenzaldehyde, 2TMS derivative
B 2-Heptenal, (2)-
Benzaldehyde, 4-methyl-
il octanal
B Furfural

Relative abundance
g

P angulata P ixocarpa P. philacielphica

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).

3

AHC
Alcohols
Aldehydes
Alkenes
Allgnes
carb. Acid
Esters
Ethers
Het. Comp.
Ketones
Laclones
Steroids

B
Terpenes

AHC

Alcohols

Aldehyaes 08

Alkenes

Alkgynes

Carb. Acid

.
o .

Ethers

Hel. Comp.

Kelones 05
Lactones
Sterolds

Sugars
Bl

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).
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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).
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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.
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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 Michoacén region. Local inhabitants report that P. angulata fruits have a more acidic and
bitter taste compared to the P. ixocarpa fruits (J. R. Torres-Garcia, 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 Michoacan 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-o0l, 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
Idihydro-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 Michoacan, 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+0.112 0.22 +£0.072 0.30 +0.132
1232 Valine 0.17 +0.06 2 0.14 +£0.052 0.08 +0.022
1259 Leucine 0.76 0242 0.57 4+ 0.18 2 0.28 +0.09°
1296 Isoleucine 0.30 +£0.102 0.21 +£0.072 0.12+0.042
1302 Proline 0.93 +£0.30° 0.18 4+ 0.06 © 0.13 +0.04 "
1343 Serine 1.07+£0342 07340232 030+0.10°
1362 Threonine 0.25 +0.082 0.45+0.152 0.36 +0.122
1502 Aspartic acid 0.78 £0.252 0.33+0.112 048 +0.152
1519 Pyroglutamic acid 0.64+020° 0.42 4 0.13 2 0.11 +0.03°
1625 Phenylalanine 0.18 + 0.06 037 £0.12° 0.06 + 0.02°
1656 Asparagine 0.68 +0.222 0.39 +£0.132 0.31+0.10°
1775 Glutamine 0.30 +£0.102 0.22 +£0.072 0.16 +0.05°
1839 Arginine 0.88 +0.28° 543 +1.742 461 +1482
Organic acids
1119 Oxalic acid 0.73 +£0.232 0.45 +0.142b 0.11 £0.04°
1314 Succinic acid 0.19 £ 0.062 0.08 +0.03° 0.05 4+ 0.02°
1330 Fumaric acid 0.11 +0.032 0.05 4+ 0.02° 0.03 +0.01°
1475 Mallic acid 1.92 +£0.622 0.05 4 0.02° 2.60 +0.83 2
1530 y-Aminobutyric acid 0.13 4 0.04 2P 0.16 +0.052 0.06 4+ 0.02°
1727 2-Aminoadipic acid 1.85 +0.59 2 1.36 £ 0442 1.07 £0.342
1816 Isocitric acid 0.39 4+ 0.12 2 0.24 +0.08° 0.74 +0.242
Sugar acids and alcohols

1264 Glycerol 175+£056%  036+011° 0474015
1541 Eritrreonic acid 1.19 +0.382 093 +030°2 052 +0.172
1611 Glutamic acid 0.43 +£0.142 0.14 4+ 0.04 0.15+0.05°
1695 Xylitol 230+0.742 1.65+0.532 0.87 £0.282
1718 Arabitol 0.68 +0.222 0.50 +£0.16 2 0.27 +0.092
1801 Glyceric acid-3-phosphate 0.21 £0.07 0.19 £0.06 2 043 £0.14°
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Table 1. Cont.

RI Class/Name Modesto Stanley Stendesto
Sugar acids and alcohols
1920 Sorbitol 72242322 12.31 £ 3952 11.53 +£3.702
2009 Gluconic acid 0.12 £0.04° 0.30+0.102 0.11 +0.03°
2018 Glucaric acid 0.25+0.08 2 0.15+0.052 0.12+0.042
2041 Myo-Inositol isomer 0.83+0.272 0.53 4 0.17 2 0.29 + 0.09°
2101 Myo-Inositol isomer 2.05+0.662 0.21 4+ 0.07° 0.74 +0.24°
Mono- and disaccharides
1855 Fructose isomer 238 +0.76° 6.48 + 2,08 2P 7.05+211°2
1869 Fructose isomer 1.60 + 0.51 b 495+ 1592 551 +1772
1876  1-Methyl-a-D-glucopyranoside 010+0.03> 0270092  036+0.122
1882 Glucose isomer 2.78 +0.89 P 9.90+£2182 12.00 £2.852
1898 Glucose isomer 083+027°  221+071%®  260+083°
1937 Glucose 1-phosphate 0.16 +0.05° 0.25 +0.08° 4.05+1.302
2687 Sucrose 15.54 +2.992 739 +£1.37° 10.25 + 2.29 2P
Phenolic acids
1835 Protocatechuic acid 0.32 £ 0.10 2P 0.17 £ 0.06 ° 0.60 £0.192
1940 trans-p-Coumaric acid 0.55+0.182 04140132 0.24 £0.102
2106 trans-Ferulic acid 0.19 £0.07° 0.38 £0.12° 0.26 £0.08°
Others
1400 Tetradecane 0.64 +0.21°2 0.46 4 0.15 2P 0.13 +0.04 "
1600 Hexadecane 0.29 £0.09 2 0.20 +0.06 2 0.12+0.042

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 393+ 1.122 316 +1.122 267 +1.122
1572 Dodecanol 1.59 4+ 0452 1.04 + 0452 0.97 + 0452
1725 Mirystic acid 875+ 2512 8.00 +2.512 8.66 +2.512
1874 Tetradecanol 0.33 +£0.092 0.21 +0.092 0.24 +0.092
1920 Palmitic acid 1.16 £ 0.332 0.94 40332 1.07 +£0.332
1943 Hexadecanol 048 +0.142 0.344+0.142 0.64 4+0.142
2094 Linoleic acid 7.06 4+ 2.022 427 42022 5.08 +2.022
2101 Oleic acid 12.68 +3.632 11.00 4 3.63 2 13.39 +3.632
2106 Linolenic acid 0.78 4 0.22 2 124+ 0222 0.38 £ 0.22°
2128 Stearic acid 0.94 4+0.27° 1.41 4+ 0272 1.714+0272
2157 Octadecanol 0.89 +0.252 1.12£0252 144 £0252
2311 Eicosanoic acid 1.00 £ 0.292 05240292 0.79 +0.292

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
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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 54340912 2.50 +0.42° 6.34 +1.072
595 n-Butanal 1.52 + 0.26 2P 1.94 +0.332 1.22 +£0.20°
653 3-Methylbutanal 0.614+0.102 0.53 +0.092 0.49 +0.082
667 2-Methylbutanal 2.98 +0.502 1.33 £0.222 23840402
698 Pentanal 441 +0.74" 8124+ 1.362 5.53 +0.93 2P
752 (E)-2-Pentenal 0.88 +0.152 0.27 4+ 0.052 0.70 £ 0.122
792 n-Hexanal 9.74 4+ 1.64° 18.61 £3.132  14.79 +2.492b
830 2-Furfural 261 +0.44° 3.40 £ 0572 2.09+0352
902 Heptanal 146 +£0.25b 1.67 +0.282 117 £0.20°
961 (E)-2-Heptenal 6.15+1.032 10.19 +1.712 49240832
975 Benzaldehyde 2699 +453P  2082+3502 2259 +379P
1011 n-Octanal 1.37 £0.23b 22940392 1.10 £ 0.18 2P
1073 (E)-2-Octenal 3.18 +0.532 5.34 40902 4554 0.762
1106 n-Nonanal 410 +0.6920 2.84 40482 328 +0.55°
1146 (E)-2-Nonenal 0.71+0.12° 0.94 4+ 0.16° 057 +0.102
1232 (E)-2-Decenal 1.08 +£0.18° 0.80 +0.132 1.86 +0.312
Alcohols
500 Ethanol 0.20 £0.03P 1.00 + 0.17 2 1.25+0.212
680 1-Butanol 0.64 +0.11° 0.95 +0.162 1.19+£0.202
689 1-Penten-3-ol 0.17 £ 0.03 2P 0.52 +0.09° 0.65+0.112
770 1-Pentanol 42540712 2.66 + 045" 533 +0.90°
1036 Benzyl alcohol 10.35 + 1.74 2 23040392 2.87 +0.482
1173 4-Ethylphenol 0.65+0.112 0.48 +0.082 0.60 +0.102
Ketones
515 2-Propanone 0.9540.162 0.44 4+ 0.07° 0.75 4 0.13 2
691 2-Pentanone 0.75+0.132 0.49 4+ 0.082 0.61 £0.102
892 2-Heptanone 1.58 +0.27 2 1.86 +0.312 23840402
Furans
995 2-Pentylfuran 1.33 +0.22° 3.89+£0.65? 4.86 +0.822p
Acids
741 Acetic acid 0.25 4+ 0.04 2.02 40342 2.74 4+ 0462
Esters
617 Ethyl acetate 0.35 4+ 0.06 © 057 £0.102 0.12 £0.02°¢
1161 Benzyl acetate 0.49 £ 0.08 ND 0.69 4 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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Modesto

\\‘%

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.

Stanley Stendesto
u floral u fruity u nutty fatty
u sweet u ethereal u medicinal, alcohol ® buttery
W sotr ® bitter w alkane

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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Figure 4. Principal component analysis of kernel samples. Eigenvector loading values of compounds:
(A) primary metabolites; (B) VOCs.
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Figure 5. Clustering results of kernel samples, shown as heatmap: (A) primary metabolites; (B) VOCs.
The values were normalized by logy( 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).

Figure 6. Cont.
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Figure 6. Pearson’s correlation heatmaps of the differential compounds in studied kernels:

(A) primary metabolites; (B) VOCs. The values were normalized by log 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 x 0.25 mm x 0.25 pm) 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 pL 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% H,SO, 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
(8 x 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 uL pyridine and 100.0 pL
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 uL from the solution was injected into
the GC-MS.; 300.0 pL 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 pL BSTFA were added to the mixture
then heated on Thermoshaker, Analytik Jena AG, Germany (40 min/70 °C/300 rpm), and
1.0 uL 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
(Cg_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 (ot = 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 logy 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
(TEC) (0.442 £ 0.001 mg quercetin (QE)/g dw) with the antioxidant activity determined through ABTS
free-radical-scavenging activity (23.179 £ 1.802 pumol Trolox (TEAC)/g dw) (R = 0.68), a medium
correlation with DPPH® radical-scavenging activity (65.875 £ 1.129 umol TEAC/g dw) (R = 0.57),
and a low correlation with ferric reducing antioxidant power assay ((100.164 £ 0.332 umol Fe?* /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 Rios 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.1.,
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.1.,
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.
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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 Goémez-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, a-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 (AICl3), 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 Bolivar, Cotopaxi, and Guayas provinces in the
rainy season, Imbabura in the dry season, Pichincha in the rainy season, Santo Domingo de
los Tsachilas in the rainy season, and Loja, Los Rios, and Sucumbios, in the rainy season
as well. The C. canephora samples were collected from the Cotopaxi, Guayas, Loja, Santo
Domingo de los Tséchilas, and Sucumbios 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 Cantén Rumifiahui.

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 Na,CO3 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 R? = 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 AICl3 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) AICl; 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 R? = 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 C;g column 150 x 3.9 mm?,
internal diameter, particle size, 4 um, 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 x 4.6 nm?, a flow
rate of 1 mL/min, wavelength of 278 nm, pressure of 150 khf/ c¢m?, mobile phase of water,
acetic acid, and methanol (79.9:0.1:20) and injection volume of 10 pL. 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) x 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 R? = 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 uL 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 R? = 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 (Fe>*-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 HCI and 20 mMFeCl; 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 FeCl3-6H;,0 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 x 7H,O ranging from 0-5 mM, following a
linear regression to obtain the equation, y = 0.3654x — 0.0532 with a correlation factor of
R? = 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 Bolivar, Cotopaxi,
Guayas, Imbabura, Loja, Los Rios, Pichincha, Santo Domingo, and Sucumbios, while each
panelist tested 15 samples from Cotopaxi, Guayas, Loja, Santo Domingo, and Sucumbios
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 Rios (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.
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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 Rios (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 Tsachilas (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)

Pichincha 1.76 £ 0.0729

Imbabura 0.91 £ 0.00629

Sucumbios 12.23 £ 0.52208

Cotopaxi 13.96 + 0.27289

Coffea arabica Loja 9.29 £ 0.03744

Bolivar 13.87 4 0.15794

Los Rios 15.09 4 0.15803

Guayas 13.38 £ 0.23911

Santo Domingo de los Tsachilas 3.26 4+ 0.09705

Sucumbios 10.32 £0.02242

Cotopaxi 16.31 £ 0.10919

Coffea canephora Loja 18.05 4 0.21232

Guayas 11.61 £ 0.12294

Santo Domingo de los Tsachilas 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 pmol TEAC/g dw) and the lowest value in Imbabura
(1.885 £ 0.05 umol TEAC/g dw), while in leaf samples, the highest result was found in
Santo Domingo de los Tsachilas Province (100.085 % 0.817 pmol TEAC/g dw), and the
lowest was recorded in the province of Imbabura (2.488 + 0.045 umol 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 umol TEAC/g dw), and the lowest was recorded in Santo Domingo de los
Tsachilas (8.331 £ 0.127 umol TEAC/g dw), while for leaf samples, the highest antioxidant
capacity was found in Guayas (24.533 £ 0.202 pmol TEAC/g dw) and the lowest in Loja
(23.932 £ 0.416 umol 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 pmol TEAC/g dw) and the lowest value in
Los Rios (8.225 + 1.138 umol TEAC/g dw), however, for the leaf, the highest capacity was
from the province of Loja (304.876 & 25.455 pmol TEAC/g dw) and the lowest capacity
was found in the province of Bolivar (21.028 + 1.252 umol TEAC/g dw). In the case
of C. canephora, fruit samples from the Loja province showed the highest antioxidant
capacity (85.869 £ 1.727 umol TEAC/g dw), while the lowest was recorded in Sucumbios
(24.124 £ 1.203 umol TEAC/g dw). Regarding the antioxidant capacity of the leaf samples,
the highest result was recorded in Guayas (196.956 + 0.279 umol TEAC/g dw) and the
lowest in Loja (71.149 £ 9.519 umol 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 umol Fe?* /g dw), and the lowest was registered
from Los Rios (8.225 4 1.138 umol Fe?* /g dw). Analyses of leaf samples resulted in a
higher reduction power in the province of Pichincha (102.705 + 0.447 umol FeZt/ g dw). In
the case of C. canephora, fruit samples from the Loja Province registered a higher radical
reduction power (36.567 4+ 1.127 umol Fe?*/ g dw), than the results recorded in Santo
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Domingo de los Tsachilas (8.336 + 0.127 umol Fe>* /g dw). As for the leaf samples, the top
capacity was recorded in Guayas (100.286 4 0.114 umol Fe?* /g dw) and the lowest in Loja
(35.928 + 2.164 pmol Fe?* /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 pmol Fe?t/ g dw for FRAP.

Organ: Leaf

Organ: Fruit

Province

< & & &
Plant Organ
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).
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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).

TPC TFC

DPPH ABTS FRAP
Corr: 0.889*** Corr: 0.571*** Corr: 0.684*** Corr: 0.268
Fruit: 0.584** Fruit: 0.816*** Fruit: 0.328 Fruit;.0.401* g
Leaf: 0.909*** Leaf: 0.430* Leaf: 0.603*** Leaf:=0.166
Corr: 0.468*** Corr: 0.640*** Corr: 0.052
Fruit: 0.195 Fruit: 0.854*** Fruit:—0.412* g‘
Leaf: 0.364 Leaf: 0.518** Leaf—0.312
Cofr-0:F33%* Corr: 0.625***
Fruit: 0.033 Fruit: 0.516** %
&
Leaf: 0.684*** Leaf: 0.575*
Corr: 0.392*
Fruit—0.617*** &
(2]
Leaf. 0.086
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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 4 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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