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Abstract: Flesh firmness in sweet cherries is determined using the measurement of normalized
deformation force, i.e., determining the required force for a distance equal to 5 or 10% of the diameter
of the cherries per millimeter. However, a firmness method involving a defined distance is quite
simple and suitable for easy applications. Hence, our study focuses on the impact of fruit physiology
under various and fixed distances. To assess the firmness evaluation, two sweet cherry cultivars
(Canada Giant and Regina) were selected and subjected to three different levels of compression
distance equal to 1%, 5%, 10% of the fruit’s small thickness dimension along with a consistent
compression distance of 0.16 mm. There was a strong correlation between panelists’ preferences and
the fruit that had been subjected to both a 1% deformation force and a fixed distance of 0.16 mm
within each cultivar. Physiological traits, membrane integrity, and the metabolome of the fruit in
these categories were mostly unaffected by the control (0%), or 1%, deformation force, as shown by
clustering and PCA analysis. The control and 1% deformation force groups showed similar patterns,
contrary to those of the 5% and 10% deformation force groups. Given these considerations, a fixed
distance of 0.16 mm and a minimal 1% deformation force possess the potential to be employed and
implemented for monitoring the firmness of sweet cherries during postharvest preservation.

Keywords: sweet cherry; firmness; primary metabolites; deformation force

1. Introduction

Sweet cherry (Prunus avium L.) is greatly perishable at harvest and during postharvest
storage but is also widely desirable for its attractive appearance and its nutritional value
due to its high content of polyphenol compounds and vitamin C. Sweet cherry fruit displays
a short harvest window, while several factors deteriorate its appearance, such as cracking
and surface pitting [1-4]. Beyond the obvious physiological disorders, sweet cherry quality
is significantly influenced by firmness and flavor, two of the main factors that determine
consumers’ acceptance. Consequently, breeders focus on improving these traits during the
development of new cultivars [5]. In particular, cherry fruit firmness is a crucial feature
that significantly influences the postharvest preservation of the fruit and its acceptability by
customers [6-8]. It is noteworthy that consumers are willing to pay more for sweet cherries
with an extra unit of sweetness and firmness [9]. Sweet cherry firmness naturally decreases
during both on-tree fruit development and the subsequent postharvest period [10-12]. This
loss of firmness happens due to the activation of enzymes related to pectin degradation, the
main stabilizing factor of fruit’s primary cell walls [13]. Nevertheless, it has been reported
that sweet cherries with high firmness at harvest preserve higher firmness during cold
storage compared to those with lower firmness at harvest [14]. Recently, it has been noted
that sweet cherry softening is related to the activation of certain transcription factors. For
example, PavMADS?7 is an important regulator factor of sweet cherry fruit ripening that
induces the ABA-mediated signaling pathway and directly binds to the promoter of the
PaPG1 gene, which is involved in sweet cherry softening [15].
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In recent years, firmness of the sweet cherry fruit has been evaluated either by applying
a fruit size-dependent compression distance (i.e., 2, 3, 10, and 15%) [16-19] or by applying
a fixed compression distance of 1 mm. The force required to deform fruits, is expressed
as a normalized deformation force in N mm~! [20]. In a recent review, it was suggested
that high-speed functional equipment should be used for the firmness assessment of sweet
cherries, especially in cases where quick and reproducible testing is necessary [21]. To
date, several methods have been reported to determine the firmness of cherries such as
penetration tests using instruments like the Effe-gi Tester, Magness-Taylor Device, Durofel,
and Chatillon, etc. [22], puncture tests [23], Firmtech equipment [24], acoustic firmness
sensors and compression tests applying pressure until a small deformation is reached,
typically between 2% and 20% of fruit diameter [21,25,26]. In addition, a high positive
correlation of the sweet cherry firmness between the trained panelists with the Firmtech2
device, which by applying 1 mm compression determines the maximum force required to
achieve deformation, has been demonstrated [7,8]. Novel technologies for non-destructive
measuring of sweet cherries’ firmness using color sensors and near-infrared diffuse re-
flectance spectroscopy have been developed [27,28], but with controversial effectiveness on
the prediction of firmness [29]. While the mechanical characteristics of several fruits have
been examined [30], there is limited knowledge about the interaction between these traits
and the physiological responses of the fruits. Currently, there is no established method
for evaluating the firmness of sweet cherries at harvest and the postharvest period. In
the present study, the main objective is to investigate the physiological impact of sweet
cherries flesh firmness determination under different deformation distances and secondly,
to uncover the deformation distance with the minimum effect on fruit physiology. For
this purpose, experiments were carried out on two cherry cultivars (Canada Giant and
Regina) to assess the firmness of sweet cherries. The tests involved applying various levels
of compression dependent on the size of the fruit (1%, 5%, and 10%), as well as a fixed
compression distance of 0.16 mm in the smallest thickness dimension of the fruit. Following
the determination of textural properties, several fruit quality traits, sensory assessments of
firmness, and primary metabolites of the fruits were evaluated.

2. Materials and Methods
2.1. Plant Material and Sampling Process

Fruit of two sweet cherry cultivars, namely Canada Giant (is a traditional cultivar,
widely cultivated in Greece, [31]) and Regina (is a traditional, late harvest and cracking
tolerant cultivar [3]) were collected with a soluble solid concentration of 16.3 + 0.2 and
19.4 4 0.3% Brix and a titratable acidity of 0.7 & 0.1 and 0.6 & 0.1% malic acid, respectively,
in representative samples (5 replicates of 10 cherries per cultivar) at the commercial harvest
stage. The experiment was conducted in a commercial sweet cherry orchard (Arnissa,
Pellas’s region, North Greece) during the 2023 growing season. The orchard consisted
of 10-year-old trees planted at 3.5 x 1.25 m spacing between rows and along the row,
grafted onto ‘Gisela 5 rootstock, trained in tall spindle axe, and subjected to standard
cultural practices. The experimental design was a completely randomized design (CRD).
Fruit of each cultivar were picked and immediately transferred to the facilities of the
Pomology Laboratory in the Farm of the Aristotle University of Thessaloniki. From a total
of 900 fruit, 300 fruit were randomly divided into three 100-fruit sub-lots, and fruit firmness
was assessed as described in detail below (Section 2.2). Ninety cherries were used for repeat
measurements of firmness (see also Section 2.2). The assessment of firmness of 42 sweet
cherry fruit was conducted by the panelists in each cultivar; further details are available in
Section 2.3. The remaining 400 fruit were randomly divided into four equal groups, and
deformation forces of 0% (control), 1, 5, and 10% were applied. Following these treatments,
the flesh firmness and the quality traits of the fruit were evaluated.
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2.2. Textural Properties

Fruit deformation forces, corresponding to 1, 5, and 10% of the fruit’s small thickness
dimension, were determined using a TA XT.plusC Texture Analyzer (Stable Microsystems,
Godalming, Surrey, UK), as previously described with slight modifications [17,19]. In par-
ticular, fruit firmness of 100 fruit of each condition (1, 5, and 10% fruit size and deformation
forces) and cultivar was measured at harvest using a flat steel platen (75 mm diameter)
fitted on the machine’s branch; sweet cherries were placed with their small diameters
on a stable steel surface. The required force in Newtons (N) for 1, 5, and 10% diameter
compression (fruit size-dependent compression distance) or compression of 0.16 mm (fixed
compression distance) on the small thickness dimension of fruit was recorded. The speed of
the compression platen was set to 20 mm s~ !. The normalized deformation force of sweet
cherries firmness, expressed in N mm ™!, was calculated as the ratio of the required force
in order to achieve 1, 5, and 10% (fruit size-dependent compression distance) or 0.16 mm
(fixed compression distance) deformation forces to the required distance of the platen in
mm to achieve the deformation force during fruit compression in the small diameter of
sweet cherries. Arithmetic data of 100 fruit for each treatment are provided in Table S1.

Also, to test if the repetition of the measurement processes affects the cherry fruit
physiology, another 3 tests were performed for each condition (1, 5, and 10% fruit de-
formation forces) and cultivar using 10 cherries for each test (in total 90 sweet cherries
per cultivar), as follows: (a) Calculation of the deformation force ratio after 5 successive
compressions between the initial measurement in N mm~! and the final measurement
in N mm~!, expressed as an increase in the required normalized force (percentage, %).
(b) Calculation of the deformation force ratio at harvest and after 2 days at 20 °C between
the final measurement in N mm™! and the initial measurement in N mm™1, expressed
as a reduction in the required normalized force (percentage, %). (c) Calculation of the
deformation force ratio at harvest and after 7 days at 4 °C between the final measurement in
N mm ! and the initial measurement in N mm~!, expressed as a reduction in the required
normalized force (percentage, %).

Fruit classification (described in detail in Section 2.3) of 7 individual sweet cherries
was also determined (in N mm 1) for each category (low and high fruit firmness based on
panelist’s classification), condition (1, 5 and 10% fruit deformation forces), and cultivar.

2.3. Firmness Assessment by Panelist

Every one of the seven panelists randomly selected 6 sweet cherries, which were
classified into low and high flesh firmness (3 for each category), respectively, from a batch
of at least 100 sweet cherries per cultivar. The selection and classification of 6 sweet cherries
by the panelists were performed by squeezing them in their small thickness fruit dimension
between their index finger and their thumb. Thereafter, one sweet cherry from each panelist
and class was determined under the three conditions (1, 5 and 10% = varied distance or
0.16 mm = fixed distance, fruit deformation forces, 7 sweet cherries in each condition). The
results were expressed as normalized deformation force in N mm~! and the arithmetic
data are provided in Table S1.

2.4. Evaluation of the Fruit’s Cellular Damage

Membrane integrity of sweet cherries was tested as relative electrical conductivity
(REC, %), as previously described [23] with slight modifications. Ten fruit per treatment,
time-point, and cultivar were selected and were cut on both sides of their small thickness
dimension (2 slices, 4 £ 0.2 g), and then they were submerged in 30 mL of deionized water
for 30 min at 20 °C. The electrolyte content of the solution was determined by measuring
the electrical conductivity with a conductivity meter in uS cm~! (model HI 9033 and probe
HI 7630, Hanna Instruments, Smithfield, RI, USA). Total electrolytes of the fruit slices were
determined after boiling them for 15 min and then allowed to reach 20 °C, when electrical
conductivity was recorded again. Relative electrical conductivity (REC, %) was calculated
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as the percentage of a ratio of electrical conductivity just after 30 min to total electrolytes.
Data are provided in Table S2.

2.5. Fruit Weight Loss and Respiration Rate

To determine fruit weight loss (%), weight of three batches of ten fruit from each
treatment (0% (control), 1%, 5%, and 10% deformation forces) and cultivar were recorded
at harvest and after 4, 24, and 48 h using an analytical balance (0.001 g). Furthermore, fruit
respiration rate was measured by enclosing fruit in 2 L air-tight jars for 30 min at 20 °C and
CO; production was determined in a 1 mL gas sample from the air of the jars by injecting
it into a gas chromatograph (Shimadzu GC-2014, Kyoto, Japan), coupled with a thermal
conductivity detector (TCD). To calculate CO, concentration, a correction was conducted
by subtracting the ppm CO; of the laboratory air from that detected in the jars. The results
were expressed as mL CO; kg~! h~!. Data are provided in Table S2.

2.6. Quantification of Primary Metabolites

Frozen (—80 °C) ground exo-and meso-carp tissues (0.5 g) of each treatment and
cultivar in triplicate (biological replicates) in 48 h after treatments were transferred into
2 mL screw-cap tubes for primary polar metabolite extraction, as previously described
with slight modifications [32]. In brief, 1.4 mL pure methanol and 0.1 mL of 1 mg mL~!
adonitol were added and incubated for 10 min at 70 °C. After centrifugation (10,000x g),
the supernatant was collected, and 0.75 mL chloroform and 1.5 mL dH;O were added.
From the upper polar phase, 0.15 mL was dried at room temperature (RT) under vacuum.
The residue was redissolved in 0.04 mL methoxyamine hydrochloride at a concentration
of 20 mg mL~!, and incubated for 120 min at 37 °C. Then it was derivatized with 0.07 mL
N-methyl-N-(trimethylsilyl) tri-fluoroacetamide reagent (MSTFA) for 30 min at 37 °C. The
GC-MS analysis was carried out with a Perkin Elmer Clarus™ SQ 8S (Waltham, MA,
USA) as described in detail [33]. Compound peak identification was determined using
standards or the NIST11 database and the GOLM metabolome database (GMD) in cases
of unknown peaks [34]. The metabolites were presented based on the area after peak
quantification compared to the area of adonitol (internal standard) and expressed as the
relative abundance of adonitol. Data on metabolite description and relative abundance are
provided in Table S3.

2.7. Statistical Analysis

Fruit textural properties, physiological traits, and polar primary metabolites were
conducted using SPSS (SPSS v25.0., Chicago, IL, USA) by multivariate analysis of variance
(MANOVA). Mean values were compared by the Student’s t-test, the least significant
difference (LSD), and the Duncan’s multiple range test (p < 0.05). Furthermore, root-
mean-square error (RMSE) was calculated using the R-package (ver. 3.6.2.). Metabolite
visualization and clustering (hierarchical and PCA) were conducted using the Clustvis tool
ver. 2.0 [35].

3. Results
3.1. Flesh Firmness Test in Sweet Cherries

In order to examine the firmness of sweet cherries, tests on two cultivars (Canada
Giant and Regina) were conducted using different compression distances based on fruit
size (1%, 5%, and 10%), as well as a fixed compression distance of 0.16 mm in the smallest
thickness dimension of the fruit. The normalized deformation force (N mm™1) of the
fixed compression distance was measured at 1.8 and 2.1 for Canada Giant and Regina,
respectively, indicating that Regina was firmer than Canada Giant (Figure 1a).
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Figure 1. (a) Normalized deformation force (N mm ') of three different compression conditions
(1, 5, 10%) and a fixed compression distance (0.16 mm) on the small thickness dimension of the fruit.
(b) Scatter plot between the fixed (x axis) distance and the corresponding varied (y axis) distance.
One hundred fruit for each condition and cultivar were used to create the box plot. Different letters
indicate significant differences among treatments based on Duncan’s multiple range test (p < 0.05).
Best-fit linear regression, R squared, and the root-mean-square error (RMSE) were defined in each
cultivar and in the pair of varied and fixed distance treatments. Data are provided in Table S1.

Furthermore, under the 1, 5, and 10% size-dependent compression distance conditions,
flesh firmness of Canada Giant was 1.7, 1.6, and 2 N mm ™!, which are lower values than
the corresponding of Regina 2, 2.3, and 2.9 N mm ! (Table S1 and Figure la). Thereafter, a
scatter plot was built between the deformation force for the fixed and the size-dependent
compression distance to explore the linear regression match. The above-mentioned ap-
proach is employed to explore the fit of fixed and varied compression distances based on
R2 and RMSE with a view to the possible replacement of the second one. Deformation
force indicates a better fit between 1% of the size-dependent compression distance and the
fixed distance (0.16 mm) in both cultivars compared to others (5 and 10%) with an R2 of
0.98 and 0.96 for Canada Giant and Regina, respectively (Figure 1b). On the other hand, the
deformation forces of 5 and 10% and the fixed distance correlated with an R2 of 0.87 and
0.62, respectively, in Canada Giant, whereas for Regina, it was 0.66 and 0.62, respectively.
Furthermore, the root-mean-square error (RMSE) was lower in the 1% deformation force
and the fixed distance (0.15 in Canada Giant and 0.11 in Regina) compared to 5% (0.16 in
Canada Giant and 0.29 in Regina) and 10% (0.3 in Canada Giant and 0.88 in Regina) in both
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cultivars (Figure 1b). Subsequently, tests were carried out to measure the firmness of sweet
cherries under different conditions, namely size-dependence and fixed distance. These
tests involved subjecting the cherries to five consecutive compressions and then evaluating
their firmness after either 2 days at 20 °C or 7 days at 4 °C.

The purpose of these tests was to assess the effectiveness of monitoring the firmness of
cherries’ flesh, as depicted in Figure 2a. Both cultivars exhibited a negative percentage in-
crease in a fixed distance after undergoing five continuous compressions in 10% (Figure 2a).
Moreover, in Canada Giant, the fixed distance after five continuous compressions in a 5%
deformation force had the lowest increase of 2.7% compared to the others (various and fixed
distance), and the elevation in firmness ranged from 16.5% to 21.6% after five continuous
compressions (Table S1 and Figure 2a). In addition, Regina firmness increase ranged from
3.8% (fixed distance after five continuous compressions in 5%) to 17.4% (10% deformation
force) following five continuous compressions (Table S1 and Figure 2a). After 2 days of shelf
life at 20 °C, Canada Giant cherries exhibited a reduction in firmness, ranging from 24.1%
(5% deformation force) to 32.5% (fixed distance after 5% deformation force and 2 days at
20 °C). In parallel, Regina cherries showed a lower reduction in the 5% deformation at a
varied distance of 9% and a fixed distance of 12.9% than 1% and 10% deformation forces
after 2 days at 20 °C, ranging from 26.4 to 39.5% (Table S1 and Figure 2a). An increase in
firmness was recorded for a 5% deformation force in sweet cherries of Canada Giant after
7 days of cold storage (4 °C), while for the rest of the deformation conditions, the reduction
ranged from 12% (fixed distance after 1% deformation force and 7 days at 4 °C) to 25.9%
(fixed distance after 10% deformation force and 7 days at 4 °C). After 7 days at 4 °C, a
decrease in firmness was observed in Regina fruit ranging from 27.9% (5% deformation
force) to 46.7% in the fixed distance after 1% deformation force and 7 days at 4 °C (Table S1
and Figure 2a).
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Figure 2. Cont.
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Figure 2. (a) Sweet cherry flesh firmness in response to fine continuous compressions following
2 days at 20 °C and 7 days at 4 °C in each treatment and cultivar. Values represent the ratio between
each stage and the harvest. (b) Scatter plot among the fixed (x axis) distance and the corresponding
varied (y axis) distance of flesh firmness classified into ‘low” and ‘high’ by panelists. Each value
represents the mean of 10 replications of individual fruit, and vertical bars represent the SD for the
deformation ratio determinations. Different letters indicate significant differences among treatments
based on Duncan’s multiple range test (p < 0.05) or t-Student’s test (*** p < 0.001). Data and linear
regression with the R squared of each condition are provided in Table S1.

To further explore the association between sweet cherry flesh firmness measurement
and hand sense, seven trained panelists classified 6 fruit into ‘low” flesh firmness and
‘high’ flesh firmness (3 to each category) from a batch of 100 fruit from each cultivar.
Panelists” assessments indicated that sweet cherries classified in the ‘low” group had a
normalized deformation force of 1.4 N mm~!, while the ‘high” group had 2.1 N mm~!
in Canada Giant, indicating a significant difference (Table S1 and Figure 2b). Moreover,
Regina fruit with 1.6 N mm~! and 2.1 N mm~! were classified by panelists into the ‘low”’
and ‘high’ groups, respectively, and they were also significantly differentiated between the
two groups (Table S1 and Figure 2b). Subsequently, a scatter plot was constructed for both
‘low” and ‘high” flesh firmness classified cherries for each cultivar to examine the match to
the linear regression model between the varied and the corresponding fixed distance. A
high correlation in the linear models of the classified sweet cherries for both groups and
cultivars was observed for the 1% deformation force with an R2 that ranged from 0.94
to 0.99 compared to the other conditions (5 and 10% deformation force) with an R2 that
ranged from 0.07 to 0.8 (Table S1 and Figure 2b).

3.2. Monitoring Sweet Cherry Quality Traits

The weight loss and respiration rate of both cultivars were measured at 4, 24, and
48 h after treatment. Additionally, the membrane integrity of the fruit was assessed by
measuring the relative electrical conductivity (REC) 48 h after treatment at 20 °C and 7 days
after treatment at 4 °C. The weight loss of the fruit over the postharvest shelf life did not
differ across treatments in both cultivars, except for a noticeable difference observed at the
48 h mark.

The treatment with a 10% deformation force showed an enhanced fruit weight loss
compared to the control and the treatment with a 1% deformation force. Significantly, sweet
cherries exhibited a weight loss of over 10% within a 48 h period at a temperature of 20 °C,
as indicated in Table S2 and Figure 3a.
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Figure 3. (a) Weight loss and respiration rate 4, 24, and 48 h after treatment at 20 °C, and membrane
integrity (b) 48 h after treatment at 20 °C and 7 days after treatment at 5 °C of sweet cherries in each
cultivar were determined. Each value represents the mean of 3 replications x 10 fruit in the case of
physiological traits and 10 individually in membrane integrity determination. Differences among
treatments were detected based on the least significant difference (LSD, p < 0.05) or different letters
indicate significant differences among treatments based on Duncan’s multiple range test (p < 0.05).
Arithmetic data are provided in Table S2.

In addition, the respiratory activity of the fruit was often enhanced when subjected
to deformation forces of 5% and 10%, regardless of the time point and cultivar. The only
exception was seen after 48 h at 20 °C in the 5% deformation treatment of the Canada Giant
cultivar. In contrast, the respiration rate of fruit subjected to a 1% deformation force did
not show a significant impact (Table S2 and Figure 3a).

A reduction in respiration rate in Canada Giant during postharvest maintenance
was observed, while the respiratory status of Regina fruit was not influenced during the
postharvest period (Table S2 and Figure 3a). The relative electrical conductivity (REC) of



Horticulturae 2024, 10, 435

9 of 15

Canada Giant fruit ranged from 31 to 41% and increased in response to treatments 5 and
10% flesh deformation after 48 h at 20 °C and after 7 days at 4 °C, while there was no
difference detected at these time points during REC determination at a 1% deformation
force (Table S2 and Figure 3b). Moreover, the REC of Regina fruit ranged from 23 to 29% and
increased in all treatments after 48 h at 20 °C and in 5% and 10% deformation treatments
after 7 days at 4 °C. It is also worth noting that the REC for both cultivars increased in
treatments of 5 and 10% deformation compared to a 1% deformation force (Table S2 and
Figure 3b).

3.3. Primary Metabolic Profile of Sweet Cherry Fruit Exposed to Deformation Experiments

To better understand the variables contributing to fruit flesh deformation, we pro-
ceeded to examine the changes in the metabolic profile of the affected sampling areas 48 h
after treatments at 20 °C using the GC-MS approach. In total, thirty-four polar metabolites
in the exo-meso-carp tissue of the two sweet cherry cultivars were quantified and then
clustered according to treatment and cultivar (Figure 4).

In response to treatments, 9 and 15 primary metabolites remained unaffected in
Canada Giant and Regina, respectively, based on MANOVA. For instance, phosphoric
acid, inositol, talose, and glucoheptonolactone showed no differences following treatments
in both cultivars (Table S3). Generally, there was a clear separation in both cultivars
due to hierarchical clustering analysis, leading to the first group where control and 1%
deformation treatment grouped together and to the second group where 5% and 10%
deformation treatments grouped together (Figure 4a). Furthermore, based on principal
component analysis (PCA) for each cultivar, an obvious separation of the same groups
(control and 1% deformation treatment compared to 5% and 10% deformation treatments)
was detected, indicating that they are strongly related to PC1—principal component 1
(Figure 4b). In more detail, the variance of the metabolic data explained by the PCA model
in Canada Giant was 91.1%, with 74.7% explained by PC1 and 16.4% by PC2, similarly in
Regina, it was 90.1%, with 61.2% explained by PC1 and 28.9% by PC2 (Figure 4b).

To focus on the fruit metabolic alterations due to compression treatments, we studied
metabolites that shifted their abundance in both cultivars. Thus, in both cultivars, an in-
crease in mannitol and galacturonic acid in the 5 and 10% deformation treatments compared
to control and the 1% deformation treatments was observed. Also, an increase in lactose was
detected in the 10% deformation treatment compared to the control and the 1% deformation
treatment (Figure 4a and Table S3). In Canada Giant, 11 primary metabolites (e.g., proline,
fumaric acid, threonine, serine, arabinose, malic acid, ornithine, oxoproline, asparagine,
quininic acid, and threonic acid) were increased in response to 5 and 10% deformation
treatments, while sucrose was decreased. Furthermore, an increase in malonic acid and
xylose were detected in the 10% deformation treatment, whereas a decrease in fructose,
glucose, sorbitol, and maltose was recorded in this treatment (Figure 4a and Table S3). In
Regina, an increase in mannobiose and cellobiose content in 5 and 10% deformation treat-
ments were observed; however, a decrease in seven metabolites including proline, succinic
acid, malic acid, asparagine, xylose, arabinose, and sorbitol was also observed. In addition,
maltose and maltitol were increased in the 10% deformation treatment compared to the
other applied treatments (Figure 4a and Table S3). The axis of principal component 2 (PC2)
is mostly associated with the variation between the two greater compressions observed in
the fruit subjected to a 5% deformation treatment compared to those that were subjected to
a 10% deformation treatment in both cultivars (Figure 4b). Based on metabolic profile of
the two cultivars from both hierarchical cluster analysis and PCA analysis (Figure 4), it is
seen that the control and 1% deformation treatment in one group were grouped together,
and 5% and 10% deformation treatments in the other group were also clustered. This
indicates stronger changes in metabolite abundances after the application of 5% and 10%
deformation treatments versus both control and 1% deformation treatment (Figure 4).
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Figure 4. A heat map diagram and clustering analysis of primary metabolites were performed in
deformation-related treatments of the two sweet cherry cultivars (a). Additionally, these metabolites
were analyzed with principal component analysis (PCA) for each cultivar (b). Based on the grand
mean of each cultivar and metabolite, an increase is depicted as red, and a decrease is depicted as
blue (see color scale). Metabolite abundances were expressed as relative abundance compared to the
internal standard of adonitol. Each metabolite is represented by 10 sweet cherries in three biological
replications. Metabolites relative abundance data are provided in Table S3.

4. Discussion

Fundamental issues, such as the impact of compression due to firmness measurements
on sweet cherry cell membrane integrity and cell metabolic status, have not been fully
examined yet. In the current study, we investigated these aspects related to sweet cherry
firmness, such as the optimum deformation force and the sensory discrimination of firm-
ness, providing useful data in the food industry to develop a texture-based method of fruit
quality monitoring. To achieve this, we conducted tests on the application utilizing three
distinct fruit compression conditions (1%, 5%, and 10%) and a fixed compression distance
condition of 0.16 mm. These tests were performed on two high commercial and traditional
cultivars in Greece, as shown in Figure 1. An optimum number of one hundred tested
cherries in each condition and cultivar were used to minimize variability [36] (Figure 1a).
In addition, the selection of compression speed and loading direction was suggested to
test the reliability of fast and accurate results, notably at the fixed compression distance of
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0.16 mm (Figure 1a). For this reason, the compression speed was set to 20 mm s~!, and the
loading direction of the fruit was set to the small thickness dimension.

The demand for rapid and precise assessment of firmness arose primarily because of
the short period of time available for handling sweet cherries and their transportation [21].
Additionally, the necessity for fast assessment of cherry attributes was reinforced by the
implementation of hydro-cooling techniques to avoid the short period of life due to deteri-
oration of the fruit [37,38]. A recent study indicates that the deformation leading to elastic,
local plastic, or structural failure in strawberry fruit is highly influenced by the speed of
compression and the direction of loading [39]. Consequently, the current firmness data may
be affected by the selected speed of compression, but it also should be fast enough in sweet
cherries to assess a specific fruit batch as soon as possible. Therefore, we have also chosen
the loading direction with the small thickness dimension, since the probability of sweet
cherries being automatically placed in this position is much higher than the large dimen-
sion. It is also noteworthy that the compression of fruit with a small thickness dimension
equal to 1% was strongly correlated with the fixed compression distance of 0.16 mm on a
linear regression with an R2 exceeding 0.96 in both cultivars (Figure 1b). Hence, a fixed
distance in fruit deformation force below 0.2 mm enables the design of suitable postharvest
mechanical handling facilities with elastic fruit deformation, assisting fruit classification
based on the ripening stage [40]. In this regard, a non-destructive elastic deformation for
the determination of tomato ripening stage was previously proposed [41]. In sweet cherries,
a destructive elastic—plastic deformation when applied to the fruit’s repeated measurement
was observed; specifically, after five continuous compressions, an increase in recorded force
was detected, leading to the hypothesis that this increase in fruit firmness should be taken
into consideration in order to monitor the firmness declination during the postharvest life
period (Figure 2a). A sweet cherry destructive method for firmness estimation should offer
more precise measurement than non-destructive, yielding more accurate results. Further-
more, a destructive approach with a minimum impact on fruit physiology could provide
accessibility to firmness while still preserving the fruit for further physiological analysis [42].
Although we can claim that deforming the fruit to 1% of the small thickness dimension had
minimal effect on the fruit physiological responses (Figures 3 and 4), the non-destructive
approach is well-defined, and concerns, among others, include the correlation of profiles in
the infrared spectrum with physiological characteristics of the fruit such as firmness, SSC,
DM and its biochemical traits [43].

Skin mechanical properties of sweet cherries are tightly linked with genotype, ripening
stage, fruit water relations (including turgor, transpiration, and water uptake), and tem-
perature [44]. Herein, we also performed sensory evaluation of sweet cherry firmness by
hand, and cherries were split into ‘low” and ‘high’ fruit firmness after squeezing them to the
small thickness dimension. In these fruit, the firmness was also quantified using a texture
analyzer. Data indicated that fruit characterized as low firmness had 1.30 and 1.58 N mm 1,
and those characterized as high firmness had 2.03 and 2.09 N mm !, respectively, in the
cultivars Canada Giant and Regina (Figure 2b). According to previous studies [7,45] pan-
elists” sensory assessment of firmness is highly sensitive. Moreover, firmness of sweet
cherries has been linked with postharvest maintenance [6], as firmer cherries at harvest
could remain firmer during the postharvest period than the softer ones [14]. Therefore, in
this study, sweet cherry ripening characteristics, including fruit firmness, were periodically
monitored during maintenance for 2 days at 20 °C following deformation force treatments
(Figure 3a). Generally, there were no differences in sweet cherry weight loss after defor-
mation treatments, with the only exception of an increase of 2 days in Regina after a 10%
deformation force. Also, the fruit respiration rate displayed higher values in both cultivars
after a 5 and 10% deformation force compared to either control or a 1% deformation force
(Figure 3a). A rise in respiration activity had also been observed in plum fruit exposed to
mechanical damage during the postharvest handling process [46]. A lower sweet cherry
respiratory status is the optimal goal for depression in senescence and metabolic activity
under postharvest conditions [10,47]. Hence, the observed increase in the respiration of
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fruit exposed to 5 and 10% deformation treatments (Figure 3a) possibly gives rise to shifts
in the fruit cell membrane status to reverse these adverse situations (Figure 3a). Indeed, the
relative electrical conductance (REC), which reflects the cell membrane integrity, increased
in response to 5 and 10% deformation treatments after 48 h at 20 °C, indicating a loosening
of the cell membrane (Figure 3b). A strong positive correlation between REC and fruit
damage due to vibration following wounding was recorded in strawberries [48]. In parallel,
metabolic analysis and clustering revealed a clear separation between the first group, which
includes control and a 1% deformation force, and the second group, which includes 5% and
10% deformation forces (Figure 4). Particularly, the increase in galacturonic acid in fruit
treated with 5 and 10% deformation forces compared to the other group seemed to have a
significant role in the observed disjunction (Figure 4a), since galacturonic acid accumula-
tion, which is the main compound of pectin degradation, is associated with the activation
of several pectin-related enzymes, such as [3-galactosidase (3-Gal), polygalacturonase (PG),
and pectinmethylesterase (PME) [14,49,50].

Polyol accumulation under stress conditions in higher plants has been well docu-
mented [51]. In this work, the detected increase in mannitol may indicate a fruit response to
a stressful situation manifested as compression force (Figure 4a and Table S3). Although the
metabolic changes in each cultivar showed distinct patterns, these changes led to the same
result: an obvious separation of treatments of 5 and 10% deformation forces compared to
control and a 1% deformation (Figure 4a and Table S3). For example, proline and oxoproline
were accumulated in the aforementioned treatments (5% and 10% deformation forces) only
in the cultivar Canada Giant (Figure 4a and Table S3), while these two compounds have
been linked with stress conditions in sweet cherries [4,52]. On the contrary, the accumula-
tion of mannobiose and cellobiose in the 5% and 10% deformation treatments (Figure 4a
and Table S3) was a good example for sweet cherries of Regina cultivar, indicating that
the cell wall collapsed, and these two constituents were released via hydrolysis from the
cell wall and thereafter detected [53]. Undoubtedly, the metabolic response of fruit to high
compression forces in both cultivars was differentiated between them, but the outcome
was similar, namely the separation of high and low compression forces (Figure 4). The
differences in sweet cherry firmness between 1% or specific deformation force at 0.16 mm
and a 5% or 10% deformation force are illustrated in Figure 5.

1 0, -
Deformation force 1% or Deformation forces of 5% or 10%
fixed distance at 0.16 mm
Mechanical branch Platen Mechanicafranch Platen
( | | /Iat base ( | | /Iat base
\ ' \ !
Distance = 1% Distance = 10%
Small of small diameter Small of small diameter
Diameter Diameter
* 1% excellent fit with specific distance * 5% and 10% moderate fit with specific distance
« Better connection with fruit classification « Less reliable connection with fruit classification
» Minimize the impacton fruit WLand RA « Shifts in fruit WLand RA
« Slightly disrupted cell membrane integrity « Severely disrupted cell membrane integrity
» Minor changes of fruit primary metabolic profile » Modifications of fruit primary metabolic profile

* Possible application to monitor fruit flesh firmness « Application about state of fruit firmness

Figure 5. Schematic presentation of sweet cherry firmness measurements. Pros and cons during
firmness determination when using a deformation force of 1% or a fixed distance of 0.16 mm on the
left side and deformation forces of 5% or 10% on the right side. Abbreviations: WL, weight loss; RA,
respiration activity.
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5. Conclusions

Flesh firmness evaluation in sweet cherries is primarily determined by the deformation
force applied at a distance equal to a different percentage compression distance of the fruit
diameter. The current study supports the idea that a fixed distance of 0.16 mm for cherry
fruit firmness evaluation, which is also the main goal for easy applications, fits better
with a 1% deformation force determination than with a 5% or 10% deformation force.
Moreover, the classification of fruit into low and high firmness by panelists demonstrated a
stronger correlation with the application of a 1% deformation force and the fixed distance
of 0.16 mm within each cultivar. The effect of a 1% deformation force on physiological
traits such as weight loss, respiration activity, and membrane integrity was minimized
compared to 5% or 10% deformation forces. Hence, in the fixed distance 0.16 mm or a 1%
deformation force, the fruit’s metabolic status was not dramatically influenced compared
to 5% or 10% deformation forces, indicating a future perspective for monitoring sweet
cherries during postharvest maintenance, either during cold storage or the shelf life with a
minimum impact on fruit physiology. Additionally, control and 1% deformation treatment
were clustered together concerning metabolic analysis, whereas 5% and 10% deformation
treatments exhibited significant metabolic shifts compared to control and a 1% deformation
treatment after 48 h. Finally, these findings should be tested on more sweet cherry cultivars
in future studies, and extensive tests should also be accomplished to apply the proposed
compression distance for sweet cherry firmness determination on a large scale.
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/ /www.mdpi.com/article/10.3390 /horticulturae10050435/s1, Table S1. Data on sweet cherry defor-
mation force, repeated measurements, and classification.; Table S2. Data on sweet cherry physiological
traits and membrane integrity.; Table S3. Quantification and descriptive data of primary metabolites
in sweet cherries. Ref. [54] cited in Table S3.
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