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Abstract: Mechanical stress induced by compression during preharvest and postharvest handling
of fresh fruit is a major factor influencing the quality of fresh fruit. The degree of compression
primarily governs the extent of quality deterioration. However, research on the damage mechanisms
of mechanical compression in table grapes remains scarce. This investigation evaluated the impact of
varying compression levels (0%, 20%, 40%, 60%, and 80%) on the postharvest quality attributes of
table grapes. Changes in postharvest physical properties (overall appearance and color), structural
properties (firmness, springiness, cohesiveness, and chewiness), physiological qualities (total soluble
solids, titratable acidity, ascorbic acid, malonaldehyde content, and relative electrical conductivity),
and cell microstructure of the berries was determined at 4 ◦C during 15 d of storage. Mechanical
compression contributed to the deterioration of the quality of table grapes during storage, resulting
in increased weight loss, decay rate, malonaldehyde content, and relative electrical conductivity; and
decreased total soluble solids, titratable acidity, and ascorbic acid content. Furthermore, as compared
to the control group, mechanical compression resulted in substantial yellowing and diminished
textural qualities of grapes. In particular, compression treatment caused significant deformation
of grape cell microstructure. In conclusion, mechanical compression stress significantly affects the
physical and physiological properties of postharvest table grapes, as well as the internal cellular
organization. As compression levels increase, the quality of table grapes progressively deteriorates,
leading to a substantial reduction in storage life and commercial value. This study offers essential
information for devising damage prevention strategies in preharvest and postharvest handling of
table grapes.

Keywords: ‘Shine Muscat’ grape; mechanical compression; postharvest quality; texture properties;
microstructure; compression damage

1. Introduction

Grapes (Vitis vinifera L.) are widely cultivated throughout the world, with a global
planted area of 6.95 million hectares in 2020 and an annual production of 78.03 million
tons [1]. The grape is abundant in minerals, vitamins, carbohydrates, organic acids, and
polyphenolic antioxidants [2]. China is the largest producer of grapes, accounting for 19.02%
of world production. In China, 80% of grapes are consumed fresh, with the remainder
being used to make wine, raisins, and juice [3].

From the field to the point of consumption, fresh produce undergoes several primary
processes, including harvesting, sorting, packing, storage, transportation, and retail in
stores [4]. Fruit and vegetables are vulnerable to static or dynamic stress throughout
these procedures, which may result in mechanical damage [5]. The quality and market
value of the fruit are severely impacted by mechanical injury, which raises the risk of
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microbial infection in addition to sensory changes and nutrient loss [6,7]. Therefore,
reducing mechanical damage during the circulation of fruit and vegetables is an important
research topic in their transport, storage, processing, and marketing [8].

Mechanical damage to fruit and vegetables is affected by different types of mechanical
loading, including vibration, compression, impact, friction, puncture, and cutting [9]. In
recent years, a significant number of studies have investigated the damage mechanisms
of simulated vibration, impact, and compression tests during the distribution process,
providing an effective way to develop or improve postharvest handling techniques for
fruit and vegetables [10]. For example, Chaiwong, ET al. [11] analyzed vibration damage
caused by simulated transportation of guava and indicated that vibration acceleration was
an important factor in causing vibration abrasion in guava. Hussein, Fawole and Opara [6]
studied the sensitivity of pomegranate cultivars to impact damage, and the results showed
that impact energy was the main parameter affecting the bruising of pomegranate fruit.
Sun, et al. [12] used hyperspectral imaging to examine tomatoes damaged by falls and
revealed that the greater the height of the fall and the larger the fruit, the more severely
the tomatoes were damaged. Lin, et al. [13] studied the effect of buffer materials and
temperature on the quality damage of ripe peaches through vibration tests and found
that in peach fruit, under low-temperature vibration, the damaged area size was smaller
and the decay rate was lower. Xu, et al. [14] discovered that fall impact had a significant
impact on the physiological response of apples, reducing the storage life and commodity
value of postharvest apples significantly. Mir and Shahbazi [15] observed that vibration
frequency is a significant factor affecting persimmon vibration damage, resulting in the
deterioration of the physical, mechanical, and chemical properties of persimmon. The
aforementioned findings have significant practical implications for alleviating fruit loss as
well as preserving fruit commodity value, which additionally offer an achievable way of
developing or enhancing fruit postharvest treatment technology [16].

Grapes belong to the berry category which presents differences in quality character-
istics from drupes [17]. After being subjected to mechanical stress, grapes usually show
delayed damage, which is not easy to observe visually, except in more destructive cases [18].
In general, grape berries are subjected to mechanical compression loads well below the crit-
ical load for berry rupture [7]. The effects of such loads on grapes are not easily detectable
but are gradually revealed during the period between postharvest and sale, resulting in
economic losses [19,20]. So far, there have been few studies on the bruising damage of table
grape fruit caused by mechanical compression load before the critical value of rupture.
Our research group has conducted preliminary studies on the vibration characteristics of
grape clusters during transport, which indicate that vertical vibration results in higher
grape dropping rates compared to horizontal vibration [3,21]. However, more research is
needed on the impact of imperceptible mechanical compression damage on the quality
of table grapes. Therefore, the objective of this study was to use a texture analyzer to
apply five different levels of compressive stress to table grapes (‘Shine Muscat’ grape)
to determine the physical and physiological quality indexes of fresh grapes, observe the
changes in grape fruit tissue and cell microstructure, and synthesize the development law
of physical, physiological, and microstructural damage of table grapes. The results of this
research offer significant insight into the possible causes of fresh grape damage produced
by mechanical compressive loads, which could provide the essential knowledge required
for the development or improvement of postharvest handling strategies for fresh grapes.

2. Materials and Methods
2.1. Grape Samples and Treatments

Six-year-old vines of the table grape cultivar ‘Shine Muscat’ were grown under rain
shelter cultivation at the Rose Grape Garden in Zhenjiang City, Jiangsu Province, China. The
planting system used an H-shaped trellis, and all grapevines were subjected to identical
pruning and cultivation practices. In this study, we selected 10 vines and harvested
30 clusters at commercial maturity (total soluble solids, TSS ≥ 18%). The grapes were
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screened to ensure consistent ripeness, uniform size, no mechanical damage, and no pests
or diseases. The harvested grapes were transported to the laboratory within one hour.

Grape clusters transported to the laboratory were left at room temperature for 2 h to
remove field heat. The grapes were cut from the stems and the berries were selected. Berry
size (average): longitudinal diameter = 28.58 mm, transverse diameter = 27.72 mm, berry
weight (average) = 16.75 g.

In preliminary tests, 100 ‘Shine Muscat’ grapes were compressed with the Texture
Analyzer at different compression distances: 14 mm, 12 mm, 10 mm, 8 mm, and 6 mm. The
aim of these treatments was the determination of the maximum compression deformation
that would not cause external rupture of the berries.

According to the critical value of 10 mm for the compression deformation of the grape
berries obtained in the preliminary experiment, the compression deformation amounts
that did not cause the grape berries to break were set at 8 mm, 6 mm, 4 mm, and 2 mm,
which was 80%, 60%, 40%, and 20% of the compression deformation of the grape berries. A
total of 870 berries were selected and randomly divided into five groups. The grape berries
were compressed using the texture analyzer (TA. XT Plus, Stable Micro Systems, UK),
and a circular plate of 36 mm diameter was selected as the compression probe, with the
compression direction being transverse, as shown in Figure 1A. The test parameters were
as follows: pre-test speed = 5.0 mm/s, test speed = 2.0 mm/s, post-test speed = 2.0 mm/s.
Five compression levels were set: 0, Cps20%, Cps40%, Cps60%, and Cps80%. The force–
compression distance curves were recorded by a computer in real time, as shown in
Figure 1B. The treatment and control grapes were stored in an incubator at 4 ± 0.2 ◦C and
85% humidity for 15 days. The physiological and biochemical parameters of the grape pulp
were measured at 0 day, 3 day, 6 day, 9 day, 12 day, and 15 day, respectively, by taking the
peeled pulp from the equatorial part of the grapes. The results were averaged over three
replicates per group. The experimental design for this study is illustrated in Figure 2.
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Figure 2. Diagram of experimental arrangement of preparation of ‘Shine Muscat’ grape berries for
postharvest quality determination.

2.2. Physical Properties
2.2.1. Visual Appearance

During storage, photographs were taken every three days to track the changes in the
appearance of the ‘Shine Muscat’ grape.

2.2.2. Determination of Color

The surface color of the grape peel was measured using a colorimeter (Chroma Meter
CR-400, Konica Minolta, Tokyo, Japan), according to the method described by Champa,
et al. [22], with minor modifications. The indices of L* (light/dark), a* (red/green), and b*
(yellow/blue) were recorded. Color differences (∆E) were obtained by Equation (1):

∆E =
2
√

(L ∗− L∗
0
)2

+ (a ∗− a∗0
)2

+ (b ∗− b∗
0
)2 (1)

where L*
0, a*

0, and b*
0 were the initial values of peel color, while L*, a*, and b* were the color

parameters at the time of sampling.

2.3. Cell Structure Changes

A scalpel was used to take three pulp slices along the peeled berry’s equatorial part.
The slice size was corrected using a hole punch (10 mm diameter). Slice size: diame-
ter × thickness = 10 mm × 0.1 mm. Slices were quickly placed on a slide, covered with a
coverslip, and wiped dry of excess liquid. The alterations in the cell structure of ‘Shine
Muscat’ grape berry tissue were studied using a fluorescence electron microscope (Nexcope
NE910, Ningbo, China). As the pulp samples would lose water and shrink, each observa-
tion was limited to 3 min at the most. Image analysis of the sliced tissues was performed
using ImageJ software v.2.1.0 (National Institutes of Health, Bonn, Germany) to obtain
cellular morphological parameters. The experiment was repeated with three berries per
group, and the experimental results were expressed as mean ± SE.
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2.4. Textural Properties

The texture of fresh grapes was determined using texture multifaceted analysis as
described in [23] with slight modifications. The textural characteristics of the grapes were
measured by a texture analyzer (TA. XT Plus, Stable Micro Systems, Godalming, UK). The
grapes were placed on the test platform of the texture analyzer, and texture profile analysis
was performed on the grapes using the standard compression plate (SMSP/36R). The test
parameters were as follows: pre-test speed = 5.0 mm/s, test speed = 2.0 mm/s, post-test
speed = 2.0 mm/s, deformation value = 25%, interval time = 5.0 s, trigger force = 4.0 g. Five
berries were analyzed per group and the results were expressed as mean ± SE. According
to the texture characteristic curve, firmness, springiness, cohesiveness, and chewiness were
determined, which could be used for further analysis. Herein, firmness is defined as the
maximum peak value during the first compression; cohesiveness is the ratio of the areas
under the curve for two compressions; springiness refers to the displacement from the
target deformation in the first cycle to the trigger point in the second cycle; chewiness
equals the product of hardness, cohesiveness, and springiness.

2.5. Physiological Properties
2.5.1. Total Soluble Solids (TSS), Titratable Acidity (TA) and Ascorbic Acid (AsA)

The determination method of total soluble solids (TSS) content in the ‘Shine Muscat’
grape refers to Dhital, et al. [24], slightly modified. Pulp (10 g) was taken from five berries
and the pulp was pressed through four layers of gauze to extract the juice. The TSS content
in grapes was measured using a portable digital refractometer LC-DR-32B (Shanghai Lichen
Bang xi Instrument Technology Co., Ltd., Shanghai, China). The measurement was repeated
three times and the mean value was reported. Results of TSS measurements were expressed
as ◦Brix.

TA was calculated based on the method of Dhital, et al. [24], with minor adjustments.
We took 10 g of pulp from five berries and ground them in a mortar. The homogenate was
reduced to 100 mL with distilled water. Then, it was filtered and 100 µL 5% phenolphthalein
indicator was added to the supernatant (10 mL). Next, the mixture was titrated with
0.1 mol/L NaOH until the solution turned pale pink (pH 8.1) and did not fade within 30 s.
We recorded the volume of NaOH consumed. This was repeated three times and the mean
value was reported. The results are presented by tartaric acid percentage.

The ascorbic acid content determination of the ‘Shine Muscat’ grape was based on the
method of [25] with minor changes. We took 10 g of pulp from five berries, mixed it with
2% oxalic acid solution and ground it to a homogenate under ice bath conditions. Then,
it was centrifuged at 8000× g for 10 min and we collected 10 mL of the supernatant. This
was titrated with calibrated 2,6-dichlorophenol indophenol until a pink color appeared and
remained for 15 s. This was repeated three times and the mean value was reported. The
results for AsA content were expressed as g Kg−1.

2.5.2. Weight Loss (WL) and Decay Incidence (DI)

During the storage period, the mass of berries in each group was measured every
three days. Ten berries were randomly selected from each group to measure their weight
and the experiment was repeated three times. The results of the experiment were expressed
as mean + SE. The weight loss was calculated by Equation (2):

Weight loss (%) =
Initial weight − post-storage weight

Initial weight
× 100 (2)

The decay incidence of the ‘Shine Muscat’ grape was defined as the percentage of
rotten grapes in the total number of grapes. During the storage period, deterioration
of the berries occurred, such as pitting, microbial growth and disease spots. An area of
deterioration of up to 10% of the total fruit surface is considered rotten. All samples were
checked every three days for decay incidence. Three members of the research team were
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assigned to count decayed berries on each inspection day. The results of the experiment
were expressed as mean + SE. The decay incidence was assessed by Equation (3):

Decay incidence (%) =
Number of decayed grapes

Total number grapes
× 100 (3)

2.5.3. Malondialdehyde (MDA) Content and Relative Conductivity (RC)

MDA content was assessed using a slightly modified approach provided by Xiao,
et al. [26]. Pulp (1 g) was homogenized in 5 mL of 10% (w/v) trichloroacetic acid (TCA)
solution. Then, it was centrifuged at 4 ◦C at 10,000× g for 20 min, and the supernatant was
collected and stored at low temperature. A 2 mL sample of the supernatant was taken and
mixed with 2 mL of thiobarbituric acid TBA (0.67%) in a test tube, boiled in a water bath
for 20 min, cooled to room temperature and then centrifuged. The absorbance values at
450 nm, 532 nm, and 600 nm were then determined. This was repeated three times and the
mean value was reported. MDA content was determined using the following Equation (4)
with the results represented in µmol L−1

MDA
(
µmol L−1

)
=

[6.45×(A532nm − A600nm)− 0.56×A450nm]×V
VS×m

(4)

The relative conductivity measurement was performed based on the procedure de-
scribed by Min, et al. [27] with minor alterations. Ten pieces of pulp tissue (10 mm diameter
and 1 mm thickness) from the equatorial region of grapes were taken from five berries
using a perforator, rinsed three times, and immersed in 20 mL of distilled water for 30 min.
The initial conductivity (P0) was measured using a DDSJ-308A conductivity meter (Leici,
Shanghai, China). The tissues were then heated at 100 ◦C for 10 min, cooled to room
temperature, and the final conductivity (P1) was measured. The relative conductivity was
determined using Equation (5) and given as a percentage.

Relative conductivity (%) =
P1 − P0

P0
× 100 (5)

2.6. Statistical Analysis

All data were analyzed using the software SPSS 22.0 (IBM, Armonk, NY, USA), and
the graphs were plotted using the software Origin 2022 (OriginLab Corp. Northampton,
MA, USA). Significant differences were calculated by Duncan’s test (p < 0.05).

3. Results
3.1. Physical Properties
3.1.1. Visual Appearance

With the increase in storage time, softening, browning and decay were the main
problems of the ‘Shine Muscat’ grape after compression damage. As shown in Figure 3, with
increasing storage time and compression level, grape skin yellowing and pulp browning
were severe in the treatment groups. After 6 days of storage, the degree of yellowing of the
grape skin and browning of the flesh increased dramatically. After 9 days, flesh decay was
severe, and the area of decay expanded in the Cps80% treatment group. After 15 days of
storage, the number and the area size of berries rotted increased in the treatment groups,
with the Cps80% group being the most severe. Compared with the treated groups, the
control group showed low browning and yellowing of the grapes.
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3.1.2. Color

The color of grapes is a key quality criterion that is thought to be a primary factor
influencing customer approval. The degree of peel color variation can be reflected by L*
(brightness value), a* (red-green value), and b* (yellow-blue value). As shown in Table 1,
the L*, a*, b*, and ∆E values of ‘Shine Muscat’ grapes during storage were displayed.
During storage, the a*, b*, and ∆E values were significantly increased in both the control
and compression groups. The L* value of the compression groups was significantly lower
than that of the control group and continued to decrease throughout the storage process. A
lower L* value indicates a duller skin color of the grape. Particularly, the treatment group
Cps80% displayed a lower L* value. At the end of the storage period, the a* color value of
the treatment groups increased by 4.1 to 4.7 units, indicating a greater loss of green color in
the treated samples. The b* color value of the control group increased by 4.16 units, while
that of the treatment groups increased by 5.13–6.80 units, indicating that the control group
had more severe yellowing of the grape peel than the treatment groups.

Table 1. Effect of mechanical compression treatment on ‘Shine Muscat’ grape peel color during
15 days of storage at 4 ± 0.2 ◦C.

Index Treatment
Storage Time (Day)

0 3 6 9 12 15

L*

Control 47.67 ± 0.54 a 46.32 ± 0.88 a 45.87 ± 0.61 a 44.83 ± 0.89 a 44.51 ± 0.89 a 43.72 ± 0.61 a
Cps20% 46.08 ± 0.35 c 44.65 ± 1.00 b 43.83 ± 0.86 bc 42.91 ± 0.94 b 41.88 ± 0.99 b 40.43 ± 0.40 b
Cps40% 47.27 ± 0.56 ab 46.07 ± 0.61 ab 44.48 ± 0.56 b 42.41 ± 0.46 bc 40.95 ± 0.90 bc 39.33 ± 0.21 bc
Cps60% 46.52 ± 0.51 bc 46.33 ± 0.65 a 44.31 ± 0.44 b 42.87 ± 0.56 cd 40.03 ± 0.91 cd 38.82 ± 0.96 c
Cps80% 46.11 ± 0.46 c 45.13 ± 0.69 ab 42.88 ± 0.77 c 41.44 ± 0.38 d 38.84 ± 0.91 d 38.11 ± 0.82 c

a*

Control −8.04 ± 0.20 a −8.13 ± 0.41 a −7.79 ± 0.749 b −6.51 ± 0.478 b −5.08 ± 0.32 b −4.39 ± 0.26 a
Cps20% −8.12 ± 0.119 a −8.02 ± 0.20 a −7.22 ± 0.658 b −6.14 ± 0.5 ab −5.03 ± 0.39 b −4.02 ± 0.82 a
Cps40% −8.12 ± 0.230 a −7.80 ± 0.56 a −6.82 ± 0.74 ab −5.75 ± 0.72 ab −4.32 ± 0.24 ab −3.52 ± 0.55 a
Cps60% −8.03 ± 0.40 a −7.68 ± 0.64 a −6.09 ± 0.33 a −5.54 ± 0.8 ab −4.27 ± 0.62 ab −3.33 ± 0.88 a
Cps80% −8.013 ± 0.37 a −7.54 ± 0.549 a −6.05 ± 0.27 a −5.00 ± 0.44 a −4.08 ± 0.45 a −3.28 ± 0.48 a
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Table 1. Cont.

Index Treatment
Storage Time (Day)

0 3 6 9 12 15

b*

Control 10.27 ± 0.21 a 11.88 ± 0.36 bc 11.05 ± 0.59 c 12.72 ± 0.26 b 13.22 ± 0.66 c 14.43 ± 0.51 c
Cps20% 10.78 ± 0.73 a 11.21 ± 0.19 c 12.34 ± 0.55 b 13.45 ± 0.54 b 14.88 ± 0.63 b 15.91 ± 0.41 b
Cps40% 10.88 ± 0.65 a 12.34 ± 0.46 ab 12.72 ± 0.67 b 13.41 ± 0.77 b 14.68 ± 0.55 b 15.9 ± 0.35 b
Cps60% 10.91 ± 0.59 a 12.45 ± 0.44 ab 13.99 ± 0.66 a 14.764 ± 0.58 a 15.465 ± 0.36 b 16.63 ± 0.39 b
Cps80% 10.64 ± 0.43 a 12.98 ± 0.55 a 14.02 ± 0.37 a 15.23 ± 0.22 a 17.35 ± 0.32 a 17.449 ± 0.33 a

∆E

Control 0.61 ± 0.28 a 2.50 ± 0.86 a 2.53 ± 0.21 c 4.51 ± 0.59 c 5.72 ± 0.07 c 7.24 ± 0.19 d
Cps20% 1.33 ± 0.19 a 2.67 ± 0.76 a 4.04 ± 1.15 b 5.72 ± 1.18 bc 7.74 ± 1.21 b 9.79 ± 0.39 c
Cps40% 1.10 ± 0.89 a 3.11 ± 0.11 a 4.73 ± 0.54 ab 7.02 ± 1.00 ab 9.37 ± 0.51 b 11.52 ± 0.22 ab
Cps60% 0.89 ± 0.29 a 2.07 ± 0.16 a 4.77 ± 0.36 ab 6.36 ± 1.08 ab 9.29 ± 1.13 b 11.23 ± 0.89 b
Cps80% 1.04 ± 0.49 a 3.18 ± 0.65 a 5.84 ± 0.86 a 7.99 ± 0.33 a 11.43 ± 1.01 a 12.33 ± 0.57 a

Values are means ± SE. Different letters in the same column indicate significant differences between treatments
based on Duncan’s test (p < 0.05).

3.2. Cell Structure

Changes in the microstructure of ‘Shine Muscat’ grape cells at different compression
levels were observed by electron microscopy. On day 0, the control grapes had an intact
and plump cell structure with tightly arranged cell layers (Figure 4A). After 15 days of
storage, the treated groups had severely deformed cell structure and loose flesh cells with
incomplete cell edges (Figure 4C–F) while the control group maintained better cell structure
during storage with clear overall tissue structure (Figure 4B). It is noteworthy that the
Cps80% group suffered the highest degree of compression, with severe cell deformation,
broken cell walls, and spillage of cell contents.
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Figure 4. Microstructure of ‘Shine Muscat’ grape pulp. (A) on 0 day, control group; (B) on 15 day,
control group; (C) on 15 day, Cps20% group; (D) on 15 day, Cps40% group; (E) on 15 day, Cps60%
group; (F) on 15 day, Cps80% group.

As shown in Table 2, the geometric parameters of the pulp cells of ‘Shine Muscat’
grapes changed significantly after different compression treatments. After 15 days of
storage, the grape flesh cell area of control group and the Cps20%, Cps40%, Cps60%,
and Cps 80% treatment groups was 11,773.78 ± 862.91 µm2, 16,500.66 ± 6654.17 µm2,
30,748.30 ± 3259.18 µm2, 30,997.73 ± 5644.37 µm2, and 33,255.06 ± 3023.24 µm2, respec-
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tively. The cell area of pulp tissue in the treated groups was significantly higher than that
in the control group (p < 0.05). The perimeter of grape pulp cells was 422.46 ± 31.35 µm,
480.31 ± 99.39 µm, 667.03 ± 31.46 µm, 690.42 ± 47.69 µm, and 738.23 ± 29.52 µm, in the
control and treated groups, respectively. Compared with the control group, the pulp cell
perimeter in the treatment groups was significantly higher. The long and short diameters of
pulp cells in the treatment groups were higher than those in the control group. The circular
rate of the Cps20% and Cps40% groups was significantly different from that of the Cps80%
group (p < 0.05). The Cps80% treatment group had the lowest rate of rounding of grape
flesh cells, indicating the most deformation of flesh cells.

Table 2. The geometric parameters of ‘Shine Muscat’ grape flesh cells in the control, Cps20%, Cps40%,
Cps60%, and Cps80% groups during storage.

Treatment
Index

Area/µm2 Perimeter/µm Major/µm Minor/µm Circularity

0 day 7805.27 ± 1746.28 c 335.02 ± 36.30 c 110.22 ± 11.91 c 89.57 ± 12.32 c 0.86 ± 0.02 a
15 day—Control 11,773.78 ± 862.91 bc 422.46 ± 31.35 bc 136.94 ± 11.51 bc 109.54 ± 1.97 c 0.83 ± 0.07 ab
15 day—Cps20% 16,500.66 ± 6654.17 b 480.31 ± 99.39 b 163.94 ± 32.30 b 124.58 ± 30.91 bc 0.86 ± 0.01 a
15 day—Cps40% 30,748.30 ± 3259.18 a 667.03 ± 31.46 a 221.97 ± 13.01 a 177.46 ± 28.14 a 0.86 ± 0.03 a
15 day—Cps60% 30,997.73 ± 5644.37 a 690.42 ± 47.69 a 248.15 ± 7.96 a 158.55 ± 24.40 ab 0.81 ± 0.04 ab
15 day—Cps80% 33,255.06 ± 3023.24 a 738.23 ± 29.52 a 253.60 ± 24.42 a 167.44 ± 13.89 a 0.76 ± 0.05 b

Values are means ± SE. Different letters in the same column indicate significant differences between treatments
based on Duncan’s test (p < 0.05).

3.3. Texture Profile Analysis

The textural property values of each group deteriorated to various degrees during
storage (Figure 5). In comparison to the control group, the firmness of grapes in the
treatment groups dramatically decreased after storage (Figure 5A). After 3 days of storage,
the reduction in the hardness of the grape berries was more pronounced in the treatment
groups than in the control group. At the end of 15 day of storage, compared with the initial
value, the fruit firmness of ‘Shine Muscat’ grapes in the control group and the Cps20%,
Cps40%, Cps60%, and Cps80% treatment groups decreased by 38.10%, 42.10%, 51.06%,
60.62% and 67.89%, respectively, and the degree of decrease in the Cps80% treatment group
was 1.70 times that of the control group. The springiness of grape berries in the control
group decreased by 33.96%, while that of the treated groups decreased by 37.43%, 42.48%,
44.92%, and 49.65%, respectively (Figure 5B). After the storage period, the cohesiveness
of grapes in the Cps20%, Cps40%, Cps60% and Cps80% treatment groups decreased by
38.74%, 41.41%, 45.95% and 51.73%, respectively, while the cohesiveness of grapes in the
control group reduced by 36.87% (Figure 5C). After 15 days of storage, the control grapes
retained 66.63% of their original chewiness while the treated grapes retained only 53.39%,
48.15%, 47.76%, and 46.36% of their original chewiness, respectively (Figure 5D).
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Figure 5. The firmness (A), springiness (B), cohesiveness (C), and chewiness (D) of ‘Shine Muscat’
grapes treated with Cps20%, Cps40%, Cps60%, and Cps80% compared with control during storage.
Each value is presented as the mean ± SE. Different letters indicate statistically significant differences
between treatments based on Duncan’s test (p < 0.05).

3.4. Physiological Properties
3.4.1. Total Soluble Solids (TSS), Titratable Acidity (TA), and Ascorbic Acid (AsA)

TSS is a significant index for evaluating the postharvest quality of the ‘Shine Muscat’
grape. The TSS of each group decreased with storage time (Figure 6A). The TSS of each
group reached the lowest value at 15 day. Compared with the original values, the TSS
content of the control and Cps20%, Cps40%, Cps60%, and Cps80% treatment groups
decreased by 15.33%, 15.76%, 15.77%, 16.31%, and 17.54%, respectively. The degree of
decrease in the Cps80% treatment group was 1.14 times that of the control group. The
results showed that the compression treatment would accelerate the reduction in the TSS
content of the ‘Shine Muscat’ grapes and accelerate the consumption of nutrients in grapes.

TA content correlates with the flavor and taste qualities of the ‘Shine Muscat’ grape.
The variation of TA content in the ‘Shine Muscat’ grapes is shown in Figure 6B. With
increasing storage time, the TA content of all groups displayed a declining trend. After
15 days of storage, the TA content of the ‘Shine Muscat’ grapes in the control and Cps20%,
Cps40%, Cps60%, and Cps80% treatment groups decreased by 21.12%, 23.91%, 33.63%,
44.57%, and 51.13%, respectively. The degree of decrease in the Cps80% treatment group
was 2.42 times that of the control group. The above results indicated that compression
treatment was the possible reason for the loss of TA content in ‘Shine Muscat’ grapes during
storage.
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Figure 6. The TSS (A), TA (B), AsA (C), weight loss (D), decay incidence (E), MDA content (F),
and relative conductivity (G) of ‘Shine Muscat’ grapes treated with Cps20%, Cps40%, Cps60%,
and Cps80% compared with control during storage. Each value is presented as the mean ± SE.
Different letters indicate statistically significant differences between treatments based on Duncan’s
test (p < 0.05).

As shown in Figure 6C, the ascorbic acid content of the ‘Shine Muscat’ grapes generally
showed a downward trend. The more severe the compression degree, the faster the ascorbic
acid content decreased. After storage for 3 days, there was no significant difference between
the control and treatment groups. After storage for 9 d, the ascorbic acid content of ‘Shine
Muscat’ grapes in the Cps20%, Cps40%, Cps60%, and Cps80% compression treatment
groups dropped sharply, dropping to 81.02%, 77.65%, 66.58%, and 53.82% of the initial
value, respectively. The ascorbic acid content of ‘Shine Muscat’ grapes in the control group
did not decrease significantly during storage. At the end of the storage period, the control
group’s ascorbic acid content was 95.51% of the initial value. The results showed that the
compressive stress accelerated the decomposition of ascorbic acid.
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3.4.2. Weight Loss (WL) and Decay Incidence (DI)

Weight loss can reflect the postharvest quality change of ‘Shine Muscat’ grapes. Weight
loss of ‘Shine Muscat’ grapes in all groups increased significantly during storage (Figure 6D).
Weight loss in the control group increased the least (6.21 ± 0.38%), followed by the Cps20%
group (6.41 ± 0.20%), Cps40% group (7.58 ± 0.31%), Cps60% group (7.80 ± 0.24%), and
Cps80% group (8.38 ± 0.55%). The results showed that variable degrees of mechanical
compression had different effects on the weight loss of table grapes. The more severely
the grapes were compressed, the higher the weight loss. This may be due to mechanical
compression causing different degrees of bruising to the grape skin and cell structure.

The incidence of decay of ‘Shine Muscat’ grape berries during storage is illustrated in
Figure 6E. Degradation began in the treatments subjected to the greatest compression (60%
and 80%) on day 3, while it was not apparent in the control group until day 9. With the
extension of storage time, the berries’ decay showed an increasing trend, and the decay
incidence in the treatment groups was significantly higher than that of the control group
(p < 0.05). At the end of the storage period, the decay incidence in the Cps20%, Cps40%,
Cps60%, and Cps80% treated groups was 1.67 times, 3 times, 4 times, and 5.67 times that
of the control group, respectively. The results showed that ‘Shine Muscat’ grape berries
damaged by compression were more susceptible to spoilage. In particular, the Cps80%
treatment group achieved the highest decay rate at the later stage of storage.

3.4.3. Malondialdehyde (MDA) and Relative Conductivity (RC)

The effect of different compression degrees on the MDA content is shown in Figure 6F.
During storage, the MDA content of all samples showed an overall upward trend. After
storage for 15 days, the MDA content in the Cps20%, Cps40%, Cps60%, and Cps80% treat-
ment groups was 1.06 times, 1.33 times, 1.37 times, and 1.28 times that of the control group,
respectively. The above results indicated that compression treatment would aggravate the
degree of membrane lipid peroxidation in the storage process of the ‘Shine Muscat’ grape,
leading to oxidative damage of grapes and adversely affecting the preservation of grapes.

The relative conductivity of all samples exhibited a similar tendency, progressively
rising with storage time (Figure 6G). After 15 days of storage, the relative conductivity
of the control group was 16.34 ± 1.66%, which was 3.05 times the initial value. The
relative conductivity of the Cps20%, Cps40%, Cps60%, and Cps80% treatment groups
was 21.46 ± 0.23%, 24.39 ± 0.90%, 26.38 ± 0.96%, and 28.62 ± 0.59%, which were 3.78
times, 4.66 times, 4.89 times, and 5.41 times the initial value, respectively. The relative
conductivity of the control group was the lowest, which was significantly different from
the other treatment groups (p < 0.05). The results showed that each treatment group
could exacerbate the increase in relative conductivity to different degrees. Mechanical
compression can accelerate the destruction of the membrane integrity of table grapes during
storage and promote grape senescence.

3.5. Correlation Analysis

In this study, correlation coefficients were evaluated for the measured parameters
(Figure 7). There were significant differences between the loss of texture properties (firm-
ness, springiness, cohesiveness, and chewiness) (p < 0.05). The contents of TSS, TA, and
AsA were positively correlated with the loss of texture properties, whereas they were
negatively correlated with weight loss, decay incidence, ∆E, MDA content, and relative
conductivity. Notably, TSS had a significant positive correlation with TA and AsA (p < 0.01).
These results indicated that the reduction in table grape fruit quality was accompanied by a
reduction in textural properties and biochemical quality with increasing storage time after
mechanical extrusion treatment, thus confirming the close relationship between mechanical
extrusion damage and the reduction in textural properties and biochemical quality of table
grapes.
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4. Discussion

Previous research has shown that mechanical stressors, such as vibration, impact,
friction, and compression, have a deleterious influence on postharvest fruit and vegetables
throughout transport and storage [28,29]. However, the above mechanical stress treatments
have mainly been applied to drupes and pears, while further research is necessary for soft
and juicy berries such as cherries, blueberries, and grapes. In this study, we found that
imperceptible compression treatments significantly reduced the physical and physiological
characteristics of ‘Shine Muscat’ grapes, thus accelerating postharvest senescence and
making it difficult to maintain the overall quality during storage.

Appearance is one of the most crucial quality criteria affecting consumer prefer-
ences [30]. Generally speaking, the most apparent feature of senescence of the ‘Shine
Muscat’ grape is the yellowing of the epidermis and browning of flesh. Early on in storage,
‘Shine Muscat’ grapes did not exhibit exterior tissue damage, but as time went on, it was
noticed that the glossiness of the skin gradually degraded, and the color of the fruit’s skin
gradually changed from yellow-green to pale yellow. The internal tissues of the fruit are
subjected to compressive stresses that can destroy cells in the subcutaneous tissues [7]. The
external tissues of the fruit are prone to being subjected to higher stresses than the internal
tissues, which can cause the internal tissues to fail before the external tissues rupture [18].
Although imperceptible on the surface, such damage bring enzymes and substrates into
contact, releasing phenolic compounds and decisively affecting physiological changes
in the fruit [31]. Dagdelen and Aday [10] demonstrated that the L* value of the peach
decreased with the increase in storage time, and the control sample had a greater L* value
than the vibrated sample. In the current investigation, we discovered that the brightness of
the table grape epidermis’ L* value reduced after storage. The other color parameters a*,
b*, and ∆E showed an upward trend throughout the storage process, which may have been
due to enzymatic browning inside the table grape fruit caused by mechanical extrusion
treatment. As a result, the grape flesh tissue was brown and the skin was tarnished. In
particular, pulp tissue cell deformation was significant in the Cps60% and Cps80% groups.
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Compared with other groups, the pulp browning in the Cps 80% group was more severe,
and the cell deformation was the greatest.

The texture of fruit and vegetables reveals their ripeness and softness [32]. According
to studies, the alteration of pulp texture during fruit preservation is a remarkably com-
plicated physiological process [33]. Fruit softening is principally caused by the gradual
breakdown of the primary cell wall structure and components [34–36]. Previous research
has reported that the hardness of the ‘Huangguan’ pear under random vibration decreased
by 9~26%. With the increase in vibration time, the pulp hardness and damage volume
decreased exponentially [37]. The results of the present study indicated that the texture
properties of the Cps 80% treatment group changed the most and the pulp softened the
most compared to the control and other treatment groups. This might be brought on by
mechanical compression weakening the cell wall’s mechanical strength, decreased cell
turgor pressure, and breakdown of the cell wall and polysaccharides. Mechanical extrusion
treatment may stimulate the activity of cell wall degrading enzymes, thereby accelerating
the softening of grape texture.

TSS, TA, and AsA are crucial physiological and nutritional indices that should be
taken into consideration when storing fruit and vegetables, as we are all aware [38]. The
consumption of TSS is usually associated with the metabolic process of the fruit, especially
the physiological activities [38]. Ascorbic acid is an important nutrient element in fresh
fruit, which has an antioxidant effect [39]. Early research suggests that mechanical damage
during harvesting and loading leads to a reduction in soluble solids, titratable acidity and
ascorbic acid in oranges [40]. Similarly, Montero discovered that impact damage caused by
varying impact heights on two citrus cultivars resulted in a considerable drop in soluble
solids, titratable acids, and ascorbic acid [41]. Blueberries showed similar outcomes after
compression treatment during storage. This could be attributed to mechanical damage
leading to oxidation of ascorbic acid exposure or mechanical damage stimulating fruit
physiological metabolism and consuming more acid [42]. Xu, et al. [16] and Jung, et al. [43]
also noted that simulated vibration significantly reduced soluble solid content (SSC) of
postharvest blueberry and grape compared to the control group. Our findings suggest that
mechanical compressive stress can reduce TSS, TA, and AsA levels in postharvest table
grapes, particularly when stored for an extended period of time. It is worth noting that the
primary nutrients in grape berries reduced dramatically in the Cps 80% treatment group.

In most cases, increased rates of respiration and transpiration are the principal causes
of postharvest grape weight loss. This may be due to varying degrees of bruising of grape
skins and cell walls by different degrees of mechanical extrusion. In the injured fruit,
the original cell wall and cell membrane structure were destroyed, the respiration rate
increased, the water loss and transpiration rate increased, and the fruit weight loss rate
increased. Celik, et al. [44] reported that the weight loss of apple fruit increased with the
prolongation of storage time and fruit damage. Mir and Shahbazi [15] and Tao, et al. [45]
reported similar results. The results of this study showed that the ‘Shine Muscat’ grapes’
weight loss was greater in the compression treatment groups compared to the control group.
In particular, the weight loss rate was higher in the Cps80% treatment group.

Relative conductivity and MDA content are commonly used to assess membrane
integrity and degradation [46]. Fruit cell membrane permeability can reflect the degree
of fruit senescence, and a rise in cell membrane permeability indicates cell membrane
damage [47]. Similar findings were reported by Cui, et al. [28], who observed that simulated
transport vibrations caused an apricot cell membrane to rupture, causing the cytosol to
extravasate while also increasing relative conductivity and MAD concentration. The current
study found that compression treatment improved the MDA concentration and relative
electrical conductivity of the ‘Shine Muscat’ grape. Mechanical compression may have
aggravated the membrane lipid peroxidation of the berries and disrupted the integrity of
the cell membrane system. This indicated that mechanical compression treatment might
accelerate membrane deterioration and exacerbate berry senescence during storage. MDA
content and relative conductivity increased with storage time and were more noticeable in
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the compressed treatment groups, which was similar to results observed in sweet cherry
fruit [46].

5. Conclusions

The effects of mechanical compression (20%, 40%, 60% and 80%) on the appearance,
color, soluble solids content, titratable acid content, ascorbic acid content, weight loss,
textural characteristics and microstructure of ‘Shine Muscat’ grapes during short-term cold
storage were investigated. The results revealed that mechanical compression treatment
accelerated the loss of nutrients and reduced the textural properties of ‘Shine Muscat’
grapes during storage, resulting in severe cell membrane lipidation, increased weight loss,
exterior shrinkage, reduction in skin glossiness, and severe microstructural damage. The
higher the degree of compression, the more severe the loss of quality of ‘Shine Muscat’
grapes. Correlation analysis showed that rot and senescence were remarkably correlated
with physical, physiological, and qualitative characteristics of ‘Shine Muscat’ grapes after
compression damage. Compression damage causes changes in outward physical attributes
in addition to interior physiological, biochemical, and microstructural changes in ‘Shine
Muscat’ grapes. Therefore, a series of careful and gentle treatments are essential to maintain
the high quality of fresh grapes. At the same time, to potentially lessen the negative impacts
of pressure stress on the postharvest quality of table grapes, more study is required to
create suitable packaging materials and novel packaging techniques. The results of this
study can be used to help quantitatively predict the internal damage evolution of table
grapes and determine grape damage sensitivity, providing theoretical support for reducing
grape mechanical damage.
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