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Abstract: Mechanical damage is a threat to both food security and sustainability. Bruising is the
most common type of mechanical damage, and it causes a huge economic loss due to rejection of
fresh produce and downgrading of the appearance quality by consumers. Therefore, this study
aims to examine the effect of bruising during postharvest handling using a pendulum test technique.
Pomegranate fruit were bruised once at two impact levels (1.189 =+ 0.109 and 2.298 + 0.239 ]) and
then stored (at 5 °C & 1 °C and 22 °C £ 1 °C) for 28 days. The study evaluated the effect of impact
bruising, storage temperature, and duration on the bruise magnitude and quality attributes of the
bruised and non-bruised pomegranates. The results showed that the investigated factors affect the
bruise size of bruised pomegranates. Increasing storage temperature from 5 to 22 °C and impact
level from 1.189 to 2.298 ] increased the bruise area, bruise volume, and bruise susceptibility over
time. Alterations in total soluble solids (TSS) and titratable acidity (TA%) were statistically (p < 0.05)
induced by bruising, particularly at a high impact. The total soluble solids (TSS) content was reduced
in all tested pomegranate fruit (bruised and non-bruised) and recorded the highest percentage decline
in those impacted at a high level and stored at 22 °C, at 16.81%. The combination of both studied
factors did not affect the water activity (Ay) of aril or the mesocarp of bruised or non-bruised fruit.
Bruising parameters and quality attributes were strongly correlated in this study, excluding water
activity (Ay). The regression models showed a good determination coefficient (R2) between the
predicted and measured values of bruise susceptibility (BS), total soluble solids (TSS), titratable
acidity (TA%), and sugar: acid ratio (TSS:TA). The study demonstrates that bruising at a high impact
level and long-term storage both affected the susceptibility of pomegranates to bruise, and altered
fruit quality. Thus, these factors need to be considered during the postharvest supply chain.
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1. Introduction

The occurrence of postharvest losses in the fresh fruits and vegetables supply chain
is a global concern facing food sustainability and security. These losses can occur during
supply chain phases such as harvesting, storing, handling, packaging, transporting, etc.
Mechanical damage caused by inadequate practices is one of the most common quality
challenges to fresh fruits and vegetables during handling and other postharvest stages [1,2].
Mechanical damages to fresh produce can lead to considerable market and economic losses
due to declining quality and extreme food safety concerns [3]. Bruising is the most common
form of mechanical damage. Bruising, which mostly occurs during postharvest handling, is
most commonly attributed to abrasion, compression, cutting, and impact forces [4]. Impact
bruising can occur as a result of rough or improper handling, poorly designed equipment,
improper packaging, or insufficient supervision during fruit handling [5]. Bruising occurs
due to serious external forces on the surface of the fruit, which occur frequently when fruit
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hit rigid surfaces or other fruit during handling, as described by Stropek and Gotacki [6].
Pathare and Al-Dairi [3] stated that bruising is considered a failure of the subcutaneous
tissue of the damaged fruit and vegetables, which does not rapture the external skin and
causes an obvious discoloration in the injured spot. Bruising is caused by a loss of cell wall
integrity and a subsequent decrease in peel resistance to mechanical damage. Pathare and
Al-Dairi [7] stated that bruising is distinguished by unsightly marks (brownish to black)
and that the symptoms manifest in the epidermal layer of a banana peel.

Earlier studies have indicated that bruising can influence the external and internal
quality attributes of fruit. Opara and Pathare [8] reviewed that bruising has been shown
to affect metabolic processes (ethylene production, transpiration, and electrical conduc-
tivity) as well as other biological processes (microbial spoilage), reducing shelf life and
increasing fruit postharvest losses. Hussein et al. [9] recorded multiple changes in total
titratable acidity (TA) and soluble solids (TSS) due to bruising on fruit. Similarly, impact
bruising accelerated the lycopene, carotenoids, and color alteration of tomatoes during
storage. Bruising can also modify physiological processes and expedite browning, ripening,
and other quality characteristics. Additionally, Al-Dairi et al. [10] found that bruising
accelerated firmness reduction and increased color changes of bananas over 12 days of
storage. Impact damage generated by drop tests of different heights adversely affect the
firmness status, weight, respiration rate, and ethylene production rate of pomegranate fruit,
as reported by Pathare et al. [11]. Bruise damage reduces fresh produce quality, causing
significant postharvest and economic losses. Bruise-induced wounds in fruit trigger higher
rates of metabolism and increased moisture loss. Weight loss, total soluble solids, respi-
ration rate, and ethylene production were highly altered by changes in drop height and
other factors, such as storage temperature rise [12]. Storage is another important factor that
affects the bruise intensity and quality of the fruit. Storage can increase bruising incidence
in fresh produce, particularly at higher temperatures [3]. The impact strength of bruising
showed higher effects on the bruise area (BA), bruise volume (BV), and total soluble solids
(TSS) of banana fruit than storage temperature [7]. In another study, storage temperature
and duration had much more effect on the quality of bananas than impact damage [10].

The severity of a bruise can be expressed in terms of bruise diameter, area, and volume.
Bruise diameter and depth are considered to be the key measurements used to determine
bruise size [7]. For direct measurements of bruise size, bruise diameter and bruise depth
can be used [8]. To study the effect of mechanical damage, such as bruising, on several
agricultural products at a laboratory scale, the drop test [13,14] and the pendulum test have
been employed [15,16].

Like many other fruits, pomegranate is highly susceptible to mechanical damages,
including bruising, that result from inappropriate handling, packaging, excessive loading,
etc. [17]. Pomegranate fruit is categorized by its hard exocarp; however, the extreme use of
mechanical equipment and improper handling practices can make the fruit more susceptible
to damage and bruising [18]. Therefore, this study assesses the effect of mechanical damage
(impact/bruising), using the pendulum test, on the quality attributes (total soluble solids
(TSS), titratable acidity (TA%), sugar:acid ratio (I'SS:TA), BrimA, pH, and water activity (Ay))
of pomegranate fruit stored for 28 days at 5 or 22 °C, which has not been attempted before.

2. Materials and Methods
2.1. Pomegranate Material

Pomegranate fruit (cv. Helow) were harvested from Al-Jabal Al-Akhdar, Ad-Dakhliyah
Governate, Oman. The fruit were directly transported to Postharvest Technology Labo-
ratory, Sultan Qaboos University, Oman, in two hours. Pomegranate fruit were hand-
ily washed and cleaned with normal water. A total of 63 pomegranate fruit weighing
0.456 + 0.033 kg with no visible injuries or damages were chosen for the impact simulation
and storage study:.
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2.2. Fruit Impact Simulation and Storage

For the impact test, samples consisting of 40 pomegranates were damaged using the
pendulum test, (Figure 1a) which allows better control and observation of the falling weight
during testing when compared to the drop impact test, as stated by Opara et al. [19]. The
pendulum test used in the current study consisted of a pendulum arm with a mass and
length of 0.609 kg and 0.68 m, respectively, and a half-spherical weight with 0.056 kg mass
connected to the arm of the pendulum that directly damaged the desired pomegranate fruit.
The pendulum test was carried out by raising the arm that held the weight to the required
angle and then releasing once to hit the pomegranate sample (cheek sides), as shown in
Figure 1a. To create two different energy levels, the pomegranate fruit were hit by the
half-spherical weight from an angle of 65° and 45°, representing high and low impact levels,
respectively. The arm was caught by hand after each initial rebound to avoid multiple
impacts, and a marker was used to mark the bruised region for further bruise recognition.
The whiteboard with the graduated scale illustrated in Figure 1a was employed to read
the initial rebound angle. A camera (Model: EOS FFOD, Canon Inc., Tokyo, Japan) was
also used to capture the exact reading of the rebound angle. The absorbed energy (E,)
was deduced from the difference between energies at both impacts and the rebound, using
Equation (1) [5]. The absorbed energy (E,) for low (45°) and high (65°) impact levels were
1.189 £ 0.109 ] and 2.298 +£ 0.239 ], respectively.

E, = mg(hy — hy) (1)

where E, is the absorbed energy, m is the steel ball’s mass, g is the gravitational constant
(9.81 ms~2), h is the equivalent drop height, and h, is the equivalent rebound height.

Impact surface:
Cardboard paper

Arm weight=609.28 ¢
Arm length= 68 cm

Half-spherical
weight=56.108 g
P
Pomegranate sample { d

(2) 8 am (b)

Figure 1. The pendulum test setup (a), bruised pomegranate fruit with bruise diameter indicated (w;
and w») (b), and sliced pomegranate fruit showing the bruise depth (d) (c).

The center of the bruised region (marked area) of each damaged pomegranate fruit
was sliced for bruise identification. The digital caliper (Model: Mitutoyo, Mitutoyo Corp.,
Kawasaki, Japan) was used to measure the major (w;) and minor (w;) diameters of the
bruised region (Figure 1b), and the bruise depth (d) (Figure 1c). The findings of the bruise
measurements were expressed as bruise area (BA-mm?) (Equation (2), bruise volume
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(BV-mm?) (Equation (3), bruise susceptibility (BS-mm?3/J) (Equation (4), and specific bruise
susceptibility (SBS-mm?3]~g~1) (Equation (5), as follow [12]:

s

BA = Zwl [1%) (2)
gy = ™ (3w1wz + 4d2) 3)
24
BV
BS = @)
sps = 55 ®)
g

where 7i¢ is the pomegranate fruit’s mass.

A total of 20 pomegranate fruit were assigned as control (non-bruised) samples. After
the impact simulation test, the high impact, low impact, and control pomegranate groups,
which consisted of 20 samples each, were divided equally and stored at 5 °C & 1 °C
(90% RH) or 22 °C £ 1 °C (69% RH). In this study, the total number of groups (treatments)
was 6. A total of 2 pomegranate samples were used per group (treatment) per day. Different
quality analysis, including total soluble solids (T'SS), titratable acidity (TA%), sugar:acid
ratio (TSS:TA), BrimA, pH, and water activity (Ay) of arils and mesocarp, were tested to
investigate the effects of bruising and storage temperature on pomegranate fruit after 3,
7,14, 21, and 28 days of impact. Additionally, 3 of the pomegranate fruit were analyzed
before impact and storage (Day 0 analysis).

2.3. Chemical Analysis: Total Soluble Solids (TSS), Titratable Acidity (TA%), Sugar:Acid Ratio
(TSS:TA), BrimA, and pH

To obtain the pomegranate juice, the arils of two fruit per treatment were squeezed
thoroughly through cheesecloth using a hand press. The total soluble solids (TSS) content
was determined by dropping a few drops of the pomegranate juice in the prism of a
handheld digital refractometer (Model: PR-32 «, ATAGO Co., Ltd., Tokyo, Japan) [20]. A
total of six readings were taken and expressed as Brix° per two replicates per treatment.
The titratable acidity (TA%) was measured by titrating 10 mL of the prepared pomegranate
juice with 0.1 N NaOH (to a pH of 8.1) [21]. The TA% was expressed as a percentage of
citric acid and calculated as follows (Equation (6)) [22]:

vol.NaOH (mL) x 0.1(normality of NaOH) x 0.064 "

Titratble acidity (TA%) = (mL juice or g Juice )

100 (6)
where 0.064 is the citric acid milliequivalent factor.

The pH of the pomegranate juice was measured using an electronic pH meter (Model:
EUTECH Cyberscan pH 11, Singapore). The balance between the sourness and sweetness
of pomegranate juice was determined using the TSS:TA ratio and BrimA, which have been
recorded to affect the acceptability of the consumers. BrimA was calculated by following
Equation (7) [23].

BrimA = Brix-k x TA ?)

where k is a constant within a range of 2-10 (based on acid and sugar proportions). The
k value of 2 was applied to avoid a negative BrimA value.

2.4. Water Activity (Ay)

At 0, 3,7,14, 21, and 28 days of storage, the water activity (Ay) of arils and mesocarp
fractions of non-bruised and bruised pomegranate fruit stored under both conditions were
measured using a water activity meter (Model: 10'972, HygroLab C1, Rotronic, Bassersdorf,
Switzerland) calibrated in the water activity (Ay) range of 0.45-0.95. The fruit were cut using
a knife in order to separate the arils from the thin white membrane. A sharp blade was used
to separate the inner peel fraction (mesocarp) from the outer peel fraction (epicarp) [24].
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BS-mm?J-!

2.5. Statistical Analysis

Analysis of variance (ANOVA) was performed at a 95% confidence interval using
SPSS 20.0 (International Business Machine Crop., Armonk, NY, USA) software to assess
the influence of impact level (bruising), storage temperature, and storage duration, as well
as their interaction, on the bruise measurements (bruise area (BA), bruise volume (BV),
bruise susceptibility (BS), specific bruise susceptibility (SBS)), chemical quality attributes
(total soluble solids (TSS), titratable acidity (TA%), sugar:acid ratio (TSS:TA), BrimA, and
pH), and water activity (Ay) of the pomegranate fruit. To evaluate the relationship among
pomegranate fruit parameters, the Pearson correlation coefficient and scatter plot matrix
were employed.

3. Results and Discussions
3.1. Bruise Parameters

The average bruise size measurements (BA and BV) after 28 days calculated for low-
and high-impact bruised pomegranate fruit stored under both storage conditions are shown
in Figure 2a,b. The bruise area (BA-mm?) and bruise volume (BV-mm?) of pomegranate
fruit increased until the last day of storage, and they were highly affected by impact
level, storage temperature, and storage duration, as well as by these factors’ interaction
(p < 0.05) (Table 1). On the last day of the experiment, the highest average value of BA
and BV was observed in high-impact (2.29 J) bruised pomegranate fruit, followed by low-
impact (1.18 J) pomegranate fruit, both stored at ambient temperature (22 °C). The BA and
BV values of high-impact bruised pomegranate fruit stored at ambient temperature were
226.61 mm? and 2447.51 mm?, respectively. The lowest recorded BA (88.10 mm?) and BV
(663.90 mm?) values after 28 days of storage at 5 °C were observed on low-impact bruised
pomegranate fruit.

BA-mm?
T

M High impact

Iupact 2491
BLow impact (a) (b)

1397

1143

1063

L, 945+

E 662

Al 464

392

270

178+

147

T

1000

-
=
=
1

4 4
(c) ()
W ?
=
£,
o
==}
wy
1
T T T T
5 b7 0 5 22
Storage Temperature (° C) Storage Temperature (° C)

Figure 2. Bruise area (BA) (a), bruise volume (BV) (b), bruise susceptibility (BS) (c), and specific
bruise susceptibility (SBS) (d) of pomegranate fruit impacted at different impact angles (45°, 1.18 J;
and 65°,2.29 ]) and stored at 5 °C and 22 °C after 28 days of storage. The data are presented in box
plots. Error bars represent the SD of the mean values of two readings per group (treatment).
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Table 1. The statistical analysis of bruise area (BA), bruise volume (BV), bruise susceptibility (BS),
specific bruise sensitivity (SBS), total soluble solids (TSS), titratable acidity (TA%), sugar:acid ratio
(TSS:TA), BrimA, pH, and water activity (Ay) (arils and mesocarp) of non-bruised, low- (45°; 1.18 J),
and high-impact (65°; 2.29 ]) bruised pomegranate fruit over 28 days stored at 5 °C and 22 °C. Data
were subjected to a three-way analysis of variance (ANOVA) (Factor A: impact level, Factor B: storage
temperature, Factor C: storage duration). * Significant at p < 0.05; df = degree of freedom.

. . Storage
Quality Statistical Impact Storage .
Analysis Test Level (A) Temp. (B) Duz‘ét)lon AxB AxC BxcC AxBxC
p-value * 0.00576 * 0.00745 * 0.009922 * 0.00827 * 0.00827 * 0.004160 * 0.78627
BA df 1 1 4 1 4 4 4
F-value 28.963995 25.07365 8.58372 23.62497 0.02211 25.51398 0.42856
p-value * 0.00592 * 0.00453 * 0.01738 * 0.00030 * 0.00441 * 0.01557 * 0.77709
BV df 1 1 4 1 4 4 4
F-value 28.51774 33.07666 6.49840 138.19252 24.74239 12.53171 0.44161
p-value * 0.01189 * 0.02331 * 0.04866 * 0.37131 0.35317 0.82317 0.00631 *
BS df 1 1 4 1 4 4 4
F-value 19.17058 12.7654 26.38289 1.01211 1.49490 0.36588 4.91924
p-value * 0.01278 * 0.03933 * 0.01374 * 0.71803 0.17767 0.23068 0.12854
SBS df 1 1 4 1 4 4 4
F-value 18.37129 9.09365 10.78099 0.15025 2.72312 2.20994 2.03151
p-value * 0.02785 * 0.00973 * 0.02248 * 0.05933 0.02029 * 0.00110 * 0.01948 *
TSS df 2 1 5 2 10 5 10
F-value 5.23255 16.4782 5.13940 3.79639 3.95782 10.21755 2.54491
p-value * 0.00435 * 0.00036 * 0.00048 * 0.10827 0.25146 0.33084 0.90533
TA df 2 1 5 2 10 5 10
F-value 9.82830 72.9800 39.03587 2.79945 1.54658 1.31903 0.458743
p-value * 0.04446 * 0.01227 * 0.00484 * 0.14297 0.513323 0.22564 0.59405
TSS:TA df 2 1 5 2 10 5 10
F-value 4.31877 14.65444 28.37500 2.37766 0.97857 1.68449 0.840377
p-value * 0.04033 * 0.01083 * 0.08060 0.06784 0.05017 * 0.00487 * 0.17889
BrimA df 2 1 5 2 10 5 10
F-value 4.50255 15.61502 3.12651 3.56384 2.86283 6.92035 1.50199
p-value * 0.06333 * 0.52400 0.00050 * 0.61776 0.23768 0.291628 0.126761
pH df 2 1 5 2 10 5 10
F-value 3.68235 0.46875 33.55719 0.50561 1.59176 1.43820 1.66875
p-value * 0.27389 0.82255 0.25366 0.36928 0.37313 0.00041 * 0.00034 *
Ay (Arils) df 2 1 5 2 10 5 10
F-value 2.230415 0.42320 1.58792 1.21593 1.08972 10.80917 4.54873
A p-value * 0.64470 0.03930 * 0.92567 0.26665 0.20582 0.96543 0.00000 *
(Mes(:‘é arp) df 2 1 5 2 10 5 10
P F-value 0.28893 3.629006 0.08603 1.52344 1.85915 0.29759 14.94719

With increasing impact levels and storage temperatures, bruise susceptibility
(BS-mm? J~1) increased (Figure 2c). A similar scenario was observed with BS, which
showed significant correlation with all investigated factors (p < 0.05) (Table 1). Increasing
the impact level from 1.18 J to 2.29 ] increased the BS of bruised pomegranate fruit for
both storage conditions. On Day 28, the pomegranate fruit stored at ambient temperature
and bruised using a 65° angle (high impact level) and 45° (low impact level) showed
an increment in BS, with values of 1254.93 mm?® J~! and 1139.34 mm?® ]!, respectively.
Storage at 5 °C delayed bruising incidence and severity in low- and high-impact bruised
pomegranate fruit.
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The specific bruise susceptibility (SBS-mm? J~! g~!) of pomegranate fruit followed
the trends of BA, BV, and BS for all drop impact levels, as shown by its sharp increase
during the experiment, particularly at an ambient temperature (Figure 2d). As shown in
Table 1, the impact level, storage temperature, and storage duration statistically affected
(p < 0.05) the SBS of the pomegranate fruit. The value of SBS was expectedly higher in
bruised pomegranate fruit in the high impact group (2.29 J) than that of fruit in the low
impact group (1.18 J) at both storage conditions. This study indicates that temperature and
impact level are key, sensitive factors regarding bruising after a long storage period.

Increased bruise size (BA, BV, BS, and SBS) on a bruised pomegranate fruit during a
storage period could result in a reduction in turgor pressure [25]. Pomegranate fruit contain
a high amount of water which directly affects the turgidity and softness of fruit tissues and
leads to reduced strength because of the continuous loss in moisture content during storage,
particularly at ambient temperatures [26]. Additionally, Ahmadi [27] stated that storage
temperature conditions affected the viscosity and strength of the cell wall of the fruit. He
also indicated that storage at higher temperatures can increase the occurrence of bruising
in fresh fruit and vegetables, which is attributed to more active enzymes, resulting in cell
wall degradation and stiffness. Opara and Pathare [8] confirmed that the BV is strongly
correlated with the impact energy level. Shafie et al. [17] found that the BV of damaged
pomegranate fruit was preliminarily determined by the impact energy level. Additionally,
Tabatabaekoloor [28] found that by dropping fruit from the highest height, more energy
can be produced; therefore, accelerating the intensity of the damage resulted in a higher BA.
The results of this study are in accordance with the results observed by Hussein et al. [12].
They recorded 18.60% increase in the BA of impacted pomegranate fruit when the level of
the impact increased from 40 to 60 cm. Pathare and Al-Dairi [3] experienced a significant
interaction between impact level (drop height), storage temperature, and storage duration
with BV and BA values of pear fruit within 14 days of storage.

3.2. Chemical Quality Attributes: Total Soluble Solids (TSS), Titratable Acidity (TA%),
Sugar:Acid Ratio (TSS:TA), BrimA, and pH

The total soluble solids (T'SS) value was affected by impact level /bruising (p = 0.02785),
storage temperature (p = 0.00973), and storage duration (p = 0.02248) (Table 1). The overall
TSS values ranged from 13.35 to 16.65 Brix° (Figure 3). Over the duration of storage,
the TSS values fell in all bruised and non-bruised samples stored at both temperatures.
High-impact (65° angle, 2.29 ]) bruised pomegranate fruit recorded the lowest TSS value
on Day 28, particularly in those stored at ambient temperature. The TSS values fell by
8.25%, 11.11%, and 16.81% in non-bruised (control), low-impact, and high-impact bruised
pomegranates stored at 22 °C, respectively. Storage at the cold temperature (5 °C) showed
lower percentage reduction in TSS value for non-bruised (control), low-impact, and high-
impact bruised pomegranates, with values of 3.90%, 5.70%, and 6.90%, respectively. The
overall decline in the TSS values of bruised and non-bruised fruit during storage could
be attributed to sugar consumption during the process of respiration, and extreme loss in
moisture content. Loss of moisture was also evident in this study, yet a decrease in TSS
content was detected. The large reduction in TSS content observed for high-impact bruised
pomegranates was due to the depletion of sugar as substrates during the high respiratory
activity of mechanically/stressed bruised pomegranate fruit [12]. Additionally, Fawole and
Opara [29] stated that the reduction in TSS observed could be due to sugar degradation
with prolonged storage duration.

Figure 4 shows the titratable acidity (TA%) of bruised and non-bruised pomegranate
fruit stored under both conditions. The TA% was lower in all pomegranate fruit after
storage compared to the initial TA% on Day 0 of the experiment. Significant effects on the
TA% of pomegranate fruit were recorded due to the drop impact (p = 0.00435), storage
temperature (p = 0.00036), and storage duration (p = 0.00048) (Table 1). After 28 days of
storage following the pendulum impact test, high- and low-impact bruised pomegranate
fruit stored at ambient temperature showed the lowest TA% of 0.24%. The non-bruised
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pomegranate fruit stored at 5 °C recorded the highest TA% (0.35%) compared to other
pomegranate fruit on the last day of storage. The observed reduction in TA% (citric acid)
could be attributed to the reparation activity in the pomegranate fruit during the days of
storage, where organic acids are consumed more during the process of respiration [12]
which was greatly observed in the mechanically damaged fruits. Fawole and Opara [29]
reported a significant decline in pomegranates stored at 5, 7, 10, and 22 °C over time,
which could be related to ongoing metabolic processes in the pomegranate fruit (non-
climacteric fruit) during storage, particularly at 22 °C. Consistent with this study’s findings,
previous studies reported a decrease in TSS and TA% in pomegranate fruit compared to
the initial value as storage duration increased, which was due to acid and sugar utilization
by pomegranate fruit during their respiration process [30,31].

18- —o— Control 5°C —#— Impactl 5°C —A— Impact2 5°C

E —¥— Control 22°C —— Impactl 22°C —6— Impact2 22°C
=

aa)

;| 174

S

= 16

=

w2

2 15+

£

=

=

Z 14

<

~

=

13 | 1 | | 1 I
0 3 7 14 21 28
Storage days

Figure 3. Total soluble solids (TSS) of non-bruised, low-impact (45°; 1.18 J), and high-impact (65°;
2.29]) bruised fruit over 28 days of storage at 5 °C and 22 °C. Error bars represent the SD of the mean
values of six readings per group (treatment).

Reductions in TSS and TA% during storage in all bruised and non-bruised pomegranate
fruit stored at both temperature conditions resulted in a significant increase in TSS:TA ratios
(Table 2). The statistical analysis presented in Table 1 shows that impact level (p = 0.04446),
storage temperature (p = 0.01227), and storage duration (p = 0.00484) all had significant
influence on TSS:TA ratios. The highest TSS:TA ratio was found in low- and high-impact
bruised pomegranate stored in ambient conditions, while the lowest value was observed in
the non-bruised pomegranate fruit stored at a cold temperature. Furthermore, changes in
TSS and TA% resulted in a significant reduction (p < 0.05) in BrimA, mainly due to storage
temperature and impact bruising, which particularly impacted the bruised pomegranate
samples stored at an ambient temperature (Table 1). The BrimA of control (non-bruised),
low-impact, and high-impact bruised pomegranate fruit stored at 5 °C reduced by 1.70,
3.59, and 4.01%, respectively. However, the BrimA declined severely by 5.75, 8.06, and
14.20% for control (non-bruised), low-impact, and high-impact bruised pomegranate fruit
stored at an ambient temperature (Table 2). Our results are contrary to Arendse et al. [32]
and Lufu et al. [23], who reported increases in BrimA during the storage period. Our results
are comparable with the findings of Fawole and Opara [29], who observed an increment
in the TSS:TA ratio and a reduction in BrimA, primarily due to storage, in the investi-
gated pomegranate samples. The effects of impact level (p = 0.06333), storage duration
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(p = 0.00050), and storage temperature (p = 0.52400) on the pH of pomegranate fruit are
shown in Table 1. The pH value fell after 7 days of impact in all bruised and non-bruised
pomegranate fruit. It then followed a fluctuating trend until the last day of storage, except
for pomegranate fruit bruised at the highest impact level and stored at a low temperature
(Table 2).

mm==  Control 5°C m==m  Control 22°C
e=== [mpactl 5°C === Impactl 22°C

Impact2 5°C m=mm  [mpact2 22°C

0.8

o
e

Titratable Acidity (%)
o =
N SN

0.0
0 3 7 14 21 28

Storage days

Figure 4. Titratable acidity (TA%) of non-bruised, low-impact (45°; 1.18 J), and high-impact (65°;
2.29]) bruised fruit over 28 days of storage at 5 °C and 22 °C. Error bars represent the SD of the mean
values of six readings per group (treatment).

Table 2. Sugar:acid ratio (TSS:TA), BrimA, and pH of non-bruised, low-impact (45°; 1.18 J), and
high-impact (65°; 2.29 ]) bruised pomegranate fruit over 28 days of storage at 5 °C and 22 °C. The
values are presented as standard deviation (SD) of the mean values of six readings per two replicates
of each group (treatment).

Impact Storage . . .
Days Level Temp. (°C) TSS:TA Ratio BrimA pH
5
Control 2
0 Low 252 30.72 +2.08 15.56 + 0.21 4.80 +0.10
High 252
c | 5 34.42 +0.36 15.87 4+ 0.13 4.80 + 0.00
ontro 22 35.85 -+ 8.63 15.52 + 0.51 4.70 + 0.00
3 L 5 32.13 + 1.06 15.89 + 0.08 4.80 4 0.00
ow 22 32.35 & 2.02 15.46 + 0.06 4.70 + 0.00
Hioh 5 33.00 & 0.19 15.87 + 0.10 4.80 + 0.00
& 22 37.91 & 4.79 15.28 + 0.34 4.70 4 0.00
c . 5 38.21 + 3.27 15.29 4+ 0.12 450 + 0.00
ontro 22 4433 +0.80 14.89 + 0.01 435 + 0.05
; L 5 34.45 + 0.08 15.86 + 0.14 435 4+ 0.05
ow 22 41.62 + 6.80 14.78 + 0.07 4.40 4 0.00
i 5 41.05 + 2.11 15.45 + 0.08 435 + 0.05
igh

22 50.00 £ 5.39 15.01 £ 0.02 4.40 = 0.00
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Table 2. Cont.

Days I]ril";t Tesntl‘;aﬁeo TSS:TA Ratio BrimA pH
5 4236 + 1.59 15.86 + 0.018 440 + 0.00
Control 2 49.77 + 0.35 14.82 + 0.04 445 + 0.05
5 40.58 + 0.65 15.30 + 0.01 450 + 0.00
14 Low 2 51.90 + 5.64 1451 + 0.06 440 + 0.00
High 5 50.00 =+ 0.00 15.36 + 0.00 435 + 0.05
2 49.02 + 4.02 13.90 + 0.14 420 + 0.00
5 4232 +239 15.57 + 0.28 430 + 0.00
Control 2 49.98 + 1.54 14.87 + 0.01 445 + 0.05
5 4342 + 374 15.25 + 0.06 440 + 0.00
21 Low 2 58.00 4+ 0.19 1433 + 0.05 450 + 0.00
High 5 49.99 + 8.41 15.05 + 0.10 430 + 0.00
2 52.26 + 0.18 13.15 + 0.05 425 +0.05
5 45.46 + 0.82 15.29 + 0.01 450 + 0.00
Control 2 50.40 + 3.06 14.66 + 0.15 445 + 0.05
5 45.50 + 4.87 15.00 + 0.17 430 + 0.00
28 Low 2 60.07 + 0.78 14.30 + 0.00 440 + 0.00
High 5 55.04 -+ 0.00 14.93 + 0.00 430 + 0.00
2 55.48 + 0.60 13.35 + 0.15 430 + 0.00

3.3. Water Activity (Ayw)

The water activity (Ay) of different pomegranate fruit fractions were statistically not
affected by impact level or storage duration (p > 0.05). The A of the outer part of the
fruit (mesocarp) was affected by the storage temperature (p = 0.03930); however, the inner
part (arils) was not (p > 0.05), as is shown in Table 1. The average values of the A of
both the arils and mesocarp of pomegranates are presented in Table 3. The Ay of the
pomegranate fruits” arils and mesocarp in the control, low-impact, and high-impact groups
stored at both conditions ranged from 0.920 to 0.958 and 0.909 to 0.952 for the arils and
mesocarp, respectively. The results show that the average A; was usually higher in the
arils compared to the mesocarp of the fruit. This implies that the water moves from the
inside of the pomegranate fruit to the outside part (or the surrounding) [24]. Additionally,
Caleb et al. [33] recorded a higher A, of 0.984 for pomegranate arils stored at different
temperature conditions (5, 10, and 15 °C). On pear fruit, Xanthopoulos et al. [34] found a
relatively low value of A, (0.924) when fruit was stored at 20 °C.

Table 3. Water activity (Ay) of arils and mesocarp fractions of non-bruised, low-impact (45°; 1.18 J),
and high-impact (65°; 2.29 ]) bruised pomegranate fruit over 28 days of storage at 5 °C and 22 °C. The
values are presented as standard deviation (SD) of the mean values of six readings per two replicates
of each group (treatment).

Days Impact TStora;%)eC) Water Activity (Ay)
Level emp- Arils Mesocarp
5
Control 2
0 Low 252 0.944 -+ 0.001 0.940 =+ 0.001
, 5
High ”
c | 5 0.940 =+ 0.001 0.940 =+ 0.001
ontro 22 0.940 =+ 0.001 0.936 + 0.001
3 L 5 0.941 =+ 0.000 0.938 =+ 0.001
ow 22 0.940 =+ 0.001 0.935 =+ 0.001
Hioh 5 0.942 + 0.001 0.935 + 0.002
& 22 0.937 -+ 0.001 0.948 + 0.011
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Table 3. Cont.
Days Impact Storagoe Water Activity (Ay)

Level Temp. (°C) Arils Mesocarp

5 0.939 + 0.001 0.944 + 0.001

Control 22 0.938 =+ 0.007 0.945 -+ 0.000

5 0.949 + 0.001 0.943 + 0.001

7 Low 22 0.944 =+ 0.000 0.945 + 0.001

High 5 0.941 + 0.001 0.950 =+ 0.001

2 0.945 + 0.001 0.940 + 0.001

5 0.957 + 0.001 0.950 =+ 0.000

Control 22 0.951 = 0.001 0.934 + 0.001

5 0.948 + 0.000 0.950 = 0.001

14 Low 22 0.945 -+ 0.001 0.933 + 0.003

High 5 0.947 + 0.000 0.949 -+ 0.000

2 0.935 + 0.001 0.935 =+ 0.000

5 0.958 + 0.000 0.942 + 0.000

Control 22 0.949 + 0.000 0.935 + 0.001

5 0.920 + 0.001 0.940 + 0.001

21 Low 2 0.920 + 0.001 0.936 + 0.000

High 5 0.947 + 0.000 0.909 =+ 0.005

2 0.944 + 0.005 0.950 = 0.001

5 0.958 =+ 0.000 0.942 + 0.000

Control 22 0.950 =+ 0.000 0.934 + 0.001

5 0.931 =+ 0.000 0.956 - 0.001

28 Low 22 0.941 =+ 0.001 0.939 + 0.001

High 5 0.946 + 0.001 0.943 + 0.001

2 0.951 + 0.002 0.948 + 0.000

3.4. Multiple Linear Regression Models, with Impact Level, Storage Temperature, and Storage
Duration as the Main Independent Variables

In this study, the independent variables had significant effects on some dependent
variables. Therefore, multiple regression was employed to predict the dependent vari-
ables [35]. Four multiple linear regression models were performed to study the effects of
the independent variables (impact level, storage temperature, and storage duration) on the
dependent variables (bruise susceptibility (BS), total soluble solids (TSS), titratable acidity
(TA%), and sugar:acid ratio (TSS:TA)) at a 5% significance level. Additionally, coefficient
determination (R?) was recorded to identify the accuracy of each model. Table 4 shows the
equations of the four multiple linear regression models. The first model shown in Table 4
indicated the final BS, which includes all independent variables. Figure 5 presents the
plot of predicted BS versus measured BS. A strong fit and correlation (R? = 0.91) were ob-
served between the measured BS values and the predicted BS values (Table 4). Figure 6a—c
present the predicted total soluble solids (TSS), titratable acidity (TA%), and sugar:acid
ratio (TSS:TA) plotted against the measured TSS, TA%, and TSS:TA, respectively, in relation
to the independent variables. As shown in Table 4, good fits with determination coefficients
(R?) of 0.77, 0.75, and 0.84 were observed for Model 2 (predicted TSS versus measured TSS),
Model 3 (predicted TA% versus measured TA%), and Model 4 (predicted TSS:TA versus
measured TSS:TA), respectively.
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Table 4. Linear regression equations of dependent variables (bruise susceptibility (BS), total soluble
solids (TSS), titratable acidity (TA%), and sugar:acid ratio (TSS:TA)) in relation to the independent
variables, which include impact level (IL), storage temperature (ST), and storage duration (SD).

Model Equation R?
1 BS = —800.44 + 205.60 IL + 338.15 ST + 35.62 SD 0.91
2 TSS=18.76 — 0.24 IL — 0.80 ST — 0.05 SD 0.77
3 TA% = 0.63 — 0.02 IL — 0.05 ST — 0.01 SD 0.75
4 TSS:TA =22.45+1.69 IL + 5.05 ST + 0.74 SD 0.84
1500
o
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= 1000
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B e’
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& 500 e
/ e ® -
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0 250 500 750 1000 1250 1500

Measured BS value

Figure 5. Results for the prediction of bruise susceptibility (BS) values based on the linear regression
model. Predicted BS versus measured BS (Model 1).

3.5. Pearson Correlation

The Pearson correlation test was applied to determine the correlation between the
investigated quality attributes of non-bruised, low-impact (1.18 J), and high-impact (2.29 J)
bruised pomegranate fruit over 28 days of storage at 5 °C and 22 °C, which were indi-
cated as *, p < 0.05 and **, p < 0.001 (Table 5). Figure 7 shows a scatter plot matrix that
presents the correlation between the quality attributes. In the high- and low-impact bruised
pomegranate fruit stored at both temperatures, a significant positive correlation was ob-
served between bruise area (BA) and bruise volume (BV) (r = 0.878), bruise susceptibility
(BS) (r = 0.882), specific bruise susceptibility (SBS) (r = 0.785), and sugar: acid ratio (TSS:TA)
(r > 0.950). Meanwhile, bruise area (BA) displayed a strong negative correlation with total
soluble solids (TSS) (r > —0.875), titratable acidity (TA) (r > —0.969), and pH (r > —0.894).
However, bruise area (BA) demonstrated a weak correlation with the water activity (Ay) of
both aril (r < 0.641) and mesocarp (r < 0.667). Similar results were obtained between BV,
BS, and SBS and other measured variables/parameters.
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Figure 6. Results for the prediction of total soluble solids (TSS) (a), titratable acidity (TA%) (b),
and sugar:acid ratio (T'SS:TA) (c) values based on a linear regression model. Predicted T'SS versus
measured TSS (Model 2). Predicted TA versus measured TA (Model 3). Predicted TSS:TA versus
measured TSS:TA (Model 4).
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Table 5. Pearson correlation coefficients (r) between the BA, bruise volume (BV), bruise susceptibility
(BS), specific bruise sensitivity (SBS), total soluble solids (TSS), titratable acidity (TA), sugar:acid ratio
(TSS:TA), BrimA, pH, and water activity (Ay) (arils and mesocarp) of non-bruised, low-impact (45°;

1.18 ), and high-impact (65°; 2.29 J) bruised pomegranate fruit over 28 days of storage at 5 °C and

22 °C. Significant correlations of two-tailed tests are indicated: *, p < 0.05; **, p < 0.001. IL; impact

level, ST; storage temperature.

Quality  IL ST BA BV BS SBS TSS TA  TSSTA BrismA  pH A[:?is) (1\?:;0-
carp)
Control  pyic : : : : : : : : : :
. 5°C 1 0.878* 0.882*  0.785 _0;875 _0;*9 69 0.*9*50 —0.794 _0;900 —0487  0.667
W
BA ’ 2°C 1 0.878* 0882* o785 07 0998 0978 0996 08 4450 0151
wgn OC 1 0.878* 0.882* oyg5 043 —0995 0984 087 0957 4o _g160
2°C 1 0878+ 0882* o785 073 0970 0965 0950 0969 .05 gy
Contol  pyoc ) ) ) : ) ) ) : ) )
5°C  0.878* 1 1‘9,90 0'2?3 ’O;,? 32 ’0,;*9 40 O‘ff() 70;893 —0.770  —0.629  0.781
BV o 22°C 0878+ 1 1.000 0983 —0874  —0889 0934 086 e 0341 0194
High 5°C 0.878 * 1 1'9,?0 0'2?3 _O;E 24 _0;890 0',?39 _0;894 —0759 0678  —0.163
2°C  0878* 1 1000 0983 0934 0824 gea0. 0938 o4 0530 0382
Control  pyic : ) : : ) ) : : : :
s5ec oss2r 000 1 0981 0933 0944 0964 088 ;.0 o647 0765
s 2ec  osszr 1000 1 0981 —0878 0895 0938 0870 678 0366 —0.199
High sec oss2r 00 1 0981 —0.927 080 0950 —08% 76 o2 —0.88
22°C  0.882* 1'9,?0 1 O‘ffl ’O;,? 38 70;827 0.840 * ’O;f 2 o7 052 0.397
Comtol  pyic L LT S L S
. 5°C 0.785 0',?,?3 0'281 1 _0;880 _0;862 0.895* _0,;857 —0715 —0.634 0770
oW
SBS wec  o7gs 083 0981 1 _0781 0797 0857* 0773 —0589 —0296 —0.118
g € 07 093 0981 1 0865 o799 0sa9r 980 gge2 0597 —0.138
wec  o7gs 093 0981 1 08 o737 o765 980l o617 0638 0463
T
22°C - - - - 1 et o o et —0.541  0.266
sec 0875 0932 0933 0880 . 095 0957 0988 (0 g g7
TSS Low
22°C _O;f 7 _0;874 _0;878 —0.781 1 O'f? 8 —(1-? 80 1'2?0 0.884 * 0.412 0.124
High sec 03 0924 —0%27  —0.865 1 0946 —0958 0978 905+ 0737  0.88
ppoc  —0973  —0934 0938 0854 ) 0918 —0903 099 (o104 o283 0261

*%
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Table 5. Cont.

Ay
Quality IL ST BA BV BS SBS TSS TA  TSSTA BrismA  pH ( A[i-;lis) (Meso-
carp)
. —0.983 —0.860
Contol € 0.669 1 o 0.088  0.79 : 0.361
22°C - - - - 0-989 1 —0994 0975 0926 o5y 0327
- sec 0969 0940 0944 0862 0953 1 “09%  gg93+ 0807 0597  —0.706
Low
22°C ’0,;*998 70;889 ’0,;893 —0.797 0’338 1 ’9;*988 0',?,?6 0.865 * 0.424 0.178
Hioh sec 0995 080 080 59 0946 1 0993 ggsgr 092 _gess 0074
ig
22°C ’O*‘f 70 70;824 70;827 —0.737 0‘238 1 ’0,;*9 92 0876* O‘f:% —0.234 —0.194
5°C - - - - _0568 0983 1 0091 —0.700 0.888*  0.350
Control
22°C - - - - —0978 - —0.994 1 —0960 0882 613 o425
TSS:TA 5°C 0950 0960 0964 (g5« 07 —099% 1 0901 o785 —0649 0,698
’ Low
pec 0978 09 098 gy 0980 0988y 06 790 0467 —0233
. 0984 0929 0930 g0, 0958 0993 1 0883 0914 (0 10
High
wec 095 gg3gr  gsa0r  o7es 008 0992 —0860 0926 45 0197
Control 5°C - - - - 0508  —0.088  0.091 1 -0399  0.301 0.385
2°C - - - - 0997 0975 0960 0918 o534 0231
5°C  —07o4 089 —085 087 0988 jg95. 0901 1 0667 0540  —0775
BrimA — Low 099% —038 0.870 000 099 0.97
pec 0996 0866 0. —o773 O 9% 0976 0892% 0406  0.098
. soc 0857 0894 0898 0859 0978 ... 0883 1 0825¢ 0748 0250
ig
22°C ’0*‘*9 50 ’O,f 38 ’0*;? 42 70;861 0‘3? 6 0.876 * ’0;860 1 0.879*  —0.288 —0.271
Control 5°C - - - - 0535 0796  —0.700 —0.399 1 —0715  —0.553
22°C - - - - 0926 0926  —0882 0918 1 —0211 —0.031
. —0.900
5°C . —0770 —0771 —0715 0732 0807 —0785  0.667 1 0328  —0.628
pH Low 0.894
2°C —0682 —0678 —0589 0.884* 0.865* —0790 0.892* 1 0065  —0.129
. sec 0% o759 0762 —0662 0905+ 02 094 g5 1 —0502  0.047
ig
wec 7999 gzu o7 —0617 o910+ 0246 0926 0. 1 —0076  0.052
5°C - - - - —0311 080 gessr 0301 —0715 1 0.357
Control
A 22°C - - - - —0541 —0544 0613 —0534 —0211 1 —0.774
( Ar?is) . 5°C  —0487 —0.629 —0647 —0.634 0573 0597 —0.649 0540 0328 1 ~0.032
OW  22°C  —0400 —0341 —0366 —0296 0412 0424 —0467 0406  0.065 1 0.265
—_ 5°C 0641 0678 0682 0597 —0737 —0654 0716 —0.748 —0.502 1 —0.330
& 2°C 0275 0530 0529 0638 —0283 —0234 0342 —0288 —0.076 1 0432
Control 5°C - - - - 0002 —0361 0350 0385  —0553  0.357 1
A ontrol 55 oc - - - - 0.266 0327 —0425 0231  —0.031 —0.774 1
(Me”;o_ . 5°C 0667  0.781 0765 0770 —0770 —0706  0.698 —0775 —0.628 —0.032 1
carp) ow 2°C  —0151 —0.194 —0199 —0.118  0.124 0178  —0233 0098 —0129  0.265 1
P Hioh 5°C  —0.160 —0.163 —0.188 —0.138 0188 0074 —0.104 0250 0047 —0.330 1
& 22°C 0144 0382 0397 0463 —0261 —0.194 0197 —0271 0052 0432 1
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Figure 7. The correlation between resulting parameters of the non-bruised, low-impact (45°; 1.18 J),
and high-impact (65°; 2.29 ]J) bruised pomegranate fruit over 28 days of storage at 5 °C and 22 °C
using a scatter plot matrix.

A very strong and significant correlation (r = 1) was observed between the BV and
BS of low- and high-impact bruised pomegranate stored at both temperatures. In all
pomegranate fruit across all tested conditions, the TSS showed a significant correlation
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with TA, TSS:TA ratio, pH, and BrimA, except for in the non-bruised (control) samples stored
at 5 °C. A significant and negative correlation (r > 0.983) existed between TA and TSS:TA
ratio across all tested conditions. TA and BrimA showed a good correlation (r > 0.858);
however, this relationship was very weak (r = —0.088) for the control fruit in cold storage.
As shown in Table 4, a very weak correlation was observed between TSS:TA ratio and
BrimA (r = 0.091) for control pomegranates stored at 5 °C. Furthermore, Figure 7 shows
that TSS:TA ratio was strongly correlated with BrimA (r > 0.860). A moderate correlation
was noticed between TSS:TA ratio and pH in control pomegranate fruits stored at 5 °C
(r = —0.700), and in low-impact pomegranate fruits stored at 5 °C (r = —0.785) and 22 °C
(r = —0.790). Other attributes, such as the A, of aril and mesocarp fractions, did not
correlate with any of the investigated quality characteristics. Therefore, it seems that water
activity (Aw) was not significantly affected by the external factors used in the current
study. Few studies have discussed the correlation between bruising parameters and quality
attributes. However, Pathare and Al-Dairi [35] found that the BA of all impacted tomato
fruit stored at 10 and 22 °C showed a strong positive correlation (**, p < 0.01, *, p < 0.05)
with TSS (r > 0.916).

4. Conclusions

This study examined the effects of storage temperature, storage duration, and impact
damage on the magnitude of bruise size (bruise area (BA), bruise volume (BV), bruise
susceptibility (BS), and specific bruise susceptibility (SBS)), and other quality attributes,
such as total soluble solids (TSS), titratable acidity (TA%), sugar:acid ratio (TSS:TA), BrimA,
pH, and water activity (Ay,) (arils and mesocarp). This study showed that over the course
of impact bruise damage caused by hitting the pomegranate fruit, storage temperature and
storage duration had important direct influence on several quality properties, mainly the
chemical attributes, of the damaged fruit. The study revealed bigger changes in bruise size
measurements for high-impact (2.29 J) bruised pomegranate fruit compared to low-impact
(1.18 J) bruised fruit, particularly when stored at 22 °C. The total soluble solids (TSS)
reduced over time, and the lowest value was recorded in high-impact bruised fruit stored at
an ambient temperature. Similarly, titratable acidity (TA%) was much lower in bruised fruit
compared to the non-bruised (control) fruit. Excessive BrimA percentage loss in high-impact
bruised pomegranate fruit reached about 14.12% during storage at an ambient temperature.
Due to the continued decline in total soluble solids (T'SS) and titratable acidity (TA%),
the sugar:acid ratio (TSS:TA) fell for all tested conditions, particularly in the bruised fruit
stored at an ambient temperature. The water activity did not change significantly for either
the arils or mesocarp of bruised nor non-bruised pomegranates as a result of the studied
factors. This study can provide industries and pomegranate fruit producers, handlers, and
transporters with proof of the importance of mechanical damage and storage management
in the postharvest supply chain.
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