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Abstract: This study investigated the possible mechanism of softening and senescence of blueberry
after harvest using chitosan/thyme oil coating combined with UV-C (short wave ultraviolet irra-
diation) treatment. On the 56th day of storage, the CBP, cellulose, and hemicellulose contents in
the chitosan/thyme oil coating +UV-C-treated group were 1.41, 1.65, and 1.20 times higher than
those in the control group. Compared with the control group, the activities of polygalacturonase
(PG), pectin methylesterase (PME), β-glucosidase (β-Gal), and cellulose (Cx) were significantly re-
duced (p < 0.05) after chitosan/thyme oil coating +UV-C, and their maximum values decreased by
5.41 µg/h g, 5.40 U/g, 12.41 U/g, and 3.85 µg/h g, respectively. Moreover, chitosan/thyme oil
coating combined with UV-C treatment inhibited the gene expression of PG, PME, Cx, and β-Gal
and then regulated the decrease in PG, PME, Cx, and β-Gal activities, inhibited the degradation of
cell wall polysaccharides, and delayed the softening and senescence of postharvest blueberries. The
results showed that chitosan/thyme oil coating, UV-C, and chitosan/thyme oil coating + UV-C could
significantly inhibit postharvest softening of blueberry; chitosan/thyme oil coating +UV-C had the
best effect.

Keywords: blueberries; coating; UV-C; chitosan/thyme oil; softening; preservation

1. Introduction

Blueberry, belonging to the genus cranberry of the rhododendron family, is a dark
blue fruit when mature and covered with white wax [1]. Most blueberries are nearly round;
however, some varieties are oblate. North American native species have a delicate flesh
and are delicious, sour, and sweaty when mature [2]. Blueberries have high nutritional
value with many functions [3–5], such as antioxidant and antiaging properties, enhancing
immunity, protecting eyesight, antitumor activity, lowering blood lipids, and improving
memory [6–9]. Blueberries have become popular with improving living standards and
awareness of healthy diets. The market potential is enormous; however, fresh blueberries
tend to wilt after harvest, which reduces their edible and nutritional value. This severely
restricts the global blueberry market. Postharvest storage and preservation technology has
become an urgent problem for developing the blueberry industry [10].

Many studies have shown that chitosan-based composite coatings can delay the de-
cline in blueberry firmness and decay rate, maintain the contents of vitamin C, total sugar
and anthocyanins, control the activities of related softening enzymes, and improve stor-
age quality [11–13]. Currently, chitosan, clove oil, quinoa protein, potassium sorbate and
polylysine have been developed as coating-based materials for preserving blueberries [12].
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Investigations have shown that they can positively impact blueberries’ physiological qual-
ity and extend their storage life. Thyme essential oil is a natural plant extract showing
antimicrobial activity. Studies using thyme oil combined with coating treatment showed
that they could significantly prolong the storage period and inhibit the declining quality of
fresh sweet basil leaves, mango, and freshly cut apples [14–16]. There are no relevant re-
ports regarding the application of thyme essential oil in preserving the postharvest quality
of fresh blueberries. Using ultraviolet rays of appropriate wavelength, UV-C destroys the
molecular structure of deoxyribonucleic acid (DNA) or ribonucleic acid (RNA) in microbial
cells, resulting in the death of growing cells [17]. In this context, Villagra et al. found that
UV-C treatment can delay the blueberries’ quality decline during storage and improve their
antioxidant activity [18]. Furthermore, Zhou et al. found that UV-C could effectively inhibit
the growth of microorganisms, maintain quality, and enhance the antioxidant activity of
blueberries during postharvest storage [19]. On this occasion, combining chitosan com-
posite and UV-C can effectively improve the storage quality and prolong the shelf life of
blueberries. However, molecular gene-level studies have not been reported, and softening
aging mechanisms are unclear.

In this study, we prepared a coating liquid with thyme essential oil and chitosan as
the primary raw materials, and UV-C was used to keep blueberries fresh. The effects of
different treatments on cell wall polysaccharides, related degrading enzyme activities, and
gene expression during storage were also explored. Finally, we clarified the mechanism
of chitosan/thyme oil combined with UV-C treatment on blueberry postharvest softening
and aging.

2. Materials and Methods
2.1. Materials

Blueberries were picked from the blueberry base in Chenggu County, Hanzhong City,
Shaanxi Province; the variety is “emerald”. Blueberries of the same size and maturity with
no mechanical damage or diseases were selected. Fruits were placed in an incubator at
4 ◦C immediately after picking and shipped back to the laboratory for processing on the
same day.

2.2. Methods
2.2.1. Treatment Applied to Blueberries

(1) Preparation of chitosan/thyme oil coating solution: Nine grams of chitosan was
dissolved in 200 mL of 1% (v/v) acetic acid. The samples were then placed in a water
bath for 25 min at 55 ◦C. After adding 10 g gelatin, the samples were heated in a water
bath until complete dissolution. Next, glycerol (30% chitosan, v/w) was added, followed
by ultrasonic treatment until complete dissolution; 11 mL thyme essential oil and 11 mL
Tween (R) 80 were mixed under ultrasonication. After that, 1% (v/v) acetic acid solution
was added to a final volume of 1000 mL.

(2) UV-C treatment: The irradiation dose was 3 kJ/m2, and the UV lamp (vitamin
D conversion box) was independently developed by Shaanxi University of Technology;
130 cm × 55 cm × 153 cm, cuboid, upper part sealed (90 cm), lower part open (63 cm)). The
lamp (TUVPL-L36 W/4P, PHILIPS) was installed 30 cm from the top and was stable for
30 min after turning it on. The irradiation intensity under the UV lamp was determined by
an ultraviolet irradiator (ST512uvc, SENTAR), and the irradiation time was calculated as
308 s according to the formula

T = 100 × irradiation dose/irradiation intensity.

(3) Blueberry preservation treatment. The experiment was divided into four groups: I.
Control group (CK): no treatment. II. Chitosan/thyme oil coating group; (T): blueberries
were soaked in the pre-prepared coating solution for 30 s and then removed and placed on
a smooth and clean gauze (to avoid adhesion, the surface of the blueberries was covered
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with a layer of uniform and transparent film and dried naturally). III. Irradiation group
(Z): Twenty blueberries were placed 60 cm away from the UV lamp, irradiated on one
side for 154 s, and then subjected to continuous irradiation on the other side for 154 s.
IV. Chitosan/thyme oil coating +UV-C group; (T+Z): the blueberries were soaked in the
pre-prepared coating solution for 30 s and then placed on smooth and clean gauze to
dry and irradiate. The specific irradiation operation and time were the same as those in
treatment 3. After the above treatment, the blueberries were divided into crisper boxes.
Each box contained 45 blueberries, labeled and weighed, and stored at a low temperature
of 4 ◦C ± 0.5 ◦C. Samples were taken every 8 days, and each treatment was repeated
three times.

2.2.2. Index Measurement
Determination of Cell Wall Polysaccharides

(1) Determination of crude cell wall material content
The method of weighing was slightly modified [20] and the material content of coarse

cell walls was expressed as a percentage.

Crude cell wall matter content (%) =
dry crude cell wall matter content

weight of fresh blueberries
× 100% (1)

(2) Determination of water-soluble pectin content
Water-soluble pectin (WSP) was determined using the carbazole colorimetric method

and expressed as the percentage of galacturonic acid generated. The determination, extrac-
tion, and standard curve of galacturonic acid production were determined according to
Kyriakidis et al., with minor modifications [21]. The standard curve of galacturonic acid
was y = 0.0064x + 0.0177, R2 = 0.9998. The water-soluble pectin content was calculated
according to Formula (2).

water− soluble pectin content (%) =
M× V

v
m

× 100% (2)

where M is the mass of galacturonic acid (UG) in the standard curve;
V—Total volume of sample extract (mL)
v—Volume of the extracted liquid (mL)
m—Sample mass (g)
(3) Determination of ionic pectin content
Based on the above tests, 10 mL of 50 mM acetic acid-sodium acetate buffer solution

(including 2 mM EDTA) with pH = 5.5 was added and placed in a water bath for 1.5 h at
50 ◦C. After cooling to room temperature, centrifugation was performed at 4200× g for
15 min. The supernatant containing ion-binding pectin was obtained. The determination
method, calculation formula and standard curve of ionic pectin (ISP) are the same as in
formula (2).

(4) Determination of covalent pectin content
Based on the above tests, 10 mL of 50 mM Na2CO3 solution (including 2 mM EDTA)

was added to a water bath for 1.5 h at 50 ◦C, cooled to room temperature, and centrifuged
at 4200× g for 15 min to obtain the covalent pectin supernatant. The covalent pectin (CBP)
determination method, calculation formula, and standard curve are the same as stated in
formula (2).

(5) Determination of hemicellulose content
Based on the above tests, 10 mL of 4 mM NaOH (including 100 M NaBH4) was added

and placed in a water bath for 1.5 h at 50 ◦C, cooled to room temperature, and centrifuged
at 4200× g for 15 min to obtain the supernatant containing hemicellulose.
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The hemicellulose content was determined based on the method of Wang et al. [22].
The standard curve y = 13.689x + 0.0009, R2 = 0.9993 was constructed using standard
glucose. The hemicellulose content was calculated according to Formula (3).

Hemicellulose content (%) =
m′ ×V×N
Vs ×m× 10

× 100% (3)

where m′– is the mass of glucose (µg) in the standard curve;
V—Total volume of sample extract (mL);
N—Dilution ratio of sample extract, 1;
Vs—The volume of liquid extracted from the samples (mL);
m—Sample mass (g)
(6) Determination of cellulose content
The remaining materials from the above tests were centrifuged and the residue was

cellulose material, which was determined using the weighing method and repeated three
times. Represented by %, calculated according to Formula (4).

Cellulose content (%) =
dried weight

crude cell wall material content
× 100% (4)

Determination of Cell Wall Degrading Enzyme Activity

(1) Extraction and determination of the activity of polygalacturonase
DNS colorimetry was used to extract and determine the activity of polygalacturonase

(PG) [23]. A standard curve was generated with glucose y = 0.3725x − 0.0074, R2 = 0.9993.
PG activity was expressed as the mass of galacturonic acid produced by catalytic hydrolysis
of polygalacturonic acid at 37 ◦C per gram of blueberry tissue sample (fresh weight) per
hour, calculated according to Formula (5):

PG activity(µg/h · g) = m′ ×V× 1000
v× t×m

(5)

where m’ is the mass of glucose (mg) obtained from the standard curve;
V—Total volume of sample extract (mL);
v—Volume (mL) of the extracted liquid from the sample taken at the time of determi-

nation;
t—Enzymatic reaction time (h);
m—Sample mass (g)
(2) Extraction and determination of pectin methylesterase activity
The extraction and activity of PME were determined using NaOH titration [24]. The

amount of enzyme required to consume 1 mmol NaOH per gram of fresh blueberry sample
per min was set as 1 unit of enzyme activity (U), and the result was expressed as U/g min.

PME activity (U/g ·min) =
(V−V0)× c

n× t×m
(6)

where V is the total volume of extracted liquid consumed by the enzyme solution (mL);
V0—NaOH volume consumed by blank control (mL);
c—NaOH concentration, 0.05 mmol/L (h);
n—1;
t—reaction time (min);
m—Sample mass (g)
(3) Extraction and determination of cellulase activity
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DNS colorimetry was used for extraction and determination of cellulase (Cx) activ-
ity [23]. The extraction method for the Cx enzyme solution was the same as the standard
curve (1), calculated according to Formula (7).

Cx activity(µg/h · g) = m′ ×V× 1000
v× t×m

(7)

where m’ is the mass of glucose (mg) obtained from the standard curve;
V—Total volume of sample extract (mL);
v—Volume (mL) of the extracted liquid from the sample taken at the time of determination;
t—Enzymatic reaction time (h);
m—Sample mass (g)
(4) Extraction and determination of β-galactosidase activity
The extraction and determination of the activity of β-galactosidase (β-Gal) were

performed according to Trainotti [24]. The absorbance of each tube was measured at 405 nm.
The standard curve y = 0.0061x − 0.0068, R2 = 0.9991 was drawn with p-nitrophenol. The
production of 1 µmol p-nitrophenol per gram fresh weight per min was defined as 1 enzyme
activity unit (U).

Expression Analysis of Cell Wall-Degrading Enzyme-Related Genes

Eukaryotic mRNA sequencing was based on the Illumina NovaSeq 6000 sequencing
platform, and all mRNA transcribed from fresh blueberry fruits was sequenced. The
Illumina TruSeqTM RNA Sample Prep Kit was used for library construction in sequencing
experiments [25–27].

2.3. Data Analysis

The experiments were replicated three times. Origin 2018 software was used to draw
and differentiate the data, and IBM SPSS 25.0 statistics software (Armonk, NY, USA) was
used to conduct variance analysis for each result.

3. Results and Discussion
3.1. Effects of Different Treatments on the Content of the Crude Cell Wall in Blueberry

The crude cell wall material of blueberries decreased during the whole storage period
(Figure 1). Hydrolysis and degradation occur under the action of degrading enzymes such
as PG, Cx, and PME, resulting in a decrease in the content of crude cell wall substances
of blueberry. During the whole storage period, the content of the crude cell wall in the
CK group was significantly lower than that in the other treated groups, except that it was
slightly higher than that in the T group on the 16th day. On day 56, the contents of the
crude cell wall in the T+Z group, T group, Z group, and CK group were 1.68%, 1.53%,
1.51%, and 1.36%, respectively, which were significantly higher than those in the CK group
(p < 0.05). The effect of the T+Z group was the most obvious. All three treatments effectively
reduced the content of crude cell walls in blueberry, and chitosan/thyme oil coating +UV-C
treatment had the best effect. In this way, Deng et al. declared that the crude extract of
blueberry cell walls gradually decrease during storage. Cold storage could effectively
inhibit the decline of the blueberry cell wall crude extract and prolong the shelf life [28].
Yan et al. stated that the storage quality of raspberries could be effectively improved by
reducing the material loss of cell walls [29]. Sinha et al. also reported that proper sample
preservation could effectively inhibit cell wall metabolism in pears, maintain their structural
integrity, and improve their storage quality [30]. This may be because the chitosan/thyme
oil coating forms a protective film on the surface of blueberry, which inhibits metabolic
activities during storage, reduces the activity of polysaccharide-degrading enzymes in the
cell wall, and effectively inhibits the loss of crude cell wall substances in blueberry. Thyme
oil and UV-C can restrain the growth of the microorganisms on the surface, effectively
controlling corruption and inhibiting the decline in blueberry coarse cell wall material
content. Therefore, the three treatments can effectively reduce the cell walls of blueberry
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coarse material loss during storage, and chitosan/thyme oil coating combined with UV-C
had the best effect.
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3.2. Effects of Different Treatments on Pectin Content

Figure 2 shows the changes in blueberry pectin during the whole storage period.
There is a large amount of insoluble propectin in the primary cell wall and mesocolium
of immature fruit and vegetable tissues, which gradually separates from other substances
to form water-soluble pectin as the fruit matures. Figure 2a shows that the WSP content
of blueberries in the CK and T groups first increased and then decreased during storage.
They all reached peak values of 1.31% and 0.99% on day 32. After 32 days, the WSP content
of all groups decreased gradually. In the first 48 days, the changing trend of blueberry in
the T+Z and Z groups was almost the same, but there was no significant difference in the
growth rate (p < 0.05). From 48 day to 56 day, the WSP content of blueberry in group Z
decreased by 0.067% but increased by 0.031% in group T+Z. The WSP content in the three
treatment groups was significantly lower than that in the CK group during storage. The
three treatments significantly inhibited the increase in WSP content (p < 0.05). ISP refers to
soluble pectin bound by an ionic bond, and its change rule is shown in Figure 2b. ISP shows
an overall trend of rising first and then declining. The results of the difference analysis
showed that the ISP content of blueberry in the Z group was significantly lower than that
in the CK group (p < 0.05), and there was no significant difference in ISP content among
the other groups (p < 0.05). The three treatments had little effect on the changes in ISP
content in blueberry. CBP refers to the small molecule pectin bound by a covalent bond, a
crucial component reflecting the integrity of the cell wall. The content of CBP represents the
degree of demethylation of protopectin in tissues. The content of covalent pectin generally
decreases with the aging of fruits. Figure 2c shows that with the extension of storage time,
the CBP content in each group decreased gradually. The CBP content of blueberry in the
T+Z group was significantly higher than that in the other three groups (p < 0.05), and the
CBP content in groups Z and T was significantly higher than that in group CK (p < 0.05).
In the research of Wang et al., deacidification promoted the softening of blueberry fruit,
increased the content of soluble pectin and reduced the content of water-insoluble pectin,
which is consistent with this experiment [31]. Hanbo Wang et al. and Ji Yaru et al. also
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reported that during storage, under the action of related enzymes, covalent pectin was
gradually degraded into water-soluble pectin, the cell wall structure was destroyed, and the
quality of blueberries decreased [32,33]. Wang et al. suggested that kiwifruit experienced
rapid softening and quality changes after harvest [31]. They found that the water-insoluble
pectin content decreased during storage, and the water-soluble pectin increased, which
was consistent with the results of this test. Then, all three treatments effectively inhibited
the decrease in CBP content in blueberry, and chitosan/thyme oil coating +UV-C treatment
had the best effect. During storage, CBP is degraded into soluble WSP under the action
of pectinase, which causes a decrease in CBP content and an increase in WSP content.
At the later stage of storage, the WSP content decreased, which may be caused by the
continuous consumption of nutrients in blueberries and the consumption of WSP as a
respiratory substrate. At this time, the degradation rate of CBP and ISP was lower than the
consumption rate of WSP, resulting in the overall trend of WSP content increasing first and
then decreasing. The results showed that the three treatments could significantly inhibit
CBP conversion into WSP but had little effect on the change in ISP content during storage.
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3.3. Effects of Different Treatments on Hemicellulose and Cellulose Contents in Blueberries

Figure 3a shows the change in hemicellulose content. Twenty-four days before storage,
the hemicellulose content in each group increased gradually. In the CK group < Z group
and < T group < T+Z group, the peak values reached 0.59%, 0.62%, 0.70% and 0.72% on day
24, respectively. After 24 days, the hemicellulose content in each group began to decrease.
The hemicellulose content was ranked as CK group < Z group < T group < T group <
T+Z group during the whole storage period. The hemicellulose contents in the CK, Z,
and T groups and the T+Z group were 0.21%, 0.38%, 0.39%, and 0.45%, respectively, on
day 56. Analysis showed that the hemicellulose content in the three treatment groups was
significantly higher than that in the CK group (p < 0.05). Changes in cellulose content in
each group during storage are shown in Figure 3b. The cellulose content of blueberries
in all groups decreased gradually. The cellulose content of blueberries in the CK group
decreased the most, followed by the Z group, T group, and T+Z group. On day 56, the
cellulose content in the CK, Z, T, and T+Z groups was 44.67%, 48.89%, 51.96%, and 53.82%,
respectively. According to the above analysis, chitosan/thyme oil coating, UV-C and chi-
tosan/thyme oil coating +UV-C treatments can effectively inhibit the decrease in cellulose
and hemicellulose contents in blueberries during storage, and the effect of chitosan/thyme
oil +UV-C treatment is better than that of the two treatments alone. In the study of Hangjun
et al., the contents of cellulose and hemicellulose gradually decreased with the extension of
storage time [34]. Liu’s study found that fruit hardness decreased during postharvest cold
storage and decreased cellulose and hemicellulose contents [35]. Therefore, inhibiting the
degradation of blueberry cellulose and hemicellulose can effectively inhibit the decline in
blueberry quality during storage. In strawberries, effective storage methods significantly
inhibited the degradation of cellulose and hemifibroin during storage and prolonged the
shelf life [36]. Wang et al. found that hemicellulose and cellulose loss in persimmon fruits
was significantly inhibited after preservation treatment [37].



Foods 2022, 11, 2795 9 of 18Foods 2022, 11, x FOR PEER REVIEW 9 of 19 
 

 

 
(a) 

 
(b) 

Figure 3. Effect of hemicellulose and cellulose in blueberry under different treatments (a,b). (a): 
Change plot of hemicellulose content in blueberry; (b) Change plot of cellulose content in blue-
berry. ■: control; ●: T; ▲: Z: ▼: T plus Z. 

3.4. Effects of Different Treatments on the PG Activity of Blueberry 
PG activity first decreased, then increased and then declined, as shown in Figure 4 

below. The results show that PG enzyme activity first increased and then decreased 
during storage. This result is slightly different from the test results. This may be due to 
the good quality of the blueberry fruits in the early storage stage, and PG activity was 
inhibited under low-temperature storage. In the middle of storage, the stress of low 
temperature on PG activity decreased, and the enzyme activity increased. At the later 
storage stage, various metabolic activities changed the pH environment of blueberry 
fruits, and PG activity decreased. During storage, the PG activity peaks of the CK, T, Z, 
and T+Z groups were 77.62 μg/h g, 76.30 μg/h g, 77.37 μg/h g, and 72.21 μg/h g, respec-
tively. Compared with the control group, the maximum enzyme activity in the three 

Figure 3. Effect of hemicellulose and cellulose in blueberry under different treatments (a,b).
(a): Change plot of hemicellulose content in blueberry; (b) Change plot of cellulose content in
blueberry. �: control; •: T; N: Z: H: T plus Z.

3.4. Effects of Different Treatments on the PG Activity of Blueberry

PG activity first decreased, then increased and then declined, as shown in Figure 4
below. The results show that PG enzyme activity first increased and then decreased during
storage. This result is slightly different from the test results. This may be due to the good
quality of the blueberry fruits in the early storage stage, and PG activity was inhibited
under low-temperature storage. In the middle of storage, the stress of low temperature
on PG activity decreased, and the enzyme activity increased. At the later storage stage,
various metabolic activities changed the pH environment of blueberry fruits, and PG
activity decreased. During storage, the PG activity peaks of the CK, T, Z, and T+Z groups
were 77.62 µg/h g, 76.30 µg/h g, 77.37 µg/h g, and 72.21 µg/h g, respectively. Compared
with the control group, the maximum enzyme activity in the three treatment groups was
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decreased by 1.32 µg/h g, 0.25 µg/h g, and 5.41 µg/h g, respectively. After 40 days,
only the PG activity in the T+Z group was significantly lower than that in the CK group
(p < 0.05). During the whole storage period, chitosan/thyme oil coating and UV-C had little
effect on the PG enzyme activity of blueberry (p < 0.05), but the PG activity of blueberries
was significantly inhibited after chitosan/thyme oil coating +UV-C treatment (p < 0.05).
In a study by Sinath Chea et al., β-aminobutyric acid treatment inhibited PG enzyme
activity during blueberry storage and alleviated postharvest deterioration of “Lanfeng”
high cluster blueberry fruits during cold storage [38]. Megha et al. used a chitosan coating
combined with pomegranate peel extract to treat pear fruits for cold storage and found
that the coating reduced PG activity during cold storage of pears [39]. In a study on
the storage and preservation of apricots, Cui et al. declared that storage at near freezing
temperatures maintained the PG activity of apricots at a low level, delayed the degradation
of pectin components, and protected the structure of the plant cell wall [40]. A study on
strawberries also found that cold storage treatment could inhibit PG enzyme activity and
control strawberry softening [36]. Ethanol vapor also inhibited PG enzyme activity and
cell wall degradation of blueberries [33]. Therefore, inhibition of PG enzyme activity can
regulate the degradation of the blueberry cell wall.
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3.5. Effects of Different Treatments on the PME Activity of Blueberries

The PME activity in all groups increased and decreased 24 day before storage (Figure 5).
The difference analysis showed that the PME activity in groups Z and T+Z was significantly
lower than that in group CK (p < 0.05), but there was no significant difference between the
T group and CK group (p S< 0.05). From 24 day to 32 day, PME activity increased rapidly
in each group, and the maximum PME activity of the CK group, T group, T+Z group
and Z group was 26.43 ± 1.28 U/g, 21.02 ± 1.11 U/g and 24.89 ± 1.10 U/g, respectively.
After 32 days, the PME enzyme activity of each group began to decrease, and the PME
enzyme activity of each treatment group was significantly lower than that of the CK group
(p < 0.05). In other words, the three treatments effectively inhibited the activity of the PME
enzyme in blueberry during middle and late storage. The effect of PME on the aging and
softening of blueberry is mainly through the production of the PG enzyme-substrate, which
then affects the pectin substance in the blueberry cell wall. In this study, the changing
trend of PME at the later stage of storage was similar to that of PG; both decreased. In
this study, the activity of the PME enzyme was different from that reported by Siyao
et al. in the early storage stage [41]. This may be because the storage temperature in this
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experiment was 4 ◦C, which was significantly lower than the storage temperature studied
by Siyao et al., resulting in a slight fluctuation of PME enzyme activity in the early stage of
storage. However, Ji et al. concluded that decreasing PME enzyme activity is conducive
to inhibiting blueberry softening in research on blueberry storage and preservation [33].
Haobo et al. also reported that effective preservation methods could inhibit the activities of
blueberry PME and other enzymes from improving the storage quality of blueberries [32].
Coletta et al. suggested that effective preservation treatment can inhibit grape PME enzyme
activity and prolong shelf life in grape-related research [42].
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3.6. Effects of Different Treatments on the Cx Activity of Blueberries

Figure 6 shows the changes in Cx activity in blueberries during storage. The activity
of Cx first decreased, then increased, and then decreased in all groups. On the 8th day
of storage, the Cx activity of blueberries in the CK, T, Z, and T+Z groups decreased to
54.45 µg/h g, 52.39 µg/h g, 51.60 µg/h g, and 48.54 µg/h g, respectively. The activity of Cx
increased rapidly from 8 day to 16 day and reached peak values of 78.17 µg/h g, 77.65 µg/h
g, 73.78 µg/h g, and 74.32 µg/h g on 16 day. From 16 day to 56 day, the Cx activity of
blueberries in each group decreased gradually. During the whole storage period, the Cx
activity of blueberries in the T and T+Z groups was significantly lower than that in the CK
group (p < 0.05), but there was no significant difference in Cx activity between group Z and
group CK (p < 0.05). That is, chitosan/thyme oil coating and chitosan/thyme oil coating
+UV-C treatment can effectively inhibit the Cx activity of blueberries, but UV-C treatment
has little effect on the Cx activity of blueberries during storage. The results showed that the
coating treatment significantly affected the cellulase activity of fruit. Studies on ethanol
steam preservation of postharvest blueberries also showed that inhibition of cellulase
activity was conducive to maintaining the integrity of the blueberry cell wall structure [33].
Saleem et al. also inhibited strawberry fruit softening by reducing the activity of cell
wall-degrading enzymes such as Cx with an edible coating containing chitosan-based
ascorbic acid [43]. In a study by Sinha et al., the Cx enzyme activity of pear fruit decreased
significantly after a salicylic acid (SA)-enriched beeswax (BW) composite coating [30]. The
results are similar to those of this test.
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3.7. Effects of Different Treatments on β-Gal Activity in Blueberry

During storage, the β-Gal activity fluctuated widely. It increased rapidly from 0 d
to 8 d and then decreased rapidly(Figure 7). At 16 d, the β-Gal activity of the CK, T,
Z, and T+Z groups decreased to the lowest values of 28.83 ± 0 U/g, 28.18 ± 1.91 U/g,
27.25 ± 2.02 U/g and 28.72± 1.20 U/g. The activity of β-Gal increased slightly from 16 day
to 24 day and then decreased slowly and gradually increased after 32 day. Studies have
shown that β-Gal is closely related to the softening of blueberries after rubbing and is
directly proportional to the softening degree of blueberries [33]. In this experiment, the
β-Gal activity of blueberries stored in the early stage decreased rapidly on days 8–16. It
may be that the fruit used in this experiment were eight ripening blueberries. Blueberries
gradually mature, and their quality increases in the early storage stage. The activities
of cell wall-degrading enzymes such as β-Gal decreased, while the activities of related
enzymes increased gradually with the extension of storage time. Analysis showed that
chitosan/thyme oil coating treatment and UV-C treatment had no significant effect on
β-Gal enzyme activity during the whole storage period (p > 0.05), but β-Gal activity was
significantly inhibited in the T+Z group (p < 0.05); that is, only chitosan/thyme oil coating
treatment +UV-C treatment could significantly inhibit the activity of β-Gal in blueberry.
Li et al. also showed that appropriate treatment could reduce the cost of fresh-keeping
in passion fruit β-Gal enzyme activity, delay the degradation of cell walls during fruit
senescence, and improve the postharvest storage quality of passion fruit [44]. In grapes,
the alternative temperature in the postharvest cooling treatment of grapes improves β-Galr
activity and reduces fruit hardness.

3.8. Effects of Different Treatments on the Expression of Polysaccharide-Degrading Enzyme-related
Genes in the Blueberry Cell Wall

According to the preliminary test, among the three treatments, the chitosan/thyme
oil coating +UV-C treatment had the best effect on inhibiting the degradation of cell wall
polysaccharides and related enzyme activities during blueberry storage (Figure 8). After
a comprehensive analysis, we selected blueberries stored for 8 day and 24 day in the CK
group (a1, a2) and chitosan/thyme sesame oil film + UV-C group (b1, b2) for eukaryotic
transcriptome sequencing. We expect to reveal the regulatory mechanism of chitosan/silme
coating + UV-C treatment on blueberry softening senescence at the molecular level. The
results are shown in Figure 8 below. In the figure, the abscissa is the group, the ordinate
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is the differential gene expression amount, and the different colored squares in the figure
represent different genes.
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The expression of polysaccharide degrading enzyme genes in group a was significantly
higher than that in group b (p < 0.05), and chitosan/thyme oil coating +UV-C treatment can
significantly inhibit the expression of cell wall polysaccharide degrading enzyme genes,
which is consistent with the conclusion that chitosan/thyme oil coating +UV-C treatment
can significantly inhibit the activity of cell wall polysaccharide degrading enzymes. A total
of 26, 6, 13 and 8 genes related to PG, Cx, PME, and β-Gal activity were screened. Compared
to the control group, the chitosan/thyme oil coating +UV-C treatment significantly reduced
the PG-associated genes VaccDscaff9-Augustus-gene-276.20,

VaccDscaff44-Augustus-gene-16.23, and VaccDscaff43-Augustus-gene-7.29, and the
functional annotations of these three genes were related to PG enzyme activity and cell
wall polysaccharide content. Cx activity is related to the following genes: VaccDscaff28-
Augustus-gene-24.25, VaccDscaff44-snap-gene-15.43, VaccDscaff49-Augustus-gene-27.20,
and VaccDscaff20-Augustus-gene-353.15 were significantly downregulated after chitosan/
thyme oil coating +UV-C treatment, and the functional annotations of these four genes
were involved in the regulation of Cx enzyme activity. VaccDscaff11-processed-gene-261.20,
VaccDscaff140-Augustus-gene-0.30, VaccDscaff37-Augustus-gene-187.25, VaccDscaff39-
Augustus-gene-130.23, and VaccDscaff46-Augustus-gene-144.33 are involved in regulating
PME enzyme activity and changing cell wall structure. The expression levels of tUS-
gene-130.23 and VACCdSCAFF46-Augustus gene-144.33 in the chitosan/thyme oil coating
+UV-C group were significantly lower than those in the control group. No gene related to
β-Gal activity was significantly downregulated in the chitosan/thyme oil coating +UV-C
treatment group. In a study by Siyao Wang et al., ethylene treatment exacerbated the
softening of blueberry fruit by promoting cell wall degradation via stimulation of PE, PG,
and β-gal enzyme activities and VcPE and VcPG expression [41]. In strawberry, chitosan
coating-treated fruit showed a reduction in the content of water-soluble pectin, coincident
with significant inhibition of the activities of PG and pectin PME and the expression of
FaPG1 and FaPME1 relative to the controls [36]. Viviana Martins et al. induced grapes
with calcium spray before harvest. It was found that the expression of the cellulose
synthase family CesA3 was not affected by exogenous Ca, while the expression of the
polygalacturonase coding genes PG1 and PG2 was downregulated [45]. Li Yaling et al.
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treated apricot fruit with salicylic acid; the results showed that salicylic acid treatment
inhibited the expression of PaPG1 and PaPME1 genes, which were closely related to the
activity of related enzymes, and these two genes were closely related to fruit softening [46].
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4. Conclusions

After harvest, blueberries are prone to softening and quality decline, which seriously
affects blueberry market sales. The degradation of cell wall polysaccharides is an impor-
tant cause of blueberry fruit softening. During storage, under cell wall polysaccharide
degrading enzymes, the water-insoluble pectin was transformed into water-soluble pectin,
hemicellulose and cellulose were degraded and exfoliated, the intercellular layer dissolved,
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and primary and secondary walls were destroyed, resulting in the collapse of fruit cell wall
reticular structure and fruit softening. The results showed that chitosan/thyme oil coating,
UV-C and chitosan/thyme oil coating +UV-C could significantly inhibit CBP conversion
into WSP and decrease cellulose and hemicellulose contents in blueberries during storage.
However, each treatment had little effect on the ISP content in blueberries after harvest.
Among the three treatments, the chitosan/thyme oil coating +UV-C treatment had the best
effect on maintaining the polysaccharide content in the blueberry cell wall, and the contents
of CBP, cellulose and hemicellulose were 1.41, 1.65 and 1.20 times higher than those of the
control group on the 56th day of storage. The degradation of fruit cell wall polysaccharides
occurs under the regulation of related polysaccharide-degrading enzymes and enzyme
genes. Compared with the control group, the activities of PG, PME, β-Gal, and Cx were
significantly inhibited by chitosan/thyme oil coating +UV-C treatment (p < 0.05), and their
maximum values were lower than those of the control group. However, chitosan/thyme
oil coating and UV-C treatment did not significantly inhibit the activities of PG, PME and
β-Gal in blueberry. Illumina sequencing results showed that chitosan/thyme oil +UV-C
treatment could significantly inhibit the gene expression intensity of PG, PME, Cx and
β-Gal in blueberry. The changes were consistent with the changes in enzyme activity. In
conclusion, chitosan/thyme oil +UV-C treatment can inhibit the activities of PG, PME, Cx
and β-Gal by controlling the expression intensity of related enzyme genes and reducing
the loss of polysaccharides in the blueberry cell wall, thus maintaining the integrity of
blueberry cell wall tissue structure and inhibiting postharvest softening and senescence
of blueberry.

Author Contributions: H.S.: Conceptualization (lead); Formal analysis (lead); Funding acquisition
(lead); Resources (lead); Supervision (lead); Writing—review and editing. D.H.: Data curation (equal);
Formal analysis (equal); Investigation (equal); Methodology (equal); Visualization (equal). Y.T.:
Formal analysis (equal); Investigation (equal); Methodology (equal). J.P.: Project administration
(equal); Supervision (equal). Y.H., Y.W. and G.Q.: Formal analysis (equal); Investigation (equal);
Methodology (equal). A.M.A.E.-A.: Project administration (equal); Supervision (equal); writing—
review and editing. All authors have read and agreed to the published version of the manuscript.

Funding: This study was supported by the Project Programs of Shaanxi Province Education Depart-
ment (20JS027), Shaanxi Province Science and Technology Department (2022JM-137) and Shaanxi
University of Technology Talent launch project (SLGRCQD2029),Project of State Administration of
Foreign Experts Affairs (QN2022040001).

Institutional Review Board Statement: Not applicable.

Informed Consent Statement: Not applicable.

Data Availability Statement: All the data of this research are included in this manuscript.

Conflicts of Interest: The authors declare no conflict of interest.

References
1. Buran, T.J.; Sandhu, A.K.; Azeredo, A.M.; Bent, A.H.; Williamson, J.G.; Gu, L. Effects of exogenous abscisic acid on fruit quality,

antioxidant capacities, and phytochemical contents of southern high bush blueberries. Food Chem. 2012, 132, 1375–1381. [CrossRef]
[PubMed]

2. Piechowiak, T.; Antos, P.; Józefczyk, R.; Kosowski, P.; Skrobacz, K.; Balawejder, M. Impact of Ozonation Process on the
Microbiological Contamination and Antioxidant Capacity of Highbush Blueberry (Vaccinum corymbosum L.) Fruit during Cold
Storage. Ozone Sci. Eng. 2019, 41, 376–385. [CrossRef]

3. Wu, Y.; Xu, L.; Liu, X.; Hasan, K.M.F.; Li, H.; Zhou, S.; Zhang, Q.; Zhou, Y. Effect of thermosonication treatment on blueberry juice
quality: Total phenolics, flavonoids, anthocyanin, and antioxidant activity. LWT-Food Sci. Technol. 2021, 150, 112021. [CrossRef]

4. Chai, Z.; Herrera-Balandrano, D.D.; Yu, H.; Beta, T.; Zeng, Q.; Zhang, X.; Niu, L.; Huang, W. A comparative analysis on the
anthocyanin composition of 74 blueberry cultivars from China. J. Food Compos. Anal. 2021, 102, 104051. [CrossRef]

5. Mazzoni, L.; Balducci, F.; Di Vittori, L.; Scalzo, J.; Capocasa, F.; Zhong, C.F.; Forbes-Hernandez, T.Y.; Giampieri, F.; Battino, M.;
Mezzetti, B. Yield and Nutritional Quality Of Highbush Blueberry Genotypes Trialled In Mediterranean Hot Summer Climate. J.
Sci. Food Agric. 2020, 100, 3675–3686. [CrossRef]

http://doi.org/10.1016/j.foodchem.2011.11.124
http://www.ncbi.nlm.nih.gov/pubmed/29243625
http://doi.org/10.1080/01919512.2018.1540922
http://doi.org/10.1016/j.lwt.2021.112021
http://doi.org/10.1016/j.jfca.2021.104051
http://doi.org/10.1002/jsfa.10403


Foods 2022, 11, 2795 17 of 18

6. Bernal-Gallardo, J.O.; Molina-Torres, J.; Angoa-Pérez, M.V.; Cárdenas-Valdovinos, J.G.; García-Ruíz, I.; Ceja-Díaz, J.A.; Mena-
Violante, H.G. Phenolic Compound Content and the Antioxidant and Antimicrobial Activity of Wild Blueberries (Vaccinium
stenophyllum Steud.) Fruits Extracts during Ripening. Horticulturae 2021, 8, 15. [CrossRef]

7. Al Hasani, S.; Al-Attabi, Z.H.; Waly, M.; Rahman, M.S.; Tamimi, Y. Antioxidant and Antitumor Properties of Wild Blueberry
(Sideroxylon mascatense): Effects of Drying Methods. Int. J. Nutr. Pharmacol. Neurol. Dis. 2021, 11, 71–79.

8. Nakano, H.; Wu, S.; Sakao, K.; Hara, T.; He, J.; Garcia, S.; Shetty, K.; Hou, D.X. Bilberry Anthocyanins Ameliorate NAFLD by
Improving Dyslipidemia and Gut Microbiome Dysbiosis. Nutrients 2020, 12, 3252. [CrossRef]

9. Ma, L.; Sun, Z.; Zeng, Y.; Luo, M.; Yang, J. Molecular Mechanism and Health Role of Functional Ingredients in Blueberry for
Chronic Disease in Human Beings. Int. J. Mol. Sci. 2018, 19, 2785. [CrossRef]

10. Li, Y.D.; Gai, Y.H.; Wang, F.; Liu, C.; Liu, Y.C.; Chen, L. Global blueberry industry data Report in 2021. Jilin Agric. Univ. J. 2020, 4,
1–13.

11. Liu, X.; Xue, F.; Li, C.; Adhikari, B. Physicochemical properties of films produced using nanoemulsions stabilized by car-
boxymethyl chitosan-peptide conjugates and application in blueberry preservation. Int. J. Biol. Macromol. 2022, 202, 26–36.
[CrossRef] [PubMed]

12. Dordevic, S.; Dordevic, D.; Sedlacek, P.; Kalina, M.; Tesikova, K.; Antonic, B.; Tremlova, B.; Treml, J.; Nejezchlebova, M.; Vapenka,
L.; et al. Incorporation of Natural Blueberry, Red Grapes and Parsley Extract By-Products into the Production of Chitosan Edible
Films. Polymers 2021, 13, 3388. [CrossRef] [PubMed]

13. Ícaro, P.; Aline, R.; Paulo, M.; Marcelo, B.; Mírian, R.; Carlos, S. Biodegradable Coatings on Blueberries Postharvest Conservation
Refrigerated in a Modified Atmosphere. J. Exp. Agric. Int. 2018, 12, 1–11.

14. Hassan FA, S.; Ali, E.F.; Mostafa, N.Y.; Mazrou, R.J.I.J.B.M. Shelf-life extension of sweet basil leaves by edible coating with thyme
volatile oil encapsulated chitosan nanoparticles. Int. J. Biol. Macromol. 2021, 177, 517–525. [CrossRef] [PubMed]

15. Shah, S.; Hashmi, M.S.; Qazi, I.M.; Durrani, Y.; Sarkhosh, A.; Hussain, I.; Brecht, J.K. Pre-storage chitosan-thyme oil coating
control anthracnose in mango fruit. Sci. Hortic. 2021, 284, 110139. [CrossRef]

16. Chen, J.; Wu, A.; Yang, M.; Ge, Y.; Pristijono, P.; Li, J.; Xu, B.; Mi, H. Characterization of sodium alginate-based films incorporated
with thymol for fresh-cut apple packaging. Food Control 2021, 126, 108063. [CrossRef]

17. Golombek, P.; Wacker, M.; Buck, N.; Durner, D. Impact of UV-C treatment and thermal pasteurization of grape must on sensory
characteristics and volatiles of must and resulting wines. Food Chem. 2021, 338, 128003. [CrossRef]

18. González-Villagra, J.; Reyes-Díaz, M.; Alberdi, M.; Mora, M.L.; Ulloa-Inostroza, E.M.; Ribera-Fonseca, A.E. Impact of Cold-Storage
and UV-C Irradiation Postharvest Treatments on Quality and Antioxidant Properties of Fruits from Blueberry Cultivars Grown in
Southern Chile. J. Soil Sci. Plant Nutr. 2020, 20, 1751–1758. [CrossRef]

19. Zhou, D.; Wang, Z.; Tu, S.; Chen, S.; Peng, J.; Tu, K. Effects of cold plasma, UV-C or aqueous ozone treatment on Botrytis cinerea
and their potential application in preserving blueberry. J. Appl. Microbiol. 2019, 127, 175–185. [CrossRef]

20. Kitamura, R.; Inagaki, T.; Tsuchikawa, S. Determination of true optical absorption and scattering coefficient of wooden cell wall
substance by time-of-flight near infrared spectroscopy. Opt. Express 2016, 24, 3999–4009. [CrossRef]

21. Kyriakidis, N.B.; Psoma, E. Hydrocolloid interferences in the determination of pectin by the carbazole method. J. AOAC Int. 2001,
84, 1947–1949. [CrossRef] [PubMed]

22. Wang, L.; Jin, P.; Wang, J.; Jiang, L.; Shan, T.; Zheng, Y. Effect of β-aminobutyric acid on cell wall modification and senescence in
sweet cherry during storage at 20 ◦C. Food Chem. 2015, 175, 471–477. [CrossRef]

23. Villarreal, N.M.; Rosli, H.G.; Martínez, G.A.; Civello, P.M. Polygalacturonase activity and expression of related genes during
ripenin go fstraw berry cultivars with contrasting fruit firmness. Postharvest Biol. 2008, 47, 141–150. [CrossRef]

24. Trainotti, L.; Spinello, R.; Piovan, A.; Spolaore, S.; Casadoro, G. β-Galactosidases with a lectin-like domain are expressed in
strawberry. J. Exp. Bot. 2001, 52, 1635–1645.

25. Kim, D.; Langmead, B.; Salzberg, S.L. HISAT: A fast spliced aligner with low memory requirements. Nat. Methods 2015, 12,
357–360. [CrossRef] [PubMed]

26. Pertea, M.; Pertea, G.M.; Antonescu, C.M.; Chang, T.C.; Mendell, J.T.; Salzberg, S.L. StringTie enables improved reconstruction of
a transcriptome from RNA-seq reads. Nat. Biotechnol. 2015, 33, 290–295. [CrossRef]

27. Wang, L.; Feng, Z.; Wang, X.; Wang, X.; Zhang, X. DEGseq: An R package for identifying differentially expressed genes from
RNA-seq data. Bioinformatics 2009, 26, 136–138. [CrossRef] [PubMed]

28. Deng, J.; Shi, Z.; Li, X.; Liu, H. Effects of cold storage and 1-methylcyclopropene treatments on ripening and cell wall degrading
in rabbiteye blueberry (Vaccinium ashei) fruit. Food Sci. Technol. Int. 2014, 20, 287–298. [CrossRef]

29. Yan, R.; Han, C.; Fu, M.; Jiao, W.; Wang, W. Inhibitory Effects of CaCl2 and Pectin Methylesterase on Fruit Softening of Raspberry
during Cold Storage. Horticulturae 2021, 8, 1. [CrossRef]

30. Sinha, A.; Gill, P.P.S.; Jawandha, S.K.; Kaur, P.; Grewal, S.K. Salicylic acid enriched beeswax coatings suppress fruit softening in
pears by modulation of cell wall degrading enzymes under different storage conditions. Food Packag. Shelf Life 2022, 32, 100821.
[CrossRef]

31. Wang, H.; Wang, J.; Mujumdar, A.S.; Jin, X.; Liu, Z.L.; Zhang, Y.; Xiao, H.W. Effects of postharvest ripening on physicochemical
properties, microstructure, cell wall polysaccharides contents (pectin, hemicellulose, cellulose) and nanostructure of kiwifruit
(Actinidia deliciosa). Food Hydrocoll. 2021, 118, 106808. [CrossRef]

http://doi.org/10.3390/horticulturae8010015
http://doi.org/10.3390/nu12113252
http://doi.org/10.3390/ijms19092785
http://doi.org/10.1016/j.ijbiomac.2021.12.186
http://www.ncbi.nlm.nih.gov/pubmed/35007633
http://doi.org/10.3390/polym13193388
http://www.ncbi.nlm.nih.gov/pubmed/34641203
http://doi.org/10.1016/j.ijbiomac.2021.02.159
http://www.ncbi.nlm.nih.gov/pubmed/33636264
http://doi.org/10.1016/j.scienta.2021.110139
http://doi.org/10.1016/j.foodcont.2021.108063
http://doi.org/10.1016/j.foodchem.2020.128003
http://doi.org/10.1007/s42729-020-00247-5
http://doi.org/10.1111/jam.14280
http://doi.org/10.1364/OE.24.003999
http://doi.org/10.1093/jaoac/84.6.1947
http://www.ncbi.nlm.nih.gov/pubmed/11767167
http://doi.org/10.1016/j.foodchem.2014.12.011
http://doi.org/10.1016/j.postharvbio.2007.06.011
http://doi.org/10.1038/nmeth.3317
http://www.ncbi.nlm.nih.gov/pubmed/25751142
http://doi.org/10.1038/nbt.3122
http://doi.org/10.1093/bioinformatics/btp612
http://www.ncbi.nlm.nih.gov/pubmed/19855105
http://doi.org/10.1177/1082013213483611
http://doi.org/10.3390/horticulturae8010001
http://doi.org/10.1016/j.fpsl.2022.100821
http://doi.org/10.1016/j.foodhyd.2021.106808


Foods 2022, 11, 2795 18 of 18

32. Wang, H.; Cheng, X.; Wu, C.; Fan, G.; Li, T.; Dong, C. Retardation of postharvest softening of blueberry fruit by methyl jasmonate
is correlated with altered cell wall modification and energy metabolism. Sci. Hortic. 2021, 276, 109752. [CrossRef]

33. Ji, Y.; Hu, W.; Liao, J.; Xiu, Z.; Jiang, A.; Guan, Y.; Yang, X.; Feng, K. Ethanol vapor delays softening of postharvest blueberry by
retarding cell wall degradation during cold storage and shelf life. Postharvest Biol. Technol. 2021, 177, 111538. [CrossRef]

34. Chen, H.; Cao, S.; Fang, X.; Mu, H.; Yang, H.; Wang, X.; Xu, Q.; Gao, H. Changes in fruit firmness, cell wall composition and cell
wall degrading enzymes in postharvest blueberries during storage. Sci. Hortic. 2015, 188, 44–48. [CrossRef]

35. Liu, B.; Wang, K.; Shu, X.; Liang, J.; Fan, X.; Sun, L. Changes in fruit firmness, quality traits and cell wall constituents of two
highbush blueberries (Vaccinium corymbosum L.) during postharvest cold storage. Sci. Hortic. 2019, 246, 557–562. [CrossRef]

36. Wang, K.; Li, T.; Chen, S.; Li, Y.; Rashid, A. The biochemical and molecular mechanisms of softening inhibition by chitosan coating
in strawberry fruit (Fragaria x ananassa) during cold storage. Sci. Hortic. 2020, 271, 109483. [CrossRef]

37. Wang, H.; Chen, Y.; Lin, H.; Lin, M.; Chen, Y.; Lin, Y. 1-Methylcyclopropene containing-papers suppress the disassembly of cell
wall polysaccharides in Anxi persimmon fruit during storage. Int. J. Biol. Macromol. 2020, 151, 723–729. [CrossRef]

38. Chea, S.; Yu, D.J.; Park, J.; Oh, H.D.; Chung, S.W.; Lee, H.J. Preharvest β-aminobutyric acid treatment alleviates postharvest
deterioration of ‘Bluecrop’ highbush blueberry fruit during refrigerated storage. Sci. Hortic. 2019, 246, 95–103. [CrossRef]

39. Megha, M.; Gill, P.S.; Jawandha, S.K.; Kaur, N.; Gill, M.S. Effect of chitosan coating incorporated with pomegranate peel extract
on pear fruit softening, quality, and cell wall degrading enzymes during cold storage. J. Food Process. Preserv. 2021, 45, 15984.

40. Wang, S.; Zhou, Q.; Zhou, X.; Zhang, F.; Ji, S. Near freezing temperature storage alleviates cell wall polysaccharide degradation
and softening of apricot (Prunus armeniaca L.) fruit after simulated transport vibration. Sci. Hortic. 2021, 288, 110296.

41. Wang, S.; Zhou, Q.; Zhou, X.; Zhang, F.; Ji, S. Ethylene plays an important role in the softening and sucrose metabolism of
blueberries postharvest. Food Chem. 2020, 310, 125965. [CrossRef] [PubMed]

42. Coletta, C.; Botondi, R.; Forniti, R.; Baccelloni, S.; Bellincontro, A.; Mencarelli, F. Alternating temperature in postharvest cooling
treatment of ‘Fiano’ and ‘Falanghina’ grapes affects cell wall enzyme rate, berry softening and polyphenols. J. Sci. Food Agric.
2018, 99, 3142–3148. [CrossRef]

43. Saleem, M.S.; Anjum, M.A.; Naz, S.; Ali, S.; Hussain, S.; Azam, M.; Sardar, H.; Khaliq, G.; Canan, I.; Ejaz, S. Incorporation of
ascorbic acid in chitosan-based edible coating improves postharvest quality and storability of strawberry fruits. Int. J. Biol.
Macromol. 2021, 189, 160–169. [CrossRef] [PubMed]

44. Saleem, M.S.; Anjum, M.A.; Naz, S.; Ali, S.; Hussain, S.; Azam, M.; Sardar, H.; Khaliq, G.; Canan, İ.; Ejaz, S. Transcriptome
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