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Abstract: The juice sacs of pummelo fruit is susceptible to softening during storage at 25 ◦C, which
causes quality deterioration and flavor loss during postharvest pummelo storage. This study
investigated the changes in metabolisms of antioxidant and cell wall in juice sacs of three pummelo
cultivars—Hongroumiyou (HR), Bairoumiyou (BR) and Huangroumiyou (HuR)—during postharvest
storage. The results revealed that, with the extension of storage, the juice sacs of three pummelo
cultivars exhibited a decrease in total antioxidant capacity (TAC), DPPH and ABTS radical scavenging
activity; a decline in total phenols (TP) content and an increase firstly then a decrease in total ascorbic
acid (TAA) content; and a decrease in lipoxygenase (LOX) activity and a rise initially, but a decline in
activities of ascorbate peroxidase (APX) and glutathione peroxidase (GPX). Additionally, increased
water-soluble pectin (WSP), but declined propectin, ionic-soluble pectin (ISP) and chelator-soluble
pectin (CSP); as well as an increase from 0 d to 60 d then followed by a decline in activities of
pectinesterase (PE), polygalacturonase (PG) and pectate lyase (PL) were observed. These results
suggested that the metabolisms of antioxidant and cell wall could result in softening and senescence
of pummelo fruit.
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1. Introduction

Pummelo (Citrus maxima Merr.) belongs to a class of cultivated citrus species with unique
flavor, high nutritional quality and consumed worldwide. More than 120 pummelo cultivars, largely
depending on climate, geography, color and other factors, is found in China and Southeast Asia [1].
However, harvested pummelo fruit is usually susceptible to softening in both peel and juice sacs during
postharvest storage. This softening behavior would cause loss of flavor, nutrients, and commercial
value, therefore, investigations of these softening problems in harvested pummelo fruit during storage
could have significant importance.

The antioxidant system plays a role in preventing the fruit from being rapidly softened or decayed
during postharvest storage. It is quite well documented that the improvement of antioxidant status
could inhibit the softening rate of guava [2], sweet cherry [3], pear [4] and carambola [5]. In addition,
the antioxidant metabolism was found closely associated with quality deterioration of postharvest
longan [6], lichi [7,8], peach [9], pineapple [10], loquat [11] and fig [12]. Pummelo fruit has been widely
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recognized for its role in antioxidant potential by scavenging reactive oxygen species (ROS) [13–15].
Therefore, it is important to reveal the antioxidant mechanism in juice sacs of pummelo fruit during
postharvest storage.

The cell wall metabolism is directly associated with fruit texture and shelf-life of harvested
horticultural fruit and vegetables. It has been reported that fruit ripening is related to the cell wall
disassembly [16] and pectin modifications and changes apparently occur in the cell wall during the
ripening process. Water-soluble pectin (WSP), chelator-soluble pectin (CSP) and ionic-soluble pectin
(ISP) are three forms of pectin. The WSP are non-covalently and non-ionically bounded to the cell wall,
CSP are mainly covalently-bonded pectin and ISP are ionically-linked pectin. A previous study showed
that the occurrence of strawberry softening was mainly caused bydegradation of the middle lamella of
cortical parenchyma cells [17]. The cell wall of ripe fruit was thinner than unripe fruit, the intercellular
material was lost, and great intercellular space separated the cells according to histological analysis [18].
The changes in pectin content during plant ripening is the largest changes in cell wall [19]. Previous
studies showed that WSP content increased, but slight modifications in the total quantity of polyuronide
residues were found [18–22]. More recently, increased WSP content and decreased contents of cellulose
and hemi cellulose were observed in blueberries during postharvest softening process [23]. Moreover,
higher WSP level and lower levels of CSP were found in longan [24], pears [25], blueberries [23] and
strawberries [26]. Except for pectin content, the second changes in cell wall metabolism are changes in
activities of cell wall-degrading enzymes. Pectinesterase (PE) mainly cleaves the ester bonds of pectin
molecules and thereby allows polygalacturonase (PG) to act on these bonds [22], and the degradation of
pectin by pectate lyase (PL) occurs by β-elimination reaction in contrast to the hydrolytic mechanism of
PG [19]. During the storage of harvested fruit, the activities of PE, PG, PL and other cell wall-degrading
enzymes could catalyze the cell wall disassembly, leading to the cell wall structure destruction, which
is the main reason of the firmness loss and quality deterioration of harvested fruit and vegetables [27].
Previous studies showed that cell wall-degrading enzymes played an important role in peach [28],
papaya [29], avocado [30], tomato [31] and blackberry [27]. Therefore, it is of considerable theoretical
and commercial significance to investigate the cell wall metabolism in juice sacs of pummelo fruit
during postharvest storage.

The purpose of this work was to explore the antioxidant and cell wall mechanism in juice sacs
of three pummelo cultivars during postharvest storage. The non-enzymatic substances, activities of
antioxidant enzymes and oxidase, pectin contents and cell wall-degrading enzymes activities of three
pummelo cultivars were investigated. Moreover, the possible mechanism of pummelo senescence in
association with antioxidant and cell wall mechanism was proposed.

2. Materials and Methods

2.1. Plant Materials and Treatments

Pummelo fruit of three cultivars, ‘Hongroumiyou’ (HR), Bairoumiyou’ (BR) and ‘Huangroumiyou’
(HuR) at commercial maturity were provided by a local orchard in Dapu county, Meizhou city,
Guangdong province. After harvest, the fruit was selected and packaged by polyethylene film
(0.03 mm thick) bag with one fruit per bag at 25 ◦C and 85% relative humidity (RH). We took six fruit
of each cultivar at 0, 30, 60 and 90 d. The fruit was peeled, and juice sacs as plant samples were used
for determination of antioxidant and cell wall metabolism. Juice sacs were homogenized in liquid
nitrogen and stored at −80 ◦C.

2.2. Measurement of Antioxidant Activities In Vitro

Two grams of juice sacs from six pummelo fruit was used for determining total antioxidant
capacity (TAC) according to previously reported method [32], briefly, two grams of juice sacs were
extracted with 20 mL PBS solution (pH 7.0) and homogenized in an ice bath. After centrifugation at
12,000 g for 15 min at 25 ◦C, and the supernatant was taken to measure the TAC. Then, 5 µL of the
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supernatant was taken, mixed with 25 µL distilled water and then added with 170 µL FRAP solution
which contained 0.3 mol L−1 acetate solution, 10 mmol L−1 TPTZ solution and 20 mmol L−1 FeCl3
solution with a ratio of 10:1:1. The reaction was performed at 25 ◦C for 10 min, and the absorbance was
measured at 590 nm. mmol g−1 was used to express the TAC. ABTS radical scavenging capability and
DPPH radical scavenging capability, according to previously reported methods [33]. Briefly, two grams
of juice sacs were extracted with 80% methanol and homogenized in an ice bath. After centrifugation
at 12,000 g for 10 min at 4 ◦C, and the supernatant was taken to measure the ABTS and DPPH radical
scavenging capability, and the absorbance was measured at 734 nm and 517 nm, respectively. µM g−1

Trolox was used to express the DPPH and ABTS radical scavenging ability.

2.3. Determination of Total Phenols and Ascorbic Acid

Two grams of juice sacs from six pummelo fruit was used for measuring the total phenols and
ascorbic acid, according to previously reported literature [34]. For the measurement of total phenols,
the sample was heated at 105 ◦C for 3 min, and dried to constant weight at 60 ◦C. Two grams of the
ground sample were taken and mixed with 50 mL 60% ethanol. The mixture was vibrated at 60 ◦C
for 120 min and centrifuged at 12,000 g for 10 min at 25 ◦C. The supernatant was taken and dissolved
with ethanol to 2.5 mL before measurement. Then, 10 µL of the supernatant was mixed with 50 mmol
foline-phenol at 25 ◦C for 2 min at the dark, then mixed with 50 µL 6% Na2CO3 solution and 90 µL
distilled water. The reaction was performed at 25 ◦C for 30 min at the dark, and the absorbance
was measured at 760 nm. For the measurement of total ascorbic acid, two grams of the juice sacs
were extracted with 1 mL 0.1 M metaphosphoric acid in an ice bath, after centrifugation at 12,000 g
for 10 min at 4 ◦C, and the supernatant was taken; 20 µL of the supernatant was added with 60 µL
2,4-dinitrophenylhydrazine and incubated at 38 ◦C for 180 min. The mixture was mixed with 140 µL
80% vitriol and the reaction was performed at 25 ◦C for 20 min, and the absorbance was measured at
520 nm. The measure, mg g−1, was used to express the contents of total phenols and total ascorbic acid.

2.4. Assays of Ascorbate Peroxidase (APX), Glutathione Peroxidase (GPX), and Lipoxygenase (LOX) Activities

Five grams of juice sacs from six pummelo fruit of three cultivars were used for measuring activities
of ascorbate peroxidase (APX), glutathione peroxidase (GPX), and lipoxygenase (LOX) according
to previously reported methods [7,35,36]. For assays of APX activity, five grams of juice sacs were
extracted with 50 mL 0.05 mol L−1 PBS solution (pH 7.8) in an ice bath, and the mixture was centrifuged
at 12,000 g for 20 min at 4 ◦C, then the supernatant was taken and placed on ice before measurement.
Then, 140 µL PBS solution (pH 7.0), 20 µL ascorbic acid and 20 µL 30% H2O2 solution were added
to 20 µL of the supernatant. The absorbance was measured at 290 nm. For assays of GPX activity,
five grams of juice sacs were extracted with 50 mL PBS solution (pH 7.8) with PVP in an ice bath, and
the mixture was centrifuged at 12,000 g for 10 min at 4 ◦C, then the supernatant was taken. Then,
80 µL of the supernatant was mixed with 80 µL GSH with sulfosalicylic acid and 40 µL isobenzate
hydrogen peroxide, and this reaction was performed at 25 ◦C for 5 min. The mixture was added with
800 µL HPO3 solution, and centrifuged at 12,000 g for 10 min, then 80 µL of the supernatant was mixed
with 100 µL Na2HPO4 and 20 µL DTNB. This reaction was performed for 1 min, and the absorbance
was measured at 412 nm. For the assays of LOX activity, five grams of juice sacs were extracted with
50 mL 0.05 mol L−1 PBS solution (pH 7.0) with PVP in an ice bath, and the mixture was placed at 4 ◦C
for 30 min. After centrifugation at 12,000 g for 10 min at 4 ◦C, and the supernatant was taken. Then,
50 µL of the supernatant was mixed with 630 µL PBS solution (pH 7.0) and 20 µL sodiulinoleate. The
absorbance was measured at 234 nm. U g−1 was used to express the activities of APX, GPX and LOX.

2.5. Determination of Cell Wall Pectin

Two grams of juice sacs from six pummelo fruit was used for determining WSP, 40 mL 95%
ethanol was added and heated in a water bath at 95 ◦C for 25 min, after cooled down, the mixture was
centrifuged at 8000 g for 10 min. The sediment was mixed with 20 mL 95% ethanol and heated in a
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water bath at 95 ◦C for 25 min, followed by centrifugation at 8000 g for 10 min. The sediment was
mixed with 20 mL distilled water and heated in a water bath at 50 ◦C for 30 min. After centrifuging at
8000 g for 10 min, 10 µL of the supernatant was added with 180 µL concentrated sulfuric acid, and
heated in a water bath at 90 ◦C for 10 min after cooling down. Then, 30 µL 0.15% carbazole ethanol
solution was added at 25 ◦C for 30 min in the dark, and 80 µL anhydrous ethanol was mixed. The
absorbance was measured at 525 nm. The propectin analysis was almost the same as the WSP, except
one more extraction step followed by the third centrifugation, and the sediment was kept and mixed
with 20 mL 0.5 mol L−1 sulfuric acid and heated in a water bath at 95 ◦C for 60 min. After cooling
down, the mixture was centrifuged at 8000 g for 10 min, then 10 µL of the supernatant was taken for the
analysis same as WSP. The cell wall material (CWM) was extracted according to methods described by
Brummell and Fishman [37] with some modifications. Three grams juice sacs were ground and mixed
with 10 mL 80% ethanol and heated in a water bath at 95 ◦C for 20 min. The mixture was centrifuged at
8000 g for 10 min, and the sediment was retained. Then, 20 mL 80% ethanol and 100% acetone washed
the sediment for two times, respectively. The sediment was immersed in 15 mL 90% dimethylsulfoxide
for 15 h and centrifuged at 8000 g for 10 min. The sediment was dried at 40 ◦C, and the dried sample
was obtained as CMW. For ISP analysis, 30 mg CMW was mixed with 10 mL 50 mmolL−1 EDTA and
anhydrous sodium acetate (pH 6.5) and centrifuged at 12,000 g for 10 min. The supernatant was taken
for analysis. For CSP analysis, 30 mg CMW was mixed with 10 mL 50 mmol L−1 EDTA and anhydrous
sodium carbonate (pH 6.5) and centrifuged at 12,000 g for 10 min. The supernatant was taken for
analysis. The following analysis was the same as WSP. The absorbance was measured at 525 nm.

2.6. Assays of Cell Wall Degrading Enzymes

Two grams of juice sacs were used for measuring the PG activity according to a method described
by Gross [38]. Briefly, two grams of juice sacs was extracted with 20 mL 95% ethanol, after centrifugation
at 8000 g for 5 min at 4 ◦C, and the sediment was retained and added with 80% ethanol and centrifuged
at 8000 g for 5 min at 4 ◦C. The sediment was retained and extracted with 20 mL acetate buffer (pH 5.5)
with PVP. After centrifugation at 12,000 g for 10 min at 4 ◦C, and the supernatant was retained. Then,
20 µL of the supernatant was mixed with polygalacturonic acid at 40 ◦C for 30 min, and the mixture
was added with 150 µL DNS. The reaction was performed at 100 ◦C for 5 min, and the absorbance was
measured at 540 nm. The activities of PL and PE were measured according to previous methods [39,40].
For the measurement of PL activity, two grams of juice sacs was extracted with 20 mL 50 mmol L−1

Tris-HCl in an ice bath. After centrifugation at 12,000 g for 10 min at 4 ◦C, and the supernatant was
taken; then, 20 µL of the supernatant was mixed with 120 µL pectin and 60 µL 1 M HCl at 50 ◦C for
30 min. The absorbance was measured at 235 nm. For measurement of PE activity, one gram of juice
sacs was extracted with 2 mL 5% NaCl solution in an ice bath. After centrifugation at 12,000 g for
15 min at 4 ◦C, and the supernatant was taken and mixed with 50 µL phenolphthalein, 8 mL pectin,
and adjusted the solution to pH 7.8 with 0.1 M NaOH. The reaction was performed at 37 ◦C for 60 min;
and 0.05 M NaOH was used to adjust the pH to remain at 7.8 every 20 min, the total volume of 0.05 M
NaOH was recorded. One unit (U) of PG was defined as 1 µg galacturonic acid of production per gram
fresh sample per min at 37 ◦C. One unit (U) of PE was defined as the amount of enzyme needed to
consume 1 mmol NaOH per gram fresh sample every 10 min. One unit (U) of PL was defined as the
amount of enzyme needed to break down the pectin into 1 nmol unsaturated galacturonic acid per
gram fresh sample per min.

2.7. Statistical Analysis

All parameters were analyzed three times. The values in figures and table were represented in the
form of the mean ± SE (standard error) (n = 3). A significant difference of correlation analysis was taken
data of BR for example and examined by using the software SPSS statistics 22.0 via linear-regression
analysis. The value of p < 0.01 or p < 0.05 represented very significant difference or significant
difference, respectively.
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3. Results

3.1. Changes in Antioxidant Ability in Juice Sacs of Three Pummelo Cultivars

Figure 1 showed that the TAC in juice sacs of three pummelo cultivars during postharvest storage
displayed a decreasing trend. Similarly, the DPPH radical scavenging activity and ABTS radical
scavenging activity decreased as storage time extended. The TAC was lower in juice sacs of BR at 30 d
and 90 d of storage in contrast to HR and HuR, and the DPPH radical scavenging activity in juice sacs
of HR was higher than the other two cultivars during the whole storage time. Compared to BR and
HR, the ABTS radical scavenging activity in juice sacs of HuR was higher at 30 d and 60 d, but lower
than them at 90 d of storage.

Biomolecules 2019, 9, 319 5 of 14 

3. Results 

3.1. Changes in Antioxidant Ability in Juice Sacs of Three Pummelo Cultivars 

Figure 1 showed that the TAC in juice sacs of three pummelo cultivars during postharvest 
storage displayed a decreasing trend. Similarly, the DPPH radical scavenging activity and ABTS 
radical scavenging activity decreased as storage time extended. The TAC was lower in juice sacs of 
BR at 30 d and 90 d of storage in contrast to HR and HuR, and the DPPH radical scavenging activity 
in juice sacs of HR was higher than the other two cultivars during the whole storage time. Compared 
to BR and HR, the ABTS radical scavenging activity in juice sacs of HuR was higher at 30 d and 60 d, 
but lower than them at 90 d of storage. 

Storage time (d)
0 20 40 60 80 100

TA
C

 (μ
M

 T
ro

lo
x 

g-1
)

6

7

8

9

10

11

12
HR
BR
HuR

A

 

Storage time (d)
0 20 40 60 80 100

D
PP

H
 ra

di
ca

l s
ca

ve
ng

in
g 

ac
tiv

ity
 (μ

M
 T

ro
lo

x 
g-1

)

2000

2500

3000

3500

4000

4500

5000

HR
BR
HuR

B

 

Storage time (d)
0 20 40 60 80 100

A
BT

S 
ra

di
ca

l s
ca

ve
ng

in
g 

ac
tiv

ity
 (μ

M
 T

ro
lo

x 
g-1

)

4000
4200
4400
4600
4800
5000
5200
5400

HR
BR
HuR

C

 
Figure 1. Changes in total antioxidant capacity (TAC) (A), DPPH radical scavenging activity (B) and 
ABTS radical scavenging activity (C) in juice sacs of Hongroumiyou (HR), Bairoumiyou (BR) and 
Huangroumiyou (HuR) during postharvest storage. Vertical bars represent the standard error (SE) of 
the means of three replicate assays. 

These findings indicated that the antioxidant ability of juice sacs in three pummelo cultivars 
declined during postharvest storage. 
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Cultivars 

Figure 1. Changes in total antioxidant capacity (TAC) (A), DPPH radical scavenging activity (B) and
ABTS radical scavenging activity (C) in juice sacs of Hongroumiyou (HR), Bairoumiyou (BR) and
Huangroumiyou (HuR) during postharvest storage. Vertical bars represent the standard error (SE) of
the means of three replicate assays.

These findings indicated that the antioxidant ability of juice sacs in three pummelo cultivars
declined during postharvest storage.
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3.2. Alterations in the Total Phenols (TP) and Total Ascorbic Acid (TAA) in Juice Sacs of Three
Pummelo Cultivars

As shown in Figure 2, the total phenols (TP) content in juice sacs of three pummelo cultivars
displayed a decreasing trend during storage. As for BR, the TP content was higher than the other
two cultivars from 30 d to 90 d of storage. The total ascorbic acid (TAA) content of juice sacs of three
pummelo cultivars increased during 0–60 d, and then decreased from 60 d to 90 d. As for BR, the TAA
content was higher than the other two cultivars during the storage.
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Figure 2. Changes in total phenols (TP) (A) and total ascorbic acid (TAA) (B) in juice sacs of HR, BR
and HuR during postharvest storage. Vertical bars represent SE of the means of three replicate assays.

These results indicated that the TP content decreased while the TAA content increased firstly then
decreased during the storage. Both TP and TAA in BR were higher than that of HR and HuR.

3.3. Changes in APX, GPX and LOX Activities in Juice Sacs of Three Pummelo Cultivars

As illustrated in Figure 3, the APX activities of juice sacs of three pummelo cultivars went up
until 60 d then showed a rapid decrease from 60 d to 90 d of storage. The GPX activity of juice sacs of
three pummelo cultivars increased from 0–30 d, whereas it was followed by a sharp decrease from
30 d to 60 d and then a gradual decrease from 60 d to 90 d. Moreover, the GPX activity of HuR was
lower than the other two cultivars at harvest, but it maintained higher than them during the following
storage time. As for LOX activity, it displayed a gradual rising tendency in juice sacs of three pummelo
cultivars during the whole storage. In addition, the LOX activity of HuR was higher than the other
two cultivars during postharvest storage.
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Figure 3. Changes in activities of ascorbate peroxidase (APX) (A), glutathione peroxidase (GPX) (B) and
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These data demonstrated that the APX and GPX activities of juice sacs of three pummelo cultivars
increased firstly and then decreased, but LOX activity increased during the whole storage time.
Compared with BR and HR, the activities of the APX from 30 d to 60 d, the GPX and LOX were higher
in juice sacs of HuR.

3.4. Alterations in Cell Wall Polysaccharides in Juice Sacs of Three Pummelo Cultivars

Figure 4A displayed that WSP in juice sacs of three pummelo cultivars showed a rising trend
during postharvest storage. Moreover, the WSP in HuR was higher than that of the other two cultivars
during the whole storage. However, propectin in juice sacs of three pummelo cultivars displayed
a decreasing trend during postharvest storage (Figure 4B). In addition, the propectin in HuR was
lower than the other two cultivars from 0 d to 60 d, but higher than them from 60 d to 90 d of storage.
Figure 4C showed that ISP content in juice sacs of three pummelo cultivars decreased with the extension
of storage, while lower ISP content was observed in HuR from 30 d to 90 d of storage. As shown in
Figure 4D, CSP showed a similar tendency with ISP content during postharvest storage.
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Figure 4. Changes in water-soluble pectin (WSP) (A), Propectin (B), ionic-soluble pectin (ISP) (C), and
CSP (D) in juice sacs of HR, BR and HuR during postharvest storage. Vertical bars represent SE of the
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These findings indicated that the WSP increase, accompanied by the propectin decrease, as well as
ISP and CSP declined—which indicated that the propectin, ISP, and CSP might continuously transform
to WSP in juice sacs of three pummelo cultivars during storage.

3.5. Changes in Activities of Cell Wall Polysaccharides-Disassembling Enzymes in Juice Sacs of Three
Pummelo Cultivars

As shown in Figure 5A, the PE activity of juice sacs of three pummelo cultivars rose from 0 d
to 60 d, and then decreased from 60 d to 90 d of storage. In particular, the PE activity of HR was
higher than BR and HuR during the whole storage. Figure 5B showed that PG activity showed a rapid
increase from 0 d to 30 d and followed by a gradual increase from 30 d to 60 d, and then declined
sharply in juice sacs of three pummelo cultivars during the remaining storage. Moreover, the PG
activity of HuR was higher than BR and HR during the first 60 d of storage. Figure 5C displayed that
PL activity of juice sacs of three pummelo cultivars showed a similar tendency with PG activity, and
the difference was that the PL activity of HuR was higher than the other two cultivars from 60 d to 90 d
of postharvest storage.

Biomolecules 2019, 9, 319 8 of 14 

Storage time (d)
0 20 40 60 80 100

IS
P 

(m
g 

g-1
)

150
200
250
300
350
400
450
500 HR

BR
HuR

C

Storage time (d)
0 20 40 60 80 100

C
SP

 (m
g 

g-1
)

250
300
350
400
450
500
550
600

HR
BR
HuR

D

. 

Figure 4. Changes in water-soluble pectin (WSP) (A), Propectin (B), ionic-soluble pectin (ISP) (C), and 
CSP (D) in juice sacs of HR, BR and HuR during postharvest storage. Vertical bars represent SE of the 
means of three replicate assays. 

These findings indicated that the WSP increase, accompanied by the propectin decrease, as well 
as ISP and CSP declined—which indicated that the propectin, ISP, and CSP might continuously 
transform to WSP in juice sacs of three pummelo cultivars during storage. 

3.5. Changes in Activities of Cell Wall Polysaccharides-Disassembling Enzymes in Juice Sacs of Three 
Pummelo Cultivars 

As shown in Figure 5A, the PE activity of juice sacs of three pummelo cultivars rose from 0 d to 
60 d, and then decreased from 60 d to 90 d of storage. In particular, the PE activity of HR was higher 
than BR and HuR during the whole storage. Figure 5B showed that PG activity showed a rapid 
increase from 0 d to 30 d and followed by a gradual increase from 30 d to 60 d, and then declined 
sharply in juice sacs of three pummelo cultivars during the remaining storage. Moreover, the PG 
activity of HuR was higher than BR and HR during the first 60 d of storage. Figure 5C displayed that 
PL activity of juice sacs of three pummelo cultivars showed a similar tendency with PG activity, and 
the difference was that the PL activity of HuR was higher than the other two cultivars from 60 d to 
90 d of postharvest storage. 

Storage time (d)
0 20 40 60 80 100

PE
 a

ct
iv

ity
 (U

 g
-1

)

1.2
1.4
1.6
1.8
2.0
2.2
2.4
2.6

HR
BR
HuR

A

 

Storage time (d)
0 20 40 60 80 100

PG
 a

ct
iv

ity
 (U

 g
-1

)

5

10

15

20

25

30

35

HR
BR
HuR

B

 

Figure 5. Cont.



Biomolecules 2019, 9, 319 9 of 14Biomolecules 2019, 9, 319 9 of 14 

Storage time (d)
0 20 40 60 80 100

PL
 a

ct
iv

ity
 (U

 g
-1

)

150

200

250

300

350

400

450

HR
BR
HuR

C

 
Figure 5. Changes in activities of polygalacturonase (PG) (A), pectinesterase (PE) (B), and pectate 
lyase (PL) (C) in juice sacs of HR, BR and HuR during postharvest storage. Vertical bars represent SE 
of the means of three replicate assays. 

These results indicated that the activities of cell wall degrading enzymes, including PE, PG, and 
PL, in juice sacs of three postharvest pummelo fruit increased from 0 d to 60 d, which was followed 
by a decrease from 60 d to 90 d of postharvest storage. 

4. Discussion 

The antioxidant metabolism in harvested fruit has been revealed by numerous researchers, 
because it has been related to a series of peroxidation, for instance, protein oxidation and membrane 
lipid oxidation, which could result in enzymes inactivation, membrane degradation and ions efflux, 
therefore, the occurrence of pericarp browning, softening, and rotting would be observed in 
postharvest fruits and vegetables [6,7,41–43]. Recent studies have shown that higher activities of 
antioxidant enzymes and higher contents of endogenous antioxidant substances could scavenge ROS. 
Subsequently, the anti-oxidative process and oxidation repair capacity was enhanced, and 
accordingly, fruit senescence was delayed [7,8,44]. In this study, we investigated the antioxidant 
metabolism in juice sacs of three pummelo cultivars, the decreased TAC combined with reduced 
DPPH and ABTS radical scavenging activity together suggested that the total antioxidant capacity 
decreased. This could be attributed to decreased antioxidant substances and declined antioxidant 
enzymes. In this study, according to correlation analysis, the TP content showed a significant positive 
relation with the TAC (r = 0.909, p < 0.05), DPPH and ABTS radical scavenging activity (r = 0.909, 
0.999, p < 0.01, respectively), indicating that the decreased TP content could be a key factor that 
resulted in a decrease in total antioxidant capacity in juice sacs of three pummelo fruit. This was in 
agreement with previous research that the TP content decreased the same time as the anti-oxidative 
capacity was declined in litchi fruit [8] and longan fruit [6]. Moreover, correlation analyses indicated 
that there were positive correlations between TAA and TAC, DPPH and ABTS radical scavenging 
activity (r = 0.981, p < 0.01; r = 0.93, 0.976, p < 0.05, respectively), respectively. It was also revealed that 
the ABTS, DPPH, FRAP, and ORAC assays gave comparable results for the antioxidant activity 
measured in methanol extracts from guava fruit [45]. It can be inferred that the TP and TAA content 
could be two critical factors for the total antioxidant ability of juice sacs of pummelo fruit. 

GPX is a lipid repair enzyme and mainly responsible for catalyzing the reduction of lipid 
peroxides and organic hydroperoxides, which influence membrane integrity and ultimately result in 
cell death via excessive oxidative damage [46]. APX is a critical antioxidant enzyme for catalyzing the 
conversion of H2O2 to H2O, and ascorbate is used as an electron donor [47]. Accumulated ROS could 
rapidly disturb the cell redox homeostasis [48], and antioxidant enzymes play an important role in 
removing the free radicals, among them, GPX and APX are two critical enzymes in this ROS-
scavenging system. In this study, APX activity increased to the maximum at 60 d, while GPX activity 
went up to the peak value at 30 d of storage, then followed by a sharp decline during the following 
storage time, suggesting that APX and GPX played the biggest role in scavenging the ROS in the first 
60 d and 30 d of storage, respectively. Moreover, correlation analyses illustrated that the banana fruit 
during cold storage displayed positive correlations between TAA and APX activity during the first 

Figure 5. Changes in activities of polygalacturonase (PG) (A), pectinesterase (PE) (B), and pectate lyase
(PL) (C) in juice sacs of HR, BR and HuR during postharvest storage. Vertical bars represent SE of the
means of three replicate assays.

These results indicated that the activities of cell wall degrading enzymes, including PE, PG, and
PL, in juice sacs of three postharvest pummelo fruit increased from 0 d to 60 d, which was followed by
a decrease from 60 d to 90 d of postharvest storage.

4. Discussion

The antioxidant metabolism in harvested fruit has been revealed by numerous researchers, because
it has been related to a series of peroxidation, for instance, protein oxidation and membrane lipid
oxidation, which could result in enzymes inactivation, membrane degradation and ions efflux, therefore,
the occurrence of pericarp browning, softening, and rotting would be observed in postharvest fruits
and vegetables [6,7,41–43]. Recent studies have shown that higher activities of antioxidant enzymes
and higher contents of endogenous antioxidant substances could scavenge ROS. Subsequently, the
anti-oxidative process and oxidation repair capacity was enhanced, and accordingly, fruit senescence
was delayed [7,8,44]. In this study, we investigated the antioxidant metabolism in juice sacs of three
pummelo cultivars, the decreased TAC combined with reduced DPPH and ABTS radical scavenging
activity together suggested that the total antioxidant capacity decreased. This could be attributed
to decreased antioxidant substances and declined antioxidant enzymes. In this study, according to
correlation analysis, the TP content showed a significant positive relation with the TAC (r = 0.909,
p < 0.05), DPPH and ABTS radical scavenging activity (r = 0.909, 0.999, p < 0.01, respectively), indicating
that the decreased TP content could be a key factor that resulted in a decrease in total antioxidant
capacity in juice sacs of three pummelo fruit. This was in agreement with previous research that the
TP content decreased the same time as the anti-oxidative capacity was declined in litchi fruit [8] and
longan fruit [6]. Moreover, correlation analyses indicated that there were positive correlations between
TAA and TAC, DPPH and ABTS radical scavenging activity (r = 0.981, p < 0.01; r = 0.93, 0.976, p < 0.05,
respectively), respectively. It was also revealed that the ABTS, DPPH, FRAP, and ORAC assays gave
comparable results for the antioxidant activity measured in methanol extracts from guava fruit [45].
It can be inferred that the TP and TAA content could be two critical factors for the total antioxidant
ability of juice sacs of pummelo fruit.

GPX is a lipid repair enzyme and mainly responsible for catalyzing the reduction of lipid peroxides
and organic hydroperoxides, which influence membrane integrity and ultimately result in cell death via
excessive oxidative damage [46]. APX is a critical antioxidant enzyme for catalyzing the conversion of
H2O2 to H2O, and ascorbate is used as an electron donor [47]. Accumulated ROS could rapidly disturb
the cell redox homeostasis [48], and antioxidant enzymes play an important role in removing the free
radicals, among them, GPX and APX are two critical enzymes in this ROS-scavenging system. In this
study, APX activity increased to the maximum at 60 d, while GPX activity went up to the peak value at
30 d of storage, then followed by a sharp decline during the following storage time, suggesting that APX
and GPX played the biggest role in scavenging the ROS in the first 60 d and 30 d of storage, respectively.
Moreover, correlation analyses illustrated that the banana fruit during cold storage displayed positive



Biomolecules 2019, 9, 319 10 of 14

correlations between TAA and APX activity during the first 60 d of storage (r = 0.999, p < 0.05). It
has been reported that LOX could catalyze the hydroperoxidation of polyunsaturated fatty acids,
subsequently result in membrane lipids degradation, therefore damage the membrane integrity [34,49].
In this work, the LOX activity continuously increased in three pummelo cultivars during the whole
storage time, indicating that the degradation of cellular membrane lipids was more and more severe.
In addition, according to the correlation analysis, the TAC, DPPH ABTS radical scavenging activity
displayed negative relations with LOX activity (r = −0.928, p < 0.05; r = −0.936, p < 0.05; r = −0.928,
p < 0.01, respectively), and these data demonstrated that the increased LOX activity played a negative
role in antioxidant capacity in juice sacs of pummelo fruit during postharvest storage.

The cell wall metabolism is vital for the fruit to maintain firmness, and degradation of cell wall
components would result in deterioration of horticultural fruit and vegetables, for instance, fruit
softening [24,37,50,51]. Among them, the decomposition of cell wall polysaccharides is a leading
factor in the texture deterioration and cell adhesion loss that affect the fruit quality and shelf life
during postharvest storage [52]. The cell wall is rich in pectin polysaccharides, which constitute the
major components, and is considered to play a critical role in fruit ripening [53]. Cell pectin changes
featured by depolymerization, debranching, and solubilization commonly occurred in fruit during
postharvest ripening or senescence [54–56]. However, it has been reported that there was little impact
of pectin depolymerization on softening during tomato fruit ripening [57]. CSP and ISP are two
forms of pectin, and they will be converted to WSP during fruit ripening or senescence [58]. In this
study, propectin, CSP and ISP declined, while WSP increased—indicating that propectin, CSP and ISP
could be converted to WSP in juice sacs of three pummelo cultivars during postharvest storage. This
result was in accordance with the observations that WSP increased while CSP declined during fruit
softening [59]. This result was also in agreement with previous work conducted by Zhang et al. [60],
who found that cell wall break down could result in a loss of fruit firmness in blackberry during
maturation and ripening. In addition, various forms of pectin in three pummelo cultivars displayed
different contents, for instance, compared to BR and HR, the WSP was higher, but the ISP was lower
in juice sacs of HuR. This cultivar difference in pectin contents indicated that different softening rate
and firmness in juice sacs of three pummelo cultivars were exhibited during postharvest ripening
stage. This result was agreed with a previous study, in which cell wall structures resulted in cultivar
differences in softening rates during apple fruit growth [61].

Another important factor, which participates in the degradation of pectin polysaccharide, is cell
wall-degrading enzyme system. It has been reported that cell wall-degrading enzymes are promoting
factors in fruit softening or firmness loss [62,63]. It has also been reported that PL could not only
catalyze the degradation of cell wall pectin, but also activate the defense systems via releasing the
oligogalacturonides and acted as defence elicitors [64]. Gwanpua [55] reported that apple firmness
loss was related to pectin composition changes during ripening. Moreover, PE and PG were found to
be possibly involved in this apple softening process. Lin et al. [24] revealed that enhanced activities
of PE, PG and other enzymes could be responsible for the pectin degradation, subsequently, CSP
and ISP declined, but WSP increased—therefore, the occurrence of pulp breakdown in harvested
longan fruit was observed. In our work, we investigated three pectin-degrading enzymes, PE, PG
and PL in juice sacs of three pummelo fruit. The activities of PE, PG and PL displayed an increase to
maximum from 0 d to 60 d, then followed by a decrease from 60 d to 90 d of storage, suggesting that
the pectin-degrading enzymes started catalyzing cell wall pectin degradation once the pummelo fruit
was harvested, and reached to their peak value at 60 d of storage. There were also cultivar differences
in these enzymes, and this could result in a different rate of catalyzation of pectin polysaccharide
degradation. Moreover, correlation analyses demonstrated that PL showed a positive correlation with
WSP (r = 0.944, p < 0.01), but a strict linear negative correlation with propectin during the first 60 d of
storage (r = −1, p < 0.01). There are numerous studies that focused on the enhanced PG activity and
good correlation between PE activity and softening index during fruit softening [24], but relatively
fewer reports on PL activity on fruit softening. A previous study showed that a substantial increase in
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PL activity was observed in the banana pulp during ripening [65]. Our study displayed that enhanced
activities of PE, PG, and PL were found in juice sacs of three harvested pummelo cultivars from 0 d to
60 d of storage, and good correlation was observed in PL activity and soluble pectins.

5. Conclusions

In conclusion, this work illustrated that the softening and senescence of juice sacs of three
pummelo cultivars were associated with decreased TAC, DPPH and ABTS radical scavenging activity,
which was attributed to declined total phenols (TP) and total ascorbic acid (TAA) content, as well as
decreased activities of ascorbate peroxidase (APX) and glutathione peroxidase (GPX), but increased
lipoxygenase (LOX) activity. In addition, enhanced activities of pectinesterase (PE), polygalacturonase
(PG) and pectate lyase (PL) could catalyze the conversion of propectin, ionic-soluble pectin (ISP)
and chelator-soluble pectin (CSP) to water-soluble pectin (WSP), which further resulted in cell wall
degradation and led to softening and senescence of juice sacs of pummelo fruit during postharvest
storage. The possible mechanism of changes in metabolisms of antioxidant and cell wall in juice sacs
of three pummelo cultivars during postharvest storage was presented in Figure 6.

Biomolecules 2019, 9, 319 11 of 14 

cultivars from 0 d to 60 d of storage, and good correlation was observed in PL activity and soluble 
pectins. 

5. Conclusions 

In conclusion, this work illustrated that the softening and senescence of juice sacs of three 
pummelo cultivars were associated with decreased TAC, DPPH and ABTS radical scavenging 
activity, which was attributed to declined total phenols (TP) and total ascorbic acid (TAA) content, 
as well as decreased activities of ascorbate peroxidase (APX) and glutathione peroxidase (GPX), but 
increased lipoxygenase (LOX) activity. In addition, enhanced activities of pectinesterase (PE), 
polygalacturonase (PG) and pectate lyase (PL) could catalyze the conversion of propectin, ionic-
soluble pectin (ISP) and chelator-soluble pectin (CSP) to water-soluble pectin (WSP), which further 
resulted in cell wall degradation and led to softening and senescence of juice sacs of pummelo fruit 
during postharvest storage. The possible mechanism of changes in metabolisms of antioxidant and 
cell wall in juice sacs of three pummelo cultivars during postharvest storage was presented in Figure 
6 

 
Figure 6. The possible mechanism of changes in metabolisms of antioxidant and cell wall in juice sacs 
of three pummelo cultivars during postharvest storage. 

Author Contributions: Conceptualization, J.L. and Y.M.J.; methodology, L.L. and J.J.C.; Writing—Original Draft 
preparation, J.L. 

Funding: This research was funded by GDAS’ Project of Science and Technology Development (Grant No. 
2019GDASYL-0103037). 

Acknowledgments: We thank South China Botanical Garden for their assistance in sample collection and 
experimental platform. 

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

References 

1. Lü, Z.; Zhang, Z.; Wu, H.; Yu, J. Phenolic Composition and Antioxidant Capacities of Chinese Local 
Pummelo Cultivars’ Peel. Hortic. Plant J. 2016, 2, 133–140. 

2. Germano, T.A.; Aguiar, R.P.; Bastos, M.S.R.; Moreira, R.A.; Ayala-Zavala, J.F.; De Miranda, M.R.A. 
Galactomannan-carnauba wax coating improves the antioxidant status and reduces chilling injury of 
‘Paluma’ guava. Postharvest Biol. Tec. 2019, 149, 9–17. 

3. Zhao, H.; Wang, B.; Cui, K.; Cao, J.; Jiang, W. Improving postharvest quality and antioxidant capacity of 
sweet cherry fruit by storage at near-freezing temperature. Sci. Hortic. 2019, 246, 68–78. 

4. Hosseini, M.S.; Babalar, M.; Askari, M.A.; Zahedi, S.M. Comparison the effect of putrescine application on 
postharvest quality of Pyrus communis cv. “Shah-Miveh” and “Spadona”. Food Sci. Nutr. 2019, 7, 14–21. 

Figure 6. The possible mechanism of changes in metabolisms of antioxidant and cell wall in juice sacs
of three pummelo cultivars during postharvest storage.

Author Contributions: Conceptualization, J.L. and Y.J.; methodology, L.L. and J.C.; Writing—Original Draft
preparation, J.L.

Funding: This research was funded by GDAS’ Project of Science and Technology Development (Grant
No. 2019GDASYL-0103037).

Acknowledgments: We thank South China Botanical Garden for their assistance in sample collection and
experimental platform.

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

References

1. Lü, Z.; Zhang, Z.; Wu, H.; Yu, J. Phenolic Composition and Antioxidant Capacities of Chinese Local Pummelo
Cultivars’ Peel. Hortic. Plant J. 2016, 2, 133–140. [CrossRef]

2. Germano, T.A.; Aguiar, R.P.; Bastos, M.S.R.; Moreira, R.A.; Ayala-Zavala, J.F.; De Miranda, M.R.A.
Galactomannan-carnauba wax coating improves the antioxidant status and reduces chilling injury of
‘Paluma’ guava. Postharvest Biol. Technol. 2019, 149, 9–17. [CrossRef]

3. Zhao, H.; Wang, B.; Cui, K.; Cao, J.; Jiang, W. Improving postharvest quality and antioxidant capacity of
sweet cherry fruit by storage at near-freezing temperature. Sci. Hortic. 2019, 246, 68–78. [CrossRef]

http://dx.doi.org/10.1016/j.hpj.2016.05.001
http://dx.doi.org/10.1016/j.postharvbio.2018.11.013
http://dx.doi.org/10.1016/j.scienta.2018.10.054


Biomolecules 2019, 9, 319 12 of 14

4. Hosseini, M.S.; Babalar, M.; Askari, M.A.; Zahedi, S.M. Comparison the effect of putrescine application on
postharvest quality of Pyrus communis cv. “Shah-Miveh” and “Spadona”. Food Sci. Nutr. 2019, 7, 14–21.
[CrossRef] [PubMed]

5. Ahmad, A.; Ali, A. Improvement of postharvest quality, regulation of antioxidants capacity and softening
enzymes activity of cold-stored carambola in response to polyamines application. Postharvest Biol. Technol.
2019, 148, 208–217. [CrossRef]

6. Wang, H.; Chen, Y.H.; Sun, J.Z.; Lin, Y.F.; Lin, Y.X.; Lin, M.S.; Huang, Y.C.; Ritenour, M.; Lin, H.T. The changes
in metabolisms of membrane lipids and phenolics induced by Phomopsis longanae chi infection in association
with pericarp browning and disease occurrence of postharvest longan fruit. J. Agric. Food Chem. 2018, 66,
12794–12804. [CrossRef] [PubMed]

7. Li, T.; Shi, D.; Wu, Q.; Zhang, Z.; Qu, H.; Jiang, Y. Sodium para-aminosalicylate delays pericarp browning
of litchi fruit by inhibiting ROS-mediated senescence during postharvest storage. Food Chem. 2018, 278,
552–559. [CrossRef] [PubMed]

8. Zhang, Y.; Huber, D.J.; Hu, M.; Jiang, G.; Gao, Z.; Xu, X.; Jiang, Y.; Zhang, Z. Melatonin delays postharvest
browning in litchi fruit by enhancing anti-oxidative processes and oxidation repair. J. Agric. Food Chem. 2018,
66, 7475–7484. [CrossRef]

9. Chen, H.; An, X.; Yu, M.; Jiang, L.; Ma, R.; Tu, M.; Yu, Z. Effect of combined heat and 1-MCP treatment on the
quality and antioxidant level of peach fruit during storage. Postharvest Biol. Technol. 2018, 145, 193–202.

10. Li, X.P.; Zhu, X.Y.; Wang, H.L.; Lin, X.F.; Lin, H.W.; Chen, W.X. Postharvest application of wax controls
pineapple fruit ripening and improves fruit quality. Postharvest Biol. Technol. 2018, 136, 99–110. [CrossRef]

11. Adiletta, G.; Pasquariello, M.S.; Zampella, L.; Mastrobuoni, F.; Scortichini, M.; Petriccione, M. Chitosan
coating: A postharvest treatment to delay oxidative stress in loquat fruits during cold storage. Agronomy
2018, 8, 54. [CrossRef]

12. Adiletta, G.; Zampella, L.; Coletta, C.; Petriccione, M. Chitosan coating to preserve the qualitative traits and
improve antioxidant system in fresh figs (Ficus carica L.). Agriculture 2019, 9, 84. [CrossRef]

13. Liu, Z.; Pan, Y.; Li, X.; Jie, J.; Zeng, M. Chemical composition, antimicrobial and anti-quorum sensing activities
of pummelo peel flavonoid extract. Ind. Crops Prod. 2017, 109, 862–868. [CrossRef]

14. Jian, L.Q.; Shen, X.F.; Xia, D.Z. Optimized extraction of total flavonoid content of pummelo peel by response
surface methodology and their antioxidant activity. Asian J. Chem. 2014, 26, 5906–5910. [CrossRef]

15. Tsai, H.L.; Chang, S.K.; Chang, S.J. Antioxidant content and free radical scavenging ability of fresh red
pummelo [Citrus grandis (L.) Osbeck] juice and freeze-dried products. J. Agric. Food Chem. 2007, 55, 2867–2872.
[CrossRef]

16. Seymour, G.B.; Gross, K.C. Cell wall disassembly and fruit softening. Postharvest News Inf. 1996, 7, 45–52.
17. Perkins-Veazie, P. Growth and ripening of strawberry fruit. Hortic. Rev. 1995, 17, 267–297.
18. Redgwell, R.J.; MacRae, E.; Hallett, I.; Fisher, M.; Perry, J.; Harker, R. In vivo and in vitro swelling of cell

walls during fruit ripening. Planta 1997, 203, 162–173. [CrossRef]
19. Jime’nez-Bermu´dez, S.; Redondo-Nevado, J.; Muñoz-Blanco, J.; Caballero, J.L.; Lo´pez-Aranda, J.M.;

Valpuesta, V.; Pliego-Alfaro, F.; Quesada, M.A.; Mercado, J.A. Manipulation of strawberry fruit softening by
antisense expression of a pectate lyase gene. Plant Physiol. 2002, 128, 751–759. [CrossRef]

20. Woodward, J.R. Physical and chemical changes in developing strawberry fruits. J. Sci. Food Agric. 1972, 23,
465–473. [CrossRef]

21. Knee, M.; Sargent, J.A.; Osborne, D.J. Cell wall metabolism in developing strawberry fruits. J. Exp. Bot. 1977,
28, 377–396. [CrossRef]

22. Huber, D.J. Strawberry fruit softening: The potential roles of polyuronides and hemicelluloses. J. Food Sci.
1984, 49, 1310–1315. [CrossRef]

23. 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]

24. Lin, Y.F.; Lin, Y.Z.; Lin, Y.X.; Lin, M.S.; Chen, Y.H.; Wang, H.; Lin, H.T. A novel chitosan alleviates pulp
breakdown of harvested longan fruit by suppressing disassembly of cell wall polysaccharides. Carbohydr.
Polym. 2019, 217, 126–134. [CrossRef]

http://dx.doi.org/10.1002/fsn3.764
http://www.ncbi.nlm.nih.gov/pubmed/30680155
http://dx.doi.org/10.1016/j.postharvbio.2018.10.017
http://dx.doi.org/10.1021/acs.jafc.8b04616
http://www.ncbi.nlm.nih.gov/pubmed/30403851
http://dx.doi.org/10.1016/j.foodchem.2018.11.099
http://www.ncbi.nlm.nih.gov/pubmed/30583410
http://dx.doi.org/10.1021/acs.jafc.8b01922
http://dx.doi.org/10.1016/j.postharvbio.2017.10.012
http://dx.doi.org/10.3390/agronomy8040054
http://dx.doi.org/10.3390/agriculture9040084
http://dx.doi.org/10.1016/j.indcrop.2017.09.054
http://dx.doi.org/10.14233/ajchem.2014.18491
http://dx.doi.org/10.1021/jf0633847
http://dx.doi.org/10.1007/s004250050178
http://dx.doi.org/10.1104/pp.010671
http://dx.doi.org/10.1002/jsfa.2740230406
http://dx.doi.org/10.1093/jxb/28.2.377
http://dx.doi.org/10.1111/j.1365-2621.1984.tb14976.x
http://dx.doi.org/10.1016/j.scienta.2018.11.042
http://dx.doi.org/10.1016/j.carbpol.2019.04.053


Biomolecules 2019, 9, 319 13 of 14

25. Li, M.; Zhi, H.; Dong, Y. Textural property and cell wall metabolism of ‘Golden Bosc’ and ‘d’Anjou’ pears as
influenced by oxygen regimes after long-term controlled atmosphere storage. Postharvest Biol. Technol. 2019,
151, 26–35. [CrossRef]

26. Zhang, L.F.; Zhao, S.N.; Lai, S.J.; Chen, F.S.; Yang, H.X. Combined effects of ultrasound and calcium on the
chelate-soluble pectin and quality of strawberries during storage. Carbonhydr. Polym. 2019, 200, 427–435.
[CrossRef]

27. Abeles, F.B.; Takeda, F. Cellulase activity and ethylene in ripening strawberry and apple fruits. Sci. Hortic.
1990, 42, 269–275. [CrossRef]

28. Sterling, C. Physical state of cellulase during ripening of peach. J. Food Sci. 1961, 26, 95–98. [CrossRef]
29. Paull, R.E.; Chen, N.J. Postharvest variation in cell-wall-degrading enzymes of Papaya (Caricapapaya L.)

during fruit ripening. Plant Physiol. 1983, 72, 382–385. [CrossRef]
30. Christoffersen, R.E.; Tucker, M.L.; Laties, G.G. Cellulase gene expression in ripening avocado fruit: The

accumulation of cellulase mRNA and protein as demonstrated by cDNA hybridization and immunodetection.
Plant Mol. Biol. 1984, 3, 385–391. [CrossRef]

31. Babbitt, J.K.; Powers, M.J.; Patterson, M.E. Effects of growth-regulators on cellulase, polygalacturonase,
respiration, color and texture of ripening tomatoes. J. Am. Soc. Hortic. Sci. 1973, 98, 77–81.

32. Yang, D.; Xie, H.H.; Jiang, Y.M.; Wei, X.Y. Phenolics from strawberry cv. falandi and their antioxidant and
alpha-glucosidase inhibitory activities. Food Chem. 2016, 194, 857–863. [CrossRef]

33. Luo, W.; Wen, L.; Zhao, M.; Yang, B.; Ren, J.; Shen, G.; Rao, G. Structural identification of isomallotusinin and
other phenolics in phyllanthus emblica l. fruit hull. Food Chem. 2012, 132, 1527–1533. [CrossRef]

34. Huang, H.; Jing, G.; Wang, H.; Duan, X.; Qu, H.; Jiang, Y. The combined effects of phenylurea and gibberellins
on quality maintenance and shelf life extension of banana fruit during storage. Sci. Hortic. 2014, 167, 36–42.
[CrossRef]

35. You, Y.; Jiang, Y.; Sun, J.; Liu, H.; Song, L.; Duan, X. Effects of short-term anoxia treatment on browning
of fresh-cut Chinese water chestnut in relation to antioxidant activity. Food Chem. 2012, 132, 1191–1196.
[CrossRef]

36. Lin, Y.F.; Lin, H.T.; Lin, Y.X.; Zhang, S.; Chen, Y.H.; Jiang, X.J. The roles of metabolism of membrane lipids
and phenolics in hydrogen peroxide-induced pericarp browning of harvested longan fruit. Postharvest Biol.
Technol. 2016, 111, 53–61. [CrossRef]

37. Brummell, D.A.; Dal Cin, V.; Crisosto, C.H.; Labavitch, J.M. Cell wall metabolism during maturation, ripening
and senescence of peach fruit. J. Exp. Bot. 2004, 55, 2029–2039. [CrossRef]

38. Gross, K.C. A rapid and sensitive spectrophotometric method for assaying polygalacturonase using
2-cyanoacetamide. Hort. Sci. 1982, 17, 933–934.

39. Lohani, S.; Trivedi, P.K.; Nath, P. Changes in activities of cell wall hydrolases during ethylene-induced
ripening in banana: Effect of 1-MCP, ABA and IAA. Postharvest Biol. Technol. 2004, 31, 119–126. [CrossRef]

40. Lin, T.P.; Liu, C.C.; Chen, S.W. Purification and characterization of pectinmethylesterase from Ficus
awkeotsang Makino achenes. Plant Physiol. 1989, 91, 1445–1453. [CrossRef]

41. Liu, J.; Li, F.J.; Shan, Y.X.; Zhou, Y.J.; Liang, L.; Qu, H.X.; Jiang, Y.M.; Chen, J.J. Determination of H+ and Ca2+

fluxes in cold-stored banana fruit using non-invasive micro-test technology. Postharvest Biol. Technol. 2019,
153, 169–175. [CrossRef]

42. Jiang, G.; Xiao, L.; Yan, H.; Zhang, D.; Wu, F.; Liu, X.; Su, X.; Dong, X.; Wang, J.; Duan, X.; et al. Redox
regulation of methionine in calmodulin affects the activity levels of senescence-related transcription factors
in litchi. BBA Gen. Subj. 2017, 1861, 1140–1151. [CrossRef]

43. Yi, C.; Jiang, Y.; Shi, J.; Qu, H.; Xue, S.; Duan, X.; Shi, J.; Prasad, N. ATP-regulation of antioxidant properties
and phenolics in litchi fruit during browning and pathogen infection process. Food Chem. 2010, 118, 42–47.
[CrossRef]

44. Lin, Y.; Lin, H.; Zhang, S.; Chen, Y.; Chen, M.; Lin, Y. The role of active oxygen metabolism in hydrogen
peroxide-induced pericarp browning of harvested longan fruit. Postharvest Biol. Technol. 2014, 96, 42–48.
[CrossRef]

45. Thaipong, K.; Boonprakob, U.; Crosby, K.; Cisneros-Zevallosc, L.; Byrnec, D.H. Comparison of ABTS, DPPH,
FRAP, and ORAC assays for estimating antioxidant activity from guava fruit extracts. J. Food Compos. Anal.
2006, 19, 669–675. [CrossRef]

46. Flohe, L. Lipid Peroxides in Biology and Medicine; Academic Press: New York, NY, USA, 1982; pp. 149–159.

http://dx.doi.org/10.1016/j.postharvbio.2019.01.010
http://dx.doi.org/10.1016/j.carbpol.2018.08.013
http://dx.doi.org/10.1016/0304-4238(90)90050-O
http://dx.doi.org/10.1111/j.1365-2621.1961.tb00775.x
http://dx.doi.org/10.1104/pp.72.2.382
http://dx.doi.org/10.1007/BF00033386
http://dx.doi.org/10.1016/j.foodchem.2015.08.091
http://dx.doi.org/10.1016/j.foodchem.2011.11.146
http://dx.doi.org/10.1016/j.scienta.2013.12.028
http://dx.doi.org/10.1016/j.foodchem.2011.11.073
http://dx.doi.org/10.1016/j.postharvbio.2015.07.030
http://dx.doi.org/10.1093/jxb/erh227
http://dx.doi.org/10.1016/j.postharvbio.2003.08.001
http://dx.doi.org/10.1104/pp.91.4.1445
http://dx.doi.org/10.1016/j.postharvbio.2019.04.006
http://dx.doi.org/10.1016/j.bbagen.2017.02.004
http://dx.doi.org/10.1016/j.foodchem.2009.04.074
http://dx.doi.org/10.1016/j.postharvbio.2014.05.001
http://dx.doi.org/10.1016/j.jfca.2006.01.003


Biomolecules 2019, 9, 319 14 of 14

47. Pandey, S.; Fartyal, D.; Agarwal, A.; Shukla, T.; James, D.; Kaul, T.; Negi, Y.K.; Arora, S.; Reddy, M.K. Abiotic
Stress Tolerance in Plants: Myriad Roles of Ascorbate Peroxidase. Front. Plant Sci. 2017, 8. [CrossRef]

48. Halliwell, B. Oxidative stress and neurodegeneration: Where are we now? J. Neurochem. 2006, 97, 1634–1658.
[CrossRef]

49. Creelman, R.A.; Mullet, J.E. Biosynthesis and action of jasmonates in plants. Annu. Rev. Plant Phys. 1997, 48,
355–381. [CrossRef]

50. Billy, L.; Mehinagic, E.; Royer, G.; Renard, C.M.G.C.; Arvisenet, G.; Prost, C.; Jourjon, F. Relationship between
texture and pectin composition of two apple cultivars during storage. Postharvest Biol. Technol. 2008, 47,
315–324. [CrossRef]

51. Broxterman, S.E.; Schols, H.A. Interactions between pectin and cellulose in primary plant cell walls. Carbohydr.
Polym. 2018, 192, 263–272. [CrossRef]

52. Chen, Y.H.; Hung, Y.C.; Chen, M.Y.; Lin, H.T. Effects of acidic electrolyzed oxidizing water on retarding cell
wall degradation and delaying softening of blueberries during postharvest storage. LWT Food Sci. Technol.
2017, 84, 650–657. [CrossRef]

53. Jarvis, M.C. Structure and properties of pectin gels in plant cell walls. Plant Cell Environ. 1984, 7, 153–164.
54. Fischer, M. Changes in the pectic substances of apples during development and postharvest ripening. Part 2:

Analysis of the pectic fractions. Carbohydr. Polym. 1994, 25, 167–175. [CrossRef]
55. Gwanpua, S.G.; Van Buggenhout, S.; Verlinden, B.E.; Christiaens, S.; Shpigelman, A.; Vicent, V.; Kermani, Z.J.;

Nicolai, B.M.; Hendrickx, M.; Geeraerd, A. Pectin modifications and the role of pectin-degrading enzymes
during postharvest softening of Jonagold apples. Food Chem. 2014, 158, 283–291. [CrossRef]

56. Peña, M.J.; Carpita, N.C. Loss of highly branched arabinans and debranching of rhamnogalacturonan I
accompany loss of firm texture and cell separation during prolonged storage of apple. Plant Physiol. 2004,
135, 1305–1313. [CrossRef]

57. Smith, C.J.S.; Watson, C.F.; Ray, I.; Bird, C.R.; Morris, P.C.; Schuch, W.; Grierson, D. Antisense RNA inhibition
of polygalacturonase gene-expression in transgenic tomatoes. Nature 1988, 334, 724–726. [CrossRef]

58. Wang, J.; Mujumdar, A.S.; Deng, L.Z.; Gao, Z.J.; Xiao, H.W.; Raghavan, G.S.V. High-humidity hot air
impingement blanching alters texture, cell-wall polysaccharides, water status and distribution of seedless
grape. Carbohydr. Polym. 2018, 194, 9–17. [CrossRef]

59. Carrington, C.M.S.; Greve, L.C.; Labavitch, J.M. Cell wall metabolism in ripening fruit (VI. Effect of the
antisense polygalacturonase gene on cell wall changes accompanying ripening in transgenic tomatoes. Plant
Physiol. 1993, 103, 429–434. [CrossRef]

60. Zhang, C.; Xiong, Z.; Yang, H.; Wu, W. Changes in pericarp morphology, physiology and cell wall composition
account for flesh firmness during the ripening of blackberry (Rubus spp.) fruit. Sci. Hortic. 2019, 250, 59–68.
[CrossRef]

61. Ng, J.K.; Schröder, R.; Sutherland, P.W.; Hallett, I.C.; Hall, M.I.; Prakash, R.; Smith, B.G.; Melton, L.D.;
Johnston, J.W. Cell wall structures leading to cultivar differences in softening rates develop early during
apple (Malus x Domestica) fruit growth. BMC Plant Biol. 2013, 13, 183. [CrossRef]

62. Cybulska, J.; Zdunek, A.; Kozioł, A. The self-assembled network and physiological degradation of pectins in
carrot cell walls. Food Hydrocoll. 2015, 43, 41–50. [CrossRef]

63. Yashoda, H.M.; Prabha, T.N.; Tharanathan, R.N. Mango ripening—Role of carbohydrases in tissue softening.
Food Chem. 2007, 102, 691–698. [CrossRef]

64. De Lorenzo, G.; Cervone, F.; Hahn, M.G.; Darvill, A.; Albersheim, P. Bacterial endopectate lyase: Evidence that
plant cell wall pH prevents tissue maceration and increases the half-life of elicitor-active oligogalacturonides.
Physiol. Mol. Plant Pathol. 1991, 39, 335–344. [CrossRef]

65. Marín-Rodríguez, M.C. Investigation of the Role of Pectate Lyase in Banana Fruit Softening. Ph.D. Thesis,
University of Greenwich, London, UK, 2001.

© 2019 by the authors. Licensee MDPI, Basel, Switzerland. This article is an open access
article distributed under the terms and conditions of the Creative Commons Attribution
(CC BY) license (http://creativecommons.org/licenses/by/4.0/).

http://dx.doi.org/10.3389/fpls.2017.00581
http://dx.doi.org/10.1111/j.1471-4159.2006.03907.x
http://dx.doi.org/10.1146/annurev.arplant.48.1.355
http://dx.doi.org/10.1016/j.postharvbio.2007.07.011
http://dx.doi.org/10.1016/j.carbpol.2018.03.070
http://dx.doi.org/10.1016/j.lwt.2017.06.011
http://dx.doi.org/10.1016/0144-8617(94)90201-1
http://dx.doi.org/10.1016/j.foodchem.2014.02.138
http://dx.doi.org/10.1104/pp.104.043679
http://dx.doi.org/10.1038/334724a0
http://dx.doi.org/10.1016/j.carbpol.2018.04.023
http://dx.doi.org/10.1104/pp.103.2.429
http://dx.doi.org/10.1016/j.scienta.2019.02.015
http://dx.doi.org/10.1186/1471-2229-13-183
http://dx.doi.org/10.1016/j.foodhyd.2014.04.032
http://dx.doi.org/10.1016/j.foodchem.2006.06.001
http://dx.doi.org/10.1016/0885-5765(91)90015-A
http://creativecommons.org/
http://creativecommons.org/licenses/by/4.0/.

	Introduction 
	Materials and Methods 
	Plant Materials and Treatments 
	Measurement of Antioxidant Activities In Vitro 
	Determination of Total Phenols and Ascorbic Acid 
	Assays of Ascorbate Peroxidase (APX), Glutathione Peroxidase (GPX), and Lipoxygenase (LOX) Activities 
	Determination of Cell Wall Pectin 
	Assays of Cell Wall Degrading Enzymes 
	Statistical Analysis 

	Results 
	Changes in Antioxidant Ability in Juice Sacs of Three Pummelo Cultivars 
	Alterations in the Total Phenols (TP) and Total Ascorbic Acid (TAA) in Juice Sacs of Three Pummelo Cultivars 
	Changes in APX, GPX and LOX Activities in Juice Sacs of Three Pummelo Cultivars 
	Alterations in Cell Wall Polysaccharides in Juice Sacs of Three Pummelo Cultivars 
	Changes in Activities of Cell Wall Polysaccharides-Disassembling Enzymes in Juice Sacs of Three Pummelo Cultivars 

	Discussion 
	Conclusions 
	References

