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Abstract: Panzao (Ziziphus jujuba Mill. cv. ‘Jingcang1’) have a short shelf-life, which hampers their
marketability. To investigate effects of combined pre- and postharvest treatments on quality and
softening during storage, preharvest Guomantian foliar fertilizer (FF) spray and postharvest salicylic
acid (SA) dip were applied to panzao. By day 63 of storage, fruit firmness responded to treatment
in the order of FF+SA treatment > FF or SA treatments > Control. All treatments inhibited fruit
reddening during storage and, compared with those of the control, alleviated the decline in total
soluble solids, ascorbic acid, and phenol contents and decreased the oxidative aging process, which
was consistent with the change in firmness. The FF+SA treatment reduced the activities of amylase,
cellulase, polygalacturonase, and B-glucosidase, which decreased the degradation of macromolecules
including starch, cellulose, and pectin. Principal component analysis showed that FF+SA exhibited a
synergistic effect and was the most effective treatment for maintaining fruit quality during storage.
FF increased accumulation of nutrients during growth and improved quality, while SA delayed the
decline in fruit quality and reduced softening. These results provide the theoretical basis and technical
knowledge for improving the shelf-life of panzao during storage and long-distance transportation.

Keywords: foliar fertilizer; salicylic acid; Ziziphus jujuba Mill. cv. ‘Jingcangl’; storage quality; softening

1. Introduction

The panzao (Ziziphus jujuba Mill. cv. ‘Jingcangl’) is Beijing Forestry University and
Cangxian Jujube National Breeding Base together by winter jujube (Zizyphus jujuba Mill. cv.
Dongzao) selection and breeding of excellent fresh food varieties. The panzao is large, flat,
and round, shaped like a flat peach, with an attractive appearance and sweet and sour taste
loved by consumers. However, because of its thin skin, high water content, easy loss of
water during harvesting and transportation, and short storage period, the market supply
of panzao is severely restricted [1].

Several crop storage and preservation methods, including fumigation (i.e., the use of
gas to inhibit or kill pathogenic microorganisms on the surface of fruits and vegetables;
the gases penetrate into the fruit and alter its physiology across multiple scales) [2], gas
conditioning (i.e., placing fresh dates in a specific gas-conditioning storage facility with
cold storage; achieved by adjusting the concentration of O, and CO,, and other gases in
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the storage environment to attain preservation) [3], chemical preservatives (i.e., entails
the application of chemicals that inhibit microbial reproduction and slow fruit metabolic
functions) [4], and film coating (i.e., coating fruit surfaces with a polymer liquid film
layer, creating a selective moisture and gas barrier that slows the deterioration of the
fruit by slowing down the physiological processes of the fruits and inhibiting microbial
processes) [5] have been used to prolong the storage time and improve fruit quality. In
addition, some preharvest treatments, such as spraying with foliar fertilizers and growth
regulators, have been investigated. Preharvest spraying of blueberries, peaches, apricots,
noni (Morinda citrifolia L.), grapes, and apples with gibberellins, selenium, calcium chloride,
and boric acid delayed postharvest oxidative senescence, improved resistance and quality
during storage, and extended shelf-life [6-12].

Salicylic acid is widely used as a preservative for the storage and preservation of fruit
and vegetables and has the advantages of being safe, effective, and non-polluting [13]. Sali-
cylic acid application improves storage quality by reducing ethylene production, reducing
the respiration rate, maintaining fruit firmness, delaying softening and discoloration during
storage, maintaining sugars, organic acids, and aromas, inhibiting cold damage, promoting
resistance to pathogens, activating the antioxidant system, and reducing fruit decay [14].
Appropriate maturity of panzao for harvesting, and suitable storage and preservation
conditions, were defined in our preliminary research. We also found that foliar fertilization
during the growth period of panzao increased the total soluble solid content in the fruit,
thereby improving fruit quality [15]. Postharvest salicylic acid treatment maintains fruit
quality by delaying the decline in ascorbic acid, total phenols, and other nutrients during
storage [16]. Nevertheless, there is a lack of information on the synergistic effect of prehar-
vest foliar fertilization in combination with postharvest salicylic acid treatment on delaying
fruit quality decline and softening during storage.

In this study, we aimed to investigate the effect of foliar fertilizer treatment (during
the growth period of panzao combined with postharvest salicylic acid treatment on storage
quality and delaying softening. We explored the mechanism of preservation to provide a
theoretical basis for optimizing the storage and preservation conditions of the fruit.

2. Materials and Methods
2.1. Samples and Storage Conditions

The raw materials were treated outside the Jujube Experiment Station in Kashgar
Meghiti County, Xinjiang (Institute of Horticultural Crops, Xinjiang Academy of Agricul-
tural Sciences, Urumgji, China). Specifically, three-year-old normal panzao trees that were
developmentally and physically similar were selected as test samples, with the gray jujube
as the rootstock, and the spacing between rows and lines of plants was 1.5 m x 4 m [15].

Guomantian compound foliar fertilizer (Weinan Lvdun Crop Products Co., Ltd.
Shaanxi, China; humic acid-N-P»O5-K;0 4.5%-14%-10%-6%), and Yimeigai foliar fertil-
izer (S. Carlo Biozim, Italy; Ca-Mg-N 8%-6.5%-10%) (13.3 mL of each fertilizer) were
dissolved in 20 L of water and applied once on each of 30 June 2022, 15 July 2022, and
30 July 2022 (young fruit stage), using an electric sprayer. The control group was sprayed
with an equal volume of water. One hundred fruit trees were sprayed per treatment. The
ripe panzao was harvested during the first red stage (90 d after flowering).

Three treatment groups and a control group were established in the experiment. Foliar
fertilizer treatment was applied to panzao during the expansion period, then postharvest
panzao were soaked in 30 mmol L' SA (Hebei Kolondo Biotechnology Co., Ltd., Hebei,
China) solution for 1 min; this was denoted as the FF+SA treatment group. The second
treatment was by foliar fertilizer spray during the fruit expansion period of panzao, then
the postharvest panzao were soaked in water for 1 min; this was denoted as the FF group.
The third treatment was by foliage water spray during the panzao expansion period, then
the postharvest panzao were macerated in 30 mmol L~! SA solution for 1 min; this was
denoted as the SA group. The control group were treated by foliage water spray at the
expansion stage, then the postharvest panzao were macerated in water for 1 min. The
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panzao were dried naturally, then pre-cooled at 4 °C for 24 h and transported back to the
cold storage of the Institute of Horticulture, Xinjiang Academy of Agricultural Sciences
within 48 h for refrigeration (0 £ 1 °C). Some samples were used to determine firmness
and total soluble solids content, while the rest were frozen with liquid nitrogen and stored
in a refrigerator at —80 °C for the determination of physical and chemical indicators.

2.2. Firmness, Weight Loss Rate, Transverse and Longitudinal Diameter Loss Rates, and
Color Differences

Ten fruits were randomly selected, and their skins were peeled from the center. The
hardness of these fruits was then determined using the GY-4 (Shandong Lainde Intelligent
Technology Co., Ltd., Shandong, China) type fruit hardness tester. This test was repeated
three times; the final hardness value for the respective fruits was obtained values.

Twenty fruits were selected and numbered. Fixed fruit mass and changes in trans-
verse and longitudinal diameters at fixed positions were measured manually at week 0,
week 1, week 2, week 3, week 4, week 5, week 6, week 7, week 8, and week 9 of storage. The
rates of weight loss, transverse diameter reduction, and longitudinal diameters reduction
were expressed as the ratios of the mass of the fruits, and the transverse and longitudinal
diameters lost during the storage period compared to that of the fruits on day 0 of storage
were calculated.

Twenty fruits were selected, numbered, and marked at the equator of the fixed points,
and the L*, a*, and b* values of the fixed points were measured using a CR-10 colorimeter
(Konica Minolta Holdings, Tokyo, Japan). This step was repeated three times for the
respective fruits, and a final value was obtained by averaging the results.

All the steps above were conducted in accordance with published protocols [1].

2.3. TSS, TA, SS, AsA, Total Phenols, Flavonoids, and SP Content

Ten fruits were randomly selected, and the juice was filtered after the panzao fruits
were cut to determine the total soluble solids (TSS) content using a PAL-1 hand-held digital
refractometer; these results of each treatment were averaged. Titratable acid (TA) content
was determined using sodium hydroxide titration. On the other hand, soluble sugar (SS)
content was determined using anthrone colorimetry. Ascorbic acid (AsA) content was
determined using 2,6-dichloroindophenol titration, whereas the total phenol and flavonoid
concentrations were determined using UV spectrophotometry. The soluble protein (SP)
content was determined using Coomassie blue staining. These steps were conducted in
accordance with published protocols [1].

2.4. Determination of Antioxidant Properties

The scavenging effect of panzao fruit polyphenol extracts on DPPH and ABTS free
radicals was determined following the previously published experimental protocol [1].

2.5. Determination of Starch and Cell Wall Material Content
2.5.1. Determination of Starch Content

Starch content was determined based on the method described by Cao et al. (2007) [17],
with slight modifications. The frozen panzao tissues (1.0 g) were added to 5mL 80%
ethanol, centrifuged at 8000x g at 4 °C for 5min, and then washed with 80% ethanol
(5 mL x 3 times). The supernatant was discarded, 5 mL of distilled water was added,
and the resultant liquid was shaken for 2 min then centrifuged at 8000 g for 5 min. The
supernatant was collected and incubated in a boiling water bath; 0.98 mL of the supernatant
was measured out and 0.02 mL of iodine solution was added, and the reaction was carried
out for 10 min. The absorbance was determined at 660 nm and the starch content was
calculated by substitution into the equation of the standard curve. Three independent
replicates were analyzed for each treatment group.
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2.5.2. Determination of Cellulose Content

The cellulose determination method was based on the method described by
Liu et al. (2017) [18] with slight modifications. Frozen tissue (0.2 g) was added to 5 mL of
11.2 mol L~ sulfuric acid solution, hydrolyzed at 0 °C for 30 min, then centrifuged at
8000x g for 15min. The supernatant was diluted 500-1000 times, then 0.5 mL of anthrone
reagent and 3 mL of concentrated sulfuric acid were added to 2 mL of the diluted su-
pernatant. After cooling for 12 min, absorbance was measured at 620nm. A standard
curve was drawn using the cellulose standard resolution for each concentration. Three
independent replicates were analyzed for each treatment group.

2.5.3. Determination of Pectin Content

The pectin determination method was based on the method described by Cao et al.
(2007) [17] with slight modifications. Frozen tissue (0.25 g) was added to 5 mL 95% ethanol
at 90 °C for 30 min, centrifuged at 10,000 x g for 5 min, and then washed with 95% ethanol
(5mL x 3 times). The supernatant was discarded, 4 mL of distilled water was added, and
the result was shaken for 5 min, then centrifuged at 10,000 g for 5 min. The supernatant
was used for determining the soluble pectin content. The precipitate was extracted with
0.5 mol L~ sulfuric acid solution in a boiling water bath for 1 h and centrifuged under
the same conditions. The reaction mixture consisted of 0.5 mL supernatant and 3 mL
concentrated sulfuric acid. The mixture was heated in a boiling water bath for 20 min. After
cooling, 0.1 mL of carbazole solution was added and allowed to react under light-proof
conditions for 30 min. Finally, absorbance was measured at 530 nm. The absorbance values
were substituted into the corresponding standard curves to calculate the original and solu-
ble pectin contents. Three independent replicates were analyzed for each treatment group.

2.6. Determination of Relevant Enzyme Activities
2.6.1. Determination of Amylase Activity

Amylase activity was determined using the method described by Cao et al. (2007) [17].

2.6.2. Cellulase (Cx), Polygalacturonase (PG), and 3-glucosidase (3-glu) Activities
This assay was performed according to the method described by Liu et al. (2017) [18].

2.7. Data Processing and Statistical Analysis

Data are expressed as mean + SD (standard deviation). Data were processed using
Excel 2020 (Beijing Kingsoft Office Software Co., Ltd., Beijing, China). Statistical analy-
ses were conducted via ANOVA tests using the SPSS version 19.0 software (IBM Corp.,
Armonk, NY, USA). Mean values were analyzed through Duncan’s test at p < 0.05 level. In
addition, the principal software component of Origin 2021 software (OriginLab, Northamp-
ton, MA, USA) was used for principal component analysis (PCA) and graphing.

3. Results
3.1. Firmness, Weight Loss Rate, Cross-Diameter Loss Rate, and Longitudinal Loss Rate

The firmness of the panzao in each treatment group declined as storage time increased
(Figure 1A). During storage, the fruit firmness of the FF+SA treatment group was higher
than that of the other treatment groups. The differences in fruit firmness among the
treatment groups were not significant before 21 days of storage (p > 0.05). From day 28 to
day 63 of storage, the firmness of control- and FF-treated fruit were significantly different
from those of FF+SA-treated fruit (p < 0.05). The firmness of control- and FF-treated fruit
were significantly different only by days 35 and 63 of storage, respectively, (p < 0.05). There
was a significant difference (p < 0.05) in firmness between the control and SA treatment
groups from day 35 to day 63 of storage. There was a significant difference between
the FF+SA and SA treatment groups on days 35, 56, and 63 of storage (p < 0.05). The
order of firmness of panzao in the different treatment groups on day 63 of storage was:
FF+SA > SA > FF > control; that is, preharvest foliar fertilizer combined with postharvest
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salicylic acid treatment was more effective than single treatments or control in maintaining
fruit firmness during the storage of panzao. Single foliar fertilizer or postharvest salicylic
acid treatment was also more effective than control.
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Figure 1. Firmness (A), weight loss rate (B), and transverse (C) and longitudinal (D) diameter loss
rates of panzao during storage under different treatments. Note: FF+SA = preharvest Guomantian
foliar fertilizer spray and postharvest salicylic acid dip; FF = preharvest Guomantian foliar fertilizer
spray; SA = postharvest salicylic acid dip; Contral = preharvest and postharvest were treated with
fresh water.

The weight, transverse diameter, and longitudinal diameter loss rates of the panzao in-
creased during storage, and some differences between the treatment groups were observed
(Figure 1B-D). At the end of storage, control > FF > SA > FF+SA, showing high consistency
in the decrease in hardness during storage in each treatment group. In addition, the results
showed that the results of the FF+SA and SA treatment groups were close to each other and
the results of the FF and control treatment groups were close to each other, which indicated
that the postharvest salicylic acid treatment had a positive effect on delaying water loss
and fruit wrinkling during storage of panzao, among which the preharvest foliar fertilizer
spray combined with postharvest salicylic acid treatment had the best effect.

3.2. Fruit Chromatic Value

The color of panzao peel gradually changed from green to red during storage. The
brightness of the peel decreased continuously with extended storage time (Figure 2). The
color parameters of L*, a*, and b* values for different treatments are shown in Figure 3.
The L* values decreased slowly in each treatment group during the first 21 days of storage,
with no significant differences (p > 0.05), and then decreased significantly from day 21 to
day 42 of storage (p < 0.05). By day 63 of storage, the highest L* values were observed in
the FF+SA treatment group and were followed by the values in the SA and FF treatment
groups. The lowest was observed in the control group. In contrast to the trend in L* values,
a* values increased continuously during storage, indicating a gradual change in the color
of panzao skin to red with faster changes in a* values from day 21 to day 35 of storage. The
b* values of the different treatment groups exhibited an overall decreasing trend during
storage. By the end of the storage period, the L* values of panzao in the FF+SA, FF, SA, and
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FF+SA

control treatments decreased by 37.39%, 42.85%, 40.09%, and 45.65%, respectively, whereas
the a* values increased by 356.41%, 375.26%, 370.47%, and 391.71%, respectively, and the
b* values decreased by 26.03%, 30.52%, 29.17%, and 35.52%, respectively. The results
indicated that preharvest foliar fertilizer spray treatment and postharvest salicylic acid

treatment had a synergistic effect in delaying the decrease in peel brightness and reddening
of panzao during storage.

Control

mmumu

424d

Figure 2. Changes in the appearance of panzao under different treatments during storage.
FF+SA = preharvest Guomantian foliar fertilizer spray and postharvest salicylic acid dip;
FF = preharvest Guomantian foliar fertilizer spray; SA = postharvest salicylic acid dip;
Contral = preharvest and postharvest were treated with fresh water.
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Figure 3. Fruit chromatic values from panzao during storage under different treatments. Note:
FF+SA = preharvest Guomantian foliar fertilizer spray and postharvest salicylic acid dip;
FF = preharvest Guomantian foliar fertilizer spray; SA = postharvest salicylic acid dip;
Contral = preharvest and postharvest were treated with fresh water.



Horticulturae 2023, 9, 1260

7 of 17

3.3. Total Soluble Solid, Titratable Acid, and Soluble Sugar

As shown in Figure 4A, the TSS content of panzao first increased and then decreased
during storage. The maximum TSS contents of panzao in the FF+SA, FF, SA, and control
treatment groups appeared on days 42, 35, 42, and 35 of storage, respectively, indicating
that salicylic acid treatment delayed the increase in TSS content during storage and post-
ripening of panzao. In addition, the TSS content of jujube fruit in the FF treatment group
was significantly higher than that in the control treatment group before and after storage
(p < 0.05). Foliar fertilizer treatment during the growth period of panzao promoted the
accumulation of TSS in panzao and maintained a relatively high TSS content during storage,
and its synergistic treatment with salicylic acid had a positive effect on improving and
maintaining the flavor and taste of panzao during storage.
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Figure 4. Total soluble solid (A), titratable acid (B), and soluble sugar (C) contents of panzao during
storage under different treatments. Note: FF+SA = preharvest Guomantian foliar fertilizer spray and
postharvest salicylic acid dip; FF = preharvest Guomantian foliar fertilizer spray; SA = postharvest

salicylic acid dip; Contral = preharvest and postharvest were treated with fresh water.

There was no significant difference (p > 0.05) between the foliar fertilization treatments
in the accumulation of TA in the fruit of panzao during growth. The TA content in the
panzao of the different treatment groups showed a rapid decrease during storage days 0-7
and an increasing trend during the later storage period (Figure 4B). From day 21 to the
end of the storage period, the TA content in the FF+SA treatment remained low. At the
end of the storage period, the TA contents in the panzao of the FF+SA, FF, SA, and control
treatments were 0.31%, 0.36%, 0.35%, and 0.36%, respectively. There was no significant
difference in TA content between the FF and control treatment groups (p > 0.05), and the
TA contents in both FF+SA and SA treatments differed significantly (p < 0.05) from that in
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the control panzao. These results indicate that salicylic acid treatment delayed the increase
in TA content during the late storage period of panzao.

The SS content in the panzao of the different treatment groups fluctuated during
storage (Figure 4C). The SS contents in the panzao in the FF+SA, FF, and SA treatment
groups were higher than that of the control group, except on days 7 and 21 of storage;
however, the differences between the above treatment groups were not significant (p > 0.05).
By the end of the storage period, the SS contents in the FF+SA, FF, SA, and control treatment
groups were 32.65%, 30.16%, 29.21%, and 22.37%, respectively. The highest SS contents in
the fruit in the FF+SA, FF, SA, and control treatment groups were 32.65%, 30.16%, 29.21%,
and 22.37%, respectively, with the highest SS content in the FF+SA treatment group and
the lowest SS content in the control group. These results indicate that preharvest foliar
fertilizer spray combined with postharvest salicylic acid treatment delayed the decline in
SS content in panzao during the late storage period.

3.4. Ascorbic Acid, Total Phenol, Flavonoid, and Soluble Protein

The AsA contents in panzao from the different treatment groups gradually decreased
with increasing storage time (Figure 5A). The differences in AsA content between the SA
treatment and control groups before storage were not significant (p > 0.05). By the end of
storage, the AsA contents in panzao were 1.85, 1.56, 1.63, and 1.47 mg g_1 in the FF+SA, FF,
SA, and control treatment groups, respectively, and showed significant differences among
all groups (p < 0.05). These results indicate that postharvest SA treatment delayed the
decline in AsA content in panzao during storage. Preharvest foliar fertilization combined
with postharvest salicylic acid treatment was beneficial for maintaining AsA content in
panzao after storage and the two treatments exhibited a synergistic effect.
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Figure 5. Ascorbic acid (A), total phenol (B), flavonoid (C), and soluble protein contents (D) of panzao
during storage under different treatments. Note: FF+SA = preharvest Guomantian foliar fertilizer spray
and postharvest salicylic acid dip; FF = preharvest Guomantian foliar fertilizer spray; SA = postharvest
salicylic acid dip; Contral = preharvest and postharvest were treated with fresh water.
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The total phenolic content of panzao in each treatment group significantly decreased
after 14 d of storage (Figure 5B). The foliar fertilizer spray treatment improved the total
phenol content of panzao, but the difference compared with the control group was not
statistically significant (p > 0.05). The total phenolic content of panzao in the control group
was lower than those in the other treatment groups from day 21 to day 63 of storage,
whereas the total phenolic content of jujube fruit in the FF+SA treatment group was higher
than those in the other treatment groups. At the end of the storage period, the total
phenolic contents of the panzao in the FF+SA, FF, SA, and control treatments were 0.90,
0.66,0.74, and 0.53 mg g~ !, respectively, with significant differences (p < 0.05) among the
treatment groups. The results indicated that preharvest foliar fertilizer spray combined
with postharvest salicylic acid treatment delayed the decline in the total phenolic content
of panzao during storage.

The flavonoid content in panzao from the different treatment groups exhibited an
increasing trend (Figure 5C). Foliar fertilizer spraying had no significant effect on the
flavonoids in postharvest panzao (p > 0.05). After 63 days of storage, the flavonoid con-
tents of the FF+SA, FF, SA, and control treatment groups of panzao were 0.39 mg g™},
0.44mgg!,044mgg!, and 0.39 mg g~ !, respectively, which were increases of 1.83%,
14.73%, 17.64%, and 1.99%, respectively relative to those on day 0 of storage. After storage,
the flavonoid contents of panzao were higher in the FF and SA treatment groups than in
the FF+SA and control treatment groups.

During storage, the overall trend of the SP content in the panzao of the different
treatment groups decreased. The SP content of panzao in the control group decreased
sharply, reaching the lowest value of 0.89 mg g~ ! at day 42. By the end of storage, the
SP contents of FF+SA, FF, SA, and control treatment groups were 1.20, 1.27, 1.18, and
1.15 mg g~ !, respectively, which indicated that foliar fertilizer spray treatment and posthar-
vest salicylic acid treatment were both effective in delaying the decline of SP contents of
panzao during storage.

3.5. Antioxidant Activity

The scavenging rate of DPPH and ABTS radicals by the ethanol extract of panzao in
each treatment group decreased gradually with the extension of storage time (Figure 6A,B),
indicating that the fruit of panzao gradually oxidized and aged and that the free radical
scavenging ability weakened, which was related to a decrease in antioxidant substances
such as AsA and total phenols in the fruit. However, the scavenging rates of DPPH and
ABTS radicals by the panzao ethanol extract in the FF+SA and FF treatment groups were
higher than those in the SA and control treatment groups. At the end of the storage period,
the scavenging rates of DPPH and ABTS radicals by the ethanol extract of panzao in all
treatment groups was in the order FF+SA > SA > FF > control, which was consistent
with the results for AsA and total phenol contents in panzao. The results indicated that
preharvest foliar fertilizer spray combined with postharvest salicylic acid treatment delayed
the decline in antioxidant substance content during storage and maintained relatively high
antioxidant activity, which is important for the maintenance of fruit quality.

3.6. Starch and Cell Wall Material

Starch maintains fruit cell expansion pressure to support the cell wall, and the hy-
drolysis of starch to soluble sugars causes decrease in cell tension, which plays a key role
in fruit softening after ripening. The starch content of panzao in each treatment group
continued to decrease with increasing storage time (Figure 7A). The decreasing trend in
amylose content in salicylic acid-treated panzao was gentler in the early stage of storage
than in those without salicylic acid treatment, and the rate of decrease accelerated in the
later stage of storage. The results indicated that the foliar fertilizer combined with salicylic
acid treatment had a positive effect on delaying the degradation of panzao during storage.

Cellulose and pectin are the main components of the fruit cell wall, and they have
supportive and protective effects on cells. The cellulose content of panzao gradually de-
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creased during storage (Figure 7B), with the greatest decrease in cellulose content in the
control treatment group and the highest cellulose content at the end of storage in the
FF+SA treatment group, followed by the SA and FF treatment groups. The trends in
protopectin and soluble pectin contents in panzao in the different treatment groups were
the same during storage. The protopectin content of the control-treated panzao decreased
significantly after 7 d of storage. At the end of storage, there was a significant differ-
ence (p < 0.05) between the FF+SA and control treatments, but there were no differences
(p > 0.05) between the FF and SA treatments and the control. The soluble pectin contents in
the treatment groups descended in the order control > FF > SA > FF+SA, and there were
significant differences (p < 0.05) among the treatment groups. The results indicated that
preharvest foliar fertilization combined with postharvest salicylic acid treatment delayed
the decline in cellulose and protopectin content during storage, thus delaying the softening
process of panzao.
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Figure 6. Antioxidant capacity of panzao during storage under different treatments. Note:
FF+SA = preharvest Guomantian foliar fertilizer spray and postharvest salicylic acid dip;
FF = preharvest Guomantian foliar fertilizer spray; SA = postharvest salicylic acid dip;
Contral = preharvest and postharvest were treated with fresh water.
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3.7. Enzyme Activities

The amylase activity of panzao increased during storage (Figure 8A,B). In general,
the amylase activity of panzao treated with salicylic acid (FF+SA and SA) was lower than
that of fruit not treated with salicylic acid (FF and Control). a-Amylase breaks the «-1,4
covalent bond within starch, thus degrading branched chain starch. The a-amylase activity
in panzao increased then decreased and then increased again; the overall pattern of change
was similar to that of amylase. On day 63 of storage, the amylase and a-amylase activities
of the FF+SA-treated panzao were significantly lower than those of the other treatments
(p <0.05).
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Figure 8. Softening-related enzyme activities of panzao during storage under different treat-
ments. Note: FF+SA = preharvest Guomantian foliar fertilizer spray and postharvest salicylic
acid dip; FF = preharvest Guomantian foliar fertilizer spray; SA = postharvest salicylic acid dip;
Contral = preharvest and postharvest were treated with fresh water.

Cx hydrolyzes the fibrous tissues of panzao, leading to fruit softening. During storage,
the Cx activity of panzao from all treatment groups fluctuated and reached a maximum
on day 35, with the highest Cx activity in the control treatment group and the lowest in
the FF+SA treatment group. At the end of storage, the Cx activities of the SA treatments
(FF+SA and SA) were significantly lower than those of the non-SA treatments (FF and control)
(p < 0.05), and the softening rates of the non-SA treatments (FF and control) were faster.

The PG activity of panzao followed a relatively flat trajectory during storage. The PG
activities of jujube fruit treated with salicylic acid (FF+SA and SA) were lower than those
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of panzao without salicylic acid treatment (FF and control), indicating that salicylic acid
treatment inhibited the increase in PG activity in panzao during storage. In the middle of
storage, PG activity increased to some extent, but the peak in the control group appeared
earlier than that in the other treatment groups, and its PG activity was significantly higher
than those of the other treatment groups (p < 0.05). At the end of storage, the PG activity of
the FF+SA treatment group was significantly lower than those of the other treatment groups
(p < 0.05), indicating that the preharvest foliar fertilizer spray and postharvest salicylic acid
treatment were beneficial in delaying the increase in PG activity during the storage of panzao.

During storage, the B-glu activity of panzao increased and then decreased; on day
35 of storage, B-glu activity of all treatment groups reached the maximum value and then
decreased, but the B-glu activity of the FF+SA treatment group remained at a lower level.
The preharvest foliar spray or postharvest SA treatment both delayed the elevation of
B-glu activity during Ziziphus jujuba Mill. cv. ‘Jingcangl’ storage to some extent, and the
combination of both treatments had a synergistic effect.

3.8. Principal Component Analysis

To comprehensively analyze the changes in quality of panzao in the different treatment
groups during storage, PCA was performed on the 25 indicators measured in the experi-
ment. Twenty-five indices were automatically divided into several principal components,
and two principal components with eigenvalues greater than one and larger contribution
rates were selected for analysis (Table 1). The contribution rates of the first and second
principal components were 72.7% and 9.0%, respectively, and the cumulative variance con-
tribution rate reached 81.7%, indicating that the two principal components reflected more
than 80% of the information in the original jujube fruit data, which met the requirements of
principal component analysis.

Table 1. Loading matrix of first two principal components.

Indicators PC1 PC2
Firmness 0.23071 —0.03907
Weight loss —0.22551 —0.08505
Transverse diameter loss rate —0.23215 0.03392
Longitudinal diameter loss rate —0.22527 0.00497
L* value 0.22644 0.01097
a* value —0.22678 —0.00648
b* value 0.22127 0.09139
TSS —0.08195 0.50447
TA 0.13174 —0.41801
SS —0.06772 0.49485
AsA 0.2239 0.0589
Total phenol 0.23044 0.02615
Flavonoid —0.06574 0.07779
SP 0.19798 —0.09027
ABTS free radical scavenging rate 0.22943 —0.02986
DPPH free radical scavenging rate 0.22988 8.8183 x 1075
Starch 0.22905 0.07139
Cellulose 0.23061 0.05648
Protopectin 0.23136 0.01815
Soluble pectin —0.22685 —0.10698
Total amylase activity —0.21989 0.00355
a-amylase activity —0.2188 —0.13681
Cx —0.1669 —0.02606
PG —0.04918 —0.49871
B-glu —0.14691 0.00473

The protopectin, cellulose, and total phenol contents, ABTS, DPPH radical scavenging
rate, AsA content, starch content, hardness, L* value, b* value, SP content, and TA content
were located on the right side of PC1 which indicates a positive correlation between the
above indicators and PC1 (Figure 9). The TSS content, SS content, b* value, flavonoid
content, cross-longitudinal diameter loss rate, L* value, AsA content, total phenolic con-
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tent, DPPH radical scavenging rate, starch, cellulose, protopectin content, total amylase
activity, and B-glu activity were located on the right side of PC2 which indicates a positive
correlation between these indicators and PC2.
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Figure 9. PCA loading plot of panzao with different treatments. Note: FF = preharvest Guomantian
foliar fertilizer spray; SA = postharvest salicylic acid dip. The dots in the figure represent the scores;
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Score plot (A); Loading plot (B).

The data points of samples from different storage periods of panzao were primarily
distributed in PC1. The data points were relatively discrete between the foliar fertilizer
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treatment and non-foliar fertilizer treatment groups on day 0 of storage, indicating that
foliar fertilizer treatment improved the postharvest quality of the fruit. The data points
for each treatment group gradually moved from the fourth quadrant to the third quadrant
in a counterclockwise direction as the storage time increased, indicating that the quality
of the panzao in each treatment group changed significantly. Changes in TSS content, SS
content, protopectin content, cellulose content, total phenolic content, ABTS, DPPH radical
scavenging rate, AsA content, and starch content contributed more to the variation in the
data points of the panzao samples. During the storage period, the data points of the FF+SA
treatment group became the least discrete and located closer to the positive direction of
PC1 and PC2. At 63 days of storage, only the FF+SA treatment group was located in the
second quadrant, while all other treatment groups were located in the third quadrant. The
scores of data points in PC1 and PC2 for each treatment group descended in the following
order: FF+SA > SA > FF > control, indicating that the combination of preharvest foliar
fertilizer spray with postharvest salicylic acid treatment was the most effective treatment in
preserving the freshness of panzao.

4. Discussion

Most terrestrial plants rely on their roots to absorb nutrients, but the leaves of plants
are also capable of absorbing exogenous substances such as gases, nutrients, and pesticides.
The leaves as well as the roots can absorb water while absorbing nutrients into the plant
body [19]. Previous studies have found that foliar fertilization prevented nutrient fixation
in the soil and exhibited high and effective nutrient delivery, thus increasing the nutrient
content in the fruit and improving fruit quality [10,12,20]. Salicylic acid is a natural phyto-
hormone that is generally safe for fruit [21,22] and can replace synthetic preservatives to
reduce their harmful effects [23,24]. Preharvest spraying [25], postharvest fumigation [26],
postharvest maceration [27,28], and postharvest coating [29] with salicylic acid are widely
used for fruit preservation. Salicylic acid reduces postharvest losses in horticultural crops
by regulating plant-related physiological and metabolic processes [30,31]. In this study, we
found that the content of soluble solids, soluble sugars, ascorbic acid, and other nutrients
in jujube fruit significantly increased after foliar fertilizer spray treatment, which effec-
tively inhibited the weight loss rate, firmness decrease, nutritional quality, and antioxidant
properties during the storage of panzao and maintained the quality of the fruit.

Starch content is an important indicator of agronomic properties, eating quality, matu-
rity, and storability of fruit and vegetable products [32]. During storage, starch is constantly
hydrolyzed by amylase, which acts on the non-reducing end of starch to produce monosac-
charides or oligosaccharides. Changes in amylase activity significantly influence the rate of
starch hydrolysis [17,32]. The continuous hydrolysis of starch resulted in a phase increase
in soluble solids and soluble sugar content in panzao, which were continuously depleted
during storage; however, treatment with foliar fertilizer and salicylic acid delayed the
decrease in starch content in the fruit.

Firmness is an important factor determining fruit storage life and quality of fruit [33].
The decrease in firmness of fruit and vegetables is associated with the degradation of
pectin and cellulose network structures in the cell walls [34]. In the present study, this
degradation of cell wall components led to a decrease in the strength of the cell wall,
and consequently, to a decrease in the firmness and softening of panzao, similar to the
results of previous studies [35]. PG enzymes are cell wall-degrading enzymes that destroy
the cell wall structure by degrading macromolecules, leading to further softening [34].
Hydrolases primarily hydrolyze the non-reducing terminal -D-glycosidic bond to generate
B-D-glucose [18]. Cellulases degrade cellulose in the cellulose-hemicellulose network of
the fruit cell wall [18,36]. The degradation of cell wall components associated with fruit
softening is precisely regulated by the relevant cell wall hydrolases [37].

In the present study, the protopectin and cellulose contents of panzao continuously
decreased, and the soluble pectin content gradually increased with storage. These obser-
vations indicate that the degradation of cell wall components such as protopectin and
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cellulose had an important effect on the softening of panzao during storage. Salicylic acid
treatment significantly inhibited the degradation of protopectin, cellulose, and related
enzymes in panzao, effectively delaying the softening of the fruit during storage. Several
similar studies have shown that salicylic acid treatment delays the softening of pear [38],
apricot [39], and tomato [22] fruit during storage. Principal component analysis showed
that foliar fertilizer spray treatment improved the quality of panzao at harvest, whereas
salicylic acid treatment delayed the quality decline of panzao during storage. Both foliar
fertilizer spray and salicylic acid treatments were effective in maintaining fruit quality
during panzao storage compared with that of the control group, and the combination of
both treatments was more effective. Yang et al. (2022) [28] were also able to preserve the
freshness of winter jujube using a low-concentration of salicylic acid (3 mmol L™!). How-
ever, since the experimental setup of this study was different (i.e., the jujube varieties used,
sample treatment time, storage conditions, etc.,), the effectiveness of low-concentration
salicylic acid treatment remains to be investigated in the context of preserving panzao.

5. Conclusions

Preharvest foliar fertilization increased the accumulation of nutrients during the
growth of panzao and improved the quality of panzao, while delaying the decline in
quality during storage. Postharvest salicylic acid treatment inhibited the reddening of
panzao and maintained sugar and organic acid content. Salicylic acid maintained the
antioxidant content of ascorbic acid, total phenols, and other antioxidant substances to
delay the oxidative aging of panzao and reduced the degradation of starch, cellulose, pectin,
and other macromolecules by regulating the activity of starch and cell wall-degrading
enzymes to delay the softening process of panzao. The combination of the two treatments
had a synergistic effect. In conclusion, preharvest foliar fertilizer spraying combined with
postharvest salicylic acid treatment has the potential to maintain the quality of panzao. The
application of this preservation technology can not only effectively extend the storage and
preservation period of panzao and drive local economic development but is also of great
significance in enriching research on other fresh fruit preservation systems.
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