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Abstract: In this study, the physiological indicators, reactive oxygen species (ROS) levels, and
activities and expressions of key enzymes related to ROS metabolism were monitored to explore the
mechanism of ozone treatment on the shelf life of postharvest Korla fragrant pears. The results show
that postharvest fragrant pears treated with ozone had a higher firmness and lower weight loss rate
and decay rate during their shelf life, especially in the late stage. Ozone treatment could also delay
the occurrence of the respiratory peak and reduce the peak value. The generation rate of superoxide
anion (O, ), the hydrogen peroxide (H,O,) content, and the malondialdehyde (MDA) level were
reduced in the ozone-treated group, while the activities of key enzymes, superoxide dismutase (SOD),
catalase (CAT), and peroxidase (POD), related to ROS metabolism in postharvest fragrant pears were
stimulated by ozone treatment, especially in the middle and late stages of shelf life. Analysis of the
proteomics results indicates that the POD family enzymes were the main target protein in postharvest
fragrant pears treated by ozone during the middle and late stages of shelf life. The activity and
expression of antioxidant-related enzymes in postharvest fragrant pears were stimulated by ozone
to accelerate the metabolism of ROS and maintain high quality, especially in the middle and late
shelf lives.

Keywords: postharvest; Pyrus sinkiangensis; storability; reactive oxygen species; proteomics;
antioxidant mechanism

1. Introduction

Korla fragrant pear (Pyrus sinkiangensis) is an ancient pear variety originating from
Korla, Xinjiang province, China [1,2]. It was a kind of favorite fruit among consumers in
autumn and winter due to its thin skin, high water content, crispy texture, sweet flesh,
and richness in vitamin C and other minerals [2]. In addition, the year-round market
supply of Korla fragrant pears has been made possible with the continuous development of
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low-temperature storage and preservation technology [3,4]. For instance, ‘Korla’ fragrant
pears can be stored at 0 °C for 120 days without a significant impact on quality. However,
the quality of pears declines rapidly when the fruit is transferred from a low-temperature
environment to shelf-life temperature (e.g., usually 0 °C). This includes a decrease in firm-
ness, decay, and water loss [5]. It is difficult for retailers to maintain the low temperatures
required to preserve pears because of the high cost of cold storage, especially in China [6].
A simple and convenient way to extend the shelf life of ‘Korla’ pears is needed urgently.

Ozone is an active gas with the advantages of no residue and broad-spectrum steril-
ization compared with ordinary chemical preservatives [7]. Studies have shown that the
shelf life of raspberries [8], mulberries [9], bananas [10], and kiwis [11] was extended by
increasing antioxidant enzyme activity and gene expression, with produce quality being
maintained using ozone treatment. Ernandes et al. have found that ozone fumigation
significantly slowed down the ripening of pears (Pyrus communis L.) at room temperature,
but the mechanisms of how the treatment affected the ripening process were unclear [12].
A large number of studies have shown that an accumulation of active oxygen is a sign
of maturity and quality decline in harvested fruits and vegetables [13,14]. The antioxi-
dant enzymatic activity system, phenylalanine metabolism, and ascorbic acid pathway of
melon [15], strawberry [16], winter jujube [17], and ‘Qiushui’ pear [18] were activated by
ozone to increase antioxidant capacity and extend shelf life. However, there is almost no
research on the antioxidant mechanism of ozone treatment in maintaining the quality of
fragrant pears during shelf life.

The application of proteomics can be used to provide evidence that the antioxidant
capacity of postharvest fresh produce was induced by ozone treatment. Specifically, label-
free proteomics was found to be an effective way to provide information and unveil the
latent mechanism [17]. Ioannis et al. have found that the expression of proteins related
to antioxidant defense during the ripening process of ozone-treated kiwifruit was iden-
tified using one-dimensional sodium dodecyl sulfate polyacrylamide gel electrophoresis
(1D-SDS-PAGE) and mass spectrometry [19], which was a starting point for the practical
development of ozone-based treatment strategies to control fruit ripening and quality [19].
Luo et al. have found that the level of protein-associated antioxidants and the redox system
as well as phenylpropanoid metabolism are directly linked to the soft scald development
of “Ambrosia’ apple fruit at low temperatures using label-free proteomics [20]. Zhang
et al. have also concluded that the abundance of the protein associated with the ascorbic
acid—glutathione (ASA-GSH) pathway detected by label-free proteomics of postharvest
strawberries had accumulated in the ozone-treated group compared with the control
group [16]. The combined analysis of label-free quantification proteomics and a weighted
gene co-expression network (WGCNA) unveiled that the metabolites of ribosome and
glutathione were stimulated in ozone-treated winter jujube [17].

In this study, Korla fragrant pears (Pyrus sinkiangensis) planted in Xinjiang, China, and
stored in cold storage for 60 days were used as research materials to investigate the impact
of ozone treatment on shelf-life quality. The physical traits, ROS levels, and antioxidant
enzyme (SOD, CAT, and POD) activities of fragrant pears were detected throughout the
shelf life period. Label-free proteomics was used to analyze the expression profiles of
related antioxidant proteins, and correlation models of physiological traits, antioxidant
indicators, and the level of protein were constructed to further reveal the mechanism of the
ozone preservation effect on postharvest fragrant pears during shelf life.

2. Material and Method
2.1. Fruit Samples and Ozone Treatment

Korla fragrant pears (Pyrus sinkiangensis) from the Aksu region of Xinjiang province
were sourced, individually packaged in foam mesh bags, and transported to the National
Engineering Technology Research Center for Preservation of Agriculture Product, Tianjin,
China. Pears with uniform size (=110 g), no diseases, and free of mechanical damage were
selected and stored in cold storage at 0 &= 0.5 °C for 60 days. Then, about of the 100 pears
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were transferred to an ozone storage device developed by our research team, with the
temperature set to 20 £ 0.5 °C [16]. The ozone treatment group (OT) was separated and
treated with 1 ppm ozone for 1 h every 4 days (the final concentration of 1 ppm of ozone
was previously tasted in this study), and the control group (CK) was treated with air. The
test samples of fragrant pears were not treated with ozone on the first day of shelf life.

2.2. Rotting Rate

The incidence of rotten fruit during storage was calculated using the following formula:

. o Number of rotten fruit
Rotting rate (%) = Total number of fruit . 100

2.3. Respiration Rate

About 500 g of the pears were sealed in a 3 L seal tank for three hours, and the
respiration rate of postharvest pears was detected by a gas analyzer (CheckPoint O, /CO,,
Dongguan spectrum label experimental equipment technology Co., Ltd., Dongguan, China),
according to the method of Trina; the results were represented in mg CO,-kg~!-h~1 [15].

2.4. Weight Loss

The weight loss rate was determined by the following formula:

mp —mg

Weight loss (%) = x 100

mg
where my is the mass of pears before storage, and m; is the mass of the sampling point.

2.5. Firmness

The firmness of the pears (2 cm X 2 cm) was measured after storage using a texture
analyzer (TA.XT plus, Stable Micro Systems, Godalming, UK) with a 2 mm diameter probe.
A tissue sample was compressed at a speed of 2 mm-s~! on selected points in the equatorial
region, with a final penetration depth of 20 mm. The firmness was defined as the recorded

maximum compression force and was expressed in kg-cm 2.

2.6. Malondialdehyde (MDA) Content

The MDA content was detected using the Thiobarbituric acid colorimetric method
according to the method of Li et al. [21], and the results were represented by nmol-g~!.

2.7. Superoxide Anion (O~ ~) Generation Rate and Hydrogen Peroxide (H,O,) Content

The O, generation rate and H,O, content were determined using the Plant ELISA
Kit (Shanghai Enzyme-linked Biotechnology Co., Ltd., Shanghai, China) and the H,O, kit
(Nanjing Jiancheng Bioengineering Institute, Nanjing, China), respectively, as we described
in our previous study [16]. The results of the O, ™ generation rate were described as nmol
min~!-g~!, and H,O, content was represented by umol-L~!.

2.8. Superoxide Dismutase (SOD), Catalase (CAT), and Peroxidase (POD) Activity

The activities of pear catalase (CAT) and superoxide dismutase (SOD) were detected
using commercial detection kits (Nanjing Jiancheng Bioengineering Institute, Nanjing,
China) according to the instructions provided by the manufacturer [16]. CAT and SOD
activity units are expressed in U-g~!. The POD activity of postharvest pear was detected
according to the method of Li et al. [22]. Hydrogen peroxide (0.24 mL, 250 mmol-L~!) and
guaiacol (3.0 mL, 25 mmol-L~1) were mixed with crude enzyme (240 pL) to determine POD

activity. All three enzyme activities were expressed by U-g 1.
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2.9. Proteomics Detection and Analysis

The protein extraction of pear was conducted using the methods described in our
previous study [16,17]. Approximately 1 g of tissue was separately ground and digested
with trypsin (substrate to enzyme mass to mass ratio of 50:1) at 37 °C for 12 h. The di-
gested peptides were analyzed on a Q-Extractive HF mass spectrometer (Thermo Scientific,
Waltham, MA, USA) coupled with an Ultimate 3000 system (Thermo Scientific). The tryptic
samples were resuspended with buffer A (water, 0.1% formic acid) and then separated with
a C18 column (120 A,2 pm, 75 um x 15 mm) at a flow rate of 0.6 uL-min~!.

The gradient elution profile was as follows: 4% buffer B (80% ACN, 0.1% formic acid)
for 100 min, 34% buffer B for 15 min, 45% buffer B for 4 min, 99% buffer B for 4 min, 4%
buffer B for 5 min. Sequest and Proteome Discoverer2.2.0.388 (Thermo Scientific) were used
for library identification and quantitative analysis. Database search was performed through
the UniProtKB pear database, where a total of 87,242 protein sequences were included.

2.10. Statistic Analysis

All measurements were performed in triplicate. The statistics were calculated using
SPSS (version 22, IBM, Armonk, NY, USA) and Origin software (version 9.1, OriginLab,
Northampton, MA, USA). The data were expressed as mean =+ standard deviation and a
difference was considered to be significant at the 95% level of significance (p < 0.05) using
one-way ANOVA with Tukey’s adjustment.

3. Results and Discussion
3.1. Physical Quality Traits

The rot incidence and weight loss of both the control and treatment groups gradually
increased with the progression of shelf time (Figure 1). However, the rot incidence of
fragrant pears was lower in the ozone-treated group after four days of shelf life, with a
more pronounced difference observed after the 8 days (Figure 1a). The increase in weight
loss rate was also slowed down by ozone treatment, especially after 12 days (Figure 1c).
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Figure 1. The effect of ozone treatment on rot incidence (a), weight loss (b), respiration rate (c),
and firmness (d) of fragrant pears during shelf life. Different letters indicate a significant difference
between the ozone-treated (OT) group and the control group (CK) at the same time (p < 0.05), and the
same letter indicates no significant difference.
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Respiration rate is closely related to the metabolism and senescence of fruit, and the
acceleration of respiration rate is considered to be a sign of senescence [23]. As shown in
Figure 1b, the respiration rate of postharvest fragrant pears increased continuously until
it peaked at approx. 12-16 days after storage, and then decreased during the later stage
of shelf life. This corresponded to an increase in metabolic activities when the pears were
transferred from cold to room temperatures in the early stage of shelf life, followed by
senescence at room temperature [5,24], and subsequently the development of decay in the
later stage. The respiration rate and peak value of the fragrant pears in the ozone-treated
group were reduced, and the occurrence of the peak respiratory rate was delayed from the
12th day to the 16th day compared with the control group (Figure 1b).

The firmness of the fragrant pears gradually decreased during shelf-life storage, and
the firmness of the ozone-treated group was better retained compared to that of the control
group, especially after a shelf life of 8 days (Figure 1d).

3.2. Antioxidant Index

The removal of active oxygen from harvested fruits and vegetables is a crucial issue to
maintaining quality and extending shelf life. A large number of studies have found that
the effective removal of reactive oxygen species (ROS) can extend the shelf life of harvested
fruits and vegetables [14]. Superoxide anion and hydrogen peroxide are the two most
important active oxygen species in harvested fruits and vegetables [13,16].

As shown in Figure 2a,b, the production rate of superoxide anions and the accumula-
tion of hydrogen peroxide content in fragrant pears increased rapidly during early shelf-life
storage and then decreased after reaching a peak on the 12th day. The accumulation amount
and production rate of reactive oxygen species in the ozone-treated group were inhibited,
and the appearance of the peak values was delayed from day 12 to day 15 compared with
the control group. Zhang et al. have also found that the generation rates of O, and
H,O, in postharvest strawberries were inhibited by ozone treatment [16]. Membrane lipid
peroxidation was found to be related to the level of lipid oxidation in cell membranes,
reflecting the degree of oxidative damage in harvested fruits and vegetables [25]. The
degree of membrane lipid peroxidation in postharvest fragrant pears continued to intensify
as the shelf life extended, and it rose rapidly after 12 days (Figure 2c). Ozone treatment
did not change the trend of membrane lipid peroxidation in postharvest fragrant pears
but did reduce the degree of peroxidation. The activities of key antioxidant enzymes,
SOD, CAT, and POD, in the ozone-treated and the control groups all showed a trend of
gradual increase followed by a rapid decrease (Figure 2d—f). The activities of SOD and
CAT in the fragrant pears treated with ozone were higher than those of the control group,
and the activity of POD was also higher than that of the control group, except on the
12th day. Additionally, the ozone treatment extended the peak period of SOD, CAT, and
POD enzyme activities of from the 12th day to 16th day. In general, the superoxide anion
generation rate of postharvest fragrant pears gradually increased with storage time, which
stimulated the increase in SOD enzyme activity, and the hydrogen peroxide produced by
the metabolism of superoxide anion induced the activities of the POD and CAT enzymes.
The antioxidant enzyme activity of fragrant pears was promoted by ozone to improve the
antioxidant capacity of the tissue and maintain fruit quality. This finding is in agreement
with previous work on Acibenzolar-S-methyl treated pears [25,26], and Zhao et al. have
also concluded that the antioxidant enzyme activities of postharvest pears were stimulated
by ozone at appropriate concentrations, especially the POD enzyme [18]. In addition, the
effect of ozone treatment on postharvest fragrant pears was more pronounced in the later
period of shelf life.
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Figure 2. The effect of ozone treatment on the O, — (a), H,O; (b), MDA (c), CAT (d), POD (e), and
SOD (f) in fragrant pears during shelf life. Different letters indicate a significant difference between
the OT group and the control group at the same time (p < 0.05), and the same letter indicates no
significant difference.

3.3. Identification and Expression Analysis of Antioxidant Proteins

Label-free proteomics was used to further analyze the effect of ozone treatment on
postharvest fragrant pear antioxidant enzymes. A total of 19 SOD, CAT, and POD enzymes
were identified, including 10 POD enzymes, 7 SOD enzymes, and 2 CAT enzymes (Table 1).

According to the method of Chen et al. [27], a fold change (FC) greater than 1.5 and less
than 0.67 represent up-regulation and down-regulation of protein expression, respectively.
Figure 3 shows that the expressions of POD2, POD3, POD5, and POD9 were increased
in the ozone-treated group compared to the control group at the early stage of shelf life
(Figure 3a), while no significant difference in the expression of CAT and SOD proteins was
found between the two groups (Figure 3b,c). The POD7, POD7, and SOD6 proteins in the
ozone treatment group accumulated on the 12th day of shelf life, and the high expression
levels of POD2, PODS5, SOD2, and SOD6 were detected in the ozone treatment group on the
16th day of shelf life (Figure 3a). These results suggest that the POD proteins of postharvest
pears may be the key proteins induced by ozone during early shelf life, and that the rapid
metabolism of reactive oxygen species in the ozone-treated group at the end of the shelf
life was achieved through the antioxidant network of SOD and POD enzymes [28]. On the
16th day of shelf life, the respiration rate, superoxide anion production rate, and hydrogen
peroxide content of the postharvest fragrant pears in the ozone treatment group reached
their peaks, which were consistent with the peaks of SOD, POD, and CAT enzyme activities,
while the difference in the protein expression levels of SOD2, SOD6, CAT2, and POD2 also
reached the maximum fold. Li et al. have also concluded that the decrease in postharvest
“Yali’ pear quality was related to the decrease in the enzyme activities of SOD, CAT, and
POD [29]. The gene expression of POD was stimulated in postharvest ‘Zaosu” and ‘Nanguo’
pears to maintain high quality during storage time [26,30].
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Table 1. Differentially expressed proteins of the Korla fragrant pear proteome.
. . Accession b Mascot Matched Peptides Sequence
No. Protein Name Organism Number 2 PI MW [kDa] Score © Number Coverage (%)
CAT1 Catalase Pyrus ussuriensis AOA5NSI2Y7 7.17 56.9 12,207 15 71
CAT2 Catalase Pyrus ussuriensis AOA5N5I0U4 7.28 56.9 4549 2 35
POD1 Peroxidase Pyrus ussuriensis AO0A5N5GTX5 9.5 41.1 3139 10 45
POD2 Peroxidase Pyrus ussuriensis M1jUJj2 9.47 344 1732 11 41
POD3 Peroxidase Pyrus ussuriensis AOA5N5FMS2 9.36 41 1788 8 47
POD4 Peroxidase Pyrus ussuriensis AOA5NS5FAU1 8.7 37.2 1151 14 57
POD5 Peroxidase Pyrus ussuriensis AO0A5N5GAPS 8.5 354 425 9 30
POD6 Peroxidase Pyrus ussuriensis AOA5N5FK11 6.64 41.8 256 5 14
POD7 Peroxidase Pyrus ussuriensis AOA5N5H1TS 8.06 33.9 142 4 17
POD8 Peroxidase Pyrus ussuriensis AOA5SNSGNW2 4.7 37.1 291 3 13
POD9 Peroxidase Pyrus ussuriensis AOA5NSFCM2 8.28 359 130 3 12
POD10 Peroxidase Pyrus ussuriensis A0A7C8ZGJ7 8.65 36.3 106 1 4
soD1 _Superoxide Pyrus ussuriensis ~ AOASN5SGHU4 6.68 224 1278 2 46
dismutase [Cu-Zn]
SOD2 _Superoxide Pyrus ussuriensis AOA5NS5FU31 6.51 224 987 1 35
dismutase [Cu-Zn]
SOD3 _Superoxide Pyrus ussuriensis ~ AOASNSHUZ3 7.01 18 779 7 58
dismutase [Cu-Zn]
SOD4 Superoxide Pyrus ussuriensis ~ AOA5SNSHPKY 6.4 85.1 1533 5 8
dismutase
SOD5 Superoxide Pyrus ussuriensis ~ AOASNSFOXS 822 63.5 688 10 15
ismutase
SOD6 SC}‘.per"X‘de Pyrus ussuriensis ~ AOA6]IDNG7 8.69 26 12 2 13
ismutase
SOD7 Superoxide Pyrus ussuriensis AOA7C8ZM23 5.87 15.2 240 1 13
dismutase

2 Accession numbers according to the UniProtKB pear database. ® Experimental mass (kDa) and isoelectric point
(pI) of identified proteins. © Mascot score reported after searching against the UniProtKB pear database.

=-PODI s POD2 —4—POD3 v POD4 —#—50DI ——S0D2 —4—S0D3 —v—50D4 a—CAT] —s—CAT2
# PODS « POD6 > POD7 e PODS 254 —*S0D5——50D6 —+—50D7 ATL—#=CATE
304+ PODY e~ PODIO
25
.
;fu
£ " t
AT PO e, S W 6 SRR o (e
' . 4
v
1 e AR S
o]
! i i 1
,,,,,,,,,,,,,, A
05
o & 12 16 0 0 8 I I‘m i} o & 12 16 0
Storage time / d Storage time / d Storage time / d
() (b) O]

Figure 3. The fold change (FC, ratio between OT and CK) of the SOD, CAT, and POD proteins in
fragrant pears during shelf life.

3.4. Correlation between Physicochemical Quality and Proteins

Linear models and Pearson coefficients were used to analyze the correlation between
the dynamic changes in physiological indicators, enzyme activity, and protein expression
in postharvest fragrant pears of the OT group/CK group throughout the shelf period.
Correlation coefficients of R > 0.75 and <—0.75 represent positive and negative correlations,
respectively. As shown in Figure 4, there was a significant positive correlation between the
activities of POD, SOD, and CAT enzymes (p < 0.05), which indicates that the regulatory
pattern of antioxidant enzymes is unified. The changes in CAT and SOD enzyme activities
were consistent with the changes in firmness during the shelf life of postharvest fragrant
pears. The generation rate of O, ~, HyO, content, and changes in respiration rate showed
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a clear positive correlation (p < 0.05), and some studies have found that the increase in
respiration rate and the accumulation of ROS were signs of aging in harvested fruits and
vegetables [31,32]. The MDA content showed a clear positive correlation with the weight
loss rate and a clear negative correlation with firmness (p < 0.05), and the permeability of
harvested fruit and vegetable cells was induced by the peroxidation of cell membranes,
resulting in a decrease in hardness and an increase in weight loss rate [33].
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Figure 4. The linear correlation analysis between the dynamic changes in physiological indicators,
enzyme activity, and protein expression in postharvest fragrant pears of the treatment group/control
group throughout the shelf period. Where WL is weight loss, RO is the rotting rate, RR is the
respiration rate, and FM is the firmness. Additionally, *** indicates extremely significant differences
at p < 0.001, ** indicates significant differences at p < 0.01, and * indicates significant differences at
p <0.05.

These statistical results indicate that the accumulation of ROS induced a deterioration
in the quality of the fragrant pears, whilst an enhancement of antioxidant capacity was
promoted by enzymatic activities and improved the physiological quality of the pears.
The same results were found in 1-MCP-treated ‘Gem’ pears [34] and Nanguo pears [35].
There were obvious aggregations and correlations between the expression patterns of
different families of proteins, but no significant linear correlation was found between
protein expression patterns and physiological indicators in fragrant pears. POD5 and POD9
were positively correlated with multiple POD family proteins. Similarly, expression of the
SOD2 protein was closely related to the expression of proteins in the POD family (Figure 4),
indicating that POD family proteins, especially POD5 and POD9, may be key proteins
implicated in the shelf life of postharvest pears.
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4. Conclusions

Ozone treatment was an effective way to extend the shelf life of ‘Korla’ fragrant pears.
Compared with the control group, ozone treatment could delay the occurrence of the
respiration rate peak and reduce the peak value. The weight loss rate and decay rate of the
ozone-treated fragrant pears were lower, and the firmness retention was better, especially
in the middle-to-late stages of the shelf life. Ozone treatment reduced the accumulation
of ROS and the degree of membrane lipid peroxidation in fragrant pears during shelf life,
and it increased the enzymatic activities and protein abundance of SOD, CAT, and POD,
especially of POD2, POD5, POD9, and SOD2. The correlation analysis suggests that the
superior quality of fragrant pears treated by ozone may be due to the combined effect of
the activity and expression of antioxidant system enzymes.
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