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Grapevines are widely planted around the world. Although grapes have high nutritional value, they are highly

perishable. To explore the effect of ozone concentration on the postharvest quality of Muscat Hamburg

grapes, the ethylene production rate, respiratory intensity, soluble solids, titratable acidity, firmness,

threshing rate, total yeast and mold counts, and the activities of superoxide dismutase, peroxidase,

catalase, polyphenol oxidase and phenylalanine ammonia lyase were determined, and the fungal

metagenome on the grape surface was analyzed. Among the ozone treatment groups, 14.98 mg m�3

ozone showed a positive effect on grape preservation. After 80 days of storage, the contents of soluble

solids and titratable acidity increased by 3.1% and 0.03%, respectively, compared with the control group.

Over the same period, firmness increased by 4.22 N and the threshing rate decreased by 0.5%. During

storage, the activity of polyphenol oxidase was inhibited and the activities of superoxide dismutase,

peroxidase, catalase, and phenylalanine ammonia lyase were maintained, which delayed the senescence

of grapes and maintained freshness. Ozone can reduce the number of fungi on the grape surface,

change the colony structure, and reduce the occurrence of diseases. An ozone concentration of

14.98 mg m�3 can delay the senescence of Muscat Hamburg grapes and improve storage quality.
1. Introduction

Vitis vinifera L. cultivars are widely planted around the world.
Grapes have high nutritional value, strong antioxidant and
anticancer activities, and are benecial to human health.1

However, there are a large number of pathogenic fungi on the
surfaces of grapes, which directly lead to grape spoilage.2

During storage, a series of physiological and biochemical
reactions occur in the grapes, including enhancement of
respiration, consumption of nutrients, and loss of water, which
reduce the grape quality. Presently, biological and chemical
fungicides are used for postharvest preservation to control
pathogenic microorganisms, but both these types of fungicides
have limitations and may affect human health.3 Ozone treat-
ment is a green and effective method for maintaining freshness.
Ozone is a strong, safe oxidant, and leaves no residues, which
means it can be used in direct contact with fruit. Ozone can
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effectively kill pathogenic microorganisms and eliminate resi-
dues of harmful substances, and it can degrade pesticide resi-
dues on the fruit surface and harmful gases such as ethylene,
acetaldehyde, and ethanol during storage; therefore, ozone
treatment is an ideal technique for maintaining the freshness of
fruits and vegetables.4

Grapes are vulnerable to mechanical damage and bacterial
infection during storage and transportation, and have certain
response mechanisms to various biological and abiotic stresses
that produce the most favorable physiological conditions for
survival. Plant defense mechanisms related to antioxidant
stress are closely associated with ozone, and ozone can activate
plant defense mechanisms to resist damage.5,6 Differences in
plant tolerance to ozone are oen related to differences in
antioxidant enzyme activity.7 Antioxidant enzymes play an
active role in the disease resistance in Piper nigrum L. T. Cher-
nikova and P. Nazeem8,9 found that ozone affected microor-
ganisms, and ozone treatment had a good protective effect
against fungal infections and water loss in strawberries, which
prolonged their shelf life. Exposure of plants to ozone can
stimulate several pathways, and exposure at different doses or
at different times has different effects,10 however, the ozone
concentration does not seem to have a strict linear relationship
with the dose entering the plant.11

As a strong oxidant with high activity and high permeability
that leaves no residues, ozone has great potential in fruit and
RSC Adv., 2020, 10, 9037–9045 | 9037
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vegetable preservation. In this study, Muscat Hamburg grapes
were used to explore preservation with different concentrations
of ozone. The preservation effect of ozone was studied by eval-
uating the grape quality, antioxidant enzyme activity, phenyl-
alanine ammonia lyase activity, and fungal colony structure on
the grape surface, and the optimum treatment for long-term
storage was determined. This study provides a theoretical and
technical basis for establishment of simple and safe storage and
preservation techniques for grapes.
2. Materials and methods
2.1 Materials

Muscat Hamburg grapes were collected from the Hangu District,
Tianjin, China, on August 14, 2018. Fresh grapes with uniform
sizes and maturities, no mechanical damage, and no diseases or
insect pests were pre-chilled at �2 to �1 �C for 12 h and then
stored at 0 � 1 �C. The grapes were sealed in large tents with 33
boxes per tent and about 4 kg of grapes per box. Each group with
different concentrations of ozone (6.42mgm�3, 10.7mgm�3 and
14.98 mgm�3) for 30 min every day (Fig. 1). Grapes in the control
check (ck) group were sealed in 20 mm polyethylene bags and
stored at 0 � 1 �C. The ozone sensor (MIC-03, Shenzhen) is
installed in the large tent with two fans of 0.4 m s�1 generating
a breeze of 0.2 m s�1 to ensure the sensitivity and uniformity of
the sensor to ensure a stable ozone concentration chamber at low
temperatures.12 The ethylene yield, respiratory intensity, rm-
ness, soluble solids, titratable acidity, threshing rate, and activi-
ties of superoxide dismutase (SOD), peroxidase (POD), catalase
(CAT), polyphenol oxidase (PPO), and phenylalanine ammonia
lyase (PAL) were measured every 20 days. The total yeast and
mold contents, and the metagenomes of the ck and 14.98 mg
m�3 treatment.
2.2 Soluble solids, titratable acidity, rmness, and threshing
rate

For determination of the soluble solid content, three grapes
were crushed in a mortar and ltered through gauze. The
resulting juice was analyzed using a PLA-1 digital hand-held
pocket refractometer (Atago Co., Ltd., Tokyo, Japan). Each
Fig. 1 Schematic of the setup for ozone treatment groups were
analyzed.

9038 | RSC Adv., 2020, 10, 9037–9045
measurement was repeated three times. The results are
expressed as percentages (%).

To determine the titratable acidity, a 20 mL sample of
diluted juice (10 mL of grape juice diluted to 250 mL with
distilled water) was titrated with 0.01 M NaOH until the color of
the solution changed to pink (phenolphthalein indicator) for
30 s. Each measurement was repeated three times. The results
are expressed as percentages (%).13

A TA.XTplus texture analyzer (Stable Micro Systems Ltd.,
Godalming, Surrey, UK) was used to measure the grape rm-
ness. Puncture tests (P/2, ø 2 mm) were conducted with
a puncture depth of 6 mm and speed of 2 mm s�1. The grapes
were all tested by the same method, and each test was repeated
10 times. The results are expressed as the rmness (N).14

The threshing rate (%) was calculated as the mass of
threshed grapes/total grape mass.15

2.3 Ethylene production rate and respiration intensity

The ethylene production rate was determined according to an
established method.16 About 300 g of each sample was weighed
at 0 �C and placed in a 3 L sealed container for 2 h. Then, 20 mL
of gas (20 mL glass syringe) was extracted and injected into a gas
chromatograph (GC-2010 Plus, Shimadzu), with a SH-Rt-
Alumina BOND/Na2SO4 Column (R227-36316-01, 0.53 mm �
10 mm � 30 m) and a ame ionization detector (FID). The
carrier gas was N2 with a rate of 14 mL min�1. The temperature
of the injector, detector, and oven were 120 �C, 150 �C and
160 �C, respectively. Nitrogen was used as carrier gas. The result
was calculated in mL (kg h)�1.

The respiratory intensity (in mg (kg h)�1) was measured
using a CheckMate 9900 (PBI Dansensor Co., Denmark).17

2.4 SOD, POD, PPO, CAT, and PAL activities

To process each sample, 5 g of grape tissue was weighed and
crushed in an ice bath, and then 5 mL of extraction buffer
(0.1 M, pH 7.8) containing 5% polyvinylpyrrolidone and 5 mM
dithiothreitol was added. The solution was then centrifuged for
15 min at 4 �C and 12 000 � g.

The SOD activity was determined according to an established
method.18,19 The optical density was measured at 560 nm. One
unit of SOD activity (U) was dened as inhibition of nitro-
tetrazolium blue chloride photochemical reduction by 50%.
The SOD activity per gram of fruit or vegetable sample (fresh
weight) was calculated in U g�1.

The POD activity was determined according to an estab-
lished method20 with slight modications. The reaction mixture
contained 3 mL of 25 mmol L�1 guaiacol solution, 1 mL of
0.5 mol L�1 H2O2, and 0.5 mL of enzyme extract. The POD
activity was calculated by measuring the absorbance at 470 nm.
One unit of enzyme activity (U) was dened as the amount of
enzyme required to change the absorbance by one per minute.
The POD activity per gram of fruit or vegetable (fresh weight)
was calculated in U g�1.

To measure the PPO activity, 4 mL of 50 mM acetic acid–
sodium acetate buffer (pH 5.5), 1 mL of catechol (0.5 M), and
100 mL of enzyme extract were mixed, and the absorbance was
This journal is © The Royal Society of Chemistry 2020
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measured at 420 nm. One enzyme activity unit (U) was dened
as the amount of enzyme required to change absorbance by 0.01
per minute. The PPO activity per gram of fruit or vegetable
(fresh weight) was calculated in U g�1.21

To measure the CAT activity, 100 mL of enzyme extract and
2.9 mL of 20 mM H2O2 were mixed and the absorbance was
measured at 240 nm. One enzyme activity unit (U) was dened
as the amount of enzyme required to change the absorbance by
0.01 per minute. The CAT activity per gram of fruit or vegetable
(fresh weight) was calculated in U g�1.22

To measure the PAL activity, 3 mL of 50 mM phosphate
buffer (pH 8.8), 0.5 mL of 20 mM L-phenylalanine solution, and
0.5 mL of enzyme extract were mixed. Aer incubation of the
mixture at 37 �C for 60 min, the absorbance was measured at
290 nm. One enzyme activity unit (U) was dened as the amount
of enzyme required to change the absorbance by 0.01 per
minute. The PAL activity per gram of fruit or vegetable (fresh
weight) was calculated in U g�1.23

2.5 Microbial count

The yeast and mold count was determined according to an
established method.24 The 10 g sample was homogenized in
peptone (0.1% w/v) solution. Use a slapping homogenizer (UBM
400, China) to homogenize. Aer serial dilution, the diluted
samples were plated on potato dextrose agar and incubated at
28 �C for 3–4 days. The results are expressed in log CFU g�1.

2.6 Metagenomic sequencing

2.6.1 High-throughput sequencing. Total genomic DNA
from the samples was extracted using the CTAB/SDS method.
The DNA concentration and purity was monitored on 1%
agarose gel. DNA was diluted to 1 ng mL�1 using sterile water.
18S rRNA genes of distinct regions were amplied used
a specic primer (18S V9:1380F-1510R) with a barcode. PCR
reactions were carried out in 30 mL tubes with 15 mL of
Phusion®High-Fidelity PCRMaster Mix (New England Biolabs),
0.2 mM of forward and reverse primers, and about 10 ng of
template DNA. Thermal cycling consisted of initial denatur-
ation at 98 �C for 1 min, followed by 30 cycles of denaturation at
98 �C for 10 s, annealing at 50 �C for 30 s, elongation at 72 �C for
30 s, and nally 72 �C for 5 min. Equal volumes of 1 � loading
buffer containing SYBR Green and PCR products were mixed
and then loaded on a 2% agarose gel for electrophoresis. The
PCR products was mixed in equidensity ratios. Then, the
mixture PCR products was puried with a GeneJET™ Gel
Extraction Kit (Thermo Fisher Scientic). Sequencing libraries
were generated using the Ion Plus Fragment Library Kit 48 rxns
(Thermo Fisher Scientic) following the manufacturer's
instructions. The library quality was assessed using a Qubit@
2.0 Fluorometer (Thermo Fisher Scientic). Finally, the library
was sequenced on an Ion S5TM XL platform and 400 bp/600 bp
single-end reads were generated.

2.6.2 Data analysis. Single-end reads were assigned to
samples based on their unique barcodes and truncated by
cutting off the barcode and primer sequence. Quality ltering
on the raw reads was performed under specic ltering
This journal is © The Royal Society of Chemistry 2020
conditions to obtain high-quality clean reads according to the
Cutadapt process.25 The reads were compared with a reference
database26 using the UCHIME algorithm27 to detect chimera
sequences, and then the chimera sequences were removed28 to
obtain clean reads. Sequence analysis was performed using
Uparse soware.29 Sequences with 97% similarity were assigned
to the same operational taxonomic units (OTUs). A representa-
tive sequence for each OTU was screened for further annotation.
2.7 Data analysis

All data were analyzed by analysis of variance using SPSS 18.0
soware (IBM, USA). Completely randomized design and least
signicant differences were used to evaluate signicant differ-
ences between mean values (P < 0.01).
3. Results and discussion
3.1 Effects of different ozone treatments on the soluble solid
content, titratable acidity, rmness, and threshing rate of
Muscat Hamburg grapes

The content of soluble solids is one of the important indexes to
evaluate the quality of harvested fruits.30 In the rst 20 days of
storage, the ozone treatment group showed a downward trend
with increases in the storage time, whereas the control group
rst increased and then decreased (Table 1). As the storage time
increased, the soluble solids content in the control group
decreased to 15.7%, and that in the 10.7 mg m�3 ozone treat-
ment group rst increased and then decreased. The increase in
the soluble solids content in the 10.7 mg m�3 treatment group
might be caused by rapid loss of water during storage. With
storage for a longer time, respiration increased along with sugar
consumption. The changes in the 6.42 mg m�3 and 14.98 mg
m�3 ozone treatment groups were relatively moderate, and the
maximum content of soluble solids aer 80 days of storage was
18.3% in the 14.98 mg m�3 treatment group. In a previous
study,31 papaya treated with ozone fumigation (2.5 ppm) for 96 h
was sweeter and had a higher soluble solids content than
untreated fruit.

During the rst 60 days of storage, the titratable acidity of the
10.7 mg m�3 treatment group decreased the fastest (Table 1),
which may be attributed to enhanced respiration accelerating
the consumption of organic acid. The 6.42 mg m�3 treatment
group showed no signicant difference compared with the ck
group, and the titratable acidity in the 14.98 mg m�3 group
decreased slowly throughout the storage period and reached
0.08% on day 80, which was higher than that in the ck or other
treatment groups. Q. Han32 found that mulberry fruits treated
with ozone and pre-chilling had high titratable acidities, which
was consistent with the results of our study. A. G. Pérez33 found
that changes in sugar and acidity in ozone-treated strawberries
might be caused by enhanced fatty acids biosynthesis by the
antioxidant system.

The rmness of grapes is closely related to maturity and
senescence. As a result of respiration, the level of pectin in the
fruit decreases, resulting in a decrease in rmness. The rm-
ness of each group in this study decreased throughout the
RSC Adv., 2020, 10, 9037–9045 | 9039
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Table 1 Changes in the soluble solid content, titratable acidity, firmness, threshing rate, and total yeast and mold counts during storagea

Fluency indices

Treatments

ckb 6.42 mg m�3 10.7 mg m�3 14.98 mg m�3

Soluble solids content (%) 0 19.67 � 0.55a 19.67 � 0.55a 19.67 � 0.55a 19.67 � 0.55a

20 21.53 � 1.58a 17.67 � 0.81b 16.2 � 0.6b 19.57 � 0.85abc

40 18.53 � 0.67b 18.45 � 0.45b 19.3 � 0.65a 19.33 � 1.26 ab

60 17.1 � 0.1a 17.43 � 0.55abc 19.9 � 0.1b 18.57 � 0.86b

80 15.2 � 0.1c 16.5 � 0.1b 17.8 � 0.6a 18.3 � 0.1a

Titratable acidity (%) 0 0.29 � 0.06a 0.29 � 0.06a 0.29 � 0.06a 0.29 � 0.06a

20 0.22 � 0.019a 0.18 � 0.02b 0.17 � 0.02b 0.19 � 0.02b

40 0.13 � 0.05b 0.12 � 0.08b 0.09 � 0.01c 0.14 � 0.02a

60 0.07 � 0.001b 0.06 � 0.002b 0.07 � 0.002b 0.1 � 0.01a

80 0.06 � 0.017c 0.07 � 0.004b 0.07 � 0.002b 0.08 � 0.001a

Firmness (N) 0 8.72 � 0.08a 8.72 � 0.08a 8.72 � 0.08a 8.72 � 0.08a

20 7.35 � 0.11b 7.85 � 0.13a 6.15 � 0.06d 7.09 � 0.04c

40 8.08 � 0.14a 7.57 � 0.25b 7.69 � 0.23a,b 6.86 � 0.08c

60 5.69 � 0.1c 8.36 � 0.47a 6.46 � 0.42b,c 7.13 � 0.45b

80 1.55 � 0.18c 2.61 � 0.28b 2.14 � 0.36b,c 5.78 � 0.24a

Threshing rate (%) 0 0 0 0 0
20 0 0 0 0
40 7.25 � 0.18a 4.53 � 0.06c 6.85 � 0.1b 3.79 � 0.02d

60 14.98 � 0.05a 12.76 � 0.04c 13.77 � 0.05b 11.59 � 0.02d

80 17.01 � 0.17c 19.78 � 0.06b 27.54 � 0.05a 16.51 � 0.07d

Total yeast and mold (log10 CFU g�1) 0 1.079 � 0.04 1.079 � 0.04 1.079 � 0.04 1.079 � 0.04
20 3.398 � 0.06 2.967 � 0.19 2.876 � 0.16 2.845 � 0.04
40 4.176 � 0.11 4.0789 � 0.09 4.006 � 0.05 3.699 � 0.12
60 4.531 � 0.06 4.578 � 0.18 4.508 � 0.27 4.301 � 0.02
80 Uncountablec Uncountablec Uncountablec Uncountablec

a The mean � standard deviation of three replicates are presented. Different letters represent signicant differences in the least signicant
difference test (P < 0.01). Different letters in each line represent signicant differences among treatments. b ck, control check. c Uncountable
means total yeast and mold counts > 300.
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storage period (Table 1). The rmness of grapes in the ck group
decreased signicantly on day 40, rmness in the 14.98 mg m�3

and 6.42 mgm�3 treatment groups began to decrease on day 60,
and in the 6.42 mg m�3, 10.7 mg m�3, and ck groups it began to
decrease signicantly aer 60 days of storage. Compared with
the ck group, the 14.98mgm�3 groupmaintained fruit rmness
for 80 days. L. Rodoni34 reported that ozone treatment could
reduce excessive soening of tomatoes. A. Nadas35 showed that
ozone could delay fruit soening, and suggested its effect might
be related to a decrease in water loss. Our results show that
ozone can delay decreases in rmness, which should prolong
the storage period and improve the storage quality.

As the storage time increased, the threshing rate of the
grapes increased. The three ozone treatment groups had
different threshing rates, and there was a signicant difference
between the 14.98 mgm�3 treatment group and the ck group on
day 60. The threshing rates of the 6.42 mgm�3 and 10.7 mgm�3

groups reached 20% and 28%, respectively, on day 80, and were
higher than that of the control group. For the 14.98 mg m�3

treatment group, the threshing rate was lower than that of the
control group on day 80, indicating that the 14.98 mg m�3

treatment group could inhibit grape senescence. Grapes are
a non-respiratory and non-climacteric fruit, and the stem and
panicle of the fruit have high respiration intensities and peak
respiration. During storage, water loss is considerable, and
9040 | RSC Adv., 2020, 10, 9037–9045
wilting, browning, and decay of grapes usually begins from the
fruit stalk. Meanwhile, stem senescence and fruit shedding is
related not only to water loss, but also to ethylene and oxidative
stress.35
3.2 Effects of different ozone treatments on the ethylene
production rates and respiratory intensities of Muscat
Hamburg grapes

Ozone can react with ethylene in air, prevent plant cell wall
soening, and delay plant maturation and senescence.36,37

Analysis of changes in the ethylene release rates of grapes
treated with the three ozone concentrations (Fig. 2) showed that
the ethylene production rate of the 6.42 mg m�3 treatment
group was high (2.6 mL (kg h)�1) and there was no signicant
difference between the 10.7 mg m�3 and 14.98 mg m�3 groups
in the rst 20 days of storage. Aer storage for 20 days, ethylene
biosynthesis was hindered probably because of the decreased
acetyl-CoA carboxylase level, which was caused by inhibition of
acetyl-CoA carboxylase synthase gene activity by ozone. The
production rate in the 6.42 mg m�3 treatment group decreased
gradually.38 The 14.98 mg m�3 treatment group had the best
effect on inhibition of ethylene production and delay of senes-
cence. I. S. Minas39 showed that ozone could inhibit ethylene
biosynthesis and delay kiwifruit ripening, which is consistent
with the results in this study. Another study showed that
This journal is © The Royal Society of Chemistry 2020
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Fig. 2 Effects of ozone treatment on the ethylene production rates of
Muscat Hamburg grapes at 0 � 1 �C.
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ethylene was closely associated with the metabolism of poly-
phenols and antioxidant capacity in grapes.40

During the rst 20 days of storage, there were no signicant
increases in the respiratory rates in the various groups, and
aer this, the different groups showed increases to different
extents (Fig. 3). The respiratory rate of the ck group was always
higher than that of the ozone treatment groups, and increased
to 58.38 mg (kg h)�1 in the later stages of storage. Grapes in the
6.42 mg m�3 and 10.7 mg m�3 treatment groups showed rapid
increases in respiration rates aer 60 days of storage. The
14.98 mg m�3 treatment group showed a good inhibitory effect
of the respiratory rate, which was 45.76 mg (kg h)�1 on day 80.
These results showed that ozone treatment inhibited the
respiration of grapes to different extents. It has been reported
that ozone treatment can reduce the respiration rate of black
mulberries and prolong their shelf life.32
3.3 Effects of different ozone treatments on SOD, POD, PPO,
CAT, and PAL activities in Muscat Hamburg grapes

SOD can eliminate O2�, which plays an important role in pro-
tecting cells from toxicity and mutagenesis caused by reactive
oxygen species.41 Each group showed an upward trend in SOD
during storage (Fig. 4). The ck group had the lowest SOD
activity, followed by the 10.7 mg m�3 treatment group. The SOD
activities of the 6.42 mg m�3 and 14.98 mg m�3 treatment
Fig. 3 Effects of ozone treatment on respiratory rates of Muscat
Hamburg grapes at 0 � 1 �C.

This journal is © The Royal Society of Chemistry 2020
groups were high, with the 14.98 mg m�3 treatment group
having the highest SOD activity. These results indicated that
ozone treatment could improve the SOD activity and the ability
to scavenge free radicals during storage.

T. Chernikova7 reported that ozone treatment could increase
the activity of peroxides in soybeans. POD, which is present in
animals, plants, and microorganisms, can catalyze the reaction
between H2O2 and various reductants.42 The POD activities of
the grapes increased rapidly aer 20 days of storage (Fig. 4). The
POD activities in the three ozone treatment groups were higher
than that in the ck group. Aer 60 days, the POD activity in the
ck group decreased, indicating that ozone could improve the
antioxidant capacity of the grapes. Among the ozone treatment
groups, the 14.98 mgm�3 treatment group had the highest POD
activity over the entire storage period, and this activity could
delay the ripening and senescence of grapes postharvest. This is
consistent with a previous report that ozone treatment
improved POD activity in pepper fruit.43

PPO is a copper-containing metalloprotein that catalyzes the
oxidation of phenols to quinones, which in turn produce brown
quinones. Inhibition of PPO activity can help control the
browning of fruits and vegetables.44 In the rst 60 days, the PPO
activities of the 6.42 mg m�3 and 14.98 mg m�3 treatment
groups were lower than that of the ck group. The PPO activity of
the 10.7 mg m�3 treatment group peaked aer 40 days of
storage and then decreased. The PPO activity in the ck group
decreased to its lowest point aer 80 days of storage. Among the
ozone treatments, the 14.98 mg m�3 treatment was better than
Fig. 4 Effects of ozone treatment on the activities of SOD, POD, CAT,
PPO, and PAL in Muscat Hamburg grapes at 0 � 1 �C.
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Fig. 5 Rarefaction curves of OTUs clustered at 97% similarity in
different samples.* ck20d, the control check group on day 20; ck40d,
the control check group on day 40; ck60d, the control check group on
day 60; ck80d, the control check group on day 80; O320d, the ozone
on day 20; O340d, the ozone on day 40; O360d, the ozone on day 60;
O380d, the ozone on day 80.
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the other two treatments at inhibiting PPO activity (Fig. 4). M. K.
Ong45 reported that oxalic acid could bind with ozone, which
decreased browning and PPO activity.

CAT may be responsible for removing excess reactive oxygen
species during oxidative stress.46 Both SOD and CAT are the main
active oxygen detoxication enzymes.47 In the present study, the
CAT activities in the three treatment groups were higher than that
in the ck group, indicating that different concentrations of ozone
could delay decreases in the CAT activity. The CAT activity in the
10.7mgm�3 treatment group began to decrease on day 40 and had
decreased to 542.11 U g�1 by day 80, which was a larger reduction
than in the other two ozone treatment groups. On day 80, the CAT
activity of the 14.98mgm�3 treatment group was 735.98 U g�1 and
that of the 6.42 mg m�3 treatment group was 542.11 U g�1. These
results showed that 14.98 mg m�3 and 6.42 mg m�3 ozone treat-
ments could effectively maintain the CAT activity and improve the
quality of stored grapes. P. Boonkorn,48 reported that CAT activity
increased aer ozone fumigation, which was involved in protect-
ing fruit tissue from plant toxicity caused by ozone oxidation.

When fruit is exposed to ozone, active oxygen species may
induce multiple defense genes, including PAL, to produce more
phenolic compounds, which can react with oxygen free radicals
to prevent damage to other compounds.49 Polyphenols in grapes
are benecial to oxidation, inammation, platelet activation,
and vascular function.50 During the rst 40 days of storage, the
PAL activities in the different groups decreased at different rates
with the activity in the ck group decreasing rapidly and those in
the 6.42 mg m�3 and 10.7 mg m�3 treatment groups decreasing
slowly. Aer 40 days, the PAL activity of the 14.98 mg m�3

treatment group increased slightly. The 14.9 mg m�3 treatment
could increase the PAL activity in grapes (Fig. 4), thus increasing
the production of total phenols, which could increase the grape
antioxidant activity and delay any decline in grape quality. T.
Piechowiak51 reported that the PAL activity of raspberries
treated with 8–10 ppm of ozone for 30 min was much higher
than that of a control group. Antioxidant capacity is the result of
synergistic or antagonistic effects of different polyphenols, and
is the result of interaction with the food matrix or other
components in the organism.52 The enhancement of antioxi-
dant capacity in ozone-treated grapes is related both to the
increase in polyphenols and to their complex reactions.

3.4 Effects of different ozone treatments on the total yeast
and colony counts on Muscat Hamburg grapes

The number of microorganisms increased during storage in both
the ck and ozone treatment groups (Table 1). Ozone treatment was
more effective than ck treatment at reducing themicrobial counts.

3.5 Effects of different ozone treatments on fungal diversity
on Muscat Hamburg grapes

3.5.1 Species-based rarefaction curves. A dilution curve was
drawn to evaluate the sequence coverage of all groups, and
indirectly reect the species richness in the samples. The rare-
faction curve attened (Fig. 5), indicating that the OTU in the
sample would not increase signicantly with an increase in the
sequence number. The sequence depth covers all species in the
9042 | RSC Adv., 2020, 10, 9037–9045
samples, and the sequence number is sufficient to reect the
species diversity in the sample.

The OTUs and alpha diversities of the ck and ozone treat-
ments were analyzed. Each OTU corresponded to different
fungal populations, Ace and Chao are important indicators of
microbial community richness, and Shannon is an important
index of microbial community diversity. The OTUs and richness
indexes (Ace and Chao) of the ck group were higher than those
of the ozone treatment groups during storage (Table 2), indi-
cating that the number of species in the ck group was higher
than those in the ozone treatment groups. The Shannon of the
ck group was higher than those in the ozone treatment groups,
except on day 40, which indicated that the ck group had a more
diverse fungal community on the grape surface than the ozone
treatment groups.

3.5.2 Fungal diversity at the phylum level. Microorganisms
from all the samples were classied into 15 main phyla (Fig. 6).
The results showed that the abundances of Ascomycota and
Mucoromycotina increased from 31.7–67% and 0.7–3.1%,
respectively, while the abundances of other microorganisms
decreased. In the ck group, the abundances of Mortier-
ellomycota, Olpidiomycota, Chytridiomycota, Kickxellomyco-
tina, Blastocladiomycota, and Zoopagomycota increased.
Compared with the ck group, the abundance of Ascomycota was
signicantly lower (77.8% vs. 82.3%) on day 60 in the ozone
treatment group. On day 80, the abundances of Ascomycota and
Mucoromycotina increased by 19% and 0.2%, respectively,
compared with the ck group, and the abundances of other phyla
decreased.

3.5.3 Fungal diversity at the genus level. Analysis of the
main fungal genera (Fig. 7) showed that Aspergillus was the
dominant genus (56.24%) at day 0, followed by Cladosporium
(21.51%). In the ck group, the abundance of Cladosporium
This journal is © The Royal Society of Chemistry 2020
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Table 2 Richness and diversity indexes relative to each sample (OTU cutoff ¼ 16 021)

Sample Observed_species Shannon Chao1 ACE Coverage

0d 204 3.733203528 318.0666667 267.4529788 0.996192497
Ck20d 827 7.009216906 1108.303571 941.2723371 0.98863991
O320d 591 6.775274095 1316.214286 698.6354928 0.990949379
Ck40d 176 4.598132356 353 261.2442387 0.996130079
O340d 185 4.777845187 303.25 220.0678329 0.997316023
Ck60d 339 4.840168659 546.2727273 421.7704088 0.994132701
O360d 200 4.409946236 330.7142857 273.7192487 0.996317334
Ck80d 774 7.543251515 1311.65625 921.4724482 0.988078147
O380d 292 4.691462612 850.125 389.0408115 0.994007865

Fig. 6 Relative abundances of different fungal communities at the
phylum level.
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increased on day 60. Z. R. Ames53 showed that a low concen-
tration of ozone could inhibit the germination of fungal spores
but could not kill them, and that 50% or more fungi germinated
aer 3 months. The main inhibitory effect of a low concentra-
tion of ozone on Botrytis cinerea was to inhibit hyphal growth in
air rather than inhibit the activity of conidia.54 I. S. Minas55

showed that ozone could directly act on pathogens and induce
plant resistance. Aer 80 days of storage, the dominant genera
in the ozone treatment group were Cladosporium (49.37%),
Acremonium (8.61%), and Alternaria (4.18%), whereas the
dominant genera in the ck group were Cladosporium (6.64%),
Fig. 7 Relative abundances of different fungal communities at the
genus level.

This journal is © The Royal Society of Chemistry 2020
Acremonium (2.34%), Alternaria (4.26%), Aspergillus (4.37%),
Botrytis (3.23%), Gibberella (3.39%), and Fusarium (1.87%).
Researchers have found that saprophytic fungi, such as Asper-
gillus, Trichoderma, and Penicillium, can produce mycotoxins
and directly lead to grape decay. Compared with the ck group,
ozone treatment could alter the composition of the fungal
community on the grape surface and inhibit Aspergillus,
Botrytis, Gibberella, and Fusarium growth.

As shown in Fig. 8, on day 20, the colony structures of the ck
and ozone treatment groups differed signicantly around the PC2
axis. There were no signicant differences between the colony
structures of the ck and ozone treatment groups on days 40 and
60. On day 80, the colony structures of the ck and ozone treatment
groups around the PC1 and PC2 axes differed signicantly, which
indicated that ozone treatment could alter the microbial
community structure on the surface of Muscat Hamburg grapes.
3.6 Network analysis

The correlation matrix table provides new perspectives for
studying the community structure and function in a complex
environment. Because of the differences in co-occurrence of
microorganisms in different environments, the co-occurrence
network of microorganisms can reect the inuence of
different environmental factors on microbial adaptability and
Fig. 8 Principal coordinates analysis (PCoA).
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the dominant species and closely related genera in an envi-
ronment. These dominant species and genera oen play unique
and important roles in maintaining the structure and func-
tional stability of microbial communities in the environ-
ment.56,57 Ozone treatment changed the correlation among the
indexes, and the grouping of Gibberella, Starmerella, Botrytis,
and Cladosporium decreased signicantly (Fig. 9). Reduction of
the correlation between the colonies and other indicators
suggests a reduction in the incidence of related diseases. The
correlation between Candida and other indexes increased with
ozone treatment, andmost of them were positively correlated. It
Fig. 9 Network analysis and correlation matrix table for (A) ck and (B)
ozone treatment groups showing correlations between the physical
and chemical indexes and the dominant fungal genera (top 10 most
abundant genera). Abbreviations: SSC, soluble solids content; F,
firmness; TA, titratable acidity; Tr, threshing rate; Re, respiration rate;
El, ethylene production rate; Tm, total yeast and mold; PPO, poly-
phenol oxidase; POD, peroxidase; CAT, catalase; SOD, superoxidase
dismutase; PAL, phenylalanine ammonia lyase; Cl, Cladosporium; Ac,
Acremonium; As, Aspergillus; Bo, Botrytis; Al, Alternaria; Is, Issatch-
enkia; St, Starmerella; Ca, Candida; Mo,Mortierella; and Gi, Gibberella.
Green shows positive correlations and red shows negative correlations
(Pearson correlation coefficient r > 0.8 or r v < �0.8).

9044 | RSC Adv., 2020, 10, 9037–9045
has been reported that Starmerella and Candida have antifungal
effects.58 Overall, the network analysis showed that ozone could
reduce the risk of grape diseases and prolong the storage
period.

4. Conclusions

Ozone treatment could delay the decline of grape quality, and
this effect was closely related to the ozone concentration. At an
appropriate concentration (14.98 mg m�3), ozone could
increase the antioxidant activities of SOD, POD and CAT in
grapes and improve PAL activity, thus improve grape stress
resistance and disease resistance. Ozone could also inhibit the
PPO activity and the grape browning rate. Ozone is oen used as
a fungicide to maintain the freshness of fruits and vegetables.
In this study, we found that ozone could change the structure of
the fungal community on the grape surface and reduce the
fungal diversity, thus reducing the occurrence of diseases.
However, the molecular mechanism of grape pathogen resis-
tance in the presence of ozone needs to be explored.
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