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A B S T R A C T   

Microbial community structure on fruit surface plays an important role in fruit decay during postharvest storage, 
although the underlying mechanism has not been fully elucidated. Winter jujube (Ziziphus jujuba Miller cv. 
Dongzao) is a unique fruit resource with high edible and commercial value in China, while postharvest decay has 
always been a severe problem leading to short shelf life and poor quality of fruit. Ozone treatment is regarded as 
one of the most effective means to control decay and extend shelf life because of its cost-effective and eco- 
friendly properties. In the present study, three concentrations of ozone (2.5, 5 and 10 μL L− 1) were found to 
reduce significantly postharvest decay of winter jujube on days 10 and 15, which were produced from Huanghua 
City, Hebei, China. High-throughput sequencing revealed significant changes in the bacterial and fungal com
munities in response to the application of ozone treatment, while Didymella, Rhizopus, Alternaria, Phialemoniopsis 
and Mycosphaerella were found to be the most abundant in fungi, and Methylobacterium, Pseudomonas, Pantoea, 
Sphingomonas and Gluconobacter being the most abundant in bacteria. Results of linear discriminant analysis 
(LDA) effect size (LEfSe) indicated that ozone treatments considerably reduced the abundance of Rhizopus and 
Gluconobacter on the surface of winter jujube fruit. Furthermore, Pearson correlation analysis showed that 
Rhizopus was positively correlated with Gluconobacter (r = 0.97) while negatively correlated with Didymella (r =
− 0.96). By predicting the metabolic function, ozone may inhibit metabolic pathways including nucleoside and 
nucleotide biosynthesis, amino acid biosynthesis, fatty acid and lipid degradation, respiration, and electron 
transfer, thereby reducing the incidence of fruit decay and maintaining the firmness of winter jujube fruit.   

1. Introduction 

Winter jujube (Ziziphus jujuba Miller cv. Dongzao) is a Chinese native 
that is prized for its high nutritional value and good table quality (Li 
et al., 2007; Liu et al., 2020). However, winter jujube often faces great 
challenges due to the fruit decay caused by various postharvest patho
gens during storage (Luo et al., 2009; Li et al., 2012). Therefore, con
trolling postharvest disease and decay is of great significance to storage 
and preservation in winter jujube. 

Ozone, which comprises three singlet oxygen atoms, is a powerful 
active oxidant that may be used to disinfect food surfaces, food pro
duction equipment, packaging materials, and minimize pests and dis
eases in storage (Sujayasree et al., 2021). Among several postharvest 
applications, ozone treatment is considered a cost-effective and 

eco-friendly food-processing technology to preserve the fruit quality, 
with a higher oxidation potential than sanitizers used in the fresh pro
duce industry (Fan, 2021). The use of gaseous ozone has been shown to 
have higher efficiency and practical benefits than using aqueous solu
tions (Prabha et al., 2015). Numerous studies have been reported on the 
application of gaseous ozone to fresh and fresh-cut fruit. Among them, 
research on pathogenic resistance of ozone has made significant prog
ress in recent years (Fan, 2021). For example, ozone treatment of papaya 
fruit with 1.6 ppm ozone for 96 h delayed the onset of anthracnose 
disease, and simultaneously decreased its disease incidence (Ong et al., 
2013). In addition, ozone has been used to control fruit decay infected 
with Penicillium digitatum or P. italicum during citrus storage (Palou 
et al., 2007), decrease the incidence of gray mold rot in strawberry fruit 
(Zhang et al., 2009), and limit the spread of Botrytis cinerea in grapes 
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(Palou et al., 2002). Ozone sterilization is a necessary technology in the 
storage practice of winter jujube in Huanghua City, Hebei, China (Li 
et al., 2012). However, the surface microbial disturbance caused by 
ozone treatment of winter jujube fruit has not been fully investigated, 
which prompted us to carry out this study. 

High-throughput sequencing and omics tools have provided a deeper 
understanding of fruit- or vegetable-microbiome interactions during 
postharvest storage, as well as greatly contributed to the development of 
postharvest treatments (Peter et al., 2020). Recent research has shown 
that the microbiota on fruit surfaces affect the occurrence of fruit decay, 
rather than just the pathogens working alone (Wassermann et al., 2019; 
Zhang et al., 2021a). It has been found that packhouse treatments 
significantly impact the resident fruit microbiome of mandarin fruit 
(Kumar et al., 2021). Results suggested that the initial drenching 
treatment had a lesser impact on the peel microbiome, while hot 
chemical drenching and waxing treatments significantly altered the fruit 
peel microbial diversity. Microbiome studies have been considered to 
provide information that will result in a fundamental paradigm shift in 
how we think about biocontrol strategies, biocontrol products, and 
postharvest biology (Droby and Wisniewski, 2018). However, the 
microbiome structure on fruit surface of winter jujube and its alteration 
under ozone treatment during fruit storage are not well understood. 

In this study, winter jujube fruit were exposed to four different ozone 
concentrations, and the disease index, microbial community on fruit 
surface and fruit firmness were assessed during postharvest storage. The 
objective of this study was to investigate the effect of ozone on the mi
crobial diversity of winter jujube fruit produced from Huanghua City, 
Hebei, China, and to provide a reference for ozone as an effective means 
to reduce postharvest fruit decay. 

2. Materials and methods 

2.1. Winter jujube preparation and ozone treatment 

The winter jujube (Ziziphus jujuba Miller) fruit were harvested on 
October 14, 2020 from an orchard in Huanghua City (117.229589 E, 
38.634471 N), Hebei Province, China. Fruit with similar size and 
maturity (half red color on fruit surface) were randomly divided into 
four groups, each with three replicates. After washing with sterilized 
distilled water, the fruit of the four groups were treated with 0, 2.5, 5 
and 10 μL L− 1 ozone in airtight containers for one hour per day, 
respectively, and stored in sterile plastic wrap at 25 ± 0.5 ◦C. The 
treatments on day 0 were marked as D0_0, D0_2.5, D0_5, D0_10, repre
senting the samples from the ozone-treated fruit surface at 0, 2.5, 5 and 
10 μL L− 1, respectively. The same naming rules were also applied to 
other treatments including D5_0, D5_2.5, D5_5, D5_10 on day 5; D10_0, 
D10_2.5, D10_5, D10_10 on day 10, and D15_0, D15_2.5, D15_5, D15_10 
on day 15. A total of 240 fruit were used in this experiment. 

2.2. Calculation of disease index 

Fruit decay was graded on a scale of 0–6 according to the severity of 
disease where 0 = no observable disease symptoms and 6 = whole fruit 
decay (Merz et al., 2012). The disease index is calculated according to 
the following formula: Disease index =

∑
(Number of diseased fruit at 

each grade × Representative value of corresponding grade) / (Total 
number of investigated fruit × Highest representative value). 

2.3. Microbial DNA extraction and Illumina sequencing 

Microbial samples on the fruit surface were collected by filtering 
after soaking in a buffer solution. Briefly, the fruit of winter jujube were 
collected after ozone treatment on day 0, 5, 10 and 15, then soaked in 
PBS buffer (10 mmol/L Phosphate buffer, 137 mmol/L NaCl, 2.7 mmol/ 
L KCl, pH 7.4) and shaken at 200 r/min for 1 h. The fruit were discarded, 
and the PBS solution was filtered through two layers of sterile gauze to 

remove the large particles. The resulting suspension was then filtered by 
a 0.22 µm nitrocellulose membrane and frozen with liquid nitrogen for 
15 min, and stored at − 80 ℃. 

Genomic DNA of the microbial community was extracted from the 
nitrocellulose membrane with three distict repeats of the experimental 
activities of washing, gauze filtration, and vacuum filtration. The V3-V4 
region of 16 S rRNA gene was amplified with the primers 308 F (5′-ACT 
CCT ACG GGA GGC AGC A-3′) and 806 R (5′-CGG ACT ACH VGG GTW 
TCT AAT-3′) combined with adapter and barcode sequences (Zhang 
et al., 2021a). The ITS1 region of the fungal community was amplified 
with the primers ITS5 (5′-GGA AGT AAA AGT CGT AAC AAG G − 3′) and 
ITS2 (5′-GCT GCG TTC TTC ATC GAT GC-3′) combined with adapter and 
barcode sequences (Zhang et al., 2021a). Reagents for PCR amplification 
(25 μL) were added as follows: 5 μL 5 × reaction buffer (Q5 Reaction 
Buffer), 5 μL 5 × GC buffer, 2 μL dNTP (2.5 mM), 1 μL forward primer 
(10 μM), 1 μL reverse primer (10 μM), 2 μL DNA template, 8.75 μL 
ddH2O, 0.25 μL Q5 DNA Polymerase (M0491L, NEB, USA). ABI 2720 
PCR cycler machine (Thermo, USA) was used for PCR and the thermal 
cycling condition was set as follows: 98 ℃ for 2 min; 30 cycles of 98 ℃ 
for 15 s, 55 ℃ for 30 s, 72 ℃ for 30 s; 72 ℃ for 5 min, 10 ℃ to hold. The 
PCR products were sequenced using Illumina MiSeq/NovaSeq platform 
at Personal Biotechnology, Shanghai, China. 

2.4. Sequence analysis 

Sequences were quality filtered, denoised, merged and chimera 
removed using QIIME2 DADA2 (Bolyen et al., 2019). The DADA2 pro
gram attempts to rebuild the exact biological sequences found in the 
sample, known as Amplicon Sequence Variants (ASVs). In order to 
analyze all samples at the same sequencing depth level in the subsequent 
analysis, a certain number of sequences were randomly selected from 
each sample to reach an even depth by using the Rarefaction method 
(Kenneth et al., 1975; Kemp and Aller, 2004). The number of reads to 
normalize the samples was set as 95% of the sequences for the minimum 
sample. Therefore, the normalized sampling depths were 50,719 (53, 
389 ×95%) reads per sample for fungi and 46,542 (48,992 ×95%) reads 
per sample for bacteria. 

Shannon-Wiener diversity, a represented index of alpha diversity, 
was shown to be the species richness, diversity, and evenness within 
homogeneous habitats (Shannon, 1948). The beta diversity matrix was 
visualized using principal coordinate analysis (PCoA) to reduce the 
dimension of multidimensional microbial data and show the trend of 
changes through the distribution of samples on the coordinate axis 
(Ramette, 2007). The Bray-Curtis distance was used to calculate the 
difference distance between samples (Bray and Curtis, 1957). The dif
ferences between treatments were analyzed by PerMANOVA using 
Adonis function of vegan package (Version 2.5-7, https://github. 
com/vegandevs/vegan/) within the R (Version 4.0.5) environment. 

Taxonomic trees in packed circles were plotted by using the circle 
packing charts to draw the classification tree of microorganisms, while 
the abundance of each ASV group was added to the diagram as a pie 
chart. The largest circle represents phylum level, and the decreasing 
circle represents class, order, family, genus, and species, respectively. 
Linear discriminant analysis (LDA) effect size (LEfSe) was conducted to 
identify potential biomarkers that caused significant differences in 
taxonomic abundance amongst various groups (LDA score > 4.0, P <
0.05). 

Pearson correlation coefficient (P < 0.05) was performed to analyze 
the correlations among microorganisms, which was plotted by the 
genescloud tools, a free online platform for data analysis (https://www. 
genescloud.cn). The relationship among fruit firmness, disease index 
and microbial community diversity were analyzed by using redundancy 
analysis (RDA) and the results were visualized using the genescloud 
tools. The metagenomeSeq method was used to compare ozone treat
ment (5 μL L− 1) with control (0 μL L− 1), and the results of meta
genomeSeq analysis were further demonstrated by Manhattan Plot. 
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Phylogenetic Investigation of Communities by Reconstruction of Un
observed States (PICRUSt2) was used to analyze the potential function of 
microbial communities, and the MetaCyc database (https://metacyc. 
org/) was used to predict fungal metabolic pathways. 

2.5. Fruit firmness 

The fruit firmness was determined after peeling about 1 mm thick at 
the equator with a handheld firmness meter (GY-4, Tuopu, China). 
Moreover, redundancy analysis was used to investigate the link among 
disease index, fruit firmness and microbial community following ozone 

Fig. 1. Fruit decay of jujube (Ziziphus jujuba Miller cv. Dongzao) was reduced by ozone at 2.5 μL L− 1, 5 μL L− 1 and 10 μL L− 1 during storage. A: Symptoms of the 
grades based on the degree of disease, which were marked by the spare circles. B: Disease index of jujube fruit treated with ozone at different concentrations. 
Significant differences were analyzed by two-way analysis of variance (ANOVA) and indicated by ‘ns’ for P > 0.05, ‘*’ for P < 0.05, ‘**’ for P < 0.01 and ‘***’ for 
P < 0.001, respectively; C: Observation of fungal hypha on fruit surface wounds, indicating by the arrows under ultra-depth of field microscope. 
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treatments at 0 and 5 μL L− 1 on day 15. 

2.6. Statistical analysis 

The figures of disease index and fruit firmness were plotted by 
GraphPad Prism 8 Software (GraphPad Inc., CA, USA). Two-way anal
ysis of variance (ANOVA) was used to test the significance of different 
groups. Figures of alpha diversity, taxonomic tree in packed circles, 
LEfSe, Pearson correlation, RDA, and metagenomeSeq analysis were 
created by using the genescloud tools (https://www.genescloud.cn) and 
modified by Adobe Illustrator CC 2018 (Adobe, USA). PerMANOVA was 
performed by vegan package (Version 2.5-7, https://github.com/ 
vegandevs/vegan/) using Adonis function within the R (Version 4.0.5) 
environment. 

3. Results 

3.1. Ozone reduced jujube fruit decay 

There was no significant difference in disease index among treat
ments within five days after ozone treatment (Fig. 1A, B). Indeed, the 
disease indexes of D5_0, D5_2.5, D5_5 and D5_10 were 0.175, 0.131, 
0.111 and 0.164, respectively. Afterwards, compared with the control 

group (0 μL L− 1), ozone treatment at different concentrations signifi
cantly inhibited fruit decay at days 10 and 15. The disease indexes of 
D10_0, D10_2.5, D10_5 and D10_10 were 0.267, 0.186, 0.139 and 0.161, 
respectively, while the disease indexes of D15_0, D15_2.5, D15_5 and 
D15_10 were 0.364, 0.261, 0.258 and 0.278, respectively. 

With the increase of storage time, more and more mycelia were 
observed in the wounds of the control group (Fig. 1C). The growth of 
fungi was largely inhibited by ozone with concentrations being higher 
than 2.5 μL L− 1, indicating that ozone could reduce the fruit decay of 
jujube by inhibiting fungal proliferation on fruit surface. 

3.2. Comparison of alpha and beta diversity in response to ozone 
treatment 

Bacterial 16 S rRNA gene and fungal internal transcription spacer 
(ITS) region were amplified and sequenced to identify microbial com
munities in various treatments of jujube fruit. After sequence denoising, 
there were 5,456,575 reads in fungi, which were assigned to 720 ASVs, 
and 5,933,854 reads in bacteria, which were assigned to 19,783 ASVs. In 
order to facilitate the comparative analysis of all samples, the data were 
normalized at an even sampling depth, with 50,719 sequences per 
sample for fungi and 46,542 sequences per sample for bacteria. 

Alpha and beta diversity indices were used to characterize the intra- 

Fig. 2. Box plots showing the alpha diversity (Shannon Index) variation in fungal (A) and bacterial (B) communities of winter jujube fruit treated with various ozone 
concentrations for 0, 5, 10, and 15 days. Significance of the difference was verified by rank sum test by Kruskal-Wallis. 
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and inter-habitat diversity of species, respectively. The Shannon index 
indicates the richness and evenness of microbial community within the 
group, which is a representative index of alpha diversity. According to  
Fig. 2, no significant difference (P > 0.05) was observed among the 
samples in both fungi and bacteria on day 0. When treated with ozone 
for 5, 10 and 15 days, the Shannon index showed significant differences 
(P < 0.05) among the samples in both fungi and bacteria. Our results 
suggested that ozone treatment at 2.5 μL L− 1, 5 μL L− 1 and 10 μL L− 1 

significantly changed the microbial diversity of jujube fruit surface, 
indicating both fungi and bacteria are sensitive to the ozone. 

Principal coordinates analysis (PCoA) was drawn further to analyze 
the differences in beta diversity between different habitats. PCoA anal
ysis based on Bray-Curtis dissimilarities was computed and visualized at 
individual sampling times in both fungal (Fig. 3A) and bacterial com
munities (Fig. 3B). The distance between the two points projected on the 
coordinate axis indicates the similarity of community composition of the 
two samples in corresponding dimensions, and the differences between 
treatments were analyzed by PerMANOVA using Adonis function of 
vegan package. As shown in Fig. 3, it is apparent that significant dif
ferences were observed between treatments after 5 days of ozone 
treatments and increased over time in both fungi and bacteria. The 
control group (0 μL L− 1) was significantly different from the ozone 
treatments with various concentrations on day 15, indicating that ozone 
treatment disturbed severely the microbial diversity of jujube fruit 
surface. 

3.3. Microbial composition at all taxonomic levels 

Taxonomic tree in packed circles illustrating the overall abundance 
of taxa at different levels revealed distinct differences in the abundance 
and distribution of taxa between ozone treatment and control (Fig. 4). 
Didymella was found to be the most abundant fungal genus, followed by 
Rhizopus, Alternaria, Phialemoniopsis, Mycosphaerella, Filobasidium, 
Buckleyzyma, Erythrobasidium, Symmetrospora and Hannaella (Fig. 4A). 
However, the relative abundance of Didymella was only 12.96% in 
D15_0, while Rhizopus was found to have the highest relative abundance 
of 84.50% (Fig. 4B). The fungal genus Rhizopus might be ozone- 
sensitive, as evidenced by its decreased abundance in the ozone- 
treated groups. For bacteria, Methylobacterium was superior in all sam
ples at the genus level, followed by Pseudomonas, Pantoea, Sphingomonas, 
Gluconobacter, Novosphingobium, Curtobacterium, Acinetobacter, Aur
eimonas and Hymenobacter (Fig. 4C). However, in the group with the 
most severe disease occurrence (D15_0), the relative abundance of 

Methylobacterium decreased to 13.05%, while the bacterium with the 
highest abundance was replaced by Gluconobacter with a relative 
abundance of 31.52% (Fig. 4D). These results suggest that Gluconobacter 
may be closely related to fruit decay. 

3.4. Biomarkers identification by linear discriminant analysis effect size 

The differences in fungal and bacterial community with ozone 
treatment and incubation time were analyzed using linear discriminant 
analysis (LDA) effect size (LEfSe) to uncover biomarkers among various 
treatment groups (Fig. 5, Fig. S1). LDA value distribution showed that 3 
fungal genera and 10 bacterial genera were significantly enriched in 
several groups (LDA score > 4.0, P < 0.05, Fig. 5A, Fig. S1A). Specif
ically, Rhizopus was differentially enriched in the control group on day 
15 (D15_0), while Verticillium and Didymella were differentially abun
dant in the ozone-treated group at 5 μL L− 1 on day 10 (D10_5) and 15 
(D15_5), respectively. For bacteria, Gluconobacter, Aeromonas, Acineto
bacter, and Muribaculaceae were differentially enriched in control group 
on day 15 (D15_0) (Fig. 5B, Fig. S1B). The abundances of Methyl
obacterium and Novosphingobium were significantly enriched in the 
ozone-treated group at 2.5 μL L− 1 on day 10 (D10_2.5). On the other 
hand, the genera Pantoea and Sphingomonas were considerably abundant 
in the ozone-treated group at 10 μL L− 1 on day 10 (D10_10). Differences 
in the abundance of Pseudomonas separated the ozone-treated group at 
10 μL L− 1 on day 5 (D5_10) from other groups, and Curtobacterium was 
identified as differentially abundant in the ozone-treated group at 
2.5 μL L− 1 on day 15 (D15_2.5). 

3.5. Correlations of fungi and bacteria 

Pearson correlation was used to reveal the relationship between the 
core fungal and bacterial genera of jujube fruit microbiome in response 
to ozone treatment (Fig. 6). The synergetic or antagonistic functions 
between microorganisms were observed by calculating the positive or 
negative correlations with their abundances. Fungal genus Rhizopus was 
positively correlated with bacterial genera Gluconobacter (r = 0.97) 
while negatively correlated with fungal genus Didymella (r = − 0.96). 
The abundance of Sphingomonas had significant positive correlations 
with the abundances of Novosphingobium (r = 0.93), Aureimonas 
(r = 0.87), Methylobacterium (r = 0.86) and Hymenobacter (r = 0.85). 
Filobasidium was positively correlated with Symmetrospora (r = 0.84), 
Erythrobasidium (r = 0.55), Hannaella (r = 0.71), Alternaria (r = 0.43), 
Mycosphaerella (r = 0.80), Buckleyzyma (r = 0.66) and Phialemoniopsis 

Fig. 3. Principal coordinates analysis (PCoA) plots of Bray-Curtis dissimilarities in the fungal (A) and bacterial (B) communities of winter jujube fruit treated with 
various ozone concentrations for 0, 5, 10, and 15 days. PerMANOVA was performed by vegan package using Adonis function. 
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(r = 0.62). 

3.6. Relationship between fruit firmness, disease index and microbial 
community 

Fruit firmness is one of the most important factors of fruit quality 
because it is related to fruit ripeness. As shown in Fig. 7A, fruit firmness 
loss was significantly delayed by ozone at 2.5, 5 and 10 μL L− 1 compared 
to the control group (0 μL L− 1), and the most significant effect was found 
by 5 μL L− 1. Redundancy analysis showed the relationship among dis
ease index, firmness and microbial community following ozone treat
ment at 0 and 5 μL L− 1 (Fig. 7B). The abundance of Rhizopus was 
positively correlated with disease index but negatively correlated with 
firmness, indicating ozone treatment might affect the growth of 
Rhizopus. 

3.7. Ozone affects fruit quality by altering the abundance of fungi with 
specific functions 

In order to determine the features that are differentially abundant 
between ozone treatment at 0 and 5 μL L− 1, we further analyzed the 
differences between the two groups using metagenome Seq and 
demonstrated the differential ASVs and taxonomic annotations with 
Manhattan plot. Compared with ozone treatment at 5 μL L− 1 for 15 days, 
ASV2 of Rhizopus was significantly up-regulated in control, while ASV1 
of Didymella was significantly down-regulated (Fig. 8A). Taken together, 
these results suggest that ozone at 5 μL L− 1 significantly inhibited the 
growth of Rhizopus, reduced fruit decay and maintained higher firmness. 

Additionally, the metabolic pathways of fungi were predicted by 
PICRUSt2 in MetaCyc database, and the differences in the abundance of 
metabolic pathways with ozone (5 μL L− 1) or without ozone treatment 

Fig. 4. Microbiological composition at all taxonomic levels in packed circles and at genus level in histogram of fungal (A, B) and bacterial (C, D) communities on 
winter jujube fruit surface. For the taxonomic tree, the largest circle represents the phylum level, and the progressively smaller circles symbolize the level of class, 
order, family, genus, and species in gradient order with different colors. The abundance of taxa corresponding to the circle is indicated by the area of the origin within 
the circle. Each amplicon sequence variant (ASV) is displayed as a pie chart, showing the proportion of the ASVs in each group. 
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are shown in Fig. 8B. It is notable that ozone treatment significantly 
reduced the metabolic pathways of nucleoside and nucleotide biosyn
thesis, amino acid biosynthesis, fatty acid and lipid degradation, respi
ration and electron transfer of fungi, suggesting that ozone may have 
reshaped the microbial community on the surface of jujube fruit by 

changing the abundance of fungi through these pathways. 

4. Discussion 

A thorough understanding of microbial composition on fruit surface 

Fig. 5. Linear discriminant analysis (LDA) effect size (LEfSe) of fungi (A) and bacteria (B) on winter jujube fruit surface.  

Fig. 6. Correlations of fungal and bacterial genera identified in winter jujube fruit microbiome in response to ozone treatment. Pearson correlation coefficient was 
analyzed (P < 0.05). The lower triangle used ellipses to show correlations, positive correlations were shown in blue, negative correlations shown in red, and 
nonsignificant correlations not shown, while the upper triangle showed correlation values. 
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and the fruit quality during postharvest storage will help to develop and 
improve the preservation technology. There were very few studies on 
the alterations of microbial community after ozone treatment in fruit. 
For cantaloupes, ozone treatment at 15.008 mg m− 3 provided optimal 
postharvest results, inhibiting most of the bacteria and fungi that lead to 
spoilage of fruit and human pathogenicity (Chen et al., 2020). For 
grapes, ozone reduced the total number of fungi and the fungal diversity 
on the grapefruit surface, as well as the occurrence of diseases (Gao 
et al., 2020). The changes of bacterial and fungal communities on the 
surface of winter jujube fruit under various concentrations of ozone 
treatments during postharvest storage have been reported here. Previ
ously, it has been shown that environmental factors influence the mi
crobial diversity in different habitats (Pereira et al., 2020). This study 
focused on comparing the effects of ozone treatment on surface micro
organisms of winter jujube rather than on different producing areas, so 
jujube fruit were collected in only one orchard. There may be differences 
in microbial communities of winter jujube from different producing 
areas, and their response to ozone may be different from this result, 
which needs and deserves further study. 

Winter jujube spoils rapidly due to its sensitivity to postharvest 
pathogenic infections, which strongly limits shelf life and affects the 
quality attributes (Wang et al., 2011). An increasing number of patho
genic fungi and bacteria have been found to cause jujube fruit decay. 
However, the prevalence of certain fungi and bacteria associated with 
decay were also found in healthy samples (Diskin et al., 2017; Yurgel 
et al., 2018; Wu et al., 2019). Didymella has been reported to cause many 
vegetable diseases, including tomatoes (Phillips, 1961), peppers (Duong 
and Lee, 2016), bitter gourd (Singh et al., 2013) and some species of 
cucurbits (Keinath et al., 1995). However, its role in postharvest jujube 
fruit decay has rarely been documented. In this study, a large amount of 
Didymella was detected on the surface of both healthy and decayed fruit 
during the storage of winter jujube, indicating that it might be able to 
coloniz on the fruit surface of winter jujube and cause the latent infec
tion, although its precise role in decay needs to be further studied. 
Similarly, Alternaria was also confirmed to be abundant on the surface of 

winter jujube fruit, suggesting that it might be one of the primary 
sources causing fruit decay. In 2017, severe fruit rot disease of jujube 
caused by Alternaria alternat was observed in several markets in 
Pakistan, with disease incidence ranging from 15% to 26% (Alam et al., 
2018). Recently, A. alternat was identified as the major pathogen of 
winter jujube with a high isolation rate in Hebei province, China (Song 
et al., 2016). However, Rhizopus was the most prevalent in the 
ozone-free group with severe jujube fruit decay, and Didymella and 
Alternaria were crowded out with the proliferation of Rhizopus in the 
later stage. Likewise, Rhizopus has also been identified as a prominent 
postharvest pathogen, causing postharvest losses in a wide variety of 
fruits (Kwon et al., 2012, 2011; Pang et al., 2021). Researchers have 
investigated a variety of methods for combating this 
difficult-to-eradicate fungus, including gaseous ozone treatment (Fan, 
2021). Interestingly, this study found that ozone treatment can signifi
cantly reduce the abundance of Rhizopus, indicating that ozone is an 
effective means to control Rhizopus reproduction. 

Methylobacterium was the most abundant bacterial genus in this 
study, yet there have been no reports of fruit decay caused by bacterial 
species in this genus. Methylobacterium oryzae CBMB20 enhanced 
photosynthesis and decreased volatile emissions in salt-stressed rice 
plants via delaying ethylene-dependent responses and activating vacu
olar H+-ATPase (Chatterjee et al., 2019). Therefore, it may play a pro
biotic role during the storage of postharvest winter jujube. 
Gluconobacter, a Gram-negative bacterium, has been found abundant 
during the decay of many kinds of fruits, including pear (Zhang et al., 
2021b), apple (Keer et al., 1981) and peach (Burgos et al., 2017), etc. 
However, it is mostly known as an industrial bacterium (Kommanee 
et al., 2011), and some species in this genus have antagonistic effects 
against plant pathogenic fungi (Martina et al., 2013). Gluconobacter was 
identified as the most abundant bacteria in the ozone-free jujube fruit 
after 15 days of storage. Fruit firmness is closely related to fruit quality 
and can be used as an important index of fruit senescence. It has been 
reported that the ozone-treated kiwifruit retained higher fruit firmness 
and titratable acidity, and the defense-related enzyme activity was 

Fig. 7. The firmness and its relation to disease index, 
fungal community in response to ozone treatment in winter 
jujube fruit. A: Changes in fruit firmness with or without 
ozone treatment (ns: no significance, *: P < 0.05, **: 
P < 0.01, ***: P < 0.001); B: Redundancy analysis (RDA) 
for fruit firmness, disease index, fungal community and 
ozone treatment at 0 μL L− 1 and 5 μL L− 1 on day 15. The 
acute angle indicated a positive correlation between two 
factors, while the obtuse angle indicated a negative corre
lation, and right angles suggested no correlation.   
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incredibly increased (Luo et al., 2019). Many studies have claimed that 
an appropriate ozone concentration could significantly improve fruit 
quality at the proper temperature and humidity in many fruit (Selma 
et al., 2008; Salvador et al., 2010; Anibal et al., 2015; Glow Ac Z and 
Rees, 2016). Ozone significantly maintained higher fruit firmness of 
winter jujube, which may be one of the reasons for maintaining the 
higher fruit quality in the ozone-treated group than control. 

Furthermore, we found that ozone significantly inhibited the meta
bolism pathways which are closely related to fungal growth and host 
invasion. In the present study, pathway of nucleoside and nucleotide 
biosynthesis was found to be largely suppressed by ozone, which has 
been reported to be used as a target for the antifungal activity of 
amphotericin B (Dithi et al., 2014). Antifungal chemotherapy normally 
targets enzymes catalyzing certain steps of amino acid production 
(Jastrzebowska and Gabriel, 2015), which have also been shown to be 
suppresed by ozone treatment in this study. The L-glutamine 

biosynthetic enzymes of Aspergillus niger have been proposed as anti
fungal targets by inhibiting fungal growth or changes in mycelial 
morphology (Choudhury and Punekar, 2007; Noor and Punekar, 2005). 
The respiratory chain has been determined to be inhibited by ozone in 
this study, which was proposed as a target to develop new methods to 
control fungal pathogens. For instance, anthracene-9-carboxylic acid 
(A9C) and niflumic acid (NFA) have been found to significantly decrease 
the growth and respiration of mycelium by inhibiting growth, energy 
metabolism and anionic current of fungus Phycomyces blakesleeanus 
(Stanić et al., 2017). Therefore, ozone may have similar patterns of in
hibition on the pathogens of winter jujube, however, the underlying 
mechanism needs further study. 

5. Conclusions 

In conclusion, the research has shown that ozone treatment 

Fig. 8. Alteration of microbial diversity and metabolic pathways on fruit surface of winter jujube in response to ozone treatment. A: MetagenomeSeq analysis 
between ozone treatment at 0 and 5 μL L− 1. The horizontal coordinate showed the information from phylum to species, while the vertical coordinate showed the 
significant difference value with -log10 (adjusted p value). Each ASV was represented as a point or circle in the coordinate system, and its size denoted its relative 
abundance in log2(CPM/n) (CPM: Copy per million, n: Sample number). The points with significant difference were marked by colored dots or rings, the insignificant 
points were marked by gray rings; B: Relative abundance of metabolic pathways predicted by PICRUSt2 within MetaCyc categories for ozone (green bar) and without 
treatment (orange bar). 
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significantly changed the microbial diversity of fruit surface and 
reduced the decay of winter jujube. Didymella, Rhizopus, Alternaria, 
Phialemoniopsis and Mycosphaerella in fungi and Methylobacterium, 
Pseudomonas, Pantoea, Sphingomonas and Gluconobacter in bacteria were 
found to be dominant genera on “Huanghua” winter jujube fruit surface 
during postharvest storage. Ozone treatments reduced the abundance of 
Rhizopus and Gluconobacter considerably and maintained the firmness of 
winter jujube fruit. Metabolic pathways including nucleoside and 
nucleotide biosynthesis, amino acid biosynthesis, fatty acid and lipid 
degradation, respiration, and electron transfer may involve in the 
reduction of fruit decay in response to ozone treatments. These findings 
have significant implications for us to understand how ozone reduces 
fruit decay by the altering the microbial community structure on fruit 
surface of winter jujube. 
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