
Citation: Liu, H.; Fan, X.; Cao, L.;

Wang, X.; Liu, X.; Huang, J.; Xing, Y.;

Luo, W. Antifungal Properties of

Ozone Treatment against P. citrinum

and R. stolonifera in Fresh-Peeled

Garlic. Coatings 2023, 13, 1931.

https://doi.org/10.3390/

coatings13111931

Academic Editor: Simona

Liliana Iconaru

Received: 11 October 2023

Revised: 6 November 2023

Accepted: 9 November 2023

Published: 11 November 2023

Copyright: © 2023 by the authors.

Licensee MDPI, Basel, Switzerland.

This article is an open access article

distributed under the terms and

conditions of the Creative Commons

Attribution (CC BY) license (https://

creativecommons.org/licenses/by/

4.0/).

coatings

Article

Antifungal Properties of Ozone Treatment against P. citrinum
and R. stolonifera in Fresh-Peeled Garlic
Hong Liu 1, Xiangfeng Fan 1, Lin Cao 1, Xiaomin Wang 1, Xiaocui Liu 1, Jie Huang 1, Yage Xing 1,*
and Wanmin Luo 1,2

1 Food Microbiology Key Laboratory of Sichuan Province, College of Food and Bioengineering, Xihua
University, Chengdu 610039, China; gyliuhong@126.com (H.L.); fanxiangfeng828@163.com (X.F.);
cao552354250@163.com (L.C.); xiaominwang99@126.com (X.W.); xiaocuiliu777@126.com (X.L.);
homer1024@163.com (J.H.); lwm17746776427@outlook.com (W.L.)

2 Technology Research Center of Food Non-Thermal Processing, Yibin Xihua University Research Institute,
Yibin 644004, China

* Correspondence: xingyage1@163.com

Abstract: Garlic is susceptible to decay and presents a potential vehicle for foodborne disease
transmission. Ozone treatment has proven to be an effective and innoxious method to provide
bacterial resistance in this globally popular pungent vegetable. This study was conducted to evaluate
the effects of different ozone treatments (differing in terms of concentration, treatment time and
temperature) against Penicillium citrinum and Rhizopus stolonifer in spoiled fresh-peeled garlic. The
results have shown that the most inhibitory conditions for in vitro treatments were achieved with an
ozone concentration, treatment time and temperature of 6 ppm, for 20 min at 20 ◦C, respectively, on
the P. citrinum and 8 ppm, for 20 min at 25 ◦C, respectively, on the R. stolonifer. The optimum in vivo
ozone treatment conditions for fresh-peeled garlic inoculated with the same two kinds of spoilage
molds remained the same for both, consisting of an ozone concentration of 6 ppm, a time of 15 min
and a temperature of 20 ◦C. Following these ozone treatments, the total number of colonies of yeast
and mold, as well as the incidence, lesion diameter and depth of spoilage in the fresh-peeled garlic
was significantly reduced during storage, with improved bactericidal inhibition effects. In conclusion,
this study showed that ozone treatment effectively inhibits the growth of spoilage molds, destroys
cell structures, and affects the metabolic and physiological processes of P. citrinum and R. stolonifer.
Thus, it provides a protective shield and extends the shelf life of fresh-peeled garlic.

Keywords: fresh-peeled garlic; ozone; antibacterial activity; mechanism

1. Introduction

Garlic (Allium sativum L.) stands as not only one of the most globally consumed veg-
etables, but also an enduring ingredient in traditional folk medicines [1]. Fresh garlic is rich
in nutrients, including organosulfur compounds [1–5], amino acids [6], polyphenols [7]
and vitamins [8]. Thus, fresh and fresh-peeled garlic has not only great commercial value
but also significant research value. Fresh-peeled garlic can be described as a minimally
processed vegetable (MPV). However, its vulnerability to decay, mildew and germination
during storage due to the loss of its protective epidermis diminishes its commercial com-
petitiveness significantly. Penicillium citrinum and Rhizopus stolonifer are the main infesting
microorganisms. Among them, Penicillium citrinum colonies are mainly yellow-green in
color with white edges. When it infests the garlic, it covers the surface with green molds,
causing notable changes, such as reduced firmness of the garlic and loss of food value [9].
Spores of Rhizopus stolonifer are ubiquitous in the atmosphere and spread rapidly from
infected fruits and vegetables to neighboring produce, particularly when the temperature
exceeds 5 ◦C. These spores, susceptible to infestation of surrounding fruits and vegetables,
contribute to spoilage during both pre-harvest and storage stages [10].
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Fresh produce and MPVs hold a prominent position in global consumption patterns,
serving as vital natural sources of essential nutrients [11]. The fresh-cut produce sector
has been experiencing rapid growth, evolving into a multibillion-dollar industry [12] in
which fresh-peeled garlic has huge commercial potential. Unfortunately, fresh produce
is easily polluted through water, air, soil, insect vectors, processing equipment and even
improper handling by employees in the food chain [13]. Multiple studies have highlighted
that fresh-cut produce may carry a higher risk of foodborne illness compared to their
unprocessed counterparts [14]. Herman [15] et al. analyzed the data on outbreaks of
foodborne illness associated with fresh and fresh-cut vegetables between 1973 and 2012
and found that 73.6% were linked to fresh-cut leafy salad. Sirsat [16] et al. found that
bagged fresh-cut romaine lettuce has equal if not higher levels of bacteria and spoilage
microorganisms to that of whole lettuce. Processing (cutting, peeling, and shredding) can
destroy cell surfaces, thereby exposing cytoplasm which provides an excellent source of
nutrients for microorganisms [17]. The fresh-cut industry typically uses hypochlorous
acid and hypochlorite for disinfection [13]; however, the reaction of these chemicals with
organic molecules produces unhealthy by-products, including carcinogenic and mutagenic
chlorinated compounds such as chloroform and other trihalomethanes, chloramines and
haloacetic acids [18,19]. Therefore, the development of an efficient, yet safe and healthy,
preservation method is imperative to prevent decay in fresh-peeled garlic.

Ozone (O3), also known as triatomic oxygen, is naturally produced by oxygen via
lightning or the action of ultraviolet (UV) light [20]. It is a strong oxidizing agent and
powerful broad-spectrum antimicrobial agent [21] capable of combating bacteria, fungi,
viruses and protozoa, as well as bacterial and fungal spores [22]. Molecular ozone or
decomposed ozone products can efficiently and swiftly eliminate microorganisms, leaving
no residue [23]. Gibson [24] et al. found that ozone is an effective sanitizer when applied
to microorganisms on fresh produce. Zou [23] et al. reported that 10 to 15 min ozone
treatments retarded mold spots and leakage in commercially packaged and processed
produce. In an earlier study, Khadre [22] et al. reported that 0.3 ppm ozone treatments
for 12 days at a storage temperature of 2 ◦C successfully prevented mold development
in blackberries, without causing damage to the ozone-treated fruits. Moreover, ozone
treatment was granted GRAS status (Generally Recognized As Safe) by the United States
Food and Drug Administration (FDA) in 2001 [25]. Interest in ozone has steadily grown in
the fruit and vegetable industry [26] and it is now widely applied in the treatment of fresh
and dried fruit and vegetables, as well as frozen and processed products. Compared with
other garlic preservation techniques, such as irradiation, air conditioning, and chemical
preservatives, ozone sterilization has the advantages of high efficiency, affordability and
high safety [23]. Among currently available technologies, ozone treatment provides a
good alternative to chlorine and has been shown to result in a substantial reduction in
microbiomes on various foods [27], such as the microflora and foodborne pathogens present
on button mushrooms [28], microflora of dried figs [29], Botrytis cinerea on strawberries [30],
green mold on tangerines [31], Rhizopus stolonifer on table grapes [32], molds on peaches
and table grapes [33] and anthracnose rot on tomatoes [34]. However, no notable studies
addressing the decontamination of fresh-peeled garlic using ozone have yet been reported.

After preliminary studies, we isolated and identified the molds responsible for spoilage
in fresh-peeled garlic, among which Penicillium citrinum and Rhizopus stolonifer were subse-
quently determined to be the primary strains [35]. The main objective of this study was
to investigate the antibacterial properties and mechanisms of ozone treatment specifically
against P. citrinum and R. stolonifer isolated from fresh-peeled garlic. The exosmosis ratio
(ER), protein dissolution rate (PDR), mycelial growth inhibition rate (MGIR) and lethality
rate (LR) of P. citrinum and R. stolonifer were determined in vitro, while the total plate count
(TPC), yeast and mold (YAM) counts and disease incidence rate (DIR), as well as the depth
and diameter of the disease spot, were determined in vivo.
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2. Materials and Methods
2.1. Materials

P. citrinum and R. stolonifer (SICC3.977 and SICC3.978, stored in the Southwest Center
of Industrial Culture Collection in China, and isolated from spoiled and moldy fresh-peeled
garlic) were used throughout the study. The isolates were maintained on potato dextrose
agar (PDA, Beijing Aobox Biotechnology Co., Ltd., Beijing, China) at 4 ◦C until needed.

The P. citrinum and R. stolonifer samples were activated in potato dextrose broth (PDB,
Beijing Aobox Biotechnology Co., Ltd., Beijing, China) and placed in a shaker at 28 ◦C
for 72 h, according to a previously reported method [33,36,37], with some modifications.
The P. citrinum and R. stolonifer were subsequently cultured on PDA at 28 ◦C for 72 h in
an incubator (SKP-02, Huangshi Hengfeng Medical Apparatus and Instruments Co., Ltd.,
Huangshi, China). Finally, the P. citrinum and R. stolonifer conidia were collected from the
PDA by adding 10 mL sterile water to the Petri dish, and the conidial suspensions were
adjusted to a concentration of 106 conidia mL−1.

2.2. Ozone Exposure

Ozone was produced using an ozone generator (YS-MJCB-S17, Hangzhou Yishi
Technology Co., Ltd., Hangzhou, China), with an oxygen flow of 2 L·min−1 from the
Mark 5 Plus 95 Concentrator Oxygen Concentrator (Nidek Medical Products Inc., Birming-
ham, AL, USA).

2.3. Sample Preparation and Ozone Treatment

To determine the ER and PDR of P. citrinum and R. stolonifer, their spores were collected
from a PDA medium via an inoculation loop and transferred to the PDB medium, according
to Diao [38] et al. and Yin [39]. The cell concentrations in the PDB medium were adjusted
to approximately 106 conidia mL−1, after which 20 mL of the diluted PDB medium was
pipetted into empty Petri dishes (five dishes per treatment). For the determination of
MGIR, mycelial plugs (5 mm in diameter) obtained from the periphery of actively growing
three-day-old P. citrinum and R. stolonifer cultures were introduced mycelium-down at the
center of Petri dishes containing 20 mL PDA medium (5 dishes per treatment). Furthermore,
the LR of the two molds was determined according to the method described by Xu [40] et al.
and Xing [41] et al., with slight modifications. Samples (1 mL) of each of the diluted spore
suspensions were inoculated onto Petri dishes (five dishes per treatment) containing 20 mL
PDA medium, after which the dish lids were removed to allow free air flow. The dishes
were then placed in an ozone treatment room and the following three investigations were
undertaken: (1) After 15 min ozone treatment at a temperature of 25 ◦C and a humidity level
of 90%, the effects of different concentrations of ozone (0 (control), 2, 4, 6, 8, 10 ppm) on the
two molds were explored; (2) When the concentration of ozone was 6 ppm, the temperature
was 25 ◦C and the humidity was 90%, the effects of different treatment times (0 (control),
5, 10, 15, 20, 25, 30 min) on the two molds were explored; (3) When the concentration of
ozone was 6 ppm, the treatment time was 25 min and the humidity was 90%, the effects of
different temperatures (20, 25, 30 ◦C) on the two molds were explored.

The design and setup of the ozone fumigation system were established as previously
described by Palou [33] et al., with some modifications. Pest-free fresh-peeled garlic of the
same size was washed, dried and then divided into three groups of 2 kg each. A wound
(diameter 2 mm, depth 5 mm) was introduced into the middle of each garlic using a sterile
inoculation needle, and the wound surfaces were disinfected with 75% alcohol followed
by UV irradiation for 30 min. Thereafter, 5 µL of a suspension of 1 × 106 colony forming
unit (CFU)/mL spore concentration of P. citrinum and R. stolonifer were injected into each
group of garlic wounds. The groups were then placed in the ozone treatment room and the
following investigations were undertaken: In Group 1, after ozone treatment of 15 min at a
temperature of 25 ◦C and a humidity level of 90%, the effects of different concentrations
of ozone (0 (control), 1, 2, 3, 4, 5, 6 ppm) on the two molds were explored. In Group 2,
when the concentration of ozone was 6 ppm, the temperature was 25 ◦C and the humidity
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was 90%, the effects of different treatment times (0 (control), 3, 6, 9, 12, 15, 18 min) on the
two molds were studied. In Group 3, when the concentration of ozone was 6 ppm, the
treatment time was 15 min and the humidity was 90%, the effects of different temperatures
(15, 20, 25 ◦C) on the two molds were investigated. At the end of each exposure, the dishes
were transferred for incubation at 28 ◦C, and the TPC, YAM, DIR, diameter and depth of
the disease spots were determined. Each different treatment was evaluated at intervals of
2 days over 10 days of ambient storage.

2.4. Exosmosis Ratio (ER) and Protein Dissolution Rate (PDR) Determination

The ER of the fungi cells was measured for each ozone treatment group according to
the method described by Xing [42] et al. Cells were cultured for 72 h in PDB medium, and
then centrifuged at 4 ◦C and 4000 r/min for 10 min. The obtained precipitate was washed
with deionized water 1–2 times, then weighed and divided into two groups, Group A and
Group B, which were placed into small beakers and immersed with 20 mL of deionized
water. The samples of Group A were placed in a vacuum oven in which vacuum gas
drainage was repeated 3–4 times. The pressure was controlled at 450–500 mm Hg and the
vacuum infiltration was restored to normal pressure after 30 min. The treated samples were
then shaken at 28 ◦C for another 2–3 h. The samples of Group B were placed in a boiling
water bath (100 ◦C) for 15 min to completely illuminate the electrolytes in the tissue. Finally,
conductivity was measured in both Group A and Group B at a constant temperature of
25 ◦C using a conductivity meter (DBS-11A, Shanghai Yidian Scientific Instrument Co.,
Ltd., Shanghai, China). The ER was calculated as follows: ER (%) = (the conductivity of
Group A/the conductivity of Group B) × 100%.

PDR was measured with reference to the method reported by Yin [39] et al. The bacte-
rial suspension before and after ozone treatment was placed in a refrigerated centrifuge
and centrifuged at 4000 r/min for 10 min at 4 ◦C. The supernatant was subsequently taken
to measure the absorbance at 280 nm. Sterile water was used as a reference solution. The
PDR was ultimately expressed as absorbance.

2.5. Mycelial Growth Inhibition Rate (MGIR) and Lethality Rate (LR) Determination

At the end of each exposure, the dishes were transferred for incubation at 28 ◦C
for up to 72 h, after which the colony diameter of each treatment was measured with a
Vernier caliper, recorded, and the MGIR was estimated by expressing the mean of the
diameter at each exposure to ozone concentration. Finally, MGIR was estimated using the
following equation:

MGIR(%) =
CD0(cm)− CDt(cm)

CD0(cm)
× 100%

Colony diameter = total colony diameter (cm)—0.5 cm, where MGIR is the mycelial
growth inhibition rate, CD0 is the colony diameter of control and CDt is the colony diameter
of the ozone treatment. At the end of each exposure, the dishes were transferred for
incubation at 28 ◦C for up to 72 h, after which the total colonies of P. citrinum and R.
stolonifer in the ozone treatment groups and the blank group were counted separately
as follows:

LR (%) = [(total colonies of blank group—total colonies of ozone treatment)/total colonies of blank group] × 100%

2.6. Mycelial Morphology

Appropriate ozone treatment was adopted based on the above experimental results.
One mL of diluted spore suspension was inoculated onto Petri dishes (five dishes per
treatment) containing 20 mL PDA medium. Dish lids were removed to allow air flow and
the dishes were placed in an ozone treatment library. At the end of exposure, the dishes
were transferred for incubation at 28 ◦C for 72 h, after which the mycelial morphology of
each replication dish was assessed via microscopic observation (10 × 40).
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2.7. Microbiological Counts

The TPC and YAM counts in the fresh-peeled garlic were determined using the method
described by Salve [43] et al. and Martiñon [44] et al. The estimations of TPC on plate
count agar and of the YAM on potato dextrose agar were carried out using the spread plate
method. TPC was counted after incubation at 30 ◦C for 24 h, while yeasts were counted at
30 ◦C for 5 d.

2.8. Disease Incidence Rate (DIR) and Disease Spot Diameter and Depth

Disease incidence in the fungi cells was measured according to the method described
by Ong [45] et al., with some modifications. The effect of ozone on the disease incidence
in the garlic from each treatment was evaluated at two-day intervals during 10 days of
ambient storage by weighing the diseased garlic against the weight of total garlic as follows:

Disease incidence rate (%) = [weight of fresh-peeled garlic (g)/weight of total fresh-peeled garlic (g)] × 100%

Ten garlic samples were taken each time for measurement. A Vernier caliper was used
to measure the diameter of the disease spots via the cross method in the direction of the
wound. The average value was calculated as the final result. Each treatment was evaluated
at 2-day intervals throughout a 10-day period of ambient storage.

2.9. Statistical Analysis

The tests in this investigation were carried out in triplicate. The test results were ana-
lyzed using SPSS 20.0 software (SPSS Inc., Chicago, IL, USA) and expressed as
mean ± standard deviations. One-way analysis of variance (ANOVA) was performed fol-
lowed by the Student–Newman–Keuls test to determine the significant difference (p < 0.05)
between the various means of treatments.

3. Results and Discussion
3.1. Results
3.1.1. Changes in ER and PDR

As shown in Figure 1A, a statistically significant increase in ER (p < 0.05) was ob-
served when the ozone concentration increased from 0 ppm to 6 ppm. When the ozone
concentration increased above 6 ppm, the ER of P. citrinum stabilized, whereas the ER
of R. stolonifer continued to increase significantly until the ozone concentration reached
8 ppm. Similarly, when the treatment time lengthened from 5 min to 20 min, the ER of
both P. citrinum and R. stolonifer increased significantly; however, the difference was no
longer statistically significant after 20 min (Figure 1B). The highest ER observed in the
P. citrinum and R. stolonifer were 88.21% and 90.56%, respectively. As shown in Figure 1C,
the change in treatment temperature had little effect on the ER of P. citrinum and R. stolonifer.
With the increase in temperature, the ER of P. citrinum showed neither a steady, increasing,
nor decreasing trend, mainly because the decomposition rate increased but the inhibition
rate of mold decreased, and the conductivity of the bacterial suspension also gradually
declined. Thus, the increase in the permeability of the mold cell membranes of both
P. citrinum and R. stolonifer indicated the destruction of the two fungi by the ozone treat-
ment. However, trends differed according to the different ozone concentrations, treatment
times and temperatures.

When the ozone concentration increased from 0 ppm to 10 ppm, the PDR of P. citrinum
and R. stolonifer were both found to increase significantly, attaining a maximum of 0.234
and 0.394, respectively, at 10 ppm (Figure 2A). In Figure 2B it is evident that as the ozone
treatment time increased from 0 min to 25 min the PDR of both molds increased, stabilizing
for P. citrinum thereafter. Furthermore, in Figure 2C, the PDR of P. citrinum dropped
significantly with rising temperatures, while that of the R. stolonifer did not show a trend
change. Overall, as can be seen in Figure 2, the PDR of P. citrinum was significantly
higher than that of the R. stolonifer after the same ozone treatments and, thus, ozone
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significantly increased the absorbance value of the mold suspension and increased the
protein dissolution rate.

3.1.2. Changes in MGIR and LR

Ozone was found to have a significant inhibitory effect on the mycelial growth of
both P. citrinum and R. stolonifer (Figure 3). In Figure 3A,B, it is evident that, at low ozone
concentration or treatment time, the inhibitory effects on the same mold were different. In
addition, the inhibitory effects of the same ozone concentration or time on P. citrinum were
always higher than those on the R. stolonifer. As shown in Figure 3A, when the concentration
was 6 ppm, the MGIR of P. citrinum reached 46.04% while that of the R. stolonifer reached
only 18.14%. Nevertheless, when the concentration was 10 ppm, the inhibition rate of R.
stolonifer reached 35.32%. As shown in Figure 3B, when the treatment time was 5 min,
the MGIR of P. citrinum and R. stolonifer were 34.04% and 9.43%, respectively. The MGIR
of P. citrinum reached its maximum value of 46.01% at 20 min, while that of R. stolonifer
reached its maximum of 31.10% at 25 min. The MGIR of both fungi did not, however,
change significantly with the increase in treatment time after 25 min. As can be seen in
Figure 3C, the inhibition rate of P. citrinum and R. stolonifer did not change significantly
as the temperature changed. At 20 ◦C, the MGIR of P. citrinum reached its maximum at
46.32%; however, the inhibition rate of R. stolonifer reached its maximum of 31.56% at 30 ◦C.
These results, therefore, indicate that ozone treatment can significantly inhibit the growth
of P. citrinum and R. stolonifer.
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centration (ppm); (B): ozone treatment time (min); (C): ozone treatment temperature (◦C). For
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In order to understand the effect of ozone treatment on fungal morphology more
intuitively, both P. citrinum and R. stolonifer were subjected to a 6 ppm exposure for
15 min. The spore stalks in the control group of P. citrinum were larger and more nu-
merous than those of the treatment group (Figure 4b). Moreover, the conidiophore stem
surface of the control group of R. stolonifer (Figure 4c) was smoother than those of the treat-
ment groups (Figure 4d). These results showed that ozone treatment can effectively destroy
the morphology of P. citrinum and R. stolonifer, reducing their size and, ultimately, killing
the fungi.

The LR is one of the most direct indicators of the effect of ozone on mold. Here, LR
was determined by measuring the total colonies. As shown in Figure 5A,B, the LR of
the two molds continued to increase directly after ozone treatment; however, at 6 ppm
exposure, the LR of P. citrinum was 55.45% and tending towards stability, while at 8 ppm
exposure, the LR of R. stolonifer was 46.57% and also becoming stable. Before reaching
stability, the LR of each mold was significantly different, possibly indicating that P. citrinum
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and R. stolonifer are tolerant of high concentrations of ozone. Furthermore, as the ozone
treatment time extended, the LR of each mold continued to increase significantly up until
20 min of treatment. The LR of P. citrinum reached its highest peak of 55.45% at 20 min,
while R. stolonifer reached its highest peak of 48.93% at 30 min. The effects of ozone
treatment temperature on the two molds are shown in Figure 5C. The LR of P. citrinum
and R. stolonifer reached their maximum of 55.45% and 46.57%, respectively, at 25 ◦C, and
thereafter decreased as the treatment temperature continued to rise. This phenomenon may
have been due to the low stability of ozone, as it decomposes into oxygen more rapidly at
elevated temperatures, thereby reducing the bactericidal effectiveness.

3.1.3. Effects of Ozone Treatment on the Microbiological Counts of P. citrinum and R. stolonifer

As can be seen in Figure 6, the TPC and YAM counts in the fresh-peeled garlic inocu-
lated with P. citrinum and R. stolonifer increased during their entire storage period, even
though ozone is widely accepted to be an antimicrobial agent. During the storage process,
the TPC in the treatment groups was significantly lower than that in the blank group
(p < 0.05). In the P. citrinum (Figure 6(A1)), TPC dropped sharply when the ozone concen-
tration increased from 2 ppm to 3 ppm and, in the fresh-peeled garlic treated at 1 ppm
exposure, the TPC was not significantly different compared to that of the blank group
by the 8th day of storage. Considering the observed variations, the most effective ozone
treatment concentration for fresh-peeled garlic inoculated with P. citrinum was considered
to be 6 ppm. TPC in the R. stolonifera (Figure 6(A2)) was found to drop sharply during
storage when the ozone concentration increased from 3 ppm to 4 ppm. However, on
the 2nd and 8th days, no significant difference was observed between these samples and
the fresh-peeled garlic treated at 5 ppm and 6 ppm. The optimal concentration of ozone
treatment for the fresh-peeled garlic inoculated by R. stolonifer was determined to be 5 ppm.
Figure 6B shows variations in TPC at different times but in samples subjected to the same
concentration of ozone treatment. In the P. citrinum, there was no significant difference
between the treatment groups (3 min and 6 min) and the blank group. However, when
the treatment time was extended to 15 min, the TPC was significantly lower than that at
6 min treatment (p < 0.05). Therefore, a 15-min treatment proved to be more effective in
inhibiting P. citrinum. In R. stolonifer, when the treatment time was increased to 12 min, the
TPC was significantly lower. After six days, there was no significant difference between
the treatment groups at 15 min and 18 min. After 10 days of storage the TPC of the 15 min
treatment group was 3.91 lg CFU/g, which was much less than that of the blank group,
at 6.12 lg CFU/g. As shown in Figure 6(C1,C2), under the same storage time, there was
no significant difference in the TPC on the surface of the garlic treated at 15 ◦C, 20 ◦C and
25 ◦C (p > 0.05).

As shown in Figure 7, the YAM trends were similar to those of the TCP. In the
P. citrinum (Figure 7(A1)), the YAM in the 6 ppm ozone treatment group was 0.09 lg
CFU/g after 2 days of storage, while the YAM in the blank group was much higher, at
2.97 lg CFU/g. Moreover, after 10 days of storage, the 6 ppm treatment group exhib-
ited the lowest YAM count, indicating the best ozone treatment effect. In the R. stolonifer
(Figure 7(A2)), when the ozone concentrate was increased from 3 ppm to 4 ppm, the YAM of
the fresh-peeled garlic plummeted, consistently reaching its minimum during storage after
6 ppm ozone treatment. In addition, the YAM decreased continuously (Figure 7B) as the
treatment time continued to increase. The YAM of the fresh-peeled garlic inoculated with
P. citrinum (Figure 7(B1)) was, however, significantly different in the treatment and blank
groups after 9 min. Overall, the optimal ozone treatment time was determined to be 15 min.
In the R. stolonifer (Figure 7(B2)), when the ozone treatment time was increased from 15 min
to 18 min, the counts of YAM were not significantly different (p > 0.05) at the same amount
of storage time; however, they were significantly lower than the blank group. In conclusion,
the most effective ozone treatment time was found to be 15 min for both the fungi in
this study. Moreover, the change in the ozone treatment temperature did not affect the
YAM counts in the fresh-peeled garlic samples (Figure 7C) and, therefore, similar to the TPC,
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20 ◦C was selected as the optimal temperature condition for subsequent ozone
sterilization experiments.

3.1.4. Effects of Ozone Treatment on DIR

Ozone treatment significantly inhibited the DIR in the fresh-peeled garlic. As shown
in Figure 8, after four days of storage, in the garlic samples inoculated by P. citrinum, the
DIR of the 6 ppm treatment group was only 4.25%, while that of the blank group was as
high as 61.23%. By the 10th day, the DIR of the blank group and the 1 ppm treatment group
had reached 100%. In the R. stolonifer, after exposures of 3 ppm and 4 ppm, the difference
in DIR was the highest during each storage period. When increased to 6 ppm, the DIR was
consistently the lowest throughout the storage period, and the antibacterial effect was, thus,
the best. The changes during storage in the DIR in the fresh-peeled garlic inoculated with P.
citrinum and R. stolonifer treated with ozone for different time are shown in Figure 8(B1,B2),
respectively. After 10 days of storage, the DIR of the blank group had reached 100%, while
the 15 min treatment groups had reached only 63.95% in the P. citrinum-inoculated samples
and 56.03% in the R. stolonifer-inoculated samples. After 15 min ozone treatments, however,
the changes in DIR were not significant, remaining at similarly low values. In Figure 8C,
the coincidence degree of the curves in the graph indicates no difference in the DIR of the
fresh-peeled garlic treated at the three different ozone treatment temperatures.

3.1.5. Changes in Diameter and Depth of Disease Spot

As shown in Figure 9, with the increase in storage time, the disease spot diameters in
the fresh-peeled garlic after ozone treatment also increased, while the diameter of the spot
in the blank group remained consistently at the highest value. Furthermore, the diameters
of disease spots in the fresh-peeled garlic samples almost reflected the three ozone treatment
temperatures of 15, 20 and 25 ◦C. After ozone treatment at various concentrations, the
6 ppm ozone treatment was found to have exerted the best bacteriostatic effect during
storage, resulting in the smallest lesion diameters. When stored until the 10th day, the
lesion diameters of the fresh-peeled garlic inoculated with P. citrinum and R. stolonifer were
3.47 mm and 3.17 mm, respectively, both much lower than that of the blank group. However,
at ozone treatment times of 3 min and 6 min, under the same storage time, the disease
spot diameters in the treated samples were not significantly different from that of the
blank group. As treatment time continuously increased, however, the diameters continued
to decrease, reaching a small value at 15 min and then stabilizing despite continuing
treatment time.
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Figure 5. Effects of ozone treatments on the LR of P. citrinum and R. stolonifer. (A): Ozone concen-
tration (ppm); (B): ozone treatment time (min); (C): ozone treatment temperature (°C). 

3.1.3. Effects of Ozone Treatment on the Microbiological Counts of P. citrinum and  
R. stolonifer 

As can be seen in Figure 6, the TPC and YAM counts in the fresh-peeled garlic inoc-
ulated with P. citrinum and R. stolonifer increased during their entire storage period, even 
though ozone is widely accepted to be an antimicrobial agent. During the storage process, 
the TPC in the treatment groups was significantly lower than that in the blank group (p < 
0.05). In the P. citrinum (Figure 6(A1)), TPC dropped sharply when the ozone concentra-
tion increased from 2 ppm to 3 ppm and, in the fresh-peeled garlic treated at 1 ppm expo-
sure, the TPC was not significantly different compared to that of the blank group by the 
8th day of storage. Considering the observed variations, the most effective ozone 

Figure 5. Effects of ozone treatments on the LR of P. citrinum and R. stolonifer. (A): Ozone concentration
(ppm); (B): ozone treatment time (min); (C): ozone treatment temperature (◦C).



Coatings 2023, 13, 1931 13 of 31Coatings 2023, 13, x FOR PEER REVIEW 14 of 32 
 

 

 

 
  

Coatings 2023, 13, x FOR PEER REVIEW 14 of 32 
 

 

 

 
  Figure 6. Cont.



Coatings 2023, 13, 1931 14 of 31
Coatings 2023, 13, x FOR PEER REVIEW 15 of 32 
 

 

 

 
  

Figure 6. Cont.



Coatings 2023, 13, 1931 15 of 31Coatings 2023, 13, x FOR PEER REVIEW 16 of 32 
 

 

 

 
Figure 6. Effects of ozone treatments on the TPC counts of P. citrinum and R. stolonifer during stor-
age. CK: control; (A): ozone concentration (ppm); (B): ozone treatment time (min); (C): ozone treat-
ment temperature (°C); 1: P. citrinum; 2: R. stolonifer. For P. citrinum and R. stolonifer, mean bars with 
different letters (a–f) were significantly different (p < 0.05) for the same treatment, different storage 
days in (A,B,C1). Mean bars with different letters (p–v) differed significantly (p < 0.05) across treat-
ments for the same number of storage days in (A,B). 
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storage. CK: control; (A): ozone concentration (ppm); (B): ozone treatment time (min); (C): ozone
treatment temperature (◦C); 1: P. citrinum; 2: R. stolonifer. For P. citrinum and R. stolonifer, mean bars
with different letters (a–f) were significantly different (p < 0.05) for the same treatment, different
storage days in (A,B,C1). Mean bars with different letters (p–v) differed significantly (p < 0.05) across
treatments for the same number of storage days in (A,B).
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Figure 7. Effects of ozone treatments on the YAM counts of P. citrinum and R. stolonifer during stor-
age. CK: control; (A): ozone concentration (ppm); (B): ozone treatment time (min); (C): ozone treat-
ment temperature (°C); 1: P. citrinum; 2: R. stolonifer. For P. citrinum and R. stolonifer, mean bars with 
different letters (a–f) were significantly different (p < 0.05) for the same treatment, different storage 
days in (A,B). Mean bars with different letters (p–v) differed significantly (p < 0.05) across treatments 
for the same number of storage days in (A,B1). 
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DIR of the 6 ppm treatment group was only 4.25%, while that of the blank group was as 
high as 61.23%. By the 10th day, the DIR of the blank group and the 1 ppm treatment 
group had reached 100%. In the R. stolonifer, after exposures of 3 ppm and 4 ppm, the 
difference in DIR was the highest during each storage period. When increased to 6 ppm, 
the DIR was consistently the lowest throughout the storage period, and the antibacterial 
effect was, thus, the best. The changes during storage in the DIR in the fresh-peeled garlic 
inoculated with P. citrinum and R. stolonifer treated with ozone for different time are 
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Figure 7. Effects of ozone treatments on the YAM counts of P. citrinum and R. stolonifer during storage.
CK: control; (A): ozone concentration (ppm); (B): ozone treatment time (min); (C): ozone treatment
temperature (◦C); 1: P. citrinum; 2: R. stolonifer. For P. citrinum and R. stolonifer, mean bars with
different letters (a–f) were significantly different (p < 0.05) for the same treatment, different storage
days in (A,B). Mean bars with different letters (p–v) differed significantly (p < 0.05) across treatments
for the same number of storage days in (A,B1).
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The depth of the disease spots in the fresh-peeled garlic continuously increased with
increasing concentration and exposure time (Figure 10A,B). When the storage time was
kept constant, no difference was observed in the depths of disease spots in the fresh-peeled
garlic treatment groups of 15, 20 and 25 ◦C (Figure 10C).
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Figure 10. Effects of ozone treatments on the depth of the disease spot. CK: control; (A): ozone con-
centration (ppm); (B): ozone treatment time (min); (C): ozone treatment temperature (°C); 1: P. cit-
rinum; 2: R. stolonifer. 

3.2. Discussion 

In the in vitro experiment, with increased ozone concentration, exposure time and 
temperature, the ER, PDR, MGIR and LR of the two molds changed (Figures 1–5). Ozone 
effectively inhibited the growth of P. citrinum and R. stolonifer in vitro, by disrupting spore 
development and inhibiting fungal cell growth through oxygenation. The result was con-
sistent with that reported by Antony-Babu [46] et al., who found that ozone exposure sig-
nificantly reduced the number of asexual spores formed in media. Another study reported 
that ozone did not kill all the spores in the in vitro tests [33], while Ozkan [47] et al. and 
Palou [48] et al. noted that different molds exhibit different levels of ozone tolerance. 
These results correspond with those of this study, shown in Figure 5, in which the trends 
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1: P. citrinum; 2: R. stolonifer.

3.2. Discussion

In the in vitro experiment, with increased ozone concentration, exposure time and temper-
ature, the ER, PDR, MGIR and LR of the two molds changed (Figures 1–5). Ozone effectively
inhibited the growth of P. citrinum and R. stolonifer in vitro, by disrupting spore development and
inhibiting fungal cell growth through oxygenation. The result was consistent with that reported
by Antony-Babu [46] et al., who found that ozone exposure significantly reduced the number of
asexual spores formed in media. Another study reported that ozone did not kill all the spores in
the in vitro tests [33], while Ozkan [47] et al. and Palou [48] et al. noted that different molds ex-
hibit different levels of ozone tolerance. These results correspond with those of this study, shown
in Figure 5, in which the trends of the two molds were similar but different, indicating that the
ozone had similar inhibitory effects on P. citrinum and R. stolonifer, but could not attain an LR
of 100%. Tzortzakis [49] et al. concluded that a low concentration of ozone could inhibit the
growth of mold mycelium, while ozone treatment suppressed the germination of conidia
but its inhibitory action was dependent on the concentration and duration of exposure.
Therefore, the sensitivity of mold spores to the oxidizing action of ozone is considered to
be dependent on fungal species, ozone dosage, exposure time and temperature. Further
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research is essential to explore the impacts of ozone on the ultramorphology, physiologi-
cal metabolism and gene expression of molds, especially when examining its inhibitory
properties on decay-causing molds in vitro.

In the in vivo experiment, as the storage period increased, the TPC, which predicts
food shelf life resistance, YAM, which is one of the indicators for evaluating food hygiene,
and DIR, as well as the diameter and depth of the two mold disease spots in the fresh-peeled
garlic samples all increased (Figures 6–10). These results indicate that while ozone treatment
can inhibit P. citrinum and R. stolonifer in vivo, it cannot completely eradicate all fungi in
garlic, which are potentially affected by various factors. The effect of temperature on the two
molds was relatively small in comparison to those of the ozone concentration and exposure
time. These findings concur with those of Wang [35] et al., in which ozone delayed disease
incidence and reduced its severity in fruit. Their study also found that prolonged ozone
exposure decreased the germination of fungal spores on fruit peel. Similarly, Yeoh [50] et al.
discovered that ozone effectively controlled fungal sporulation on citrus fruit. It also slightly
delayed disease incidence and significantly lowered disease severity. Palou [33] et al. found
that fungal structures within wounds remained protected from the oxidizing effect of ozone
because of limited ozone penetration. Consequently, while exposure to gaseous ozone
delayed disease incidence and reduced disease severity on wound-inoculated fruit, it did
not totally prevent fruit decay. Overall, however, previous studies have found that ozone
does exert a significantly beneficial effect on the preservation of fresh-peeled garlic and
other MPV, such as table grapes [32,47,50,51]. Additionally, investigating the preservation
effect of ozone treatment on fresh-peeled garlic remains a crucial area for future studies.

It is worth noting that due to the mechanism of action of ozone, its application in
food disinfection and sterilization basically does not compromise food quality and safety.
However, strict control over the ozone concentration is imperative. Exceeding prescribed
limits may result in harmful substances, especially if ozone reacts with bromide. In the
disinfection process using ozone, it is also necessary to strictly control the ozone quantity.
Ozone has a stimulating effect on the human body, and excessively high concentration can
cause respiratory diseases, headaches, tachycardia, and other health threats, posing risks to
human safety [52].

4. Conclusions

In this study, ozone treatment was found to partially damage the integrity of the
fungi cell membrane, causing the leakage of intracellular proteins, polysaccharides and
other substances, which led to an increase in the conductivity of the fungi suspension
and, ultimately, the death of the mold. Furthermore, the exposure of fresh-peeled garlic
samples to ozone exerted a significant inhibitory effect on P. citrinum and R. stolonifer, two
of the main strains causing spoilage in fresh-peeled garlic. It was also evident that ozone
treatment under appropriate conditions will provide optimal treatment results. In vitro,
the best inhibitory effect of the ozone treatment on P. citrinum was evidenced at 6 ppm, for
20 min at 20 ◦C, while on R. stolonifer the optimal conditions were 8 ppm, for 20 min at 25 ◦C.
In vivo, the best inhibitory effect of ozone treatment on both of the molds was evidenced at
6 ppm, for 15 min at 20 ◦C. Overall, the application of appropriate ozone treatment was
found to provide a feasible solution for the inhibition of P. citrinum and R. stolonifer and
may prolong the shelf life of peeled garlic.
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