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Effects of ozone water irrigation and spraying on
physiological characteristics and gene expression
of tomato seedlings
Jin-Peng Xu1, Yan-Chong Yu1, Tao Zhang1, Qian Ma1 and Hong-Bing Yang 1✉

Abstract
Tomato seedlings were used as experimental materials and treated with 1.0, 2.0, 3.0, and 4.0 mg/L ozone water
irrigation and 0.2, 0.4, 0.6, and 0.8 mg/L ozone water spray treatments. Indexes including the malondialdehyde (MDA)
content, superoxide dismutase (SOD), peroxidase (POD) and catalase (CAT), activities, soil and plant analysis
development (SPAD) value, and nitrogen content of leaves were measured. Furthermore, the expression of antioxidant
enzyme, chlorophyll synthesis and nitrogen absorption genes was analyzed after optimal ozone water treatment. The
results showed that the activities of antioxidant enzymes in tomato leaves were significantly increased, and the MDA
content in tomato leaves was significantly reduced by ozone water irrigation and spray treatment, which indicated
that ozone water treatment can significantly improve the stress tolerance of tomato seedlings. Ozone water irrigation
and spraying could also significantly increase the leaf SPAD value and nitrogen content of tomato seedlings, and the
optimal concentrations of ozone water irrigation and spraying were 3.0 mg/L and 0.6 mg/L, respectively. The effect of
ozone water irrigation on improving the physiological characteristics of tomato seedlings was better than that of
spraying. After treatment with the optimal concentration of ozone water, the relative expression of antioxidant
enzyme, chlorophyll synthesis, and nitrogen absorption genes was significantly increased, and the maximum
expression level was reached at 12 h. In addition, ozone water irrigation could promote the expression of genes more
than ozone water spraying, which was consistent with the improvements in the physiological characteristics of the
tomato seedlings.

Introduction
Tomato (Solanum lycopersicum) is an annual herb in

the Solanaceae. Tomato is mainly divided into two com-
plex populations: common tomato and Peruvian tomato.
The cultivated varieties used in agricultural production
are common tomatoes. Tomato is sweet and sour, with
excellent taste. It contains vitamins, carotene, organic
acids, and minerals. Because of its high edibility and rich
nutritional value, it has become one of the most common
fruits and vegetables cultivated worldwide, and the culti-
vation area is still expanding1. Studies have shown that the

lycopene in tomato has a strong antioxidant effect, and
lycopene supplementation can resist aging, enhance
immunity and reduce disease occurrence, indicating that
lycopene is of important health care value2. In recent
years, studies have shown that diseases and insect pests,
poor flower bud differentiation, and fruit cracking have
become the main problems in tomato production3. With
the modern increase in environmental protection aware-
ness, treatment methods for diseases and insect pests are
becoming more restrictive. However, the high intensity
use pesticides is still the preferred control method for fruit
growers4. The extensive use of pesticides not only pollutes
the air, soil, and water but also results in residues in fruits
and vegetables, endangering human health5. Therefore,

© The Author(s) 2021
OpenAccessThis article is licensedunder aCreativeCommonsAttribution 4.0 International License,whichpermits use, sharing, adaptation, distribution and reproduction
in any medium or format, as long as you give appropriate credit to the original author(s) and the source, provide a link to the Creative Commons license, and indicate if

changesweremade. The images or other third partymaterial in this article are included in the article’s Creative Commons license, unless indicated otherwise in a credit line to thematerial. If
material is not included in the article’s Creative Commons license and your intended use is not permitted by statutory regulation or exceeds the permitted use, you will need to obtain
permission directly from the copyright holder. To view a copy of this license, visit http://creativecommons.org/licenses/by/4.0/.

Correspondence: Hong-Bing Yang (hbyang@qau.edu.cn)
1Key Lab of Plant Biotechnology in Universities of Shandong Province, College
of Life Sciences, Qingdao Agricultural University, 266109 Qingdao, China
These authors contributed equally: Jin-Peng Xu, Yan-Chong Yu

12
34

56
78

90
()
:,;

12
34

56
78

90
()
:,;

1
2
3
4
5
6
7
8
9
0
()
:,;

12
34

56
78

90
()
:,;

www.nature.com/hortres
http://orcid.org/0000-0003-4351-9956
http://orcid.org/0000-0003-4351-9956
http://orcid.org/0000-0003-4351-9956
http://orcid.org/0000-0003-4351-9956
http://orcid.org/0000-0003-4351-9956
http://creativecommons.org/licenses/by/4.0/
mailto:hbyang@qau.edu.cn


green pest prevention and control methods have become
a key link in agricultural production.
As a natural strong oxidant and bactericide, ozone has

the characteristics of a broad spectrum of activity, high
efficiency, and no residue. It has been widely used in
industry, medicine, agriculture, and other fields. Accord-
ing to research, as a clean oxidant without secondary
pollution, ozone can be used in industrial wastewater
treatment6. Cheng et al. (2015)7 found that medical ozone
has a protective effect against brain injury in zebrafish
juveniles with hypoxic brain damage. Liu et al. (2019)8

revealed that ozone treatment delayed the senescence of
Flammulina velutipes and was beneficial to its preserva-
tion. Zhou et al. (2012)9 explained that ozone could
effectively improve the degradation rate of chlorothalonil
in soil. Zhang et al. (2019)10 treated tomato and cucumber
seeds with ozone for 1 year and found that microbial
growth on the surface of seeds was effectively inhibited,
and the germination rate and vigor of seeds were
improved. Previous studies have reported that ozone has
outstanding advantages in insecticides, sterilization, fresh
storage, and oxidation, but many studies have noted that
ozone has certain toxic effects on plant growth and
development11. The toxic effect of ozone on plants has a
common feature: it can result in local cell death12. When
the concentration of ozone was as high as 98 g/L, the
leaves of trees and shrubs were damaged by ozone13.
However, low-concentration ozone water treatment could
decompose the pesticide residues in soil14, prevent the
occurrence of tomato bacterial wilt15 and root-knot
nematodes of ginger16, and increase crop quality and
yield. These studies showed that the effect of ozone water
is better in prevention and control than that of pure ozone
gas. Although ozone has broad application prospects in
agricultural production17, the effects of ozone water on
plant physiological characteristics and gene expression are
still largely unclear. In this paper, the effects of ozone
water irrigation and spraying on the physiological

characteristics of tomato seedlings were compared by
measuring the MDA content, activities of antioxidant
enzymes (SOD, POD, and CAT), SPAD value and nitro-
gen (N) content. By analyzing the expression levels of
antioxidant enzyme genes, chlorophyll synthesis-related
genes, and N absorption-related genes, the effects of
ozone water treatment on plants were further revealed at
the molecular level, providing a basis for the efficient
utilization of ozone water in agriculture.

Results
Effects of ozone water irrigation and spraying on the MDA
content of tomato leaves
Figure 1 shows the MDA content of tomato leaves

under different concentrations of ozone water irrigation
and spray treatment. After 1.0, 2.0, 3.0, and 4.0 mg/L
ozone water irrigation, the MDA content of tomato
leaves was significantly decreased by 43%, 50%, 53%, and
51% compared with the control level, and the largest
decrease was found under the 3.0 mg/L ozone water
irrigation. After spraying 0.2 mg/L ozone water, there was
no significant difference in the MDA content of tomato
leaves compared with the control, indicating that the
effect of low-concentration ozone water on the MDA
content of tomato leaves was small. However, after
spraying 0.4, 0.6, and 0.8 mg/L ozone water, the MDA
content of tomato leaves was significantly decreased by
18%, 32%, and 22% compared with the control, and
spraying 0.6 mg/L ozone water resulted in the greatest
decrease. Compared with ozone water spraying, ozone
water irrigation had a better effect on reducing the MDA
content of tomato leaves.

Effects of ozone water irrigation and spraying on the SOD
activity in tomato leaves
Figure 2 shows the SOD activity of tomato leaves under

different concentrations of ozone water irrigation and
spraying. After 1.0, 2.0, 3.0, and 4.0 mg/L ozone water
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Fig. 1 The MDA content of tomato leaves under different concentrations of ozone water irrigation and spraying. Error bars represent the SD
(n= 3). Values followed by different letters are significantly different according to Tukey’s test (P < 0.05)
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irrigation, the SOD activity of tomato leaves was sig-
nificantly increased by 89%, 143%, 197%, and 165%
compared with the control level, and the largest increase
was found with 3.0 mg/L ozone irrigation. After spraying
0.2, 0.4, 0.6, and 0.8 mg/L ozone water, the SOD activity of
tomato leaves was also significantly increased by 49%,
82%, 117%, and 93% compared with the control, and
spraying 0.6 mg/L ozone water resulted in the greatest
increase. The effect of ozone water irrigation on
improving the SOD activity of tomato leaves was better
than that of ozone water spraying.

Effects of ozone water irrigation and spraying on the POD
activity of tomato leaves
Figure 3 shows the POD activity of tomato leaves under

different concentrations of ozone water irrigation and
spraying. After 1.0, 2.0, 3.0, and 4.0 mg/L ozone water
irrigation, the POD activity of tomato leaves was sig-
nificantly increased by 126%, 147%, 286%, and 149%
compared with the control level, and the largest increase
was found under 3.0 mg/L ozone irrigation. After spraying
0.2, 0.4, and 0.8 mg/L ozone water, the POD activity of

tomato leaves increased slightly, and it was not sig-
nificantly different from that of the control. After spraying
0.6 mg/L ozone water, the POD activity of tomato leaves
was significantly increased by 16% compared with that of
the control. The effect of ozone water irrigation on
improving the POD activity of tomato leaves was better
than that of ozone water spraying.

Effects of ozone water irrigation and spraying on the CAT
activity of tomato leaves
Figure 4 shows the CAT activity of tomato leaves under

different concentrations of ozone water irrigation and
spraying. After 1.0, 2.0, 3.0, and 4.0 mg/L ozone water
irrigation, the CAT activity of tomato leaves was sig-
nificantly increased by 49%, 99%, 149%, and 105% com-
pared with that of the control, and the largest increase was
found with 3.0 mg/L ozone irrigation. After spraying
0.2 mg/L ozone water, there was no significant difference
in the CAT activity of tomato leaves compared with the
control, indicating that the effect of low-concentration
ozone water on the CAT activity of tomato leaves was
small. However, after spraying 0.4, 0.6, and 0.8 mg/L
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Fig. 2 The SOD activity of tomato leaves under different concentrations of ozone water irrigation and spraying. Error bars represent the SD
(n= 3). Values followed by different letters are significantly different according to Tukey’s test (P < 0.05)
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Fig. 3 The POD activity of tomato leaves under different concentrations of ozone water irrigation and spraying. Error bars represent the SD
(n= 3). Values followed by different letters are significantly different according to Tukey’s test (P < 0.05)
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ozone water, the CAT activity of tomato leaves was sig-
nificantly increased by 16%, 74%, and 42% compared with
the control level, and spraying 0.6 mg/L ozone water
resulted in the greatest increase. Compared with ozone
water spraying, ozone water irrigation had a better effect
on improving the CAT activity of tomato leaves.

Effects of ozone water irrigation and spraying on the SPAD
value of tomato leaves
Figure 5 shows the SPAD values of tomato leaves under

different concentrations of ozone water irrigation and
spraying. The SPAD value of tomato leaves was sig-
nificantly increased by 27%, 41%, 50%, and 43% after 1.0,
2.0, 3.0, and 4.0 mg/L ozone water irrigation, and the
largest increase was found with the 3.0 mg/L ozone water
treatment. After spraying 0.2, 0.4, 0.6, and 0.8 mg/L ozone
water, the SPAD value of tomato leaves was also sig-
nificantly increased by 21%, 25%, 39%, and 34% compared
with that of the control, and spraying 0.6 mg/L ozone
water resulted in the greatest increase. Ozone water irri-
gation had a better effect on improving the SPAD value of
tomato leaves than did ozone water spraying.

Effects of ozone water irrigation and spraying on the N
content of tomato leaves
Figure 6 shows the N contents of tomato leaves under

different concentrations of ozone water irrigation and
spraying. After 1.0, 2.0, 3.0, and 4.0 mg/L ozone water
irrigation, the N content of tomato leaves was significantly
increased by 24%, 48%, 51%, and 49% compared with that
of the control, and the largest increase was found with the
3.0 mg/L ozone water treatment. After spraying 0.2, 0.4,
0.6, and 0.8 mg/L ozone water, the N content of tomato
leaves was also significantly increased by 29%, 40%, 49%,
and 43% compared with the control, and spraying 0.6 mg/
L ozone water resulted in the greatest increase. The effect
of ozone water irrigation on improving the N content of
tomato leaves was slightly better than that of ozone water
spraying.

Expression profiles of antioxidant enzyme genes in tomato
leaves under optimal concentrations of ozone water
irrigation and spraying
After 3.0 mg/L ozone water irrigation, the MDA content

of tomato leaves decreased the most, and the activities of
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Fig. 4 The CAT activity of tomato leaves under different concentrations of ozone water irrigation and spraying. Error bars represent the SD
(n= 3). Values followed by different letters are significantly different according to Tukey’s test (P < 0.05)
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Fig. 5 The SPAD values of tomato leaves under different concentrations of ozone water irrigation and spraying. Error bars represent the SD
(n= 3). Values followed by different letters are significantly different according to Tukey’s test (P < 0.05)
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SOD, POD, and CAT, the SPAD value and nitrogen
content of tomato leaves increased the most. Therefore,
the optimal concentration of ozone water irrigation was
3.0 mg/L. The relative expression levels of SlSOD, SlPOD,
SlCAT2a, and SlCAT2b in tomato leaves were sig-
nificantly increased after the optimal concentration of
ozone water irrigation and reached the maximum
expression level at 12 h after treatment, with levels
increased 130-, 142-, 82-, and 104-fold compared with the
control. Among them, SlPOD was increased the most,
followed by SlSOD, SlCAT2b, and SlCAT2a (Fig. 7A).
After spraying 0.6 mg/L ozone water, the MDA content

of tomato leaves decreased the most, and the activities of
SOD, POD, and CAT, the SPAD value and nitrogen
content of tomato leaves increased the most. Therefore,
the optimal concentration of ozone water spray treatment
was 0.6 mg/L. The relative expression levels of SlSOD,
SlPOD, SlCAT2a, and SlCAT2b in tomato leaves were
significantly increased after optimal concentrations of
ozone water spraying and reached the maximum expres-
sion level at 12 h after treatment, with levels increased 60-,
48-, 20-, and 16-fold compared with the control. Among
them, SlSOD was increased the most, followed by SlPOD,
SlCAT2a, and SlCAT2b (Fig. 7B).

Expression profiles of chlorophyll synthesis-related genes
in tomato leaves under optimal concentrations of ozone
water irrigation and spraying
After 3.0 mg/L ozone water irrigation, the relative

expression levels of chlorophyll synthesis-related genes
SlGLK1, SlGLK2, and SlDCL in tomato leaves were sig-
nificantly increased, reaching the maximum expression
level at 12 h after treatment, with levels increased 59-, 23-,
and 23-fold compared with the control. Among them,
SlGLK1 was increased the most (Fig. 8A).
After spraying 0.6 mg/L ozone water, the relative

expression levels of SlGLK1, SlGLK2, and SlDCL were
significantly upregulated and reached the maximum

expression level at 12 h after treatment, with levels
increased by 9-, 29-, and 37-fold compared with the
control. Among them, SlDCL was increased the most,
followed by SlGLK2 and SlGLK1 (Fig. 8B).

Expression profiles of nitrogen absorption-related genes in
tomato roots under optimal concentrations of ozone water
irrigation and spraying
After 3.0mg/L ozone water irrigation, the relative

expression levels of the nitrogen absorption-related genes
SlAMT1-1 and SlNRT2.3 in tomato roots were significantly
increased, and the maximum expression level was reached
at 12 h after treatment; levels were increased 50- and 42-
fold compared with the control, and that of SlAMT1-1 was
increased more than that of SlNRT2.3, while after 6 h, 24 h
and 48 h of treatment, that of SlNRT2.3 was increased more
than that of SlAMT1-1 (Fig. 9A).
After spraying 0.6 mg/L ozone water, the relative

expression levels of SlAMT1-1 and SlNRT2.3 were sig-
nificantly upregulated and reached the maximum level at
12 h after treatment, with levels increased 13- and 25-fold
compared with the control. At all ozone water spraying
treatment times, the expression of SlNRT2.3 was
increased more than that of SlAMT1-1 (Fig. 9B).
The results showed that the expression of antioxidant

enzyme genes, chlorophyll synthesis-related genes, and
nitrogen absorption-related genes in tomato seedlings
could be upregulated by ozone water irrigation and
spraying. Ozone water irrigation promoted the expression
of genes in tomato seedlings better than ozone water
spraying.

Discussion
Membrane lipid peroxidation often occurs when plants

are senescent or damaged under adverse conditions.
MDA is the final decomposition product of membrane
lipid peroxidation. MDA released from the production
site on the membrane will interact with proteins and
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Fig. 6 The N contents of tomato leaves under different concentrations of ozone water irrigation and spraying. Error bars represent the SD
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nucleic acids to modify their characteristics, thereby
relaxing the bridge bonds between interacting molecules
or inhibiting the synthesis of proteins. Therefore, the
MDA content can reflect the extent to which plants are
undergoing stress18. In other words, the lower the MDA
content in plants is, the higher the relative tolerance of
plants to oxidative stress. Therefore, the MDA content is
a common indicator of plant stress tolerance. In this
paper, compared with the control group, the MDA con-
tent in tomato seedling leaves was significantly decreased
after ozone water irrigation and spraying, indicating that
ozone water treatment can significantly improve the stress
tolerance of tomato seedlings.
The antioxidant enzyme system is an important defense

system in plants that can avoid oxidative damage and
stabilize the intracellular environment. Superoxide dis-
mutase (SOD), peroxidase (POD), and catalase (CAT) are
important members of the antioxidant enzyme system.

The activity of antioxidant enzymes is an important index
of plant tolerance to stress19,20. In this paper, after ozone
water treatment at the optimum concentration, the
activities of SOD, POD, and CAT in tomato leaves were
increased significantly, and the relative expression levels
of SlSOD, SlPOD, SlCAT2a, and SlCAT2b were also
increased significantly, indicating that ozone water treat-
ment can significantly improve the stress tolerance of
tomato seedlings, and the effect of ozone water irrigation
is more obvious than that of leaf spraying. At the same
time, we also noticed that the antioxidant enzyme activity
of tomato leaves increased with increasing ozone water
concentration before the ozone water concentration
reached 3.0 mg/L, while the effect of 4.0 mg/L ozone
water was significantly lower than that of 3.0 mg/L. It is
reasonable to speculate that low-concentration ozone
water treatment can significantly increase the antioxidant
enzyme activity and improve the stress tolerance of plants,
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while high-concentration ozone water treatment, which
has a certain toxic effect, can reduce the stress tolerance
of plants. Therefore, the effect of 4.0 mg/L ozone water is
not ideal.
The chlorophyll content can determine the photo-

synthetic rate and primary productivity of plants and is
widely used in plant responses to environmental stress.
The change in chlorophyll content will further affect the
photosynthetic capacity of plants. Therefore, chlorophyll
content can be used as an important diagnostic index for
plant growth research, and the SPAD value has a sig-
nificant positive correlation with the content of total
chlorophyll, chlorophyll a, and chlorophyll b21. At the
molecular level, Goldern-like (GLK) transcription factors
belong to the GARP family and are widely identified in
higher plants. Some GLK transcription factors act as
regulators to promote chloroplast development22. GLK1
encodes a disease defense-related protein in Arabidopsis

thaliana and is resistant to Fusarium graminearum23.
However, the absence of GLK1 in mutant lines reduced
the chlorophyll content and chloroplast development,
which affected photosynthesis in plants24. GLK2 is an
important transcription factor regulating chloroplast
development in immature fruits. Previous studies showed
that the shoulder of immature fruits with SlGLK2 gene
overexpression was dark green, and the chlorophyll con-
tent of the green shoulder at different developmental
stages was significantly higher than that of the fruit bot-
tom25. The highest expression of DlDCL1 and DlDCL2 in
leaf and flower tissues of Dimocarpus longan indicated
that DlDCL1 and DlDCL2 may be involved in photo-
synthesis and flower organ development26. Therefore,
GLK1, GLK2, and DCL were proven to be positive reg-
ulators in chlorophyll synthesis pathways, possibly playing
an important role in chloroplast development. By
detecting the expression level of chlorophyll synthesis-
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related genes, we can more intuitively and scientifically
reveal the molecular mechanism for improving photo-
synthetic capacity. In this paper, after ozone water irri-
gation and spraying, the SPAD values of leaves were
significantly increased, and the expression level of chlor-
ophyll biosynthesis-related genes (SlGLK1, SlGLK2,
SlDCL) was upregulated, indicating that ozone water
treatment can improve the chlorophyll content of leaves
and promote photosynthesis of plants at physiological and
molecular levels. It was further confirmed that these three
genes were involved in the regulation of chlorophyll
synthesis in tomato seedlings. It is reasonable to speculate
that ozone water treatment can improve the disease tol-
erance of seedlings to a certain extent by upregulating the
expression of SlGLK1, but the specific molecular
mechanism is still unclear and needs to be further verified
by subsequent experiments.

The N level also has a great influence on crop growth
and yield. Topdressing with urea could increase the
contents of chlorophyll, protein, and amino acids in
leaves27. At present, the known gene systems related to
nitrogen absorption mainly include the ammonium
absorption gene AMT, nitrate absorption gene NRT, GS
gene, and GO/GAT gene28. The main forms of nitrogen
absorption by plants are ammonium nitrogen and nitrate
nitrogen. Therefore, we selected SlAMT1-1 (ammonium
nitrogen absorption-related gene) and SlNRT2.3 (nitrate
nitrogen absorption-related gene) for detection29,30.
Through the determination of nitrogen absorption-
related genes, we can reasonably infer the main forms of
nitrogen absorption by tomato seedlings after ozone water
treatment. In this paper, after ozone water irrigation and
spraying, the N content of tomato leaves was significantly
increased, and the relative expression levels of SlAMT1-1
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and SlNRT2.3 were significantly increased, suggesting that
ozone water treatment is beneficial for promoting nitro-
gen absorption in tomato seedlings. In addition, the
expression of SlNRT2.3 increased more than that of
SlAMT1-1 after ozone water spraying, suggesting that the
main form of nitrogen absorbed in tomato seedlings may
be nitrate nitrogen under ozone water spraying.
The toxic effect of ozone on plants is related to its

concentration. When the concentration of ozone in the
environment is high enough, it will cause serious damage
to clover leaves31. At the same time, high-concentration
ozone treatment can reduce the contents of chlorophyll,
carotenoids, and carbohydrates in citrus plants32 and
decrease biomass production in mid-season soybean33. In
recent years, ozone has become a research hotspot
because of its high efficiency, lack of residues, strong
oxidative abilities, and other advantages. Matlok et al.
(2020)34 found that sorrel plants had greater antioxidant
potential after 1 mg/L ozone treatment, while 5 mg/L
ozone treatment for a short time could also increase the
antioxidant activity of potato leaves35. In this paper, low-
concentration ozone water irrigation and spraying could
significantly increase the antioxidant enzyme activity of
tomato leaves, in accordance with the above research34.
The effect of ozone water irrigation at 4.0 mg/L was not as
good as that at 3.0 mg/L, and the optimal spraying treat-
ment concentration was not 0.8 mg/L but 0.6 mg/L, sug-
gesting that high-concentration ozone water treatment
has certain harmful effects on plants. Therefore, while
making full use of the advantages of ozone water, it is
correct to choose the optimal concentration of ozone
water to avoid its toxic effects.
Based on the above analysis, ozone water irrigation and

spray treatment can activate the complex stress response
mechanism in tomato seedlings, leading to the upregu-
lation of related genes, thus significantly improving the
physiological characteristics and stress tolerance of
tomato seedlings. The effects of ozone water irrigation
were better than those of spraying.

Conclusion
Under external stress, plants activate their own defense

mechanisms to avoid risks. On the one hand, ozone water
treatment at the optimal concentration can significantly
reduce the MDA content in tomato leaves and sig-
nificantly improve the antioxidant enzyme activity of
tomato leaves; on the other hand, the expression of
antioxidant enzyme genes in tomato leaves was also
increased significantly. This result indicated that ozone
water treatment can significantly improve the stress tol-
erance of tomato seedlings. Ozone water treatment can
significantly increase the SPAD value and nitrogen con-
tent of tomato leaves and obviously promote the expres-
sion of chlorophyll synthesis-related genes and nitrogen

absorption-related genes, which is beneficial for improv-
ing the photosynthetic capacity and yield of tomato.
Considering the economy and production efficiency, the
optimal concentration ozone water treatment should be
adopted; moreover, the effect of ozone water irrigation
was much better than that of leaf spraying.

Materials and methods
Material treatments
The test material was ‘Little Tom’ tomato seeds. The

soil for tomato cultivation was the sandy loam soil of
Wulong River Farm in Gaomi City, China, with an organic
matter content of 3.82 mg/g and pH of 6.93. Tomato
seedlings with a height of 10 cm grown for 10–15 days
were selected for transplanting. Ozone water was pre-
pared by an ozone water machine (PIONEEREP 6L2,
Qingdao Pioneer Environmental Protection Technology
Co., Ltd., China), and the concentration of ozone water
was measured by a dissolved ozone detector (CLEAN
OZS30, America). The treatment was completed within
5 min after the preparation of ozone water to ensure the
application effect.
Ozone water irrigation treatment: the soil was irrigated

with 1.0, 2.0, 3.0, and 4.0 mg/L ozone water before the
tomato seedlings were transplanted and held under nat-
ural light, with a relative humidity of 40–50% and tem-
perature of 22–25 °C. After 20 days of growth, tomato
seedlings were irrigated with ozone water at the above
concentration once again, and water irrigation was used
as the control. The related physiological indexes were
measured after 5 days. There were five plants in each
treatment group, and three biological replicates were set
for each treatment.
Ozone water spray treatment: the tomato seedling cul-

ture conditions were the same. After 15 days of seedling
growth, 0.2, 0.4, 0.6, and 0.8 mg/L ozone water was
sprayed onto the leaves. After 5 days, ozone water at the
above concentration was sprayed onto the leaves again,
and water was sprayed as the control. The related phy-
siological indexes were measured after 5 days. There were
five plants in each treatment group, and three biological
replicates were set for each treatment.
The third compound leaf near the top was selected as

the test material and was frozen in liquid nitrogen and
stored at −80 °C for later use.

Determination of physiological indexes
Determination of the malondialdehyde (MDA) content

in tomato leaves was performed according to the method
of Ma et al. (2020)36. The activity of superoxide dismutase
(SOD) in leaves was measured by the NBT photoreduc-
tion method37, that of peroxidase (POD) in leaves was
determined according to He et al. (2003)38, and that of
catalase (CAT) in leaves was determined according to
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Verma and Mishra (2005)39. The soil and plant analysis
development (SPAD) value and nitrogen (N) content of
leaves were measured by a PJ-4N plant nutrition analyzer.

Determination of the relative expression of genes
The optimal concentrations for the ozone water irriga-

tion and spray treatments were obtained by analyzing the
relevant physiological index data. The mature leaves and
roots were taken at 0, 6, 12, 24, and 48 hour (h) after
optimal concentration ozone water irrigation and spray-
ing twice (20 days of tomato seedling growth). The leaf
material was the same as above, and a 2-cm portion near
the root tip was also selected. Materials were frozen in
liquid nitrogen and stored at −80 °C for later use.
Total RNA was extracted from 100mg tomato materials

using TRIzol-A+ reagent (Tiangen, China). cDNA was
synthesized with the PrimeScript™ RT reagent kit (Takara,
Japan) according to the manual. Real-time quantitative PCR
(RT-qPCR) was performed using ChamQ Universal SYBR
qPCR Master Mix (Vazyme, China) with Applied Biosys-
tems QuantStudio 5 (ABI, USA). The PCR system and
protocol were set according to the SYBR mix instructions.
The internal reference genes Actin-F (GGATCTTGCTGG
TCGTGATTTTT) and Actin-R (TCTGGGCAACGGAAC
CTCTC) were selected to correct the expression of the
target gene40. The relative expression of genes was calcu-
lated by the 2−ΔΔCT method41. Three biological replicates
were carried out for each RT-qPCR.
RT-qPCR primers, including those for SlSOD-F (TGTC

ACTACCCCTAAACCCCT), SlSOD-R (CCAGGAGCTCC
ATGTGTCAA), SlPOD-F (TCTACGACTTTTCATGCC-
CACA), SlPOD-R (GAGCAGCAAGGGCGATAATG), SlC
AT2a-F (GTGGTGGTGATAAAGGAGGGT), SlCAT2a-R
(AAGCTCCGCATAGCAAAAGG), SlCAT2b-F (TTGCAG
GCTATGCTTTTTGGA), SlCAT2b-R (TAGCCTGGCCAT
CCTGCTTT), SlGLK1-F (GAATTTTCCGTAAGCAGTG
GTG), SlGLK1-R (CTTCTCCTTGATTTAGGCTCGT),
SlGLK2-F (ACAATCGGAGGCGGAGGA), SlGLK2-R (CA
AGGAGTGCCTGGTACAAGAG), SlDCL-F (CCGCAAGG
ATGGTGAAACA), SlDCL-R (TCCGCTTCCGAAAATGC
C), SlAMT1-F (CTCCGTTCCTCGGTCCTAAC), SlAMT1-
R (CATTAGACGGACCACCCCAAG), SlNRT2.3-F (TGTA
CACTTCCAGTAATGTTAGTT), and SlNRT2.3-R (GGTA
CCCAGACGCGATTTGGTGTTA), were designed by Pri-
mer 5.0 software.

Data processing
Microsoft Office Excel 2007 was used to process and

analyze the data, and the significance of differences was
analyzed by group data t-test42.
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