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ABSTRACT: An intermittent supply of ozonated water to underground roots revealed a pro-
motive effect on the growth of komatsuna (Brassica rapa var. perviridis). Although no clear 

d after germination. A remarkable difference was observed in growth rate after 49 d, whereas 
growth rate in the control was nearly saturated. Plant weight after 49 d increased by 2–3 times, 
compared to that of the control. An intermittent supply of a suitable amount of ozonated water 
to the underground soil increased plant growth promotion.
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I. INTRODUCTION

decay without leaving residues that could harm the environment. Because ozone is pro-
duced easily by air discharge, it is increasingly used for many kinds of oxidizing pro-
cesses including as sterilization and disinfection.1 In nature, ozone is produced by ultra-
violet irradiation, and ground levels of ozone cause more damage to plants than all other 
air pollutants combined. When entering plants through leaf stomata during normal gas 
exchange, ozone induces fatal damage, such as chlorosis and necrosis.2–4 

The effect of ozone on plants depends on the concentration and duration of the 
exposure.5 Low-levels exposure of ozone result in a decline in photosynthesis, growth 
inhibition, and premature senescence, normally without visible damage to plant tissues.6 
In contrast, high ozone doses within a short time frame leads to cell death and visible 
lesion formation in sensitive plants.7,8 It should be noted that plant response to ozone 
with elevated CO2 has a different effect on photosynthesis and growth.9–12 Soybeans 
grown at different combinations of CO2 and ozone, for example, showed enhanced rates 
of photosynthesis.13,14 
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 Acute ozone exposure induces massive changes in gene expression, enzyme activi-
15–18 Changes in 

protein activities and gene expression can occur very quickly, sometimes within minutes 
after the onset of exposure. A common element in ozone and pathogen responses is 
active production of reactive oxygen species (ROS) in the apoplast, the extracellular 
space. Thus, ozone can also be used as a noninvasive tool to mimic signaling pathways 
triggered by active apoplastic ROS formation, and results obtained in experiments that 
use ozone directly relate to understanding the role of apoplastic ROS signaling in gen-
eral. The signaling pathways activated by ozone are integrated into a complex regulatory 
system involving ROS, plant stress hormones, and second messengers such as calcium.5

It has also been shown that a plant response induced by brief exposure of ozone 
leads within minutes to activation of mitogen-activated protein kinase (MAPK).19 This 
activation process is calcium dependent and can be associated with induction of ROS ac-
cumulation. Rapid MAPK activation indicates that ROS themselves may be responsible 
for triggering signaling through MAPK cascades. Because ozone immediately creates 
ROS in plant tissues, exposure to ozone may also lead to rapid MAPK activation.20 It 
should be noted that MAPK pathways regulate diverse processes, ranging from prolifer-
ation and differentiation to apoptosis. Activated by an enormous array of stimuli, MAPK 
pathways phosphorylate numerous proteins, including transcription factors, cytoskeletal 

-
lism, cell division, cell morphology, and cell survival.21 In relation to proliferation and 
cell survival, the surviving cells have the ability to repair some oxidative damage,22,23 
strongly suggesting that this repair is an essential step for resumption of growth. The 
nature of the repair mechanisms involved is unknown. However, reduction of oxidized 
sulfhydryl compounds in autotrophic cells is largely dependent on photosynthetic pro-
duction of nicotinamide-adenine dinucleotide phosphate (NADPH).24 Thus, studies on 
photosynthetic activity following exposure to ozone would undoubtedly provide useful 
information in elucidating the nature of the repair mechanisms involved.25–27 

The object of our experiments is to clarify the effect of ozone on plant growth. We 
directly supplied ozonated water to the underground soil for plant cultivation. 

II. EXPERIMENTAL APPARATUS AND METHOD 

For plant growth, the absorption of nutrients from roots as well as the photosynthetic 
reaction in leaves are quite important. We focused on the activation of underground 
roots of plants by feeding ozonated water to the underground soil.28 We cultivated kom-
atsuna (Brassica rapa var. perviridis), Japanese mustard spinach, a leaf vegetable that 
may be eaten at any stage of its growth. Experiments were performed in a greenhouse 
in Tsubonuma Farm, Miyagi University, Japan. Ozonated water was generated using 
an ozonated water generator (Inpal Co. Ltd., Japan), in which ozone was produced ef-

-
nal grounded cylindrical electrode and inner coaxial rotating electrode, with a rotation 
speed of 1380 turns/min.29 
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We used eight plastic plant cultivation (planter) boxes that were 47.7 cm long, 32.6 
cm wide, and 7.6 cm high, with several drain holes at the bottom. The ozonated water of 1 

switching the magnetic valves on and off with the use of an electric timer (Autorain time 
switch FV811, SUNAO Electric Co. Ltd., Japan). The main timer switch was turned on 
and off automatically twice a day within 10 min between 9:00 am and 11:00 am (except 
on rainy and cloudy days) during cultivation from sowing to harvesting. Feeding treat-

of 0.6 L/min was fed for 10 s. Details are described elsewhere.28 
 The planter box layout is shown in Fig. 1. Cultivation soil (Sukoyaka, Yamagata 

Celltop Co. Ltd., Japan) was packed in the box at a depth of 5 cm. The box was divided 
into two areas by a partition plastic plate, inserted vertically 3 cm into the soil. One area 
was for cultivation and the other for ozonated water feeding, where a polyethylene tere-
phthalate (PET) bottle (2 L volume) was placed. Because the PET bottle was buried into 
the soil at 2 cm in depth, the ozonated water was able to leak into the underground soil 

PET bottle. The processed water penetrated into the cultivation area through a narrow 
channel below the partition panel that was placed between the two areas. Here, 100 seeds 
of komatsuna (Cultivar Maruha, Watanabe Seed Co. Ltd., Japan) were sowed along the 

direction. The raw positions were spaced at x = 3, 6, 9, 12, and 15 cm. After performing 

FIG. 1:
supplied to the underground soil, and the processed water penetrates into cultivation area (x
through the narrow channel beneath a partition plate inserted into the soil at x = 0.
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samples in the y direction) were harvested on the 49th d after sowing. To adjust the total 
amount of water feeding to the planters, tap water was sprinkled at 4:00 pm. 

III.  EXPERIMENTAL RESULTS 

The distance of 3 cm in the middle cultivation region was too narrow for the plant to 
grow without a mutual shielding effect. For this reason, only plants at the both ends of 
the rows, i.e., at x = 3 and 15 cm, were taken into account. Histograms of the plant height 

x = 15 cm on the 49th d after sowing, are shown in Fig. 
2 in eight cases. In the case of the control, the average height was 32.0 cm and standard 
deviation was 4.7 cm. The average height increased with treatment time and reached 

FIG. 2: x = 15 cm on the 49th d after 
sowing in the cases of (a) control and treatment times of (b) 5 s, (c) 10 s, (d) 15 s, (e) 30 s, (f) 60 
s, (g) 78 s, and (h) 90 s.
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the minimum in the case of the 15-s treatment. With increased treatment time, average 
height increased again and then reached the second maximum of 43.8 cm in the case 
of the 78-s treatment. However, additional treatment time resulted in a decrease in the 
average value again. 

To compare these differences, see the images of the average sizes of komatsunas 
sampled at x = 15 cm in the cases of 10- and 60-s treatments in Fig. 3(a) and (b), respec-
tively, with the image of the control sampled at x = 15 cm. Clearly, not only did the plant 
height increase but so did the number of leaves, number of stems, and width and length 
of leaves in the cases of 10- and 60-s treatments, compared to those of the control. 

Variation in the average plant height sampled at x = 15 cm is plotted in Fig. 4, as a 
function of treatment time. Two peaks appear (A and B). Peak A was rather sharp and 
narrow, compared to the second broad peak of B. It was also remarkable that a minimum 
appeared between these peaks in the case of the 15-s treatment. This suggests that two 

weak concentration of ozonated water. On the other hand, much more ozonated water is 
required for the appearance of the second peak B. 

To investigate the growing process, temporal growth curves of the average plant 
x = 15 cm are plotted in Fig. 5 as a function of the 

number of days after sowing, with treatment time as a parameter. It can be clearly seen 
that both growth curves, at peak A in the case of the 10- treatment and peak B in the case 
of the 60-s treatment, increased almost in proportion to the number of days after sowing. 

FIG. 3: Images of the average sizes of control and treatment times of (a) 10 s and (b) 60 s. All 
samples are harvested at x = 15 cm. A 50-cm-long ruler is placed aside, with scales every 5 cm. 
Cont, Control.
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FIG. 4: x = 15 cm on the 49th d after sowing, 
as a function of treatment time. Two peaks (A and B) appear in the cases of 10- and 60-s treatments, 
respectively.

FIG. 5: x = 15 cm as a 
function of the amount of days after sowing, with treatment time as a parameter. 
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weak and almost saturated. It should be also noted that no clear difference was observed 

after germination. Then, a remarkable difference was seen even after 49 d, although the 
growth rate in the case of control was nearly saturated. 

Variations in the average weight as a function of treatment time with sampling posi-
tion x as a parameter are shown in Fig. 6. Two peaks, A and B, occur in the curve at x 
= 15 cm, similar to the result in Fig. 4. Peaks A and B in Figs. 4 and 6 result from the 
same fact; that is, that the growth of the plants in the cases of 10- and 60- to 78-s treat-
ments are promoted, compared to the control. Two peaks also appear at C and D in the 
curve at x = 3 cm, which may correspond to peaks A and B at x = 15 cm, respectively. 
The difference that treatment time becomes the maxima at x = 3 and 15 cm would result 
from an effect of three-dimensional diffusion of the supplied water, as discussed in the 
following section. 

IV. DISCUSSION 

The amount of processed water arriving at x = 15 cm diminished spatially and temporal-
ly because of an absorption into the soil during penetration, resulting in the net amount 
of processed water arriving at x = 15 cm to be less, compared to that at x = 3 cm. Peaks 
A and B observed at x = 15 cm in Figs. 4 and 6 correspond to peaks C and D observed at 
x = 3 cm, respectively. The reduction factor of the processed water arriving at x = 15 cm 
can be estimated by adjusting both curves in such a way that the horizontal axis of x = 
15 cm diminishes until peaks A and B agree with peaks C and D, respectively, as shown 
in Fig. 7. Here, the horizontal scale of the curve at x = 15 cm was reduced by a factor of 

FIG. 6: x = 3 and 15 cm on the 49th d after 
sowing, as a function of treatment time. Peaks A and B appear at x = 15 cm and peaks C and D at 
x = 3 cm.
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2.7; that is, the processed water arriving at x = 15 cm was reduced by a factor of 2.7. As 
described above, the reducing factor was experimentally evaluated and depends on the 
ozone reaction with the soil, absorption of water, and soil denseness. Here, we adopted 
a soft cultivation soil, Sukoyaka, the weight of which was 16 kg for a volume of 40 L. 
This soil performs well in terms of water repellency and drainage capacity. Thus, the 
processed water can spread out three dimensionally, both to the sides and to the bottom 
of the planter boxes in the downstream region. 

The total ozone dose supplied to the underground soil in the feeding area (x
was calculated from the ozonated water concentration of 1 ppm multiplied by feeding 

to the total ozone dose of 5 and 30 mg, respectively, that was supplied to the soil in the 
feeding area (x x 

planter boxes. 
Ozonated water supplied to the underground soil would more or less react with the 

soil before arriving at the plant roots. Therefore, in our case, three possibilities were 

ozone, in which cell proliferation and cell survival would occur by a defense mecha-
nism.19–23 The second is an indirect interaction via the reactive species produced by 
ozone in the soil. In this case, products such as nitrogen oxide might act as nutrients that 

-

3-N) increased 

FIG. 7: x = 3 and 15 cm on the 49th d after 
sowing, as a function of the total ozone dose supplied to the underground soil in the feeding area (x  
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in the ozonated-water–treated soil. The processed water arriving at the plant roots might 
contain such nitrogen oxides. However, the appearance of double peaks in plant growth 
promotion (A and B) could not be simply explained by the chemical change of the soil 
to nutrients. Severe suppression of plant growth observed at x = 3 cm in the case of 
treatment >60 s might be due to a negative effect of ozone. 

In our experiment, ozonated water was intermittently supplied to the underground 
soil in the feeding area (x
and cloudy days, although the ozone concentration in the water was rather strong at 1 
ppm. Our results showed that such an intermittent supply rate of ozone is very effective 
for plant growth promotion.

V. CONCLUSION 

Ozonated water produced by an atmospheric corona discharge was supplied intermit-
tently to the underground soil (x Brassica rapa var. 
perviridis) by changing the feeding treatment time twice daily, everyday, for 49 d, ex-
cept on rainy and cloudy days. Two levels of ozone dose resulted in plant growth promo-
tion. These correspond to the total ozone doses of 5 and 30 mg, respectively, to the soil 
in the feeding area (x x = 15 cm in the cases 
of 10- and 78-s treatment were 67.0 g and 71.8 g, respectively, whereas the average 
weight of the control at x = 15 cm was 25.0 g. Therefore, the average weight increased 
by 2.7 and 2.9 times in the cases of 10- and 78-s treatment, respectively, in comparison 
with the control. Suitable amounts of ozone supplied intermittently to the underground 
soil were found to promote plant growth.

ACKNOWLEDGMENTS

We thank Professors Masahiro Nakamura (School of Food, Agricultural, and Environ-
mental Sciences, Miyagi University, Japan) and Minoru Sato (Graduate School of Agri-
cultural Science, Tohoku University, Japan) for their interest and encouragement.

REFERENCES

1.  Eliassen B, Hirth M, Kogelschatz U. Ozone synthesis from oxygen in dielectric barrier discharge. J 
Phys D Appl Phys. 1997;20:1421–37.

2.  Wilkinson S, Mills G, Illidge R, Davies WJ. How is ozone pollution reducing our food supply? J Exp 
Botany. 2012;63:527–36.

3.  Aben JMM, Jurkovicova MJ, Adema EH. Effects of low-level ozone exposure under ambient condi-
tions on photosynthesis and stomatal control of Vicia faba L. Plant Cell Environ. 1990;13:463–9.

4.  Heath RL, Taylor Jr GE. Physiological process and plant responses to ozone exposure. Ecolo Studies. 
1997;137:317. 

5.  Vainonen JP, Kangasiarvi J. Plant signaling in acute ozone exposure. Plant Cell Environ. 2015;38: 
240–52.

6.  Krupa SV. Joint effects of elevated levels of ultraviolet-B radiation, carbon dioxide and ozone on 
plants. Photochem Photobiol. 2003;78:535–42.



Plasma Medicine

Iizuka & Saito264

7.  Kangasjärvi J, Talvinen J, Utriainen M, Karjalainen R. Plant defense systems induced by ozone. Plant 
Cell Environ. 1994;17:783–94.

8.  Rao MV, Koch JR, Davis KR. Ozone, a tool for probing programmed cell death in plants. Plant Mol 
Biol. 2000;44:345–58.

9.  Heagle AS, Miller JE, Pursley WA. Growth and yield responses of winter wheat to mixtures of ozone 
and carbon dioxide. Crop Sci. 2000;40:1656–64.

10.  McKee IF, Mulholland BJ, Craigon J, Black CR, Long SP. Elevated concentrations of atmospheric CO2 
protect against and compensate for O3
Phytologist. 2000;146:427–35.

11.  Pleijel H, Gelang J, Sild E, Danielsson H, Younis S, Karlsson PE, Wallin G, Skarby L, Sellden G. Ef-
fects of elevated carbon dioxide, ozone and water availability on spring wheat growth and yield. Phys-
iologia Plantarum. 2000;108:61–70.

12.  Cardoso JV, Barnes J. Does nitrogen supply affect the response of wheat (Triticum aestivum cv. Han-
no) to the combination of elevated CO2 and O3? J Exp Botany. 2001;52:1901-11.

13.  Reid CD, Fiscus EL. Effects of elevated CO2 and/or ozone on limitations to CO2 assimilation in soy-
bean (glycine max). J Exp Botany. 1998;18:885–95.

enrichment I foliar properties. Crop Sci. 1998;38:113–21.
15.  Mahalingam R, Jambunathan N, Gunjan SK, Faustin E, Weng H, Ayoubi P. Analysis of oxidative sig-

nalling induced by ozone in Arabidopsis thaliana. Plant Cell Environ. 2006;29:1357–71.
16.  Tosti N, Pasqualini S, Borgogni A, Ederli L, Falistocco E, Crispi S, Paolocci F. Gene expression pro-

3-treated Arabidopsis plants. Plant Cell Environ. 2006;29:1686–702.

Arabidopsis abi1td insertional mutant: Protein phosphatase 2C ABI1 modulates biosynthesis ratio of 
ABA and ethylene. Planta. 2009;230:1003–17.

18.  Blomster T, Salojärvi J, Sipari N, Brosché M, Ahlfors R, Keinänen M, Kangasjärvi J. Apoplastic re-
active oxygen species transiently decrease auxin signaling and cause stress-induced morphogenic re-
sponse in Arabidopsis. Plant Physiol. 2011;157:1866–83.

19.  Pellinen R, Palva T, Kangasjarvi J. Subcellular localization of ozone-induced hydrogen peroxide pro-
duction in birch (Betula pendula) leaf cells. Plant J. 1999;20:349–56.

20.  Samuel MA, Miles GP, Ellis BE. Ozone treatment rapidly activates MAP kinase signaling in plants. 
Plant J. 2000;22:367–76.

21.  Qi M, Elion EA. MAP kinase pathways. J Cell Sci. 2005;118:3569–72.
22.  Chevrier N, Sarhan F, Chung YS. Oxidative damages and repair in Euglena gracilis exposed to ozone 

I SH groups and lipids. Plant Cell Physiol.1988;29:321–27.
23.  Chevrier N, Chung YS, Sarhan F. Oxidative damages and repair in Euglena gracilis exposed to ozone 

II membrane permeability and uptake of metabolites. Plant Cell Physiol. 1990;31:987–92.
24.  Rennenberg H. Glutathione metabolism and possible biological roles in higher plants. Phytochemistry. 

1982;21:2771–81.
25.  Kangasjarvi J, Talvinen J, Utriainen M, Karjalainen R. Plant defense systems induced by ozone. Plant 

Cell Environ. 1994;17: 83–94.
26.  Vainonen U, Kangasjarvi J. Plant signaling in acute ozone exposure. Plant Cell Environ. 2015;38: 

240–52.
27.  Mahalingam R, Shah N, Scrymgeour A, Fedoroff N. Temporal evolution of the Arabidopsis oxidative 

stress response. Plant Mol Biol. 2005;57:709–30. 
28.  Saito H, Iizuka S. Effect of ozonated water supplied intermittently to underground roots on the growth 

of komatsuna (Brassica rapa var. perviridis). Plasma Med. 2015;5:177–87.
29.  Horikoshi K. Schematic and performance of corona discharge with rotary electrode. [updated 2012 

Sep 29: cited 2015 Oct 5]. Available from: http://www.inpal.net/ (written in Japanese).


