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ABSTRACT: Gene expressions in plant seeds irradiated by oxygen plasma were investigated 
using DNA microarray bioinformatics analysis to clarify the pathways responsible for growth 
enhancement of plants. Gene expressions involved in photosynthesis and energy production 

growth enhancement of plants is brought about by epigenetics.
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I. INTRODUCTION

Biological reactions of plants such as germination and growth enhancements induced by 
1–3 and various gases have been inves-

tigated.4,5 Recently, plant  germination and growth regulations has been observed when 
plant seeds are irradiated by active oxygen species produced by oxygen plasmas.6–11

induced by active oxygen species are the redox  reactions of thiol compounds.12–17 When 
plant seeds are irradiated by active oxygen species generated by oxygen plasma, thiol 

9, 18

major thiol compound in living organisms is thioredoxin,16,19 which plays roles as an 
oxygen sensor and a scavenger of excess active oxygen species. However, the pathways 

should lead to the regulation of enzymatic reactions, including gene expression.12–14
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-
plications for agriculture, such as the disinfection of agricultural products and steriliza-

-
nism of plant growth enhancement. In the present study, to propose highly reasonable 
mechanisms of the plant growth enhancement induced by active oxygen species, the 
gene expression of plant seeds was investigated by functional annotation bioinformatics 
analysis20,21 and gene ontology analysis23,24 using microarrays.

II. EXPERIMENTAL SETUP

Arabidopsis thaliana and Raphanus sativus (radish sprout) seeds were irradiated by 
active oxygen species generated in an oxygen radio-frequency (RF) plasma at low pres-
sure,9,11,18 as shown in Fig. 1. Oxygen gas was introduced into the vacuum chamber with 

-

used in this experiment was designed for the detection of neutral active oxygen spe-
cies.22

and were placed at the bottom of the chamber.
In this experiment, radish sprout and Arabidopsis thaliana (wild type, Columbia-01) 

FIG. 1: Schematic of RF plasma device
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were utilized for growth observation and gene analysis, respectively. After the plasma 
irradiation, 50 dried seeds of Arabidopsis 

electrophoresis. Gene expression of seeds was analyzed by the microarray method us-

were arranged using the functional annotation bioinformatics microarray method and 
pathway analysis method using the database for annotation, visualization, and integrated 
discovery (DAVID).20,21

-

each plant sample was 0.17 g and was kept constant throughout the experiments.

III. RESULTS AND DISCUSSION

A. Active Oxygen Irradiation to Seeds

Active oxygen species generated in the oxygen plasma by the RF discharge at low pres-
sure were measured using optical emission spectroscopy. In the lower pressure region 
around 20 Pa, atomic oxygen O(5P) and oxygen ions tend to be generated. When the 
pressure increases to 60 Pa, excited oxygen molecules such as O2 (1 +

g) are produced due 
to the lower-energy electrons.9,10

was varied within a range of several tens of Pa. Also, the chemical indicator shows gen-
eration of active oxygen species in the afterglow region of the chamber. 

In this experiment, seeds of the radish sprout and the Arabidopsis thaliana were 
utilized for the growth observation and the gene analysis, respectively. Germination 

9 When seeds that were irradi-
ated by active oxygen species under particular conditions grew, stem and root lengths 
were longer than those of seeds without irradiation.10 Figure 2 shows tendencies of the 
light emission intensity of excited oxygen molecule O2 (1 +

g), antioxidative activity, and 
the full length of radish sprout varying gas pressure. Student t-tests were performed 
between lengths of untreated and plasma irradiated radish sprouts. P-values of all data 

t-test was 30.
Each curve in Fig. 2 has a peak at the same pressure, 40 Pa. An inverse relationship 

was observed between the intensity of O2 (1 +
g) and the full length of radish sprout as the 

oxygen gas pressure changed.10 At 40 Pa pressure, the growth of plants was suppressed 
-

pression of growth factor led to expression of antioxidative genes, and large quantity of 
antioxidative substances was produced. On the other hand, irradiation of an appropri-
ate amount of active oxygen species at < 20 Pa or > 60 Pa oxidized thiol compounds 
related to biological reactions in cells. Figure 2 also shows the relationship between 
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the intensity of O2 (1 +
g) and the amount of antioxidative substances in plant cells when 

varying the oxygen gas pressure. Antioxidative substances were produced depending on 
2 (1 +

g) 

observation of plants indicated that the sizes of cells in stems and leaves grown from 

results imply that a number of cell processes increase due to excited oxygen molecules, 
and therefore the cell cycle is accelerated.

B. Gene Analysis of Seeds Irradiated by Oxygen Plasma

Excited oxygen molecules will penetrate the inner part of a seed through the seed coat 
when seeds are irradiated by oxygen plasma. However, some counter-reactions against 

seeds that were induced by oxygen plasma irradiation, gene expression analyses were 
performed using the functional annotation bioinformatics microarray method. Figure 3 

FIG. 2: 2 (1 + g ), antioxidative activity, and full 
length of radish sprout varying gas pressure
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shows a functional annotation chart of the biological processes obtained by gene ontolo-
gy analysis, which was derived from seeds just after being irradiated by oxygen plasma. 
Functional annotations were obtained by functional analysis of genes whose expression 

Fig. 3 indicates that functions of expressed genes are categorized into cell growth, stress 
response, photosynthesis, hormone response and others. Results of the microarray scan-
ning of RNAs of Arabidopsis seeds and the gene ontology analysis indicated that the 
expression of 678 genes increased after oxygen plasma irradiation. When Arabidopsis 
seeds were irradiated by oxygen plasma, major functional gene categories related to cell 

25,26 showed increased expression by irradiation of active 
oxygen species.

When seeds were irradiated by active oxygen species, genes coding enzymes such 
as ribulose 1,5-bisphosphate carboxylase/oxygenase (RuBisCO),27 which catalyzes the 

oxygen species in oxygen plasma should oxidize thioredoxin system on enzymes caus-

-
sis and the Calvin-Benson cycle28 were then activated. Figures 4(a) and (b) illustrate the 

which were determined using the microarray analysis. Upregulation of some reactions 
involved in starch production by the Calvin-Benson cycle led to an increase in pyruvic 
acid generation through glycolysis, as shown in Fig. 4(a). Also, in the signal pathway 

-
ductions of oxaloacetate, marate, fructose, and bisphosphorate were upregulated by the 

-

of cells increased; consequently, plant growth was enhanced. Results of the GO analysis 
indicate gene expressions of cell cycle (GO:0007049) and cell division (GO:0051301). 

cell production became enriched and cell division was enhanced. Also, gene expressions 
of cell growth (GO:0016049), regulation of cell size (GO:0008361), unidimensional cell 

maps were constructed from the functional annotation chart obtained by gene ontol-
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phytoene desaturase (At4G) were downregulated as a result of the plasma irradiation. 

therefore, the energy production processes in photosynthesis (Fig. 4a) were enhanced by 

FIG. 3: Arabidopsis seeds irradiated by oxygen plasma
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FIG. 4: (a) Schematic diagram of photosynthesis indicating upregulated reactions. (b) 
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upregulated by the plasma irradiation to seeds. In addition, genes of the mitochondrial 

-
diation. Genes such as AT5G43330 and PMD2, which are oxidoreductases of enzymes 

Functional annotation charts and heat maps also indicated that genes related to auxin 
hormone generation were upregulated, as well as those involved in photosynthesis and 

29–32

-
zyme production and an increase in the cell longitudinal length; therefore, the length 
of the plant is expected to increase. Although the optimal auxin amount has not been 

enhancement. 
Our gene ontology analysis and pathway analysis indicated that some genes con-

cerning cell elongation proteins were activated when  seeds were irradiated by active 
oxygen species. From the experimental results of plant cultivation after plasma irradia-
tion, the lengths of the leaves and stems of Arabidopsis increased approximately 1.5 
times over the control. Also, the area of leaves increased two times over the control. On 

production of plant hormones was enhanced by an increase in the activity of transcrip-
tion factors that regulate genes concerning hormone production such as L-tryptophan 

Our results illustrate the growth enhancement of plants due to (1) enhancement of 

of auxins in seeds. Figure 6 summarizes the sequence of reactions in seeds via reactions 

activation of enzymes such as RuBisCO. Activation of photosynthesis led to enhance-
ment of the downstream reactions sequentially.

C. Gene Analysis of Second Generation Seeds

Growth enhancement of plants grown from second-generation seeds can be used to con-

collected from plants that grew from seeds that had undergone plasma irradiation (i.e., 

generation seeds, gene functional annotation analysis of Arabidopsis second-generation 

gene ontology analysis shows that the gene expression of the second-generation seeds 
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were only 50 genes with genetic variations, which is common when comparing the 

second-generation seeds, the response to oxidative stress and the secondary metabolism 

FIG. 5:
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catabolic processes and phenylpropanoid metabolism. Phenylpropanoids, having a hy-

of genes concerning phenylpropanoids is a reaction against active oxygen irradiation. 

results imply that the second-generation plant obtains a resistivity against the active 
oxygen species. Also, gene expression related to plant growth in the second-generation 

enhancement of cell growth and cellular metabolism such as photosynthesis and carbon 
-

tion, was not passed on to the next generation. Because the chemical energy of active 
oxygen species produced in this experiment was approximately 4 eV, active oxygen 

-

FIG. 6:
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-

this study was not inherited by the next generation, a genetic mutation was not induced 

expression is related to epigenetics.

FIG. 7: Arabidopsis
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IV. CONCLUSION

metabolism and plant hormone generation. Disappearance of the growth enhancement 

-
tion was a mechanism of plant growth enhancement.
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