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https://en.kfwiki.org/wiki/Plasma_Applications
_in_Agriculture

Crop yield per person tends to decrease since 1980’s.
Global warming, excessive irrigation and fertilization reduce the crop field.
Environment friendly technology to crop yield improvement is crucial.
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Planetary boundaries are a framework to describe limits to the impacts of human activities on 
the Earth system. Beyond these limits, the environment may not be able to self-regulate anymore. 
Crossing a planetary boundary comes at the risk of abrupt environmental change. 

J.  Rockström, et al.,   Nature. 461 (2009): 4726. K. Richardson, et al.,  Science Advances. 9 (2023): eadh2458. 

Artificial nitrogen deposition (Harbour Bosch) surpasses natural deposition.

nitrogen nitrogen nitrogen
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7096 H. J. Rubin et al.: Global nitrogen and sulfur deposition mapping

Figure 2. Total N and S deposition in 2010 using the MMF approach: (a) total annual N deposition (mgNm�2), the sum of wet and dry
NO�

3 and NH+
4 after applying the MMF approach, as well as HTAP II gridded surfaces of dry deposition of NH3, HNO3, and NO2 with no

MMF adjustment due to the lack of measurements; (b) total S deposition (mgSm�2), the sum of wet and dry MMF SO2�
4 and wet and dry

HTAP II SO2.

found a 2012 average of 18.21 kgNha�1 for China. Addi-
tional work combining the GEOS-Chem (https://geoschem.
github.io/, last access: 10 June 2023) model with satellite
observations and surface measurements reported the aver-
age annual deposition from 2008 to 2012 as 16.4 TgN,
with 10.2 TgN from NHx and 6.2 TgN from NOy (Zhao
et al., 2017). The averages reported by these studies are con-
sistent with ours (16.9 kgha�1 yr�1), despite the difference
in year and spatial resolution. The spatial pattern of N depo-
sition in 2010 (Fig. 2a) also remains similar to that of previ-
ous decades (Jia et al., 2014), with high deposition in eastern

China and low deposition over the Tibetan Plateau. This pat-
tern is confirmed in 2006 and 2013 (Qu et al., 2017).

5.3 Limitations of interpolation

As seen in Table 2, the largest difference between MMM and
MMF is found in coastal regions and particularly the open
ocean. While MMF does give improved deposition estimates
by incorporating in situ measurements, it is worth consider-
ing the scale of the model. Observations of deposition are
probably not representative in all regions for a 1� or larger

Atmos. Chem. Phys., 23, 7091–7102, 2023 https://doi.org/10.5194/acp-23-7091-2023

China and India have super-heavy artificial nitrogen deposition.
EU, USA and Japan also have heavy artificial nitrogen deposition.
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https://www.researchgate.net/figure/The-nitrogen-cycle-1-uptake-of-nitrogen-by-
plants-from-the-atmosphere-2-uptake-of_fig1_263329333
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Nitrogen cycle

Nitrogen chemical fertilizer
fast-acting property
50% goes to plant growth, 
50% goes to ground water.

Organic fertilizer
slow-acting property
Less nitrogen content
C/N > 15 ==è < 7 is good.

Plasma irradiated organic fertilizer
Fast & slow-acting property
Tune C/N by adding N content
On-site treatment
Reduction of nitrogen usage 1/10
for the same growth rate
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81. Progress in Japan
Comparison between conventional process and plasma process

Haber-Bosch (1200°C, 500 ATM)

3CH4 + 3O2 + 2N2 ® 4NH3 + 3CO2

4. Better energy efficiency.
5. On-site N-fixation.
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amalgam as a reducing agent and catalysed the reduction of up to
103 dinitrogen molecules at ambient pressure and up to 104 at
7MPa of N2 [82].

Yandulov and Schrock [84], proposed a Mo-containing homo-
geneous catalytic system capable of reducing dinitrogen to
ammonia at ambient conditions. The reaction took place in a
hexane solution with {LutH}{BAr*4} as a proton source and
decamethylchromocene as a reducing agent, Fig. 7. The
Mo-containing catalyst produced 7.5–8 equivalents of NH3 with
a yield of 65%, which is smaller than the optimal efficiency of
Mo-dependant nitrogenase (!75%). In order to obtain such high
yields, however, the reaction rate was decreased by slow addition
of the reducing agent and by using hexane, a solvent in which the
reacting compounds had limited solubility [84]. Following the
discovery of this reaction, a lot of effort was made to investigate
the nature of the intermediate states [111], the use of other ligands

[112], the parallels between this reaction and the action of the
nitrogenase enzyme [113], but no major improvements in catalyst
efficiency were archived.

Recently, Arashiba et al. [83], proposed a Mo complex with
PNP-type pincer ligands capable of reducing gaseous dinitrogen to
ammonia. Cobaltocene [Co(C5H5)2] was used as a reducing agent
and [LutH]OTf as a proton source producing up to 12 equivalents of
ammonia from 1 equivalent of the catalyst, Fig. 8.

Similar results were obtained when a stronger reducing agent,
decamethylchromocene [Co(C5(CH3)5)2], was used. In this reaction,
a proton source had to be carefully selected because highly acidic
compounds directly protonated the catalyst and a proton source
with highly coordinating counter anions displaced ligands around
the Mo atom decomposing the catalyst and thereby reducing the
reaction yield [83]. Anderson et al. proposed an Fe-based catalytic
system that demonstrated that Fe sites of nitrogenase enzymemay
be responsible for dinitrogen binding, Fig. 9 [85].

Nitrogen fixation using metallorganic complexes is still very far
from large-scale applications due to low yields, fast catalyst
decomposition and extremely expensive compounds (reducing
agents, proton source compounds used in stoichiometric quanti-
ties as well as catalyst materials). However, the approach proposed
by Shilov combines the largest product to catalyst ratio (up to 104)
with ease of estimations of the energy efficiency, Fig. 5a [82]. It is
possible to perform a lower-boundary estimation of the energy
efficiency assuming that the recycling of sodium (i.e. converting
sodium methoxide to metallic sodium) is the only energy-
demanding step. In order to estimate the energy consumption

Table 1
Nitrogen fixation cycle with metallic lithium.

Fixation with Li SNa

6Li +N2 ! 2Li3N 1
Li3N+3 H2O ! 3LiOH+NH3 2
LiOH+HCl ! LiCl +H2O 6
LiCl ! Li + 1/2 Cl2 6

N2 + 6HCl ! 2NH3+3Cl2

a Stoichiometric number.

[(Fig._9)TD$FIG]

Fig. 9. Homogeneous metallocomplex catalytic system for dinitrogen reduction proposed by Anderson et al. [85].

[(Fig._10)TD$FIG]

Fig.10. Comparison of the energy consumption of NF. The H–B process has the lowest consumption, but now it is close to its theoretical limits. Among other alternatives only
non-thermal plasma NF demonstrates high efficiency and has very low theoretical limit of power consumption.

30 N. Cherkasov et al. / Chemical Engineering and Processing 90 (2015) 24–33

N. Cherkasov et al., Chemical Engineering and Processing 90 (2015) 24–33.

1. Food produced with nitrogen fertilizers feeds 50% of the world's population
2. Harber-Bosch accounts for 2% of global energy consumption and 1% of CO2 emissions
3. Nitrogen fixation using low-temperature plasma consumes theoretically the least amount of energy
4. Energy consumption can be reduced by as much as 60% from the current Harber-Bosch

Energy consumption for nitrogen fixation
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Air-DBD Reactor Used to fix nitrogen in leaf mold
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Control leaf 

mold 

Plasma treated leaf 

mold 

Plant leaf + commerical 
ammonium fertilzier     

(0.5 gm)

NO2
− (g), Nitrite 0.0001 0.0010 0.0001

NO3
− (g) , Nitrate 0.0088 0.0224 0.0092

NH4
+ (g), Ammonium 0.0017 0.0111 0.0173

The energy consumption (EC) 
for total N-fixation was 12 
MJ/mol. 

Theoretical limit is 0.2 MJ/mol.
EC of Harbar-Bosch is 0.5 
MJ/mol

P. Attri, et al., RSC Advances, 2021, 11, 28521.   11

Mass of reactive species in plant soil after plasma treatment. 

Germination of 
Radish sprouts is 
85-95% in plasma 
treated leaves 
whereas it is 50-
65 % in plant 
leaves without 
plasma treatment
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121. Progress in Japan
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Leaf Mold
Plasma

n= 18 n= 18

**

weight for control: 1.2 ± 0.2 (kg)
weight for plasma: 1.4 ± 0.3 (kg)

BRIX for control: 23.7 ± 1.4 (%)
BRIX for plasma: 22.1 ± 1.5 (%)

*BRIX: sugar content in juice

ℎ𝑎𝑟𝑣𝑒𝑠𝑡 𝑦𝑒𝑖𝑙𝑑:𝐻𝑌 ≡ 𝑤𝑒𝑖𝑔ℎ𝑡 ×(𝐵𝑅𝐼𝑋)
HY_control= 0.28 (=1.2 x 0.237)
HY_plasma= 0.30 (=1.4 x 0.221) 

Harvest yield for plasma is 7% higher than that for control.

*assumption: efficiency of extraction from
fresh weight to juice weight is same.

17 % up

7 % down

control plasma

June, 2022

Estimated profit increase
at the present: €490-/ha 

1. Progress in Japan
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有体物管理センター

低温プラズマの特長

室温で高エネルギーの化学反応空間を実現。
半導体から自動車、航空宇宙にいたるまで広い化学技術分野の基盤技術。

近年プラズマの農業応用で「プラズマアグリ研究」が注目を集めている。
例：種子への短時間プラズマ照射による、発芽・成長促進と収穫量増加

3

低温プラズマ科学の特⻑
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Approaches to improve agricultural productivity

Water treatment 
Purification 
Growth enhancement
Plasma fertilizer
Soil treatment

Insecticide
Sterilization, 
Pre-& post-harvest, 
Storage 
improvement

Production level

Potential 100%

Water limited

Nutrient limited

Actual 30%

irrigation

fertilization

crop protection

Plasma can solve 
all issues.

Ref: T. Sarinont, et al., Arch. Biochem. Biophys. (2016) doi:10.1016/j.abb.2016.03.024.

Agricultural productivity is reduced by limitation 
of water, nutrient and other factors.

3I. Adamovich, et al., 2022 J. Phys. D 55, 373001 (2022).  Roadmap 14

Increasing the use of water and chemical fertilizers has a negative impact on the environment and ecosystems.
Plasma agriculture has the potential to increase production by controlling plant diseases and promoting 
sprouting and growth of crops while minimizing the impact on the ecosystem.
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Advantage: Plasma supplies a high flux of ROS with low damage

15
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1. Plasma ROS safe dose is >1000 times higher than gamma rays.
2. Plasma supplies ROS outside cells, whereas gamma ROS outside and inside cells.
3. Plasma can provide activation to seeds, whereas gamma provides inactivation.

15
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I. Adamovich, et al., J. Phys. D 55 (2022), 373001. 16

How Plasma can be useful for agriculture?
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5 years old Plumeria from seed (left) 
without and (right) with plasma irradiation

Potential interaction between genetic and epigenetic variation in 
plants under plasma induced stress.
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Average temperature from May to September in Japan increases year after year.

林 他（2001）

(http://mmsc.ruralnet.or.jp/)

Reduction in rice yield in Japan

（kg/10a)

2030 2060 2090

2030 2060 2090

Hayashi et al. (2001)

High temperature during growth of rice plants reduces the yield.

1717
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germination

栄養成⻑ ⽣殖成⻑

heading
flowering

Delayed seed germination due to heat stress 
during grain filling stage of parent rice plants

sowing

parent daughter

⽣殖成⻑

grain filling stage

*   : p < 5％
** : p< 1％
*** : p< 0.1%

(%)

Suriyasak, Ishibashi et al. Sci. Rep. (2020)

gｅｒｍｉｎａｔｉｏｎ

reproductive growth vegetative growth reproductive growth
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>30 C
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Materials and methods
Material；rice (Oryza sativa L. ) ：

Control:  unstressed seeds
Heat: seeds developed under heat stress
Heat+Plasma: plasma-irradiated seeds developed under heat stress

Scalable dielectric barrier discharge plasma

放電の写真

gap

electrode

Photons, ions, radicals as well as thermal flux
depend on irradiation position.
Dose is controlled by irradiation duration.

Atmospheric pressure DBD plasma
Treatment period:  180 s
Discharge voltage: 7.0 kV, 10kHz           
Discharge power desity: 3.05 W/cm2

Te=3-6eV, Ne=1013-1014 cm-3

N2 2nd positive band (280-400 nm) and NO-g (200-
260 nm) are observed in air DBD discharges.

S. Kitazaki, et al., Curr. Appl. Phys. 14 (2014) 149.
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Germination test: Rice
Plasma irradiation to rice seeds with heat stress
improves germination characteristics.

20C. Suriyasak, et al., ACS Agric. Sci. Technol. 1, 5 (2021). 20
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Day 6 after sowing Day 14: plasma treated plants grow faster.

21
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<Weight of unhulled rice in 2018>
Plasma:189.29kg, 104% @2018
Control: 181.98kg, 100% @2018

Number of samples:
5814 samples (rootstocks)
for each condition.

<Subacute toxicity test>
-6 mice for each conditions
-There is no difference among the 
administration conditions. 

< Now: rice in fully organic cultivation>
30% increase production
3,000 Yen input of plasma agri. leads to 
30,000 Yen output increase.

plasma control

Fresh weight for 7 rootstocks:
Plasma: 1.65 kg, 113% @2018
Control: 1.46 kg, 100% @2018

Without agricultural chemicals, pesticide, herbicide. 

22
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Germination mechanism and related molecules
ABA and GA are plant hormones which control germination.

23K. Graeber et al. Plant, Cell & Environment Volume 35, Issue 10 (2012)

GA20oxs

GA3oxs

NCEDs

ABA8’OHs

ABA-related 
enzyme

We evaluated gene 
expressions related with 
the following molecules.

GA-related 
enzyme

α-Amylase
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• Gene expression of OsABA’8OHs and OsAmy1s is increased by plasma irradiation 
to seeds with heat stress.

• OsNCEDs, OsGA20oxs and OsGA3oxs are not changed by plasma.

Typical gene expression
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NCEDs

ABA8’OHs
ABA

GA
Seed

germination
GA3ox

GA20oxs

α-AmylaseABA8’OHs
ABA

Seed
germination

α-Amylase

Effects of plasma irradiation

GAmybPKABA

NADPH oxidases 

Imbibition 

ROS

GA

GA biosynthesis

ABA

NADPH oxidasesCa2+

Embryo Aleurone Cell

ABA8’OH

ABI5 CAT

α-amylase

ROSABA

Germination

• Plasma irradiation has less effective on gene expression of GA bio-synthesis.
• Plasma-enhanced germination might be different from standard physiological 

germination process      epigenetic change?

Discussion
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Metabolism of germination process
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MeDIP-qPCR: Methylation level test 
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Plasma treatment decreases the DNA methylation levels in seeds 
related to germination.
OsABA8’OH3, OsAmy1C and OsAmy1E promoters
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Plasma irradiation to heat stressed seeds leads to 
DNA demethylation (= hypo-methylation).

27Our new finding of “Plasma Agriculture”

Plasma
RSPlasma

irradiation

Omics

Preservation

Phenotype

STAGES MODEL

RS

RS

Cultivation

Gene-Switching Tool

=
Plasma

Plasma affects 
epigenetics

OsAmy1C, OsAmy3E

OsABA8’OH3

Plasma

RS

DNA demethylation
Seeds recover from heat stress.Plasma irradiation

Heat stress

OsAmy1C, OsAmy3E

OsABA8’OH3

DNA methylation (seeds degraded)

従来の農業技術にない、プラズマ照射による種籾への温暖化耐性付与と
メカニズム解明（プラズマによるDNAメチル化変動）

Heat stress by 
warming

27

CH3
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- introduced into seeds from plasma using LC-MS/MS
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FWmg: Fresh weight mg

1 min. plasma irradiation realizes 20 
times higher NO3

- concentration in seeds 
than that without plasma irradiation.

Word 1st results of direct quantitative 
measurements of RONS concentration in 
seeds introduced by plasma irradiation.

28T. Okumura, et al.,  Scientific Reports 12 (2022) 1-11.

0.08 nmol/FWmg without plasma

1.69 nmol/FWmg with 1 min plasma
20 times increase
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plasma

RS
introduction

How much? =

RS

Bottleneck: No way to evaluate

To establish a novel science “Plasma agriculture”

We opened a new door for plasma science
T. Okumura, Scientific Reports 12 (2022) 12525
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n Bottleneck and our scientific breakthrough
Future Vision: To establish plasma agriculture

研究のボトルネックを握り、九州大学

□Sterilization□ Fertilizer□ Gene-Switching

Breakthrough!

Only 1

Missing-link

KEY to 
"Grasp the bottleneck"

✓✓

Mass spectrometrySimulation
×

No. 1
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seed

Plasma
(minutes)

RONS、
ions, photons

Heat stress induces hyper-
methylation leading to delayed 
germination.

Plasma irradiation induces 
hypo-methylation 
improving germination

Summary

30

phenotype

germination/
growth etc.

C. Suriyasak et al., ACS Agricultural Science 
and Technology 1 (2021). 

history
(season)
cultivation 
conditions

Heat stress 

Grain filling  
stage 

Seed  
DNA methylation 

Cold atmospheric plasma 

OsABA8’OH3 

OsAmy1C, OsAmy3E 

Delayed germination 

DNA methylation 

Hyper-methylation 

OsABA8’OH3 

OsAmy1C, OsAmy3E 

Improved germination 

Hypo-methylation 

Alter	
��	

(g/plant)�
21.2a� 15.1b� 20.0a� 20.2a�

��� ��� �

� 	��

��������	
�������OsSUT1������

Ishibashi	et	al.		Environ.	Exp.	Bot.		2014.�
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Summary #1

Scientific Impact
1. Low-temperature plasma irradiation can correct DNA methylation
2. Possibility of controlling gene expression by low-temperature plasma 

irradiation
3. Contribution to elucidation of gene functions?

Social impact
Contribution to solving problems in rice and wheat cultivation associated 
with global warming
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Low-Temperature Plasma Provides a New Means of Improving Agricultural Productivity

Low-temperature plasma delivers high concentrations of active chemical species to living 
organisms without damage
Appropriate low-temperature plasma irradiation is beneficial to agriculture
No adverse effects on safety, taste, color, etc.

Remaining issues: Significant contribution to solving the food crisis
1. Elucidation of the mechanism through interdisciplinary research
2. Application to actual agriculture
3. Application to various plant species

Summary #2
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1. Increased crop yields: Plasma agriculture has the potential to enhance plant growth and increase crop
yields. Plasma treatments can stimulate seed germination, improve nutrient absorption, and enhance
photosynthesis, leading to healthier and more productive plants.

2. Pest and disease control: Plasma can be effective in eliminating pests, pathogens, and weeds. Plasma
treatments can help reduce the reliance on chemical pesticides and herbicides, potentially resulting in
reduced environmental contamination and lower health risks for farmers and consumers.

3. Water and soil improvement: Plasma treatments have the potential to improve water and soil quality.
Plasma can remove contaminants and toxins from water, making it safer for irrigation. It can also break
down organic matter and improve nutrient availability in the soil.

4. Reduced chemical inputs: Plasma agriculture has the potential to reduce the need for synthetic fertilizers
and pesticides. This can lead to lower costs for farmers and reduced environmental impact, including less
pollution of water bodies and reduced soil degradation.

5. Extended shelf life: Plasma treatments can help extend the shelf life of fruits and vegetables. By reducing
the growth of spoilage-causing microorganisms, plasma can help preserve the freshness and quality of
produce, reducing food waste.

6. Cost and infrastructure: Implementing plasma agriculture can be inexpensive,. The rental or co-ownership
of the plasma equipments may be cost-effective for many farmers even in developing regions.

7. Energy consumption: Plasma generation requires energy, and the energy consumption associated with
plasma agriculture is evaluated below 3% of the energy of whole agricultural processes. The use of
electricity from on-site renewable energy sources may contribute to sustain plasma.
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Three Cons of Plasma Agriculture:
1. Lack of long-term studies: Plasma agriculture is still a relatively new field, and there is limited long-term
research on its effects. More studies are needed to fully understand the potential environmental and health
impacts associated with plasma treatments.

2. Potential unintended consequences: While plasma treatments can target pests and pathogens, there is a risk
of unintended effects on beneficial organisms. It is crucial to study and minimize any potential harm to
beneficial insects, pollinators, and other organisms in the ecosystem.

3. Regulatory challenges: The adoption of plasma agriculture may face regulatory hurdles, as the technology is
still emerging and may not fit within existing regulatory frameworks. This could slow down its widespread
implementation and commercialization.

It's important to note that plasma agriculture is an evolving field, and further research and development are
necessary to fully understand its potential benefits and drawbacks.


