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Growth control of Marchantia
polymorpha gemmae using
nonthermal plasma irradiation

Shoko Tsuboyama®*#, Takamasa Okumura?*, Pankaj Attri?, Kazunori Koga?*,
Masaharu Shiratani?? & Kazuyuki Kuchitsu®*

Several studies have documented that treatment by cold atmospheric pressure plasma (CAPP) on
plants foster seed germination and growth in recent years. However, the molecular processes that
underlie the action of CAPP on the seeds and plants remain mostly enigmatic. We here introduce
gemmae of Marchantia polymorpha, a basal liverwort, as a novel model plant material suitable for
CAPP research. Treating the gemmae with CAPP for a constant time interval at low power resulted
in consistent growth enhancement, while growth inhibition at higher power in a dose-dependent
manner. These results distinctly demonstrate that CAPP irradiation can positively and negatively
regulate plant growth depending on the plasma intensity of irradiation, offering a suitable
experimental system for understanding the molecular mechanisms underlying the action of CAPP in
plants.

Abbreviations

CAPP  Cold atmospheric pressure plasma
RONS  Reactive oxygen and nitrogen species
SDBD  Scalable dielectric barrier discharge
Tak-1  Takaragaike-1

Cold atmospheric pressure plasma (CAPP) has gained significant attention in agricultural applications because
it has been reported to enhance seed germination, sterilize seeds and their products, prevent plant diseases, and
promote plant growth!~”. On the other hand, other reports using seedlings and shoots of Arabidopsis thaliana
provide evidence that CAPP irradiation does not show a significant or negative effect on plant growth®’. To
optimize the use of CAPP technology in agriculture, it is essential to understand the molecular events induced
in plant cells during and after CAPP irradiation as well as the molecular mechanisms underlying these effects.
CAPP generation in the atmosphere containing oxygen, nitrogen, and water molecules produces various reactive
oxygen and nitrogen species (RONS)*.

Reactive oxygen species (ROS) are generated during aerobic respiration and photosynthesis, particularly
under stress conditions in intracellular organelles such as chloroplasts, mitochondria and peroxisomes. These
ROS can attack biomolecules such as proteins, nucleic acids and lipids, making them highly toxic and capable of
causing growth inhibition and cell death. Nevertheless, not only reactive nitrogen species (RNS) such as nitric
oxide (NO) but also ROS are deliberately produced in a highly regulated manner to act as critical signaling mes-
sengers that play vital roles in controlling a broad range of physiological processes, such as cellular growth and
development, as well as adaptation to environmental changes®. For example, the plasma membrane NADPH
oxidases (Nox)/respiratory burst oxidase homologs (Rboh) produce superoxide anion radical (O,) into the
cell wall’, which is then converted to hydrogen peroxide (H,0,) and hydroxyl radicals (OH)’. Based on these
findings, it has become clear that CAPP-generated RONS have toxic effects while, at the same time, could also
act as signaling molecules in plants. However, the detailed mechanism underlying the CAPP effect remained
mostly unknown.

To date, our research group and other leading groups of the world have reported improvements
in the germination and seedling growth of a variety of plant species, including Raphanus sativus, Arabidopsis

10-13 14-17

'Department of Applied Biological Science, Tokyo University of Science, 2641 Yamazaki, Noda, Chiba 278-8510,
Japan. 2Faculty of Information Science and Electrical Engineering, Kyushu University, 744 Motoka, Fukuoka City,
Fukuoka 819-0395, Japan. 3Center of Plasma Nano-Interface Engineering, Kyushu University, Fukuoka 819-0395,
Japan. “These authors contributed equally: Shoko Tsuboyama and Takamasa Okumura. "email: koga@
ed.kyushu-u.ac.jp; kuchitsu@rs.tus.ac.jp

Scientific Reports|  (2024) 14:3172 | https://doi.org/10.1038/s41598-024-53104-1 nature portfolio


http://crossmark.crossref.org/dialog/?doi=10.1038/s41598-024-53104-1&domain=pdf

www.nature.com/scientificreports/

thaliana, wheat, sunflower, soybean, barley, and sunflower. However, it should be noted that the effects of CAPP
irradiation on seeds are highly dependent on various factors such as seed color' and the physiological state of
the seeds including water content of seeds'®. Furthermore, levels of phytohormones and dormancy can greatly
fluctuate depending on the growth environment of parent plants, storage conditions, and storage period. These
variabilities of plant samples prevent consistent experimental results to elucidate the molecular mechanisms
underlying the effects of CAPP on plants.

We here introduce a dioecious liverwort (bryophyte), Marchantia polymorpha, as a novel experimental model
plant that is highly suitable for CAPP research. This plant can be easily and stably supplied, and its physiological
conditions can be strictly regulated in experimental laboratories, allowing for consistent results to be obtained.

M. polymorpha is a basal land plant'*?? and has recently gained attention as a new model plant among plant
molecular biologists. Its whole-genome sequence, completed in 20177, revealed that most genes are highly
conserved in land plants, with much lower genetic redundancy compared to other model plants®' (cf. a compre-
hensive database MarpolBase, https://marchantia.info). Furthermore, many techniques for molecular experi-
ments, such as transformation and genome editing methods, have been established?*. Therefore, once a good
experimental system to test the effect of CAPP is established, many molecular biological tools could be easily
applicable to elucidate the molecular mechanisms for its action.

To the best of our knowledge, this is the first report to use the gemmae of M. polymorpha as a model plant
material for CAPP irradiation. Gemmae are a convenient tissue that can be easily obtained, enable a unified
genetic background (Fig. 1A)*?”. Gemmae are the clone of matured thalli obtained by asexual reproduction
and develop from single cells in the gemma cup on a matured thalli (Fig. 1B, C)**. The gemmae grow to form
an almost symmetrical shape (Fig. 1D), and finally, become thalli (Fig. 1E)*. Leveraging the advantages of M.
polymorpha is expected to promote future mechanistic elucidation of plasma effects on plants. To utilize M.
polymorpha to plasma science, it is imperative to establish a high-reproducible experimental system for control-
ling the growth of M. polymorpha.

In the present study, we have established an experimental system to irradiate gemmae of M. polymorpha
with CAPP and showed that CAPP treatment for a constant time interval at low power resulted in consistent
growth enhancement, whereas growth inhibition at higher power in a dose-dependent manner. Results suggest
that CAPP irradiation could control plant growth positively and negatively depending on the plasma intensity
of irradiation and provides a suitable experimental system to understand the molecular mechanisms for CAPP
action in plants.

Results

Treatment condition of gemmae of M. polymorpha by SDBD

For scalable dielectric barrier discharge (SDBD) plasma irradiation, several dozens of gemmae of M. polymorpha
were put on a wet filter paper (approximately 25 mm x 25 mm) supplied with Milli-Q water to prevent drying
damage (Fig. 2A). The gemmae on the filter paper were placed on top of an inverted 60 mm Petri dish (Fig. 2B),

Figure 1. The pictures of tissue of Marchantia polymorpha. (A,D) The pictures were taken by a SSAPO
microscope (Leica Microsystems, Wetzlar, Germany) and a WRAYCAM-NOA2000 digital camera
(WRAYMER, Osaka, Japan). (B,C,E) Pictures were taken by digital camera EOS M5 (Canon, Tokyo, Japan).
(A) The gemma before culture. (B) The 3 weeks cultured gemmaling (matured thallus) on 1/2 Gamborgs B5
supplemented with 1% sucrose, pH 5.5 (1% agar). (C) Enlarged picture inside the red square of B. Red arrows
indicate gemma cups. Gemmae are developed in the gemma cup. (D) The 7 days cultured gemmaling on 1/2
Gamborg’s B5 supplemented with 1% sucrose, pH 5.5 (1% agar). (E) The 14 days cultured gemmaling on 1/2
Gamborg’s B5 supplemented with 1% sucrose, pH 5.5 (1% agar).
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Figure 2. The pictures of gemmae of Marchantia polymorpha set under the SDBD device. (A-D) Pictures were
taken by digital camera EOS M5 (Canon, Tokyo, Japan). (A) The gemmae on wet filter paper (approximately

2.5 mmx2.5 mm) for SDBD plasma irradiation. Red arrow heads indicate gemmae. (B) The gemmae before

set under SDBD device. (C) Top view of the gemmae set under SDBD device. (D) Side view of the gemmae

set under SDBD device. (E) pH of SDBD plasma irradiated Milli-Q water in filter paper. pH was measured by
LAQUAtwin-pH-22B (HORIBA Advanced Techno, Co., Ltd., Kyoto, Japan). (F) Discharge power consumed

by SDBD plasma with the applied voltage. Discharge power consumed by SDBD plasma was measured by V-Q
Lissajous method using a high voltage probe P6015A (Tektronix, Oregon, USA), a digital oscilloscope DS-5110B
(Iwatsu, Tokyo Japan), and a capacitor of 100 nF inserted between the SDBD electrode and the ground.
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and the filter paper was set under the center of SDBD plasma device (Fig. 2C,D). The gemmae of M. polymorpha
were treated for 10 s at a distance of 3 mm below the SDBD with air (temperature 22 °C and 45% humidity).
The pH value of the Milli-Q water in filter paper after the SDBD plasma irradiation, and the discharge power
consumed by SDBD were shown in Fig. 2E and Fig. 2F, respectively.

Effect of the SDBD irradiation on the growth of gemmalings

The mean + SD size and fresh weight of gemmae of M. polymorpha isolated from gemma cup (Fig. 1A) were
0.24+0.04 mm? and 14.3 +4.79 pg, respectively (Fig. S1). After SDBD plasma irradiation, gemmae were cultured
for 10 d on 1/8 Gamborg’s B5 medium supplemented 0.6% agar (pH 5.5, adjusted by KOH) under continuous
white light (approximately 40 pmol photons m™ s™!) at temperature 22 °C and 45% humidity. MES buffer was
not supplemented in this medium because it might influence growth of plants®.

Effects of SDBD plasma irradiation at various applied voltage on the mean size (mm?) and fresh weight (mg)
of gemmalings cultured for 10 d were shown in Fig. 3A and B, respectively. Both the size and fresh weight of
gemmalings increased by SDBD treatment up to discharge power of 0.47 £0.01 W (applied voltage of 4.72 kV,,,))
in a dose-dependent manner (Fig. 3A,B). Further increase in discharge power resulted in the decreased size
and fresh weight of gemmalings (Fig. 3A,B). These results suggest that SDBD plasma irradiation at low power
promotes the growth of gemmae/gemmalings, while a high treatment dose leads to growth inhibition.

Influence of SDBD plasma irradiation on gemmalings morphology

Without plasma irradiation, gemmae of M. polymorpha consistently grew in two nearly symmetrical lobes
(normal shape®) in general, as shown in Fig. 4A. SDBD plasma irradiation induced two types of characteristic
morphological changes in gemmalings. Representative pictures and frequency are shown in Fig. 4B,C and Fig. 4D,
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Figure 3. Size and fresh weight of gemmalings of Marchantia polymorpha. (A,B) 10 days cultured plasma
irradiated gemmalings on 1/8 Gamborg’s B5 medium supplemented 0.6% agar (pH 5.5) were measured. The
graphs employ box plots, illustrating minimum, lower quartile, median, upper quartile, and maximum values. A
significant difference comparing to applied voltage 0 kV,,, as control was tested using the Brunner-Munzel test
with *p<0.05, **p<0.01. (A) Size (mm?) of SDBD plasma treated gemmalings. (B) Fresh weight (mg) of SDBD
plasma treated gemmalings.

Scientific Reports|  (2024) 14:3172 | https://doi.org/10.1038/s41598-024-53104-1 nature portfolio



www.nature.com/scientificreports/

~ 5mm

100% = p= mm - . -

80% "

Iy W Additional
S 60%
El Normal
g 0% N
- 20% I HInhibited

0% | || || | ||

0 164 472 648 68 752 7.8
Applied voltage (kV,,)

Figure 4. The shapes of lobes of plasma irradiated gemmalings. The representative pictures of various shapes of
gemmalings in (A-C). The pictures were taken by a SSAP0 microscope (Leica Microsystems, Wetzlar, Germany)
and a WRAYCAM-NOA2000 digital camera (WRAYMER, Osaka, Japan). The black dotted line in the center of
gemmaling indicates the boundary between the two lobes. The black line traces the lobe of normal shape. (A)
The normal shape of gemmaling. (B) The gemmaling with an additional lobe on one side lobe. Red dotted line
and red arrows indicate the additional lobe. (C) The gemmaling with a growth-inhibited lobe. Blue dotted line
and blue arrow indicates the growth-inhibited lobe. (D) The frequency of various shape of each lobe.

respectively. One type showed gemmaling with an additional lobe (Fig. 4B). Although such abnormal morphol-
ogy is observed even in gemmalings without CAPP irradiation, its frequency (shown in red color in Fig. 4D)
slightly increased by CAPP irradiation in a dose-dependent manner and became highest at an applied voltage
6.8 kV,,,. Another type of morphological effect of plasma irradiation was growth inhibition of lobes of gemmal-
ings (Fig. 4C). These lobes were generally small and shrunken but kept green and still alive. The frequency of
this morphological change was shown in blue color in Fig. 4D. It was also dose-dependent and mostly induced
at the highest irradiation (applied voltage of 7.80 kV,,,).

Overall, plasma irradiation using SDBD induced three types of effects on gemmaling growth. Low applied
voltage resulted in a dose-dependent enhancement of growth, without significant morphological changes. Around
applied voltage 6.8 kV,,,,, there was a slight increase in the frequency of additional lobe development in a small
proportion of gemmalings. At applied voltage of 7.80 kVpp, growth of gemmalings was inhibited. All three effects
were distinct and occurred in a dose-dependent manner.

Quantitative evaluation of particles by SDBD plasma

Measuring the amount of particle delivered by SDBD plasma, such as RONS and UV photons, allows us to quan-
titatively discuss effects of gemmalings for plasma irradiation. Figure 5 shows that the concentrations of H,0,
(Fig. 5A), NO,™ (Fig. 5B), NO;~ (Fig. 5C) in 240 puL of ultra-pure water in a paper filter No. 2 (25 x 25 mm), and
Oj; in a gas phase (Fig. 5D) after plasma irradiation were under the limit of detection (LOD) at applied voltages
below 4.72 kV,,,. UV photon flux at 3 mm away from the electrode shows LOD at applied voltages below 6.8
kV,,,. The concentrations of RONS and UV photon flux increased with applied voltage afterward and showed
maximum values at 7.0 uM for H,0,, 41.5 uM for NO,~, 328.0 uM for NO;™, 79.1 uM for O, 143.9 x 10'2 photons
s cm™ for UV-A, 19.6 x 10'? photons s™' cm™ for UV-B, and 17.7 x 10'? photons s™! cm™ for UV-C. Accord-
ing to the previous studies, reaction pathway of H,0, generation is recombination of OHs, generated by H,O
dissociation due to electron collisions®!. There are several pathways to generate NO,™ and NO;, triggered by
vibrationally excited O, and N,*. O, is mainly generated by reaction of O~ with O,*. UV-A and UV-B originate
from second positive (N,(C-B)) system and the first negative (N*,(B-X)) system of N,**. UV-C originates from
NO y band (NO(A-X))*.

Discussion

The growth-promoting effects of CAPP irradiation have been reported in various seeds’. On the contrary, plasma
irradiation on cotyledons and shoots of Arabidopsis thaliana did not display any positive effect on growth®®. The
gemmae of M. polymorpha are considered more sensitive to plasma irradiation than seeds because SDBD irradia-
tion under the same conditions as seeds of A. thaliana'! killed most cells of gemmae of M. polymorpha (data not
shown). In the present study, we carefully analyzed the dose-dependent effects of SDBD plasma irradiation on the
growth of gemmalings of M. polymorpha. The dose of plasma irradiation®**” depends on the applied voltages to
SDBD device because the SDBD irradiation to gemmae had a fixed irradiation time (10 s) and distance (3 mm).
At high applied voltage plasma irradiation, growth was significantly inhibited (Fig. 3). In contrast, plasma irra-
diation for voltages lower that 6.48 kV,, significantly promoted the growth of gemmalings in a dose-dependent
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Figure 5. Amount of particle species delivered by SDBD plasma to gemmalings. Concentration of (A) H,0,, (B) NO,,

and (C) NOj; in 240 yuL of ultra-pure water in a paper filter No. 2 (25x25 mm) after plasma irradiation and (D) O, in gas
phase. H,0, was measured using Hydrogen Peroxide Assay Kit ab102500 (Abcam, Cambridge, UK), NO, and NO;™ were
measured using Griess reagent kit, NO,/NO; Assay Kit-C II NK05 (Dojindo Laboratory, Kumamoto, Japan), and O; was
measured using an ozone detection tube No. 18 M (Gastec, Kanagawa, Japan). Black columns show the values under a limit
of detection (LOD) at 2 uM for H,0,, 15 uM for NO,, 15 or 60 uM for NO5’, 0.16 pM for Os. O; concentration was obtained
in ppm and converted into M using 25 °C and 1013 hPa. (E) Total photon flux of UV-A (400-315 nm) with red circles, UV-B
(315-280 nm) with blue squares, and UV-C (200-280 nm) with green diamonds radiated by SDBD plasma. Photon flux was
obtained by optical emission spectrum measured using a spectrometer (Avantes AVS-RACKMOUNT-EVO-USB3-5CH) with
a fiber of 1 mm, 5¢ch placed 3 mm away from the electrode. Black columns show the values under LOD at 10'° /s cm?.
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manner (Fig. 3). These results clearly indicate that CAPP irradiation has both positive and negative effects. The
detail investigation of the effect less than applied voltage of 6.48 kV,,, and treatment time is future issues.

Growth of gemmalings was promoted at low applied voltage plasma irradiation (applied voltages below 4.72
kV,,), however, the pH of Milli-Q water in filter paper was not changed by low applied voltage plasma irradiation
(Fig. 2E). On the other hand, the pH of Milli-Q water decreased by high applied voltage irradiation. The growth
inhibition of gemmalings at high applied voltage irradiation might be affected by low pH due to the accumula-
tion of nitric acid®® (Fig. 2E).

RONS, including H,0, and nitric oxide (NO) act as signal molecules in plants®*, and are crucial for the
elongation of tip-growing cells such as root hairs***! and pollen tubes*~** as well as lateral root emergence®,
periclinal division during root ground tissue*® and cell fate at the shoot apical meristem*”. RONS form a com-
plex signal network among other signaling molecules (e.g., hormones, Ca**, other reactive species, etc.)**48-30,
For instance, reactive carbonyl species (RCS), which serves as damage/signal mediators downstream of ROS,
possess a chemical property enabling them to covalently modify proteins, thereby mediating ROS signals to
proteins in various physiological scenarios®. Therefore, controlling RONS concentration transported to plants
helps in regulating various events in plants. The growth of gemmalings was enhanced by irradiating the SDBD
plasma at applied voltages 4.72 kV,,,. At this treatment condition, the long-lived RONS like H,0, NO,”, NO;,
and O; concentration were below the detection limit, as shown in Fig. 5A-D. Other short-lived species (OH,
NO, etc.) were also produced in the gas phase®>. The amount of RONS transported to the plant tissue was ideal
at applied voltages 4.72 kV,,,, the transported to promote gemmalings growth. The cause of growth promotion is
still unknown, but RONS, an important signal for cell division and other processes, is the most likely candidate
factor. In contrast, the growth inhibitory effect at higher applied voltage SDBD irradiation (>applied voltages
4.72 kV,,;) caused damage by the excess RONS, as shown in Fig. 5A-D. It was reported that too much plasma-
generated RONS exposure induced damage to plant’. Thus, RONS produced from the SDBD plasma device play
an essential role in gemmalings growth promotion and inhibition. To analyze the effectiveness by RONS, further
investigation of the treatment of a single active species is needed.

SDBD plasma generates UV-A (400-315 nm), UV-B (315-280 nm), and UV-C (200-280 nm), along with
RONS (Fig. 5E). UV, especially UV-B, has harmful effects on organisms, such as DNA damage and oxidative
damage. Our study at applied voltage 4.72 kV,,, showed a significant increase in size and fresh weight of gem-
malings, although, at this condition, the photon flux of UV-A, -B, and -C was below the detection limit (Fig. 5E).
Whereas, at a high applied voltage (>4.72 kVpp), the UV photon flux of UV-A, -B, and -C increases, which results
in a decrease in gemmalings size and weight. At high applied voltage (above 6.8 kV,,;), we observed lobes with
abnormal shape or damaged lobes that did not grow as shown in Fig. 4. This phenomenon is likely due to the
damaging effects of RONS produced by plasma irradiation at higher applied voltages, as shown in Fig. 5. The UV
flux (UV-A, -B, and -C) may also contribute to the damaging effect, whereas such damage cannot be explained
by the effect of UV irradiation alone. The maximum photon density of plasma irradiation 143.9 x 10> cm™ for
UV-A, 19.6x 10" cm™ for UV-B, and 17.7 x 10'* cm™ for UV-C is extremely lower than that, has reported to
damage M. polymorpha, 5.11 x 107 cm™ for UV-A and 1.03 x 10° cm™ for UV-B (no data for UV-C)*. Despite
irradiating the gemmalings with SDBD plasma at above 6.8 kV,,, a mixture of normal lobes, abnormal lobes,
and inhibited growth was observed. The shape of each gemmaling may be due to its position or susceptibility
during plasma treatment.

The results of this study suggest that the growth of gemmae of M. polymorpha can be controlled by changes in
the intensity of plasma irradiation through controlling applied voltage. This makes it a suitable model system for
establishing the basic concept of controlling plant growth through CAPP irradiation. Currently, the molecular
mechanism behind the growth-promoting and growth-inhibiting effects of gemmalings is unknown. Investigating
whether the growth-promoting effect is on either cell division or cell elongation, as well as identifying essential
plasma components (e.g., RONS, UV) and plant factors (e.g., genes) involved in growth promotion and inhibi-
tion, are areas for future research.

6,39

Conclusion

This paper proposes that gemmae of M. polymorpha are useful as a model plant material to study plasma agricul-
ture. The change in power results in variation in RONS and UV concentration, affecting the gemmalings size and
weight. At limited power (0.47 W) irradiation, low RONS and UV were generated, which helps in plant growth.
On the contrary, high power (>0.47 W) negatively affects gemmalings due to high RONS and/or UV values. The
control environment is explicitly needed to be noticed the contribution of RONS and UV on the molecular level
of M. polymorpha. The present experimental system using gemmalings of M. polymorpha would be suitable for
studying the detail of the various effects of the plasma-generated RONS at the molecular level.

Materials and methods
SDBD setup and discharge power measurement
In research on plasma irradiation of living organisms, in addition to RONS, the effect of electric fields is often
discussed in the system where the target and plasma are in contact®. In this study we used SDBD plasma, which
can prevent plasma contact with the sample'>'*. SDBD electrode consisted of 10 high voltage rod electrodes and
10 grounded rod electrodes. These were covered with ceramic tubes and alternately and horizontally arranged
at 0.2 mm intervals so that the streamer discharge, accompanying high electric field, terminates at the ceramic
surface of the grounded electrode and thus almost never reaches the sample.

Plasma was generated in air using voltage of 0-7.80 kV,,,, 15 kHz of frequency for 10 s at temperature 22 °C
at humidity 45% relative humidity (RH). SDBD electrode was placed at 3 mm away from the sample. The
characteristics of SDBD plasma are shown in our previous studies'>!?. The discharge power (Fig. 2F) P [W]
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was obtained by the V-Q Lissajous method by Eq. (1), using a capacitor of 100 nF inserted between the SDBD
electrode and the ground.

P=Sxf (1)

where S is the area of V-Q Lissajous curve [J], fis frequency [Hz].

Plant materials and growth conditions

The intact gemmae from the thalli of wild type male accession line Takaragaike-1 (Tak-1), which was kindly
provided by Dr. Takayuki Kohchi (Kyoto University), was used for SDBD plasma irradiation. Thalli of M. poly-
morpha were maintained under continuous white light (approximately 40 pumol m™s™") at temperature 22 °C and
humidity 45% on half-strength Gamborg’s B5 solid medium supplemented with 1% sucrose, 1% agar and 1 g/L
MES (pH 5.5, adjusted by KOH). The gemmae obtained from 4 to 8 weeks old thalli were used for examinations.
The gemmae were placed upon a paper filter with approximately 240 uL of ultra-pure water-absorbed paper filter
No. 2 (Advantec, Tokyo, Japan; cut into approx. 25 x 25 mm) below SDBD electrode during the plasma irradiation.
The uniformity of plasma irradiation was preliminarily validated by measuring the distribution of HNO; flux
under the discharge area 40 x 40 mm of SDBD electrode. The area of 25 x 25 mm at the center of the electrode
gave the flux of the same order of magnitude and thus this area was adopted for uniform plasma irradiation to
the sample. After SDBD plasma irradiation, gemmae were cultured for 10 days on 1/8 Gamborg’s B5 medium
supplemented 0.6% agar (pH 5.5, adjusted by KOH). To avoid influence MES buffer on gemmae/gemmalings®,
MES buffer was not supplemented in this medium. The gemmae/gemmalings were maintained under continuous
white light (approximately 40 pmol m™ s™') at temperature 22 °C and humidity 45% RH.

Prof. Kanji Ohyama and his colleagues collected the liverwort plant named Takaragaike-1 (Tak-1) in Kyoto,
and Prof. Masaki Shimamura undertook the formal identification of Tak-1 as Marchantia polymorpha subsp.
ruderalis. A voucher specimen of this material has not yet been deposited in a publicly available herbarium. We
have permission to collect the plant, M. polymorpha thalli of wild type male accession line Takaragaike-1 (Tak-1),
used in this study. All plant experiments described in this manuscript were performed in accordance to relevant
institutional, national, and international guidelines and legislation.

Measurement of size and fresh weight of gemmae/gemmalings

For size measurements, images of gemmae were captured using a microscope S8APO (Leica Microsystems, Wet-
zlar, Germany) paired with a digital camera WRAYCAM-NOA2000 (WRAYMER, Osaka, Japan). Gemmalings
were photographed using a digital camera EOS M5 (Canon, Tokyo, Japan). The fresh weight measurements were
conducted using an electronic balance HR-202i (A&D, Tokyo, Japan). In the case of 10-day cultured gemmal-
ings, we meticulously extracted them from the solid medium, ensuring the removal of excess water by thorough
absorption with filter paper.

Data analysis of size and fresh weight of gemmae/gemmalings

The size of gemmae/gemmalings was determined utilizing Image]J/Fiji software, based on the pictures. Graphs
illustrating the size and fresh weight of gemmae/gemmalings (Fig. 3A,B, Fig. S1A,B) were generated using
GraphPad Prism software. Statistical analyses were performed using R software.

Measurement of H,0,, NO,, NO;™ and O; concentration

The concentration of hydrogen peroxide H,0O, in 240 pL of ultra-pure water in a paper filter No. 2 (25 x 25 mm)
were measured after plasma irradiation for 10 s by Hydrogen Peroxide Assay Kit ab102500 (Abcam, Cambridge,
UK) and a micro plate reader SynergyHT (Biotec, Tokyo, Japan). The measurement was performed based on
the product protocol. Sample solution was collected in a quartz Petri dish and used for measurement. LOD of
H,0, was determined as 2 uM based on the standard curve (Fig. S2). The wavelength of the micro plate reader
was set as 570 nm. The concentrations of nitrite ion NO,™ and nitrate ion NO;™ in 240 uL of ultra-pure water in
the paper filter were measured using NO,/NO; Assay Kit-C II NKO05 (Dojindo Laboratory, Kumamoto, Japan)
and the micro plate reader. The sample solution was collected and diluted to secure the required amount 160 uL
and more diluted as the measured values exceeded the measurable range 10-100 uM based on standard curves
(Fig. S3). According to the protocol, LOD for NO,™ and NO;™ was 10 uM. The dilution factor and practical LOD
was 1.5-fold (15 uM) for NO,7, 1.5-fold (15 uM) for NO;~ as the applied voltage <4.72 kV,,,, and sixfold (60 uM)
for NO;™ as the applied voltage >4.72 kV,,,. The obtained values were corrected as the concentrations by mul-
tiplication by corresponding dilution factors. The wavelength of the micro plate reader was set as 540 nm. The
concentration of O; in a gas phase was measured immediately after plasma irradiation using an ozone detection
tube No. 18 M (Gastec, Kanagawa, Japan) through a hole of glass plate vertically placed at 3 mm away from the
center of the SDBD electrode®. The hole was connected to the gas test tube through a silicone rubber tube. The
gas path from the hole and the ozone detection tube was a cylinder shape with 200 mm of the length and ¢5
mm of the radius. The measured value was corrected by the dead volume of the gas path calculated as 3.927 mL.
LOD is 4 ppm (=0.16 uM) as T, =25 °C and 1013 hPa, molecular weight 48 g/mol.

Measurement of UV photon flux

The UV photon flux was obtained using optical emission spectrum (OES). OES was measured under dark by
a fiber (¢1 mm, 5 channels) and an absolutely calibrated spectrometer AVS-RACKMOUNT-EVO-USB3-5CH
(Avantes, Apeldoorn, Netherlands) with 10 s of integration time. The photon flux I' [/s cm?] was calculated by
Eq. (2).
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where I is a spectral irradiance [J/s cm?*/nm], § is a wavelength interval [nm], and E is an energy [J] of a photon
with a wavelength A [m], derived by Eq. (3).

1

Cc
E=hv=h-
v=hs ©)

where h is Planck constant as 6.626 x 1074 [J s], c is the speed of light, and v is frequency [Hz]. The signal was
10'° /s cm? as no voltage was applied, thus this value was defined as the limit of detection (LOD).

Data availability
Raw data will be provided upon request.

Received: 9 March 2023; Accepted: 27 January 2024
Published online: 07 February 2024

References

1. Ito, M., Oh, J. S., Ohta, T., Shiratani, M. & Hori, M. Current status and future prospects of agricultural applications using atmos-
pheric-pressure plasma technologies. Plasma Process. Polym. 15, 1700073 (2018).

2. Attri, P, Ishikawa, K., Okumura, T., Koga, K. & Shiratani, M. Plasma agriculture from laboratory to farm: A review. Processes 8,
1002 (2020).

3. Ranieri, P. et al. Plasma agriculture: Review from the perspective of the plant and its ecosystem. Plasma Process. Polym. 18, 2000162
(2021).

4. Attri, P, Koga, K., Okumura, T. & Shiratani, M. Impact of atmospheric pressure plasma treated seeds on germination, morphology,
gene expression and biochemical responses. Jpn. J. Appl. Phys. 60, 040502 (2021).

5. Kaneko, T. et al. Functional nitrogen science based on plasma processing: Quantum devices, photocatalysts and activation of plant
defense and immune systems. Jpn. J. Appl. Phys. 61, SA0805 (2022).

6. Karkonen, A. & Kuchitsu, K. Reactive oxygen species in cell wall metabolism and development in plants. Phytochemistry 112,
22-32 (2015).

7. Kuehitsu, K., Kosaka, T., Shiga, T. & Shibuya, N. EPR evidence for generation of hydroxyl radical triggered by N-acetylchitooligo-
saccharide elicitor and a protein phosphatase inhibitor in suspension-cultured rice cells Rapid communication. Protoplasma 188,
138-142 (1995).

8. Kobayashi, M., Wang, Y., Kumagai, S., Uraoka, Y. & Ito, T. Effects of cold atmospheric plasma irradiation on Arabidopsis seedlings.
Jpn. J. Appl. Phys. 59, 1-6 (2020).

9. Takashima, K., Nor, A. S. B. A., Ando, S., Takahashi, H. & Kaneko, T. Evaluation of plant stress due to plasma-generated reactive
oxygen and nitrogen species using electrolyte leakage. Jpn. J. Appl. Phys. 60, 0-6 (2021).

10. Zukiene, R. et al. Dielectric barrier discharge plasma treatment-induced changes in sunflower seed germination, phytohormone
balance, and seedling growth. Appl. Phys. Express 12, 7-12 (2019).

11. Koga, K. et al. Simple method of improving harvest by nonthermal air plasma irradiation of seeds of Arabidopsis thaliana (L.).
Appl. Phys. Express 9, 7-10 (2016).

12. Kitazaki, S., Sarinont, T., Koga, K., Hayashi, N. & Shiratani, M. Plasma induced long-term growth enhancement of Raphanus
sativus L. using combinatorial atmospheric air dielectric barrier discharge plasmas. Curr. Appl. Phys. 14, 149-153 (2014).

13. Attri, P. et al. Impact of seed color and storage time on the radish seed germination and sprout growth in plasma agriculture. Sci.
Rep. 11,1-10 (2021).

14. Meng, Y. et al. Enhancement of germination and seedling growth of wheat seed using dielectric barrier discharge plasma with
various gas sources. Plasrna Chem. Plasma Process. 37, 1105-1119 (2017).

15. Li, Y. et al. Air atmospheric dielectric barrier discharge plasma induced germination and growth enhancement of wheat seed.
Plasma Chem. Plasma Process. 37, 1621-1634 (2017).

16. Pérez-Piza, M. C. et al. Enhancement of soybean nodulation by seed treatment with non-thermal plasmas. Sci. Rep. 10, 1-12
(2020).

17. Song, J. S. et al. Growth and bioactive phytochemicals in barley (Hordeum vulgare L.) sprouts affected by atmospheric pressure
plasma during seed germination. J. Phys. D. Appl. Phys. 53, 314002 (2020).

18. August, J., Dufour, T. & Bailly, C. Release of Arabidopsis seed dormancy by cold atmospheric plasma relies on cytoplasmic glass
transition. J. Phys. D. Appl. Phys. 56, 415202 (2023).

19. Wickett, N. J. et al. Phylotranscriptomic analysis of the origin and early diversification of land plants. Proc. Natl. Acad. Sci. U. S.
A. 111, E4859-E4868 (2014).

20. Qiu, Y. L. et al. The deepest divergences in land plants inferred from phylogenomic evidence. Proc. Natl. Acad. Sci. U. S. A. 103,
15511-15516 (2006).

21. Bowman, J. L. A brief history of Marchantia from Greece to genomics. Plant Cell Physiol. 57, 210-229 (2016).

22. Puttick, M. N. et al. The interrelationships of land plants and the nature of the ancestral embryophyte. Curr. Biol. 28, 733-745.€2
(2018).

23. Bowman, J. L. et al. Insights into land plant evolution garnered from the Marchantia polymorpha genome. Cell 171, 287-304.e15
(2017).

24. Ishizaki, K., Nishihama, R., Yamato, K. T. & Kohchi, T. Molecular genetic tools and techniques for Marchantia polymorpha research.
Plant Cell Physiol. 57, 262-270 (2016).

25. Tsuboyama-Tanaka, S. & Kodama, Y. AgarTrap-mediated genetic transformation using intact gemmae/gemmalings of the liverwort
Marchantia polymorpha L.. J. Plant Res. 128, 337-344 (2015).

26. Tsuboyama, S., Nonaka, S., Ezura, H. & Kodama, Y. Improved G-AgarTrap: A highly efficient transformation method for intact
gemmalings of the liverwort Marchantia polymorpha. Sci. Rep. 8, 10800 (2018).

27. Tsuboyama, S. & Kodama, Y. Highly efficient G- AgarTrap-mediated transformation of the Marchantia polymorpha model strains
Tak-1 and Tak-2. Plant Biotechnol. 35, 399-403 (2018).

28. Shimamura, M. Marchantia polymorpha: Taxonomy, phylogeny and morphology of a model system. Plant Cell Physiol. 57, 230-256
(2016).

29. Solly, J. E., Cunniffe, N. J. & Harrison, C. J. Regional growth rate differences specified by apical notch activities regulate liverwort
thallus shape. Curr. Biol. 27, 16-26 (2017).

Scientific Reports |

(2024) 14:3172 | https://doi.org/10.1038/s41598-024-53104-1 nature portfolio



www.nature.com/scientificreports/

30.
31.

32.
. Sakiyama, Y., Graves, D. B., Chang, H. W,, Shimizu, T. & Morfill, G. E. Plasma chemistry model of surface microdischarge in humid

34,
35.

36.
37.
38.
39.
40.
. Takeda, S. et al. Local positive feedback regulation determines cell shape in root hair cells. Science (80-) 319, 1241-1244 (2008).
42,
43.
44.
45.

46.

47.
48.

49.
50.

51.
52.

53.
54,

55.

Kagenishi, T., Yokawa, K. & Baluska, F. MES buffer affects arabidopsis root apex zonation and root growth by suppressing super-
oxide generation in root apex. Front. Plant Sci. 7, 1-8 (2016).

Reuter, S. et al. The influence of feed gas humidity versus ambient humidity on atmospheric pressure plasma jet-effluent chemistry
and skin cell viability. IEEE Trans. Plasma Sci. 43, 3185-3192 (2015).

Fridman, A. Plasma chemistry (Cambridge University Press, Cambridge, 2008). https://doi.org/10.1017/CB0O9780511546075.

air and dynamics of reactive neutral species. J. Phys. D. Appl. Phys. 45, 425201 (2012).

Attri, P. et al. Impact of Gamma rays and DBD plasma treatments on wastewater treatment. Sci. Rep. 8, 1-11 (2018).

Danielak, J., Domin, U., K¢pa, R., Rytel, M. & Zachwieja, M. Reinvestigation of the emission y band system (a2X+-x2I1) of the no
molecule. J. Mol. Spectrosc. 181, 394-402 (1997).

Cheng, H. et al. On the dose of plasma medicine: Plasma-activated medium (PAM) and its effect on cell viability. Phys. Plasmas
29, 063506 (2022).

Cheng, H., Xu, J. X, Li, X,, Liu, D. W. & Lu, X. P. On the dose of plasma medicine: Equivalent total oxidation potential (ETOP).
Phys. Plasmas 27, 063514 (2020).

Oehmigen, K. et al. The role of acidification for antimicrobial activity of atmospheric pressure plasma in liquids. Plasma Process.
Polym. 7,250-257 (2010).

Zhou, X., Joshi, S., Patil, S., Khare, T. & Kumar, V. Reactive oxygen, nitrogen, carbonyl and sulfur species and their roles in plant
abiotic stress responses and tolerance. J. Plant Growth Regul. 41, 119-142 (2022).

Foreman, J. et al. Reactive oxygen species produced by NADPH oxidase regulate plant cell growth. Nature 422, 442-446 (2003).

Boisson-Dernier, A. et al. ANXUR receptor-like kinases coordinate cell wall integrity with growth at the pollen tube tip via NADPH
oxidases. PLoS Biol. 11, €1001719 (2013).

Kaya, H. et al. Ca**-activated reactive oxygen species production by Arabidopsis RbohH and Rboh] is essential for proper pollen
tube tip growth. Plant Cell 26, 1069-1080 (2014).

Lassig, R., Gutermuth, T., Bey, T. D., Konrad, K. R. & Romeis, T. Pollen tube NAD(P)H oxidases act as a speed control to dampen
growth rate oscillations during polarized cell growth. Plant J. 78, 94-106 (2014).

Orman-Ligeza, B. et al. RBOH-mediated ROS production facilitates lateral root emergence in Arabidopsis. Development 143,
3328-3339 (2016).

Tian, Y. et al. Integrated regulation of periclinal cell division by transcriptional module of BZR1-SHR in Arabidopsis roots. New
Phytol. 233, 795-808 (2022).

Zeng, ]., Dong, Z., Wu, H., Tian, Z. & Zhao, Z. Redox regulation of plant stem cell fate. EMBO J. 36, 2844-2855 (2017).

Mase, K. & Tsukagoshi, H. Reactive oxygen species link gene regulatory networks during arabidopsis root development. Front.
Plant Sci. 12, 1-15 (2021).

Vega, A., O’Brien, J. A. & Gutiérrez, R. A. Nitrate and hormonal signaling crosstalk for plant growth and development. Curr. Opin.
Plant Biol. 52, 155-163 (2019).

Choi, W. G. et al. Orchestrating rapid long-distance signaling in plants with Ca2+, ROS and electrical signals. Plant J. 90, 698-707
(2017).

Mano, J., Biswas, M. S. & Sugimoto, K. Reactive carbonyl species: A missing link in ROS signaling. Plants 8, 1-23 (2019).

Attri, P. et al. Influence of ionic liquid and ionic salt on protein against the reactive species generated using dielectric barrier
discharge plasma. Sci. Rep. 5, 1-13 (2015).

Soriano, G. et al. Photosynthetically-active radiation, UV-A and UV-B, causes both common and specific damage and photopro-
tective responses in the model liverwort Marchantia polymorpha subsp. ruderalis. Photochem. Photobiol. Sci. 18, 400-412 (2019).
Babaeva, N. Y. & Kushner, M. J. Intracellular electric fields produced by dielectric barrier discharge treatment of skin. J. Phys. D.
Appl. Phys. 43, 185206 (2010).

Yamasaki, H. et al. Toward ideal VOCs and nanoparticle emission control technology using a wet-type catalysis nonthermal plasma
reactor. In Conf. Rec.—IAS Annu. Meet. (IEEE Ind. Appl. Soc. 2021-Octob), 1-5 (2021).

Acknowledgements

We thank Prof. Takayuki Kohchi (Kyoto University) who kindly provided the wild type male accession line
Takaragaike-1 (Tak-1). We also thank Prof. Ryuichi Nishihama (Tokyo University of Science) who kindly
provided the information of Tak-1. This work was supported in part by Tokyo University of Science, and the
Plasma-Bio Consortium project. Additionally, partly supported by JSPS KAKENHI Grant Number JP22H04734,
JP22HO01212, JP20K05812, JP22K19160, JP19H05462, JP19K14700, JP20H01893, JP20K14454, JP22K03586, JSPS
Core-to-Core Program "Data Driven Plasma Science", JPJSCCA2019002, Adaptable and Seamless Technology
transfer Program through Target-driven R&D (A-STEP) from Japan Science and Technology Agency (JST) Grant
Number JPMJTR20RU, and Center for Low-temperature Plasma Sciences, Nagoya University.

Author contributions
S.T,, T.O,, KK, and K.K. designed the research. S.T. and T.O. performed the examinations. S.T., T.O., K.X., P.A.
and K.K. wrote the paper. S.T., T.O., K.K,, PA., M.S., and K.K. discussed the results and the manuscript.

Competing interests
The authors declare no competing interests.

Additional information
Supplementary Information The online version contains supplementary material available at https://doi.org/
10.1038/541598-024-53104-1.

Correspondence and requests for materials should be addressed to K.K. or K.K.

Reprints and permissions information is available at www.nature.com/reprints.

Publisher’s note Springer Nature remains neutral with regard to jurisdictional claims in published maps and
institutional affiliations.

Scientific Reports |

(2024) 14:3172 | https://doi.org/10.1038/s41598-024-53104-1 nature portfolio


https://doi.org/10.1017/CBO9780511546075
https://doi.org/10.1038/s41598-024-53104-1
https://doi.org/10.1038/s41598-024-53104-1
www.nature.com/reprints

www.nature.com/scientificreports/

Open Access This article is licensed under a Creative Commons Attribution 4.0 International

License, which permits 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 licence, and indicate if changes were made. The images or other third party material in this
article are included in the article’s Creative Commons licence, unless indicated otherwise in a credit line to the
material. If material is not included in the article’s Creative Commons licence 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 licence, visit http://creativecommons.org/licenses/by/4.0/.

© The Author(s) 2024

Scientific Reports|  (2024) 14:3172 | https://doi.org/10.1038/s41598-024-53104-1 nature portfolio


http://creativecommons.org/licenses/by/4.0/

	Growth control of Marchantia polymorpha gemmae using nonthermal plasma irradiation
	Results
	Treatment condition of gemmae of M. polymorpha by SDBD
	Effect of the SDBD irradiation on the growth of gemmalings
	Influence of SDBD plasma irradiation on gemmalings morphology
	Quantitative evaluation of particles by SDBD plasma

	Discussion
	Conclusion
	Materials and methods
	SDBD setup and discharge power measurement
	Plant materials and growth conditions
	Measurement of size and fresh weight of gemmaegemmalings
	Data analysis of size and fresh weight of gemmaegemmalings
	Measurement of H2O2, NO2−, NO3− and O3 concentration
	Measurement of UV photon flux

	References
	Acknowledgements


