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Abstract

Background: Plasma technology is an emerging sector in agriculture. The effect of low-frequency glow discharge
(LFGD) plasma at medium pressure (10 torr) on maize morpho-physiological and agronomical behavior was inves-
tigated in the current studies. The LFGD plasma act as a secondary messenger to improve maize production. This
cutting-edge plasma technology can be used in agriculture to boost agronomic possibilities.

Materials and methods: Maize seeds were treated with LFGD Ar+ Air gas plasma for 305,605,905, and 120 s. The
gas ratio of Ar+ Air was 1:99. Plasma was produced with a high voltage (1-6 kV) and low (3-5 kHz) frequency power
supply across the electrodes. The internal pressure was maintained at~ 10 torrs with a vacuum pump in the plasma
chamber. Inside the plasma production chamber, the gas flow rate was maintained at 1 L/min.

Results: Effect of LFGD Ar+ Air plasma on seed germination, and growth parameters including, shoot length, root
length, fresh weight, dry weight, plant height, stem diameter, and chlorophyll were measured and in comparison with
the control the parameter scores increased by 4.89%, 3.18%, 1.77%, 5.53%, 1.90%, 5.16%, 1.90%, 1.98%, respectively.
The SEM image of the seeds surface demonstrated remarkable changes caused by plasma treatment. In roots, APX
and SOD activities improved by only 0.022% and 0.64%, whereas, in shoots their activities showed a 0.014% and 0.25%
increment compared to control. Further, H,O,, soluble protein, and sugar content increased by 0.12%, 0.33%, 2.50%
and 1.15%, 1.41%, 2.99%, 1.16% in shoots and roots, respectively, while NO showed no significant changes in plants.
Interestingly, notable improvement were found in nutritional properties (protein 0.32%, fat 0.96%, fiber 0.22%, ash
0.31%, grain iron 1.77%, shoots iron 7.61%, and manganese 6.25%), while the moisture content was reduced by 0.93%
which might be useful in prolonged seed storage and the long life viability of the seeds. However, zinc (Zn) content in
maize seedlings from plasma-treated seeds showed no significant change.

Conclusion: The present study revealed that LFGD Ar 4 Air gas plasma is associated with the elevation of ROS in
leaves and roots, which in turn improves the seed germination rate, agronomic traits, growth, enzymatic activity, and
nutritional supplement in maize.
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Background

Crop production is under threat in several countries
around the world due to speedy industrialization,
urbanization, overpopulation, and reducing agricul-
tural lands [1]. Day by day, the production of maize is
decreasing due to climate change and man-made fac-
tors [2]. Moreover, the reduction of productivity of
crops is due to the reduction of macro and micronu-
trients in the soil [3]. Maize (Zea mays L.) is a leading
staple food in many countries, especially in European
countries, and the majority of farmers grow maize as a
stand-alone crop in their field [4]. Maize can be con-
sidered as an alternative food source in Bangladesh and
subtropical countries, which contains a higher level of
protein, minerals, and fatty acids. It has been used in
the production of ethanol, corn starch, and corn syrup
in many other countries [5]. Maize is the third-largest
crop in Bangladesh, according to acreage along with
production. Crop production and food security are
vastly reliant on seed quality such as seed germination,
vigor, and volume [6]. Pesticides and chemical ferti-
lizers are widely used all over the world for increased
production of crop plants, although they have adverse
impacts on health, ecosystems, and the environment
[7]. Therefore, new techniques and technology having
the capability of increasing crop yields and improving

nutritional values without environmental risks are cur-
rently being focused on in agricultural areas.

Plasma treatment is a new technology, which recently
gained huge attention in the agricultural sector. Plasma
has essential roles in different areas such as microelec-
tronic technology, medicine, fusion power, and ion
implantation for material adaptation [8, 9]. Medium
pressure of low-frequency glow discharge plasma
(LFGD) is a source of non-thermal plasma, generated in
the laboratory under medium pressure (~ 10 torr) with
a high voltage and low frequency. Several studies have
shown that plasma treatment is a fast, cheap, riskless,
pollution-free method used to increase seed quality,
seedling growth, and production [10]. Enhancing maize
grain output has been a major focus of plant breeding
and genetic engineering in order to fulfill worldwide
demand for food, fodder, poultry—dairy farm feed, and
industrial usage [11].Techniques such as solar radia-
tion, weather optimization, variety creation using con-
ventional breeding as well as genetic engineering, and
so on are used to boost maize growth [12]. Recent stud-
ies show that plasma treatment plays a vital role in both
plant development and the physiological processes of
plants, along with the seed germination rate, seedling
growth [2], and photosynthesis activation of plants
[13]. Atmospheric pressure cold plasmas (APCPs) are
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highly effective instruments for improving seed germi-
nation by using water absorption processes [14]. Cold
plasma is also a promising tool in medical science, with
an argon-based plasma jet being used for both in vivo
and in vitro cancer treatment [15]. Plasma treatment
has also been shown to raise plant yields under biotic
and abiotic stress, such as disease [16] and drought
stress [8]. Further, low-frequency glow discharge
plasma technology can play a positive role in disease
control, which can be an alternate use for fertilizers and
pesticides in the agricultural sector. The plasma tech-
nique is a novel device that has demonstrated its value
in improving agronomic individuality in a variety of
crops [17]. Plasmas may also be utilized to efficiently
clean and sterilize air and water [18].

Plasma is an ionized gas composed of charged parti-
cles (electrons, ions), excited atoms and molecules, reac-
tive species (ROS, RNS), and UV photons. The excessive
amount of ROS and RNS which is deleterious to maize
seeds and less than certain an amount may not generate
adequate for biochemical and/or biophysical triggering.
In plants, there are several defense mechanisms against
various stresses; among them the antioxidant is activated
first. In addition, earlier reports stated that antioxidant
enzyme activity such as catalase (CAT) and superoxide
dismutase (SOD) [8] is significantly increased due to
plasma treatment and regulates ROS and RNS activities
[19]. Also, plasma treatment can increase the seed wet-
tability and seed germination [20]. H,O, plays a dual role
in plants, which depends on several conditions, including
physiological conditions, application, and specification
[21]. By triggering the H,O, scavengers (APX, SOD, CAT
and GR), LEGD plasma may regulate the reactive oxygen
species. H,O, is also considered as a signaling molecule
for breaking the seed dormancy and antioxidant protec-
tion in plants [1]. Still, it is challenging to optimize the
reactive oxygen species in the discharge that might pro-
duce superior reactive oxygen species such as superoxide
anion (O, ™), hydroxyl radical (OH), and H,O, [1]. Reac-
tive oxygen species cause cell fatality, membrane scratch,
and degradation of protein in plants [22]. Nitric oxide
(NO) is another bio-reactive signaling molecule that is
responsible for the control and regulation of plant devel-
opment in many stages [23]. NO plays a crucial part in
the breach of seed dormancy and germination [24, 25].

Plasma technology has already demonstrated that
LFGD plasma improves wheat seed germination and
seedling growth [26]. The current study focused on
field trials, and we wanted to see the changes in traits
in next-generation plants grown from plasma-treated
maize seeds. Therefore, we performed a series of
morphological, molecular and biochemical, experi-
ments to elucidate the effect and mechanism of LFGD
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plasma mediated improvement seed germination, plant
growth, and nutritional changes in maize.

Materials and methods

Plasma generating setup

Two copper electrodes (10 mm in diameter) were
placed at the lower and upper ends of the Pyrex glass
tube, which contained maize seeds for low-frequency
glow discharge plasma treatment as shown in Fig. 1.
The spacing between two copper electrodes were main-
tained at 80 mm. Plasma was created by combining a
medium pressure (~ 10 torr) power supply with a high
voltage 1-6 kV and low frequency (3-5 kHz) across
the electrodes. The pressure inside the plasma cham-
ber was maintained at~ 10 torr using a vacuum pump
(FY-1C, Jiangsu Jindong HVAC Industrial Co. Ltd.,,
China). The flow of Ar+ Air gas was controlled by two
gas flow indicators (Yamato Scientific Co. Ltd., Tokyo,
Japan). The gas flow rate inside the plasma production
chamber was maintained at 1 L/minute. Gas and seed
surface temperatures for 120 s treatment were ~40 °C
and ~ 27 °C, respectively, which was measured through
an IRT25 Infrared Thermometer (Extech, Nashua, NH
03063, USA). The proportion of the gas between argon
(Ar) and air was 1:99. The discharge of voltage and
current were monitored with voltage (HVP-08) and
current (CP-07C) probes, respectively, which was con-
nected with four-channel digital storage oscilloscope
(GDS-1000B, Good Will Instrument Co., Taiwan). The
spectrophotometer USB2000+XR — 1 — ES (Ocean
optics, Taiwan; slit size of 25 um, grating 800 line/mm,
optical resolution, 1.7 nm) was used for species iden-
tification, which ranged from 200 to 1100 nm, and
the duel channel spectrophotometer, AvaSpec-2018
(Avantes, Apeldoorn, Netherlands; slit: 10 um, grating:
2400 lines/mm, optical resolution: 0.07 nm) was used
in the range from 200 to 500 nm for the determination
of plasma parameters.

Seed treatment

Maize (Zea mays L.) seeds were collected from the local
market at katakali Bazar, Rajshahi, Bangladesh. Healthy
and uniform maize seeds were selected visually with the
help of a simple magnifying glass for control and treat-
ment. Seeds were treated by LFGD plasma generated
from Ar+air gas in the Plasma Science and Technology
Lab, Department of Electrical and Electronic Engineer-
ing, University of Rajshahi. Maize seeds were placed into
the plasma generating chamber for treatment. Plasma
treatment was applied to the seeds for different time
duration viz. 30 s, 60 s 90 s and 120 s.
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Field preparation for maize cultivation

The experiment was performed in the research field of
the Department of Genetic Engineering and Biotech-
nology, Faculty of Life and Earth Science, University
of Rajshahi (Latitude: 24.37047 Longitude: 88.64904 N
24°22'13.67486"E  88°38'56.5323") in  Bangladesh.
0.027 ha (6.6 decimal) soil was selected for this experi-
mental study. The field was prepared by horizontal,
centrally balanced with uniform land fertility and was
divided into 15 plots. 12 plots were selected for treated
seeds, and 3 plots were used for untreated seeds using
the randomized block design. Size of each plot was 2 x 2
m? with 72 cm line-line spacing, and three independent
replications were used in this study for every treatment
and control. Both treated and untreated seeds were sown
in the respective plot on December 01.12, 2018.

Scanning electron microscopic (SEM)

For investigating the changes on seed surface topol-
ogy, structure and overall surface features, the control
and plasma-treated seeds were studied under scanning

electron microscope (FEI S50, FEI Technologies Inc.,
Oregon, United States). For scanning electron micros-
copy seeds treated for 90 s and 120 s were used. As con-
trol, untreated seeds were used which have gone through
the identical conditions except the plasma treatment.
Images were captured at the microscopic magnification
of 1000 X with 10 kV accelerating voltage and 20 pm in
secondary electron scanning mode.

Germination rate and morpho-physiological
characterization

Control and plasma-treated seeds (N=30) were placed
on a wet Whatman grade-1 filter paper in 90 mm petri
dishes. The petri plates were incubated at 25 °C in an
incubator for 7 days. Distilled water was sprinkled twice a
day to maintain adequate moisture content for seed ger-
mination. The standard that was followed to determine
the seed germination was germ length when it reached
half or above of the seed length. The percentage of germi-
nation rate (%) was calculated after 7 days by the follow-
ing formula:
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Germination rate (%) = Number of total seeds
germination after 7days/Total number of seeds x 100.

Upon maturation, the fresh plants were collected
from the experimental field after 45 days of planta-
tion for morphological data collection. Morphologi-
cal parameters were recorded via a tailoring tape, slide
calipers, and digital weighing balance. The total chloro-
phyll score in young leaves were determined using a leaf
chlorophyll meter (FT GREEN, USA). Randomly picked
young fresh leaves were collected from the experimen-
tal field for the reading the chlorophyll score.

Analysis of antioxidant enzymes (CAT, SOD, APX, and GR)
Antioxidant enzyme activities were determined as
described previously [1] with slight modifications. In
brief, the fresh tissues were collected and mashed with
a mortar and pestle in 1 ml phosphate buffer (100 mM,
pH 7, 0). These leaf tissue extracts were centrifuged at
12,000 rpm for 5 min and subsequently supernatant
was transferred into a new microcentrifuge tube. For
catalase (CAT) activity, 100 pl tissue extract was mixed
with 100 mM potassium phosphate buffer (pH 7.0) and
6% H,0,. The reaction mixture was observed at 240 nm
(extinction coefficient of 0.036 mM ™! cm™!) at intervals
of 30 s up to 1 min using a UV-Vis spectrophotometer
(Genesys" 10S UV-Vis, Thermo Scientific", Waltham,
Massachusetts, USA). To determine superoxide dis-
mutase (SOD) activity, 100 pl tissue extract was mixed
with 50 mM sodium carbonate buffer (pH 9.8), 0.1 mM
EDTA, and 0.6 mM epinephrine (the last component
added). Afterwards, the adrenochrome formation in the
next 4 min was measured using a spectrophotometer
(Genesys"" 10S UV-Vis, Thermo Scientific’, Waltham,
Massachusetts, USA) at 475 nm. For ascorbate per-
oxidase (APX) activity, the reaction mixture was made
up of 0.1 mM EDTA, 50 mM potassium phosphate
buffer (pH 7.0), 0.1 mM H,0, 0.5 mM ascorbic acid,
and 0.1 ml of tissue extract. The absorption of APX was
recorded at 290 nm using a UV-Vis spectrophotometer
(Genesys" 10S UV-Vis, Thermo Scientific", Waltham,
Massachusetts, USA) with an extinction coefficient of
2.8 mM~! cm™!. Further, for determining glutathione
reductase (GR) activity, 100 pl of tissue extract was
added with 0.2 mM phosphate buffer (pH 7.0), 1 mM
EDTA, 0.75 ml dH,O water, 0.1 ml of 20 mM oxidized
glutathione (GSSG) and 0.1 ml of 2 mM NADPH. The
GR activity was monitored at 240 nm using a spectro-
photometer (Genesys" 10S UV-Vis, Thermo Scientific",
Waltham, Massachusetts, USA) with an extinction coef-
ficient of 6.12 mM~! cm™! [27].
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Hydrogen peroxide (H,0,) and nitric oxide (NO) analysis
For H,O, activity, after washing, the root and shoot
were crushed in 1 ml of 0.1% trichloroacetic acid (TCA)
by mortar and pestle [28]. The mixture was centri-
fuged at 10,000 rpm for 15 min and the supernatant
was transferred to a fresh centrifuge tube. Then, the
supernatant was mixed with phosphate buffer (10 mM,
pH 7.0), potassium iodide (1 M), and kept in the dark
for 1 h. The optical density of the reaction mixture
was recorded at 390 nm using a spectrophotometer
(Genesys " 10S UV-Vis, Thermo Scientific™", Waltham,
Massachusetts, USA).

Nitric oxide (NO) activity was determined in root and
shoot of maize plant based on the hemoglobin absorb-
ance as a result of its change from oxyhemoglobin
(HbO,) to methemoglobin in presence of NO [1]. The
root and shoot samples were ground and homogenized
with a mortar and pestle in 1 ml of cold buffer, which
contained 0.1 M sodium acetate, 1 M NaCl, and 1%
(W/V) ascorbic acid (pH 6.0). The sample sap was centri-
fuged at 10,000 rpm at 4 °C for 5 min and the supernatant
was transferred to a new centrifuge tube. Subsequently,
the HbO, solution stock (5 mM) was mixed with samples
and incubated at room temperature for 5 min. Finally,
optical density was monitored at 401 nm using a spectro-
photometer (Genesys " 10S UV-Vis, Thermo Scientific',
Waltham, Massachusetts, USA).

Determination of total soluble protein and sugar

Total soluble protein concentration in the roots and
shoots of maize plants germinated from control and
treated seeds were determined using a spectropho-
tometer (Genesys" 10S UV-Vis, Thermo Scientific",
Waltham, Massachusetts, USA) [29]. Firstly, fresh sam-
ples were ground with a mortar and pestle, which con-
tained ice-cold 50 mM Tris—HCl, 2 mM EDTA, and
0.04% (v/v), 2-mercaptoethanol. Then, centrifugation
was done at 12,000 rpm for 10 min at 25 °C, and puri-
fied supernatant was mixed with 1 ml Coomassie bril-
liant blue. Finally, optical density was recorded at 595 nm
and the standard curve was prepared with bovine serum
albumin (BSA).

Grain protein concentration was carried out by the
Bradford protein assay protocol [30] with some modi-
fications. The standard curve was prepared using the
BSA solution. Firstly, the sample (0.03 gm) was weighed,
ground and diluted, with 10 ml of deionized water. The
resultant sap was centrifuged twice at 4000 rpm for
10 min and the supernatant was transferred into a fresh
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tube. 3.0 ml of Bradford reagent was mixed with each
sample and placed at room temperature for 45 min.
After vortexing and incubation, samples were transferred
to cuvettes and optical density was recorded at 595 nm
using a spectrophotometer (Genesys 10S UV-Vis,
Thermo Scientific ", Waltham, Massachusetts, USA).

Total soluble sugar concentration was carried out
according to the protocol described earlier [1] with slight
modifications. Fresh root and shoot were homogenized
with a mortar and pestle in 80% ethanol. The centrifuga-
tion was homogenized at 8000 rpm for 10 min and the
clear supernatant was transferred to a separate micro-
centrifuge tube. Subsequently, 0.2% of anthrone reagent
was added and incubated at 100 °C for 8 min before plac-
ing it on ice. Finally, the optical density was monitored at
620 nm.

Analysis of Fe, Zn, and Mn in flour and shoot of maize
plants

The trace-elemental analysis was carried out according
to the protocol described earlier [1] with minor modifi-
cations. Firstly, the freshly plucked shoots were washed
in CaSO, (1 mM) for 3 min. After washing, the tissue
samples were kept at 60 °C for 3 days in an oven for dry-
ing. A mixture of 5 ml HNO; and 2 ml H,O, was used to
digest the tissue samples in a glass beaker, and a micro-
wave oven was used for heating. Flame atomic absorption
spectroscopy (AAS) connects to an ASC-6100 auto-sam-
pler air—acetylene at the atomization gas mixture system
(model No. AA-6800, Shimadzu) was used to determine
the Fe, Zn, and Mn concentration. A standard known
solution was prepared and analysis was carried out [31].

A thousand seeds mass (TSM)

A thousand seeds mass is a crucial parameter for meas-
uring the yield of maize. A thousand seeds were counted,
and their average weight was measured with the help of
a electronic balance (Vibra HT224R, Shinko Denshi Co.
Ltd., Tokyo, Japan) [32].

Determination of moisture content

The moisture content was performed according to
AOAC 2000 (Association of Official Agricultural Chem-
ists) method [33]. Three grams of corn flour was spread
uniformly on the aluminum foil and weighed using an
electronic balance. Aluminum foils (10 cm x 10 cm)
and the weighed samples were dried in an oven at 105 °C
for 3 h. After drying, the foils were then cooled in des-
iccators and weight was taken. Finally, the flour sample
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weighed earlier was taken on the dried aluminum foil was
weighed. Moisture content of the flour was determined
using the following formula:

Moisture content (%) = (W1 — Wo/W7) x 100.

Here, W, =initial weight of the sample before drying,
W, =final weight of the sample after drying.

Determination of fat content

Fat content was determined according to AOAC, 2000
protocol [33] with minor modifications. The bottles
with lids were placed in an incubator at 105 °C for 6 h
to remove any moisture and to ensure the stable weight
of the bottles. Six grams of the sample was weighed
using an electronic balance and placed into the extrac-
tion thimble and thimble was connected to Soxhlet.
250 ml of n-hexane was poured into the thimble and
placed on the heating mantle. The samples were heated
for 3 h and the solvent was evaporated using vacuum
condenser. Subsequently, the bottles were incubated at
80-90 °C for 1 h, cooled in a desiccator, and reweighed.
The following formula was used to calculate the fat
content:

Fat content (%) = (weight of fat/weight of sample) x 100.

Estimation of crude fiber

The crude fiber content in flour was carried out by the
AOAC, 2000 method [33]. Briefly, samples (3 g) were
weighed and dried in an oven. 250 ml of hot H,SO,
(0.125 M) along with samples were poured into a
600 ml beaker of the condenser and boiled for 30 min.
The samples were then filtered and washed with boil-
ing water and transferred the residue back to a beaker.
Again, 250 ml of NaOH (0.313 M) was added in a
beaker in the condenser and boiled for 30 min. Sub-
sequently, the samples were filtered and washed step-
by-step with boiling water, 1% HCI, boiling water, and
then finally washed twice with ethanol. Afterword, the
samples were kept overnight at 100 °C and cooled in a
desiccator. The samples were placed into the moisture
free crucible, weighed, and burnt for 3 h at 600 °C in a
muffle furnace, again cooled in a desiccator, and final
weight was taken. Following formula was used to calcu-
late the crude fiber content:

Crude fiber content (%) = (Wy — W7)/ Wy x 100,

where W, =weight of crucible before sample ash-
ing, W,=weight of crucible after sample ashing, and
W, =weight of the sample.
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Determination of ash content

Ash content was determined by the AOAC, 2000 pro-
cedure [33]. An empty crucible with lids was placed in
the furnace at 600 °C overnight and cooled in a desic-
cator for 30 min, and then weight was taken by an elec-
tronic balance. 6 g sample was weighed and taken into
the crucible, and burned in a muffle furnace at 600 °C
for 6 h. Afterword, the crucibles were cooled in des-
iccators, and the final weight was taken with the lid.
The following formula was used to calculate the ash
content:

Ash content (%) =(weight of ash/weight of sample)
x 100.

Statistical analysis
All the field studies were performed with three inde-
pendent replications for each experimental sample on
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the basis of complete randomized block design (CRBD).
The significance level was tested at p<0.05 by one-
way ANOVA followed by Duncan’s multiple range test
(DMRT) in SPSS statistic 20 software. All graphical fig-
ures were prepared using GraphPad prism 6 versions.

All the biochemical analysis and assays have been ran-
domly selected from individual plant species having at
least three replications. Every experiment was repeated
three times to ensure the reproducibility of the data.
Fresh weight was taken initially and converted to per
gram during data analysis.

Results

Changes in seeds surface

The seed surface showed significant changes due to
the influence of LFGD Ar+air plasma treatment com-
pared with control, respectively (Fig. 2a—c). Further,
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WD= 80mm
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Mags 100KX

GCE RUET
Date :5 Nov 2019
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Fig. 2 SEM images of maize-treated seeds with non-treated seeds surface: a control, b 90's, ¢ 120 s LFGD Ar + air plasma treatment. The scale bar is
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we observed that the seed coat becomes fractured and
chapped due to plasma treatment (Fig. 2b, c).

Seeds germination

The positive response of LFGD plasma was observed on
the seed germination with different treatment times. The
seed germination rate significantly increased among the
plasma-treated seeds compared to the control. The high-
est germination rate was shown in 90-s treatment dura-
tion with a value of 85.55% increase as compared control
seeds (Fig. 3a).

Morphological features and chlorophyll score

Ar+air plasma treatment showed significant changes in
maize seedling growth compared to control. In this study,
the morphological parameters showed substantial differ-
ences in maize plants grown from the Ar+air-treated
seeds compared to non-treated controls (Fig. 3b-g).
Besides, total chlorophyll scores significantly increased in
maize plants generated from the treated seeds compared
with control (Fig. 3h).

The activity of antioxidant enzymes (APX, SOD, CAT,

and GR) in seedlings

In plants, APX and SOD activity significantly increased
in both shoots and roots of plants grown from the
Ar+air plasma-treated seeds compared to non-treated
control seed (Fig. 4a—d). In addition, interestingly, CAT
and GR activities showed no significant changes in both
shoot and root of plants generated from the seeds treated
compared with control (Fig. 4e—h).

Analysis of hydrogen peroxide (H,0,) and nitric oxide (NO)
We determined the concentration of hydrogen peroxide
(H,O,) and nitric oxide (NO) in both shoots and roots
of maize plants germinated from the plasma-treated
seeds. We observed that the H,O, concentration showed
a significant increase in both shoot and root of plants
compared with controls (Fig. 5a, b). NO concentration
showed no significant change in the shoot or root, in
response to plasma treatment (Fig. 5¢, d).

Biochemical features

Maize plants germinated from Ar+ air-treated seeds
showed a significant increase in total soluble protein
in shoot and root compared to control (Fig. 5e, f). In
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addition, the total soluble sugar concentration also sig-
nificantly increased in the shoot and root of maize plants
generated from the plasma-treated seeds compared to
the control (Fig. 5g, h).

Determination of trace elements (Fe, Zn, and Mn) in grain
and shoot

Atomic absorption spectroscopy (AAS) analysis showed
that the Fe concentration significantly increased in both
grain and shoot of the plants germinated from the plasma
treatment compared with controls (Fig. 6a, b). In con-
trast, Zn concentration showed no increase in both grain
and shoot of the plants germinated from the plasma-
treated seeds compared with control (Fig. 6¢, d). Also,
Mn concentration showed a significant increase in the
grain of plants originated from the treated seeds com-
pared to non-treated controls (Fig. 6e).

Determination of protein in grain

Protein concentration showed considerable changes due
to LEGD plasma treatment in the grain of maize plants
compared to the control. The highest protein concen-
tration was shown in the plants generated from seeds
treated for 120 s (Fig. 6f).

A thousand seeds mass (TSM)

Thousand seeds mass is a vital factor which indicates the
productivity of maize plants in different regions. TSM
significantly increased in maize plants generated from
the treated seeds compared with controls. The highest
thousand seed mass was found in response to 120 s treat-
ment time, with a value of 272.33 g (Fig. 7a).

Moisture content

The moisture content was measured to determine the
water absorption in maize grain, which is essential for
productivity. The high moisture content was shown in
control with a value of 12.20%, and the lowest moisture
content was found in the 90-s treatment time with a
value of 6.6%, respectively (Fig. 7b).

Fat content

The fat content showed a greater increase in maize grain,
which was grown from the plasma-treated seeds com-
pared with the non-treated control, and the highest fat

(See figure on next page.)

Fig. 3 Changes in seed germination rate and morphological parameters in wheat plants in effect of plasma treatment for different duration

a germination, b shoot length, c root length, d fresh weight, e dry weight, f plant height, g stem diameter, h chlorophyll score in maize plants
generated from Ar+air plasma-treated seeds. Individual data were expressed as the mean = standard deviation of treatments (n = 3). Different
letters specify the significant changes in each column, as determined by the Duncan test (p=0.05)
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content was monitored in those with 90-s treatment. Fat
content ranged from 4.96 to 9.76%, as shown in Fig. 7c.

Crude fiber content

When compared to the control, crude fiber content
increased significantly as a result of plasma treatment.
Fiber content ranged from 1.10 to 2.13%, as shown in
Fig. 7d.

Ash content

Ash produces oxides of inorganic elements, which use-
ful for metal analysis. Ash content notably improved in
maize grain germinated from the treated seeds compared
to controls. The highest ash content was shown in the
90-s treatment time with a value of 2.96%, and the lowest
ash content was found in control with a value of 1.42%,
respectively (Fig. 7e).

Discussion

Recently, plasma technology has drawn much attention
to researchers for the enhancement of seed performance,
traits, and yields in essential crop plants. It is pointed
out that the LEFGD plasma can be a good choice for the
improvement of germination and growth in maize plants.
Plasma technology produces harmless UV radiation, free
radicals, and reactions of chemicals that play a vital role
in the dormancy flouting [34].

Initially, LFGD plasma treatment caused changes in the
seed coat configuration and functionalities. The changes
in seed configuration may be related to water perme-
ability. The thin seed surface and the roughness of the
seed exterior are responsible for quicker water absorp-
tion and nitrogenous compound [35]. It has been shown
that nitrogen is absorbed into the seed coat, which pro-
motes germination, which is in line with our findings
[1]. Protein and starch granules are randomly distrib-
uted on the seed surface, which contains asymmetrical
shapes and dissimilar sizes and also improves the seed
germination [1]. In the present study, the seed surface
showed different sizes and irregular shapes due to LFGD
plasma treatment, as well as a significant improvement in
seed germination in treated seeds was observed. In the
absence of water, nitrate and phosphorus molecules can
help maize plants grow faster [5].

In addition, exposure of maize seeds to the LFGD
Ar+Air plasma treatment showed stimulating effects
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on germination rates and seedling growth. In our experi-
ment, the exposure of the most significant treatment (90
and 120 s) of LFGD plasma may be directly or indirectly
involved in accelerating enzymatic activities related to
seed germination as well as the inner decomposition of
essential nutrients, causing those compounds to increase
the utilization of seed reserves and seedling growth.
A number of studies have reported that plasma treat-
ments, including cold plasma and atmospheric pres-
sure plasma, significantly increase seed germination
[2, 36]. Further, results showed that germination rate is
significantly increased in the plasma-treated wheat [37].
Moreover, several studies also proved the enhancement
of the growth and development of plants originated from
the plasma treatment [17, 36, 38]. The seedling growth
of the wheat was significantly improved by cold plasma
treatment [34]. Cold plasma inductions were shown to
improve seed germination, seeding growth, antioxidants,
drought stress tolerance potentiality, and tomato defense
gene expression [39]. Also, previous research has shown
that cold plasma improves the germination and growth
of soybean see [2], oilseed rape [8], hemp [26], and
other agronomically and economically important crops.
Zhou et al. reported that the seedling growth of tomato
was increased considerably using atmospheric pressure
plasma treatment [36]. The capacity of DBD (dielectric
barrier discharge) plasma treatment to improve seed
germination rate and vigor index in wheat plants was
also investigated [40, 41]. Furthermore, when radish
sprout lengths were exposed to oxygen RF plasma, they
increased by 60% [42]. The recent investigation showed
that the LFGD plasma treatment substantially increased
growth parameters, including shoot length, root length,
fresh weight, dry weight, plant height, and stem diam-
eter compared to control. Our outcome indicates that
the enhancement of the maize seedlings pre-treated
with LFGD plasma was partially due to their growth. In
addition, chlorophyll score is greatly increased in LFGD
plasma-treated seeds that lead to higher photosynthesis
of plants, which is in agreement with the previous studies
[43].

Plasma treatment has improved cell and enzyme activ-
ity, and it plays a magnification function in the advanced
process of germination [9]. The antioxidant enzymes are
a part of the defense system associated with H,O, scav-
enging and is strongly correlated with the capability of

(See figure on next page.)

Fig. 4 Changes in enzymatic activities in maize plants subjected to plasma treatment. APX performance in a shoot and b root, SOD performance
in ¢ shoot and d root, CAT performance in e shoot and f root, GR performance in g shoot and h root of maize plants generated from the Ar+ air
treatment. Different letters indicate a significant difference within a mean = standard deviation of treatments (n=3) as determined by the Duncan

test (p=0.05)
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plant’s stress tolerance. The low activity of the antioxi-
dant enzyme may lead to the accumulation of H,O, in
plant cells [1], which causes the reduction of crop pro-
duction. Antioxidant enzymes are used as scavenger and
reduce the harmful effects and detoxification of ROS,
including catalase (CAT), superoxide dismutase (SOD),
ascorbate peroxidase (APX), and glutathione reductase
(GR) enzymes. The antioxidant can act as a substrate for
the enzyme, which mainly works actively against oxygen
scavenging. The previous study reported that the plasma
treatment increased the antioxidant enzyme activities,
including SOD, and POD in tomato seedlings [16] and in
maize [19]. The superoxide dismutase activity in maize
was greatly increased by the plasma-treated seeds [6].
In our study, enzymatic data revealed that antioxidant
enzymes APX and SOD were significantly increased in
both the shoot and root of maize plants due to LFGD
plasma treatment. This result implicates that the LFGD
plasma treatment plays a crucial role in condensing the
oxidative injure and assisting to sustain standard physi-
ological metabolic actions, leading to improved maize
seedling growth.

Interestingly, CAT and GR activity showed no change
in this experiment at a significance level. Both H,0, and
NO are signaling molecules, which are responsible for
the production of harmful effects of the ROS and RNS.
Among these, oxygen-containing functional groups in
plasma species enrich the seed coat, resulting in a sig-
nificant increase in wettability and, as a result, a higher
seed germination rate can be observed [35, 41]. The
interaction of RNS and ROS produced by plasma treat-
ment on the maize seed coat may improve seed germi-
nation rate [5]. NO is an unstable compound [44] and
is produced from NO;~ by plants that might act as a
signaling molecule [45, 46]. However, only H *ions have
a negative effect, especially in the early phases of plant
development, including germination and growth [31].
The higher amount of H,O, in plant physiology is con-
sidered as toxic [31]. It plays a vital role in the physiologi-
cal process, including the development and stress of crop
plants [21, 34]. H,O, is directly related to the seed ger-
mination rate and growth of plants [1]. H,0, along with
ROS, is considered to be the principal cause of seed infe-
riority and failure of seed viability [47]. Other research-
ers have found that the H,O, concentration increased in
the shoot and root of wheat plants derived from Ar/O,
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plasma-treated seeds [1]. In the recent study, only H,O,
activity showed a considerable change in the shoot and
root of maize plants. However, NO activity did not show
any changes in maize plants by LFGD Ar+air plasma
treatment. It was reported that the long-term plasma
treatment has the contrary effect on the yield [46] and
produces reactive oxygen species (ROS). The overpro-
duction of reactive oxygen species (ROS) is responsible
for cell death and tissue damage [6]. The balance amount
of ROS could promote the growth and development
of plants. Our study expressed that the LGFD plasma
regulated the reactive oxygen species with optimum
H,0, levels in maize plants without triggering the H,O,
scavengers.

It strongly implies that the Ar+ Air plasma-induced
H,0, is not only responsible for enhancing maize
growth, but also triggers the antioxidant enzymes such as
APX or CAT. APX is directly linked to the fine-tuning of
H,0O, detoxification and is maintained by the sulthydryl
group [7]. The SOD enzyme is a kind of metalloenzyme
that can to convert superoxide radicals into H,0, and O,
[41]. SOD is a defense antioxidant enzyme, especially for
the counteracting superoxide O, in plant. Glutathione
reductase (GR) is a plant enzyme that is involved in both
biotic and abiotic stress [48]. The increased quantity of
GR plays a crucial role in Fe homeostasis in gramineous
plants, allowing plants to deal with Fe shortage [49].

Plasma treatment improved the decay of carbohydrate
and soluble protein [6, 50]. Soluble protein and sugar
are both correlated to superior stress tolerance in plants
and protect the membrane and macromolecules dur-
ing drought stress [36, 38]. Several studies have shown
that the soluble protein and sugar content significantly
increased in soybean seedlings [8] and rice seedlings
[8] after plasma treatment. Yield and photosynthesis
are closely related to soluble sugar content [50]. Solu-
ble sugar plays an essential role in plant metabolism [2].
Soluble protein plays a vital role in plant growth, and it
is essential for different plant enzyme activities that can
reflect the plant’s metabolism [2]. In the present investi-
gation, both soluble proteins and soluble sugar content
significantly increased between the shoots and roots of
maize plants under LFGD plasma treatment compared
with the control. The endosperm, which has a high con-
centration of carbohydrates and protein, is the most sig-
nificant component of the maize kernel utilized in snack

(See figure on next page.)

Fig. 5 Changes in signaling molecules and biochemical activities in maize plants subjected to plasma treatment. Hydrogen peroxide (H,0,)
concentration in a shoot and b root, nitric oxide (NO) concentration in ¢ shoot and d root, total soluble protein in e shoot and f root and total
soluble sugar in g shoot and h root of maize plants originated from the plasma-treated seeds. Different letters specify the significant changes within
a mean = standard deviation of treatments (n=3) as determined by the Duncan test (p=0.05)
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manufacturing [51]. Increased enzyme activity such as
a amylase and protease by plasma treatment could pro-
mote soluble sugar and protein content [38]. The LEFGD
plasma treatment improved the soluble protein and sugar
contents, which may explain the rise of maize seedling
growth.

The plasma technique is now an efficient method for
enzymatic arsenic and selenium ion extraction from rice
flour [52]. Trace elements are present in the living tissues
in a small amount and function as catalysts in enzyme
systems. It plays a vital role in human body deficiencies,
which reduce the activity of the concerned enzymes.
The plant’s ability to convert Fe** to Fe?" is required
for the utilization of Fe [53]. Maize is a desirable food
for Fe biofortification, dietary intake, and typical eating

behaviors associated with ID and anemia [54]. In our
study, Fe significantly increased in the grain and shoot
of maize plants, and Mn also showed the same result in
grain. The high levels of micronutrients Zn, B, and Mo
will aid in maize seed germination, emergence, and stand
establishment [55]. In contrast, Zn showed no significant
relationship between grain and shoots of maize plants
due to plasma treatment. The present study proved that
plasma technology is a potential tool for maize plants, to
improve the nutritional values and overcome malnutri-
tion deficiency.

As nutrition is a major global problem in the world
today, our study showed that plasma technology is a
potential technique for crop improvement. Grain weight
means the grain size and yield of grain with flour yield
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Fig. 7 Changes in nutritional status in maize plants subjected to plasma treatment. a Thousand seed mass, b moisture content, c fat content,
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[56]. The thousand-grain mass is an important parame-
ter for determining how much productivity wheat plants
exhibit in different region [56] or conditions. In the pre-
sent study, a thousand grains masses greatly improved in
maize plants and ranged from 246.0 g to 269.0 g, respec-
tively. Protein content showed an increase in maize grain
due to plasma treatment. The moisture content is consid-
ered to determine the water absorption in wheat grains
[57]. Previous results reported that the moisture content
ranged from 10.31 to 13.75% in wheat [32, 58], maize
7.1-7.13% [5], 4.3-6.7% [59], oat 8.5-9.8% [60]. The cur-
rent study revealed that the moisture content showed
a range from 6.6 to 12.20% in maize grain, respectively,

which was not a correlated result in previous recorded.
Fat is an essential source of energy, structural com-
pounds, contains vitamins, physiological functions as
for human health. The percentage of fat content in maize
seed improved by 6.633 percent after 90 s of LFGD
plasma treatment compared to 5.133% in control grain
[5]. Previous research found that the fat content of oats
ranged from 6.7 to 10.3% [60]. In this study, the fat con-
tent increased in the treated seeds with Ar+air plasma
treatment. The fat content of grains ranged from 4.96 to
9.76% in this study, which was approximately the same as
in previous reports.
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Crude fiber is a source of nutrition for human health.
It plays a significant role in the digestive system because
of its low amount of crude fiber. The percentage of
crude fiber content was previously recorded in maize
at 1.39-1.57% [5], 4.9-6.2% [59], and oat at 2.1-3.5%
[60]. Crude fiber ranged from 1.10 to 2.13% in the pre-
sent study, which was approximately correlated with
founding in the previous record. Ash is a light color,
a remainder, and the ruins of organic subjects at high
temperatures in the muffle furnace. Previous studies
have demonstrated that the ash content of wheat ranged
from 1.06 to 2.78% [58] maize 3.94-4.75% [5], 1.0-2.0%
[59], rice 0.8-2.6% [61], and oat 1.2-1.3% [60]. Our
study showed that the ash content ranged from 1.19 to
2.96%, respectively, in maize grain, which was corre-
lated with the previous studies [58].

Conclusion

This study focused on seed germination, nutritional val-
ues, and growth of maize seedlings due to LFGD plasma
treatment. The Ar+air gas plasma treatment increased
the seed germination, antioxidant enzyme activities,
nutritional properties, and seedling growth of maize
plants, especially 120-s treatment time showed best
effect. So, our results suggest that LFGD plasma treat-
ment has a positive effect on the maize plant that can
be used in the future for advancement of the agronomic
possibilities.
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