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Abstract
Eco-friendly plasma technology is appeared as promising for the improvement of crop 
yield and hence it was applied to study the paddy plant growth and yield. Applications 
of plasma technology in this study are two-fold: (1) paddy seeds (Oryza sativa L.) were 
treated with low pressure (100  torr) glow air discharge (LPGAD) plasma for duration of 
30, 60, 90, 120 and 150 s for finding the highest germination rate for field application, and 
(2) plasma activated waters (PAWs) were prepared and applied as foliar spray to the plants 
grown from the treated seeds to investigate the combined effects on plant growth, yield 
and total soluble protein and sugar concentrations in the produced paddy grains. Seedlings 
grown from the 90 s LPGAD plasma treated seeds, depending on the results obtained from 
seed germination test, were transplanted in the field and PAWs were applied 1–5 times 
during vegetative growth stage of the paddy plants. The results reveal that (a) the maxi-
mum paddy seed germination rate of ~ 7% with respect to control was obtained from 90 s 
treatment duration, out of five treatment durations, with LPGAD plasma, (b) plants growth 
parameters were enhanced due to the combined effects of plasma seed treatment along with 
PAW application, (c) defense mechanisms of plants were improved through enhancement 
of enzymatic activities, (d) concentrations of total soluble protein and sugar were enhanced 
in the paddy grains, and (e) finally yield was increased by ~ 16.67%.
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Introduction

Food requirement is growing up gradually in order to meet the demand of increasing 
population growth in highly populated countries mainly in south-east Asian and African 
countries. Therefore, FAO (sustainable development goal of the United Nations Food and 
Agricultural Organization) [1] is emphasizing to the improvement of crops yields for the 
fulfillment of sustainable development goal (SDG). The cultivable land is reducing due to 
rapid industrialization, urbanization, river erosion, and climate change in south-east Asian 
regions. Application of plasma technology seems to be promising for the improvement 
of crop yield that can also lessen the use of harmful chemical pesticides and fertilizers. 
Enhancement of food production is facing challenges as provided by the reduction of farm-
ing area as well as by climate vulnerability due to salinity, flood and draught, mainly in 
Bangladesh. In spite of flood, draught, salinity and reduction in cropped area, food security 
in Bangladesh is likely to be addressed by implementing new eco-friendly technology in 
agriculture.

In recent times, application of plasma technology [2] is fascinating researchers because 
of its prospective use in agriculture. A plenty of researchers have investigated [3] the appli-
cations of plasma technology in agriculture and found that the seed germination rate [4–7], 
plant growth rate [8–11] and crop yield [10, 11] were increased. Ling et al. [12] have stud-
ied the effectiveness of seed treatment on stress tolerance by atmospheric pressure cold 
(APC) plasma and have found improved stress tolerance. Further, Kabir et  al. [13] have 
investigated the application of APC plasmas to stress tolerance of crops to detoxification 
and noted that the plants grown from APC plasma treated seeds can tolerate more stresses 
than that of control plants. Furthermore, it has found [14, 15] that the APC plasma treat-
ment disinfects [16] seeds from bacteria and fungi. Plasma technology has applied so far 
in agriculture in the following ways: (1) direct treatment of seeds, where plasma species 
interact with the seed coat and subsequently modify the surface morphology of the seed 
coat [10, 11]; and (2) preparation of plasma activated water (PAW) [17, 18], where differ-
ent species can be produced in water through plasma-water interactions.

PAWs can be used [19] in the field of agriculture for the enhancement of seed germina-
tion rate [9, 13, 20], seed decontamination [21–23], plants growth [24] and development 
[25]. PAWs can also be used in antifungal or antimicrobial activities [26] for biomedical 
applications [27]. Production of plasma species [28] in the media depend on power supply 
used, type of discharges, gas used etc. In the field of agriculture, reactive oxygen (ROS) 
and nitrogen species (RNS) are considered as growth enhancer and stimulator [25] through 
production of different signaling pathways. On the other hand, the excess amounts ROS 
may cause cell death through membrane damage by oxidative stress [29, 30] in biological 
tissues. Generally, the following ROS and RNS (RONS) are produced [31] by air discharge 
plasmas in water [22]: hydrogen peroxide ( H2O2 ), nitrites ( NO−

2
 ), nitrates ( NO−

3
 ) and ozone 

( O3 ), and short-lived species, such as hydroxyl radical ( ⋅OH ), nitric oxide ( NO⋅ ), superox-
ide ( O−

2
 ), peroxynitrate ( OONO−

2
 ) and peroxynitrite ( OONO− ). Due to the production of 

different active species, properties of water ( pH , electrical conductivity, EC and concentra-
tion of dissolve oxygen, DO ) are likely to be different.

Applications of PAWs were investigated by Takahata et al. [25, 32] on the growth rate 
of spinach, radish and strawberry and found that the applications PAWs produced the faster 
growth of spinach and radish, whereas the higher sugar concentration obtained in straw-
berry. Combined (PAWs were applied to the plants grown from the plasma treated seeds) 
effects on seed germination and growth of radish, tomato and sweet pepper were studied by 
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Sivachandiran and Khacef [33]. They have noted in their findings that the stem length of 
the plants was increased by ~ 60% watered with 15 min treated PAW with respect to con-
trol, but the higher PAW treatment duration showed negative effects.

Maniruzzaman et al. noted [34] that NO−
3
 is one of the most essential nutrients deliv-

ering composition to the plants among the nitrogen containing varieties. Proteins, amino 
acids, and chlorophyll along with other cellular components and metabolites contain NO−

3
 

that contribute to the growth and development of the plants. Furthermore, the optimum 
concentrations of H2O2 in PAW create [9, 24, 25, 35] signals in triggering proteins or genes 
that participates in the growth and development of the plants. In addition, it is also well-
known [26, 36] that optimum concentrations of H2O2 act as pesticides or fungicides instead 
of conventional ones.

In this report, it was intended to investigate the effects of (1) low pressure (100 torr) [37] 
glow air discharge (LPGAD) plasma seed treatment duration on paddy seed germination 
rate, and (2) application of PAWs as foliar spray [38] on paddy plants (grown from both the 
untreated and plasma treated seeds) growth and yield in field condition. So far to the best 
of our knowledge, this is the first report where the combined, foliar spray of PAWs were 
applied to the paddy plants grown from the plasma treated seed, effects on plant growth 
rate, yield of paddy and a few nutritional quality of paddy grains are studied in field condi-
tion. Materials and methods are discussed in “Materials and methods” section, wherein, 
seed treatment reactor, preparation of PAW, measurement of PAW properties, field experi-
ment, determination of seed germination rate, plant growth and yield parameters, estima-
tion of antioxidant enzymes in plant tissues, total soluble protein and sugar concentrations 
in plant tissues and paddy grains, and statistical analyses are furnished. Results and discus-
sion are presented in “Results" and “Discussion” sections, respectively and conclusion is 
drawn in “Conclusion” section.

Materials and Methods

Paddy seeds (Oryza sativa L., cv. Variety BRRIdhan 28), were collected from the Regional 
Rice Research Institute, Shampur, Rajshahi. A brief description concerning the paddy seed 
treatment reactor and the preparation PAW will be provided below.

Seed Treatment Reactor

The paddy seeds were treated in a low pressure (100 Torr) glow air discharge LPGAD 
plasma reactor. The LPGAD seed treatment reactor, as shown schematically in Fig. 1a, 
was made of a pyrex glass pipe (length 9 cm, diameter 4.5 cm). One end of the glass 
pipe was sealed with a stainless steel (SS) circular disk and used as power electrode, 
while the other end was covered with another SS circular disk that can move axially and 
be opened during filling up the reactor with seeds to be treated, and used as grounded 
electrode. A servo-motor was installed to rotate the reactor horizontally in order to rum-
mage the seeds for uniform seed coat treatment. The reactor along with the servo-motor 
was then placed inside a bell jar and a rotary pump was used for reducing inside pres-
sure of the bell jar. The inside pressure of the bell jar was maintained at 100 Torr during 
seed treatments. A sinusoidal bipolar variable power supply (variable voltage range: 
1–10 kV, variable frequency range: 0.5–10 kHz) was used for the production of GAD 
plasma. Figure  1b shows the photograph of the reactor filled with paddy seeds under 
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treatment. Voltage-current (V–I) characteristics were measured with a digital oscillo-
scope (Rigol Technologies, Model: DS1104Z Plus) in combination with a high voltage 
probe and current probe. The V–I characteristics, under seed treatment condition, are 
presented in Fig. 1c. The absorbed power was ~ 9 W of the LPGAD plasma determined 
by integrating the discharge voltage and current over a period. Figure 1d shows the opti-
cal emission spectra (OES) captured by two spectrophotometers (Ocean Optics: USB 
2000 + XR1: resolution 1.7 nm, slit width 25 μm, grating 500 lines/mm and wavelength 
range 200–1100 nm and AvaSpec-2048, slit: 10 μm, grating: 2400 lines/mm, resolution 
0.07 nm and wavelength range: 300–500 nm). The major electronic transitions observed 
in the OES are: nitrogen second positive system N2

(

C3Πu − B3Πg

)

 in the range 
294–380 nm, first negative system N+

2

�

B2
∑+

u
−X2

∑+

g

�

 in the range 391–405 nm, N+ at 
517.52 nm and 755.905 nm are observed and they are considered as RNS, whereas the 
OH

�

A2
∑+ �

v�� = 0
�

→ X2Π
�

v� = 0
��

 band transition at 305–320  nm and 
O
(

4s(3D
)

4d → 4p(3P0)) at 777  nm are visible and they are considered as ROS. The 
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Fig. 1   a Schematic of the low pressure (100  torr) glow air discharge (LPGAD) plasma production setup 
for the treatment of paddy seeds, b image of the seed treatment reactor under treatment of seeds, c voltage-
current characteristics of the LPGAD plasma seed treatment reactor measured under loaded with seeds, and 
d optical emission spectrum (OES) acquired from the LPGAD plasma seed treatment reactor under loaded 
with seeds
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rotational temperature, is considered as gas temperature, was determined [31] by fitting 
the first negative system  N+

2

�

B2
∑+

u
−X2

∑+

g

�

 using LIFBASE software [39] and it 
was ~ 335 K.

Preparation Plasma Activated Water

Detail construction of the water treatment reactor for the preparation of PAW has been com-
municated [40]. A plasma jet was used for the preparation of PAW. A tungsten wire was 
inserted into the jet tube and used as power electrode. A grounded wire was dipped into the 
water. The plasma jet was submerged into water. A volume of 600 ml pyrex glass bottle was 
used as water container. A 1–10kV, 1–10kHz monopolar pulsed variable power supply was 
used for operating the air discharge plasma jet. Air was used as working gas for the production 
of underwater plasma jet. Air flow within the jet was controlled with a gas flow controller. Air 
was flown at a rate of 1 lpm into the jet. 250 ml distilled water was treated at a time for the 
treatment duration of 10 min. Maximum PAW treatment duration was selected depending on 
the results obtained by Sivachandiran and Khacef [33] in order to avoid negative impacts on 
paddy plants growth and development. The amount of power absorbed by the atmospheric 
pressure underwater air discharge plasma was ~ 16 W.

Test of Water Imbibition, Germination and Surface Morphology

The paddy seeds treated with LPGAD plasmas under different durations were immersed in 
tap water for the maximum period of 24 h in different petri dishes. Weights of the seeds were 
registered at 1, 2, 4, 8, 12, 16 and 24 h. The water imbibition ( wa ) of wet seeds were calculated 
using the following formula [11, 41, 42]

where w0 and w1 are the weights of dry and wet seeds, respectively. The result of water 
imbibition of the seeds is presented in Fig. 2a.

For the determination of seed germination rate, paddy seeds ( 3 replications 
× 5 treatment durations × 100 seeds = 1500 ) were selected randomly and divided into six 
groups (five treatment duration and control) following the instructions [43] of the International 
Seed Testing Association 2018 ( ISTA ). Five groups of seeds were treated with LPGAD plas-
mas in the seed treatment reactor for the treatment durations of 30, 60, 90, 120 and 150 s at an 
internal reactor pressure of 100 torr. The treated seeds were kept in separate petri dishes, as per 
treatment conditions, covering with double-layer moistened filter papers and the petri dishes 
were incubated in a dark incubator for the period of 3d . Temperature and relative humidity 
were maintained at 25 °C and 75%, respectively, inside the incubator. The filter papers were 
moistened daily with tap water in order to provide sufficient water as required by the seeds for 
germination. The seeds germinated were counted at 12 h duration which had radicle length 
half of the seed length. The rate of germination ( gr ) is estimated [44] employing the following 
equation

(1)wa(%) =
w1 − w0

w0

× 100,

(2)gr(%) =
N3d

Nt

× 100
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where N3d and Nt are the number of seeds germinated within 3 days and the total number 
of seeds considered for germination test, respectively. The results of germination percent-
age of paddy seeds are presented in Fig. 2b. The surface morphology of the untreated and 
treated paddy seeds were investigated by taking scanning electron microscopic [SEM] pic-
ture as shown in Fig. 3a–d.

Estimation of PAW Properties (pH, O3, H2O2, NO−
2

 and NO−
3

)

pH and the concentrations of O3, H2O2, NO−
2
 and NO−

3
 of the 10  min treated dis-

tilled water were measured. Distilled waters were treated with atmospheric pressure 
underwater air discharge plasma jet. pH was measured using a pH meter (Model: HI 
2002–02, pH range: −2.00 to 16.00 , resolution: 0.01, accuracy: ±0.01 , Hanna Instru-
ment, USA). O3 (Test kit model: HI93757-0, Hanna Instrument, USA), H2O2 (Test kit 

Fig. 2   Effects of low pressure 
(100 Torr) glow air discharge 
(LPGAD) plasma treatment of 
paddy seeds on a wettability 
and b germination percentage. 
The mean of the three replica-
tions and capped lines indicate 
the standard error. Bars indicate 
standard errors of three replica-
tions. Letters represent statisti-
cally significant differences 
( p < 0.05)
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model: HI3844-0, Hanna Instrument, USA), NO−
2
 (Test kit model: HI3873-0, Hanna 

Instrument, USA) and NO−
3
 (Test kit model: HI3874-0, Hanna Instrument, USA) were 

used for the development of colors. The absorbances of O3, H2O2, NO−
2
 and NO−

3
 were 

measured (following the instructions provided by Hanna Instrument, USA) at 352 nm, 
390 nm, 548 nm and 527.2 nm, respectively using a UV–Vis spectrophotometer (Model: 
UV-1900i, Shimadzu Corporation, Japan) and their corresponding concentrations were 
determined and are presented in Table 1.

Fig. 3   Scanning electron micrographs (SEM) for the observation of surface morphology of the paddy seeds 
a untreated seed, and seeds treated with low pressure (100 torr) glow air discharge LPAGD plasma for the 
durations of: b 30 s, c 90 s, and d 120 s, respectively

Table 1   pH and the concentrations (mg l−1) of O
3
 , H

2
O

2
 , NO−

2
 and NO−

3
 in distilled water and plasma acti-

vated water ( PAW ) prepared with atmospheric pressure underwater air discharge plasma

250 ml distilled water was treated for 10 min at a time

Condition pH O
3
(mg l−1) H

2
O

2
(mg l−1) NO

−
2
(mg l−1) NO

−
3
(mg l−1)

Distilled water 7.58 ± 0.08 0.00 0.00 0.00 0.00
10 min 6.50 ± 0.07 0.45 ± 0.01 8.75 ± 0.09 6.00 ± 0.06 46.00 ± 0.47
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Field Experiment

Depending on the performance of the paddy seed germination test, 90 s seed treat-
ment duration was selected for field investigation. The 90 s treated paddy seeds were 
immersed in tap water for 24 h. The seeds were withdrawn from water and enclosed 
with gunny bags. The seeds were began germinating after 48 h and were sown after 72 h 
in the previously prepared muddled nursery bed. After 35 days of sowing, the seedlings 
were uprooted and then transplanted in the well muddled plots according to the experi-
mental design.

The field experiment was carried out from the mid-February to May 2020 in a plot of 
the Agricultural Project area of the University of Rajshahi, Bangladesh. Subplots were 
organized following the randomized complete block (RCB) method to accomplish the 
experiment. Firstly, seedlings, grown from the untreated and plasma treated seeds, were 
transplanted in different subplots. It is to be mentioned that the standard amount (as per 
instruction of the Bangladesh Rice Research Institute, BRRI) of urea (90 g) urea, triple 
super phosphate (24 g) and murate of potash (18 g) were provided to the subplot of area 
4 m2 each. Secondly, one to five times of foliar spray of PAWs (500 ml was applied at a 
time to each subplot) were applied to different subplots depending on the experimental 
conditions. Urea was applied thrice: 50% was applied during the preparation of muddled 
field, 25% was applied at 20 DAT, and the rest 25% was applied at 50 DAT. PAWs were 
sprayed within the vegetative growth stage between 20-50 DAT.

Measurement of Plant Growth and Yield Parameters

The roots and shoots of the plants were collected at 70 DAT from the study field and 
washed with tap water. Their lengths were measured with a digital slide caliper and the 
data were recorded. Dry weights of roots and shoots were taken with an analytical bal-
ance (Shinko Denshi Co. Ltd, Japan) after drying for 72 h at 70 °C. For the determina-
tion of chlorophyll concentration, fresh leaves were collected (at 70 DAT) randomly, 
weighted and grounded with a mortar-pestle in 90% methanol, and the homogenized 
mixture was then centrifuged at 5000 rpm for the period of 5 min. The absorbances of 
the collected supernatants were measured at 666 nm and 653 nm, for chlorophyll a and 
b respectively, using a spectrophotometer (-1900i, Shimadzu Corporation, Japan) and 
the chlorophyll concentrations were estimated from the absorbance data using standard 
methods [45]. Total carotene concentration was estimated by measuring the absorbances 
at 666 nm, 653 nm and 470 nm using the method described in [46, 47]. Yield contribut-
ing parameters, length of panicle, number of grain per panicle were measured from the 
randomly collected panicles and finally yield was estimated.

Concentration Measurements of Antioxidant Enzymes in Plant Tissues

Concentrations of antioxidant catalase ( CAT  ), superoxide dismutase ( SOD ) and 
ascorbate peroxidase ( APX ) were estimated in the tissues of roots and leaves of the 
paddy plants. Methods concerning the determinations of their concentrations will be 
mentioned briefly. 100  mg tissue (collected at 70 DAT) from the plants [48, 49] was 
grounded using a mortar-pestle with 5 ml of phosphate buffer (100 mM, pH 7.0). The 
mixture was homogenized and centrifuged at 8000 rpm for the duration of 10 min. The 
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supernatant was collected in several eppendrof tubes. For the estimation of CAT  activity, 
1.5 ml reaction mixture was prepared by mixing with 100 μl tissue extract, 400 μl H2O2 
(6%) and 100  mM potassium phosphate buffer (pH7.0). The same spectrophotometer 
was used to measure the optical density at 240 nm of the reaction mixture for 1 min at 
an interval of 30 s. Concentration of CAT  was estimated from the recorded data (extinc-
tion coefficient 0.03 mM−1 cm−1).

To estimate [50] the concentration of SOD , plant tissue extract of 100  μl was mixed 
with 0.1 mM ethylene di-amine tetra acetic acid (EDTA), 50 mM sodium carbonate/bicar-
bonate buffer ( pH7.0 ) and 0.6 mM epinephrine enzyme. Data regarding the formation of 
adrenochrome for 4min was registered with the spectrophotometer at 475 nm and thereby 
the concentration of SOD was estimated per unit activity of SOD in which the amount of 
enzyme required for the inhibition of 50% epinephrine oxidation.

In the estimation of APX activity, reaction mixture was prepared [51] by taking 
0.10  mM EDTA, 0.50  mM ascorbic acid, 50  mM potassium phosphate buffer ( pH7.0 ), 
0.10 mM H2O2 and 0.10 ml tissue extract. The optical absorbance of the reaction mixture 
was measured at 290 nm using the spectrophotometer. The APX activity was calculated 
incorporating the extinction coefficient (2.80 mM−1 cm−1) depending on absorbance.

Estimation of Total Soluble Protein and Sugar in Plant Tissues and Paddy Grains

Concentrations of total soluble protein ( TSP ) and total soluble sugar ( TSS ) in roots, leaves 
and paddy grains were determined [52] employing spectroscopic methods. In brief, the 
collected (at 70 DAT) fresh leaves and roots of paddy plants were washed, weighed and 
grounded in a ice-cold mortar-pestle in combination with assay buffer containing 50 mM 
Tris–HCl (pH 7.5), 2 mM EDTA and 0.04%(v∕v) 2-mercaptoethanol for isolation of pro-
tein. The homogenized mixture was centrifuged for 10 min at 7000 rpm at a temperature of 
25 °C. The extracted supernatant was mixed with 1 ml coomassie brilliant blue (CBB) in 
glass cuvettes. The optical absorbance of solution was measured with a spectrophotometer 
at 595 nm and the data were recorded. The concentration of TSP was estimated comparing 
the recorded data with the standard curve of bovine serum albumin (BSA). Same proce-
dure was employed for the determination of TSP in grains.

TSS in leaves, roots and paddy grains were estimated [53] by spectroscopic method. 
Homogenized solutions were prepared from the roots, leaves and paddy grains using hot 
aqueous ethanol ( v∕v80% ) and centrifuged at 5000 rpm for the period of 5 min, and then 
collected in glass test tube. A hot water bath was used for incubation for 8 min and kept on 
ice. Optical absorbance at 620 nm was recorded from the ice-cold samples and compared 
with the standard curve of BSA in order to estimate the concentration of TSS.

Statistical analyses

Three independent replications were considered for all investigations. Each group of data 
was analyzed statistically for the level of significance at p ≤ 0.05 by one-way ANOVA. 
The analyses were carried out under Duncan’s Multiple Test Range (DMRT) using SPSS 
statistics 20 software. The figures presented in this article were prepared using Microcal 
Origin 6.0 software.
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Results

Results obtained in this experiment will be provided in the following subsections.

Effects of Plasma Seed Treatment on Water Imbibition and Germination Rate

Figure  2a shows the effects of seed treatments with LPGAD plasma on wettability and 
germination rate. The water imbibition results show that the amount of water absorption 
was increased with the increase of seed treatment durations. The germination rate was 
increased with treatment duration up to 90 s, while it is decreased above 120 s. 90 s treat-
ment duration showed the best result which is ~ 7% higher with respect to untreated seeds. 
The SEM (Zeiss EVO-18, USA) images, as shown in Fig. 3, reveal that a significant num-
ber of trichomes (hair-like structure) from the seed coat are reduced due to plasma etching 
but not completely removed. The husks contain lemma and lines of tubercules that are par-
tially modified due to plasma treatments. The roughness of the seed coat is also reduced by 
plasma treatment.

30 40 50 60 70
0
2
4
6
8

40

50

60

70

80

90

100
dcbc

abaa
a

d
cd

bcababaa
edecdcbcba

(a)

P
la

nt
 h

ei
gh

t (
cm

)

Days after transplant (day)

 Untreated
 P+W0
 P+W1
 P+W2
 P+W3
 P+W4
 P+W5

30 40 50 60 70
0.0

0.5

4

5

6

7

8

9

10

11

12
dcd

bc
d

bc
d

ab
c

ab

a
e

dedecd
c

b
ae

ede
cd

c
b

a

(b)

S
te

m
 d

ia
m

et
er

 (m
m

)

Days after transplant (day)

 Untreated
 P+W0
 P+W1
 P+W2
 P+W3
 P+W4
 P+W5

30 40 50 60 70
0.0
0.2
0.4
0.6
0.8

6

8

10

12

14

16 d
cdbcbc

abab
a

f
efde

cdbc
abaedecd

cbc
b

a

(c)

D
ry

 w
ei

gh
t (

g)

Days after transplant (day)

 Untreated
 P+W0
 P+W1
 P+W2
 P+W3
 P+W4
 P+W5

Con
t

P+W
0

P+W
1

P+W
2

P+W
3

P+W
4

P+W
5

0

1

2

3

4

60
80

100
120 e

d
cc

baa
dcd

ccc
b

a

(d)

(m
g.

g
C

on
ce

nt
ra

tio
n

-1 )

 Chlorophyll(a+b)
 Total carotene
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Effects of Plasma Seed Treatment and PAW Foliar Spray on Plant Growth

Figure 4a–d show the combined effects of LPGAD plasma paddy seed treatment as well 
as foliar spray of PAWs on plant height (PH), stem diameter (SD), dry weight (DW), total 
chlorophyll and total carotene (TC) concentrations, respectively. It is observed from Fig. 4a 
that the plants grown from the untreated (control) seeds, plasma treated seeds ( P +W0 ) 
and plasma treated seeds along with five times PAW foliar spray ( P +W5 ) are produced the 
plant heights of 37.16, 38.49 and 43.74 cm, respectively, measured at 30 DAT. The plants 
heights are found to increase accordingly at 50 and 70 DAT. The highest plant heights are 
produced by P +W5 with respect to other treatment conditions. The maximum stem diam-
eters, shown in Fig. 4b, of 7.25, 9.22 and 10.62 mm, respectively, are produced by P +W5 
measured at 30, 50 and 70 DAT. Similarly, the maximum dry weights, shown in Fig. 4c, of 
7.74, 10.59 and 14.92 g, respectively, are obtained by P +W5 measured at 30, 50 and 70 
DAT. On the other hand, the maximum total chlorophyll and total carotene concentrations, 
shown in Fig. 4d, of 4.89 and ~ 110 mg g−1, respectively, are produced by P +W5 measured 
at 70 DAT.

Effects of Plasma Seed Treatment and PAW Foliar Spray on Plant Enzymatic 
Activities

Figure 5a–c display the combined effects of LPGAD plasma seed treatment and the foliar 
spray of PAW on antioxidant enzymes APX, CAT and SOD, respectively, extracted (at 
70 DAT) from the plants grown under treatment conditions considered herein. It is seen 
from Fig.  5a that the APX concentrations 19.70 and 16.76 nmol min−1(mg protein)−1 in 
untreated, and 17.62 and 20.00 nmol min−1(mg protein)−1 in P +W5 treated plants are 
found in the roots and leaves, respectively. APX concentrations are found maximum in the 
roots of the plants grown from the untreated seeds, whereas it is seen the maximum in the 
leaves of the plants grown from the P +W5 treated plants. The CAT concentrations 30.55 
and 9.72 nmol min−1(mg protein)−1 are found, as can be seen from Fig. 5b, in the roots and 
leaves, respectively, of the plants grown from the untreated seeds which is the maximum; 
whereas, it is the minimum 11.11 and 1.39 nmol min−1(mg protein)−1 in the roots and 
leaves, respectively, of the P +W5 treated plants. The concentrations in SOD are found the 
maximum 24.20 and 11.55  nmol min−1(mg protein)−1 in the roots and leaves as shown in 
Fig. 5c, respectively, in the plants grown from the untreated seeds. Besides, the maximum 
SOD concentrations 35.75 and 26.95 nmol min−1(mg protein)−1 are produced in the roots 
and leaves, respectively, of the plants grown from the untreated seeds (control), whereas it 
is 24.20 and 11.55 nmol min−1(mg protein)−1 are found minimum in the roots and leaves, 
respectively, of the plants grown from the P +W5 treated seeds.

Effects Plasma Seed Treatment and PAW Foliar Spray on TSP and TSS

Figure 6a, b show the effects of LPGAD plasma paddy seed treatment and foliar spray 
of PAWs on TSS and TSP in roots, leaves (collected at 70 DAT) and grains, respec-
tively. In roots, the maximum and minimum TSS concentrations 234 and 152  mg  g−1 
FW are found from the untreated and P +W5 treated plants, respectively, as can be seen 
from Fig.  6a. But in case of leaves, the maximum and minimum concentrations 363 
and 213 mg g−1 FW of TSS, respectively, are found from P +W5 treated and untreated 
plants. While in case of grains, the maximum and minimum concentrations of it 240 and 
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201 mg g−1 FW are produced in the plants grown from the P +W5 treated and untreated 
plants, respectively. Therefore, the concentrations of TSS are increasing in leaves and 
grains with the increase of PAW applications. On the other hand, it is seen from Fig. 6b 
that the maximum and minimum TSP concentrations of 312 and 218  mg  g−1 FW are 
produced in the roots grown from the untreated and P +W5 treated plants, respectively. 
That is, TSP concentration in roots is decreasing with increasing PAW application. But 
in case of leaves, the maximum and minimum concentrations of 335 and 206 mg g−1 FW 
of TSP are found grown from P +W5 treated and untreated plants, respectively. While 
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in case of grains, the maximum and minimum concentrations of it 462 and 291 mg g−1 
FW are produced grown from P +W5 and untreated plants, respectively. Like TSS, the 
concentrations of TSP are also increasing in leaves and grains with increasing the appli-
cation of PAW foliar spray.

Effects of Plasma Seed Treatment and PAW Foliar Spray on Yield

Figure 7a, b represent the effects of plasma seed treatment and foliar spray of PAWs on 
yield related characters and yield, respectively. Figure  7a shows the length of panicle 
and the number of grains per panicle. This figure reveals that the maximum and mini-
mum, panicle length of ~ 24.00 and 20.50 cm, and number of grains per panicle of 124 
and 90, are produced grown from  P +W5 and untreated plants, respectively. Whereas, 
Fig. 7b shows the 1000-grain weight and yield of paddy. The maximum and minimum 
1000-grain weights of 22.18 and 18.43  g, respectively, are obtained from P +W5 and 
untreated plants, respectively. But the maximum and minimum yields of 7.78 and 6.17 
MT ha−1, respectively, are found from P +W5 and untreated plants.
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Discussion

The combined roles of LPGAD plasma paddy seed treatments along with the application 
of foliar spray [54, 55] of PAWs are investigated to reveal the new insights pertaining to the 
improvement of seed germination rate, plant growth rate, yield contributing parameters and 
yield. Discussion on the results obtained of this experiment will be provided below.

The plasma species produced (Fig. 1d) in LPGAD plasmas within the seed treatment 
reactor interact with seed coat (husk) and partially the roughness as well as thickness of the 
seed coat are reduced by plasma etching. Besides, the micropyles of the seed coat become 
widen due to plasma etching. The SEM images (Fig. 3) reveal that a significant number 
of trichomes (hair-like structure) from the seed coat are reduced due to plasma treat-
ments. The husks contain lemma and lines of tubercules are modified to some extent due 
to plasma treatments. The water imbibition results show (Fig. 2a) that the amount of water 
absorption is increased with the increase of seed treatment durations. Water imbibitions 
of seeds are complex mechanism, however, the increased water imbibition of paddy seeds 
due to plasma treatment may be attributed by the phenomena [56, 57] (1) adsorption, (2) 
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diffusion and (3) trapping of RONS to the seed coat as they produced (Fig. 1d) in the air 
plasmas. RONS can be adsorbed on surface of the seed coat, be diffused through the com-
paratively thin seed coat and be trapped within lemmas, tubercules and trichomes. There-
fore, it is reasonable to expect higher RONS concentrations in the seeds due to plasma 
treatments. Seeds with high RNS concentrations absorb water faster [44] than the seeds 
with lower RNS concentrations. Therefore, one can infer that the water imbibitions can be 
increased due to adsorption, diffusion and trapping of RONS in the seed coat. Water plays 
an essential role for the initiation of paddy seed germination. High RNS content [44] in the 
seeds plays roles in the enhancement of seed germination rate. Thus, one may draw conclu-
sion taking into account the surface morphology of seed coat, enhanced RNS content in the 
seeds or seed coat and water imbibitions of seeds that the paddy seed treatment by plasma 
can cause higher water imbibitions as well as higher seed germination rate.

The growth parameters PH, SD, DW as well as total chlorophyll and carotene concen-
trations of plants are investigated (Fig. 4). The first three plant growth parameters reveal 
the significance of plasma seed treatments and application of PAWs. PH, SD and DW 
are produced higher by ∼ 16% , ∼ 17% and ∼ 19% , respectively, of the plants where the 
combined P +Wx treatments (LPGAD plasma seed treatments and application of PAWs) 
were applied with respect to the control plants. Total chlorophyll and total carotene con-
centrations are also produced higher by ∼ 48% and ∼ 114% where P +W5 were applied as 
compared to control. The growth parameters are continuously increased with the increased 
application of PAWs. The enhanced plant growth can be ascribed as follows. Firstly, the 
plant growth parameters are enhanced due to the LPGAD plasma seed treatment. Because, 
RNS can be incorporated through adsorption, diffusion and trapping [56] in the paddy 
seed during plasma seed treatments. As a consequence, RNS content in the seeds can be 
increased. Secondly, PAWs contain a significantly higher concentrations (Table 1) of RNS 
( NO−

2
 , NO−

3
 ) with respect to ROS ( H2O2, O3 ). These high concentrations of RNS can likely 

be transferred from PAW to plants. Therefore, one may infer from the above facts that these 
higher concentrations of RNS can contribute [44] to the enhanced plant growth. Because, 
the nitrogen related radicals ( NO−

2
 , NO−

3
 ) absorbs as amino acid in the roots and leaves 

through enzymatic processes. Therefore, NO−
3
 plays crucial roles for biochemical and phys-

iological processes through regulating signals for plant metabolism and developments [34]. 
On the other hand, there are no negative impacts are found in the plants growth and devel-
opment parameters by the applications PAWs due to containing the properties of PAWs as 
noted in Table 1. This result also indicates that probably the paddy plants be capable of 
accepting higher concentrations of NO−

2
 and NO−

3
 to that of mentioned in Table 1 that may 

produce higher plants growth parameters.
Antioxidant enzymes [58, 59] provide defense against environmental stresses to plants. 

The oxidative stress can be produced through biotic and abiotic stresses. Production 
of ROS (mainly H2O2) can be increased in the plant cells during both biotic and abiotic 
stresses, but the excess concentrations of ROS can cause oxidative damage of the cells. On 
the other hand, foliar spray of PAWs is also responsible for the increased H2O2 concentra-
tion in leaves. The enzyme APX plays [60] key role as catalyzer to detoxify ROS through 
conversion of H2O2 into H2O using ascorbate as electron donor [61]. One can see from 
Fig. 5a that the concentrations of APX are decreasing in the roots, while it is increasing 
in the leaves, with increasing the number of PAW foliar spray. It is to be mentioned that 
the PAWs were applied during the vegetative stages (from 20 to 50 DAT) of paddy plant 
growth cycle [62]. The enhanced concentration of APX in the leaves may occur to miti-
gate the excess ROS because of enhanced application PAWs as it contains (Table 1) cer-
tain amount of ROS along with the much higher concentrations of RNS. Plants need more 
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nitrogen supply during their vegetative stage for growth and development. PAWs, contain 
RNS in the form of NO−

2
 and NO−

3
 , able to supply more nitrogen through foliar spray to 

plants. Therefore, it is reasonable to consider that the concentrations of photosynthetic pig-
ments (total chlorophyll and carotene, Fig. 4d) and APX (in leaves, Fig. 5a) are increased 
through enhanced applications of PAWs to the plants.

One of the most pertinent enzymes is the CAT accountable [63–65] for seed germina-
tion in the early stage [61] and afterward peroxidase plays supplementary important func-
tion. The CAT activities are decreased (Fig. 5b) both in roots and leaves with increasing 
PAWs applications. This result is consistent with the findings of Kucerova et al. [62]. The 
higher concentration of CAT is present in the control plants with respect to that of PAW 
treated plants, where deficiency of nitrogen was more prominent, i.e. in the control plants. 
It is to be mentioned that the mechanisms [66] of conversion of H2O2 within the plant cells 
occurs in different ways. APX isoforms as prevailed in chloroplasts, mitochondria, peroxi-
some and cytosol. H2O2 converts into H2O using ascorbate as donor of particular electron. 
Whereas, CAT, occurs in peroxisomes [67], catalyzes through dismutation reaction without 
using any reductant.

SOD is also reducing both in roots and leaves with the increased (Fig. 5c) applications 
of PAWs. SOD performs as the key mediator that offers defense against oxidative stress 
produced by ROS in the plants. Besides, SOD serves as metalloenzyme that dismutases 
superoxide radicals through conversion of H2O2 and oxygen. The SOD activities are found 
higher in roots than those found in leaves. This result is consistent with the findings of Kuc-
erova et al. [62]. Both CAT and SOD are decreasing may be due to the presence of higher 
concentrations of nitrate and nitrite through increased applications of PAWs with respect to 
control. The similar results have also been devised byManiruzzaman et al. [34]. This result 
is likely to indicate that the higher concentrations of RNS produce better defense against 
oxidative stresses.

Concentration of TSS is slightly decreased in the roots while it is sharply increased 
(Fig.  6a) in the leaves with the enhanced application of PAWs compared to the control 
plants. TSS provides [68] adaptive response against stresses that include draught, pathogen 
attack, low temperature, anoxic injury and surplus excitation energy. The level of exog-
enous sugar concentration is increased to a maximum by P +W5 treatment with respect 
to control. On the contrary, leaves carry higher TSS concentration compared to roots. It 
is interesting to note that the highest TSS concentration is produced in the paddy grains 
by P +W5 treatment where minimum urea was used. 2009_Ozaki et  al. [68] have stud-
ied the effects of H2O2 on the enrichment of sugar content in melon. They noted that the 
20 mM H2O2 concentration was most effective for the highest TSS concentration in the 
melon leaves and TSS is then translocated from leaves to fruits. Therefore, depending on 
this finding one may consider that the concentration of TSS is increased in the rice grains 
due to the enhanced applications of PAWs as it contains certain amount of H2O2. The bulk 
reserves [69, 70] of paddy grains are considered to contain carbohydrates, protein and 
lipids. Nitrogen rich grains, due to plasma seed treatment, can be correlated [71, 72] with 
the content of free amino acid instead of protein. As a result, concentration of amino acid 
can likely be increased in the grains from the nitrogen enriched plants.

The maximum concentrations of TSP [73] are generated in roots, leaves and grains in 
the plants where both plasma seed treatment along with maximum PAWs were applied 
(Fig.  6b) with respect to the control plants. Concentration of TSP is decreased in the 
roots while it is increased in the leaves with increased application of PAWs. Compari-
son between the control and P +W5 treated plants for the concentration TSP reveals that 
the plasma seed treatment and PAW application become effective in the generation of 
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higher TSP concentration with respect to control. Since, nitrogen is one of the most nec-
essary elements for the production of protein. On the other hand, NO−

3
 is one of the key 

varieties of nitrogen which the plants can assimilate. Most probably, the high concen-
tration of TSP in leaves is transconducted to grains during grain filling stage of plants. 
Tang et al. [74] have studied the consequences of externally introduced sucrose on rice 
plants because sucrose converts into starch catalyzed by a series of enzymes in the rice 
grain filling process. Sucrose synthase [75] is assumed as a key enzyme that catalyzes 
the conversion of sucrose into starch. They have found that the higher concentration of 
sucrose in paddy plants produced higher grain filling rates, sucrose and protein con-
centrations and starch accumulation. Therefore, one may conclude that the increased 
PAW application causes enhancement of sucrose and subsequently rice grains become 
enriched with higher concentrations of sugar and protein.

The maximum panicle length and grain/panicle are produced by P +W5 treatment. 
This can likely be occurred due to adequate nitrogen content in the seeds incorporated 
through plasma seed treatment and by PAW application. There is a great scarcity of data 
regarding yield of paddy through plasma technology. However, our previous results [10, 
11] regarding the yield of wheat using plasma technology can be considered here. In 
those wheat experiments, 18–20% increased yield was obtained. But in case of paddy, 
the yield of paddy is increased by ~ 16.67% where P +W5 treatment was applied with 
respect to control.

Conclusion

The combined effects of seed treatment on germination rate and water imbibition by 
LPGD air plasma and foliar spray of PAWs on plant growth and yield of paddy have 
been investigated. Water imbibition of the paddy seed was improved due to treatment 
of seeds with low pressure GD air plasma. Seed germination rate was found to increase 
because of the enhancement of nitrogen contents in the seeds through adsorption, dif-
fusion and trapping of RNS produced in plasmas. The combined effects of plasma seed 
treatment along with the application of PAWs were increased PH, SD, DW, total chlo-
rophyll and carotene concentrations. The antioxidant enzymatic activities reveal that the 
plant defense mechanisms are found to improve due to plasma seed treatments along 
with the application of PAW. Better adaptive response against stresses is produced in 
the plants because of enhanced TSS concentrations as produced by plasma treatments. 
The highest TSS and TSP concentrations are found in the paddy grains where combined 
LPGAD plasma seed treatment and PAWs were applied. This indicates that the food 
value of grain is likely to improve as a consequence of plasma seed treatment and PAW 
application. Finally, the germination rate of ~ 7% and yield of ~ 16.67% of paddy are 
increased with respect to control, due to the combined effects of plasma applications.
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