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Abstract The objective of this study was to determine the influence of low-temperature
plasma (LTP) on seed surface modification, water uptake by seeds, seed germination and
vigor of seedlings, as well as changes in the content of endogenous hormones in pea,
(Pisum sativum L. var. Prophet). The study’s authors used diffuse coplanar surface barrier
discharge as the source of LTP in various duration times of treatment (from 60 to 600 s).
The SEM analysis showed that LTP induced significant changes on the seeds’ surface,
which was related to water permeability into the seeds. LTP increased the germination
percentage of pea seeds as well as the growth parameters (root and shoot length, dry
weight), and the vigor of seedlings and the effects of LTP also depended on exposure time.
The LTP-pretreatment produced changes in endogenous hormones (auxins and cytokinins
and their catabolites and conjugates), which correlated with increased growth of the pea
seedlings. The results suggested an interaction among the modification of seed structure
demonstrated by LTP in the induction of faster germination and hormonal activities related
to plant signaling and development during the early growth of pea seedlings.
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Abbreviations

DCSBD Diffuse coplanar surface barrier discharge
DwW Dry weight

FwW Fresh weight

LTP Low-temperature plasma

SEM Scanning electron microscopy

HV High voltage

Introduction

The importance of physical methods in biological and agricultural research have been pre-
sented in [1]. Physical factors such as ionizing radiation, high electromagnetic field, mi-
crowave irradiation and cold atmospheric pressure plasma play an important role not only in
medicine for bacterial decontamination [2], but are also useful for industrial purposes, e.g.
for increasing surface hydrophilicity and material surface modification [3]. A promising
physical method that offers a broad range of interesting industrial applications is low-
temperature plasma (LTP) generated by diffuse coplanar surface barrier discharge (DCSBD)
[4]. The considerable effect of LTP for the disinfection and sterilization of a wide range of
materials was observed [5, 6], and the effective consequence of plasma treatment is also the
inactivation and destruction of microflora occurrence on the surface of plant seeds and food
[7-9]. Plasma is partially ionized gases also known as a highly-energized fourth state of
matter that contains ions, electrons, and reactive neutral particles (radicals, and excited atoms
and molecules), and sometimes with sufficient energy to break covalent bonds and/or initiate
various chemical reactions [10]. The highly reactive environment of LTP according to
Larrousi [11] may lead to seed surface modifications and potential disruptions [12].

One of the potential areas of low-temperature plasma research can be plant cultivation,
especially pre-sowing treatment by LTP technique [13]. Some studies showed that LTP can
increase seed activity including earlier germination, higher germination rate, faster growth
[14, 15], enzyme activity [16, 17], and the yield of plants [18]. For instance, air plasma
treatment also changes the wetting properties of seeds due to oxidation of their surface that
leads to faster germination and greater yield of wheat and oats [14] and lentils, beans and
wheat [19]. For seed germination and seed viability, studies of plants were carried out
using different plasma sources [20, 21], that create different concentrations of plasma
reactive species, charged particles and photons.

It is well known that in the process of seed germination and ontogenetic development of
plants, a significant role is played by endogenous plant hormones [22]. Cytokinins and auxins
affect cell division, cell elongation, cell differentiation factors and cell type specific gene
[23], thus both cytokinins and auxins are important in seed germination and the early growth
of plants [24]. Cytokinins that control plant growth and development were first identified as a
factor that induces cell division in the presence of auxins [25, 26]. The influence of low-
temperature plasma on the biosynthesis and content of endogenous phytohormones in plants
has not yet been studied. Therefore, it is a question whether the application of plasma on
seeds also affects the hormonal status of pea plants. In this study the seeds of Pisum sativum,
commonly known as pea, were used. This leguminous food is a rich source of carbohydrate,
protein, vitamins and minerals [27]. In this paper, the low-temperature plasma application for
seed surface modification and changes in the dynamics of water uptake into the pea seeds is
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reported. The authors also investigate the optimization of the operating conditions in low-
temperature plasma to increase the percentage germination and total vigor of seedlings. In
this work, the current authors also suggest an interaction among the LTP and some en-
dogenous hormones during the early growth of pea seedlings.

Materials and Methods
Plant Material

In the experiments the current authors used the dried seeds of pea (Pisum sativum L.) var.
Prophet (obtained from the Central Controlling and Testing Institute of Agriculture in
Bratislava, Slovakia) which were stored at 10 °C in the dark.

Characteristics of Plasma Source

The plasma treatment of pea seeds was performed by DCSBD, a planar source of low-tem-
perature plasma working at atmospheric-pressure in ambient air [3]. The DCSBD electrode
geometry consists of numerous parallel strip-like silver electrodes embedded 0.5 mm below the
surface of 96 % Al,O; ceramics. The DCSBD generates on an alumina plate a thin uniform
large-area layer of macroscopically homogeneous non-equilibrium plasma at a plasma power
density of above 100 W ¢cm ™2 The discharge was powered by 14 kHz sinusoidal voltage with
an amplitude of approximately 10 kV, supplied by HV plasma power supply. The electrical
parameters of discharge were monitored by the current monitor Model 4100 (Pearson Elec-
tronics) and two high voltage probes Tektronix P6015A (1:1000). The signals from all three
electrical probes were recorded by the digitizing oscilloscope Tektronix TDS 2014B. The input
energy of 370 W was calculated from measured current—voltage waveforms, and the average
plasma power density was 2.3 W cm 2. The total power consumed by plasma was used for
plasma processing, which allowed for short treatment times and the possible incorporation of
the DCSBD-plasma source directly in the continuously working production lines. The basic
properties of such DCSBD discharge in the air were previously described in detail by Cernak
et al. [4].

Plasma Treatment of Seeds

The plasma treatment of seeds was performed at input power 370 W (calculated from voltage and
current waveforms measurement), when the entire DCSBD electrode is covered with a plasma
layer and all seeds are treated homogeneously. As depicted (Fig. 1) the pea seeds were placed in
the plasma layer on ceramic, and the movement of seeds on its surface was carried out me-
chanically to ensure uniform treatment. For experiments, the pea seeds were treated with plasma
exposure times ranging from 60 to 600 s. The seeds were taken from the plasma field after
treatment, and exposed to the atmosphere for 24 h before the biological experiments started.

Growth Conditions

Control-untreated and treated seeds 24 h after plasma treatment were sown in experimental
pots containing perlite substrate, with 100 seeds per variant in four repetitions. The
moisture level of substrate was adjusted at 2 days intervals with Hoagland nutrient solution
to avoid changes due to evaporation. The plants were cultivated for 7, 14 and 21 days in
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Fig. 1 Experimental set-up for plant treatment of seeds using DCSBD plasma source

controlled growth conditions: 25 °C in the light and 18 °C in the dark, 12 h light/12 h dark
photoperiod with a photon flux density of 120 umol m™2 s™' and 70 % air humidity.
Germination-percentage, growth parameters and vigor seedlings were determined 7 days
after sowing. The twenty plants from each treatment in four repetitions including control
variant were harvested, and a perlite substrate was washed from the roots, and the length of
roots and shoots of seedlings was measured. Plant material for dry weight was dried at
80 °C for 120 h. The percentage of germination was calculated using the equation:

Number of germinated seeds

Final inati tage =
fnal germination percentage Total number of seeds planted

and seed vigor I and II were calculated in modification according to [28], using the
following equation:

Seed vigor I = Shoot length (cm) + Root length (¢cm) X germination (%)/100

Seed vigor II = Dry weight of seedling (root + shoot) x germination (%)/100.

Sample Preparation for Scanning Electron Microscopy (SEM)

Pea seeds were exposed to LTP for O (control sample), 120 and 600 s. Then the seeds were
split into two halves, and the part with the embryo was fixed into an aluminum stand with
electrically-conducting tape. The samples were dried in a vacuum kiln (JEOL EM/DSC 10,
Japan) and carbon-resurfaced in a vacuum steamer. The samples were observed with scan-
ning electron microscope SEM (JEOL JXA-840 A, Japan) with 15 kV accelerating voltage;
we used 2000 x magnification to observe the testal area near plumule and radicle apices. To
observe the specific structures on seed surfaces, we used 70x and 1000 x magnification.
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Plasma Effect on Water Uptake

Seeds were exposed to LTP for 0 (control sample), 60, 120 and 180 s, and 100 seeds for
one variant in three repetitions were used. The seeds were weighed on an electronic
balance (Sartorius BL-210S, Germany) immediately after plasma treatment (time t;) and
then in 2 h intervals (to + 2; +4; +6 and +8 h) during the imbibition processes (seeds
were hydrated with distilled water) and incubated at 25 °C. Immediately after the initial
wetting and at 2 h intervals, the seeds were blotted dry and weighed to the nearest 0.1 mg.
The amount of water uptake was determined as the actual increase in seed weight. Water
content per seed was measured and expressed according to the following equation:

Water content (WC) (mg seed™') = (FW — DW)/100,

where FW is fresh weight and DW is dry weight.
Endogenous Auxins and Cytokinins Determination

Pea seeds were exposed to LTP for O (control sample), 120 and 600 s, and cultivated for 1,
2 and 3 weeks in controlled conditions. The pea leaves of whole plants were collected, cut
into small segments, homogenized, and 50 mg of leaf tissues were used in four repetitions
for each time point. The samples were then frozen in liquid nitrogen and stored at —70 °C.
Phytohormones extraction, purification and quantification were performed according to
[29-33] with modifications. For each extract, 0.5 pmol and 1 pmol of stable isotope la-
beled cytokinin bases/ribosides/N-glucosides and O-glucosides/nucleotides (Olchemim),
and 5 pmol of ["*CgIIAA/["ClIIAAsp/[*CeIIAGIu/['*C4loxIAA (Cambridge Isotope
Laboratories) were added as internal standards to check recovery during purification and to
validate the quantification, respectively. Auxins and cytokinins were determined using the
liquid chromatography-tandem mass spectrometry system, consisting of an Acquity
UPLC™ system (Waters, USA) and Xevo™ TQ (Waters Technologies, UK) tandem
quadrupole mass spectrometer. The concentration of various phytohormone metabolites
was calculated based on the standard isotope dilution method [34]. Data were processed
with Masslynx ™ software (version 4.1, Waters, USA) using QuanLynx™ program.

Statistical Analysis

The results were processed in Microsoft Excel and the Statgraphics Plus 5.1 and Statgraphics
XV. Centurion statistical programs. All data obtained were subjected to a one-way analysis of
variance (ANOVA), and the mean differences were compared by lowest standard deviations
(LSD) test. Comparisons with P < 0.05 were considered significantly different. In the figures,
the spread of values is shown as error bars representing standard errors of the means.
Results

SEM Analysis

Scanning electron microscopy (SEM) showed that LTP significantly modifies the seed

surface structures of pea, and morphological differences depending on observed testal area
were also observed (Figs. 2, 3). Disruption, abrasion or even the loosening of original
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Fig. 2 SEM photographs of pea
testal surface near plumule apex.
a control seed, without LTP
treatment, b seed treated by LTP
during 120 s, ¢ seed treated by
LTP during 600 s. The arrows in
the ¢ indicate craks in the seed
coat

b
Control HV:15kV MAG:2000x WD:39mm SE — 10 pm —i

120 sec. HV:15kV MAG:2000x WD:39mm SE —10 ym —

600 sec. HV:15kV MAG:2000x WD:39mm SE

structures in testal areas both near the plumule apex (Fig. 2) and radicle apex (Fig. 3) was
observed. These changes occurred as soon as after 120 s of LTP treatment, but the most
striking changes were visible after 600 s exposure to LTP in both observed areas of testa
(Figs. 2c, 3c) where splits and rifts could be seen as well as (Fig. 4b arrowed). It was also
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Fig. 3 SEM photographs of pea
testal surface near radicle apex.
a control seed, without LTP
treatment, b seed treated by LTP
during 120 s, ¢ seed treated by
LTP during 600 s. The arrows in
the ¢ indicate craks in the seed
coat

600 sec. HV:15kV MAG:2000x WD:39mm SE —10 ym —

observed that LTP is only effective a certain distance from the discharge tube surface and
modifies mainly protruding parts (Fig. 4a—marked by “1”) of seed, while depressed parts
are less modified (Fig. 4a—*“2”). Figure 4b shows the gradual transition between more
(“1”) and less (“2”) modified testal areas; a rift in the testal surface is arrowed.

@ Springer



666 Plasma Chem Plasma Process (2015) 35:659-676

Fig. 4 SEM photographs of pea
testal surface after 600 s LTP
treatment. In both a,

b photographs No. 1 marks
protruding areas modified by
LTP and No. 2 marks surface
depressed parts, less modified by
LTP. In b photograph is see of
gradual transition between more
and less modified testal areas.
The arrows in the b indicate
craks in the seed coat

o

600 sec. HV:15kV MAG:1000x WD:39mm SE ———30 ym —

Influence of LTP on Water Uptake

The findings suggest an acceleration in the water uptake of pea seeds treated by low-
temperature plasma. It was shown that higher and more intensive water uptake positively
correlates with the increasing exposure time of LTP. In the case of 180 s LTP application
dose, the most striking difference was visible after the first 2 h, when the seeds absorbed
23.3 % more water compared to the control (Fig. 5). In contrast, longer imbibition time
causes a decrease in the dynamics of water uptake in plasma treated seeds. These findings
suggest that plasma treated seeds reached water-saturation significantly faster compared to
untreated seeds. After 8 h the seeds were mostly well-watered in all variants, and there
were no significant differences among the variants.

Influence of LTP on Growth Parameters
The results for treatment times ranging between 60 and 180 s are depicted (Table 1). After
7 days treatment in a LTP field a different, but across all experiments, significant

stimulating effect on the germination, shoot and root length, dry weight as well as vigor of
pea seedlings (Table 1) was found. The total percentage of seed germination significantly
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Fig. 5 Changes in water uptake at 25 °C for a LTP treated (60—180 s) and untreated- control (0) pea seeds.
Values in the figure are mean & SE (n = 3). The values marked by different letter are statistically
significant at P < 0.05 according to LSD ANOVA

increased for LTP treatment time of up to 120 s (95 vs. 77.5 %), shoot and root length
increased from (4.7 and 13.5 vs. 4.1 and 12.0 cm), the seedling dry weight of (57.7 vs.
53.9 mg) and the vigor index I and II from (17.3 and 54.8 vs. 12.5 and 41.8) compared to
the control samples.

Influence of LTP on Endogenous Phytohormones Content
IAA Content, its Catabolites and Conjugates

In the experiments, the content of endogenous IAA, its catabolite oxidized form (oxIAA)
and also its conjugates (IAAsp and IAGlu) were determined. It was revealed that in 7 days
old pea seedlings the content of IAA increased insignificantly (by 13.7 %) after 120 s LTP
treatment in comparison to untreated control (Fig. 6). In the case of 14 days old seedlings,
no statistically significant changes dependent on LTP application dose compared to the
control (Table 2) were observed either. In 7 days old seedlings, the level of oxIAA de-
creased significantly depending on increased LTP exposure time, and after the 600 s
treatment oxIAA content decreased by 43.8 % (Fig. 6). In contrast, in 14 days old seed-
lings the level of oxIAA increased significantly with higher LTP exposure time, reaching a
value after the 600 s treatment of 11.45 pmol g~' f.w., an increase of 64.3 % in com-
parison with the control. Even in the 21 days old seedlings the oxIAA concentration shows
a similar tendency as in the previous case, in comparison to the control and for the 600 s
treated seedlings oxIAA content increased by 73.3 % (Table 2). In 7 days old seedlings,
the levels of TAA conjugates changed considerably, and the concentration of IAAsp de-
creased with higher LTP exposition time compared to the control. In the 120 and 600 s
application doses, a decrease by 29 and 86.3 % was revealed (Fig. 6). In the 14 days old
seedlings, no significant changes of this compound content were observed, despite the fact
that after 120 s plasma treatment it was 5 % higher in comparison to the control. Similarly,
there were no significant changes in the 21 days old seedlings, although in 600 s plasma
treated plants the content of IAAsp was 16.6 % higher than the control sample (Table 2).
Moreover, it was observed that in the 7 days old seedlings the IAGlu concentration was the
highest after 120 s treatment by low-temperature plasma, and this increase was
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Fig. 6 Effect of a LTP exposure at different time interval (120 and 600 s) on concentration of indolylacetic
acid (IAA), oxidized form of IAA (oxIAA), indole-acetyl aspartate (IAAsp) and indole-acetyl glutamate
(IAAGlu) in 7 days old pea seedlings. Values in the figure are mean & SE (n = 4). The values marked by
different letter are statistically significant at P < 0.05 according to LSD ANOVA

Table 2 Effect of a low-temperature plasma (LTP) exposure at different time intervals on concentration of
indolylacetic acid (IAA) and oxidized form of TAA (0oxIAA) in 14 and 21 days old pea seedlings

LTP exposure time [sec] IAA concentration [pmol g’1 (f.w.)]  oxIAA concentration [pmol g’1 (f.w.)]

14 days 21 days 14 days 21 days
0 48.79 + 6.48° 42.60 + 4.60" 6.97 £ 0.98" 4.94 £+ 0.38"
120 61.22 + 7.08" 52.24 4+ 9.33* 9.32 4 1.14% 5.57 £ 0.85"
600 68.37 + 4.86" 54.95 + 6.85" 1145 + 1.31° 8.56 + 1.32°

Values in the table are mean £ SE (n = 4). The values are mean & SE (n = 4). The values marked by
different letters are statistically significant at P < 0.05 according to LSD ANOVA

significantly higher by 54.7 % (Fig. 6) in comparison to the control plants. In the 14 and
21 days old seedlings, no significant changes in IAGlu content was recorded.

Cytokinins Content

Given the high number of analyzed cytokinins, as well as the fact that their concentrations
were determined in the 7, 14, and 21 days old seedlings, mainly the statistically changed
levels of cytokinins are shown in the charts. In the case of 7 days old seedlings, a non-
significant increase of trans-zeatin (tZ) depending on higher LTP exposure time was re-
vealed, despite the fact that after 120 and 600 s treatment its level was 40 and 52.6 %
higher in comparison to the control samples (Fig. 7). Similarly, the level of trans-zeatin-O-
glucoside (tZOG) did not statistically change, although after 120 s treatment it was 43.6 %
higher than the control. The level of trans-zeatin riboside (tZR) significantly increased
depending on the higher plasma application dose, and after 120 and 600 s of LTP exposure
it was significantly higher by 158.2 and 264.1 % than the control (Fig. 8). It was also
revealed that increasing the LTP application dose causes a higher concentration of trans-
zeatin riboside-O-glucoside (tZROG), as after the 120 s treatment the level of this com-
pound was significantly higher by 119.2 % and after the 600 s exposition it was
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Fig. 7 Effect of a LTP exposure at different time interval (120 and 600 s) on concentration of trans-zeatin
(tZ), trans-zeatin-O-glucoside (tZOG), trans-zeatin riboside (tZR), dihydrozeatin riboside (DHZR),
dihydrozeatin riboside-O-glucoside (DHZROG) and isopentenyladenosine riboside-5'-monophosphate
(iPR-5'-MP) in 7 days old pea seedlings. Values in the figure are mean & SE (n = 4). The values marked
by different letter are statistically significant at P < 0.05 according to LSD ANOVA

otz
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B cZR-5'-MP
E DHZ
DHZR
E1DHZROG
iPR-5'-MP

Cytokinin concentration [pmol g* (f.w.)]

LTP exposure time [sec]

Fig. 8 Effect of a LTP exposure at different time interval (120 and 600 s) on concentration of trans-zeatin
(tZ), trans-zeatin-O-glucoside (tZOG), trans-zeatin riboside (tZR), cis-zeatin riboside-5'-monophosphate
(cZR-5'-MP), dihydrozeatin (DHZ), dihydrozeatin riboside (DHZR), dihydrozeatin riboside-O-glucoside
(DHZROG) and isopentenyladenosine riboside-5'-monophosphate (iPR-5-MP) in 14 days old pea
seedlings. Values in the figure are mean £ SE (n = 4). The values marked by different letter are
statistically significant at P < 0.05 according to LSD ANOVA

significantly higher by 71.85 % in comparison to the control samples (Table 3). The
experiments revealed no changes in the levels of cytokinin cis-forms after low-temperature
plasma treatment in 7 days old plants. However, LTP significantly fortifies the dihy-
drozeatin riboside (DHZR) level. After the 120 s LTP treatment, the level of DHZR
increased by 98.6 % in comparison to the control, and after the 600 s exposure time it
reached 154 % higher concentration than in the control (Fig. 7). The concentration of
dihydrozeatin riboside-O-glucoside (DHZROG) also increased significantly compared to
the untreated samples, namely by 107.3 % after 120 s LTP treatment and by 179 % after
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600 s LTP exposure time (Fig. 8). Moreover, the level of isopentenyladenine riboside
(iPR) was higher after the plasma treatment, being 46.1 and 44.7 % higher than the control
seedlings after the 120 and 600 s. treatment, respectively. The changes in isopenteny-
ladenosine riboside-5'-monophosphate (iPR-5'-MP) concentrations was revealed, when
after 120 s plasma treatment such increased by 13.7 % compared to the control. In con-
trast, after 600 s of LTP exposition they were 14.7 % lower than the control (Fig. 8). The
experiments showed a different pattern of cytokinin concentrations in 14 days old pea
seedlings compared to the 7 days old ones. It is understood that this phenomenon is due to
many metabolic processes, substitutions in functional groups, etc. According to the amount
of output data, only statistically significantly changed or plant-development important
compounds are shown. The concentration of trans-zeatin (tZ) was significantly higher only
after the 600 s LTP exposition, but there was no significant difference between the control
samples and the 120 s treated samples (Fig. 8). The trans-zeatin-O-glucoside (tZOG) level
was the lowest after the 120 s LTP exposure time against the 600 s variant, where this
compound content peaked (Fig. 8). The level of endogenous tZR significantly decreased
with increasing LTP application dose, and its highest concentration in the control samples
was present (Fig. 8). The same pattern was observed in the case of tZROG (Table 3). Cis-
zeatin riboside-5'-monophosphate (cZR-5'-MP) reflected higher concentration after the
120 s plasma treatment, but after the 600 s exposition it decreased significantly in com-
parison to the 120 s variant. A very similar tendency was revealed in the dihydrozeatin
riboside-O-glucoside (DHZROG) concentrations (Fig. 8). The level of dihydrozeatin
(DHZ) was significantly the highest after the 600 s treatment in comparison to the control
and the 120 s variant (Fig. 9). Plasma treatment did not cause any changes in the dihy-
drozeatin riboside (DHZR) concentration. The isopentenyladenine riboside (iPR) con-
centration peaked after the LTP highest application dose in comparison to the control
(Table 3), but the level of isopentenyladenosine-5'-monophosphate (iPR-5'-MP) was the
highest after 120 s of low-temperature plasma exposition (Fig. 8). In 21 days old seed-
lings, changes in cytokinins concentration were also reflected compared to the previous
variant. Trans-zeatin (tZ) peaked in LTP-untreated samples, with the rising LTP appli-
cation dose causing its decrease. Trans-zeatin-O-glucoside (tZOG) content remained

2,5 4 b

otz
Otz0G
mtzR
DHZ
b EDHZR
/| EIDHZROG
@iPR-5"-MP

0,5 1

0 120 600
LTP exposure time [sec]

Cytokinin concentration [pmol g (f.w.)]

Fig. 9 Effect of a LTP exposure at different time interval (120 and 600 s) on concentration of trans-zeatin
(tZ), trans-zeatin-O-glucoside (tZOG), trans-zeatin riboside (tZR), dihydrozeatin (DHZ), dihydrozeatin
riboside (DHZR), dihydrozeatin riboside-O-glucoside (DHZROG) and isopentenyladenosine riboside-5'-
monophosphate (iPR-5'-MP) in 21 days old pea seedlings. Values in the figure are mean + SE (n = 4). The
values marked by different letter are statistically significant at P < 0.05 according to LSD ANOVA
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unchanged regardless of plasma application dose (Fig. 9). The lowest content of trans-
zeatin riboside-O-glucoside (tZROG) was observed in the control samples, but in both
application doses of LTP it was significantly higher (Table 3). In the case of trans-zeatin
riboside (tZR), there were no changes between the control and the 120 s treated variant, but
its level significantly decreased after the 600 s LTP application dose. Cis-zeatin riboside-
O-glucoside (cZROG) content peaked after the 120 s LTP treatment, and it significantly
differed from the other two variants (Table 3). The dihydrozeatin (DHZ) concentration
simultaneously decreased according to the growing LTP application dose (Fig. 9). The
level of dihydrozeatin riboside (DHZR) peaked significantly in the 120 s treated variant,
but then decreased, and the dihydrozeatin riboside-O-glucoside (DHZROG) content in both
plasma-treated samples significantly increased, in contrast to the control seedlings (Fig. 9).
It was also observed that the level of isopentenyladenine (iPR) was the lowest after the
600 s plasma treatment, but peaked after the 120 s application dose (Table 3). The highest
level of isopentenyladenosine-5'-monophosphate (iPR-5'-MP) was present in the 600 s
plasma treated variant, and this value was significantly different from the control and the
120 s LTP-treated variant (Fig. 9).

Discussion

This research on the influence of low-temperature plasma on pea seeds led to both similar and
different conclusions in comparison with other authors’ results concerning the issue of LTP
influence on plant material. As well as the SEM analysis of the seed surface and membrane
permeability and water uptake by seeds, the effect of different LTP treatment times on the
germination, growth parameters and vigor of pea seedlings were also investigated. Sig-
nificant modifications of pea seed surface were observed under LTP influence, an effect that
is enhanced by the increasing application exposure time of plasma. As the results showed, the
seed coat can be eroded by plasma and therefore it was supposed that the erosion of the
hydrophobic wax layer on the pea seed coat by LTP caused the change in water permeability
that corresponded with the results of Tong et al. [21] in Andrographis paniculata treated by
atmospheric pressure air plasma. Also the results of Dhayal et al. [12], who modified saf-
flower (Carthamus tinctorius L.) seed surfaces by treating with a low pressure (16 Pa)
radiofrequency (20 W) argon gas discharge, achieved a significant physical structure
modification of the seed coat and hilum of safflower seeds. Based on the findings, it is also
supposed that the significant modifications and disruptions of pea seed surfaces are directly
related not only to the loss of seed weight (data not shown) but also to faster imbibition
processes. Furthermore, a loss of cell membrane integrity also causes, according to [9], an
increase in leachate conductivity. After the treatment of pea seeds, significant changes of the
surface structure and seed coat increased the uptake and permeability of water into the seed.
Since the hydrophilic of seeds was improved by LTP treatment, the ability of seeds or plants
respectively to absorb water and nutrition was relatively enhanced, leading to better growth
in correspondence with the results of [15]. Bormashenko et al. [19] also report the possible
wetting of the surfaces of a diversity of lentils, beans and wheat seeds with cold radiofre-
quency air plasma treatment. The change in the wetting properties of seeds is at least partially
due to the oxidation of their surface under plasma treatment, and the change in the wettability
of seeds gives rise to a change in water absorption (imbibition) of these seeds.

The results showed that due to the low-temperature plasma treatment times ranging
from 120 to 180 s., the seed membrane permeability of pea was changed, resulting in the
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acceleration of seed germination and seedling vigor. The vigor index accumulates both
features of germination, as well as root and shoot length and the dry weight of seedlings.
The results indicate a stimulating influence of LTP on germination and growth parameters
mainly after the 120 s treatment. These results correspond with the results of Muraji et al.
[35] which reported that only relatively low exposure time of magnetic field stimulated the
growth of corn roots, whereas higher doses above 300 s inhibited growth. Stimulatory or
inhibitory LTP effect on the growth of different plant species depend not only on the
exposure time of plasma, but also on the plasma source used. The results described in this
paper correlate convincingly with [36] in case of magnetic field-treated seeds of cucumber.
In this paper, the mechanism behind the observed increased germination is not completely
understood, but we showed that the seeds’ physiological and biochemical activity increases
due to LTP treatment for 2 min. After 2 min., the physiological effect slightly decreased
again. This could be due to an overdose of reactive oxygen and nitrogen species produced
by the LTP, as such have a significant role in the regulation of endogenous hormones not
only during seed imbibition but also in the early development stage of pea plants [37]. The
authors suspect that changes in the hormonal activity of seedlings could obscure potential
differences in root and shoot length increase, as well as in the dry weight of seedlings.
Simultaneously, the penetration of reactive compounds and charged particles, as well as
UV irradiation and ozone from the LTP environment into the seed [11] suggest that also in
the case of pea seeds, plants can modify some metabolic, biosynthetic and signaling
pathways [38]. It is assumed that hormone level changes can be considered under the
influence of low-temperature plasma on young pea seedlings. It is also supposed that
increasing auxin levels in synergy with cytokinins can stimulate cell division and prolif-
eration as well as cell elongation. The verity of the hypothesis is supported by the present
authors’ results of seed vigor index, evaluated on the basis of root and shoot lengths after
LTP treatment. The changing concentrations of conjugates and metabolites derived from
auxins, and especially from cytokinins, can be explained by the fact that in 7 days old
seedlings a higher biosynthesis of biologically active forms is present which are then
changed to conjugates and metabolites in later developmental stages. These compounds
may, if necessary, serve as a deposit and source of biologically active forms [39]. How-
ever, Fridman et al. [2] assume that it is possible to connect the LTP’s influence on plants
through several grow factors in which phytohormones are included. The increased con-
centration of auxin and their catabolites and conjugates after LTP treatment may also act
either by turning on the expression of certain genes or by being involved in the modifi-
cation of key gene products [40]. The data presented by the present authors herein con-
firmed that the influence of LTP increases the biosynthesis of some auxins and cytokinins,
as well as their catabolites and conjugates. It is therefore considered that they can po-
tentiate the synergy and their physiological effect, which can lead to improvements in the
seed germination, growth and yield of agriculturally important plants [41]. Nevertheless,
the exact function of phytohormones in plants after LTP treatment remains not entirely
clear, and further experiments of later developmental stages in pea plants are required.

Conclusions
Seed germination, seedling growth and the biochemical parameters based on endogenous

hormones (auxins and cytokinins) in the seedlings of P. sativum changed after pretreatment
with low-temperature plasma. Seed water uptake was significantly increased in treated
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seeds, which helped the faster hydratation and activation of germination enzymes and
phytohormones, and triggered metabolic events that led to the enhanced vigor of treated
seeds. It was also concluded that the modification of pea seed surface area results in the
interaction of electrons and ions of plasma with the outer layer of biological tissue. The
results of the present authors showed that LTP affects not only seed surface modifications,
but is probably also involved in several biochemical pathways inside the seed, which are
reflected in changes in the growth and development of pea plants. On the basis of those
findings, plasma has shown potential promise as a tool for commercial use in agricultural
praxis.
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