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ABSTRACT: In this study, physiology, germination, and seedling growth of seeds were analyzed 
after immersion in plasma-activated water. A dielectric barrier discharge (DBD) plasma dripper 
was developed to treat the water. Erythrina velutina seeds were immersed in water plasma-activat-
ed at a peak-to-peak voltage of 37, 43, or 49 kV and monitored during imbibition. While the seeds 
were imbibing, pH, electrical conductivity, and UV-Vis absorption of the exudate were measured. 
The seeds released substances during imbibition, maintaining pH between 5 and 6. This fact may 
be used as a strategy to control plant physiology and seed germination. It was observed that water 
treated at a voltage of 49 kV presented higher germination rates and seed vigor. Physiological as-
pects that explain this effect and its consequences on germinative response are discussed.
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I. INTRODUCTION

Recent research has demonstrated the utility of plasma in agriculture, which is mainly 
related to the inactivation of pathogenesis, germination, and plant growth.1–5 Some re-
searchers have successfully used plasma-activated water for irrigating seeds and plants 
and have obtained improvement in growth and germination.6–9 This is possible because 
plasma leads to several changes when it is applied on the surface of water. One of these 

the insertion of active species such as ions, electrons, and excited particles.10 This activ-
ity increases the acidity of the water and produces compounds such as H2O2, NO2 , and 
NO3 .11 A rapid analysis of the physiological and germinative response of seeds can be 
performed using the soaking assay. In this test, pH and electrical conductivity (EC) val-
ues and the substances leached from the soaking solution are monitored, as is the weight 
gain of the seeds.12 By monitoring pH and EC, the relative concentrations of H+/OH  can 
be compared to estimate the ionic composition leached.13,14 

All the studies reviewed so far show that the behavior of the solution pH and EC 
during imbibition is correlated with seed vigor.15 Our question is now inverted: Will 
seeds imersed in solutions with different pH values have different physiological and 
germinative responses? In the present work, plasma-activated water (PAW) was used to 
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soak seeds. Seeds of Erythrina velutina Willd were chosen because they exhibit drought 
resistance, hardiness, and rapid growth, and can be used in recovering degraded soils.4 

II. MATERIALS AND METHODS

A. Plasma-Activated Water Production Source 

A schematic of the apparatus used to produce dielectric barrier discharge (DBD) plasma-
activated water is shown in Fig. 1. A hospital saline kit with a stainless-steel needle (di-
ameter 0.8 mm) was used as the water dripper. The cathode (needle) and anode (copper 
ring) were dielectrically separated by the walls of a glass tube (external diameter 12.0 
mm and thickness 0.6 mm). Distilled water dispensed from the dripper at a rate of 4 
drops/s was exposed to DBD plasma using a voltage pulse sequence of 37 kV, 43 kV, or 
49 kV (Vpeak-to-peak), repeated at a frequency of 15.5 kHz.

The droplets were collected in a 100-mL beaker, measured for pH, and then stored 
for use in the soaking assay (Table 1). For plasma-activated distilled water, the pH value 
is directly associated mainly with nitrate and nitrite concentration.7

B. Soaking Test

For each experimental condition, 100 seeds were distributed across 4 beakers, each con-
taining 25 seeds. The beakers were placed in a biological oxygen demand (BOD) germi-
nation chamber that was regulated with a photoperiod of 12 h at 25°C. Imbibition was 
determined using an analytical balance at predetermined time intervals until protrusion 
of the radicle from the seed, at which point the seed was considered to have germinated. 

FIG. 1: Experimental apparatus used for plasma treatment of imbibition water. (A) schematic; 
(B) dripper during treatment.
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Before each measurement, the seeds were placed on sterile paper to remove excess wa-
ter. The relative percentage of imbibition (I m0 
is the initial total seed mass and mt is the total seed mass for each measurement time. The 
experimental design was completely randomized.
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During the seed weighing, aliquots of the soaking solution were removed for EC 
and pH measurement. The EC measurements were performed using an Oakton PC 450 
conductivity meter, and pH measurements were performed using a TEC-3MP pH meter. 
Additionally, aliquots of the soaking solution were extracted to analyze the substances 
leached by the seeds using UV-Vis absorption spectroscopy. It was found that after radicle 
protrusion, EC and pH values were strongly altered by the presence of leached substances.

C. Germination and Seed Vigor Tests

For the germination tests, seeds soaked in distilled water and seeds soaked in activated-
plasma water (PAW 49, PAW 43, and PAW 37) were used. For each condition, 100 
seeds divided into four replicates of 25 were used. The germination tests were carried 
out in gerbox boxes in a BOD germination chamber at 25°C and a photoperiod of 12 h. 
The seeds were placed between layers of germitest paper moistened with an amount of 
water equal to 2.5 times the mass of the paper. The number of seedlings that emerged 
were counted from the 1st to the 23rd day. The experiment was completely randomized. 
The percentage of cumulative germination (G), calculated for each day, was plotted as 
a function of time in days [Eq. (2)], where Nf is the cumulative number of seeds germi-
nated in each day and Ni is the number of sown seeds.
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The experimental points were adjusted according to the Richards model, which 
models population growth by transforming functional parameters into populations. The 

TABLE 1: Experimental conditions
Condition pH Flux (drops/s) Frequency (kHz) Voltage (kV)

Untreated 6.39 4 0 0
PAW 49 4.02 4 15.5 49
PAW 43 5.13 4 15.5 43
PAW 37 5.82 4 15.5 37
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parameters obtained were as follows: Vi -
cating the viability of germination of a seed lot; Me (median), which provides the time at 
which 50% of the germination of a seed lot occurs and characterizes the rate of that pro-
cess; Qu (dispersion), which describes the time deviation interval of the Richards curve 
in relation to Me and indicates the dispersion of germination times in a seed lot; and Sk 

-
tion point and indicates asymmetry in the frequency distribution of germination times.16,17 

For vigor analysis, the root, stem, and shoot lengths were measured only for the 
untreated and PAW 49 conditions. The PAW 49 condition was chosen because it was the 
one with the highest germinative response. For each condition, 25 seeds were used. The 
test was carried out in gerbox boxes at 25°C in a germination chamber with a photope-
riod of 12 h. The seeds were placed between layers of germitest paper moistened with 
an amount of water equal to 2.5 times the mass of the paper used. After 23 days, the 
seedlings were extracted and their root, stem, and shoot lengths were determined. The 
experimental design was completely randomized.

All data are presented as mean value ± standard error (SE) of three replicates. Analyses 
were performed using SPSS v. 16.0,18 and the variance (P < 0.05) of the data was analyzed 
by ANOVA for comparing untreated and plasma-treated groups (Duncan’s test).

III. RESULTS AND DISCUSSION

A.  Endocarp Structure, Composition, and Water Path from the Endocarp 
Surface to the Seed

exudate appeared to function as a buffering of the solution, maintaining pH in the range 
of 5.0 to 5.5.

During imbibition, seeds generally exude metabolites such as sugars, organic acids, 
and H+ ions, which acidify the medium and cause a decrease in pH of the exudate.12 In 

with a pH higher than 5.5. For water with a lower pH, there was an increase in pH of 
the exudate. This suggests that the ionic interactions of the electrogenerated compounds 
and leached seeds have a buffering action even before emission of the radicle. Such 
behavior is characteristic of biological systems in which cells regulate pH with the aid 
of weakly conjugated acid-base pairs.19 In the present case, pH is maintained between 
5.0 and 5.5. From these results, it can be stated that the physiological response of a seed 
may be altered by the substances exuded from neighboring seeds. Soaking tests, when 
conducted with several seeds in the same container, should account for this fact. EC 

maintained approximately constant before the emission of the radicle, following the 
same tendency of the other conditions for greater imbibition times. Since pH oscillated 
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around a constant value while EC had an abrupt growth until radicle emission, except 
for PAW 49, it is believed that other ions contribute more to electric mobility than H+ 
and OH .

The initial value of EC in the PAW 49 solution, compared to the other solutions, 
could be attributed to other ions in addition to the higher initial concentration of H+. This 
higher value suggests that shortly after immersion there is a release of ions other than the 
initial H+ and OH  in the PAW 49 solution. Visually observing the solution during the 

the PAW 49 solution tended to turn brown. When these solutions were analyzed in the 

FIG. 2: Behavior of soaking solution pH during imbibition test, showing tendency for pH stability

FIG. 3: Seed imbibition water conductivity until radicle protrusion
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were observed (Fig. 4A). A more intense peak occurred at λ = 230 nm for the untreated 
solution, and a slightly shifted peak (λ = 240 nm) occurred for the plasma-treated solu-
tion. The other peak, which was equivalent for the two solutions, occurred at λ = 280 nm. 
Observing the absorption spectrum at different soaking times (Fig. 4B), it was found that 
the two peaks increased in intensity but that there was no shift in wavelength. It was also 
noted that the difference in intensity between the peaks of the PAW 49 sample and the 
untreated sample increased with imbibition time. This spectrum indicates the oxidation 
of lignin-related phenolic compounds.20

In the PAW 49 solution, the lignin absorption peaks were more intense than in 
the control solution. This suggests a higher exudation of lignocellulosic compounds 
from the tegument of Erythrina velutina seed in aqueous acid medium (plasma-treated 
water), in which the reactions of oxygenated groups predominate. Additionally, there 
were more chemical interactions between chromophoric groups of the lignin, due to 
the presence of electrogenerated species in the water treated with plasma (PAW 49), 
and free phenolic groups, which contributed to the light-induced yellowing.21 Because 
lignin (L) behaves as a colloidal solution22 and tends to be precipitated at lower pH, 
the availability of H+ ions promotes the protonation of phenolic groups and decreases 
the repulsion forces between molecules, leading to increased coagulation and pre-
cipitation. We can therefore infer that the reduction in pH caused by the activation of 
water by plasma increases the removal of lignin from the seed. This higher extraction, 
in turn, affects seed imbibition because physical dormancy is generally associated 
with the impermeability of the seed tegument through hydrophobic substances such 
as lignin.23

The peak at 280 nm, which was more intense in the PAW 49 solution than in the 
control solution, may be associated with catalase. This enzyme is an antioxidant that the 

FIG. 4: (A) UV-Vis absorbance spectrum of exudate; (A) after radicle protrusion; (B) leaching of 
seeds soaked in untreated water (dotted lines) and PAW 49 condition (solid line)
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seed releases to control the action of reactive oxygen species (e.g., H2O2) that are gener-
ated in plant cells during periods of environmental stress24 or, in our case, by the interac-
tion between the exudate and the water in which the seed was immersed. This increase in 
catalase activity is especially important, as the activity of this enzyme is directly linked 
to the germination capacity,25 development, and tolerance of the plant.26

The effects of such changes in enzymatic activity on the germinative behavior of the 

this study (Fig. 5). It was observed that seeds soaked in untreated water presented de-
layed germination compared to the other seeds. Additionally, the germination behavior 

-
meters between the Richards and sigmoidal curves (Fig. 1), the population parameters 
Vi, Me, Qu, and Sk were obtained (Table 2). Viability (Vi)
increase in plasma-activated conditions compared to the untreated conditions. Whereas 

TABLE 2: Population parameters Vi (viability), Me (median germination), Qu (dispersion), and 
Sk (skewness) of Richards equation for of E. velutina germination

Parameter Untreated PAW 49 PAW 43 PAW 37
Vi (%) 16.24 ± 0.87d 24.53 ± 0.34a 20.85 ± 0.45c 17.59 ± 0.40d

Me (days) 11.60 ± 0.95a 10.25 ± 0.34a 9.51 ± 0.51a 12.05 ± 0.38a

Qu (days) 2.83 ± 0.47a 1.88 ± 0.26b 2.86 ± 0.22a 2.52 ± 0.29a

Sk (%) 0.52 ± 0.08a 0.39 ± 0.06b 0.57 ± 0.36a 0.21 ± 0.06c

a,b,c,dStatistical differences for the same parameter between treatments groups at the 5% level according to 
Turkey test.

FIG. 5:
standard deviation for 100 seeds (25 × 4 replicates).
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the untreated samples presented a 16.24% germination rate, the PAW 49 and PAW 43 
samples presented values of 24.53% and 20.85%, respectively. Seeds treated at lower 
pH values systematically showed higher Vi values. All seeds reached 50% germination 
(Me) at approximately 10.8 days. Although the PAW 49 and PAW 43 seeds reached 50% 

-
ing the dispersion of the germination time (Qu), the superiority of the PAW 49 seeds, 

49 seeds presented the best germination results.
The seedling length test was performed in a manner analogous to the germinative 

test, but only under the untreated and PAW 49 conditions. PAW 49 was chosen because 
it was the one with the highest germinative response. The average lengths of the roots, 
stems, and shoots (length of stem to last leaf) were considered (Fig. 6). Although not 

the untreated seeds.

IV. CONCLUSION

Erythrina velutina seeds were imbibed in water activated by plasma DBD whose pH 
was controlled by the applied discharge voltage. From the obtained results, we can draw 
the following conclusions:

• Ionic interactions between the electrogenerated compounds and the compounds 
leached by the seeds during imbibition resulted in a balance by buffering action, 
even before emission of the radicle.

• The buffering action in the seeds maintained a soaking solution pH between 5.0 
and 5.5.

FIG. 6: Lengths of roots, stems, and aerial parts of plants originated from seeds soaked in acti-
vated-plasma and untreated water
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• The exuded solutions had UV-Vis absorption peaks at 230 and 280 nm. In the 
solutions with plasma-treated water, the peaks were more intense and were dis-
placed from 230 to 240 nm.

• Seeds imbibed with plasma-treated water had a higher rate of germination and 
vigor than those imbibed in untreated water, in the reverse order of pH value.

• The best germination and vigor were observed in seeds soaked in plasma-treated 
water with pH equal to 4.
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