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Abstract

The effects of helium plasma seed treatment on lettuce growth under salt
stress were studied. Lettuce seeds were treated with an atmospheric dielec-
tric barrier discharge (DBD) helium plasma at different discharge voltages
and then planted in different concentrations of salt solution hydroponic
tanks. The results show that under the same NaCl concentration (6 g/L),
with the increase of the treatment voltage, the growth and quality of the
lettuces gradually improved, as confirmed by the measurement of seedling
height, root length, the contents of chlorophyll and nitrogen in the leaves.
Similarly, under the same treatment voltage (45 kV), with an increase in
NaCl concentration, the promotion effect of plasma treatment gradually
strengthens, as verified through significance analysis. These results indicate
that plasma seed treatment could improve the salt resistance of lettuces.
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Introduction

Saline-alkali soil is a kind of poor-quality soil that contains a large amount
of soluble salt and harms the growth of agricultural crops. According to in-
complete statistics from UNESCO, the global saline-alkali land area has
reached about 9.54x10° ha and is still growing at the rate of about 1 million
ha every year (1). Salinization not only directly harms crops and reduces
agricultural products, but also damages the land and reduces soil fertility.
Saline-alkali soil has become a serious problem for ecological, environmen-
tal construction and economic development.

Lettuce is one of the most widely planted and consumed vegetables
in the world. There are many kinds of lettuces all over the world. In order to
reduce the impact of saline-alkali soil on the growth of lettuces, it is neces-
sary to explore some effective techniques to enhance the salt tolerance of
lettuces.

Low temperature plasma (LTP) is capable of producing a huge num-
ber of ions, electrons, free radicals, ground- and excited- state molecules
and so on, which readily react with the contacted materials. LTP is also a
highly efficient and environmentally friendly agriculture green technique.
Due to the fact that the overall gas temperature of LTP could be as low as
room temperature (2), it could be applied for agriculture practices including
seed treatment. Direct seed treatment with atmospheric plasma, which
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contains large amounts of active components (0s, -OH, O,
NO, NO2, N,O, HNO- , and so on) (3) could positively affect
the physical and chemical properties of the seed coat by
either etching the seed envelope or promoting polar
groups grafting on the seed surface, leading to a signifi-
cant increase in hydrophilic interactions. Therefore, water
and oxygen permeability, which are essential factors for
root activity and seed germination (4-7), could be acceler-
ated. In addition, the activity of some enzymes in seeds
and the efficiency of photosynthesis in the process of
growth could be enhanced by plasma treatment (8). The
effects of plasma which can promote seed germination
and plant growth, have been verified in rice (9), Corian-
drum sativum (10), quinoa (11), Mimosa caesalpiniifolia
(12), pumpkin (13), Erythrina velutina (14) and sunflower
(15) by shortening germination time and increasing plant
height and dry weight. Plasma seed treatment could also
avoid the damage of pathogenic bacteria in soybean (16),
improve drought tolerance of oilseed rape and wheat
seeds (17, 18) or improve cold tolerance of tomato (19) by
relieving negative effects (20-22).

Up to now, studies on the stress tolerance of plas-
ma application in agricultural crops mainly focus on the
cold or drought tolerance of plants and there is a lack of
salt tolerance research on plasma seed treatment. In this
paper, lettuce seeds were chosen for plasma treatment
with different discharge voltages and then the effects of
plasma seed treatment on salt stress under different NaCl
concentrations were investigated.

Materials and Methods

Lettuce seeds originated from Beijing Academy of Agricul-
tural Sciences. Healthy lettuce seeds with no obvious de-
fects were selected for the experiment. Lettuce seeds were
treated in a DBD plasma generator (Fig. 1) which included
a power supply, a voltage regulator, 2 discharge elec-
trodes (with a thickness and diameter of 16 and 56 mm
and a spacing of 12 mm) and a quartz container (with a
diameter and height of 60 and 8 mm and a covering plate)
containing lettuce seeds. Plasma was produced at atmos-
pheric pressure in a helium flushed (5 L/min) chamber. The
voltage peak-to-peak amplitude was measured with a high
voltage probe connected to the digital oscilloscope
(Tektronix TBS 1102B). In this experiment, the applied volt-
age to the electrodes has amplitudes of 30, 45 and 60 kV
and a frequency of 8.6 kHz. Fig. 2 shows the discharge

voltage and current waveforms with V,, of 30, 45 and 60 kV.
It can be seen that the discharge voltage applied to the
electrodes is a sine waveform. The current waveforms
show the typical filamentary ac discharge and there are
more discharges in half of the voltage cycle. The higher the
applied voltage, the stronger the discharge current intensi-
ty and the more discharge times in one cycle.
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Fig. 1. Experimental setup.

Fig. 2. Typical voltage and current waveforms with the discharge voltages of
30 kV(a), 45 kV(b) and 60 kV(c) in the DBD plasma system.

According to the discharge voltage of 0, 30, 45 and
60 kV with a treatment time of 60 s, the lettuce seeds were
divided into 4 groups (200 seeds in each group), i.e., group
CK (Control Check, without plasma treatment), group P30,
P45 and P60. During seed germination (23, 24), the envi-
ronmental humidity and temperature remained un-
changed and the seeds in each group were put into a petri
dish with watering 10 mL tap water every day at 25 °C. On
the 7th day of germination, each group of seedlings were
transplanted into a series of 40 L water planting tanks in a
plant factory with illumination for 12 h per day. The salt
stress experiment started on the 6th day after transplant-
ing to the water tanks. In order to investigate the respons-
es of the lettuces with different treatment voltages to salt
stress, a fixed salt concentration was chosen for the exper-
iment. Table 1 shows the groups with different discharge
voltages and the same salt concentration. For example,
group P30C6 means the seeds were treated with 30 kV and
the NaCl solution concentration was 6 g/L. In order to in-
vestigate the effects of plasma on the growth of lettuces
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Table 1. Groups with different discharge voltages and the same salt concen-
tration.

Concentration of NaCl (g/

Group Discharge voltage (kV) L)
CKC6 0 6
P30C6 30 6
P45C6 45 6
P60C6 60 6

under different NaCl concentrations, the treatment volt-
age was kept constant at 45 kV and different concentra-
tions of salt solution were added into the water tanks to
compare the salt resistance of lettuce with the seeds treat-
ed and untreated. Table 2 shows the 6 groups with differ-
ent NaCl solution concentrations (3, 6 and 9 g/L). For ex-
ample, group P45C3 means the seeds were treated at 45
kV and the NaCl solution concentration was 3 g/L. The av-
erage plant height and root length of lettuces were meas-
ured from randomly selected 21 lettuces and the chloro-
phyll and nitrogen content were analysed from randomly
selected 10 lettuces on the 40th day after adding salt

Table 2. Groups with different salt concentrations.

Group Discharge voltage (kV) Concentration of NaCl (g/L)
CKC3 0 3
CKC6 0 6
CKC9 0 9
P45C3 45 3
P45C6 45 6
P45C9 45 9
stress.

Results and Discussion

Effects of different discharge voltages on the growth and
nutrients of lettuces grown with the same NaCl concen-
tration

Fig. 3 shows the growth state of the lettuces with different
seed treatment voltages at fixed NaCl concentration of
6 g/L (the same black cloth was used as the background
for taking the photos). It could be seen that, under a cer-
tain NaCl concentration, the lettuces with plasma seed

treatment grow more vigorously than the untreated let-
tuces (group CK). Fig. 4 shows the comparison of average
height and average root length of the lettuces with differ-
ent treatment voltages grown with a NaCl concentration of
6 g/L. It can be seen that under the same NaCl concentra-
tion stress, both the average lettuce height and average
root length of plasma treated lettuces are larger than
those of untreated lettuces. For example, when the treat-
ment voltage is 30 kV, the average lettuce height increases
by 12.13 % and the average root length increases by
9.23 % compared with the untreated lettuces. When the
treatment voltage increases to 45 kV, the average lettuce
height increases by 22.56 % and the average root length
increases by 16.77 %. When the treatment voltage increas-
es to 60 kV, the plant height of the treatment group only
increases by 22.77 %, and root length even slightly de-
creases. It shows that when the treatment voltage increas-
es by the same value (such as from 30 to 45 kV and from 45
to 60 kV), the plasma promotion effect first increases and
then weakens. For example, the average lettuce height
increases by 10.43 % from 30 to 45 kV, but only increases
by 0.21 % from 45 to 60 kV. The average root length in-
creases by 7.55 % from 30 to 45 kV, but decreases by 6.66
% from 45 to 60 kV. It indicates the existence of an opti-
mized processing voltage to achieve optimal efficiency on
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Fig. 3. The comparison of the lettuce growth with the NaCl concentration of 6
g/L and different treatment voltages.

111

Fig. 4. Comparison of average lettuce height and average root length of
twenty-one replicates under 6 g/L salt concentration with different plasma
discharge voltages. Asterisks denote statistically significant difference from
CK group, where *** means the strongest significance with p < 0.001,
** means the significance difference with 0.001< p < 0.01, * means the signifi-
cance difference with 0.01< p <0.05 and ns means no significant difference.

lettuce growth with the salt resistance effect of plasma
treatment for promoting lettuce production.

The promotion of salt resistance by plasma treat-
ment can be understood as follows: soil salinization can
change the biomass of soil microorganisms, plant respira-
tion and enzyme activity. Therefore, land salinization has a
negative impact on plant growth and is a major risk factor
for obtaining low-quality agricultural products. It is mainly
due to the osmotic stress of plants can be affected by the
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high salt concentration in water. Thus, the excess soluble
salts could reduce the water's osmotic potential on the
root surface, reducing plant water uptake (25), which leads
to water lacking in plants. When the seeds were treated
with plasma, a large amount of active ingredients in the
plasma can result in the micro-damage in the seed coat
and the breaking of seed dormancy and can enhance the
permeability of water and oxygen of seeds as well as the
activity of some enzymes in seeds, which accordingly im-
proves seed germination accompanied by physiological
and biochemical activities (26, 27). That is, the water up-
take and oxygen absorption, which are essential factors
for seed germination (4), are improved. Thus, root activity
(8) and plant growth are improved (28). However, the pro-
motion of excessive plasma treatment on plant growth will
become weakened. According to previous studies (29, 30),
this may be due to excessive erosion of the seed epidermis
by excess plasma and ultraviolet radiation in the plasma.
These results indicate that appropriate DBD plasma seed
treatment could overcome the degree of salt damage to
seedling roots and promote the growth of plants (31).

The statistically significant analysis from group CK
was also performed on the plant height and root length of
the lettuces with salt stress in Fig. 4, where *** means was
the strongest significance with p < 0.001, ** means the sig-
nificance difference with 0.001< p < 0.01, * means the sig-
nificance difference with 0.01< p < 0.05 and ns means no
significant difference. It shows that there was the strong-
est significant difference in plant height between the plas-
ma treated group and the untreated group. However, com-
pared with the untreated lettuces, only the root length of
the lettuces treated with 45 kV shows a slightly significant
difference.

Chlorophyll is not only the main pigment of green
plants, but also an important substance for plant photo-
synthesis. Nitrogen content has a direct impact on the
conceptual photosynthesis of crops and affects crop prod-
ucts and yield. The level of chlorophyll content in leaves
directly indicates the nutritional and growth status of
plants. The SPAD (soil and plant analyser development)
value of plant leaves is a dimensionless value used to char-
acterize relative chlorophyll content by measuring the
ratio of absorption of 650 nm red light and 940 nm infrared
light by the chlorophyll analyser, i.e., the SPAD value of
plant leaves is positively correlated with the chlorophyll
content in leaves. Different from the conventional extrac-
tion methods, the chlorophyll analyzer can realize the non
-destructive and rapid determination of plant leaves.
Therefore, the measurement of SPAD has been widely
used in the monitoring of plant growth status and nutrient
content (32-34).

In this experiment, chlorophyll and nitrogen con-
tent were measured by a chlorophyll analyser. The influ-
ence of the DBD treatment voltage on the SPAD value and
nitrogen content of lettuce seedlings growing with a 6 g/L
salt concentration is shown in Fig. 5. It shows that both the
SPAD value and nitrogen contents of plasma treated let-
tuces are higher than those of untreated lettuces and in-
crease with the treatment voltage. For example, when the

discharge voltage increases from 30 to 45 kV, the average
SPAD value and nitrogen contents accordingly increase by
9.07 % (from 15.03 % to 24.10 %) and 9.06 % (from 14.96 %
to 24.02 %) respectively. When plasma voltage was in-
creased to 60 kV, the SPAD value and nitrogen contents in
lettuces only slightly increased by 5.22 % and 5.12 % com-
pared with 45 kV. It also shows that when the treatment
voltage increases by the same value, the plasma promo-
tion effect on SPAD and nitrogen content is similar to that
of plant height. It indicates there is an optimized voltage
to achieve the best efficiency on lettuce nutrients with the
salt resistance effect of plasma treatment for improving
lettuce quality. The promotion of plasma treatment on
lettuce nutrients may be due to that during plasma treat-
ment on lettuce seeds, the activity of some essential en-
zymes in seeds were enhanced (8), the efficiency of photo-
synthesis in the process of lettuce growth was also in-
creased and the accumulation of nutrients could be ac-
cordingly improved (35), which could be shown from the
chlorophyll and nitrogen contents in lettuces. This result
indicates that plasma seed treatment could also promote
the nutrient contents of the lettuces under salt stress. The
significant differences in SPAD value and nitrogen content
between the plasma treated groups and group CK shows
the treatment voltage of 45 kV with strong significance.
Overall, in this experiment, 45 kV is a relatively optimized
parameter, which not only promotes lettuce growth but
also improves the nutrients. Therefore, in the following
experiments, we choose 45 kV as the fixed treatment volt-
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Fig. 5. Comparison of SPAD and nitrogen content in lettuce leaves grown
with 6 g/L salt concentration and different treatment voltages. Data are the
means of ten replicates. Asterisks denote statistically significant difference
from CK group, where * signifies 0.01< p <0.05 and *** means p < 0.001.

age to study the growth of lettuces under different salt
solution concentrations.

Effects of plasma seed treatment on the lettuce growth
with different NaCl concentrations

High salinity induces osmotic and ionic stress in plants,
leading to decreased plant photosynthesis capacity,
growth inhibition and even plant death (36-38). In order to
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explore the influence of plasma treatment on lettuce
growth with different salt concentrations, the treatment
voltage was kept at 45 kV. Fig. 6 shows the growth photos
of the lettuces under the different NaCl concentrations (3,
6 and 9 g/L) and with the seed treatment at 45 kV. It is seen
that with the increase in NaCl concentrations, the lettuce
growth was suppressed for certain NaCl concentration. For
a certain NaCl concentration, plasma treatment obviously

Plasma treatment

Fig. 6. The growth photos of lettuces with seed treatment by 45 kV and with
different NaCl concentrations of (a) 3, (b) 6 and (c) 9 g/L.

promotes lettuce growth.

Fig.7 shows the lettuce height and root length un-
der the different NaCl concentrations and with plasma
seed treatment at 45 kV, which shows the growth inhibi-
tion caused by the salt concentrations as well as plasma
promotion on the growth of lettuces in salt solutions. Un-
der the same seed treatment voltage, with the increase of
NaCl concentration, both the lettuce height and root
length gradually decreased, showing that the growth was
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Fig. 7. The lettuce height and root length under different NaCl concentrations
(3, 6 and 9 g/L) with 45 kV plasma seed treatment. Data are the means of
twenty-one replicates. Asterisks denote statistical significance where
*** signifies p < 0.001, while ns means non-significant differences.

gradually suppressed by the increasing concentration of
salt solution. It’s due to that high salt content that stress
compromises the dynamic balance of water potential and
ion distribution in plant roots. This disruption of the home-
ostasis caused by high salt content occurs at the cellular
level and compromises balanced plant osmosis. Dramatic
changes in ion and water homeostasis due to high salt
concentrations could lead to molecular damage, growth
stunts and even death (1). The modulation of homeostasis
was evoked by plasma treatment, with the key role of re-
active oxygen and nitrogen species in some applications
(39, 40). In this experiment, under the same plasma treat-
ment voltage, the promotion effect of plasma varies at
different concentrations of salt solutions. For example,
when the NaCl concentration is 3 g/L, the lettuce height
increases by about 4.09 % compared with the untreated
lettuce. When the NaCl concentration is increased to 6 and
9 g/L, the lettuce height increases by 22.56 % and 53.37 %
respectively. A similar changing trend is also found in the
comparison of root length, i.e., as the NaCl concentration
increases from 3 to 6 and 9 g/L, the root length increases
from 4.95 % to 16.77 % and 40.52 % respectively. Fig.7
shows that at the highest NaCl concentration of 9 g/L,
there are the strongest significant differences in plant
height and root length between the plasma treated group
and the untreated group. When the NaCl concentration is
low (for example, 3 g/L), there is no significant difference
between the plasma treated group and the untreated
group. The detailed increase in plant height and root
length of the lettuces with plasma treatment at different
salt concentrations is shown in Table 3. It is obviously true

Table 3. The increase in lettuce height and root length between seed treat-
ment with 45 kV and untreated at different salt concentrations.

Salt concentrations (g/L) 3 6 9
Average height promoted by plasma 4.09% 2256% 53.37%
Average root length promoted by plasma 495% 16.77% 40.52%

that the higher the concentration of salt solution, the more
significant the promoting effect of plasma.

The more significant promotion of plasma seed
treatment at higher salt concentrations is due to the fact
that the excess soluble salt will reduce water absorption
potential on the root surface, leading to plant water short-
age. The high concentration of Na* in the cytoplasm de-
stroys the absorption of other ions, affecting many meta-
bolic pathways. In addition, osmotic and ionic stresses
caused by salt stress led to plant secondary metabolite
stress, including the accumulation of toxic compounds
and the destruction of nutritional balance. Plasma treat-
ment could promote the growth of lettuces under high
concentration NaCl stress. After plasma activating the en-
zyme protection system, the activity of SOD, POD, CAT and
soluble protein content could be increased, decreasing the
relative permeability of the membrane, leading to im-
proved NaCl tolerance at high concentrations in plants. In
addition, different genes activated by plasma can help
plants respond to high salt stress and promote plant
growth (31, 41) and the optimal duration of plasma treat-
ment time is expected to be different for various plant vari-
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eties (42).

Conclusion

A high concentration of salt will cause plant ion imbalance
and hyperosmotic stress, making plant growth slow or
even stagnant. In this paper, the salt stress of the lettuces
with DBD plasma seed treatment with different NaCl con-
centrations was investigated. The plant height and root
length of lettuces were used to characterize the growth
speed. The chlorophyll and leaf nitrogen contents of let-
tuces were used to characterize the growth quality. The
results show that under NaCl concentration, DBD plasma
seed treatment could reduce the damage of NaCl on let-
tuces, promote growth and improve the quality of the let-
tuces. Plasma treatment at 45 kV shows a more optimized
promoting effect and at a high NaCl concentration of 9 g/L
plasma promotion shows more significance than at other
concentrations.
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