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a b s t r a c t

Background: This study aimed to investigate the effect of cold plasma treatment on the improvement of
seed germination and surface sterilization of ginseng seeds.
Methods: Dehisced ginseng (Panax ginseng) seeds were exposed to dielectric barrier discharge (DBD)
plasma operated in argon (Ar) or an argon/oxygen mixture (Ar/O2), and the resulting germination and
surface sterilization were compared with those of an untreated control group. Bacterial and fungal
detection assays were performed for plasma-treated ginseng seeds after serial dilution of surface-
washed suspensions. The microbial colonies (fungi and bacteria) were classified according to their
phenotypical morphologies and identified by molecular analysis. Furthermore, the effect of cold plasma
treatment on the in vitro antifungal activity and suppression of Cylindrocarpon destructans in 4-year-old
ginseng root discs was investigated.
Results: Seeds treated with plasma in Ar or Ar/O2 exhibited a higher germination rate (%) compared with
the untreated controls. Furthermore, the plasma treatment exhibited bactericidal and fungicidal effects
on the seed surface, and the latter effect was stronger than the former. In addition, plasma treatment
exhibited in vitro antifungal activity against C. destructans and reduced the disease severity (%) of root rot
in 4-year-old ginseng root discs. The results demonstrate the stimulatory effect of plasma treatment on
seed germination, surface sterilization, and root rot disease suppression in ginseng.
Conclusion: The results of this study indicate that the cold plasma treatment can suppress the microbial
community on the seed surface root rot in ginseng.
© 2020 The Korean Society of Ginseng. Publishing services by Elsevier B.V. This is an open access article

under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).
1. Introduction

Korean ginseng (Panax ginseng Meyer) is an important medici-
nal and perennial herb, and has been used in Korean medicine for
centuries [1]. The global demand for ginseng has been increasing
because its root is considered to have health benefits [2]. Ginseng
seeds possess a hard and impermeable seed coat, resulting in poor
germination, subsequently leading to a reduced yield. In addition,
the presence of seed-borne pathogens (biotic stress) can affect
successful seedling growth. Several studies have attempted to
improve ginseng seed germination using exogenous plant
icals, Andong National Uni-

lishing services by Elsevier B.V. Th
hormones [3,4], chemical methods [5], physical methods [6],
chilling treatment [7], and the scarification method [8]. However,
all these methods are time-consuming and labor-intensive and
result in chemical residues and environmental pollution.

The cold plasma treatment was developed to overcome these
issues. Plasma treatment of seeds is a new approach that has been
proposed to facilitate seed germination and survival [9]. Plasma is
defined as a neutral ionized gas and represents the fourth and the
highest energy state of matter following solids, liquids, and gas [10].
Cold atmospheric plasma used in agriculture and food processing
industries can be created by the dielectric barrier discharge (DBD)
method [9]. DBD is the electrical discharge between two electrodes
separated by an insulating dielectric barrier [11]. Several studies
have reported enhanced seed germination and growth on the
application of DBD plasma [12]. Recently, cold plasma has been
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successfully used for treating plant seeds, which can alter the
wetting properties of seeds to achieve faster germination and
greater yield [9]. Cold plasma treatment can effectively improve the
germination of numerous seeds, seedling growth, and crop yield
under a pollution-free controlled environment [9,13]. Furthermore,
cold plasma treatment plays essential roles in several plant physi-
ological processes, including seed surface sterilization to reduce or
eliminate seed-borne pathogens [14,15]. This phenomenon has
been demonstrated in several plants, including Asparagus acutifo-
lius [16], Vigna mungo [17], Oryza sativa [18], Glycine max [19], and
Mimosa caesalpiniaefolia [20]. A previous study reported that cold
plasma treatment of rice seeds inactivated seed-borne pathogens
and resulted in healthy emerging seedlings, whereas the seedlings
from untreated seeds were heavily infected [21]. Cold plasma can
thus inactivate seed-borne pathogenic fungi.

Another important advantage of plasma is the surface sterili-
zation of seeds to eliminate several pathogenic fungi and bacteria
[15,22]. Plant pathogens are mainly present in the seed coat,
causing diseases in seedlings [23], and seeds are generally treated
with insecticides and fungicides to remove these pathogens
[24,25]. A limitation of traditional decontaminationmethods is that
most chemicals, including fumigants such as ethylene oxide, have
carcinogenic effects. This can be overcome by sterilization using
cold plasma treatment [10,26]. Cold plasma treatment can elimi-
nate surface pathogens due to the action of numerous ions and
reactive species generated in the plasma [27]. In addition, plasma
treatment can also improve plant metabolism [28,29]. Selcuk et al
[15] reported a significant increase in grain and legume yields by
cold plasma treatment. However, the detailed mechanisms under-
lying the stimulatory effects of cold plasma in improving seed
germination and surface sterilization are still not fully understood.
No study has been reported on the effects of cold plasma treatment
on ginseng seeds till date. Therefore, in this study, we investigated
the effects of cold plasma treatment on germination and surface
sterilization of Korean ginseng seeds to overcome the limitations of
traditional methods.

2. Materials and methods

2.1. Plasma apparatus and treatment

The atmospheric plasma treatment was performed in a self-
designed planar-type DBD plasma reactor. A schematic diagram
of the apparatus used to treat the seeds with DBD plasma is pre-
sented in Fig. 1, and it consisted of two 100mmwide stainless-steel
disks and a 5 mm thick glass dielectric barrier. The upper stainless-
steel disk, with 16 evenly distributed needles, acted as the high-
voltage electrode, whereas the lower stainless-steel disk covered
by the glass dielectric barrier served as the ground electrode. The
entire DBD reactor was enclosed in an acrylic chamber equipped
with a gas inlet and outlet. The distance from the needle tip to the
gas dielectric surface was 30 mm. On applying a high voltage
alternating current (AC; operating frequency: 60 Hz) across the
electrodes, the plasma generated at the needle tip propagated to-
wards the ground electrode. The AC voltage of the primary power
supply was set at 120 V, which was stepped up at a ratio of 1:70.
Pure argon (Ar) or an argon/oxygen mixture (Ar/O2: 80%/20%) was
used as the feed gas for the DBD plasma reactor. The flow rate of the
feed gas was adjusted to 1 L/min.

Dehisced P. ginseng seeds were placed on a Petri dish and
exposed to plasma for 10min. This treatment was performed once a
day for 3 d. Ginseng seeds in a Petri dish without exposure to
plasma were regarded as the untreated control. After each treat-
ment, the seeds were maintained at 10 �C, and after the last
treatment, they were collected for microbial analysis. The effect of
plasma treatment on seed surface sterilization was determined as
the percentage of colony-forming units (CFU) in plasma-treated
seeds relative to that in the untreated controls.

2.2. Plant material and germination tests

Dehisced ginseng seeds were purchased from a local market in
Kumsan, South Korea, and stored at 4 �C until further analyses. The
seeds were subjected to plasma treatment with Ar or Ar/O2. Seeds
without plasma treatment were regarded as the untreated controls.
For each treatment, 150 seeds were placed in 3 Petri dishes (50
seeds each) on two layers of filter paper. Ten milliliters of sterile
distilled water (SDW) was added to each Petri dish to maintain the
moisture level during the experiments. Seed germination (%) and
root emergence were observed on days 1, 3, 5, 7, and 10 of incu-
bation. The seed germination percentage (%) was calculated using
the following equation: Germination (%) ¼ N/Nt � 100, where N is
the number of germinated seeds in each Petri dish and Nt is the
total number of seeds in each Petri dish.

2.3. Microbial detection assay

Plasma-treated ginseng seeds (20 seeds) were added to 10mL of
SDW, and vortexed to obtain a microbial suspension. The seeds
were removed, and the remaining water was spread on appropriate
solid media after 10-fold serial dilution. The microbial suspensions
were used for both bacterial and fungal detection assays. For bac-
terial detection, the suspensions were spread on nutrient agar (NA)
medium and incubated at 28 �C for 30 h. The number of bacterial
CFU was determined to estimate the population density. The col-
onies formed on the NA were classified according to their pheno-
typical morphologies, and all isolates were subjected to molecular
identification using sequence homology of their 16S rRNA gene
[30]. Genomic DNA was isolated using a bacterial Genomic DNA
Extraction Kit (iNtRON Biotechnology, Seongnam, South Korea),
following the manufacturer’s instructions. The 16S rRNA gene was
amplified by polymerase chain reaction (PCR) using Taq DNA po-
lymerase and the general primer pair 27F/1492R [31]. The obtained
PCR products were sequenced using an automated sequencer
(Genetic Analyzer 3130; Applied Biosystems, Foster City, CA, USA)
with the same primers. The sequences were compared for simi-
larity with the bacterial reference species sequences in the genomic
database using the National Center for Biotechnology Information
(NCBI)-BLAST tool.

For fungal detection, the serially diluted microbial suspensions
were plated on potato dextrose agar (PDA; Difco, USA) acidified
with lactic acid (PDAA; 1 mL 85% lactic acid/L PDA) to avoid bac-
terial growth and incubated at 20 �C for 10 d. The colonies formed
on PDAA were classified according to their morphological charac-
teristics. All isolates were subjected to molecular identification
using sequence homology of their internal transcribed spacer (ITS)
regions. The total genomic DNA of each isolate was extracted
following the method developed by Chi et al [32]. The ITS region
was amplified using the fungal-specific primers ITS1 and ITS4 [33].
The ITS sequences were used to retrieve the most closely-
associated fungal isolates from the GenBank database (http://
www.ncbi.nlm.nih.gov), using the NCBI BLAST tool.

2.4. Suppression of Cylindrocarpon destructans by plasma
treatment of ginseng root discs

The suppression of C. destructans, which causes root rot disease
in ginseng, was evaluated by cold plasma treatment of 4-year-old
ginseng root discs inoculated with conidium suspensions. To pre-
pare C. destructans conidium suspensions, the fungus was cultured

http://www.ncbi.nlm.nih.gov
http://www.ncbi.nlm.nih.gov


Fig. 1. A schematic representation of the experimental set-up of the dielectric barrier discharges (DBD) plasma reactor for plasma treatment of ginseng seeds.
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on PDA plates at 21 �C for 2 wk in darkness to induce sporulation.
Conidia were harvested from the plates by gently rubbing the
surface mycelium with a rubber swab, and the spores were
collected in SDW. Hyphal debris was removed from the conidia by
centrifuging the crude conidium preparation, during which the
conidia settled at the bottom of the tube. The conidium suspensions
were adjusted to a concentration of 1 � 105 conidia/mL using a
hemocytometer.

For the in vitro test, the PDA plates were spread with 100 mL of
conidial suspensions (105 conidia/mL), and irradiated with cold
plasma after 3 h, for 10 min at 120 V. Conidia without plasma
treatment was regarded as the untreated control. Conidial germi-
nationwas recorded after incubation at 21 �C 10 d. For the in-planta
test, 4-year-old ginseng roots were surface-sterilized with 70%
ethanol for 5 min, rinsed 2-3 times with SDW, and then treated
with 1% NaOCl for 5min and rinsed twicewith SDW. The roots were
sectioned into discs (0.5 cm thick and 2.5 cmwide) with a sterilized
razor blade and placed in Petri dishes containing water-soaked
filter paper for moisture. C. destructans conidial suspensions (105

conidia/mL) were deposited on the center of the prepared root
discs. Plasma treatment was performed as previously described,
except only Ar/O2 was used as the feed gas. Root discs were
examined for root rot symptoms after incubation at 21 �C for 10 d.
Disease severity (%) was calculated based on the disease index
scale, as described by Song et al [34].
2.5. Statistical analysis

Data were subjected to analysis of variance (ANOVA) using JMP
® version 3.1 (SAS Institute Inc., 1995). Significant differences be-
tween treatment means were determined using the least signifi-
cant difference (LSD) test, at p < 0.05. All experiments were
performed at least twice. Data from each experiment were
analyzed separately. The results of one representative experiment
are shown.
3. Results

3.1. Effect of cold plasma treatment on seed germination

The effect of cold plasma treatment under two conditions, i. e.,
Ar and Ar/O2, on the germination ability of ginseng seeds was
examined. The seed germination rate (%) was higher for seeds
exposed to plasma with either Ar or Ar/O2 than for the untreated
controls. However, no significant difference could be detected in
the germination rate (%) between the Ar and Ar/O2 plasma treat-
ments from 7 d onwards. Fig. 2A shows the germination stages of
dehisced ginseng seeds after the plasma treatment. The germina-
tion rate (%) was 90.2 ± 1.6% and 93.5% ± 2.1% on treatment with Ar
and Ar/O2, respectively, after 10 d of incubation (Fig. 2B). The
germination rate (%) exhibited a sharp increase on the third day, in
both Ar and Ar/O2 treatments, which was followed by minor in-
creases up to day 10 when the highest germination rate (%) was
achieved. In addition, plasma treatment also increased seedling
root length. The Ar/O2 plasma treatment yielded greater root length
(23.5 mm) when compared to the plasma treatment with Ar (16.7
cm) on day 10 (Fig. 2C). However, no significant difference could be
detected between the Ar treatment and untreated controls. These
results indicate that plasma treatment can enhance seed germi-
nability and seedling growth in ginseng.
3.2. Bactericidal effect of plasma treatment on the ginseng seed
surface

Bacteria present on the ginseng seed were grown on NA plates
and then identified. On an average, 1.85 � 109 CFU/seed were
recovered from the untreated controls. The total number of bac-
terial colonies was reduced by both plasma treatments (Fig. 3A).
The two plasma treatments for decontamination of ginseng seeds
exhibited similar effects. Bacterial populations of 1.31 � 109 CFU/
seed and 1.34 � 109 CFU/seed were detected for seeds subjected to
plasma treatment with Ar/O2 and Ar, respectively, exhibiting



Fig. 2. Effect of plasma treatment with Ar or Ar/O2 on germination of ginseng seeds. (A) A series of stages in ginseng seed germination and effects of plasma. 1, dehiscent ginseng
seed; 2 and 3, seeds just before germination; 4, germinating seed with emerging radicle. (B) Seed germination percentage and (C) root length of ginseng seeds subjected to plasma-
treatment with 100% Ar or Ar/O2 (80%/20%). The two treatments were compared with the untreated controls. Values are expressed as mean ± SD of 3 replicates with 20 seeds each.
Ra, radicle; Sc, seed coat. Scale bar, 1.0 mm.
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survival rates of 71.2% and 72.5%, respectively (Fig. 3B). In the un-
treated controls, a total of 8 bacterial genera were isolated from the
seed surface and identified using 16S rRNA sequences (Fig. 3C;
Table 1). The identity percentage ranged between 96e100% for all
strains. The dominant genera were represented by Kocuria spp.
(23.2%), Variovorax spp. (20.5%), and Pseudomonas spp. (18.5%)
(Table 1). Bacterial survival (%) rates were observed at different
levels for seeds treatedwith Ar or Ar/O2 (Fig. 3D). The genus Kocuria
includes gram-positive bacteria, which are known as human
pathogens. Bacterial survival rates of 62.9% and 70.5% were
observed for seeds treated with plasma in Ar or Ar/O2, respectively.
Interestingly, the genus Pseudomonas was not significantly affected
by plasma treatment, exhibiting survival rates of 93.8% and 90.4%
on plasma treatment with Ar and Ar/O2, respectively. Duganella is
non-pathogenic to plants, and in the present study, its survival rates
depended on the gas source and were recorded as 48.5% and 100%
in Ar and Ar/O2, respectively, but Azospirillum, a non-pathogenic
genus was inhibited drastically using plasma treatment both with
Ar or Ar/O2.



Fig. 3. Bactericidal and fungicidal effects of cold plasma treatment on ginseng seeds. (A) Bacterial colonies were generated by spreading the surface washed suspensions of un-
treated controls, plasma-treated seeds with Ar/O2, and plasma treated seeds with Ar on NA plates. (B) Survival (%) of bacteria on the surface of ginseng seeds after plasma treatment.
(C) Various bacterial colonies were detected from the seed surface that were generated by spreading untreated seed suspensions on NA plates and incubating at 28 �C for 30 h. (D)
Survival (%) of various bacterial genera on the surface of ginseng seeds after plasma treatment with Ar/O2 or Ar gases. (E) Fungal colonies were generated by spreading the surface
washed suspensions of untreated controls, plasma-treated seeds with Ar/O2, and plasma-treated seeds with Ar on PDAA plates. (F) Survival (%) of fungi on the surface of ginseng
seeds after plasma treatment. (G) The fungal colonies were generated by spreading the untreated seed suspensions on PDAA plates and incubating at 20 �C for 10 d. (H) Survival (%)
of various fungal genera on the surface of ginseng seeds after plasma treatment with Ar/O2 or Ar gases. The experiment was performed at least twice, with three replicates (Petri
dishes) per treatment.

Table 1
NCBI-BLAST Homology Sequence Identity of the Detected Microbial Species Isolated From the Surface of Wild Ginseng Seeds

NCBI BLAST Homology sequence identity Colony Serial
no.

GenBank accession No. from our
isolates

Genus Relative abundance
(%)

Species GenBank accession
No.

Identity
(%)

Query
length

E
value

Bacteria Kocuria 23.2 marina KM099465.1 99.3 873 0.0 9 MW205759
Variovorax 20.5 paradoxus MK371082.1 98.2 1405 0.0 4 MW205754

boronicumulans MT758347.1 99.7 961 0.0 10 MW205760
Pseudomonas 18.5 rhodesiae CP054205.1 99.9 1482 0.0 1 MW205751

brenneri MF957286.1 96.8 1385 0.0 6 MW205756
tolaasii NR114795.1 98.9 1213 0.0 7 MW205757
mandelii MH587023.1 99.4 821 0.0 8 MW205758

Duganella 14.6 zoogloeoides MH259953.1 96.6 922 0.0 5 MW205755
Rahnella 9.3 aquatilis MK072684.1 98.9 1265 0.0 2 MW205752
Flavobacterium 8.6 pectinovorum KY077148.1 99.1 1178 0.0 3 MW205753
Azospirillum 4.0 melinis KY465732.1 97.9 825 0.0 11 MW205768
Chryseobacterium 1.3 yeoncheonense MT225904.1 98.7 684 0.0 12 MW205761

Fungi Coniochaeta 55.1 fasciculata KT876721.1 99.6 537 0.0 2 MW199080
fasciculata KT876721.1 97.6 537 0.0 3 MW199081
fasciculata KT876721.1 99.8 538 0.0 4 MW199082
fasciculata KT876721.1 100.0 538 0.0 11 MW199089

Pyrenochaeta 36.8 - HQ914829.1 99.6 522 0.0 1 MW199079
- HQ914829.1 100.0 522 0.0 8 MW199086

Humicola 3.6 fuscoatra MK967561.1 99.6 530 0.0 7 MW199085
fuscoatra MK791665.1 99.4 515 0.0 9 MW199087

Clonostachys 2.1 rossmaniae KC806298.1 99.8 532 0.0 10 MW199088
Fusarium 1.5 proliferatum MT447507.1 99.8 522 0 6 MW199084
Mortierella 0.9 hyalina MT003094.1 98.5 615 0 5 MW199083
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3.3. Fungicidal effect of plasma treatment on the ginseng seed
surface

Numerous fungi present on the seed surface were detected by
culturing on PDAA media (Fig. 3E). On an average, 7.88 � 103 CFU/
seed were recovered from the seed surface of the untreated con-
trols. The plasma treatment could effectively sterilize the seed
surface by inactivating the fungi to a greater extent than bacteria.
The total number of fungal colonies was remarkably lower for the
plasma-treated seeds both with Ar or Ar/O2 than for the untreated
controls. Fungal populations of 2.18 � 103 CFU/seed and 3.15 � 103

CFU/seed were recovered from the seed surface following plasma
treatments with Ar and Ar/O2, respectively, exhibiting survival rates
of 27.7% and 40.0%, respectively (Fig. 3F). We isolated 6 fungal
genera from the untreated seed surfaces, which were then identi-
fied based on ITS sequence analysis (Fig. 3G and Table 1). The
identity percentage ranged between 97e100% for all fungal species.
The most dominant fungal genera were Coniochaeta (55.1%) and
Pyrenochaeta (36.8%) (Table 1). In overall, The genera Coniochaeta
and Pyrenochaetawere remarkably affected by plasma treatment to
the highest level with both Ar/O2 and Ar, while Fusarium and Clo-
nostachys genera were affected to the next highest level by plasma
treatment better with Ar than Ar/O2. On the other hand, Humicola
spp., were not affected by plasma treatment either with Ar or Ar/O2.
The survival rate of Mortierella hyalina was observed as 100% and
75%, following plasma treatment both with Ar and Ar/O2, respec-
tively (Fig. 3H). Except the fungal genera of Humicola and Pyr-
enochaeta, the survival (%) rate for the remaining four fungal genera
varied upon plasma treatment with Ar or Ar/O2. These results show
that survival rate of pathogenic fungi by plasma treatment varies
from species to species.

3.4. Suppression of C. destructans by cold plasma treatment

The plasma treatment exhibited antifungal activity against
C. destructans, which causes root rot in ginseng. The plasma treat-
ment effectively suppressed the growth of C. destructans on PDA,
yielding only 5 conidia/mL for 10 d, whereas the number of fungal
colonies in the untreated controls was 3 � 105 conidia/mL (Fig. 4A).
Under in vitro conditions, the water-treated ginseng roots (un-
treated controls) did not exhibit any disease symptoms, whereas
severe root rot symptoms were observed on ginseng root discs
inoculated with C. destructans conidium suspensions without
plasma treatment. Similar to the water-treated control, no root rot
symptoms were observed on ginseng root discs treated only with
cold plasma (Fig. 4B). However, root discs treated with cold plasma
3 h after inoculation with C. destructans conidium suspensions
exhibited brownish discoloration or mild rot symptoms, with an
average disease severity of 20.4%, whereas the disease severity was
97.9% in root discs without plasma treatment. These results suggest
that the plasma treatment could effectively control the root rot of
ginseng caused by C. destructans.

4. Discussion

This study describes the effect of cold plasma treatment in
improving the germination success rate and surface sterilization of
Korean ginseng seeds under laboratory conditions. Ginseng seeds
were subjected to cold plasma treatments with Ar or Ar/O2 gases.
Plasma treatment is inexpensive and is thus suitable for
commercial-scale applications. Our data demonstrate that cold
plasma treatment can improve ginseng and seed germination.
Plasma treatments have previously been reported to increase the
seed germination rate in spring wheat, maize, oat, and barley [35].
Furthermore, cold plasma treatment significantly improved
germination in Chenopodium album [36]. The increase in germina-
bility may be attributed to the rupturing of the outer seed lipid
layer by the plasma treatment, resulting in higher water uptake
through the seed coat and enhanced germination. In our study, the
improvement of seed germination of ginseng seeds by cold plasma
treatment might be due to any of the following reasons, such as
changes in physiology or mechanical damage to breaking seed
dormancy or seed imbibition. In addition, the cold plasma treat-
ment can increase crop yield and shorten the harvesting time.
Several previous studies have suggested that plasma treatment can
enhance seed germination and seedling growth rate by improving
water uptake [37e40]. These results are consistent with those of
Jiang et al [41], who found that plasma treatment significantly
improved seedling height, root length, and fresh weight in wheat
crops. However, the mode of action of plasma-induced changes in
seeds remains unclear. There may be an indirect association be-
tween seed germination and water uptake.

In addition to improving seed germination by breaking the
dormancy, cold plasma treatment has previously been reported to
inactivate seed-borne pathogenic microorganisms [15,42]. Several
studies have shown that low-temperature plasma can inhibit the
growth of food pathogens [15,43,44] in addition to phytopatho-
genic fungi [45]. On the contrary, this study analyzes the survival of
microbiome on the surface of ginseng seeds upon treatment with
cold plasma using Ar or Ar/O2, that effect on bacteria and fungi at
various levels at the same time. When plasma was generated with
100% Ar, the effects were considered due to excited state and when
oxygen is added to the Ar gas, the reactive species of oxygen work
together, then the excited O2 and Ar induced by Ar/O2 can exhibit
high energy [46]. The results of these studies are in accordancewith
our results, where the fungicidal effect of plasma was observed to
be greater than its bactericidal effect, even though, the fungal cell
wall is constituted of chitin and pigments such as melanins [47],
which may provide protection against damaging agents, including
gamma irradiation, extreme temperatures, and free oxygen radicals
[48]. A previous study by Moman et al [49] reported a similar effect
of plasma treatment on Pseudomonas spp., which are widespread
bacteria in agricultural soils and have both beneficial and harmful
effects on plants [50]. The findings in our study underlie the hy-
pothesis that the exposure of cold plasma may associate with the
decontamination of surface pathogens on ginseng seeds, which
depends on characteristics of target microorganism. This might be
achieved via rupturing the bacterial cell wall or disruption of
intracellular components or generating various reactive species or
virulence factors such as prevention of biofilm formation leading to
cell death.

Varying effects of the cold plasma treatment, either with Ar or
Ar/O2, were observed on the survival rate (%) of various fungal
pathogens present on the surface of ginseng seeds. However,
plasma treatment with Ar/O2 was more effective in inactivating
Coniochaeta sp. and Pyrenochaeta sp. than with Ar alone, resulting
in a lower survival rate (%) of these fungi when compared with
other fungal species. A similar reduction was observed in the sur-
vival of Fusarium sp., Humicola sp. and Clonostachys sp. on plasma
treatment with Ar. These results are supported by the observed
inactivation of different microorganisms in cold atmospheric
pressure plasma [51]. Similarly, a previous study by Panngom et al
[52] reported that non-thermal plasma treatment with Ar could
diminish the fungal pathogens by inactivating the fungal spores of
Fusarium oxysporum f. sp. lycopersici. Although bacteria and fungi
on the surface of ginseng seeds were successfully inactivated by
cold plasma treatment with Ar/O2 or Ar, the inactivation mecha-
nisms are still poorly understood, because of the complexity of
non-thermal plasma treatments. The genus Pyrenochaeta was also
abundant on the seeds (36.4%) and has previously been isolated



Fig. 4. Effect of cold plasma (Ar/O2) treatment on in vitro antifungal activity and in planta suppression of C. destructans in 4-year-old ginseng root discs. (A) In vitro fungicidal effect
of cold plasma treatment on suppression of C. destructans in comparison with untreated controls on PDAA plates. (B) Disease severity (%) of C. destructans on 4-year-old ginseng root
discs following cold plasma treatment. The treatments were as follows: (a) water only (untreated control), (b) negative control (inoculation with C. destructans conidium sus-
pensions). (c) cold plasma treated only followed by incubation at 25 �C. (d) cold plasma treatment 3 h after inoculation with C. destructans conidia suspensions. Rot severity was
examined 10 d after inoculation at 25 �C. The disease severity was calculated based on the disease index rating scale from 0e4. The experiment was performed at least twice, with
five replicates (root discs) per treatment. Bars with the same letters are not significantly different based on the least significant difference (p < 0.05).
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from ginseng [53,54]. However, the precise mechanism of micro-
organismal inactivation by cold atmospheric plasma treatment
remains controversial [55,56].

Based on the in vitro antifungal activity of the two cold plasma
treatments, only the plasma treatment with Ar/O2 was subjected
used for testing the fungicidal effect against the C. destructans,
which causes primary root-rot disease in ginseng, using an in-
planta study on 4-year-old ginseng root discs [57]. The root rot
disease is one of the most serious diseases in ginseng, as it can
greatly reduce the yield and damage the quality of roots [58].
Previous studies have shown that this pathogen is genetically
diverse and consists of several species [59]. Many studies have re-
ported that cold plasma treatment can effectively control bacterial
and fungal contamination of seeds, thus improving the germination
quality [15,60]. Plasma treatment may further activate the host
defenses, providing additional protection against pathogenic in-
fections [52]. Plasma treatment is one of the eco-friendly and cost-
effective techniques to control root rot in ginseng for sustainable
agriculture.
5. Conclusion

In summary, non-thermal plasma is an emerging and promising
agricultural technology, as it represents an efficient, eco-friendly,
and inexpensive alternative to traditional methods for improve-
ment of seed germination and surface sterilization. To the best of
our knowledge, this study is the first attempted application of cold
plasma for treating ginseng seeds. Cold plasma treatment with Ar/
O2 and Ar enhanced seed germination. We demonstrated that cold
plasma treatment by DBD with Ar/O2 can effectively reduce the
survival rate (%) of bacteria and fungi on the surface of ginseng
seeds, including phytopathogens. This study confirms that the low-
temperature plasma is an effective tool for improving germination
and root growth, exerting fungicidal and bactericidal effects on
ginseng seeds, particularly in the control of ginseng root rot disease.
Several applications of plasma in agriculture have recently been
reported, including the proposed application of plasma-activated
water and soil sterilization. Therefore, plasma can be used not
only for the treatment of ginseng seeds but also during the entire
field cultivation period. However, we only assessed two kinds of
plasma sources and one irradiation condition for enhancing the
germination and surface sterilization of ginseng seeds in this study.
Further studies are thus required to optimize the effects of applied
plasma.
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