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Background: Panax ginseng is an important crop in Asian countries given its pharmaceutical uses. It is
usually harvested after 4e6 years of cultivation. However, various abiotic stresses have led to its quality
reduction. One of the stress causes is high content of heavy metal in ginseng cultivation area. Plant
growthepromoting rhizobacteria (PGPR) can play a role in healthy growth of plants. It has been
considered as a new trend for supporting the growth of many crops in heavy metal occupied areas, such
as Aluminum (Al).
Methods: In vitro screening of the plant growth promoting activities of five tested strains were detected.
Surface-disinfected 2-year-old ginseng seedlings were dipping in Rhizobium panacihumi DCY116T sus-
pensions for 15 min and cultured in pots for investigating Al resistance of P. ginseng. The harvesting was
carried out 10 days after Al treatment. We then examined H2O2, proline, total soluble sugar, and total
phenolic contents. We also checked the expressions of related genes (PgCAT, PgAPX, and PgP5CS) of
reactive oxygen species scavenging response and pyrroline-5-carboxylate synthetase by reverse tran-
scription polymerase chain reaction (RT-PCR) method.
Results: Among five tested strains isolated from ginseng-cultivated soil, R. panacihumi DCY116T was
chosen as the potential PGPR candidate for further study. Ginseng seedlings treated with R. panacihumi
DCY116T produced higher biomass, proline, total phenolic, total soluble sugar contents, and related
gene expressions but decreased H2O2 level than nonbacterized Al-stressed seedlings.
Conclusion: R. panacihumi DCY116T can be used as potential PGPR and “plant strengthener” for future
cultivation of ginseng or other crops/plants that are grown in regions with heavy metal exposure.
� 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

Panax ginseng is one of the most valuable oriental herbs and
popular medicinal plants in Asian countries. Ginsenoside is
considered to be one of the most important secondary metabolites
of ginseng [1]. Ginsenoside has multiple pharmaceutical applica-
tions, including its roles in improving blood circulation, anticancer
activity, antiinflammatory activity, and antiaging properties [2]. In
general, producing good quality ginseng root requires 4 to 6 years of
cultivation. Long-term monoculture of ginseng increased the
prevalence of diseases, which subsequently reduced the yield by up
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to 30-60% during the first cultivation [3]. Cultivated ginseng is well
known to be very vulnerable to abiotic stresses (such as salt,
drought, and heavy metal stress). These stressors reduce the
ginseng quality over its 4-6 years of cultivation [4]. One particular
abiotic stress that affects ginseng cultivation is Aluminum (Al)
exposure.

In many lands of the world, agricultural soils are contaminated
with heavy metals that pose a serious health hazard to humans,
animals, plants, and soil microorganisms [5]. Al is a heavy metal
that is known to inhibit plant growth [6]. Plants have evolved in a
soil environment where the roots may be exposed to high levels of
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Al. Total Al concentration in the soil and the speciation of Al depend
on the pH and the solution's chemical environment [7]. Fortunately,
phytotoxic forms of Al are relatively insoluble in alkaline, neutral, or
mild acidic soil. At low concentrations, Al has several beneficial
effects including stimulating plant growth, promoting nutrient
uptake, and increasing metabolism [8]. However, at soil pH values
�5, the rhizotoxic Al species, Al3þ, is soluble in the soil solution.
Once solubilized, the concentration of Al increases, which can have
toxic effects on plants, including inhibition of root growth and
water/nutrient uptake, which ultimately results in reduced crop
yields [9]. Therefore, phytotoxic forms of Al may stimulate the
formation of free radicals and reactive oxygen species (ROS),
resulting in oxidative stress [10]. Proline and some antioxidant
chemicals (such as phenolics and sugars) in plants are important
indicators of a plant's defense against Al stress and are considered
to have important protective roles [11].

Plant growthepromoting rhizobacteria (PGPR) were first
defined by Kloepper in 1978 [12]. These bacteria were studied in
the evaluation of particular soil bacteria that colonize plant roots
(after inoculation onto the seed) and enhance growth by direct and
indirect mechanisms [13,14]. Direct promotions between PGPR and
their plant host include the following mechanisms: production of
1-aminocyclopropane-1-carboxylate deaminase and plant growth
regulators (auxins, gibberellins, and cytokines) and nitrogen fixa-
tion and solubilization of mineral-like phosphorus [15]. Indirect
promotion is related to the plant defense responses against biotic
and abiotic stressors [16]. The following are genera of plant
growthepromoting bacteria: Agrobacterium, Arthrobacter, Azoto-
bacter, Azospirillum, Bacillus, Burkholderia, Caulobacter, Chromo-
bacterium, Flavobacterium, Micrococcous, Paenibacillus,
Pseudomonas, and some members of the family Rhizobiaceae
including Allorhizobium, Azorhizobium, Bradyrhizobium, Meso-
rhizobium, and Rhizobium [17,18]. Such selective microbial isolates
are called PGPRs that compose a group of bacteria present in the
rhizosphere. These microbes can minimize abiotic stress by
inducing the production of antioxidant compounds/ROS scav-
enging enzymes and hormones and metabolites that play impor-
tant roles in reducing the adverse effects of abiotic stresses [19].
Some studies indicated that PGPRs can play a role in plant health
and growth. They have been considered a new trend for supporting
the growth of many crops in areas of abiotic stress, including salt,
drought, or heavy metal stress [20,21]. To the best of our knowl-
edge, very few studies have examined P. ginseng Al resistance by
PGPRs. In this study, PGPRs were isolated from ginseng-cultivated
soil via in vitro screening of the plant growthepromoting activ-
ities. Ultimately, this study sought to use PGPRs to enhance ginseng
seedling resistance to Al stress.
2. Materials and methods

2.1. Isolation and molecular characterization

Five different ginseng soil samples in Yeoncheon (38� 040 0000 N
126� 570 0000 E) and Gochang (35� 260 8900 N 126� 420 74000 E) County,
Korea, were obtained. The bacteria strains from those soil samples
were isolated using trypticase soy agar (TSA), nutrient agar (NA), or
yeast mannitol agar (YMA) medium. Several purified isolates'
genomic DNA was extracted and purified using GeneAll Exgene
Clinic SV (Gene All Biotechnology, Korea). The 16S rRNA gene se-
quences were amplified using the previously described methods of
Lane [22] and Weisburg et al. [23] via GenoTech (Daejeon, Korea).
The 16S rRNA gene sequence was compiled using Seq-Man soft-
ware version 4.1 (DNASTAR, Inc.). These sequences were compared
with 16S rRNA gene sequences available in the NCBI database
(http://blast.ncbi.nlm.nih.gov/Blast.cgi) and the EzTaxon-e server
(http://eztaxon-e.ezbiocloud.net).

2.2. In vitro evaluation of plant growth promotion

In vitro indole-3-acetic acid (IAA) production test was per-
formed using King B with and without additional L-tryptophan (3
mg/mL), as previously described [24]. After 6 days of incubation, a
colorimetric analysis (Salkowski reagent: 1 ml (v/v) of 0.5 M ferric
chloride solution to 50 ml of 35% perchloric acid) was used to
measure the production of IAA. The IAA concentration was calcu-
lated using a standard curve prepared with IAA as the standard. For
a siderophore production activity test, Pseudomonas agar F me-
dium [25] was mixed with chrome azurol S following methods
described by Schwyn and Neilands [26]. The siderophore activity
can be determined by observing the appearance of yellow zone
surrounding colonies in the blue-greenecolored medium. The
phosphate solubilizing ability test was performed using the plate
screening methods as described by Pikovskaya [27]. The solubili-
zation of phosphate test demonstrated positive results from the
appearance of a clear region around the colonies in the Pikovskaya
medium.

2.3. Determination of heavy metal resistant bacteria

The ability of five strains to resist heavy metal was established
according to the following description. Six analytical grade salts
(CdCl2$2.5H2O, CuSO4$5H2O, CoCl2$6H2O, HgCl2, FeCl3, and
AlCl3$6H2O) were selected as described previously [4,28]. From an
overnight grown culture of a single colony, 1% (v/v) was transferred
to 5 mL of nutrient broth (NB; MB cell) media supplemented with
each different concentration (from 25 mM to 150 mM) ofmetal. All of
the strains were cultured in the samemediawithout the addition of
metals, as a control. The resistance was measured on the basis of
growth observed (at 600nm) every 6 h until 54 h culture. If growth
was observed, the inoculum was added to the media with
increasing concentration (until 50mM) of selected metals. The
inhibitory concentrations were measured using a spectrophotom-
eter at an absorbance of 600nm against a NB broth (blank) con-
taining the same amount of heavy metal [29]. The resistance of the
bacteria isolated from ginseng-cultivated soil was evaluated ac-
cording to its minimum inhibitory concentration (MIC) and the
inhibitory concentration at 50% values (IC50 values) based on all test
concentration results [30].

2.4. Compatibility test with P. ginseng

Two-year-old P. ginseng roots were surface-disinfected with 70%
EtOH for 5 min, 2% NaOCl for 5 min, and rinsed twice with sterile
distilled water (SDW). Twenty-four hoursecultured DCY116T sus-
pensions were centrifuged at 10000 rpm/min for 5 min and
resuspended in the sterilized 0.85% NaCl solution after twice
washing for further inoculation. A ginseng pot assay was started by
dipping the ginseng roots (purchased from a private field during
February 2018) into different bacterial suspensions of various ODs
(indicating variation in CFUs/ml) for 15min. Then ginseng seedlings
were cultivated on sterilized artificial soils (vermiculite:perlite:peat
moss ¼ 3:1:1), with additional sterilized tap water [25% (v/v)] in
pots (11 cm high and 11 cm diameter). Each pot contained five
roots. Each treatment was replicated on three pots. The photope-
riod was adjusted to 16h of daytime and 8h of nighttime with cool
white fluorescent lamps (Philips TLD-RS-FLR32SSEX-D 865K, 32W)
equal to 9500 lux for each covered area. The temperature was
controlled at 25 � 2 oC with moisture levels maintained at 60 � 5%.
The plants were watered once weekly with sterilized tap water,
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Table 1
List of the RT-PCR primers in this study

Primer Sequence (50- 30) Annealing temperature (�C)

Primers of pyrroline-5-carboxylate synthetase related genes
PgP5CS-F TTTTGAGTCGCGTCCAGAA 62
PgP5CS-R GCCAACACTTTTCGGGATAG
Primers of ROS-scavenging systemerelated genes
PgCAT-F GAGCGTGGAAGTCCTGAGAC 62
PgCAT-R AATGTGAGACTTCGGGTTGG
PgAPX-F ATGGGAAAGTGCTACCCG 60
PgAPX-R TGAACATGCTCACCCTTAATTCT
Primers of expression patterns of housekeeping gene
PgGAPDH-F GAGAAGGAATACACACCTGACC 56
PgGAPDH-R CAGTAGTCATAAGCCCCTCAAC

RT-PCR, reverse transcription polymerase chain reaction; ROS, reactive oxygen
species.
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which was applied to the bottom of the pots. After 10 days of
bacteria inoculation, sampling and morphological observations
were conducted between inoculated seedlings and control
seedlings.

2.5. Assessment of the Al tolerance level of P. ginseng

Based on a previous report [4], several concentrations of
Al2(SO4)3 solutions (250 mM, 500 mM, and 1000 mM) were given
by watering the ginseng from top of the soil when the roots
sprouted (after 10 days). As a control, SDWwas given instead of the
Al2 (SO4)3 solution. After 10 days of Al stress application, the roots
were harvested, and the morphological appearance was recorded.
Each treatment was replicated three times.

2.6. R. panacihumi DCY116T application for inducing Al resistance of
P. ginseng

According to previous optimization, strain DCY116T that suc-
cessfully enhanced ginseng growth (to up to 108 CFU/mL) was
selected for P. ginseng treatment. For Al stress treatment, the 500
mM Al concentration was selected. Twenty-four hoursecultured
bacterial suspension of DCY116T was centrifuged and resuspended
in the sterilized 0.85% NaCl solution after twice washing. Seedlings
were inoculated with bacteria suspension or SDW as control for 10
min (1mL/one root). The ginseng pot assay is described previously.
After 10 days of bacterial inoculation, Al stress was conducted by
watering P. ginseng plants with 500 mM Al2 (SO4)3 solution. The
harvesting was carried out 10 days after Al stress application. There
were four different types of treatments as follows: control (no
inoculation and no Al stress), bacteria treatment (DCY116T inocu-
lation with no given Al stress), Al stress treatment (no inoculant
with Al stress), and bacteria þ Al stress treatment (DCY116T inoc-
ulation with given Al stress). Each treatment was replicated three
times. On the day of sampling, some ginseng seedlings were
sampled by separating the shoots and roots. After sampling, the
seedlings were immediately frozenwith liquid nitrogen and stored
at �70 oC in a deep freezer until RNA isolation was performed.
Another kind of sample was for proline and H2O2 determination.
These measurements require appropriate buffer rinsing or solvent
extraction on fresh roots or shoots. After morphological observa-
tion, measurements regarding other growth parameters were
made. To make other measurements, such as the dry weight of the
samples or the total phenolic and total soluble sugar (TSS) mea-
surements, the ginseng samples must be dried at 50oC to obtain a
constant weight for biomass determination.

2.6.1. RNA extraction and reverse transcription polymerase chain
reaction (RT-PCR) analysis

Total RNA was extracted from frozen samples using TRI
Reagent� (1 mL/50-100 mg tissue, Molecular Research Center, Inc,
USA) according to the manufacturer's instructions. One microgram
of extracted RNA from each sample was reverse transcribed with
RevertAid� H Minus M-MuLV Reverse Transcriptase (200 U/mL)
(Fermentas, USA) according to the manufacturer's instructions. RT-
PCR was performed in a reaction volume of 15 mL consisting of 2 mL
of the synthesized cDNA,10 pmol of forward and reverse primers of
each target gene (Table 1), and 7.5 of RbTaq� PCR 2X PreMIX (SYBR
Greenwith high ROX) (Life Technologies, India) and water up to the
final volume using MyCycler� thermal cycler PCR machine (Bio-
Rad, USA). The reaction was started by initial denaturation at 95�C
for 5 min, followed by 30 cycles at 95�C for 45 s, 56-62�C for 60 s,
72�C for 90 s and final elongation at 72�C for 5 min. The PCR
products were applied on 1.5% agarose gel for visual analysis. The
housekeeping gene, GAPDH (glyceraldehyde 3-phosphate
dehydrogenase), was used as a control, as recommended by previ-
ous reports [31].

2.6.2. Plant growth parameter measurement
H2O2 content was detected using the protocol of Alexieva et al.

[32] with trichloroacetic acid and calculated using a standard curve
with a concentration ranging from 0.05 to 0.1 mM. Proline extrac-
tion was performed by using 50 times diluted fresh weight (w/v) in
70:30 ethanol:water (v/v). The extract was mixed with a reaction
mix [ninhydrin 1% (w/v) in ethanol: acetic acid: water ¼ 20:60:20
(v/v)] with equal volume under light-protected conditions. The
reaction mixture was placed in a 95�C water bath for 20 min. After
cooling to room temperature, themixturewas spun down for 1min
at 2500 rpm. The mixture was then processed according to the
absorbance read at 520 nm. Proline solutions ranging from 0.04 to 1
mM were prepared in the same medium as the one that was used
for the extraction [33]. The TSS content of the dried plant material
was performed using Irigoyen's method [34]. Briefly, 0.5g of dried
plant material was treated in a boiling water bath for 20 min. After
centrifugation at 5000 rpm for 10 min, the supernatant was
collected. One milliliter of the supernatant was mixed with 5 mL
anthrone reagent and allowed to react in boiling water. The optical
density of the mixture was measured at 625 nm. At first, the
standard curve was made using glucose at various concentrations.
Total phenolic content was determined using the FolineCiocalteu
reagent method [35]. The total phenolic content was calculated
from a calibration curve using gallic acid as a standard.
2.7. Statistical analysis

All data are shown as the means � standard deviation from
three replicates. Statistical analysis was performed using SPSS
Software (IBM SPSS Statistics, SPSS inc., V18.0). Analysis of variance
was used to test for significance, and significant differences
(p < 0.05) between treatments were determined using the
Tukey test. Different letters are used to indicate significantly
different means.
3. Results and discussion

3.1. Molecular identification of the bacteria

The following five PGPR candidate strains were isolated from
ginseng-cultivated soil: DCY87T, DCY104T, DCY113T, DCY114T, and
DCY116T. Based on 16S rRNA gene sequence analysis, the isolates
belonged to the following genera: Phycicoccus, Paralcaligenes, Par-
aburkholderia, Paenibacillus, and Rhizobium (Table 2).



Table 2
In vitro assessment of plant growthepromoting traits of the novel strains and
reference-type strains, All data were from this study, þ, positive; -, negative

Bacteria name IAA concentration (mg/L) Siderophore
Production

Phosphate
Solubilization

King B without
L-tryptophan

King B with
L-tryptophan

Phycicoccus
ginsengisoli
DCY87T

23.3 � 1.25 24.7 � 2.66 þ þ

Paralcaligenes
ginsengisoli
DCY104T

- 0.1 � 1.79 þ -

Paraburkholderia
panacisoli
DCY113T

- 0.3 � 3.66 þþ þ

Paenibacillus
panacihumi
DCY114T

27.1 � 2.55 42.4 � 2.55 þ -

Rhizobium
panacihumi
DCY116T

28.0 � 1.54 56.5 � 1.56 þþ þ

IAA, indole-3-acetic acid
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3.2. In vitro evaluation of plant growth promotion

Plant growth promotion properties were assessed in vitro
including their IAA production, siderophore production, and
phosphate solubilization (Table 2). In the case of IAA production
assay, negative results were seen for Paralcaligenes ginsengisoli
DCY104T and Paraburkholderia panacisoli DCY113T. These results
indicated that the isolates did not have the ability to produce IAA.
Most strains produced lower IAA in the absence of L-tryptophan (L-
tryptophan is generally considered as an IAA precursor and en-
hances bacterial IAA biosynthesis activity) than they did in the
presence of L-tryptophan. Based on the results in the presence of L-
tryptophan, among all tested isolates, the highest IAA production
was detected in Rhizobium panacihumi DCY116T (56.5 � 1.56 mg/L),
followed by Paenibacillus panacihumi DCY114T (42.4 � 2.55 mg/L)
and Phycicoccus ginsengisoli DCY87T (24.7 � 2.66 mg/L). The side-
rophore production by those isolates was determined by a yellow
zone surrounding colonies in the blue-greenecolored medium. All
of the isolates were capable of siderophore production. In partic-
ular, Paraburkholderia panacisoli DCY113T and Rhizobium pan-
acihumi DCY116T were recorded as strong producers (Table 2). With
regard to phosphate solubilization, three isolates demonstrated the
appearance of clear zone after 7 days of incubation, except Paral-
caligenes ginsengisoli DCY104T and P. panacihumi DCY114T (Table 2).

3.3. Determination of heavy metal resistant bacteria

The microbial turbidity decreased with increased concentration
of heavy metals. The bacteria in this study demonstrated different
ranges of heavy metal resistance using various concentrations of
each metal. Based on the MIC values (Table 3) for each bacterium of
Table 3
In vitro assessment of heavy metal resistance of bacteria isolated from ginseng-cultivate

Strain Cd Cu Co

MIC IC50 MIC IC50 MIC IC50

DCY87T 50 mM 5.2 � 1.02 mM 4 mM 2.5 � 0.05 mM 200 mM 39.7 � 0.18 m
DCY104T 200 mM 51.3 � 2.29 mM 2 mM 2.7 � 0.02 mM 100 mM 46.9 � 0.89 m
DCY113T 500 mM 242.4 � 3.09 mM 4 mM 2.6 � 0.03 mM 300 mM 65.8 � 1.07 m
DCY114T 300 mM 114.6 � 4.01 mM 2 mM 1.03 � 0.01 mM 200 mM 59.3 � 0.46 m
DCY116T 1000 mM 288.1 � 3.58 mM 4 mM 2.9 � 0.02 mM 150 mM 76.3 � 0.58 m

MIC: Minimum inhibitory concentration; IC50: inhibitory concentration at 50%. The minim
no visible growth. The IC50 value was expressed as the mean � standard deviation of th
six selected heavy metals, all strains had complete inhibition at
32mM concentration. The heavy metal resistance of all tested
bacteria in decreasing order was Al > Fe > Cu > Cd > Co > Hg.
These results were supported by previously described findings
[29,36]. The strains DCY113T and DCY116T had higher heavy metal
resistance than did other strains, according to the MICs results.
Subsequently, the IC50 values of each bacterium were evaluated
(Table 3). Among all of the tested strains isolated from ginseng-
cultivated soil, DCY116T was considered to have the highest resis-
tance at the 50% inhibitory concentration of 288.1 � 5.49 mM in Cd,
2.9 � 0.02 mM in Cu, 76.3 � 0.58 mM in Co, 72.4 � 0.08 mM in Hg,
10.6 � 0.02 mM in Fe, and 8.2 � 0.06 mM in Al. Resistance to heavy
metals was correlated with siderophore production [37]. DCY113T

and DCY116T in the present study were higher siderophore pro-
ducers than the other strains. Therefore, we suspect that resistance
to heavy metals is related to siderophore production.
3.4. Compatibility of R. panacihumi DCY116T with P. ginseng

The compatibility of strain DCY116T with P. ginseng using a pot
assay was observed by morphological alterations after 10 days of
bacterial inoculation (Fig. 1a). The root rot symptoms did not
appear during the pot test. However, the root did expose some
stress symptoms in the 1012 CFU/mL treatment. After sampling, the
root and shoot parts were divided by fresh and dry conditions, and
the biomass (fresh and dry weight) was detected (Fig. 1b). The 108

CFU/mL DCY116T strainwas found to be have the largest weight and
to be the best grown ginseng. For this reason, 108 CFU/mL DCY116T

was selected for further experiments.
3.5. Assessment of the aluminum tolerance level of P. ginseng

The morphological appearances of different Al-treated (0, 250,
500, and 1000 mM) ginseng seedlings given by watering from top
of soil are shown in Fig. S1. Ginseng seedling growth was fully
inhibited when they were exposed to 1000 mM Al (via watering).
With this exposure, root rusty symptoms appeared. Ginseng
seedlings that were exposed to <500 and 1000 mM Al stress
gradually developed yellowing on the leaves and eventually com-
pletewilting of the foliage. In contrast, leaves of the control (treated
SDW) group and from the 250mMAl stress ground remained green
for the same period of time. Therefore, 500 mM Al stress given by
watering was found to be enough Al exposure to damage ginseng
seedlings and was, therefore, selected for further study. Farh et al.
[4] reported that 1M Al solution treatment inhibited gingsing
seedling growth and significantly decreased the dry weight and the
number of fine roots. These effects were more pronounced than
those when the same exposures were applied to mock seedlings'
roots. Based on these results and those of previous reports, 500mM
Al was selected and used for further study.
d soil

Hg Fe Al

MIC IC50 MIC IC50 MIC IC50

M 50 mM 30.2 � 0.38 mM 0.5 mM 0.1 � 0.02 mM 0.5 mM 0.1 � 0.01 mM
M 50 mM 7.7 � 0.47 mM 4 mM 4.0 � 0.02 mM 16 mM 0.5 � 0.04 mM
M 25 mM 0.5 � 0.02 mM 32 mM 9.2 � 0.08 mM 32 mM 5.9 � 0.08 mM
M 25 mM 1.9 � 0.39 mM 16 mM 7.4 � 0.10 mM 16 mM 3.8 � 0.03 mM
M 150 mM 72.4 � 0.08 mM 32 mM 10.6 � 0.02 mM 32 mM 8.2 � 0.06 mM

al inhibitory concentration (MIC) is defined as the lowest concentration that causes
ree independent experiments



Fig. 1. In planta compatibility testing of DCY116T on P. ginseng and biomass of P. ginseng seedlings by DCY116T using various CFU/mL inoculants. (A) Morphological appearance. (B)
Fresh weight. (C) Dry weight. Error bars represent the standard deviation (n ¼ 3). White scale bar indicates 2 cm.
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3.6. R. panacihumi DCY116T application for inducing P. ginseng
aluminum resistance

The morphological appearance of seedling growth after sam-
pling is shown in Fig. 2A. To determine the disease severity index
(DSI), all of the roots were rated using the scale described in
Table S1 and categorized into six grades. The DSI was
normalized for each isolate using the following equation:DSI¼
[(X1 � 1) þ(X2 � 2)þ (X3 � 3)þ (X4 � 4)þ(X5 � 5) þ (X6 � 6)]/
(X1 þ X2 þ X3 þ X4 þ X5 þ X6) where X1, X2, X3, X4, X5, and X6 are
the number of plants with disease severity scales of 1, 2, 3, 4, 5, and
6, respectively. Based on the described disease scales in Table S1,
the DSI of each group was calculated and exhibited in Fig. 2B. As
expected, Al stress inhibited the growth of two-year-old ginseng
seedlings. The seedlings were protected against Al stress by treat-
ment with DCY116T. These results confirmed that DCY116T pro-
motes ginseng growth and protects the plants against Al stress. In
Fig. 2. Al stress treatment to P. ginseng preinoculated with or without DCY116T. (A) Morpholo
three independent experiments. Analysis of variance (ANOVA) was used to test for significa
the Tukey test. Different letters are used to indicate significantly different means. SD, stand
addition, shoot and root biomass (fresh and dry weight) was
detected and is shown in Fig. 3. Under nonstressful conditions, the
groups that were treated with DCY116T had higher seedling
biomass than did the control groups (noninoculated, nonstress).
This result suggests that DCY116T promoted ginseng growth. The
fresh and dry weight of the shoots and roots were decreased by Al
stress. However, this biomass improved under Al stress when the
seedlings were treated with DCY116T. Therefore, strain DCY116T

prevented biomass decrease by Al stress and ensured seedling
growth.

In the only Al stress treatment group, H2O2 content was higher
than that in the control groups. This content reflects oxidative
stress in the seedlings (Fig. 4). Previous reports have indicated that
ROS can cause irreversible damage to growing tissues, in part
because of Al-induced metabolic changes [38]. Therefore, Al stress
can increase H2O2 level and inhibit seedling growth. However,
DCY116T exhibited a significant decrease in the H2O2 production
gical appearance, scale: 2cm. (B) Severity scale. Values represent the means � SDs from
nce, and significant differences (p < 0.05) between treatments were determined using
ard deviation.



Fig. 3. Root and shoot biomass under Al stress treatment to P. ginseng. (A) Fresh weight. (B) Dry weight.
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under Al stress compared with that in the only Al stressetreated
group (Fig. 4B). This result suggests that DCY116T reduced oxidative
stress in the seedlings and showed its protective potential. The
transcription of antioxidant genes, including PgAPX and PgCAT
(Fig. 4A), was also found to increase significantly in the DCY116T-
treated groups under Al stress compared with that of the group
treated with Al stress only. Transcription level reflects that the
ginseng seedlings had increased antioxidant activities. Higher
expression of ROS-scavenging systemerelated genes usually en-
hances Al resistance, which suggests that plants reduced Al-
induced ROS damage to induce Al resistance [39]. These results
Fig. 4. Antioxidant activities induced by DCY116T against Al stress on P. ginseng. (A)
Expression of their ROS-scavenging systemerelated genes. (B) H2O2 content. Values
represent the means � SDs from three independent experiments. Analysis of variance
(ANOVA) was used to test for significance, and significant differences (p < 0.05) be-
tween treatments were determined using the Tukey test. Different letters are used to
indicate significantly different means. FW, fresh weight; SD, standard deviation; ROS,
reactive oxygen species.
suggest that the induction of a low amount of H2O2 by DCY116T and
ROS scavenging activity as defense against oxidative stress
enhanced Al resistance.

The proline analysis from each group is shown in Fig. 5. The
proline content was higher in samples that were inoculated with
DCY116T under Al stress than it was in the other groups (Fig. 5B).
Meanwhile, the expression of the related gene PgP5CS was also
higher than that in other groups (Fig. 5A). These results suggest that
DCY116T induced proline production to strengthen the antioxidant
activity against Al-induced oxidative stress and then protected the
seedlings against Al stress. Some reports have suggested that an
increasing accumulation of proline can reduce stress-related
Fig. 5. Proline level of seedlings induced by DCY116T under Al stress. (A) Expression of
proline synthesiserelated genes. (B) Proline content. Values represent the
means � SDs from three independent experiments. Analysis of variance (ANOVA) was
used to test for significance, and significant differences (p < 0.05) between treatments
were determined using the Tukey test. Different letters are used to indicate signifi-
cantly different means. FW, fresh weight; SD, standard deviation.



Fig. 6. Estimation of the total phenolic (TP) and total soluble sugar (TSS) contents. (A) TP content of shoot. (B) TP content of root. (C) TSS conetnt of shoot. (D) TSS content of root.
Values represent the means � SDs from three independent experiments. Analysis of variance (ANOVA) was used to test for significance, and significant differences (p < 0.05)
between treatments were determined using the Tukey test. Different letters are used to indicate significantly different means. SD, standard deviation.
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damage to plant cells [40]. Proline also decreases the amount of free
radicals and ROS [41]. In this study, we show that proline accu-
mulation triggered by DCY116T enhanced ROS scavenging activity
against Al stress.

Analysis of total phenolic content was evaluated and is shown in
Fig. 6A and B. In nonstressful conditions, the DCY116T-treated group
had significantly higher total phenolic content than the control
group. This group also showed greater seedling growth than the
control group. After exposure to Al stress, there was a significant
decrease in total phenolic content. However, inoculation by
DCY116T increased total phenolic content in Al-stressed seedlings
than in noninoculated seedlings. However, there was no significant
difference between control seedlings (nonstress, noninoculation). A
number of studies have shown that the degree of oxidative cellular
damage in plants exposed to abiotic or biotic stress is controlled by
their antioxidative systems. Phenolic content is one of the primary
components of the antioxidant system [42]. In this study, DCY116T

helped to activate the antioxidant system by increasing the total
phenolic contents, and ultimately enhanced seedling resistance to
Al.

The content of TSSs was detected and is shown in Fig. 6C and D.
Seedlings that were inoculated with DCY116T and exposed to Al
could increase their soluble sugar content better than non-
inoculated Al stress seedlings. Soluble sugar content in plants also
played an important role when plants were under abiotic stress
[43]. Soluble sugars are key osmolytes contributing toward osmotic
adjustment. Soluble sugar accumulation enhanced proline content
and also reduced oxidative damage under abiotic stress [44e47].
Therefore, results in this study indicated that DCY116T increased
the content of soluble sugars to decrease ROS accumulation and
reduce Al toxicity of ginseng seedlings, which suggest DCY116T is a
potential plant growthepromoting bacterium to resist Al toxicity
and promote ginseng growth.
4. Conclusion

We isolated five PGPR candidate strains from ginseng-cultivated
soil in Yeoncheon and Gochang County, Korea. Among these iso-
lates, R. panacihumi DCY116T was chosen for further study given its
growth-promoting activities and ability to tolerate heavy metal
exposure. We found that Al-500 mM was sufficient to induce Al
stress in two-year-old ginseng seedlings. Incubation with 108 CFU/
mL DCY116T for 15 minutes can be used to prime ginseng seedlings
against Al stress. DCY116T increased proline, phenolic, and sugar
contents to induce ROS scavenging activity in Al-stressed seedlings.
It also induced higher expression of ROS scavenging genes, which
prevent oxidative stress and promote seedling growth. In conclu-
sion, DCY116T can be used to prime ginseng seedlings and enhance
Al resistance. Based on these results, strain DCY116T can be used as
a potential plant growthepromoting bacterium and “plant
strengthener” for future cultivation of ginseng or other crops/plants
that are grown in regions with heavy metal exposure.
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