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Abstract

In the present study rhizospheric bacteria were isolated from sand dune-dwelling Artemisia princeps, Chenopodium ficifolium,
Oenothera biennis, and Echinochloa crus-galli and evaluated the ability of the bacterial isolates to produce jasmonic acid (JA)
and abscisic acid (ABA) under NaCl-induced salt stress. We observed that 7 of 126 bacterial isolates were capable of producing
siderophores, gibberellic acid (GA), indole-3-acetic acid (IAA), phosphate solubilisation, organic acids e.g., quinic acid, succinic
acid, acetic acid and butyric acid. A bioassay of the seven selected isolates on rice showed that the isolate AK1 significantly
promoted rice growth. Moreover, AK1 produced IAA and ABA in broth spiked with elevated levels of NaCl (100 mM, 200 mM,
300 mM, and 400 mM). The isolate AK1 was further investigated for plant growth promotion and mitigation of NaCl-induced
salt stress in soybean grown under 100 mM, 200 mM, and 300 mM stress. Application of AK1 upregulated the expression of
GmLAXs, and GmST genes in plants exposed to salt stress as compared to uninoculated plants. Interestingly, the bacteria-treated
soybean showed significant increase in growth attributes with or without salinity stress. The endogenous ABA and JA level of
inoculated soybean plants declined under elevated salt stress, thus showing an enhanced stress mitigation. A similar ameliorative
trend was observed for total proteins, polyphenol oxidase, and peroxidase activity under saline conditions. The isolate AK1 was
identified as Arthrobacter woluwensis AK1 based on its 16S rDNA gene sequencing and subsequent phylogenetic analysis.

Keywords Sand dunes - plant growth-promoting rhizobacteria (PGPR) - Salinity stress - Soybean - Defence hormones -

Antioxidant activities

1 Introduction

Abiotic stresses severely impact the production and cultiva-
tion of agricultural crops (Jamil et al. 2011; Shahbaz and
Ashraf 2013). Soil salinity is among the most devastating
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abiotic stressors and has decreased cultivated lands, plant
growth, germination rate, crop productivity, yield quality,
and associated microbial communities (Shrivastava and
Kumar 2015; Wang et al. 2009). Estimates suggest that salin-
ity severely affects over 20 and 33% of cultivated and irrigated
lands worldwide, respectively (Singh and Jha 2016). More
than 800 million hectares of land are affected by various levels
of salinity. Salinity levels increase 10% annually due to poor
irrigation practices, the weathering of native rocks, low pre-
cipitation, and high surface evaporation (Jamil et al. 2011). By
the mid-twenty-first century, salinity might have caused a
50% loss of agricultural lands (Singh and Jha 2016).
Soybean is a salt-sensitive glycophyte, can easily be in
influenced by salt stress at any stage of its developments leads
to sever adversities (Phang et al. 2008). Salt stress generates
osmotic stress due to reduced water availability in soil.
Moreover, salt stress also leads to ionic stress triggered by
imbalance of solutes in cytosolic solution (Conde et al.
2011). Salt stress significantly decrease almost all plant
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growth attributes e.g., root shoot length, leaf size chlorophyll
content, biomass, quantity of internodes, protein contents and
seed quality (Phang et al. 2008). The accessibility of the whole
soybean genome sequence gives abundant chances to uncover
the fundamental mechanisms of salt tolerance. Salt stress tol-
erance genes such as GmLAX3, and GmSTI are involved in
cell signalling and eventually regulated downstream transcrip-
tion factors and the effector genes for salt stress responses.
GmST1I, is responsible for the salts stress tolerance in plant
at both adults and seedling stages. Moreover, GmST1 expres-
sion in plants increases sensitivity against the stress related
plant hormones such as ABA and JA and tends to decrease
the endogenous ABA and JA in plants exposed to salts stress.
GmSTI also improved tolerance to drought and salt stress by
decreasing ROS in plants. LAX gene is involved in stress re-
sponse in plants and expression of LAX is important for vas-
cular development in plants (Péret et al. 2012). LAX is respon-
sible for the control of vascular patterning and xylem differ-
entiation in plant (Fabregas et al. 2015). In addition, a part of
xylem differentiation, LAX regulates lateral root (LR) devel-
opment by LR emergence and initiation (Swarup et al. 2008).

There are extensive efforts worldwide to address the issue
of salinity, such as developing salt-resistant crops, using salt
stress-mitigating chemicals, planting and cultivating halo-
phytes, reducing salts in soils through leaching, and
remediating salt-affected soils using organic matter condi-
tioners (Albacete et al. 2015; Lakhdar et al. 2011; Zeng et al.
2014; Zhu and Gong 2014). However, salinity remains a prob-
lem and challenge for scientists to develop a less expensive,
easily adaptable, and sustainable approach (Paul and Lade
2014). Recently, several beneficial microbes have been used
to alleviate salt stress and improve crop growth in rice
(Nakbanpote et al. 2014), maize (Marulanda et al. 2010), rad-
ish (Kaymak et al. 2009), wheat (Egamberdieva 2008;
Upadhyay et al. 2012), canola (Siddikee et al. 2010), lettuce
(Mayak et al. 2004), and tomato (Mayak et al. 2004; Tank and
Saraf 2010). Such studies showed that PGPRs might be a
possible solution to salinity, as they proved beneficial to plant
growth and development under saline conditions.

Soybean is grown on an estimated 6% of the world’s arable
land. Since the 1970s, soybean production has had the highest
increase compared with other major crops and is utilized in
various products including tofu, soy sauce, bean paste, soybean
oil, and soy milk. Soybeans are sensitive to salinity. The sym-
biotic interaction between legumes and rhizobia is particularly
sensitive to salt stress, which causes cell dehydration and ion
accumulation. PGPRs are free microorganisms that colonize the
rhizosphere of plants and provide beneficial effects (Kloepper et
al. 2004; Lugtenberg and Kamilova 2009; Mayak et al. 2004),
prevent detrimental effects of phyto-pathogens (Bloemberg and
Lugtenberg 2001; Orhan 2016), while producing phyto-
hormones such as indole-3-acetic acid and (IAA) and gibberellic
acids (GAs), enhancing nitrogen fixation, and producing
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siderophores (Lucy and Reed 2004; Mayak et al. 2004; Orhan
2016; Richardson and Simpson 2011).

Recent studies on plant-microbe interactions suggest the
use of microorganisms for the reclamation of saline soils and
to rescue plant growth and productivity from the detrimental
effects of salt stress. We hypothesized that the rhizospheres of
sand dune-dwelling plants might present promising stress-
evading and plant growth-promoting rhizobacteria. It was also
assumed that the bacterial isolates living in sand dunes might
be capable of single or multiple growth traits and of withstand-
ing varying concentrations of salinity stress. We isolated
PGPR from the rhizosphere of sand dune plants and charac-
terized their potentialities. On the basis of initial screening,
promising isolates with multiple beneficial traits were tested
for IAA and ABA production in broths spiked with varying
levels of NaCl. Further experiments were designed to eluci-
date the interactive mechanism of the selected isolate AK1
with soybean under severe imposed salinity stresses. To this
objective, we evaluated the growth attributes, antioxidant ac-
tivities, and phytohormonal levels of soybean.

2 Materials and methods
2.1 Bacterial strains isolated from sand dunes

We isolated bacteria from the rhizosphere of plants inhabiting
sand dunes at Pohang beach, Korea. The plant root samples,
along with rhizospheric soil, were individually packed in ster-
ilized polythene zip-bags and stored in an ice box (0—6 °C) for
safe transportation to the laboratory. The rhizospheric soil
(1 g) collected from the roots of individual plants was used
for serial dilution (10" until 10™%) using saline water (0.85%).
The bacteria were isolated by directly plating serial dilutions
on LB agar media and incubated at 28 °C until the appearance
of bacterial colonies. The bacterial colonies were purified by
streaking on LB agar media. After 24 h of incubation, the pure
colonies were judged for morphological characteristics such
as size, colour, shape, and growth pattern for apparent identi-
fication and differentiation of bacterial isolates.

2.2 Screening of bacterial isolates for indole acetic
acid (IAA) production

The production of [AA by bacterial isolates was initially con-
firmed through Salkowski reagent (Patten 2002). A 2 mL su-
pernatant of each bacterial isolate grown in LB media with
and without tryptophan was added to 1 mL Salkowski’s re-
agent (50 mL 35% HCIO4, 1 mL 0.5 M FeCl;) for 30 min in
the dark; after 30 min, the development of a pink colour indi-
cated TAA production.
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2.3 Screening of bacterial isolates for phosphate
solubilisation

Phosphate solubilisation was determined following the meth-
od of (Katznelson and Bose 1959). Plates containing
trypticase soya agar medium supplemented with (Ca; (POy),
were inoculated with 1 uLL LB pure bacterial cultures. Plates
were incubated at 30 °C and observed daily for 7 days until the
formation of transparent “halos” around each colony.

2.4 Screening of bacterial isolates for siderophores
production

Bacterial isolates were spot inoculated on chromeazurol ‘S’
agar plates (Schwyn and Neilands 1987). After 72 h of incu-
bation at 28 °C, the cultures were analysed for the appearance
of orange halos in contrast to blue background.

2.5 Screening bioassay for plant growth promotion

To test the growth stimulating potential and gibberellin pro-
duction, experiments were carried out on the mutant rice cul-
tivar Waito-C (GA-deficient). The sterilized seeds of rice cul-
tivar ‘Waito-C’ were inoculated with selected bacterial isolates
(10° cfu/mL) for6 hina shaking incubator. The seeds used in
the control were mock treated in autoclaved water under the
same condition. The inoculated seeds were sown in 0.8% agar
media for 6 days under a controlled environment (14/10 h
light/dark, 28/24 °C, 70% relative humidity, 250 pumol/
m 2 s light intensity). Plant growth characteristics were re-
corded at 2, 4, and 6 days after sowing.

2.6 Molecular identification of promising bacterial
isolate AK1

Based on the best performance during the screening experi-
ments, isolate AK1 was selected for further experimentation
and identification. The genomic DNA was isolated following
the standard protocol of (Sambrook and Russell 2001). The
16S rDNA gene was amplified and sequenced using the 27F
(5-AGA GTT TGA TC(C/A) TGG CTC AG-3') and 1492R
(5'-CGG (T/C)TA CCT TGT TAC GAC TT-3') primers, as
reported in (Khan et al. 2014). The BLAST search program of
NCBI GenBank database/EzTaxon was used to determine the
nucleotide sequence homology of the targeted bacterial iso-
late. For phylogenetic analysis, the neighbour joining (NJ)
method was adopted using MEGA v. 6.1 (Tamura et al.
2013). The highly related sequences with the highest homol-
ogy, highest query coverage, and lowest E-values were select-
ed for alignment with ClustalW. The phylogenetic analysis
was performed by constructing a NJ using 16S rDNA gene
sequences from AK1 and related strains.

2.7 Isolate AK1 produces IAA and ABA (in vitro)
under saline conditions

Isolate AK1 was grown in LB media (trypton 10 g, yeast
extract 5 g, pH 7.0+ 0.2, with L-tryptophan autoclaved for
15 min at 121 °C) spiked with elevated NaCl (100 mM,
200 mM, 300 mM, and 400 mM) for 3 days. The aim was
to examine the ABA and TAA production dynamics under
saline conditions. The culture media was centrifuged at
5000xg for 15 min to separate the cells from the culture broth.
The culture broth was analysed for ABA and IAA contents.

For IAA analysis, samples were extracted, dried, and meth-
ylated with diazomethane following the method of (Ullah et
al. 2013). The IAA content in the broths with elevated NaCl
levels was calculated from the peak areas of IAA and com-
pared to the corresponding known standards, as revealed by
the gas chromatography mass spectrometry (GC-MS) in se-
lected ion monitoring mode (SIM).

For ABA, the pH of the bacterial broth (without bacterial
cells) was adjusted to 2.5 using 6 N HCI. Before partitioning
the deuterated [(+)-3, 5, 5, 7, 7, 7-d6]-ABA, an internal stan-
dard was added to the CF and then partitioned with ethyl
acetate (EtOAc). Further quantification and detection of
ABA was conducted following the protocol of (Qi et al. 1998).

2.8 Isolate AK1 interaction with soybean
under elevated salt stress

Seeds of soybean CV. Tae-Kwang were procured from the
Soybean Genetic Resource Centre, Kyungpook National
University, tested for viability, and used in the current study.
Seeds were surface sterilized by treating with 2.5% sodium
hypochlorite for 30 min, followed by thorough rinsing with
autoclaved double-distilled water. Seeds were germinated for
10 days in germination trays, and uniform plants were obtain-
ed. The sterilized germination trays and pots were filled with
autoclaved horticulture soil (121 °C, 15 psi for 15 min). The
composition of horticultural soil was as follows: peat moss
(10-15%), perlite (35-40%), coco peat (45-50%), zeolite
(6-8%), and NH,* ~ 0.09 mg/g, NO; ~ 0.205 mg/g, P,Os ~
0.35 mg/g, and K,0 ~ 0.1 mg/g. Randomly selected uniform
rice seedlings were grown (V1 stage) individually in plastic
pots (10 cm x 9 cm) for 21 days; the bases were used to pre-
vent contamination through the leaching of irrigation water.
The experimental design was: (1) Control, normal soybean
without isolate AK1, (2) soybean plants inoculated with iso-
late AK1, (3) 100 mM salt stress treated soybean with or
without isolate AK1, (4) 200 mM salt stress and with or with-
out isolate AK1, (5) 300 mM salt stress, with or without iso-
late AK1. The growth chamber conditions were as follows:
day/night cycle 14 h at 28 °C/10 h at 25 °C and 60-70%
relative humidity. Bacterial cells dissolved in 35 mL sterilized
double-distilled water were applied three times to ensure
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complete infection in the first treatment at the time of trans-
plantation and two times consecutively at 1-week intervals.
The harvested cells were then washed with 0.8% NaCl solu-
tion and dissolved in autoclaved double-distilled water adjust-
ed to an optical density of 0.5. The analysed plant growth
attributes include chlorophyll contents (SPAD-502 Minolta,
Tokyo, Japan), shoot and root length, and fresh biomass at
the time of harvest. For endogenous plant hormonal analysis,
the soybean plants were immediately stored in liquid nitrogen
and then freeze-dried for 1 week (Virtis Freeze Dryer,
Gardiner, NY, USA).

2.9 RNA Extraction and RT-PCR analysis

GmLAX3, and GmSTI are among the key genes involved in
salts stress response in the plants. Expression of the genes are
an important parameter to assess the effect of salts stress re-
sponse in the plants. In order to evaluate the expression of
GmLAX3, and GmSTI in stressed and control plants. Leaves
of soybeans were crushed in liquid nitrogen and total RNAs
were extracted from the leaves using TRIzol™ Reagent
(Thermo Scientific; USA) according to the manufacturer’s
instruction. RNA was quality was monitored on 1% agarose
gel. Total 5 pg of extracted RNA for each sample was used for
construction of cDNA using SuperScript® III (Invitrogen;
USA) according to the manufacturer’s instructions. The result-
ed cDNA (1 ul) was used for PCR using Tag polymerase
(New England BioLabs; Ipswich, MA, USA) with 30 cycles
of amplification using set of primers for GmLAXs, GmST and
actin. Whereas actin was used as reference to monitor the
expression level of selected genes.

2.10 GA detection in bacteria through GC/MS-SIM

Bacterial isolate AK1 was cultured, centrifuged at 10,000xg
and filtered through 45 pm filter. The culture filtrate (CF) was
used for analysis of different types of GAs through GC/MS
SIM. Before column chromatography, deuterated GA internal
standards ([17, 17-2H2] GA1, GA3, GA4, GA7, GA8, GA12
and GA20) were added to the CF. Quantification of GAs was
performed according to the method described by Lee et al.
(1998). The extracts were run through a C18 column (90—
130 um; Alltech, USA) to get 48 fractions. For each GA,
1 uL of aliquot was injected in GC/MS (Table 1). The GAs
from CF (GA4, GA8, GA12 and GA20) were calculated from
the peak area ratios. The retention time was determined using
hydrocarbon standards to calculate the KRI (Kovats retention
index) value.

2.11 Quantification of endogenous phytohormones

The endogenous ABA was extracted and quantified following
(Qi et al. 1998). The freeze-dried whole plant parts (500 mg)
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were extracted and analysed via column chromatography
along with a deuterated internal standard [(+)- 3,5,5,7,7,7—
d°]-ABA. After methylation, the semi-pure fractions were
injected into a gas chromatograph-mass spectrophotometer
coupled with a selected ion monitor (Agilent Technologies,
Palo Alto, CA, USA) to simultaneously monitor the ions of
m/e 162 and 190 for Me-ABA and 166 and 194 for Me-[*Hg]-
ABA. The experiment was repeated in triplicate.

Endogenous JA was extracted and quantified from the
freeze-dried samples (500 mg) of all treatments following the
protocol of (McCloud and Baldwin 1997). The samples were
passed through a series of extraction steps with an internal
standard [9,10-H2]-9,10-dihydro-JA (20 ng). The resultant
semi-pure fraction was esterified with excess diazomethane
and was analysed using GC-MS (6890 N network GC system
and the 5973 network mass selective detector; Agilent
Technologies) in the selected ion mode. The ion fragment was
monitored at m/z 83 amu corresponding to the base peaks of JA
and [9,10-2H2]-9,10-dihydro-JA. The endogenous JA content
was estimated from the peak areas compared with the respec-
tive standards. The experiment was repeated in triplicate.

2.12 Polyphenol oxidase and peroxidase analysis

The activity of antioxidant enzymes, such as peroxidase (POD)
and polyphenol oxidase (PPO) was analysed following the pro-
tocol outlined by (Kar and Mishra 1976), with slight modifica-
tions. Leaf samples (400 mg) were ground using a chilled mor-
tar and pestle. The samples were then homogenized with 0.1 M
potassium phosphate buffer (pH 6.8) and centrifuged at 4 °C for
15 min at 5000 rpm in a refrigerated centrifuge. A part of the
supernatant was used to determine total protein contents where-
as, apart was used to estimate enzymatic activities. The protein
contents were estimated by Bradford assay (Bradford 1976) at
OD 595 nm on a SHIMADZU spectrophotometer (Kyoto,
Japan). The reaction mixture for the assay of POD contained
0.1 M potassium phosphate buffer (pH 6.8), 50 ul pyrogallol
(50 uM), 50 ul H,O, (50 uM), and 100 pl of the sample crude
extract. The reaction mixture was incubated for 5 min at 25 °C,
followed by the addition of 5% H,SO, (v/v) to stop the enzy-
matic reaction. The level of purpurogallin formed was deter-
mined by the absorbance at 420 nm. While for the assay of
polyphenol peroxidase (PPO) activity, the same reaction mix-
ture containing the same components as that of POD excluding
H,O, was used, and the resulting assay was measured at
420 nm. One unit of POD and PPO was directly measured by
an increase of 0.1 units of absorbance.

2.13 Analysis of organic acids through HPLC
Culture of AK1 was centrifuged at 10,000 rpm for 10 min

and supernatant was filtered through 0.45 um filter. Exactly
20 pl of CF was injected in HPLC injector in the operation
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Table 1

Screening of plants for rhizospheric bacteria capable of IAA production, siderophore production, and phosphate solubilisation

Plant material Bacterial isolates

Bacterial isolates with beneficial characteristics

Selected isolates

IAA Siderophore P-solubilization
Artemisia princeps Pamp. 26 11 2 4 2
Chenopodium ficifolium Smith 32 12 4 1 1
Oenothera biennis L. 22 5 2 0 0
Echinochloa crus-galli (L.) Beauv. 46 11 5 9 4

condition of 0.001 N H,SO,4 of mobile phase. The mobile
phase was adjusted at isochratic flow at the rate of 0.6 mL/
min. The column was operated at 25 °C and the concentra-
tions of the organic acids were determined with help of RI
detector. The values were determined with comparison of
standards.

2.14 Statistical analysis

All experiments were repeated in triplicate, and the data col-
lected from each repetition were pooled together. The data
were then analysed using a two-way ANOVA followed by
Bonferroni Post Hoc test (significance level <0.05). Each
treatment was replicated 10 times throughout the study. A
completely randomized design was used to compare the plant
growth-regulating effects of PGPR on rice germination and
soybean plants. The graphical presentation and statistical anal-
yses were carried with the help of Graphpad Prism 5 (USA).

3 Results

3.1 Bacterial isolation and initial screening
for Waito-C rice

The rhizosphere of Artemisia princeps, Chenopodium
ficifolium, Oenothera biennis, and Echinochloa crus-galli
— which inhabit the sand dunes on the eastern sea coast at
Pohang — was yielded 126 bacterial isolates (Table 1). All
isolates exhibited single or multiple plant growth-
promoting traits, such as IAA and siderophore production
and phosphate solubilisation. However, of the 126 bacte-
rial isolates, only seven demonstrated all three traits
(Table 2, Fig. la). On the basis of multiple PGP traits,
these seven isolates were further analysed in rice. Our
results on rice growth recorded at 2, 4, and 6 days after
treatment revealed that the isolate AK1 significantly in-
creased rice seedling growth as compared to control and
other PGPRs.

3.2 Phytohormones production of isolate AK1
under in-vitro abiotic stress

Characterization of isolate AK1 under varying salinity con-
centrations (0 mM, 100 mM, 200 mM, 300 mM, and
400 mM) revealed ABA and IAA production in the broth.
Analysis of the cultured broth spiked with various salinity
concentrations showed that isolate AK1 secreted ABA under
both normal and stressed conditions. However, the ABA con-
tents steadily increased with an increase in NaCl-induced salt
stress (Fig. 1b). ABA production might be advantageous for
species growing in restrictive soil conditions, such as salinity
and drought (i.e., the synthesis of ABA could help alleviate
stress in the plants). Contrary to the ABA contents in the
broth, IAA levels significantly declined under NaCl-induced
salt stress as compared to the control (Fig. 1c).

3.3 Organic acid detection in AK1

Some organic acids with low molecular weight, such as quinic
acid, succinic acid, acetic acid, and butyric acids, were

Table 2 Effect of bacterial isolates on growth promotion of waito-C
rice

Treatment Seedling Length (mm)

2 DAT 4 DAT 6 DAT
Control 29.26 +1.82 44.65 £ 4.59 68.15+3.84
Al4 26.69 +2.35 63.92 £5.27 103.91 £ 6.76
AK1 33.71 £2.18% 80.78 £ 4.25% 131.42 + 4.85%
220-3 21.60 +3.46 61.76 £2.38 99.76 £ 3.70
223-19 28.08 £2.31 66.00 +4.98 98.71 £4.28
A29 28.60 +2.07 64.14 £2.85 6742 +5.14
222-1 2293 £3.15 57.15+3.84 116.53 +£4.40
A24 32.26 +1.43% 68.04 £5.71 126.12 +£3.57

Data were recorded at 2, 4, and 6 days after treatment (DAT) and are
presented as mean+ SD. The data were analysed using a two-way
ANOVA followed by Bonferroni test (significance level <0.05, n=10).
* indicates significant differences among the treatments
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Fig. 1 a Promotion of rice growth as affected by selected bacterial
isolates. b ABA contents detected in the broth culture (BC) of isolate
AK1. The isolate AK1 was grown in BC spiked with elevated concentra-
tions of NaCl (100 mM, 200 mM, 300 mM, and 400 mM) and ABA was
measured in ng/100 mL of CB. ¢ IAA contents detected in the broth
culture (BC) of isolate AK1. The isolate AK1 was grown in BC spiked
with elevated concentrations of NaCl (100 mM, 200 mM, 300 mM, and
400 mM) and TAA was measured in pg/mL of CB. Columns with error
bars represent the mean+SD (n = 10). The data were analysed using a
two-way ANOVA followed by Bonferroni test (significance level <0.05,
n=10). * indicates significant differences among the treatments

secreted by AK1 (Fig. 2a). Lactic and malic acids were not
detected in culture medium. The key secreted organic acids of
AK1 were succinic and acetic acids with the concentration up
to 2.5 pg/mL. Quinic acid was detected at the concentration of
about 1.5 pug/mL whereas, butyric acid was produced at the
concentration of 0.5 pug/mL. In addition, the results revealed
(Fig. 2b) that the CF of AK1 the presence of different types of
bioactive GAs e.g., GA4, GA8, GA2 and GA20. The GC-MS-
SIM analysis showed the existence of GA ion signals in cor-
relation with [2H,] GA standards. The concentrations of the
GAs were calculated by comparing their mass spectra and
Kovats retention indices (KRI) with those available from a
spectral library.
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Fig. 2 a Low molecular weight organic acids produced by AK1. The
organic acids were detected by HPLC using their appropriate standards.
b Different types of GAs analysed by GC/MS-SIM and quantified by
comparing with internal standard. Different letter(s) are significantly dif-
ferent at the 5% level by DMRT

3.4 Isolate AK1 induces plant growth promotion

The present results demonstrated a significant increase in the
plant length and biomass of isolate AK1-treated plants with or
without salt stress. It was also absorbed that soybean growth
was simultaneously inhabited with the increase in salt concen-
tration. The plant-microbe interaction has reverted salinity
stress as determined by a significant increase in root and shoot
length and weight, particularly at concentrations of 200 mM
and 300 mM NaCl (Fig. 3a-d). However, no significant dif-
ference was found for root and shoot length and weight be-
tween soybean plants inoculated with or without isolate AK1
under 100 mM NaCl. The SPAD value indicated that chloro-
phyll contents were significantly higher in plants inoculated
with isolate AK1 than in respective control treatments (Fig.
3a-d).

Under normal condition, the inoculation of isolate AK1 in
soybean plants significantly increased shoot length and weight
and root weight compared to the control (Fig. 3a—d).
However, insignificant differences were observed for root
length and chlorophyll contents of isolate AK1-inoculated
and non-inoculated soybean plants (Fig. 3b, e).



Halo-tolerant rhizospheric Arthrobacter woluwensis AK1 mitigates salt stress and induces physio-hormonal...

Fig. 3 Effect of isolate AK1 on
growth attributes of soybean
grown with or without NaCl
(100 mM, 200 mM, and 300 mM:
a shoot length, b root length, ¢
shoot weight, d root weight, and
(e) chlorophyll contents. Columns
with error bars represent the
mean = SD (n = 10). The data
were analysed using a two-way
ANOVA followed by Bonferroni
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3.5 Endogenous ABA and JA content of soybean

The current study observed an increase in ABA levels of the
inoculated and non-inoculated soybean plants in a NaCl dose-
dependent manner. However, the inoculation of isolate AK1
demonstrated its stress-mitigating capacity, as it significantly
reduced the endogenous ABA contents compared to the non-
inoculated plants under 100 mM, 200 mM, and 300 mM salt
concentrations. In the control treatments, no significant differ-
ences were found for endogenous ABA levels of isolate AK1
treated and control soybean plants (Fig. 4a). Moreover, the
results showed that elevated salt stress triggered a significant
increase in the endogenous JA contents of soybean. However,
application of AK1 reduced significantly (p < 0.5) the JA con-
tents in plants as compared to uninoculated plants (Fig. 4b).

3.6 Expression profile of GmST7 and GmLAX3
inoculated with AK1 under salt stress

Role of GmSTI and GmLAX3 was determined in comparative
expression levels in soybean plant exposed to salt stress and
un-stressed plant. Actin was used as reference in trail of ex-
periment. The results revealed that both GmSTI and GmLAX3
genes were expressed in plants exposed to 100, 200 and

Concentration (mM)

300 mM of salt inoculated with AK1 as compared to plant
exposed to the stress with inoculation of AK1. However, both
of GmST1 and GmLAX3 expression levels were comparative-
ly same in inoculated and uninoculated with AK1 plants
grown in 0 mM of salt stress, used as control (Fig. 5).

3.7 Effect of isolate AK1 on total proteins
and antioxidative activities of soybean

The total protein contents of soybean increased with the NaCl
concentration gradient (Fig. 6a). However, the total protein
contents significantly declined in plants treated with isolate
AK1 as compared to non-inoculated plants under varying
NaCl levels of 100 mM, 200 mM, and 300 mM salt concen-
trations. Under normal conditions, the sole application of iso-
late AK1 induced significantly higher protein contents in soy-
bean plants as compared to non-inoculated plants (Fig. 6a).
The presence of NaCl causes oxidative stress in plants;
therefore, we examined the behaviour of antioxidant enzymes
(Fig. 6b and c). Our results demonstrated that salt stress sig-
nificantly increased the activity of PPO in non-inoculated
plants, as compared to the isolate AK1-inoculated plants
(Fig. 6b). Additionally, isolate AK1 decreased the concentra-
tion of PPO in soybean plants under all NaCl-induced stress
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Fig. 4 Quantification of endogenous ABA and JA contents in soybean. a
The effect of isolate AK1 on the ABA contents of soybean plants grown
under elevated NaCl (100 mM, 200 mM, and 300 mM) and ABA was
measured in ng/g of DW of whole plant. b The effect of isolate AK1 on
JA contents of soybean plants grown under elevated NaCl (100 mM,
200 mM, and 300 mM) and JA contents were measured in ng/g of DW
of whole plant. Columns with error bars represent the mean+SD (n=
10). The data were analysed using a two-way ANOVA followed by
Bonferroni test (significance level <0.05, n=10). * indicates significant
differences among the treatments

levels (100 mM, 200 mM, and 300 mM). However, no sig-
nificant difference was observed for PPO activity between
isolate AK1-inoculated and non-inoculated control treat-
ments (Fig. 6b).

Fig.5 Semi-quantitative RT-PCR
analysis of GmST! and GmLAX3
transcript levels in soybean
inoculated with AK1 under salt
stress

@ Springer

The activity of peroxidase increased in soybean plants sim-
ilarly to that of total protein content treated with elevated NaCl
levels (Fig. 6¢). Under varying salinity stress, isolate AK1
significantly decreased the POD activity of soybean as com-
pared to the non-inoculated soybean plants (Fig. 6¢).
However, a single application of isolate AK1 significantly
enhanced the POD activity compared to the control soybean
plants (Fig. 6¢).

3.8 Molecular identification of isolate AK1

The novel plant growth-promoting bacterial isolate AK1 was
identified as a new strain of Arthrobacter woluwensis based
on 16S rDNA sequencing; this was confirmed by the phylo-
genetic analysis of the bacterial isolate (Fig. 7). The result of
the BLAST search revealed that the bacterial isolate AK1 had
maximum sequence homology with Arthrobacter woluwensis
and was thus named Arthrobacter woluwensis AK1. The se-
quence was submitted to NCBI GenBank and was assigned
the accession number MF276646.

4 Discussion

Alarmingly, salinity stress is one of the major abiotic stressors
that has severely affected agriculture production. Salinity
stress hinders plant growth and causes primary and secondary
yield losses. Previous studies elaborated the spectrum of sa-
linity stress on crops that affects their normal physiological,
morphological, and biochemical functions (Shrivastava and
Kumar 2015). However, the adverse effects of salt stress on
plant growth could be alleviated through the help of PGPRs as
shown from the current studies where an increase in biomass
and chlorophyll content were recorded compared to control
treatments. The beneficial effect of Arthrobacter woluwensis
on soybean growth could likely be attributed to the production
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Fig. 6 Quantification of total proteins, polyphenol oxidase, and
peroxidase in soybean. The effect of isolate AK1 on (a) total protein
content, b polyphenol oxidase (PPO), and (¢) peroxidase (POD) activities
of soybean grown in elevated NaCl (100 mM, 200 mM, and 300 mM).
Columns with error bars represent the mean = SD (n = 10). The data were
analysed using a two-way ANOVA followed by Bonferroni test (signif-

icance level <0.05, n = 10). * indicates significant differences among the
treatments

of IAA, as TAA is a known salinity stress ameliorant
(Egamberdieva 2008). A similar study reported that IAA-
producing bacteria could enhance plant growth under salt
stress (Bianco and Defez 2009), concluding that rhizospheric
bacteria inoculation in soybean increased the root growth and
root length under salinity as compared to the control.

ABA is a well-known stress phytohormone and highly val-
ued as stress marker in higher plants. A significant decrease in
ABA production under the influence of isolate AK1 compared
to salt-stressed soybean might improve plant growth and re-
lieve salt stress. ABA production enhances the ability of
PGPR with improved capacity of ABA production to alleviate

salt stress in plants. (Cohen et al. 2008). The repressive effect
of salinity on germination is believed to be related to a decline
in endogenous levels of hormones (Debez and Bouzid 2011).
The isolate AK1 in this study could be assigned to a third
category of beneficial bacteria termed ‘plant stress homeo-
regulating rhizobacteria’ (PSHR).

Results of the present study showed that GmST/ and
GmLAX3 genes were down regulated under the stress.
However, application of AK1 stimulated the expression of
GmSTI and GmLAX3 in plants exposed to salt stress.
Previously studies reported that under the influence of differ-
ent abiotic stressors, such as drought and salinity, plants nor-
mally go through growth declination followed by death (Le et
al. 2012). However, genome-wide transcriptomic analysis of
the soybean, revealed that a number of hormone-related genes
were expressed differentially in shoot as well as in root under
salinity and drought stresses (Song et al. 2016). Auxin such as
IAA and ABA are two of the most significant plant hormones,
regulating plant growth and plant responses to salt stress.
Application of PGP microbes producing auxins and ABA
induce the expression of stress response genes such as
GmSTI and GmLAX3 and hence tolerance in plant against salt
stress (Rahman 2013). numerous studies have reported that
IAA might facilitate plant’s adaptions to salt stress and other
adverse environmental stressors (Kazan 2013). In addition,
Ren et al. (2016) also investigated the role of GmSTI and
GmLAX3 in abiotic stress tolerance when overexpressed in
plants, which demonstrated that overexpression of the genes
in plants produced strong tolerance to salt stress at both seed-
ling and adult stages. The expression of GmST1 and GmLAX3
were regulated through an ABA-dependent pathway in salt
tolerance. Taken together, these results assured at least a par-
tial involvement of ABA in GmST! and GmLAX3-mediated
salt tolerance.

The phytohormone jasmonate and its metabolites regulate
plant growth and developmental processes and actively con-
tribute to plant defence responses to biotic and abiotic
stressors (Pauwels et al. 2009; Turner et al. 2002). This study
demonstrated that elevated salt stress triggered a significant
increase in the endogenous JA contents of soybean. Moreover,
the inoculation of isolate AK1 significantly reduced the JA
contents compared to non-inoculated plants under varying
levels of salt stress. An increase and decrease in JA biosyn-
thesis in control plants and salt-stressed plants, respectively,
shows the importance of JA in stress regulation for soybean.
Previous research also showed that both drought and high
salinity caused an increase in endogenous JA levels in the
leaves and roots of rice (Kiribuchi et al. 2005). However, little
information is available on the role of PGPR on JA biosyn-
thesis of associated plants.

The present study revealed that AK1 not only enhanced
soybean growth under control environment but also under salt
stress. The AK1 produced GA4, which is considered as the
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Fig. 7 Phylogenetic relationships
between 16S rDNA gene
sequences from isolate AK1 and
related bacterial strains. The
sequences were aligned by
CLUSTAL W and the
phylogenetic tree was constructed
by the Neighbour Joing (NJ)
method using MEGAG6 software.
Numbers at branch nodes
represent the confidence level of
1000 bootstrap replications
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most bioactive precursor for GA3 (Khan et al. 2014). The
GA4 also exhibit extended stability than GA3 and GA7 dur-
ing culture fermentation (Albermann et al. 2013). Production
of GAs is an important trait enabling endophytes to promote
plant growth and mitigate salt stress (Hamayun et al. 2015).
The higher amount of GA in endophyte-treated plants under
salinity stress elucidates the activation of GAs biosynthesis
pathway, while higher production of GA4 confirms plant
growth maintenance during stress condition. Thus, by main-
taining GAs and, therefore, growth under stress conditions,
the endophyte is having a beneficial effect on the plant long-
term survival. There are many previous reports showing the
ameliorative effects of GAs on plant growth under abiotic
stress (Siddiqui et al. 2008; Arteca 2013).

Our results revealed that AK1 produced different types of
low molecular weight organic acid. Production of organic
acids cause lowering the pH which leads to phosphate solubi-
lization. In the rhizosphere, bacteria secrete organic acids
which results in phosphate solubilization from insoluble
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complexes, making it available for plant uptake (Richardson
and Simpson 2011). Harmful effects of salt stress on several
plants such as pepper, soybean, cucumber, and rice have been
reported in previous studies by Wang et al. (2003), Hasegawa
et al. (2000), Munns and Tester (2008), Khan et al. (2014),
suggested the formation of ROS, which cause severe damage
to cell structures. However, a defence system that is activated
under stressed conditions consists of several ROS-scavenging
enzymes, such as POD and PPO. These antioxidant enzymes
have the ability to remove the free radicals produced during
abiotic stress conditions in the cell (Abogadallah 2011).
Inoculation of AK1 to soybean significantly elevation of an-
tioxidant enzyme activities (PPO, and POD) under salinity
compared to control plants. Inoculated plants might reduce
ROS through PPO, and POD activities and improved all plant
growth attributes such as shoot and root lengths as well as
biomass of the plants when compared to salinity treatment
alone. Increased root, shoot lengths and biomass in inoculated
plants have been reported in the result of inoculation of many



Halo-tolerant rhizospheric Arthrobacter woluwensis AK1 mitigates salt stress and induces physio-hormonal... 19

endophytic genera such as Burkholderia, Azoarcus,
Gluconobacter, Pantoea, Klebsiella, Rahnella,
Herbaspirillum, and Pseudomonas (Elbeltagy et al. 2001;
Hurek et al. 2002; Iniguez et al. 2004; Feng et al. 2000;
Momose et al. 2009; Botta et al. 2013).

5 Conclusions

Plants are exposed to biotic and abiotic stressors throughout
their lifespan, and their productivity mostly depends on their
capacity to cope with unfavourable environmental conditions.
Our current findings support our hypothesis that the isolation
of PGPR from the rhizosphere of plants inhabiting stress-
prone environments might yield novel bacterial isolates of a
halophilic and halo-tolerant nature, capable of supporting
plant growth and the alleviation of salt stress under saline
conditions. In this study, we isolated a novel halo-tolerant
PGPR A. woluwensis from plants living in a harsh sand dune
environment. This study improves our understanding of the
physiological mechanisms operating inside microbes, while
facing abiotic stressor as shown from ABA and IAA contents
detected in the bacterial culture broth. The bacterial inocula-
tion to soybean further revealed the ameliorative role of PGPR
in regulating salt stress via manipulating ABA and JA signal-
ling pathways. We conclude that A. woluwensis AK1 could be
an eco-friendly bio-fertilizer based on its ameliorative quali-
ties under saline conditions. Such bacterial isolates might be
useful in formulating new inoculants with combinations of
different mechanisms of action, leading to a more efficient
way for bio-control strategies to improve cropping systems.
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