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Abstract

In the present study halotolerant bacteria were isolated from saline soil (EC~11.9). Based on salt tolerance and plant growth
promoting characteristics isolate AF7 was selected for further study. It was identified as Alcaligenes sp. on the basis of
protein profiling and 16S rRNA sequence homology. Interestingly, AF7 showed diverse PGP characters at different salinity
levels. While phosphate solubilization activity was expressed up to 300 mM NaCl, siderophore production was shown up
to 700 mM, zinc solubilization up to 1000 mM and indole acetic acid (IAA), gibberellic acid (GA) and exopolysaccharides
(EPS) production were depicted till 1400 mM. Correlative and regression analysis suggested positive relation between [AA,
GA, EPS, siderophore production and zinc solubilization capability of AF7 and salinity up to 300 mM NaCl. EPS was found
to be the most significant response and there was 263% increment in presence of 300 mM NaCl when compared to non-saline
control. Analysis also showed that while growth promoting attributes were significant up to a threshold salinity level, further
increasing the stress deviates the mechanism towards survival involving proline, antioxidant and hydroxyl scavenging activi-
ties. Combination of halotolerant AF7 and EPS showed more than twofold increase in the vegetative growth parameters of
rice at~ 170 mM NaCl (EC 9 dS/m). The study shows the mechanisms/metabolites of the plant growth promoting bacterium
(PGPB) AF7 prominently involved during the salinity stress. Study also proves that novel bioformulations can be developed
by integrative use of EPS and salt tolerant-PGPB which can be effective for saline soils.
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Introduction

Soil salinity is a global menace which has challenged the
food security and has affected the agricultural sustainability.
Soil salinization is the second leading cause of land degra-
dation and desertification (only after soil erosion) affecting
several countries across the globe (Orhan 2016). Currently,
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almost 1 billion hectares of land on Earth is degraded due
to salinity (FAO 2015). Arora et al. (2018) highlighted the
direct relationship between anthropogenic activities and
increase in saline lands. Saline soils are characterized with
electrical conductivity (EC,) greater than 4 dS/m at 25 °C
and excess of accumulated salts of Na*, Ca*?, Mg*?, CI7!,
SO,7%, CO;™% (Shahid et al. 2018). Salinity negatively
impacts the physical structure and nutrient status of soil and
thereby the growth and productivity of crops. The presence
of high salt concentration restricts the uptake of minerals,
nutrients, and water (Machado and Serralheiro 2017). Plant
physiology is also impacted by salt toxicity resulting in
reduced photosynthesis rate, lower germination and growth
rate along with impaired yield. The hyperosmotic condi-
tions cause loss of water in plant cell sap, and subsequent
ionic imbalance results in reduction of enzyme activities,
disrupted membrane structure and cell plasmolysis (Munns
and Tester 2008; Rahneshan et al. 2018).

pisllase ol ay .
Ay &) Springer


http://orcid.org/0000-0001-9412-663X
http://crossmark.crossref.org/dialog/?doi=10.1007/s13205-020-02348-5&domain=pdf
https://doi.org/10.1007/s13205-020-02348-5

361 Page2of12

3 Biotech (2020) 10:361

Physical and chemical methods to remediate saline soil
require high energy input, are cost ineffective and unsus-
tainable for the environment and agro-ecosystems (Osman
2018). Therefore, a green solution such as using beneficial
soil microbes is emerging as cheap and eco-friendly reme-
diation technique which can uplift the growth and productiv-
ity of salt-stressed habitats (Bargaz et al. 2018). Plant growth
promoting bacteria (PGPB) are beneficial soil microbes that
have the ability to form symbiotic association with plants,
increasing their growth both under biotic and abiotic stresses
(Fatima and Arora 2019; Rodriguez et al. 2019). The appli-
cation of salt tolerant plant growth promoting bacteria
(ST-PGPB) can help to mitigate the salt toxicity in plants
through various mechanisms, involving osmotic adjustments
via Na* accumulation kinetics, endogenous biosynthesis of
osmolytes, scavenging of reactive oxygen species (ROS)
through antioxidant system and production of exopolysac-
charides (EPS). ST-PGPB can also stimulate the growth of
plants through production of phytohormones, siderophores
and solubilization of phosphate, zinc (Zn) and potassium
even under saline conditions (Etesami and Glick 2020).

Rice (Oryza sativa L) is the second most dominating crop
of the world (after wheat) with 90% of cultivation area in
Asia (Ghosh et al. 2016). India is the second largest producer
of rice (after China). Additionally, for more than half of
world’s population rice is considered as a staple food (Zei-
gler and Barclay 2008; https://www.worldatlas.com/articles/
the-countries-producing-the-most-rice-in-the-world.html).
Rice is a salt sensitive crop and electrical conductivity (EC)
as low as 3.5 dS/m can lead to loss of about 10%, while
7.2 dS/m causes up to 50% reduction in yield (Umali 1993;
Hoang et al. 2016). In the present study a plant growth pro-
moting (PGP) bacterial isolate from saline soil was checked
for its potential to tackle salinity. The PGP properties [of
the halotolerant (HT) isolate] and mechanisms/metabolites
working at high salinity were determined. ST-PGPB and its
metabolite were utilized to develop bioformulation so as to
combat salinity stress and enhance the growth of rice plants
under the abiotic trauma.

Materials and methods
Isolation and identification of bacteria

Bacteria were isolated from the degraded saline soils
(EC~11.9 dS/m) collected from Kanpur Dehat region, 20°38
E and 80°21 N in central Uttar Pradesh, India, by serial
dilution method on nutrient agar (NA) medium (Hi-Media).
Isolates were grown on NA and maintained on 25% (w/v)
glycerol at — 80 °C. In total, twelve isolates were tested for
morphological, physiological, and biochemical characters
according to Bergey’s Manual of Systematic Bacteriology
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(Garrity 2005). On the basis of salt tolerance isolate AF7
was selected for further study. Identification of the isolate
AF7 was done by matrix-assisted laser desorption ioniza-
tion time of flight mass spectrometry (MALDI-TOF-MS) at
National Centre for Microbial Resources, Pune, India. The
MALDI biotyper software 3.0 (Bruker Daltonik GmbH,
Germany) was used to identify the isolate and visualize the
mass spectra. The obtained log value if is > 1.7 then the
strains are confirmed as the member of that genus and if log
value is > 2.0 are confirmed as the member of that species
(Rahi et al. 2016). Further the molecular analysis of bacte-
ria was done by sequencing of 1.5 kb 16S rRNA sequences
using the universal primers 27F 5'-AGAGTTTGATCMTGG
CTCAG-3'" and 1492R 5'-GGTTACCTTGTTACGACTT-3".
PCR conditions were maintained as: initial denaturation
2 min at 95 °C, then one cycle denaturation 30 s at 95 °C,
annealing 30 s at 52 °C, extension 2 min at 72 °C and final
extension 15 min at 72 °C (Srinivasan et al. 2015). National
Center for Biotechnology Information (NCBI)-BLASTn pro-
gramme (Altschul et al. 1990) and Ez-Taxon server (Yoon
et al. 2017) were used to analyze the sequences. Phyloge-
netic tree was constructed using neighbor-joining method
(Saitou and Nei 1987) in MEGA X software (6.0 version)
(Kumar et al. 2018). The isolate AF7 was also deposited at
National Agriculturally Important Microbial Culture Collec-
tion (NAIMCC), National Bureau of Agriculturally Impor-
tant Microorganisms (ICAR-NBAIM), India, a national
culture repository.

Salt tolerance assay

The log phase culture of AF7 (OD 610=0.1) was added
to nutrient broth amended with different concentrations
of NaCl (0-1400 mM) and incubated for 48 h at 27 °C
(120 rpm). Samples were drawn after every four hours and
optical density was measured (at 610 nm) using Thermo
Scientific™ Evolution 201 UV-Vis spectrophotometer up
to stationary phase (Khare et al. 2011). The experiment was
conducted in triplicates.

Plant growth promoting properties

To check the plant growth promoting properties, the log
phase culture (24 h) of AF7 (with OD 610=0.1 CFU 10%
ml) was added to respective medium containing different salt
concentrations (300—1400 mM NaCl) and non-saline control
was also maintained. Cell free supernatants were obtained
by centrifugation at 10,000 rpm (13,081 % g) (21 °C) fol-
lowed by membrane filtration (0.45 pm, Merk, India) (Khare
et al. 2011). Phosphate solubilization was evaluated using
Pikovskaya medium and solubilization index was calculated
(Pikovskaya 1948). Zn solubilization property of the isolate
was calculated through plate assay on Zn medium (dextrose,
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1%; ammonium sulphate, 0.1%; potassium chloride, 0.02%;
di-potassium phosphate, 0.01%; magnesium sulphate,
0.02%; Zn oxide, 0.1%; agar, 2%) (Fasim et al. 2002). GA
was quantified according to Paleg (1965) and value was cal-
culated from the standard graph of GA (100-1000 pg/ml).
Quantitative production of IAA was determined using col-
orimetric method of Ahmad et al. (2008) on minimal broth
containing L-tryptophan (200 pug/ml). Value was calculated
from the standard graph of IAA (concentration 10-100 pg/
ml). Siderophore production by the isolate was tested on
Chrome-Azurol S (CAS) agar plates and CAS broth (using
microtiter plates) (Schwyn and Neilands 1987; Arora and
Verma 2017). Extraction of EPS was done according to the
method of Mody et al. (1989). Bacterial culture was added
to nutrient broth (with and without NaCl) and grown for
48 h at 200 rpm and 27 °C. After incubation cell debris and
proteins were removed by centrifugation (7000 rpm at 4 °C)
for 20 min. EPS was extracted by adding chilled acetone
(1:3) to the supernatant and then separated by centrifuga-
tion (7000 rpm at 4 °C for 20 min). The precipitate of EPS
obtained was washed with distilled water and re-precipitated
using acetone, followed by drying at 40 °C. Purification of
EPS was done through dialysis using dialysis bag (12 to
14 kDa) against distilled water at 4 °C for 48 h. EPS was
collected by drying at 35 °C for 24 h and weight in g/100 ml
was calculated (Mendi and Aslim 2014). Quantification of
sugars in EPS was done using phenol—sulphuric acid method
taking D-glucose as standard (Dubois et al. 1956). All the
experiments were performed in triplicates and were statisti-
cally analyzed.

Salt tolerance properties of the isolate

Estimation of intracellular sodium ion accumulation
in bacteria

The intracellular level of Na* ions in the bacterial biomass
was estimated according to Giri et al. (2013). Log phase
(24 h) culture of the isolate AF7 (with ODg;,=0.1) was
inoculated in medium with various NaCl concentrations
(300-1400 mM) for 48 h. Samples were withdrawn after
incubation and cell biomass was collected by centrifugation
(at 3000 g). Furthermore, the cell pellets were washed thrice
with isotonic MgCl, solution (10 mM) and lysed by 30%
HNO;. Intracellular Na* was measured using flame photom-
eter and the curve was plotted.

Endogenous accumulation of osmoprotectant proline
in bacterial cells

The bacterial culture obtained from broth inoculated with
log phase culture (as mentioned above) of different salini-
ties (300—1400 mM) and control (0.5 ml) was homogenized

with 2 ml of sulphosalicylic acid (0.01 g/0.5 ml) and cen-
trifuged at 20,000 g for 10 min. The protein content of the
culture was measured using the standard method of Brad-
ford (1976). To 1 ml of the homogenized cells, 1 ml acid-
ninhydrin reagent and 1 ml glacial acetic acid was added and
heated at 100 °C in water bath for 1 h and finally reaction
terminated in ice-bath. This mixture was then extracted with
2 ml toluene, mixed vigorously and incubated for 30 min at
room temperature. After incubation two phases were sepa-
rated, the chromophore containing phase was warmed at
room temperature and the optical density was measured at
520 nm using toluene as blank. The amount was estimated
from standard curve using D-proline and value expressed as
ug/mg of protein (Bates et al. 1973).

Reducing power

Ferric reducing power of the isolate AF7 at various saline
conditions was checked according to Xing et al. (2015).
The supernatant (0.5 ml) of log phase bacterial culture
with ODg; adjusted to~0.1 was mixed with 0.5 ml of 1%
potassium ferricyanide solution and 0.5 ml phosphate buffer
saline (pH 6.6). This mixture was then heated at 50 °C for
20 min and allowed to cool. After cooling, 0.5 ml of trichlo-
roacetic acid (TCA) (10%) was added and then centrifuged
at 3000 g for 5 min. The upper layer was mixed with ferric
chloride (0.1%, 1 ml) and made to react for 1 min; absorb-
ance was measured at 700 nm. The standard curve was
obtained using various concentrations of quercitin.

Antioxidant activity using 1,1-diphenyl-2-picrylhydrazyl
(DPPH) assay

The estimation of the antioxidant activity was based on
reduction of DPPH, a stable free radical. The experiment
was conducted using the protocol of Xing et al. (2015).
The cell free extracts of freshly-grown AF7 culture (of log
phase with OD¢;,=0.1) were obtained by centrifugation at
10,000 rpm for 5 min at 4 °C and 1 ml of the supernatant
was added to 1 ml of 0.2 mM of DPPH solution (in metha-
nol). The mixture was shaken and left to react for 30 min in
the dark at room temperature. Deionized water was used as
control. Absorbance was measured at 517 nm using Thermo
Scientific™ Evolution 201 UV-Vis spectrophotometer and
radical scavenging activity was calculated using the formula:

DPPH activity(%of inhibition)
= [( A control — A sample)/ A control] x 100,
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where ‘A control’ is the absorbance of the control, ‘A sam-
ple’ is the absorbance of sample.

Hydrogen peroxide scavenging activity

The hydrogen peroxide radicals scavenging activity of
bacteria generated during salinity stress was determined
by modifying the protocol of Ngonda (2013). Solution of
40 mM H,0, was prepared in phosphate buffer (pH 7.4).
Supernatant obtained from log phase bacterial culture (1 ml;
with ODg¢;,=0.1) (grown at various salt concentrations) was
added to H,0, and incubated for 1 h at 37 °C. Absorbance
was measured at 560 nm against phosphate buffer blank
and percent of scavenging activity was calculated using the
formula:

powder was taken and pH was adjusted to neutral by adding
CaCO; at the rate of 15 g/kg talc. Carboxymethyl cellulose
(CMC) (1 g) was added to the mixture to enhance the stick-
ing property of the bioformulation. The mixture was then
autoclaved for sterilization. Bacterial culture suspension was
prepared by growing AF7 in NB and incubated in a rotary
shaker at 150 rpm at 27 +2 °C. After growth, 450 ml of
log phase cell suspension (ODg,, adjusted to ~ 1) was added
to the carrier-cellulose mixture. To measure the population
density, 1 g of bioformulation was added to 10 ml of distilled
water and serially diluted to 10° and 1077 (Tewari and Arora
2016). The bacterial density was found to be 4 x 108 CFU/g
in the bioformulation. The sterilized seeds were dipped in
the suspension of bioformulation, prepared at the rate of

%H,0, scavenged = [Absorbance (control) — Absorbance (sample)/Absorbance control] x 00

Pot experiment

Pot experiment was conducted in triplicates in earthen pots
sized 15X 11 x 11 cm during the months of July—September
for two consecutive years (2017 and 2018). Saline soil (EC
9.2 dS/m) was collected from adjoining areas of Lucknow,
Uttar Pradesh, India (26° 72 E, 80° 85 N). The pots were
filled with 4 kg autoclaved and non-autoclaved saline soil
without addition of fertilizers. Each treatment had three
replicates which were arranged randomly in three blocks.
The pots were grown in open greenhouse (Inostroza et al.
2016) and maximum, minimum temperature range during
the 2 years was 37 °C, 24 °C in 2017 and 38 °C and 23 °C
in 2018, respectively, with average humidity of about 75%.
Prior to sowing, the soil was wetted properly and later irriga-
tion was done twice daily with normal water. The physico-
chemical properties of the soil including pH, EC, available
nitrogen, phosphorous, potassium, organic carbon, organic
matter, microbial biomass were checked according to the
standard methods of Jackson (1973). Prior to pot experiment
water agar plate assay was conducted to check the toler-
ance level of the rice variety (Moti Gold—NP 1024, from
Nuziveedu seeds Ltd., Lucknow). The variety was selected,
because farmers of the region commonly use it for rice
cultivation (Dar et al. 2020). Seedlings (of Moti Gold-NP
1024) were found to grow up to EC 9 dS/m in lab condi-
tions, but the growth reduced (in comparison to without salt
conditions).Before sowing, rice seeds were surface sterilized
using 3% hydrogen peroxide solution (Bakhsh et al. 2016).
Talc-based bioformulation was prepared using the stand-
ard method of Nandakumar et al. (2001). In brief, 1 kg talc
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20 g/LL (Nandakumar et al. 2001) and left overnight for coat-
ing. Bacteria were found to be efficiently coated on seeds
with population density 10’ CFU/seed. For preparation of
metabolite based formulation, EPS was dried and powdered
and supplemented in various concentrations (0.1, 1.0, 2.0
and 5.0% weight/volume) to the bioformulation suspension.
The combination of AF7 and 2% EPS was prepared by add-
ing 20 mg EPS (w/v) to 1000 ml talc suspension containing
AF7. Cell population of bacteria treated with bioformulation
and EPS was found to be 10’ CFU/seed. After soaking for
8-10 h (overnight) the seeds were dried for 2-3 h to adjust
moisture content to ~35%. The seeds were then sowed in
pots (15 seeds per pot) and thinning was performed after
germination to 5 seeds per pot for homogeneity. The experi-
ment was conducted in triplicates and treatments given were
0.1% EPS, 1.0% EPS, 2.0% EPS, 5.0% EPS, 2% EPS + AF7,
5% EPS + AF7 and untreated control. Plants were uprooted
60 days after sowing (DAS), and the effect of treatments on
root length, shoot length, fresh weight and dry weight of the
whole plant were analyzed.

The statistical analysis of the data was done using MS
Excel, XLSTAT 2020 (Addinsoft 2020), and IBM SPSS Sta-
tistics 20. The relation between the variables was detected
using Pearson correlation coefficient, the model significance
was predicted using regression analysis, and analysis of vari-
ance (ANOVA) was done to compare the data using Dun-
can’s multiple range test (P <0.05). Principal component
analysis (PCA) was performed to compare PGP and salt
tolerance properties of the isolate AF7 with different salin-
ity levels. The correlation matrix based on Pearson method
and matrix for coefficient of determination were drawn using
XLSTAT to analyze the response model of bacteria against
salinity.
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Results and discussion
Isolation, identification and salt tolerance

In total twelve bacterial isolates were obtained from the
saline soil of which AF7 was selected on the basis of sig-
nificant salt tolerance and PGP properties under salt-stress
conditions. Isolate AF7 was Gram negative, rod shaped,
motile, showed production of ammonia, lipase, amylase,
oxidase, catalase, citrate, and negative for urease, methyl
red (MR) test, gelatinase, nitrate reductase, indole, cellu-
lase, protease and H,S indicating it to be Alcaligenes sp.
(Garrity 2005). Identification of AF7 by MALDI-TOF-MS
Biotyper database concluded that the isolate best matched
with Alcaligenes faecalis subsp. faecalis DSM 30030T with
Biotyper score value of 2.254 (Supplementary Fig. 1). Fur-
thermore, 16S rRNA sequence showed 99% similarity with
Alcaligenes faecalis strain NBRC 13111 (Accession Number
NR_113606.1) both through NCBI-BLASTn and Ez-Taxon
(Supplementary Fig. 2). The gene sequence (1340 bp) of
AF7 is submitted to NCBI GenBank with accession number
MKS898928. Alcaligenes AF7 was subsequently submitted to
NAIMCC, India with accession number NAIMCC-B-02325.

The salinity tolerance assay showed that 300 mM NaCl
did not significantly affect the growth of AF7. However, fur-
ther increase in salt concentration reduced the tolerance and
survival rate of bacteria. The doubling time of 240 min was
found under non-saline conditions and 246 min at 300 mM
NaCl, while 613 min was observed at 1400 mM NaCl (Sup-
plementary Fig. 3). Comparing with earlier reports and cri-
teria, isolate AF7 with ability to tolerate up to 1400 mM
NaCl can be categorized as a halotolerant bacterium (Larsen
(1986). Genus Alcaligenes has been previously reported with
salt-tolerating ability. Behera et al. (2015) reported a halo-
philic strain A. faecalis D-TSB-1 which was able to tolerate
15% NaCl. Egamberdieva et al. (2019) reported salt tolerant
A. faecalis TSAU3 from rhizosphere of wheat growing in
saline soil with EC value of 560+ 61 ms m™'. Similarly, Bal
et al. (2013) reported halotolerant Alcaligenes sp. strain from
the coastal rice fields with soil EC 6.88 dS/m. However,
earlier studies did not investigate the mechanisms behind
salt tolerance and growth promotion by Alcaligenes strains.

Plant growth promoting properties

Qualitative and quantitative analysis of PGP properties
confirmed AF7 as TAA, GA, EPS and siderophore producer
along with the ability to solubilize P and Zn both under
saline and non-saline conditions. According to Tewari and
Arora (2016) the maintenance of bacterial population (even
under salt stress) could be the important factor for exhibition
of PGP properties at high salinity. The nutrient chelation

property of AF7 including phosphate solubilization was
maintained up to 300 mM NacCl and then declined (coef-
ficient of determination R?>=0.8). The availability of P to
plants helps in root formation, protection against stresses,
sugar accumulation, regulation of stomata, transpiration,
seed germination, gain in plant biomass, water uptake and
formation of adenosine triphosphate (ATP) (Prakash and
Arora 2019). Maximum Zn solubilization was also reported
at 300 mM NaCl with complete decline at 1400 mM salinity
(R*=0.624) suggesting negative relation with salinity. The
phytohormonal analysis of AF7 revealed the highest produc-
tion of GA (349.78 +£2.94 pg/ml) and IAA (36.41 +£0.5 pg/
ml) at 300 mM NacCl. The correlative analysis indicated
positive relation (r)=0.75 for GA up to 700 mM NaCl,
while for IAA (r)~1 only up to 300 mM NaCl. Similar
model was shown by Amna et al. (2019), suggesting that
increase in salinity enhanced phytohormone production by
Bacillus sp. hypothesizing the involvement of metabolites
in salt tolerance mechanism. Yousef (2018) also reported
higher IAA production by Bacillus subtilis at 0.5% and 1%
NaCl in comparison to non-saline control and concluded
that culture conditions and substrate variations may modify
TAA productivity level. Upadhyay et al. (2009) reported that
salt-tolerant stains of Bacillus produced GA but higher salt
concentrations (8% NaCl) inhibited the production. Con-
trary to this, AF7 was found to be an efficient GA producer
and production was found even at 1400 mM NaCl. TAA is
directly involved in development of roots and altering their
structures for better adaptation (Abbas et al. 2018). Gibber-
ellins are important for cell elongation and division, root,
stem and leaf extension, seed germination or dormancy, fruit
senescence and flowering (Miceli et al. 2019). Isolate AF7
also managed to produce siderophore up to 700 mM NacCl,
but higher salinity inhibited the production. By producing
siderophore PGP bacteria can help the plant in obtaining
iron from the soil and simultaneously controlling the phy-
topathogens. Chelation of iron helps in regulating various
metabolic processes in plants such as chlorophyll synthesis,
electron transfer in photosynthetic and respiratory chain
processes and also aids synthesis of DNA, RNA and their
repair (Ferreira et al. 2019). Sayyed and Chincholkar (2009)
reported A. faecalis as an efficient siderophore producer but
under non-saline conditions.

Maximum EPS production was reported at 300 mM
NaCl, increasing significantly in comparison to non-
saline conditions (Table 1), while the lowest production of
0.5+0.12 g/100 ml at 1400 mM. The coefficient of deter-
mination (R?) was equal to 0.164 and P value~0.5 (Fig. 1)
which suggests that no relation was established and further
research is required to prove how salinity regulates EPS syn-
thesis. The carbohydrate content of EPS increased in the
same manner, and maximum amount of 956.27 +5.87 mg/g
at 300 mM salinity (increasing from 846.53 +5.20 mg/gm
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Table 1 Comparative analysis of various plant growth promoting and salt-tolerance properties of Alcaligenes AF7 in presence of different salt

concentrations and estimation of most prominent response mechanisms

Properties

Non-saline control 300 mM NaCl Increase/decrease %

700 mM NaCl Increase/decrease %

Plant growth promoting properties

Phosphate solubilization index 2.8+0.1 2.0+0.2 28.57 (decrease) -

Zinc solubilization index 2.79+0.2 3.26+0.2 16.41 (increase) 2.8+0.1 3.32 (increase)

GA production (ug/ml) 160.55+2.1 349.78 +2.94 117.87 (increase) 310.09+1.33 93.14 (increase)

TAA production (ug/ml) 29.04 +0.04 36.41+0.5 25.39 (increase) 33.92+0.20 16.80 (increase)

EPS production (g/100 ml) 0.916 + 0.09 3.32+0.12 262.45 (increase) 2.76+0.11 201.3 (increase)

Siderophore production (percent siderophore 95.28 +1.45 97.29+0.50 2.1 (increase) 56.06+3.43  41.17 (decrease)
unit)

Salt tolerance properties

Sodium accumulation (ug/gm of cell dry 4292.21 11,124.58 159.18% (increase) 13,857.26 222.85% (increase)
weight)

Proline (ug/mg protein) 125.80+0.59 221.31+1.09 75.93 (increase) 234.40+6.21 86.33 (increase)

Antioxidant activity (% inhibition) 65.22+3.90 70.46+0.87  8.03 (increase) 98.42+1.79  50.91 (increase)

Hydroxyl scavenging activity (%) 81.065+0.8 83.74+0.25 3.3 (increase) 84.57+0.06  4.32 (increase)

Reducing power (quercetin equivalent mg/ml)  3.69+0.29 4.03+0.22 9.1 (increase) 3.85+0.28 4.34 (increase)

Results expressed as mean+S.D (n=3)

The parameters in bold are reported as most primary and dominant responses of AF7 against increasing saline conditions

at 0 mM NaCl) was reported. Further increase in salin-
ity reduced the sugar content and minimum was found at
1400 mM NaCl (331.33 +2.04 mg/gm). Confirming the
concept that EPS production is the most important and pri-
mary response of bacteria against salinity stress (Khan et al.
2019), the present study illustrated that there was approxi-
mately threefold increase in production from non-saline con-
dition to 300 mM salinity. Fathalla (2018) explained that
under non-saline conditions, EPS production was reduced
and then increased with salinity. It has been reported that
in some PGPB, particularly those obtained from saline
soils, production of EPS increases up to certain levels of
salinity, suggesting its role in cell protection (Egamberdi-
eva et al. 2019). Dixit et al. (2020) found IAA production
of 3.09 pg/ml, P-solubilization index 1.8, EPS production
0.042 gm/100 ml and no siderophore production by alka-
lotolerant A. faecalis NBRI NB2.5. Isolate AF7 proved to
be much better in all these PGP activities in comparison to
its near relative A. faecalis NBRI NB2.5. Interestingly, A.
faecalis NBRI NB2.5 was also found to be closely associ-
ated (99%) with Alcaligenes faecalis NBRC 13111T (just as
AFT), which possibly hints about closeness in terms of PGP
characteristics. Akintokun et al. (2019) showed GA produc-
tion of 97.40 pg/ml by A. faecalis MY 19 strain, which is
again lesser than that produced by AF7.

Salt tolerance properties of the isolate
The onset of salinity stress invokes various synergistic

mechanisms in bacteria including osmolyte accumula-
tion, mitigation of ROS through antioxidant systems, ion
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homeostasis and EPS production which thereby help in the
survival and protection against hyperosmotic surroundings
(Pan et al. 2019; Arora et al. 2020). Therefore, the exact
mechanisms of salt tolerance in AF7 were determined and
correlated with salinity gradients. The most important con-
cept of salinity amelioration involves the decreased uptake
of Na* by plants and regulating osmotic homeostasis to
deduce the chances of flaccidity and death (Isayenkov and
Maathuis 2019). The amount of sodium accumulated in AF7
cells increased from 4292.21 pg/gm of cell dry weight in
control to 34,024.57 pg/gm of cell dry weight at 1000 mM
NaCl. However, at 1400 mM NaCl the sodium content
decreased (26,465.53 pg/gm of cell dry weight) which may
be, because the growth was much reduced. The exponential
increase in sodium influx was found to be related with salin-
ity (correlation coefficient r=0.86, up to 1400 mM NaCl
level, Fig. 1) and the results are reflecting the direct con-
versation between bacteria and hyperosmotic surrounding.
Assaha et al. (2017) reported that although high level of
intracellular Na* is toxic for bacterial cells but the counter
mechanisms involve creation of many vacuolar structures for
influx of cytoplasmic sodium ion through different porters.
Also intracellular sodium ions are compensated by increased
synthesis of osmolytes such as proline and glycine betaine
which thereby balance the osmotic difference (Weinisch
et al. 2018). Our results are in accordance with the study
of Giri et al. (2013) which also reported enhanced intracel-
lular Na* concentration in Methylophilus sp. and Methylo-
bacterium sp under salt stress. Proline is primarily involved
in osmotic balancing, hydroxyl radical scavenging, reduced
enzymatic inactivation, while in the second phase (when
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Fig. 1 Determination of the relationship between salinity, plant
growth promotion and salt tolerance traits of Alcaligenes AF7 based
on Pearson’s correlation of coefficient (P <0.05) (a) image of the
correlation matrix (b) image of the matrix of coefficients of deter-
mination (R?). IAA IAA production, GA gibberellic acid produc-
tion, siderophore— siderophore production, EPS exopolysaccharide
production, P phosphate solubilization, Zn zinc solubilization, pro-
line— proline accumulation, sodium— sodium solubilization, antiox-
idant— antioxidation activity, hydroxyl— hydroxyl scavenging activ-
ity, reducing P— reducing power

stress is relieved), proline can be degraded to provide energy
to the plant/ microbe for driving essential metabolic activi-
ties (Wang et al. 2018). Alcaligenes sp. AF7 showed proline
accumulation at all salt levels (up to 1400 mM) and there
was 76% increase from non-saline conditions to 300 mM
salinity and approximately 139% increase up to 1400 mM
NaCl. The coefficient of regression (R*=0.86 and corre-
lation coefficient () =0.93 showed that there is a positive
relationship between salinity and proline accumulation.
Antioxidant activity is another essential biochemical marker
of stress tolerance important for scavenging the ROS and
reducing the cellular damage (Amna et al. 2019). The reduc-
ing power illustrated in the study indicates the potential anti-
oxidant activity of isolate (Bhalodia et al. 2013). Based on

absorbance and comparison with standard, reducing power
was found maximum at 300 mM NacCl (Table 1), maintained
significantly up to 1000 mM and was least at 1400 mM salin-
ity (2.57 +0.19 mg/ml equivalent quercitin). The coefficient
of regression (R%) was equivalent to 0.61, correlation coef-
ficient (r) almost equal to 1 was reported up to 300 mM
salinity, while an inverse correlation coefficient (r)=— 0.978
was observed for higher salinity (700-1400 mM). Explain-
ing the DPPH assay, the increase in antioxidant property of
AF7 was significant with the increase in salinity (P=0.01)
with a positive correlation (r=0.96), the model of relativity
was also proved with coefficient of regression (R?) equiva-
lent to 0.92 (Fig. 1, Fig. 2). Similar trend was reported for
hydroxyl scavenging potential of AF7 with coefficient of
regression (R% as 0.91 (shown in Fig. 1, Fig. 2) and correla-
tion coefficient (r) equal to 0.95, relating the positive relation
between salinity and ion scavenging activity of Alcaligenes
sp. AF7. Duran et al. (2019) also found ROS scavenging
enzymes, hydrogen peroxide mitigating systems and high
halotolerance in Alcaligenes aquatilis strains under chemi-
cal and salinity stress. Mukherjee et al. (2019) reported that
EPS also regulate the production or uptake of proline and
accumulation of sodium ions. Interestingly, in the present
study positive r value of 0.95 and 0.89 was found for EPS
and proline, and EPS and Na* accumulation, respectively,
up to 700 mM NaCl concentration proving the hypothesis.

Principal component analysis (PCA) of PGP and salt
tolerance traits of AF7

Results of PGP and salt tolerance traits versus salinity
were analyzed through PCA. Considering the PGP char-
acteristics, it was found that Principal component 1 (PC1)
and Principal component 2 (PC2) accounted for 87.69%
and 10.78% data variability, respectively (Fig. 3a). The
comparative analysis showed that PGP properties includ-
ing Zn solubilization, IAA, GA and EPS production were
positively associated with 0—700 mM NaCl. The properties
were increasing from non-saline to 300 mM NaCl conditions
and were maintained up to 700 mM (Table 1). PCA of salt
tolerance properties showed very interesting results which
defined the response of bacteria at different salt conditions.
PC1 and PC2 accounted for 84.01% and 10.75% variabil-
ity, respectively. The distribution in the biplot revealed that
salinity gradients (300-1400 mM NaCl) were in the posi-
tive direction, while non-saline (0 mM) in negative coordi-
nate (Fig. 3b). The stress mitigation responses (proline and
sodium accumulation, antioxidant and hydroxyl scavenging
activity) were more at 1000-1400 mM NaCl. Thus, from
the mathematical model it can be summarized that at lower
levels of salinity (i.e., up to 300 mM NaCl) PGP properties
were dominant, while at higher (i.e., above 700 mM NaCl)
the stress adaption and survival responses were prominent
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(Table 1). A hypothesis can be drawn from this; properties
which are showing highest increase are the immediate and
most dominant response of bacteria to salinity. Among the
PGP properties EPS was found to be the highest contributor
followed by GA production. Proline accumulation was the
primary tolerance response of bacteria against increasing
salinity.

Pot experiment

The hypothesis established from the model was analyzed
through pot trials on rice in both sterilized and non-sterilized
saline soils. Effect of AF7 and EPS was checked on non-
sterilized saline soil to replicate the conditions of field (in
vivo conditions). The soil used for pot trial was saline with
EC of 9.2 dS/m, pH 8.1, organic carbon content 3.3 gm/
kg, available nitrogen 0.15 gm/kg, available phosphorous
41.3 mg/kg, available potassium 156 mg/kg, soil organic
matter 5.7 gm/kg and microbial biomass 103.5 mg/kg. In
sterilized soil, maximum increase in root length (160%),
shoot length (114%), fresh weight (135%) and dry weight
(93%) was reported for plants treated with 2% EPS and AF7
in respect to untreated control. Similar, trend of plant growth
promotion was also found in non-sterilized soil, where 2%
EPS and AF7 combination caused highest growth enhance-
ment (Table 2). Results of 5% EPS plus AF7 were signifi-
cantly similar (to 2% EPS plus AF7) hence not provided.
Obviously 2% EPS amendment will also be more economi-
cal in comparison to 5%. Although application of AF7 also
enhanced the growth parameters but were significantly lower
in comparison to EPS plus AF7. The potential of AF7 to
produce IAA, GA, EPS and chelate nutrients such as P, Zn,
Fe even in saline conditions could be the possible reason
for growth promotion of rice. The stress resilience in plants
inoculated with AF7 could be possibly due to the tendency
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of bacteria to accumulate osmolytes, presence of antioxidant
systems and reduction potential. Yang et al. (2009) showed
that the presence of these ST traits elicited “Induced Sys-
temic Tolerance” in plants. Addition of EPS in the bioin-
oculant provided added advantages as it can protect bacteria
against the aftershocks upon soil application and establish
a stable population of microbes, along with availability of
nutrients and water through biofilm formation on the root
surface (Sandhya and Ali 2015). Arora and Mishra (2016)
discussed about the importance of additives like EPS in bio-
formulation to achieve better results and also to increase the
shelf life and effectiveness of the inoculant. The inoculation
of EPS is also reported in enhancing soil conditioning effects
including trapping of Na* from soil, improve soil structure
by chelation of nutrients, formation of soil aggregates and
increasing water holding capacity (Ding et al. 2018). Bouk-
helata et al. (2018) reported that EPS produced by Alcali-
genes latus can absorb 1000 times more water than its dry
weight. This study is in lineation with the results obtained
by Tewari and Sharma (2020) reporting growth promotion
of Cajanus cajan upon inoculation with rhizobia and EPS
under abiotic stresses. Similarly, Meneses et al. (2011) con-
cluded that EPS production is important for colonization
and root attachment of Gluconacetobacter diazotrophicus
PALS in rice. Apart from bacterial cell protection against
stress, EPS is also reported to enhance Zn and phosphate-
solubilizing activity of microbes (Yi et al. 2008; Morillo
Pérez et al. 2008). Interestingly, Donati et al. (2013) reported
that TAA induces EPS production and biofilm formation.
Hence, the mutualistic relationship between the metabolite
and bacteria could have acted synergistically with multipha-
sic roles enhancing the growth parameters of plants under
salinity stress.

There are very few reports on utilization of Alca-
ligenes strains for plant growth promotion under salinity
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Fig.3 Estimating primary and dominant plant growth promoting (a)
and salt-tolerance responses (b) of Alcaligenes AF7 under various
saline conditions through Pearson coefficient based principal compo-

stress. Ibal et al. (2018) utilized Alcaligenes defragans for
improving the health of plants and remediating the soil.
Omer (2017) reported salt-tolerant strain of A. faecalis
capable of tolerating 7% NaCl and showing the enhance-
ment of wheat growth under 1% NaCl stress. Timmusk

nent analysis (P <0.05). Variables designated as: Zn zinc solubiliza-
tion, JAA indole acetic acid production, GA gibberellic acid produc-
tion, EPS exopolysaccharide production, DPPH antioxidant activity

et al. (2018) showed growth promotion of wheat under
salt and drought stress upon inoculation with A. faecalis
AF. However, role and ability of PGPB strains of Alca-
ligenes in saline environment is not much known. The
study through statistical analysis suggests the role of PGP
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Table 2 Comparative analysis of EPS and Alcaligenes AF7 treatments on vegetative growth parameters (60 days after sowing) of rice plants
grown under saline conditions both in sterilized and non-sterilized soils (pot study)

Treatments Root length (cm) Shoot length (cm) Fresh weight(mg) Dry weight
(mg)
Sterilized soil Non-sterilized Sterilized soil Non-sterilized Sterilized soil Non-sterilized Sterilized soil Non-sterilized
soil soil soil soil

0.1% EPS 7.07+0.12°  6.44+0.10° 12.5+043% 11.58+0.25" 174.07+2.75° 169.21+1.09* 18.91+0.36" 18.24+0.22°
1.0% EPS 9.76+0.14%  8.39+0.11¢ 15.53+0.46% 14.78+0.10° 203.13+2.29° 187.28+2.81° 23.45+0.21¢ 21.67+0.44¢
2.0% EPS 11.38+0.11" 1042+0.31° 17.18+0.09° 16.36+0.19¢ 257.99+5.25¢ 221.34+2.33¢ 28.42+0.48° 27.57+0.31°
5.0% EPS 10.7740.12°  10.12+0.18° 17.15+0.10° 16.28+0.19¢ 254.52+2.85¢ 220.25+3.55¢ 28.33+0.91° 27.48+0.14°
2% 13.30+0.13% 1235+ 0.33F  19.26+0.08" 18.35+0.10° 294.86+5.09° 283.24+2.17° 31.32+0.37° 30.85+ 0.43
EPS + AF7

AF7 8.0+0.10° 6.89+0.11° 13.31+0.16° 11.82+0.17° 181.57+2.82> 172.72+1.47° 21.32+0.34° 20.01 +0.56°
Untreated 5.11+0.16 491+0.07° 9.00+0.33* 8.63+0.10° 125.05+4.23* 12447+1.18% 16.20+0.37*° 16.20+0.17
control

Data is shown as the mean of two years. Results expressed as mean=+S.D (n=3 pots i.e. 15 plants). Same superscript letters denote no signifi-

cance difference (P <0.05) determined by Duncan’s multiple range test (DMRT)

The treatment in bold are indicated as best for the growth of rice

attributes and salt stress adaptation strategies for an Alcali-
genes sp. The study also proves a novel approach, where a
PGP Alcaligenes isolate based bioinoculant along with its
metabolite (EPS) is being reported to enhance the growth
of rice under salt stress. However, future field studies
can provide deeper insights into the effects triggered in
plants treated with the novel bioformulation when grown
in saline fields.

Conclusion

It can be concluded from the study that salinity induces vari-
ous responses in microbes to mitigate the abiotic stress. In
the present study Alcaligenes sp. is reported as an efficient
ST-PGPB with stress mitigating properties even at 1400 mM
salt level. The production of EPS under increasing salinity
was observed as the most prominent PGP trait. The study
through statistical model explains the mechanism of action
of Alcaligenes sp. AF7 at increasing levels of salts. The
model highlights that at lower salt levels AF7 primarily
produces metabolites involved in plant growth promotion,
while at further increase in salinity, survival becomes more
important. The application of bioinoculant of Alcaligenes sp.
amended with EPS in saline conditions showed maximum
increase in growth parameters of rice. The results proved
that EPS along with PGPB can be a promising eco-friendly
and cost-effective approach for stimulating the growth of
plants under salt-stressed conditions.
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