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The development of salinity affects 7% of the world’s land surface, acting as a
major constraint to crop productivity. This study attempted to use the co-evolving
endophytes of peanut to alleviate salinity stress and enhance the yield of peanut. Diverse
and different tissue colonizing endophytes were isolated from peanut and screened
in vitro by seed germination bioassay imposing gradients of salinity, with two cultivars
TG37A (susceptible) and GG2 (moderately resistant), in potted conditions using saline
irrigation water. Finally, nine endophytes capable of producing IAA and ACC-deaminase,
promoting root growth and yield in potted conditions were selected for further evaluation
in field conditions. They were evaluated with saline water (1.5–2.0 dS/m) in saline
soil with susceptible cultivar TG37A. Simultaneously, three endophytes (Bacillus firmus
J22N; Bacillus tequilensis SEN15N; and Bacillus sp. REN51N) were evaluated with two
cultivars, GG2 and TG37A, during rainy and post-rainy seasons with elevated salinity.
The application of endophytes like Bacillus firmus J22N and Bacillus sp. REN51N
enhanced the pod and haulm yield of peanuts by 14–19% across cultivars, salinity,
and seasons. In addition, there was significant modulation in parameters like relative
water content; production of enzymes like superoxide dismutase (SOD), glutathione
reductase (GR), catalase (CAT), ascorbate peroxidase (APX), lipid peroxidase (POD),
and H2O2 content in leaf; and uptake of potassium. The activities of the enzymes
involved in scavenging reactive oxygen species (ROS) increased with salinity, and further
increased with endophytes like Bacillus firmus J22N, Bacillus tequilensis SEN15N,
and Bacillus sp. REN51N. There was an enhanced accumulation of proline, reduced
level of phenol and H2O2, and enhanced uptake of potassium with the inoculation of
endophytes. This improved scavenging capacity of plants by endophytic modulation
of ROS scavengers, uptake of K, production of ACC deaminase and IAA, root and
biomass growth, modulation in relative water content, and enhanced accumulation of
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osmoprotectant might be the reasons of alleviation of salinity stress. Endophytes could
have alleviated salinity stress in peanuts, indicating the mechanisms and potential of
peanuts at the field level. These endophytes could be applied to bring agricultural
sustainability to salinity-affected areas in the future. Furthermore, few genera viz.
Kocuria, Brevundimonas, Agrococcus, Dietzia, and Kytococcus were observed in
peanut tissue for the first time.

Keywords: salinity, endophyte, alleviation, peanut, growth-promotion, ROS scavenging

INTRODUCTION

Salinity affects about 20% of all irrigated agricultural fields
and over 7% of the world’s land surface (Szabolcs, 1994). It is
estimated that approximately 50% of arable land will be affected
by salinity stress by the year 2050 (Munns and Tester, 2008;
Shrivastava and Kumar, 2015). This is likely to impact the
global food production needed to feed over 9.6 billion people,
which the world population is estimated to reach by 2050.
Increasing concentrations of salt in soil and or irrigation water
is a major threat to agricultural production in arid and semi-
arid regions. It is anticipated that because of the build-up of
salinity in soil, there will be a drastic reduction in crop yield
by inhibition of seed germination, seedling growth, flowering,
and fruit set (Sairam and Tyagi, 2004). Almost all physiological
processes like respiration, photosynthesis, nitrogen fixation and
other metabolic and enzymatic processes are affected by soil
salinity, resulting in stunted growth and a decrease in farm
productivity (Shabala and Munns, 2012; Acosta-Motos et al.,
2017; Shabala, 2017). It also disrupts the cellular osmotic balance
(Krasensky and Jonak, 2012), and increases oxidative stresses by
generating reactive oxygen species (ROS). Soil salinity, usually
NaCl, may also reduce plant growth by ion toxicity and water
deficits (Wu et al., 2013). Crop losses are predicted to reach
approximately US$27.3 billion annually (Qadir et al., 2014).
In the changing climate scenario, the impact of salinization is
likely to increase further, necessitating special efforts to maintain
sustainable crop yield under salt stress (Turral et al., 2011;
Suarez et al., 2015).

Generally, stressed plants induce the production and
accumulation of osmolytes, i.e., proline and glycine betaine
(Qureshi et al., 2013; Alam et al., 2019) in response to salinity
stress. Stressed plants are also reported to induce production
of non-enzymatic, i.e., phenolics, flavonoids, and glutathione
(Alam et al., 2019); and enzymatic antioxidants, i.e., peroxidase,
catalase, as well as the enzymes involved in the ascorbate–
glutathione cycle (Khaliq et al., 2015; Talbi et al., 2015; Khan
et al., 2020) to mitigate the oxidative damage during salinity
stress (Zhu, 2002). Plants growing in saline soil frequently
increase their ethylene production to initiate programmed
cell death (apoptosis) (Trobacher, 2009), which in turn leads
to tissue senescence and stunted growth. Thus, a reduction
in ethylene production inside plants could act as a growth
stimulator under stress. Although breeding of tolerant crop
varieties is an option, to date there has been limited success
in developing such salt-tolerant crop plants (Schubert et al.,
2009), necessitated alternate ameliorating or management
strategies to achieve sustainable crop growth in soils affected by

salinity. The modification in root growth, enhanced uptake of
K+ concomitantly with a reduction in Na+ intake, and up or
downregulation of other metabolic processes (Compant et al.,
2005; Ryan et al., 2008; Khaliq et al., 2015; Ali et al., 2017; Li
et al., 2019; Fan et al., 2020) are also responsible for imparting
salinity tolerance. Application of epigallocatechin-3-gallate,
salicylic acid, kinetin, silicon, aspirin, Ag-nanoparticals, and
spermidine externally have also been found to alleviate abiotic
stresses in many plants (Ahammed et al., 2018; Ahanger et al.,
2018, 2020; Hussain et al., 2018; Kaur et al., 2018; Zhang
et al., 2018; Alam et al., 2019; Ahmad et al., 2019; Khan et al.,
2020).

Alternate management strategies include the use of beneficial
microbes (endophytes, PGPR, etc.) capable of producing IAA
for plant growth and ACC-deaminase (Glick et al., 2007;
Raghuwanshi and Prasad, 2018; Saikia et al., 2018) for reducing
ethylene level in stress; and exo-polysaccharides (Sun et al., 2020)
for chelating Na+. Such microbes are also capable of reducing
salt stress in plants through the production of ROS scavenging
enzymes, modulating osmotic adjustment, enhancing uptake of
K to counteract Na, and modulation of signaling pathways, etc.
(Sairam and Tyagi, 2004; Compant et al., 2005; Ryan et al.,
2008; Fan et al., 2020). Each of the nearly 300000 plant species
harbor one or more endophytes that helps them to circumvent
many abiotic and biotic stresses (Strobel and Daisy, 2003;
Brundrett, 2006). Inoculation of Pseudomonas pseudoalcaligenes
in rice alleviated salinity stress (Jha et al., 2011); Klebsiella
pneumoniae in wheat fixed nitrogen (Iniguez et al., 2004);
and Enterobacter sakazaki in soybean enhanced plant growth
(Kuklinsky-Sobral et al., 2004). In peanut, the colonization of
Enterobacter spp. and Klebsiella spp. inside the root nodules of
peanut enhanced yield (Gimenez-Ibanez et al., 2009). Similarly,
inoculation of endophytic Bacillus sp., Paenibacillus sp., and
Pantoea dispersa obtained from peanut seeds modulated the
metabolism of the peanut to modulate growth (Li et al., 2019;
Fan et al., 2020). However, very little is known about the role
of the endophytic modulation of physiological and biochemical
parameters leading to the alleviation of salinity stress in peanuts.

Peanut (Arachis hypogaea L.) is a major oilseed crop in India.
However, the crop is susceptible to salinity, and productivity is
severely affected (Meena et al., 2012). As peanut cultivars tolerant
to salinity are not available, we hypothesized that the use of
co-evolving endophytic bacteria could provide succor to peanut
against salinity stress, and impact plant growth and yield. In
the present study, endophytic bacteria, isolated from different
tissues of peanut, were evaluated for their role in alleviating
salinity stress, along with plant growth promotion and yield
enhancement of field conditions. The possible mechanisms of
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alleviation of the salinity stress of peanut by endophytes were also
investigated.

MATERIALS AND METHODS

Isolation of Endophytic Bacteria
The endophytic bacteria were isolated from the internal tissues
of the root, stem, and seed of 80-day old peanut plants
(cultivar GG2), grown in farmers’ fields affected by salinity
(EC 4.5 dSm−1) in Kutch, Gujarat, India. Three samples
of healthy plants, each from three different geographical
locations between N 23◦12.806′ and E 069◦47.576′ to N
23◦19.690′ and E 070◦08.911′, were collected during the
rainy and post-rainy seasons of 2010 and 2011 for the
isolation. Similarly, endophytes were also isolated from peanut
(cultivar TG37A) grown in moisture-deficit stress conditions
(experimental plots; three samples of three plants each from
three different locations; 70-day old plants) at ICAR-Directorate
of Groundnut Research (21◦31′N, 70◦36′E), Junagadh, Gujarat,
India following Kishore et al. (2005) with modifications.
Peanut plants (cultivar GG2) collected from salinity affected
farmers’ fields in the Kutch district of Gujarat (India) were
brought to the laboratory at Junagadh, Gujarat by keeping the
samples in polythene bags kept in insulated boxes during the
summer season of 2010.

The temperatures inside the boxes were maintained at –20◦C
using gel packs, to prevent the samples spoiling. Fresh
samples, obtained from the moisture-deficit stress conditions (no
irrigation water after emergence, until harvest) of experimental
plots in Junagadh, Gujarat, India were processed separately. For
isolation of endophytic bacteria, 5 g of cleaned stem/root (cut
into 3–5 cm pieces), were surface sterilized with 4% sodium
hypochlorite solution for 3 min followed by 90% alcohol for
a further 3 min, and finally with 70% ethanol for 3 min.
Traces of alcohol were removed by rinsing the samples in sterile
water five times.

The samples were then rolled onto Luria Bertani Agar
(M1151, HiMedia) and Tryptone Soya Agar (TSA) (M290,
HiMedia) plates to check surface contamination. They were
then homogenized in 25 ml of sterilized phosphate buffer using
a sterile mortar and pestle. Appropriate dilutions of these
suspensions were plated onto Luria Bertani (LB) and TSA
agar amended with 100 µg/ml cycloheximide to prevent fungal
growth and incubated for 72 h at 28◦C.

From each sample, single colonies of predominant strains
with distinct morphologies and well separated from the others
were picked up, sub-cultured, and preserved as glycerol stocks
at –70◦C. For isolation of the seed endophytes, 5 g of seeds of GG2
and TG37A, grown in the above-mentioned conditions, were
directly placed into a sterile beaker and surface sterilized with
0.1% HgCl2 for 5 min. Thereafter, the protocol followed for the
processing of root and stem samples was employed. The aliquot
was transferred to 90 ml water blank and serially diluted, followed
by spreading 100 µl on agar media plates and incubated at 28◦C
for 72 h.

Characterization of Endophytes for
Salinity Tolerance
To determine the inherent level of tolerance of the endophytes
to salinity, the purified and morphologically distinct endophytes
were grown in liquid Luria broth at 28◦C for 24 h. An aliquot
(5 µl) was spotted onto Luria Agar in triplicates, amended with
0% (control), 2.5, 5, 7.5, 10, 12.5, and 15% NaCl and incubated at
28◦C for 72 h. Observations were recorded at 24 h intervals.

Characterization of Endophytes for ACC
Deaminase Activity and IAA Production
The presence of IAA-like substances was detected and quantified
following the method of Sarwar and Kremer (1995) in L-
tryptophan agar. One ml each of 24 h growth of the isolates
in Kings’ B (King et al., 1954) broth was pour plated into
L-tryptophan agar in triplicate and incubated at 28◦C for
24 h in the dark. After incubation, the agar growth beads
(three beads, approximately 0.24 cm3) were placed in freshly
prepared Salkowsky reagent (Sarwar and Kremer, 1995) in
triplicate, from each Petri dish and incubated in the dark
for 30 min for the development of pink color, when they
were measured spectrophotometrically at 595 ηm, using IAA
as standard. The amount of IAA produced was expressed as
µg/ml. The capacity of the newly isolated strains to produce
ACC deaminase was determined as described (Glick et al.,
1995). The endophytic isolates were screened for ACC deaminase
activity on the sterile minimal DF (Dworkin and Foster) salts
media amended with 3 mM ACC (1-cyclopropoane-1-carboxylic
acid) as the sole nitrogen source (Dworkin and Foster, 1958;
Penrose and Glick, 2003).

The inoculated plates were incubated at 28◦C for 3 days,
and growth was monitored on a daily basis. The colonies
growing on the plates were taken as ACC deaminase producers.
The quantitative assessment of ACC deaminase activity
of ACC-deaminase positive endophytes was done spectro-
photometrically in terms of the production of α-ketobutyrate
from ACC at 540 ηm by comparing with the standard curve of
α-keto-butyrate (Honma and Shimomura, 1978). The protein
was estimated by Bradford reagent (Bradford, 1976). One unit
of ACC deaminase activity was expressed as the amount of
α-ketobutyrate liberated in ηmol per milligram of cellular
protein per hour.

Identification of Selected Endophytes
Based on 16S rRNA Cataloging and
Phylogenetic Analyses
All the endophytic isolates from peanuts were processed
for isolation of genomic DNA. Genomic DNA was isolated
from exponentially growing cultures of the endophytes
using a genomic DNA isolation kit (Promega, Madison,
WI, United States) as per manufacturer protocol. Additional
treatment of lysozyme was given for Gram positive isolates
at 65◦C for 30 min for isolation of genomic DNA. PCR
amplification was performed in a thermal cycler (TakaraTP

600 Gradient; Takara Inc., Japan) in 20-µl reaction mixtures
containing 2.5 µl of 10 × buffer, 1.5 µl of 25 mM MgCl2, 2.5 µl
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of 2 mM dNTPs, 8.55 µl PCR water, 1.0 µl of universal forward
primer (100 pmol) 8F (5′-AGA GTTTGATCCTGGCTCAG-3′),
1.0 µl of universal reverse primer (100 pmol) 1492R (5′-ACG
GCTACCTTGTTACGACTT-3′), 0.1 µl RNAase 5 U/µl, 0.3 µl
Taq-DNA polymerase (5 U/µl) and 2.55 µl of bacterial genomic
DNA. The PCR conditions used were: one cycle at 95◦C for
5 min; 35 cycles at 94◦C for 1 min, 58◦C for 1 min and 72◦C
for 2 min; and with a final extension at 72◦C for 10 min.
The amplified products were column purified using a PCR
purification kit (Promega, Madison, WI, United States).

The column purified products of the near full-length
sequences of 16S rRNA were gel purified using a gel purification
kit of Qiagen (Qiagen Inc.) and custom sequenced on an
ABI 3,730 × l Genetic Analyzer (Applied Biosystems, Foster
City) at Sequencher Tech. Pvt. Ltd., Ahmedabad, Gujarat,
India. The 16S rRNA gene sequences of the peanut endophytic
isolates were processed and deposited in the National Center
for Biotechnology Information (NCBI) GenBank database and
accession numbers were obtained (Table 1).

The identities of the endophytes were obtained by comparing
sequences of the isolated 16S rRNA gene with available sequences
in the GenBank1 using the BLASTn program. Phylogenetic
analyses of 55 16S rRNA sequences were performed using MEGA
(Molecular Evolutionary Genetics Analysis software) version 6.0
(Tamura et al., 2013) after multiple alignments of the data
by CLUSTAL W (Thompson et al., 1994) using progressive
alignment method in the same software. Phylogenetic trees were
constructed by the UPGMA method using bootstrap (Felsenstein,
1985; 1000 replications) and maximum composite likelihood
model in MEGA software ver. 6.0 (Tamura et al., 2013). Then
organ/tissue-wise (i.e., seed, stem, and root) relationship was
assessed separately with the same software and parameters.

Germinating Seed Bioassay With
Selected Endophytes Having Tolerance
to Salinity and ACC Deaminase and IAA
Producing Traits
For germinating seed bioassay, 31 endophytic bacterial isolates,
having ACC deaminase activity in addition to salinity tolerance,
were grown in 25 ml of Luria broth (M575, Himedia) for 48 h
in a shaker at 240 rpm at 28◦C. The cultures were centrifuged at
10,000 rpm in a refrigerated centrifuge at 4◦C. The pellets were
suspended in standard nutrient broth (SNB) as described earlier
(Gerhardson et al., 1985; Pal et al., 1999) adjusting the OD to
0.2 at 600 ηm. The seeds of peanut (cultivar GG2: moderately
resistant to salinity and TG37A: susceptible to salinity), uniform
in size and shape, were selected and surface sterilized with 0.1%
HgCl2 for 3 min, rinsed with sterile water, and then surface
sterilized again in 90% alcohol for 3 min and rinsed five times
with sterile water to remove traces of alcohol.

The surface sterilized seeds, thus obtained, were placed onto
0.8% sterile water agar (10 seeds in each plate) and incubated at
28◦C for 48 h. Three pre-germinated seeds of uniform radicle
size were placed onto sterile 0.8% water agar (three replicates

1http://www.ncbi.nlm.nih.gov/

for each treatment; three pre-germinated seeds in each plate)
amended with 0, 25, 50, and 75 mM NaCl (limit of salinity stress
at which peanut seed can germinate but with reduced vigor)
and 10 µl of each culture suspended in SNB was placed on
each pre-germinated seed and incubated at 28◦C for 7 days. The
uninoculated respective control received 10 µl of SNB only. The
length of the root of each seedling was measured after 7 days
and expressed in cm to evaluate the ability of the endophytes
in elongation of roots of peanut and compared with roots of
respective uninoculated treatments.

Intrinsic Antibiotic Resistance (IAR)
Patterns of Endophytes
The intrinsic antibiotic resistance patterns (IAR) of the
endophytes were determined using antibiotics for different
groups following Dey et al. (2004), up to 150 µg/ml [0, 25,
50, 100, and 150 µg/ml concentration: β-lactams (Ampicillin-
Ap); aminoglycosides (Streptomycin-Sm and Kanamycin-Km);
tetracyclines (Tetracycline-Tc); aminocyclitol (Spectinomycin-
Spc); others (Chloramphenicol-Cm and Nalidixic acid-Nal)].
Twenty-four-hour-old cultures of endophytes grown in Luria
broth at 28◦C in a shaker, at 240 rpm, were used to make
bacterial spots (5 µl) in triplicates, onto Luria agar (LA) medium
plate amended with the antibiotics, as mentioned earlier at
different concentrations. The petri plates were incubated at
28◦C for 5 days, and the growth on the spots was recorded at
24 h intervals. Finally, the patterns of antibiotic resistance for
each endophytic isolate were determined, which was used for
tracking the endophytes inside different tissues (root, stem, and
seed) of peanut during experiments, to ascertain the nature of
colonization.

Screening of Selected Endophytes for
Alleviation of Salinity Stress in Potted
Condition
Based on the results obtained in germinating the seed bioassays, a
total of 31 isolates of endophytes were evaluated for their capacity
to alleviate salinity stress in potted conditions. The experiment
was laid in pots, following Dey et al. (2004), having 18′′ diameter
and capacity to hold 20 kg of soil (medium black and calcareous,
pH 7.9, organic carbon 0.52%, total nitrogen content 0.2125 g/kg,
available phosphorus 0.0075 g/kg, and K2O 0.120 g/kg). Unsterile
soil was used for the experiment. There were a total of 32
treatments, each having six replications. Three replications were
used for measuring root and shoot length. The remaining three
replications were used for observation after harvest.

Peanut cultivar TG37A (susceptible to salinity), a Spanish
Bunch variety, was used in the experiment during the post-rainy
season. Pots were kept in the open and watered at alternate days
with 2 EC (2.0 dS/m) saline water made by adding the required
quantity of NaCl, beginning 15 days after emergence @ 1000 ml
of water of 2.0 dS/m salinity. The water with 2.0 dS/m salinity was
made by adding NaCl @1.17 g/l. Initial soil salinity was 0.2 dS/m
at the time of sowing. Until 15 days of germination, watering was
done with normal water only to facilitate uniform germination
in all the treatments. Nitrogen at 0.01 g/kg soil as ammonium
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TABLE 1 | Identification, characterization, and plant growth promoting attributes of the endophytic isolates obtained from different peanut plant tissues.

Isolate Identity Tissue GenBank Accession Number NaCl (%) ACC deaminase IAA

J1N Pantoea agglomerans Seed JX490078 10 ND +

J2N Enterobacter ludwigii Seed JX490058 10 + +

J6N Enterobacter cloacae Seed JX490077 10 + +

J7N Acinetobacter junii Seed JX490076 10 + +

J8N Alcaligenes faecalis Seed JX490057 10 + +

J9N Alcaligenes faecalis Seed JX490075 5 + +

J11N Pseudomonas otitidis Seed JX490074 12.5 + +

J12N Pseudomonas otitidis Seed JX490073 5 + +

J14N Acinetobacter junii Seed JX490072 10 + +

J17N Enterobacter hormaechei Seed JX490071 10 ND +

J18N Brevibacillus brevis Seed JX490070 10 ND ND

J19N Bacillus endophyticus Seed JX490069 12.5 + +

J20N Acinetobacter junii Seed JX490068 10 + +

J21N Bacillus subtilis Seed JX490067 7.5 + ND

J22N Bacillus firmus Seed JX490066 12.5 + +

J25N Bacillus subtilis subsp. subtilis Seed JX490065 7.5 ND ND

J26N Bacillus firmus Seed JX490064 10 + ND

J27N Pseudomonas otitidis Seed JX490063 10 + +

J29N Pseudomonas otitidis Seed JX490062 7.5 + +

J32N Pseudomonas aeruginosa Seed JX490061 10 + +

J40N Bacillus subtilis subsp. subtilis Seed JX490056 7.5 ND ND

J45N Pseudomonas aeruginosa Seed JX490055 5 + +

J47N Brevibacterium iodinum Seed JX490060 5 ND ND

J51N Pseudomonas otitidis Seed JX490059 5 + +

SEN9N Bacillus subtilis subsp. subtilis Stem JX490094 10 ND ND

SEN12N Brevibacterium casei Stem JX490093 7.5 ND ND

SEN13N Staphylococcus arlettae Stem JX490092 5 ND ND

SEN14N Kocuria palustris Stem JX490089 5 ND ND

SEN15N Bacillus tequilensis Stem MW362448 10 + +

SEN16N Brevundimonas diminuta Stem JX490088 5 ND ND

SEN17N Staphylococcus caprae Stem JX490087 5 ND ND

SEN18N Bacillus nealsonii Stem JX490086 5 ND ND

SEN21N Staphylococcus haemolyticus Stem JX490085 5 ND ND

SEN29N Pseudomonas pseudoalcaligenes Stem JX490082 10 + +

REN12N Brevibacterium iodinum Root JX490101 10 ND ND

REN14N Agrococcus casei Root JX490100 10 ND ND

REN15N Brevibacterium avium Root JX490125 10 ND ND

REN21N Staphylococcus capitis Root JX490122 5 ND ND

REN22N Kytococcus sedentarius Root JX490098 5 ND +

REN24N Pseudomonas aeruginosa Root JX490121 10 + +

REN37N Bacillus megaterium Root JX490117 7.5 + +

REN38N Dietzia maris Root JX490116 5 ND +

REN39N Bacillus circulans Root JX490115 10 + ND

REN40N Bacillus subtilis subsp. subtilis Root JX490113 10 ND ND

REN42N Bacillus megaterium Root JX490112 10 + +

REN43N Bacillus subtilis subsp. subtilis Root JX490111 7.5 ND ND

REN44N Brevibacterium album Root JX490110 5 ND ND

REN47N Pseudoxanthomonas mexicana Root JX490109 10 + +

REN51N Bacillus sp. Root JXAB0 1000000 10 + +

REN52N Paenibacillus xylanilyticus Root JX490107 10 ND +

REN56N Bacillus endophyticus Root JX490106 12.5 + +

REN59N Bacillus firmus Root JX490096 7.5 + +

REN66N Bacillus megaterium Root JX490097 10 + +

REN67N Bacillus megaterium Root JX490105 7.5 + +

REN68N Lysinibacillus boronitolerans Root JX490104 7.5 ND ND

REN69N Bacillus megaterium Root JX490103 7.5 + +
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sulfate and P2O5 at 0.02 g/kg soil as single super phosphate
were applied just before sowing. Each isolate of endophyte was
grown overnight in Luria broth. Each broth was centrifuged at
12,000 rpm, washed with phosphate buffer three times, and then
pellets were dissolved in 0.1 M phosphate buffer (pH 7.0) and OD
was adjusted to 1.2 before being used for pot experiments. An OD
of 1.2 was equivalent to 2.0× 108 CFU/ml.

The seeds for each treatment were soaked for an hour in
phosphate saline buffer (PSB) containing the suspension of the
endophyte isolates to maintain a population of approximately
108 CFU/seed. Seeds of the control treatment received only
phosphate buffer. In each pot, eight seeds (95% germination)
were sown at a depth of 5 cm. After germination, five seedlings
were maintained in each pot. Root and shoot length was
measured at 60 days after emergence, along with proline and
total phenol content, in leaf. Plant biomass and pod yield were
recorded at harvest.

Field Trials for Assessing the Role of
Endophytes in the Alleviation of Salinity
Stress (Natural Saline Soil and Irrigation
Water)
A field trial was conducted during the rainy- and post-rainy
seasons of 2013 at the Regional Research Station (RRS) of Central
Arid Zone Research Institute (CAZRI), Kukma, Bhuj, Gujarat,
India. The soil parameters of the site of experiment were: sandy
loam to loamy sand; available P as P2O5: 11–14 kg/ha; available
N: 300 kg/ha; K as K2O = 360 kg/ha; electrical conductivity (EC):
2.3–5.3 dS/m; organic carbon (OC) = 0.02–0.03; pH = 8.0–8.2;
rainfall: 50–250 mm (rainy season); summer temperature∼48◦C;
bulk density: 1.2–1.3 g/cc; soil depth: 30–60 cm; water: saline
(electrical conductivity of 1.5–2 dS/m).

The physico-chemical properties of the soil were determined
by standard procedures. This includes available P as P2O5 (Olsen,
1954); available N by alkaline permanganate (KMnO4) method
(Subbiah and Asija, 1956); available K (Jackson, 1974); and
organic carbon content by wet digestion method (Walkley and
Black, 1934). The electrical conductivity of soil was measured
with the help of an EC meter (Model CM-180; Systronics) and
expressed as dS/m. Soil pH was measured with the help of a
pH meter (Model LI-610) as described by Chopra and Kanwar
(1982). The bulk density of the soil was determined using the
standard Core Sampler method (Singh, 1980).

In the field, recommended doses of fertilizers (20 kg N/ha as
ammonium sulfate; 40 kg P2O5/ha as single super phosphate,
and 60 kg K2O/ha as muriate of potash) were used unless
mentioned otherwise. Nine endophytes (Alcaligenes faecalis
J8N, Pseudomonas otitidis J11N, Acinetobacter junii J20N,
Bacillus firmus J22N, Bacillus tequilensis SEN15N, Pseudomonas
pseudoalcaligenes SEN29N, Pseudomonas aeruginosa REN24N,
Pseudoxanthomonas mexicana REN47N, and Bacillus sp.
REN51N) were evaluated with susceptible cultivar TG37A. There
were three replicates (design RBD) with 30 cm row-to-row and
10 cm plant-to-plant spacing in 10 rows of 5 m length. The
sowing was done during the rainy (first fortnight of July) and
post-rainy (first fortnight of February) seasons of 2013. The

seeds were coated with charcoal-based (charcoal as a carrier)
endophytes cultures (109 –1010 CFU/g carrier). Seeds (120 kg/ha)
were sown at a depth of 5 cm in rows. A plant population of
480–490 plants/plot was maintained by thinning if required. As
rainfall was scanty during the time of post-rainy (no rainfall) and
rainy (rainfall 75 mm at the site of the experiment) season, 12
irrigations were applied at weekly intervals as flood irrigation.
Out of the 12 irrigations, the first four irrigations used normal
water (with no salinity) through tankers to facilitate germination,
as the soil was saline. The remaining irrigations were provided
with saline water (electrical conductivity of 1.5–2.0 dS/m). At the
beginning of the experiment during the post-rainy season, soil
EC was 2.3 dS/m. Both pH and EC were monitored at 30 days
intervals, beginning at the time of sowing. At 60 days after
emergence (DAE; pod filling stage), leaf samples were collected
for both physiological (relative water content) and biochemical
traits [superoxide dismutase (SOD), ascorbate peroxidase (APX),
glutathione reductase (GR), peroxidases, catalases, and contents
of H2O2, total phenol, proline, etc.]. The population densities
of the endophytes were measured in different tissues at 45 and
90 days after emergence. The crop was harvested after maturity
at 110 days after sowing (DAS) and pod and haulm yield and
uptake were recorded. The crop was raised in the same piece of
land during the rainy and post-rainy seasons of 2013.

Field Trials for Assessing the Role of
Endophytes in the Alleviation of Salinity
Stress at Elevated Salinity
The experiment was conducted with three levels of saline water
(normal: 1.5–2 dS/m of salinity; 3 dS/m of salinity and 6 dS/m
of salinity) with two cultivars (GG2: moderately resistant and
TG37A: susceptible to salinity) in a split-plot design, with three
rows of each of the two varieties in 5 m row length in the
same plot, with row-to-row and plant-to-plant spacing of 30 and
10 cm, respectively.

There were three replications for each treatment. At the
beginning of the experiment, the EC of soil was 2.46 dS/m. The
crop was raised with three endophytes (Bacillus firmus J22N: seed
endophyte; Bacillus tequilensis SEN15N: stem endophyte; and
Bacillus sp. REN51N: root endophyte) keeping an uninoculated
treatment during the post-rainy season of 2013, and rainy season
of 2013 and 2014 in the same plots in successive seasons.
As rainfall was scanty during the time of the post-rainy (no
rainfall) and the rainy season (rainfall 75 mm at the site of the
experiment), 12 irrigations were applied at a weekly interval as
flood irrigation. Out of the 12 irrigations, the first two irrigations
were provided with normal water (no salinity) through tankers to
facilitate germination, as the soil was saline. All other parameters
were as mentioned in the previous experiment. All observations
like biochemical traits, population dynamics, pH, and the EC of
soil, yield, and biomass were recorded as described earlier.

Population Densities of Endophytes
Inside Plant Tissues
The population densities of inoculated endophytes were
determined in root and shoot samples at 45 and 90 days after
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emergence (DAE), and inside the seed at 90 DAE, in both of the
above field experiments based on IARs onto Kings’s B medium
amended with appropriate antibiotics. The population was
expressed as a log number of cells/g. Five grams each of the
root, stem, and seed (developing) were taken for determining
the population of the inoculant strains inside the tissues. Roots
were gently dipped in sterile tap water to remove the still
adhering soil particles. Samples were processed as described
earlier for isolation of endophytes. Cycloheximide (100 µg/ml)
was also amended in medium to inhibit the fungal growth.
The colonies were counted and expressed as a log number of
cells/g. Colony morphology and characteristics were also taken
into consideration while counting to avoid the counting of the
spontaneously growing population.

Monitoring the Changes in pH and EC of
Soil
The changes in pH and EC of soil were monitored at 30 days
interval in all the experimental sites by taking soil samples at 0–
10 cm in the top layer of soil (three samples each from all three
replications of the experimental plots). For determining soil pH
and EC, the soil was diluted with distilled water @1:2.5 dilution
and pH and EC were determined in a pH (Model: µ pH system;
Systronics)/TDS meter (Model CM-180; Systronics).

Quantification of Plant Physiological and
Biochemical Traits
The relative water content (RWC) of a leaf was estimated by
recording the fresh, turgid, and dry weight of leaf samples
collected from the field following the formula: RWC = [(Fresh
wt.-Dry wt.)/(Turgid wt.-Dry wt.)] × 100 (Weatherley, 1950).
The content of hydrogen peroxide (H2O2) was measured through
the formation of the titanium-hydro peroxide complex (Rao et al.,
1997). One gram leaf material was ground with liquid nitrogen
and the finely powdered material was mixed with 10 ml of ice
cooled acetone in a cold room. The mixture was filtered through
Whatman No. 1 filter paper followed by the addition of 4 ml of
titanium reagent and 5 ml of ammonium solution to precipitate
the titanium-hydro peroxide complex. The reaction mixture was
centrifuged at 12,000 rpm for 15 min at 4◦C. The precipitate was
dissolved in 10 ml of 2 M H2SO4 and then re-centrifuged. The
absorbance of the supernatant was taken at 415 ηm against blank.
Hydrogen peroxide contents were calculated by comparison with
a standard curve drawn with a known quantity of hydrogen
peroxide. The extract for SOD, APX, GR, POD, and CAT was
prepared by first freezing one gram of leaf samples in liquid
nitrogen to prevent proteolytic activity followed by grinding
with 10 ml extraction buffer (0.1 M phosphate buffer, pH 7.5,
containing 0.5 mM EDTA in case of SOD, GR, POD, CAT, and
1 mM ascorbic acid in the case of APX). The extract was passed
through four layers of cheesecloth and filtrate was centrifuged for
20 min at 15,000× g and the supernatant was used as an enzyme.

The total SOD (EC 1.15.1.1) activity was measured by the
inhibition of the photochemical reduction of NBT by the enzyme
(Dhindsa et al., 1981). The 3 ml reaction mixture contained
13.33 mM methionine, 75 µM NBT, 0.1 mM EDTA, 50 mM

phosphate buffer (pH 7.8), 50 mM sodium carbonate, 0.1 ml
enzyme extract and water to make a final volume of 3.0 ml.
The reaction was initiated by adding 2 mM riboflavin (0.1 ml)
keeping the tubes under two 15 W fluorescent lamps for 15 min
in dark. Illuminated and non-illuminated reaction mixtures
without enzyme were used for calibration. The absorbance was
recorded at 560 ηm, and one unit of enzyme activity was
taken as that amount of enzyme that reduced the absorbance
reading to 50% in comparison with tubes lacking enzyme per
unit time. The catalase (CAT) (EC 1.11.1.6) activity was assayed
by measuring the disappearance of H2O2 (Aebi, 1984) in a
reaction mixture (3 ml) consisting of 0.5 ml of 75 mM H2O2
and 1.5 ml of 0.1 M phosphate buffer (pH 7) on the addition
of 50 µl of diluted enzyme extract. The decrease in absorbance
at 240 ηm was observed for 1 min in a UV-visible double beam
spectrophotometer.

Enzyme activity was estimated by calculating the amount of
H2O2 that decomposed. The initial and final contents of H2O2
were calculated by comparison with a standard curve drawn
with known concentrations of H2O2. The peroxidase (POD) (EC
1.11.1.7) activity was measured in terms of increase in absorbance
due to the formation of tetra-guaiacol at 470 ηm, and the enzyme
activity was calculated as per extinction coefficient of its oxidation
product, tetra-guaiacol ε = 26.6/mM/cm (Castillo et al., 1984).
The reaction mixture contained 50 mM phosphate buffer (pH
6.1), 16 mM guaiacol, 2 mM H2O2, and 0.1 ml enzyme extract.
The mixture was diluted with distilled water to make up a
final volume of 3.0 ml. Enzyme activity was expressed as µmol
tetra-guaiacol formed/min/mg protein. The APX (EC 1.11.1.11)
activity was assayed by recording the decrease in optical density
due to ascorbic acid at 290 ηm (Nakano and Asada, 1981). The
reaction was set up in a 3 ml reaction volume containing 50 mM
potassium phosphate buffer (pH 7.0), 0.5 mM ascorbic acid,
0.1 mM EDTA, 0.1 mM H2O2, 0.1 ml enzyme, and water to
make up a final volume of 3.0 ml. To this, 0.1 ml of H2O2 was
added to initiate the reaction. The decrease in absorbance was
measured spectro-photometrically and the activity was expressed
by calculating the decrease in ascorbic acid content using a
standard curve drawn with known concentrations of ascorbic
acid and expressed as µmol oxidized ascorbate/mg protein/min.

The activity of GR (EC 1.8.1.7) was assayed using the method
of Smith et al. (1988). The reaction mixture contained 66.67 mM
potassium phosphate buffer (pH 7.5) and 0.33 mM EDTA,
0.5 mM 5,5-dithiobis-(2-nitro) benzoic acid in 0.01 M potassium
phosphate buffer (pH 7.5), 66.67 µM NADPH, 666.67 µM
oxidized glutathione (GSSG) and 0.1 ml enzyme extract. The
mixture was diluted with distilled water to make up a final
volume of 3.0 ml. The reaction was initiated by adding 0.1 ml
of 20.0 mM GSSG. The increase in absorbance at 412 ηm was
recorded spectro-photometrically and the activity was expressed
as µmol of GSSG reduced per mg protein per min. Total soluble
protein was determined according to the method of Bradford
(1976), with bovine serum albumin as standard. The content of
proline was determined according to the method by Bates et al.
(1973). Leaf tissue (0.2 g) was homogenized with 10 ml of 3%
aqueous sulfosalicylic acid and the homogenate was centrifuged
at 10,000 rpm for 10 min. Then, 2 ml of supernatant were mixed
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with 2 ml of glacial acetic acid and 2 ml of acid ninhydrin for 1 h at
100◦C. The reaction was terminated by putting the tubes in an ice
bath after adding 5 ml toluene into them. The upper phase of the
developed color was measured spectrophotometrically at 520 ηm
against toluene using UV-Vis double beam spectrophotometer
(Specord Bio 200, Analytik Jena, Germany). A standard curve
with L-proline was used for the final calculations. The proline
content was expressed in mg/g FW (Fresh weight). Total phenol
content (TPC) was determined using the method of Zheng and
Shetty (2000). A leaf sample (0.1 g) was kept in ethanol (95%,
5 ml) for 48 h for extraction, homogenized, and centrifuged at
13,000 g for 10 min. The supernatant (1 ml) was mixed with 95%
ethanol (1 ml) and SDW (5 ml). To this, 0.5 ml of 1 N Folin–
Ciocalteu reagent was added. After 5 min, 1 ml of 5% Na2CO3
was added, and the reaction mixture was allowed to stand for
60 min after which the absorbance at 725 ηm was recorded.
The calibration curve was prepared with different concentrations
of gallic acid (GA) in 95% ethanol. Absorbance values were
converted to mM gallic acid equivalent (GAE) /g FW and then
expressed as mg/g FW.

Estimation of K Content in Plant
The oven-dried plant samples collected at harvest were finely
ground and dry materials were subjected to tri-acid digestion.
The K content in homogenized plant sample was determined
using a flame photometer (ELICO; CL378).

Statistical Analysis
All statistical analyses were performed following Gomez and
Gomez (1984) and SPSS package. The data were analyzed using
the variance (ANOVA) applicable to the design of the experiment.
Mean separations were performed by Tukey’s multiple range test
as per experimental need. Differences at P≤ 0.05 were considered
significant. The population of bacteria was estimated after the
log transformation of raw data and expressed as log CFU/g
tissue.

RESULTS

Isolation, Characterization,
Identification, and Diversity of
Endophytes of Peanut
From different tissues (including the root, stem, and seeds) of
peanut, 56 different isolates of endophytes distinct in colony
morphology and pigmentation were obtained (Figure 1A) onto
King’s B medium. Out of the isolates 22, 10, and 24 were obtained
from the root, stem, and seed of peanut (cultivar GG2 and
TG3A combined), respectively. The 16S rRNA sequences of all
the 56 endophyte isolates were submitted to NCBI GenBank and
accession numbers were obtained (Table 1).

The endophytic bacteria were named according to a blast
search of the 16S rRNA sequences in the NCBI database.
They shared 98.5–100% similarity with the existing 16S rRNA
database at NCBI. The endophytes identified so far were
represented by 14 different genera (Bacillus and Bacillus derived,

Pantoea, Alcaligenes, Enterobacter, Acinetobacter, Pseudomonas,
Pseudoxanthomonas, Brevibacterium, Staphylococcus, Kocuria,
Brevundimonas, Agrococcus, Dietzia, and Kytococcus, Table 1 and
Figure 1B).

Among the total endophytes, Bacillus and its derived genera
were the most predominant (23 out of 56) followed by
Pseudomonas (09 out of 56), four each of Acinetobacter and
Staphylococcus, three of Alcaligenes, two of Enterobacter, and
the rest of the genera represented by single isolates. The
endophytes capable of colonizing the peanut seed belonged
to the genera Pseudomonas (07), Bacillus and its derived
genera (07), Enterobacter (03), Acinetobacter (04), Alcaligenes
(02), and Brevibacterium (01) (Table 1 and Figure 1C). The
seed endophytes of the genera Enterobacter, Acinetobacter, and
Alcaligenes could not be detected among the root and stem
endophytes of the present pool (Table 1).

Similarly, stem endophytes were represented by six different
genera belonging to Bacillus and its derived genera (03),
Staphylococcus (03), and one each from the genus Pseudomonas,
Brevibacter, Kocuria, and Brevundimonas (Table 1 and
Figure 1E). The rest eight genera, among the total 14
genera representing endophytes in peanut in the present
pool of organism, could not be obtained. Root endophytes
were the most diverse represented by nine different genera
(Bacillus and its derived-13, Brevibacterium-03, and one
each of the genus Agrococcus, Staphylococcus, Kytococcus,
Pseudomonas, Pseudoxanthomonas, and Dietzia) (Table 1 and
Figures 1A–E). Agrococcus, Kytococcus, Pseudoxanthoma, and
Dietzia could not be found either in the stem or in the seed.
Similarly, Brevundimonas was found only in the stem. Apart
from Bacillus and its derived genera, both Pseudomonas and
Brevibacterium were found as common endophytes in all
three niches (Table 1 and Figures 1B–E). The pigmentation
among the root endophytes was the most diverse, ranging
from gummy creamy-white to semi-dry yellowish-orange
colonies (Figure 1A). All the endophytes were evaluated for
tolerance to salinity in vitro. All the 56 endophytic bacteria
showed tolerance to NaCl, ranging from 5 to 12.5% (Table 1), a
maximum of 12.5% was exhibited by Pseudomonas otitidis J11N,
Bacillus endophyticus J19N, Bacillus firmus J22N, and Bacillus
endophyticus REN56N (Table 1).

The diversity of 55 endophytes was studied by drawing a
phylogenetic tree, tissue-wise as well as in totality (Figures 1B–
E). The phylogenic tree obtained based on 16S rRNA sequences
of all the endophytes was bifurcated into two lineages viz., lineage
I and Lineage II (Figure IB). The lineage I covered most of the
endophyte species, which were clustered into two sub-clusters
(Cluster I.A and Cluster I.B). Similarly, the phylogenetic trees of
root colonizing (Figure 1C), seed colonizing (Figure 1D), and
stem colonizing (Figure 1E) endophytes were differentiated into
two further sub-clusters.

All the isolates were evaluated for the presence of ACC
deaminase and IAA production capacities. While 31 endophytes
exhibited ACC deaminase activity (18 seed-, two stem- and 11
root- endophytes), 33 produced IAA (18 seed-, 2 stem-, and 13
root- endophytes) (Table 1), 28 endophytes were common in
both the groups.
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FIGURE 1 | (A) Colonies of different root endophytes as appeared on King’s B medium. (B–E) Diversity of endophytes of peanut, based on 16S rRNA sequences.
Phylogenetic relationships of the endophytes based on 16S rRNA gene sequences. The evolutionary history of 55 endophytic isolates was inferred using the
UPGMA method (Tamura et al., 2013). The percentage of replicate trees in which the associated taxa clustered together in the bootstrap test (1000 replicates) is
shown under/above the branches (Felsenstein, 1985). The phylogenetic tree was constructed using the UPGMA method with bootstrap test and maximum
composite likelihood model in MEGA software ver. 6.0 (Tamura et al., 2013). The tree is drawn to scale in order to infer the phylogenetic relationship. The evolutionary
distances were computed using the p-distance method (Nei and Kumar, 2000) and are in the units of the number of base differences per site. The analysis involved
55 nucleotide sequences of bacterial endophytes. Evolutionary analyses were conducted in MEGA software ver. 6.0 (Tamura et al., 2013) using nucleotide
substitution including transition and transversion. The evolutionary relationship/diversity among tissues specific (stem, root, and seed; 10, 21, and 24 nucleotide
sequences, respectively) endophytes are drawn separately. (B) Overall diversity; (C) diversity among root endophytes; (D) diversity among seed endophytes;
(E) diversity among stem endophytes.

The ACC deaminase and IAA producing capacities of
the endophytes were also quantified. The ACC deaminase
activity ranged from 259 to 883 ηmol α-ketobutyrate/mg
protein/h (Figure 2B). Endophytes with high ACC deaminase
activity were Pseudomonas pseudoalcaligenes SEN29N (stem

endophyte), Bacillus sp. REN51N (root endophyte) and Bacillus
firmus J22N (seed endophyte) with 883, 760, and 751 ηmol
α-keto-butyrate/mg protein/h, respectively (Figure 2B).
Similarly, the production of IAA ranged from 1.65 µg/ml
to 6.74 µg/ml (Figure 2A), with high production capacity
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FIGURE 2 | Quantification of plant growth promoting substances by selected endophytes of peanut. (A) Indole acetic acid like substances (µg/ml); (B) ACC
deaminase activity (ηmoles α-ketoglutarate/mg protein/h). Values are mean of three replications ± SE. Data followed by the same letter (s) do not differ significantly at
P = 0.05 according to Tukey’s multiple range test. LSD0.05 for IAA and ACC deaminase among the treatments are 0.494 and 38.12, respectively. (C) In vitro
germinating seed bioassay: effect of inoculation of Bacillus sp. REN 51N on root growth and development of peanut (cv. TG37A) seedlings. Observation after 72 h of
incubation at 28 ± 2◦C; (D) impact of inoculation of endophytes on alleviation of salinity stress in peanut (cv. TG37A) in pots; left: uninoculated control; right:
inoculated with Bacillus firmus J22N.

in Acinetobacter junii J20N (6.74 µg/ml), Pseudomonas
pseudoalcaligenes SEN29N (6.49 µg/ml), and Bacillus firmus
J22N (5.82 µg/ml).

Germinating Seed Bioassay
The germinating seed bioassay was performed with two
genotypes of peanut viz. GG2 (moderately resistant to salinity)

and TG37A (sensitive to salinity) in vitro with the inoculation
of 31 endophytes at three levels of salinity (25, 50, and 75 mM
of NaCl), keeping a control without NaCl. Inoculation of most
of the endophytes significantly improved root growth of TG37A
across different levels of salinity, except one at 25 mM, three at
50 mM, 12 at 75 mM of salinity, and seven endophytes with no
NaCl supplied (Figure 3A).
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FIGURE 3 | In vitro germinating seed bioassay: effect of endophytes and different levels of NaCl on the root growth of peanut seedlings. (A) Cultivar TG37A
(susceptible) and (B) GG2 (moderately resistant) at 28 ± 2◦C (data mean of three replications ± SE, three germinating seeds in each replication). LSD0.05 for
treatment (T), salinity (S), and TXS are 0.46, 0.16, and 0.92, respectively for cultivar TG37A. Similarly, LSD0.05 for treatment (T), salinity (S), and TXS are 0.36, 0.12,
and 0.72, respectively for cultivar GG2.

The maximum improvement in root length was achieved
with inoculation of Bacillus sp. REN51N, followed by Bacillus
firmus J22N and Pseudomonas pseudoalcaligenes SEN29N, with
an improvement of 45.6, 42.1, and 40.3% over uninoculated
control when NaCl was not applied (Figures 2C, 3A). With

the increase in salinity, the impact of endophytes became more
pronounced. At 25 mM of salinity, the root length of TG37A,
a salinity sensitive cultivar, was improved by a maximum of
1.7 fold (4.17 cm in control to a maximum of 11.17 cm in
P. pseudoalcaligenes SEN29N). This was followed by Bacillus sp.
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REN51N and Acinetobacter junii J20N (1.6 fold) and Bacillus
firmus J22N (1.56 fold) (Figure 3A). However, at 50 and 75 mM
of NaCl, improvement in root length was 0.1 fold to 2.0 fold
and 0.06 fold to 1.81 fold, respectively (Figure 3A) and a
number of endophytes failed to improve root length. Consistently
across the salinity, four endophytes B. firmus J22N, Bacillus
sp. REN51N, B. tequilensis SEN15N, and P. pseudoalcaligenes
SEN29N significantly enhanced the root length of salinity
sensitive TG37A peanut cultivar (Figure 3A).

In contrast to TG3A, in the moderately resistant genotype
GG2, the reaction to salinity was different, and the decrease in
root length was not as much as that obtained with sensitive
genotype TG37A, across salinity. All the endophytes significantly
improved the root length of GG2 at 0, 25 and 50 mM
NaCl as compared to the uninoculated control (Figure 3B).
However, at 75 mM of NaCl concentration, all endophytes
except Pseudomonas otitidis J29N and Bacillus circulans REN39N
significantly enhanced root length (Figure 3B). In the case
of GG2 cultivar, inoculation of B. firmus J22N, Bacillus
sp. REN51N, and B. tequilensis SEN15N, consistently and
significantly enhanced root length across all levels of salinity as
compared to the uninoculated control (Figure 3B).

Alleviation of Salinity Stress in Potted
Conditions by Endophytic Bacteria
All the 31 ACC deaminase producing endophytic bacteria were
screened further in potted conditions during the post-rainy
season of 2012, with an application of a measured quantity of
saline irrigation water (electrical conductivity 2.0 dS/m made
with NaCl) with the sensitive cultivar of peanut, TG37A. At
60 DAE, the shoot length of TG37A was enhanced significantly
with the application of endophyte isolates like J8N, J11N, J20N,
J22N (Figure 2D), J29N, J51N, REN24N, REN39N, REN47N,
REN51N, REN56N, REN59N, REN66N, REN67N, REN69N,
SEN16N, and SEN29N (Figure 4A) as compared to uninoculated
control, at the same level of salinity.

Root length also increased significantly due to the inoculation
of J8N, J11N, J20N, J22N, J29N, REN24N, REN51N, REN66N,
REN67N, REN69N, SEN15N, and SEN29N (Figure 4A) as
compared to control. The maximum root and shoot length
was obtained with the inoculation of Bacillus sp. REN51N.
However, at harvest, the inoculation of nine endophytic isolates
only viz. J8N, J11N, J20N, J22N, REN24N, REN47N, REN51N,
SEN16N, and SEN29N significantly improved plant biomass
and pod yield at 3.5 soil EC (3.5 dS/m) (Figure 4B) over
control. The maximum pod yield was obtained with the
inoculation of root endophyte, Bacillus sp. REN51N followed
by B. tequilensis SEN15N, P. pseudoalcaligenes SEN29N and
B. firmus J22N (Figure 4B). However, maximum enhancement in
biomass was noticed with the inoculation of Pseudoxanthomonas
mexicana REN47N followed by Bacillus sp. REN51N and
B. firmus J22N. The accumulation of phenol and proline in
the leaves was also measured at 60 DAE. With the inoculation
of endophytes, accumulation of proline as osmoprotectant
was improved significantly from 5.45 mg/g FW in control
to 7.28, 7.27, 7.20, and 7.17 mg/g FW with B. tequilensis

SEN15N, P. pseudoalcaligenes SEN29N, B. firmus J22N, and
Bacillus sp. REN51N, respectively (Figure 4C), an increase
of 33.58, 33.39, 32.11 and 31.56%, respectively over control.
Inoculation of all other isolates of endophytes except J14N, J19N,
J21N, J45N, J6N, J7N, J9N, REN37N, REN42N, and REN69N
significantly improved proline accumulation in leaf in response
to salinity (Figure 4C).

The phenol content, an indicator of stress, in the leaves
decreased with the inoculation of endophytes, providing succor
to the plants in salinity stress. The phenol content varied from
0.516 mg/g FW in control to 0.361 mg/g FW in the case of
Bacillus sp. REN51N, a decrease of 30.0% (Figure 4D) followed
by B. tequilensis SEN15N (0.364 mg/g FW) and B. firmus
J22 (0.376 mg/g FW) (Figure 4D). In general, there was a
reduction in the accumulation of phenol with the inoculation of
endophytes. Significant reduction in phenol content in the leaf
of salinity sensitive peanut cultivar TG3A was achieved with the
inoculation of 21 endophytic bacterial isolates (J11N, J20N, J22N,
J27N, J29N, J2N, J32N, J45N, J7N, J8N, J9N, REN24N, REN37N,
REN39N, REN42N, REN51N, REN56N, REN59N, REN66N,
REN69N, SEN15N, and SEN29N), while all other endophytes
performed at par that of uninoculated control (Figure 4D).

Assessing the Role of Endophytes in the
Alleviation of Salinity Stress (Natural
Saline Soil and Irrigation Water) in Field
Conditions
Nine endophytes were selected for further evaluation in fields
under natural conditions of water and soil salinity. This was based
on the performance of endophytes in in vitro germinating seed
bioassay, ACC deaminase activity, IAA production capacity, and
significant enhancement in the pod and biomass yield of salinity
sensitive peanut cultivar TG37A in potted conditions in salinity
stress. These were Alcaligenes faecalis J8N, Pseudomonas otitidis
J11N, Acinetobacter junii J20N, Bacillus firmus J22N, Bacillus
tequilensis SEN15N, Pseudomonas pseudoalcaligenes SEN29N,
Pseudomonas aeruginosa REN24N, Pseudoxanthomonas
mexicana REN47N, and Bacillus sp. REN51N. The experiment
was conducted during the rainy and post-rainy seasons of 2013
with these endophytes. The endophytic bacteria were applied to
the field as seed inoculation.

Monitoring pH and EC
The pH and EC of soil at the beginning of the experiment
were 8.0 and 2.31 dS/m (Figure 5A) during the post-rainy
season. Both the parameters were monitored at 30 days intervals.
The soil pH increased with the application of saline irrigation
water (1.5–2.0 dS/m of EC), from 8.0 to 8.24, 8.36, and 8.41
at 30, 60, and 90 DAS, respectively. The EC of the soil also
increased from 2.31 dS/m to 3.21, 3.87, and 4.25 dS/m at 30,
60, and 90 DAS (Figure 5A), respectively. Similarly, as the same
plots were used for the experiment during the rainy season
as well, the EC of the soil increased sharply from 3.42 at the
beginning to 4.25, 5.14, and 6.46 dS/m at 30, 60, and 90 DAS,
respectively (Figure 5A), though there was little effect on the
change in pH.
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FIGURE 4 | Evaluation of the effect of endophytes in the alleviation of salinity stress, growth, and yield of peanut plants (cv. TG37A) in potted conditions (3.5 dS/m of
soil salinity at harvest, irrigated with 2 dS/m saline water made with NaCl) in potted conditions. (A) Root and shoot length; (B) pod yield and plant biomass;
(C) proline content; (D) phenol content. Data mean of three replications, data with the same letter(s) do not differ significantly at P = 0.05 according to Tukey’s
multiple range tests.

Relative Water Content
The relative water content (RWC%) at mid-day was also
measured 60 days after the emergence of the crop, in both
seasons. Inoculation of endophytes like B. firmus J22N (73.69%),
Bacillus sp. REN51N (74.62%), B. tequilensis SEN15N (73.78%),

Acinetobacter junii J20N (73.69%), Pseudoxanthomonas
mexicana REN47N (73.59%), and P. otitidis J11N (73.31%),
significantly improved the relative water content in the leaf
of peanut cultivar TG37A over uninoculated control (70.49%)
(Figure 5B) during the post-rainy season. All other endophytes
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FIGURE 5 | Evaluation of endophytes in field conditions during the post-rainy and rainy season of 2013 with saline irrigation water (1.5–2.0 dS/m salinity) and
TG37A. (A) development of pH and EC (salinity) in soil; (B) influence of endophytes on RWC in peanut leaves during the post-rainy season and (C) during rainy
season; (D) modulation of K uptake by endophytes during rainy season; (E) modulation of K uptake by endophytes during the post-rainy season. Data are the mean
of three replications, data with the same letter (s) do not differ significantly at P = 0.05 according to Tukey’s multiple range test.

performed at par to that of the control during the post-rainy
season. During the rainy season, because of the increased
salinity due to scanty rainfall, the RWC of control plants was
68.87%. As compared to control, the relative water content
improved significantly with the application of all endophytes
except P. pseudoalcaligenes SEN29N (Figure 5C). While it
was maximum in the case of Bacillus sp. REN51N (72.69%),
the RWC was maintained at 72.23, 71.95, 71.84, 70.74, and
70.31%, respectively by B. firmus J22N, B. tequilensis SEN15N,
Pseudoxanthomonas mexicana REN47N, P. otitidis J11N, and
A. junii J20, respectively (Figure 5C).

Modulation in Potassium Uptake
There was modulation in the uptake of key nutrients in salinity
stress, i.e., potassium. During the rainy season, the uptake of
K was improved significantly with the application of all the
endophytes over uninoculated control (Figure 5D) in the plants
of salinity sensitive peanut (cultivar TG37A), ranging from 6.18
to 20.09% improvement over control. The maximum uptake
of K was noticed with the application of Bacillus sp. REN51N
(0.777%) followed by B. firmus J22N (0.770%), A. junii J20N
(0.760%) and Pseudoxanthomonas mexicana REN47N (0.760%)
as compared to control (0.647%). With comparatively less salinity
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during the post-rainy season, the uptake of potassium was also
less as compared to the rainy season. There was a significant
improvement in the uptake of K with the inoculation of
endophytes, except for A. faecalis J8N, and P. aeruginosa REN24N
(Figure 5E). The maximum uptake of K was noticed with the
inoculation of B. firmus J22N (0.753%), as compared to control
(0.623%), with an increase of 20.8%, followed by Bacillus sp.
REN51N (0.747%), with an increase of 19.9%.

Population Densities of Endophytes Inside Different
Tissues of Peanut
The population of all the endophytes (root-, stem-, and seed-
colonizing) was monitored inside the tissues of the peanut plants
at 45 and 90 DAS, using the IARs of each isolate (Table 2)
during the post-rainy and rainy seasons. It was observed that
seed endophytes viz. J8N, J11N, J20N, and J22N gave population
densities of log3.41, log3.38, log3.56, and log3.63 CFU/g root and
log3.68, log 3.53, log3.65, and log3.75 CFU/g stem, respectively
at 45 DAS (Figure 6A) during the post-rainy season. However,
at 90 DAS, the same seed endophytes started proliferating inside
the growing seeds as evident from the population of log3.79,
log3.85, log3.89, and log4.03 CFU/g seed in the case of J8N,
J11N, J20N, and J22N, respectively (Figure 6A). The population
of the same endophytes improved marginally in root and stem
tissues over their population at 45 DAS. Bacillus firmus J22N was
the most aggressive colonizer in all three tissues as compared
to other seed endophytes. Seed bacterization of peanuts with
root endophytes (REN24N, REN4N, and REN51N) resulted in
colonization inside the root and stem. Though REN24N failed to
colonize seed tissues, both REN47N and REN51N could colonize
all three tissues, as evident from their population (Figure 6A).
Among the root endophytes, REN51N was the most aggressive
colonizer in all three tissues. In the case of stem endophytes viz.
SEN15N and SEN29N, both failed to colonize inside the seed
tissues (Figure 6A), which gave population densities of log3.15,

and log3.45 CFU/g root and log3.66 and log3.77 CFU/g stem
at 45 DAS (Figure 6A), respectively. However, at 90 DAS, the
population of these endophytes improved further at log3.26 and
log3.56 CFU/g in root and log3.93 and log3.83 CFU/g in stem
tissues, respectively. With the increase in salinity during the rainy
season, the population densities of all the endophytes improved
further, with few exceptions (Figure 6A). Results indicated that
while the population of all seed endophytes increased gradually
from 45 DAS to 90 DAS in all three tissues, stem endophytes
viz. SEN15N and SEN29N also failed to colonize seed tissues in
this season (Figure 6A). Two of the three root endophytes viz.
REN47N and REN51N colonized all three tissues during the rainy
season. Among the root endophytes, Bacillus sp. REN51N was
the most aggressive colonizer, as evident from its population of
log4.06 and log4.07 CFU/g root at 45 and 90 DAS as compared to
the other two root colonizers (Figure 6A).

Modulation in the Production of ROS Scavenging
Enzymes
To evaluate the biochemical changes that might take place
inside the peanut plant due to the alleviation of salinity stress
by the endophytes, different biochemical parameters like the
scavenging enzymes involved in degrading ROS generated inside
the plant tissues in response to stresses, were studied. The
enzymes studied include CAT, SOD, GR, APX, and lipid POD.
The content of H2O2 was also determined. The application of
endophytes modulated the level of production of CAT, GR,
APX, POD, SOD, and H2O2 in saline conditions. During the
post-rainy season, general scavengers of ROS like CAT, APX,
GR, and SOD increased with the imposition of salinity but
increased further with the application of endophytes. However,
production of POD increased with salinity but decreased with
inoculation of endophytes. In the case of SOD activity, there was
a significant enhancement in SOD activity when inoculated with
endophytes (Figure 7A), with an increase as high as 2.5 fold

TABLE 2 | Effect of endophytes on growth, yield, and modulation in biochemical parameters of peanut plants (cv. TG37A) in field grown with saline water (electrical
conductivity: 1.5–2.0 dS/m; total 12 irrigations including eight saline irrigations) at Bhuj during the rainy and post-rainy seasons of 2013.

Treatments IAR patterns PY (kg/ha) HY (kg/ha) Total phenol (mg/g FW)* Proline (mg/g FW)*

Post-rainy Rainy Post-rainy Rainy Post-rainy Rainy Rainy Post-rainy

Control - 2815 1733 4296 2672 0.546a 0.662a 6.12d 5.54f

J8N Ap150Km25Sm100Spc150Cm150Tc150 2683 1819 4247 2516 0.398b 0.631b 6.21d 5.13g

J11N Ap150Nal50Sm25Spc50Cm150Tc150 3095 1881 4642 3190 0.356bc 0.588c 7.07bc 5.99e

J20N Km150Spc100Tc25 2733 1960 4214 2854 0.339bc 0.630b 7.43ab 6.12de

J22N Ap25Spc25Cm50 2848 1692 4214 2479 0.342bc 0.536d 7.92ab 6.62ab

REN24N Ap150Nal50Sm25Spc150Cm150Tc150 2733 1677 4148 2792 0.511a 0.667a 7.47ab 5.31fg

REN47N Sm150Spc150 3243 2036 4609 3294 0.315c 0.585c 6.80c 6.35bcd

REN51N Ap150Spc25Cm100 2683 1624 4214 2548 0.318c 0.590c 7.61a 6.84ab

SEN15N Nal150Spc150Cm50 3473 1987 5531 3417 0.380bc 0.567c 7.88a 6.48bc

SEN29N Ap50Nal50Cm150Tc150 2733 1605 4148 2575 0.557a 0.583c 7.92a 6.26cde

CV (%) 16.3 16.5 16.50 17.5 8.60 2.08 3.40 2.46

CD (0.05) - 493 200 309 363 – – – –

*Values are the mean of three replications.
Data in the same column followed by the same letter(s) do not differ significantly at P = 0.05 according to Tukey’s multiple range test.
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FIGURE 6 | Population densities (after log transformation) of different endophytes inside different tissues of peanut at 45 and 90 days after sowing determined on the
basis of intrinsic antibiotic resistance patterns (IAR). (A) Population of nine endophytes inside different tissues of TG37A when cultivated at normal saline irrigation
water and soil, (B) population densities of three endophytes inside peanut during the rainy season. (C) Population densities during the post-rainy season.

over the control during the post-rainy season. Maximum SOD
activity was obtained with the inoculation of J20N followed by
J11N and REN51N (Figure 7A). In the case of CAT, except for
those inoculated with J8N and REN24N, there was a significant
increase in the production of CAT (range: 34.9–79%) due to
the inoculation of the rest of the endophytes with a maximum
activity of 0.77 µmol H2O2 reduced/mg protein/min in case of

REN51N as compared to control (0.43 µmol H2O2 reduced/mg
protein/min) (Figure 7E).

The production of APX was also enhanced significantly
with the application of endophytes to the control, when
inoculated with J11N, J20N, REN47N, REN51N, SEN15N, and
SEN29N (Figure 7F). Consequently, the activity of glutathione
reductase (GR) was also enhanced significantly, only because
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FIGURE 7 | Modulation in the production of ROS scavenging enzymes in peanut (cv. TG37A) in salinity stress by endophytic bacteria in field grown with saline water
(electrical conductivity: 1.5–2.0 dS/m; total 12 irrigations including eight saline irrigations) at Bhuj in field condition during post-rainy season of 2013: (A) SOD;
(B) POD; (C) H2O2; (D) GR; (E) CAT; and (F) APX. Data mean of three replications, data with the same letter (s) do not differ significantly at P = 0.05 according to
Tukey’s multiple range test.

of inoculation of REN47N, SEN15N, J11N, and REN51N
(Figure 7D). Maximum enhancement of GR activity was noticed
when inoculated with REN51N (Figure 7D), with an increase of
more than fourfold over the control.

As a result of the activities of SOD, CAT, APX, and GR, the
activities of POD were also reduced significantly when inoculated
with all the endophytes, with a maximum reduction in the case
of J22N, to almost half (21.7 µmol tetraguaiacol formed/mg
protein/min in control, to 10.6 µmol tetraguaiacol formed/mg

protein/min in J22N treatment) (Figure 7B). There was less
production of stressors because of better scavenging of ROS by
enhanced production of CAT, GR, APX, and SOD, there was
significantly less accumulation of H2O2 when inoculated with
J20N, J11N, J22N, REN47N, and REN51N (Figure 7C). During
the rainy season, with the increase in the salinity in the soil,
plants experienced more stress. As a result, the activities of all
ROS scavenging enzymes increased during the rainy season in
the peanut leaves, except for APX (Figures 8A–F), as there was a
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FIGURE 8 | Modulation in the production of ROS scavenging enzymes in peanut (cv. TG37A) in salinity stress by endophytic bacteria in field grown with saline water
(electrical conductivity: 1.5–2.0 dS/m; total 12 irrigations including eight saline irrigations) at Bhuj in field condition during rainy season of 2013, (A) SOD; (B) POD;
(C) H2O2; (D) GR; (E) CAT; and (F) APX. Data mean of three replications, data with the same letter (s) do not differ significantly at P = 0.05 according to Tukey’s
multiple range test.

further increase in the activities of ROS scavenging enzymes with
the inoculation of endophytes.

The seed bacterization of peanut with endophytes
significantly increased activities of SOD (except J8N and
REN24N; Figure 8A), CAT (except J8N, SEN29N, and
REN24N; Figure 8E), APX (except J8N, J20N, SEN29N,
and REN24N; Figure 8F) and GR (except J8N, REN24N,
and REN47N; Figure 8D). These results indicate that
there was a significant reduction in the activities of
POD with the inoculation of endophytes like J11N,

J20N, J22N, SEN15N, SEN29N, REN47N, and REN51N
(Figure 8B).

Modulation in the Accumulation of Phenol and Proline
With the imposition of salinity stress, there was a significant
enhancement in the accumulation of osmoprotectant and proline
in the leaf when inoculated with endophytic bacteria. During
the post-rainy season, when the experiment was initiated, the
build-up of salinity was less. There was comparatively less
accumulation of proline as an osmoprotectant, as compared to
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that accumulated during the rainy season with an increased level
of salinity (Table 2). During the post-rainy season, inoculation of
endophytes enhanced the accumulation of proline significantly,
except for REN24N over the control (Table 2).

The maximum accumulation of proline was noticed with
the inoculation of REN51N (6.84 mg/g FW) followed by J22N
(6.62 mg/g FW) and SEN15N (6.48 mg/g FW) (Table 2).
It is evident that with the increase in salinity during the
rainy season, the inoculation of endophytes like J11N, J20N,
J22N, REN24N, REN47N, REN51N, SEN15N, and SEN29N
significantly enhanced the accumulation of proline as compared
to the control and J8N (Table 2) during the rainy season.
The maximum accumulation of proline was noticed with the
inoculation of SEN29N (7.92 mg/g FW) followed by SEN15N
(7.88 mg/g FW) and REN51N (7.61 mg/g FW). With the
accumulation of phenol and the increase in salinity from the
post-rainy to the rainy season, there was an increase in the
accumulation of phenol content in the leaves (Table 2). However,
due to the inoculation of endophytic bacteria, the accumulation
of phenol reduced significantly. This significant reduction in the
accumulation of phenol was noticed with the seed bacterization
with J8N, J11N, J20N, J22N, REN47N, REN51N, and SEN15N
during the post-rainy season. Maximum reduction was noticed
with the inoculation of REN47N (42.30%) followed by RE51N
(41.76%) and J20N (37.91%) over uninoculated control (Table 2).
During the rainy season with the increase in salinity, the scenario
changed drastically and there was 21.24% more accumulation of
phenol in the control treatment. However, with the application of
endophytes, there was a reduction in phenol accumulation from
4.68% with J8N to 19.03% with the inoculation of J22N (Table 2).
REN24N performed at par with the control.

Impact on Pod and Haulm Yield of Peanut
The endophytes were evaluated for two successive seasons (post-
rainy followed by rainy) with natural soil and irrigation water
salinity. The pod and haulm yield of peanut (cultivar TG37A) was
recorded after harvest. It was observed that due to less soil salinity
at harvest (4.25 dS/m of salinity) during the post-rainy season,
the pod and haulm yield of peanut was much higher (Table 2)
as compared to that obtained during the rainy season with soil
salinity of 6.46 dS/m at 90 DAS. Whereas pod yield ranged
from 2683 kg/ha to 3473 kg/ha during the post-rainy season, it
ranged from 1605 kg/ha to 2036 kg/ha during the rainy season
(Table 2). There was a reduction of 35.36–41.38% of yield during
the rainy season, because of the build-up of salinity, with different
endophytes. However, due to inoculation of endophytes, there
was a significantly higher pod yield of TG37A when inoculated
with B. tequilensis SEN15N (3473 kg/ha) compared to the control
(2815 kg/ha), with an increase of 23.37% (Table 2).

All other treatments performed at par to that of the control.
However, there was an increase in yield due to the inoculation
of P. otitidis J11N by 9.94% and with Pseudoxanthomonas
mexicana REN47N by 15.20%. In terms of haulm yield, a
significant increase was noticed with the inoculation of SEN15N
(5531 kg/ha), J11N (4642 kg/ha), and REN47N (4609 kg/ha) over
the control (4296 kg/ha), an increase to the tune of 28.75%,
8.05%, and 7.28%, respectively (Table 2). All other endophytes

performed at par that of control. During the rainy season,
the level of pod and haulm yield was much lower. With the
inoculation of REN47N (2036 kg/ha), SEN15N (1987 kg/ha),
and J20N (1960 kg/ha) only, significantly higher pod yield was
obtained over control (1733 kg/ha). At the same time, haulm
yield enhanced significantly with the application of SEN15N,
REN47N, and J11N with an increase of 27.88, 23.28, and 19.39%,
respectively, over the control (Table 2).

Assessing the Role of Endophytes in the
Alleviation of Salinity Stress at Elevated
Levels of Salinity
A separate experiment was conducted with one of each seed-
(Bacillus firmus J22N), stem- (Bacillus tequilensis SEN15N), and
root- (Bacillus sp. REN51N) endophyte of peanut plants, with
one variety each of a sensitive (TG37A) or moderately resistant
(GG2) category. Three levels of irrigation water salinity were used
(available saline water of 1.5–2.0 dS/m; 3.0 dS/m, and 6 dS/m).
The initial average soil EC and pH were 2.44 dS/m and 8.14,
respectively. The same plot was used for experimentation during
the post-rainy season of 2013 and the rainy season of 2013
and 2014.

Monitoring the pH and EC
The average pH and EC at the beginning of the experiment were
8.14 and 2.44 dS/m (Figure 9A) during the post-rainy season.
The pH and EC were monitored at 30 days intervals. The pH
of soil did not change much throughout the experiment when
saline irrigation water of 1.5–2.0 dS/m was applied. However,
application of 3.0 dS/m saline water resulted in a gradual increase
in soil pH from 8.16 to 8.37, 8.64, and 8.72 at 30, 60, and 90 DAS,
respectively. The EC of the soil also increased from 2.42 dS/m
to 4.82, 5.42, and 6.37 dS/m at 30, 60, and 90 DAS (Figure 9A),
respectively. Application of 6.0 dS/m of saline water sharply
increased the level of salinity of the soil from 2.44 dS/m to 4.82,
5.42, and 6.78 dS/m at 30, 60, and 90 DAS (Figure 9A). The
pH also increased from 8.13 to 8.82 during the period of the
experiment. As the same plot was used again during the rainy
season of 2013 and 2014, the initial pH and EC of soil were at
a much higher level. In the plots irrigated with 1.5–2.0 dS/m
saline water, the EC increased from 4.44 dS/m at the beginning
to 6.07 dS/m at harvest. However, in the case of application
of 3.0 dS/m of irrigation water, the salinity of soil increased
further from 4.46 dS/m at the time of sowing to 7.16 dS/m at
90 DAS (Figure 9B). However, it ranged from 4.57 dS/m at the
beginning to 7.65 dS/m at the harvest (Figure 9B) when irrigation
water having 6 dS/m of salinity was used for the experiment.
Simultaneously, the pH of the same soil increased from 8.66 at
the time of sowing to 8.78 at 90 DAS.

Monitoring the Population of Endophytes in the
Tissues of Peanut Plants
The population of all the endophytes (root-, stem-, and seed-
colonizing) was monitored inside the tissues of the peanut plants
at 45 and 90 DAS using the IARs of each isolate (Table 2), both
during the post-rainy and rainy seasons. Critical analysis revealed
that an increase in salinity has no bearing on the establishment of

Frontiers in Microbiology | www.frontiersin.org 19 April 2021 | Volume 12 | Article 650771

https://www.frontiersin.org/journals/microbiology
https://www.frontiersin.org/
https://www.frontiersin.org/journals/microbiology#articles


fmicb-12-650771 April 12, 2021 Time: 13:20 # 20

Pal et al. Endophytes for Salinity Stress Alleviation

FIGURE 9 | Development of pH and EC in soil due to the application of different levels of saline irrigation water. (A) During the post-rainy season of 2013; (B) during
the rainy season of 2013; data mean of three replications. (C) Effect of the application of endophytes on plant growth and pod development: 1st row (L-R): effect on
plant growth and pod development of peanut (cv. TG37A) when irrigation water of 6 dS/m is applied, a = uninoculated control, b = inoculated with Bacillus firmus
J22N, c = inoculated with Bacillus tequilensis SEN15N, and d = inoculated with Bacillus sp. REN51N; 2nd row: (D) field view with application of irrigation water of
3 dS/m: e = inoculated with Bacillus firmus J22N (L-R: line 1–3 = GG2, 4–6 = TG37A); f = inoculated with Bacillus sp. REN51N (L-R: line 1–3 = TG37A, 4–6 = GG2);
3rd row: field view: g = inoculated with Bacillus tequilensis SEN15N (L-R: line 1–3 = TG37A, 4–6 = GG2); h = uninoculated control (L-R: line 1–3 = GG2,
4–6 = TG37A).

endophytes inside the peanut tissues; rather with the increase in
salinity, the population of endophytes improved inside different
tissues across cultivars and season (Figures 6B,C).

As compared to J22N and SEN15N, the root endophyte
preferred GG2 as compared to sensitive cultivar TG37A for

colonization as evident from the higher population built up in
this cultivar across salinity and season. The stem endophyte,
SEN15N failed to colonize inside the seed. It was observed that
the inoculation of J22N gave population densities of log3.62,
log3.68, and log3.67 CFU/g root at 45 DAS at normal saline
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(S0), 3.0 dS/m (S1), and 6.0 dS/m (S2) level of salinity in TG37A
during the rainy season. In a similar situation, it gave log3.73, log
3.74, and log3.67 CFU/g root, respectively at 90 DAS during the
post-rainy season. The population of J22N gradually built up in
stem and then inside the growing seeds of peanut and gave the
population of log4.03, log4.07, and log4.08, respectively at S0, S1,
and S2 level of salinity in TG37A at 90 DAS (Figure 6B). It was
equally competent at colonizing GG2 as it gave almost the same
level of population across three levels of salinity.

As compared to J22N, the stem endophyte SEN15N was
established inside the root and stem slowly in both the cultivars,
as evidenced by lower the population across different levels of
salinity. Bacillus sp. REN51N was a more aggressive colonizer
in the roots of both the cultivars, preferring GG2 as compared
to TG37A, as indicated by the much higher population as
compared to the other two endophytes. Across season and
cultivars, REN51N was able to colonize all three tissues of peanut,
though initially identified as root endophyte (Figures 6B,C).
With the increase in salinity, the population of REN51N also
increased gradually across cultivars as it gave a population of
log3.85, log4.11, and log4.08 CFU/g at 45DAS in the roots of
TG37A at S0, S1, and S2 levels of salinity. REN51N also had
a population of log4.27, log4.26, and log4.23 CFU/g in GG2 at
S0, S1, and S2 level of salinity at 45 DAS (Figure 6B) during
the rainy season.

Similar patterns of colonization of the three endophytes
were observed in the post-rainy season also with little variation
in numbers in different tissues. During the post-rainy season,
REN51 was most aggressive in colonizing the root of peanut
irrespective of the level of salinity. However, it could establish
inside the stem and growing seeds as well. SEN15N, a
stem endophyte, failed to colonize seed tissues. Being a seed
endophyte, Bacillus firmus J22N equally proliferated in root and
stem tissues and then started migrating inside the developing
seeds, in sizeable numbers, across salinity and cultivars, as evident
from its establishment inside the seeds at 90 DAS (Figure 6C).
In seeds, J22N gave a population of log3.97, log4.05, and
log3.88 CFU/g at S0, S1, and S2 levels of salinity in TG37A at
90DAS. Similarly, in moderately resistant cultivar GG2, it was
comparatively more aggressive in colonization and gave log4.03,
log4.12, and log4.32 CFU population inside seeds of GG2 at
90 DAS at S0, S1, and S2 levels of salinity (Figure 6C). The
root endophyte, besides colonizing root and stem tissues, also
colonized seed tissues with a population size of log3.32, log3.79,
and log3.69 CFU/g at 90 DAS at S0, S1, and S2 levels of salinity
in TG37A, respectively. In contrast, it gave log3.71, log3.65, and
log3.61 CFU/g at 90 DAS at S0, S1, and S2 level of salinity in GG2
(Figure 6C).

Modulation in the Production of ROS Scavenging
Enzymes
The modulation in the production of enzymes involved in the
scavenging of ROS generated inside the leaf of salinity stressed
peanut cultivars, and the activities of CAT, SOD, GR, APX, and
lipid POD were estimated at 60 DAE in both the post-rainy and
rainy seasons. The amount of H2O2 accumulated as a stressor
(due to salinity stress) was also determined. During the post-rainy

season, when salinity build-up was comparatively less than in the
rainy season, the activities of CAT, APX, GR, and SOD increased
significantly with the increase in salinity and increased further
with the application of endophytes (REN51N, SEN15N, and
J22N) (Figures 10A–D). In addition, the level of activities of these
enzymes increased significantly at P = 0.05 in GG2 (moderately
resistant to salinity) as compared to TG37A (sensitive to salinity).
However, the interaction of TxVxS was non-significant at P = 0.05
for APX (Figure 10B). Similarly, the activities of POD in the leaf
of the peanut plant decreased with the application of endophytes
(Figure 10F). The content of H2O2 increased with salinity
significantly but decreased significantly with the inoculation of
endophytes (Figure 10E). However, VxS interaction was non-
significant at P = 0.05 for H2O2 content. Irrespective of the
levels of salinity and treatments, the activities of CAT, SOD, APX,
and GR increased significantly by 16.09, 9.47, 19.28, and 51.01%,
respectively in GG2 (moderately resistant) cultivar as compared
to TG37A (sensitive to salinity). However, the activities of POD
decreased significantly by 23.72% in GG2 as compared to TG37A.
There was a non-significant difference in H2O2 content among
the cultivars. Similarly, among the endophytes, the inoculation of
Bacillus firmus J22N significantly enhanced the activities of CAT,
SOD, APX, and GR irrespective of levels of salinity and varieties
by 24.30, 10.00, 58.27, and 31.19%, respectively (Figures 10A–
D) over the control. In identical conditions, the activities of POD
and accumulation of H2O2 in the leaf of peanut plants decreased
significantly because of the inoculation of J22N by 13.49 and
40.96%, respectively, over the control. The inoculation of Bacillus
tequilensis SEN15N resulted in a significant increase of CAT,
SOD, APX, and GR irrespective of levels of salinity and variety
by 23.37, 7.97, 73.28, and 30.95%, respectively, over control.

There was a significant decrease in the activity of POD and
accumulation of H2O2 in the leaf of peanut plants by 18.16 and
53.61%, respectively, over the control. However, the application
of Bacillus sp. REN51N, a root endophyte, significantly improved
the activities of CAT, SOD, APX, and GR irrespective of the
levels of salinity and variety by 26.34, 9.66, 34.75, and 11.19%,
respectively, over the control and decreased the activities of
POD by 16.14% and accumulation of H2O2 by 39.16% over
control. During the rainy season when the level of salinity was
much more pronounced, the activities of CAT, APX, GR, and
SOD increased significantly with an increase in salinity and
increased further with the application of endophytes (REN51N,
SEN15N, and J22N) (Figures 11A–D). Similarly, the activity
of POD and accumulation of H2O2 increased with salinity
but decreased significantly with the application of endophytes
(Figures 11E,F). In addition, the interaction of TxVxS was
significant at P = 0.05 for all the enzymes and accumulation of
H2O2 in the leaf of peanut plants (Figures 11A–F). However,
the interaction of SxV was non-significant at P = 0.05 for CAT
and SOD and the varietal difference in accumulating H2O2
was non-significant (Figures 11A–F). Irrespective of levels of
salinity and treatments, the activities of CAT, SOD, APX, and
accumulation of H2O2 were reduced in resistant cultivar GG2
as compared to sensitive cultivar TG37A, by 3.82, 2.04, 8.50,
and 2.91%, respectively. However, there was significantly higher
production of GR and POD by 59.28 and 18.71%, respectively
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FIGURE 10 | Modulation in production of ROS scavenging enzymes and other biochemical parameters in peanut genotypes (TG37A: susceptible to salinity; GG2:
moderately resistant to salinity) by application of endophytic bacteria in field condition at Bhuj during the post-rainy season of 2013. Data mean of three replications,
data with the same letter(s) do not differ significantly at P = 0.05 according to Tukey’s multiple range test. (A) CAT; (B) APX; (C) GR; (D) SOD; (E) H2O2 content; and
(F) POD activity.

in GG2 as compared to TG37A irrespective of the level of
salinity and treatments. The inoculation of Bacillus firmus J22N
significantly enhanced the activities of CAT, SOD, APX, and GR
irrespective of levels of salinity and varieties by 20.65, 40.06,
64.92, and 38.46%, respectively (Figures 11A–D) over control.

Moreover, the activities of POD and accumulation of H2O2 in the
peanut leaves decreased significantly because of the inoculation of
J22N, by 16.43 and 54.60%, respectively, over the control under
identical circumstances. The seed bacterization of peanut leaves
with Bacillus tequilensis SEN15N resulted in a significant increase
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FIGURE 11 | Modulation in production of ROS scavenging enzymes and other biochemical parameters in peanut genotypes (TG37A: susceptible to salinity; GG2:
moderately resistant to salinity) by application of endophytic bacteria in field condition at Bhuj during the post-rainy season of 2013. Data mean of three replications,
data with the same letter (s) do not differ significantly at P = 0.05 according to Tukey’s multiple range test. (A) CAT; (B) APX; (C) GR; (D) SOD; (E) H2O2 content; and
(F) POD activity.

in CAT, SOD, APX, and GR irrespective of levels of salinity and
variety, by 21.26, 39.27, 68.49, and 29.78%, respectively, over
the control. There was a significant decrease in the activity of
POD and accumulation of H2O2 in the leaves of the peanut
plants, by 17.75 and 54.60%, respectively, over the control. In a

similar situation, the application of Bacillus sp. REN51N, a root
endophyte, significantly improved the activities of CAT, SOD,
APX, and GR irrespective of the levels of salinity and variety,
by 22.48, 40.85, 71.16, and 11.64%, respectively, over the control
and decreased the activities of POD by 12.83% and accumulation
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of H2O2 by 57.47.16% over the control. Because of the increase
in the level of salinity, the performance of endophytes improved
further in modulating the activities of ROS scavenging enzymes.

Impact of Endophytes on Pod and Haulm Yield at
Elevated Levels of Salinity
The experiment with two varieties and three endophytes was
conducted at different levels of application of saline water with
S0 (normally available irrigation water salinity of 1.5–2.0 dS/m),
S1 (3.0 dS/m), and S2 (6.0 dS/m) levels, for two rainy- (2013
and 2014) and one post-rainy season (2013), in the same plot
for successive seasons (Figure 9D). The pod and haulm yield of
peanut cultivars, TG3A and GG2, were recorded after harvest.

Analysis of pooled data across the rainy season of 2013
and 2014, irrespective of variety and year, revealed that the
interaction was non-significant at P = 0.05 for both pod and
haulm yield (Table 3). However, treatment was significantly
different. It was observed that, irrespective of salinity and
variety, the application of Bacillus firmus J22N (Figure 9C)
improved the pod (1971 kg/ha) and haulm yield (3112 kg/ha) of
peanut significantly by 14.74 and 11.25%, respectively (Table 3)
over control (pod yield, 1718 kg/ha; haulm yield, 2797 kg/ha).
Similarly, the application of root endophyte, Bacillus sp. REN51N
enhanced the pod (1982 kg/ha) and haulm yield (3263 kg/ha)
significantly by 15.36 and 16.68%, respectively over the control
(Table 3). The effect of the inoculation of stem endophyte on pod
and haulm yield was marginal and improvement was 4.44 and
3.55%, respectively (Table 3).

Further analysis revealed that there was an improvement
of pod and haulm yield of the varieties by 16.59 and 12.74%,
respectively, with the inoculation of Bacillus firmus J22N over
control, when irrigation water of 1.5–2.0 dS/m (S0) was applied.
In similar conditions, the application of Bacillus sp. REN51N
enhanced the pod and haulm yield by 11.73 and 13.63%,
respectively. When irrigation water salinity increased to 3 dS/m
(S1), the inoculation of B. firmus J22N enhanced the pod and

haulm yield of peanuts by 14.74 and 7.28%, respectively. In an
identical situation, SEN51N enhanced the pod and haulm yield
by 17.51 and 18.86%, respectively, over the control (Table 3).
A further increase in irrigation water salinity to 6.0 dS/m resulted
in an improvement in the pod yield by 11.74% and haulm yield
by 13.63%, over the control, when peanut was inoculated with
J22N. Application of REN51N at 6.0 dS/m of irrigation water
enhanced the pod yield of peanut by 10.74% and haulm yield by
14.72% over control.

During the post-rainy season of 2013, at the beginning
of the experiment, with less build-up of salinity, treatment
and interaction were non-significant at P = 0.05 (Table 4),
with higher pod yield in both the varieties. Though treatment
was non-significant, irrespective of variety and levels of
salinity, inoculation of B. firmus J22N enhanced the pod yield
(2329 kg/ha) of peanut by 15.30% over control (pod yield:
2018 kg/ha) (Table 4). It is also evident that the application
of B. tequilensis SEN15N resulted in enhancement of pod yield
(2213 kg/ha against the control of 2018 kg/ha) by 9.55%. The
impact of REN51N was more pronounced and enhanced the
pod yield (2420 kg/ha) by 19.80% over control. The treatment
difference for haulm yield was significant at P = 0.05 (Table 4).
Application of J22N and REN51N significantly enhanced the
haulm yield of peanuts by 12.09 and 16.06% over the control.
However, the effect of SEN15N on haulm yield was non-
significant.

DISCUSSION

Endophytes have co-evolved with plants and help them to
acclimatize to the terrestrial ecosystem while transiting from
aquatic life. An important bottleneck faced by crop plants has
been their inability to maintain growth and biomass production
in abiotic stress conditions, resulting in stunted growth and
reduced yield. The impairment of growth under salinity stress is

TABLE 3 | Field evaluation of endophytes for the alleviation of salinity stress, and enhancement of the growth and yield of peanut genotypes (TG37A: susceptible to
salinity and GG2: moderately resistant to salinity) at different levels of salinity (pooled data from the rainy season of 2013 and 2014) across year and genotypes.

Pod yield (kg/ha) Haulm yield (kg/ha)

T1 T2 T3 T4 Mean T1 T2 T3 T4 Mean

S0 2327 2713 2432 2716 2547 3217 3627 3365 3744 3488

S1 1513 1736 1615 1778 1661 2694 2890 2732 3202 2879

S2 1312 1466 1336 1453 1392 2480 2818 2593 2845 2684

Mean 1718 1971 1794 1982 1866 2797 3112 2896 3263 3017

% Increase 14.74 4.44 15.36 11.25 3.55 16.68

SE CD 5% CV SE CD 5% CV

Y 123.89 NS 13.63 177.64 NS 14.39

S 98.1 116.75 76.28 175.68

V 42.38 83.91 71.91 142.38

T 59.93 118.66 101.70 201.36

Interaction 207.6 NS 352.28 NS

Y, year; S, level of salinity; S0, irrigation water (1.5–2.0 EC); S1, 3 EC irrigation water salinity; S2, 6 EC irrigation water salinity; T, treatments; T1, control; T2, Bacillus firmus
J22N; T3, Bacillus tequilensis SEN15N; T4, Bacillus sp. REN51N; V, variety; V1, TG37A (susceptible to salinity); V2, GG2 (moderately resistant to salinity); 12 irrigations,
saline irrigations 10.
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TABLE 4 | Effect of application of endophytes on the growth and yield of peanut genotypes at different levels of salinity during the post-rainy season of 2013 with two
cultivars (TG37A and GG2) (pooled data across cultivars).

Salinity level Pod yield (kg/ha) Haulm yield (kg/ha)

T1 T2 T3 T4 Mean T1 T2 T3 T4 Mean

S0 2232 2642 2496 2826 2549 3249 3457 3408 3802 3479

S1 2059 2279 2254 2415 2252 2747 3179 2802 3043 2943

S2 1763 2066 1889 2020 1934 2265 2622 2302 2740 2482

Mean 2018 2329 2213 2420 2753 3086 2837 3195

CD (0.05) CD (0.05)

S 341 291

T NS 281

SXT NS NS

T1, control; T2, Bacillus firmus J22N; T3, Bacillus tequilensis SEN15N; T4, Bacillus sp. REN51N; S0, irrigation water (1.5–2.0 EC); S1, 3 EC irrigation water; S2, 6 EC
irrigation water; total irrigation 12; saline irrigation 8.

due to the effect of salinity on all physiological and biochemical
processes, production of an enhanced level of ROS, ion toxicities,
disruption of osmotic balance, and water deficits, etc. (Ahmad
et al., 2010; Krasensky and Jonak, 2012; Shabala and Munns, 2012;
Wu et al., 2013; Acosta-Motos et al., 2017; Kohli et al., 2019).
All these issues affect plant growth and need to be addressed to
alleviate salinity stress. In this endeavor, endophytes are reported
to play a pivotal role in alleviating abiotic stresses. Endophytic
modulation in the production of ROS scavenging enzymes,
activities of enzymatic antioxidants and lipid peroxidation,
signaling pathways, osmotic adjustment, stomatal regulation,
and production of antioxidants are a few factors that alleviate
stresses. Other factors include the modification in root growth;
enhancement of the uptake of essential minerals, particularly
K, and the modulation in other metabolic processes (Compant
et al., 2005; Ryan et al., 2008; Khaliq et al., 2015; Ali et al.,
2017; Li et al., 2019; Fan et al., 2020). Exogenous application of
epigallocatechin-3-gallate; salicylic acid; kinetin; silicon; aspirin;
Ag-nanoparticles; and spermidine have also been found to
alleviate abiotic stresses (Ahammed et al., 2018; Ahanger et al.,
2018, 2020; Hussain et al., 2018; Kaur et al., 2018; Zhang et al.,
2018; Alam et al., 2019; Ahmad et al., 2019; Khan et al., 2020).

Peanut (Arachis hypogaea L.) is one of the important oilseed
crops in India. However, its cultivation is badly affected in
salinity-affected areas because of excessive use of saline irrigation
water, rendering them unfit for cultivation after few years. As
peanut cultivars tolerant to salinity are not available at present,
alternate ameliorating and alleviating measures are required to
bring the salinity-affected areas back to peanut cultivation. To
identify microbes capable of such alleviation, 56 root-, stem-
and seed- colonizing endophytes were isolated from peanut
plants grown in salinity stressed conditions. All the isolates were
characterized for the level of tolerance to salinity and production
of plant growth promoting traits like ACC deaminase activity
and IAA production.

Though all the isolates exhibited tolerance to salinity (5–
12.5% of NaCl), thirty-one of them produced ACC deaminase
(259–883 ηmol α-ketobutyrate/mg protein/h) and many of them
also produced IAA. Thus, endophytes were selected based on
ACC deaminase activity as the primary indicator of plat growth

promotion as all of them were tolerant to a high level of
salinity. Among these, Pseudomonas pseudoalcaligenes SEN29N
(stem endophyte), Bacillus sp. REN51N (root endophyte), and
Bacillus firmus J22N (seed endophyte) exhibited a high amount
of ACC deaminase and IAA production capacity. Thirty-one
ACC deaminase-producing endophytes were further evaluated
for root growth in vitro and alleviation of salinity stress in potted
conditions imposing salinity stress. Only nine of the endophytic
isolates Alcaligenes faecalis J8N, Pseudomonas otitidis J11N,
Acinetobacter junii J20N, Bacillus firmus J22N, Bacillus tequilensis
SEN15N, Pseudomonas pseudoalcaligenes SEN29N, Pseudomonas
aeruginosa REN24N, Pseudoxanthomonas mexicana REN47N,
and Bacillus sp. REN51N produced significantly higher root
and shoot length, biomass, and pod yield with salinity sensitive
cultivar TG37A at 3.5 dS/m of soil salinity at harvest. There
was a significant enhancement in the accumulation of proline
with the application of endophytes and reduction in phenol
content. This significant increase in plant yield and biomass
production could be attributed to the capacity of the endophytes
to enhance root and shoot growth by ACC deaminase and IAA
production, besides modulating the accumulation of proline as
an osmoprotectant.

Production of ACC deaminase, IAA, and accumulation of
proline in leaves have been reported to help plants tolerate salinity
stress (Glick et al., 2007; Qureshi et al., 2013; Raghuwanshi
and Prasad, 2018; Saikia et al., 2018). ACC deaminase activity
reduced the ethylene level in roots produced in excess in salinity
stress (Trobacher, 2009). Thus, better root growth and biomass
production of peanut, cultivar TG37A, might be due to the
production of both IAA and ACC deaminase by the endophytes.
To evaluate them and understand the mechanisms of alleviation
of salinity stress, two sets of field experiments were conducted
in field conditions, one with nine endophytes at natural levels of
saline water and soil, and another with three endophytes (one
each of root-, stem- and seed-endophyte) with three levels of
irrigation water salinity on a fixed plot basis.

Among the nine endophytes evaluated, with development
of soil salinity (4-6 dS/m of salinity) at harvest, three
tissue competent endophytes viz., Bacillus tequilensis SEN15N
(stem endophyte), Pseudoxanthomonas mexicana REN47N (root
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endophyte), and Pseudomonas otitidis J11N (seed endophyte),
significantly enhanced biomass in both the seasons along
with pod yield during the rainy season. However, pod yield
was significantly enhanced by SEN15N only during the
post-rainy season. The pod and haulm yield was enhanced
in these three endophytes to the tune of 9–23% in pod
yield and 7–29% in haulm yield, in identical level soil
salinity. Further investigation revealed that inoculation of these
endophytes significantly improved relative water content, uptake
of potassium, accumulation of proline, and production of ROS
scavenging enzymes like CAT, APX, GR, and SOD in both
seasons. Furthermore, the accumulation of phenol and H2O2,
and the activity of POD in the leaves of the peanut plants also
significantly reduced upon inoculation of these endophytes.

The enzymes, CAT, GR, APX, and SOD, being general
scavengers of ROS, reduced the production and accumulation
of H2O2, which is the primary stressor produced in plants in
response to salinity stress. These are possible reasons for the
alleviation of salinity stress and the enhanced yield of peanuts
by inoculation of these three endophytes. Alleviation of stresses
and or growth promotion by application of endophytic bacteria
have been reported in many plants. This includes Pseudomonas
pseudoalcaligenes in rice (Jha et al., 2011); Klebsiella pneumoniae
(Iniguez et al., 2004) and Enterobacter sakazaki in soybean
(Kuklinsky-Sobral et al., 2004); Enterobacter spp. and Klebsiella
spp. in peanut (Gimenez-Ibanez et al., 2009); and Bacillus sp.,
Paenibacillus sp., and Pantoea dispersa of peanuts (Li et al.,
2019; Fan et al., 2020). Besides these three endophytes (SEN15N,
J11N, and REN47N), two other endophytes Bacillus firmus
J22N and Bacillus sp. REN51N also significantly modulated
all physiological and biochemical parameters and K-uptake of
peanut plants, at the medium level of salinity developed in this
experiment, but performance has not been reflected in pod and
biomass gain. This might be attributed to the preference of
these endophytes to exert the desired effect after certain levels
of salinity. However, within the limitation of the work, the
reason for such behavior could not be ascertained and needs
further investigation.

Few of the isolated endophytes of peanut in the present studies
were found to be in the risk group 2 of potential pathogens
like Alcaligenes faecalis, Pseudomonas otitidis, Acinetobacter junii,
and Pseudomonas aeruginosa: all human pathogens (Clark et al.,
2006; Balasubramani et al., 2018; Huang, 2020). However,
Acinetobacter junii has been reported as a human pathogen
rarely. Considering their associated potential hazard, these
organisms were not included in the final field trials and hence not
recommended for soil application for plant growth promotion
and alleviation of salinity stress.

When three endophytes viz. REN51N (root colonizing), J22N
(seed colonizing), and SEN15N (stem colonizing) were evaluated
further at elevated levels of irrigation water salinity (1.5–2.0;
3.0 and 6.0 dS/m) with two peanut cultivars (TG37A: sensitive;
and GG2: moderately resistant), there was a development of
soil salinity at harvest between 6.1 and 7.7 dS/m, much higher
than the first experiment. All three endophytes were able to
colonize the respective niches. Though REN51N was a root
endophyte, it was also able to colonize all three tissues along with

J22N, but SEN15N did not colonize the seeds. Seed endophytes
are important, as they are capable of perpetuating succeeding
generations with the seeds. A high level of salinity developed
during the rainy season with the application of Bacillus firmus
J22N and Bacillus sp. REN51N significantly improved the pod
and haulm yield of peanut plants across cultivars, year, and level
of salinity. Whereas the seed inoculation of Bacillus firmus J22N
improved the pod and haulm yield of peanuts significantly by
14.74 and 11.25%, respectively, Bacillus sp. REN51N enhanced
the pod and haulm yield significantly by 15.36 and 16.68%,
respectively. But inoculation of SEN15N failed to influence pod
and haulm yield.

Along with the enhancement of growth and yield of peanut,
inoculation of these endophytes significantly enhanced the
production of ROS scavenging enzymes like APX, SOD, GR,
and CAT and reduced the production of POD and accumulation
of H2O2 in the leaf of peanut. By contrast, in the post-rainy
season when salinity level was less (5.5–6.8 dS/m at harvest)
than that of the rainy season (6.1–7.7 dS/m), the effect of
treatment was non-significant for pod yield. About 10–15% yield
enhancement of peanut was obtained with all three endophytes
irrespective of variety and level of salinity. Here also, inoculation
of endophytes significantly enhanced the production of ROS
scavenging enzymes and reduced the accumulation of H2O2 and
activity of POD. At a higher level of salinity stress, SEN15N could
not exert its effect on plant biomass and the pod yield of peanuts.

Based on the above, production of ACC deaminase and
IAA; modulation of physiological and biochemical parameters;
coupled with enhanced uptake of K for counteracting Na+ inside
plant tissues, underpinned the alleviation of salinity stress and
enhanced biomass and peanut yield by inoculation of endophytes.
These actions of endophytes have also been reported to alleviate
salinity stress in many plants (Zhu, 2002; Sairam and Tyagi, 2004;
Compant et al., 2005; Glick et al., 2007; Ryan et al., 2008; Qureshi
et al., 2013; Raghuwanshi and Prasad, 2018; Saikia et al., 2018;
Fan et al., 2020). Bacillus firmus J22N and Bacillus sp. REN51N
can perform at high levels of salinity (beyond 7.5 dS/m), whereas
Bacillus tequilensis SEN15N can perform at a medium level of
salinity (nearly 6 dS/m).

CONCLUSION

In the present study, we identified tissue competent potential
root-, stem- and seed- colonizing endophytes of peanut plants for
the alleviation of salinity stress in the context of tolerant cultivars
not being available due to an increase in soil salinization globally,
because of ingression of saline water or increase in the salinity
of irrigation water. To address these issues, we identified Bacillus
tequilensis SEN15N as a potential candidate for the alleviation
of salinity stress when cultivating peanuts in soil with a medium
level of salinity (4–6 dS/m). Bacillus firmus J22N and Bacillus sp.
REN51N are candidate endophytes for the alleviation of salinity
stress in peanut plants at a high level of salinity (6–8 dS/m),
for enhancing the growth and yield of peanuts. Enhancement in
root and plant growth was due to the production of IAA and
ACC-deaminase by the endophytes.
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The enhanced uptake of K to counteract Na accumulation
inside plant tissues, maintenance of better relative water content
vis-a-vis turgidity in leaf, modulation of the production of ROS
scavenging enzyme, and enhancement in the accumulation of
proline in leaf as osmoprotectant, are involved in nourishing
peanut plants at field level soil salinity. Both Bacillus firmus J22
and Bacillus sp. REN51N can perpetuate successive generations,
as they can colonize peanut seeds as they grow. The application
of these endophytes helps cultivate peanuts in soil affected by
salinity (4–8 dS/m) without much reduction in yield. Moreover,
few new genera viz. Kocuria, Brevundimonas, Agrococcus, Dietzia,
and Kytococcus have been found inside the plant tissues of
peanuts in this study, which has not been reported elsewhere.
As the availability of cultivars tolerant to salinity is still a distant
reality, the application of these endophytes as biofertilizers will
facilitate sustainable peanut cultivation in salinity-affected areas.

DATA AVAILABILITY STATEMENT

The raw data supporting the conclusions of this article will be
made available by the authors, without undue reservation, to any
qualified researcher.

AUTHOR CONTRIBUTIONS

RD, KP, Devidayal, SM, and AK designed the experiments along
with the analysis of data. DS, RR, MM, PR, RB, MT, MP, PM, BN,
SA, and PD conducted the isolation, characterization, and in vitro
evaluation of all endophytes for physiological and biochemical
traits and all other laboratory experiments. KP, RD, and RT wrote
the manuscript. All the authors contributed to the article and
approved the submitted version.

FUNDING

The authors are grateful to National Fund for Basic and
Strategic Funding for Applied Research (NFBSFARA),
Indian Council of Agricultural Research, New Delhi for
funding.

ACKNOWLEDGMENTS

Authors are thankful to reviewers for their valuable comments
and suggestions.

REFERENCES
Acosta-Motos, J., Ortuño, M., Bernal-Vicente, A., Diaz-Vivancos, P., Sanchez-

Blanco, M., and Hernandez, J. (2017). Plant responses to salt stress: adaptive
mechanisms. Agronomy 7:18. doi: 10.3390/agronomy7010018

Aebi, H. (1984). Catalase in vitro. Methods Enzymol. 105, 121–126. doi: 10.1016/
S0076-6879(84)05016-3

Ahammed, G. J., Li, Y., Li, X., Han, W. Y., and Chen, S. (2018). Epigallocatechin-
3-gallate alleviates salinity-retarded seed germination and oxidative stress in
tomato. J. Plant Growth Regul. 37, 1349–1356. doi: 10.1007/s00344-018-9849-0

Ahanger, M. A., Alyemeni, M. N., Wijaya, L., Alamri, S. A., Alam, P., Ashraf, M.,
et al. (2018). Potential of exogenously sourced kinetin in protecting Solanum
lycopersicum from NaCl-induced oxidative stress through up-regulation of the
antioxidant system, ascorbate-glutathione cycle and glyoxalase system. PLoS
One 13:e0202175. doi: 10.1371/journal.pone.0202175

Ahanger, M. A., Aziz, U., Alsahli, A. A., Alyemeni, M. N., and Ahmad, P.
(2020). Influence of exogenous salicylic acid and nitric oxide on growth,
photosynthesis, and ascorbate-glutathione cycle in salt stressed Vigna angularis.
Biomolecules 10:42. doi: 10.3390/biom10010042

Ahmad, P., Ahanger, M. A., Alam, P., Alyemeni, M. N., Wijaya, L., Ali, S., et al.
(2019). Silicon (Si) supplementation alleviates NaCl toxicity in mung bean
[Vigna radiata (L.) Wilczek] through the modifications of physio-biochemical
attributes and key antioxidant enzymes. J. Plant Growth Regul. 38, 70–82. doi:
10.1007/s00344-018-9810-2

Ahmad, P., Jaleel, C. A., Salem, M. A., Nabi, G., and Sharma, S. (2010). Roles of
enzymatic and nonenzymatic antioxidants in plants during abiotic stress. Crit.
Rev. Biotechnol. 30, 161–175. doi: 10.3109/07388550903524243

Alam, P., Albalawi, T. H., Altalayan, F. H., Bakht, M. A., Ahanger, M. A., Raja,
V., et al. (2019). 24-Epibrassinolide (EBR) confers tolerance against NaCl stress
in soybean plants by up-regulating antioxidant system, ascorbate-glutathione
cycle, and glyoxalase system. Biomolecules 9:640. doi: 10.3390/biom9110640

Ali, A., Shahzad, R., Khan, A. L., Halo, B. A., Al-Yahyai, R., Al-Harrasi, A., et al.
(2017). Endophytic bacterial diversity of Avicennia marina helps to confer
resistance against salinity stress in Solanum lycopersicum. J. Plant Interact. 12,
312–322.

Balasubramani, G., Induja, K., Aiswarya, D., Paramasivam, D., Arul, D., Kavitha,
M., et al. (2018). Isolation and characterization of human foot crack–associated

bacterium, Pseudomonas Otitidis, and its biological propensity. Smart Sci. 7,
79–90. doi: 10.1080/23080477.2018.1551305

Bates, L. S., Waldren, R. P., and Teare, I. D. (1973). Rapid determination of
free proline for water-stress studies. Plant Soil 39, 205–207. doi: 10.1007/
BF00018060

Bradford, M. M. (1976). A rapid and sensitive method for the quantitation of
microgram quantities of protein utilizing the principle of protein-dye binding.
Anal. Biochem. 72, 248–254. doi: 10.1016/0003-2697(76)90527-3

Brundrett, M. C. (2006). “Understanding the roles of multifunctional mycorrhizal
and endophytic fungi,” in Microbial Root Endophytes. Soil Biology, Vol. 9, eds
B. J. E. Schulz, C. J. C. Boyle, and T. N. Sieber (Berlin: Springer), 281–298.
doi: 10.1007/3-540-33526-9_16

Castillo, F. I., Penel, I., and Greppin, H. (1984). Peroxidase release induced by
ozone in Sedum album leaves. Plant Physiol. 74, 846–851. doi: 10.1104/pp.74.
4.846

Chopra, S. L., and Kanwar, J. S. (1982). Analytical Agricultural Chemistry.
Ludhiana: Kalyani Publishers.

Clark, L. L., Dajcs, J. J., McLean, C. H., Bartell, J. G., and Stroman, D. W. (2006).
Pseudomonas otitidis sp. nov., isolated from patients with otic infections. Int. J.
Syst. Evol. Microbiol. 56, 709–714.

Compant, S., Duffy, B., Nowak, J., Clément, C., and Barka, E. A. (2005). Use of
plant growth-promoting bacteria for biocontrol of plant diseases: principles,
mechanisms of action, and future prospects. Appl. Environ. Microbiol. 71,
4951–4959. doi: 10.1128/AEM.71.9.4951-4959

Dey, R., Pal, K. K., Bhatt, D. M., and Chauhan, S. M. (2004). Growth promotion
and yield enhancement of peanut (Arachis hypogaea L.) by application of plant
growth promoting rhizobacteria. Microbiol. Res. 159, 371–394. doi: 10.1016/j.
micres.2004.08.004

Dhindsa, R. S., Plumb-Dhindsa, P., and Thorpe, T. A. (1981). Leaf senescence:
correlated with increased levels of membrane permeability and lipid
peroxidation and decreased levels of superoxide dismutase and catalase. J. Exp.
Bot. 32, 93–101. doi: 10.1093/jxb/32.1.93

Dworkin, M., and Foster, J. W. (1958). Experiments with some microorganisms
which utilize ethane and hydrogen. J. Bacteriol. 75, 592–603.

Fan, D., Subramanian, S., and Smith, D. L. (2020). Plant endophytes promote
growth and alleviate salt stress in Arabidopsis thaliana. Sci. Rep. 10, 1–18.
doi: 10.1038/s41598-020-69713-5

Frontiers in Microbiology | www.frontiersin.org 27 April 2021 | Volume 12 | Article 650771

https://doi.org/10.3390/agronomy7010018
https://doi.org/10.1016/S0076-6879(84)05016-3
https://doi.org/10.1016/S0076-6879(84)05016-3
https://doi.org/10.1007/s00344-018-9849-0
https://doi.org/10.1371/journal.pone.0202175
https://doi.org/10.3390/biom10010042
https://doi.org/10.1007/s00344-018-9810-2
https://doi.org/10.1007/s00344-018-9810-2
https://doi.org/10.3109/07388550903524243
https://doi.org/10.3390/biom9110640
https://doi.org/10.1080/23080477.2018.1551305
https://doi.org/10.1007/BF00018060
https://doi.org/10.1007/BF00018060
https://doi.org/10.1016/0003-2697(76)90527-3
https://doi.org/10.1007/3-540-33526-9_16
https://doi.org/10.1104/pp.74.4.846
https://doi.org/10.1104/pp.74.4.846
https://doi.org/10.1128/AEM.71.9.4951-4959
https://doi.org/10.1016/j.micres.2004.08.004
https://doi.org/10.1016/j.micres.2004.08.004
https://doi.org/10.1093/jxb/32.1.93
https://doi.org/10.1038/s41598-020-69713-5
https://www.frontiersin.org/journals/microbiology
https://www.frontiersin.org/
https://www.frontiersin.org/journals/microbiology#articles


fmicb-12-650771 April 12, 2021 Time: 13:20 # 28

Pal et al. Endophytes for Salinity Stress Alleviation

Felsenstein, J. (1985). Confidence limits on phylogenies: an approach using
the bootstrap. Evolution. 39, 783–791. doi: 10.1111/j.1558-5646.1985.
tb00420.x

Gerhardson, B., Alström, S., and Rämert, B. (1985). Plant reactions to inoculation
of roots with fungi and bacteria. J. Phytopathol. 114, 108–117. doi: 10.1111/j.
1439-0434.1985.tb00832.x

Gimenez-Ibanez, S., Hann, D. R., Ntoukakis, V., Petutschnig, E., Lipka, V., and
Rathjen, J. P. (2009). AvrPtoB targets the LysM receptor kinase CERK1 to
promote bacterial virulence on plants. Curr. Biol. 19, 423–429. doi: 10.1016/j.
cub.2009.01.054

Glick, B. R., Cheng, Z., Czarny, J., and Duan, J. (2007). “Promotion of plant
growth by ACC deaminase-producing soil bacteria,” in New Perspectives and
Approaches in Plant Growth-Promoting Rhizobacteria Research, eds P. A. H. M.
Bakker, J. M. Raaijmakers, G. Bloemberg, M. Höfte, P. Lemanceau, and B. M.
Cooke (Dordrecht: Springer). doi: 10.1007/978-1-4020-6776-1_8

Glick, B. R., Karaturovic, D. M., and Newell, P. C. (1995). A novel procedure for
rapid isolation of plant growth promoting pseudomonads. Can. J. Microbiol. 41,
533–536. doi: 10.1139/m95-070

Gomez, K. A., and Gomez, A. A. (1984). Statistical Procedures for Agricultural
Research. Hoboken, NJ: Wiley.

Honma, M., and Shimomura, T. (1978). Metabolism of 1-aminocyclopropane-1-
carboxylic acid. Agric. Biol. Chem. 42, 1825–1831. doi: 10.1080/00021369.1978.
10863261

Huang, C. (2020). Extensively drug-resistant Alcaligenes faecalis infection. BMC
Infect. Dis. 20:833. doi: 10.1186/s12879-020-05557-8

Hussain, S., Khaliq, A., Tanveer, M., Matloob, A., and Hussain, H. A. (2018).
Aspirin priming circumvents the salinity-induced effects on wheat emergence
and seedling growth by regulating starch metabolism and antioxidant enzyme
activities. Acta Physiol. Plant 40, 1–12. doi: 10.1007/s11738-018-2644-5

Iniguez, A. L., Dong, Y., and Triplett, E. W. (2004). Nitrogen fixation in wheat
provided by Klebsiella pneumoniae 342. Mol. Plant Microbe Interact. 17, 1078–
1085. doi: 10.1094/MPMI.2004.17.10.1078

Jackson, M. L. (1974). Soil Chemical Analysis-Advanced Course, 2nd Edn. Madison
Wl: Parallel Pressl.

Jha, Y., Subramanian, R. B., and Patel, S. (2011). Combination of endophytic
and rhizospheric plant growth promoting rhizobacteria in Oryza sativa shows
higher accumulation of osmoprotectant against saline stress. Acta. Physiol.
Plant 33, 797–802. doi: 10.1007/s11738-010-0604-9

Kaur, H., Sirhindi, G., Bhardwaj, R., Alyemeni, M. N., Siddique, K. H., and Ahmad,
P. (2018). 28-homobrassinolide regulates antioxidant enzyme activities and
gene expression in response to salt-and temperature-induced oxidative stress
in Brassica juncea. Sci. Rep. 8, 1–13. doi: 10.1038/s41598-018-27032-w

Khaliq, A., Zia-ul-Haq, M., Ali, F., Aslam, F., Matloob, A., Navab, A., et al.
(2015). Salinity tolerance in wheat cultivars is related to enhanced activities of
enzymatic antioxidants and reduced lipid peroxidation. Clean 43, 1248–1258.
doi: 10.1002/clen.201400854

Khan, I., Raza, M. A., Awan, S. A., Shah, G. A., Rizwan, M., Ali, B., et al. (2020).
Amelioration of salt induced toxicity in pearl millet by seed priming with silver
nanoparticles (AgNPs): the oxidative damage, antioxidant enzymes and ions
uptake are major determinants of salt tolerant capacity. Plant Physiol. Biochem.
156, 221–232. doi: 10.1016/j.plaphy.2020.09.018

King, E. O., Ward, M. K., and Raney, D. E. (1954). Two simple media for the
demonstration of pyocyanine and fluorescein. J. Lab. Clin. Med. 44, 301–307.
doi: 10.5555/uri:pii:002221435490222X

Kishore, G. K., Pande, S., and Podile, A. R. (2005). Phylloplane bacteria increase
seedling emergence, growth and yield of field-grown groundnut (Arachis
hypogaea L.). Lett. Appl. Microbiol. 40, 260–268. doi: 10.1111/j.1472-765X.2005.
01664.x

Kohli, S. K., Khanna, K., Bhardwaj, R., Abd Allah, E. F., Ahmad, P., and Corpas,
F. J. (2019). Assessment of subcellular ROS and NO metabolism in higher
plants: multifunctional signaling molecules. Antioxidants 8:641. doi: 10.3390/
antiox8120641

Krasensky, J., and Jonak, C. (2012). Drought, salt, and temperature stress-induced
metabolic rearrangements and regulatory networks. J. Exp. Bot. 63:1593. doi:
10.1093/jxb/err460

Kuklinsky-Sobral, J., Araújo, W. L., Mendes, R., Geraldi, I. O., Pizzirani-Kleiner,
A. A., and Azevedo, J. L. (2004). Isolation and characterization of soybean-
associated bacteria and their potential for plant growth promotion. Environ.
Microbiol. 6, 1244–1251. doi: 10.1111/j.1462-2920.2004.00658.x

Li, L., Zhang, Z., Pan, S., Li, L., and Li, X. (2019). Characterization and metabolism
effect of seed endophytic bacteria associated with peanut grown in south China.
Front. Microbiol. 10:2659. doi: 10.3389/fmicb.2019.02659

Meena, H. N., Bhalodia, P. K., Jat, R. S., and Vekaria, L. C. (2012). Prospects of
using saline water for irrigation in groundnut (Arachis hypogaea)-Pearl millet
(Pennisetum glaucum) cropping system in saline black soil of Saurashtra. Indian
J. Agron. 57:9e13.

Munns, R., and Tester, M. (2008). Mechanisms of salinity tolerance. Annu. Rev.
Plant Biol. 59, 651–681. doi: 10.1146/annurev.arplant.59.032607.092911

Nakano, Y., and Asada, K. (1981). Hydrogen peroxide is scavenged by ascorbate-
specific peroxidase in spinach chloroplasts. Plant Cell Physiol. 22, 867–880.
doi: 10.1093/oxfordjournals.pcp.a076232

Nei, M., and Kumar, S. (2000). Molecular Evolution and Phylogenetics. Oxford
university press.

Olsen, S. R. (1954). Estimation of Available Phosphorus in Soils by Extraction
with Sodium Bicarbonate (No. 939). Washington, DC: US Department of
Agriculture.

Pal, K. K., Dey, R., Bhatt, D. M., and Chauhan, S. (1999). Enhancement of
groundnut growth and yield by plant growth promoting rhizobacteria. Int.
Arachis Newslett. 19, 51–53.

Penrose, D. M., and Glick, B. R. (2003). Methods for isolating and characterizing
ACC deaminase-containing plant growth-promoting rhizobacteria. Physiol.
Plant 118, 10–15. doi: 10.1034/j.1399-3054.2003.00086.x

Qadir, M., Quillérou, E., Nangia, V., Murtaza, G., Singh, M., Thomas, R. J.,
et al. (2014). Economics of salt-induced land degradation and restoration. Nat.
Resour. Forum. 38, 282–295. doi: 10.1111/1477-8947.12054

Qureshi, M. I., Abdin, M. Z., Ahmad, J., and Iqbal, M. (2013). Effect of long-
term salinity on cellular antioxidants, compatible solute and fatty acid profile of
Sweet Annie (Artemisia annua L.). Phytochemistry. 95, 215–223. doi: 10.1016/j.
phytochem.2013.06.026

Raghuwanshi, R., and Prasad, J. K. (2018). “Perspectives of rhizobacteria with
ACC deaminase activity in plant growth under abiotic stress,” in Root Biology,
Vol. 52, eds B. Giri, R. Prasad, and A. Varma (Cham: Springer), 303–321.
doi: 10.1007/978-3-319-75910-4_12

Rao, M. V., Paliyath, G., Ormrod, D. P., Murr, D. P., and Watkins, C. B.
(1997). Influence of salicylic acid on H2O2 production, oxidative stress,
and H2O2-metabolizing enzymes (salicylic acid-mediated oxidative damage
requires H2O2). Plant Physiol. 115, 137–149. doi: 10.1104/pp.115.1.137

Ryan, R. P., Germaine, K., Franks, A., Ryan, D. J., and Dowling, D. N. (2008).
Bacterial endophytes: recent developments and applications. FEMS Microbiol.
Lett. 278, 1–9. doi: 10.1111/j.1574-6968.2007.00918.x

Saikia, J., Sarma, R. K., Dhandia, R., Yadav, A., Bharali, R., Gupta, V. K., et al. (2018).
Alleviation of drought stress in pulse crops with ACC deaminase producing
rhizobacteria isolated from acidic soil of Northeast India. Sci. Rep. 8, 1–16.
doi: 10.1038/s41598-018-21921-w

Sairam, R. K., and Tyagi, A. (2004). Physiology and molecular biology of salinity
stress tolerance in plants. Curr. Sci. 86, 407–421.

Sarwar, M., and Kremer, R. J. (1995). Enhanced suppression of plant growth
through production of L-tryptophan-derived compounds by deleterious
rhizobacteria. Plant Soil 172, 261–269. doi: 10.1007/BF00011328

Schubert, S., Neubert, A., Schierholt, A., Sümer, A., and Zörb, C. (2009).
Development of salt-resistant maize hybrids: the combination of physiological
strategies using conventional breeding methods. Plant Sci. 177, 196–202. doi:
10.1016/j.plantsci.2009.05.011

Shabala, S. (2017). Plant Stress Physiology, Vol. 1. London: CABI, 59–93.
Shabala, S., and Munns, R. (2012). Salinity stress: physiological constraints and

adaptive mechanisms. Plant Stress Physiol. 1, 59–93.
Shrivastava, P., and Kumar, R. (2015). Soil salinity: a serious environmental issue

and plant growth promoting bacteria as one of the tools for its alleviation. Saudi
J. Biol. Sci. 22, 123–131. doi: 10.1016/j.sjbs.2014.12.001

Singh, R. A. (1980). Soil Physical Properties. Ludhiana: Kalyani Publishers.
Smith, I. K., Vierheller, T. L., and Thorne, C. A. (1988). Assay of glutathione

reductase in crude tissue homogenates using 5, 5’-dithiobis (2-nitrobenzoic
acid). Anal. Biochem. 175, 408–413. doi: 10.1016/0003-2697(88)90564-7

Strobel, G., and Daisy, B. (2003). Bioprospecting for microbial endophytes and
their natural products. Microbiol. Mol. Biol. Rev. 67, 491–502. doi: 10.1128/
MMBR.67.4.491-502

Suarez, C., Cardinale, M., Ratering, S., Steffens, D., Jung, S., Montoya, A. M. Z.,
et al. (2015). Plant growth-promoting effects of Hartmannibacter diazotrophicus

Frontiers in Microbiology | www.frontiersin.org 28 April 2021 | Volume 12 | Article 650771

https://doi.org/10.1111/j.1558-5646.1985.tb00420.x
https://doi.org/10.1111/j.1558-5646.1985.tb00420.x
https://doi.org/10.1111/j.1439-0434.1985.tb00832.x
https://doi.org/10.1111/j.1439-0434.1985.tb00832.x
https://doi.org/10.1016/j.cub.2009.01.054
https://doi.org/10.1016/j.cub.2009.01.054
https://doi.org/10.1007/978-1-4020-6776-1_8
https://doi.org/10.1139/m95-070
https://doi.org/10.1080/00021369.1978.10863261
https://doi.org/10.1080/00021369.1978.10863261
https://doi.org/10.1186/s12879-020-05557-8
https://doi.org/10.1007/s11738-018-2644-5
https://doi.org/10.1094/MPMI.2004.17.10.1078
https://doi.org/10.1007/s11738-010-0604-9
https://doi.org/10.1038/s41598-018-27032-w
https://doi.org/10.1002/clen.201400854
https://doi.org/10.1016/j.plaphy.2020.09.018
https://doi.org/10.5555/uri:pii:002221435490222X
https://doi.org/10.1111/j.1472-765X.2005.01664.x
https://doi.org/10.1111/j.1472-765X.2005.01664.x
https://doi.org/10.3390/antiox8120641
https://doi.org/10.3390/antiox8120641
https://doi.org/10.1093/jxb/err460
https://doi.org/10.1093/jxb/err460
https://doi.org/10.1111/j.1462-2920.2004.00658.x
https://doi.org/10.3389/fmicb.2019.02659
https://doi.org/10.1146/annurev.arplant.59.032607.092911
https://doi.org/10.1093/oxfordjournals.pcp.a076232
https://doi.org/10.1034/j.1399-3054.2003.00086.x
https://doi.org/10.1111/1477-8947.12054
https://doi.org/10.1016/j.phytochem.2013.06.026
https://doi.org/10.1016/j.phytochem.2013.06.026
https://doi.org/10.1007/978-3-319-75910-4_12
https://doi.org/10.1104/pp.115.1.137
https://doi.org/10.1111/j.1574-6968.2007.00918.x
https://doi.org/10.1038/s41598-018-21921-w
https://doi.org/10.1007/BF00011328
https://doi.org/10.1016/j.plantsci.2009.05.011
https://doi.org/10.1016/j.plantsci.2009.05.011
https://doi.org/10.1016/j.sjbs.2014.12.001
https://doi.org/10.1016/0003-2697(88)90564-7
https://doi.org/10.1128/MMBR.67.4.491-502
https://doi.org/10.1128/MMBR.67.4.491-502
https://www.frontiersin.org/journals/microbiology
https://www.frontiersin.org/
https://www.frontiersin.org/journals/microbiology#articles


fmicb-12-650771 April 12, 2021 Time: 13:20 # 29

Pal et al. Endophytes for Salinity Stress Alleviation

on summer barley (Hordeum vulgare L.) under salt stress. Appl. Soil Ecol. 95,
23–30. doi: 10.1016/j.apsoil.2015.04.017

Subbiah, B. V., and Asija, G. L. (1956). A rapid procedure for the estimation of
available nitrogen in soils. Curr. Sci. 25, 259–260.

Sun, L., Lei, P., Wang, Q., Ma, J., Zhan, Y., Jiang, K., et al. (2020). The endophyte
Pantoea alhagi NX-11 alleviates salt stress damage to rice seedlings by secreting
exopolysaccharides. Front. Microbiol. 10:3112. doi: 10.3389/fmicb.2019.
03112

Szabolcs, I. (1994). “Salt affected soils as the ecosystem for halophytes,” in
Halophytes As a Resource for Livestock and for Rehabilitation of Degraded Lands.
Tasks for Vegetation Science, Vol. 32, eds V. R. Squires and A. T. Ayoub
(Dordrecht: Springer), 19–24. doi: 10.1007/978-94-011-0818-8_3

Talbi, S., Romero-Puertas, M. C., Hernández, A., Terrón, L., Ferchichi, A., and
Sandalio, L. M. (2015). Drought tolerance in a Saharian plant Oudneya africana:
role of antioxidant defences. Environ. Exp. Bot. 111, 114–126. doi: 10.1016/j.
envexpbot.2014.11.004

Tamura, K., Stecher, G., Peterson, D., Filipski, A., and Kumar, S. (2013). MEGA6:
molecular evolutionary genetics analysis version 6.0. Mol. Biol. Evol. 30, 2725–
2729. doi: 10.1093/molbev/mst197

Thompson, J. D., Higgins, D. G., and Gibson, T. J. (1994). CLUSTAL W: improving
the sensitivity of progressive multiple sequence alignment through sequence
weighting, position-specific gap penalties and weight matrix choice. Nucleic
Acids Res. 22, 4673–4680. doi: 10.1093/nar/22.22.4673

Trobacher, C. P. (2009). Ethylene and programmed cell death in plants. Botany 87,
757–769. doi: 10.1139/B09-041

Turral, H., Burke, J., and Faurès, J. M. (2011). Climate Change, Water and Food
Security (No. 36). Rome: Food and Agriculture Organization of the United
Nations (FAO).

Walkley, A., and Black, I. A. (1934). An examination of the Degtjareff method for
determining soil organic matter, and a proposed modification of the chromic

acid titration method. Soil Sci. 37, 29–38. doi: 10.1097/00010694-193401000-
00003

Weatherley, P. (1950). Studies in the water relations of the cotton plant. I. The field
measurement of water deficits in leaves. New Phytol. 49, 81–97.

Wu, H., Shabala, L., Barry, K., Zhou, M., and Shabala, S. (2013). Ability of leaf
mesophyll to retain potassium correlates with salinity tolerance in wheat and
barley. Physiol. Plant. 149, 515–527. doi: 10.1111/ppl.12056

Zhang, Y., Li, S., Liang, Y., Zhao, H., Hou, L., Shi, Y., et al. (2018). Effects of
exogenous spermidine and elevated CO2 on physiological and biochemical
changes in tomato plants under iso-osmotic salt stress. J. Plant Growth Regul.
38:357. doi: 10.1007/s00344-018-9896-6

Zheng, Z., and Shetty, K. (2000). Solid-state bioconversion of phenolics from
cranberry pomace and role of Lentinus edodes b-glucosidase. J. Agri. Food Chem.
48, 895–900. doi: 10.1021/jf990972u

Zhu, J. K. (2002). Salt and drought stress signal transduction in plants.
Annu. Rev. Plant Biol. 53, 247–273. doi: 10.1146/annurev.arplant.53.091401.14
3329

Conflict of Interest: The authors declare that the research was conducted in the
absence of any commercial or financial relationships that could be construed as a
potential conflict of interest.

Copyright © 2021 Pal, Dey, Sherathia, Devidayal, Mangalassery, Kumar, Rupapara,
Mandaliya, Rawal, Bhadania, Thomas, Patel, Maida, Nawade, Ahmad, Dash
and Radhakrishnan. This is an open-access article distributed under the terms
of the Creative Commons Attribution License (CC BY). The use, distribution or
reproduction in other forums is permitted, provided the original author(s) and the
copyright owner(s) are credited and that the original publication in this journal
is cited, in accordance with accepted academic practice. No use, distribution or
reproduction is permitted which does not comply with these terms.

Frontiers in Microbiology | www.frontiersin.org 29 April 2021 | Volume 12 | Article 650771

https://doi.org/10.1016/j.apsoil.2015.04.017
https://doi.org/10.3389/fmicb.2019.03112
https://doi.org/10.3389/fmicb.2019.03112
https://doi.org/10.1007/978-94-011-0818-8_3
https://doi.org/10.1016/j.envexpbot.2014.11.004
https://doi.org/10.1016/j.envexpbot.2014.11.004
https://doi.org/10.1093/molbev/mst197
https://doi.org/10.1093/nar/22.22.4673
https://doi.org/10.1139/B09-041
https://doi.org/10.1097/00010694-193401000-00003
https://doi.org/10.1097/00010694-193401000-00003
https://doi.org/10.1111/ppl.12056
https://doi.org/10.1007/s00344-018-9896-6
https://doi.org/10.1021/jf990972u
https://doi.org/10.1146/annurev.arplant.53.091401.143329
https://doi.org/10.1146/annurev.arplant.53.091401.143329
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
https://www.frontiersin.org/journals/microbiology
https://www.frontiersin.org/
https://www.frontiersin.org/journals/microbiology#articles

	Alleviation of Salinity Stress in Peanut by Application of Endophytic Bacteria
	Introduction
	Materials and Methods
	Isolation of Endophytic Bacteria
	Characterization of Endophytes for Salinity Tolerance
	Characterization of Endophytes for ACC Deaminase Activity and IAA Production
	Identification of Selected Endophytes Based on 16S rRNA Cataloging and Phylogenetic Analyses
	Germinating Seed Bioassay With Selected Endophytes Having Tolerance to Salinity and ACC Deaminase and IAA Producing Traits
	Intrinsic Antibiotic Resistance (IAR) Patterns of Endophytes
	Screening of Selected Endophytes for Alleviation of Salinity Stress in Potted Condition
	Field Trials for Assessing the Role of Endophytes in the Alleviation of Salinity Stress (Natural Saline Soil and Irrigation Water)
	Field Trials for Assessing the Role of Endophytes in the Alleviation of Salinity Stress at Elevated Salinity
	Population Densities of Endophytes Inside Plant Tissues
	Monitoring the Changes in pH and EC of Soil
	Quantification of Plant Physiological and Biochemical Traits
	Estimation of K Content in Plant
	Statistical Analysis

	Results
	Isolation, Characterization, Identification, and Diversity of Endophytes of Peanut
	Germinating Seed Bioassay
	Alleviation of Salinity Stress in Potted Conditions by Endophytic Bacteria
	Assessing the Role of Endophytes in the Alleviation of Salinity Stress (Natural Saline Soil and Irrigation Water) in Field Conditions
	Monitoring pH and EC
	Relative Water Content
	Modulation in Potassium Uptake
	Population Densities of Endophytes Inside Different Tissues of Peanut
	Modulation in the Production of ROS Scavenging Enzymes
	Modulation in the Accumulation of Phenol and Proline
	Impact on Pod and Haulm Yield of Peanut

	Assessing the Role of Endophytes in the Alleviation of Salinity Stress at Elevated Levels of Salinity
	Monitoring the pH and EC
	Monitoring the Population of Endophytes in the Tissues of Peanut Plants
	Modulation in the Production of ROS Scavenging Enzymes
	Impact of Endophytes on Pod and Haulm Yield at Elevated Levels of Salinity


	Discussion
	Conclusion
	Data Availability Statement
	Author Contributions
	Funding
	Acknowledgments
	References


