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Abstract

Globally, more than 5.2 billion hectares of farming fields are damaged through erosion, salinity, and soil deterio-
ration. Salt stress-tolerant bacteria have plant growth-promoting (PGP) characteristics that can be used to over-
come environmental stresses. Isolation and screening of salt-tolerant endophytes from Bougainvillea glabrawere
achieved through surface sterilization of leaves, followed by their cultivation on 0.5% NaCl-supplemented media.
The performance of isolates for indole acetic acid (IAA) production, phosphate solubilization, ACC deaminase acti-
vity, ammonia production, siderophore production, and stress tolerance was determined. In the present study,
5 morphologically distinct salt-tolerant endophytic bacteria were cultured. Out of 5 isolates, 60% salt-tolerant
endophytes showed phosphate solubilization, 100% IAA production, 40% ACC-deaminase activity, 100% sidero-
phore production, 40% ammonia production and 60% HCN production. Dendrogram generated based on stress
tolerance showed three clusters: clusters 1 and 2 containing two isolates and cluster 3 containing 1 isolate. Based
on the highest PGP activities, BoGI17 and BoGI21 isolates were chosen and further tested for wheat and corn
growth promotion. The isolates increased wheat shoot and root dry weight by 40% and 80%, and by 69% and 126%
for BoGl17 and BoGl21, respectively. The bacterial isolates identified as Pseudomonas reidholzensis BoGl117 had
95.59% identity with Pseudomonas reidholzensis strain ID3, while the isolate Bacillus aerius BoG121 had 90.96%
identity with Bacillus aerius strain 24K based on phenotypic features and 16S rRNA gene sequencing results.
Both isolates significantly improved plant growth as compared to uninoculated plants.
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Introduction

Securing food availability for the world population is
one of the significant challenges for the present agri-
cultural system (FAO, 2009). All living forms on earth
are purely dependent on plants as they fulfill their va-
rious primary needs, i.e., oxygen and staple food (Ma-
cauley, 2015). It has been shown (FAO, 2009; Macauley,
2015) that more than 90% of global nutrition fulfillment
is achieved by 12 crop varieties and 14 animal varieties.
Of these 12 dominant plant species, crops such as
wheat, rice, and corn are primary energy-providing crops
for more than 50% of the world’s population (Myresiotis
et al., 2015). In the natural habitat, plants share a con-
siderable amount of space and nutrients with many na-

turally available microorganisms. This nutrient-rich root
neighboring habitat is highly promotive for initiating po-
sitive mutualistic interactions between plants and micro-
organisms (Sarkar et al., 2018).

In the natural system, abiotic stresses, i.e., drought
and salinity, limit and work as a significant constraint for
the growth, yield, and quality of crops. Microbial inocu-
lants refer to formulations composed of beneficial micro-
organisms that play an important role in soil ecosystems
for sustainable agriculture. Microbial inoculants are
environmentally friendly and are a potential alternative
to chemical fertilizers and pesticides (Vejan et al., 2016;
Etesami and Maheshwari, 2018). These organisms
create a positive environment that can help in stress
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management. Plant growth-promoting bacteria (PGPB)
can enhance plant growth and protect plants from di-
seases and abiotic stresses through a wide variety of me-
chanisms, including deaminase activity, nodule forma-
tion, siderophore production, organic acid production,
and other physiological activities that help the plants to
tolerate stress (Ullah et al., 2019). Several researchers
(Tak et al., 2013; Kumar and Verma, 2018) have re-
ported that the efficacy of plant growth-promoting rhizo-
bacteria (PGPR) reduces under sudden changes of en-
vironmental conditions and they fail to respond in the
field due to stress conditions. Therefore, selection for
suitable stress-resistant species has become an essential
parameter during the screening of microbial isolates
suitable for the production of microbial inoculants (Karn-
wal and Dohroo, 2018). Salt stress in fields resulted in
a significant decline of crop production for salt-suscep-
tible and salt stress-tolerant plants. It has been noted
that the majority of crops have low salt stress tolerance,
i.e., salinity tolerance for wheat and corn is up to 6 and
2 dS/m (deciSiemens per meter), respectively (Shri-
vastava and Kumar, 2015). In the field where the salinity
increases to 100 mM NaCl (approximately 10 dS/m),
rice (Oryza sativa) will die before maturity, while wheat
will produce a reduced yield. Even barley (Hordeum vul-
gare), the most salt-tolerant cereal dies after extended
period of growth at salt concentrations higher than
250 mM NaCl (equivalent to 50% seawater) (Shrivastava
and Kumar, 2015). Earlier studies have demonstrated
the beneficial role of microorganisms in alleviating sali-
nity stress in crops and increasing product yield (Gulati
et al., 2008; Passari et al., 2016; Abedinzadeh et al.,
2019).

PGPB may be free-living bacteria, in symbiotic as-
sociations with plants, or as endophytic bacteria in host
tissues (Glick, 1995; Glick and Bashan, 1997). PGPB
may promote plant growth through direct or indirect
mechanisms. The direct mechanism of promoting plant
growth includes the production of phytohormones, si-
derophores, Hydrogen Cyanide (HCN), ACC deaminase,
and ammonia; phosphate solubilization; decomposition
of organic materials for smooth absorption; and N fixa-
tion. As indirect mechanisms, these bacteria decrease
the effect of phytopathogenic microorganisms by in-
creasing the immunity of host plants to resist phyto-
pathogens (Yadav et al., 2011; Kumar et al., 2012; Karn-
wal, 2017).

In the present investigation, screening, characteri-
zation, and determination of PGP activities of salinity
stress-tolerant bacteria isolated from Bougainvillea
glabra were performed for the world’s primarily staple
crops—wheat and corn.

Materials and methods

Isolation of bacterial endophytes

The present study was conducted with endophytic
culturable bacteria isolated from B. glabra growing at
Bhojia Institute of Life Sciences, Budh, Baddi, Himachal
Pradesh, India, located near the latitude 30.952802 and
longitude 76.776914. Leaf samples were collected from
healthy plants in sterilized Ziploc bags and sent to
Microbiology Laboratory, Bhojia Institute of Life Scien-
ces. The samples were washed with distilled water three
times to remove adhering soil and other chemicals.
Surface sterilization of the leaves was carried out by
dipping in 75% ethanol for 30 s followed by treatment
with 0.2% HgCl, for 3 min (Karnwal, 2009).

Surface-sterilized leaves were washed with sterilized
distilled water five times to remove any residue of sur-
face sterilizing chemicals, and aseptically shredded
(0.5 cm” size) leaf pieces were then placed on nutrient
agar medium (NAM) supplemented with 4% NaCl. These
plates were incubated for up to 72 h at 28 +1°Cin a dark
area. The plates were inspected at 12-h intervals for any
bacterial growth. Individual bacterial colonies developing
around the inoculated leaf parts were chosen depending
on their macroscopic and microscopic characteristics
and appearance. Pure cultures were established and
then subsequently preserved under 30% glycerol for
further studies.

Screening for PGP traits

Solubilization of phosphate

Phosphate solubilization assay was conducted by ap-
plying spot inoculation of each bacterial isolate on modi-
fied Pikovskaya’s agar (HiMedia) (Gupta et al., 1994).
The plates were incubated in an incubator for 48 h at
28 £1°C. The developments of clear zones around the
colonies indicated phosphate solubilizing activity. Zones
of solubilization were observed around the colonies, and
the diameters of these zones were measured by applying
the following equation of Edi-Premono et al. (1996).
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Phosphate solubilization index (SI) =
_ (colony diameter + halo zone diameter)
B colony diameter

The qualitative examination of liquefaction capability
of inorganic phosphate by bacterial isolates was per-
formed in vitro with Pikovskaya's broth by calculating
existing liquid phosphate in the 0.5% tri-calcium phos-
phate (TCP) supplemented media. The broth was ino-
culated in triplicates with the isolated salt-tolerant bac-
teria. All flasks were incubated at 28 +1°C in a rotary
shaker incubator for 120 h at 180 rpm and then centri-
fuged for 10 min at 11180 g. The phosphate available in
the culture medium was measured using the phospho-
molybdate method (Watanabe and Olsen, 1965). During
the experiment, at regular intervals, the pH of the broth
was also measured using a Systronics-304 pH meter
(Vaishnav et al., 2016).

IAA-like auxin production

IAA production was measured on DF (Dworkin and
Foster) medium (Dworkin and Foster, 1958) enriched
with 0.1% L-tryptophan and Salkowski reagent (2%
0.5 FeCl, in 35% HCIO,) by using Salkowski’s method
(Armada et al., 2016). The bacterial isolates (100 pl)
were incubated in DF medium supplemented with
L-tryptophan (10 g/1) for 48 h at 28+1°C. The culture
broth was centrifuged at 11963 g in a cooling centrifuge,
and 1 ml of the culture supernatant was incubated with
2 ml of Salkowski reagent in a test tube (Karnwal and
Dohroo, 2018). This mixture was left without any dis-
turbance in the dark at room temperature for 30 min.
The optical density (OD) was recorded at 530 nm, and
the amount of [AA-like auxins was determined as pg/ml
against the uninoculated control.

ACC deaminase activity

ACC (1-aminocyclopropane-1-carboxylate) deaminase
activity for salt-tolerant isolates was analyzed on ACC
(3 mM)-supplemented DF salts minimal medium (Dwor-
kin and Foster, 1958) as a sole nitrogen source. The DF
agar plates were inoculated with the bacterial cultures and
incubated at 28 + 1°C. The plates were observed for bac-
terial growth, and a positive result was noted after 48 h.

Siderophore production

Chrome azurol S (CAS) medium was used to confirm
the siderophore production potential of the bacterial iso-
lates as described by Hemambika and Kannan (2012).

Bacterial culture after 24 h incubation was inoculated on
CAS agar and incubated for 48-72 h at 28+1°C (He-
mambika and Kannan, 2012). The change in CAS color
from blue to orange, indicating iron chelation, was obser-
ved as halos surrounding the bacterial colonies, which
confirmed siderophore production.

Ammonia production

The potential of bacterial isolates for ammonia pro-
duction was investigated by following the method of
Nehra et al. (2016), i.e., inoculation of bacterial isolates
on peptone medium. The bacterial-inoculated medium
was incubated for 48 h at 28 +1°C. The medium was
further supplemented with Nessler's reagent (0.5 ml) in
2:1 ratio. The development of brown to yellow color
indicated a positive result for ammonia production, while
the uninoculated medium was used as a reference.

HCN determination

The capability of the bacterial isolates to produce
HCN was tested as described by Akter et al. (2016) with
few modifications. NAM supplemented with 4.4 g/1 gly-
cine was streaked with the bacterial isolates. A sterile
Whatman No. 1 filter paper (Millipore) saturated with
picric acid solution (2.5 g of (O,N),C,H,OH; 12.5 g of
NaCO, 1000 ml of distilled H,0) was placed on the upper
lid of the Petri plate. Parafilm-sealed Petri plates were
then incubated at 28+1°C until the development of
light/moderate/intense brown color as a positive result
for HCN production.

Stress tolerance screening

Salt stress tolerance potential of the bacterial isolates
was investigated on NAM supplemented with different
concentrations of NaCl, i.e., 5% (0.86 M); 7% (1.2 M);
8.5% (1.46 M); 10% (1.71 M); and 12% (2.054 M). These
plates were streaked with bacterial cultures and incuba-
ted in a BOD incubator for 48 h at 28+1°C. Bacterial
isolates that grew in a medium supplemented with NaCl
at a concentration higher than 5% were considered as
salt stress-resistant isolates and examined in vitro for
temperature stress (25-40°C), pH stress (5-8), and
PGP attributes.

The results for the growth of bacterial strains were
scored as binary numbers: 1 representing growth and 0
indicating no growth. The data were subjected to cluster
analysis using PAST 3.22 software.
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Effect on plant growth

Effect of the halophilic isolate BoGI21 on plant
growth was analyzed with wheat (7. aestivum) and corn
(Zea mays) seeds. Crop seeds were obtained from IARI,
Pusa, Delhi, India. The seeds were washed with steri-
lized distilled water three times and surface sterilized
with 3% sodium hypochlorite (NaOCl) for 5 min. The
seeds were washed five times with sterilized distilled
water for removing any traces of NaOCl. Subsequently,
the seeds were dipped and left for 20 min in bacterial
culture in a conical flask (48-h-old bacterial growth with
9log,, CFU/g and air dried in a laminar air flow cabinet
for 60 min. Air-dried bacterial-coated seeds were planted
in earthen pots (five seeds per pot) at Bhojia Institute of
Life Sciences greenhouse in August. For every treat-
ment, three replicates were prepared. The trials for both
crops were designed in the following manner:

¢ control (PGPC1): unsterilized garden soil and wheat
seeds dipped in 10 ml of uninoculated nutrient broth
medium;

¢ PGPT1: unsterilized garden soil and wheat seeds
coated with bacterial strain BoGI21 and

e PGPT2: unsterilized garden soil and corn seeds
coated with bacterial strain BoGl21;

e control (PGPC2): unsterilized garden soil and corn
seeds dipped in 10 ml of uninoculated nutrient broth
medium;

¢ PGPT3: unsterilized garden soil and wheat seeds
coated with bacterial strain BoGl17; and

¢ PGPT4: unsterilized garden soil and corn seeds
coated with bacterial strain BoGI17.

A randomized block design was used for the layout of
the pots under natural environment and growth para-
meter data, i.e., shoot length, root length, and total dry
weight recorded after 60 days.

Characterization and identification
of the bacterial isolates

Microscopic, biochemical, and molecular methods
were used for the identification of two most promising
bacterial isolates. Biochemical identification of BoGI21
was performed as described in Bergey’s Manual of De-
terminative Bacteriology (Holt et al., 1994). For pheno-
typic characterization, Gram’s staining, motility testing,
and endospore staining were performed (Karnwal and
Kaushik, 2011).

Phylogenetic analysis and 16S ribosomal RNA se-
quencing were performed for both bacterial isolates. 16s

rRNA was isolated using the Qiagen DNeasy Plant Mini
Kit (Qiagen). Gene amplification, thermocycling con-
ditions, and sequence analysis were described earlier in
detail (Gulati et al., 2008). The MUSCLE algorithm was
used for multiple sequence alignment (MSA) with se-
quences collected from BLAST and MEGA X software.
Kimura 2-parameter substitution model and neighbor-
joining statistical method were used for computing the
evolutionary distance of the salt stress-tolerant bacterial
strains for phylogenetic analysis.

Trial design and statistical analysis

All trials were performed by applying a randomized
block design during experiments. Unless stated other-
wise, all values are expressed as standard means of
three replicates. Data on plant growth promotion were
analyzed by analysis of variance (ANOVA). The mean of
the treatments was compared by Fisher’s significant
difference (LSD) test at p values of 0.05.

Results and discussion

Isolation of bacterial endophytes

In natural environment, plants have to combat va-
rious biotic and abiotic stresses (Balseiro-Romero et al.,
2017). Abiotic stressors are classified as inanimate com-
ponents associated with the environment whose effect is
experienced by the living organisms of nature (Jasim
et al., 2015). Nutrients, salt concentration, water availa-
bility, temperature change, and pH are the main abiotic
factors that directly influence plant growth in agri-
cultural fields (Kumar and Verma, 2018). Many resear-
chers (Mahmood et al., 2016; Etesami and Maheshwari,
2018; Noori et al., 2018) observed and revealed the use
of beneficial microorganisms in agricultural fields to
combat the increase in salt tolerance in plants, which
can be utilized as a substitute method for farming in su-
sceptible salt fields. PGPR are bacteria that reside in soil
near the plant roots and effectively participate in plant
growth and development, and abiotic stress tolerance.
These microorganisms enhance soil-water-plant re-
lationships, manipulate phytohormonal signaling, and
trigger several other mechanisms that work in an in-
tegrated manner to enhance salt and drought stress
tolerance in plants (Kumar et al., 2015).

In the present study, a total of 28 bacterial endo-
phytes from the leaf samples of B. glabra (designated as
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Table 1. Micro- and macroscopic characteristics of bacterial isolates

Bacterial isolate = Shape Color Margin Elevation = Gram stain
BoGl5 rod pale yellow circular convex -
BoGI8 cocci yellow irregular raised -
BoGl17 rod cream circular convex -
BoGl21 rod whitish irregular raised +
BoGlI26 cocci whitish circular raised -

Table 2. Screening of bacterial isolates for phosphate solubilization ability

Phosphate solubilization efficienc

Bacterial y Phosphate Plh(;_slphat‘Fe

isolate | colony diameter Halo zone diameter | solubilization index =~ SO uPtizauon

[mm] [mm] [1g/ml]

BoGl5 10£0.02 0 1.00+0.02 0
BoGI8 1+0.07 0 1.00+0.03 0
BoGl17 2+0.01 12+0.02 7.00+0.01 176.21+0.02
BoGI21 6+0.12 38+0.08 7.33+0.01 214.59+0.21
BoGI26 1.5+0.03 8+0.02 6.33+£0.05 103.83+0.04

Values are the mean of three replicates + SE__

BoGl1 to BoGI28) were screened. Of these 28 isolates,
5isolates (BoGl5, BoGl8, BoGl17, BoGl21, and BoGI26)
were reported to exhibit salt tolerance and were sub-
cultured on NaCl (4%)-supplemented NAM for further
studies. Colony characteristics of the 5 isolates are
shown in Table 1. All the 5 isolates formed irregular to
circular colonies. The elevation of colonies of BoGl17,
BoGI21, and BoGI126 was raised, while that of BoGl5 and
BoGI8 was convex. The colony margin, colony color, and
Gram staining results varied significantly between all
bacterial isolates as shown in Table 1. The bacterial
isolates BoGl5, BoGl8, BoGl17, and BoG126 were gram-
negative isolates, while BoGI21 was a gram-positive iso-
late. Colony appearance results revealed that the isola-
tes BoGl5, BoGl17, and BoGI21 were rod in shape, while
BoGI8 and BoGI26 were cocci. It has been observed that
the variety and type of endophytic microorganisms vary
depending on natural host plants. Several researchers
(Khalifa et al., 2016; Nascimento et al., 2016) have re-
ported lesser amounts of endophytic bacteria in plants
(4 log,, to 8 log,, CFU/g of plant tissue) than rhizo-
spheric bacteria (6 log,, to 9 log,, CFU/g of soil) in
ahost crop. In recent years, numerous biochemical path-
ways used by endophytes for enhancing plant develop-

ment under various abiotic stresses were reported in
scientific studies (Jasim et al.,, 2015). These include
phytohormone production, ACC deaminase activity,
HCN production, organic acid production for solubiliza-
tion of minerals, and antagonistic activity (Edi-Premono
et al., 1996; Carlos et al., 2016; Kumar and Verma,
2018). The 5 bacterial isolates studied in this research
study were further assessed for their PGP traits, i.e.,
IAA production, phosphate liquefaction, siderophore pro-
duction, ACC deaminase activity, and HCN production.

Phosphorus is a macronutrient required by all living
organisms. Plants require this particular macronutrient
in an extremely low amount, although a critically low
availability could lead to deficiencies and adverse effect
on plant growth (Karnwal, 2017). For optimum growth,
plants require phosphorus in the range of 25 to
30 pumol/l, but the actual amount of phosphorus available
in most soil type ranges only from 1 to 1.7 umol/1 (Melo
et al., 2016). Phosphorus is present in soil in organic
compounds and minerals. Nevertheless, the amount of
readily available phosphorus for plants is very low com-
pared with the total amount of phosphorus in the soil.
Previous studies (Perrig et al., 2007; Masciarelli et al.,
2014) revealed the use of residing soil bacteria for lique-
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Table 3. Screening profile of bacterial isolates for various PGP traits

Bacterial IAA-like auxin production HCN Ammonia Slderqphore ACC deaminase
. . . production zone ..
isolate [pg/ml] production | production [mm] activity
BoGl5 0.26 + 0.01 ++ - 1.8 £0.47 -

BoGI8 2.7+1.51 - + 8.2+1.62 -
BoGl17 12.7 +2.47 ++ - 12.6 + 1.54 +
BoGl21 28.1+1.38 +++ +++ 18.8 £1.82 +++
BoGl26 6.62 +2.10 + - 8.1+0.61 +

Values are the mean of three replicates = SE_ . ; +++ - luxuriant growth/strong activity, ++ - good growth/moderate
activity, + — poor growth/weak activity, - — no growth/no activity

faction of mineral phosphates into a plant utilizable form.
The results of the phosphate solubilizing assay showed
that only three isolates had bright areas surrounding the
bacterial growth with zone diameter ranging from 8 to
38 mm as positive phosphate solubilizer, and the phos-
phate solubilization index ranged from 6.33 to 7.33 for
the phosphate solubilizing isolates (Table 2). The phos-
phate solubilizing efficiency test in 0.5% tri-calcium phos-
phate-supplemented Pikovskaya's broth suggested that
3 bacterial isolates successfully liquefied mineral phos-
phate in the inoculated broth (Table 2). Phosphate so-
lubilizing bacteria (PSB) BoGl17, BoGI21 and BoGl26
were estimated with 176.21, 214.59 and 103.83 pg/ml
soluble phosphate, respectively, after 48 h of incubation
period. Phosphate solubilizing efficiencies of other
strains are reported in Table 2. Inorganic phosphate so-
lubilization by microorganisms is of economic importance
in crop nourishment, and previous studies (Haiyambo
et al., 2015; Carlos et al., 2016) have already reported
the application of numerous soil bacteria genera such as
Achromobacter, Pseudomonas, Flavobacterium, Entero-
bacter, Serratia, Bacillus, Mycobacterium, Erwinia, Agro-
bacterium, and Escherichia as phosphate solubilizers.
Production of IAA is one of the most critical traits of
a wide variety of soil microorganisms used as plant
growth promoters. IAA is a plant developmental hor-
mone associated with rhizome propagation, plant cell
proliferation, and cell duplication, and therefore, IAA
biosynthetic activity of microorganisms is essential for
plant development (Karnwal and Dohroo, 2018). Among
all the reported auxins, IAA is the essential growth en-
hancer for plant root system development (Glick, 1995).
Karnwal (2009) reported the significance of rhizo-com-
petent stress-resistant microorganisms with diverse

functions primarily responsible for the elimination of salt
stress in crops. In the present study, all 5 isolates were
analyzed for IAA production in terms of the availability
of Ltryptophan and showed positive attribute for IAA
production ranging from 0.26 to 28.1 pg/ml as shown in
Table 3. The isolates BoGl17 and BoGI21 produced the
maximum level of IAA in broth: 12.7 and 28.1 pg/ml,
respectively. The strains BoGl5, BoGl18, and BoGI26 pro-
duced small amounts of IAA (0.26, 2.7, and 6.63 pg/ml,
respectively). The biosynthesis of iron-scavenging si-
derophores is a valuable process of PGPRs (Chauhan
et al., 2016) consisting of a dual effect of promoting
plant development by increasing beneficial nutrient sup-
ply for plants and by lowering iron supply to soil-borne
phytopathogens. PGPRs in soil can also produce ACC
deaminase and promote plant growth as well as protect
the plant against abiotic (drought, salt, flooding, and in-
organic and organic contaminants) (Benidire et al.,
2016) and biotic (bacterial and fungal pathogens) stres-
ses. In our study, 4 isolates showed positive results for
HCN production, 2 for ammonia production, 5 for sidero-
phore production, and 3 for ACC deaminase activity as
shown in Table 3. These secondary metabolites have an
instant effect on shoot and root development and seed
growth of various agricultural crops.

Based on all PGP trait results, the best stress-tole-
rant PGP endophyticisolates (BoGl17 and BoG121) were
selected for further studies.

Screening for stress tolerance

During the process of evolution, microorganisms
have established a variety of mechanisms to cope up
while living in a stress environment. Several bacterial
genera such as Azotobacter, Bacillus, Pseudomonas, and
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Rhizobium are competent to withstand abiotic stresses
by synthesizing a significant amount of exopolysacchari-
des (EPS) (Torres et al., 2019). In recent years, it has
been revealed that bacteria belonging to different genera
such as Rhizobium, Bacillus, Pseudomonas, Burkhol-
deria, Achromobacter, Methylobacterium, and Vario-
vorax can provide tolerance to host plants against dif-
ferent abiotic stresses (Passari et al., 2016). These
microorganisms can void the environmental stress in
farming and are useful for decreasing soil salinity. In the
present study, the bacterial isolates BoG117 and BoGI121
were tested for stress tolerance against varying levels of
salinity, pH, and temperature. The salinity study reve-
aled that the selected isolates could tolerate higher NaCl
concentration in agar medium. The selected isolates sho-
wed good growth on 5% (0.86 M), 7% (1.2 M), and 8.5%
(1.46 M) salt concentration. BoGI21 could tolerate 10%
NaCl concentration, whereas no growth was observed at
12% NaCl concentration. Similarly, the growth of BoG117
was observed on agar supplemented with 10% NaCl
concentration, and no growth was observed above this
concentration. Variable growth was observed on media
adjusted to different pH values. The optimum pH value
for BoGI21 growth was 6, while the strain also grew on
medium with pH 5 and 7; however, no growth was ob-
served at pH 8. The BoGl17 strain could grow on media
with pH 5, 6, 7 and 8. The temperature stress study re-
vealed that the bacterial isolates exhibited growth at dif-
ferent temperatures ranging from 25 to 40°C.

Dendrogram created using UPGMA cluster analysis
(similarity index: Euclidean) for stress tolerance at dif-
ferent levels of salinity, temperature, and pH for bac-
terial isolates showed three clusters: cluster 1 contained
2 isolates (BoGl17 and BoGI21), cluster 2 contained 2
isolates (BoGl26 and BoGl5), and cluster 3 had one
isolate (BoG18), as shown in Figure 1.

Effect of BoGI21 and BoGl17 on plant growth promotion

The potential use of PGPRs in the alleviation of salt
stress in plants has been reported by many researchers
in various plants, including licorice, and chili pepper
(Zhang et al., 2014; Zhou et al., 2017). In a previous
study, the inoculation effect of PGPRs at early develop-
mental stages of rice was reported, and better plant de-
velopment and biomass production through direct ef-
fects on root and shoot development were observed
(Karnwal, 2009). In the present study, 60 days after
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Fig. 1. Dendrogram based on UPGMA cluster analysis (simila-
rity index: Euclidean) by using PAST software 3.22 for salt-tole-
rant isolates of Bougainvillea glabra using growth pattern data
for different stress levels (salinity, temperature, and pH stress)

sowing, all wheat and corn plants were harvested for
analysis, and the average of three replicates for each
isolate was used for statistical analysis. Results of the
pot study showed that the selected bacterial isolates
significantly (P < 0.05) increased the growth parameters
of wheat and corn as compared to those of the control
plant (Table 4). In the greenhouse pot experiment, the
application of BoGI17 and BoG121 on wheat significantly
increased shoot length, root length, shoot dry weight,
and root dry weight by 32 and 61.5%, 35.78 and 56.55%,
40 and 80%, and 60 and 126.2%, respectively, as com-
pared to those of the control plant. Similar results were
obtained for corn with both isolates, where BoGl17 and
BoGI21 increased shoot length, root length, shoot dry
weight, and root dry weight by 56 and 21.8%, 7 and 44%,
120 and 75%, and 135.1 and 32.4%, respectively, as com-
pared to those of the control plant.

Salt stress negatively affects plant development and
decreases product formation (Potshangbam et al., 2017).
In an earlier study, Egamberdieva and Kucharova (2009)
reported the positive effect of salt-tolerant Pseudomonas
extremorientalis strain on root colonization and develop-
ment of tomato. Dixit et al. (2018) also demonstrated
that salt-tolerant bacteria Paenibacillus lentimorbus sho-
wed best efficiency during the development of tomato in
nonsaline and saline soils. Our results also support the
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Table 4. Effect of stress-tolerant bacterial endophytes on growth promotion of wheat and corn

Wheat Corn
Bacterial isolates | Ohoot Root Shoot Root Shoot Root Shoot Root
length length = dry weight | dry weight length length dry weight | dry weight
[cm] [cm] g] g] [cm] [cm] g] g]
BoGl17 21.29°  13.47° 0.07" 0.071% 31.78°  11.37° 0.44°¢ 0.341°
BoGI21 26.04°  15.53" 0.09°¢ 0.095" 24.80° | 15.33" 0.35° 0.192"
Control 16.12° 9.92° 0.05° 0.042° 20.36° 10.62° 0.20° 0.145°
LSD value at 5% 1.42 3.17 0.012 0.031 3.76 2.62 0.012 0.037

Values are the mean of three replicates with five plants each + SE__, ; values with different letters in each column differ significantly from

one another at P < 0.05; LSD - least square difference

NR 024910.1 Pseudomonas monteiii strain CIP 104883
NR 112073.1 Pseudomonas monteiii strain CIP 104883
NR 115336.1 Pseudomonas entomophila L48

NR 024662.1 Pseudomonas plecoglossicida strain FPC951

NR 025881.1 Pseudomonas oryzihabitans strain L-1

NR 114479.1 Pseudomonas putida strain ATCC 12633
NR 043424.1 Pseudomonas putida strain IAM 1236

NR 1577771 Pseudomonas reidholzensis strain [D3

0.0050

BoGi17

BoGL! e

NR 042338 1 Bacilles aenus stran 24K

HR 1160231 Bacillus lichenifarmis strain BCRC 11702
HR 074523.1 Bacillus licheniformis strain ATCC 14580
HR 1135831 Bacilus licheniformis strain NBRC 12200

HR 1189961 Bacdlus ichendormis strain DSM 13

I: HR 157609 1 Bacdlus haynesu strain NRRL B-41327
R 113%3.1 Bacillus sonorenszs stram NBRC 101234

NR 157608 1 Bacilus swezeyi strain NRRL B-41294

—

filiie]

NR 040992.1 Pseudomonas japonica NBRC 103040 DSM 22348

NR 104279.1 Pseudomonas cremoricolorata DSM 17059 NBRC 16634 strain IAM 1541

| NR 1048721 Bacillus subtlis subsp. inaquosorum strain BGSC 3423

— HR 112116.2 Bacilus subliis stran 1AM 12118

Fig. 2. Phylogenetic tree of bacterial isolates based on 16S rRNA sequence similarity by using MEGA X software:
A) BLAST similarity search results and phylogenetic tree for isolate BoGI21 and B) for BoGl17
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results of other studies as the shoot length (26.04 cm)
and root length (15.53 cm) were the longest in BoGI21-
inoculated wheat, while plant growth promotion by
BoGIl17 (shoot length: 21.29 cm and root length:
13.47 cm) was significantly better than that observed for
uninoculated wheat. Almaghrabi et al. (2013) reported
that the application of salt stress-tolerant Pseudomonas
putida and Pseudomonas fluorescens improved tomato
growth parameters. The highest value of shoot dry
weight/g was found in the plant treated with P. putida
(34.33 g), followed by P. fluorescens (30 g) and nematode
alone (untreated, 20 g)/plant. The highest value of plant
height was observed for plant treated with P, fluorescens,
followed by plant treated with P. putida (50.66 and 48 cm,
respectively) (Almaghrabi et al. 2013).

Earlier reports (Karnwal and Kaushik, 2011; Alma-
ghrabi et al., 2013) demonstrated that bacterial inoculants
improved root growth, which facilitated the development
of rice and tomato, and increased the overall access of
plant roots to soil minerals, i.e., nitrogen (N), phosphorus
(P), and potassium (K). The present study showed that in
the case of corn seeds, root length was higher when seeds
were inoculated with BoGI21 (15.33 cm) than with
BoGl17 (11.37 cm) and uninoculated (10.62 cm) treat-
ment. Root dry weight was higher in BoGI21 (0.095 g and
0.192 g) and BoGI17 (0.071 g and 0.341 g) treatments
(P < 0.05) than in uninoculated treatment for both wheat
and corn, respectively. Shoot dry weight was increased in
BoGl17 treatment (0.44 g) for corn and BoGI21 treatment
(0.09 g) for wheat (P < 0.05) (Table 4).

Characterization and identification
of the bacterial isolates

Earlier reports showed that Proteobacteria, Firmi-
cutes, Actinobacteria, and Bacteroidetes are the most
abundant bacterial phyla of plant endophytic bacteria
that participate in plant growth promotion (Passari et al.,
2016). The most commonly found genera of bacterial
endophytes are Microbacterium, Pseudomonas, Burk-
holderia, Stenotrophomonas, Bacillus, Pantoea, and
Micrococcus (Taghavi et al.,, 2015; Heydarian et al.,
2016). Microscopic, biochemical, and molecular me-
thods were used for the characterization and identifica-
tion of BoGI121 bacterial isolates. Microscopy results re-
vealed that the bacterial isolates BoGl17 and BoGIl21
were rod-shaped bacilli, gram-negative (BoGl17), or
gram-positive (BoGI21).

The 16S rRNA gene sequencing method was used for
the molecular characterization of bacterial isolates. The
16s rRNA gene sequence of BoGl17 showed 95.59%
identity with that of Pseudomonas reidholzensis strain
ID3, while the 16S rRNA gene sequence of BoG121 sho-
wed 90.96% identity with those of Bacillus aerius strain
24K and Bacillus licheniformis strain DSM 13 (90.45%)
as shown in Figure 2. The phylogenetic tree for BoGI21
was constructed using MEGA X software and shown in
Figure 2.

Conclusions

The results of the present study confirmed that the
growth of both crops (wheat and corn) improved in the
presence of inoculated salinity stress-tolerant bacterial
endophytes. Inoculation of salt-tolerant isolates showed
sufficient incline in shoot and root length and shoot and
root dry weight. These improvements in plant growth
traits were related to phytohormone production (auxins-
IAA), phosphate liquefaction, siderophore production,
ACC deaminase activity, and HCN and ammonia produc-
tion by the inoculated bacterial isolates, which suggests
that the use of salinity stress-tolerant bacteria is helpful
and beneficial for enhancing the growth of wheat and
corn.
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