Current Microbiology (2024) 81:43
https://doi.org/10.1007/500284-023-03557-w

=

Check for
updates

Endophytic Alkalotolerant Plant Growth-Promoting Bacteria Render
Maize (Zea mays L.) Growth Under Alkaline Stress

Srishti Kar' - Shashank Kumar Mishra' - Sankalp Misra' - Renuka Agarwal’ - Susheel Kumar' -
Puneet Singh Chauhan'

Received: 17 April 2023 / Accepted: 13 November 2023 / Published online: 20 December 2023
© The Author(s), under exclusive licence to Springer Science+Business Media, LLC, part of Springer Nature 2023

Abstract

This study investigates the role of bacterial endophytes from extreme alkaline environments in alleviating alkaline stress and
plant development. Stressful environmental factors, such as soil acidity and alkalinity/sodicity, frequently affect plant devel-
opment. In the present study, alkaline-tolerant endophytic strains were isolated from three plant species Saccharum munja,
Calotropis procera, and Chenopodium album, and 15 out of the total of 48 isolates were selected for further examination of
their abiotic stress tolerance. Molecular analysis based on 16S rRNA gene sequencing revealed strains from Enterobacter,
Acinetobacter, Stenotrophomonas, Bacillus, Lysinibacillus, and Mammaliicoccus genera. Out of 15 isolates based on their
quantitative PGP traits and abiotic stress tolerance, 6 were finally selected for greenhouse experiments. Under alkaline con-
ditions, results demonstrated that the strains from the genera Enterobacter, Bacillus, Stenotrophomonas, and Lysinibacillus
had beneficial effects on maize growth. These findings suggest that using a combination of bacteria with multiple plant
growth-promoting attributes could be a sustainable approach to enhance agricultural yield, even in a challenging alkaline
environment. The study concludes that the application of bacterial endophytes from plants growing in extremely alkaline
environments might provide other plants with similar stress-tolerance abilities. The outcome of the study provides a basis
for future exploration of the mechanisms underlying endophyte-induced stress tolerance.

Introduction escalation of soil salinity and sodicity is expected to deterio-
rate further in the coming years, and therefore, degradation
of land due to salinization/sodication is considered to be one

of the most pressing environmental hazards [4, 5]. This soil

Agriculture faces a substantial challenge in meeting the
increasing demand for food from a growing population,

exacerbated by a decline in crop production resulting from
arange of environmental stressors [1]. Numerous biotic and
abiotic stresses have detrimental impacts on plant growth,
yield, and food quality [2]. Biotic stressors encompass a
variety of pathogenic infections, whereas abiotic stressors
include damage from factors such as salinity, sodicity, tem-
perature fluctuations, drought, and exposure to metals [3].
The outlook for global land degradation issues including the
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salinity and sodicity will be intensified due to the increasing
scarcity of good-quality irrigation water [6, 7].

Sodic soils are extensively distributed and exhibit degra-
dation at various structural, nutritional, chemical, and micro-
bial levels. These soils are characterized by low hydraulic
conductivity and weak aggregate stability. Sodic soils are
characterized by high alkaline pH (i.e., > pHS8) with a high
level of exchangeable sodium [4]. In excess, any form of salt
is harmful to plant health and adversely affects plant growth
and microbiological processes of soil [8]. Plants exposed to
high pH levels experience a range of morphological, physi-
ological, and biochemical alterations, which can result in
significant modifications to their growth and development
[9]. This also adversely affects soil processes like nutrient
levels decomposition, nitrification, denitrification, microbial
activity, and diversity [10]. In addition to this, soil alkalin-
ity also causes damage to the root system, changed nutrient
absorption, disrupted ionic balance, relative water content,

@ Springer


http://orcid.org/0000-0001-5955-8656
http://crossmark.crossref.org/dialog/?doi=10.1007/s00284-023-03557-w&domain=pdf

43 Page2of13

S.Karetal.

photosynthetic pigments, total soluble sugar, etc. which
finally causes plant mortality [11]. Soil alkalinity has a nota-
ble effect on organic matter, nitrogen, carbon, and microbial
biomass. Physical and chemical methods for pH control are
costly, time-consuming, and ineffective for high-pH soil,
making soil alkalization a significant issue for agricultural
pursuits [11].

The utilization of beneficial microbes to enhance crop
productivity under stressed environmental conditions is
an eco-friendly approach and is now considered a neces-
sary aspect of agriculture to meet the growing demand for
food [12, 13]. Over the past few years, substantial research
work has been carried out on plant-growth-promoting bac-
teria (PGPB) for not only enhancing plant growth but also
mitigating abiotic and biotic stresses [14]. The partnership
between plants and these endophytes results in a variety of
physiological and biochemical changes that produce advan-
tageous effects on the plants, such as growth enhancer,
phosphate solubilization, nitrogen fixation, and resistance
to pathogen infection [15, 16]. Therefore, these endophytes
could play a significant role in improving crop production
and nutritional value. Aside from their overall ability to
promote plant growth, alkalinity-tolerant bacteria can also
stimulate the production of indole acetic acid (IAA) and
1-aminocyclopropane-1-carboxylate (ACC) deaminase, as
well as facilitate phosphate solubilization in plants [17, 18].
Some PGP bacteria also possess more specific traits like
heavy metal detoxifying activity, salinity tolerance, and bio-
logical control of phytopathogens [19]. Previous reports sug-
gest the role of plant-endophytic bacteria like Pseudomonas,
and Bacillus can increase plant growth and confer alkaline
stress amelioration [18, 20]. Thus, the present study was
conducted to isolate and screen the endophytic isolates
from the native plant species grown in an alkaline-stressed
environment and characterize them for their potential as an
endophyte-based bioformulation for enhancing plant growth
under alkaline stress conditions.

Materials and Methods
Collection of Plant Samples from Sodic Soil

Three different plant samples: Saccharum munja, Calotro-
pis procera, and Chenopodium album were collected from
sodic soil of varying pH (8—10); EC (390-400 pS cm™!) from
different locations situated in and around Banthara region
of Uttar Pradesh. Briefly, the pH of the soil (diluted water
1:5) was measured using a digital pH meter (7310P, WTW,
Germany) [21]. S. munja was collected from CSIR-NBRI
Aurawan campus (26.7098°N, 80.8226°E) whereas C. pro-
cera and C. album were collected from CSIR-NBRI Gehru
campus (26.7276°N, 80.8477°E). In field conditions, the
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plant samples were collected along with rhizospheric soil in
sterile poly bags and placed immediately on ice. In the labo-
ratory, these samples were stored at 4 °C until further use.

Isolation and Maintenance of Endophytic Bacteria

The healthy stems, roots, and leaves of the collected plants
were surface sterilized in order to isolate the endophytic bac-
teria. Briefly, the plant tissues were thoroughly washed with
tap water for 15 min followed by three subsequent washes
with sterile-distilled water and then two times washed with
70% ethanol (v/v) for 2 min and then finally sterilized with
0.1% mercuric chloride (w/v) for 3 min. Samples were then
finally washed thrice using sterile-distilled water. After sur-
face sterilization, small pieces of the plant tissues (1-3 cm)
were crushed in a sterile mortar and pestle and were then
mixed with sterile saline water (0.85% NaCl). They were
then serially diluted up to 10~* dilutions and then plated on
nutrient agar, yeast mannitol agar, Pseudomonas isolation
agar, and Hi chrome ECC (Escherichia coli and coliforms)
agar plates. Further, the plates were incubated at 28 °C for
2448 h. The plates were then observed for morphologically
different colonies and further subculture onto fresh nutrient
agar plates to obtain pure cultures. The glycerol stocks of
pure bacterial cultures were preserved at — 80 °C for long-
term storage [22, 23].

Qualitative Screening of Endophytic Bacteria
for PGP Attributes and Enzymatic Activity

The ACC deaminase activity of the bacterial isolates was
investigated following the procedure of Misra et al. [24],
by using NFb (nitrogen-free basal media) plates with 3 mM
ACC added as a nitrogen source. Estimation of IAA was car-
ried out by the method that has been described in Bric et al.
[25]. The National Botanical Research Institute's phosphate
(NBRIP) medium which contains bromophenol blue dye
(BPB) and tri-calcium phosphate (TCP) was used to screen
the phosphate-solubilizing ability of bacterial isolates [26].

Quantitative Estimation of PGP Attributes
of Endophytic Bacteria

The endophytic bacterial strains demonstrating the men-
tioned qualitative attributes were chosen for further quan-
titative evaluation including the determination of ACC
deaminase activity using the method outlined by Pen-
rose and Glick [27]. The capacity to utilize ACC (3 mM)
as the only nitrogen source was tested in all the selected
isolates using an M-9 minimum medium. The amount of
a-ketobutyrate mg~! protein h™! produced as a by-product
of the spectrophotometric (EVOLUTION201, Thermo
Scientific, USA) reaction at 540 nm was also measured to
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quantify the activity of the ACC deaminase. The quantitative
measurement of [AA production by the screened endophytic
isolates was carried out using a tryptophan-enhanced nutri-
ent broth medium (100 pg/mL) as mentioned in [25]. IAA
was measured calorimetrically at 530 nm following the addi-
tion of orthophosphoric acid (10 mM) and Salkowaski's rea-
gent (1 mL of 0.5 M FeCl; in 50 mL of 35% HC1O,) to the
supernatant. Phosphate solubilization was measured for the
selected isolates according to Nautiyal (1999) [28]. Briefly,
50 uL of bacterial culture was inoculated in test tubes with
5 mL NBRI-BPB medium and then incubated for 48 h at
28 +2 °C on an incubator shaker (180 rpm). Finally, the
cells were centrifuged at 10,000 rpm for 10 min to extract
the supernatant, which was used to determine the quantity of
solubilized phosphate at 490 nm. EPS production was quan-
tified using a slightly modified phenol—sulfuric acid tech-
nique [29]. In brief, 10 mL of the overnight grown culture
of bacterial isolates was used to measure the EPS generated
at 490 nm using an equal amount of 0.5 M phenol and 1 mL.
of 9.8 M sulphuric acid.

Abiotic Stress-Tolerance Estimation

The bacterial isolates were subjected to evaluate their abiotic
stress tolerance including salt (NaCl; 1 M and 2 M), drought
(PEG6000; 45% and 60%), and pH (5 and 9). The nutrient
broth medium with variable conditions of stress was used
to cultivate the bacterial isolates for 24 h at 30 °C with con-
stant shaking at 180 rpm. Serial dilution plating on nutrient
agar medium at regular intervals of 24 h for up to 10 days
was carried out and viable cells (CFU/mL) were counted as
described elsewhere [24].

Molecular Characterization of Endophytic Bacteria

Based on the 16S rRNA gene, the chosen bacterial isolates
were identified. As directed by the GeneEluteTM Bacterial
Genomic DNA Kit, genomic DNA was isolated. In a PCR
reaction mixture consisting of 1X PCR buffer, 1.0 U Tag
DNA polymerase (Thermo Scientific, USA), 200 mM of
each dNTP, and 10 M of each forward and reverse primer
(27F: 5'-AGAGTTTGATCCTGGCTCAG-3' and 1492R:
5'-GGTTACCTTGTTACGACTT-3"), 20 ng of bacterial
genomic DNA was amplified in a total volume of 50 pL.
Molecular-grade water was used as a negative control.
Thermal cycling for amplification was carried out using the
GENEI-TC3000 thermocycler (GENEI, India) with the fol-
lowing parameters: an initial denaturation step at 94 °C for
3 min, followed by 35 cycles of denaturation at 94 °C for
30 s, annealing at 58 °C for 30 s, and elongation at 72 °C
for 60 s, with a final elongation step at 72 °C for 10 min.
The resulting amplicons were size separated on 1% agarose
gel and documented using the gel documentation system

(Universal Hood III, Bio-Rad, USA) to examine their integ-
rity against a 1 kb DNA ladder (Thermo Scientific, USA).
PCR amplicons were purified using a QIAquick® PCR puri-
fication kit QIAGEN, Germany). The purity and concen-
tration of the DNA were determined through 260/280 nm
absorbance measures using the NanoDrop spectrophotom-
eter 2000 (Thermo Scientific) which was found to be in the
range of 1.80-2.0 ng/uL of DNA. Further purified DNA was
sequenced from Applied Biosystems 3730XL DNA analyzer
(Thermo Scientific, USA). The 16S rRNA gene sequences
of multiple bacterial strains were aligned with sequences in
the NCBI databases using ClustalW from MEGAG6 software
[30], and after alignment, a nucleotide substitution model
selection study was conducted to determine the optimal
model fit based on the lowest Akaike Information Criterion
(AIC). The resulting model was used for maximum likeli-
hood-based phylogenetic tree construction of the bacterial
isolates, with the bootstrap approach chosen as the phyloge-
netic test and 1000 bootstrap repetitions.

Greenhouse Evaluation of Alkalotolerant
Endophytes for Plant Physiology and Growth
Enhancement

Selected strains of bacteria were tested for PGP capabil-
ity in alkaline soil utilizing maize (Zea mays) as a model
plant under greenhouse conditions with a maximum light
flux of ~1000 pmol m~2 s~! photosynthetic photon flux
density (PPFD) during the noon, relative humidity (RH)
varied between 40 and 60%, and temperature ranged from
25 to 35 °C and photoperiod of 12—-14 h light and 8-10 h
dark. Experiments were conducted using sterilized 2-mm
sieved soils in a randomized block design with six dupli-
cates (2.5 kg soil per pot). In summary, control soil (pH 7.4)
was obtained from the CSIR-NBRI in Lucknow, whereas
alkaline soil (pH 9.2) was obtained from the arable land of
the CSIR-NBRI, Gheru campus, Lucknow. Each bacterial
cell suspension with 108 CFU/mL was applied to surface
sterilized seeds until evenly coated, whereas uninoculated
control seeds were treated with water [31].

Growth Parameters and Photosynthetic Pigment
Analyses

Shoot and root length were assessed right away after harvest-
ing to determine the impact of endophytic PGP priming in
sodic soil as well as normal soil, whereas samples for the
dry weight (DW) were dried in a hot air oven for 72 h before
being weighed. Using a UV-vis spectrophotometer (Thermo
scientific evolution 201), the photosynthetic pigments (Chl
a, Chl b, and carotenoids) in the leaf of plants grown in
normal soil and alkaline soil were measured at wavelengths
of 480, 510, 645, and 663 nm [32].
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Proline and Total Soluble Sugar (TSS) Content,
and Antioxidant Enzyme Activities

Proline was measured spectrophotometrically at 520 nm
[33, 34], whereas total soluble sugar (TSS) was measured at
490 nm in a spectrophotometer as suggested [35]. In order
to evaluate enzymatic antioxidants spectrophotometrically,
a 500 mg fresh tissue sample was homogenized in extrac-
tion buffer comprising 50 mM phosphate buffer (pH 7.8),
0.1 mM EDTA, and 1% (w/v) polyvinyl pyrrolidone (PVP)
at temperature 4 °C. The activity of Superoxide Dismutase
(SOD, EC1.15.1.1), Catalase (CAT, EC1.11.1.6), Ascorbate
Peroxidase (APX, EC1.11.1.11), and guaiacol peroxidase
(GPX, EC 1.11.1.9) was determined using the methods
described earlier [36-38] respectively.

Statistical Analysis

The significance between mean values of different treatments
was checked by one-way analysis of variance (ANOVA),
and comparison was carried out using the Duncan Test at
p <0.05. with SPSS software package version 16.0 (SPSS
Inc./IBM Corp. Chicago, USA). All the results were repre-
sented graphically using Sigma Plot version 11.

Nucleotide Sequences Accession Number

The 16S rRNA gene sequences of the 15 bacterial endophytes
obtained in this study have been deposited in the GenBank

under the accession numbers (ON926874-0ON926888)
(Table S1).

Results
Endophytic Isolates

A total of 48 bacterial isolates were obtained from S. munja
(roots 6; leaves 2), C. procera (roots 6; leaves 4), and C.
album (roots 25; leaves 5). These isolates were evaluated for
their PGP attributes such as P solubilization, ACC deami-
nase activity, IAA production, and enzymatic activities
including chitin hydrolysis, amylase, cellulolytic production,
and abiotic stress tolerance including salt (NaCl), drought
(PEG6000), and alkalinity (pH) (Fig. 1). Based on initial
qualitative screening results, a total of 15 isolates (10 from
Chenopodium album and 5 from Calotropis procera) were
selected based on their growth-promoting attributes, enzyme
activities, and ability to sustain on aforementioned abiotic
stresses for further characterization (Tables 1 and 2).

Molecular Characterization of the Selected
Endophytic Bacteria by 16 s rRNA Sequencing

Partial 16S rRNA gene sequences of ~ 1400 nucleotides of
the 15 selected isolates were compared to the type strains in
the NCBI database. These 15 isolates belong to Enterobac-
ter, Acinetobacter, Stenotrophomonas, Bacillus, Lysinibacil-
lus, and Mammaliicoccus genera. These six bacterial genera

Fig. 1 Plant growth-promoting

traits and abiotic stress tolerance pH 11
of bacterial endophytes isolated
- pH9
from the roots and leaves of
Saccharum munja, Calotropis pH7
procera, and Chenopodium pHS
album. Results demonstrated
based on the qualitative screen- PEG6000 60%
ing of bacterial endophytes for PEG6000 45%
PGP attributes and abiotic stress
tolerance on Y-axis, and the % 35-C
of endophytes on X-axis 45.C
1M NaCl
0.5M NaCl
Cellulolytic
Amylase

Chitin Hydrolysis
ACC Deaminase
IAA Production

P solubilisation
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Table 1 Screening of the selected endophytic isolates for plant growth promotion attributes

Acronym of strain Auxin production (ug/mL)

ACC deaminase activity (nmol

Phosphate solubili- ~ EPS production (ug/mL)

a-ketobutyrate mg protein~! h™") zation (ug/mL)
NBRI CRNA2 105.26 + 1.64" 3.74 +0.20°% 57.16+0.23¢ 380.90 + 15.70%°
NBRI CRNA3 96.53 +2.128 2.83+0.77° 62.10 +0.94° 1179.75 +13.75%
NBRI CRNA4 97.70+0.85¢ 2.46+0.06™ 72.26+0.968 842.40+17.20°
NBRI CRNA5 91.19+1.18f 4.01+0.21% 51.52+0.90° 1047.48 +12.48°
NBRI CRNA6 84.14+0.47° 4.30+0.23° 60.45 +4.05% 1230.45 + 66.95
NBRI CRNA7 77.23+0.38 0.97 +0.05* 91.20+1.78" 1203.80+12.15
NBRI CRNA11 89.95 +3.56' 4.62+1.90° 65.78 +1.08°%¢ 578.50 +26.65
NBRI CRNA12 88.06+1.38° 20.21 +1.84¢ 70.68 +0.92¢ 1044.88 +36.72°"
NBRI CRYMALI 134.77 +£0.48' 7.14+0.02 94.14+1.44¢ 760.50 +27.50°<¢
NBRI CRYMAA4.1 72.78 +2.03¢ 1.33£0.43% 38.74+0.13% 897.98 +17.27%
NBRI CRYMA4.2 77.86+1.72¢ 8.16+0.65 61.43+1.27°% 718.6+28.90%
NBRI CRYMAS5.1 73.29+0.48° 3.93+0.26% 10.30+6.27¢ 1102.1+5.20¢
NBRI CRYMA 5.2 46.69 +0.63* 2.74+0.11% 39.56+0.13" 528.45+4.9°
NBRI WCYMA 9 111.86+0.44" 3.46+0.52°% 90.35+0.86" 1062.10 +4.55°%
NBRI WCYMA 11 51.15+0.43° 2.16+0.03%° 33.09+0.58° 977.0 +2.60'

Values are means + SE of three replications and different letters indicate significant differences based on ANOVA followed by the Duncan test

(» £0.05) using the software SSS v16.0

Table 2 Growth assessment (log;, CFU/mL) of the selected endophytic isolates under different abiotic stresses

Abiotic stress pH Drought (PEG6000) Salt (NaCl)

Strains 9 11 45% 60% 1M 2M

NBRI CRNA2 8.80+0.04%¢ 8.72+0.02 7.10+0.02° 7.38 +0.00' 6.98+0.02%° 7.01+0.01%
NBRI CRNA3 8.69+0.08%° 8.73+0.04¢ 6.99+0.03% 6.55+0.03%® 9.07 +0.05%¢ 9.26+0.05%®
NBRI CRNA4 8.55+0.05° 9.47 +0.04" 7.05+0.04 7.53+0.02) 8.96+0.03% -

NBRI CRNA5 8.63+0.14%¢ 8.19+0.06%° 7.05+0.06° 6.50+0.21%¢ 9.20+0.09¢ -

NBRI CRNAG6 8.67+0.06%° 8.25+0.19%¢ 7.45+0.02° 6.74 +0.05%>4 9.05+0.05%° -

NBRI CRNA7 8.63+0.04% 8.02+0.06% 7.30+0.02< 6.86+0.06°4 9.07 +0.06% -

NBRI CRNA11 8.66+0.013% 9.45+0.03" 7.3240.04¢ 7.18£0.06%" 6.98+0.06™ 8.87 +0.05"
NBRI CRNA12 8.74 +0.10%¢ 9.06+0.07¢ 6.97 +0.03% 6.92+0.01°% 9.09 +0.02% 8.83+0.09°
NBRI CRYMALI 8.90+0.01¢ 7.86+0.14 7.41+0.02° 7.26+0.07" 9.49+0.04¢ 7.04+0.01%
NBRI CRYMAA4.1 8.83+0.01°%¢ 9.28+0.02° 7.02+0.02%° 7.02+0.02°f 9.09+0.10" -

NBRI CRYMA4.2 8.60+0.04" 8.69+0.16° 6.97 +0.04% 7.13+0.05 9.02+£0.04% -

NBRI CRYMAS5.1 8.66+0.03% 8.33+0.03%° 7.22+0.05° 6.94+0.10%f 8.96+0.02% -

NBRI CRYMA 5.2 8.65 +0.03%¢ 7.86+0.14 7.47+0.02° 6.27+0.03" 8.95+0.03 -

NBRI WCYMA 9 8.90+0.03¢ 9.57+0.038 6.99+0.01%° 6.04+0.222 8.82+0.05% 6.97 +0.05%
NBRI WCYMA 11 8.48+0.14* 7.80+0.10° 7.02+0.04 6.99 +0.08%f 9.60+0.02° -

Values are means + SE of three replications and different letters indicate significant differences based on ANOVA followed by the Duncan test

(» £0.05) using the software SSS v16.0

were further classified at the species level as Enterobacter
hormaechei, E. cancerogenus, Acinetobacter haemolyticus,
Stenotrophomonas pavanii, Bacillus safensis, Mammalico-
ccus sciuri, and Lysinibacillus fusiformis based on phylo-
genetic analysis (Fig. 2). The 16S rRNA gene sequences
were submitted to GenBank under the accession number
ON926874-ON926888 (Table S1). The bacterial strains

with their nearest neighbor from the NCBI database are
mentioned in (Table S1).

Quantification of PGP Attributes

The selected 15 bacterial isolates were quantitatively char-
acterized for PGP attributes including ACC deaminase
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Fig.2 Phylogenetic rela-
tionships of the 15 selected
bacterial endophytes based

on the partial 16S rRNA gene
sequences. The phylogenetic
analysis was run on MEGAX v.
10.1.7 using the Neighbor-Join-
ing method and K2 + G substi-
tution model. The sequences in
bold are obtained in this study
and other sequences are from
the GenBank database. The
numbers above each node on
the tree indicate the percentages
of bootstrap sampling derived
from 1000 replications
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activity, IAA production, phosphate solubilization, and EPS
production (Table 1). It was observed that ACC deaminase
activity ranged from 0.97 to 20.21 nmol a-ketobutyrate mg
protein~! h™! among the selected isolates. The strain NBRI
CRNA12 exhibited the highest (20.21 nmol a-ketobutyrate
mg protein~' h™1) and NBRI CRNA7 lowest (0.97
a-ketobutyrate mg protein~! h™!') ACC deaminase activity.
The TAA production ability ranged from 46.69 to 134.77 pg/
mL. The highest IAA production ability was shown by NBRI
CRYMAI (134.77 ug/mL), while the lowest by NBRI
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CRYMAS.2 (46.69 pg/mL). The phosphate solubilization
potential of the selected isolates was in the range of 33.09
to 94.14 pg/mL. The NBRI CRYMAI strain (94.14 ug/mL)
exhibited the highest and NBRI WCYMA11 (33.09 pg/mL)
lowest phosphate-solubilizing potential. The EPS produc-
tion ranged from 1230.45 to 380.90 pg/mL among all the
selected isolates, of which NBRI CRNAG6, demonstrated
the highest EPS production ability with 1230.45 pg/mL
while NBRI CRNA?2 with minimum production potential
of 380.90 ug/mL.



Endophytic Alkalotolerant Plant Growth-Promoting Bacteria Render Maize (Zea mays L.) Growth...

Page70f13 43

Abiotic Stress-Tolerance Ability of Isolates

The selected alkalotolerant endophytic strains were further
subjected to evaluate abiotic stress attributes including alka-
linity, drought, and pH tolerance under in vitro conditions.
At 1 M NaCl, all 15 strains were able to show survival till
day 10 with the most distinct at day 3 with a range of 6.98
to 9.60 Log,, CFU/mL. Whereas, when the concentra-
tion increased to 2 M NaCl, only six strains namely NBRI
CRNA2, NBRI CRNA3, NBRI CRNA11, NBRI CRNA12,
NBRI CRYMAI1, and NBRI WCYMADO strains exhibited
luxuriant growth with a range of 6.97 to 9.26 Log,, CFU/
mL. All 15 strains were able to survive at 45% and 60%
PEG6000 for drought conditions with a range of 6.97-7.47
and 6.04-7.53 Log,, CFU/mL, respectively. Moreover, at
pH 9 and 11, all 15 strains demonstrated their survival with
8.55-8.90 Log,, CFU/mL and 7.80-9.47 Log,, CFU/mL,
respectively.

Effect of Endophyte Inoculation on Zea mays Growth
in Soils with and Without Alkalinity

The 6 bacterial isolates, NBRI CRNA?2 (B. safensis), NBRI
CRNAZ3 (E. cancerogenus), NBRI CRNAL11 (L. fusiformis),
NBRI CRNA12 (E. hormaechei), NBRI CRYMALI (S. pava-
nii), and NBRI WCYMAO9 (A. haemolyticus) were chosen

out of the 15 selected strains for further analysis due to their
ability to withstand the assessed abiotic stresses. In green-
house conditions, it was observed that either in normal or
alkaline circumstances, the individual inoculation of selected
isolates considerably improves overall Z. mays growth, as
shown by the phenotypic characteristics as compared to the
corresponding uninoculated control sets (Table 3; Figs. 3,
4). Inoculation of the endophytic strain led to a significant
increment in root and shoot length under alkaline condi-
tions while an increment in the fresh and dry weight was
observed in normal soil conditions. The NBRI CRNAI11,
NBRI CRNA12, NBRI CRYMAI1, and NBRI WCYMA9
strains significantly increased the root length by 76.43,
61.06, 70.16, and 51.96%, respectively under alkaline con-
ditions (Table 3, Fig. 4). In contrast to this, NBRI CRNAZ2,
NBRI CRNA11, and NBRI CRNA12 strains increased
only shoot length by 50, 57.47, and 56.44%, respectively,
under alkaline conditions (Table 3, Fig. 4). The application
of NBRI CRNA3, NBRI CRNA12, and NBRI WCYMA9
strains, however, enhanced the fresh weight of maize plants
by 52.60, 50.45, and 54.07%, respectively, as compared to
the uninoculated control under normal conditions. While
NBRI CRNA2, NBRI CRNA3, NBRI CRYMAI1, and NBRI
WCYMADO9 enhanced the dry weight of maize plants by
66.66, 69.58, 68.61 and 78.92%, respectively, as compared
to the uninoculated control under normal conditions.

Table 3 Effect of endophytic isolates on vegetative parameters, chlorophyll, carotenoid, proline, and soluble sugar in Zea mays leaves under nor-
mal (Control) and alkaline stress (AS) conditions

Treatment Root length Shoot length ~ Fresh weight Dry weight — Chlorophyll Carotenoid  Sugar (ug g~! Proline (pg g~
(cm) (cm) &) &) (hgg'FW) (ugg™' FW) FW) FW)

CONTROL 30.67+2.03*  31.67+240° 327+0.61° 0.59+0.09° 2.71+0.03" 1.34+0.06° 29.2+4.30° 3.81+0.37°

CONTROL+AS  1233+145" 18.00+1.00° 6.18+0.52° 1.68+0.38" 2.05+0.01® 1.25+0.01¢ 24.93+0.13*17.44+0.16*

NBRI CRNA2 4517410597 42.67+1.86° 6.10+0.98" 1.77+0.48° 2.74+0.03° 1.75+0.00°  81.93+1.23¢ 7.77+0.71¢

NBRI 17.204£0.42°  36.00+£1.00° 5.76+0.14*° 1.83+0.32¢ 2.67+0.01° 1.63+0.03° 41.80+3.90°13.53 +0.16
CRNA2+AS

NBRI CRNA3 35.33+3.93°  4433+376" 690+1.19° 1.9420.09° 2.71+0.06° 1.95+0.01° 40.35+3.5" 13.86+0.67¢

NBRI 19.67+1.45°  35.00+2.64° 7.04+0.19° 3.73+0.37% 2.61+0.08° 1.73+0.06° 34.93+1.09°15.22 +0.10°
CRNA3+AS

NBRI CRNA11 4333+3.18° 37.67+186° 6.05+0.64° 0.96+0.04® 259+0.04° 1.81+0.01¢ 44.60+1.03° 8.69+2.99°

NBRI 5233+1208 42.33+1458 7.86+0.17"7 327+0.18" 248+0.04* 1.03+0.02° 39.13+3.44913.56 +0.37°
CRNA11+AS

NBRICRNAI2  3347+125" 43.83+1.96% 6.60+0.80 0.91+0.15* 2.59+0.00° 1.88+0.02° 53.07 +2.14° 10.67 +0.68"

NBRI 31.67+0.67° 41.33+0.66" 580+0.36° 0.38+036° 2.58+0.05° 1.83+0.01%  34.08+1.70"11.59+0.17°
CRNA12+AS

NBRICRYMA1  48.00+0.58% 44.00+4.93° 6.21+1.02° 1.88+0.21¢ 2.75+0.02¢ 1.94+0.0f 54.87+0.70" 6.89+0.85°

NBRI 41.33+4.10°  32.33+0.88 6.18+0.05° 1.70+0.12° 2.63+0.08° 1.17+.0.00° 48+0.29% 11.40+0.32°
CRYMAI1 +AS

NBRIWCYMA9  36.33+6.96% 44.50+4.77¢ 7.12+1.67° 2.80+031" 280+0.02° 1.68+0.04° 49.4+2.54% 5.02+0.85"

NBRI 25.67+2.03¢  30.66+0.88° 6.97+043% 2.66+0.29° 2.67+0.06¢ 0.98+0.03° 43.67+3.21111.40+0.16°
WCYMA9 +AS

Values are means + SE of three replications and different letters indicate significant differences based on the ANOVA followed by the Duncan
test (p <0.05) using the software SPSS v16.0
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Fig.3 Effect of six different
bacterial endophytic isolates
on root and shoot length of
Zea mays in normal soil under
greenhouse conditions. Seeds
were coated with the bacte-
rial cell suspension (10® CFU/
mL) whereas the control seeds
were treated with sterilized
water. Results depicted higher
growth of root and shoot in
the endophytes-treated seeds
compared to control seeds

Fig. 4 Effect of endophytic
isolates on the root and shoot
length of Zea mays in alkaline
soil under greenhouse condi-
tions. Test seeds were coated
with the bacterial cell suspen-
sion (10® CFU/mL) whereas the
control seeds were treated with
sterilized water. Results showed
higher growth of root and shoot
in the endophytes-treated seeds
compared to the control seeds

Effect of Endophytic Strain on Total Chlorophyll,
Carotenoid, Proline, and Soluble Sugar Content
of Zea mays

Through the use of biochemical assays measuring chloro-
phyll (total), carotenoid, and soluble sugar levels, the non-
enzymatic traits of the maize crop under both normal and
alkaline stress conditions were evaluated by inoculation of
all six bacterial endophytes following the implementation
of the PGP treatment. Inoculation of endophytes accounted
for significant increase in the total chlorophyll, carotenoid,
and soluble sugar whereas a notable decrease in proline
content was observed in alkaline soil compared to that of
the uninoculated control soil (Table 3). Of the six bacte-
rial isolates, NBRI CRNA2 (Bacillus safensis) showed the
highest capacity to increase the amount of soluble sugar
and overall chlorophyll in the control soil by 64.35% and
23.06%, respectively. However, NBRI WCYMAS9 (Acine-
tobacter haemolyticus) improved the carotenoid by 37.2%,
and NBRI CRYMAI1 (Stenotrophomonas pavanii) and NBRI
WCYMAO (Acinetobacter haemolyticus) demonstrated a

@ Springer

decrease in proline content by 52.0% under alkaline condi-
tions. Interestingly, the findings also revealed a decline in
total chlorophyll accumulation in plants treated with NBRI
CRNAI11 (Lysinibacillus fusiformis) and NBRI CRNA12
(Enterobacter hormaechei) by approximately 4% under
alkaline conditions (Table 3).

Effect of Endophytes on Defense-Related Enzymes
in Zea mays

The defense enzymes SOD, GPX, APX, and CAT were
assayed to analyze the quenching of accumulated stress in
the form of H,0, and other oxidative stress in Zea mays
plants grown in alkaline soil with and without the treatment
of 6 selected endophytic strains (Fig. 5). In general, treat-
ments significantly lowered the activity of these defense
enzymes under alkaline stress as expected due to the pres-
ence of endophytic strains. However, in the case of CAT, an
abnormally increased activity was observed in the strains
NBRI CRYMA1 and NBRI WCYMAO9. Under the alka-
line stress, NBRI CRYMA1 and NBRI CRNA2 exhibited a
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Fig.5 Defense enzyme activities in maize under normal and alkaline
conditions treated with endophytic isolates. SOD enzyme activity
in a leaf and b root; Guaiacol peroxidase enzyme activity in c leaf
and d root and Catalase enzyme activity in e leaf and f root. The val-
ues shown are the mean of three replicates in leaf and root samples.

maximum reduction of SOD by 38.64% and 24.77% in the
leaves and roots, respectively. The reduction in CAT activ-
ity was best seen in the leaf samples inoculated with NBRI
CRNAZ? and in the roots of the plants inoculated with NBRI
CRNA12 isolates.

Discussion

The growing human population necessitates higher crop
yields; however, agricultural practices are hampered by
abiotic stresses, i.e., acidity, alkalinity, drought, and tem-
perature. In order to withstand the detrimental impacts of
these abiotic stresses, crop plants must develop strategies for
tolerating the stress. The utilization of microbial inoculants,
isolated from the soil/rhizosphere/endosphere, in agricul-
tural lands is well documented for their ability to promote
plant growth and induce stress tolerance, can increase crop
yields, and is well demonstrated for enhancing crop yields

CONTROL CRNA2 CRNA3 CRNA11 CRNA12 CRYMA1 WCYMA9

Errors bars represent standard mean errors. Different letters above the
bars represent significant differences according to the ANOVA fol-
lowed by the Duncan test (p <0.05) applied using the software SPSS
ver. 16.0

and protecting against pathogens [39]. It is also acknowl-
edged that some microorganisms have this innate capacity to
withstand various alkalinity levels, stimulate plant develop-
ment, and regulate the plant defense system by exhibiting
ACC deaminase activity, activating the plant’s anti-oxidative
enzymes [40]. Reports exist on the isolation and characteri-
zation of endophytes that stimulate plant growth, but there
are limited studies available that focus solely on character-
izing bacterial strains from alkaline-stressed environments
[10]. The present study deals with the isolation, screening,
and characterization of plant-associated alkalinity-tolerant
endophytic bacterial strains from three plant species, S.
munja, C. procera, and C. album growing in sodic soil of
varying pH. This study examined and confirmed six bacte-
rial strains for their various plant growth-promoting attrib-
utes on maize plants under normal and alkaline conditions.

Among the selected PGP attributes, some but not all of
the endophytes showed the ability to produce 1-aminocyclo-
propanel-carboxylate (ACC) deaminase that can be used to
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reduce stress due to ethylene accumulation in plants [41].
In this study, Enterobacter hormaechei NBRI CRNA12
(ON926881), showcased the best ACC deaminase activity
among all other endophytic isolates. Previous reports also
exemplified Enterobacter sp. as the potential alternative for
promoting plant growth and development under alkaline
soil [42]. Many Enterobacter sp. adapt to abiotic stress and
produce a wide variety of plant growth metabolites such
as exopolysaccharides, phytohormones, and stress-tolerant
enzymes, results of the present study corroborate well with
the findings of these previous studies [43, 44].

IAA production and P solubilization have been pro-
posed as significant means of promoting early growth in
many crops [45]. There have been several studies proving
the production of IAA by bacteria isolated from respective
crops [46—48]. In this study, among all, Stenotrophomonas
pavanii NBRI CRYMA1 (ON926882) produced the high-
est IAA in maize. Researchers are developing techniques
that use phosphate-solubilizing microorganisms to solubilize
insoluble phosphates. Endophytic bacterial strains also solu-
bilize phosphates and other nutrients to increase the avail-
ability of phosphorus for plants in soil with large amounts
of precipitated phosphates [49]. The process of chemically
processing insoluble phosphates is not only costly but also
not environmentally friendly. During this study, some bacte-
rial isolates were capable of solubilizing phosphate and the
most efficient phosphate-solubilizing strain found belonged
to the genera Stenotrophomonas which is in accordance with
the earlier findings [10]. IAA production and P solubiliza-
tion by bacterial isolates suggest that they have the poten-
tial to be employed as growth regulators. One of the other
important PGP attributes is the production of exopolysac-
charides (EPS) by endophytic microbes. As per previous
reports, EPS production in some strains of Bacillus, Entero-
bacter, Pseudomonas, and Streptococcus has been observed
[50]. By controlling the amount of nutrients and water that
reach the roots and assisting in the permanent adherence of
microorganisms to the root surfaces, EPS is a key factor in
shaping the soil structure. In this study, it was observed that
Enterobacter cancerogenus NBRI CRNA6, (ON926878),
has ability to produce EPS in maize plants both in the con-
trol and alkaline soil.

In this study, the 15 alkalotolerant endophytic strains
were investigated for their abiotic stress-tolerance abilities
under in vitro conditions. Plant growth-promoting bacte-
ria are well known for their ability to reduce the harmful
effects of environmental stresses. The results depicted that
all 15 isolates were able to grow in high pH (9 and 11),
drought (45% and 60%), and salt 1 M, except on a 2 M
salt concentration. Out of 15 isolates, six isolates namely
Bacillus safensis NBRI CRNA2 (ON926874), Enterobac-
ter cancerogenus NBRI CRNA3 (ON926875), Lysinibacil-
lus fusiformis NBRI CRNA11 (ON926880), Enterobacter
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hormaechei NBRI CRNA12 (ON926881), Stenotropho-
monas pavanii NBRI CRYMA1 (ON926882)] and Aci-
netobacter haemolyticus NBRI WCYMA9 (ON926887)
were able to grow in all the above-mentioned abiotic stress
conditions. Consequently, according to these findings, the
isolates have the potential to evolve into a bioinoculant
package for enhancing plant development because of
their strong tolerance to high salt, drought, and alkalinity.
One of the main reasons that restricting the occurrence
of microorganisms in soil might be extreme pH, dry-
ness, and salt conditions. This suggests that the chosen
isolates would make excellent candidates for enhancing
plant development in highly alkaline soil. The length of
the shoots and roots, as well as the fresh and dry weight of
the maize plant, were all considerably increased by all six
bacterial isolates. The synthesis of plant growth hormones,
nitrogen fixation, and P solubilization are just a few of the
advantageous actions that applied bacterial isolates can
carry out that may enhance plant growth.

The total chlorophyll, carotenoids, soluble sugar, amino
acid, and proline contents are suitable indicators for plant
health. These parameters are also known to be associated
with the plant responses to abiotic stress, like alkalinity.
The reduced levels of total chlorophyll, carotenoids, and
sugar occur mostly because of the chloroplast impairments
under alkaline stress [3, 10, 24, 50]. In the present study, the
increased levels of total chlorophyll, carotenoids, and solu-
ble sugar were recorded on the application of six selected
endophytic isolates whereas the proline content did dem-
onstrate a significant decrease under alkaline stress condi-
tions in comparison to uninoculated control. Among the six
selected alkali-tolerant plant growth-promoting endophytic
isolates, Bacillus safensis NBRI CRNA2 (ON926874)
significantly increased the photosynthetic pigment, solu-
ble sugar whereas endophytic isolate Stenotrophomonas
pavanii NBRI CRYMA1 (ON926882) and Acinetobacter
haemolyticus NBRI WCYMA9 (ON926887) were able to
decrease the proline content under high pH, drought, and
alkalinity stress conditions. The findings that PGP-mediates
decreased proline accumulation in treated plants under cer-
tain abiotic stress agree with various other research outputs
[10, 18, 50]. Excess Na* infusion into roots is constrained
and rendered unavailable to plants in saline and alkaline cir-
cumstances by the exopolysaccharides (EPS) secreted by
the endophytic PGP, which may also stimulate the develop-
ment of biofilm on plant root surfaces. This can be one of
the possible explanations for this kind of result. A slightly
different observation was made regarding proline accumu-
lation in the presence of endophytic PGP, it was seen that
in the normal conditions with endophytic PGP inoculation,
proline accumulation was slightly higher with respect to the
control plant, but this observation has also been previously
monitored in other similar publications maize [18, 48].
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Plants employ antioxidant defense mechanisms to combat
diverse abiotic stress, which limit oxidative damage caused
by different abiotic stress and prevent ROS formation [24,
32, 34]. Superoxide dismutase (SOD), catalase (CAT), and
glutathione reductase (GR) are the major enzymatic com-
ponents that scavenge ROS. The current results exhibited
that during alkaline stress, the number of anti-oxidative
enzymes in bacteria-inoculated maize plants was dramati-
cally reduced. It is speculated that bacterial application
could compensate for the high-pH effects and improve
water status in plants. Reduced antioxidant enzyme activ-
ity SOD offered protection against alkaline stress in maize
plants inoculated with Stenotrophomonas pavanii NBRI
CRYMAT1 (ON926882) and Bacillus safensis NBRI CRNA2
(ONO926874) isolates. In maize plants inoculated with Enter-
obacter, decreased activity of the CAT and GPX enzymes
has also been reported, giving plants the ability to endure
stress [10, 49, 50].

The present findings demonstrate that inoculation of the
screened bacterial endophytes enhanced the non-enzymatic
properties (chlorophyll, carotenoid, proline, and sugar)
under alkaline stress conditions. The results corroborate
with earlier studies confirming the presence of plant growth-
promoting endophytes in different host crops. Exploit-
ing plant—-microbe interaction can be the best approach
to increase food production in the current scenario of cli-
mate change. More research is required to develop efficient
microbial formulations for improving plant performance
under various abiotic stresses. The research should focus
on the isolation of indigenous plant-growth-promoting
bacteria from the stress-affected soils that could be used as
biostimulants.

Conclusion

The presented research work demonstrated the role of endo-
phytic isolates from the native plant species growing under
highly alkaline soil. The putative alkalotolerant endophytic
isolates were characterized for multiple plant growth-pro-
moting attributes under normal and alkaline stress condi-
tions. The endophytic bacterial isolates belong to Entero-
bacter, Bacillus, Stenotrophomonas, and Lysinibacillus
genera and demonstrated phyto-beneficial effects on maize
in terms of enhanced, photosynthetic pigments, and veg-
etative growth in normal and alkaline soil. Alkaline stress-
ameliorating abilities of endophytic strains, Bacillus safensis
NBRI CRNAZ2, Lysinibacillus fusiformis NBRI CRNAT11,
Stenotrophomonas pavanii NBRI CRYMALI, and Acineto-
bacter haemolyticus NBRI WCYMAO9 were further evident
by modulating the biochemical parameters and antioxidant
enzyme activities. Based on the results and to comple-
ment the PGP attributes, consortia of selected endophytic

bacterial strains can be developed in the future as a sustain-
able way to increase agricultural yield in challenging situ-
ations. These promising initial results of plant tests can be
further exploited to understand the underlying mechanism
of endophytes-elicited tolerance that could be further used
as stress-buster biostimulants.
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