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Osmolyte-producing microbial biostimulants @
regulate the growth of Arachis hypogaea L.
under drought stress
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Abstract

Globally, drought stress poses a significant threat to crop productivity. Improving the drought tolerance of crops
with microbial biostimulants is a sustainable strategy to meet a growing population’s demands. This research
aimed to elucidate microbial biostimulants’ (Plant Growth Promoting Rhizobacteria) role in alleviating drought
stress in oil-seed crops. In total, 15 bacterial isolates were selected for drought tolerance and screened for

plant growth-promoting (PGP) attributes like phosphate solubilization and production of indole-3-acetic acid,
siderophore, hydrogen cyanide, ammonia, and exopolysaccharide. This research describes two PGPR strains:
Acinetobacter calcoaceticus AC06 and Bacillus amyloliquefaciens BAO1. The present study demonstrated that these
strains (AC06 and BAO1) produced abundant osmolytes under osmotic stress, including proline (2.21 and 1.75 ug
mi™"), salicylic acid (18.59 and 14.21 ug mi™"), trehalose (28.35 and 22.74 ug mg~' FW) and glycine betaine

(11.35 and 7.74 mg g~ ') respectively. ACO6 and BAO1 strains were further evaluated for their multifunctional
performance by inoculating in Arachis hypogaea L. (Groundnut) under mild and severe drought regimes (60 and
40% Field Capacity). Inoculation with microbial biostimulants displayed distinct osmotic-adjustment abilities of the
groundnut, such as growth parameters, plant biomass, photosynthetic pigments, relative water content, proline,
and soluble sugar in respective to control during drought. On the other hand, plant sensitivity indexes such as
electrolyte leakage and malondialdehyde (MDA) contents were decreased as well as cooperatively conferred

plant drought tolerance by induced alterations in stress indicators such as catalase (CAT), ascorbate peroxidase
(APX), and superoxide dismutase (SOD). Thus, Acinetobacter sp. AC06 and Bacillus sp. BAO1 can be considered as
osmolyte producing microbial biostimulants to simultaneously induce osmotic tolerance and metabolic changes in
groundnuts under drought stress.
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Introduction

In recent decades, environmental climate changes and
adverse abiotic factors have significantly impaired crop
productivity and agricultural yields worldwide [1].
Drought is a severe abiotic factor constraining plants and
the human population due to decreased precipitation
worldwide in the 21st century. Drought severity, water
scarcity, and extreme temperatures alter soil moisture,
affecting plant survival and crop productivity [2, 3]. This
stress results in stunted plant growth, lowers crop yield,
hampers molecular metabolism, increases cellular reac-
tive oxygen species (ROS), and affects morphological,
physiological, and biochemical attributes that negatively
impact plant health growth and crop productivity [4, 5].
Under drought, perceiving these stress signals, plants are
triggered to respond through events such as osmolyte
accumulation, ROS scavenging, and production of func-
tional proteins [6—8]. However, natural drought stress
responses enacted by plants are insufficient to survive
under severe drought.

Peanut or Groundnut (Arachis hypogaea L.) is a legu-
minous, macrothermal, oleaginous crop cultivated in
tropical and subtropical regions of the world with a sub-
stantial economic value for India, China, Nigeria, and
the United States [9, 10]. As a rain-fed crop, groundnut
is more prone to periodic drought stress, devastatingly
affecting its quality and distribution. Globally, accord-
ing to recent estimations, groundnut productivity faces
an annual loss of approximately 6 million tons owing to
drought [11, 12]. Extensive research has been dedicated
to establishing traditional breeding techniques, develop-
ing drought-tolerant transgenic plants through genetic
engineering, shifting crop cultivation, and undertaking
resource management practices as strategies to cope with
drought. Unfortunately, these strategies are very com-
plex, laborious, time-consuming, even loss of favorable
host plant characteristics, and also neglect the role of the
microbiome [4, 13, 14]. Consequently, we need substan-
tial and reliable in situ strategies to nourish plants under
constrained irrigations.

The recruitment of microbial biostimulants is sug-
gested as an intelligent strategy to mitigate abiotic stress
[15]. Plant growth-promoting rhizobacteria (PGPR) or
microbial biostimulants form a subgroup of the hetero-
geneous family of biostimulants that have captured the
attention of the agriculture industry [16]. These microbial
biostimulants are fertilizing products that stimulate plant
nutrition processes to improve high nutrient utilization
and increase tolerance to abiotic stress and crop quality
[17]. PGPR as biostimulants are most beneficial for agri-
cultural sustainability by promoting and safeguarding the
overall plant growth and yield directly or indirectly under
severe drought stress [18-23].
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PGPR are the natural predominant habitants, co-
evolved with rhizosphere soil over millennia, that rely on
root exudates to fuel their metabolic activities [24]. PGPR
is a crucial biological component with favorable effects
on plant biochemical and physiological properties under
drought conditions [25-27]. PGPR are known to improve
plant growth and its survival in drought-stressed envi-
ronments through mechanisms such as phytohormones
production, phosphate solubilization, exopolysaccharide,
and siderophore production for sequestration of iron [28,
29]. These rhizobacteria are osmotolerant and alter the
roots’ hormonal balance, resulting in microbial coloni-
zation and symbiotic relationships under osmotic stress
[30].

The osmotic stress tolerance of PGPR is due to their
osmolyte production potential. Drought triggers PGPR to
produce compatible osmolytes such as proline, trehalose,
sucrose, glycine betaine, and ectoine [31, 32]. It has been
documented that osmolytes accumulating PGPR allevi-
ate plant osmotic stress [33, 34]. Microbial biostimulants
should promise to facilitate sustainable agriculture and
could be of particular interest to overcoming twin pres-
sures of water scarcity and increasing population under
future climate change scenarios. Therefore, the pres-
ent investigation focused on (i) isolating and screening
osmotolerant microbial biostimulants, (ii) evaluating
its potential for osmolyte productions, and (iii) analyz-
ing the morphological, physiological, and biochemical
responses of groundnut upon biostimulant inoculation
under drought stress. Practically, we hypothesized that
osmolyte synthesizing PGPR biostimulants could help
groundnut grow under stress conditions and strengthen
the host—partner (PGPR) relationship, thus producing
highly drought-resilient plants.

Materials and methods

Source of rhizobacteria

Healthy plant samples of Arachis hypogaea L. were
uprooted from the agricultural field of Salem district
(11°86'N, 78°07’ E), Tamil Nadu, India, in March 2022.
The area is considered an arid/semi-arid region with an
average rainfall of 232 mm and an average humidity of
6.8% at sampling. The following are the physicochemi-
cal properties of the soil: pH 7.2, EC 0.32 dS m™?, organic
matter 2.16%, available nitrogen 56.2 mg kg~!, available
phosphorus 17.8 mg kg™ and potassium 217 mg kg™
The rhizospheric soil was removed aseptically and seri-
ally diluted, and the appropriate dilutions were spread
onto tryptic soy agar (TSA)supplemented with ascending
levels of PEG 6000 (0-25%) to ensure different osmotic
potentials (0 to —0.73 MPa) [35]. The plates were incu-
bated at 30°C for 24—48 h. The bacterial colonies grown
with distinct morphology were considered osmotolerant,
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serially purified, and conserved as glycerol stocks at
-80°C for further studies.

In vitro bioassay for multifarious PGP traits
Drought-tolerant rhizobacteria were characterized in
vitro for direct plant growth-promoting properties like
indole acetic acid (IAA), siderophore and phosphate
solubilization, and indirect multifunctional traits such
as hydrogen cyanide (HCN), and ammonia produc-
tion, as described earlier [23]. Briefly, auxin production
as IAA was determined by the inoculation of bacterial
culture (10 CFU/ml) in nutrient broth (NB) amended
with L-tryptophan (100 pg ml™'). The positive reaction
in the grown culture was identified as the color change
by adding 4 ml of Salkowski’s reagent followed by absor-
bance recording at 530 nm. Phosphate solubilization was
measured qualitatively using Pikovskaya’s agar medium
containing 0.5% tricalcium phosphate. The phosphate
solubilization index (PSI) was determined as follows —

Colony diameter + Halo zone diameter

PSI =

colony diameter

The inoculated plates were incubated for 72 h at 28 +2°C.
The onset of the solubilization zone around the bacterial
colonies was observed for positive indication. Qualitative
and quantitative siderophore production was assessed
by spot inoculation of rhizobacteria on (Chrome Azurol
S) CAS-agar plates pursued by the occurrence of orange
halo zone and 1 ml cell-free supernatant to 1 ml of CAS
reagent examined spectrometrically at 630 nm, respec-
tively. HCN production was determined by the color
change of overlaid filter paper presaturated with 0.5%
picric acid and 2% sodium carbonate solution upon cul-
turing the bacteria in NA supplemented with 0.4% gly-
cine. The presence of ammonia was identified by the
development of yellow color in the inoculated peptone
broth after adding 0.5 ml of Nessler’s reagent.

Assessment of rhizobacterial growth at varied osmotic
pressures

Different osmotic pressures (—0.05, —0.30, —0.49, —0.73,
and —1.03 MPa) were prepared by adding different con-
centrations of PEG 6000 (5, 10, 15, 20, 25, and 30%) to
NB inoculated with 1% exponentially grown (10% CFU/
ml) rhizobacterial suspension [36]. Following the incu-
bation for 72 h at 30°C, the drought-tolerant potential of
the strains was evaluated in terms of minimum inhibitory
concentration (MIC) by measuring the optical density at
600 nm [37].

Exopolysaccharide (EPS) production assay
Extraction and quantitative estimation of EPS by the
bacterial isolates were performed in a Basal medium in
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the presence of -1.03 MPa (30% PEG) and the absence
of osmotic stress. After inoculation, the medium was
incubated at 30%2°C for 5-8 days. Centrifugation at
10,000 rpm for 10 min was done to extract the pellet. The
cell-free supernatant was suspended with double the vol-
ume of ice-cold isopropanol. The solution was incubated
overnight at 4°C. The extracted EPS was centrifuged,
washed, dried at 40°C for 24 h, and weighed [38].

Biochemical characterization and genotyping of selected
rhizobacteria

The selected drought-tolerant isolates were subsequently
examined for their preliminary morphological and bio-
chemical characteristics, such as Gram staining, oxi-
dase, catalase, starch hydrolysis, and IMViIC (Indole,
Methyl red, Voges-Proskauer, and Citrate utilization)
tests employing standard protocols of Cappuccino and
Sherman [39]. The isolates were genetically identified
by partial 16S rRNA gene sequence. Genomic DNA was
extracted, and the quality was analyzed on 0.8% aga-
rose gel electrophoresis. The universal 16S rRNA gene
region was amplified by PCR using universal primers
27F (5-AGAGTTTGATCMTGGCTCAG-3’) and 1492R
(5-TACGGYTACCTTGTTACGACTT-3’) according
to Giongo et al. [40]. The amplified PCR product of 16 S
rRNA genes was purified using a GeneJET PCR purifi-
cation kit (Thermo Scientific, EU-Lithuania). The final
purified PCR products were sequenced using the Big
Dye Terminator 3.1 sequencing kit (Applied Biosystems,
USA). The homology searches were analyzed manually
by BLASTn (Basic Local Alignment Search Tool) and
compared against the sequence available in GenBank
from the National Centre for Biotechnology Information
(NCBI). Phylogenetic analysis of 16 S rRNA sequences
with the reference sequences was done and aligned
using Molecular Evolutionary Genetic Analysis (MEGA
software version 11) [41]. The phylogenetic tree was
constructed using the Neighbor-Joining method with
bootstrapping analysis of 1000 replicates. The 16 S rRNA
sequence of Acinetobacter johnsonii, A. tjernbergiae, and
A.tandoii was used to assign an outgroup for A. calcoace-
ticus, and Bacillus tequilensis was used as an outgroup
for B. amyloliquefaciens. The output sequences were sub-
mitted in the NCBI GenBank database with the accession
numbers.

Oxidative stress features of drought-tolerant microbial
biostimulant

Proline

Proline production by the drought-tolerant microbial
biostimulant was estimated as described by Abou-Aly
et al. [42]. The PGPR isolates were cultured in NB with
different osmotic potentials of PEG 6000 (0 and 30%),
incubated at 28°C for 24 h, and centrifuged (10,000xg)
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to obtain supernatant. To 2 ml of bacterial supernatant,
2 ml of acid ninhydrin (2.5 g ninhydrin in 60 ml glacial
acetic acid and 40 ml of 6 M phosphoric acid), and 2 ml
of glacial acetic acid was added, followed by incubation
for 1 h in a boiling water bath, cooled and 4 ml of tolu-
ene was added for extraction under vigorous mixing for
15-20 s. The chromophore containing toluene was sep-
arated and used to measure the absorbance at 520 nm
using toluene as a blank.

Salicylic acid

The capacity of the drought-tolerant rhizobacteria to
produce salicylic acid (SA) was estimated following the
protocol of Abou-Aly et al. [42] as follows: 4 ml of rhi-
zobacterial supernatant (cultured in NB amended with 0O
and 30% PEG) was acidified with 1 N HCI to reach pH
2. Salicylic acid was extracted in chloroform (CHCI,) 1:1,
and then 4 ml of distilled water and 5 ml of 2 M FeCl,
were added. The aqueous phase containing purple iron-
SA complex was used to read absorbance at 527 nm,
using aqueous phase without chromophore as blank.

Trehalose quantification

The accumulation of trehalose was determined by the
modified protocol of Garcia et al. [33]. Briefly, strains
were grown to a 10% CFU/ml bacterial density corre-
sponding to 0.5 OD units for 24 h at 30°C in NB supple-
mented with various concentrations of PEG (0 and 30%).
The bacterial cultures with density of 10> CFU/ml were
centrifuged, washed with water, and resuspended in 80%
ethanol. After incubation at 85°C for 15 min, the mixture
was centrifuged at 10,000 x g for 5 min, and the super-
natant was recovered. The samples were air-dried to
remove excess ethanol and resuspended in sterile deion-
ized water. Trehalose concentration was analyzed by
HPLC using column Aminex HPX-87 C (Bio-rad Labs,
Richmond, CA, United States) with acetonitrile and

Table 1 Physicochemical analysis of soil used in pot experiment

Soil analysis Value
Mechanical
Texture Sandy Loam
Particle size distribution Sand (%) 63.89
Slit (%) 15.74
Clay (%) 20.08
Chemical
pH 7.54
EC(dSm™) 1.64
Organic Matter (%) 3.16
Organic carbon (%) 57
Available P (mg kg™") 15.41
Available K (mg kg™") 208
Available N (mg kg™") 5367
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water (80:20 v/v). Pure trehalose was employed to deter-
mine the standard peak and values.

Glycine betaine production

The methods of Vasconcellos et al. [43] determined the
glycine betaine quantification by incubating the isolates
in NB with varying concentrations of PEG (0 and 30%)
at 27°C for 24 h. The bacterial cells were pelletized by
centrifugation (5000 x g), weighted, and resuspended in
1 ml of ethanol by vigorous shaking (30 min). The extract
was then filtered through a 0.45 um filter and evaluated
for glycine betaine production by injecting in HPLC on
an RP-18 column (Merck, Germany) and detected at
200 nm.

Plant growth promotion under drought stress - Pot
experiment

The pot study determined the effect of PGPR-based
microbial biostimulants on alleviating the behavior of
groundnuts under drought stress during the planting sea-
son of groundnuts from November—December (2022).
Details about the materials and techniques adopted dur-
ing experimentation, plant sampling, and analyses were
described here.

Plant material and inoculum preparation

An in-situ pot culture study was conducted in the green-
house with a rain exclusion roof, Department of Botany,
Periyar University (11°43'09"N, 78°04’36.5"E) Salem,
Tamil Nadu, India. Seeds of Arachis hypogaea L. were
procured from Tamil Nadu Agricultural University,
Coimbatore, Tamil Nadu, India. The seeds were surface-
sterilized by soaking them in 1% sodium hypochlorite
solution for 20 min and washing them thrice with dis-
tilled water.

Application of PGPR microbial biostimulant was given
as soil drench at the time of sowing and 14 days after the
first inoculation. AC06 and BAO1 strains were selected
for vitro osmotic stress tolerance. For trials, rhizobacte-
ria from the preserved stock were cultured in nutrient
broth aerobically on a rotary shaker (150 rpm) for 48 h at
28+2°C. The bacterial suspension was adjusted to a final
concentration of 10°CFU/ml, having an optical density of
0.5 at 600 nm by spectrophotometer. The resulting sus-
pension was used as inoculums (10 ml per pot) and unin-
oculated medium as control.

Experimental design and execution
The sterilized seeds (8 per pot) were implanted in a pot
(25%19 cm) filled with sieved, air-dried, and uniformly
mixed sandy-clay loam soil (3:1). The main characteris-
tics of the soil are presented in Table 1.

The experiment was laid out in a randomized com-
plete block design with the factorial arrangement under
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non-sterile conditions with three replicates. Following
the emergence, we thinned eight seedlings to five healthy
and uniform plants per pot. The factorial components
include six combined levels of inoculation, without
inoculation as control, and two levels of drought stress.
Subsequently, the following nine experimental trials were
performed:

T1 — Control with 100% Field Capacity (FC).

T2 — Inoculation with ACO6.

T3 — Inoculation with BAO1.

T4 —Mild Drought (MD) (60% EC).

T5 — Inoculation with AC06 under MD.

T6 — Inoculation with BAO1 under MD.

T7 — Severe Drought (SD) (40% FC).

T8 — Inoculation with AC06 under SD.

T9 — Inoculation with BAO1 under SD.

Irrigation and drought stress imposition

The seeds were grown under an entire irrigation regime
for two weeks. Afterward, irrigation was halted for all
seedlings to initiate the drought stress. The drought
stress was induced by withholding water (suppression of
water). At the 4-leaf stage (2 weeks after emergence), the
seedlings were exposed to water stress by limiting irriga-
tion levels to respective field capacities of 100 (without
drought), 60 (mild drought), and 40% (severe drought).
The Field Capacity (FC) of the pot soil was calculated by
using the equation:

_ water added (ml) — water leached (ml)in 24 h

FC
soil weight (g)

x 100

The plants were grown with a photoperiod of
16 h light/8 h dark cycle, the light intensity of
1000pmolm™%s™!, temperature of 22+2°C/20°C, and
relative humidity of ~65% for 30 days. At the end of the
experimentation, plants were harvested for the pheno-
typical and biochemical indices.

Measurements of plant morphological traits

Agronomic attributes like plant shoot and root length
were estimated with a ruler. The plant’s fresh weight was
weighed using analytical balance. Samples were oven-
dried at 80°C to achieve constant dry weight.

Measurements of plant physiological characters

Relative water content (RWC)

The relative water content was determined according to
the standard method of Barrs and Weatherly [44] with
some modifications. Five leaves were harvested, their
fresh weight was immediately noted, and they were
immersed in distilled water. The turgor weights of the
fully saturated leaves were analyzed after soaking for
24 h. The leaves were dehydrated in the oven at 70°C
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for 48 h to measure dry weight. RCW was computed as
follows:

Fresh weight — Dry weight

RWC (%) = x 100%

Turgor weight — Dry weight

Electrolyte leakage (EL)

The methodology of Danish et al. [45] was used to eval-
uate the leakage of electrolytic ions from the leaves.
In 20 ml deionized water, about 1 g leaf samples were
immersed and incubated at 25°C for 24 h. The initial
conductivity (EC1) was measured using a pre-calibrated
electrical conductivity (EC) meter. The test tube was
heated at 120°C for 20 min in a water bath and the final
EC (EC2). EL was quantified as follows:

EC1 o
EC2

Electrolyte leakage (EL%) = 100

Membrane stability index (MSI)

The treated plants’ MSI was measured using a conduc-
tivity (EC) meter [46]. For the assay, 200 mg leaf samples
were placed in two glass vials containing 10 ml distilled
water. One set was heated at 40°C for 30 min in a water
bath, and electrical conductivity (C1) was measured.
The second set was boiled at 100°C for 10 min, and final
conductivity (C2) was measured. MSI was estimated as

follows:
C1
MSI = [1— (5)] x 100

Assessment of greenness index and photosynthetic pigments
The greenness index of the intact leaves of groundnut was
examined using a portable SPAD — 502 chlorophyll meter
(Konica Minolta, Tokyo, Japan), which measures ‘in situ’
without damaging leaves. The measurements were taken
between 9:00 a.m. to 12:30 p.m. local time. Lichtenthaler
[47] defined the method for estimating the chlorophyll
and carotenoid content. Frozen leaf samples (0.5 g) were
homogenized with 15 ml of 80% acetone, and the solu-
tion was centrifuged at 15,000 x g for 35 min. The absor-
bance of the supernatant was estimated using a UV-VIS
spectrophotometer (Shimadzu UV-1700, Tokyo, Japan)
at a wavelength of 663 nm, 645 nm, and 470 nm.

Measurements of plant biochemical characters

Estimation of proline content

Proline content was assayed as described previously
[48] with slight modifications. One gram of fresh leaves
was homogenized with 6 ml of 5% sulphosalicyclic acid.
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Subsequently, the extract was centrifuged (10,000 x g)
for 10 min, and 1 ml of resultant supernatant was made
to 2 ml with distilled water. 2 ml ninhydrin was added to
it and incubated for 45 min at 100°C. The mixture was
cooled and extracted with an equal volume of toluene.
The toluene phase containing the pink chromophore was
monitored at an optical density of 520 nm. Quantification
of proline level was estimated by comparing the standard
curve of L-proline.

Determination of lipid peroxidation

Lipid peroxidation, estimated as malondialdehyde
(MDA) production, was quantified by the thiobarbituric
acid (TBA) reaction, which follows the method of Heath
and Packer [49] with a minor modification as proposed
by Armendariz et al. [50]. Briefly, 200 mg fresh leaves
were homogenized in 600 pl of 0.1% trichloroaceticacid
(TCA). Centrifugation (15,000 x g) for 20 min at 4°C was
done to obtain supernatant. 1.5 ml of 20% TCA contain-
ing 0.5% TBA was mixed with 0.5 ml of supernatant. The
mixture was heated in a water bath (95°C, 25 min) and
allowed to cool in an ice bath, followed by recentrifuga-
tion (15,000 x g, 4°C, 5 min). The supernatant was read
for absorbance at 532 nm. Expression of the calculated
result was indicated in terms of pmol MDA g~ fresh
weight.

Estimation of total soluble sugars (TSS)

Dubois et al. [51] method enumerated the TSS. Briefly,
0.5 g of fresh leaves was grounded with 80% ethanol or
deionized water. After centrifugation, 2.5 ml of H,SO,
and 1 ml of phenol were added to 0.5 ml of supernatant,
followed by incubation at 37°C for 1 h. Then, optical den-
sity was recorded at 485 nm.

sample absorbance x dilution factor x Kvalue

Sugar ml) =
ugar (kg/mi) weighto fsample

Inoculation response of microbial biostimulant on stress
markers under drought

Plant stress markers or antioxidant enzymes such as cata-
lase (CAT), ascorbate peroxidase (APX), and superoxide
dismutase (SOD) were assessed following the methods of
Chen et al. [52], Nakano and Asada [53] and Dhindsa et
al. [54], respectively.

Fresh leaf samples (1 g) were homogenized and
extracted in 1:10 with buffer solution 50 mM phosphate
buffer (10 ml, pH 7) amended with 1% polyvinyl pyrrol-
idone (PVPP). The extract was centrifuged at 10,000 x g
for 30 min at 4°C. The supernatant was used as a crude
enzyme for antioxidant bioassays.

Catalase (EC 1.11.1.6) was estimated by monitoring the
deduction in absorbance of H,0, at 240 nm per minute
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at every 10-second interval. The reaction mixture (3 ml)
consisted of 100 ul enzyme extract, 1.9 ml of 50mM
phosphate buffer (pH 7.0), and 1 ml of 0.3% H,0O,. The
activity of CAT was expressed as one unit with 0.01 dif-
ferences in absorbance at 240 nm.

The oxidation rate of ascorbate at 290 nm monitored
ascorbate peroxidase (EC 1.11.1.11) activity. A 1 ml reac-
tion mixture contained 0.05 ml enzyme extract, 0.25 ml
of 100mM potassium phosphate buffer (pH 7.0), 0.25 ml
of 0.4 mM EDTA, 0.25 ml of 1 mM ascorbic acid, 0.01 ml
of 10 mM H,0, and 0.19 ml of distilled water. The sub-
sequent decrease in ascorbic acid was observed at 0.01
absorbance min~%.

A decrease in the absorbance due to the color forma-
tion by nitro-blue tetrazolium (NBT) determined super-
oxide dismutase (EC 1.15.1.1). A 100 pl of crude enzyme
extract was added to the mixture of 0.2 ml of 200 um
methionine, 0.1 ml of EDTA (3mM), 0.1 ml of riboflavin
(2 uM), 0.1 ml of NBT (2.25 mM), 1.5 ml of phosphate
buffer (100 mM. pH 7.8) and 0.1 ml of sodium carbon-
ate (1.5 M). The final volume (3 ml) was adjusted by dis-
tilled water and illuminated under light of 4000 flux for
10 min for the development of purple color formation.
The absorbance was determined at 560 nm. One unit of
SOD was considered as the amount of enzyme required
for 50% inhibition of NBT reduction.

Determination of rhizospheric bacterial population

The rhizospheric microbial population was recorded
30 days after inoculation. The rhizospheric soil samples
were taken and transferred to the laboratory and stored
at 4 °C. Total microbial counts were calculated using
the serial dilution method described by Alexander and
Zuberer [55]. The samples were inoculated in agar plates
and incubated at 28+2 °C for 2-3 days. The microbial
populations were counted using the colony counter and
expressed in terms of the log of colony-forming units
(CFU) per gram of rhizospheric soil.

Statistical analysis

All the biological measurements were performed in trip-
licate, and the standard deviation (SD) was calculated for
all mean values. The data were statistically evaluated by
one-way ANOVA (SPSS 20.0 version Japan Inc., Tokyo,
Japan). Differences between treatments were considered
significant at p<0.05 using Tukey’s post-hoc test for mul-
tiple comparisons. Figures were plotted using GraphPad
Prism 5 software. SR plot was utilized to create Pearson’s
correlation matrix for the variables under consideration.

Results

The osmotolerant or drought-tolerant PGPR were iso-
lated and characterized in tolerance to osmotic stress
with the prospects of designing microbial biostimulants
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with improved strains. In total, 15 different bacterial
isolates were isolated from arid soil. The isolates were
selected based on their resistance to osmotic stress
concentrations applied using PEG 6000. All isolates
were able to grow up to an osmotic stress potential of
-0.05 MPa; 70% of isolates showed tolerance at — 0.15
and — 0.30 MPa, while 30% of isolates have higher resis-
tance to — 0.49 and — 0.73 MPa osmotic potential. Fur-
ther, the rhizobacterial isolates were subjected to PGP
characteristics.

In vitro multifarious PGP traits associated with drought
tolerant activity

From the results in Table 2, the isolated rhizobacterial
isolates were screened for PGP properties of IAA, sid-
erophore, phosphate solubilization, ammonia, and HCN.
All the isolates produced IAA except SA02, ES13, ES14,
BAO06, and SBO05. The highest value of IAA was tested
for AC06 (128.82 pg ml™1), followed by BAO1 (97.31 pug
ml~1), SB14 (78.22 pg ml™ '), ES12 (70.42 pg ml™'), and
SA04 (63.06 pg ml~!). However, the IAA production level
for other isolates was lower (less than 60 pg ml™?).

A large number of isolates showed siderophore pro-
duction. Among them, AC06 was the most potent isolate
with the most significant siderophore percentage of 84.87
and BAO1 with 79.16%. Concerning phosphate solubili-
zation qualitatively, AC06, BAO1, SB14, ES12, and SA04
caused the highest value (PSI more than 60). All rhizo-
bacterial isolates have exhibited positive results for NH;
except SA04, ACO05, ES15, BA06, and SB30. Similarly, the
test for HCN was recorded as positive for SA02, SA04,
A05, AC06, BAO1, BAO6 and SBO5. Amidst 15 isolates,
ACO06 and BAO1 emerged with exceptional PGP traits
(Fig. 1).
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Rhizobacterial growth at varied osmotic pressures

The five most potent isolates were selected based on
PGP traits results; SA04, AC06, ES12, BAO1, and SB14
were grown in nutrient broth under varied osmotic pres-
sures by PEG 6000 supplementation (Fig. 2A). Of 5 iso-
lates, 2 were highly tolerant, 1 was tolerant, and 2 were
highly sensitive. Isolates AC06 and BAO1 are grouped as
highly tolerant because they have OD>0.5 at — 1.03 MPa.
SB14 was included under the tolerance class as it has
OD<0.4 at — 1.03 MPa. ES12 and SA04 are listed in the
susceptible class because the OD decreased below 0.25 at
—1.03 MPa.

Exopolysaccharide (EPS) production

Results regarding the production of EPS revealed that
osmotic stress had variable effects on all five isolates
compared to unstressed conditions, as shown in Fig. 2B.
ACO06 and BAO1 achieved the highest EPS production
under unstressed conditions, 1.20 and 0.93 mg ml™?,
while at -1.03 MPa, they were significantly raised to 2.72
and 1.69 mg ml™}, respectively. There is no statistical dif-
ference in EPS among other isolates under both experi-
mental conditions.

Biochemical characteristics and genotyping of osmotolerant
PGPR

The two most promising strains (AC06 and BA01), show-
ing efficient osmotic tolerance and EPS production, phe-
notypically resembled Acinetobacter and Bacillus spp,
respectively (Supplementary Table S1). The strains’ geno-
types were identified based on their sequence matched
through NCBI-BLASTn. The strain AC06 had a sequence
similarity of 99.9% with Acinetobacter calcoaceticus, and
BAO1 displayed a close similarity of 99% to Bacillus amy-
loliquefaciens. The aligned sequences of 16S rRNA were

Table 2 Osmotic resistance and plant growth promoting traits of selected rhizobacterial isolates

Isolates Osmotic resistance to PEG-6000 IAA (ug miI™") Siderophore Units (%) PSI NH, HCN
SAU1 -0.15 13.80+£1.22 1.5 +

SA02 -0.15 - 09.33+£0.01 29 + +
SA03 -0.05 21.98+1.07 17.73+0.69 +

SA04 -0.49 63.06+1.20 60.75+0.11 4.2 - +
ACO5 -0.05 39.73+£1.25 3.8 +
AC06 -0.73 128.82+1.37 84.87+0.81 99 + +
ES12 -0.49 7042+0.94 62.16+£0.09 5.0 +

ES13 —-0.30 - 12.06+045 +

ES14 -0.05 - 1043+0.73 +

ES15 -049 4193+1.84 4.2

BAO1 -0.73 97314062 79.16+0.94 75 +

BAO6 -0.05 - 2284+135 52 - +
SB30 —-0.30 4804 +1.30 27

SB14 -049 7822+0.63 65.81+£0.72 53 +

SBO5 -0.30 - 2064+1.31 - + +

(+) Positive; (-) Negative and no activity found. Data is a mean of triplicate+ standard deviation
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Fig. 1 Plant growth promoting analysis of strain Acinetobacter calcoaceticus ACO6 and Bacillus amyloliquefaciens BAO1 (A) IAA production; (B) Phosphate
solubilization; (C) Siderophore production; (D) Ammonia; (E) HCN and (F) EPS production

deposited in the GenBank database (NCBI) under the
accession number ON495939 for AC01 and ON495964
for the BAO1 strain. The ancestral tree was built to des-
ignate the strain identification and genotypic character-
ization. The PGPR biostimulants were thus identified as
A. calcoaceticus (AC06) and B. amyloliquefaciens (BAO1)
strains (Fig. 3).

Osmolytes production of drought-tolerant PGPR
biostimulants

Traits associated with oxidative stress of drought-tolerant
PGPR biostimulants such as proline, salicylic acid, tre-
halose, and glycine betaine were assessed under stressed
(—=1.03 MPa) and unstressed conditions, as shown in
Figs. 4 and 5. Regarding proline production (Fig. 4A),
both strains produced various amounts of proline with
the maximum quantities at -1.03 MPa compared to
unstressed conditions. Meanwhile, the maximum pro-
line was recorded in AC06 with 26.29% more than BAO1
under stress. When AC06 and BAO1 were cultured under
osmotic stress (-1.03 MPa), the content of salicylic acid
was significantly increased by 26.12 and 17.54%, respec-
tively, relative to unstressed control. However, AC06
exhibited 30.82% higher salicylic acid production than
BAOLI at -1.03 MPa (Fig. 4B).

Trehalose was initially found to be minimum in both
strains under unstressed conditions (Fig. 5A). However,
it was found to be at peak under stress implementation.
The production of trehalose by AC06 under stress was
142.51% greater than that produced without stress and
even exceeded the values obtained with strain BAO1 by
24.67% at -1.03 MPa. The accumulation of glycine betaine

in ACO06 was found to be in a similar trend, 46.64% higher
than BAOl at maximum osmotic stress, as shown in
Fig. 5B. These data demonstrated a positive association
between osmotic stress tolerance and osmolyte produc-
tion in PGPR biostimulants.

Influence of drought-tolerant PGPR biostimulants on
groundnut (Arachis hypogaea L.)

Drought tolerant strains A. calcoaceticus and B. amylo-
liquefaciens were screened and selected to analyze their
impact on the agronomic, physiological, and metabolic
quantities of groundnut in a pot experiment under a
range of induced drought stress (MD and SD).

Effects of PGPR biostimulants on morphological responses of
groundnut to drought

Inoculation with PGPR strains as microbial biostimu-
lants significantly increased all evaluated morphological
parameters (Table 3) under stress. As expected, ground-
nut plants’ root length, shoot length, and fresh and dry
weight declined significantly with increasing drought
stress, with growing under SD having the lowest values.
Plants inoculated with AC06 and BAO1 under MD and
SD recorded a statistical difference in root length and
shoot length, approximately 30% and 15% higher than the
control. A greater fresh weight (p<0.05) was detected in
inoculated plants and subjected to drought stress, regard-
less of the inoculated strains compared with MD and SD
plants. In both drought treatments (MD and SD), analog
values of fresh weight were noted. Under 100% FC, the
dry mater was not considerably different in both strains.
However, under stress applications (MD and SD), dry
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Matter significantly (p<0.05) increased by 12.15% and
18.31% inoculated with AC06 than the relevant control.
Treatment with BAO1 did not influence (p>0.05) the dry
matter content under MD and SD.

Effects of PGPR biostimulants on relative water content,
electrolyte leakage, and membrane stability index of
groundnut under drought stress

For relative water content (RWC), a significant (»<0.05)
decrease was recorded compared to well-irrigated plants
(23.53% reduction in MD and 58.82% reduction in SD).
In plants inoculated with AC06 and BAO1, RWC was
observed significantly (p<0.05) with 15.38 and 6.15%
increments, respectively, under MD. Meanwhile, in SD,
ACO06 notably enhanced the RWC by 57.14% in con-
trast to stressed plants compared to BAO1, as shown in
Fig. 6A.
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Regarding electrolyte leakage (EL), drought stress
caused remarkably high EL% compared to well-watered
control (Fig. 6B). However, the values were significantly
(p<0.05) decreased in the presence of PGPR strains;
the maximum reduction was recorded in plants inocu-
lated with ACO06 up to 33.33 and 30.76% under MD and
SD compared to respective control. Reduction by BAO1
under MD and SD was 26.66 and 15.38%, respectively.

The membrane stability index (MSI) decreased as the
levels of drought implication increased. However, PGPR
applications increased MSI in all treatment categories, as
shown in Fig. 6C. The respective significant increase by
PGPR (ACO06 and BAO1) was from 42.85 to 57.14% under
MD and 35 to 50% under SD.

Effects of PGPR biostimulants on greenness index,
chlorophyll, and carotenoid contents of groundnut under
drought stress

Numeric increments in the greenness index of leaves
were statistically (p<0.05) enhanced by 10.68 and 3.29%
under MD and 16.58 and 5.29% under SD by AC06 and
BAO1, respectively, in comparison with corresponding
control (Fig. 7A). Similarly, chlorophyll content was also
remarkably (p <0.05) higher obtained with AC06 by 22.52
and 54.46% in MD and SD compared to stressed control.
Under drought constraints, BAO1 did not show any sig-
nificant difference over specific control plants (Fig. 7B).
Carotenoid content improved substantially with inocula-
tion of strains under well-watered and stressful situations
(Fig. 7C). Significantly (p<0.05) maximum carotenoid
(50%) was observed with AC06 followed by BAO1 (25%)
in contrast to non-inoculated MD plants. Under severe
drought, carotenoid status in groundnut leaves showed
a significant (p<0.05) difference between inoculated and
non-inoculated plants.

Effects of PGPR biostimulants on proline, lipid peroxidation
and TSS under drought in groundnut
The proline (non-enzymatic antioxidant) content in
groundnut was induced by drought stress (Fig. 8A). The
drought-stressed plants (MD and SD) showed 118.80
and 231.77% increments in proline compared to well-
watered control. Rhizobacterial strains significantly
(p<0.05) enhanced the proline concentration compared
to un-inoculated under drought. Proline was maximally
induced by inoculation of ACO06, representing 76.04%
more MD stress than BAO1. However, under SD, both
ACO06 and BAO1 significantly (p<0.05) manifested the
proline concentration by 50% than the respective control.
As shown in Fig. 8B, MD and SD induced overproduc-
tion of ROS, resulting in lipid peroxidation (represented
by MDA accumulation). MDA was not significantly
affected (p>0.05) between treatments in well-watered
plants. MDA was notably increased in stressed plants
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NR 152004. Acinetobacter lactucae strain NRRL B-41902
OK001807.1:3-514 Acinetobacter lactucae strain NRRL B-41902
ON495939.1 Acinetobacter calcoaceticus strain AC-06*
MN117668. Acinetobacter nosocomialis strain RUH 2376
MN307289 Acinetobacter pittii DSM 21653

NR 117621 Acinetobacter pittii DSM 21653 strain ATCC 19004
NR 102814. Acinetobacter oleivorans strain DR1

NR 116039 Acinetobacter oleivorans strain DR1

NR 117677. Acinetobacter baumannii strain DSM 30007

NR 117620. Acinetobacter baumannii strain ATCC 19606

NR 117622 Acinetobacter haemolyticus strain ATCC 17906
NR 026207 Acinetobacter haemolyticus strain DSM 6962

NR 117630. Acinetobacter tandoii strain DSM 14970

NR 117193 Acinetobacter tiembergiae strain DSM 14971

NR 119114. Acinetobacter johnsonii strain DSM 6963

NR 117624 Acinetobacter johnsonii strain ATCC 17909

NR 112723 Bacillus atrophaeus

NR 024689 Bacillus atrophaeus strain

(ON495964 Bacillus amyloliquefaciians

MH281746 Bacillus mojavensis

MN543830. Bacillus tequilensis

JF508185. Bacillus subtilis subsp. spizizenii ATCC 6633 clone
MZ182302 Bacillus tequilensis

NR 118290 Bacillus mojavensis

MN840038. Bacillus subtilis subsp. spizizenii strain

Fig. 3 Phylogenetic analysis of (A) Acinetobacter calcoaceticus (ON495939) (B) Bacillus amyloliquefaciens (ON495964) revealing evolutionary divergence
based on 16S rRNA gene sequences. Neighbor-joining method using MEGA ver.11.0. analyzed distance and clustering

(MA and SD) by 143.20 and 298.36% respectively. Under
MD, the rhizobacterial applications induced a 20% reduc-
tion in MDA compared to stressed plants. On the other
hand, bacterial inoculation decreased (p<0.05) leaves’
MDA content by 35.82% in the case of AC06 and 21.21%
by BAO1 in SD stress. ACO6 demonstrated better results
compared to BAOL.

The tremendous increase in TSS has been documented
in drought-exposed plants, i.e., 111.97% and 156.71% in
MD and SD. Inoculation of AC06 imparted enhanced
results of TSS by 50% and 49.55%, followed by BAO1 with
41.99% and 35.53% under MD and SD regimes (Fig. 8C).

Effects of PGPR biostimulants on stress markers under
drought in groundnut

In addition to non-enzymatic antioxidant (proline),
PGPR biostimulants led to statistically (»p<0.05) signifi-
cant impact on the activity of CAT, APX, and SOD (enzy-
matic antioxidant stress markers) (Fig. 9). A substantial
difference in the antioxidant enzyme activities was
observed between inoculated and un-inoculated treat-
ments under drought stress. Statistically high (»<0.05)
CAT enzyme activity under MD was recorded in plants
inoculated by AC06 (100%) followed by BA01 (26.92%) in
contrast to control. Similarly, the activity increased under
severe drought (AC06-55.17% and BA01-27.57%) com-
pared to stressed control (Fig. 9A).
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Table 3 Effect of PGPR biostimulants (Acinetobacter calcoaceticus — AC06 and Bacillus amyloliquefaciens — BAO1T) on plant growth

parameters under drought stress

Treatments Root length (cm) Shoot length (cm) Plant fresh weight (g) Plant dry weight (g)

100% FC Control (NI) 10.52+0.42° 2601+021° 22.50+0.22° 431+0.19¢
AC06 13524035 3036+042° 26.13+0.19° 5.69+0.35%
BAOT 12.83+0.38% 2843+0.40%° 2505+0.34% 485+048°

60% FC MD 9.13+0.22% 21014041 20.78+0.17% 424+0.16'
AC06+MD 11.8840.24%¢ 25.89+0.35° 2333+0.16%° 477+012°
BAOT+MD 9.79+0.50 2301+041° 21.46+0.54 427+0.26°

40% FC SD 804+0.20 18.29+0.20¢ 20.05+0.27¢ 3.66+061"
AC06+SD 1046 +0.19° 22.77 £0.54° 22.91+0.15>4 433+0.50
BAOT+SD 9.70+0.27% 20364031 21014015 3.78+0.38°

NI: Non-inoculated, MD: Moderate drought, SD: Severe drought
Data represent mean values of triplicates. £ = standard deviation

Different alphabets indicate significant differences between treatments based on Tukey'’s test (p<0.05)

Different letters indicate significant differences at p<0.05
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The increase in APX was 75 and 37.5% by AC06 and
BAO1 compared to the un-inoculated MD control. In
contrast, in SD, the enzymatic activity of AC06 was sig-
nificantly (p<0.05) more than BAO1 by 14.29% (Fig. 9B).
SOD production was also augmented for combat-
ing drought stress tolerance in groundnut. Applica-
tion of AC06 and BAO1 statistically (p<0.05) increased
SOD activity up to 62.26 and 18.87% in MD and 40.74
and 26.85% in SD compared to the respective control
(Fig. 9C).

Pearson’s correlation coefficient analysis

Pearson’s correlation matrix showed a strong significant
positive correlation among RL, SL, PEW, PDW, RWC,
MSI, Chl and Carotenoid (p<0.01) as well as between
Proline, MDA, TSS, CAT, APX and SOD (p<0.01)
(Fig. 10). In addition, a strong negative correlation of EL
and MDA with RL, SL, PFW, PDW, RWC, MSI, Chl, and
Carotenoid (p<0.05) was observed. Also, negative cor-
relation between RL, SL, PFW, PDW, RWC, MSI, Chl,
and Carotenoid with Proline, MDA, TSS, CAT, APX and
SOD was perceived. While a strong positive correlation
was seen between EL and MDA (p<0.01), and a positive
correlation of EL and MDA with Proline, TSS, CAT, APX
and SOD (p<0.01) was observed.

Effect of PGPR biostimulants on the rhizospheric bacterial
population of groundnut

The application of the PGPR significantly enhanced bac-
terial colonization under standard and drought-stressed
plants (Supplementary Table S2). The maximum increase
in the bacterial count was 6.46 and 6.18 log CFUg™ 'soil
under the application of AC06 and BAO1 in non-stressed
conditions. However, drought stress slightly affected the
colonization in AC06 treated plants with a 14 and 25%
reduction, while BAO1 treated plants showed 22 and 36%
reduced bacterial count under MD and SD.

Discussion

Drought stress is a recurring climatic issue to global agro-
sustainability since its alarming intensity impairs plant
growth, hinders nutrient absorption, reduces photosyn-
thesis, alters metabolic processes, and ends in oxidative
stress [56—58]. The application of microbial biostimu-
lants confers resistance and tolerance against drought
stress via RIDER (Rhizobacteria-induced drought endur-
ance and resilience) mechanisms as well as plays an inte-
gral role in resolving food security issues and nutrient
availability in crops [59, 60]. Isolation and screening of
rhizobacteria for desired functional traits are expected
to provide the most effective strain of PGPR for plant
stress management. Formerly, two different rhizobacteria
were characterized as putative PGPR biostimulants [23]
and evaluated for plant growth promotion in groundnuts
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Fig. 10 Pearson’s correlation between morphological, physiological and
biochemical attributes of groundnut treated with microbial biostimulants
under drought stress. RL, root length; SL, shoot length; PFW, plant fresh
weight; PDW, plant dry weight; RWC, relative water content; EL, electrolyte
leakage; MSI, membrane stability index; Chl, chlorophyll; Carot, carotenoid;
MDA, lipid peroxidation; TSS, total soluble sugar; CAT, catalase; APX, ascor-
bate peroxidase and SOD, superoxide dismutase

under pot and field trials. With prospects of design-
ing PGPR-based microbial biostimulants with improved
drought-resistance strains, the present investigation
aimed to isolate and characterize osmo-adaptive features
of rhizobacteria and induction of growth potential in
groundnut under osmotic stress. We performed in vitro
screening of 15 indigenous rhizobacteria isolated from
arid and semi-arid regions for their highest drought-tol-
erance activity along with PGP activities. Our findings
agree with reports of previous investigations on alleviat-
ing drought stress by using PGPR biostimulants [61, 62].

Many bacterial genera exhibit plant growth- promot-
ing traits in different crops [63, 64]. The drought-tolerant
PGPR ameliorates drought stress through PGP attributes
[65]. Production of rhizobacterial IAA is a direct mech-
anism to enhance plant development, which was effi-
ciently produced by the selected bacteria of the present
work. Jayakumar et al. [66] mentioned the central role of
IAA in stimulating plant cell growth and division, thereby
improving root absorptive surface area [67]. Phosphate is
a primary macronutrient that increases plant immunity,
protecting it from drought stress [63]. A remarkable per-
centage of isolates (73.33%) were positive for phosphate
solubilization. Danish and Zafarul-Hye [68] and Kour et
al. [69] reported similar results on siderophore, HCN,
and ammonia production.

Siderophore production is one of the microbes’
essential survival strategies because they chelate Fe®',



Eswaran et al. BMC Microbiology (2024) 24:165

and improves its solubility and uptake, assisting plant
growth under iron-limiting conditions [67]. Numer-
ous strains of PGPR produced HCN as antibiosis activ-
ity, an indirect mechanism for plant growth promotion.
Several researchers have documented the generation of
ammonia by drought—tolerant soil bacteria induced by
polyethylene glycol [70]. Different osmotic pressures gen-
erated through PEG 6000 examined the best five isolates
for their growth pattern under PEG that reduced water
availability and thus mimicked drought stress [71]. Two
(ACO06 and BAO1) out of five analyzed isolates tolerated
an exceptionally higher water potential of — 1.03 MPa
(30% PEG), suggesting their natural adaptation feature to
drought.

EPS production has been suggested as a defence
response triggered by stress. Therefore, it is an essen-
tial criterion for plant growth promotion under drought
stress [72]. EPS plays a significant role in physiologi-
cal adaptation, enabling bacterial cells to survive under
water-limiting conditions because it is hygroscopic and
possesses unique water-retention and cementing prop-
erties, which imparts protection to bacteria and host
plants against desiccation through improved soil aggre-
gation [73]. All five isolates produced EPS under stress
(-1.03 MPa) conditions compared to non-stress con-
ditions; however, isolates AC06 and BAO1 produced
more EPS. The tolerance of these bacterial strains to
low osmotic levels was probably because of EPS pro-
duction in semi-arid habitats. These results were in line
with previous studies where high EPS secretion of Pseu-
domonas fluorescens DR7, Bacillus sp., and Enterobac-
ter was deemed responsible for bacterial attachment,
plant-bacteria interaction, and root colonization under
harsh drought environment [72, 74, 75]. In vitro PGP
traits, drought resilience test, and EPS activity of selected
bacterial isolates outlined that AC06 and BAO1 were
exceptionally remarkable in the current analysis. Geno-
typic identification based on 16S rRNA gene homology
depicted that these selected drought-tolerant strains
(ACO06 and BAO1) belong to A. calcoaceticus and B. amy-
loliquefaciens, respectively.

Microbial biostimulants produce several osmolytes to
adapt to stressful environments. A better understand-
ing of the osmo-adaptive mechanisms of the AC06 and
BAO1 strains would aid in improving the interaction of
these bacteria with plants under water scarcity. In this
sense, the production of compatible osmolytes by PGPR,
such as proline, trehalose and glycine betaine, along with
the salicylic acid, was measured. Notably, these strains
produced osmolytes, suggesting a strong association
between osmotic stress and survival in low water poten-
tial. Proline and salicylic acid by PGPR can be linked to
the degree of drought tolerance and its endurance in
soil [74, 76]. Ashry et al. [34] reported the maximum
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production of proline and SA by DS4 under the harsh
conditions of PEG. In literature, an exceptional behavior
of high trehalose production by Azosprillum strain Az19
was observed under mild stress [33]. Vilchez et al. [77]
also revealed the correlation between microbial trehalose
and its stability under drought. Vasconcellos et al. [43]
predicted glycine betaine synthesis acted as an osmopro-
tectant, maintaining the cell turgor pressure for bacterial
survival.

Variation in the patterns of growth enhancement has
been observed when plants are treated with microbial
biostimulants under osmotic stress. The analyzed data
demonstrated the ability of A.calcoaceticus AC06 and B.
amyloliquefaciens BAO1 showing significant tolerant to
drought in groundnut by measuring growth indices, pho-
tosynthetic pigments, RWC, EL, MSI, MDA, TSS, proline
and ROS-scavenging enzymes. At exposure to drought,
plants exhibited a halt in growth parameters, further
ameliorated by inoculation of biostimulants. The present
study’s findings also agreed with the research conducted
by Kumar et al. [78], where root length, shoot length,
and plant fresh and dry weight were more pronounced
in groundnuts by drought mitigating the PGPR consor-
tium. Inoculation of A. calcoaceticus EU-LRNA-72 in
foxtail millet showed drought mitigation and physiologi-
cal growth by osmolyte adjustments [79]. Plants with
ACO06 and BAO1 inoculation showed an essential increase
in RWC and MSI but a reduction in EL over plants with-
out inoculation under MD and SD. Comparable results
were reported in alfalfa treated with PGPR QST713 [80]
and wheat treated with FAP5 strain under drought [81].
This may suggest that PGPR under stress can potentially
improve plant water content, thereby regulating mem-
brane stability and electrolyte leakage by altering hydrau-
lic conductivity [2].

Inhibition of photosynthetic process leads to the gen-
erating of reactive oxygen species [82]. This action likely
interferes with the pyrrole biosynthesis pathway, which is
indispensable for chlorophyll formation [83]. But in the
prevailing research, PGPR-based microbial biostimulants
ACO06 and BAO1 significantly increased the chlorophyll
content in groundnuts as compared to stressed plants,
thus improving the light-harvesting capacity, enhancing
the supply of CO, and reducing the formation of reac-
tive oxygen species in plants. This fact is also acknowl-
edged by the study of Ansari et al. [81] and Khalilpour
et al. [84], ideally proving the ability of PGPR strains on
the photosynthetic machinery under drought. Over-
all, the findings above indicated the favourable effect of
microbial biostimulants may be due to a reduction in
stress, induced changes in the structure of chloroplast,
and repair of photosynthetic enzymes [68], supporting
its positive influence on plant growth and physiological
parameters [85].
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Proline and TSS are the major compatible osmolytes
accumulated in plants under drought stress, and their
link confers drought tolerance [86]. Correspondingly,
enhanced accumulation of proline and TSS in ground-
nut leaves was noted upon priming with AC06 and BAO1
under MD and SD. Besides ROS scavenging, proline is
an essential osmolyte that maintains the cell membrane’s
integrity and structure. Higher TSS (47 mg/g FW) by
hydrolysis of starch provides osmotic adjustment under
drought [87, 88]. In the present analysis, a reduced level
of MDA was detected under drought-stressed condi-
tions in contrast to non-inoculated drought plants.
These results were correlated with the earlier findings
[89, 90], which showed tolerance by microbial biostimu-
lants against drought stress was positively correlated
with reduced MDA levels. Mellidou et al. [91] equiva-
lently confirmed a reduction in MDA content, implying
that strain inoculation possibly mimicked the impact of
mild oxidative stress, which could prime the plant toward
stress application.

An increase in antioxidant enzyme activity is vital
in plant stress resistance. Plants have a well-organized
defense mechanism for scavenging ROS generated dur-
ing drought stress [92, 93]. The enzyme superoxide dis-
mutase (SOD) releases hydrogen peroxide by dismutation
of superoxide radicals [94]. This hydrogen peroxide dam-
ages the cell membrane, and the catalase (CAT) enzyme
further induces the reduction of hydrogen peroxide into
water and molecular oxygen [95, 96]. We described the
results with groundnut plants displaying higher activi-
ties of antioxidant enzymes (SOD, CAT, and APX)
under drought stress. Sukweenadhi et al. [97], Sharma
et al. [98], Vaishnav et al. [99], and Khan and Bano [91]
achieved similar patterns of findings. According to our
data, elevated activities of the antioxidant enzymes CAT,
APX, and SOD resulted in enhanced drought tolerance
in groundnut, and A. calcoaceticus (AC06) and B. amy-
loliquefaciens (BAO1) have been found to mediate more
excellent drought resistance by manipulating the ROS-
scavenging enzymes and can be exploited efficiently
under hostile environments. The activity of antioxidants
is imperative during acute drought stress and interferes
with recovery from water deprivation and dehydration
resuscitation [100]. Substantial studies have indicated the
drought stress tolerance and inoculation-induced ROS-
scavenging enzymes in plants [85, 101, 102]. PGPRs stim-
ulate the host plant’s defense mechanism and boost its
antioxidant scavenging system [88]. Bacterial root colo-
nization is responsible for the enhanced activity of PGPR
for plant growth promotion [103, 104]. PGPR-treated
plants exhibited high rhizospheric colonization, whereas
the extent of colonization was reduced under drought
stress. However, the bacterial population CFU count
showed the PGPR’s ability to survive and colonize even
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during drought. Ahmed et al. [70] reported the enhanced
microbial population by applying PGPR, favoring the
presence of inoculated bacteria for longer under water
deficit conditions. PGPR colonization may have triggered
the plant’s physiological mechanism, which is its devel-
opment under drought. Therefore, the results presented
here support the hypothesis that the osmolyte-producing
rhizobacteria with plant growth-promoting attributes
can contribute to the drought habitat adaptation of oil-
yielding plants like groundnuts.

Conclusion

Drought tolerant, osmolyte, and EPS-producing rhizo-
bacteria associated with groundnut could counteract
drought stress, as indicated by accelerated growth vari-
ables, physiological redox status, and activity of stress
markers. We suggest that osmotolerant PGPR belonging
to genera Acinetobacter and Bacillus could help develop
microbial biostimulants for abiotic stress management in
plants. To our knowledge, ours is the first report describ-
ing the osmolyte production of Acinetobacter sp. AC06
and Bacillus sp. BAO1, especially in oil-seed crops under
extreme drought. Despite their potential, no commer-
cial products based on these species are available. As
evidence, the present research suggests that microbial
biostimulants products will probably be launched in the
future. Henceforth, a mechanistic framework explain-
ing the mode of action of microbial biostimulants will
be taken to devise a roadmap for biostimulant-based
strategies for sustainable food security and resource use
efficiency.
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