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Drought stress adversely affects plant health and productivity. Recently, drought-resistant bacterial iso-
lates are used to combat drought resistance in crops. In this in vitro study, 20 bacterial isolates were iso-
lated from harsh soil; their drought tolerance was evaluated using four concentrations of polyethylene
glycol (PEG) 6000. The two most efficient isolates (DS4 and DS9) were selected and identified using
16S rRNA genetic sequencing. They were registered in the NCBI database and deposited under accession
numbers MW916285 and MW916307 for Bacillus cereus (DS4) and Bacillus albus (DS9), respectively.
These isolates were screened for plant growth-promoting properties compared to non-stressed condi-
tions. Biochemical parameters; Proline, salicylic acid, gibberellic acid (GA), indole acetic acid (IAA),
antioxidant activity, and antioxidant enzymes were measured under the same conditions,
and in vitro seed germination was tested under stress conditions and inoculation with selected isolates.
The results showed that under the harsh conditions of PEG6000, DS4 produced the highest amount of
IAA of 1.61 mg/ml, followed by DS9 with 0.9 mg/ml. The highest amount of GA (49.95 mg/ml) was produced
by DS9. On the other hand, the highest amount of siderophore was produced from DS4 isolate followed by
DS9. Additionally, DS4 isolate recorded the highest exopolysaccharide (EPS) content of 3.4 mg/ml under
PEG (-1.2 MPa) followed by DS9. The antioxidant activity increased in PEG concentrations depending
manner, and the activity of the antioxidant enzymes increased, as catalase (CAT) recorded the highest
activity in DS4 with an amount of 1.095 mg/ml. additionally, an increase in biofilm formation was
observed under drought conditions. The isolated mixture protected the plant from the harmful effects
of drought and showed an increase in the measured variables. Under unstressed conditions, the highest
rates of emulsification index (EI 24%) were obtained for DS4 and DS9, at 14.92 and 11.54, respectively,
and decreased under stress. The highest values of germination, total seedling length, and vigor index
were obtained upon inoculation with the combination of two strains, and were 100%, 4.10 cm, and
410, respectively. Therefore, two strains combination is an effective vaccine capable of developing and
improving drought tolerance in dryland plants.
� 2021 The Author(s). Published by Elsevier B.V. on behalf of King Saud University. This is an open access

article under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).
1. Introduction

Abiotic stresses, such as drought, salinity, and extreme temper-
atures, as well as pollutants, such as pesticides and heavy metals,
are the main factors affecting plant growth and yield and cause sig-
nificant economic losses. Most abiotic stresses lead to oxidative
stress, hence an increase in reactive oxygen species (ROS) at the
cellular level (Kerchev et al., 2020). ROS are not only toxic
molecules but also signals that regulate various developmental
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processes and responses to the environment (Tsukagoshi et al.,
2010; Mhamdi and Van Breusegem, 2018).

Drought is a major environmental problem currently presenting
a challenge to most countries worldwide, as it leads to decreased
plant growth and yield, which thus affect the agricultural and food
industry. There is thus a need to seek ways of reducing this risk by
improving plant growth under drought stress conditions
(Chukwuneme et al., 2020). Owing to certain limitations in genetic
techniques (Coleman-Derr and Tringe, 2014; Philippot et al., 2013)
and the cost-intensive agricultural practices such as soil improve-
ment (Jongdee et al., 2006), searches have been undertaken to
identify better and more efficient ways of tackling drought stress.
Recently, an increasing number of environmentally friendly
approaches have been used to support agricultural sustainability,
including bio-stimulants (Chiaiese et al., 2018; du Jardin, 2015).
Bio-stimulants enhance the plant defenses, increase yield, improve
fruit quality, and reduce plant stress (Shukla et al., 2019). The
application of biostimulants affect metabolic processes, improve
ion transport, and modify plant hormones. Stress tolerance is per-
haps the most significant benefit of bio-stimulants (Backer et al.,
2018; Paul et al., 2019; Polo and Mata, 2018).

Microorganisms have considerable applications in agriculture,
with the central target of supplanting nutrients and chemicals.
The incorporation of microorganisms as an active and vital compo-
nent in the agricultural system to stimulate drought tolerance in
plants needs to be recommended to increase sustainable crop pro-
duction. Viruses, bacteria, algae, and fungi or their products can be
applied as biofertilizers, biopesticides, bioherbicides, and in biore-
mediation. Amongst them, bacteria possibly boost plant growth
through the production of plant-essential phytohormones, mineral
solubilization, and in addition, it might enhance an antagonistic
effect against the pathogens. In plants growing under extreme
stress conditions, Plant Growth-Promoting Bacteria (PGPB) inocu-
lation was shown to enhance stress tolerance, at least in part, by
enhancing the root length, allowing better access to water
(Cohen et al., 2015; Kang et al., 2014). Beneficial bacterial species
with the ability to promote plant growth have been studied and
applied to mitigate the harmful effects of drought (Enebe and
Babalola, 2018).

Bacteria avoid drought damage across several mechanisms; the
production of phytohormones, such as indole acetic acid (IAA), gib-
berellins (GA), biosurfactant (SINGH et al., 2018), and siderophores
(Wang et al., 2014). In addition, bacteria stimulate oxygen radical
scavenging (Coleman-Derr and Tringe, 2014; Ndeddy Aka and
Babalola, 2017) by proline production (Hayat et al., 2012) and
antioxidant enzymes (Rezayian et al., 2018). Furthermore, previous
studies demonstrated that Salicylic acid (SA) relieves drought
stress by inducing antioxidant enzymes (Habibi, 2012). Moreover,
exopolysaccharide (EPS) is produced to protect bacterial cells from
drought, by regulating nutrients and water flow across plant roots
through biofilm formation (Ali et al., 2014), which can increase cell
survival under stress (Ozturk and Aslim, 2010). Additionally, bacte-
ria must be able to survive on the seed surface and then colonize
the root system for optimal interaction with the plant
(Bloemberg and Lugtenberg, 2001). Owing to these outstanding
characteristics of PGPB, plants can grow well under drought
conditions.

Like plants, in the case of water scarcity, bacteria may also be
affected by hydric stress. Under conditions of water deficiency,
bacteria need to adapt to osmotic stress. Therefore, selecting bacte-
ria that are the most tolerant of drought is very useful to produce
new inoculants for use in arid areas (García et al., 2017). Most stud-
ies have focused on certain bacterial species, mostly Pseudomonas
and Bacillus (Chukwuneme et al., 2020), so the use of other types
of bacteria has not been sufficiently studied. As such, this study
was conducted to isolate and characterize other bacterial types
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and determine their ability to produce some plant growth-
promoting (PGP) substances under different drought conditions.

2. Materials and methods

2.1. Isolation and screening of drought-tolerant bacteria

Bacteria were isolated from soil samples collected from differ-
ent regions of Egypt using a serial dilution method. The morpho-
logically distinct bacterial colonies were isolated, purified, and
maintained on slants at 4 �C, and 60% glycerol stock was preserved
at �80 �C for future use.

Subsequently, the ability of the purified isolates to grow under
drought stress conditions was examined by adding different con-
centrations of polyethylene glycol (PEG 6000) (-0.15, �0.49,
�0.73, and �1.2 Mega Pascal (MPa) in tryptic soy broth (TSB)
(Vardharajula and Sk Z, 2014), and they were inoculated with 1%
bacterial cultures overnight. After incubation at 28 �C for 24 h
under shaking conditions (150 rpm), the growth was measured
using a spectrophotometer at 600 nm (SCO-Tech, SPUV19, Ger-
many) while using a sterile medium as a blank. Three replicates
of each isolate at the same concentrations as mentioned previously
were measured (Sandhya et al., 2009).

Optical density (OD) values of drought-tolerant isolates were
used for categorization as highly sensitive OD < 0.3; sensitive OD
0.3 to 0.39; tolerant OD 0.4 to 0.5, and completely tolerant
OD > 0.5 (Susilowati et al., 2018).

2.2. Assessment of features of drought-tolerant bacteria (PGP)

2.2.1. Cell-free extract preparation
Tubes of TSB medium were prepared under unstressed condi-

tions with different water potentials using the above-mentioned
PEG 6000 concentrations and amended with 1.0 mM
L-tryptophan. Each tube was inoculated with 1% of the overnight
grown culture of each tolerant and highly tolerant isolate and incu-
bated at 28 �C for 24 h on a shaking incubator at 150 rpm. By
centrifugation at 10,000 � g for 5 min, a cell-free extract super-
natant was obtained, collected, and used for the following
experiments.

2.2.2. Indole acetic acid (IAA) production
A total of 1.5 ml of the bacterial-free extract and 4 ml of Sal-

kowski reagent (12 g of FeCl3 per liter in 7.9 M H2SO4) were mixed.
Then, the solution mixture was incubated in the dark for 24 h. The
intensity of the resulting pink color was measured at a wavelength
of 520 nm using a spectrophotometer. The IAA concentration was
determined using a standard curve of known concentrations of
IAA (Gusmiaty et al., 2019).

2.2.3. Gibberellins (GA) production
One milliliter of Folin Ciocalteu reagent (HIMEDIA Co.,

Germany) and 1.0 ml of HCl conc. were added to 1.0 ml of the
bacterial-free extract in a test tube, followed by the addition of
3 ml of distilled water (DW). After that, the mixture was allowed
to boil in a water bath for 5 min, and then left to cool. The produced
bluish-green color was measured using a spectrophotometer (SCO-
Tech, SPUV19, Germany) at 760 nm. Likewise, the color was also
measured in gibberellic acid standard solution (GA3) (Abou-Aly
et al., 2019).

2.2.4. Siderophore production
In accordance with a previous study (Carson et al., 1992), two

types of siderophore were measured (Hydroxamate and cate-
cholate). Bacterial-free extract (1.0 ml) was mixed with 3.0 ml of
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2% aqueous FeCl3 solution. The previous mixture was measured at
two different wavelengths in the UV–visible spectrum range;
430 nm for hydroxamate and 495 nm for catecholate. A blank tube
contained 1 ml of DW and 3 ml of FeCl3.

2.2.5. Exopolysaccharide (EPS) estimation
Bacterial isolates were cultured in 50 ml of optimized mineral

salt medium (12.6% K2HPO4, 18.2% KH2PO4, 10% NH4NO3, 1%
MgSO4�7H2O, 0.6% MnSO4, 1% CaCl2�2H2O, 0.06% FeSO4�2H2O, 1%
sodium molybdate, 1.5% NaCl, and 0.2% glucose), in accordance
with a slightly modified version of a previously reported procedure
(Naseem and Bano, 2014) and incubated for 10 days under stressed
and unstressed conditions. After incubation at 28 �C in a shaker
incubator (150 rpm), 500 ll of 1 mM EDTA was added to harvest
the cells, followed by intense shaking, and then centrifuged at
15,000 rpm for 10 min. The supernatant was separated and mixed
with two volumes of ice ethanol (95%). Then, centrifugation was
performed twice at 15,000 rpm for 30 min. The sediments were
collected, washed, and dried until the weight was stable and then
the dry weight was taken.

2.3. Oxidative stress features of drought-tolerant bacteria

2.3.1. Proline
Proline production was estimated as described previously

(Abou-Aly et al., 2019); 2.0 ml of bacterial supernatant and
2.0 ml of glacial acetic acid were added to 2.0 ml of acid ninhydrin
(2.5 g of ninhydrin in 60 ml of glacial acetic acid and 40 ml of 6 M
phosphoric acid with warming until it melted) in a glass tube, and
put in a boiling bath for 1.0 h, moved to an ice bath. After that,
4.0 ml of toluene was mixed vigorously for 15–20 s. The absor-
bance was read at 520 nm and toluene was used as a blank.

2.3.2. Salicylic acid
SA production by bacterial isolates was estimated in accordance

with a previously reported method (Abou-Aly et al., 2019) as fol-
lows: 4.0 ml of bacterial supernatant was acidified with 1 N HCl
until the pH reached 2. Salicylic acid was extracted in chloroform
(CHCl3) 1:1 (v/v), followed by the addition of 4.0 ml of DW and
5.0 ml of 2 M FeCl3. The absorbance was read spectrophotometri-
cally at 527 nm, with chloroform used as a blank.

2.3.3. Antioxidant enzymes
2.3.3.1. Polyphenol oxidase activity (PPO). The PPO was measured as
described previously (Oktay et al., 1995). A total of 100 ml (100 mM
sodium phosphate buffer, pH 7.0), 500 ml (5 mM 4-
methylcatechol), and 500 ml of crude extract and then 3000 ml of
DW were added. The absorbance was read spectrophotometrically
at 420 nm.

2.3.3.2. Peroxidase activity (PO). The PO was observed using 4-
methyl catechol as a substrate, in accordance with a previous study
(Onsa et al., 2004). A mixture of 100 ml of 100 mM potassium
phosphate buffer (pH 7.0), 500 ml of 5 mM H2O2, 500 ml of 5 mM
4-methyl catechol, and 500 ml of crude extract was established,
which was made up to a total volume of 4000 ml by DW. Its absor-
bance was measured at 420 nm using a spectrophotometer. One
unit of enzyme activity under assay conditions was defined as
the amount of enzyme that caused a change of 0.001 in absorbance
per min.

2.3.3.3. Catalase (CAT). The CAT was determined by observing the
decrease in absorbance at 240 nm resulting from the decomposi-
tion of H2O2, as described previously (Desoky et al., 2020;
Vílchez et al., 2016). The mixture included 500 ml of 75 mM
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H2O2, 1500 ml of 100 mM potassium phosphate buffer (pH 7.0),
200 ml of enzyme extract, and 800 ml of DW.

2.4. Molecular identification of isolates

2.4.1. DNA extraction and PCR amplification
Genomic DNA of the two isolates was extracted using ZR Soil

Microbe DNA MiniPrepTM (Zymo Research, USA) extraction kit, in
accordance with the manufacturer’s instructions. The DNA was
amplified using universal 16S rRNA primers 27F: 50-AGAGTTTG
GATCMTGGCTCAG-30 and 1492R: 50-CGGTTACCTTGTTACGACTT-30

(Abdelatty et al., 2021). PCR was carried out in thermal cycle PCR
machine (SensoQuest, Cat # 049974) with a reaction volume of
50 ml. Each reaction contained 0.4 lM of each primer with a con-
centration of 10 pM, 400 lM of dNTP mix, 5 ml of 10 ml PCR reaction
buffer, 2 lM MgCl2, 2.5 units of TAKARA Taq DNA polymerase (Cat.
#: R001AM), 1 ll of template DNA, and the final volume was
adjusted with sterilized double DW. The PCR program was as fol-
lows: initial denaturation at 95 �C for 3 min; then 35 cycles of
denaturation at 95 �C for 50 s, annealing at 55 �C for 1 min, and
extension at 72 �C for 1 min; followed by final extension at 72 �C
for 10 min. Amplified PCR products were subjected to 2% agarose
gel electrophoresis and stained with ethidium bromide using a
GeneRulerTM 1 kb DNA ladder (Cat. #: SM0313), followed by visu-
alization using a gel DocTM EZ Imaging System with Image LabTM

Software (Bio-Rad, Cat# No. 7,569,130.).

2.4.2. DNA purification and sequencing analysis
The PCR products were purified using QIAquick Gel Extraction

Kit (Cat. #: 28706), in accordance with the manufacturer’s instruc-
tions, and were sequenced by Macrogen Company, South Korea.
The obtained 16S rRNA sequences were aligned and compared
with the known sequences in the NCBI nucleotide database by
the BLAST algorithm to find closely related bacteria. Jalview soft-
ware (Waterhouse et al., 2009) was applied to show single-
nucleotide polymorphisms (SNPs) and the consensus resulting
from the alignment of our obtained sequences with the nearest
strains in the NCBI database (http://www.jalview.org/). Analysis
of the evolutionary relationship using MEGA X was performed fol-
lowing the neighbor-joining method, as previously reported
(Kumar et al., 2018).

2.5. Quantitative determination of biofilm under stress conditions

The ability of Bacillus cereus and Bacillus albus to generate bio-
films under PEG6000 stress condition (at concentration of
�0.71 MPa) was assessed using the colorimetric method (Auger
et al., 2006). Fresh cultures of Bacillus cereus and Bacillus albus (final
concentration 4 log10 CFU/ml) were loaded individually into wells
of the 96-well microtiter plate and used to inoculate tryptone soya
broth (TSB) this is used to represent unstressed conditions. While
for the stressed conditions, the TSB was supplemented with
PEG6000 at a final concentration of �0.71 MPa, then inoculated
with bacterial isolates. The plates were incubated statically at
37 �C for 24 h. Quantitative estimation of the generated biofilms
were detected by measuring the absorbance (OD) at 570 nm as
described previously by Esmael et al., 2021.

2.6. Antioxidant activities and biosurfactant production

2.6.1. Antioxidant activities
One milliliter from the cell-free supernatant of the two isolates

was mixed with 3 ml of 0.1 mM 2-diphenyl-2-picryl hydrazyl
hydrate (DPPH) and incubated for 30 min in the dark. Absorbance
was measured in triplicate at 515 nm using a spectrophotometer
(SCO-Tech, SPUV19, Germany), and using 1 ml of ethanol added

http://www.jalview.org/


N.M. Ashry, B.A. Alaidaroos, S.A. Mohamed et al. Saudi Journal of Biological Sciences 29 (2022) 1760–1769
to 3 ml of DPPH solution as a control. DPPH scavenging activity was
calculated as described previously (Saad et al., 2021; Sahitya et al.,
2018) using the following formula:

DPPH radicals scavengingactiv ity %ð Þ

¼ ðOD of thecontrol� OD of the treated sampleÞ
OD of the control

� 100
2.6.2. Biosurfactant production
The emulsification index (% EI 24) was determined in accor-

dance with a previous study (Adnan et al., 2018). Equal volumes
of culture supernatant and toluene were mixed in a clear test tube
with vortexing for 2 min and left to stand for 24 h. % EI 24 was cal-
culated using the following equation:

%EI24 ¼ Height of the formed emulsion
Total height of the solution

� 100
2.7. In vitro evaluation of seed viability in Petri dishes

In the absence and presence of �0.73 MPa PEG 6000, seed ger-
mination tests were performed to evaluate the effects on seed ger-
mination of isolate inoculation individually and in combination
(Rincón et al., 2008). Before the test, drought-sensitive maize seeds
obtained from the Agricultural Botany Department, Egypt, were
washed and sterilized using 70% ethanol for 5 min, followed by
2% sodium hypochlorite (NaClO2) solution for 15 min, and washed
several times with sterile DW to clear away the remnants of the
disinfectant. Thereafter, two filter papers were added in the Petri
plates (replicated three times), after which 10 ml of each bacterial
strain suspension with �0.73 MPa or 10 ml of sterile water as a
control was placed in each Petri dish. Sterile seeds were soaked
in 10 ml of bacterial strain suspension with and without PEG for
5 h in a rotary shaker at 150 rpm; after that, six seeds were placed
in each Petri dish and incubated at 25 �C for 10 days (Chukwuneme
et al., 2020). Germinated seeds in each Petri dish were counted and
two seedlings per plate were randomly selected to measure total
seedling length (shoot and root length). Percentage germination
and vigor index were calculated in accordance with a previously
reported method (Chukwuneme et al., 2020) as follows:

Germinationrateð%Þ ¼ nN � 100:

Here, n is the number of germinated seeds after 7 days and N is
the total number of seeds.

Vigorindex ¼ %germination� total length of seedling
Fig. 1. Percentages of tolerance levels of bacterial isolates on TSB medium fortified
with various PEG 6000 concentrations.
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3. Results

In total, 20 different bacterial isolates were isolated from vari-
ous arid soils using TSB. The isolates were named ‘‘DS,” followed
by their isolation number. The results in Fig. 1 show that with
osmotic stress concentrations applied using PEG 6000, six (30%)
of the isolates were categorized as highly sensitive, nine (45%) as
sensitive, two (10%) as tolerant, and three (15%) as highly tolerant.
The five bacterial isolates (named DS2, DS4, DS5, DS8, and DS9)
that showed tolerant and highly tolerant activities against PEG
6000 were selected for further experiments in this work.

3.1. PGP characteristics of drought-tolerant bacterial isolates

The five most tolerant isolates were screened for the PGP prop-
erties of IAA, GA, siderophores, and EPS with and without PEG
6000. Drought stress had variable effects on all isolates in the
tested experiments, as shown in Fig. 2. From the results in
Fig. 2a, all five tested isolates gave the highest IAA amounts under
unstressed conditions and produced various amounts at different
drought stresses. Maximum IAA production was recorded for iso-
late DS4, ranging from 1.23 to 1.61 lg/ml, followed by isolate
DS9 (0.72–0.90 lg/ml), while isolate DS5 showed the lowest
amounts (0.51–0.75 lg/ml).

Regarding the trend of GA production, it decreased gradually
upon exposure to increasing concentrations of PEG 6000
(Fig. 2b). Isolate DS9 produced the highest amount of GA, within
the range of 18.87–49.95 lg/ml, followed by isolate DS2, while iso-
late DS8 was found to produce the lowest amount of GA (10.50–37.
00 lg/ml). To determine whether the drought-resistant bacterial
Fig. 2. Bar graphs illustrate the PGP characteristics of drought-tolerant bacterial
isolates under unstressed conditions (NS) and PEG 6000 stressed concentrations (-
0.15, �0.49, �0.73, and �1.2 MPa). (a) IAA, (b) GA, (c) siderophore (catecholate and
hydroxamate), and (d) EPS production.



Fig. 4. Effect of different PEG 6000 concentrations (MPa) on the activities of: (a)
polyphenol oxidase enzyme, (b) peroxidase enzyme, and (c) catalase enzyme.
Different colors of the columns representing different PEG6000 concentrations
(unstressed, �0.15, �0.49,�0.73 and�1.2 MPa). The data displayed are the mean of
three replicates and error bars indicates the deviations in the values.
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isolates were producing siderophores, the production of two side-
rophores types, hydroxamate, and catecholate, were examined
(Fig. 2c-d). Our results indicated that all tested bacterial isolates
were able to produce siderophores under unstressed and stressed
conditions while the amount of both the hydroxamate and cate-
cholate varies inversely with the concentration (MPa) of PEG
6000. Bacterial isolate DS4 was the most potent isolate in terms
of producing siderophore, followed by isolates DS9 and DS2
respectively. Regarding the production of exopolysaccharides
(EPS), a significant increase in this variable was observed under
drought stress conditions compared with that under unstressed
conditions (Fig. 2d). The highest EPS production was achieved by
isolate DS4 and then isolate DS9 under unstressed conditions,
namely, at �0.15 and �0.49 MPa, which were 1.90 and
1.61 mg ml�1, while at �0.73 and �1.2 PEG 6000 concentrations
they were 2.80 and 3.40 mg ml�1, respectively. The quantity of
EPS produced by the isolate DS8 was close to that of the isolate
DS4, at only �1.2 MPa, and the lowest EPS production was
obtained by DS2.

3.2. Traits associated with oxidative stress of drought-tolerant
bacteria.

The production of proline, salicylic acid, and oxidative enzymes
by drought-tolerant bacterial isolates was assessed, as shown in
Fig. 3. Regarding the production of proline (Fig. 3a), compared with
that under unstressed conditions, proline production increased
under the different PEG concentrations. Except at �1.2 MPa, the
maximum proline quantities in unstressed conditions and media
supplemented with different concentrations of PEG were produced
by isolate DS9, ranging from 1.95 to 2.66 mg/ml. In this respect, the
proline production by DS4 was higher than those of the other iso-
lates. Meanwhile, the minimum proline quantities were recorded
by DS5, ranging from 1.44 to 1.80 mg ml�1.

Regarding Salicylic acid (SA) production, all of the examined
isolates were able to produce various amounts of SA with and
without stress, as shown in Fig. 3b. The highest and lowest levels
of SA with and without stress were produced by isolates DS4 and
DS8, respectively. Meanwhile, higher SA amounts were produced
by DS9 (30.15–33.38 mg ml�1) than by DS5 (30.08–32.50 mg ml�1)
and DS2 (29.60–31.33 mg ml�1).

The activities of those antioxidant enzymes for the selected iso-
lates were strongly influenced by the intensity of drought stress
(Fig. 4) and declined in the control without stress compared with
the levels at other PEG concentrations.

Our results showed that PPO and PO exhibited variable activi-
ties with increasing PEG concentrations for five tested isolates.
DS9 recorded the highest PPO and PO activity, followed by DS4
for PPO, but followed by DS2 for PO. Additionally, CAT activity
increased dramatically with increasing PEG concentrations until
peaking at �1.2 MPa. DS4 had the maximum activity (0.015,
Fig. 3. Bar graphs represent the production of (a) proline and (b) Salicylic acid (SA)
by drought-tolerant bacterial isolates under unstressed conditions (NS) and various
PEG 6000 stressed concentrations (-0.15, �0.49, �0.73, and �1.2 MPa).
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0.668, 1.058, 1.088, and 1.095 mg/ml) while the minimum activity
was observed for DS8 at 0.128, 0.520, 0.570, 0.578, and 0.788 mg/
ml at control conditions, �0.15, �0.49, �0.73, and �1.2 MPa,
respectively. Depending on the results of the preceding experi-
ments, isolates DS4 and DS9 were selected for further study
because they exhibited the highest PGPB activities.
3.3. Molecular characterization and phylogenetic analysis

The amplified PCR products of the 16S rRNA gene (1.5 kb in
length) from the two isolates were sequenced and the assembled
sequences were submitted to the NCBI database under accession
numbers MW916285.1 for Bacillus cereus and MW916307.1 for
Bacillus albus. The query 16S rRNA gene sequences were aligned
with the nearest sequences, exhibiting identity rates ranging from
96% to 98%, with an E-value of zero.

BlastN and Jalview alignment results for these two isolates
revealed that the nearest deposited sequences in the database
are Bacillus cereus (MK956956.1) and Bacillus albus
(MK993460.1), with identity rates of 96.97% and 98.26%, respec-
tively. The results on SNPs indicated that there were 22 SNPs and
16 GAPs between the obtained sequence Bacillus cereus
(MK956956.1) and the nearest one of Bacillus cereus MK956956.1.
Meanwhile, there were 9 SNPs and 11 GAPs between Bacillus albus
(MK993460.1) and the nearest one of Bacillus albus MK993460.1
(Figs. 5 and 6).

The phylogenetic tree indicated the genetic relationship of the
bacterial isolates with the closest reference bacterial species. The
obtained isolates Bacillus cereus (MW916285) and Bacillus albus



Fig. 5. PCR products of 16S rRNA gene of the two selected PGP isolates.
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(MW916307) were in the same clades as the nearest sequences
Bacillus cereus (96%, MK956956.1) and Bacillus albus (98%,
MK993460.1), respectively, in the database (Fig. 7).
3.4. Evaluation of biofilm formation by the selected PGP bacteria under
stress condition

Bacteria adapt to different stress conditions by the generation of
biofilm, which is a noteworthy strategy to survive in plant rhizo-
sphere. Fig. 8 shows the absorbance values at 570 nm (OD) which
indicates the activity of biofilm formation for the two selected
PGPB (Bacillus cereus and Bacillus albus) under normal and
PEG6000-stress conditions. The data showed that the bacterial
activity of biofilm formation was slightly increased under the
stress condition as compared to the normal conditions.
Fig. 6. Image shows SNPs and GAPs between (a) Bacillus cereus (MW916285.1) and the ne
sequence (MK993460.1) deposited in GenBank.
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3.5. Antioxidant activities and biosurfactant production

The preceding experiments showed that isolated DS4 and DS9
(here after Bacillus cereus and Bacillus albus) were the two most
potent strains in terms of drought tolerance. These two isolates
were selected and used as candidates for DPPH scavenging activity
and biosurfactant production under PEG stressed and normal
unstressed conditions.

Concerning antioxidant activity (Fig. 9a), the two isolates were
used to estimate the ability to inhibit 2,2-diphenyl-2-becquerel
hydrazyl hydrate (DPPH). DPPH radical scavenging activity (%)
decreased with increasing PEG concentrations until �1.2 MPa,
meaning that the inhibition of DPPH increases with increasing
PEG concentration. Notably, isolate DS9 exhibited lower scaveng-
ing activity (%) than DS4, which implies a higher ability of DS9 to
inhibit DPPH.

To determine biosurfactant production, the emulsification
capacity assay was used (Fig. 9b). Under unstressed conditions,
the highest rates of EI 24% were obtained for DS4 and DS9, at
14.92 and 11.54, respectively. EI 24% decreased with increasing
drought stress. Additionally, DS4 gave higher EI 24% than DS9.
Notably, DS9 was not able to produce biosurfactant at �1.2 MPa.

3.6. Seed germination test

Seed germination was assessed with DS4 and DS9 (Bacillus cer-
eus and Bacillus albus) under unstressed conditions compared with
that under-drought stress at �0.73 MPa, as presented in Table 1.
Under unstressed conditions, germination rate, total seedling
length (cm), and vigor index gave the highest values when inocu-
lating seeds with either strain individually or them in combination,
compared with the findings for uninoculated seeds (T1). Under
drought stress, the highest values of germination %, total seedling
length (cm), and vigor index were obtained upon inoculation with
the combination of two strains, and were 100%, 4.10 cm, and 410,
respectively.

4. Discussion

Drought is a major environmental problem that reduce plant
growth and yields, additionally, affect the agricultural and food
industry. various ecofriendly methods have been used to support
arest sequence (MK956956.1), and (b) Bacillus albus (MW916307.1) and the nearest



Fig. 7. The phylogenetic tree of A) the obtained sequence of Bacillus cereus (MW916285.1) with the nearest one of Bacillus cereus (MK956956.1), and B) the obtained sequence
of Bacillus albus (MW916307.1) with the nearest sequence of Bacillus albus (MK993460.1) deposited in GenBank. This tree was made using the maximum likelihood method
with MEGA X. Each bar represents 0.002 changes per nucleotide.

Fig. 8. Quantitative evaluation of biofilm formation by Bacillus cereus and Bacillus
albus in NB cultures (unstressed controls) and NB cultures supplemented with
PEG6000 (-0.71 MPa).

Fig. 9. Percentage of DPPH scavenging activity (a) and emulsification index (b) for
both DS4 and DS9 (strain names) under different concentrations of PEG 6000,
compared with unstressed conditions (NS).
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agricultural sustainability (Chiaiese et al., 2018; du Jardin, 2015),
including biostimulants. Biostimulants enhance plant defense,
increase yield, improve fruit quality, and reduce plant stress
(Shukla et al., 2019). Plant Growth-Promoting Bacteria (PGPB)
inoculation was shown to enhance stress tolerance, promote plant
growth and mitigate the harmful effects of drought (Enebe and
Babalola, 2018). PEG 6000 reduces water availability and thus
leads to drought stress (Arun K. et al., 2020).Under the drought
stress conditions, IAA production decreased (Sandhya et al.,
2009). Additionally, phytohormones play a major role in plant
development (Sathya et al., 2017) through stimulating plant cell
growth and division (Jayakumar et al., 2020). They also enhance
lateral root formation and absorptive surface area, thereby improv-
ing the acquisition of water by plants (Rajkumar et al., 2017). The
Table 1
Germination (%), total seedling length (cm), and vigor index of maize seeds in
drought stress (-0.73 MPa) and without stress.

Treatments Germinati

T1 (un-inoculated seeds) 83.33
T2 (un-inoculated seeds + � 0.73 MPa) 16.67
T3 (seeds + DS4 strain) 100.00
T4 (seeds + DS4 strain+ � 0.73 MPa) 66.67
T5 (seeds + DS9 strain) 100.00
T6 (seeds + DS9 strain+ � 0.73 MPa) 50.00
T7 (seeds + DS4 strain + DS4 strain) 100.00
T8 (seeds + DS4 strain + DS9 strain + � 0.73 MPa) 83.33
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difference between the strains in the amount of phytohormones
produced can be influenced by the culture conditions, growth
stage, and substrate availability (Susilowati et al., 2018).

Siderophores are used as one of the most important survival
strategies for microbes because they form complexes with Fe and
improve its solubility and uptake under conditions with a lack of
iron availability (Rajkumar et al., 2017). Previous study of
Arzanesh et al., (2011) analyzed siderophores and their relation-
ship to drought resistance, which found that the strain that pro-
duces a higher level of siderophores is associated with excellent
drought resistance of the host plants. Under stress conditions,
Pseudomonas sp., produced higher EPS levels than under unstressed
conditions, suggesting that the formation of EPS in bacteria occurs
as a reaction to stress (Ali et al., 2014).

Microbial EPS production under stressed conditions is a form of
physiological adaptation enabling microbes to survive. Therefore,
oculated with both DS4 and DS9 either alone or by co-inoculation under

on % Total seedling length (cm) Vigor index

3.50 291.66
0.50 8.340
4.00 400.00
3.10 206.677
3.60 360.00
2.90 145.00
4.10 410.00
4.10 341.65
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the ability to produce EPS by bacterial cells is used as a criterion of
drought tolerance in bacteria (Sandhya et al., 2009). Depending on
the genus and species of bacteria, the quantity and composition of
EPS differ greatly, which also often depends on the environmental
conditions.

Proline accumulation is one of the mechanisms involved as a
stress response and drought tolerance has been shown to be
enhanced in plants with high proline content. Membrane integrity
must be maintained under drought stress to avoid protein denatu-
ration; therefore, proline can interact with enzymes to maintain
protein structure and activity (Kavi Kishor et al., 2005). In addition
to being an excellent osmolyte, proline plays three major roles dur-
ing stress, namely, as a metal chelator, a signaling molecule, and an
antioxidative defense molecule (Hayat et al., 2012). The accumula-
tion of greater amounts of proline upon bacterial inoculation may
be due to maintenance of the water potential (Kumari et al., 2016).

SA is a phenolic compound that regulates plant growth, devel-
opment, and response to biotic and abiotic stresses (Miura and
Tada, 2014). Under stressed conditions, SA is involved in the con-
trol of important plant physiological processes such as photosyn-
thesis, plant–water relationships, nitrogen metabolism,
antioxidant defense system, and glycine betaine development, thus
protecting plants against abiotic stresses (Khan et al., 2014).

The large amounts of ROS are produced upon exposure to
drought stress, especially hydroxyl radical and single oxygen
(1O2) (both of which are highly reactive), causing oxidative damage
to many cell components (Cruz De Carvalho, 2008). Antioxidant
enzymes such as Polyphenol oxidase (PPO), peroxidase (PO), and
catalase (CAT) play important roles in the scavenging of ROS, and
it has been found that, as a result of drought, these enzymes are
activated in response to stress, indicating that high antioxidant
capacity is associated with stress tolerance (Zandalinas et al.,
2018). An increase in antioxidant enzyme activity under drought
stress plays an important role in fighting stress in plants. Mean-
while, CAT induces the dismutation of H2O2 into water and molec-
ular O2 (Singh et al., 2020). In addition, PO degrades H2O2 by
oxidizing co-substrates such as phenolic compounds and/or
antioxidants, whereas PPO oxidizes some phenols to quinones
(Apel and Hirt, 2004; Demir and Kocaçalis�kan, 2001).

The activity of antioxidants is not only critical during acute
drought stress, but also interferes with recovery from water limita-
tion and dehydration resuscitation (Laxa et al., 2019).

Previous studies have shown that Bacillus species can be used as
a plant growth-promoting bacteria, with the advantages of rapid
reproduction, simple nutrition and strong environmental compat-
ibility (Rehman et al., 2019). Also Hung et al., (2020) reported that
Bacillus spp., exhibited many plants growth-promoting properties.
In addition, Kasim et al., (2016) detected an increase in the biofilm
generation of twenty PGPRs under increasing salt concentrations.
Under different environmental stress conditions bacterial competi-
tion is being increased for nutrients and subsequently, bacteria
revert from the planktonic life style to the aggregated or biofilm
form to protect the bacterial cells in the rhizosphere from the ele-
vated stress (Qurashi and Sabri, 2012). Additionally, increasing the
formation of exopolysaccharides (ES) under stress conditions also
supports the generation of biofilms in PGPB.

Biosurfactant is a multifunctional microbial metabolite
(chelating/complexion/solubilizing agent), which is environmen-
tally friendly due to its low toxicity and biodegradability
(Akladious et al., 2019). Biosurfactant efficiently operates to solubi-
lize and increase the supply of micronutrients and trace metals
(Sheng et al., 2008). The biosurfactant production by microbes
depends on nutritional and physical conditions (Rodrigues et al.,
2006).

The beneficial effects of the tested strains on the growth charac-
teristics could be attributed to the production of PGP substances, as
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previously confirmed in this study. These results are in harmony
with those obtained in previous studies (Chukwuneme et al.,
2020; Zahid et al., 2015). Besides inoculating plants with individual
strains of bacteria, co-inoculation of two or more strains leads to
greater tolerance of drought stress in plants (Wang et al., 2012).
Additionally, seeds inoculated with either single strain showed
higher values than uninoculated seeds (T1). Generally, the ability
of bacteria to improve plant growth under drought stress condi-
tions is due to their osmoregulation, antioxidant activities, and bio-
film formation, as mentioned previously in this study, to adapt and
protect them from stress damage by avoiding oxidative damage
(Bashan and de-Bashan, 2010; Dimkpa et al., 2009).

5. Conclusion

Climate change has already and will increasingly lead to
undesirable environmental conditions and greater drought stress
in different locations. This can reduce agricultural productivity
and result in the loss of arable land. Various approaches have been
developed to reduce the effects of drought on crop plants, but these
have some potential negative effects in addition to being expen-
sive, so it is necessary to use environmentally friendly and low-
cost microbial inoculations that further enhance the growth of
drought-tolerant plants through a variety of mechanisms, such as
the production of growth-promoting substances, besides the pro-
duction of certain substances and enzymes to overcome oxidative
stress during drought. This study showed that inoculating maize
seeds with strain DS4 or DS9 increased the germination rate and
seedling length and reduced the harmful effects of drought. More-
over, good results were obtained when the maize seeds were inoc-
ulated with a mixture of these two strains, compared with the
findings for each strain alone. Hence, there is a need for further
evaluation and screening of the efficacy of these drought-tolerant
strains and the ability to produce PGP traits in soil–plant systems.
Finally, additional studies are needed to understand the interaction
between plants and microbes genetically, in order to mitigate
drought tolerance.
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