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Introduction: Maize is a major staple cereal crop grown and consumed globally.
However, due to climate change, extreme heat and drought stresses are greatly
affecting its production especially in sub-Saharan Africa. The use of a bio-based
approach to mitigate drought stress is therefore suggested using plant growth-
promoting rhizobacteria (PGPR).

Methods: This study investigated the abilities of 1-aminocyclopropane-1-carboxylate
(ACC) deaminase producing PGPR Pseudomonas sp. MRBP4, Pseudomonas sp.
MRBP13 and Bacillus sp. MRBP10 isolated from maize rhizosphere soil, to ameliorate
the effect of drought stress in maize genotypes MR44 and SO/8/W/I137TNW//CML550
under two water regimes; mild drought stress (50% FC) and well-watered conditions
(100% FC). The rhizobacterial strains were identified by 16S rRNA sequencing and
biochemical tests, and evaluated for plant growth-promoting and abiotic stress
tolerance traits.

Results and discussion: The synergistic effect of the bacterial strains had a highly
significant (p < 0.001) effect on the total soluble sugar, soil moisture content and
relative water content, which were enhanced under water-stress in the inoculated
plants. Relative water content was significantly highest (p < 0.001) in maize plants
co-inoculated with Pseudomonas sp. MRBP4 + Bacillus sp. MRBP10 (60.55%). Total
chlorophyll content was significantly enhanced in maize seedlings sole inoculated
with Pseudomonas sp. MRBP4, Pseudomonas sp. MRBP13, and co-inoculated with
Pseudomonas sp. MRBP13 + Bacillus sp. MRBP10 by 15.91%, 14.99% and 15.75%
respectively, over the un-inoculated control. Soil moisture content increased by
28.67% and 30.71% compared to the un-inoculated control when plants were
inoculated with Pseudomonas sp. MRBP4 + Bacillus sp. MRBP10 and Pseudomonas
sp. MRBP4 + Bacillus sp. MRBP10 respectively. The interactive effect of genotype
x bacteria significantly enhanced biomass production. Leaf area was highest in
maize plants co-inoculated with Pseudomonas sp. MRBP4 -+ Pseudomonas sp.
MRBP13 (212.45 + 0.87 cm?) under drought stress. Treatment of maize seeds with
Pseudomonas sp. MRBP 4 + Pseudomonas sp. MRBP13 + Bacillus sp. MRBP10
significantly increased the root length (10.32 £+ 0.48 cm) which enhanced survival
of the maize seedlings. Bioinoculation of maize seeds with these strains could boost
maize production cultivated in arid regions.

bioinoculation, chlorophyll content, PGPR, relative water content, water-deficit stress, Zea
mays
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Introduction

Maize (Zea mays L.) is an essential staple crop grown globally,
ranking third after rice and wheat (Subbaiah et al., 2016). It is widely
consumed as food in different forms in South America, Asia and sub-
Saharan Africa (SSA). Maize yield in SSA dropped in western and
southern Africa to below 2t ha™!, and <1.5t ha™! respectively, due
to changes in climatic conditions (Cairns et al., 2013). In South Africa,
maize is majorly produced in the North-West and the Free State
Provinces using irrigation systems, unlike other African countries
that experience rains during the planting season. The impact of the
El Nifo induced drought of 2016 was mostly felt in South Africa
with the resultant yield reductions in maize production and economic
losses to the Rainbow Nation. Drought stress leads to a reduction
in plant nutrient uptake which causes poor root growth and low
photosynthesis resulting in low yields.

Insufficient moisture in the soil, coupled with contamination
by heavy metals or hydrocarbons and environmental stresses such
as elevated temperatures, heat, drought, and salinity (Chibuike and
Obiora, 2014; Etesami and Maheshwari, 2018), could affect the
quality of soil required for cultivation of crops as it becomes poor and
ceases to support life. Researches have shown that microorganisms
residing in the rhizosphere soil play major roles in enhancing
soil quality and promote healthy plant growth (Ojuederie et al,
2019). Bacteria in soil aid in the recycling of nutrients (carbon and
nitrogen), degradation of organic matter, and some can produce
plant growth-promoting (PGP) substances even under unfavorable
environmental conditions (Jacoby et al, 2017). Enrichment of
bacterial communities within the rhizosphere soil by plant root
exudates creates a rhizospheric effect as the exudates influences the
composition of the microbiome (Yin et al., 2021), which is also
dependent on the type of plant, and the genotype.

Plant growth-promoting rhizobacteria (PGPR) when inoculated
on plants, could enhance plant growth using both direct and
indirect mechanisms such as synthesis of 1-aminocyclopropane-1-
carboxylate (ACC) deaminase, sequestration of iron, mobilization of
phosphorus in soils, and induced systemic resistance (Olanrewaju
et al, 2017; Etesami and Maheshwari, 2018; Ojuederie et al.,
2019), synthesis of phytohormones like indole-3-acetic acid (Gujral
et al, 2013; Grover et al,, 2014; Dutta et al., 2015), solubilization
of phosphate (Timmusk et al, 2014; Otieno et al, 2015; Zeng
et al, 2016; Li et al., 2017; Saikia et al., 2018), and production of
exopolysaccharides (Sandhya et al.,, 2010; Timmusk et al., 2014; Niu
et al,, 2018; Igiehon et al., 2019).

PGPR are the vital players in the quest for sustainable plant
development during unfavorable environmental conditions due to
the effects of climate change and anthropogenic activities (Enebe and
Babalola, 2018). Some studies have shown the abilities of rhizospheric
bacteria mostly of the genera Pseudomonas (Chandra et al., 2018;
Niu et al., 2018), Bacillus (Vardharajula et al., 2011; Vardharajula,
2014; Dutta et al., 2015; Saleem et al., 2018), Burkholderia (Maxton
et al., 2018), Enterobacter (Saleem et al., 2018), and Azospirillum
(Curd et al., 2017), to ameliorate the impact of drought stress on crop
plants. Besides these PGPR, other soil microorganisms such as the
Arbuscular mycorrhizal fungi (Wu and Zou, 2017; Li J. et al., 2019;
Posta and Duc, 2019), nitrogen-fixing bacteria (Igichon et al., 2019),
and actinobacteria (Li H. et al., 2019; Chukwuneme et al., 2020)
have also been harnessed in boosting plant growth under drought
stress conditions.
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Mitigating the negative impact of drought stress on
crop production requires a holistic approach. Utilization of
drought-tolerant rhizobacteria strains with multifunctional growth-
promoting traits as bio-inoculants for healthy plant growth under
abiotic stress conditions is a cheap and eco-friendly approach to
win the war against the detrimental effects of drought stress on
crop production. This study was based on the hypotheses that (i)
bioinoculation of maize genotypes with PGPR will ameliorate the
effects of drought stress on maize genotypes (ii) the performance of
PGPR isolated from maize rhizosphere soil is influenced by their
plant growth promoting properties, and (iii) co-inoculation of PGPR
strains is more effective in mitigation of drought stress than sole
inoculation. Considering this, our research aimed to investigate
the ability of three ACC deaminase producing rhizobacteria strains
with multifunctional growth-promoting factors isolated from maize
rhizosphere soil, to enhance the performance of maize genotypes
under partially watered and well-watered conditions. These strains
were chosen based on their ability to grow at a low water activity
(0.919Aw), elevated temperature of 50°C, and ability to produce

multiple plant growth-promoting substances.

Materials and methods

Soil sample collection and bacterial isolation

Maize rhizosphere soil was collected at a depth of 5-15cm
randomly, from five locations on a maize field at the Agricultural
Research Council (ARC) Potchefstroom South Africa (Latitude 26°
43’ 49.2” and Longitude 27° 3’ 43.3”). Large particles were removed
by sieving with a 2mm sieve, and a composite soil sample made.
The physicochemical characteristic of the soil was analyzed by the
Agricultural Research Council (ARC) analytical laboratory, Africa
(Supplementary Table 1). Soil organic carbon and organic matter
were determined using the Walkley-Black titration method (Walkley
and Black, 1934; Motsara and Roy, 2008). The method of Olsen and
Sommers (1982) was used for determination of available phosphorus.
Available potassium was determined by ICP-OES on an ammonium
acetate extraction of the soil (Toth and Prince, 1949; Motsara and
Roy, 2008), while total nitrogen was determined by the Kjeldahl
method (Bremner, 1960). Soil moisture was measured using the
method of Motsara and Roy (2008).

Bacteria strains were obtained using a pour plate method on
nutrient agar (NA; Merck, South Africa) according to the method of
Abiala et al. (2015), and incubated for 24 h at 28 &+ 2°C. Pure cultures
of strains were obtained which were subsequently characterized
using morphological features and biochemical tests. The method
of Cheesbrough (2006) was used for Gram stain, catalase activity,
oxidase, nitrate reduction and starch hydrolysis tests. Hydrogen
cyanide (HCN) was determined using the method of Kavamura
et al. (2013). Development of orange color after 48-72h at 28°C
incubation was indicative of HCN production. Ammonia production
was also determined using the method of Kavamura et al. (2013) by
inoculating freshly grown cultures (18-24h) of each isolate in 10 mL
of peptone water and then incubated at 28°C for 48 h. Ammonia
production was assessed by the development of faint yellow to
deep yellow color by the strains in different proportions in 1.5 pL
Eppendorf tubes containing 50 pL of Nessler’s reagent (Dey et al.,
2004).
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Plant growth promoting traits of bacterial
strains

Three bacterial strains Pseudomonas sp. MRBP4, Pseudomonas
sp. MRBP13, and Bacillus sp. MRBP10 were selected for greenhouse
study based on their plant growth-promoting traits and ability
to withstand low water activity in vitro. 1-aminoccylopropane-1-
carboxylate (ACC) deaminase activity was determined in accordance
with the method of Ali et al. (2013) using tryptone soy broth.

The method of Kavamura et al. (2013) was used to determine
indole-3-acetic acid (IAA) production by culturing the strains in
triplicate in tryptophan nutrient broth (Oxoid Chemicals). The
cultures were incubated with constant shaking for 48 h at 28 £ 2°C.
After centrifugation of turbid cultures for 20 min at 10,000 rpm, 2 mL
of the supernatant was mixed with 4 mL of Salkowsky reagent. After
20 min of the mixture kept in the dark, light absorption at 530 nm
was measured using a spectrophotometer (Themospectronic Merck
SA). The TAA production by each isolate in mg L~! was determined
by comparing the light absorption to a standard curve prepared from
pure IAA solutions (5, 10, 20, 50, and 100 mg L7h.

Strains were grown in TSB medium amended with sucrose (10%)
at pH 7.5 containing discs of sterile 5 mm filter paper in petri plates.
Each disc was inoculated with 2mL culture of each isolate for EPS
production and incubated at 28°C for 48 h. The presence of EPS
was confirmed from the precipitation observed after mixing a part
of the mucoid substance formed around the discs in 2 mL of absolute
ethanol (Paulo et al., 2012; Kavamura et al., 2013).

Each isolate was screened for phosphate solubilization on
Pikovskaya’s agar (PKA) medium according to the method of Paul
and Sinha (2017). The strains were obtained using pour plate method
and incubated for 48 h at 28 & 2°C. Distinct colonies with halo zones
were identified and the halo zone surrounding the colonies measured.
Phosphate solubilization index was calculated using the formula of
Premono et al. (1996).

Colony diameter + Halo zone diameter

Phosphate solubilization index (PSI) = -
Colony diameter

Abiotic stress tolerance of bacterial strains

The rhizobacteria strains were tested in vitro for the ability to
grow on a medium with low water activity (0.919Aw; Kavamura
et al., 2013). This was achieved by inoculating TSA medium (10%)
supplemented with 450g L=! D. sorbitol (Sigma, France), with
24h culture of each isolate, incubated at 40°C. Strains were also
tested on their ability to withstand high temperature of 50°C by
inoculating 10 mL of sterilized TSB with 24 h culture of each isolate.
The inoculated test tubes were incubated at 120 rpm for 24h.
Subsequently the optical density (OD) was measured at 600 nm using
a UV spectrophotometer (Thermo Spectronic; Merck, South Africa).
The strains were also evaluated for water-deficit stress tolerance by
inoculating each isolate in 10 mL of sterilized TSB broth containing
20% polyethylene glycol (PEG) 8000 and subsequently incubated
for 24h at 28°C on a rotatory shaker. The OD was measured at
600 nm using a UV spectrophotometer (Thermo Spectronic; Merck,
South Africa).
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Molecular identification of rhizobacteria
strains

A ZR Soil Bacterial DNA MiniPrep extraction kit (Zymo
Research, Irvine, CA, USA) was used for DNA extraction in
accordance with the manufacturer’s instructions. Inqaba Biotechnical
Industrial (Pty) Ltd, Pretoria, South Africa sequenced the purified
PCR products using PRISMTM Ready Reaction Dye Terminator
Cycle Sequencing Kit. The partial 16S rRNA gene of each bacterial
isolate was amplified Universal bacteria primers 341F and 907R
(Fukuda et al,, 2016). A 25-pl volume cocktail was made composed
of 12.5 pL of 2x PCR Master Mix (0.05 U/l Tag DNA polymerase,
4mM MgCl, and 0.4mM dNTPs (Fermentas), 0.5 wL of forward
primer (341F), 0.5 WL of reverse primer (907R), 2.0 nL of template
DNA, and 9.5 nL of nuclease free water. The PCR cocktail was
subjected to 35 cycles in a Bio-Rad C-1000 thermocylcer beginning
with an initial denaturation temperature of 94°C for 2 min, then 94°C
for 30s followed by an annealing temperature of 59°C for 1min,
extension at 72°C for 2 min and a final extension at 72°C for 8 min.

The chromatographs obtained were subjected to quality check
using Chromas Lite version 6.5 (Technelysium, 2012). The
cleaned chromatographs were edited using Bio Edit Sequence
Alignment Editor (Hall, 1999). Subsequently, consensus sequences
were generated and a Blast search made on the NCBI database
(www.ncbinlm.nih.gov/Blast.cgi), using the Basic Alignment Search
Tool (BLASTn) in order to identify the closest representative strains
of the bacterial strains. Sequences of the strains were deposited
in the GenBank and accession numbers given by the GenBank
(Supplementary Table 2). The evolutionary history was inferred
using the Neighbor-Joining method (Saitou and Nei, 1987) and
evolutionary distances computed using the Tamura-Nei method
(Tamura and Nei, 1993). Evolutionary analyses was conducted in
MEGAL11 (Tamura et al., 2021).

Evaluation of bacteria strains for growth
enhancement of maize genotypes under
well-watered and drought stress conditions
in the greenhouse

A pot experiment was conducted in the greenhouse at the North
West University to assess the effectiveness of the rhizobacterial strains
for enhancement of maize growth promotion under water-deficit
stress. Field soil was used for the experiment with two maize varieties:
a drought tolerant genotype MR44 and a recombinant inbreed
line S0/8/W/I137TNW//CML550. The seeds of both genotypes were
surface sterilized using 70% ethanol for 5min, treated with 2%
sodium hypochlorite for 10 min with a drop of Tween 20, and rinsed
at least thrice with sterile distilled water. The bacteria strains MRBP4,
MRBP10, and MRBP13 were prepared by growing each isolate in
500 mL of sterilized TSB on an orbital shaker at a speed of 120
rpm for 72 h at 28°C. Subsequently, bacterial cells were harvested by
centrifugation for 15 min at 10,000 rpm, and the pellets washed twice
with sterile distilled water and re-suspended in phosphate buffer
(0.01M, pH 7.0). The OD was adjusted to an absorbance of 1.4
at 600 nm using a spectrophotometer (Thermo Spectronic, Merck,
SA). Pre-germinated maize seeds of each genotype were inoculated
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by placing them in a suspension of each bacterium alone and co-
inoculated (108 CFU mL™!) for 12h. Afterwards, the inoculated
seeds were air dried in a laminar flow cabinet for 1 h. Control seeds
were suspended in sterile distilled water for the same period, and
air dried. Three inoculated and control seeds were sown in 36 cm
pots containing 10 kg of sterile soil and thinned to one plant per pot
2 weeks after germination. The experiment was conducted between
October and December 2018 and 2019. The average maximum day
temperature ranged between 32 and 40°C as this was the summer
period. The experiment was set up as a 2 x 2 x 8 factorial in a
completely randomized design with three replications (Figure 1). The
factors were:

Two maize genotypes-M;-Genotype S0/8/W /I137TNW/
/CML550 an M,-Genotype MR44a drought
tolerant variety.

Two levels of water field capacity partially watered at 50% FC
(450 mL of water daily), and well-watered at 100% FC (900 mL of
water daily).

Eight levels of bacterial inoculation-Bj, No inoculation; By,
inoculation with Pseudomonas sp. MRBP4; B,, inoculation with

inbreed line,

Pseudomonas sp. MRBP13; Bj, inoculation with Bacillus sp.
MRBP10; By B;, co-inoculation with Pseudomonas sp. strain MRBP4
and Pseudomonas sp. strain MRBP13. B;B3, co-inoculation with
Pseudomonas sp. MRBP4 and Bacillus sp. MRBP10; B,Bs, co-
inoculation with Pseudomonas sp. MRBP13 and Bacillus sp. MRBP10;
and B;B,Bs, inoculation with the three strains Pseudomonas sp.
MRBP4 + Pseudomonas sp. MRBP13 + Bacillus sp. MRBP10. Two
weeks after germination, water stress was imposed. 50 mL of each
bacteria inoculum was used for root inoculation of seedlings at the
2nd and 4th week after commencement of water stress.

Measurement of plant growth promoting
traits and physiological parameters

Plants were harvested 49 days after sowing. Weekly data was
collected on the leaf area, number of leaves and shoot length. The
shoot and root fresh weights and the shoot and root lengths were
measured at the end of the 5th week of drought imposition. Shoots
of each plant were cut at the base and dried at 72°C for 48 h, and dry
weight taken using an electronic scale. The roots of the same plants
with soil were harvested, washed carefully to separate roots, dried at
72°C for 48 h, and weighed using an electronic scale.

The leaf relative water content (RWC) for each treatment was
measured according to the method described by Naveed et al. (2014)
using the Flag leaves. The fresh weights of cut leaves from each
treatment were measured and placed in distilled water in a 50 mL
tube for 24 h at 4°C in the dark. Subsequently, the soaked leaves were
carefully blotted with tissue paper and fully turgid weight measured.
The dry weight was measured after the leaf samples were oven dried
at 72°C for 24 h (Naveed et al., 2014). RWC was computed using the
equation described by Naveed et al. (2014).

Fresh weight of leaves — Dry weight of leaves

RWC = 00
[Fully turgid weight of leaves — Dry weight of leaves] *

The total soluble sugar content was estimated by the method
of Dey (1990). The absorbance was read at 485nm using
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a spectrophotometer (Thermo Spectronic, Merck, SA) and the
equivalent concentration of total soluble sugar determined against a
standard curve prepared by using pure glucose solution. The amount
of sugar was expressed as mg g~! DW 1,

A dimethyl sulphoxide (DMSO) method was used to determine
the chlorophyll pigment of the leave samples after harvest following
the method of Hiscox and Israelstam (1979). 0.5 g leaf tissue of each
sample was cut into little pieces and placed in test tubes containing
7mL DMSO. The test tubes were incubated in a water bath at
65°C for 20 min. The supernatant obtained was decanted into 15mL
graduated tubes and made up to 10mL with 3mL DMSO and
assayed immediately. The optical density was read at 480, 645, and
663 nm using DMSO as blank. Chlorophyll a, b, total chlorophyll,
and carotenoid contents were determined according to the method
of Arnon (1949).

Statistical analysis

Data collected were checked for test of normality using the “proc
univariate” program of SAS software 9.4 (SAS, 2014) and square-
root transformed if not in a normal distribution curve before being
subjected to analysis of variance (ANOVA). Significantly different
means were separated using Tukey’s Studentized Range (HSD) and
Duncan Multiple Range post-hoc test (p < 0.05). Data were analyzed
using the Statistical Analysis System software version 9.4 (SAS, 2014).

Results

Isolation and characterization of plant
growth promoting rhizobacteria and
phylogenetic analysis

The rhizobacteria strains used in this study were identified using
biochemical and morphological traits and RNA sequencing. Two
of the strains were gram-negative rod-shaped bacteria of the genus
Pseudomonas (MRBP4 and MRBP13) while the third MRBP10 was
of the genus Bacillus (Table 1). Ammonia production was high in
MRBP4 while MRBP10 had a very high catalase response (Table 1).
Hydrogen cyanide was only produced by MRBP13. The Maximum
Likelihood method used for phylogenetic tree reconstruction based
on the Tamura-Nei method (Tamura and Nei, 1993) corresponded
with the BLAST results obtained from the National Center for
Biotechnology Information (NCBI) database. The Strains had a very
high evolutionary relationship with the reference strains, with a
bootstrap value of 100% (Figure 1). MRBP4 had a very high similarity
with Pseudomonas sp. (KX254973, KJ831556, and MH156648),
MRBP13 had extremely high similarity with Pseudomonas sp.
(MN94409) as well as Pseudomonas mediterranea (MN 712327) and
Pseudomonas lini (MK883138). The third strain MRBP10 had high
similarity with Bacillus sp. (HM566589).

In vitro characterization of bacteria strains
for plant growth promoting (PGP) traits

The PGP
Exopolysaccharide (EPS) production was highest in Bacillus sp.

strains were screened in vitro for traits.
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TABLE 1 Biochemical features of rhizobacteria strains.

Biochemical features Rhizobacterial strains

MRBP4 MRBP10 MRBP13
Catalase ++ +++ ++
NH; ++
Oxidase +
Starch hydrolysis +
Nitrate reduction +
Urease + ++
Gram test +
Hydrogen cyanide - - +

Key: -, Absent; +, present/moderate; +, high; + 4 +, very high.

Pseudomonas sp. (IKX254973)
100 | Pseudomonas sp. (KU831556)>
Pseudomonas SP(MH156648)
MRsea
MRBP13
Pseudomonas sp. (MN944909)
100 | Pseudo mediterranea (MN712327)
i (MIKss3138)

Pseud

omposti (NR 159152)
P. (HMS566589)

MRBFP10

Bacillus sp (MT108827)

Bacillus Sp.(MT107059)

o.0s0

FIGURE 1

Maximum Likelihood phylogenetic tree based on 16S rRNA gene
sequence, using the neighbor-joining (NJ) algorithm. It shows the
evolutionary relationships of the 3 rhizobacteria strains and their
closest representative species obtained from the GenBank with
Aeribacillus composti (NR159152) as the outgroup. The numbers at
the nodes represent the levels of bootstrap support based on 1,000
resampled data sets. Bootstrap confidence levels >50% are indicated
at the internode.

MRBPI10 (0.87 £ 0.03 mm) but was not significantly different from
EPS production by Pseudomonas sp. MRBP4 and Pseudomonas sp.
MRBP13 (Table 2). However, the ability to solubilize phosphate in
the form of tricalcium phosphate, synthesize indole-3-acetic acid and
ACC deaminase activity were highest in Pseudomonas sp. MRBP13
(Table 2).

Evaluation of bacterial strains for abiotic
stress tolerance

The three strains Pseudomonas sp. MRBP4 (MG953559),
Pseudomonas sp. MRBP13 (MG953568), and Bacillus sp. MRBP10
(MG953564) were evaluated for their ability to grow on a medium
amended with 20% PEG 8000 and could grow in nutrient broth
incubated at temperatures of 28, 45, and 50°C with 24 h bacteria
cultures. The strains grew on medium containing 405 g L™ sorbitol
with lower water activity of 0.919Aw incubated at 40°C. Bacillus sp.
MRBP10 had the highest growth in medium amended with 20% PEG
(0.62 £ 0.01 nm) and also had the highest growth at a temperature of
50°C (Table 3). Since the strains were able to grow with an OD > 0.5
on medium with 20% PEG and grew at a high temperature of 50°C
with OD > 0.1, they were regarded as zero-tolerant and temperature
tolerant bacteria strains.
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Effect of bacterial inoculation on biomass
production and growth parameters of maize
plants

From the combined analysis of variance for the 2-year evaluation
of maize genotypes under drought stress (2018 and 2019), the
main effect of bacterial inoculation had a significant effect (p <
0.05) on the root fresh weight (RFW) of maize seedlings under
mild drought stress but a non-significant effect on the shoot fresh
weight (SFW) as presented in Figure 2A. Nevertheless, SFW was
highest in maize seedlings co-inoculated with Pseudomonas sp.
MRBP4 + Pseudomonas sp. MRBP 13 (6.68 =+ 0.09 g). Inoculation
with Pseudomonas sp. MRBP4 produced the highest RFW which
was 15.98% higher than the un-inoculated control. Likewise, co-
inoculation of maize seedlings with Pseudomonas sp. MRBP 4 +
Pseudomonas sp. MRBP 13 increased the RFW by 6.97% over the
un-inoculated control. Root dry weight (RDW) and total plant
biomass (TPB) were also significantly highest in maize seedlings
inoculated with Pseudomonas sp. MRBP 4 which was increased by
44.19 and 17.69% respectively, over the un-inoculated control. An
increment of RDW and TPB by 37.21 and 10.47% was also observed
over the un-inoculated control by co-inoculating the seedlings with
Pseudomonas sp. MRBP 4 + Pseudomonas sp. MRBP 13 (Figure 2B).
Nonetheless, the shoot dry weight (SDW) was highest in maize
seedlings inoculated with Pseudomonas sp. MRBP 13 (3.17 & 0.07 g)
which was not significantly different from the co-inoculated plants
(3.15 4 0.07 g).

Table 4 shows the interactive effect of the treatments on biomass
production of maize seedlings under mild drought stress (50%
FC) and well-watered condition (100% FC). At 50% FC, the co-
inoculated treatments had lower SFWs. SFW was significantly higher
(p < 0.05) in genotype MR44 sole inoculated with Pseudomonas sp.
MRBP4 and then MR44 inoculated with Pseudomonas sp. MRBP13
which were significantly higher than the un-inoculated control by
59.86 and 43.81%, respectively. Similarly, the RFW was highest in
maize genotype MR44 sole inoculated with Pseudomonas sp. MRBP4
followed by MR44 inoculated with Pseudomonas sp. MRBP 13.
This was higher than the un-inoculated control of MR44 by 80.97
and 45.11%, respectively (Table 4). Co-inoculation with the three
rhizobacteria strains; Pseudomonas sp. MRBP 4 + Pseudomonas
sp. MRBP13 + Bacillus sp. MRBP 10 (BiB,B3) increased the SFW
under well-watered condition in CML550 by 10.02% while co-
inoculation with Pseudomonas sp. MRBP 4 + Pseudomonas sp.
MRBP13 increased it by 9.98% over the un-inoculated control.

A similar trend was observed in the SDW, RDW and TPB in both
genotypes CML550 and MR44 under mild drought stress. RDW and
TPB were significantly highest in Pseudomonas sp. MRBP4 under
drought stress which was greater than the un-inoculated control
by 84.87 and 85.24%, respectively (Table 4). Treatment MR44+B,
(MR44 inoculated with Pseudomonas sp. MRBP13 under drought
stress) also had high SDW (3.23 g), RDW (1.72 g), and TPB (3.08 g).
SFW was significantly higher in genotype MR44 by 7.43% compared
to CML 550 (Figure 3A). Likewise, the SDW and RDW were also
higher in genotype MR44 by 6.29 and 8.39%, respectively over
CML550 (Figure 3B).

Bacterial inoculation had no significant effect on the number
of leaves, number of roots and shoot length of inoculated plants.
However, it had a significant effect (p < 0.05) on the root length of
inoculated plants (Figure 4A). Root length was significantly highest
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TABLE 2 Evaluation of rhizobacteria strains for PGP traits.

Strains Exopolysaccharide Phosphate IAA production (ug ACC deaminase
(mm) solubilization index ml—1) (wmol a-kb mg
with tryptophan protein—! h=1)
MRBP4 0.77 £ 0.03* 1.49 + 0.07 3.86 + 1.67° 0.41 = 0.09¢
MRBP10 0.87 4 0.03* 1.45+0.11° 4.88 4+ 1.15° 0.64 4 0.33°
MRBP13 0.57 4 0.03" 1.78 + 0.07 7.76 + 3.16* 0.93 +0.23°

Values are mean =+ standard error (n = 3). Means with different letters are significantly different from each other [Tukey’s Studentized Range (HSD) test (p < 0.05)].

TABLE 3 Effect of PEG and temperatures on growth of rhizobacteria strains.

Strains 0% PEG 20% PEG 28°C 45°C 50°C

MRBP4 0.95 % 0.05* 0.56 £ 0.12 1.00 £ 0.13° 0.67 + 0.20° 0.14 £ 0.06*
MRBP10 0.99 = 0.06° 0.62 £ 0.01° 0.99 £0.11° 0.59 & 0.13a 0.25 £ 0.05*
MRBP13 0.88 & 0.03* 0.55£0.11° 0.84 = 0.06* 0.55 & 0.02° 0.11 £ 0.09*

Values are mean =+ standard error (n = 3). Means with different letters are significantly different from each other [Tukey’s Studentized Range (HSD) test (P < 0.05)].
PEG, Polyethylene glycol 6000.
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FIGURE 2
Effect of bacterial inoculation on (A) shoot and root FW (B) root FW, shoot FW, and total plant biomass of maize plants. Values presented as means +
standard error (n = 24). Means with different letters are significantly different from each other [Tukeys Honest Significant Difference (p < 0.05)]. B,
un-inoculated control; By, Pseudomonas sp. MRBP4; B,, Pseudomonas sp. MRBP13; Bz, Bacillus sp. MRBP10; B1B,, Pseudomonas sp. MRBP4 +
Pseudomonas sp. MRBP13; B; B3z, Pseudomonas sp. MRBP4 + Bacillus sp. MRBP10; B, B3z, Bacillus sp. MRBP10 + Pseudomonas sp. MRBP13; B1B,Bs,
Pseudomonas sp. MRBP4 + Pseudomonas sp. MRBP13 + Bacillus sp. MRBP10.

in maize genotypes co-inoculated with Pseudomonas sp. MRBP 4 +  Effect of bacterial inoculation on
Pseudomonas sp. MRBP13 + Bacillus sp. MRBP10 (B;B,B3-which physio[ogica[ parameters (leaf relative water
was 5.63% higher than the un-inoculated control. No significant  ~5ntent total soluble sugar, and soil

difference was observed in the growth parameters in both genotypes . . :
moistur ntent) of in lated maize plant
(Figure 4B). Nonetheless, CML550 had higher root length (9.56 cm), oisture conte ) © oculated aize plants

number of roots (16.40), and shoot length (44.70 cm) compared to
MR44 (9.54, 15.54, and 44.67 cm), respectively. Figure 5 shows the
leaf area of inoculated plants which ranged from 150.69 + 0.77
cm? (BBs- Pseudomonas sp. MRBP4 + Bacillus sp. MRBP10) to
212.45 + 0.87 cm? (B;B,- Pseudomonas sp. MRBP4 + Pseudomonas
sp. MRBP13).

The combined analysis of variance for both years (2018 and
2019) revealed that bacterial inoculation had a highly significant (p
< 0.001) effect on relative water content (Figure 6A). Inoculation of
maize seedlings with Bacillus sp. MRBP 10 (B3) and its co-inoculation
with Pseudomonas sp. MRBP4 (B B3) and Pseudomonas sp. MRBP13
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TABLE 4 Effect of treatments on biomass production of maize genotypes under drought stress (50% FC) and well-watered (100% FC) conditions.

Treatments Shoot fresh weight Root fresh weight Shoot dry weight Root dry weight Total biomass
(9) (<)) (<)) (<) (9)
Drought stress-50% FC
MR44 + By 436"h 1.84fh 2.06"h 1.19Fh 2.10M
CML550 + By 3.62" 1.65" 2.10°°" 1.24Fh 1.97!
MR44 + Bl 6.97°°f 3.33%® 3.16*°8 2.20° 3.8907¢
CML550 + B, 3.9380 2.07¢°h 1.93 1.33¢-h 2,374
MR44 + B, 6.27°78 2.67%°1 3.23%¢ 1.72%°¢ 3,081
CML550 + B, 5.174-h 1.974-h 2.43¢°h 1285 2.43¢7
MR44 + B, 3.92¢0 1.708h 1.93" 1.188 1.97"
CML550 + Bs 4188 1.72fh 2.03¢" 1.22fh 2.01M
MR44 + B, B, 4,53fh 1.994-h 220¢h 1.39>°h 2.33¢7
CML550 + B; B, 5.304-h 2,320 2.48°78 1.49>-8 2.66°¢
MR44 + B, B; 4,158 1.92f°h 2.08h 1260 2.23H1
CML550 + B, B; 4,178 1.81th 2.20¢°h 13640 2,167
MR44 + B,B; 5.14°h 1.92fh 24267 1.260h 22087
CML550 + B,Bs 377" 1.75th 1.98" 129" 2.08"
MR44 + B, B,B; 5174 1.954-h 2.17¢h 1.324-h 2261
CML550 + B, B,B; 4.088" 2.13>h 2.33¢°h 1.44>-8 2.4871
Well-watered-100% FC
MR44 + By 8.31%°¢ 3.37% 3.612¢ 2,124 3.910°¢
CML550 + By 8.62%°¢ 31544 3.30%°¢ 0.77" 3.352°h
MR44 + B, 8.67°°¢ 3.11%°¢ 4.04° 2,124 3.670 "
CML550 + B, 6.83* 1 2.88f 3.082 1.64°°¢ 3.24%
MR44 + B, 9.33% 3.29%¢ 424 1.96F 3.740°¢
CML550 + B, 5.89¢°h 236 2.90>h 1.61%°¢ 2,767
MR44 + B; 7.30°°¢ 2.840°8 3.054 0 1.80%°8 3.2871
CML550 + B3 8.392°¢ 3.044°¢ 3.77%°¢ 2.06*¢ 3.582f
MR44 + B, B, 8.03*~4 2.71%h 3.79%¢ 1.83°7¢ 3.8
CML550 + B, B, 9.45° 3.54 4.38 2.46* 4200
MR44 + B, B; 8.64%¢ 3.29%¢ 3.91% 2.100¢ 3.8207d
CML550 + B, B; 9.01% 3.11%°¢ 3.93% 1.87%°¢ 3,548
MR44 + B,B; 7.532°¢ 2.65% P 3.65% 4 1.79%°8 31170
CML550 + B,B3 7.9737¢ 3.26%°¢ 3.6204 2,104 3.78%¢
MR44 + B, B, B; 7.93¢ 2.82%7¢ 3.76¢ 1.93*7¢ 3.8
CML550 + B, B,B; 9.58 3.44% 4.35 2.170°¢ 3.98%

Means (n = 48) with different letters are significantly different from each other [Tukey’s Studentized Range (HSD) test (p < 0.05].
By, un-inoculated control; By, Pseudomonas sp. MRBP4; B,, Pseudomonas sp. MRBP13; B3, Bacillus sp. MRBP10; B} B,, Pseudomonas sp. MRBP4 + Pseudomonas sp. MRBP13; By B3, Pseudomonas
sp. MRBP4 + Bacillus sp. MRBP10; B, B3, Bacillus sp. MRBP10 + Pseudomonas sp. MRBP13; By B, B3, Pseudomonas sp. MRBP4 + Pseudomonas sp. MRBP13 + Bacillus sp. MRBP10.

(B1B2B3) had higher relative water contents than any of the other
treatments. Relative water content increased under drought stressed
condition (58.63%) compared to well-watered condition (49.96%). A
similar trend was observed for the total soluble sugar (TSS) produced
in maize plants inoculated with the rhizobacteria strains. Bacterial
inoculation had a significant (p < 0.05) effect on TSS production
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(Figure 6B). Bacillus sp. MRBP10 (B3) had the highest production
of total soluble sugar which exceeded that produced by the un-
inoculated control by 26.13% (Figure 6B). The TSS produced was
not significantly different from the co-inoculated treatments B;B3
(Pseudomonas sp. MRBP 4 + Bacillus sp. MRBP10) and B;B,B3
(Pseudomonas sp. MRBP 4+ Pseudomonas sp. MRBP 13+ Bacillus
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Effect of genotype on (A) shoot and root fresh weight (B) root dry weight, shoot dry weight, and total plant biomass. Values presented as means +
standard error (n = 96). Means with different letters are significantly different from each other [Tukey's Studentized Range (HSD) test (p < 0.05)]. Bo,
un-inoculated control; By, Pseudomonas sp. MRBP4; B,, Pseudomonas sp. MRBP13; Bz, Bacillus sp. MRBP10; B1B,, Pseudomonas sp. MRBP4 +
Pseudomonas sp. MRBP13; B; Bz, Pseudomonas sp. MRBP4 + Bacillus sp. MRBP10; B, B3z, Bacillus sp. MRBP10 + Pseudomonas sp. MRBP13; B1B,Bs,
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sp. MRBP 10). Bacillus sp. MRBP 10 significantly increased the RWC
and the TSS in inoculated plants under drought stress (Figures 6A, B).

Bacterial inoculation had a significant effect (p < 0.01) on the soil
moisture content (SMC) of inoculated maize plants (Figure 6C). SMC
was significantly (p < 0.05) highest in the soil of maize plants co-
inoculated (B;B,B3) with Pseudomonas sp. MRBP4 + Pseudomonas
sp. MRBP13 + Bacillus sp. MRBP10 (10.21%) which was higher than
the un-inoculated control by 37.05%. Sole inoculation with Bacillus
sp. MRBP10 (B3) also had high SMC of 10.13% (Figure 6C).

Effect of bacterial inoculation on chlorophyll
content of maize plants under drought stress

Combined analysis of variance for the 2018 and 2019 planting
season revealed significant differences in the chlorophyll content
of inoculated maize plants (Figure 7). Bacterial inoculation had a
significant effect (p < 0.05) on the carotenoid contents of the
maize plants. Carotenoid content ranged from 0.97 % 0.09 mg
g ~! fresh weight (Pseudomonas sp. MRBP4 + Pseudomonas sp.
MRBP13) to 1.33 4+ 0.09mg g ~! fresh weight (Pseudomonas sp.
MRBP13). Carotenoid content increased by 18.75 and 15.19% more
than the un-inoculated control in maize seedlings inoculated with
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Pseudomonas sp. MRBP13, and co-inoculated with Pseudomonas
sp. MRBP13 + Bacillus sp. MRBP10, respectively. Likewise,
co-inoculation with Pseudomonas sp. MRBP13 + Bacillus sp.
MRBP10 produced significantly (p < 0.01) higher chlorophyll
a content in maize plants which was 25.54% higher than
the un-inoculated control, but not significantly different from
the chlorophyll a produced by maize plants inoculated with
Pseudomonas sp. MRBP13 (15.30 + 0.13mg g~! dry weight) or
co-inoculated with the three strains; Pseudomonas sp. MRBP4
+ Pseudomonas sp. MRBP13 + Bacillus sp. MRBP10 -B;B;B;
(14.59 + 0.14mg g~! dry weight). Chlorophyll b content ranged
from 4.05 &+ 0.14mg g~! dry weight in plants co-inoculated
with Pseudomonas sp. MRBP4 + Pseudomonas sp. MRBP13 to
5.66 + 0.09mg g~! dry weight in maize plants inoculated with
Pseudomonas sp. MRBP4. The total chlorophyll (Tchl) content
significantly increased by 18.92% in maize plants inoculated with
Pseudomonas sp. MRBP4 and by 17.57 and 18.62% in plants
inoculated with Pseudomonas sp. MRBP13 and that co-inoculated
with Pseudomonas sp. MRBP13 + Bacillus sp. MRBP10, respectively
(Figure 7).

Evaluation of the physiological response of inoculated maize
seeds at 50% FC (mild drought stress) and 100% FC (well-
watered) revealed significant differences in the production of TSS
and the chlorophyll contents (Table 5). Under drought stress, TSS
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Leaf area of inoculated maize plants. Values are presented as means +
standard error (n = 24). Means with different letters are significantly
different from each other according to Duncan Multiple Range test

(p < 0.05).

was significantly increased in treatments CML550 + B3 inoculated
with Bacillus sp. MRBP10, and CML550 + B;Bs co-inoculated
with Pseudomonas sp. MRBP4 and Bacillus sp. MRBP10, by 48.93
and 54.13% respectively, over the un-inoculated control. Treatment
CML550 + BB, co-inoculated with Pseudomonas sp. MRBP4 and
Pseudomonas sp. MRBP13 had the lowest TSS production (130.51 mg
g~! dw™!). Under well-watered conditions TSS was increased in

treatments CML550 + B;B;B3; and CML550 + B3 by 47.72 and
45.65% respectively, over the un-inoculated control.

Carotenoid content increased by 156.25 and 155.20% in maize
genotype CML550 inoculated with Bacillus sp. MRBP10 (B3) and co-
inoculated with Pseudomonas sp. MRBP13 + Bacillus sp. MRBP10
(B2B3) respectively, over the un-inoculated control under drought
stress (Table 5). As observed for the TSS production, treatment
CML550 + B;B; co-inoculated with Pseudomonas sp. MRBP4
and Pseudomonas sp. MRBP13 had the lowest carotenoid content

1 DW). Under well-watered condition, carotenoid

(0.33mg g~
content was significantly higher than other treatments, and 76.10%
higher than the un-inoculated control in treatment CML550 + B,
sole inoculated with Pseudomonas sp. MRBP13. Likewise, treatment
CML550 + Bs produced the highest chlorophyll a (19.26 mg g~!
DW) and total chlorophyll (24.97 mg g~! DW) contents compared
to the other treatments, and were significantly higher than the un-
inoculated control plants by 24.74 and 25.60% respectively, under
drought stress. Treatment CML550 + B,B3 also had increased
levels of chlorophyll a and total chlorophyll by 20.47 and 20.12%
respectively, over the un-inoculated control under drought stress
(Table 5). Under well-watered conditions, treatment CML550 + B,
consistently gave the highest level of chlorophyll a, chlorophyll b,
and total chlorophyll contents compared to the other treatments.
Genotype CML550 was more responsive than genotype MR44.
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Effect of bacterial inoculation on chlorophyll content of maize plants. Values are presented as means =+ standard error (n = 24). Means with different

letters are significantly different from each other according to Tukey's Studentized Range test (p < 0.05). Bo, un-inoculated control; B;, Pseudomonas sp.
MRBP4; B, Pseudomonas sp. MRBP13; Bs, Bacillus sp. MRBP10; B1B;, Pseudomonas sp. MRBP4 + Pseudomonas sp. MRBP13; B1 Bz, Pseudomonas sp.
MRBP4 + Bacillus sp. MRBP10; BBz, Bacillus sp. MRBP10 + Pseudomonas sp. MRBP13; B1B,B3z, Pseudomonas sp. MRBP4 + Pseudomonas sp. MRBP13

+ Bacillus sp. MRBP10.

Discussion

Drought is a prominent abiotic stress that is affecting global
food production leading to economic losses in crops especially
cereals such as wheat, rice and maize. This study investigated
the abilities of three rhizobacterial strains; Bacillus sp. MRBP10,
Pseudomonas sp. MRBP4, and Pseudomonas sp. MRBP13 to alleviate
the effects of drought stress on inoculated maize varieties MR44
and S0/8/W/I137TNW//CML550 as well as to enhance their growth.
Understanding the architecture and functions of the activities of the

Frontiers in Sustainable Food Systems

rhizosphere, will aid the utilization of plant-microbe interactions in
promoting plant growth, while mitigating the negativities of climate
change on crop production. Due to the richness of the exudates
released by plants, the rhizosphere forms a niche for abundant
microbial activities. Utilization of beneficial microbes especially
the rhizobacteria within the rhizosphere of plants possessing
multifunctional growth promoting factors, and ability to tolerate
abiotic stresses, is therefore a cheap and alternative means of
augmenting plant growth under abiotic stresses. Previous researchers
indicated that application of PGPR lessens drought stress in plants
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TABLE 5 Effect of treatments on total soluble sugar and chlorophyll content production under drought stress (50% FC) and well-watered (100% FC)
conditions.

Treatments Total soluble sugar Carotenoid Chlorophyll a Chlorophyll b Total chlorophyll content

(mgg~! DW1) (mgg='DW)  (mgg~!DW) (mg g~! DW) (mg g—! DW)

Drought stress-50% FC

MR44 + B, 341.87°® 0.96% 11.13% 4,92 16.15°
CML550 + By 358.62% 1.39% 15.44% 4.64%¢ 19.88°
MR44 + B, 309.55% 0.85% 12.76% 5.15%¢ 17.85°
CML550 + B, 224.70% 2.23 15.49° 6.84% 22.20°
MR44 + B, 286.86% 1.50% 13.63% 4.542b¢ 18.02°
CML550 + B, 223.73% 1.52% 16.56* 4.68%¢ 21.02¢
MR44 + B 387.01°® 1.10% 11.55%® 4,03%¢ 15.42%
CML550 + B, 534.11% 2.46° 19.26° 5.95%¢ 24.97°
MR44 + B, B, 308.14% 1.33% 12.86% 6.01%¢ 18.96°
CML550 + B, B, 130.51° 0.33" 4.66° 2.26° 6.36"

MR44 + B, B; 441.30% 1.76® 14.64% 5.06%¢ 19.80%
CML550 + B Bj 552.74% 1.97% 14.73%® 5.242b¢ 20.00a
MR44 + B,B; 393,65 1.61% 16.12° 5.05%¢ 21.00°
CML550 + B,B; 437.64% 2.45° 18.60° 5.52% 23.88°
MR44 + B, B,B; 298.73% 2.03° 16.16* 4.70%¢ 20.62°
CML550 + B, B,B; 412.87% 1.51% 16.17° 4.48%¢ 20.42°

Well-watered-100% FC

MR44 + B, 415.22% 1.14%® 9.50%" 4.00%¢ 13.40%
CML550 + By 405.35% 1.59% 14.03° 5.312b¢ 19.25°
MR44 + B, 561.30% 1.89° 14.63 5.57% 20.02°
CML550 + B, 323.85% 1.54% 16.32° 5.16%¢ 21.27°
MR44 + B, 242.35% 1.38% 13.02° 4.80%¢ 17.64°
CML550 + B, 487.89® 2.80° 18.26* 5.90% 23.94%
MR44 + B 418.12% 1.16® 11.11% 4.29%¢ 15.23%
CML550 + Bj 590.39% 1.22% 13.40° 4,24%b¢ 17.42°
MR44 + B, B, 427.06% 1.07% 12.40% 4.072¢ 16.24°
CML550 + B, B, 327.23% 1.26% 13.02° 4.32%¢ 17.12°
MR44 + B, B; 555.33% 1.17% 11.57% 3.98:b¢ 15.422
CML550 + B B3 382.32% 0.87% 10.51% 3.10°¢ 13.58%
MR44 + B,B; 416.63 1.04% 12.03® 4,01 15.80%°
CML550 + B,Bs 321.96% 1.81% 15.96° 5.04%¢ 20.77%
MR44 + B, B,B; 569.98% 0.94% 10.96% 4.26%¢ 15.19%
CML550 + B, B,B; 598.80% 1.77% 15.42° 4.43%¢ 19.60°

Means (n = 48) with different letters are significantly different from each other [Tukey’s Studentized Range (HSD) test (p < 0.05)].
By, un-inoculated control; By, Pseudomonas sp. MRBP4; B, Pseudomonas sp. MRBP13; B3, Bacillus sp. MRBP10; B B, Pseudomonas sp. MRBP4 + Pseudomonas sp. MRBP13; By B3, Pseudomonas
sp. MRBP4 + Bacillus sp. MRBP10; B, B3, Bacillus sp. MRBP10 + Pseudomonas sp. MRBP13; B; B, B3, Pseudomonas sp. MRBP4 + Pseudomonas sp. MRBP13 + Bacillus sp. MRBP10.

(Yasmin et al., 2017; Chandra et al., 2018; Raheem et al,, 2018; Khan  exopolysaccharide as well as the ability to solubilize phosphate
etal., 2019). in the form of tricalcium phosphate in vitro. ACC deaminase

The rhizobacterial strains used in this study had the ability to  producing rhizobacteria possessing the ACC gene could
produce plant growth promoting traits most importantly, indole-  lessen water stress in plants by reducing the levels of stress
3-acetic acid, l-aminocyclopropane-1-carboxylate deaminase, ethylene in plant tissues through decomposition to ammonia
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and o-ketobutyrate MRBPI13 isolated from maize rhizosphere
(Gupta and Pandey, 2019; Misra and Chauhan, 2020). This
revealed the potentials of Bacillus sp. MRBP10, Pseudomonas
sp. MRBP4, and Pseudomonas sp. MRBP13 isolated from maize
rhizosphere soil after the winter season, to promote plant growth and

study

biomass of maize under drought stress and well-watered conditions.
Our findings agrees with the study of Magnucka and Pietr (2015)
and Chandra et al. (2018), who indicated that inoculation with PGPR
possessing ACC deaminase activity significantly increased root
elongation, coleoptile length, and shoot biomass of wheat (Magnucka
and Pietr, 2015) and improved the growth performance of finger
millet (Chandra et al., 2018), respectively. Pseudomonas sp. MRBP13
exhibited a higher level of ACC deaminase activity which may have
reduced ethylene stress in inoculated plants and resulted in enhanced
growth of the plants under drought stress. P. fluorescens strains with
ACC deaminase ability isolated from arid regions exhibited drought
tolerance at —0.30 MPa (15% PEG 6000) and also had other PGP
abilities such as synthesis of IAA, siderophore, hydrogen cyanide,
and the ability to solubilize phosphate (Ali et al., 2013). Increasing
the root system caused by the reduction of ethylene, enhanced
plant access to water, and nutrients from the depths of soil (Etesami
and Maheshwari, 2018), which subsequently enabled the plants to
survive drought stress conditions. The occurrence of ACC deaminase
producing bacteria in the rhizosphere of plants enables them to
resist desiccation of plant roots by affecting the ethylene signaling
pathway. PGPR Achromobacter piechaudii with ACC deaminase
activity enabled tomato and pepper plants to resist water stress and
led to improvement in the biomass (Kumar et al., 2019).

Reports have shown that augmenting PGPR Pseudomonas sp.
with L-tryptophan significantly enhanced the ability of the bacterium
to produce higher concentrations of indole 3-acetic acid and
gibberellic acid which alleviated water stress in the rhizosphere
soil and leaves of inoculated maize plants (Yasmin et al., 2017).
In our study, Pseudomonas sp. strain MRBP13 produced higher
levels of TAA and in synergism with MRBP4, must have led to
improved root architecture and extended root lengths which enabled
the inoculated plants to endure water stress. In the study of Kaur
et al. (2015), co-inoculation of Mesorhizobium sp. and Pseudomonas
sp. strain PGPR3 with high TAA (43.18 and 66.79 png mg~!)
and phosphate solubilizing (4.40 and 13.34mg 100 mL~! abilities
respectively, significantly improved the yield of two chickpea varieties
desi and kabuli by 7 and 5.3%, respectively over sole inoculation with
Mesorhizobium sp.

Indole-3-acetic acid and ACC deaminase also play a major
role in relieving abiotic stress in plants by increasing the RWC of
the leaves. In this study, co-inoculation of maize seedlings with
Bacillus sp. MRBP10 and Pseudomonas sp. MRBP4 significantly
enhanced RWC of the leaves of the maize plants by 10.67% and
sole inoculation with Bacillus sp. MRBP10 by 8.76% over the un-
inoculated control. The leaf RWC acts as an essential indicator
of water status in plants as it gives the stability between water
supply to the leaf tissue and transpiration rate (Soltys-Kalina
et al., 2016). Azospirillum brasilense have also been reported to
have enhanced RWC of maize seedlings when inoculated with the
bacterium compared to un-inoculated plants (Kumar et al., 2019).
Inoculation of drought stress tolerant bacteria augments the water
potential of plants under water-deficit stress conditions. In a related
study, inoculation of two varieties of Mustard, NPJ-124 (drought
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tolerant) and Pusa Karishma LES-39 (drought susceptible) with
osmo-tolerant rhizobacteria Bacillus cereus strain NA D7 and Bacillus
sp. strain MR D17 significantly enhanced plant physiological status,
stabilized membranes and improved RWC of the inoculated plants
under drought stress condition (Bandeppa et al., 2019). From all
indications, inoculation of plants with a consortium of beneficial
microbes with growth promoting abilities often gives better growth
response than inoculation with individual strains due to their
synergistic effect.

Lack of adequate water in the soil causes water-deficit stress which
affects the growth of plants and also stresses the microbes found
in the soil. This leads healthy soils to lose their basic functions.
In such drought conditions, the microorganisms in the soil try to
adjust their osmotic conditions in order to maintain their hydration
by taking up solutes for retaining water in their cells (Shirinbayan
et al, 2019; Ahmad et al., 2022). Combined inoculation of maize
seeds with Pseudomonas sp. MRBP4, Pseudomonas sp. MRBP13,
and Bacillus sp. MRBP10 (10.21%) as well as sole inoculation
with Bacillus sp. MRBP10 enhanced plant growth under drought
stress conditions by increasing the soil moisture content. This
was made possible by the ability of the rhizobacterial strains
to produce exopolysaccharides which keeps the soil hydrated by
increasing its water holding capacity thereby protecting the bacteria
and plant roots against desiccation (Ahmad et al., 2022). Thus,
EPS production by these microbes may have augmented the
ability of the soil to balance its water potential and maintain soil
aggregation which enhanced nutrient uptake with the resultant
growth of the maize plants and protection from dehydration
(Subramaniam et al., 2020; Ahmad et al, 2022). In terms of
mitigating abiotic stresses such as drought, EPS producing microbes
are indispensable as they increase the water holding capacity of
the soil, thereby relieving the plants from stress (Ojuederie et al,
2019).

Chlorophyll concentration is reduced under water-deficit stress
conditions, which may be due to the fact that chlorophyll degradation
exceeds chlorophyll synthesis (Zarei et al., 2020). Chlorophyll a
concentration was generally higher than that of chlorophyll b and
carotenoid under drought stress and well-watered conditions. This
could be attributed to the fact that Chlorophyll a is the primary
pigment while others pigments are mainly accessory pigment. Sole
inoculation of maize with Pseudomonas sp. MRBP4, Pseudomonas
sp. MRBP13, and co-inoculation with Pseudomonas sp. MRBP13
+ Bacillus sp. MRBP10 significantly enhanced total chlorophyll
contents in comparison with the un-inoculated control treatment.
Singh N. B. et al. (2015), reported significant increase in total
chlorophyll content in Sunflower plants under water stress when
co-inoculated with Azotobacter chroococcum and Bacillus polymyxa,
compared to sole inoculation and control treatments. Likewise Saikia
et al. (2018) reported significant improvement in the leaf chlorophyll
contents of chlorophylls a, b, and a + b in consortium-treated stressed
plants in black gram plants by 106, 100, 120% respectively, and in
garden pea plants by 283, 132, and 159% respectively, when compared
with the un-inoculated stressed plants This indicates the efficacy of
the these bacterial strains in the maintenance of chlorophyll content
under water-stress conditions. Drought stress significantly reduced
carotenoid content as well as that of chlorophyll a, chlorophyll b and
total chlorophyll content in maize plants subjected to water-deficit
stress in this study. Inoculation of seeds with both Pseudomonas
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strains MRBP4 and MRBP13 (B;B;) had the lowest production of
Chlorophyll a, Chlorophyll b, carotenoid and total chlorophyll under
drought stress. However, inoculation of the seeds with Bacillus sp.
MRBP10 enhanced the concentration of carotenoid, Chlorophyll a,
and total chlorophyll pigments in the maize plants. This was more
pronounced in drought sensitive genotype CML550 sole inoculated
with Bacillus sp. MRBP10 and that co-inoculated with Pseudomonas
sp. MRBP13 and Bacillus sp. MRBP10 compared to genotype MR44.

The synergistic effect of the bacterial strains could be responsible
for the increased root and shoot dry weights and total plant
biomass obtained in the co-inoculated plants, compared to the
control and other treatments. In a bid to reduce water loss, maize
leaves get reduced in size and undergo leaf folding, reducing the
transpiration rate in the leaves. Water stress substantially reduced
leaf area in maize plants by 41.16% when compared to well-
watered plants. Leaf area was significantly increased in maize plants
co-inoculated with Pseudomonas sp. MRBP4 + Pseudomonas sp.
MRBP13 by 23.12% compared to the un-inoculated control. Parallel
to the microbial interaction during unfavorable conditions, plant
systems also respond to drought stress by stimulating osmolyte
production thereby sustaining the osmotic potential inside their
cellular environment (Farooq et al., 2009; Sarma and Saikia, 2013).
Under drought stress, plants produce osmolytes such as proline, total
soluble sugars, total protein as well as glycine betaine in order to
mitigate the effects of oxidative stress arising from reactive oxygen
species (ROS). However, inoculation of plants with multifunctional
PGP traits greatly enhances osmolyte production in plants. In
terms of the total soluble sugar production, its concentration was
significantly increased in inoculated plants compared to the control
under drought stress. Nevertheless, sole inoculation with Bacillus
sp. MRBP10 gave significantly higher TSS in the leaves of maize
plants and then co-inoculation with Pseudomonas sp. MRBP 4 +
Bacillus sp. MRBP10, and Pseudomonas sp. MRBP4+ Pseudomonas
sp. MRBP 13+ Bacillus sp. MRBP 10, respectively. Inoculation of
the sensitive maize genotype CML550 with Bacillus sp. MRBP10
significantly increased total soluble sugar under drought stress by
56.23%, and well-watered conditions by 45.65% compared to the un-
inoculated controls. Higher accumulation of compatible osmolytes
in plants inoculated with PGPR have been reported, which aided in
sustaining cell membrane integrity and water status, and prevented
protein degradation under stress (Gagné-Bourque et al., 2016; Zhou
et al., 2016; Mohammadi et al., 2018; Bandeppa et al., 2019), by
acting as molecular chaperons. Our findings revealed the relationship
between bacterial inoculation and production of TSS in inoculated
plants under drought stress. Such observations could be used as
an indication of the drought stress mitigation ability of bacterial
inoculants in tested host plants.

Thus, this study established the synergistic effect of Bacillus sp.
MRBP10, Pseudomonas sp. MRBP4, and Pseudomonas sp. MRBP13
isolated from maize rhizosphere soil, in ameliorating the negative
effects of water-deficit stress in maize plants. Seeds treated with PGPR
significantly enhanced plant biomass, Tchl content and increased
production of total soluble sugar, in addition to improving the
growth parameters of maize. These strains in addition to tolerating
abiotic stress also had the ability to produce significant amounts
of plant growth promoting substances. Beneficial microbes should
be protected by the use of technologies such as nano-encapsulation
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which would still maintain the efficacy in promoting plant growth
under harsh environmental conditions.

Conclusion

Multifaceted PGPR have the ability to mitigate abiotic
stresses in plants. In this study, Pseudomonas sp. MRBP4,
Pseudomonas sp. MRBP13, and Bacillus sp. MRBP10 when sole
or co-inoculated on seeds of two maize genotypes MR44 and
S0/8/W/I137TNW//CML550, ameliorated the effect of drought
stress. The presence of ACC deaminase activity and other growth
promoting traits such as indole-3-aetic acid, phosphate solubilization,
and exopolysaccharide production, enabled the rhizobacteria strains
to mitigate the effect of induced drought stress on the maize plants
by increasing the relative water content of the leaves of inoculated
plants, and the soil moisture content when co-inoculated with
Pseudomonas sp. MRBP4+-Pseudomonas sp. MRBP13+Bacillus sp.
MRBP10 (10.21%). Inoculation also improved the total chlorophyll
content when sole inoculated (Pseudomonas sp. MRBP4 (20.30 £
0.13mg g~! DW™!) or co-inoculated (Pseudomonas sp. MRBP13 +
Bacillus sp. MRBP10 (20.25 & 0.15mg g~! DW~!). The osmolyte
total soluble sugar was significantly increased in seeds sole inoculated
with Bacillus sp. MRBP10 (478.84 + 1.22mg g~! DW~!). The
presence of EPS in the three rhizobacteria strains improved the
water holding capacity of the soil while ACC deaminase and
indole-3-acetic acid subsequently alleviated water-deficit in maize
genotypes by increasing the root lengths. Evaluation of the mitigating
effects of the rhizobacterial strains on the field is needed to confirm
their performances under natural conditions with the indigenous
soil microorganisms.
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