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Abstract: Seven Bacillus spp. isolated from the marine water and the rhizosphere of the medicinal
plant Coscinium fenestratum were studied to produce plant growth promotion (PGP) traits in vitro.
Among the seven isolates, MMRH22 and RHPR20 produced copious amounts of PGP traits. Based
on the 16S rRNA sequence, the two potent bacterial isolates, RHPR20 and MMRH22, were identified
as Bacillus mojavensis and Bacillus cereus, respectively. A compatibility test between the isolates
RHPR20 and MMRH22 revealed they are compatible and can be used as a consortium. Both isolates
were evaluated for the plant growth promotion and the biofortification of sorghum under green-
house conditions. Treatments included the application of MMRH22, RHPR20, their consortium
(RHPR20 + MMRH22), and an uninoculated control. Inoculation with bacterial cultures resulted in
a significant increase in the plant height; the number of leaves; the leaf area; the root, shoot, and
leaf weight; and the yield of sorghum at 30 and 60 days after sowing (DAS). The scanning electron
micrograph of the sorghum plant roots revealed extensive colonization in the plants treated with the
bacterial cultures compared to the uninoculated control. The sorghum grains obtained after final
harvest were analyzed for their nutrient content by ICP–OES. The biofortification in sorghum grains
was varied and was found to enhance the iron content up to 97%. This study revealed that treatments
with microbial consortia enhance plant growth, yield, and iron content, which could combat nutrient
deficiencies in plants and humans.

Keywords: Bacillus; consortium; sorghum; plant growth promotion; biofortification

1. Introduction

Iron deficiency is highly prevalent among the global population, and it can result in
iron deficiency anemia (IDA), impairment in physical activity, mental retardation, child
death, and stillbirth. Iron deficiency arises due to the lack of adequate iron in the soil
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and the edible parts of plants, such as vegetables and fruits, and reduced iron uptake
by plants. This problem can be addressed by using nutrient supplements or through the
biofortification of crop plants with rhizobacteria. This approach is a sustainable alternative
to counter nutrient deficiencies [1,2].

Sorghum is one of the most important cereal crops that occupy the fifth position
globally [3]. It is the dietary staple food for around 500 million people in more than
30 countries. In addition, sorghum is also used as an animal feed, in the production of
biofuels, in the creation of alcoholic beverages [4–6], etc. It is a gluten-free food, and its
consumption is known to mitigate blood glucose levels [7]. Low yield in sorghum is usually
attributed to the inaccessibility of required nutrients and iron to the plants. The use of
plant growth-promoting rhizobacteria (PGPR) to secrete organic acids and iron-chelating
agents can be the best alternative to chemical fertilizer [8]. Therefore, it is time to analyze
sorghum–microbe interactions for yield and nutrient uptake.

PGPR with the ability to solubilize various nutrients in the soil might serve as an
alternative to chemical fertilizers and supplements commonly used to improve nutrient
content in crops [9,10]. PGPR promotes plant growth directly by producing indole acetic
acid (IAA) and other hormones as well as indirectly by inducing systemic resistance to
phytopathogens [11,12]. In order to meet the iron requirements, microorganisms release
siderophores that chelate insoluble iron and aid in the uptake of iron siderophore complexes
by plants [13]. Siderophore-producing bacteria enable iron nutrition in plants by competing
with the pathogenic bacteria for Fe (III) in the rhizosphere, which leads to the death of the
pathogen and enhances iron uptake by plants [8]. Marine microbes can adapt to a wide
range of pressure, temperature, salinity, pH, and nutrient conditions. They are known to
produce around 10,000 metabolites including antibiotics, biosurfactants, peptides, vitamins,
and enzymes [14]. The use of marine bacteria for plant growth promotion (PGP) helps
plants to adapt to drought and salt-stress conditions [15]. In the past few decades, PGPR
that belong to the species of Bacillus isolated from the rhizosphere and marine sources
have been used for plant growth promotion. The Bacillus species are preferred for their
use in agriculture due to their ability to produce bioactive metabolites and endospores to
withstand biotic and abiotic stress conditions, which thereby promote plant growth and
nutrient uptake [16–19]. In the present study, Bacillus spp., isolated from marine water and
the rhizosphere, were evaluated for improvement in growth, yield, and iron content in
sorghum under in vitro and in vivo conditions. In addition, the ability of the isolates to
colonize sorghum roots was also tested.

2. Materials and Methods
2.1. Selection of Bacillus spp. from Available Germplasm

Bacillus spp. MMRH22, KSRH1, KSRH7, and KSRH34 used in the present study
were isolated from marine water samples and RHPR20, RHPR22, and RHPR24 from
rhizosphere samples, maintained as a germplasm collection at our lab and used for further
characterization in the present study.

2.2. In Vitro Analysis of Plant Growth-Promoting Traits

All seven bacterial isolates obtained were tested for PGP traits like indole acetic
acid (IAA), ammonia, HCN, 1-aminocyclopropane-1-carboxylate (ACC) deaminase, and
solubilization of phosphate and zinc.

Assay for IAA was performed in a nutrient broth medium supplemented with 5 mM
L-tryptophan and incubated for 48 h. After incubation, Salkowski reagent (50 mL of
35% HClO4 and 1 mL of 0.5 M FeCl3) was added, and then absorbance was measured at
530 nm [20].

Phosphate and zinc solubilization was evaluated on NBRIP (National Botanical Re-
search Institute’s phosphate growth) medium [21] containing tricalcium phosphate as
insoluble phosphorous, and Bunt–Rovira medium containing 0.1% zinc oxide and zinc



Sustainability 2021, 13, 12091 3 of 14

carbonate as an insoluble zinc source [22], respectively. Quantification of phosphate solubi-
lization was done by the ammonium phosphomolybdate method [23].

Ammonia production by bacterial cultures was assayed in a peptone water medium
(Peptone 1%, NaCl 0.5%), and incubated for 48 h at 37 ◦C in a shaker incubator. Ammo-
nium accumulation was tested by adding 0.1 mL Nessler’s reagent and observed for the
development of yellow-brown color [24].

Production of HCN was analyzed by picrate assay on nutrient agar plates amended
with glycine (4.4 g/L) and filter paper impregnated with 0.5% picric acid solution prepared
with 2% sodium carbonate followed by incubation at 37 ◦C for 24–48 h. Change in color
from orange red to brown indicates a positive for HCN production [25].

ACC deaminase activity was done by inoculating Bacillus spp. in nitrogen-free broth
amended with 3 mM ACC (Sigma-Aldrich, St. Louis, MO, USA) as the sole source of
nitrogen. Cultures were grown in tryptone soya broth for 24 h at 37 ◦C and centrifuged
at 10,000 rpm for 10 min. Pellets were washed thrice with saline and re-suspended in
1 mL saline. This was spot inoculated on Burk’s agar medium supplemented with 3 mM
ACC as the sole nitrogen source. Burk’s medium with 0.2% ammonium sulfate served
as a positive control, and the same medium without ACC and ammonium sulfate was
used as a negative control. Cultures were incubated for 7 days at 37 ◦C, and differences in
growth patterns on ACC-amended plates compared to positive and negative controls were
recorded [26].

Bacillus spp. were evaluated for the production of siderophores by chrome azurol s
(CAS) shuttle assay as described by Schwyn and Neilands [27]. In brief, all the bacterial
cultures were grown in King’s B broth medium for 48 h at 37 ◦C on a rotary shaker
(120 rpm) and then centrifuged at 8000 rpm for 10 min. A total of 2 mL of CAS assay
solution was added to 1 mL of the supernatant and incubated at room temperature in dark
conditions. Simultaneously, a blank was prepared using King’s B broth medium and CAS
assay solution. Absorbance was measured at 630 nm, and the percentage of siderophore
units was calculated using the following formula.

% Siderophore =
(Ar − As)

Ar
× 100

where Ar is the absorbance of blank and As is the absorbance of the culture supernatant.

2.3. Screening for Production of Extracellular Enzymes: Protease, Cellulase, and Amylase

Protease production was identified by inoculation of actively grown bacterial cultures
on casein–agar (casein 30 g/L, agar 20 g/L) and incubated at 37 ◦C for 48 h [20]. The
formation of a halo zone around the colonies indicated the production of protease.

Cellulase production was tested by spot inoculation of Bacillus spp. onto sterilized
filter paper discs placed on cellulose–Congo red agar (cellulose, 1%; K2HPO4, 0.009%;
KCl, 0.01%; MgSO4, 0.0049%; and agar 2%) [28]. Formation of halo zones around colonies
indicated the production of cellulase.

Starch hydrolysis was tested by inoculating a loopful of bacterial culture on starch–
agar plates (soluble starch, 20 g/L; peptone, 5 g/L; meat extract, 3 g/L; and agar 20 g/L).
Plates were incubated at 37 ◦C for 48 h and flooded with Gram’s iodine [29]; the formation
of clear halo zones around colonies indicated it was positive for amylase production.

2.4. Molecular Identification of Potential Bacterial Isolates

Based on PGP traits characterized above, two potential Bacillus spp. MMRH22 and
RHPR20 were identified using a 16S rRNA sequence (Macrogen, Korea). The resemblance
of the sequence to the species was analyzed by NCBI BLAST, submitted to NCBI, and acces-
sion numbers were obtained. The phylogenetic tree was constructed by MEGA X software.
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2.5. Compatibility Studies

Compatibility test was performed by streaking cultures so that each bacterial culture
comes in contact with the other, i.e., radiating from the center. Plates were incubated for
48 h at 37 ◦C and observed for growth [30]. Based on PGP traits and compatibility studies,
both Bacillus spp. RHPR20 and MMRH22 were used for plant growth studies.

2.6. Plant Growth Promotion under Greenhouse Conditions

Sorghum seeds (PVK 801; maturity time: 110 days) were acquired from the sorghum
breeding center at International Crops Research Institute for the Semi-Arid Tropics (ICRISAT),
in Patancheru, Hyderabad, India, and greenhouse studies were done at the same lo-
cation. Soil mixture for pots was prepared by mixing black soil (Vertisol), sand, and
compost in a ratio of 3:2:1. A total of four treatments (RHPR20, MMRH22, consortium
(RHPR20 + MMRH22), and uninoculated control) was maintained in twelve replications,
out of which six replications were performed in 6 inchespots (3 harvested at 30 days after
sowing (DAS) and 3 harvested at 60 DAS) and remaining six replications in 8 inches pots
(harvested after crop maturity). Seeds were surface sterilized with 2% sodium hypochlorite
(NaOCl) for 2 min and washed with sterilized distilled water 7 times. After this, seeds were
treated with 70% ethanol for 1 min followed by sterilized distilled water 6 times. Surface
sterilized seeds were incubated with respective bacterial cultures (grown in nutrient broth)
of each treatment for 60 min before sowing. In control, sterilized distilled water was used
to soak seeds. Four seeds were sown in each 6" pots and six seeds in 8" pots which were
thinned to two and three plants after germination. A booster dose of Bacillus cultures
(107 CFU; in case of consortia, booster dose was given by mixing equal quantities of both
cultures) each at a concentration of 10% v/v (mixed with water) was added to pots every
fifteen days after germination till flowering. Based on the growth stage of plants, various
parameters like plant height, number of leaves, leaf area, root, shoot, leaf, panicle, and seed
weight were recorded.

2.7. Root Colonization by Bacillus spp.

Sorghum seeds (PVK 801) were surface-sterilized and treated with bacterial cultures
(RHPR20, MMRH22, consortium (RHPR20 + MMRH22), and uninoculated control) as
described above and sown in pots (4 inches) containing sterile coarse sand. Pots were
incubated in the greenhouse for 15 days, and the root tips of the plants were harvested
using sterile blades. These root tips were fixed in 2% glutaraldehyde–phosphate buffered
saline overnight at 4 ◦C and postfixed in osmium tetroxide. Processed roots were coated
with a gold layer using a sputter coater and scanned under a scanning electron microscope
(SEM) (Hitachi S-3700N) at the University College of Technology, Osmania University,
Hyderabad [31].

2.8. Estimation of Iron (Fe) Content of Sorghum Grains

Sorghum grains obtained after harvest were dried in a hot air oven at 45 ◦C for
three days, ground to fine powder at room temperature. The flour obtained thus was di-
gested with HNO3 and H2O2 as per AOAC [32] standards. Micronutrient concentration in
these digested samples was estimated using inductively coupled plasma–optical emission
spectroscopy (ICP–OES) by running against known standards.

2.9. Statistical Analysis

Data obtained in greenhouse studies were analyzed using ANOVA (GenStat 10.1 ver-
sion) with LSD at 5%.

3. Results
3.1. In Vitro Analysis for Plant Growth-Promoting Traits

All seven Bacillus spp. were positive for the production of IAA on plates. However,
variations were observed in the quantity of IAA produced by each isolate. The highest
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IAA (197 µg/mL) was produced by the isolate RHPR20, whereas the lowest (86.3 µg/mL)
was by KSRH7 (Table 1). Similarly, the rhizosphere and marine isolates showed phos-
phate solubilization on the NBRIP medium by forming a halo zone around the colonies
from the secretion of organic acids. The highest solubilization of phosphate was observed
with the rhizosphere isolate RHPR20 (252.4 µg/mL) and the marine isolate MMRH22
(180.76 µg/mL). In contrast, out of the seven isolates, only two (RHPR20 and MMRH22)
showed positive results for zinc solubilization that was indicated by a halo zone forming
around the colonies. Out of the two isolates, MMRH22 showed the highest zone of solubi-
lization (30 mm), followed by RHPR20 (10 mm) (Table 1). All Bacillus spp. showed positive
results for the production of ammonia and ACC deaminase (Table 1). Siderophore pro-
duction by Bacillus MMRH22 was the highest (64.3), followed by RHPR20 (59.8), RHPR22
(47.2), KSRH34 (46.8), KSRH1 (40.3), RHPR24 (40.3), and the least was by KSRH7 (18.3)
(Table 1).

Table 1. PGP traits of bacterial isolates obtained from rhizosphere and marine samples.

Isolate
IAA

Production
(µg/mL)

Phosphate
Solubilization

(µg/mL)

Zinc
Solubilization

Ammonia
Production

ACCD
Production

Siderophore
Production

KSRH1 97.8 147.61 − ++ +++ 40.3
KSRH7 86.3 170.19 − + + 18.3

MMRH22 173 180.76 30 mm +++ +++ 64.3
KSRH34 169 145.65 − + ++ 46.8
RHPR20 197 252.4 10 mm +++ +++ 59.8
RHPR22 84 84.32 − + +++ 47.2
RHPR24 113 56.3 − ++ + 40.3

Marine isolates MMRH and KSRH; Rhizosphere isolate RHPR; +, ++, and +++ indicate weak, moderate, and heavy producers, respectively.

3.2. Screening for Production of Extracellular Enzymes: Protease, Cellulase, and Amylase

The production of extracellular enzymes by the tested Bacillus isolates is depicted in
Table 2. The highest protease, amylase, and cellulase enzymes were observed in MMRH22
and RHPR20, followed by KSRH7 and RHPR24, then KSRH34, and the least by KSRH1
and RHPR22.

Table 2. Screening for the production of extracellular enzymes by bacterial isolates.

Isolate
Production of Extracellular Enzymes

Protease Amylase Cellulase

KSRH1 + + +
KSRH7 ++ + ++

MMRH22 +++ +++ +++
KSRH34 + ++ +
RHPR20 +++ +++ +++
RHPR22 + + +
RHPR24 ++ + ++

+, ++, and +++ indicate weak, moderate, and heavy producers, respectively.

3.3. Molecular Identification of Potential Bacterial Isolates

Based on the results of the PGP traits, two potential Bacillus isolates, RHPR20 and
MMRH22, were identified by a 16S rRNA gene sequence. The sequences obtained were
aligned against similar sequences in GenBank, and the results revealed that RHPR20 was
similar to Bacillus mojavensis and MMRH22 was similar to Bacillus cereus. Both sequences
were submitted to the NCBI, and the accession numbers obtained were MH211387 for
Bacillus mojavensis RHPR20 and MW397137 for Bacillus cereus MMRH22. The phylogenetic
trees of both the isolates are depicted in Figures 1 and 2.
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Figure 1. Phylogenetic tree of Bacillus mojavensis RHPR20.

Figure 2. Phylogenetic tree of Bacillus cereus MMRH22.

3.4. Compatibility Studies

The potential isolates B. mojavensis RHPR20 and B. cereus MMRH22 were tested for
their compatibility to evaluate them as consortia for plant growth studies. There was no
inhibition zone in the vicinity of both isolates, which indicated that they were compatible
with each other (Figure 3). Although there was no inhibition at the interaction point
of the two isolates, the growth of Bacillus mojavensis RHPR20 was faster than Bacillus
cereus MMRH22.

3.5. Plant Growth Promotion under Greenhouse Conditions

Based on in vitro PGP characteristics, Bacillus mojavensis RHPR20, Bacillus cereus
MMRH22, and their consortia were assessed for the growth promotion of sorghum under
greenhouse conditions. A significant increase in the growth of the sorghum seedlings
was observed in all the treatments, as compared to the uninoculated control at 15 DAS.
The effect of treatments on root and shoot weight was determined separately at 30 DAS.
The most significant enhancement in root weight was found in the plants treated with
MMRH22 (85%), followed by a consortium (78%) and RHPR20 (43%), as compared to the
uninoculated control. The treatment of plants with a consortium of RHPR20 + MMRH22
increased the shoot weights by 65%, followed by RHPR20 (30%) and MMRH22 (26%). How-
ever, there was no significant difference in the number of leaves among all the treated and
control plants. The enhancement of plant height by the treatment group over the control
group was RHPR20 (52%) > MMRH22 (23%) > RHPR20 + MMRH22 (19%) (Table 3).
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Figure 3. Compatibility of B. mojavensis RHR20 and B. cereus MMRH22 showing no zone of inhibition
at the point of intersections.

Table 3. Sorghum plant growth on treatment with PGPB isolates at 30 DAS in greenhouse conditions.

Treatment Plant
Height (cm)

No of
Leaves

Leaf Area
(cm2/Plant)

Root Weight
(g/Plant)

Shoot Weight
(g/Plant)

Leaf Weight
(g/Plant)

Bacillus mojavensis RHPR20 88 7 453 0.57 0.96 1.34
Bacillus cereus MMRH22 71 6 388 0.74 0.93 1.19

Consortia–RHPR20 + MMRH22 69 7 415 0.71 1.22 1.48
Control 58 6 366 0.40 0.74 0.92

SE± 1.5 *** 0.2 ** 15.9 * 0.05 ** 0.06 ** 0.09 *
LSD (5%) 5.3 0.6 55.2 0.17 0.20 0.33

CV% 4 5 7 14 10 13

The data presented above is the average of three replications. LSD: Least significant difference; CV: Coefficient of variance; * Statistically
significant at 0.05, ** Statistically significant at 0.01, *** Statistically significant at 0.001.

At 60 DAS, the highest plant height was found in the plants treated with the consor-
tium RHPR20 + MMRH22 (130 cm), which followed by RHPR20 (109 cm) and MMRH22
(106 cm), whereas the untreated control measured only 58 cm (Table 4). Unlike the result at
30 DAS, there was a significant difference in the number of leaves at 60 DAS. The untreated
plants had only 8 leaves, whereas the plants treated with RHPR20 had 10 leaves, and
those treated with MMRH22 and the consortium MMRH22 + RHPR20 had 12 leaves each
at 60 DAS (Table 4). In contrast, the root weight was higher in the plants treated with
MMRH22 (4.16 g/plant). However, the highest shoot weight was observed in the plants
treated with the consortium RHPR20 + MMRH22 (6.2 g/plant). The leaf weight was also
highest in the plants treated with MMRH22 + RHPR20 (7.97 g/plant) (Table 4). In contrast
to the previous observations (i.e., those at 30 and 60 DAS), all the parameters were found to
be enhanced in the plants treated with a consortium of MMRH22 + RHPR20, as compared
to the untreated control at final harvest (Table 5).

Table 4. Sorghum plant growth treatment with PGPB isolates at 60 DAS in greenhouse conditions.

Treatment Plant
Height (cm)

No of
Leaves

Leaf Area
(cm2/pl)

Root Weight
(g/pl)

Shoot Weight
(g/pl)

Leaf Weight
(g/pl)

Bacillus mojavensis RHPR20 109 10 1310 3.32 6.15 6.58
Bacillus cereus MMRH22 106 12 1101 4.16 5.81 5.86

Consortia–RHPR20 + MMRH22 130 12 1015 2.63 6.20 7.97
Control 83 8 382 2.25 2.25 2.18

SE± 2.6 *** 0.2 *** 41.4 *** 0.169 *** 0.205 *** 0.216 ***
LSD (5%) 9.1 0.7 143.2 0.585 0.710 0.746

CV% 4 4 8 10 7 7

The data is the average of six replications. LSD: Least significant difference; CV: Coefficient of variance; *** Statistically significant at 0.001.
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Table 5. Sorghum plant growth on treatment with PGPB isolates at final harvest in greenhouse conditions.

Treatment Panicle
Length (cm)

Panicle Weight
(g/Plant)

Seed Weight
(g/Plant)

Shoot Weight
(g/Plant)

Root Weight
(g/Plant)

Bacillus mojavensis RHPR20 15.2 7.95 6.96 11.52 6.38
Bacillus cereus MMRH22 15.3 7.90 6.60 11.60 8.49

Consortia–RHPR20 + MMRH22 16.9 9.79 8.54 13.45 9.31
Control 9.5 3.64 3.05 7.27 2.98

SE± 0.39 *** 0.298 *** 0.305 *** 0.503 *** 0.542 ***
LSD (5%) 1.17 0.898 0.918 1.517 1.633

CV% 7 10 12 11 20

The data is the average of six replications. LSD: Least significant difference; CV: Coefficient of variance; *** Statistically significant at 0.001.

3.6. Root Colonization by Bacillus spp.

The co-inoculation of the two Bacillus strains used in this study has aided in effective
root colonization (as evident in Figure 4) of sorghum when compared to the inoculation
with the individual strains (RHPR20 or MMRH22). However, no significant colonization
was evident in the uninoculated control (Figure 4).

Figure 4. Scanning electron micrograph of PGPB-treated sorghum roots (A) Uninoculated control;
(B–D) are treated with RHPR20, MMRH22, and RHPR20 + MMRH22, respectively. Arrow marks
indicate root colonization by bacterial treatments.

3.7. Estimation of Iron (Fe) Content of Sorghum Grains

The uptake of iron in sorghum grains was varied according to the different treatments
used in this study. The highest iron content was found in the grains of plants treated
with the consortia (100.9 ppm), followed by MMRH22 (87.5 ppm) and RHPR20 (78.1 ppm)
over the uninoculated control (51 ppm) (Figure 5). The maximum enhancement in Fe
content (up to 97.8%) was with the consortium RHPR20 + MMRH22, as compared to the
uninoculated control. Among the four treatments, the iron content in the sorghum treated
with the co-inoculation of strains RHPR20 and MMRH22 was significant, as compared to
the uninoculated control.
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Figure 5. Iron (Fe) content in sorghum grains obtained from plants grown with PGP bacterial treatment of seeds.

4. Discussion

Iron plays a crucial role in the metabolic processes of almost all living organisms.
It is also a prosthetic group for most enzymes and activates several metabolic processes.
The primary cause of iron deficiency is an imbalance between the demand of plants and
the availability in the soil. Many reports have documented siderophore producers as
bioinoculants for the promotion of plant growth and the control of phytopathogens, and
this function is gradually being accepted. The characterization of plant growth-promoting
bacteria should be attributed to the production of a wide range of metabolites such as
IAA, ammonia, organic acids, hydrolytic enzymes, and ACC deaminase [33]. Based
on their ability to survive and their compatibility with other bacteria, these microbes
flourish together in the soil. These characteristics have prompted researchers to evaluate
co-inoculation and, as a result, have been studied on various crops [34–36].

PGPR, which produces IAA, induces primary root elongation and the formation of
lateral roots that enables the plant to absorb more nutrients. In a previous study, IAA
that produces Bacillus mojavensis PB-35(R11), which is antagonistic to Rhizoctonia solani,
produced 29 µg/mL of IAA [37], whereas the Bacillus spp. used in our study produced a
higher amount. IAA-producing bacteria solubilized phosphate in the present study, as was
evidenced by the halo zone forming around the colonies. Phosphate-solubilizing bacteria
enhance the phosphorous-uptake in plants by increasing the bioavailability of phospho-
rous in the soil through various mechanisms of solubilization and mineralization [38,39].
Grover et al. [40] reported that phosphate-solubilizing Bacillus spp. enhanced the growth
of sorghum under moisture-stress conditions. Earlier findings by Prakash and Arora [41]
reported that IAA-producing, phosphate-solubilizing Bacillus spp. enhanced the plant
growth and the oil yield of Mentha arvensis. Likewise, zinc plays a crucial role in plant
growth, chlorophyll synthesis, and the development of chloroplasts [42]. Previous works
have mentioned that Bacillus spp. can solubilize zinc [22,43] and enhance plant growth,
which can be associated with the zinc solubilization caused by the strains RHPR20 and
MMRH22, which were used in this study. In the present study, all the isolates showed
positive for the production of ammonia. The accumulation of ammonia alters the soil’s pH
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to alkaline and, thereby, inhibits the germination of fungal spores and the suppression of
phytopathogenic fungi [44]. Our study confirmed the variations in the production of ACC
deaminase and the hydrolytic enzymes, such as protease, cellulase, and amylase, among
the isolates used in the study (Tables 1 and 2). The production of hydrolytic enzymes
by PGPR enables the recruitment of a beneficial microbial community in the rhizosphere
that promotes plant growth and biocontrol [45,46]. PGPR are known to modulate plant
growth and decrease ethylene production as a result of their ACC deaminase activity [47].
In a previous study, Mukhtar et al. [48] found that treatment with Bacillus cereus, which
produced ACC deaminase, protease, and amylase, enhanced the growth of tomatoes under
abiotic conditions. In our study, all the tested Bacillus spp. had the ability to produce
siderophores that could aid plant growth directly by supplying iron to plants as well
as indirectly by limiting iron’s access to pathogens residing in the rhizosphere. Several
strains of Bacillus subtilis have been reported to suppress fungal pathogens in plants using
siderophores [37,49,50]. Hassan et al. [51], Akhtar et al. [52], and Niu et al. [53] documented
plant growth promotion, the reduction of metal toxicity, and the defense response-ability
of Bacillus cereus. Similar plant growth promotion and biocontrol activities of Bacillus mo-
javensis were reported by Prajakta et al. [37] and Rath et al. [54]. Despite many studies that
have reported on plant growth promotion of several crops using rhizosphere bacteria, soil
contamination by various salts and toxic substances could limit the efficacy of this PGP bac-
teria. Therefore, the development of novel microbial mixtures that can alleviate the growth
and nutrient uptake of plants in varied environments is necessary. Marine microorganisms
can adapt to a wide range of temperature fluctuations, salinity, osmotic pressure, and
pH [55,56]. In the present study, Bacillus mojavensis RHPR20 and Bacillus cereus–MMRH22
were compatible with each other. Our results are similar to results obtained by Prasad and
Babu [30], where compatibility was tested between Azospirillum brasilense and Pseudomonas
fluorescens for the plant growth promotion of groundnuts. Several studies reported the
use of the consortia of various bacterial mixtures for plant growth promotion, nutrient
enhancement, abiotic stress management, and biocontrol activities [35,55–58].

Though the Bacillus strains were compatible with each other in vitro, their perfor-
mance during co-inoculation on plants may vary. The results obtained under greenhouse
study corroborated with previous reports of Alekhya and Gopalakrishnan [31], where
Streptomyces spp. promoted the plant growth of sorghum. In another study, He et al. [34]
reported an increase in the growth, yield, and nutrient uptake of tomato on co-inoculation
of Bacillus sp. and Pseudomonas sp. at different plant developmental stages. This might
be another reason that co-inoculation showed better results after 60 DAS. In a study, Guo
et al. [59] demonstrated the application of a consortium of three PGPR strains Bacillus cereus
AR156, Bacillus subtilis SM21, and Serratia sp. XY21 to suppress sweet pepper disease. Our
finding that a consortium of marine and rhizosphere Bacillus strains promoted sorghum
growth is consistent with Saleemi et al. [60], who reported plant growth promotion of wheat
using a consortium of rhizobial and phosphate solubilizing bacteria. Root colonization,
plant growth promotion, and biological control against Fusarium wilt were observed when
Bacillus amyloliquefaciens NJN-6 was inoculated in banana plants [61].

Inoculating plant growth-promoting bacteria enables plants to absorb more nutri-
ents and moisture from the soil [2]. A previous study by Ali et al. [62] illustrated the
enhancement of iron content in mungbean grains when a foliar spray of FeSO4 was applied.
Whereas, in our study, the enhancement of iron content in the sorghum was obtained by
the co-inoculation of Bacillus strains with various plant growth-promoting abilities, which
can be used as bioinoculants that do not require any chemicals. Our study exemplified the
work in plant–microbe interactions, focusing on iron biofortification in staple food crops
(sorghum). Hence, producing future biofortified crops using PGP from varied sources
should be an essential criterion to attain sustainable agriculture.
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5. Conclusions

Our results showed that Bacillus spp. isolated from various origins can synergistically
enhance the growth and the uptake of iron content of sorghum. To our knowledge, this
is the first report to enumerate the differences among isolates obtained from various
origins in the plant growth promotion and the biofortification of sorghum. As evidenced
by SEM observations, the isolates exhibited multiple plant growth-promoting traits and
can colonize sorghum plant roots. Although the study was not conducted under field
conditions, results revealed that the isolates could enhance the growth, the yield, and the
iron content in sorghum grains, thus reducing malnutrition. Nevertheless, further work on
the bioformulations of Bacillus strains under different environmental and field conditions
would ensure the use of these strains to address iron deficiency in plants and human beings.
The development of such beneficial microbial consortia could promote their application as
potential bioinoculants for biofortification.
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