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Rhizobial nitrogen-fxing bacteria are the main inhabitants of the root nodules of legume plants. Studying the bacterial com-
munity of legume nodules is important in understanding plant growth and nutrient requirements. Culture-based technique was
used to examine the bacterial community of these underground organs from Vigna subterranea L. Verdc (Bambara nut), an
underutilized legume in Africa, for plant growth-promoting traits. In this study, Bambara nuts were planted to trap root-nodule
bacteria, and the bacteria were morphologically, biochemically, andmolecularly characterized. Five selected isolates were screened
in vitro for their plant growth-promoting traits and exhibited diferences in their phenotypic traits.Te polymerase chain reaction
(PCR) products were subjected to partial 16S rRNA gene sequencing for phylogenetic analysis. Based on 16S rRNA gene sequence,
the isolates were identifed as BA1 (Stenotrophomonas maltophilia), BA2 (Chryseobacterium sp.), BA3 (Pseudomonas alcaligenes),
BA4 (Pseudomonas plecoglossicida), and BA5 (Pseudomonas hibiscicola). Results showed that four of the fve isolates could
produce IAA. Te capability to solubilize phosphate in Pikovskaya’s agar plates was positively shown by four isolates (BA2, BA3,
BA4, and BA5). Tree isolates could produce hydrogen cyanide while isolates BA1, BA3, BA4, and BA5 were found to have
ammonia-production traits. Te results suggest that these plant growth-promoting isolates can be used as inoculants for plant
growth and productivity.

1. Introduction

Bambara nuts remain one of the neglected and underutilized
crops in Africa, where smallholder farmers primarily grow
them. Culture and traditional practices maintain these crops,
but research and conservation remain inadequately char-
acterized and neglected. Teir potential value has been
underestimated and underutilized due to a lack of attention
[1]. Underutilized and neglected crop species are nutri-
tionally rich; therefore, their erosion can negatively afect the
nutritional status and food security of the poor. Teir en-
hanced use can help to fght hidden hunger and improve
nutrition [1].

Te rural poor rely on Bambara nut for food security,
nutrition, and income generation. With Africa’s population

on the increase, there is a need to ensure afordable foods.
Vigna subterranea L. Verdc. (Bambara groundnut) is the
third most important food legume after Arachis hypogea
(groundnut) and Vigna unguiculata (cowpea) in Africa [2].
Legumes, such as Bambara nuts, play amajor role in the fght
against malnutrition [3]. Bambara nuts possess high crude
protein content between 22 and 37% [4, 5]. Due to its high
lysine and methionine content, it provides a signifcant
supply of protein, particularly for rural and urban residents
who cannot aford the expensive price of animal protein.Te
potential of neglected and underutilized crops such as
Bambara nuts might be used to address the continent’s food
shortages [6]. Terefore, it is essential to increase Bambara
nut consumption and knowledge levels, which are currently
too low in many developing countries.
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Both plants and microorganisms have evolved to take
advantage of their close relationship. Te plant microbiome
determines plant health and productivity. Te phytomi-
crobiome contains a wide variety of bacterial and fungal
microorganisms that colonize all parts of the plant, par-
ticularly the roots [7]. Tese organisms transform essential
nutrients into useable forms that can be assimilated by plants
while plants release a variety of chemical substances into the
rhizosphere, called exudates, which mediate the interaction
between plants and microbes [8, 9]. Pathogen resistance,
water retention, and the production of growth-stimulating
hormones are benefts conferred on plants by benefcial
phytomicrobiome. Te microbial community of plants
difers across plant genotypes, plant organs, plant growth
stages, and locations [9].

Te recent advancements in undersatanding the
mechanisms emplyoyed by phytomicrobiome in stimulating
plant growth and development are expected to continue to
increase [10]. A paraphyletic genus of bacteria known as
rhizobia within plant tissues transforms atmospheric ni-
trogen to ammonia by the highly specialized microbial
community found in the root nodules of leguminous plants
[7]. Rhizobia difer in how they approach nodulation. While
some of them can only nodulate certain plant species, in-
cluding nonlegume plants, others can nodulate various plant
species. Rhizobia are a group of genetically varied micro-
organisms. Tey cooperate to fx atmospheric nitrogen in
a process known as symbiotic nitrogen fxation [11]. In
addition to rhizobia that fx nitrogen, there are diferent
types of nonrhizobial bacteria found in this ecological niche
that engage in a variety of biological activities, such as
biocontrol and stimulation of plant development [11].
Finding bacterial strains with strong rhizobium-legume
associations to increase agricultural productivity requires
the isolation and characterization of rhizobia, which is a rich
biological resource. Rhizobial bacteria increase plant pro-
ductivity and growth by generating a variety of compounds.
Terefore, a complete understanding of the biology of
bacteria in legume nodules is critical.

Bambara nut is the perfect crop for farmers, especially on
marginal soils because it can generate high yield levels with
little input. Te production of Bambara nuts in South Africa
has been reported in various literatures [8, 12, 13]. Tere is
an increase in the study of plant growth-promoting bacteria
(PGPB) globally, especially in sustainable agriculture, since
they can reduce the use of chemical fertilizers [14]. Basic and
applied research is being conducted to develop efcient
bacterial strains that may be employed as plant growth
promoters to attain targeted crop output and yield due to its
advantageous impacts on agriculture. Te aim of this study
was to identify and characterize bacterial populations from
root nodules of Bambara nuts and their in vitro plant
growth-promoting traits.

2. Materials and Methods

2.1. Sampling Site andSampleCollection. Te root nodules of
the Bambara nut used in this study were obtained from the
North-West University Agricultural Field, Mahikeng, which

is located at latitude S 25°49′35.1559″ and longitude E 25°
36′39.2826″. Twenty healthy plants, without the manifes-
tation of any feasible disease, were selected for the study.
After carefully removing the soil surrounding the roots so as
not to harm them, the roots themselves were pulled out. In
sterile zip-lock bags, the roots were then transported to the
laboratory and kept at − 20°C.

2.2. Bacterial Isolation. Te root nodules were shaken to
remove the attached soils, and the nodules were thoroughly
washed under tap water. Te nodules were then surface
sterilized by soaking in 70% ethanol for 10 s before being
repeatedly washed with sterile distilled water. Te efec-
tiveness of the surface sterilization procedure was tested by
rolling the surface-sterilized nodules over nutrient agar
(NA) before crushing the nodules to isolate rhizobia.
Similarly, an aliquot of 100 μl of water from the last rinse
phase was plated on NA plates and tested for the growth of
contaminants.

With the aid of a sterile pestle and mortar, the nodules
were crushed into a paste after the removal of water droplets
from the surface. Rhizobia were isolated from the root
nodules that had been properly surface sterilized. Exudates
from the crushed nodules were plated on NA plates and
incubated at 28°C for 48 h. Te visible colonies were sub-
cultured on fresh NA and incubated at 28°C for 24 h to
obtain pure cultures.

2.3. Morphological and Biochemical Characterization of
Isolates. Te morphological and biochemical tests were
performed for the characterization of the isolates using
standard methods and a miniaturized multitest identifca-
tion system API 20E and API 20NE test kit (BioMérieux)
according to the manufacturer’s instructions. API 20E and
API 20NE are standardized biochemical test for the iden-
tifcation and diferentiation of members of the family
Enterobacteriaceae and nonfastidious, nonenteric Gram-
negative rods (for example, Acinetobacter, Aeromonas
Pseudomonas), respectively.

2.4. In Vitro Screening of Isolates for Plant Growth-Promoting
Traits

2.4.1. Production of Ammonia. Bacterial isolates were tested
for ammonia production using peptone water. Fresh culture
of bacterial isolates was inoculated into peptone water
(10ml) in a tube and incubated at 28°C for 48 h. After that,
0.5ml of Nessler’s reagent was added to the tube. A positive
ammonia production test result was the transformation of
brown to yellow [15].

2.4.2. Hydrogen Cyanide (HCN) Production. Fresh bacterial
cultures were screened for HCN production as described by
Lorck [16]. Isolates were grown in nutrient broth amended
with 4.4 g·L− 1 of glycine and streaked on nutrient agar plates.
Te top of the plate was covered with sterile Whatman flter
paper no. 1 which had been dipped in a solution of 2%
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sodium carbonate and 0.5% picric acid. Paraflm was used to
seal the plates, which were then incubated at 28°C for 4 days.
HCN generation was identifed by the yellow color on the
Whatman flter paper turning dark brown.

2.4.3. Indole Acetic Acid (IAA) Production. Te Bric et al.
[17] protocol was used to measure IAA production by the
isolates. Bacterial cultures (100 μl) were added to nutrient
broth (5ml) supplemented with 0.1% tryptophan, and the
mixture was incubated at 28°C for 48 h. After incubation, the
cells were harvested by centrifugation at 10,000 rpm for
10minutes. Ten, the Salkowski reagent (50ml, 35%
perchloric acid, and 1ml of 0.5M FeCl3 solution) was
combined with 2ml of the supernatant, 2 drops of 10mM
orthophosphoric acid, and 4ml of the Salkowski reagent. For
25minutes, the mixture was incubated at room temperature.
Pink color development suggested IAA production.

2.4.4. Phosphate Solubilization. By spotting 10μl of each
bacterial isolate on Pikovskaya’s agar and incubating it at 28°C
for seven days as reported by Nautiyal [18], the ability of the
isolates to solubilize phosphate was determined. Te ability of
the isolate to solubilize phosphatewas shown by the presence of
a distinct halo zone surrounding the culture spot.

2.5. Molecular Characterization of the Bacterial Isolates.
Te extraction of genomic DNA was carried out using the
ZR soil microbe DNA (Zymo Research) kit as described in
the kit protocol. Te 16S rRNA gene nucleotide sequences
were determined by PCR using a C1000 thermal cycler
(BioRad, CA, USA). Te fD1 (5′-AGAGTTTGATCCTGG
CTCAG-3′) and rP2 (5′-ACGGCTACCTTGTTACGACTT-
3′) primers were used for amplifcation [19]. A fnal volume
of 25 μl was used for the PCR reactions, which contained
12.5 μl of 2× master mix (One Taq® Hot Start Quick Load,
Biolabs, England), 0.5 μl of each primer, and 1 μl DNA. Te
thermal cycling settings were initial denaturation for 5min
at 94°C, followed by 30 cycles of 30 s at 94°C, annealing for
1min at 54°C, and extension for 2min at 72°C. Te PCR result
was sequenced using an ABI PRISM® 3500XLDNA Sequencer
(Applied Biosystems) at Inqaba Biotechnical Industrial (Pty)
Ltd in Pretoria, South Africa.Te sequences were analyzed and
edited using Bio Edit [20]. Evolutionary distance matrices were
generated according to Jukes and Cantor [21]. Phylogenetic
and molecular evolutionary analyses were performed with
MEGA version 5.2.2 [22], and a phylogenetic tree was con-
structed using the neighbor-joining method [23]. Bootstrap
analysis was performed using 1000 replications for the
neighbor-joining data set.

3. Results and Discussion

3.1. Isolation and Characterization of Bacterial Isolates.
Five bacterial isolates were isolated from the nodules of
Bambara nuts and further characterized. All of the bacterial
isolates were Gram-negative and rod-shaped, as shown in
Table 1. Te pigmentation of isolates varies from cream,

orange, and yellow to white. All the isolates were catalase
positive, while only 60% were oxidase positive. Further
biochemical tests were performed with API 20E test kit,
which showed that the fve isolates were positive for citrate
utilization, hydrolysis of gelatin, and acetone production
(Table 2). All isolates were negative for indole and H2S
production. None of the isolates could use sucrose, man-
nitol, inositol, or sorbitol as the carbon source. As stated by
Etesami [24], rhizobia are Gram-negative bacteria, which
can induce nodules on legumes. Te ability of these or-
ganisms to transform atmospheric nitrogen for their legu-
minous hosts in exchange for carbon is well documented.
Members of the class alphaproteobacteria and the genera
Rhizobium, Ensifer, Phyllobacterium, Allorhizobium, Bra-
dyrhizobium, Devosia, Azorhizobium, and Microvirga
transform atmospheric nitrogen into forms usable by plants
in the nodules of legumes.

Other bacterial species (nodule-associated bacteria)
exist in the nodules of legumes in addition to rhizobial,
which are involved in diferent biological activities. Bei-
jerinck [25] provided the earliest account of isolating
Bacillus species from root nodules. Afterwards, research
based on strain isolation revealed a wide variety of bac-
teria—outside of rhizobia—associated with root nodules.
Acinetobacter, Bacillus, Agrobacterium, Micromonospora,
Enterobacter, Mycobacterium, Pantoea, and Pseudomonas
species make up the majority of the nonrhizobial bacteria
in the ecological niche [26–28]. Te fndings showed that
nonrhizobial bacteria are widely distributed and abundant
in the nodules of Bambara nuts. It has been suggested that
the root nodules of legumes may develop a niche that will
allow nonrhizobial bacteria to survive and thrive [29].
When rhizobial bacteria are present and infected, these
nonrhizobial strains can infltrate the root nodules of le-
gumes [24], which may account for the nonrhizobial
bacteria isolated in this study. In crop production, the
resident bacteria in the root nodules are essential for the
growth, and survival of legumes and their interactions
inside nodules will have an impact on plant health.

3.2. Plant Growth-Promoting Traits Screening. Bacterial
strains were screened for various plant growth-promoting traits,
such as ammonia, HCN, IAA production, and phosphate
solubilization (Table 3). Isolates BA 3, 4, and 5 were positive for
all the plant growth-promoting tests, while BA1 tested positive
for ammonia and IAA production and BA2 positive for only
phosphate solubilization. Despite not being able to fx atmo-
spheric nitrogen or produce nodulation, several nonrhizobial
bacteria present in the root nodules of legumes that are not
members of the phylum. Proteobacteria have been found to
possess many plant growth-promoting features [24]. Hydrogen
cyanide, IAA, siderophore, and 1-aminocyclopropane-1-car-
boxylate deaminase production, phosphate solubilization, and
the capacity to inhibit pathogenic fungi are a few of these traits
[30, 31].

Due to its signifcant toxicity against phytopathogens,
HCN has been extensively used in agriculture as a bio-
control agent. It can also be used in chelating metal ions
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and indirectly helping to make phosphate available to
plants [32]. It is a crucial biocontrol characteristic for
protecting crops. It is a phytotoxic substance that pre-
vents key metabolic enzymes from functioning [33].
Consequently, there is a growing interest in their use as
biocontrol agents. Pseudomonas frequently produces
HCN [34]. Te ability of PGPB to produce HCN, which is
crucial for the biological control of many soilborne
pathogenic fungi, is another key characteristic [35]. To
create efcient inoculants for crop production, it is
critical to characterize the distribution of rhizobia and
screen for PGR traits. Hydrogen cyanide production by
bacterial isolates in this study could increase nutrient
availability for plants, promote plant growth, and de-
crease the incidence of pathogen attack.

Plant growth-promoting bacteria are natural potential
resources that colonize roots and are directly or indirectly
involved in promoting plant growth [36]. Te use of PGPB

for legume and nonlegume crops has been considered since
they have the potential for growth stimulation [37]. Bra-
dyrhizobium strains coated on peanut seeds considerably
improved seed germination, biomass, nodule number and
fresh weight, and average nodule weight according to
Deshwal et al. [38].

Te phytohormone IAA is recognized for promoting
plant growth by improving seedling growth, cell diferen-
tiation, and root elongation [39, 40]. Several root-nodule
bacteria have been reported to produce IAA [41–43]. Te
building block for IAA synthesis is tryptophan, and its
availability increases IAA production [44]. Indole-3-acetic
acid is important in shaping root architecture, such as the
diferentiation of vascular tissue, regulation of lateral root
initiation, gravitropism, andmeristemmaintenance [45, 46].
In this study, four isolates Stenotrophomonas maltophilia,
Pseudomonas alcaligenes, P. plecoglossicida and P. hibiscicola
were found to produce IAA.

Table 1: Morphological and biochemical characterizations of bacterial isolates.

Isolates Gram staining Cell shape Pigmentation Oxidase test Catalase test
BA1 − Rod Cream − +
BA2 − Rod Orange + +
BA3 − Rod Yellow − +
BA4 − Rod Cream + +
BA5 − Rod White + +

Table 2: API 20E-based biochemical characterization of the bacterial isolates.

Tests Reaction Negative Positive BA1 BA2 BA3 BA4 BA5
ONPG β-Galactosidase Colourless Yellow + − + − −

ADH Arginine dihydrolase Yellow Red or orange + + + + +
LDC Lysine decarboxylase Yellow Red or orange + − − − −

ODC Ornithine decarboxylase Yellow Red or orange + − − − −

CIT Citrate utilization Pale green or yellow Blue-green or blue + − − + +
H2S H2S production Colourless or grey Black deposit − − − − −

URE Urea hydrolysis Yellow Red or orange + − − − −

TDA Tryptophan deamination Yellow Reddish brown + + + + +
IND Indole production Colourless pale green or yellow Pink − − − − −

VP Acetoin production Colourless Pink or red + + + + +
GEL Gelatin hydrolysis No difusion Difusion of black pigment + + + − −

GLU Glucose fermentation Blue or blue-green Yellow or greyish yellow + + + + +
MAN Mannitol Blue or blue-green Yellow − − − − −

INO Inositol Blue or blue-green Yellow − − − − −

SOR Sorbitol Blue or blue-green Yellow − − − − −

RHA Rhamnose Blue or blue-green Yellow − − − + +
SAC Sucrose Blue or blue-green Yellow − − − − −

MEL Melibiose Blue or blue-green Yellow + − − + +
AMY Amygdalin Blue or blue-green Yellow + − − — —
ARA Arabinose Blue or blue-green Yellow + − − + +

Table 3: Characteristics of plant growth-promoting rhizobacteria isolated.

Isolate Ammonia production HCN production IAA production Phosphate solubilization
BA1 + − + −

BA2 − − − +
BA3 + + + +
BA4 + + + +
BA5 + + + +
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Phosphorus is an essential nutrient in the growth of
plants [47]. A class of helpful bacteria known as phosphate-
solubilizing bacteria can hydrolyze organic and inorganic
phosphorus from insoluble substances. Solubilization of
phosphate is an important mechanism of plant growth
promotion. Biogenic phosphorus is made available to plants
through phosphatase secretion to release phosphorus bound
in organic matter and the formation of organic acids and
chelating compounds that aid in lowering rhizosphere
pH [48, 49]. Several phosphate-solubilizing bacteria have
been documented from the root nodules of legumes [50–52].
Four of the fve isolated bacterial species from this study
could solubilize inorganic phosphate.Tis study showed that
the isolated bacteria can solubilize phosphate, and these
bacteria as proposed by Ekin [53] are crucial for making the
solubilized fraction of diferent phosphate minerals in soil
accessible to plants for growth.

Single strains of rhizobacteria can exhibit multiple PGP
traits, based on screening for PGP-associated compounds
[39, 54]. Nevertheless, their efects are unique, and no two
systems that difer in the kind of soil, the plant genotype, or
the combination of rhizobacteria in the community will

demonstrate the same plant growth promotion [55]. A single
bacterial strain will not have the same benefcial efect in two
distinct conditions, and strains that do not exhibit any PGP
traits in vitro may nevertheless be able to stimulate plant
growth or vice versa [56]. Multitrait plant growth-
promoting bacteria are organisms that support plant
growth through a variety of mechanisms, and these traits
increase seedling emergence, vigor, and yield [57]. Te
bacterial isolates from this study have multiple plant growth-
promoting properties that can be harnessed for plant growth
in marginal soils.

3.3. Molecular Characterization of Isolates. To confrm the
strain identifcation of each bacterial isolate, a polymerase
chain reaction was used to conduct partial 16S rRNA gene
sequencing. For accession numbers, the sequences were
deposited in GenBank. Results from the GenBank nucleotide
sequence analysis using BLAST are presented in Table 4.
Based on incomplete 16S rRNA gene sequences, Figure 1
shows the neighbor-joining tree of typical species and
bacterial isolates. Root-nodule bacteria of various genera,

Table 4: Results of the BLASTN algorithm’s comparison of the 16S rRNA gene sequences of bacterial isolates and GenBank accession
numbers.

Isolate number Assigned accession
number Sequence length Description Accession number % similarity E value

BA1 KM882602 1205 Stenotrophomonas maltophilia KJ584896 100 0.0
BA2 KM882603 1742 Chryseobacterium sp KF640081 99 0.0
BA3 KM882604 1609 Pseudomonas alcaligenes JX867714 99 0.0
BA4 KM882605 1777 P. plecoglossicida JQ659971 100 0.0
BA5 KM882606 1687 P. hibiscicola KC172017 99 0.0

BA1 (KM882602)
Stenotrophomonas maltophilia (KJ584896)
Stenotrophomonas sp
Stenotrophomonas maltophilia
BA5 (KM882606)
Pseudomonas hibiscicola (KC172017)
Pseudomonas geniculata

Pseudomonas oleovorans
Pseudomonas alcaligenes (JX867714)
Pseudomonas nitroreducens
BA3 (KM882604)

BA4 (KM882605)
Pseudomonas plecoglossicida (JQ659971)
Pseudomonas sp.

Chryseobacterium indologenes
BA2 (KM882603)
Chryseobacterium sp (KF640081)

Bradyrhizobium denitrificans
Bradyrhizobium daqingense

93
100

99

99

51

45

100

99

98

0.1

Figure 1: Neighbor-joining phylogenetic tree from 16S rRNA gene sequences of bacterial isolates.
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such as Stenotrophomonas, Chryseobacterium, and Pseudo-
monas, symbiotically coexist with Bambara nuts. Tis was
demonstrated by comparing our 16S rRNA gene nucleotide
sequences with those published in the NCBI gene bank
database (Table 4).

4. Conclusion

Te results of this study illustrate that the bacterial isolates
from the root nodules of Bambara nuts have various PGPR
activities. Tese isolates may be suitable for use as in-
oculants to promote plant development. Te mechanisms
that contribute to growth promotion need to be better
understood. Further research in PGPR feld applications
would aid in that role and improve agricultural pro-
duction, thus helping solve malnutrition and the attain-
ment of food security.

Data Availability

Te sequences for each isolate have been deposited in the
NCBI database under the accession numbers KM882602
(S. maltophilia), KM882603 (Chryseobacterium sp),
KM882604 (P. alcaligenes), KM882605 (P. plecoglossicida),
and KM882606 (P. hibiscicola).
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[14] D. K. Özdoğan, N. Akçelik, andM. Akçelik, “Genetic diversity
and characterization of plant growth-promoting efects of
bacteria isolated from rhizospheric soils,” Current Microbi-
ology, vol. 79, no. 5, p. 132, 2022.

[15] J. G. Cappuccino and N. Sherman, “Microbiology: a labora-
tory manual,” Pearson/Benjamin Cummings San Francisco,
2005.

[16] H. Lorck, “Production of hydrocyanic acid by bacteria,”
Physiologia Plantarum, vol. 1, no. 2, pp. 142–146, 1948.

[17] J. M. Bric, R. M. Bostock, and S. E. Silverstone, “Rapid in situ
assay for indoleacetic acid production by bacteria immobi-
lized on a nitrocellulose membrane,” Applied and Environ-
mental Microbiology, vol. 57, no. 2, pp. 535–538, 1991.

[18] C. S. Nautiyal, “An efcient microbiological growth medium
for screening phosphate solubilizing microorganisms,” FEMS
Microbiology Letters, vol. 170, no. 1, pp. 265–270, 1999.

[19] W. G. Weisburg, S. M. Barns, D. A. Pelletier, and D. J. Lane,
“16S ribosomal DNA amplifcation for phylogenetic study,”
Journal of Bacteriology, vol. 173, no. 2, pp. 697–703, 1991.

[20] T. A. Hall, “BioEdit: a user-friendly biological sequence
alignment editor and analysis program for Windows 95/98/
NT,” Nucleic Acids Symposium Series, pp. 95–98, Information
Retrieval Ltd, [London, UK, 1999.

[21] T. H. Jukes and C. R. Cantor, “Evolution of protein mole-
cules,” Mammalian Protein Metabolism, vol. 3, no. 21, p. 132,
1969.

[22] K. Tamura, F. U. Battistuzzi, P. Billing-Ross, O. Murillo,
A. Filipski, and S. Kumar, “Estimating divergence times in

6 International Journal of Microbiology



large molecular phylogenies,” Proceedings of the National
Academy of Sciences, vol. 109, no. 47, pp. 19333–19338, 2012.

[23] N. Saitou and M. Nei, “Te neighbor-joining method: a new
method for reconstructing phylogenetic trees,” Molecular
Biology and Evolution, vol. 4, no. 4, pp. 406–425, 1987.

[24] H. Etesami, “Root nodules of legumes: a suitable ecological
niche for isolating non-rhizobial bacteria with bio-
technological potential in agriculture,” Current Research in
Biotechnology, vol. 4, pp. 78–86, 2022.

[25] M. W. Beijerinck, “Te root-nodule bacteria,” Botanische
Zeitung, vol. 46, pp. 725–804, 1888.

[26] Z. S. Deng, L. F. Zhao, Z. Y. Kong et al., “Diversity of en-
dophytic bacteria within nodules of the Sphaerophysa salsula
in diferent regions of Loess Plateau in China,” FEMS Mi-
crobiology Ecology, vol. 76, no. 3, pp. 463–475, 2011.

[27] F. L. Kan, Z. Y. Chen, E. T. Wang, C. F. Tian, X. H. Sui, and
W. X. Chen, “Characterization of symbiotic and endophytic
bacteria isolated from root nodules of herbaceous legumes
grown in Qinghai–Tibet plateau and in other zones of China,”
Archives of Microbiology, vol. 188, no. 2, pp. 103–115, 2007.

[28] P. Mart́ınez-Hidalgo and A. M. Hirsch, “Te nodule micro-
biome: N2-fxing rhizobia do not live alone,” Phytobiomes
Journal, vol. 1, no. 2, pp. 70–82, 2017.

[29] R. Muresu, E. Polone, L. Sulas et al., “Coexistence of pre-
dominantly nonculturable rhizobia with diverse, endophytic
bacterial taxa within nodules of wild legumes,” FEMS Mi-
crobiology Ecology, vol. 63, no. 3, pp. 383–400, 2008.

[30] S. Compant, B. Dufy, J. Nowak, C. Clément, and E. A. Barka,
“Use of plant growth-promoting bacteria for biocontrol of
plant diseases: principles, mechanisms of action, and future
prospects,” Applied and Environmental Microbiology, vol. 71,
no. 9, pp. 4951–4959, 2005.

[31] O. S. Olanrewaju, B. R. Glick, and O. O. Babalola, “Mecha-
nisms of action of plant growth promoting bacteria,” World
Journal of Microbiology and Biotechnology, vol. 33, no. 11,
p. 197, 2017.

[32] T. Rijavec and A. Lapanje, “Hydrogen cyanide in the rhizo-
sphere: not suppressing plant pathogens, but rather regulating
availability of phosphate,” Frontiers in Microbiology, vol. 7,
p. 1785, 2016.

[33] C. K. Jha andM. Saraf, “Plant growth promoting rhizobacteria
(PGPR): a review,” Journal of Agricultural Research and
Development, vol. 5, no. 2, pp. 108–119, 2015.

[34] F. Ahmad, I. Ahmad, and M. Khan, “Screening of free-living
rhizospheric bacteria for their multiple plant growth pro-
moting activities,” Microbiological Research, vol. 163, no. 2,
pp. 173–181, 2008.

[35] M. Saraf, U. Pandya, and A. Takkar, “Role of allelochemicals
in plant growth promoting rhizobacteria for biocontrol of
phytopathogens,” Microbiological Research, vol. 169, no. 1,
pp. 18–29, 2014.

[36] M. Ahemad and M. Kibret, “Mechanisms and applications of
plant growth promoting rhizobacteria: current perspective,”
Journal of King Saud University Science, vol. 26, no. 1, pp. 1–20,
2014.

[37] O. O. Babalola, “Benefcial bacteria of agricultural impor-
tance,” Biotechnology Letters, vol. 32, no. 11, pp. 1559–1570,
2010.

[38] V. Deshwal, R. Dubey, and D. Maheshwari, “Isolation of plant
growth-promoting strains of Bradyrhizobium (Arachis) sp.
with biocontrol potential against Macrophomina phaseolina
causing charcoal rot of peanut,” Current Science, vol. 84, no. 3,
pp. 443–448, 2003.

[39] C. F. Chukwuneme, O. O. Babalola, F. R. Kutu, and
O. B. Ojuederie, “Characterization of actinomycetes isolates
for plant growth promoting traits and their efects on drought
tolerance inmaize,” Journal of Plant Interactions, vol. 15, no. 1,
pp. 93–105, 2020.

[40] S. S. K. P. Vurukonda, S. Vardharajula, M. Shrivastava, and
A. SkZ, “Enhancement of drought stress tolerance in crops by
plant growth promoting rhizobacteria,” Microbiological Re-
search, vol. 184, pp. 13–24, 2016.

[41] P. Basu and A. Ghosh, “Production of indole acetic acid in
culture by a Rhizobium species from the root nodules of
a monocotyledonous tree, Roystonea regia,” Acta Bio-
technologica, vol. 21, no. 1, pp. 65–72, 2001.

[42] C. Datta and P. S. Basu, “Indole acetic acid production by
a Rhizobium species from root nodules of a leguminous
shrub, Cajanus cajan,” Microbiological Research, vol. 155,
no. 2, pp. 123–127, 2000.

[43] P. Kumar Ghosh, S. Kumar Sen, and T. Kanti Maiti, “Pro-
duction and metabolism of IAA by Enterobacter spp.
(Gammaproteobacteria) isolated from root nodules of a le-
gume Abrus precatorius L,” Biocatalysis and Agricultural
Biotechnology, vol. 4, no. 3, pp. 296–303, 2015.

[44] A. Kumar, M. Singh, M. Singh et al., “Isolation of plant growth
promoting rhizobacteria and their impact on growth and
curcumin content in Curcuma longa L,” Biocatalysis and
Agricultural Biotechnology, vol. 8, pp. 1–7, 2016.

[45] R. Aloni, E. Aloni, M. Langhans, and C. Ullrich, “Role of
cytokinin and auxin in shaping root architecture: regulating
vascular diferentiation, lateral root initiation, root apical
dominance and root gravitropism,” Annals of Botany, vol. 97,
no. 5, pp. 883–893, 2006.

[46] D. Duca, J. Lorv, C. L. Patten, D. Rose, and B. R. Glick,
“Indole-3-acetic acid in plant–microbe interactions,” Antonie
van Leeuwenhoek, vol. 106, no. 1, pp. 85–125, 2014.

[47] T. S. George, R. J. Simpson, P. A. Hadobas, and
A. E. Richardson, “Expression of a fungal phytase gene in
Nicotiana tabacum improves phosphorus nutrition of plants
grown in amended soils,” Plant Biotechnology Journal, vol. 3,
no. 1, pp. 129–140, 2005.

[48] Y. Chen, P. Rekha, A. Arun, F. Shen, W.-A. Lai, and
C. C. Young, “Phosphate solubilizing bacteria from sub-
tropical soil and their tricalcium phosphate solubilizing
abilities,” Applied Soil Ecology, vol. 34, no. 1, pp. 33–41, 2006.

[49] M. Rashid, S. Khalil, N. Ayub, S. Alam, and F. Latif, “Organic
acids production and phosphate solubilization by phosphate
solubilizing microorganisms (PSM) under in vitro condi-
tions,” Pakistan Journal of Biological Sciences, vol. 7, no. 2,
pp. 187–196, 2004.

[50] S. Lebrazi, K. Niehaus, H. Bednarz, M. Fadil, M. Chraibi, and
K. Fikri-Benbrahim, “Screening and optimization of indole-3-
acetic acid production and phosphate solubilization by rhi-
zobacterial strains isolated from Acacia cyanophylla root
nodules and their efects on its plant growth,” Journal of
Genetic Engineering and Biotechnology, vol. 18, no. 1, p. 71,
2020.

[51] M. Tariq, S. Hameed, T. Yasmeen, M. Zahid, and M. Zafar,
“Molecular characterization and identifcation of plant
growth promoting endophytic bacteria isolated from the root
nodules of pea (Pisum sativum L.),” World Journal of Mi-
crobiology and Biotechnology, vol. 30, no. 2, pp. 719–725, 2014.

[52] T. Taurian, M. S. Anzuay, J. G. Angelini et al., “Phosphate-
solubilizing peanut associated bacteria: screening for plant
growth-promoting activities,” Plant and Soil, vol. 329, no. 1-2,
pp. 421–431, 2010.

International Journal of Microbiology 7



[53] Z. Ekin, “Performance of phosphate solubilizing bacteria for
improving growth and yield of sunfower (Helianthus annuus
L.) in the presence of phosphorus fertilizer,”African Journal of
Biotechnology, vol. 9, no. 25, pp. 3794–3800, 2010.

[54] O. S. Olanrewaju and O. O. Babalola, “Bacterial consortium
for improved maize (Zea mays L.) production,” Microor-
ganisms, vol. 7, no. 11, p. 519, 2019.

[55] D. Egamberdiyeva, “Te efect of plant growth promoting
bacteria on growth and nutrient uptake of maize in two
diferent soils,” Applied Soil Ecology, vol. 36, no. 2-3,
pp. 184–189, 2007.

[56] A. Cattelan, P. Hartel, and J. Fuhrmann, “Screening for plant
growth–promoting rhizobacteria to promote early soybean
growth,” Soil Science Society of America Journal, vol. 63, no. 6,
pp. 1670–1680, 1999.

[57] D. Goswami, H. Vaghela, S. Parmar, P. Dhandhukia, and
J. N. Takker, “Plant growth promoting potentials of Pseu-
domonas spp. strain OG isolated from marine water,” Journal
of Plant Interactions, vol. 8, no. 4, pp. 281–290, 2013.

8 International Journal of Microbiology




