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The increase in dryland agriculture elicits the need to develop sustainable
practices that improve crop yield and protect soil fertility. The use of
biofertilisers adapted to nutrient deficient soils and arid climates would help
achieve this. In this review, the use of plant growth-promoting bacteria is
explored as a possible solution to the current state of dryland agriculture
and climate change threats to agriculture. Plant microbe interactions form
the basis of this review as evidence has shown that these interactions
often exist to improve the health of plants. This is achieved by the
production of important biochemicals and enzymes like indole acetic acid and
amino cyclopropane-1-carboxylate deaminase while also actively protecting
plants from pathogens including fungal pathogens. Research, therefore, has
shown that these plant-growth promoting bacteria may be exploited and
developed into biofertilisers. These biofertilisers are both economically and
environmentally sustainable while improving soil quality and crop yield. The
literature presented in this review is in context of the Namibian climate and
soil profiles.

KEYWORDS

arid adaption, bioinoculants, legumes, plant growth-promoting bacteria, sustainable
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Introduction

The state of food security today is an important factor given the challenges being
faced by the agriculture sector across the whole world. These challenges include climate
change (Cowie et al.,, 2011), droughts (Ibrahim et al., 2015), human conflicts (Ezemenaka
and Ekumaoko, 2018) and an increase in land degradation (Pravilie et al., 2019). Africa
is vulnerable to food insecurity as more than 50% of its land mass is considered dryland
(Prévilie, 2016). Drylands, therefore, refer to regions that receive low amounts of rainfall
and have limited arable land such as the horn of Africa (Pravilie et al., 2019) and central
Asia (Vicente-Serrano et al., 2015). Such drylands are characterized by abiotic stress
such as water and nutrient deficiency, high and low temperatures, high salinity, and
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UV radiation that have a significant impact on soil fertility
and consequently impose an obvious limitation on crop
production which in turn affect food security (Middleton
2013).
engage economic and environmentally sustainable skills,

and Sternberg, Therefore, there is a need to
practices and knowledge systems to improve agricultural
these

(Chimwamurombe and Mataranyika, 2021).

productivity in regions, particularly in Africa

The use of practical knowledge systems includes the
expansion of the food base. This is important in regions
that also incur the burden of malnutrition as a consequence
of food insecurity (Chimwamurombe et al., 2020). Nutrient-
dense drought tolerant crops would adequately mitigate these
challenges of food security in dryland areas. Legumes offer
a prime example of such crops that offer great benefits as
nutritional alternatives. Some legumes of note are chickpeas
(Cicer arietinum L.), soy beans (Glycine max), and marama
bean [Tylosema esculentum (Burchell) Schreiber] (Caprioli
et al, 2016; Bahroun et al., 2018; Cullis et al., 2018).
Furthermore, research has observed improvement in biological
soil quality after the cultivation of legumes making a strong
argument for including them in crop rotations (Yu et al,
2014).

With these facts in mind, it is imperative to explore the
plant microbe interactions that exist between legumes and
the respective microbes. Studies have identified positive plant
microbe interactions in arid climate-adapted legumes that make
a compelling argument for further exploration and analysis
(Bhattacharyya and Jha, 2012; Bahroun et al., 2018; Bakhtiyarifar
et al., 2021). All the organisms occurring in these extreme
environments, including bacteria, fungi and protozoa, develop
intricate survival mechanisms to mitigate abiotic stresses
(Khan, et al.,, 2020a). They possess the ability to express and
regulate only those genes necessary to adequately adapt to the
physical and chemical composition of these habitats (Martinez-
Hidalgo and Hirsch, 2017). Hence, exploiting the plant-microbe
interactions to sustainably meet agricultural demands in these
regions is important (Verma et al., 2010; Lawless et al., 2018).

Some legumes have developed the ability to successfully
grow in arid climates. These legumes offer ideal sources
to isolate plant growth-promoting bacteria adapted to these
climates (Dudeja et al, 2012). Common legumes grown in
the arid parts of southern Africa include Tylosema esculentum
(Chimwamurombe et al., 2016) and Glycine max (Igiechon
and Babalola, 2018). Other legumes of note include Lablab
purpureus, Vigna unguiculata, and Macrotyloma uniflorum
(Bhardwaj et al., 2016; Gronemeyer et al., 2016; Pranesh and
Ramesh, 2019). Bacterial species isolated from these legumes are
also equally important due to their ability to fix nitrogen and
promote growth in different stress situations. Species associated
with this include Bradyrhizobium diazoefficiens, Rhizobium etli,
Sinorhizobium spp. (Lawless et al., 2018) and Mesorhizobium
spp. (Verma et al., 2010).
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Namibia is a country located in the southwestern region
of Africa (Ahmadalipour et al, 2019). Much of the country
experiences a semi-arid to an arid climate. This is perpetuated by
the low rainfall all year round and high evapotranspiration rates
(Muhoko et al., 2020). Average rainfall ranges from <25mm
in the desert regions to 700 mm in the north-eastern regions
(Montle and Teweldemedhin, 2014). Subsequently, groundwater
becomes the largest source of water across the country making
(Kalola et al., 2020). Namibia is also inclined to extreme climate
change vulnerability (Montle and Teweldemedhin, 2014).

This review will explore known beneficial plant microbe
associations in arid and nutrient poor conditions. It will focus
on these interactions with Namibia in mind. It will explore
interactions between legumes and microbes due to their known
arid climate tolerance. Some legumes to be considered are
moth bean [Vigna aconitifolia (Jacq.) Marechal], mung bean
[Vigna radiata (L.) R. Wilczek var. radiata], and cow pea (Vigna
unguiculata L. Walp). However, other plant microbe interactions
will also be referenced.

Abiotic stress effects on plants

Various forms of stress affect agricultural production across
the world. These may be abiotic or biotic stresses. Abiotic stresses
are defined as pressures that arise from the environment. These
include drought, extreme temperatures (which include freezing),
abnormal salt levels and nutrient abnormalities (Suzuki et al.,
2014; Enebe and Babalola, 2018). Abiotic stresses may also
influence the extent to which biotic stresses affect plants. The
effects may include oxidative damage to plant cells which
increases susceptibility to pathogenic infections and pests. A
combination of both types increases the potential threat to crop
yield (Haggag et al., 2015; Pandey et al., 2017).

Drought tolerance is an important feature of plant growth-
promoting bacteria (PGPB) as it offers a means to improve crop
production during long periods of drought. Plant associated
microbes help plants tolerate drought by enhancing the plants’
physiological defenses against drought and producing different
types of beneficial biochemicals such as auxins and enzymes
(Ngumbi and Kloepper, 2016). PGPB can induce drought
tolerance by reducing the accumulation of ethylene which
impedes root elongation and eventual plant growth. This is done
by the production of amino cyclopropane-1-carboxylate (ACC)
deaminase, an enzyme able to catalyse the ethylene precursor
ACC (Vurukonda et al., 2016; Delshadi et al., 2017). Bacteria in
the genera Arthrobacter, Bacillus, and Microbacterium actively
produce ACC deaminase in plants during water stress (Fadiji
etal., 2021).

By producing essential amino acids and hormones, PGPB
increase the plants defenses in cases of drought stress.
Arthrobacter and Bacillus PGPB, for example, contribute to
proline production increasing plant growth (Kumari et al,
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2016). Some Bacillus species, like B. megaterium and B.
subtilis, produce cytokinins which are essential in drought stress
tolerance (Garcia-fraile et al., 2015). Drought tolerance may also
be induced by PGP antioxidant activity. Associated endophytes
increase the concentration of antioxidants such as flavonoids in
plant cells.

Furthermore, evidence has shown that plant growth-
promoting rhizobacteria (PGPR) help improve root systems
in the event of drought stress by inducing root elongation
and increasing surface area. This improves water uptake
(Ngumbi and Kloepper, 2016). Alcaligenes faecalis, Burkholderia
phytofirmans (Ngumbi and Kloepper, 2016), and Azospirillum
brasilense (Vurukonda et al., 2016) strains are known to facilitate
root elongation in drought stress conditions. This has been
similarly observed in studies of Paenibacillus polymyxa SK1
isolated from Lilium lancifolium (Khan, et al., 2020b).

The morphological effects that droughts have on plants
are the main causes of the reduced productivity of crops.
These effects often present as reduced germination rate and
seedling growth. Stunted plant growth is also often observed
with decreased leaf, root and overall plant size (Hanaka et al.,
2021). Plant-water potential is a parameter measured as a
reflection of water energy in plants and is negatively affected
by droughts. Drought stress reduces plant water potential which
affects the transport of nutrients from the soil to the leaves. Plant
fresh weight and biological processes such as photosynthesis
which rely on water availability and nutrient transportation
are also negatively affected by water stress (Ngumbi and
Kloepper, 2016). Furthermore, drought stress negatively affects
the biochemical processes that function to protect the plant. This
results in protein and nucleic acid degradation, and weakening
of membranes (Vurukonda et al., 2016).

Diversity and factors shaping
rhizospheric and plant associated
bacteria

Within plant tissues, microbes exist in symbiosis with
the plant without causing damage to the plant. These
microbes achieve this through roots, stems and/or seeds
(Reinhold-Hurek and Hurek, 2011; Suman et al., 2016).
Plant microbial associations include plant growth-promoting
microbiome in the rhizosphere, pathogenic microbes and
opportunistic human pathogens (Iyer and Rajkumar, 2017).
These associations, when not pathogenic, offer positive support
to the plant and soil. These plant growth-promoting microbes
are known either as rhizobia or endophytes depending on
whether they colonize the rhizosphere or the inner cells
of the plant. Therefore, the successful colonization by the
microbes contributes to the positive growth of the plant
(Verma et al., 2010).
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Seed endophytic bacteria influence

Diverse endophytic microbes colonize seeds forming some
of the first bacterial associations in a plant’s life cycle (Lopez
et al., 2018). These microbes include both bacteria and fungi
(Nair and Padmavathy, 2014; Chimwamurombe et al., 2016).
Seed endophytes have been observed to contribute to seed
germination and cell elongation (Verma et al., 2017; Khalaf
and Raizada, 2018). In addition, they form the initial microbial
association for the promotion of the overall health of plants
(Khalaf and Raizada, 2016). Seed endophytes can also remain
quiescent in latent seeds. This means they only become active
when germination begins. Furthermore, seed endophytes may
be passed through to progeny with some changes occurring in
the microbiome due to pathogenic infections, environmental
changes or other stresses (Lopez et al., 2018).

Seeds endophytic bacteria contribute positively to the
general health of plants. Several species and genera have been
identified as plant growth-promoting endophytic bacteria.
Endophytic rice seedlings analysis revealed a diverse group of
bacteria including Enterobacter asburiae, Pantoea dispersa and
Pseudomonas putida. These were found to produce auxins,
solubilize phosphates and inhibit pathogenic fungi (Verma et al.,
2017). Through nitrogen fixation (Verma et al., 2017), hormone
production (Chimwamurombe et al., 2016; Khalaf and Raizada,
2018) and antimicrobial activity (Nair and Padmavathy, 2014),
endophytes improve abiotic stress tolerance and increase
germination rates (Suman et al, 2016). Furthermore, they
are also able to regulate hormone concentration thereby
strains

improving plant environmental

(Asaf et al., 2017).

adaptation to

Plant growth-promoting bacteria and
nodulation

Root nodules are small structures typically found on legume
roots. These nodules are small ranging between 2 and 5mm
containing up to 10 bacterial cells (Downie, 2014). Root nodule
formation is triggered by simultaneous correlations between
plants and their soil environment. The release of Nod factors
into the soil by rhizobia temporarily activates plant genes that
code for specific hormones (Spaink, 2000; Poehlman et al., 2019).
Peptide hormones, for example, together with signal receptors
and low levels of nitrogen in soil induce nodule formation with
close association with nitrogen fixing bacteria (Taleski et al.,
2018). However, nodule formation may be negatively affected
by the absence of specific strains, low quorum and failure to
colonize the rhizosphere (Prasanna et al., 2017). Though root
nodules are mostly colonized by nitrogen fixing rhizobia, other
microorganisms may also be found present in the nodules
(Martinez-Hidalgo and Hirsch, 2017).
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The formation of root nodules with the eventual
colonization by bacteria is not fully understood however,
it is known that nitrogen fixation is a result of this process.
The process of nodulation is triggered by nitrogen levels in the
soil with low levels initiating hormone signaling in the form
of C-terminally encoded peptides (Verma et al., 2010; Taleski
et al., 2018). Nod factors are produced by the bacteria as a
response to signal molecules from the plant. These chemical
signals include flavonoids which trigger the activation of Nod
factor regulatory genes in bacteria (Spaink, 2000). This begins
the process of infection with the rhizobial bacteria attached to
root hairs. Once plant cell membranes detect the Nod factors,
root hair deformation follows. A process that results in the
nodule structure (Downie, 2014). Microbial interactions with
roots tend to be location specific. Figure 1 below illustrates the
specificity of different bacteria with the root system.

with
Mesorhizobium, Rhizobium and Sinorhizobium (Verma et al.,

Bacteria  associated root nodules include
2010). In addition, species from the Bacillus, Bradyrhizobium
and Leifsonia genera have been isolated from legume nodules in
semiarid regions. Microbacterium endophytic isolates have also
been isolated from root nodules (Nunes et al., 2018; Muresu
et al,, 2019). The symbioses have the advantage of promoting
plant growth by increasing nitrogen uptake and assisting
in disease tolerance and resistance. The bacteria may also
solubilize phosphate or produce plant hormones which increase
plant growth (Busby et al., 2017; Muresu et al., 2019). Plants
consequently take advantage of the symbiotic relationship with
bacteria present in the soil facilitating the formation of root

nodules (Lawless et al., 2018).

Rhizospheric influence on plant growth
promotion

The rhizosphere is described as the soil region closest to
the roots. It acts as a platform for close interaction within the
biosphere around the roots of plants (Jha and Saraf, 2015) and
is largely influenced by the plant roots themselves (Ai et al.,
2011; Semenov et al., 2020). Therefore, bacteria that colonize the
rhizosphere are known as rhizobacteria (Haiyambo et al., 2015).

Through the action of root exudates and essentially
chemotaxis (Figure 2) the rhizosphere is a microbe-rich zone
(Orozco-Mosqueda et al., 2018; Swarnalakshmi et al., 2020).
Also referred to as inter-kingdom signaling, chemotaxis forms
the basis for the initial colonization of the rhizosphere by
microbes (Venturi and Keel, 2016). As a result, it is a site
for biological functions including microbial activity (Ferndndez
Lopeza et al., 2013) and water regulation (Zhang et al., 2020).
Both fungal and bacterial organisms form the population of
microbes that occupy the rhizosphere (Bui and Franken, 2018;
Liu et al., 2019; Leontidou et al., 2020; Sharma et al., 2020).

Frontiers in Sustainable Food Systems

04

10.3389/fsufs.2022.1002797

FIGURE 1

Root-nodule interactions with microbes. (A) Root nodules on
plant roots. (B) Ectomycorrhizal associations with legume tree
roots. (C) Arbuscular mycorrhizal interactions with root cells. (D)
Gram negative rhizospheric bacteria that may influence nodule
formation. (E) Gram positive bacteria colonize both the
rhizosphere and the nodules. (F) Free living actinomycetes
influence plant growth by nitrogen fixation among others.
Adapted from Martinez-Hidalgo and Hirsch (2017).

Remodeling
plant
phenotypes

Phenols

-
[Amino aciés

m Tryptophan

t exudates

Rhizospheric microbiota

FIGURE 2
Rhizospheric interactions between the environment, microbes,
and plants. Adapted from Lu et al. (2018).

Rhizobacteria possess the unique ability to influence plant
systems both directly and indirectly (Enebe and Babalola,
2018). They offer positive support and influence the crops by
performing or facilitating various biological processes. These
include solubilisation of inorganic forms of essential compounds

frontiersin.org


https://doi.org/10.3389/fsufs.2022.1002797
https://www.frontiersin.org/journals/sustainable-food-systems
https://www.frontiersin.org

Mataranyika et al.

(Kaushal and Kaushal, 2015; Puri et al, 2020), biological
nitrogen fixation (Tamagno et al, 2018) and antimicrobial
activity (Qiu et al,, 2012; Martinez-Hidalgo and Hirsch, 2017)
among others. The microbial community of the rhizosphere, as
such, is heavily influenced by microbes present in the general soil
mass (Mendes et al., 2014).

The rhizosphere forms the primary stage for the exchange of
nutrients and compounds between the plants and rhizobacteria.
This is made possible by carbon rich root exudates that make the
rhizosphere a nutrient rich region. This favors microbial growth
(Orozco-Mosqueda et al., 2018; Semenov et al., 2020). The
physical characteristics of the rhizosphere also create a suitable
environment to accommodate both aerobic and anaerobic
bacteria among others (Jha and Saraf, 2015; Chawngthu et al.,
2020).

One important role played by the rhizosphere is the
contribution it makes to water uptake from the bulk soil
into plant roots. The uptake of water by plants from the
bulk soil is a well understood process, however, the influence
of the rhizosphere is often overlooked. Through an intricate
interaction between the plant and rhizosphere, the water
uptake is regulated (Carminati et al,, 2010). This is initiated
by plant roots that have been observed to produce a gel
like substance (mucilage) that is held within the rhizosphere.
Mucilage modifies rhizospheric soil properties resulting in
improved water storage (Zeppenfeld et al., 2017; Zhang et al.,
2020). Mucilage also has an additional function of inducing
hydrophobicity in the event of reduced water availability. This
allows for biophysical protection of the plant from drought
(Kroener et al., 2016).

In addition, research strongly suggests that rhizospheric
influence may differ depending on the age of the roots. This
implies, therefore, that distal (younger) roots experience a
greater mucilage occurrence to improve water uptake compared
to proximal (older) roots (Carminati, 2013). Therefore, the
hydraulic properties of the rhizosphere together with root
exudates play a crucial regulatory role in water uptake by plants.

Root exudates are nutrient rich carbon sources ideal for
microbial communities. They also offer a certain degree of
influence on the microbiome (Semenov et al., 2020). Due
to this influence and its physical properties, the rhizosphere
creates an ideal environment for microbes. With this, the
rhizosphere is able to house a wide variety of microbes whose
composition is often influenced by plant roots (Essel et al., 2019).
Distinct differences in microbiomes between the bulk soil and
rhizosphere exist, however, the multiplicity decreases around
the rhizosphere (Cui et al., 2019). In addition, the rhizospheric
microbiome is more functionally structured compared to the
bulk soil. This strongly points toward ecological stability within
the rhizosphere (Zhang et al., 2017; Tian et al., 2022).

The rhizospheres of all plants are characterized by
bacteria from several different genera. These include Bacillus,
Enterobacter and Pseudomonas (Haiyambo et al., 2015). Some
of the most abundant bacterial genera that have been
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identified within the rhizosphere are Lactococcus, Nocardioides,
Pseudarthrobacter, Rhizobium and Streptomyces (Essel et al.,
2019). The rhizosphere of legumes also includes a similar
microbial profile. Rhizobacteria isolated from the chickpea
rhizosphere include Azotobacter chroococcum, Bacillus pumilis,
Bacillus subtilis and Pseudomonas aeruginosa (Pandey et al,
2019). Hence, other legumes like dolichos bean (L. purpureus)
that have formed beneficial symbioses with bacteria become
ideal candidates for sustainable intercropping practices.

Use of bioinoculants in crop
improvement

Bioinoculants or biofertilisers are microorganisms
developed for application to the surface of plants, seeds
or mixed with the soil with eventual colonization of the
rhizosphere or endosphere of the plants. They promote
plant growth and improve nutrient use and uptake by the
plant (Singh, 2013). The identification of PGPB and eventual
growth-promoting traits has led to the use of bacteria strains as
bioinoculants. These associations may be used in sustainable
agriculture to substitute the use of chemical fertilizers.

Inoculation of soil or seeds with bioinoculants improves
plant growth of plants. Root length, for example, may be
influenced by inoculation of seeds with Azospirillum brasilence
and Pseudomonas putida which are both known to encourage
plant growth due to their ability to produce TAA (Shahab et al,,
2009). Further evidence indicates plant growth improvement
by the production of bioactive metabolites of PGPB isolated
from the roots of Salvia miltiorrhiza. These contribute toward
pathogen inhibition and improved disease tolerance and
resistance (Duan et al., 2013). The use of bioinoculants has been
assessed in Namibia on the growth of cowpea varieties. The
study observed increases in yield of approximately 30% (Luchen
et al., 2018).

The use of bioinoculants is further motivated by their
environmental benefits. Unlike chemical fertilizers, biofertilisers
do not leach into the soil and water nearby, a process known as
eutrophication (Wimalawansa and Wimalawansa, 2015; Ouyang
et al, 2018). However, this may be negatively affected by
the chemical composition of the soil. Long-term exposure to
fertilizers, for example, impacts the rhizospheric microbiome
often reducing the diversity of PGP bacteria (Semenov et al,
2020).

Plant growth-promoting traits

1-aminocyclopropane-1-carboxylate
(ACC) deaminase

Ethylene is a phytohormone with a regulatory role necessary
for plant growth when in low concentrations. However, abiotic
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and biotic stresses trigger a different response (Ghosh et al,
2018). Stress events such as drought and higher temperatures
induce the production of plant growth limiting compounds such
as ethylene (Gupta and Pandey, 2019a). During drought stress,
a frequent problem in arid and semi-arid regions, ethylene is
produced as a stress signal. The increased water stress accelerates
the oxidation of 1-aminocyclopropane-1-carboxylic acid from S-
adenosyl methionine. A reaction that results in the production
of ethylene (Danish and Zafar-Ul-Hye, 2020). An unregulated
increase in “stress ethylene” results in the death of shoots and
roots leading to the plant eventually failing to thrive (Singh et al,
2015). The presence of the enzyme ACC deaminase regulates the
amount of ethylene in the plant. This is done by the hydrolysis
of ACC to ammonium and a-ketobutyrate (Penrose and Glick,
2003). Studies have noted that ACC deaminase can effectively
eliminate drought stress effects and this has been observed in
pea crops (Ghosh et al., 2018).

ACC deaminase is also especially useful in increasing plant
stress tolerance in events of high salinity and pathogenic
infections (Bhattacharyya and Jha, 2012). Furthermore, the
presence of ACC deaminase promotes nodule formation
supporting plant growth. Some bacterial species produce ACC
deaminase that actively breaks down ACC to ammonium and
a-ketobutyrate (Belimov et al., 2001; Tsukanova, 2017). It has
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been noted, however, that ACC deaminase activity is higher
in phosphorous deficient environments than in phosphorous
abundance (Alemneh et al., 2020). Essentially ACC deaminase,
by reducing the amount of ethylene, can influence an increase in
root length (in the event of water stress) and improved nutrient
uptake (in situations of nutrient deficiency) (Alemneh et al,
2020).

To determine the presence of ACC deaminase, bacterial
isolates are tested for their ability to utilize ACC as the sole
source of nitrogen (in the form of ammonium) (Penrose and
Glick, 2003). This is achieved by inoculating the bacterial
samples onto augmented Dworkin Foster minimal salt media
with added ACC. Growth on these plates would indicate
the presence of active ACC deaminase. An additional step
measures the activity by determining the amount of o-
ketobutyrate and ammonium produced (Ali et al., 2014). The
process of the production of ammonia and a-ketobutyrate
via ACC deaminase activity is shown in Figure 3 below.
Molecular analysis of the isolates via 16S rRNA primers
provides their identities. Some known bacteria species which are
capable of hydrolyzing ACC include Pseudomonas putida strain
Am?2, P. brassicacearum strain Am3, Variovorax paradoxus
strain Bm2, P. putida strain Bm3 (Belimov et al, 2001), P.
fluorescens strain FPG3 (Ali et al., 2014), Paenibacillus sp. strain
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SG_AIOA2 and Aneurinibacillus aneurinilyticus (Gupta and
Pandey, 2019a).

Phosphate solubilization

Minerals in insoluble forms cannot be taken up and utilized
by plants, hence the need for chemical fertilizers. Phosphorous is
one such mineral (Khandare et al., 2020). Phosphate solubilizing
bacteria convert inorganic phosphate (Pi or POZf) into more
soluble forms (HPOif or HpPOy) that can be taken up and
utilized by the plant. Bacteria achieve this by secreting acids that
facilitate solubilization. Succinic acid is one such acid produced
by several strains of Bacillus megaterium (Suleman et al., 2018;
Zheng et al., 2018).

Phosphorous is an essential nutrient required for the growth
and development of plants. It is a crucial element in DNA
and RNA, adenosine triphosphate (ATP) and phospholipids
(Daneshgar et al., 2018). Thereby positively contributing to
photosynthesis, root elongation and nitrogen fixation (Matse
et al, 2020). The availability of phosphorous to plants
is crucial in soils with low concentrations of biologically
available phosphates (Khandare et al, 2020). Furthermore,
by using phosphate solubilizing PGPR in agriculture the use
of environmentally damaging phosphate fertilizers is avoided.
These phosphate fertilizers are known to leach heavy metals into
water sources (Bhattacharyya and Jha, 2012).

To characterize bacteria for phosphate solubilization,
isolates are grown on Pikovaskya’s agar plates with 2% inorganic
Tricalcium phosphate (Ca3(POy4), (Pandey et al.,, 2019) or a
tris-minimal medium with added zinc phosphate (Shahab et al.,
2009) and monitored. A molecular technique may also be
employed in the identification and characterization of phosphate
solubilising bacteria. This method entails the identification of
phosphate solubilising genes in bacterial isolates. Using gene
specific primers, genes may be identified (Zheng et al., 2018).
This, however, is an inconclusive technique as it only indicates
the ability of the bacteria to solubilise phosphates but does not
reveal the level of expression of the genes.

Bacteria known to solubilize inorganic phosphate include P.
fluorescens, P. putida, Xanthomonas maltophilia (Gupta et al,
2014), Enterobacter agglomerans and Rhizobium leguminosarum
(Bhattacharyya and Jha, 2012). Some studies have identified
bacterial strains in co-inoculation studies that improve
phosphorus uptake. Improved phosphorous content was
observed when Rhizobium spp strains (CHB1120 and CHB1121)
were inoculated with Azotobacter vinelandii (strain G31) and
Bacillus aryabhattai (strain Sb) (Matse et al., 2020).

Siderophore production

Iron is one of the most crucial elements for plant growth
and is essential for plants to maintain ion homeostasis. It is
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also an essential component as plants are the main source
of iron for humans. Iron deficiency in plants, therefore, is a
serious problem (Rai et al., 2021). Some PGPR can produce
siderophores that improve the uptake of iron by plants. These
siderophores, by forming chelating complexes, promote plant
growth by improving the availability of iron to plants and
microbes. Siderophores are low molecular weight compounds
released by organisms that have a high chelating affinity for ferric
iron (Dudeja and Giri, 2014). These compounds solubilise ferric
iron into more soluble forms (Fe>t complexes) that are more
easily taken up by plant cells (Gamit and Tank, 2014).

The functions of the siderophores promote plant health.
As previously mentioned, nitrogen is an essential nutrient
required by all plants. For nitrogen to be fixed, bacteria
require the enzyme nitrogenase which contains iron. Therefore,
sufficient amounts of iron are required (Singh et al., 2018).
Iron is also an essential mineral required by plants for growth
and development. Using iron-chelating siderophores, PGPR
improve the uptake of iron in iron-deprived soils (Dastager et al.,
2011). Siderophores also play a secondary role in biocontrol. By
chelating ferric iron, they reduce the availability of free living
iron in the soil which is required by phytopathogenic microbes
(Bhattacharyya and Jha, 2012; Majeed et al., 2015). This has been
observed in the control of pathogenic fungi by reducing the
availability of iron (Penrose and Glick, 2003; Goswami et al.,
2014).

Ligands that chelate iron (III) are used to classify and
identify siderophores, these include carboxylates, catecholates
and hydroxamates (Louden et al, 2011). Chrome azurol
S (CAS) agar, with a pH indicator, is often used as a
universal identifier for siderophore production tests. Isolates
are inoculated onto CAS agar and observed for color change.
The presence of a yellow halo around inoculated isolates
indicates siderophore production (Schwyn and Neilands, 1987;
Batista et al., 2017). Siderophore producing rhizobacteria in
the genera Azadirachta, Azotobacter, Bacillus, Pseudomonas
and Rhizobium contribute positively to plant growth and
improvement of chlorophyll content (Gamit and Tank, 2014;
Gupta et al, 2015). Pseudomonas sp. strain GRP3 from V.
radiata supports iron uptake because of efficient siderophore
production (Glick, 2012). Some siderophore producing species
include Bradyrhizobium japonicum, Rhizobium leguminosarum
and Sinorhizobium meliloti (Bhattacharyya and Jha, 2012).

Indole-3-acetic acid production

Indole-3- acetic acid (IAA), a growth-promoting auxin,
stimulates root elongation and root hair growth. It is synthesized
from tryptophan (Lu et al., 2018). However, previous studies
have also identified bacteria that can produce IAA without
the use of a tryptophan precursor (Kumari et al, 2016). It
is an essential plant growth-promoting compound that offers
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positive support during drought stress, nutrient deficiency, and
high salinity.

Extended periods without water (drought stress) mean the
amount of water available to plants decreases continuously.
However, TAA creates a metabolic reaction that improves
water and nutrient uptake (Etesami, 2018). TAA stimulates
root elongation and increases root hairs during drought stress.
Furthermore, by increasing cell-water uptake efficiency and
protein synthesis, IAA promotes embial activity. This in turn
promotes increased nutrient uptake, (by longer roots) and
induces flowering and fruiting (by delayed abscission) (Mohite,
2013).

The presence of TAA has also been attributed to increased
salt tolerance by plants. By improving and maintaining the
homeostasis of auxins and phytohormones, ITAA supports salt
tolerance. This is of importance as high salinity affects hormone
production and balance (Saleem et al., 2021). Plants infected
with TAA producing PGPB have been found to contain higher
levels of antioxidant enzymes which increase salt tolerance
(Viscardi et al., 2016). However, salt tolerance may also be
enhanced with physical modifications induced by TAA. Khalid
and Aftab (2020) observed salt tolerance samples with TAA.
They attributed this tolerance to a possible increased salinity
tolerance threshold made possible by the improved root length
and cell extension.

IAA production may be assessed from bacterial isolates and
quantified using different methods. Microbial analysis of IAA
production often follows the growth of isolates in Luria-Bertani
(LB) broth with tryptophan and incubated while shaking.
Samples will thereafter be centrifuged and supernatant extracted
for quantification using a spectrophotometer (Rajendran et al.,
2012). Isolates can also be grown in yeast malt dextrose
broth and quantification of IAA can be done using thin
layer chromatography (Mohite, 2013). Some IAA producing
genera include Azotobacter, Azospirillum, Bacillus, Kocuria,
Pseudomonas, and Rhizobia (Bhattacharyya and Jha, 2012;
Goswami et al., 2014).

Antifungal activity

Biotic stresses are major threats to crop production and yield
and often results from fungal, bacterial, or viral infections. These
infections cause great losses. Sub-Saharan Africa has recorded
losses of more than 220, 000 tons due to fungal infections
in common beans. The result of this on a global scale is
approximately 800 million people being undernourished (Burke,
2010; Rajendran et al., 2012). Therefore, the antifungal activity of
biofertilisers is an important characteristic.

One important fungal pathogen to legumes is Colletotrichum
lindemuthianum. It affects L. purpureus (dolichos bean) and
causes anthracnose disease which often results in yield loss. V.
radiata (mung bean) is also susceptible to anthracnose infection
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with losses sometimes reaching up to 60% of planted crops
(Bhutani et al., 2018). Other important fungal species are in the
genus Fusarium. These include F. oxysporum and F. solani which
are common pathogens that affect legumes (Burke, 2010; Eid
and Fouda, 2021). Antifungal activity of plants by endophytic
bacteria, therefore, is beneficial and contributes to plant growth-
promoting activities (Haiyambo et al., 2015).

The antifungal activity of endophytic bacteria may be
determined by molecular analysis or microbiological techniques.
Molecular analysis of bacterial endophytes with primers allows
for the detection of genes for antifungal compounds. Previous
studies have identified the following genes phzC-phzD, prnD,
pltc, phz, phlD and hcnAB to code for the production
of antifungal compounds such as phenazine, phenazine-
1-carboxylic acid and pyrrolnitrin (Bahroun et al., 2018).
Metagenomics may also be used to detect antifungal clones in
isolates, however, this method often results in low detection
(Burke, 2010).

Antifungal compounds produced by endophytic bacteria
actively inhibit the growth of pathogenic fungi. Microbial
analysis of antifungal activity follows the concept of the
inhibitory potential of isolates (Bhattacharyya and Jha, 2012).
Isolates from V. radiata have been found to produce hydrogen
cyanide which actively inhibits pathogenic fungi (Bhutani et al.,
2018). To determine antifungal activity, fungal isolates are
grown on potato dextrose agar (PDA) plates co-inoculated
with bacterial isolates with antifungal abilities (Rajendran et al.,
2012). Zones of inhibition indicate the degree of efficacy of
antifungal compounds produced.

PGPB with antifungal activity can be isolated from different
plants. An endophytic bacterium (Paenibacillus polymyxa SK1)
isolated from bulbs of the Lilium lancifolium was found
to possess significant antifungal activity. P. polymyxa SK1
was shown to actively inhibit Botrytis cinerea, Botryosphaeria
dothidea, Fusarium fujikuroi and F. oxysporum, all detrimental
fungal pathogens (Khan, et al., 2020b). Some Staphylococcus
strains have been found to reduce drought stress but also inhibit
fungal infections in plants (Eid and Fouda, 2021). Streptomyces
murinus is a well-studied endophyte with antifungal activity.
The most significant activity has been observed against
Gibberella fujikuroi, Aspergillus niger and Aspergillus fumigatus
all-important plant pathogens (Sun et al., 2013).

Nitrogen fixation

One of the most beneficial characteristics of plant growth
is nitrogen fixation. Biological nitrogen fixation (BNF) is the
process of supplying available nitrogen to the plant through
microbial action. This is a trait that has been observed more
often in legumes. L. purpureus and Cajanus cajan (pigeon pea)
are examples of such legumes (Mendonga et al.,, 2017). This
can be facilitated by bacteria (also referred to as diazotrophs)
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FIGURE 4

Schematic presentation of nitrogen fixation via nitrogenase facilitation. (A) Detached nitrogenase components | (dinitrogenase, MofFe protein)
and Il (dinitrogen reductase; Fe protein) show Il awaiting reduction by ATP. (B) ATP binds to component Il initiating electron transfer from donor
[Fdx (ferredoxin) or Fld (flavodoxin)]. ATP binding triggers an allosteric structural change which leads to the components attaching. A flow of
electrons occurs from the [4Fe-4S] cluster on Il to the P cluster on I. (C) Electrons are further shuttled to the cofactor-iron-molybdenum
cofactor (FeMoco) while ATP is hydrolysed to adenosine diphosphate (ADP). (D) The two components detach and produce ammonia and H via
the reduction catalysed by nitrogenase (Seefeldt et al.,, 2009). Image by R Patricia.

that fix atmospheric nitrogen (N3) to more biologically available Isolates that show growth are thereafter inoculated into nitrogen
ammonium form (NHZ). This reaction typically occurs in root free broth. This is followed by inoculation and growth in
nodules (Chidebe et al., 2018). This characteristic is especially enriched cultures in vials allowing to produce ethylene. The
crucial for plants growing in nitrogen poor soils. The chemical ethylene produced is then measured by gas chromatography
equation and Figure 4 below represent the process of nitrogen (Gothwal et al., 2008; Baldani et al., 2014).

fixing. Studies have found that the enzyme nitrogenase catalyses However, ARA requires the use of a conversion factor
the reaction below (Das and Microbial, 2018; Saiz et al., 2019). to estimate the biological nitrogen fixation rate based on

the number of moles of ethylene produced. The conversion
factor is often approximately 4:1 (Saiz et al, 2019). The

N, + 10H' + 8%~ — 2NH1‘ + H,(16 ATP) latter method, on the other hand, is more accurate as it
measures nitrogen fixation based on the differences in °N

For nitrogen content, BNF plays a crucial role in improving isotope abundance when exposed to >N standard samples.
soil fertility. In addition, it has been documented that close to However, this method carries a higher risk of contamination
80% of all BNF occurrences are through symbiotic bacteria while (Smercina et al, 2019). In addition to these two methods, a
non-symbiotic activity also contributes significantly (Gothwal microbial bioassay may also be used. In this method, isolates
et al., 2008; Das and Microbial, 2018). Non-symbiotic bacteria are grown on a nitrogen free medium before growth on
also referred to as free living nitrogen fixing (FLNF) bacteria can Jensen’s medium plates under Ny atmosphere. Colony growth
occur throughout the soil. However, they are often restricted to is then monitored and measured using a haemocytometer.
the rhizosphere due to the availability of carbon from the plant A published equation is then used to calculate the rate of
(Smercina et al., 2019). BNF (Das and Microbial, 2018).

The rate of nitrogen fixation is measured to determine There exists a catalog of nitrogen fixing bacteria that
the nitrogen fixing abilities of microbes. This is done in one play an important role in plant growth promotion. Many
of two ways, acetylene reduction assay (ARA) or the °Nj of them have been isolated from legume species from
incorporation method (Smercina et al., 2019). ARA is based on roots, rhizosphere, and nodule endosphere. These include,
the reduction activity of nitrogenase enzyme on acetylene to among many others, Phaseolus vulgaris, V. angularis, V.
ethylene (Saiz et al., 2019). To assess nitrogen fixing activity, subterranea, and L. purpureus (Andrews and Andrews,
isolates are grown on nitrogen free medium with an indicator. 2017). Within that list of bacteria are Bacillus pumilis and
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TABLE 1 Bacterial plant growth-promoting interactions.

Trait

Effect on plant

Genus/species

Common hosts

10.3389/fsufs.2022.1002797

References

Phosphate solubilization

Antifungal activity

ACC deaminase

production

IAA production

Siderophore production

Biological nitrogen

fixation

Increases phosphate

uptake by plants

Prevents fungal

pathogenic infections

Actively cleaves ACC
(precursor to ethylene)
to lessen the effects of
drought and salt stress
Improve cell-water
uptake efficiency and
protein synthesis during
drought and salt stress
Increases uptake of iron
by plants and reduces
available iron to fungal
pathogens

Increases nitrogen
uptake especially in

nutrient poor soils

Bacillus megaterium, Enterobacter
agglomerans, Enterobacter asburiae, Pantoea
dispersa, Pseudomonas putida and Rhizobium
leguminosarum

Enterobacter asburiae, Pantoea dispersa,
Bacillus amyloliquefaciens, Paenibacillus
polymyxa, Streptomyces murinus and
Pseudomonas putida.

Pseudomonas putida, Pseudomonas
brassicacearum, Variovorax paradoxus,
Pseudomonas fluorescens, Paenibacillus sp.
and Aneurinibacillus aneurinilyticus
Bradyrhizobium sp., Azospirillum sp.,
Enterobacter cloacae Bacillus sp., Rhizobium

leguminosarum and Pseudomonas

Staphylococcus spp., Microbacterium spp.,
Pseudomonas spp., Chryseobacterium spp.,

Burkholderia spp., and Bacillus spp.

Mesorhizobium spp., Rhizobium spp. and
Sinorhizobium spp., Bacillus pumilis,
Rhizobium larrymoorei, Rhizobium oryzae,

Rhizobium undicola and Bacillus subtilis

Raphanus raphanistrum,
Vigna radiata, Oryza sativa,

and Triticum aestivum

Polygonum cuspidatum, and
Oryza sativa, Lilium

lancifolium

Pisum sativum, Brassica
juncea, Tylosema esculentum

and Brassica juncea

Triticum aestivum, Raphanus
mphanistrum, Oryza sativa,

and Suaeda fruticosa

Paullinia cupana, Salix
purpurea, Eleocharis obtuse

and, V. radiata

Phaseolus vulgaris, V.
angularis, V. subterranea, T.

esculentum and L. purpureus

Bhattacharyya and Jha, 2012;
Verma et al., 2017; Suleman

etal,, 2018; Zheng et al., 2018

Sun et al., 2013; Shahzad et al.,
2017; Verma et al., 2017;

Khan, et al., 2020b

Belimov et al., 2001; Ali et al.,
2014; Chimwamurombe et al.,
2016; Gupta and Pandey,
2019b

Bhattacharyya and Jha, 2012;

Goswami et al., 2014

Batista et al., 2017;
Olanrewaju et al., 2017;

Olenska et al., 2020

Verma et al., 2010; Kaushal
and Kaushal, 2015;
Chimwamurombe et al., 2016;

Andrews and Andrews, 2017

B. subtilis which have
of cauliflower plants.

species
and Kaushal,

to positively
2015).

Rhizobium

been isolated from the rhizosphere
Studies found strains from both
influence plant

(Kaushal
Rhizobium

growth

environment.

Research on plant microbial

as bioinoculants favors farmers, the population, and the

associations

of arid-adapted crops like legumes would help facilitate

larrymoorei,
oryzae and Rhizobium undicola are known to fix nitrogen
in association with the legume Tylosema esculentum
locally known as marama bean (Chimwamurombe et al,
2016).

Mesorhizobium,

Other genera identified include Bradyrhizobium,
Ensifer and Azorhizobium (Wasai and
2018). Table1
of the most important species and genera for plant

Minamisawa, below summarizes some

growth-promoting bacteria.

Concluding remarks

The semi-arid to arid climate of Namibia makes it
vulnerable to the increasing threat of climate change affecting
the world over. This further threatens subsistence farming
which rural populations rely heavily on. Therefore, the
development and use of plant growth-promoting bacteria

Frontiersin Sustainable Food Systems

more environmentally sustainable practices in agriculture
with the Namibian climate and soil profiles in mind. We
recommendation that work be put into developing plant
growth-promoting bacteria associated with legumes that
are currently grown in Namibia into bioinoculants for use
in Namibia and other dryland regions across the globe.
Furthermore, it is also recommended that subsistence farmers
be included in developmental stages as crucial stakeholders of

the developed bioinoculants.
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