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Biological nitrogen fixation (BNF) refers to a bacterially mediated process by which
atmospheric N» is reduced, either symbiotically or non-symbiotically, into ammonia (NH3)
in the presence of the enzyme complex nitrogenase. In N»-fixing grain legumes, BNF
is often hampered under low phosphorus (P) availability. The P status of legumes,
particularly nodules, as well as P availability in the rhizosphere, play a vital role in regulating
BNF. Aside from increasing P availability via fertilization, other plant traits (i.e., extensive
rooting system and their spatial distribution, hyper-nodulation, root exudates, rhizosphere
acidification, and heterogeneity) contribute to greater P uptake and hence more effective
BNF. The positive interaction between P availability and BNF can be exploited through
beneficial soil P solubilizing microorganisms (PSM). These microorganisms can increase
plant-available P by modifying either rhizosphere soil processes or promoting plant
traits, which lead to increased P uptake by the production of plant growth-promoting
substances, both of which could indirectly influence the efficiency of BNF in legumes. In
this review, we report on the importance of microbial P bio-solubilization as a pathway for
improving BNF in grain legumes via PSM and P solubilizing bacteria (PSB). Because BNF
in legumes is a P-requiring agro-ecological process, the ability of soil PSB to synergize
with the rhizobial strains is likely a key belowground process worth investigating for
advanced research aiming to improve rhizosphere biological functions necessary for
sustainable legume-based cropping systems.

Keywords: crops, inoculant, legumes, nodules, nitrogen fixation, rhizobia, rhizosphere, sustainability

INTRODUCTION

Legume crops play key roles both in food security and agro-ecosystems sustainability by providing
several services at the food- and production-system levels (Stagnari et al., 2017). For instance,
different legume crops varieties constitute a major source of plant-based food and feed and these
crops can provide many other beneficial services (i.e., biological nitrogen (N;) fixation, mitigation
of greenhouse emission, suppression of weeds and plant diseases, etc.) (Sanginga et al., 2003;
Stagnari et al.,, 2017; Mitran et al., 2018). In fact, legume crops play a key role in integrated soil
fertility management owing to their capacity to fix atmospheric N in association with rhizobia,
which can lead to increased soil fertility and decreased dependence on N-fertilizers in low-input
farming systems (Atienza and Rubiales, 2017; Vanlauwe et al., 2019).
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Traditionally, the application of organic and inorganic
fertilizers to farm fields has been used to correct nutrient
deficiencies and maintain nutrient balances (Li et al., 2020;
Tewari et al., 2020), but negative environmental impacts could
occur as a result of excessive and irrational nutrients application
in agro-ecosystems that has received justified attention from
stakeholders along the entire food value chain (Choudhury
and Kennedy, 2005). There is increasing attention paid to
the ability of purposefully selected soil microorganisms to
enhance soil fertility through biological methods. The role
of soil microorganisms in the cycling of N and P are well-
known, particularly the bacteria involved in BNF. But there is
a growing understanding of the importance of other bacteria
and fungi, either in the soil or in the plant (endophytes), for
grain legume performance. Indeed, the exploitation and use of
these soil microorganisms is a viable ecological strategy to reduce
farmer dependence on inorganic fertilizers and enhance soil
health (Zaidi et al., 2010). Enhancing biological nitrogen fixation
(BNF) in grain legumes via soil microorganisms not directly
involved in BNF could be a propitious option for increasing
the supply of affordable and eco-friendly protein for human
consumption while also improving the overall sustainability of
cropping systems (Meena and Lal, 2018).

Some microorganisms at the soil root interface have the
ability to establish a N,-fixing symbiosis with legumes based on
nodule formation on roots or stems (Skorupska et al., 2010).
Rhizobial symbiosis induces the formation of nodules in host
plants’ roots and fixes N, to provide plants with ammonium-
N (Ahmad et al., 2014). In addition, rhizobia can also promote
legume growth by other direct or indirect mechanisms (Zaidi
et al,, 2010). For instance, by improving water and nutrient
uptake via tripartite symbiosis established by association with
arbuscular mycorrhizal fungi (AMF) (Puschel et al, 2017).
Another group of soil microorganisms namely P solubilizing
microorganisms (PSM) can efficiently solubilize inorganic P
forms, by transforming insoluble P into soluble and plant-
available forms. These microbial activities can enhance legume
production while reducing reliance on fertilizer inputs (mainly
N and P) (Ahmad et al, 2014). Therefore, for sustainable
legume-based cropping systems, biological fertilization via the
application of specific microbes should be promising for both
crop productivity and economic-environmental sustainability.

The BNF is an energetically costly bioprocess that requires
a significant investment in carbon and P (Piischel et al., 2017).
Indeed the efficiency of BNF in grain legumes can be limited by P
(Khan et al., 2007; Nasto et al., 2014; Aziz et al., 2016). According
to Mitran et al. (2018), a number of studies reported a significant
correlation between nodular P content and N, fixation. In line
with this, Attar et al. (2012) unveiled that P fertilization at 90 kg
ha~! enhanced the ability of common bean (Phaseolus vulgaris)
to fix N». In addition, it increased the release of hydrogen by roots
which increased the plant-available form of P in the rhizosphere;
which is the zone of soil surrounding the roots, rich in nutrients
and contains a wide variety of microorganisms able to solubilize P
(Vacheron et al., 2013); eventually leading to increased P uptake
(Attar et al., 2012). In fact, adequate supply of P to plants has
been found to regulate several metabolic processes related to BNE,

such as ammonium assimilation into amino acids and ureides
(Mitran et al., 2018), as well as the synthesis of mitochondrial
and symbiosome membranes for functional N;-fixing nodules
(Bargaz et al., 2018; Si et al., 2019). Moreover, several authors
claimed that the high demand of P during this biological process
is also due to N;-fixing bacteria, whose P requirement was found
to be higher compared to the non-N;-fixing bacteria (Nasto
et al.,, 2017; Van Gerven et al., 2019; Ferndndez-Judrez et al.,
2020). Altogether, nodule formation, nodule functioning, and
the energy costs of BNF in legumes strongly depend on the P
status in plants and nodule tissues, and inadequate P status will
reduce potential BNF contribution to N uptake (Bargaz et al.,
2018). Given all of the knowledge regarding the key role of P
in enhancing plant growth either by boosting the size of the
root system (i.e., root hair density, lateral root growth, root
surface area, and nodulation) or by stimulating the BNF process,
soil PSM represents a promising strategy that could be adopted
to increase plant-accessible forms of P to maintain soil health,
fertility and agricultural sustainability (Wani et al., 2007; Qureshi
et al,, 2011; Bargaz et al., 2018; Elhaissoufi et al., 2020).

In the context of enhancing BNF in legumes, the present
review summarizes available knowledge on the importance of
PSM, with a focus on PSB, on BNF in grain legumes. We begin
with an overview of the role of P in BNF. We then focus on
recent research examining the ability of P bio-solubilization to
enhance BNF. In addition, we hypothesized that rates of BNF
could be sustainably enhanced in grain legumes via farmer
use of PSM inoculation, given the importance of PSM as a
biological component.

IMPORTANCE OF P IN LEGUME BNF

Biological N, fixation is a symbiotic process (Lindstrom and
Mousavi, 2020), during which plants provide shelter and carbon
as an energy source to the symbiotic microorganisms in exchange
for bacterially reduced nitrogenous compounds that can be
readily assimilated by the host plant (Skorupska et al., 2010;
Lazali et al., 2013; Lindstrom and Mousavi, 2020). Indeed, several
published literatures reported that BNF supplies legume plants
with an average of 80% of N needs (Skorupska et al., 2010;
Santachiara et al., 2017), thus reducing the amount of mineral N
needed especially in low inputs legume-based cropping systems
(Hardarson and Atkins, 2003).

However, the establishment of this symbiotic relationship is
shown to be affected by various biotic and abiotic factors among
which is P deficiency (Mitran et al., 2018). It is of note that P
is the second major macronutrient required for plant growth
after N, and it plays essential roles during all plant growth
stages (Malhotra et al., 2018). Phosphorus is involved in the
biosynthesis of major cellular constituents (i.e., nucleic acids,
enzymes, phospholipids, ATP, and nucleotides), as well as in the
control of vital processes such as photosynthesis, respiration, and
energy generation (Balemi and Negisho, 2012; Sanz-Saez et al.,
2017; Malhotra et al., 2018). While P deficiency reduces overall
plant function and growth, its impact on bacterial BNF is one
of the indirect functions played by P in legumes. Additionally, P
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controls the survival of soil microorganisms such as diazotrophic
bacteria, as they require P for their growth; low levels of this
nutrient may influence early-stage colonization processes and
later nodules formation in legumes (Malhotra et al., 2018).

In fact, BNF as one of the main rhizosphere biological
processes, is correlated with P availability wherein P deficiency
strongly limits the activity of diazotrophic (i.e., N;-fixing
bacteria), reduces the symbiotic partnership between plant host
and rhizobia, as well as the N,-fixation process itself (Aziz
et al., 2016; Martins et al., 2017; Sanz-Saez et al., 2017; Li
et al., 2020; Tewari et al., 2020). Tewari et al. (2020) further
highlighted the role of P as a structural element in controlling
the BNF process. As an example, Tindwa et al. (2019) found that
increased soil P availability in the presence of liming led to a
subsequent increase in nodulation parameters such as, nodule
number, nodule weight and volume, which in turn increased
soybean (Glycine max) growth and the amount of fixed Ny.
Generally, P deficiency reduces nodule formation, development
and function, reducing the supply of energy allocated to support
nodule metabolic activity (Zaidi et al., 2010). Additionally, it
was found that the P requirement for N,-fixing plants is higher
than that of non-N,-fixing plants (Sanz-Saez et al., 2017). An
increased P requirement of grain legumes is mainly due to
the high P demand for BNF processes (Sanz-Saez et al., 2017;
Mitran et al., 2018). In contrast, other authors claimed that
the high demand of P during this biological process is due
to the needs of N,-fixing bacteria, whose P requirement were
found to be higher compared to non-N,_fixers (Nasto et al,
2017; Van Gerven et al,, 2019; Fernandez-Juérez et al., 2020).
Interestingly, the authors reported that the availability of various
phospholipids (such as phosphatidylserine, phosphatidylcholine,
and phosphatidylethanolamine) might play a role in nodulation
and maintenance of legume-rhizobia symbiosis (Tewari et al.,
2020). These compounds are essential for the establishment of
a proper rhizobial membrane architecture that allows effective
participation in BNF. In addition to its important role in BNF
that takes place in the bacteroids, Mitran et al. (2018) reported
a significant correlation between P concentration in the plant
cell fraction of nodules and N,-fixation. This is because several
metabolic processes that occur in plant cells notably, ammonium
assimilation into amino acids and ureides were also found to
be critically affected by P concentration (Batterman et al., 2013;
Singh et al., 2013; Mitran et al., 2018). Li et al. (2020) found that
increasing P content in soil and wheat (Triticum aestivum) plant
tissues also enhanced total N and nitrogenase activity in plant
shoots and roots along with nifH gene expression, supporting our
understanding of the role of P in the enhancement of BNF (Wani
et al., 2007).

The importance of adequate P availability to support BNF
of grain legumes is receiving more attention (Olivera et al.,
2004). A study by Taliman et al. (2019) found that N, fixation
and nodule biomass of soybean increased in response to high P
fertilization. Co-application of biochar and P fertilizer to cowpea
(Vigna unguiculata) improved soil properties encompassing
cation exchange capacity, soil organic carbon, and total N, which
correlated positively with nodules formation and subsequently
N, fixation capacity (Phares et al., 2020). Kyei-Boahen et al.

(2017) found that cowpea treated with rhizobia and P fertilizer
showed greater N, fixation as a result to increased number
and biomass of nodules, ultimately leading to increased yield.
Moreover, Sanz-Saez et al. (2017) reported that nodule and
energy-generating metabolism depend strongly on P availability,
as P deficiency reduces P-nodules and Pi-adenylates levels,
resulting in decreased nitrogenase activity. Ultimately, this
reduces the proportion of plant N derived from BNF (Sanz-Saez
et al,, 2017). To minimize the effects of P deficiency on BNE
nodules develop mechanisms to recycle and conserve internal P
instead of acquiring external P (Vardien et al., 2014; Sanz-Saez
etal., 2017). Indeed, leguminous plants tend to reallocate P from
both leaves and roots to their nodules, which in turn reduced
aboveground processes such as photosynthesis, disturbing plant
growth directly or indirectly (Sanz-Saez et al., 2017; Stevens et al.,
2019).

PHOSPHATE SOLUBILISING
MICROORGANISMS STIMULATE BNF IN
GRAIN LEGUMES

The role of PSM such as bacteria and fungi in increasing
soil P available fraction has been widely investigated by many
researchers (Manzoor et al.,, 2017; Adhikari and Pandey, 2019;
Faried et al, 2019). Phosphate solubilizing bacteria are the
most known and studied microorganisms for their potential to
solubilize P. These microbes participate in bio-geochemical P
cycling mainly through solubilization of inorganic forms of P
and mineralization of organic ones (Manzoor et al., 2017; Abbasi
and Manzoor, 2018). The microbial solubilization of insoluble
P has been often attributed to organic acid excretion (i.e., lactic
acid, succinic acid, acetic acid, fumaric acid, etc.) (Bhowmik
and Das, 2018). In addition to their P bio-solubilization ability,
PSM enhance plant growth through various mechanisms such
as the release of important growth-promoting substances, the
increase in soil availability of other micronutrients as well as
the enhancement of N, fixation efliciency (Zaidi et al., 2009;
Rahman etal., 2017). Therefore, the application of these microbes
to nutrient-deficient soils, where large amounts of nutrients are
fixed in unavailable forms, could help farmers increase crop yield
and financial returns via more rational use of P fertilizers inputs
and an increase in BNF (Piischel et al., 2017). This fact was
confirmed by Belimov et al. (1995) whose study consisted of
using the '°N isotope dilution technique, and which revealed
that a combination of N,-fixing (Azospirillum lipoferum) and
P-solubilizing (Agrobacterium radiobacter) bacteria significantly
increased N accumulation in barley (Hordeum vulgare). This
corroborates with findings by Wani et al. (2007), who showed
that triple inoculation of chickpea (Cicer arietinum) with a
PSB (from genus Bacillus or Pseudomonas) and two N fixing
Bacteria (Mesorhizobium cicero and Azotobacter chroococcum)
increased soil fertility in terms of P and N, enhanced nodulation,
and stimulated chickpea growth compared to single inoculation.
These positive effects were attributed to the synergies between
PSM (particularly PSB) and N fixing bacteria, which resulted
in enhanced BNF and increased nutrient use efficiency (Wani
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et al., 2007). Likewise, the combination of Rhizobium and a PSB
strain (Bacillus megatherium), increased yield and seed quality of
faba bean (Vicia faba) (Rugheim and Abdelgani, 2012) as well as
yield, nodule biomass, shoot biomass and the N and P content
of lablab bean (Lablab purpureus) shoots (Hassan and Abdelgan,
2009). These positive effects were concomitant with increased soil
nutrients availability (N and P) and uptake in unfertilized soils.

Therefore, the synergy between soil PSM and rhizobial
strains nodulating leguminous plants represent a key rhizosphere
process that deserves to be thoroughly investigated to improve
rhizosphere biological functions in grain legumes and enhance
the sustainability of legume-based cropping systems. In line
with this, several studies reported that soil application of PSM,
including PSB, individually or in a consortium, increased plant
growth through solubilization of insoluble P and subsequent
increase in BNF (Batterman et al, 2013; Singh et al.,, 2013).
In this context, Zaidi et al. (2010) found that PSB (genus
Serratia) in association with N,-fixers (Mesorhizobium ciceri)
and AMF (Glomus fasciculatum) could increase grain legume
growth through a diverse range of mechanisms (i.e., enhanced
BNF along with increased soil N and P availability), hence
providing a promising solution to sustain low-input agricultural
cropping systems. This finding was further confirmed by
Ahmad et al. (2019) who showed that increased growth and
nutritional status of mung bean (Vigna radiata) plants following
their inoculation with PSB strains (Bacillus aryabhattai S10
and Bacillus subtilis ZM63) were concomitant with enhanced
nodulation, measured in terms of nodules number and weight. A
recent study by Li et al. (2020) showed that wheat co-inoculation
with a diazotrophic bacterium (Paenibacillus beijingensis B]J-
18) and a PSB (Paenibacillus sp. Bl) significantly increased
plant growth as well as P and N content of both the plant
(roots and shoots) and the soil. Elkoca et al. (2008) indicated
a significant increase in nodulation, plant N content, yield,
and seed protein content in chickpea in response to a mixed
inoculation with Rhizobium, N, fixing (Bacillus subtilis OSU-
142) and PSB (Bacillus megateriumM-3). Furthermore, Qureshi
et al. (2011) reported an increase of mung bean root parameters
(root mass, root length, nodule number, and nodule mass)
in response to their inoculation with Rhizobium phaseoli and
Bacillus megaterium, which subsequently increased uptake and
use efficiency of N and P. Likewise, when chickpea was
inoculated with Nj-fixing bacteria (Mesorhizobium ciceri), a
phosphate solubilizing fungus (Penicillium WF6) and/or a PSB
(Serratia T1), it resulted in an increase of P availability and
uptake and also positively impacted BNF (Zaidi and Khan,
2007).

The synergies between legumes root, rhizobia, and AMF
was also confirmed by Tajini et al. (2012) who carried out
an experiment in which common bean plants treated with
rhizobia (Rhizobium tropici) and inoculated with AMF (Glomus
intraradices) showed enhanced BNF under low P conditions.
This effect was likely mediated by improved P acquisition
during legume-rhizobia-AMF symbiosis. According to Sanz-
Saez et al. (2017), the increase in P uptake can be explained
by the fact that AMF develops an important fungal hyphae
network, which increases the root absorptive area and capacity.

Results from these cited studies provide strong evidence
regarding the synergy between BNF and the use of PSB
and PSM, either applied solely or in combined treatment.
Adding PSB or PSM appears to increase BNF as well as P
uptake, resulting in overall greater grain legume productivity.
Optimizing PSM/PSB use in legume-based cropping systems
may not only increase soil P availability, which would itself
stimulate BNE, but may also enhance crop growth and yield
through various mechanisms (i.e., production of plant growth
regulators, siderophores, hydrogen cyanide, suppression of
phytopathogens, etc.) that indirectly increase BNF as well. In light
of this, Table 1 represents several published works of literature
that have highlighted the role of microorganisms (including
PSB/PSM) in maximizing BNF and increasing plant growth.
However, further research investigations are needed in order to
decipher the mechanisms by which these microbes communicate
with their host plants, at the molecular and cellular levels
so as to better understand the plant-microbe and microbe-
microbe interactions.

PHOSPHATE-SOLUBILISING BACTERIAL
MECHANISMS FOR IMPROVED
NODULATION AND BIOLOGICAL
NITROGEN FIXATION

Several researchers have advocated for direct farmer use of
soil microbes, particularly PSM as bio-inoculants to make
available nutrients previously fixed in unavailable forms,
enhance BNF and overall soil health and fertility (Table 1)
(Ahmad et al, 2014; Kumar, 2016). Phosphate solubilizing
microorganisms applied to agricultural soils supply plants with
P by converting insoluble forms of P into soluble ones in
an environmental-friendly manner (Elkoca et al, 2008). The
most studied PSM are PSB, among which pseudomonads,
rhizobia, Azotobacter, bacilli were qualified as the most potent
bacteria in terms of P bio-solubilization. Phosphate solubilizing
bacteria may not only solubilize soil P, but also increase
the uptake and use efficiency of inorganic fertilizers and
enhance crop production in different agro-ecological niches
(Ahmad et al., 2014). Farmer use of PSB requires successful
introduction into the microbial community of the rhizosphere,
as it forms the symbiotic relationship with plant roots
(Lindstrom and Mousavi, 2020). Indeed, microbes such as PSB
possess multifarious mechanisms by which they contribute to
plant growth promotion in general, and BNF in particular
(Figure 1).

Indirect Stimulation of BNF via Bacterially

Produced Hormones

One of the important mechanisms exerted by PSB is the
production of plant growth regulators such as auxins, cytokinins,
gibberellins, and ethylene (Anand et al., 2016). These molecules
are known to promote root growth and make available previously
inaccessible pools of P and this, in turn, contributes to fulfilling
indirectly the energy costs of the BNF process (Zaidi et al,
2010). Indeed, several researchers found high concentrations
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TABLE 1 | Effects of phosphate solubilizing microorganisms on grain legumes growth, biological nitrogen fixation and nutrient uptake.

Bacterial species Growth conditions

Effects on plants References

Legume species

Increased the yield, nutrient uptake, and Algawadi and Gaur,

Chickpea Rhizobium + P, striata or B. Greenhouse
Polymyxa
Chickpea M. ciceri C-2/2 alone or with Field conditions

P, + jessenii PS06

nodulation also nitrogenase activity.

Enhanced symbiosis and produced higher
nodule mass, nodule number and shoot N
content.

Increased N and P concentration and
uptake also nodule number and biomass.

Increased plant height, shoot, root, and
nodule dry weight, N%, chlorophyll
content, pod number, seed yield, total
biomass yield, and seed protein content.
Increase in nodule number, dry matter, and
nutrient content.

Enhanced the nodulation and Nofixation

Increase leghemoglobin concentrations,
nitrogenase activity and N, fixation
efficiency.

Increased the amount of fixed nitrogen
and the yield.

Enhance nodulation and N fixation.

Nodules were larger, clustered, and
developed more highly branched vascular
bundles, supporting nitrogen fixation.

Enhanced Nz-fixing activity.

Increases nodule number and weight, total
biomass, total nitrogen and grain yield.

Improved plant N and nodule
leghemoglobin.

1988
Valverde et al., 2007

Wani et al., 2007

Elkoca et al., 2008

Verma et al., 2012

Verma et al., 2013

Figueiredo et al., 2008

Roseline et al., 2008

Rajendran et al., 2008

Schwartz et al., 2013

Downey and van
Kessel, 1990

Bai et al., 2003

Subramanian et al.,
2015

Chickpea M. ciceri RC4 +A. Experimental Field
chroococuumA10 +
BacillusPSB9

Chickpea Rhizobium, N fixing Controlled
Bacillus subtilis (OSU-142), conditions and field
+ PSB. megaterium (M-3) conditions

Chickpea P, fluorescens BHUPSB06 Glasshouse
+ Mesorhizobium sp. conditions
BHURC02

Chickpea Mesorhizobium sp. Control at Field
BHURCO03 and R experiment
aeruginosa BHUPSB02

Common Paenibacillus polymyxa Greenhouse

Bean (DSM 36) + R. tropici
(CIAT899)

Common Azospirillum and Rhizobium Greenhouse and

Bean farm

Pigeon pea Bacillus sp. and Azospirillum Controlled
sp + Rhizobium conditions

Pea B. simplex 30N-5 or B. Greenhouse
subtilis 30VD-1 +R.
leguminosarum bv. viciae
128C53

Pea Rhizobium leguminosarum Controlled

conditions

Soybean Bacillus thuringiensis Greenhouse and
NEB17 +Bradyrhizobium Field conditions
Japonicum

Soybean B. megaterium and Greenhouse
Bradyrhizobium japonicum
(MN110)

Non-legume species

Sugarcane Azospirillum Greenhouse

Wheat Azospirillum brasilense and Controlled
Azospirillum lipoferum with conditions
Zoogloea Ky1

Maize Klebsiella sp. Bri, K. Greenhouse

pneumoniae Fr1, andB.
pumilus S1r1

Increased N content of leaves. Muthukumrasamy

etal., 1999

Contributed 7-12 % of plant N by BNF. Malik et al., 2002

Ability to BNF and increased the total N
content.

Kuan et al., 2016

of auxin in root nodules, which confirms the vital role of
this hormone in nodule formation and functioning (Mathesius
et al., 1998; Van Noorden et al., 2006). Rao (2014) reported
that co-inoculation of AMF (Glomus fasciculatum) along with
rhizobia significantly improved nodulation, BNF, shoot N and
P content and yield of soybean. Likewise, Qureshi et al.
(2012) reported that co-inoculation of mash bean (Vigna
mungo L.) with Rhizobium and a P solubilizing strain (Bacillus
sp.) increased plant growth not only due to P solubilizing

and Nj-fixation abilities but also due to their capacity to
produce auxin. These authors reported that microbial auxin
altered endogenous hormonal level, which in turn increased
root length, root biomass, number of nodule and number
of infection sites, which further resulted in increased plant
growth. This corroborates with findings by Ahmad et al
(2019) who showed that co-inoculation of mung bean plants
with Bacillus aryabhattai S10 and Bacillus subtilis ZM63
increased nodulation, plant growth, and the nutritional status
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Synergies between P availability and BNF

4

Increase above-ground parameters
»Plant height, biomass, yield
»Plant N and P contents
»N and P use efficiencies
»Seed yield and quality

Increase under-ground parameters
»Root system growth and ramification
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FIGURE 1 | Interactions between PSB and legumes nodulated roots and their effects on nutrients availability and the overall plant growth parameters.

== - PSB mechanisms

. /u : PS bacteria

T - Increase

Increased P availability

Maximization of BNF

N,

e 11 Y

oM

of the tested plants. The increment of nodulation parameters
was likely attributed to the improved formation of nodules
through the increased surface area of rhizobial infection
during nodulation. Mixed-inoculation of soybean plants with
Rhizobium, Enterobacter and PSM (not identified) increased
plant biomass, weight and length of pods as well as root
nodulation parameters. The latter being a consequence of
increased production of auxin and gibberellin by the combined
action of the tested microbes, subsequently leading to increased
cell division and elongation. Eventually, increasing the overall
plant growth, yield and productivity (Yasmeen and Bano,
2014).

Similarly, Figueiredo et al. (2008) stated that cytokinin
produced by a PSB strain (Paenibacillus polymyxa DSM 36) could
influence BNF in common bean plants, most likely through the
stimulation of rhizobial growth, nodule development and the
number of infections in roots (Figure 1). This corroborates with
findings by Elkoca et al. (2008) who revealed that production
of plant growth regulators by Bacillus subtilis (OSU-142) and
Bacillus megaterium (M-3) increased root system growth which
in turn increased the number of infection sites. Moreover,
Kannapiran and Ramkumar (2011) reported that black gram
(Phaseolus mungo) N status was enhanced following inoculation
with several bacteria amongst two PSB strains (Pseudomonas
aeruginosa and Bacillus sp). In fact, these positive effects were
attributed to several metabolites produced by the tested bacteria,
such as siderophores, HCN, auxin and ammonia.

Phosphorus Bio-Availability as a Key

Mechanism for Enhanced BNF

According to several studies, P solubilization may be one of the
main mechanisms by which PSB enhances the BNF (Wani et al,,
2007; Piischel et al., 2017; Bargaz et al., 2018; Bhowmik and Das,
2018). Common and soybean plants treated with biofertilizer
(a consortium of three PSB: Pseudomonas sp., Burkholderia
sp., and Enterobacter sp.) combined with rock phosphate in
soil with low fertility found to increase the soil and plants P
content, providing favourable conditions to plant nodulation
which in turn increased the efficiency of BNF (Fankem et al,
2015). Stajkovi¢ et al. (2011) shown that bioavailable P has
a positive influence on the legume-rhizobia symbiosis. These
authors observed positive effects of bio-available P on nodulation
and nitrogenase activity in common bean plants following
their inoculation with Rhizobium phaseoli and Pseudomonas
sp. (a P solubilizing bacteria). Additionally, Korir et al. (2017)
revealed that mixed-inoculation of common bean plants with
Rhizobium, Bacillus megaterium and Paenibacillus polymyxa
enhanced shoot and root weight of the plants as well as nodule
number and biomass. These authors stated that nodulation
parameters were enhanced as a result of increased P availability,
which is known to stimulate growth and expansion of roots,
thus offering to the rhizobial strains more active sites for
nodulation. In addition, a field experiment conducted by Dutta
and Bandyopadhyay (2009), showed that co-inoculation of
chickpea plants with P fertilizer at 26.2 kg/ha along with P
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bio-fertilizers [Rhizobium and phosphobacterin (Pseudomonas
striata)] enhanced symbiotic properties measured in terms of
number and weight of nodules, leghemoglobin content, and
nitrogenase activity, which ultimately enhanced plant growth and
yield. In fact, these beneficial effects were particularly attributed
to the positive effects of increased P availability on the bacteria
rather than the host plant. According to Jat and Ahlawat (2004),
P availability controls the motility and migration of the bacterial
cells, which is a prerequisite for the host infection and thus for
the nodules development and the overall BNF process.

Additionally, it is reported that the PSB when applied
with other plant growth-promoting rhizobacteria (PGPR) could
reduce P fertilizer application by 50% without any significant
reduction in crop vyields or BNE allowing more rational
use of Mahanta et al. (2018). Therefore, the exploitation of
PSM as bio-fertilizers holds great promise for sustaining crop
production. Ahmad et al. (2014) suggest that PSB can interact
positively with other microorganisms such as N;-fixers and AMF,
eventually leading to increased legume growth through a range
of mechanisms. In fact, the beneficial influence of AMF has been
attributed to the increase in auxin and abscisic acid contents in
roots, shoots, and nodules, which increased the size and activity
of nodules, enhanced micronutrient uptake from the soil, and
increasing protection against biotic and abiotic stresses (Ahmad
et al., 2014; Rao, 2014).

Although  there are reports  highlighting
interactions between PSB, N,-fixing bacteria, and AME, the
underlying mechanisms behind these associations are not yet
fully understood.

Thus, further studies are needed to deepen our understanding
about  these microorganisms  beneficial interactions.
Additionally, based on the above described knowledge regarding
the beneficial effect of PSB in fostering below-ground bio-
processes, these microbial strains should be evaluated in
extensive field trials to evaluate their potential to be used as bio-
fertilizers. However, based on the cited studies, the mechanisms
by which the bioavailable P affects nodulation and BNF is not
yet deciphered. Therefore, further studied aiming to understand
profoundly, at the molecular and cellular scale, the effects of the
bio-available P on BNF are needed.

numerous

NITROGEN-FIXING BACTERIA AND
PHOSPHATE SOLUBILIZING
MICROORGANISMS: KEY
AGRO-ECOLOGICAL ENGINEERING
DRIVERS GEARING TOWARD
SUSTAINABLE AGRICULTURE

Ecological engineering is a system-based approach aims to
restore, optimize or even enhance the normal functioning of
an ecosystem (Mitsch, 2012). This approach was first adopted
in China in 1978 (Mitsch et al., 1993) and has been applied
to address sustainability concerns in many other ecosystems,
including agro-ecosystems (Mitsch and Jorgensen, 2003; Power,
2010). This strategy relies on the use of internal ecological
processes, not only to restore the normal function of a given

ecosystem but also to prevent further disruption of other
ecosystems (Hengsdijk and Van Ittersum, 2003). Soil supports
the growth of different microbial populations, many of which
are involved in providing different categories of soil ecosystem
services, directly or indirectly, such as nutrient cycling, organic
matter degradation, contaminants removal, supporting soil
fertility, resistance to different stresses, production of bioactive
compounds that stimulate plants growth and other beneficial
effects (Barrios, 2007; Wagg et al., 2014; Saccd et al., 2017). These
functions are mostly the consequence of mutualistic associations
established between plants and root-associated microorganisms
(Martin et al., 2017). Given recent scientific advances regarding
the beneficial effects provided by these microbes, it is evident
that N,-fixing bacteria and PSB/PSM play a key role in providing
agro-ecosystem services, which ultimately lead to maintain,
sustain, and enhance agro-ecosystems services (Bender et al.,
2016).

Phosphorus and N play an important role in agro-ecosystems
nutrient balances, as they are often limiting factors for soil
fertility in low-input systems (Sharma et al, 2013). Soil
microorganisms such as Nj-fixing symbionts and PSB/PSM
contribute directly to the restoration of soil fertility by cycling
nutrients such as N and P, ultimately leading to enhanced
soil fertility and the maintenance of adequate plant growth
(Bender et al., 2016). This process involves both biotic and
abiotic factors with PSM considered among the key biotic
factors that influence the cycling of P (i.e., sorption-desorption,
dissolution-precipitation, and mineralization-immobilization)
(Sharma et al., 2013) and N (i.e., N»-fixation into plant-available
ammonium; nitrification of ammonium into nitrogen oxides; or
denitrification of NOj3 into N, O and N ) within the soil (Bender
et al., 2016).

As described previously, PSB releases insoluble P (Rfaki et al.,
2020), whereas N;-fixing symbionts reduce N, into ammonia
either symbiotically or non-symbiotically (Bhattacharjee et al.,
2008). Therefore, these microbes could act as promising
ecological engineers contributing to more sustainable agriculture.
N,-fixing bacteria (symbiotic and non-symbiotic) have been
widely studied in the last decade because of their role
in supplying plants with N (Oberson et al, 2013). Kuan
et al. (2016) noted that almost 80% of the N available to
plants comes from the symbiotic group, including Rhizobium
which infects plants to form nodules. Whereas the non-
symbiotic group consists of free-living microorganisms, such
as, Bacillus, Azotobacter, Azospirillum, and Herbaspirillum
(Arfarita et al, 2019), which contributes to approximately
5-10% of the biological N inputs into the soil N cycle
(Son, 2001). In a two-year field study, Amirnia et al. (2019)
demonstrated that N,-fixing bacterial strain belonging to the
genus of Azotobacter in combination with AMF (Glomus
intraradices) enhanced soil fertility and plant growth under
rainfed conditions, as application resulted in higher biomass
yield, seed yield and seed protein of lentil (Lens culinaris
Medik), thus the authors suggested that this bio-fertilizer has
great potential in an arid and semi-arid area, in order to fulfill
plant nitrogenous requirements and productivity under rainfed
conditions. Moreover, Raklami et al. (2019) stated that co-
inoculation of faba bean plant with a consortium of PGPR
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(Acinetobacter sp. and Rahnella aquatilis) rhizobia (Ensifer
meliloti (RhOF4) and Ensifer meliloti (RhOF155) and AMF
(Glomus sp. Sclerocystis sp. Acaulospora sp.), PGPR-Rhizobia-
AMF increased soil fertility in terms of N and P, subsequently
leading to increased plant growth.

As discussed above, AMF were shown to be involved in
managing agro-ecosystems functioning. These fungi form a
tripartite symbiosis with plants and N,-fixing bacteria. Musyoka
et al. (2020) revealed that tripartite symbiosis involving mung
bean (Vigna radiata L.) plants, Bradyrhizobium, and an AMF-
consortium (Rhizophagus irregularis, Funneliformis mosseae,
Glomus etunicatum, Glomus aggregatum) enhanced N fixation,
nutrients acquisition, and overall plant growth. Intercropping
systems based on mixing legumes and non-legumes could also
take advantage of this type of symbiosis. For instance, a study
by Meng et al. (2015) highlighted the contribution of AMF
and rhizobium in improving yield advantages of maize/soybean
intercropping systems. In this experiment, the bacteria increased
nodulation and N;-fixation, while the AMF, through its hyphae,
increased the degree of contact between soybean and maize
which resulted in more N transfer to non-legume crops (Meng
etal., 2015).

Besides their capacity in increasing, restoring, and/or
maintaining soil fertility (Xavier and Germida, 2003), these
microbes contribute to providing various ecosystem services in
order to enhance and maintain agro-ecosystems productivity,
stability, and sustainability (Paudyal et al., 2007; Ismaiel et al.,
2014; Ullah et al., 2017). Disease suppression is considered as
one of the microbial potentials to be involved indirectly in plant
protection. This effect was illustrated by Negi et al. (2019) who
showed that bio-priming of French bean (Phaseolus vulgaris cv.
Contender) seed with Rhizobium (B1), Trichoderma viride and a
PGPR strain enhanced plant growth, pod yield, seed yield, seed
quality, seed vigour and reduced incidence of diseases such as
root rot and angular leaf spot under field conditions. Moreover,
growth of auxin plant under water stress conditions was found
to be improved as a response to Bradyrhizobium, and AMF-
consortium (Rhizophagus irregularis, Funneliformis mosseae,
Glomus etunicatum, and Glomus aggregatum) inoculation
(Musyoka et al., 2020).

Faba bean growth in alkaline conditions was found to
be increased following their inoculation with Rhizobium
Legumiosarum and AMF (Acaulospora laevis, Glomus geosporum,
Glomus mosseae, and Scutellospora armeniaca) (Abd-Alla et al.,
2014). Plant growth increase was likely attributed to the
increased number and biomass of nodules, nitrogenase activity,
leghemoglobin, and mycorrhizal colonization. In fact, BNF
is enhanced due to AMF-mediated increases in plant uptake
of nutrients such as P, Fe, and K (among others) (Abd-Alla
et al., 2014). Under saline conditions, inoculation of chickpea
plant with Rhizobium, AMF and Stenotrophomonas maltophilia
resulted in enhanced plant growth, which is most likely due to
increased nutrient availability, including P (Abd-Alla et al., 2019).

Additionally, soil contaminants (organic waste, xenobiotics)
are one of the most common problems that threaten soil health
and plant growth (Sacca et al., 2017). However, Ismaiel et al.
(2014) revealed that plants inoculation with N,-fixing Rhizobium

leguminosarum bv. viceae and AMF (Glomus mosseae, Gigaspora
sp., and Acaulospora sp) alleviated heavy metals toxicity and
enhanced plant growth simultaneously. Taken all together, these
microorganisms either used solely or in mixed inoculation
showed promising results both on plant nutrient uptake, growth
and protection. The use of PSM in legume-based cropping
systems in an integrated manner, along with other sources
of nutrients such as manure and inorganic fertilizers, show
promise as a cost-effective strategy to increase nutrient use
efficiency, BNF and overall yield and grain quality, particularly
in low-input systems. However, the full contribution of soil
biota including N,-fixing bacteria, PSB, and PSM to agro-
ecosystem functioning in a range of climates, soil types, and
cropping systems has yet to be deciphered. Additional research
addressing the functional capacity of PSM, including their
ability to synergize BNF in the field is required to unlock
the potential. Agricultural field- experiments are needed to
further understand the agronomic relevance of PSM, as well as
the functional mechanisms underlying the plant-microbe and
microbe-microbe interactions.

CONCLUSION

Nitrogen and P are two essential macronutrients required for
plant growth and development. While many farmers rely on
inorganic sources of P to avoid nutrient deficiencies, non-
trivial amounts of these fertilizers are fixed in the soil or lost
through different mechanisms, thus remain unavailable for
plant uptake. In legume-based cropping systems, P deficiencies
can also lead to N deficiency and reduced crop yields. Based
on the studies cited in this review, bio-fertilization using
rhizosphere microorganisms such as PSM/PSB and/or Nj-
fixing bacteria showed promising effects on BNF in particular
and overall plant growth in general. Targeted application of
specific soil microorganisms thus presents a propitious cost-
effective management strategy that could increase optimization
of N and P fertilizer eco-efficiency in an environmentally-
friendly manner. However, there is still a need to conduct
further research investigations in order to improve PSM
responses under variable agro-climatic conditions. Field
trials conducted under agriculturally relevant conditions,
measuring crop-level responses to PSM, are required for
validation. Additionally, the mechanisms underlying the
rhizobial-PSM-plant interactions as well as the microbe-
microbe interaction are not yet fully deciphered. Therefore,
further research should focus on improving knowledge
regarding the functional mechanisms behind these microbial
interactions, taking into account those interactions with crop
species, so that compatible organisms can be determined
and used as effective bio-fertilizers in sustainable crop
production systems.
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