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Legumes improve soil fertility through the symbiotic association with microorganisms,

such as rhizobia, which fix the atmospheric nitrogen and make nitrogen available to

the host and other crops by a process known as biological nitrogen fixation (BNF).

Legumes included in the cropping system improve the fertility of the soil and the yield

of crops. The advantages of legumes in the cropping system are explained in terms

of direct nitrogen transfer, residual fixed nitrogen, nutrient availability and uptake, effect

on soil properties, breaking of pests’ cycles, and enhancement of other soil microbial

activity. The best benefits from the legumes and BNF system can be utilized by integrating

them into cropping systems. The most common practices to integrate legumes and their

associated BNF into agricultural systems are crop rotation, simultaneous intercropping,

improved fallows, green manuring, and alley cropping. However, the level of utilizing

nitrogen fixation requires improvement of the systems, such as selecting appropriate

legume genotypes, inoculation with effective rhizobia, and the use of appropriate

agronomic practices and cropping systems. Therefore, using legumes at their maximum

genetic potential, inoculation of legumes with compatible rhizobia, and using appropriate

agronomic practices and cropping systems are very important for increasing food

production. Importantly, the utilization of legumes as an integral component of agricultural

practice in promoting agricultural productivity has gained more traction in meeting the

demand of food production of the world populace. Priority should, thus, be given to value

the process of BNF through more sustainable technologies and expansion of knowledge

to the system.

Keywords: biological nitrogen fixation, cropping system, inoculation, legume residue, nutrient transfer

INTRODUCTION

Most soils are facing a decline in soil nutrient status, which is a basic limitation to food
production (Sanginga et al., 2003). It was projected, in Africa, that the yearly net nutrient
depletion exceeds 30 kg/ha of N and 20 kg/ha of K for arable land in Ethiopia, Kenya, Malawi,
Rwanda, and Zimbabwe (Smaling, 1993). The replenishment and enhancement of soil fertility
are, thus, progressively regarded as serious to the practice of alleviating poverty. Additionally,
developing countries experience the demand of more costs for synthetic fertilizer utilization
although their use has adverse and unpredictable problems in the environment: mainly soil, water,
and natural area contamination. Consequently, legumes increase soil fertility through the action
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of microorganisms, which are imperative to affect the soil
properties, including soil biological, chemical, and physical
properties (Stagnari et al., 2017; Nanganoa et al., 2019;
Vasconcelos et al., 2020). The increasing attention of low-input
crop production and sustainable agricultural systems from an
environmental, economic, andmanagerial standpoint opened the
door for sustained adoption and inclusion of legumes in the
agricultural systems (Ghosh et al., 2007; Stagnari et al., 2017;
Kebede, 2020b). This is because of the contribution of legumes
through their nitrogen (N2)-fixing capabilities and ability to
restore soil fertility and break the cycles of diseases and other
pests attacking crops (Kebede, 2020a).

The total nitrogen fixation in the world is estimated to be
about 1.75 × 1011 Kg, of which symbiotic nitrogen fixation
in legumes accounts for about 8.0 × 1010 Kg by fixing, on
average, 20–200 kg N fixed ha−1 year−1, and the other near half
is industrially fixed while producing N fertilizers (about 8.8 ×

1010 Kg) (Shah et al., 2021). Biological nitrogen fixation (BNF)
through rhizobia–legume symbiosis is, thus, the best alternative
and a more sustainable process by a group of symbiotic bacteria,
so-called rhizobia, which fix the atmospheric N2 and make the
fixed nutrient available to the host legume and other crops in the
cropping system (Stagnari et al., 2017). Increments in crop yield
following nitrogen-fixing legumes arises from the role of this
system in modifying the activity of soil organisms; the chemical
or physical characteristics of the soil; and/or through breaking
the cycles of diseases, insects, and other pests (Wani et al.,
1995). The use of legumes in agricultural systems and utilization
of associated BNF systems provides economically feasible and
environmentally sound ways of decreasing external inputs and
improving the soil nutrient content and, hence, can be suggested
for the nutrition of sustainable agriculture (Peoples et al., 1995;
Postgate, 1998; Kebede, 2020a).

Full utilization of BNF and maximal benefit from BNF
systems can be recognized through integrating legumes into
agricultural systems in which the benefits of BNF can be
extended to crops and cropping systems (Fujita et al., 1992;
Stagnari et al., 2017; Kebede, 2020a). The well-known agricultural
systems of integrating legumes into cropping systems include
crop rotation, simultaneous intercropping, improved fallows,
green manuring, and alley cropping (Ghosh et al., 2007; Meena
et al., 2018; Nanganoa et al., 2019; Kebede, 2020a; Lengwati
et al., 2020). Wider legume technology adoption and utilization,
including methods that improve the BNF system and integrate
it into agricultural cropping systems are imperative to enhance
agricultural production. Consequently, an increment in the level
of nitrogen fixed could be attained by adopting management
practices that influence BNF in agricultural production systems,
such as selecting legume genotypes, inoculating with effective
rhizobia, and the use of good agronomic practices and cropping
systems (Wani et al., 1995; Montañez, 2000; Vanlauwe et al.,
2019). Therefore, improvement and utilization of BNF are very
important, particularly in the developing world, where much of
the increases in food production must come to accommodate the
increasing world population. Hence, this paper aims to review
the contribution, utilization, and improvement of legumes-based
BNF in agricultural systems.

TABLE 1 | BNF capacity (kg ha−1) of commonly cultivated legumes.

Common name Scientific name BNF (kg ha−1) Cultivation area

Fava bean Vicia faba L. 118.6–311 Greece, Italy

Pea Pisum sativum L. 36.6–125.3 Canada, Greece

Common vetch Vicia sativa L. 107–131 Switzerland

Grass pea Lathyrus sativus L. 101–149 Switzerland

White lupin Lupinus albus L. 53.1–64.1 Italy

Chickpea Cicer arietinum L. 21.0–103.6 Canada

Lentil Lens culinaris Med. 23.0–86.8 Switzerland, Canada

Common bean Phaseolus vulgaris L. 16.3–71.9 Canada

Cowpea Vigna unguiculata (L.)

Walp.

36–75 Brazil

Soybean Glycine max (L.) Merr. 90–95 United States

Alfalfa Medicago sativa L. 103–209 Canada, China

Egyptian clover Trifolium

alexandrinum L.

35–59 Switzerland

Red clover Trifolium pretense L. 35.4–389 Denmark, United States

Adapted from Vasconcelos et al. (2020).

BNF IN CROPPING SYSTEMS

BNF enables legume crops to rely upon atmospheric nitrogen,
which is essential in legume-based agricultural systems in
which nitrogen fertilizers are limited as legumes integrated
within different cropping systems increase the fertility of
the soil (Ghosh et al., 2007; Meena et al., 2018; Lengwati
et al., 2020). Legume crops, such as common bean, cowpea,
soybean, lablab, and groundnut, are important hosts for
rhizobia to perform BNF. In addition to providing the
fixed nitrogen in the cropping system, legumes also aid in
solubilizing unsolvable phosphorus (P) in the soil, increasing soil
microbial activity, ameliorating the soil physical environment,
restoring organic matter, and smothering weeds (Giller,
2001; Stagnari et al., 2017). BNF by legumes (e.g., fava
bean, lentil, pea, chickpea, alfalfa, red clover, etc.) ranges
from 21 to 389 kg ha−1 (Vasconcelos et al., 2020). Stagnari
et al. (2017) indicated that the magnitude of BNF and
associated contribution varies across legume species, soil
properties, climatic conditions, and cropping systems (i.e.,
monoculture, mixed culture, crop rotations, etc.) as well as
soil management strategies. The BNF capability of commonly
cultivated legumes across the world is shown in Table 1, and the
tables indicated that BNF capability varied across legume species
and locations.

Furthermore, soil fertility can be restored with nitrogen
obtained from legume residue decomposition, which mainly
depends on how their residues are exploited (whether
incorporated, which is of more benefit; totally removed from
the field; or burned) (Ghosh et al., 2007; Thilakarathna et al.,
2016). Legume species commonly used for grain production
and green manure can fix nitrogen ranging from 100 to 300 kg
ha−1 from the atmosphere (Fujita et al., 1992). In a normal
ecosystem, legumes can fix nitrogen in the range of 11.34–
34.02 kg of nitrogen per acre per year. In cropping systems,
for example, perennial legume crops, such as alfalfa, sweet
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clovers, true clovers, and vetch, can fix up to 250–500 lb of N
per acre per year (Walley et al., 1996). Similarly, legumes such
as cowpeas, peanuts, fava beans, and soybeans can fix up to
113.4 Kg nitrogen ha−1. The use of these legumes in a cropping
system, including rotation, intercropping, green manure, and
legume-enriched pastures, has significant advantages over
sole cropping systems in terms of fertilizer use and, hence,
emissions of the greenhouse gases CO2 and N2O (Peoples
et al., 1995; Kebede, 2020a). Stagnari et al. (2017) considered
legumes to be competitive crops in terms of both environmental
and socioeconomic benefits with the potential to be included
in modern agricultural systems, which are characterized by
a reducing crop diversity and excessive use of fertilizers and
agrochemical inputs. Particularly, the positive contributions of
legumes to the agricultural system mainly arise from legume-
specific traits of fixing atmospheric nitrogen into nitrogen-rich
organic compounds and indirectly from their reduced reliance
on agronomic inputs (Vasconcelos et al., 2020). Besides this,
the legume-based nitrogen fixation is of importance to the
cropping systems as it is used by the N2 fixing and nonfixing
crops growing nearby as the benefits can be supplemented from
the fixing plants (Vanlauwe et al., 2019; Kebede, 2020a,b; Shah
et al., 2021).

MECHANISMS OF CONTRIBUTION OF
LEGUMES AND BNF IN CROPPING
SYSTEM

Direct Nutrients Transfer
Legumes in the mixed agricultural system can lead to more
efficient use of soil nutrients and the significant release and
transfer of fixed N during the cereal phase, which also results
in an improved N yield of the mixed cereal and the overall
mixture (Louarn et al., 2015). Direct nutrient transfer is the
transfer of nutrients from a nitrogen-fixing legume to another
crop during the growth of the crop in an intercrop association
with a legume’s component and/or as remaining nitrogen for
the advantage of a subsequent crop. Thilakarathna et al. (2016)
stated that nutrient transfer in a legume-based BNF system is
the transfer of nutrients from a donor plant (legume) to receiver
plants (cereals) either without undergoing mineralization or
through mineralization followed by the uptake of nutrients
by the receiver plants. In many instances, it is predictable
that an amount of the fixed nitrogen by the intercropped
legume crop is made accessible to the accompanying non-
legume during the cropping season, and the direct transfer of
fixed nitrogen from legumes to a companion crop happens in
a mixed cropping system (Fujita et al., 1992). Confirmation
of nutrient transfer from legumes to cereals is achieved in
intercropping and rotation studies through the excretion of the
root, nutrients leached from plant leaves, and leaf fall (Yusuf
et al., 2009). The main ways of nutrient transfers can be grouped
into above- and below-ground nutrient transfer. According to
Thilakarathna et al. (2016), nitrogen is obtained from decayed
legume nodules, roots, root border cells, root caps, sloughed
cells, and the epidermis (water-insoluble resources), which more

importantly donate to the below-ground nutrient, primarily
nitrogen, transfers.

When examining various mechanisms of nitrogen transfers,
nodules, and root decomposition are more significant but can
differ significantly by legume species. It is projected that nitrogen
ranging from 3 to 102 kg ha−1 yr−1 can be transferred through
the decomposition of nodules and roots in legumes, which is
equal to 2–26% of the biologically fixed nitrogen in legumes
(Thilakarathna et al., 2016). The below-ground nutrient transfer
comprises three different pathways, i.e., decomposition, root
exudation, and mycorrhizae-mediated nutrient transfer and is
shown in Figure 1.

The transfer of biologically fixed nitrogen to neighboring
and/or succeeding crop plants is highly variable and can range
from as low as 0% to as high as 73%, depending on various factors
(Islam and Adjesiwor, 2017), which can be the highest reported
levels of 75–110 kg N ha−1 y−1 (Louarn et al., 2015). A common
practice in agricultural systems for utilizing nutrient transfer
fromBNF is intercroppingN2-fixing legumes with non-N2-fixing
crops. A study by Eaglesham et al. (1981) revealed that 24.9%
of nitrogen fixed by cowpea can be transferred to intercropped
maize. Up to 35% of N in maize grown after pigeon pea was
revealed by isotope dilution to be from N fixation, and part of the
fixed N was from below-ground parts. Similarly, Osunde et al.
(2004) revealed that the quantity of nitrogen derived from N2

fixation is 40% in the intercropped soybean and 30% in the sole
crop without the addition of fertilizer. Furthermore, Mandimba
(1995) reported that the N input of groundnut to the growth
and yield of maize in an intercropping system is equal to the
fertilization of 96 kg of N/ha at a proportion of plant population
densities of individual maize plants to four groundnut plants.
The estimates of the amount of plant phosphorus and nitrogen
derived from symbiotic N2 fixation for frequently produced
legume crops in tropical and subtropical agricultural systems are
shown in Table 2.

The degree of nitrogen transfer depends upon the quantity
and concentration of legume N, microbial mineralization and
immobilization in the rhizosphere, the availability of other N
sources, and the degree of utilization by the associated crop
(Peoples and Craswell, 1992; Thilakarathna et al., 2016; Islam and
Adjesiwor, 2017). The amount of N available and the pathway of
transfer are also seen to depend on the legume species (Wolfe
and Cormack, 2002). For instance, Dubach and Russelle (1994)
measured 13 kg/ha of symbiotically fixed N could be released
from decomposing alfalfa roots but only 2 kg/ha of fixed N from
decomposing three-leaved plant roots. By comparison, the three-
leaved plant was seen to have further root nodules, estimated to
provide 6 kg/ha N to the top 30 cm soil as compared with only 2
kg/ha from alfalfa nodules. The quantities of nitrogen fixed and
the amount transferred to the soil and/or subsequent crops in
different agricultural systems are indicated in Table 3.

Decomposition of nodules and roots of legumes are
also believed to be significant in the transfer of nitrogen
(Thilakarathna et al., 2016). Though these parts, generally, have
only a portion of the entire plant’s nutrients, the amount of the
plant root system, which might be decaying during plant growth,
has not been estimated yet. Moreover, the likelihood of nitrogen
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FIGURE 1 | Potential mechanisms of below-ground nitrogen transfers from legumes to non-legumes (decomposition of nodules and roots, root exudates, and

mycorrhizal-mediated nitrogen transfer) and the wide range of abiotic and biotic aspects that influence nutrient transfers. Source: Thilakarathna et al. (2016).

TABLE 2 | The proportion of phosphorus and amount of plant nitrogen attained from symbiotic N2 fixation of grain legumes frequently produced in tropical and

subtropical systems as adapted from Peoples and Craswell (1992).

Species Location Treatment variable Total crop N (Kg N ha−1) N2 fixed

P (kg ha−1 crop−1) Amount (kg N ha−1 crop−1

Groundnut Australia Water supply 171–248 0.22–0.53 37–131

Cultivar 254–319 0.55–0.65 139–206

Rotation 181–247 0.47–0.53 85–13l

Brazil Inoculation 147–163 0.47–0.78 68–116

India Cultivar 126–165 0.86–0.92 109–152

Pigeon pea India Season 77–92 0.88 68–88

Soybean Brazil Site/season 112–206 0.70–0.80 85–154

Hawaii Temperature 120–295 0.97–0.80 117–237

Indonesia Rotation 79–100 0.33 26–33

Thailand Cultivar 33–65 0.78–0.87 26–57

Cultivar 121–643 0.14–0.711 17–450

Water supply 157–251 0–0.45 0–113

Common bean Brazil Cultivar 18–71 0.16–0.71 3–32

Kenya Phosphorus 128–183 0.16–0.32 17–57

Cowpea Brazil Site/season 25–69 0.32–0.70 9–51

Indonesia Rotation 67–100 0.12–0.33 12–22

Kenya Phosphorus 92–94 0.26–0.35 24–39

Green gram Thailand Cultivar 71–74 0.89–0.90 64–66

Black gram Thailand Cultivar 125–143 0.95–0.98 119–140

released from the living roots of legumes can also contribute
to the transfer of nitrogen (Fujita et al., 1992). On the other
hand, the transfer of nutrients to companion non-legume crops
within the cropping system and growing season depends on the
legume species, the amounts of the plant components in the

stand, the comparative maturities of the accompanying crops,
and the vigor and period of plant growth (Thilakarathna et al.,
2016). Soil-related factors also influence the efficiency of nutrient
transfer. The estimates of probable N2 fixation are also unlike
in legumes and under various farming systems. The levels of
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TABLE 3 | The quantities of nitrogen fixed and the amount transferred to soil or

subsequent plants in different agricultural systems as taken from Islam and

Adjesiwor (2017).

Crop(s) Amount of N transferred % of fixed nitrogen

Caragana (Caragana

arborescens Lam.)–oat

(Avena sativa L.)

38–45 kg N ha−1 60–70

Alfalfa-tall fescue

(Schedonorus

arundinaceus (Schreb.)

Dumort.)

0–650 kg N ha−1 0–12

White clover-perennial

ryegrass

0–340 kg N ha−1 0–47

Mung bean-oat 12.8mg N plant−1 9.7

Soybean-maize 7.84mg N pot−1 7.57

Soybean-maize 10.77–13.72mg N pot−1 1.26–2.17

Faba bean-wheat 0.17mg N plant shoot−1 14.9

Red clover-bluegrass

(Poa pratensis L.)

35.85mg N plant−1 1.5

Pigeon pea (Cajanus

cajan (L.) Mill sp.–coffee

(Coffea arabica L.)

21.8 g N kg−1 na

Crotalaria-coffee 13.5 g N kg−1 na

Velvet bean (Mucuna

pruriens (L.)

DC.)–coffee

19.7 g N kg−1 na

Red clover-perennial

ryegrass and forbs

25–58 kg N ha−1 9.5–15

na, could not be estimated from data.

nitrogen fixation and amount of nutrient transfer are also reliant
on soil moisture and water supply, rhizobia inoculation, cropping
system, nitrogen fertilizer applications, and soil fertility status
(Peoples and Craswell, 1992).

Contribution of Legume Residues
Part of the symbiotically fixed nitrogen in legumes is available to
succeeding crops through the decomposition and mineralization
of the legume residues (Thilakarathna et al., 2016; Islam and
Adjesiwor, 2017). The residues of legumes can be a source of
more mineral nitrogen to succeeding crops than the residues of
cereal due to their relatively high nitrogen contents and relatively
low C:N ratio in legume residue as compared with cereal
residues. Nutrients derived from decomposed roots, nodules,
root caps, root border cells, sloughed cells, and the epidermis
(water-insoluble materials) significantly contribute to below-
ground nutrient transfer (Louarn et al., 2015). Cereals cultivated
in sequence with legume crops obtain nitrogen benefits as
compared with cereal monoculture. The utilization of legume
crops in various cropping systems can cause a significant and
progressive yield increment on subsequent non-legume crops
as compared with rotations with non-legume crops (Kebede,
2020a). Many factors are assumed to explain these results,
including enriched nitrogen availability following the legume and
other rotational effects, such as decrease of disease and other
pests and higher mycorrhizal colonization rate and diversity

in the soils. Murphy-Bokern et al. (2017) stated that the
nitrogen-rich root, shoot, and leaf biomass of legumes, which is
enabled by BNF, improves the availability of N to neighboring
or succeeding nonlegume crop plants as exudates, and living
and senescent biomasses provide additional below-ground N-
enriched input to the soil. However, reliable estimates of nitrogen
fixation and residual soil nitrogen are required to determine
nitrogen contribution of legume to subsequent or associated
crops (Adeleke and Haruna, 2012).

Nutrients derived from decomposed roots, nodules, root caps,
root border cells, sloughed cells, and the epidermis (water-
insoluble materials) significantly contributes to below-ground
nutrient transfer (Louarn et al., 2015). Cropping systems, such
as crop rotation comprising legumes, can decrease the amount
of nitrogen fertilizer applied in succeeding crops. According to
Mayer et al. (2003), nitrogen derived from legume rhizodeposits
contribute to an increase of 35–44% in residual nitrogen content
in the soil and constituted 79–85% of the below-ground nitrogen
of plants at the maturity stage. Besides this, Jensen (1996)
revealed that 47% of the whole below-ground nitrogen derived
from plants can be acquired from legume root depositions.
Moreover, enhanced BNF through the use of rhizobia inoculants
helps in improving available nitrogen and phosphorus in the soil
once the crop is harvested, and it can be utilized by the next crop
(Matse et al., 2020).

Several reports reveal that BNF can be improved by
inoculating host legumes with compatible rhizobia (Wani et al.,
1995; Zahran, 1999; Adeleke and Haruna, 2012; Bhowmik and
Das, 2018). The improved nitrogen fixation can leave crop
residual nitrogen in the soil, and it contributes to organic matter
and can be a source of inexpensive nutrients for the next cropping
season. In food legumes, the nitrogen is divided into either
the harvested seed or the non-harvested vegetative parts of the
crops, such as nodulated roots, stems, and leaves, which usually
stay as crop residues. The leaf falls throughout legume crop
growth in the nodulated roots are also testified to comprise up
to 40 kg N ha−1 (Buresh and De Datta, 1991). Ghosh et al. (2007)
stated that legumes, such as soybean, pigeon pea, cowpea, and
groundnut, cultivated as an intercrop in maize had a positive
residual contribution on the yield of the following wheat crop.
The use of legume crops in the cropping system and utilization of
BNF is, therefore, considered to have soil fertility enhancement
and economic benefits (Ndakidemi et al., 2006).

During the harvest of legume seeds and residue incorporation
in the soil, the entire nutrient found in the plant is unequally
dispersed between the various vegetative parts (Louarn et al.,
2015; Thilakarathna et al., 2016). These parts also vary from
each other in the level to which they release mineral nutrients
to the soil and, eventually, to the subsequent crops. The nutrient
alterations happening during decomposition of crop residues are
influenced by residue management, temperature, soil physical
and chemical properties, and whether the soils are flooded
and/or remain aerobic (Buresh and De Datta, 1991). However,
decomposition of the residues may be improved by lignin and
polyphenol content even though tissue nitrogen concentration,
C:N ratio, and soil water status are the principal aspects affecting
the rate of mineralization and obtainability of legume residues
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to succeeding crops (Peoples and Herridge, 1990). When legume
greenmanure is grown and intended to be used in the agricultural
system, however, all plant parts are returned to the soil. In
this case, the number of nutrients left in the soil and nutrient
concentration in the legume’s parts returned to the soil are
expected to be greater than when the seed is harvested from food
legumes. As a result, decomposition might also be anticipated
to be quick, and the proportion of legume nitrogen mineralized
is high (Peoples and Herridge, 1990). According to Beri et al.
(1989), a considerable increment in yield of cereals following
legume green manuring could range from 50 to 120 kg ha−1 of
nitrogen fertilizer. Therefore, legume green manuring can offer
substantial quantities of nutrients to the soil that can significantly
benefit succeeding crops.

Nutrient Availability and Uptake
Legumes-based cropping systems improve several aspects of soil
fertility, including soil organic carbon and humus content, N and
P availability and uptake, and organic C and N as well as releasing
hydrogen gas as a by-product of BNF, which promotes bacterial
legume nodules’ development in the rhizosphere (Stagnari et al.,
2017). Plant nutrient availability and uptake are dependent
mainly on the amount, concentrations, and activities taking
place in the root zone of the soils along with the ability of
the soils to replace the limiting nutrients in the soil’s solution
(Makoi et al., 2013). Nitrogen and phosphorus are the principal
elements that are abundantly available in the soil and atmosphere,
respectively, but found in forms inaccessible to plants. These
elemental nutrients are usually the limiting factors for the growth
and development of plants (Mmbaga et al., 2014). Stagnari et al.
(2017) divided the agricultural contribution of grain legumes in
two as (1) the “nitrogen effect” component, which is due to the
nutrient provision from BNF, which is highest in situations of low
N fertilization to subsequent crop cycles, and (2) the “break crop
effect” component, which includes nonlegume-specific benefits,
such as improvements of soil organic matter and structure,
phosphorus mobilization, soil water retention and availability,
and reduced pressure from diseases and weeds. Hence, the
contributions of legumes are highest in legumes included in
diverse cropping systems.

Legumes-based BNF has a positive effect on the availability
and real chemistry of soil nutrients, which, thus, stimulate the
availability and uptake of plant nutrients. For instance, Fujita
et al. (1992) showed that the maximum wheat nitrogen uptake
was obtained when the crop is cropped following a maize–
soybean or maize–groundnut intercrop system than after lone
maize cropping. Besides this, microbial inoculants, especially
rhizobia species, have come to be a promising solution to
some of the problems associated with intensive agriculture
by enhancing nutrient availability and uptake and eventually
enhanced yield. Makoi et al. (2013) revealed improvement in the
uptake of N and P following inoculation of different legumes with
effective strains of rhizobia. Nyoki and Ndakidemi (2014) found
that Bradyrhizobium japonicum inoculation complemented with
phosphorus application in cowpea enhanced the uptake of
nutrients such as N and P. Similarly, Desta et al. (2015) indicated
that the inoculation of legume crops can improve nodulation

capacity and nitrogen fixation, which, in turn, enhance nutrient
uptake of fava bean.

Legume species also have mechanisms to solubilize and
recover phosphorus from unavailable forms in association with
rhizobia. For instance, Stagnari et al. (2017) reported an increase
in P availability at the rhizosphere level in the intercropping
system than in sole cropping. One mechanism is the organic
acid exudation from the root legumes, which reduces the pH
in the soil neighboring the roots and solubilizes and discharges
phosphorus. The secondmechanism is the release of phosphatase
enzymes into the soil, which can decompose organic material
containing phosphorus. The third mechanism is an interaction
reaction between the root surface of the legume and the
insoluble phosphorus surrounding the plant roots (Ae and Shen,
2002). However, the degree of the contribution of legumes in
phosphorus acquisition to the cropping system is greatly reliant
on the type of soil and existing soil atmosphere. More broadly,
Peoples and Craswell (1992) described the benefits of legumes in
the agricultural system in the following ways:

i. Improvements in soil structure following legumes or
improvements in soil water-holding and buffering
capacity and increased nutrient availability associated
with incorporation of legume residues.

ii. Breaking of cycles of crop pests and diseases and phytotoxic
and allelopathic effects of different crop residues.

iii. Improvement of soil microbial activity and probably
heterotrophic nitrogen fixation following the addition of
legume residues.

iv. Additional residual nitrate found in the soil resulting from a
legume rather than after a cereal or other non-legume, which
might be associated with fewer nitrates being taken up by
the legume or result from stimulation of mineralization rates
under a legume cropping system.

METHODS OF BNF UTILIZATION IN
CROPPING SYSTEM

Legumes are considered as competitive crops in terms of both
environmental and socioeconomic benefits with the potential
to be included in modern agricultural systems, which are
characterized by a reduced crop diversity and excessive use of
fertilizers and agrochemical inputs (Stagnari et al., 2017). They
play fundamental roles at the production system level due to
their ability to fix atmospheric nitrogen, making them potentially
highly suitable for inclusion in low-input agricultural systems
as well as at cropping-system levels as diversification crops in
agroecosystems, breaking the cycles of pests and diseases, and
balancing the soil nutrient deficit in the agricultural system.
Full utilization of legumes-driven BNF and maximal benefit
from these systems can be recognized through investigation
and resolution of the most important limitations to the ideal
performance in the field, their adoption, and practices by
farmers (Fujita et al., 1992). There are practices utilized to
integrate the BNF benefits into agricultural systems in which the
benefits of BNF can be extended to crops and cropping systems.
The most common agricultural systems of integrating legumes
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into cropping systems include crop rotation, simultaneous
intercropping, improved fallows, green manuring, and alley
cropping. These cropping systems are used worldwide to exploit
the nitrogen-fixing symbiotic relationship, and they can be
applied in separation or hybrid mixtures. However, the selection
of an appropriate cropping system is only one management
step; i.e., pairing the system with a nitrogen-fixing symbiotic
relationship adds dimension to the decision-making process.

Crop Rotations
Crop rotation is the oldest agricultural practice that comprises
the long-term, everlasting farming of well-ordered sequences of
crops on the same land. Crops are planted in accordance with
their nutrient needs in which deep-rooted plants are followed by
their shallow-rooted counterparts to allow nutrients to restore
at various depths. Legumes are usually handled as components
of crop rotations to optimize the management of pests, weeds,
and diseases and to exploit nutrient availability through the
soil profile (Murphy-Bokern et al., 2017). For example, deep-
rooted legume crops, such as the common bean, cowpea, and
pigeon pea can access nutrients below the cereal rhizosphere
(1–3m) rather than cereal crops. The incorporation of these
legumes into crop rotations has proven to increase the yields of
subsequent crops (Peoples et al., 2009). For example, Sanginga
et al. (2003) described that the real proportions of nitrogen
fixed by soybeans and the residual nitrogen contributions to the
succeeding cereal crops in a crop rotation system range from 38
to 126 kg N ha−1. According to Lengwati et al. (2020), nitrogen
contribution obtained from Bambara groundnut, groundnut,
mung bean, black gram, and cowpea is 83, 67, 39, 36, and 32 kg
ha−1, respectively. The fixed nitrogen benefit of these five legume
crops to the subsequent maize crop, which is assessed using
grain yield, shoot biomass, and total biomass as compared with
monocropping and zero nitrogen plots is shown in Figure 2.

Legume rotations are widely recognized to improve soil
structure, permeability, microbial activity, water storage capacity,
organic matter content, and resistance to erosion, thereby
increasing crop yields and sustainability of the agricultural
systems (Murphy-Bokern et al., 2017). Therefore, the addition of
legume crops in crop rotation systems by smallholder farmers is a
profitable and ecologically sound way of improving the nutrition
of both the legume and subsequent crops (Kebede, 2020a).
Consequently, the net outcome is an increment in the yields of
crops and soil nutrient uptake and availability, thus reducing
the use of synthetic fertilizers. For instance, a comparison of
the grain yields from zero nitrogen application in maize planted
subsequently after different legumes with grain yields of maize
under sole cropping receiving nitrogen fertilizer indicate that the
symbiotic nitrogen contribution of the legumes to the maize was
about 20 kg N ha−1 for legumes, such as groundnut, black gram,
cowpea, mung bean, and Bambara groundnut (Lengwati et al.,
2020).

Simultaneous Cropping
Mixed and relay cropping are two practices that involve
simultaneous cropping of two or more crops. Mixed cropping is
the same as intercropping; however, it does not include a precise

geometric pattern, such as rows. Relay cropping is a cropping
system that involves establishing the second crop directly onto
the first crop before harvesting, thus, permitting the cultivation
of two crops during the same year. In a mixed cropping system,
the action of rhizodeposition advances the nitrogen uptake in the
companion crop (Fustec et al., 2010). For instance, intercropping
of legumes and cereals provides an opportunity to increase
the input of fixed N into an agricultural system in both the
short term through direct N transfe, and the long term through
mineralization of residues (Murphy-Bokern et al., 2017). Yield
increment and other benefits from simultaneous cropping as
compared with monocropping are usually accredited to joint
balancing effects of the component crops, such as improved
total utilization of existing nutrients and resources (Fujita et al.,
1992). Ghosh et al. (2007) stated that the yield of sorghum in
sorghum–legume intercropping is by far greater than that of the
maximum yield of sorghum in sole cropping systems (Figure 3).
The authors ascribed the possible reason to improved growth
and enhanced uptake of N, P, and K by sorghum along with
effective weed oppressing by the legume’s intercrops. Murphy-
Bokern et al. (2017) also revealed that intercropping has positive
effects on phosphorus availability and uptake as phosphorus can
be released into the soil solution in the form of phosphate ions
and become available for plant uptake.

Improved Legume Fallows
Improved fallows involve planting a beneficial legume crop
during the fallow period to restore soil fertility to enhance
subsequent crop production. It is the planting of rapid-growing
legume tree/shrub species as a replacement to normal fallow to
attain the advantages of the latter in a smaller time. In legume
tree fallows, the wood can be harvested, and N-rich components
(leaves, pods, and green stems) tend to be incorporated into the
soil before the rainy season (Sanchez, 1999). The nutrient supply,
such as nitrogen, is greater in improved fallow than in cropped
land as the plants store nutrients from the air and bottomless
layers of the soil, and falls their leaf litter to improve the soil
and preserve moisture (Lemage and Tsegaye, 2020). Nanganoa
et al. (2019) indicated that different legume fallow systems had
variable effects on the soil physicochemical properties of which
the maximum distinguished effect is the total nitrogen content
(ranging from 0.19 to 0.24%), organic carbon (SOC) content
(ranging from 2.77 to 3.36%), and available phosphorus (ranging
from 12.50 to 16.12 mg/kg) (Table 4).

In particular, the off-season farming of improved legume
fallows and their succeeding incorporation as green manure is
vital to improve soil production and productivity by adding
nutrients such as N and organic C and by smothering the
weeds (Lemage and Tsegaye, 2020). Nair et al. (1999) observed
that 1-year Sesbania sesban fallow increased the yields of
succeeding maize crops by 50–80%, and 2-year fallows showed
yield increases of 150–270%. The residual benefits of different
legume fallows were observed for 4 years after fallowing, and
yields were three times greater thanmonocroppedmaize. Lemage
and Tsegaye (2020) showed that abandoned agricultural land
can be rehabilitated using improved legume fallow, which can
enhance soil pH, organic carbon, available phosphorus, available
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FIGURE 2 | The interactive effects of previous crops and levels of nitrogen fertilizers on (A) grain yield, (B) total biomass, and (C) shoot biomass of maize planted in

rotation with five different legumes. The horizontal straight line indicates increments in yield caused by nitrogen levels of 20, 40, and 60 kg ha−1 relative to 0 kg ha−1.

Source: Lengwati et al. (2020).

FIGURE 3 | Sorghum intercropped with various legumes. Source: Ghosh et al. (2007).

potassium, and total nitrogen content. Besides this, Nanganoa
et al. (2019) indicated that different legume fallow systems
had varying grain yield and economic benefits, ranging from

enhanced soil nutrient contents, increased grain yield, and
increased economic value of the fallow land. The authors revealed
that grain yield ranging from 1.0 to1.9 t/ha can be obtained using
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TABLE 4 | Effect of five different fallow systems (natural, soybean, groundnut, cowpea, and common bean) on soil physicochemical properties (Mean ± SD) after 19

weeks of crop cultivation.

Soil physicochemical parameters Fallow systems

Natural Soybean Groundnut Cowpea Common bean

pH 5.53 ± 0.54a 4.99 ± 0.22a 4.98 ± 0.25a 5.24 ± 0.29a 4.97 ± 0.16a

Organic carbon (%) 2.77 ± 0.12a 3.04 ± 0.28a 3.27 ± 0.37a 3.36 ± 0.23a 3.08 ± 0.24a

Carbon/Nitrogen 14.45 ± 0.99a 15.17 ± 1.59a 16.10 ± 1.62a 15.66 ± 1.57a 12.68 ± 0.69b

Phosphorus (mg/kg) 14.12 ± 5.77a 12.50 ± 1.90a 16.12 ± 2.62a 13.82 ± 2.36a 14.26 ± 2.31a

Sodium (cmol/kg) 0.21 ± 0.00a 0.21 ± 0.01ab 0.20 ± 0.01ab 0.20 ± 0.01ab 0.18 ± 0.02b

Potassium (cmol/kg) 0.94 ± 0.04a 0.69 ± 0.24a 0.77 ± 0.14a 0.75 ± 0.22a 0.70 ± 0.05a

Calcium (cmol/kg) 9.99 ± 0.06a 9.52 ± 0.99a 9.50 ± 0.79a 9.61 ± 0.64a 8.99 ± 1.18a

Magnessium (cmol/kg) 3.40 ± 0.08a 3.38 ± 0.23a 3.28 ± 0.11a 3.51 ± 0.33a 3.28 ± 0.26a

Acidity (cmol/kg) 0.06 ± 0.02a 0.05 ± 0.01a 0.05 ± 0.01a 0.06 ± 0.01a 0.07 ± 0.02a

ECEC (cmol/kg) 14.60 ± 0.17a 13.85 ± 1.28a 13.79 ± 0.90a 14.12 ± 0.36a 13.20 ± 1.42a

(Source: Nanganoa et al., 2019).

Values within columns with different letters are significantly different (P < 0.05).

different legume fallow systems with the highest in groundnut
(1.9 t/ha), followed by soybean (1.6 t/ha), common bean (1.3
t/ha), and cowpea (1.0 t/ha) (Figure 4).

Legume Green Manuring
Green manures are locally produced and non-decomposed plant
matter, especially legumes, which are applied to the soil surface
(as in conservation agriculture) or tilled into the soil so that
they help as a mulch and soil amendment. Green manures are
cultivated for the specific purpose of providing nutrients to the
agricultural system through biomass decomposition (Gangwar
et al., 2004; Fageria, 2007; Ghosh et al., 2007). Legume-based
green manures are grown with the specific aim of increasing
N availability in a system by making use of the N fixed
from the atmosphere by the legume (Murphy-Bokern et al.,
2017). Green manuring is advantageous for improving the
yields of crops and the fertility of the soil. Legume crops are
higher-ranking green manure crops as compared with non-
leguminous crops due to their ability to fix atmospheric nitrogen.
Incorporation of legume greenmanures and their decomposition
has a solubilizing consequence of macronutrients, such as N,
P, and K, and micronutrients (Zn, Fe, Mn, and Cu) in the
soil and can also alleviate deficiency of different nutrients by
recycling nutrients through green manuring (Ghosh et al., 2007).
Further,Meena et al. (2018) revealed that legume greenmanuring
can increase the sustainability of agriculture by enhancing
retention of different nutrients, improving soil fertility, and
decreasing soil erosion and global warming. The BNF process
and mineralization of legume green manure crops in soils are
shown in Figure 5.

Gangwar et al. (2004) revealed that Leucaena incorporated
into the soil as green manure at the rate of 6 t ha−1 year−1

before sowing of rice and wheat contributed about 80 kg
organic N ha−1 year−1, which can substitute 25% mineral N
fertilizer and substantiated to be more financially rewarding
than monocropping of rice–wheat. The integration of legumes’
green manure into the soil provides organic constituents, such
as organic acid, amino acids, sugars, vitamins, and mucilage,

during crop growth and after decomposition. These materials
are important for binding soil particles together and forming
better soil aggregates, which result in increased hydraulic
conductivity, water infiltration, water-holding capacity, and
overall pore space of the soil, which are desirable characteristics
to enhance soil fertility and crop yield (Meena et al., 2018).
The green manuring legumes can also increase the uptake of
phosphorus in subsequent crops by changing the unavailable
natural and residual phosphorus to more available forms.
Furthermore, legume green manure residue decomposition can
produce bicarbonates (H2CO3), which can solubilize soil mineral
phosphorus and, accordingly, result in higher phosphorus
availabilities to plants (Fageria, 2007). The contents of different
nutrients and C:N ratios found in the above-ground portions
of various important legume green manure crops are shown in
Table 5.

Alley Cropping
Alley cropping is a cropping practice in which cultivated crops
are planted in alleys designed by trees or shrubs, well-known
primarily to restore soil fertility and enhance productivity. It
is the simultaneous growing of crops between hedgerows of
trees that are nitrogen-fixing trees. Alley cropping with nitrogen-
fixing trees appears to have a greater impact on long-term
nutrient acquisition from deep soil strata. Besides this, the alley
cropping approach guarantees the utilization of leaf manures as
the trees/shrubs are trimmed during the cropping season (Ghosh
et al., 2007). Green leaf manures falling from nitrogen-fixing
trees/shrubs supplement the efficacy of applied fertilizers, sustain
the soil health and, thus, improve the crop yields and returns. A
report on the decomposition residues in alley cropping systems
by Wilson et al. (1986) revealed that 50% of the supplemented
legume nitrogen can be available to the crops within 1–9 weeks
although it depends on the primary nitrogen contents and
predominant ecological conditions.

According to Ghosh et al. (2007), the pruning of Leucaena
leucocephala in an alley cropping system provides a considerable
quantity of nutrients that aids the companion crop. In addition,
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FIGURE 4 | Yield (t ha−1
± SD) of four different fallow grain legumes (soybean, groundnut, cowpea, and bean). Data with different letters are significantly different (P <

0.05). Source: Nanganoa et al. (2019).

FIGURE 5 | Nitrogen fixation and mineralization of legumes green manure in the soil. Source: Meena et al. (2018).

TABLE 5 | The contents of nutrient and C:N ratios of above-ground portions of some important green manure crops (Source: Ghosh et al., 2007).

Green manure crops Total nutrient concentration (% dry weight)

N P K S Ca Mg C:N ratio

Sesbania (Sesbania aculeata) 2.62 0.32 1.48 0.19 1.40 1.62 16.4

Sunnhemp (Crotoloria juncea) 2.86 0.34 – – – – 16.1

Cowpea (Vigna unguiculata) 2.69 0.28 2.26 0.28 1.50 1.73 17.1

Cluster bean (C. tetragonoloba) 2.80 – – – – – 17.3

Mung bean (Vigna radiata) 2.21 – – – – – 16.1

Subabul (L. leucocephala) 3.15 0.20 1.73 – 1.88 0.41 12.7

Gliricidia (Gliricidia maculata) 3.49 0.22 2.44 – 1.89 0.43 10.42

the requirement for fertilizers is decreased, and the system offers
an alternative system for achieving sustained yield with low
agricultural inputs. Ghosh et al. (2007) also showed that there

is an average decrease of 38, 34, and 29% in the yield of maize,
black gram, and cluster bean, respectively, as compared with pure
crops when grown as an intercrop with Leucaena leucocephala.
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TABLE 6 | Seed yields (kg ha−1) of castor as influenced by sole cropping, alley

cropping, green leaf manures, and nitrogen levels.

Treatment N0 N40 N80 Mean

Sole cropping

No green leaf manuring 263 470 570 434

Leucaena green leaf manuring 349 618 679 548

Albizia green leaf manuring 335 585 666 528

Dalbergia green leaf manuring 347 529 653 510

Mean 323 551 642 505

Alley cropping

No green leaf manuring 348 672 745 588

Leucaena green leaf manuring 500 760 851 704

Albizia green leaf manuring 428 753 833 671

Dalbergia green leaf manuring 425 756 831 671

Mean 425 735 815 659

LSD (0.05)

Cropping systems 8.2

Nutrient 8.78

Interaction 12.57

Source: Ghosh et al. (2007).

The authors indicated that the highest earnings can be achieved
when Leucaena is grown in alley cropping with cluster bean and
black gram than growing of sole maize or Leucaena. Kang and
Shannon (2001) also indicated that nitrogen yields are typically
around 200–300 kg ha−1 in alley cropping of which ∼50% of
the nitrogen is derived from the atmosphere (Giller, 2001). The
continued presence of alley cropping, which utilizes nitrogen-
fixing legume trees, can, thus, act as a way of utilizing the BNF
system. The influence of sole cropping, alley cropping systems,
green leaf manures, and nitrogen levels on seed yields of castor is
shown in Table 6.

STRATEGIES FOR IMPROVING BNF OF
LEGUMES AND ASSOCIATED
CONTRIBUTIONS

The potential of nitrogen fixation in every legume system is
dependent on the plant’s reliance upon nitrogen fixation for
growth and development and plant nitrogen yield. Improving
the BMF for higher nitrogen productivity and gain will
increase the sustainability of agricultural production systems.
Improving the contribution of BNF by legumes to agricultural
systems@ is currently central to different strategies to mitigate
the environmental impacts of agriculture as it contributes to
recoupling the carbon and nitrogen cycles in agro-ecosystems
and enhancing soil nutrient pools while increasing nutrient use
efficiency at the levels of diverse cropping systems (Louarn
et al., 2015). Various strategies are used to improve the process
in an existing symbiotic relationship and widen the scope
to non-symbiotic commercial crops, and the success of these
strategies depends on how well the process of BNF is understood
(Goyal et al., 2021). As a whole, an increment in the level of

nitrogen fixed could be attained by exploiting the legumes yield
within the constraints imposed by agronomic, nutritional, or
ecological factors. In addition, several management practices
influence BNF in agricultural production systems. The strategies
widely recognized and adopted for improving BNF of legumes
and their associated contributions in the agricultural systems
include the selection of legume genotypes, inoculation of legumes
with effective rhizobia and their improvements, and the use of
appropriate agronomic practices and cropping systems.

Selection of Legume Genotypes
Enhancement in agricultural sustainability needs the utilization
of BNF as a key source of nutrients for plant growth and
development. Mixed cropping and crop rotations of a non-
legumes with legumes have been utilized for centuries to
exploit BNF from legumes. The selection of appropriate legume
hosts plays a dominant role in interaction with rhizobia (Liu
et al., 2020; Plett et al., 2021). The selection of improved host
legumes must be developed if higher levels of production and
sustainability are to be achieved. Best production from any
environment can only be achieved by the use of the most
appropriate biological material most matched for a particular
environment and adopting management practices intended
to avoid or minimize the particular ecological stress most
likely to affect the symbiosis. According to Plett et al. (2021),
understanding how a genotype supports nodulation and N-
fixation in legumes is important to maximize the benefit of N-
fixation and reduce reliance on nitrogenous fertilizers. Vanlauwe
et al. (2019) stated that the primary methods to improve the
potential of an effective BNF are (i) breeding of legume genotypes
with increased BNF efficiency with elite strains; (ii) choosing
of grain legumes (legume genotypes) that are satisfactorily
promiscuous to nodulate successfully with the native rhizobia
existing in the soils; and (iii) inoculating of legumes with effective
and superior rhizobia strains.

Legume–rhizobial symbiosis is a highly specific interaction,
such that particular legume genotypes form an efficient symbiosis
with only a specific set of rhizobial strains (Liu et al., 2020).
However, the importance of the legume genotypes in regulating
nitrogen fixation has commonly been given negligible attention.
Sinclair and Nogueira (2018) indicated that breeding programs
ignore plant traits that might be related to improved nitrogen
fixation potentials due to the constraints in tracking nodulation
capacity and nitrogen fixation activity. In more recent research
on legumes N2 fixation, it is increasingly becoming clear that
the host plant has a leading role in influencing N2 fixation.
The selection of legume genotypes now appears to be necessary
to improve N2 fixation potential and to have better growth
and physiological capability, which can provide better nitrogen
input to the plant. Therefore, host plant breeding is compulsory
to increase BNF, particularly if inoculation with elite rhizobia
strains is anticipated to improve crops yield. Efforts toward
announcing BNF as a key property to be considered in
plant breeding programs could have thoughtful influences on
symbiotic potentials (Vanlauwe et al., 2019).

On the other hand, various stages of the plant–bacteria
interaction could also be optimized to maximize the amount and
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benefit of nitrogen fixation. Incompatibility occurring among
host legumes and nodulating rhizobia at the initial stages
of the interaction can block bacterial infection and nodule
organogenesis, whereas incompatibility happening after nodule
development can result in the development of infected nodules
incapable of fixing nitrogen (Yang et al., 2017; Wang et al., 2018).
Hence, it can be noted that nitrogen fixation is dependent on the
capability of legumes to form an association with rhizobia in a
given soil and the host’s ability to selectively interact with the
most mutualistic partners from a group of compatible indigenous
strains. Therefore, it is important to select appropriate legumes
and improve their ability to choose and cooperate with the
best mutualistic rhizobial symbionts. For this purpose, Liu et al.
(2020) suggested that genetic and genomic methods should
be employed to identify genes and alleles through harnessing
abundant genetic and phenotypic variation present in the
legume varieties. According to Goyal et al. (2021), the chemical
communication between the legume host and bacteria can be
improved to enhance the number of nodules formed and favor
occupation by desirable strains. Flavonoids produced by the plant
are the earliest signals that promote the symbiotic interaction
and induce the genes (nod genes) that are responsible for the
synthesis of nod factors. Nod genes are lipochitooligosaccharides
that allow the legume to initiate nodule formation, and hence,
manipulation of these chemicals, particularly for their expression
under stress and suboptimal environmental conditions can
substantially improve BNF. Prithiviraj et al. (2003) indicated
that increasing the availability of nod factors at low soil
temperatures can improve nodulation and BNF. Modulation of
stress response genes, phytohormone biosynthesis, phosphate
solubilization, and antibiotic production in host plants are also
important techniques for improving the symbiotic interaction
and the effectiveness of BNF. Kebede (2021) also delineated
that rhizosphere engineering can be an alternative approach
through which plants are genetically modified to discharge
compounds that boost the association and proliferation of
beneficial microorganisms.

Inoculation of Legumes With Effective
Rhizobia and Their Improvements
The most antique microbe used as inoculants is “rhizobia”
bacteria that can colonize the rhizosphere and establish a
symbiotic association with legumes, which are used as a plant
growth promoter and protector through BNF, mobilization
and solubilization of nutrients, production of siderophores,
and discharge of phytohormones (Kebede, 2021). According to
Murphy-Bokern et al. (2017), inoculation of the legume with the
appropriate strain of rhizobia is necessary production technology
if it is to be grown where it or a related species has not been
produced within the previous 5 years, and this inoculation often
results in improved BNF and, hence, soil fertility and crop yields.
Hence, legume inoculation with rhizobia is a way of ensuring that
the strain of rhizobia appropriate for the legume cultivar being
grown exists in the soil at the proper period and in numbers
adequate to make a rapid and effective infection and succeeding
nitrogen fixation. The inventive objective of this practice is to

stimulate BNF to offer nitrogenous nutrients to a particular
legume and other crops, and its return is an increment in plant
growth, nutrient uptake, yield, seed protein, and other traits and
a reduction in the use of chemical fertilizers with the subsequent
decrease of ecological contamination (Wolde-meskel et al., 2018;
Kebede, 2021).

Inoculation of legumes with rhizobia can be beneficial in
providing a sufficient number of viable N-fixing rhizobia to
offer early and effective symbiosis in legumes in the field.
Moreover, inoculating the appropriate rhizobia results in the
early formation of effective nodules for efficient nitrogen fixation.
The utilization of rhizobial inoculants has also permitted the
effective introduction of legumes to new agricultural systems in
which compatible rhizobia were absent from the soils. A better
knowledge of the questions of when, where, and how many
inoculants to apply to the soil is themain factor to ensure effective
inoculation and colonization of roots in competition with soil
rhizobia (Wani et al., 1995). Vanlauwe et al. (2019) suggested
future research consideration of an understanding of factors
that regulate the persistence of inoculated rhizobia, and this
may vary broadly among various rhizobial species and strains.
Therefore, the use of appropriate inoculants in legumes offers
an opportunity for improving the productivity of legumes and
other crops grown in integrated cropping systems, such as crop
rotation, intercropping, alley cropping, and green manuring. As
a result, the phenomenon of rhizobial inoculation has gotten
consideration due to its increasing contribution to agricultural
productivity. Further, using rhizobia strains that nodulate well
and are persistent in the soils when their host legumes are not
cropped will be beneficial for farmers. Besides this, the necessity
to inoculate should be well-understood along with the most
suitable and effective rhizobium supply systems and improved
supply chain conditions.

For effective nodulation and subsequent improvement in BNF,
it is also imperative to improve the rhizosphere competence and
survival of rhizobial inoculants and enhance their adaptation to
diverse environments, which can be advantageous in producing
a robust approach for usage by farmers (Kebede, 2021). It is
reported that legume inoculation with effective rhizobia offers
stimulation and accumulation of phenolic compounds, such
as isoflavonoid phytoalexins, and triggering of enzymes such
as L-phenylalanine ammonia-lyase (PAL), chalcone synthase
(CHS), peroxidase (POX), and polyphenol oxidase (PPO),
which are involved in phenylpropanoid and isoflavonoid
pathways, a rich source of metabolites in plants (Das et al., 2017;
Kebede, 2021). Furthermore, Das et al. (2017) recommended
novel rhizobial formulation technologies, including polymer-
based formulations, water-in-oil emulsion technology for
producing liquid formulations, biofilm-based formulations,
and application of nanotechnology for the manufacture of an
effective inoculant that can ensure enhanced stability, survival,
and competence as biofertilizers and biocontrol agents under
adverse ecological conditions.

Symbiotic nitrogen fixation in rhizobia is mostly controlled
by the nod, nif, and fix genes. Goyal et al. (2021) revealed that
rhizobial strains could be improved at any stage beginning with
their perception of flavonoids to initiate the nodulation process
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through all the steps up to the delivery of fixed nitrogen to the
host plant. Consequently, molecular studies and improvements
and in-depth knowledge of factors responsible for rhizobial
survival and persistence can play a vital role in improving the
underlying mechanism of communication, occupation in the
host, and nitrogen-fixing ability. For instance, Goyal et al. (2021)
described that nitrogen reduction by overexpression of genes
from nif and fix groups and modulation of stress response
genes, phytohormone biosynthesis, phosphate solubilization, and
antibiotic production are among technologies that are being
explored to enhance rhizobial effectiveness. Tremendous efforts
over a long period that have resulted in significant progress in
different molecular modifications and improvements in rhizobial
strains and their effect on host-bacteria symbiotic processes are
presented in Table 7.

Overall, the use of rhizobial inoculants is a common
agronomic practice to ensure adequate nitrogen availability as
∼80% of biologically fixed N comes from this symbiosis, having
the potential to fix up to 300 kg N/ha/year in different legume
crops (Nosheen et al., 2021). In a mixed cropping system, these
species improve the growth of nonlegumes by inducing changes
in root morphology and growth physiology. One important
approach to ensure the success of these species nowadays is
to use their mixtures, which increase the competency of each
component under field conditions. According to Vassilev et al.
(2015), the interest in using mixed inoculants is based on the
fact that species of microorganisms in the soil normally exist in
communities in which they release diverse metabolites related
to their association with plants as well as other microorganisms
involved in naturally existing processes of defense and/or
competition for space and nutrients. In this regard, Kebede
(2021) delineated that the mixture of rhizobial inoculants allows
persistence in the rhizosphere for an extended period even during
the nonexistence of host legumes and exploitation of broader
mechanisms of action that improve their efficiency and reliability.
For instance, Kebede (2021) indicated that the co-inoculated
mixture of rhizobia can produce signaling molecules, such as
nodulation factors (nod factors) and polysaccharides that can
stimulate root nodulation and improve the efficiency of biological
nitrogen fixation. Hence, the use of mixtures of inoculants,
especially various inoculants with diverse proven benefits to
the plants, such as nitrogen fixing, phosphorus solubilizing,
potassium mobilizing, and biocontrol of diseases, is essential.

The Use of Appropriate Agronomic
Practices and Cropping Systems
Understanding the key agronomic constraints influencing
legume yields is a prerequisite for improving the BNF in legumes.
Stagnari et al. (2017) indicated that the magnitude of BNF
and associated plant nutrient contributions varies across legume
species, soil properties, climatic conditions, and cropping systems
(i.e., monoculture, mixed culture, crop rotations, etc.) as well
as soil management strategies. Inorganic nitrogen sources are
reported to decrease the nodulation of legumes and reduce
nitrogen fixation. The degree of inhibition achieved is reliant
on numerous factors comprising the concentration and form,

the time of application, and also the host plant and bacterial
strain. Sometimes a small amount of inorganic N, which is known
to be starter nitrogen, stimulates early seedling growth and
nodulation, leading to an increment in the quantity of nitrogen
fixed per plant. In such cases, the nitrogen overcomes the period
of nitrogen stress, which the legumes may experience before the
commencement of vigorous N fixation. According to George
and Singleton (1992), the amount of N gained from fixation is
influenced strongly by the N level in the soil as well as nodule
weight, nodule number, nodule size, and the amount of N fixed
being inversely related to the increase in fertilizer N.

Phosphorus is also critical for both establishments of
nodulation and N2 fixation. Poor nodulation and poor plant
vigor are observed in legumes grown in soils low in extractable
phosphorus (Desta et al., 2015; Wolde-meskel et al., 2018).
Uchida (2000) revealed that phosphorus is vital in several key
plant functions, including photosynthesis, transfer of energy,
conversion of sugars and starches, movement of nutrients within
the plant, and transmission of genetic traits from one generation
to the next. Rhizobia utilize phosphorus as a vital element in
transforming atmospheric N2 to nitrate or ammonium (NH4),
a form that is uptaken by plants (Dakora and Keya, 1997).
Thus, nodulation, N fixation, and detailed nodule activity
are directly correlated to the phosphorus supply in the soil.
Under phosphorus stress, strains of rhizobia vary in their
capability to extract and incorporate phosphorus from the
external environment (Ahiabor et al., 2014; Desta et al., 2015;
Wolde-meskel et al., 2018). Phosphorus is, thus, the basis for
effective legume nodulation and efficiency of symbiotic nitrogen
fixation. Under adequate conditions of P, potassium stimulates
infection and N fixation, but high levels of K are inhibiting if
P levels are low. Potassium is also well-known for stimulating
nodule activity by improving carbohydrate supplies. Similarly, S
deficiency affects nodulation by reducing nodule number, size,
and N fixation. It is revealed that sulfur deficiency causes a
failure of protein synthesis whether nitrogen is available to the
plant symbiotically or in a combined form. Some disorders due
to deficiency of trace elements are shown to affect the growth
of legumes, including Ca, Mg, Mn, Al, etc. (Campo, 1995).
Therefore, nutrient management is essential to maximize BNF
and obtain the potential benefit from this system.

Crop agronomic practices, such as the frequency of tillage
and cropping system practices, can change edaphic, chemical,
and biophysical factors and also indirectly affect BNF. Therefore,
agronomic management practices that enhance BNF are a
promising avenue to increase yields of legumes and other crops
in different cropping systems (Montañez, 2000). The potential
of BNF and the amount of soil nutrients accessible to a non-
legume crop can also be affected by soil and crop management
and cropping systems. Legumes grown directly after a cereal crop
can fix significantly higher nitrogen than when grown in formerly
fallowed soil. With an appropriate selection of cropping systems
and consideration of nutritional aspects, BNF can be managed
for enhancing N2 fixation. In areas in which water logging is
a problem, the use of different drainage mechanisms, such as
broad bed furrows, cumber plots, and furrows, improve the stress
imposed by excess water on the growth of crops (Bergersen et al.,
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TABLE 7 | Summarized molecular modifications of rhizobial strains and explored improvements in survival and nitrogen fixation characteristics.

Type of modification Gene modified Genotype improved Phenotype improved

Adhesin biosynthesis rapA1 Overexpression in R. leguminosarum Increased competitiveness and nodule occupation in red

clover.

Antagonism related TFX (peptide antibiotic

trifolitoxin)

Production in Rhizobium etli Higher rhizosphere competitiveness and nodulation

Cellular replication parA Overexpression in Azorhizobium caulinodans Single swollen bacteroid in one symbiosome, relatively narrow

symbiosome space, and polyploid cells were observed when

in symbiosis with Sesbania rostrate

EPS biosynthesis pssA and rosR Overexpression in Sinorhizobium meliloti Increased competitiveness and induced more nodules in

clover plants

exoY Extra copies in M. mediterraneum Higher shoot fresh weight and shoot length in Medicago

truncatula

Heat stress clpB Extra copies in M. mediterraneum Improvement in symbiosis under normal and acidic

conditions, and overexpression of nodA and nodC.

groEL Overexpression Mesorhizobium Improved symbiotic effectiveness in chickpea

Hydrogen uptake Hup Gene from R. leguminosarum expressed in R.

tropici and R. freirei

Increase in nodule efficiency and seed N content in Phaseolus

vulgaris

Metal toxicity MTL4 and AtPCS Genes from Arabidopsis thaliana expressed in

Mesorhizobium hauakuii

Increased Cd in nodules working on phytoremediation

MTL4, AtPCS and

AtIRT1

Genes from Arabidopsis thaliana expressed in

Mesorhizobium hauakuii

Higher sensitivity and higher accumulation of Cd and

advantage in accumulation of Cu and As

pSinA Plasmid from Sinirhizobium inserted in several

Alphaproteobacteria

Arsenic resistance and oxidation and heavy metal resistance

copAB Gene from Pseudomonas fluorescens expressed

in Sinorhizobium medicae

Improved root Cu accumulation without altering metal loading

to shoots in M. truncatula, and improved root Cu tolerance

S-adenosyl-methionine

methyltransferase

Gene from Chlamydomonas reinhardtii in R.

leguminosarum bv trifolii

Methylation of arsenite

ropAe Deletion in R. etli Cu tolerance enhanced

PsMT1 and PsMT2 Metallothionein genes from pea expressed in R.

leguminosarum

Improved tolerance to Cd depicting normal development of

nodules

Molecular transport dctA Overexpression of Rhizobium meliloti Higher rate of nitrogen fixation in Medicago sativa

nif genes nifA Gene from Klebsiella pneumonie overexpressed in

S. meliloti

Increased nodulation competitiveness in alfalfa

Extra copy in S. meliloti Increased alfalfa biomass

Overexpression in S. meliloti Increased nodule formation efficiency and rhizopine synthesis

Overexpression in Bradyrhizobium japonicum Overexpression of groESL3

Gene from K. pneumonie overexpressed in

Sinorhizobium fredii

Accelerated nodulation and increased competitiveness in

soybean

Overexpression in S. meliloti Improved nitrogen fixing efficiency in M. sativa

nifHDK Overexpression in R. etli Increased nitrogenase activity and increased weight and yield

in P. vulgaris

nod genes Random DNA fragment Random DNA duplication in R. tropici More competitive strains for nodule formation in Macroptilium

atropurprreum

nodD1, nodABC and

nifN

Overexpression in S. meliloti Increase in nodulation, nitrogen fixation (acetylene reduction

activity) and growth of alfalfa

nod Overexpression in R. leguminosarum Increased nitrogen fixation in Vicia sativa and Trifolium repens

nodD1 and nodD2 Overexpression in R. leguminosarum Delayed nodulation and reduced number of nodules on Vicia

plants

nolR Overexpression in S. fredii Increased EPS production and fewer number of nodules on

Glycine max and increased number of nodules on Vigna

unguiculata

Oxidative stress Fld Gene from Anaboena variabilis and overexpressed

in S. meliloti

Nodule senescence delayed in M. sativa; reduced structural

alterations in alfalfa nodules; less decline in nitrogenase

activity under salinity conditions; improves tolerance to

oxidative stress and the survival in the presence of the

herbicides paraquat and atrazine

(Continued)
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TABLE 7 | Continued

Type of modification Gene modified Genotype improved Phenotype improved

katB Overexpression in S. meliloti Aberration infection thread formation and delayed nodulation

on M. sativa

cbb3 Overexpression in B. japonicum Increase in the symbiotic effectiveness and in O2

consumption rate (free-living cultures) and enhancement in

symbiotic nitrogen fixation

Overexpression in R. etli Reduced sensitivity of symbiosis with P. vulgaris in drought

conditions

vktA (catalase) Gene from Vibrio rumoiensis expressed in R.

leguminosarum

Increased N fixation activity into nodules, reduced H2O2

production

ahpC Overexpression in Anabaena Lowered the peroxide, superoxide and malondialdehyde

contents in Anabaena strains

Phosphate

solubilization

appA Gene from Citrobacter braakii overexpressed in

rhizobia

Increased P content and shoot dry weight of V. radiata

Gene from Escherichia coli overexpressed in S.

meliloti

Improvement of maize growth in low P soil

Phytohormone

modulation

acdS and lrpL (ACC

deaminase)

Mutation in R. leguminosarum Decreased nodulation in pea

Genes from R. leguminosarum overexpressed in

S. meliloti

Improved competitiveness, nodulation, and shoot dry weight

in alfalfa

iaaM and tms2 Overexpression in S. meliloti Increased number of nodules in M. truncatula; tolerance to

UV, high salt, low pH, and phosphate starvation; improved

nitrogenase activity and increased stem dry weight; lower

expression of ethylene signaling genes, larger amounts of

P-solubilizing organic acid and lower reduction in shoot

dry-weight M. truncatula; induction of transcriptional changes

in free-living cells like those occur in nitrogen-fixing root

nodule; increased expression of nitrogen fixation genes and

stress response-related genes; higher tolerance of alfalfa in

drought conditions and higher concentration of Rubisco and

lower accumulation of ethylene in drought conditions

Introduction of iaaM gene from Pseudomonas

savastanoi and tms2 from Agrobacterium

tumefaciens in R. leguminosarum

Fewer number of nodules (but heavier) and increased

nitrogenase activity in vetch

Overexpression in Mesorhizobium loti Higher nodulation in Lotus japonicus and Lotus tenuis, and

improved competitiveness of the strain

acdS (ACC deaminase) Gene of Pseudomonas putida overexpressed in

Mesorhizobium ciceri

Stimulated growth and increased nodulation on chickpea

under normal and waterlogging stress conditions; increased

nodulation, plant growth and biocontrol potential in

chickpeas; improved growth of chickpea under saline

conditions

Gene of P. putida overexpressed in S. meliloti Higher biomass of Medicago lupulina under copper stress

and enhancement of antioxidant defense system

ipt (cytokinin) ipt gene from Agrobacterium overexpressed in S.

meliloti

Increased survival of nodules and increased production of

antioxidants under drought conditions in alfalfa

miaA (cytokinin) Mutation in Bradyrhizobium Faster nodule formation and alteration of size and number of

nodules in Aeschynomene

Polysaccharide

biosynthesis

celC Overexpression in R. leguminosarum Reduction in biofilm formation, aberrant infection behavior,

delay in nodulation and decreased root attachment in T.

repens

Gene from R. leguminosarum overexpressed in S.

meliloti

Delay in nodulation in M. truncatula

Salinity and drought

stress

putA Overexpression in S. meliloti Increased competitiveness in alfalfa plants under drought

stress

betS Overexpression in S. meliloti Rapid acquisition of betaines and better maintenance of

nitrogen fixation in salinized alfalfa

otsA Overexpression in R. etli Improved number of nodules, nitrogenase activity and

biomass in P. vulgaris and plants recovered from drought

stress

(Continued)
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TABLE 7 | Continued

Type of modification Gene modified Genotype improved Phenotype improved

Gene from S. meliloti overexpressed in M. ciceri Increased growth in saline media; improved nodules

formation and shoot biomass accumulation in chickpea

growing in presence of NaCl

Siderophore production fegA Gene from B. japonicum expressed in

Mesorhizobium sp.

Increased growth and nodule occupancy in peanut plants

fhuA Gene from B. japonicum expressed in Rhizobium

sp.

Increased growth and nodule occupancy in pigeon pea

Gene from E. coli overexpressed in Rhizobium

ssp.

Increased nodulation and growth in pigeon pea

1989). Besides this, the most important agronomic practices for
enhancing BNF are using improved pest management practices,
enhancing soil structures, transforming from conventional tillage
to minimal or zero tillage, enhancing the general fertility status
of the soils, and maintaining the levels of existing soil nutrients
(Montañez, 2000).

CONCLUSION

Legumes are essential sources of foods and feed proteins
and are often integrated into agricultural systems for their
beneficial effects on soil fertility through BNF, which makes a
substantial contribution in cropping systems. Direct nitrogen
transfer, decomposition, and mineralization of legume residues
and mineral nutrient availability and uptake enhancement by
crops are among the contribution of BNF in the cropping
systems. To effectively utilize these returns in production
systems, integrated cropping systems, such as crop rotation,
intercropping, improved fallows, green manuring, and alley
cropping, are commonly used. An increase in the amount

and utilization of the potential benefits in different cropping

systems could be realized by exploiting legumes yield within
the limitations imposed by different agronomic, nutritional,
and ecological factors. Particularly, the BNF and its associated
benefit in the agricultural system can be improved by selecting
legume genotypes, inoculating with effective rhizobia, and
using good crop and soil management practices. Generally,
the use of legumes in the cropping system and adoption
of BNF technology, such as an expansion of knowledge and
development of economic applications and management systems
should be given priority. Future research should engage different
approaches to improving inoculant quality with special emphasis
on the development of rhizobial strains, inoculant production
and application methods, and utilization of legumes in different
cropping systems.
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