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Abstract

Agriculture has an enormous environmental footprint. One of the best ways to mitigate climate change
is to create balanced food systems based on sustainable agriculture. To reduce the chemical
dependence scientists are engineering crop plants for N 2 fixation and they are focused on the
biological process BNF (Biological Nitrogen Fixation) for the needs of N2 for crop plant soils. N2 fixed
by the BNF process reduces the production cost, Green House gas (GHG) emissions, pollution of
surface and ground water. Several management practices are there which influence BNF process in
agricultural system. They are N- fertilization species genotype and cultivar and seeding ratios. Better
management practices can help to improve N2 fixation. This review highlights the agro-economic
importance of BNF and shows it as a cost effective, non- polluting way to improve the soil fertility and
crop production.
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Introduction

Sustainability in Agriculture

Sustainability is measured as a ratio of input
and output by taking into account stock
depletion by the economist. In agriculture
stocks mean soil, water, renewable energy
sources and also environmental quality.
Modern agriculture is based upon the principle
of maximum output in the short term, with
inadequate concern for input efficiency or
stock maintenance (Odum, 1989). A trend of
1970s in developed and developing countries
is increasing crop yields from N fertilizer
addition (Barker and Chapman, 1988).
However, excessive use of N- fertilizers can
cause soil acidification due to the high N
source in soil (Goulding et al., 2016; Sen and

Mukherji 1998). Analysis of several years data
on rice yields from studies in Indonesia,
Philippines and Thailand shows trends of
decline (Pingali et al., 1990).

Therefore to find out a new way to reduce the
chemical dependence scientists are
engineering crop plants for N 2 fixation and
they are focused on the biological process
BNF (Biological Nitrogen Fixation) for the
needs of N2 for crop plant soils.

Nitrogen Fixation

Nitrogen-fixing organisms can be classified
into three categories: free-living N fixers,
associative N fixers, and symbiotic N fixers.
The last two groups can be found in the
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rhizosphere of legume and non-legume plants.
One of the most studied mutualistic
relationships of plants and nitrogen-fixing
organisms is root nodule symbiosis. This is the
most effective in N-fixing (20–300 Kg ha−1).
This is also more important because it involves
almost all food and fodder legumes. With a
molecular dialogue between the two partners,
host plant and nitrogen-fixing organism
through the flavonoids and isoflavonoids
secreted by the host plant in its rhizosphere,
the mutualistic relationship is established.
This molecular dialog allows recognition,
infection, differentiation of root hair cells, and
nodule development (Suzaki et al., 2019).

In the last few years, significant efforts have
been made to extend nitrogen fixation to crops
particularly in cereals other than legumes
(Beyan et al., 2018).

Biological Nitrogen Fixation

N2 fixed by the BNF process reduces the
production cost, Green House gas (GHG)
emissions, pollution of surface and ground
water. A comprehensive study showed that,
efficiency of biologically fixed N2 is greater
than the N2 fixed by the N fertilizers
synthetically (Lassaletta et al., 2014). Among
all the microorganisms which are involved in
BNF process, Rhizobia- legume symbiosis is
the most significant and important pathway of
the source N in agricultural field (Herridge et
al., 2008).

N2 fixed by the process Rhizobia- legume
symbiosis varies depending on many factors
like plant species cultivar, residual soil N,
environmental conditions etc. Studies shows
that, a great amount of N2 is fixed by the
perennial forages as compared to annual
forages (Havlin et al., 2014).

A study showed that BNF from red clover
(Trifolium pratense L.), white clover (Trifolium
repens L.) and alfalfa (Medicago Sativa L.) are
252, 102, 465 kg N ha-1 year-1. On the other
hand, BNF from lentil (Lens culinaris medik.)
field pea (Pisum sativum L.) are 52 and 111 kg
N ha-1 year-1 respectively (Anglade et al.,
2015).

Report says that, legumes remove more soil N
than forages as grain legumes are harvested

and removed from the field (Havlin et al.,
2014). There are some uncertainties
associated with forages with estimating N2

fixation. Sugarcane (Saccharum officinarum
L.) and rice (Oryza sativa L.) are some
examples. Estimated N2 fixation annually from
rice and sugarcane are 5 Tg and 0.5 Tg
respectively (Havlin et al., 2014). Biologically
and fixed N2 must be transferred to
neighbouring non- N2 fixing plant for greater
benefits in cropping systems. The proportion
of biologically fixed N2 which is transferred to
neighbouring plants is highly variable. This
range varies 0% to 73% depending upon
several factors (Fustec et al., 2010).

Several management practices are there that
influence BNF process in agricultural system.
They are N- fertilization species genotype and
cultivar and seeding ratios (Dhamala et al.,
2017). Better management practices can help
to improve N2 fixation. An extensive review
said that BNF in forage legumes may vary
depending on the legume species cultivar, soil
nutrient composition, environmental conditions
and climate. These various factors influencing
BNF process showed varied amounts of N2

fixed by legumes at same locations (Rouquett
and Smith, 2010).

N2 fixation is also determined by the strain of
Rhizobia. Most Rhizobia strains are highly
specialized. Thus, inoculation with right strain
of Rhizobia would help to improve N2 fixation
(Shantharam and Matoo, 1997).

In cropping system fixed N2 is transferred to
other non- N2 fixing crop plants. N2 transfer is
accomplished through three main routes, they
are decomposition of nodules, exudates of
soluble N compounds and transfer which is
mediated by mycorrhizal fungi. N transfer
through nodule decomposition and N
compound exudation is termed as rhizo-
deposition (Fustec et al., 2010).

A comparative study shows that, though
decomposition of roots and nodules to N
transfer have a greater contribution but it is a
much slower path than exudates of soluble N
compounds and transfer mediated by
mycorrhizae (Thilakarathna et al.,2016). 5.3%
and 3.5% N was rhizo-deposited through the
help of root exudates in white clover -perennial
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ryegrass mixture and white clover mono crop
within a 3 day period respectively
(Thilakarathna et al., 2016). This is an
indication that in a short period exudation of a
compound meeting N needs of the crops is
produced specially in early growing stage
(Thilakarathna et al., 2016).

An intercropping study showed that, in rice
and mung bean (Vigna radiata L.) N transfer
increases from 5.4 to 15.7% when they were
inoculated with arbuscular mycorrhizal fungi
(AMF) (Li et al., 2009). Another study showed
that in fixed N2 transfer from faba bean to
wheat (Triticum aestivum L.), proportion of
transferred fixed N2 was 50% when inoculated
with AMF while it was only 15% in un-
inoculated strand (Wahbi et al., 2016).

Compared to symbiotic nitrogen-fixing
bacteria, non-symbiotic bacterial diazotrophs
have limited agronomic significance, although
their contribution is estimated to about 30% of
total BNF and can be a significant fixed N
source in many terrestrial ecosystems
(Smercina et al., 2019). This potential has
been proven by the results of how Setaria
viridis, inoculated with an ammonia excreting
strain of Azospirillum brasilense showed
robust growth under nitrogen-limiting
conditions (Pankievicz et al., 2015). Recent
work has shown that a Mexican maize
landrace can fix nitrogen at a rate of up to 82%
when it is associated with a non-symbiotic
diazotroph bacteria present in its mucilage of
aerial roots. (Van Deynze et al., 2018).

Significant Approaches to Biological N2

Fixation

Primarily BNF process is only restricted to
legumes in agricultural systems but the idea of
some researchers to transfer N2 fixing capacity
to non- N2- fixing crops and cereals is one of
the most ground breaking thoughts of the
decade in the agricultural field. Crops like rice,
wheat, maize, sorghum are most important
examples. Many studies in recent times have
been done to determine the soil
microorganism species that are able to fix N2.

Another new research trend in recent years is
also very crucial -that is to identify the bacterial
gene which encodes the enzyme nitrogenase.
Nitrogenase is the enzyme playing a major

role in BNF process. The transferring of BNF
traits to non- legumes specially cereals still
remains elusive (Batista et al., 2019;
Griesmann et al.,2018)

The first approach that is taken to engineer
new symbioses between cereals and N2 fixing
bacteria is by transferring legume plant genes
which are essential for the development of root
nodule symbiosis in cereals. To release
nodule signals a genetic modification is
required. As nitrogenase enzyme requires
anaerobic environment within the cell for its
functions this approach has difficulty to deal
with the oxygen toxicity issues (Rogers et al.,
2014)

Another important approach that is taken in
recent times is to introduce nitrogenase
enzyme into crop and cereal plants as plants
are able to synthesize N2 for their need on
their own without any help of bacterial
interventions. But there is also a difficulty
present here. Complexity of biosynthesis of
this enzyme and oxygen sensitivity of this
enzyme is a great challenge for the
researchers to implement this approach.
Besides, it is still unknown to the scientists
that, whether the host crop plants if provided
power and energy would sustain nitrogenase
catalysis or not (Van et al., 2018).

Another notable work in recent years is the
successful transfer and genetic advancements
in N2 fixation (nif genes). Gene transfer to E.
coli, Saccharomyces cerevisiae, plastids of
tobacco provides a new ray of hope in this
field for the near future to implement these
approaches for the betterment of the
agricultural systems (Mabrouk et al., 2018).

The recent trend of genetic analysis has
allowed a tremendous progress towards N2

fixation in non- legumes. Several years of
research in this field has given the world
important results like sequencing and
database creation of some nitrogenase (nif )
genes (nif H nif D, nif K, nif E, nif N etc) in
2012 (Gaby et al., 2011). This database
contains 32954 sequences which help in
better understanding of evolutionary history of
the enzyme nitrogenase.

Another comparative study or analysis shows
that, symbiotic systems of non- legumes,
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parasponi, legumes and actinorrhizae help to
identify the core genetic networks which are
underlying root nodule formation and
functioning (Wardhani et al., 2019; Mahmud et
al., 2020). They also help transferring N2 -
fixing ability to non- legume crops (Santi et al.,
2013)

Another work says that, two cellular organelles
like mitochondria and root plastids offer a low
oxygen environment which is suitable for the
nitrogenase enzyme expression in eukaryotes.
This is a promising perspective to overcome
the obstacles of oxygen sensitivity (Wardhani
et al., 2019; Ivleva et al., 2016). These
organelles are similar to prokaryotes in terms
of gene expression and organization and they
also provide high concentration of adenosine-
5’ phosphate which is required for the
nitrogenise enzyme activity (Ivlevea et al.,
2016).

Another approach in this field in recent years
is to improve N2 fixation pathway in
diazotrophic, endophytic, associative,
symbiotic organisms which are in relationship
with plants by using different strategies. Some
of these strategies are optimization of carbon
supply from root cells to endo-symbiotic
bacteria, engineering of O2- binding proteins to
allow aerobic N2 fixation by microsymbionts
and improvement of ammonium uptake by
plant cells (Dwivedi et al., 2015 ; Ferguson et
al., 2018)

Another study shows that, in low pH
environment to overcome the negative effects
of pH, plants are treated with flavonoids, NOD
factors, phytohormones (Miransari et al., 2006;
Suliema et al.,2015). For symbiotic N2 another
strategy is applied that is to generate acid
tolerant legume cultivars and Rhizobia strains
(Pedrosa et al., 2011).

In rice production systems, the nitrogen-fixing
symbiotic water fern Azolla in symbiosis with
cyanobacterium Anabaena azollae can fix 2-4
kg N ha -I day-l (Lumpkin and Plucknett,
1982). Another work shows that, there are
other benefits of Azolla that have been
recognized which are-

a) weed suppressor, b) K scavenger from
floodwater, c) animal feed, d) fish feed, e) P
scavenger in sewage-treatment plants, and f)

suppressor of ammonia in volatilization.
(Watanabe and Liu,1992).

Associative and free-living microorganisms
contribute to production of flooded rice
production systems (Roger and Ladha, 1992).
Approx. 50% of the N requirement of this type
of crop is fulfilled from the soil N reserve
(Bouldin, 1986). It is maintained through BNF
by associative and free-living microorganisms
(Koyama and App, 1979). In upland agriculture
contribution from non- symbiotic N2 fixation is
generally not substantial but N2 fixation to the
order of 160 kg N ha - I has been reported for
sugarcane (Koyama and App, 1979).

More work has been done in recent years by
associating mycorrhiza with BNF (Mukherjee
and Sen 2021). It will facilitate the transfer of
nitrogen from plants with high fixing potential
to low or non-fixing plants as the presence of
arbuscular mycorrhiza increase the transfer of
symbiotically fixed N through connection
between similar or dissimilar plants (Dellagi et
al., 2020).

Conclusion

This review reveals that Rhizobia- legume
symbiosis is the most valuable and major
pathway in terms of N2 fixation in agricultural
system. Besides this, legume crops (pulses)
also contribute largely in N2 fixation. Their
effect on the soil N content after death of the
plant helps to cultivate other crops and
vegetables. In recent approaches successful
transfer and genetic decoding of nif genes is
significant.

However, developing countries are still
dependent on the chemical N fertilizers for
large scale agricultural production (Burghardt,
2019). For taking full advantage of BNF
process in agricultural system researchers are
continuously addressing new inventions
through collaborative work. Quantitative
understanding of the ecological factors which
control the performance of BNF systems in the
field is essential for the successful adoption of
technologies and so is testing of inocula under
different soil types and environmental
conditions (Soumare et al., 2015)

This review highlights the agro-economic
importance of BNF and shows it as a cost
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effective, non- polluting way to improve the soil
fertility and crop production. The capacity of
engineering to fix N2 in cereals either by
themselves or symbiosis with N2 fixing
microbes, represent attractive future options
that require more intensive and internationally
coordinated research efforts.

Agriculture has an enormous environmental
footprint, playing a significant role in
causing climate change, water scarcity, land
degradation, deforestation and other
processes; it simultaneously causes
environmental changes and in turn gets
impacted by those very changes. Developing
sustainable food systems, contributes to
the sustainability of the human population. For

example, one of the best ways to mitigate
climate change is to create sustainable food
systems based on sustainable agriculture.
Sustainable agriculture provides a potential
solution to enable agricultural systems to feed
a growing population within the changing
environmental conditions (TAC, CGIAR,
1988).
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