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demand, which must be met in order to combat hunger in emerging countries. This
study used a literature review technique to investigate the potential for improved
wheat crop yield through nitrogen fixation. It has been demonstrated that utilizing
microorganisms such as cyanobacteria as biofertilizers or phytopathogen
antagonists can boost the development and productivity of non-leguminous
agricultural crops. Finally, the possible end result outweighs the costs. It's
impossible to argue against the development of nitrogen-fixing wheat at this point
in the technology's development. Whether it is possible to develop crops that rely
solely on dinitrogen as a nitrogen source, or if the result is only a slight boost in
wheat yields, the need to improve global food production needs research like the
one described in this article.
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be able to meet demand as natural resources
1. Introduction become scarce [8]. Cereal grains like rice,
sorghum, wheat, and maize are some of the most
important crops when it comes to human
nutrition. Cereals form symbiotic relationships
with various bacteria, particularly diazotrophs,
also known as nitrogen-fixing bacteria, to foster

As the global population undergoes
dramatic increases, improved food production
becomes a necessity. At present, the intensive
agricultural systems utilised for the majority of
food production are unsustainable and will not
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their own growth [24]. Despite the fact that
nitrogen does not have any direct positive
effects on human physiology, it plays a crucial
role in the development and productivity of
plants [25]. In fact, one of the most prevalent gas
elements in the atmosphere of the Earth is
nitrogen. It was first identified by Daniel
Rutherford in 1772 and makes up roughly 78%
of the air on Earth [39] in [26]. Despite being the
most prevalent element in the atmosphere,
nitrogen is also the essential nutrient that plants
lack the most of. However, plants need to
develop a symbiotic relationship with some
nitrogen-fixing microbes because they are
unable to fix nitrogen from the air on their own.
Because of the pioneering work of a Dutch
botanist and microbiologist named Beijerinck in
1901, plants and nitrogen-fixing microbes have
been linked in Europe for almost 114 years now,
according to the most recent estimates [40] in
[26].

Nitrogen fixation is the process by which
nitrogen is changed into ammonia so that plants
can make use of it. The term "nitrogen fixation"
refers to this process [27]. The biological process
of nitrogen fixation is catalyzed by nitrogenase,
a metalloenzyme that is extremely complex and
sensitive to oxygen [28]. Nitrogenase, a highly
oxygen-sensitive metalloenzyme, is the catalyst
for biological nitrogen fixation [28]. Because of
the increased number and size of leaves, N
promotes leaf area (AF) and leaf area index
(LAI). It enhances the color of the leaves' green
and is a constituent of amino acids, proteins, and
nucleic acids, which are vital cellular building
blocks. Additionally, it regulates P, K, and other
nutrients and raises many crops' succulence.
The N promotes photosynthesis by increasing
the amount of chlorophyll [41] in [29].

Nitrogenase catalyzes the conversion of
dinitrogen (N:) to ammonia as part of the
nitrogen-fixing process (enzyme). The biological
nitrogen fixation (BNF) is typically carried out
by Leguminosae plants in cooperation with
rhizobia, such as those from the genera
Bradyrhizobium,  Rhizobium, Azorhizobium,
Sinorhizobium, and Photorhizobium, as well as
other genera. Free-living microorganisms called
plant growth-promoting bacteria (PGPB) are
found in the roots of plants and can promote

plant growth by aiding in nitrogen fixation [30].
In the nitrogen cycle, plants' primary natural
source of fixed nitrogen is obtained through a
process called Biological Nitrogen Fixation
(BNF) [31]. Microbial communities can be found
both within the roots of a plant and in the space
surrounding them, known as the rhizosphere.
These microbiomes associated with the roots of
plants play an essential role in the nutrition and
productivity of plants [32]. Nitrogen-fixing
bacteria and the plant they are attached to
engage in a nutrient-exchanging relationship
with one another, which controls the level of
BNF activity in the legume-rhizobial system [33].
There are symbiosomes present in the nodules
of legumes; these symbiosomes are home to the
endosymbiotic bacteria known as rhizobia.
These bacteria acted as acting organelles for the
temporary nitrogen fixation process [34]. The
rhizosphere microbiome can be affected by a
variety of environmental factors, including soil
type, plant -cultivar, climate change, and
anthropogenic activities [35]. It was discovered
by Hala [36] that the experiment involving the
inoculation of nitrogen-fixing bacteria into
upland rice plants could increase both the dry
weight of the shoot and the root, in addition to
the number of tillers that formed. The cereals’
production can make use of a potential
alternative source of nitrogen that comes from
biological nitrogen fixation (BNF) [37].
According to [38], most of the nitrogen found in
the biosphere comes from the BNF produced by
diazotrophic bacteria. These bacteria are
responsible for contributing between 30 (thirty)
and 50 (fifty) percent of the total nitrogen found
in crop fields.

Nitrogen availability is of particular
concern, as its deficiency is commonly
associated with reduced crop yields across the
globe. While molecular nitrogen is abundant in
the Earth’s atmosphere, this atmospheric
nitrogen is metabolically unavailable to the
majority of higher plants [20]. With cereal
cropping  contributing  significantly  to
agricultural land use (acting as a staple food for
35% of the world’s population), a substantial
nitrogen demand is placed upon the industry
and must be overcome to combat malnutrition in
developing countries [17].
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Increasing wheat yields is of great topical
significance in the United Kingdom, with the
“20:20 Wheat®” programme run by Rothamsted
Research and the BBSRC aiming to improve
yields to 20 tonnes per hectare before the year
2032. This work in the UK is of great importance
and has the potential to be applied to wheat
crops worldwide [3].

Cereal crop productivity only reaches
approximately 25% of the attainable yield in
many developing countries, with the increase in
nitrogen application predicted to reach over
50kg.ha! in order to close any yield gaps [14].
While the productivity of crops is usually
improved through the use of chemical fertilisers,
their efficiency is low due to losses through
volatilisation, denitrification, immobilisation, or
leaching. As such, the discovery of alternatives to
traditional nitrogen supplementation is
becoming a necessity [1]

2. Biological Nitrogen Fixation (BNF) as
an Alternative to Traditional Fertilisation
Methods

The major source of fixed nitrogen within
the natural cycle is provided in the form of

ammonium, which is produced from
atmospheric  nitrogen by  diazotrophic
microorganisms through the activity of

nitrogenase enzymes [8][20]. When nitrogen
supplies become limited, these microorganisms
form a symbiotic relationship with legumes
through the creation of highly specialised organs
on the plant’s roots or stems. The formation of
these so-called nodules and the subsequent
endosymbiosis are both controlled by the
exchange of signal molecules between the plant
and the symbiont. Plants secrete phenolics (such
as flavonoids) to induce the expression of
rhizobial nodulation genes. At the same time, the
symbiont produces Nod-factors to induce
cortical cell division, root-hair deformation, and
the formation of the nodules themselves. These
phenolics act in tandem with the bacterial
activator protein NodD to regulate the
expression of genes coding for Nod-factor
synthesising proteins [7]. Nod-factors are
described as elicitors due to their nature as a
plant stimulants, inducing a series of genetic

responses [15]. The rhizosphere diazotrophs
have been studied for decades, giving us a vast
understanding of their mechanisms of action [2].
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Figure 1. Schematic of the flavonoid-inducible
elicitors of root nodulation in Rhizobium sp.
NGR234. Section (A) shows the triggering of
nodulation gene transcription following the
release of flavonoids from the plant roots.
NodD1 acts as a transcriptional regulator and
promotes the production of Nod-factors
(signals for root nodulation). NodD1 also
promotes activation of bacterial type III
secretion system (TTSS), which leads to
secretion of nodulation outer proteins required
for host plant nodulation. Section (B) shows the
structure of a nod-factor, which in this case is a
modified lipo-chito-oligosaccharide comprised
of N-acetyl-D-glucosamine oligomers with a
fatty acid in place of the N-acetyl group at the
non-reducing terminus. Nod-factors are
produced by enzymes coded by the nod genes
[42].

In legumes, the major method of symbiont
infection occurs via intracellular infection
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threads [15]. Root nodulation is facilitated via a
cascade of developmental steps, initiated by the
colonisation of the plant’s rhizosphere by the
rhizobia. The rhizobia attach to the root hairs
and become entrapped in the folds of root hairs,
from where entry to the plant cell wall can occur.
Plant cortical cells adapt and form so-called
nodule primordia, towards which the bacterial
route of infection can advance [7]. The bacteria
form infection intracellular infection threads
inside the plant epidermis [15]. Rhizobia then
begin to grow in size and differentiate into a
form adapted for nitrogen fixation [7]. Also
known to exist is infection via crack entry at the
lateral root base, which is specific to subtropical
legumes and does not involve the formation of
an infection thread [15].

The nitrogenase-driven catalysis of
biological nitrogen fixation requires eight
electrons and a minimum of 16 ATP equivalents
for the fixation of a single gaseous nitrogen
molecule [12]. The most commonly found and
studied nitrogenase is the molybdenum-
dependent enzyme, Mo-nitrogenase, which
consists of the dinitrogenase (NifDK) and
dinitrogenase reductase (NifH) protein domains
[12][23]. NifDK contains an iron and
molybdenum cofactor required for the reduction
of N, the biosynthesis of which requires a
number of gene products all encoded within the
nif cluster [12]. Also contained within NifDK is a
metallic P-cluster, which facilitates the transfer
of electrons to the iron-molybdenum cofactor
[22]. These nif clusters have a tendency to be
arranged in so-called genomic islands of
nitrogen fixation, allowing horizontal gene
transfer of every required nitrogen-fixing gene
to occur in a single transfer event [23].

This natural symbiosis can be taken
advantage of to allow non-leguminous plants to
take part in BNF. Mimicry of the symbiotic
associations could be applied to wheat, allowing
it to benefit from a well-understood natural
process [12][16]. Another method of
introducing BNF into wheat crops could be the
transfer of nif clusters into the plant itself,
allowing the plant to fix nitrogen of its own
accord [12].

3. Creating Artificial

Associations

Nitrogen-fixing

It has been shown that using inoculations
of microorganisms, such as cyanobacteria, as bio
fertilisers or antagonists of phytopathogens can
increase the growth and yield of even non-
leguminous agricultural crops [16]. Some
studies have even shown a 12-25% increase in
wheat biomass while using cyanobacteria
formulations, with inoculation positively
correlating with plant growth promotion and
stress tolerance in studies with rice [1]. One
mechanism proposed for this growth promotion
is the ability of cyanobacteria to produce
phytohormones, such as the auxin indole-3-
acetic acid (IAA). Sergeeva et al. [21] provided
evidence that cyanobacteria have the capacity to
accumulate and release IAA. Some strains were
also shown to possess homologues of ipdC, a
gene coding for indole pyruvate decarboxylase
(involved in the biosynthetic pathway of 1AA).
This is coupled with their possible role in
biocidal activity against fungal pathogens, which
provides a critical competitive edge for these
bacteria over other soil microorganisms [18].

Other advantages provided by
rhizobacterial symbioses include increases in
nutrient availability in the rhizosphere,
induction of increases in the root area, and
benefits to other symbiotic associations that the
plant may undergo. In fact, it has been
postulated that these effects are the primary
modes of action contributing to plant growth
promotion and not nitrogen fixation. The fact
that most of the plant growth-promoting
rhizobacteria are diazotrophs is possible due to
there being a distinct advantage provided by
nitrogen fixation that allows bacteria to survive
in the rhizosphere. It has also been proposed
that data showing the benefits of nitrogen
fixation may be insignificant at the agricultural
scale but is significant in nature. Worthy of note
is the idea that researchers in this field
commonly utilise media well suited for
diazotrophs when attempting to isolate PGPRs
of interest, leading to an inherent bias in the data
for PGPR diversity [5].

Nodules formed during the creation of
artificial nitrogen-fixing symbioses are termed
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paranodules and have been successfully
produced in wheat in a study by Biabani et al.
(2014) [5]. While this study showed that
inoculating the wheat plants with soil bacteria
increased nitrogen fixation activity of the roots,
no significant increase in biomass was observed
(and, in fact, there were decreases in biomass in
some of their experiments).

Prior to this work, Biabani [4] had
managed to produce artificial plant-bacteria
symbioses that resulted in increased plant
biomass. The study employed the use of various
treatments, with the help of an abiogenic
nodulation agent (2,4-dichlorophenoxyacetic
acid) in tandem with bacterial inoculations
(Xanthomonas sp. and Arthrobacter sp),
producing the greatest increase in both plant
height and weight. While these results are
encouraging for the future of the technology, the
lack of consistent results raises concerns about
its viability on a larger scale.

This approach to the creation of nitrogen-
fixing wheat overcomes the social stigma
associated with genetic modification that other
methods aim to employ. However, the most
significant challenge presented is strengthening
the symbiotic associations in order to overcome
the need for repeated inoculations [1]. Such a
task proves to be daunting, as research into the
specific traits required for plant colonisation is
limited at present. Some methods are
understood, but the overall process is likely to be
regulated by hundreds of individual genes and
will be difficult to study [13][19].

4. Genetic Modification of Wheat to allow
Self-fertilisation

Evidence  for naturally occurring
horizontal transfer of nif genes has been shown
by genome analysis, with a nif cluster in
Paenibacillus sp. WLY78 contains a higher G+C
content than the average of its entire genome
(52.8% in the nif cluster compared to 45.1% in
the genome). This difference in composition
suggests that the genes came from a foreign
genome [22]. Whether or not this natural
transfer can be replicated in the construction of
nitrogen-fixing wheat that does not require a
diazotrophic symbiont remains to be seen.

The John Innes Centre (JIC) has been
attempting to research ways in which
nodulation can be initiated in cereal crops. JIC is
also making attempts to insert the nitrogen
fixation genes identified in bacteria directly into
the plants, effectively creating self-fertilising
crops. Research similar to this has already made
JIC worth a great deal to the UK economy and
worldwide [6]. Such a goal is noble but does not
come without risk and will be challenging to
achieve.

It has been shown that heterologous
expression of nif gene products can confer
nitrogen fixation to the transgenic host. Xie et al.
[23] modified E. coli to incorporate nine
contiguous genes (nifBHDKENXhesAnifV) from
the nif cluster of Paenibacillus beijingensis. E. coli
modified in this way were shown to incorporate
a 15N, isotope supplied to a nitrogen-free
medium in gaseous form. The successful
creation of nitrogen-fixing E. coli shows the
potential for other organisms to be given
nitrogen-fixing abilities in a similar way,
building on ground-breaking work in the 1970s
involving the transfer of nitrogenase from
Klebsiella pneumonia to E. coli [13].

The nine genes used represent the
minimum number of genes that must be
transferred simultaneously to confer nitrogen
fixation ability, with the number of required
genes varying from 9-20 (all considered
essential) [13]. Nif gene deletion work carried
out by Wang et al. [22] showed that the nine
Paenibacillus genes nifBHDKENXhesAnifV were
all necessary for optimal nitrogenase activity in
transgenic E. coli. The large size of any transgene
constructs required for the creation of nitrogen-
fixing wheat represents one of the many
challenges to overcome [13].

In addition to this, attempts have been
made to introduce nif genes into eukaryote
hosts, working towards the ultimate goal of
plant transgenesis. Cheng et al. [11] used
homologous recombination to introduce the
nifH gene into the algae Chlamydomonas
reinhardtii in place of the native chilL gene
required for light-independent chlorophyll
biosynthesis. Their research aimed to overcome
previous issues associated with the transport of
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the dinitrogenase reductase subunit into
chloroplasts via transit peptides and the
proposed lack of compatibility between nitrogen
fixation and photosynthetic oxygen evolution.
They proposed that functional similarities
between NifH and ChIL would allow NifH to
replace ChlL in chlorophyllide biosynthesis.
They successfully revealed this to be true (using
the gene uidA as a negative control) and show
that chIl absence inactivates the light-
independent pathway of chlorophyll
biosynthesis). As such, the study discovered a
potential method for the incorporation of nif
genes into a plastid genome. The lead author of
the paper also proposed that nifDK could be
introduced as a replacement for chIN and chIB
genes, but no information on this area seems to
have become available since then [10]. Despite
this research effort, angiosperms rely only on
the light-dependent pathways of chlorophyll
synthesis, the proteins of which are not related
to those of the light-independent pathways. It is
not known whether or not suitable electron
donors exist in the chloroplasts of cereals to act
as homologues to nitrogenase components, and
there is no experimental evidence to suggest
that homologous mitochondrial electron donors
exist [12]. Also worth noting is the fact that
expression or co-expression of nifD and nifK in
Saccharomyces cerevisiae produced inactive
proteins that lacked their metal clusters [12],
creating doubt about the viability of this venture.

As previously mentioned, one difficulty in
expressing nif genes in plants is the interference
of oxygen produced through photosynthetic
activity with the activity of nitrogenase [12].
Oxygen concentrations as low as 5% are
sufficient enough to prevent nitrogenase activity
both in natural diazotrophs and engineered E.
coli [22]. To counter this, it can be argued that
many cyanobacteria are diazotrophs and have
been able to perform both nitrogen fixation and
oxygenic photosynthesis through either spatial
or temporal separation of the two processes
[9][12]. Wang et al. [22] observed that
Paenibacillus sp. WLY78 did not produce any
subunits of NifDK when not under nitrogen
fixation conditions (displaying a potential
mechanism that could be used for separation of

the oxygen-producing and nitrogen-fixing
process). At the same time, transgenic E. coli
produced nitrogenase components even in the
presence of oxygen (though no nitrogenase
activity  occurred). This suggests that
transcriptional regulation of nif genes if
performed outside of the minimal nine gene
cluster. The result of this is that engineering a
similar separation in plants could overcome this
problem, with particular  focus on
circadian/light-sensitive rhythms or direction of
nitrogenase expression to locations free from
photosynthetic oxygen production (such as root
cells) [12]. Further study could be dedicated to
how Paenibacillus regulates nitrogen fixation
against oxygen concentration, given that it is a
facultative anaerobe and can switch between
tolerance to both aerobic and anaerobic
conditions [22].

5. Conclusion

The concept of nitrogen fixing wheat as a
whole is a noble pursuit that would
revolutionise the growth of cereal crops, but
comes at a great cost. Despite decades of
research, the processes involved in both plant-
bacteria symbioses and the nitrogen fixation
pathway itself are still relatively poorly
understood.

Basal-level research already gives an
insight into the possible mechanisms for
overcoming problems with both the creation of
artificial symbioses and the genetic modification
approach to conferring biological nitrogen
fixation. However, there is still a large gap
between the current successes in model systems
and actually making the jump to the introduction
of these systems into wheat plants.

It is also unknown as to what extent the
proposed methods will improve wheat yields.
The work of Wang et al. [22] with transgenic E.
coli showed a very low nitrogenase activity of
around 10% of that in the native Paenibacillus
sp. WLY78. This is insufficient to allow total
diazotrophic growth, but could still wield
potential as a means of reducing the amount of
nitrogen required from other sources (such as
traditional fertilisers).
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In conclusion, the potential end result
justifies the means. At this stage in the
development of the technology, it is difficult to
argue against the development of nitrogen-
fixing wheat. Whether it is possible to create
crops that survive purely on dinitrogen as a
nitrogen source, or if the result is merely a minor
increase in wheat yields, the need to improve
global food production necessitates research
such as that mentioned in this review.
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