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Abstract 

Traditionally, the process of nitrogen fixation has largely 
been associated with symbiotic legume-rhizobium 
association but additionally, some diazotrophs inhabiting 
rhizosphere of non-leguminous plants are also capable of 
fixing atmospheric nitrogen and thereby enhancing plant 
growth. A viable solution to the complex crisis due to 
indiscriminate use of nitrogenous fertilizers is offered by 
Biological Nitrogen Fixation which at times may 

supplement or totally replace the use of nitrogenous 
fertilizers. The latest approach in this regard has been the 
effort to extend biological nitrogen fixation in cereals but 
so far no successful crop variety capable of fixing 
appreciable amount of nitrogen has been developed. 
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1. Introduction 

 

Biological nitrogen fixation refers to the 

phenomenon of reducing atmospheric nitrogen into 

a form that can be used by plants i.e. ammonia in 

the presence of enzyme nitrogenase. Only some 

organisms are capable of fixing atmospheric 

nitrogen and bacteria capable of doing so are 

collectively called diazotrophs. Latter may form a 

variety of associations with a wide range of host 

plants. Traditionally, the process of nitrogen 
fixation has largely been associated with symbiotic 

legume-rhizobium association but additionally, 

some diazotrophs inhabiting rhizosphere of non-

leguminous plants are also capable of fixing 

atmospheric nitrogen and thereby enhancing plant 

growth (Mus et al. 2016). Biological nitrogen 

fixation is thus the natural method of N-supply to 

the plants. However, chemical fertilizers have been 

indiscriminately used for enhancing food 

production in the current scenario of ever 

increasing global population which is projected to 
shoot up by approximately 50% by 2050 

corresponding to which the global grain demand is 

also expected to be doubled (Alexandratos 1999; 

Cohen and Federoff, 1999). 

 

 

 

Green revolution though saved the lives of starving 

millions but has also increased the agricultural 

dependence on synthetic fertilizers. In developing 

countries N-fertilizers are beyond the reach of 

majority of the farmers whereas, on the other hand, 

developed nations have now well realized the 

heavy ecological price they are bound to pay in 

return for the indiscriminate fertilizer use. 

Moreover, a decline in crop yield has been 
recorded in response to constant use of N-fertilizer 

application in various crops.  Thus, a viable 

solution to this complex crisis is offered by 

Biological Nitrogen Fixation (BNF) which at times 

may supplement or totally replace the use of 

nitrogenous fertilizers (Bohlool et al 1992). 

 

2. Objective of Research 

 

The load of ever increasing population has 

increased the dependency of modern agriculture on 
various chemical fertilizers thereby welcoming 

evident environmental hazards. So this review 

evaluates the prospect of replicating nitrogen fixing 

mechanism in cereals so as to provide a possible 
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solution to the indiscriminate use of nitrogen 

fertilizers use. 

 

3. Justification of Research 

 
Biological nitrogen fixation has been the natural 

method of N-supply to the plants and modern 

technology offers us detailed insights into the 

symbiotic nitrogen fixation process. Thus this 

review presents an updated knowledge in this 

regard, discussing in detail its feasibility, various 

challenges and the current status. 

 

4. Replicating the Nitrogen Symbiosis in Cereals 

 

Recent advances in biotechnological approaches 

and detailed understanding of biological nitrogen 
fixation process has enabled us to move a step 

closer to our purpose of raising self-dependent 

nitrogen fixing legumes and has been proposed to 

be achieved either by possible direct introduction 

of nitrogen fixation genes into target cereals or by 

customizing pre-established microbe-cereal root 

asscociations  (Mus et al. 2016). 

 

Direct approach involves the transfer of 

approximately 16 bacterial nif genes (genes 

encoding nitrogenase) into target plant cells or 
more specifically into mitochondria and plastids 

(Temme et al. 2014; Curatti and Rubio, 2014) 

offering low-oxygen conditions ideal for 

nitogenase enzyme functioning. Additionally, these 

organelles can supply ATP and reducing power 

required for nitogenase enzyme functioning.  

According to Beatty and Good (2011), practically, 

molecular techniques capable of plant 

mitochondrial gene transformation are still not 

available thus nif genes first need to be introduced 

into nuclear genome followed by the directing the 

translocation of proteins thus formed to 
mitochondria. Using chloroplasts povides the extra 

advantage in terms of being the sites of GS and 

GOGAT pathways of ammonia assimilation in 

addition to providing ATP. Moreover, translation 

machinery of chloroplast exhibits striking 

similarities with that of prokaryotes. Thus, Cheng 

et al. (2005) introduced bacterial nifH gene into 

Chlymadomonas chloroplast and reported that nifH 

gene products could substitute for chloroplast gene 

chlL. 

 
Successful replication of biological nitrogen 

fixation in cereals requires emulating all the steps 

of symbiotic nitrogen fixation i.e. detection and 

identification of Nod factors; root nodule 

formation; bacterial infection followed by 

providing ambient conditions for nitrogenase 

functioning and establishment inside the nodule. 

The very first step i.e. Nod recognition has been 

well studied at molecular levels and striking 

similarities between legume rhizobium symbiosis 

and arbuscular mycorrhizal endosymbiotic 

association has been found (Markmann and 

Parniske 2009). Thus, arbuscular mycorrhizal 

associations can be exploited for the introduction of 
nitrogen fixing bacteria into cereals. Studies reveal 

that Nod factors are similar to Myc factors released 

during mycorrhizal symbiosis initiation (Maillet 

2011) thereby leading to the activation of a similar 

symbiosis signaling pathway (SYM). Therefore, 

arbuscular mycorrhizal endosymbiotic association 

property of cereals may thus be recruited for its 

customized invasion by specific nitrogen fixing 

microbes as the SYM pathway is already present in 

the cereals and an appreciable number  of SYM 

signalling components in rice have been found to 

be able of complementing reciprocal legume 
mutants  even for nodulation (Banba et al. 2008). 

Hence, arbuscular mycorrhizal associations in 

cereals may be customized for rhizobial signaling 

sensitivity (Mus et al. 2016). It involves the 

modulating the signal exchange between plant and 

nitrogen fixing microbes in such a way to achieve 

successful infection, colonization and nitrogen 

fixation (Oger et al. 2000; Mondy et al. 2014).  

This selective rhizosphere approach indeed requires 

a thorough understanding of the mechanisms 

underlying the production, release and 
identification of bacterial and plant signals, 

receptors and signal transduction (Mus et al. 2016). 

The practical implementation of this technique 

however has several bottlenecks such as lack of 

highly specific gene transfer techniques, hyper-

sensitivity of nitrogen-fixing genes to environment 

and limited knowledge of gene regulation in 

various microbes (Temme et al. 2012). 

 

4.1 Endophytes 

Cereals such as rice are rich in endophytic bacterial 

populations of Azospirillium, Pseudomonas and 
other members of Endobacteriaceae. Endophytes 

enter the plant through stomata or cracks at site of 

lateral root development (Eskin et al. 2014). 

Endophytes differ from endosymbionts in lacking 

any differentiated structure in the host tissues. 

Some endophytes are endosymbionts such as 

Frankia with actinorhizal plants and rhizobia with 

legumes and notable similarities between the 

infection strategies of two have been reported. 

Another remarkable case is that of plant 

Parasponia andersonii being the only non-legume 
capable of successful rhizobium association 

(Systma et al. 2002). Endophytes are preffered over 

rhizospheric diazotrophs since they are capable of 

inhabiting plant interior and are thus more suitable 

for effective nitrogen fixation (Reinhold-Hurek and 

Hurek, 2011). Some studies have shown 

similarities between legume-rhizobium symbiosis 

and actinorhiza-Frankia association. As already 

established, flavinoids are considered as the 
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interacting molecules between legumes and 

rhizobia, likewise flavinoid naringenin is proposed 

to be involved in wheat and Azospirillum 

brasilense sensing and colonizataion and reportedly 

capable of increasing the infection and colonization 
by  Herbaspirillum seropedicae  in Arabidospsis 

(Webster et al. 1998). The nitrogenase activity has 

been confirmed in various grass endophytic 

bacteria such as Gluconacetobacter diazotrophicus, 

Azoarcus sp, Herbasprillum sp in rice (Hurek et al. 

2002; Roncato-Maccari et al. 2003) and Klebsiella 

sp. inhabiting maize and wheat (Chelius and 

Triplett, 2000; Iniguez et al. 2004) using  

techniques such as 15N dilution studies, acetylene 

reduction assays, immunogold labelling  and and 

qRT-PCR (Santi et al. 2013) . Additional carbon 

supply during the Klebsiella sp. and wheat-maize 
association significantly improved nitrogenase 

activity thereby proving the role of carbon source 

as a limiting factor in nitrogen fixation (Saikia and 

Jain, 2007). 

 

However, in Azispirillum, some workers have 

contradicted the reports of nitrogen fixation, rather 

credited the improved growth to phytohormones 

(auxins and cytokinins) production resulting in 

enhanced root elongation and branching and hence 

increased water and mineral uptake by the roots 
(Steenhoudt and Vanderleyden, 2000) 

 

5. Challenges 

 

Involve the construction of suitable multigene 

promoters which may be easily constructed and 

incorporated into the plant system along with quick 

and comprehensive assessment of the gene 

expression (Rogers and Oldroyd, 2014). Moreover, 

these transformed cereals may take appreciable 

time in yielding the results thus instead, model 

grasses such as Brachypodium distachyon (a wheat 
relative) and Setaria viridis (model for maize) need 

to be worked upon (Brutnell et al. 2010; Brkljacic 

et al. 2011) for highly efficient transformations and 

subsequent quick results and analysis. 

 

Conclusion 

 

Thus, efforts are in progress since mid seventies 

towards developing self-supported nitrogen fixing 

non-leguminous crops especially cereals but so far 

no successful crop variety capable of fixing 
appreciable amount of nitrogen has been developed 

though extensive research in this regard is 

underway (Rao et al. 2014). Even low levels of 

atmospheric nitrogen fixation would remarkably 

increase yield in low input agricultural systems and 

will be of a significant help to the small farmers 

especially in developing countries (Rogers and 

Oldroyd 2014) thus providing a strong impetus to 

our approach in this direction.  

Research Highlights 

 

Elaborate description of the need for replicating 

biological nitrogen fixation in cereals  

Citations in support of the proposed research 
Detailed evaluation of the achievability of the 

research proposal 

 

Limitations 

 

So far, no non-legume, capable of biologically 

fixing nitrogen, has been successfully transformed 

as the process in itself is quite complex one and 

replicating all the steps has several practical 

bottlenecks. Additionally, very little information is 

exists with regards to detailed gene regulation 

mechanisms in several microbes. 
 

Recommendations 

 

Elaborate research in this direction can add a 

totally different dimension towards the 

achievement of sustainable agriculture thus 

relieving the debt-ridden farmers from the vicious 

circle of expensive and hazardous chemical 

fertilizers in various developing countries. 

 

Policy Aspects 

 

Transgenic approach is still a debatable topic and 

disagreement prevails at different organizational 

levels. Only a quick solution to such bottlenecks 

can ensure the easy accessibility of technological 

advancements to the common population. 

 

Authors’ Contribution and Competing Interests 

 

Corresponding author is the sole author. The author 

developed the concept of this article and compiled 

the information. 
 

Acknowledgements 

 

The technical support and access to e-journals 

provided by the Department of Botany, Panjab 

University, Chandigarh is highly acknowledged. 

 

References  
 
Alexandratos, N., 1999. World food and agriculture: 
outlook for the medium and longer term. Proc. Natl 
Acad. Sci. USA 96, 5908–5914. 

 
Banba M., Gutjahr C., Miyao A., Hirochika H., 

Paszkowski U., Kouchi H., Imaizumi-Anraku H., 2008. 
Divergence of evolutionary ways among common sym 
genes: Castor and CCaMK show functional conservation 
between two symbiosis systems and constitute the root of 
acommon signaling pathway. Plant and Cell Physiology 
49, 1659–1671. 
 



 
 

Ph ton                                                                                                                                                                                    445 
 

Beatty, P.H., Good, A.G., 2011. Future prospects for 
cereals that fix nitrogen. Science, 333(6041), 416-417. 
 
Bohlool B.B., Ladha J.K., Garrity D.P., George T. 1992. 
Biological nitrogen fixation for sustainable agriculture: 

a perspective. Plant and Soil 141, 1–11. 
 
Brkljacic J., Grotewold E., Scholl R., Mockler T., Garvin 
D.F., Vain P., Brutnell T., Sibout, Bevan M., Budak H., 
et al. 2011. Brachypodium as a model for the grasses: 
today and the future. Plant Physiology, 157, 3–13. 
 
Brutnell .TP., Wang L., Swartwood K., Goldschmidt A., 

Jackson D., Zhu X.G., Kellogg E., Van Eck J. 2010. 
Setaria viridis: a model for C4 photosynthesis. The Plant 
Cell, 22, 2537–2544. 
 
Chelius M.K., Triplett E.W., 2000. Immunolocalization 
of dinitrogenase reductase produced by Klebsiella 
pneumoniae in association with Zea mays L. Applied and 
Environmental Microbiology, 66, 783–787. 

 
Cheng, Q., Day, A., Dowson-Day, M., Shen, G.F., 
Dixon, R., 2005. The Klebsiella pneumoniae nitrogenase 
Fe protein gene (nifH) functionally substitutes for the 
chlL gene in Chlamydomonas reinhardtii. Biochemical 
and biophysical research communications, 329(3), 966-
975. 
 

Cohen, J. E., Federoff, N.V., 1999. Colloquium on Plants 
and Population: Is There Time? National Academy of 
Sciences, Washington DC. 
 
Curatti L., Rubio LM., 2014. Challenges to develop 
nitrogen-fixing cereals by direct nif-gene transfer. Plant 
Science, 225, 130–137. 
 
Eskin N., Vessey K., Tian L. 2014. Research progress 

and perspectives of nitrogen fixing bacterium, 
Gluconacetobacter diazotrophicus, in monocot plants. 
International Journal of  Agronomy. 2014, 1–13.  
 
Iniguez A.L., Dong Y., Triplett EW., 2004. Nitrogen 
fixation in wheat provided by Klebsiella pneumoniae 
342. Molecular Plant–Microbe Interactions,17, 1078–
1085.  

 
Maillet F., 2011. Fungal lipochitooligosaccharide 
symbiotic signals in arbuscular mycorrhiza. Nature 469, 
58–63. 
Markmann K., Parniske M., 2009. Evolution of root 
endosymbiosis with bacteria: How novel are nodules? 
Trends in Plant Science 14, 77–86. 
 

Mondy S., Lenglet A., Beury-Cirou A., Libanga C., Ratet 
P., Faure D., Dessaux Y., 2014. An increasing opine 
carbon bias in artificial exudation systems and 
genetically modified plant rhizospheres leads to an 
increasing reshaping of bacterial populations. Molecular 
Ecology, 23, 4846–4861.  
 
Mus F., Crook M.B., Garcia K, et al., 2016. Symbiotic 

nitrogen fixation and the challenges to its extension to 
nonlegumes. Applied and Environmental 
Microbiology,82 (13), 3698-3710. 
 

Oger P., Mansouri H., Dessaux Y., 2000. Effect of crop 
rotation and soil cover on alteration of the soil microflora 
generated by the culture of transgenic plants producing 
opines. Molecular Ecology, 9, 881–890.  
 

Rao D.L.N., 2014. Recent advances in biological 
nitrogen fixation in agricultural systems. Proceedings of 
the National Academy of Sciences, USA, 80(2):359–378. 
 
Reinhold-Hurek B., Hurek T., 2011. Living inside plants: 
bacterial endophytes. Current Opinion in Plant Biology, 
14, 435–443. 
 

Santi C., Bogusz D., Franche C.M., 2013.Biological 
nitrogen fixation in non-legume plants. Annals of 
Botany, 111, 743–767. 
 
Saikia S.P., Jain V., 2007. Biological nitrogen fixation 
with non-legumes: an achievable target or a dogma? 
Current Science, 92, 317–322. 
 

Steenhoudt O., Vanderleyden J., 2000. Azospirillum, a 
free-living nitrogenfixing bacterium closely associated 
with grasses: genetic, biochemical and ecological 
aspects. FEMS Microbiology Reviews, 24, 487–506. 
 
Sytsma K.J., Morawetz J., Pires J.C., Nepokroeff M., 
Conti E., Zjhra M., Hall J.C., Chase M.W., 2002. 
Urticalean rosids: circumscription, rosid ancestry, and 

phylogenetics based on rbcL, trnL-F, and ndhF 
sequences. American Journal of Botany,89, 1531–1546. 
 
Temme K., Zhao D., Voigt CA., 2012. Refactoring the 
nitrogen fixation gene cluster from Klebsiella oxytoca. 
Proceedings of the National Academy of Sciences, USA, 
109, 7085–7090. 
 
Temme K., Zhao D., Voigt CA., 2012. Refactoring the 

nitrogen fixation gene cluster from Klebsiella oxytoca. 
Proceedings of the National Academy of Sciences, USA, 
109, 7085–7090. 
 
Webster G., Jain V., Davey M.R., et al. 1998. The 
flavonoid naringenin stimulates the intercellular 
colonization of wheat roots by Azorhizobium 
caulinodans. Plant, Cell & Environment, 21, 373–383. 

 
 

 

 

 
 

 

 

 

 

 

 

 

 

 

 

For publications/ Enquiries/ Copyrights:  
Email: photonjournal@yahoo.com 

http://aem.asm.org/search?author1=Florence+Mus&sortspec=date&submit=Submit
http://aem.asm.org/search?author1=Florence+Mus&sortspec=date&submit=Submit
http://aem.asm.org/search?author1=Matthew+B.+Crook&sortspec=date&submit=Submit
http://aem.asm.org/search?author1=Kevin+Garcia&sortspec=date&submit=Submit

