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Current knowledge of the genetics of biological nitrogen fixation (BNF) and recent advances of the knowledge of the natural diversity among the diazotrophs
kindled interest among concerned scientists in assembling BNF system in rice plant to fix its own nitrogen.
Though the task is complex, emerging knowledge of
functional genomics and new biotechnological tools
opened up a number of research endeavours. Advanced laboratories around the globe in rice research
are pursuing studies mainly in three well-defined
approaches, viz. forced association between rice and
diazotrophs, i.e. non-nodular symbiosis; forcing nodulation in rice plant to establish nodular symbiosis and
constructing functional nitrogenase system in rice
plants through transferring nif genes. Frontier areas
of these research endeavours have been reviewed in
this article.
Keywords: Biological nitrogen fixation, genetic manipulation, non-nodular and nodular symbiosis, nif genes,
rice.
IN agriculture, soil fertility and soil nitrogen have become
almost synonymous as the crop productivity is largely
determined by them. The nitrogen deduced by the plant
parts is incorporated as protein, subsequently degraded,
mobilized and metabolized to other developing parts.
When nitrogen is deficient, their growth is markedly
inhibited. The effect of nitrogen deficiency is strongest
on the development of leaves, and also inhibited the formation and development of reproductive organs and seeds1.
The rice plants require large amounts of mineral nutrients, including nitrogen for their growth, development
and grain production. According to Ladha and Reddy2,
rice plants need 1 kg of nitrogen to produce 15–20 kg
grain. As most of the paddy soils of the world are deficient in nitrogen, supply of nitrogen to paddy soil is important. Due to the development of high-yielding
varieties of rice which are more nitrogen-responsive, continuous supply of nitrogen to paddy soil has become the
trend of the day. Present trends suggest that tomorrow’s
rice land will be under even more pressure than today and
as a result future technologies and management practices
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shall have to ensure the production of more rice on less
land, which will demand input of more nitrogen. Based
on a model with the components of population, gross
domestic product (GDP), the proportion of GDP to agriculture and nitrogen use per unit of agricultural output,
Frink et al.3 projected that worldwide nitrogen use by
2070 would be nearly 2.5 times the level of 1990s when it
was around 80 million metric tonnes.
But, under the current methods of growing rice, more
than half, and often as much as 70% of the nitrogen
applied is lost, thus causing economic and environmental
costs4. Long-term application of nitrogen depletes the soil
organic matter content5. On the other hand, excess use does
not give better productivity6. Moreover, excess nitrogen
in the global system in its various forms augments greenhouse effects, diminishes ozone levels, promotes smog,
contaminates drinking water, acidifies rain, results in
eutrophication of rivers and stresses the ecosystem7.
Because of the adverse impact of excess nitrogen on
the global system, Socolow7 argues that management of
food and nitrogen connection should be given as much
importance as carbon and energy connection undertaken
at the global level due to climate change. In this context
three approaches are advocated to address riskiness while
satisfying the need to produce more rice from limited
soil. The first of these approaches is to increase the yield
of rice per unit of nitrogen uptake by the plant by
improvements of variety through plant breeding8. Second
is to regulate the timing of nitrogen application based on
the plant’s need, i.e. precision farming, thus increasing
the efficieny of the plant’s use of applied nitrogen9. Third
is biological nitrogen fixation (BNF).
BNF was exploited for centuries without recognition of
how it was functioning before the demonstration by
Boussingault10. Naturally in the soil, there are a number of
aerobic and anaerobic bacteria as well as blue-green algae
or cyanobacteria which have ideal biological system for
nitrogen fixation. Therefore, the idea was to inoculate
these microorganisms, especially diazotrophic bacteria to
ensure better nitrogen fixation for better yield. But, after
several years of key research, it appears that non-nodular,
conventional BNF is likely to have low potential in terms
of the amount of nitrogen fixation11. On the other hand,
advancement of the knowledge of nitrogen-fixing apparatus, particularly the genetics of BNF as well as advances
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in our knowledge of natural diversity among diazotrophs,
encouraged the scientists to think beyond ‘conventional’
BNF.
According to James et al.12, in this context, the best
way would be to increase the ability of rice to fix its own
nitrogen, which will ensure little or no loss. However,
emerging knowledge of functional genomics and biotechnological tools has opened up a number of research
endeavours.

Conventional BNF strategy in rice: limitations
BNF is the conversion of atmospheric nitrogen by living
organisms into forms that plants can use. It involves,
reduction of atmospheric nitrogen to ammonia by a metabolic process. This process was exploited for centuries
without recognition of how it was functioning. Probably
the first person to demonstrate clearly what was going on
was Boussingault10. However, it was not convincing till
the report of Hellreigel and Wilfarth13. Subsequently, for
increased production, dependence on large quantities of
exogenous inputs of industrially produced nitrogen
enhanced tremendously. It was due to the demand of high
yielding varieties of crop to produce more grain for
increased population. Hence, the scientists were compelled to think of utilizing BNF benefit with human
intervention. In this direction, research on conventional
BNF system in rice started in a major way and from mid1970s with the initiative of the International Rice
Research Institute (IRRI), the Philippines. Thereafter,
human intervention started worldwide for inoculation or
introducing desired diazobacteria, cyanobacteria, azollae
and aquatic green manure legume in paddy field for nitrogen fixation.
Among them, though cyanobacteria inoculation is a
low-cost technology, it has many constrains, which resulted in the restriction of its success2. Factors such as phosphate deficiency, presence of high concentrations of
nitrogen in flood water, low pH and arthropod grazer
population limit the growth and BNF activities of cyanobacteria in rice fields14,15. Moreover, cyanobacterial
nitrogen fixation is closely linked with their growth and
fixed nitrogen is not made available to the plants until the
organisms die and their organic nitrogen is mineralized12.
Another factor is that the inoculated organisms are to
compete with native microbial populations16. With regard
to aquatic plants such as the water fern Azolla and semiaquatic legumes, Sesbania, Ladha and Reddy2 opined that
these are too uneconomical to farmers because of additional costs of labour, land opportunity, irrigation,
seed/inoculums, phosphate and pesticides.
In nature, there are two ways of biological fixation of
nitrogen, viz. symbiotic and non-symbiotic. Symbiotic is
the most important mechanism by which most of the
atmospheric nitrogen is fixed, but it is limited to legume
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plant species and various trees and shrubs that form actinorrhizal roots such as Frankia. Non-symbiotic BNF is
carried out by free-living diazotrophs and this can stimulate growth of non-legume plants17. There are studies
showing that nitrogen-fixing bacteria, free-living as well
as Rhizobium strains, can stimulate the growth of nonlegumes such as radish17 and rice18, thus contributing to
reduced dependence of nitrogen-based fertilizers19.
Hence, rice being non-legume, a number of technologies
have been developed for inoculation of free-living
diazotrophic bacteria in paddy fields, which were found
to be effective in reducing the dependence on exogenous
nitrogen supply for grain production in rice20–46. Though
the free-living diazotrophic bacteria have advantages,
they also suffer from certain limitations.
Due to high energy requirement for nitrogen fixation
and relatively low metabolic activity, the ability of nonsymbiotic bacteria to fix significant quantities of nitrogen
is limited47. According to Ladha et al.48, in rice, at best
20–25% of total nitrogen is available from BNF. There
seems to be little scope to substantially increase the
nitrogen supply from free-living diazotrophs, both phototrophic and heterotrophic, as the nitrogen that they fix is
outside the plant and therefore subject to losses49. Moreover, for introduced diazotrophs it is also a difficult task
to compete with the native microbial population16. Hence,
Stoltzfus and de Bruijin50 reviewing the colonization of
plant roots by bacteria and nutrient transfer opined that in
the rhizosphere, the bacteria use most of the nitrogen they
fix for their own growth, rather than supplying nitrogen
to the plant. Considering this, James et al.12 argued to go
beyond ‘conventional’ BNF.

Forced association between rice and diazotrophs:
possibilities of non-nodular symbiosis
The plant root system offers an excellent microhabitat for
bacterial growth51. A number of endophytic diazotrophs
have been found to be associated with different crops
such as sugarcane and kallar grass. Other studies also
revealed that a large number of nitrogen-fixing bacteria
were present in root interiors of certain grasses52,53. These
studies encouraged the research community to look for
the development of efficient rice–endophyte system for
conferring in plants the ability to fix atmosphere nitrogen.
Initially the techniques for accurate enumeration and isolation of putative endophytes were standardized54. This
was followed by isolation and characterization by PCRbased techniques of various prospective endophytes from
wild as well as cultivated rice cultivars55. Azospirillum is
one of the most common genus isolated from the
rhizosphere of rice. Interestingly, although it is generally
regarded as a rhizosphere bacterium, it has often been
reported that the best results obtained with inoculation
are with those strains that actually penetrate the roots56,
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suggesting that some strains of Azospirillum are also
endophytic within grasses57,58. Microscopic evidence for
the endophytic nature of Azospirillum in rice has also
been presented59,60. Baldani et al.59 used immunogold
labelling to detect the bacteria in intercellular spaces and
within dead cells in the leaves and roots.
Both A. lipoferum and A. brasilense have been isolated
from roots and stems61,62. Pereira et al.63 reported isolation of A. amazonense from the roots of rice. Stoltzfus
and de Bruijn50 isolated several putative endophytes of
rice that are likely to be members of the genus Azospirillum, although they do not appear to be closely related to
any of the presently described species. ChristiansenWeniger64 inoculated 2,4-D-induced para-nodulated rice
plants with an ammonium-excreting mutant of A. brasilense and suggested that the bacteria colonized the paranodules in large numbers. James et al.12 opined that the
organisms may have initially entered the plants via cracks
that had formed when the tumours emerged from the epidermis.
Diazotrophic Alcaligenes strains have been consistently isolated from the rhizosphere of rice65–67, and the
dominant strain appears to be A. faecalis A15 (refs 68–
70). You and Zhou68 claimed that A15 was an endophyte
on evidence from micrographs of fixed and embedded
material that putatively showed bacteria both outside and
within the root cortex cell. Though there were controversies12,58,71,72, more reliable evidence of the endophytic occurrence of A15 has come from the study of Vermeiren et
al.60, which has shown, using resin-embedded material,
that gus A-marked A15 will colonize the root surface,
particularly at the root tips and lateral root junctions, and
will also enter the epidermal cells. Within the latter
cells, the bacteria have been shown to express nzfH via
gus A.
Azoarcus spp. were until recently known as endophytes
of kallar grass72. But recently, its natural occurrence has
also been found in association with wetland rice root in
Japan73 and within wild rice in the Philippines and
Nepal74. In DNA retrieved from field-grown Japanese
rice, a nifH gene fragment has been detected73, which
clustered with nifH sequences of Azoarcus spp. on phytogenetic sequence analysis75. Therefore, it now appears
that Azoarcus is a genuine endophyte to rice as well as of
kallar grass12.
Diazotrophic strains of Burkholderia (e.g. strains of
M130 and M209) have been isolated from the interior of
rice roots, stems and leaves in Brazil22. Preliminary
results with optical microscopy suggest that they can
enter rice roots via cracks in the root epidermis, particularly at the points of emergence of secondary roots, and
subsequently ‘massively’ colonize their interior22. Strains
similar to M130 have also been isolated from surfacesterilized plants by Stoltzfus and de Bruijn50.
There is not much evidence as yet that Enterobacter
spp. are endophytic in rice, though there are reports that
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the diazotrophic enterobacters are frequently isolated
from the rhizosphere of rice12. According to Achouak
et al.76, there is only colonization of the root surface by
them. However, Quadt-Hallmann and Kloepper77 have
suggested that, enterobacters can be endophytic per se.
The reason for this is that they have micrographic confirmation of Enterobacter asburiae strain JM22 within
non-legumes, though not yet in rice. Hurek et al.74 have
also shown that a diazotrophic strain of Serratia marcescens (IRBG 500) can be isolated from surface-sterilized
wetland rice. A nifH–gus A fusion of this bacterium was
constructed and inoculated into gnotobiotically grown
rice seedlings. The bacteria, expressing nifH, colonized
the surfaces of the roots and were also observed associated with stems and leaves. Examination using light
microscopy and TEM (coupled with immunogold labelling) showed that the bacteria colonized the root aerenchyma and inert cellular spaces and were particularly
abundant within the stem aerenchyma and xylem vessels.
Barraquio et al.55 reported infection of rice variety IR
42 by a gus A fusion of Herbaspirillum seropedicae
strain 267, which was originally isolated by Baldani et
al.22 from Brazil. In the study, at 28 days after inoculation, surface-disinfested roots of the seedlings were only
sparsely colonized by the bacteria, although there was
some staining of the subepidermal region, suggesting the
presence of the bacteria. Similar results have also been
presented by Baldani et al.59 with rice infected with H.
rubrisubalbicans.
There is no direct evidence that diazotrophic strains of
Pseudomonas are endophytic. It is also a fact that surface
sterilization appears not to have been used in most of the
studies and so far no microscopic evidence has been presented. But, among the putatively endophytic diazotrophs
isolated by Stoltzfus et al.54, one was closely related to
P. cepacia. Recent evidence suggests that there may be
natural association between rhizobia and rice. Among the
putatively endophytic bacteria isolated by Stoltzfus et
al.54 and Stoltzfus and de Bruijn50, some showed similarity to Azorhizobium caulinodans. Yanni et al.78 have
described in detail the isolation of Rhizobium leguminosarum bv. trifolii from wetland rice in Egypt and shown
conclusively that it is endophytic.
Hallmann et al.79, and James and Olivares58 have suggested that some endophytic bacteria may be transmitted
from generation to generation via seeds. Mukhopadhyay
et al.80 isolated strains of Enterobacter, Serratia and
Bacillus spp. and showed that E. agglomerans could be
transmitted to the next generation through seeds. Though
they did not test the strains for nitrogen-fixing ability,
they reported that the bacteria were associated with the
seed hull and husk, and within the embryonic tissue.
Moreover, diazotrophic strains of Alcaligenes, Pseudomonas and Bacillus have been isolated from rice seedlings germinated from surface-sterilized dehulled seeds,
and hence could be seed-borne endophytes of rice12.
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From these and other similar observations, there are
evidences of endophytic association between rice or grass
and diazotrophs. This can be improved or extended and
can be considered as symbiosis. But, the fundamental
question remains; how efficiently can the endophytes
actually function within grass or rice when no obvious
‘symbiotic’ structures appear to be present? There are
reports of random distribution of bacteria within intercellular spaces, parenchyma, dead cells and xylem vessels,
which typifies endophytic association58. But the question
remains about how they perform functions analogous to
those of highly evolved organs. To improve or extend
non-nodular symbiosis for effective BNF in rice or in
other grasses, the answer to these questions needs to be
found. According to Olivares et al.81 and James et al.82, if
we want to improve endophytic associations between rice
or grasses and diazotrophs, it will presumably be necessary to increase the number of bacteria within the plants.
How can this be done without provoking a host-defence
response? Success of non-nodular symbiosis for BNF in
rice or grasses depends on whether or how researchers in
the field make it possible to answer these fundamental
questions in coming days. James et al.12 opined that until
these fundamental questions are answered, it must be
assumed that endophytic diazotrophs either do not make a
significant contribution to grasses such as rice, or they do
so via a means other than symbiotic nitrogen fixation. On
the other hand, in spite of the observations of James et
al.12 that the number of diazotrophs living within rice
appears to be relatively trivial while considering the size
of the total population of diazotrophic bacteria isolated
from the rhizosphere of rice, Sofi and Wani51 opined that
we have a workable pool of bacteria which can be further
studied in terms of endophytic interactions with rice,
which is essential for beneficial rice–endophyte association for plant N-fixing capability in rice.
Therefore, presently research initiatives are being pursued broadly using three approaches, viz. (i) identification
of specific and predominant diazotrophs from rice, (ii)
determination of mode of invasion and extent of colonization and (iii) assessment of contribution of diazotrophs
to rice growth and yield through nitrogen fixation51.

Forcing nodulation in rice: feasibility of nodular
symbiosis
Rice being a non-leguminous plant, is it absurd to think
of nodular symbiosis in rice? Given the comparatively
recent discoveries of rhizobial nodulation of the nonlegume Parasponia and non-rhizobial nodulation by
Frankia in a range of non legumes, it appears that the
notion is not absurd83.
In symbiotic association between legume and soil bacteria, the rhizobia infect plants via root hairs or cracks
caused by emerging lateral roots. This is followed by
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formation of morphologically defined structures called
nodules. In these nodules, the bacteria fix nitrogen which
becomes directly available to the plants. If we are to force
nodulation in rice for effective BNF, i.e. if our endeavour
is to produce nodular symbiotic association between rice
and diazotrophs, we have to ensure that the diazotrophic
endophytes can have such an association with rice plants
and develop that kind of defined structure.
There have been many reports about such nodule-like
structure at a low frequency (0.1 to 0.2%) upon inoculation of rhizobia to normal roots84–87 or enzyme-treated
roots in the presence of PEG and CaCl2 (ref. 88). According to Saikia and Jain89, rhizobia have the ability to attach
themselves to rice root hairs, elicite deformation of rice
root hairs and to form nodule-like structures. There are
also several reports89 on induction of nodule-like structures termed as para-nodules on cereal roots using
different plant hormones like 2,4-D, NAA, BAP and
zeatin.
The BNF phenomenon already existed in nature before
it was understood by man89. It is therefore advisable to
observe and learn about the natural phenomenon and
interpret the findings in the laboratory. In this context,
from recent evidences, it can be said that natural association between rhizobia and rice exists12, though, as such
rice does not enter into a symbiotic association with
rhizobia. However, a rhizobial strain R. leguminosarum
bv. trifoli isolated from wetland rice in Egypt was also
found to be an endophyte of rice and capable of nodulating berseem clover (Trifolium alexandrium), which is
commonly grown in rotation with Egyptian rice as a
green manure.78 On the other hand, it has been observed
that rice is able to interact symbiotically with certain
mycorrhizal fungi90.
In legume and rhizobium symbiosis, the host plant provides the genetic information for the development of
nodules. The role of rhizobia is to trigger the host plant
genes to facilitate infection and help create a nodular
niche for nitrogen fixation91,92. According to Reddy et
al.93, a monocot plant such as rice would unlikely possess
the complete complement of genes or genetic programmes involved in the nodule ontogeny programme
that could be induced by rhizobial strains. But, the reason
for optimism is that although rice does not develop a
symbiotic association with rhizobia, it is able to enter into
symbiotic associations with mycorrhizal fungi. Albrecht
et al.94 have also provided evidence of a genetic link
between processes involved in nodule formation and
arbuscular mycorrhizae in legumes, which is supported
by subsequent studies too95–97. Another study with nodulation mutants of pea revealed that the early nodulation
genes in pea (ENOD 2, ENOD 11, ENOD 12 and ENOD
40) controlling early events of nodule development, also
govern the early events of mycorrhizal development98.
Now, since rice is associated symbiotically with micorrhizae and in both cases ENOD genes play a key role, it
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can be inferred that at least some, if not all, genetic
mechanisms do exist and function in rice99, which are
instrumental in initiating nodule development; but rice is
unlikely to possess all such genetic framework. Thus,
according to Sofi and Wani51, now it is our endeavour to
find the missing links.
If the hypothesis that rice does possess some if not all
of such traits (nodules) found in legumes that are important for nodulation holds, then reconstituting the nod signal recognition in rice could allow this plant to interact
more intimately with rhizobia51. This line of thought
gives more support to the idea put forth by Mylona et
al.100 and Carol et al.101 that legume plants acquire the
ability to form symbiotic nitrogen-fixing nodules by
recruiting genes that have common functions in all
plants. Sofi and Wani51 thus opined that it is indeed a
challenge whether a genetic engineering can re-recruit the
counterparts of these genes in rice to form functional
nodules51.

Construction of functional nitrogenase system in
plants: transferring nif genes
The advances in transformation of rice, characterization
of various genes from both plant (nodule genes) and
diazotrophic endophyte (nod, nif and fix genes), identification of various rice-specific promoters that can efficiently drive the foreign genes have made the dream of
having a rice plant with inherent ability to fix atmospheric nitrogen, not only reasonable but also realizable51.
According to Fischer4, the components of actions in this
direction could be to transform rice with nif genes to
ensure the expression of nitrogenase, protection of nitrogenase from inactivation by oxygen and to ensure energy
supply for nitrogen fixation without compromising on the
yield. For this, Parakaran102 proposed two approaches,
viz. transformation of rice leaf and transformation of rice
roots.

Transformation of rice leaf
Though the transfer of nitrogen fixing (nif ) genes from
Klebsiella pneumoniae to Escherichia coli by conjugation
and localization of nif genes on bacterial plasmids raised
hopes of transferring them to eukaryotes as well103, it
now appears that this is more complicated as in BNF system both the Fe protein (dinitrogen reductase) and the
MoFe protein (dinitrogen) are involved in fixation as well
as in the auxiliary system. According to Burris104, there
are more than 20 genes involved in the nitrogenase system; the role of many of these for nitrogen fixation has
now been defined. Among them the structural genes are
H, D and K, with H defining dinitrogenase reductase, and
D and K coding for dinitrogenase. Sofi and Wani51 postulated that there are certain genetic and physical consi330

derations which have, most obviously, put breaks in the
progress of transferring nif genes in rice plant. These
considerations are: (i) engineering of rice plant capable of
nitrogen fixing requires coordinated and regulated
expression of nif genes assembled in an appropriate cellular location105; (ii) additional genes to keep nitrogenase in
an active form may also be needed; (iii) to optimize the
expression of nif genes appropriate promoters will need
to be put in place to drive these genes in eukaryotic genetic background as they are expressed normally in a
prokaryotic system; (iv) even though mitochondria would
ideally offer an energy-rich location for nif gene, this idea
can be ruled out, at least in short term, because of the
complexity of targeting nif genes in this organelle106, and
(v) nitrogenase is sensitive to oxygen; thus appropriate
mechanisms for protection of this vital enzyme have to be
developed well within the eukaryotic cell structure. These
considerations have been the thrust areas of research
toward constructing functional nitrogenase system in rice
plants, i.e. BNF rice.
According to Dixon et al.106, the plastids may provide a
more suitable location for introducing the nif genes
because chloroplast genes are expressed in a prokaryoticlike fashion and translation of polycistronic messages
occurs. The cluster of nif genes may be introduced simultaneously because now techniques are available where
many genes can be transferred into rice107,108. However,
nitrogenase enzyme needs to be protected from oxygen
damage. A possible mechanism can be temporal separation of the oxygen-evolving process (photosynthesis) and
oxygen-sensitive process (nitrogen fixation) by restricting
nitrogenase synthesis to dark period and supported by
ATP, and reductant to be provided by breakdown of
endogenous glucan51,106. The light period ensures photosynthesis and replenishment of glucan106–109. However,
according to Dixon et al.106, the levels of ATP and reductant available during the dark period are probably insufficient to support nitrogen fixation. Moreover, there is no
efficient respiratory system in plastids under these conditions that could remove oxygen. Under conditions of
illumination, reducing power is generated by photosystem
I and the chloroplast stroma provide a reducing environment, as evidenced by the reduced state of thioredoxin,
which acts as a signal for redox status110. Under these
reducing conditions, it is possible that nitrogenase itself
could help remove oxygen, when due the oxygen concentration, the Fe protein is oxidized without loss of activity111. However, this leads to a problem of cleavage of a
major byproduct, i.e. hydrogen peroxide which would
need another set of enzymes to be put in the system in
chloroplasts such as ascorbate peroxidase, monodehydro
ascorbate reductase and dehydroascorbate reductase.
Photorespiration might also help protect nitrogenase from
oxygen damage, but at the expense of photosynthetically
generated reductant. It may also be possible to use the
unusual oxygen-tolerant nitrogenase from nitrogen fixaCURRENT SCIENCE, VOL. 104, NO. 3, 10 FEBRUARY 2013
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tion in chloroplasts112. The process involves molybdenum
dinitrogenase and a manganese superoxide oxidoreductase. Such a system, if put in the chloroplasts, can allow
expression of active nitrogenase under oxic conditions.
However, this system has problems of dependence on
superoxide stress. Even if such a conditional expression
is corrected by disabling, it will again lead to the same
problem of increased levels of hydrogen peroxide.

Transformation of rice roots
This is possible by allowing expression of nif genes in
plastids of non-photosynthetic cells of roots, thus overcoming problems of separating photosynthesis from
nitrogen fixation. Since the roots of flooded rice are usually under anaerobic conditions, oxygen damage to the
nitrogenase is taken care of51. However, there are few
practical limitations of this approach, viz. (i) the energy
for driving nitrogenase system would have to be imported
in form of ATP, in a non-photosynthetic tissue like the
root, and (ii) the introduction of nitrogenase would trigger competition with other biosynthetic processes which
need reductants, such as GOGAT enzyme for ammonia
assimilation, which requires ferrodoxin113.

Conclusion
The engineering of BNF in rice is no doubt an ardous
challenge, because of a number of extensive enzymatic
and developmental steps involved114. Hence, it appears to
be a distant dream as of now. In this context, there is
stress on conventional BNF, especially identification of
appropriate diazotrophs and plant variety combination.
On the other hand, searching some simpler ways is also
going on, such as ways in which nature itself has evolved
a successful system – through better nutrition of crops,
which includes two options – indirect feeding of plant
through transgenic diazotrophs and direct feeding of plant
through artificial symbiosis or through transgenic diazotrophs115.
Thus, BNF in rice plants opened a new frontier of science, offering exciting opportunities in the rice research
horizon. Dixon et al.106 stated, ‘in attempting to engineer
nitrogen fixing plants we are taking a huge leap into unknown. Each step along the way may lead us to new difficulties or bring remarkable surprise’. According to Sofi
and Wani51, the surprise may well be an working prototype of BNF – rice, which may be able to complement if
not totally replace the N-supply of rice plant. If achieved,
this could enhance rice productivity, resource conservation and environmental security. The rate of obtaining
success would, of course, benefit tremendously from concerted efforts from a critical mass of committed scientists
around the world, as well as constant and continued funding support from the ‘donor’ community116.
CURRENT SCIENCE, VOL. 104, NO. 3, 10 FEBRUARY 2013

1. Yagodin, B. A., Agricultural Chemistry, Vol. 1, Mir Publishers,
Moscow, 1982, p. 375.
2. Ladha, J. K. and Reddy, P. M., Steps toward nitrogen fixation in
rice. In The Quest for Nitrogen Fixation in Rice (eds Ladha, J. K.
and Reddy, P. M.), Proceedings of the Third Working Group
Meeting of Assessing Opportunities for Nitrogen Fixation in
Rice, IRRI, Manila, Philippines, 2000, p. 354.
3. Frink, C. R., Waggener, P. E. and Ausubel, J. H., Nitrogen fertilizer: retrospect and prospect. Proc. Natl. Acad. Sci. USA, 1999,
96, 1175–1180.
4. Fischer, K. S., Frontier project on nitrogen fixation in rice: looking ahead. In The Quest for Nitrogen Fixation in Rice (eds
Ladha, J. K. and Reddy, P. M.), Proceedings of the Third Working Group Meeting of Assessing Opportunities for Nitrogen
Fixation in Rice, 9–12 August 1999, IRRI, Manila, Philippines,
2000, pp. 25–32.
5. Wairiu, M. and Lal, R., Soil organic carbon in relation to cultivation and topsoil removal on sloping lands of Kolombangara,
Solon Islands. Soil Till. Res., 2003, 70, 19–27.
6. Kalininskaja, A., The influence of different forms of combined
nitrogen on nitrogen-fixing activity of Azospirillum, the
rhizosphere of rice plants. Dev. Soil Sci., 1988, 18, 283.
7. Socolow, R. H., Nitrogen management and future of food:
lessons from the management of energy and food. Proc. Natl.
Acad. Sci. USA, 1999, 96, 6001–6008.
8. Ladha, J. K., Kirk, G. J. D., Bennett, J., Peng, S., Reddy, C. K.,
Reddy, P. M. and Singh, U., Opportunities for increased nitrogen
use efficiency from improved lowland rice germplasm. Field
Crops Res., 1998, 56, 41–71.
9. Cassman, K. G., Peng, S., Olk, D. C., Ladha, J. K., Reichardt,
W., Dobermann, A and Singh, U., Opportunities for increased
nitrogen use efficiency from improved resource management in
irrigated rice systems. Field Crops Res., 1998, 56, 7–39.
10. Boussingault, J., Researches chimiques sur la vegetation enterprises dans le but d’examiner si les plantes prennent de I’azote
de I’atmosphere. Ann. Chim. Phys., 1838, 67, 1–54.
11. Dawe, D., The potential role of biological nitrogen fixation in
meeting future demand of rice and fertilizer. In The Quest for
Nitrogen Fixation in Rice (eds Ladha, J. K. and Reddy, P. M.),
Proceedings of the Third Working Group Meeting of Assessing
Opportunities for Nitrogen Fixation in Rice, 9–12 August 1999,
IRRI, Manila, Philippines, 2000, pp. 1–8.
12. James, E. K., Gyaneshwar, P., Barraquio, W. L., Mathan, N. and
Ladha, J. K., Endophytic diazotrophs associated with rice. In The
Quest for Nitrogen Fixation in Rice (eds Ladha, J. K. and Reddy,
P. M.), Proceedings of the Third Working Group Meeting of
Assessing Opportunities for Nitrogen Fixation in Rice, 9–12
August 1999, IRRI, Philippines, 2000, pp. 119–140.
13. Hellriegel, H. and Wilfarth, H., Untersuchungen uber die
stickstoff – nahrung der graminnen used leguminsen. Z. verchielige Rubenzucker Deutsches Reichs (Beilageheft), 1888.
14. Grant, I. F., Roger, P. A. and Watanabe, I., Ecosystem manipulation for increasing biological N2 fixation by blue-green algae
(cyanobacteria) in lowland rice fields. Boil. Agric. Hortic., 1986,
3, 299–315.
15. Roger, P. A. and Watanable, I. W., Technologies for utilizing
biological nitrogen fixation in wetland rice: potentialities, current
usage, and limiting factors. Fert. Res., 1986, 9, 39–77.
16. Kamuru, F., Albrecht, S. L., Allen, L. H. and Shanmugan, K. T.,
Dry matter and nitrogen accumulation in rice inoculated with a
nitrogenase-derepressed mutant of Anabaena variabilis. Agron.
J., 1998, 90, 529–535.
17. Antoun, H., Beauchamp, C. J., Goussard, N., Chabot, R. and
Lalande, R., Potential of Rhizobium and Bradyrhizobium species
as plant growth promoting rhizobacteria on non-legumes: effect
on radishes (Raphanus sativus L.). Plant Soil, 1998, 204, 57–67.
331

REVIEW ARTICLE
18. Mirza, M. S., Mehnaz, S., Normand, P., Prigent-Combaret, C.,
Moenne-Loccoz, Y., Bally, R. and Malik, K. A., Molecular characterization and PCR detection of a nitrogen-fixing Pseudomonas strain promoting rice growth. Biol. Fertil. Soils, 2006, 43,
163–170.
19. Bhattacharjee, R. B., Singh, A. and Mukhopadhyay, S. N., Use of
nitrogen-fixing bacteria as biofertilizer for non-legumes: prospects and challenges. Appl. Microbiol. Biotechnol., 2008, 80,
199–209.
20. Kannaiyan, S., Govindarajan, K. and Lewin, H. D., Effect of
foliar spray of Azotobacter chroococcum on rice crop. Plant Soil,
1980, 56, 487–490.
21. Baldani, V. L. D., Baldani, J. I. and Dobereiner, J., Effects of
Azospirillum inoculation on root infection and nitrogen incorporation in wheat. Can. J. Microbiol., 1983, 29, 924–929.
22. Baldani, V. L. D., Baldani, J. I. and Dobereiner, J., Inoculation
of field-grown wheat (Triticum aestivum) with Azospirillum spp.
in Brazil. Biol. Fertil. Soils, 1987, 457–460.
23. Patil, P. L. and Patil, S. P., Uptake of nitrogen by cotton inoculated with Azotobacter. J. Maharastra Agric. Univ., 1984, 9,
171–172.
24. Boddey, R. M., Baldani, V. L. D., Baldani, J. I. and Dobereiner,
J., Effect of inoculation of Azospirillum sp. on nitrogen fixation
by field-grown wheat. Plant Soil, 1986, 95, 109–121.
25. Boddey, R. M., Urquiaga, S., Reis, V. M. and Dobereiner, J.,
Biological nitrogen fixation associated with sugarcane. Plant
Soil, 1991, 137, 111–117.
26. Urquiaga, S., Cruz, K. H. S. and Boddey, R. M., Contribution of
nitrogen fixation to sugarcane: nitrogen-15 and nitrogen-balance
estimates. Soil Sci. Soc. Am. J., 1992, 56, 105–114.
27. Islam, N. and Bora, L. C., Biological management of bacterial
leaf blight of rice (Oryza sativa) with plant growth promoting
rhizobacteria. Indian J. Agric. Sci., 1998, 68, 798–800.
28. Singh, M. S., Devi, R. K. T. and Singh, N. I., Evaluation of
methods for Azotobacter application on the yield of rice. Indian
J. Hill Farm., 1999, 12, 22–24.
29. Stella, D., Reetha, D. and Sundaram, M. D., Exopolysaccharides
and indole acetic production by salt tolerance Bradyrhizobium
strains. J. Microbial World, 2002, 4(2), 135–137.
30. Sharma, A. K., Microbial inoculants for nitrogen fixation. In Biofertilizers for Sustainable Agriculture, Agrobios, India, 2003,
pp. 85–155.
31. Das, A. C. and Saha, D., Influence of diazotrophic inoculations
on nitrogen nutrition of rice. Aust. J. Soil Res., 2003, 41, 1543–
1554.
32. Bashan, Y., Holguin, G. and de-Beshan, L. E., Azospirillum–
plant relationship: physiological, molecular, agriculture and
environmental advances (1997–2003). Can. J. Microbiol., 2004,
50, 521–577.
33. Ahmad, A., Noaim, A. I. and Hamad, S. H., Effect of biofertilization along with different levels of nitrogen fertilizer
application on the growth and grain yield of Hasswi rice (Oryza
sativa L). Sci. J. King Faisal Univ. (Basic Appl. Sci.), 2004, 5,
215–224.
34. Wu, S. C., Cao, Z. H., Li, Z. G., Cheung, K. C. and Wong, M.
H., Effects of biofertiliser containing N-fixer, P and K solubilizers and AM fungi on maize growth: a green-house trial.
Geoderma, 2005, 125, 155–166.
35. Rajaee, S., Alikhani, H. A. and Raiesi, F., Effect of plant growth
promoting potentials of Azotobacter chroococcum native strains
on growth, yield and uptake of nutrients in wheat. J. Sci. Technol. Agric. Nat. Resour., 2007, II, 297–301.
36. Shaheen, A. M., Fatma, A. R., Omina, M. S. and Ghoname, A.
A., The integrated use of bioinoculants and chemical nitrogen
fertilizer on growth, yield and nutritive value of two okra (Abelmoschus esculentus L.) cultivars. Aust. J. Basic Appl. Sci., 2007,
1, 307–312.
332

37. Fakir, M. A. I., Hassan, S. M. R. and Sattar, M. A., Growth and
yield of rice as influenced by Azotobacter and Azospirillum
inoculation in presence and absence of urea-N. J. Bangladesh
Soc. Agric. Sci. Technol., 2008, 4, 247–250.
38. Roy, M. L., Dey, B. and Srivastava, R. C., Combined effect of
basal application of biofertilizers and chemical fertilizers on
nitrate reductase activity and biomass of rice plants. J. Hill Res.,
2008, 21, 26–28.
39. Sattar, M. A., Rahman, M. F., Das, D. K. and Choudhury, T. M.
A. A., Prospects of using Azotobacter, Azospirillum and cyanobacteria as supplements of urea nitrogen for rice production in
Bangladesh. In Proceedings of Australia Centre for International
Agricultural Research, 2008, 130, pp. 59–66.
40. Lodh, A. and Srivastava, R. C., Effect of seed-dressing treatment
by Azospirillum brasilense on growth, photosynthetic pigments
and nitrate reductase activity in Oryza sativa. J. Appl. Biosci.,
2008, 32, 172–176.
41. Roy, M. L. and Srivastava, R. C., Influence of soil application of
growth-promoting diazotrophs and chemical fertilizers on biochemical parameters and biomass of rice cultivar of Tripura.
Proc. Natl. Acad. Sci. India, Sect. B, 2009, 79, 283–288.
42. Roy, M. L. and Srivastava, R. C., Inoculation experiment of
Azospirillum brasilense as supplement of urea nitrogen for aman
rice production in Tripura. Vegetos, 2009, 22, 39–49.
43. Roy, M. L. and Srivastava, R. C., Effect of integrated use of
different levels of nitrogen fertilizer and bio-inoculants on Oryza
sativa L. in terms of total nitrogen and total soluble sugar in
leaves. J. Plant Biol., 2009, 36, 1–4.
44. Roy, M. L. and Srivastava, R. C., Single and co-inoculation
effects of different biofertilizers on growth, in vivo nitrate reductase activity and soluble protein in Oryza sativa L. J. Appl. Biosci., 2010, 36, 101–104.
45. Roy, M. L. and Srivastava, R. C., Influence of Azospirillum brasilense on biochemical characters of rice seedlings. Indian J.
Agric. Res., 2010, 44, 183–188.
46. Roy, M. L. and Srivastava, R. C., Plant growth promotion potential of Azotobacter chroococcum on growth, biomass, leaf area
index and yield parameters of aman rice in Tripura. Indian J.
Agric. Res., 2011, 45, 52–58.
47. Martinez-Viveros, O., Jorquera, M. A., Crowley, D. E., Gajardo,
G. and Mora, M. L., Mechanisms and practical considerations
involved in plant growth promotion by rhizobacteria. J. Soil Sci.
Plant Nutr., 2010, 10, 293–319.
48. Ladha, J. K., So, R. B. and Watanabe, I., Composition of
Azospirillum species associated with rice. Can. J. Microbiol.,
1987, 28, 478–485.
49. Ladha, J. K. and Reddy, P. M., Extension of nitrogen fixation
to rice: necessity and possibilities. GeoJournal., 1995, 35, 363–
372.
50. Stolzfus, J. R. and de Bruijn, F. J., Evaluating diazotrophy,
diversity, and endophytic colonization ability of bacteria isolated
from surface-sterilized rice. In The Quest for Nitrogen Fixation
in Rice (eds Ladha, J. K. and Reddy, P. M.), Proceedings of the
Third Working Group Meeting of Assessing Opportunities for
Nitrogen Fixation in Rice, 9–12 August 1999, IRRI, Manila,
Philippines, 2000, pp. 63–91.
51. Sofi, P. and Wani, S., Prospects of nitrogen fixation in rice.
Asian J. Plant Sci., 2007, 6, 203–213.
52. Reinhold-Hurek, B. and Fendrih, I., Close association of
Azospirillum and diazotrophic rods with different root zones of
Kaller grass. Appl. Environ. Microbiol., 1986, 52, 520–526.
53. Olivares, F. I., Baldani, V. L. D., Reis, V. M., Baldani, J. I. and
Dobereiner, J., Occurrence of endophytic diazotroph Herbaspirillum spp. in roots, stems and leaves predominantly of
Gramineae. Biol. Fertil. Soils, 1996, 21, 197–200.
54. Stoltzfus, J. R., So, R., Malrvizhi, P. P., Ladha, J. K. and de
Bruijn, F. J., Isolation of endophytic bacteria from rice and
CURRENT SCIENCE, VOL. 104, NO. 3, 10 FEBRUARY 2013

REVIEW ARTICLE

55.

56.
57.

58.

59.

60.

61.

62.

63.

64.

65.

66.

67.

68.
69.

70.
71.

72.

73.

74.

assessment of their potential for supplying rice with biologically
fixed nitrogen. Plant Soil, 1997, 194, 25–36.
Barraquio, W. L., Revilla, L. and Ladha, J. K., Isolation of endophytic diazotrophic bacteria from wetland rice. Plant Soil, 1997,
194, 15–24.
Summer, M. E., Crop responses to Azospirillum inoculation. Adv.
Soil Sci., 1990, 12, 53–123.
Patriquin, D. G., Dobereiner, J. and Jain, D. K., Site and processes of association between diazotrophs and grasses. Can. J.
Microbiol., 1983, 29, 900–915.
James, E. K. and Olivares, F. L., Infection and colonization of
sugarcane and other graminaceous plants by endophytic diazotrophs. Crit. Rev. Plant Sci., 1998, 17, 77–119.
Baldani, V. L. D., James, E. K., Baldani, J. I. and Dobereiner, J.,
Colonization of rice by the nitrogen-fixing bacteria Herbaspirillum spp. and Azospirillum brasilense. In New Horizons in Nitrogen Fixation (eds Palacios, R., Mora, J. and Newton, W. E.),
Kluwer, Dordrecht, The Netherlands, 1993, p. 705.
Vermeiren, H., Vanderleydan, J. and Hai, W., Colonization and
nifH expression on rice roots by Alcaligenes faecalis A 15. In
Nitrogen Fixation with Non-Legumes (eds Malik, K. A., Mirza,
M. A. and Ladha, J. K.), Kluwer, Dordrecht, The Netherlands,
1998, pp. 287–305.
Baldani, V. I. D. and Dobereiner, J., Host-plant specificity in the
infection of cereals with Azospirillum spp. Soil Biol. Biochem.,
1980, 12, 433–439.
Ladha, J. K., Barraquio, W. L. and Watanable, I., Immunological
techniques for identifying Azospirillum associated with wetland
rice. Can. J. Microbiol., 1982, 28, 478–485.
Pereira, J. A. R., Cavalcante, V. A., Baldani, J. I. and Dobereiner, J., Field inoculation of sorghum and rice with Azospirillum spp. and Herbaspirillum seropedicae. Plant Sci., 1988, 110,
269–274.
Christiansen-Weniger, C., Ammonium-excreting Azospirillum
brasilense C3: GUSA-inhabiting induced root tumors along stem
and roots of rice. Soil Biol. Biochem., 1997, 29, 943–950.
Fujii, T. et al., Effect of inoculation with Klebsiella oxytoca and
Enterobacter cloacae on dinitrogen fixation by rice–bacteria
associations. Plant Soil, 1987, 103, 221–226.
Oyaizu-Masuchi, Y. and Komagata, K., Isolation of free-living
nitrogen-fixing bacteria from the rhizosphere of rice. J. Gen.
Appl. Microbiol., 1988, 34, 127–164.
Vermeiren, H., Willems, A., Schoofs, G., de Mot, R., Keijers, V.,
Hai, W. and Vanderleyden, J., The rice inoculants strain Alcaligenes faecalis A 15 is a nitrogen-fixing Pseudomonas stutzeri.
Syst. Appl. Microbiol., 1999, 22, 215–224.
You, C. and Zhou, F., Non-nodular endorhizospheric nitrogen
fixation in wetland rice. Can. J. Microbiol., 1989, 35, 403–408.
You, C. B., Song, W., Wang, H. X., Li, J. P., Lin, M. and Hai,
W. L., Association of Alcaligenes faecalis with wetland rice.
Plant Soil, 1991, 137, 81–85.
You, C. B., Lin, M., Fang, J. and Song, W., Attachment of Alcaligenes to rice roots. Soil Biol. Biochem., 1995, 27, 463–466.
Sprent, J. I. and James, E. K., N2-fixation by endophytic bacteria:
questions of entry and operation. In Azospirillum VI and Related
Microorganisms (eds Fendrik, I. et al.), Springer-Verlag, Berlin,
1995, pp. 15–30.
Reinhold-Hurek, B. and Hurek, T., Interactions of gramineous
plants with Azoarcus spp. and other diazotrophs: identification,
localization, and perspectives to study their function. Crit. Rev.
Plant Sci., 1998, 17, 29–54.
Ureda, T., Suga, Y., Yahiro, N. and Matsuguchi, T., Remarkable
N2-fixing bacterial diversity detected in rice roots by molecular
evolutionary analysis of nifH gene sequences. J. Bacteriol.,
1995, 177, 1414–1417.
Hurek, T. et al., Novel nitrogen-fixing bacteria associated with
the root interior of rice. In The Quest for Nitrogen Fixation in

CURRENT SCIENCE, VOL. 104, NO. 3, 10 FEBRUARY 2013

75.

76.

77.

78.

79.

80.

81.

82.

83.

84.

85.

86.

87.

88.

89.

90.

91.

Rice (eds Ladha, J. K. and Reddy, P. M.), Proceedings of the
Third Working Group Meeting of Assessing Opportunities for
Nitrogen Fixation in Rice, 9–12 August 1999, IRRI, Manila,
Philippines, 2000, pp. 41–62.
Hurek, T., Egener, T. and Reinhold-Hurek, B., Divergence in
nitrogenases of Azoarcus spp., Proteobacteria of the β subclass.
J. Bacteriol., 1997, 179, 4172–4178.
Achouak, W., Heulin, T., Villemin, G. and Balanclreatt, J., Root
colonization by symplasmata forming Enterobacter agglomerans. FEMS Microbiol. Ecol., 1994, 13, 287–294.
Quadt-Hallmann, A. and Kloepper, J. W., Immunological detection and localization of the cotton endophyte Enterobacter
asburiae JM 22 in different plant species. Can. J. Microbiol.,
1996, 42, 1144–1154.
Yanni, Y. G. et al., Natural endophytic association between
Rhizobium leguminosarum bv. trifolii and rice roots and assessment of its potential to promote rice growth. Plant Soil, 1997,
194, 99–114.
Hallmann, J., Quadt-Hallman, A., Mahaffee, W. F. and Kloepper,
J. W., Bacterial endophytes in agricultural crops. Can. J. Microbiol., 1997, 43, 895–914.
Mukhopadhyay, K., Garrison, N. K., Hinton, D. M., Bacon, C.
W., Khush, G. S., Peck, H. D. and Dutta, N., Identification and
characterization of bacterial endophytes of rice. Mycopathologia,
1996, 134, 151–159.
Olivares, F. L., James, E. K., Baldani, J. I. and Dobereiner, J.,
Infection of mottled stripe disease susceptible and resistant sugar
cane varieties by the endophytic diazotroph Herbaspirillum. New
Phytol., 1987, 135, 723–737.
James, E. K., Olivares, F. L., Baldani, J. I. and Dobereiner, J.,
Herbaspirillum, an endophytic diazotrophs colonizing vascular
tissue in leaves of Sorghum bicolour L. Moench. J. Exp. Bot.,
1997, 48, 785–797.
Bennet, J. and Ladha, J. K., Feasibility of nodulation and nitrogen fixation in rice. In Nodulation and Nitrogen Fixation in
Rice – Potential and Prospects (eds Khush, G. S. and Bennet, J.),
IRRI, Manila, Philippines, 1992, pp. 1–14.
Bender, G. L., Preston, L., Barnard, D. and Rolfe, B. G., Formation of nodule-like structures on roots of non-legumes rice and
wheat. In Nitrogen Fixation: Achievements and Objectives
(eds Gresshof, P. M. et al.), Chapman and Hall, London, 1990,
p. 825.
Jing, Y., Li, G. and Shan, X., Development of nodule-like structure in rice roots. In Nodulation and Nitrogen Fixation in Rice
(eds Khush, G. S. and Benett, J.), IRRI, Philippines, 1992,
pp. 123–126.
Li, G., Jing, Y., Shan, X., Wang, H. and Guan, C., Identification
of rice nodules that contain Rhizobium bacteria. Chin. J. Bot.,
1991, 3, 8–17.
de Bruijn, F. J., Jing, Y. and Dazzo, F. B., Potential and pitfalls
of trying to extend symbiotic interactions of nitrogen-fixing
organisms to presently non-nodulated plants, such as rice. Plant
Soil, 1995, 174, 225–240.
Al-Mallah, M. K., Davey, M. R. and Cocking, E. C., Formation
of nodular structures in rice seedlings by rhizobia. J. Exp. Bot.,
1989, 40, 473–478.
Saikia, S. P. and Jain, V., Biological nitrogen fixation with nonlegumes: an achievable target or a dogma? Curr. Sci., 2007, 92,
317–322.
Khan, A. G. and Belik, M., Occurrence and ecological significance of mycorrhizal symbiosis in aquatic plants. In Mycorrhiza
(eds Verma, A. and Hock, B.), Springer-Verlag, UK, 1995,
pp. 627–666.
Denarie, J., Debelle, E. and Prome, J. C., Rhizobium lipo-chitooligisaccharide nodulation factors: signaling molecules mediating recognition and morphogenesis. Annu. Rev. Biochem., 1996,
65, 503–535.
333

REVIEW ARTICLE
92. Long, S. R., Rhizobium symbiosis: Nod factors in perspective.
Plant Cell, 1996, 8, 1885–1896.
93. Reddy, P. M. et al., Realizing the genetic predisposition of rice
for symbiotic nitrogen fixation. In The Quest for Nitrogen Fixation in Rice (eds Ladha, J. K. and Reddy, P. M.), Proceedings of
the Third Working Group Meeting of Assessing Opportunities
for Nitrogen Fixation in Rice, 9–12 August 1999, IRRI, Manila,
Philippines, 2000, pp. 241–261.
94. Albrecht, C., Guerts, R., Lapeyrie, F. and Bisseling, T., Endomycorrhizae and rhizobal Nod factors both require SYM8 to induce
the expression of the early nodulin genes Ps ENOD5 and
PsENOD12A. Plant J., 1998, 15, 605–614.
95. Gianinzzi-Pearson, V., Plant cell responses to arbuscular mycorrhizal fungi: getting to the roots of symbiosis. Plant Cell, 1996,
8, 1899–1913.
96. Gianinazzi-Pearson, V. and Denarie, J., Red carpet genetic programmes for root endosymbiosis. Trends Plant Sci., 1997, 2,
371–372.
97. Albrecht, C., Guerts, R. and Bisseling, T., Legume nodulation
and mycorrhizae formation: two extremes in host specificity
meet. EMBO J., 1999, 18, 281–288.
98. van Rhijn, P. et al., Expression of early nodulin genes in alfalfa
mycorrhizae indicates that signal transduction pathways used in
forming arbuscular mycorrhizae and Rhizobium-induced nodules
may be conserved. Proc. Natl. Acad. Sci. USA, 1997, 94, 5467–
5472.
99. Dey, M., Datta, S. K., Torrizo, L. B., Reddy, P. M., Ladha, J. K.,
Day, B. and Stacey, G., Integration into rice of a soybean apyrase
gene prospect to play a central role in nodulation. Rice Gen.
Newsl., 2002, 14, 98–102.
100. Mylona, P., Pawlowski, K. and Bisseling, T., Symbiotic nitrogen
fixation. Plant Cell, 1995, 7, 369–885.
101. Carol, R. A., Erick, O. J., Davy, J. L., Elezabeth, S. D. and Peacock, W. J., A new haemoglobin gene from soyabean – a role of
haemoglobin in all plants. Proc. Natl. Acad. Sci. USA, 1996, 93,
5682–5687.
102. Parakaran, J., BNF rice: the choice of new generations. In Proceedings of the Plant Genetic Seminar on Nitrogen Fixation,
University of Wisconsin at Madison, Wisconsin, USA, 1997.
103. Schelgel, H. G., General Microbiology, Cambridge University
Press, UK, 1993, p. 445.
104. Burris, R. H., Retrospective on biological nitrogen fixation. In
The Quest for Nitrogen Fixation in Rice (eds Ladha, J. K. and
Reddy, P. M.), Proceedings of the Third Working Group Meeting
of Assessing Opportunities for Nitrogen Fixation in Rice, 9–12
August 1999, IRRI, Manila, Philippines, 2000, p. 354.
105. Dixon, R., Cheng, Q., Shen, G. F., Day, A. and Dowson, D. M.,
nif gene transfer and expression in chloroplasts: prospects and
problems. Plant Soil, 1997, 194, 193–203.

334

106. Dixon, R., Cheng, Q. and Day, A., Prospects for constructing
nitrogen-fixing cereals. In The Quest for Nitrogen Fixation in
Rice (eds Ladha, J. K. and Reddy, P. M.), Proceedings of the
Third Working Group Meeting of Assessing Opportunities for
Nitrogen Fixation in Rice, 9–12 August 1999, IRRI, Philippines,
2000, pp. 327–336.
107. Kohli, A., Leech, M., Vain, P., Laurie, D. A. and Christon, P.,
Transgenic organization in rice engineered through direct DNA
transfer supports a two phase integration mechanism mediated by
establishment of integration hot spots. Proc. Natl. Acd. Sci. USA,
1998, 95, 7203–7208.
108. Agarwal, P. K., Christou, P., Sridhar, R. and Kohli, A., Clean
DNA transformations: co-integration, co-transformation, coexpression, level of expression, inheritance and stability of five
minimal transgene cassettes in rice. In Proceeding of 8th National Rice Biotechnology Network Meeting, Aurangabad, 21–25
October 2001, pp. 17–27.
109. Gallon, J., Reconciling the incompatible: nitrogen fixation and
oxygen. New Phytol., 1992, 122, 571–609.
110. Danon, A. and Mayfield, S. P., Light-regulated translation of
chloroplast messenger RNAs through redox potential. Science,
1994, 266, 1717–1719.
111. Thorneley, R. N. F. and Ashby, G. A., Oxidation of nitrogenase
iron protein by dioxygen without inactivation could contribute to
high respiration rates of Azotobacter species and facilitate nitrogen fixation in other aerobic environments. Biochem. J., 1989,
261, 181–187.
112. Ribbe, M., Gadkari, D. and Meyer, O., N2 fixation by Streptomyces thermoautotrophicus involves a molybdenum-dinitrogrnase
and a manganese-superoxide oxidoreductase that couple N2
reduction to the oxidation of superoxide produced from O2 by a
molybdenum – CO dehydrogenase. J. Biol. Chem., 1997, 227,
26627–26633.
113. Bowsher, C., Telow, I., Lacey, A., Hanke, G. and Emes, M.,
Integration of metabolism in non-photosynthetic plastids of
higher plants. C. R. Acad. Sci., 1996, 319, 853–860.
114. Britto, D. T. and Kronzucker, J., Bioengineering nitrogen acquisition in rice: can novel initiatives in rice genomics and physiology contribute to global food security? Bioessays., 2004, 26,
683–692.
115. Jha, M. N. and Misra, S. K., Transgenic diazotrophs: Indian perspective. Indian J. Biotechnol., 2004, 3, 502–510.
116. Ladha, J. K., de Bruijn, F. J. and Malik, K. A., Introduction:
assessing opportunities for nitrogen fixation in rice – a frontier
project. Plant Soil, 1997, 194, 1–10.

Received 18 June 2012; accepted 30 November 2012

CURRENT SCIENCE, VOL. 104, NO. 3, 10 FEBRUARY 2013

