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Nitrogen is generally considered one of the major limiting nutrients in plant
growth. The biological process responsible for reduction of molecular nitrogen into
ammonia is referred to as nitrogen fixation. A wide diversity of nitrogen-fixing bacterial
species belonging to most phyla of the Bacteria domain has the capacity to colonize the
rhizosphere and to interact with plants. Leguminous and actinorhizal plants can obtain
their nitrogen by association with rhizobia or Frankia via differentiation on their
respective host plants of a specialized organ, the root nodule. Other symbiotic associations
involve heterocystous cyanobacteria, while increasing numbers of nitrogen-fixing species
have been identified as colonizing the root surface and, in some cases, the root interior
(Nitrogen fixing endophytes) of a variety of cereal crops and pasture grasses. Bacterial
mechanisms of plant growth promotion include biological nitrogen fixation (BNF),
synthesis of phytohormones, environmental stress relief, inhibition of plant ethylene
synthesis, as well as increasing availability of nutrients like iron through production of
siderophores.

Key words: Biofertilizers, Nitrogen, Rhizobium, Actinorhizal plants, Siderophores.

Bio-fertilizers are products containing
living cells of different types of microorganisms
which when, applied to seed, plant surface or soil,
colonize the rhizosphere or the interior of the
plant and promotes growth by converting
nutritionally important elements (nitrogen,
phosphorus) from unavailable to available form
through biological process such as nitrogen
fixation and solubilization of rock phosphate1.
These potential biological fertilizers would play
key role in productivity and sustainability of soil
and also protect the environment as eco-friendly
and cost effective inputs for the farmers2.

Fixed nitrogen is a limiting nutrient in
most environments, with the main reserve of
nitrogen in the biosphere being molecular
nitrogen from the atmosphere. Molecular

nitrogen cannot be directly assimilated by plants,
but it becomes available through the biological
nitrogen fixation process that only prokaryotic
cells have developed. For many years, a limited
number of bacterial species were believed to be
nitrogen fixers3, but in the last 30 years nitrogen
fixation has been shown to be a property with
representatives in most of the phyla of Bacteria
and also in methanogenic Archaea4. The property
of symbiotically fixing nitrogen within nodules
of vascular plants is found in two major groups
of bacteria not phylogenetically related: rhizobia
(Alpha-proteobacteria) that associate essentially
with leguminous plants belonging to one
superfamily of angiosperms  (Fabaceae)5, and
Frankia (in Actinobacteria)that associate with a
broader spectrum of plants from eight families6.
Another important group of nitrogen-fixing
bacteria is that of the cyanobacteria, found in
association with a large variety of higher and
lower plants, fungi and algae7. Associative
symbiosis refers to a wide variety of nitrogen-
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fixing species that colonize the root surface of
non-leguminous plants, without formation of
differentiated structures8. Among these, the
frequent isolation of bacteria from surface-
sterilized root led to identification of a new
category, nitrogenfixing endophytes9.
The nitrogen fixation process

Enzymatic conversion of molecular
nitrogen to ammonia is catalyzed by nitrogenase,
an oxygen labile enzyme complex highly
conserved in free living and symbiotic
diazotrophs. The most common form of
nitrogenase, referred to as Mo-nitrogenase or
conventional nitrogenase, contains a prosthetic
group with molybdenum, FeMoCo(Iron-
Molybdenum-Cobalt group). Some bacteria, such
as Azotobacter and several photosynthetic
nitrogen fixers (including some cyanobacteria),
carry additional forms of nitrogenase whose
cofactor contains vanadium (V-nitrogenase) or

only iron (Fe-nitrogenase)10. The nitrogenase
enzyme, which has been purified from different
sources, is composed of two metalloproteins.
Component 1, also designated Mo-Fe protein, is
a tetramer of 220,000 Da composed of two non-
identical subunits α and β, while component 2,
also designated Fe protein, is a dimer of 68,000
Da formed by identical subunits (Fig. 1). Two
FeMoCo are bound to α subunits of the MoFe
protein. In addition, there are two other prosthetic
groups containing 4Fe- 4S clusters. ‘P-clusters’
are covalently bound to cysteine residues of MoFe
protein bridging α and β subunits. The third type
of Fe-S group is linked to the Fe protein11.
Nitrogen reduction is a very complex mechanism
not as yet fully elucidated. The result of net
reduction of molecular nitrogen to ammonia is
generally accounted for by the following equation:
N2 + 16 Mg-ATP + 8 e- + 8H+ = 2NH3 + H2 + 16 Mg-ADP + 16 Pi

Fig. 1. Nitrogen fixation by Nitrogenase complex (A) and mechanism of N2 conversion by component I (B)

Two metalloproteins i.e. larger Mo-Fe-
protein and smaller Fe-protein components are
involved in N2 fixation. Fe-protein interacts with
ATP and Mg++, and receive electron from
ferredoxin or flavodoxin when it is oxidized. Mo-
Fe-protein of nitrogenase complex combines with
the reducible substrates i.e. N2 and yields two
molecules of NH3(Fig. 2). It appears that N2 is
reduced step-wise without breaking N-N bond
until the final reduction and production of
ammonia is accomplished. Finally two molecules
of NH3 are released from the enzyme. Finally,
electron is transferred to oxidize Mo-Fe-protein
which becomes reduced and Fe-protein is
oxidized. It is the reduced form of Mo-Fe-protein
which combines with N2 and other substrates to

result in NH3 and other various products with
respect to substrate. H2 produced during this
reaction is further utilized by some
microorganisms which possess hydrogenase12.
Reutilization of H2 increases nitrogenase activity
by protecting it from inhibition of H2. Ammonia
is further synthesized into a number of metabolic
products in microbial cells, however, ammonia
is not accumulated in the cell, although a few
species may create it; rather it is incorporated
into organic forms by combining with an organic
acid (a -keto-glutaric acid) to give rise to amino
acid e.g. glutamic acid. The ammonia may also
combine with organic molecules to yield alanin
or glutamine.
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Nitrogen fixing biofertilizers
Biological nitrogen fixation is one way

of converting elemental nitrogen into plant usable
form14. Nitrogen-fixing bacteria (NFB) that
function transform inert atmospheric N2 to
organic compounds15. Nitrogen fixer or N fixers
organism are used in biofertilizer as a living
fertilizer composed of microbial inoculants or
groups of microorganisms which are able to fix
atmospheric nitrogen. They are grouped into free-
living bacteria (Azotobacter and Azospirillium)
and the blue green algae and symbionts such as
Rhizobium, Frankia and Azolla16. The list of N2-
fixing bacteria associated with nonlegumes
includes species of Achromobacter, Alcaligenes,
Arthrobacter, Acetobacter, Azomonas,
Beijerinckia, Bacillus, Clostridium,
Enterobacter, Erwinia, Derxia, Desulfovibrio,
Corynebacterium, campylobacter,
Herbaspirillum, Klebsiella, Lignobacter,
Mycobacterium, Rhodospirillum, Rhodo-
pseudomonas, Xanthobacter, Mycobacterium
and Methylosinus17. Although many genera and
species of N2-fixing bacteria are isolated from

the rhizosphere of various cereals, mainly
members of Azotobacter and Azospirillum
genera have been widely tested to increase yield
of cereals and legumes under field condition.
Nitrogen fixing biofertilizers
Rhizobium

Belongs to family Rhizobiaceae,
symbiotic in nature, fix nitrogen 50-100 kg/ ha
with legumes only. It colonizes the roots of
specific legumes to form tumour like growths
called root nodules, which acts as factories of
ammonia production. Rhizobium has ability to fix
atmospheric nitrogen in symbiotic association
with legumes and certain non-legumes like
Parasponia. Based on cross-inoculation studies,
six species of Rhizobium are defined according
to the legume host(s) which theynodulate (Table
1). A cross-inoculation group refers to a
collection of leguminous species that develop
nodules on any member of that particular plant
group. Therefore, a single cross inoculation group
ideally includes almost all host species which are
infected by an individual bacterial strain18.

Fig. 2. Mechanism of electron flow during N2 (and other substrates) reduction

Table 1. Species of Rhizobium and cross inoculation groups of host plants18

Rhizobium sp. Host genera Cross inoculation

R. japonicum Glycine Soybean groups
R. leguminosarum Pisum, Lathyrus, Vicia, Lens Pea group
R. lupini Lupinus, Ornithopus Lupin group
R. meliloti Melilotus, Medicago, Trigonella Alfalfa group
R. phaseolus  Phaseolus Bean group
R. trifolii Trifolium Clover group
Other species of Rhizobium A rack is, Crotalaria, Vigna, Pueraria Cowpea group

Azospirillum
Belongs to family Spirilaceae,

heterotrophic and associative in nature. In addition

to their nitrogen fixing ability of about 20-40 kg/
ha, they also produce growth regulating
substances. Although there are many species under
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this genus like, A.amazonense,
A.halopraeferens, A.brasilense, but, worldwide
distribution and benefits of inoculation have been
proved mainly with the A.lipoferum and
A.brasilense. The Azospirillum form associative
symbiosis with many plants particularly with those
having the C4-dicarboxyliac path way of
photosynthesis (Hatch and Slack pathway),
because they grow and fix nitrogen on salts of
organic acids such as malic, aspartic acid. Thus it
is mainly recommended for maize, sugarcane,
sorghum, pearl millet etc. The Azotobacter
colonizing the roots not only remains on the root
surface but also a sizable proportion of them
penetrates into the root tissues and lives in
harmony with the plants. They do not, however,
produce any visible nodules or out growth on root
tissue.
Azotobacter

Belongs to family Azotobacteriaceae,
aerobic, free living, and heterotrophic in nature.
Azotobacters are present in neutral or alkaline
soils and A. chroococcum is the most commonly
occurring species in arable soils. A. vinelandii,
A. beijerinckii, A. insignis and A. macrocytogenes
are other reported species. The number of
Azotobacter rarely exceeds of 104 to 105 g-1 of
soil due to lack of organic matter and presence
of antagonistic microorganisms in soil. The
bacterium produces anti-fungal antibiotics which
inhibits the growth of several pathogenic fungi in
the root region thereby preventing seedling
mortality to a certain extent. The occurrence of
this organism has been reported from the
rhizosphere of a number of crop plants such as
rice, maize, sugarcane, bajra, vegetables and
plantation crops.
Blue Green Algae (Cyanobacteria) and Azolla

These belongs to eight different
families, phototrophic in nature and produce
Auxin, Indole acetic acid and Gibberllic acid, fix
20-30 kg N/ha in submerged rice fields as they
are abundant in paddy, so also referred as ‘paddy
organisms’. N is the key input required in large
quantities for low land rice production. Soil N
and BNF by associated organisms are major
sources of N for low land rice. The 50-60% N
requirement is met through the combination of
mineralization of soil organic N and BNF by free
living and rice plant associated bacteria19. To

achieve food security through sustainable
agriculture, the requirement for fixed nitrogen
must be increasingly met by BNF rather than by
industrial nitrogen fixation. Most N fixing BGA
are filamentous, consisting of chain of vegetative
cells including specialized cells called heterocyst
which function as micro nodule for synthesis and
N fixing machinery. BGA forms symbiotic
association capable of fixing nitrogen with fungi,
liverworts, ferns and flowering plants, but the
most common symbiotic association has been
found between a free floating aquatic fern, the
Azolla and Anabaena azollae (BGA). The
important factor in using Azolla as biofertilizer
for rice crop is its quick decomposition in the
soil and efficient availability of its nitrogen to
rice plants. Besides N-fixation, these
biofertilizers or biomanures also contribute
significant amounts of P, K, S, Zn, Fe, Mb and
other micronutrient. Azolla can be applied as
green manure by incorporating in the fields prior
to rice planting. The most common species
occurring in India is A. pinnata and same can be
propagated on commercial scale by vegetative
means.
Nitrogen-fixing endophytes

An increasing number of reports
describe the occurrence of nitrogen-fixing
bacteria within plant tissues of a host plant that
does not show diseases symptoms,with the most
studied genera being Azoarcus sp,
Gluconacetobacter and Herbaspirillum20.
Endophytes multiply and spread within plant
tissues without causing damage. Early steps in
infection may be similar to those reported with
rhizospheric bacteria, initially involving surface
colonization at the site of emergence of root
hairs21. In the case of Azoarcus, type IV pili were
found to be essential for that process and
hydrolytic enzymes, or endoglucanases, are
involved in tissue penetration22. The concentration
of bacteria recovered after sterilization of the
root system can reach up to 108 CFU per g of dry
weight. Another characteristic is systemic
spreading of bacteria, which can be found in plant
xylem vessels and in shoots, as described in the
case of sugar cane infection with G.
diazotrophicus23 and in the case of infection of
the C4- gramineous plant Miscanthus sinensis by
H. frisingense24.
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Rhizobium-legume symbiosis
Host plants

Many leguminous plant species can enter
into a symbiotic relationship with root-nodule
bacteria, collectively referred to as rhizobia.
Traditionally, three main subfamilies (family
Leguminosae) are distinguished: Caesalpinoidae,
Mimosoidae and Papilionidae. The
Caesalpinoidae has very few nodulating members,
whereas most of the important agricultural crops
are members of the Papilionidae. Mimosoidae has
recently received attention, since, in many cases,
bacteria recovered from their nodules belong to
the beta subclass of Proteobacteria25. Only one
non-legume, the woody plant Parasponia sp., can
be nodulated by rhizobia and utilize nitrogen fixed
by the bacteria26. The rhizobia are gram-negative
and belong to the large and important
Proteobacteria division. The alpha-
proteobacterial genera Agrobacterium,
Allorhizobium, Azorhizobium, Bradyrhizobium,
Mesorhizobium, Rhizobium, Sinorhizobium,
Devosia, Methylobacterium, Ochrobactrum and
Phyllobacterium all harbor nodule-forming
bacteria, and so do the beta-proteobacterial
Burkholderia and Cupriavidus27. The taxonomic
classification of rhizobia follows standard
procedures and is based on the phylogeny of
housekeeping genes and whole-genome
similarities28. Since nodulation functions did not
evolve until long after bacterial housekeeping
properties, it is thus not always possible to
distinguish nodule formers by their names.
Nodulation genes and nod factors

A common genetic determinant for
rhizobia is the presence of genes encoding
nodulation and nitrogen fixation functions (nod,
nol, noe, nif and fix genes). These genes are often
carried on plasmids or other accessory elements,
such as symbiotic islands, and properties encoded
by them can be easily lost or gained29. The nod,
nol and noe gene products are involved in
production of a nodulation signal, the Nod factor,
which is a lipo-chitooligosaccharide. Initiation of
nodule formation on compatible host plants
results from a molecular dialogue between the
host and the bacteria (Fig. 3)30. The host plants
produce flavonoids (and related secondary
metabolites) in the rhizosphere. These signals can
be perceived by a specific bacterial receptor,

NodD, which acts as a transcriptional activator
of other nodulation genes. The core of the Nod
factor molecule is encoded by canonical nodA,
nodB and nodC whereas, for example, nodFE are
involved in polyunsaturation of the fatty acyl group
attached to the core molecule31. Other nodulation
genes encode enzymes which add a variety of
substituents to the core, as in the case of Nod
factors produced by Azorhizobium
caulinodans32. The Nod factor acts as an elicitor
of root nodule formation by the plant by
triggering a developmental program leading to
construction of the root nodule and entry of
rhizobia into the nodule33. It is an important host
specificity determinant30 (Spaink,2000).
Recently, the Nod factor paradigm was challenged
by34, who discovered that certain photosynthetic,
stem- and root-nodulating bradyrhizobia do not
possess canonical nodABC genes but use other
mechanisms for signalling to the plant. Their
experiments led them to hypothesize that a purine
derivative might play a role in triggering nodule
formation instead of the Nod factor. This points
to the complexity of the symbiotic system and
shows that bacteria have employed diverse
strategies to gain entry into the roots.
The infection process and nodule
organogenesis

The rhizobial infection occurs via plant
root hairs which, prior to the infection process,
respond to the presence of compatible rhizobia
by deformation (shepherd’s crooks, cauliflower
structures, etc.). At the deformation stage, the
plant perceives the rhizobial signal and initiates a
developmental program aimed at formation of
symbiotically nitrogen-fixing nodules35. A set of
plant genes, initially called nodulins, is
specifically activated in response to nodulation
factor perception36. Calcium spiking is observed
in the early steps of root hair infection suggesting
that calcium plays a role of secondary messenger
in the infection process. Further steps in the
signalling cascade lead to induction of cortical
cell division37. A nodule meristem is thus formed
within the root while the rhizobia enter through a
plant-derived infection thread—a tube formed to
facilitate rhizobia entry to the deeper layers. The
infection threads grow transcellularly and finally,
rhizobia wrapped into a plant derived membrane,
now called symbiosome membrane, are delivered
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into plant cells (Fig. 3). Nodules are either of an
indeterminate type with an apical meristem, or
they are determinate, meaning that the peripherally
located meristem stops functioning after nodule
completion38. In some nodules, all plant cells are
infected with rhizobia, whereas in other nodule
types, there are interstitial cells without
symbiosomes. All mimosoid legumes and over
half of the papilionid legumes represent this latter
infection and nodulation type26. In their interesting
and speculative review, however, caesalpinoid
legumes, which are seldom nodulated, display

symbiosis in which the bacteria are retained
within infection threads throughout symbiosis.
Another evolutionarily interesting nodulation
mode is present in many agronomically important
crop plants as well, namely, infection through
cracks in the root (“crack entry”). This type is
represented in e.g. Lupinus and Arachis.
Interestingly, in the case of the aquatic legumes
(e.g. Sesbania rostrata) infection occurred
through root hair curling except under flooding
conditions where the mode of infection was by
crack entry39.

Fig. 3. Diagrammatic  Represent of Nodule Formation in a Legume,And the Life cycle of the Root nodule Bacteria
(Rhizobium sp.)

Nodule physiology
During nodule formation, host tissues

develop to form a specialized tissue that
maintains an environment in which nitrogen
fixation can occur40. In the nodule, specialized
organelle-like forms of bacteria called bacteroids
are engulfed in plant-derived membranes, forming
symbiosomes. The reduction in dinitrogen inside
the nodule requires energy, which is provided by
the plant. Photosynthate in the form of sucrose
is transported to the nodule, whereas dicarboxylic
acids further provide the bacteroids with carbon
and energy through the symbiosome membrane.
For generation of energy through respiration, a
high flux but a low internal concentration of
oxygen is achieved with the aid of leghemoglobin.
Ammonia produced in the bacteroid needs to be
transported to the plant through the symbiosome
membrane. In addition to ammonia, alanine is
transported. An amino acid flux back through the
symbiosome membrane has also been proposed
to be involved in the transport mechanism41.
Ammonia is further assimilated into glutamine

or asparagine in the plant cytosol. In determinate
nodules, these are further converted into ureides
in uninfected cells adjacent to the infected ones.
In indeterminate nodules, this does not occur, and
all plant cells are normally infected. The study of
symbiosome biochemistry is impaired by
technical difficulties involved when intact but
isolated symbiosomes are used.
Actinorhizalsymbiosis
Host plants

Actinorhizal plants represent about 200
species distributed among 24 genera in eight
angiosperm families42. Almost all genera are
nodulated by Frankia in the Casuarinaceae,
Coriariaceae, Eleagnaceae, Datisticaceae and
Myricaceae families, whereas nodulation occurs
occasionally in Betulaceae, Rhamnaceae and
Rosaceae43. All actinorhizal plants are woody trees
or shrubs except for Datisca, a genus of flowering
plants. The genus Frankia comprises high mol%
G+C Grampositive genera belonging to the family
Frankiaceae in the order Actinomycetales44.
Frankia is a filamentous bacterium forming



J PURE APPL MICROBIO, 9(2), JUNE 2015.

1681BHAT et al.:  NITROGEN FIXING BIOFERTILIZERS - A REVIEW

hyphal colonies without an aerial mycelium and
characterized by a slow growth rate. One striking
feature is its ability to differentiate two unique
developmental structures that are critical to its
survival: vesicles and spores (Fig. 4)45. Vesicles
are the site for actinorhizal nitrogen fixation,
while spores contained in multilocular sporangia
are the reproductive structures of Frankia.
Compared to that in rhizobia, the development of
molecular genetic tools in Frankia has been
difficult to implement mainly due to the relatively
slow growth rate of filamentous hyphae; in most
cases, genetic transformation, mutagenesis and
functional complementation failed to provide
conclusive results46. It was hypothesized that the
absence of DNA-mediated transformation could
result either from lack of gene expression, DNA
restriction or the use of an inappropriate replicon.
Hence, for some time, genetic analysis of Frankia
has been mainly based on gene cloning via
hybridization to genes from other organisms,
phylogenetic analyses of selected gene sequences
and isolation and characterization of plasmids47.
Infection process

Two modes of infection of actinorhizal
plants by Frankia have been described:
intracellular root hair infection and intercellular
root invasion48. Similarly to the situation
encountered in rhizobia, the mode of infection
depends on the host plant. Intracellular infection
via root hairs (e.g. of Casuarina, Alnus, Myrica)
starts with root hair curling following signal
exchange between Frankia and the host plant. The
signalling molecule pathway has not yet been
identified, despite investigations in several
laboratories49. However, preliminary
characterization of a Frankia molecule capable
of inducing root hair curling in host plants
indicates that it differs from Nod factors in
rhizobia50, consistent with the absence of nod
genes in Frankia genome. After invagination of
growing filaments of Frankia in the curled root
hairs, infection proceeds intracellularly in the root
cortex. Frankia hyphae become encapsulated by
a cell wall deposit that is believed to consist of
xylans, cellulose and pectins of host origin51. At
the same time, limited cell divisions occur in the
cortex near the invading root hair, leading to
formation of a small external protuberance called
the prenodule52. Infection threads consist of lines

of encapsulated Frankia hyphae progressing
intracellularly toward the mitotically active zone
and finally invading most cells of the prenodule.
As the prenodule develops, cell divisions are
induced in the pericycle located opposite the
protoxylem pole, giving rise to another nodule
primordium. In fact, actinorhizal prenodules do
not evolve into nodules and the distantly induced
primordium constitutes the nodule. The actual
function of the prenodule was investigated in
Casuarina glauca. A study of symbiosis- related
gene expression coupled with cellular
modification (cell wall lignification) indicated that
prenodules displayed the same characteristics as
nodules and hence could be considered very
simple symbiotic organs53. Thus, sequential
differentiation of prenodules and then nodules
constitutes a major difference from the situation
in legumes, where cortical cell divisions lead to
formation of a unique nodule primordium
evolving into a mature nodule. The prenodule
might thus be a parallel symbiotic organ of its
own or theremaining form of a common nodule
ancestor forlegumes and actinorhizal plants.
Prenodule formation does not occur in the
intercellular root invasion process (e.g. Discaria,
Ceanothus, Elaeagnus, Hyppophae). Frankia
hyphae penetrate between two adjacent rhizoderm
cells and progress apoplastically through cortical
cells within an electron-dense matrix secreted
into the intercellular spaces48. More recently, a
second level of compartmentalization was
described in Casuarina glauca nodules based on
accumulation of flavans, which occurs in
uninfected cells in the endodermis and cortex.
These cells form layers that delimit Frankia-
infected compartments in the nodule lobe and may
play a role in restricting bacterial infection to
certain zones of the nodule54. Molecular biology
and actinorhizal nodule and plant gene expression.
During differentiation of the actinorhizal nodule,
a set of genes called actinorhizal genes is activated
in the developing nodule. Heterologous probing
and differential screening of nodule cDNA
libraries with root and nodule-specific cDNA
resulted in isolation and characterization of more
than 25 nodule-specific or nodule-enhanced plant
genes in several actinorhizal plants, including
Alnus, Datisca, Eleagnus and Casuarina55. One of
the earliest symbiotic genes characterized thus
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far is cg12, which encodes a subtilisin-like
protease expressed in Frankiainfected root hairs
of C. glauca56. A homologue of the receptor-like
kinase gene SymRK found in legumes was also
recently shown to be necessary for actinorhizal
nodule formation in the tree Casuarina glauca57.
Recently emerging tools should contribute to
increasing our knowledge of the molecular
mechanisms of actinorhizal symbiosis over the
next few years. One is the development of the
first genomic platform for the study of plant gene
expression in actinorhizal symbiosis58. This was
recently applied to a C. glauca gene nodule

library and it revealed increased expression of
genes involved in primary metabolism, protein
synthesis, cell division and defense. The second
tool is the use of hairpin RNA to achieve post-
transcriptional gene silencing in C. glauca,
providing a versatile approach to assessing gene
function during the nodulation process induced
by Frankia59. Expressed sequence tags (ESTs) that
exhibit homology with the early symbiotic genes
DMI2 and DMI3

60 from legumes involved in the
Nod factor transduction pathway are currently
being characterized using this RNA interference
approach.

Fig. 4.  Frankia and actinorhizal nodules A. Frankia in pure culture; nitrogen-fixing vesicles (v) and sporangia (s) can
be observed. B. Actinorhizal multilobed nodules on the root system of the actinorhizal plant Allocasuarina verticillata.
C Pseudolongitudinal section of a nodular lobe from A. verticillata; the nitrogen-fixing zone contains large cells filled
with Frankia (f), and the infection zone (iz) is located in the apex of the nodular lobe

Cyanobacteria and symbiosis
Cyanobacteria are widely distributed in

aquatic and terrestrial environments. Long
regarded as algae because they performed
oxygenic photosynthesis, they are now classified
into the domain of Bacteria, in five Sections based
mostly on morphological criteria61. Indeed,
cyanobacteria constitute the largest and most
diverse group of Gram-negative prokaryotes.
While nitrogen fixation is found both in
unicellular and filamentous species, associations
with plants are essentially limited to

heterocystous cyanobacteria Nostocales,
primarily of the genus Nostoc and Anabaena.
Besides vascular plants, there exist a wide variety
of non-vascular lower plant belonging to
bryophytes, including liverworts and hornworts,
algae and fungi, which develop associations with
cyanobacteria, as well as many marine
eukaryotes62. We shall limit this review to
associations with gymnosperms (Cycads),
angiosperms (Gunnera) and pteridophytes
(Azolla).
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Differentiation of heterocysts, nitrogen-fixing
specialized cells

Some filamentous cyanobacteria are able
to differentiate specialized cells called
heterocysts under nitrogen limitation conditions
(Fig. 5). An anaerobic environment compatible
with the functioning of nitrogenase in heterocysts
is linked to formation of multilayered envelopes
external to the outer membrane, elimination of a
functional oxygen-producing photosystem II, and
additional changes in their physiology not detailed
here63. Nitrogen fixed by heterocysts is exported
to vegetative cells of the filaments; in return,
vegetative cells provide heterocysts with
carbohydrates derived from their photosynthetic
activity. This interdependence ensures filament
growth under conditions of nitrogen limitation.
Initial information on heterocyst differentiation
came essentially from the study of Anabaena sp.
strain PCC 7120, a strain not known to associate
with plants63. Heterocysts develop within about
24 h from vegetative cells located at semi-regular
intervals in the filaments (Fig. 5). The signalling
pathway that leads to initiation of heterocyst
differentiation at a particular location in the
filament is complex, and the number of genes
identified as being involved in the developmental
process is regularly increasing64. Two of them,
hetR and ntcA, have a critical function in initial
steps of heterocyst differentiation65, while patS
is involved in heterocyst spacing66. HetR is a
transcriptional regulator with autoprotease
activity, which functions as a master switch in
heterocyst differentiation. NtcA is a global
nitrogen regulator that belongs to the CRP (cAMP
receptor proteins) superfamily and which acts as
a sensor of nitrogen deprivation in response to
internal concentrations of 2-oxoglutarate. NtcA
plays a role in control of hetR expression under
N deprivation consistent with the fact that ntcA
mutants cannot form heterocysts. PatS is a small
diffusible peptide inhibitor of heterocyst
differentiation, probably by inhibiting the hetR
transcription activation function67. Thus, the
semiregular pattern of heterocyst formation may
derive from the autoregulatory activity of HetR
and diffusion of the PatS peptide68. HetN, a
protein similar to ketoacyl reductase, is also
thought to downregulate expression of hetR. The
percentage of heterocysts in filaments grown in

the free-living state is in the range of 5 to 10% of
cells, whereas it reaches 30 to 40% of cells within
the filaments hosted by the plant and, in the
particular case of Gunnera, up to 60–80%68. This
reflects a direct correlation between the
efficiency of nitrogen fixation and heterocyst
frequency. Whereas Anabaena azollae appears to
be an obligate symbiont, other symbiotic
cyanobacteria can be grown in free-living culture
and retain their ability to infect their host plant.
Thus, properties of mutants impaired in
heterocyst differentiation can be assayed in the
host plant. Mutants of ntcA, hetR and hetF have
been obtained in N. punctiforme strain PCC
92293, an isolate from Gunnera, which can also
infect Anthoceros punctatus. None could
differentiate heterocysts, similarly to what was
found with corresponding mutants of non-
symbiotic strain PCC 712069. Both hetF and hetR
mutants can infect A. punctatus with a frequency
similar to that of the wild type, but are unable to
support growth of the plant because of their
inability to develop heterocysts and fix
dinitrogen70. The ntcA mutant failed to infect
Anthoceros because it is also impaired in
formation of hormogonia, which is the “infection
unit”.

The genus Azolla includes seven species
that have been grouped into two sections, Euazolla
and Rhizosperma, based on the structure of their
sporocarps. A view of Azollapinnata is shown in
Fig. 5c. Symbiosis between the aquatic fern
Azolla and A. azollae is of particular interest
because it is the only plant-prokaryote symbiosis
known to persist throughout the reproductive
cycle of the host plant71. During vegetative growth,
the symbiont is located in a distinct leaf cavity at
the base of the dorsal lobe of the leaves (Fig. 5).
Vegetative maintenance of the association
depends on retention of A. azollae filaments,
morphologically similar to hormogonia, at the
apical meristem of fronds. The directed
movement of the cyanobacterium within the host
is accomplished by specialized plant epidermal
trichomes. It has been hypothesized that the
specific surface properties of hormogonia, which
differ from those of vegetative filaments, enable
recognition by trichomes, so that only generative
hormogonium cells serve as inocula for new
cavities developing at the apex of the frond. The
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leaf cavity of Azolla can also host other bacteria
together with the symbiotic Anabaena; the
function of these bacteria remains unknown. The
cavity is surrounded by mucilage and completely
lined by an envelope. As leaf maturation occurs,
the non-heterocystous hormogonium of the
youngest leaves develop into heterocystous
filaments located at the periphery of the cavity.
Finally, the symbiotic cavities respond to the

presence of cyanobacteria by elaborating long,
finger-like cells that may serve to increase the
surface area for nutrient exchange. Nitrogen is
released from the cyanobiont almost exclusively
as NH4

+. During sexual reproduction, the
cyanobiont colony survives in the indusium cap
of the megaspore. In Azolla, deoxyanthocyanins
produced by the aquatic fern also contribute to
induction of hrmA expression72.

Fig. 5. Free-living Anabaena and Azolla A Free-living Anabaena strain cultured in medium deprived of nitrogen;
heterocysts (h) can be observed among vegetative cells (v). B Frond of Azolla pinnata digested by cellulose and
pectinase; cavities (c) filled with symbiotic Anabaena azollae are visible. C Frond of A. pinnata.

Mechanisms for plant growth promotion
Phytohormones

Plant growth regulators participate in the
growth and development of cells, tissues, organs,
and in fact the entire plant. These compounds are
active in plants in very minute amounts and their
synthesis is extremely regulated. Plants not only
produce phytohormones but also, numerous plant
associated bacteria both beneficial and harmful,
produce one or more of these substances73.
Among the PGPR species, Azospirillum is well
known for its ability to excrete phytohormones
such as gibberellins74, cytokinins 75 and auxins76.
Many studies suggest the involvement of indole-
3-acetic acid (IAA), produced by Azospirillum,

in morphological and physiological changes of
the inoculated plant roots (Tien et al., 1979). It is
noteworthy that bacterial plant dependent
response induces IAA synthesis by Pantoea
agglomerans77, and also, greater auxin production
by rhizospheric strains of P. polymyxa than by
non-rhizospheric isolates. Differential behavior
of the isolates in relation to the proximity to plant
tissues could be linked to a great competitiveness
of the more actively phytohormone-synthesizing
strains. Inoculation experiments of single, or
mixtures of strains, previously isolated from
different distances from roots, could help in
determining this issue. Also, it would be exciting
to determine if the rhizosphere gradient of plant
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exudates participates in determining a differential
response in the bacterial synthesis and release of
phytohormones. The phytohormone-mediated
roles of bacterial ephyphitic communities on
plants are yet not clear. The future of biofertilizers
based on hormone-producing bacteria seems very
promising. Large numbers of experiments have
shown that bacterial participation raises the
phytohormone levels in plants. This may be via
bacterial synthesis or through bacterial induction
of plant hormone synthesis but both offer
economical and ecological advantages.
ACC deaminase activity

Ethylene exposition induces different
observable changes in plants, including reduction
in the growth rate78. This is especially true in
stressed dicot plants, since monocots are less
sensitive to ethylene79. It has been proposed that
PGPR may enhance plant growth by lowering the
plant ethylene levels80. In these cases, the
immediate precursor of ethylene is 1-
aminocyclopropane-1-carboxylate (ACC). This
compound is hydrolyzed by bacteria-expressing
ACC-deaminase activity. Ammonia and ±-
ketobutyrate, products of this hydrolysis, are used
by the ACC-degrading bacterium as nitrogen and
carbon sources81. Bacteria belonging to
phylogenetically distant genera such as
Alcaligenes sp., Bacillus pumilus, Pseudomonas
sp. and Variovorax paradoxus82as well as,
Azoarcus , Azorhizobium caulinodans,
Azospirillum spp., Gluconacetobacter
diazotrophicus, Herbaspirillum spp.,
Burkholderia vietnamiensis and others74 were
identified by their ability to grow on minimal
media containing ACC as sole nitrogen source.
Environmental stress relief

Several associations between plants and
beneficial bacteria show a protective response
under restrictive environmental conditions e.g
Wheat andfababeans subjected to saline stress
showed greater growth when inoculated with
Azospirillum, compared to non-inoculated
plants83. This favourable effect may be attributable
directly to bacteria or indirectly to the effect on
plant physiology. The production of microbial
metabolites like polysaccharides modifies the
soil structure, and has a positive effect on plants
grown in water stress. Growth parameters of
sunflower plants under water stress inoculated

with an exopolysaccharide (EPS)-producing
Rhizobium sp. were greater than in uninoculated
plants84. Promotion effect in wheat plants was also
observed after inoculation with an EPS-producing
Pantoea agglomerans isolate85. In wheat plants
inoculated with Paenibacillus polymyxa, the
aggregation of rhizospheric soil depended on a
bacterial polysaccharide that enlarged the amount
of soil adhering to roots86. Bacteria can also
stimulate the plant to turn on particular metabolic
activity like increasing its exudates, and
consequently, improve rhizospheric soil
qualities87. In the same way, inoculation of
Arabidopsis with P. polymyxa the water-stress
gene ERD15 is switched on88. Inoculated plants
show improved response against pathogenic
colonization and drought stress in comparison to
control plants. Hence it seems that inoculation
induces protection against biotic agents, and also
against abiotic ones. Overall, PGPR can protect
a plant, against aggressive environmental and
particularly hostile soil conditions through the
bacterial release of soil structure-improving
substances, and by inducing the plant to activate
stress responsive mechanisms. In hostile soils,
the uses of bacteria that allow plants to thrive are
probably the best option to obtain good yields at
lesser ecological costs.
Enhancing phosphorus availability for plant
growth

Phosphorus (P) is an essential plant
nutrient with low availability in many agricultural
soils. Today many agricultural soils have a high
total P content due to the application of P
fertilizers over long periods of time. On the other
hand, much of this P is in mineral forms and is
only slowly available to plants89. Most of the
insoluble P forms are present as aluminum and
iron phosphates in acid soils90 and calcium
phosphates in alkaline soils91. The ability of
rhizosphere bacteria to solubilize insoluble P
minerals has been attributed to their capacity to
reduce pH by the excretion of organic acids (e.g.
gluconate, citrate, lactate and succionate) and
protons (during the assimilation of NH4+) 90.
These bacteria have been  characterized as
members of the Bacillus,Burkholderia,
Enterobacter, Klebsiella, Kluyvera,
Streptomyces , Pantoea and Pseudomonas
genera92  in various studies of P solubilizing
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bacteria from different rhizospheric soils. These
microorganisms grow in media with tricalcium
phosphate or similar insoluble materials as the
only phosphate source and not only assimilate the
element, but also solubilize quantities in excess
of their nutritional demands, thereby making it
available for plants93.
Siderophore production

Iron is an essential growth element for
all living organisms. The scarcity of bioavailable
iron in soil habitats and on plant surfaces foments
a furious competition. Under iron-limiting
conditions PGPB produce low-molecular-weight
compounds called siderophores to competitively
acquire ferric ion. Siderophores (Greek: “iron
carrier”) are small, high-affinity iron chelating
compounds secreted by microorganisms such as
bacteria, fungi and grasses. Microbes release
siderophores to scavenge iron from these mineral
phases by formation of soluble Fe3+ complexes
that can be taken up by active transport
mechanisms94. Many siderophores are non-
ribosomal peptides, although several are
biosynthesised independently. Siderophores are
also important for some pathogenic bacteria for
their acquisition of iron. Siderophores are
amongst the strongest binders to Fe3+ known, with
enterobactin being one of the strongest of these.
Distribution of siderophoreproducing isolates
according to amplified ribosomal DNA
restriction analysis (ARDRA) groups, reveals that
most of the isolates belong to Gram- negative
bacteria corresponding to the Pseudomonas and
Enterobacter genera, and Bacillus and
Rhodococcus genera are the Gram-positive
bacteria found to produce siderophores

CONCLUSIONS

Nitrogenous biofertilizer help in
increasing crop productivity by way of increased
BNF, increased availability or uptake of nutrients
or increased absorption and stimulation of plant
growth through hormonal action or antibiosis, or
by decomposition of organic residues.
Furthermore, nitrogenous biofertilizers as to
replace part of the use of chemical N-fertilizers
reduces amount and cost of chemical N-fertilizers
and thus prevents the environment pollution from
extensive application of these fertilizers. With

using the biological and organic fertilizers, a low
input system can be carried out, and it can help in
achieving sustainability of farms.
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