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Abstract: Rhizobacteria can fix N, in association with rice roots externally and internally and this fixed N, 1s
being utilized by the host plant. Nitrogen fixation and plant growth promotion by rhizobacteria might be
important factors in achieving a sustainable rice production in the future. Attempt has been made to review
recent research findings related to N, fixation in rice by associative rhizobacteria and summarized thoroughly
for a new research arena. The findings revealed that rhizobacteria are potential inocula for N, fixation and
utilization in rice and other non-legumineous like banana. The fixed N, is converted to NH," ion in the cytoplasm
of bacteria and excreted to the host cytoplasm through down hill process. This release can be inhibited by the
presence of ambient NH,". Most of the rhizospheric fixed N, are being utilized after mineralization of bacterial
dead body. Future research should not ignore the potential of improving rice production through endophytic
rhizobial inoculation via mechanisms that involve Biological Nitrogen Fixation (BNF) process.
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INTRODUCTION

Nitrogen is one of the most important nutrient inputs
limiting rice production as it suffer from a mismatch in
plant N demand and fertilizer-N supply, which often
results in a 50-70% loss to the environment (Tadha et al.,
1997). One of the important approaches to solve the
problems 15 to increase the ability of the mce plantto
utilize N from a continuous supply. This might be possible
from fixed N, by rice plants through BNF process. This
approach 1s very important for high productivity of rice
especially for modern rice varieties where N-demand is
very high. Biofertilizer, an alternative source of chemaical
fertilizer is microbial inocula can ensure a plenty
environmental benefits as well as helps resource-poor
farmers for rice cultivation. Inoculation of associative and
free-living N,-fixing bacteria have been shown to produce
beneficial effects on plant growth, thus they are termed
Plant Growth Promoting Rhizobacteria (PGPR) also as
bioenhancer and biofertiizer (Kloepper et al., 1980;
Bashan and Holguin, 1998; Shamsuddin et al., 1999).
Significant increases in crop yields following application
of PGPR have been recorded under diversified controlled
and field conditions (Bashan, 1998; Mia ef ai., 2005).
They have been widely reported to fix atmospheric
N, with grasses, cereals and bananas (Dobereiner, 1997,
Mia et al, 2007) and enhance nutrient uptake and

drought resistance (Arzanesh ef al., 2009; Kapulmk, 1991,
Bashan and Holguin, 1997, Sheng, 2005; Mia et al.,
2009). However, their success is much vulnerable to
environmental and edaphic factors as compared to the
Rhizobium-legume symbiotic association. Of the various
naturally occurring N,-fixing plant-microbe associations,
the symbiosis between rhizobia and legume plants is the
best understood scientifically. Moreover, this association
1s also the most successful m agriculture system which,
providing fixed N, for many of the world’s major legume
CIOp species.

Rhizobium-nonlegume interactions in recent time
have created an interesting avenue for exploring new
opportunity for fixing nitrogen in rice. This approach has
also been created an opportunity for manipulating of
N,-fixing gene into rice system with rice-rhuzobia
symbiosis system. Recent advances in accepting
symbiotic at the molecular level and the ability to
manipulate genes in the rice for fixing N, have created
tremendous opportunities. It 1s found that the benefits of
this association which leads to greater production of
vegetative and reproductive biomass was more likely due
to thizobial modulation of the plant root architecture,
enhanced root hair for absorbing plant nutrients
efficiently rather than BNF per se (Mia and Shamsuddin,
2009; Sheng and Huang, 2001; Yanni et al., 2001). A
significant increase in biomass and grain vield was also
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Fig. 1. Formation of more root hair of rice seedlings due to inoculation of Riizobium sp. (a) inoculated with Rhiizobium

and (b) un-inoculated cintrol

Table 1: Initiation of root hair in lowland rice variety MR219 as influenced by rhizobacterial inoculation

Initiation of root hair

Initiation of lateral roots Occurrence of root hair

Treatments (hour after inoculation) (hour after inoculation) after 96 h of inoculation
Control 72 96 -
UPMR2% (Rhizobitm sp.) 72 96 ++
UPMRAR(RAizobivm sp. 48 72 ++
SB13 (Borkholderica sp.) 72 72 +
SB35 (Corynebacterium sp.) 48 96 -
SB41 (Corynebacterium sp.) 48 72 -

+: Presence of root hairs, -: Absence of root hairs. Source: Mia and Shamsuddin (2009)

recorded in greenhouse-grown rice plants inoculated with
these isolates (Singh et al., 2006, Mia and Shamsuddin,
2010). The previous studies of PGPR moculation in
bananas also showed similar beneficial effects namely
growth nutrient uptale, vield and firuit quality (Mia et al.,
2000, 2005). An expermment was conducted under
laboratory condition and the results showed that
Rhizobium inoculation enhanced the seed germination
capacity, seedling vigor in lowland rice. It was also
observed that inoculation significantly imtiated and
persisted more root hairs i germinated rice seeds
(Fig. 1a, b, Table 1) (Mia and Shamsuddin, 2009).

This type of new mformation has stunulated rice
scientists on the current research topic and encouraged
to 1solate rluzobial strains which are better adapted for
rice colomzation. Recent research has identified the
existence of true rhizobial endophytes of rice plants
(Singh et al., 2006).

The bacteroids of nodule in legume-Rhizobium
symbiosis system are the site of biochemical pathways
which takes place during N,-fixation. They are solely
dependent on the host plant for thewr energy
requirements. Besides the bioenhancing activities, N,
fixation by associative, endophytic or rhizospheric
bacteria they released the N-product to the host plant
which is important for a successful biofertilizer
technology in rice cultivation system. Numerous research
works have been done by rhizobacterial moculation on
different aspect of research area. However, the main
beneficial effects which originated from N, fixation
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transport of fixed N, to the host plant and this subsequent
implication remains to be elucidated. Here, attempts have
been taken to summarize current information on the N,
fixation of rhizobacteria mn association with rice and their
transportation unlike Rhizobium-legume symbiosis.

Colonization of bacteria with host roots: For a positive
interaction between PGPR and rice the bacteria must come
into contact with the roots for a successful colomzation.
Without a good and secure attachment the beneficial
rhizobacteria can not perform positive effects. Root
colonization of beneficial microbs is always considered a
major factor i successful inoculation of plants by
bacteria (Suslow, 1982) which is commonly known to
function m four stages: (1) primarily the movement of
microbes to the plant root surface. Which either can be
passive, through soil water fluxes, or active, via specific
induction  of flagellar activity by plant-released
compounds generally termed as chemotaxis. Secondly
bacterial adsorption to the root swface. Following
adsorption and anchoring, specific and/or complex
interaction between the bacterium and the host plant
may ensue, which lead to induction of bacterial gene
activity (Brimecombe et al., 2001). Majority of the PGPR-
nonlegume association bacteria form colomes the root
superficially and few cases extent internally (Gallo and
Fendrik, 1994; Mia et al., 1999). Bacterial movement can
play sigmficant role in the survivility of bacteria in the soil
and rhizosphere where attachment is also very important
for beneficial effects (Tumbull ez ai., 2001).
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In rice, the Rhizobium can be colonize externally, i.e.,
on the root surface and internally almost in the apoplastic
region. It 1s difficult to mvade Rhizobium mto the
cytoplasm though plsmamembrane as the membrane pore
size 18 smaller than bacterial size. Anyway, the secure
attachment of PGPR 15 essential for a long-term
assoclation with the host plant roots for three reasons:

If the bacteria are not attached to root epidermal cells,
bacterial released substances
rhizosphere and might be consumed by other
non-beneficial microbes before being taken up by the
plants

will diffuse into

Without an assured attachment, bacteria may wash
away from the rhizosphere

There 1s a chance to colonmize by other aggressive
and possibly non-beneficial, if the
assoclation site 1s remained vacant (Bashan and
Holguimn, 1997)

colonizers

The previous study of root colonization in bananas
showed that thizobacteria strains Sp7 and UPMBI10 could
successfully form colonies on the root swface of
bananas. The bacteria can remain inside the intercellular
space i.e., apoplastic in nature and the bacteria can not
move through transmembrane (Fig. 2, 3) (Mia ef al., 1999).
This  has
occurred mainly on root surface and more cells were
observed in the root hair proliferation zone. The latter
might be due to the presence or availability of root
i this Similarly,
Herbaspirillum sp., Burkholderia sp. and A. brasilense
has been shown to colomze roots of maize, rice and
wheat, respectively (Dobereiner, 1997). Puente et al.
(1999) found massive colonization of 4. brasilense and
A. halopraeferens on root surface of mangrove seedlings
grown in sea water which is very important for growth and

demeonstrated that bacterial colonization

exudates area. moculation with

development of the host plant.

Recently, endophytic N,-fixing bacteria have been
gaimng prominence where diazotrophic bacteria colonize
roots, stems and even leave of some cereals internally.
The advantages of this system are
they probably undergo less competition with other
microorganisms for carbon substrates than rhizosphere
bacteria. Possibly they can excrete part of their fixed N,
directly into the host plants (Baldani et al., 2000). Higher
and even the lower plants have endophytes that can be
found intercellularly, Cyanobacterium flavescens and
Bacillus pumilus could colonize intercellularly in rice

those where

seedlings where they contribute the growth and
development of host plants (Bacilico-Jumenz ef af., 2001).
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Fig. 2 SEM micrographs of inoculated banana root
colomzation by PGPR, root surface showing
bacterial cells at root hair proliferation zone: (a)
Sp7 and (b) UPMBI10; arrow showing root hair
devoid of bacterial cells; bar represents 10 pm

Fig. 3: Transmission Electron Micrograph (TEM) of
inoculated  banana root colonization by
rhizobacteria intercellular space showed presence

of bacteria

Rhizobium and other PGPR are known as effective
colonizers of cereals (Baldani et al., 1986), vegetables
(Hadas and Okon, 1987) and mangrove plants
(Puente et al., 1999). However, root colomzation pattern
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vary greatly among PGPR strains (Bashan and Levanony,
1990). A higher frequency of bacteria are observed by
many scientists mn the middle lamellae, an area of
longitudinal contact between epidermal cells of the roots
although root tips of many plants are not colonized
by bacteria (Bowen and Rovira, 1976; Foster and
Bowen, 1982).

Fixation of N,in association with rice roots: Among the
mechanisms of improved plant growth in rhizobacteria
moculated plants BNF was the first and most pronounced
effect. This 18 due to increased N-compound in the
inoculated plants and the activity of nitrogenase enzyme
(Bashan and Holguin, 1997; Mia ef ai., 201 0a). Findings of
experimental results based on different techniques namely
N-balance, "N isotope dilution and *N natural abundance
have provided strong evidence that some tropical
grasses, especially sugar cane, lowland rice and kallar
grass (Leptochloa fusca), oil palm and banana can get at
least part of their N-needs from BNF process (Amir ef al.,
2005; Mia et al., 2007, JTames, 2000). The BNF is limited to
prokaryotic bacteria and a genomic swvey reported
approximately 5% of prokaryotes carry N, fixing genes
(Raymond et al, 2004). When atmospheric N, 1is
converted to ammonia through biological process then it
is called Biological Nitrogen Fixation (BNF), where two
moles of ammomnia are produced from one mole of N,. The
enzyme nitrogenase play dominant role in the conversion
where the diazotrophs contained the enzyme complex
for the reduction process. The enzyme protein of
nitrogenases 18 a complex of dimtrogenase (MoFe protein)
and dinitrogenase reductase (Fe protein) (Burris, 1991).

Quantification of BNF: Several methods have been
developed for measuring BNF; some of them are only
qualitative and not very useful for quantification
purposes (Danso, 1985). The most appropriate methods
are those that can distinguish between the proportions of
plant N derived from atmospheric N, fixation, distinet from
the N contribution from soil and where relevant, from
fertilizer applied (Danso, 1995). Several established
methods are used for BNF quantification. The Total
Nitrogen Difference (TDN) 15 the oldest and most
traditional method for estimating the N,-fixation rate. The
increase of total N as measured by Kjeldahl method is the
indication of fixed N,. However, this has some problems,
1s not accurate and cannot be used n fertile soil.

The Acetylene Reduction Assay (ARA) techmique
indirectly measures BNF by estimating nitogenase enzyme
activity. This involves short-term analyses and not easy
to conduct under field conditions. Several scientists have
found the disadvantages of this process and suggested
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that this technique is applicable for a short period under
certain special conditions (Lethbridage et al., 1982;
Witty, 1979; Danso, 1995). This techmque can be useful
as in sifu measurements of mitrogenase activity ata
point in time. However, this ARA technique can not
estimate the actual amounts of fixed N, as the assay
only estimates the nitrogenase activity (Boddey, 1987,
Boddey et al., 1995).

Cell sap analysis is another technique of estimating
N,-fixation where analyses of N solute i xylem exudates
and plant parts is based on the determination of the
composition of N compounds in plant tissues or N
flowing through the xylem sap to the shoot. However, the
method 1s severely challenged by the fact that only a
small proportion of known N, fixing plants are ureide
exporters.

The "N, was used to provide direct methed for
detecting BNF soon after '"'N became available although
has limited practical or field applications in terms of
quantifying BNF (Danso, 1995). The N can be used both
in isotopic enrichment and dilution techniques where the
dilution techmique was first described and applied to
measure the contribution of BNF to clover grown in pots
by McAulife et al. (1958). This method depends upon
differences m 1sotopic composition of the sources of N
available for plant growth, i.e., soil N, fertilizer N and
atmospheric N, (Bergersen and Turner, 1983). This
technique has the potential of being able to separately
measure any plant-associated contribution of BNF to
plants. This is more versatile and adoptable to various
experimental conditions (Boddey ef al., 1996; Roger and
Ladha, 1992). Tt has been widely used to estimate the
contribution of N, fixation to the legumes (Rennie et al.,
1978; Malik et al., 1988) and also to cereals inoculated
with rhizobacteria in the field (Rennie, 1980). This method
has been applied for the measurement of associative N,
fixation in non-leguminous crops viz., bananas, kallar
grasses (Mia ez al., 2007, Malik et al., 1997). The previous
studies of the estimation of fixed N, of rhizobacteria
inoculated tissue-cultured bananas were done by N
isotopic dilution technique (Table 2). The inherent
simplicity of this method males it the method of choice for
common purpose. However, non-fixing reference plant 1s
the ultimate source of error in this methodology, when the
temporal and spatial distribution of the isotope is non-
uniform (Chalk and Ladha, 1999).

Distribution of N-compounds: The release of ammomnium
by N,-fixing rhizobacteria linked with economically
important corps 18 of great interest This 15 a raising
question whether the fixed N, can be utilized by the host
plant easily or not. In Rhizobium-legume association, the
fixed-N, is released to host cytoplasm where they convert
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Table 2: Distribution of % "N atom excess in root, pseudostemn and leaves
of PGPR inoculated plants at various levels of fertilizer-N
Atom excess (%0)

Fertilizer N-levels (ppimn)

Treatments 32 8 20 50
Root Control 5.85a 7.55a 8.48a 9.02a
Sp7 3.71b 5.81b 7.38b 3.4%b
UPMB10 3.63b 6.08b 7.55b 8.45h
Pseudosten  Control 9.29a 9.47a 9.31a 9.52a
8p7 5.32b 7.02b 8.24b 8.58b
UPMB10 4.35b 7.20b 8.01b 3.84b
Teaf Control 6.36a 8.08a 8.75a @.12a
Sp7 4.10b 6.11b 7.66b 3.82b
UPMB10 3.91b 6.2%b 7.60b 8.71b

Means having same letter(s) in a column of a parameter do not differ
significantly at 0.05 significant levels by DMRT

to different amino acids. The amino acids can be
transported through xylem system to leaf mesophyll
tissue or directly the ammonia can be transported to the
mesophyll. Generally, glutamine is a minor exported solute
of N, being again converted to asparagine mn temperate
species and to the ureides, allantoin and allantoic acid in
tropical species (Atkins, 1987). The fixed N, converted to
amino acids via GS-GOGAT pathway in bacteria. In rice,
the enzyme activities of mitrogenase and Glutamine
Synthetase (G3) of some PGPR like Klebsiella found
higher in rhizosphere than the free-living state. Transfer
of fixed-N, and assimilation in the rice plant is not quite
easy system which depends upon a flow of associative
fixing system and the problem that needs to be solved in
order to improve the efficiency of associative nitrogen
fixation.

In associative PGPR, various ammonium excreting
mutants have been developed by selecting of ethylene
diamene which can excrete ammomum in the growth
medium (Machado et al., 1990; Christiansen-Weniger and
van Veen, 1991). It is seemed that NH," transporter is more
active in the presence of excreted NH," from the
diazotroph. Kleiner (1985) also proposed an active
ammonium uptake mechanism to maintain the higher
mtracellular ammomum concentration and most of the
fixed ammonium by PGPR are repressed by ammonum
(Kleiner, 1983). Excretion of NH,” from PGPR mutants is
the results of alteration of genetic changes in enzyme
system of rhizobacteria. The reason for limited supply of
NH," to the host plant 1s due to high affinity of membrane
protein for NH," which prevents the easy release of that
ion (Kleiner, 1981). Both rhizobacteria and host cell have
ammoria transporter which aided to overcome this barrier
for NH," release (Kleiner, 1985).

However, the amount of N, fixed by PGPR and its
transfer to their host plants vary greatly (Kapulnik et al.,
1985; Boddey et al., 1986, Kucey, 198R8). Investigations
using the "N isotope dilution technique indicated that
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Table 3: Percentage of W derived fiom atmosphere (%6Ndfa) in banana
plantlets (total plant basis) inoculated with PGPR strains Sp7 and
UPMBI10 and supplied with various fertilizer-™ levels grown
under hy droponics condition

Ndfa (%)

Fertilizer N-levels (ppm)

Treatments 3.2 8 20 50

Control 0.0b (3) 0.0b () 0.0b () 0.0b ()
Sp7 37.0a (w) 24.3a (x) 12.4a (¥) 5.0a(z)
UPMBI10 39.3a (w) 22.1a (x) 12.5a () 5.3a(z)

Means having same letter(s) in a cohumn or a row (parenthesis) do not differ
significantly at 0.05 level by DMRT. Source: Mia ef ai. (2007)

most of the N, fixed remained to the rhizosphere, probably
bound with bacterial cells and transported very little to
the shoot (Nayak et al., 1986; Boddy and Dobereiner,
1995). The reason for the limited N supply from
assoclative N, fixation 18 probably because PGPR, like
other free-living diazotrophs but i contrast to
symbiotically living Rhizobia does not release fixed N, to
its environment from the bacterial cell. This also might be
due to excretion barrier as membrane protem prevents the
easy release of NH,” to the environment. However, our
previous study on N, fixation by "N isotopic dilution
technique with 45 days old seedlings conclusively
indicated that riuzobacterial imoculation with 33%
fertilizer-N (50 ppm) could fix 8.85t0 9.69 mg N/plant
(5.0-5.3% Ndfa) (Table 3). This rate of N, fixation was
further increased (10.26-10.85 mg plant™; 12.4-12.5%
Ndfa) with lesser inorgamc-N supply, 13% fertilizer-N
(20 ppm) due to a synergistic effect between the
rhizobacteria and fertilizer-N.

Similarly, Reis et al. (2000) found that association of
Herbaspirillum seropedicae and A. brasilense with rice
seedlings grown in monoaxenic agar cultures could
contribute up to 54% N from fixation process. In field
condition, rice plant could obtain 20% of their total N
requirement by PGPR moculation (Shrestha and Ladha,
1996). The rhizobacteria inoculation has been shown to
potentially supply approximately 25-50% of N for oil palm
in nursery condition (Amir ef al., 2005).

James and Olivares (1998) reviewed and mdicated
that endophytic diazotrophs may also fix N, in plant and
transfer the fixed-N products to their hosts. Recent
evidence of significant BNF contribution in economically
important graminaceous crops, particularly sugar cane
(Urquaga et al., 1992), rice (Shrestha and Ladha, 1996)
and forage grasses, such as kallar grass (Malik et al.,
1997) has generated tremendous interest on N, fixation by
PGPR.

The beneficial effect of some PGPR strains on host
plants is not solely by N, fixation rather due to increase in
nitrate assimilation. The PGPR stimulate nitrate reduction
in roots and thus decrease nitrate translocation to the
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leaves. Tt might be said with certainty that the remarkable
beneficial effects of such inoculation are mainly due to
plant-associated N, fixation and not to other factors
(Michiels et al, 1989, Bashan and Levanony, 1990,
Sumner, 1990).

CONCLUSION

It
rhizobacteria could potentially fix N, and transport the
fixed N, to the host cell. The fixed N, 1s converted to NH,"
n the cytoplasm of bacteria and subsequently excreted to
the host cytoplasm through down hill process. But
present results conclusively indicated that PGPR can
contribute at least 13% of their N requirement (Mia ef al.,
2010b). However, assimilation of fixed N, and the
subsequent translocation is not studied comprehensively.
This would be more convenient for the endophytic PGPR
especlally Rhizobium where bacterial released ammonium
can easily be diffused to host cytoplasm. However, it 1s
new avenue where more research is needed on the
interaction between cereal grains and rhizobia or rhizobia-
like bacteria.

is clear from the recent information that
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