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Nodulation in Cereals as a Means to Decreasing Their Dependence on Nitrogenous
Fertilizers — An Achievable Target or a Dogma

F. Azam
Rhizobiology Laboratory, Nuclear Institute for Agriculture and Biology, Faisalabad, Pakistan

Abstract: Nitrogen is the most common nutrient element, limiting crop production. Introduction and use of chemical N Tertilizers
has therefore led to a significant increase in crop yields. A major proportion of the nitrogenous fertilizers used in agriculture
is applied to staple cereals like rice, wheat and maize. However, because of inherent economical and environmental implications
of fertilizer N use, efforts have consistently been made to induce/enhance biological nitrogen fixation in cereals. Induction of
nodulation has therefore besn the main targst of researchers over the past few years. This paper presents an evaluation of the
achievements and prospects of nodulation in cereals (with particular reference to wheat and rice) as a means to decrease their

depsndencs on fertilizer N.
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Introduction

Nitrogen is the major component of atmospheric gases (ca 78%)
and represents 99.96% of the total that is found on earth, in the
sea and around. Of the remaining 0.04%, biosphera contains only
0.005%. In spite of the small proportion found in living beings, N
is most often the limiting nutrient for crop production since only
a fraction of atmospheric N, is made available to the plants
through biological nitrogen Tixation. Introduction and use of
chemical nitrogenous fertilizers has therefore resulted in
substantial increasses in crop yields. About 42 million tons of
fertilizer N is being used annually on a global scale for the
production of 3 major cereal crops i.e., wheat, rice, and maize {17,
9 and 16 million tons, raspectively). However, the crop plants are
able to use about 50% of the applied fertilizer N, while 25% is lost
from the soil-plant system through leaching, wolatilization, and
denitrification etc. causing an annual financial loss of ca 3 hillion
USS$. Incidentally, the losses are similar for the 3 crops mentioned
above but twice as much Trom rice compared with whseat and
maize when computed on the basis of per unit of fertilizer N
applied.

The loss of fertilizer N is of concern not only because of economic
reasons but also dus to the pollution potential of different N
forms. Some of the adverse environmental effects of excessive
use of nitrogenous fertilizers include 1) methemoglobinemia in
infants due to NO. and NO, in waters and food, ii} cancer due to
secondary amines, iii) respiratory illness due to NO,, aerosols, NO,
and HNO,, iv) eutrophication due to N in surface waters, v)
material and ecosystem damage due to HNO; in rain water, vi)
plant toxicity due to high levels of NO, and NH, in soils, vii)
excassive plant growth due to more awvailable N; deplstion of
stratospheric ozone due to NO and N,O. It is because of these
concerns that concerted efforts have been made to reduce the use
or increase the efficiency of fertilizer N uptake by crop plants.
Although multiple choice is available Tor enhancing use sefficiency
of fertilizer N and decrease its losses, making the cereal crops
(major users of fertilizer N) relatively self sufficient in their N
demands has been a persistent dream of researchers over many
decadss. For this purposs, lsguminous crops have always
fascinated the scientists as a model for developing the same or a
similar N acquisition system in cereals. According to Kennedy af al.
(1997), a significant reduction in the relative use of fertilizer N can
be achieved il atmospheric N is made available to cersals directly
through an effective associative system with some of the
characteristics of lsgums symbiosis. This is because of the
demonstrated/estimated potential of legumes to add atmospheric
N to the natural and artificial ecosystems. OT a total of 139 million
tons biologically fixed N added to the system annually, 25%
comes Trom legumes i.e., 35 million tons which is only slightly less
than that supplied to agroecosystems through chemical fertilizers.
This figurs demonstrates the significance of lsgumes in agricultural
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and natural N cycles. Most of the legumes mest up to = 70% of
thair N demands through this process and may fix 57 to 600 kg
N yr~' ha™', minimum being for soybean (57 - 94 kg N yr~" ha™")
and maximum (128-600 kg N yr~—' ha™') for alfalfa. However, N
economy of legume system in terms of N loss may not be
significantly different Trom that of non-legume crops. A review of
literature will demonstrate a loss of 18 and 20% of the plant N
from lsgume and cereal crops, respectively. Thus, extending N,
fixation to cereal crops may prove economically feasible but not
nacassarily an environment Trisndly proposition. Nevertheless,
economic reasons alone should be sufficient to instigate the
scientists finding ways of extending biological nitrogsn fixation to
cereals. This paper presents an analysis of the prospects/extent of
inducing nodulation in wheat and rice. Farlisr, an analysis of the
nature of legurme bacterium association has been reported {Azam,
2001).

Why to induce nodulation in wheat and rice?: Ths sfforts to maks
cereal crops, especially wheat and rice, relatively self reliant in
nitrogen demands are desirable because of i) heavy requirements
for nitrogenous fertilizers which are manufactured from non-
renewable energy resources, ii) economic reasons, especially in
developing countries iii) low efficiency of fertilizer N use by plants,
and iv) environmental pollution potential of nitrogenous fertilizers.
Global agriculture relies heavily on nitrogenous Tertilizers with an
annual cost of more than 45 hillion US$ and consuming substantial
proportion of fossil fuels (Ladha et al., 1997). Wheat and rice,
which occupy an arsa of 370 million hectares worldwids with a
grain yield of 1200 million tons, consume 62% (26 million tons) of
nitrogenous fertilizers. Wheat is able to use 30-50% of the applied
fertilizer N depending upon the variety and fertilizer management.
A significant proportion (20-30%) is lost from the soil-plant
system through a) wolatilization from soil and plant, b)
denitrification, and/or ¢) NO; leaching. Rice is still more inefficient
in fertilizer N use and losses as high as 70% of the applied fertilizer
N could occur mainly through dsnitrification. Low use sfficisncy
and heavy losses of fertilizer N not only affect agricultural
aconomy, but the later has serious environmental implications as
well (Boumann, 1996, Smith ef al., 1997). In economic terms, an
increase of 1% in fertilizer efficiency is estimated to save mors
than US$ 234 million in fertilizer costs worldwide (Raum and
Johnson, 1999).

Conversely, this could be achieved through biological nitrogen
Tixation. Multi-disciplinary approachss hawve been identified and put
to practice over the past few decades to increase use efficiency
and decrease the losses of fertilizer N. These include a) breeding
crop varieties with higher fertilizer use efficiency, b) management
of fertilizer N, c) use of chemicals specific for different N
transformation processes e.g., urease inhibitors to slow the
procass of NH, formation from ursa, which is the most common
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N Tertilizer and nitrification inhibitor to regulate the process of NO,
formation, d) supplementation/integration of fertilizer N with
organic manures e.g., green manures. These approaches applied
singly or in combination, have certainly helped alleviate the
problems arising as a result of fertilizer N use. Fertilizer
management through improved Tormulations, mods and time of
application, and placemsnt stc. has besen found helpful tfo
overcoms soms of the problams. Likewise, a large wvariety of
chemicals has been tested as potent inhibitors of specific N
transformation  processes including urea hydrolysis and
nitrification. Using these inhibitors, not only use efficiency of
Tertilizer N is enhanced, but also a significant reduction occurs in
losses dus to NH; volatilization, denitrification and NO; lsaching.
Currently, increasing attention is being paid to the dewslopment of
controlled-release and stabilized fertilizers that seem more efficient
and environmental friendly {Trenkel, 1997).

Manures especially green manures have been found as a good
supplement or replacement to fertilizer N in addition to being soil
conditioner for sustainable soil productivity. Because of the ability
to Tix atmospheric N through symbiosis with rhizobia, leguminous
crops have been the most favourite for green manuring. Some of
these crops may add up to 400 kg N ha™" yr~'. However, their N
supplying potential is generally over-emphasized, as only 20 to 30
% of the residue N is generally available for crop uptake {Azam,
1990). Nevertheless, the overall beneficial effects of green
manures on soil Tertility are quite well established.

In spite of above, extending the process of biclogical N, fixation
to wheat and rice has been of immense research interest probably
due to the fact that nitrogen derived from fixation is considered
more economical and environment Triendly. This consideration
ssems logical becauss the N, Tixing plant systams do not require
Tossil Tusl Tor their N supply and the fixed N is not as susceptible
to losses as the fertilizer N. On a global level, annual contribution
of BNF is estimated at 139 million tons. Of this, 25% comes from
fixation by grain legumes (36 mT), 29% from forests and
woodlands, 32% from permanent grasslands, 7% from non-
legumes, and 7% from unused land. For free-living
microorganisms e.g., blue green algas, Azotobacter and
Clostredium the valuas are 25, 0.3 and 0.1-0.5 kg ha™ yr',
respectively. Of the non-symbictic relationships, Paspalum adds
20 kg, Brachiaria 40 kg, kallar grass 90-180 kg, sugarcane up to
200 kg, and rice 6 kg of N ha™ yr~'. These amounts, although
variable provide a good proposition of extending biological N,
Tixation to non-legumes particularly the cersals.

Induction of nodule-like structures in cereals and their homology
to legume nodules: | egums nodule is a modified lateral root in
terms of structure and development. lts homology with lateral
roots has been inferred by a comparison with other nitrogen-
Tixing nodules, especially those formed on actinorhizal plants in
response to Frankia inoculation or on Parasponia roots following
inoculation with Bradyrhizobium, Cell differentiation as well as cell
proliferation involved in nodule formation is different from that in
lateral root development (Denarie and Cullimors, 1993). The most
distinct change associated with the formation of sffective legume
nodule is the presence of leghasmoglobin, an oxygen binding
protein considered necessary for effective N, fixation. However,
N, fixation by Rhizobium strains can occur even in the absence of
leghaemoglobin, while the later may be induced under anaerobic
conditions in a number of plant fissuss other than nodules
(Jacobson-Lyon ef al., 1995).

Identification of nod factor {the end product of the expression of
Rhizobium melifoti Nod genes) has been one of the most exciting
findings {Lerouge et al., 1990) in the studies of legume nodulation.
These factors are N-fatty acid oligoglucosamines that are
commonly found in the members of family Rhizobiaceas. Nod
Tactor is reported to elicit root deformation as well as cortical cell
division that lsad to the Tormation of noduls primordium. Sprant
and de Faira (1989) emphasized that many of the widely accepted
dogmas for “normal” symbioses, e.g., root hair infection and the
necessity of the bacteria to be released from infection threads
before they differentiate into N, fixing forms, are not universal.
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Infaction through wounds is now well established as a normal part
of nodule initiation, so that the idea of a Tixed, obligatory
procedure cannot be sustained any further. Infection threads
develop following damage to cells, and the damage could be
caused in any manner. Despite genetic studies lasting more than
a decade, no svidence has been found that the legume-rhizobium
symbiosis involves unique plant gene products that are necessarily
restricted to plants that are rsported to successfully nodulate and
fix N.. Neither does any of the proposed steps in this symbiosis
offer a uniqueness that would absolutely exclude different plant
species allowing establishment of persistent symbioses with
diazotrophs.

Plant growth hormones or phytohormones hawve indesd bsen
found to play a role akin to rnod factors in inducing root
modifications that lead to the development of nodules {Hirsch et
al, 1997). 2,4-D, a commonly used herbicide having an auxin-like
action is reported to induce effective nodulation in otherwise non-
nodulating soybean (Akao et al., 1991). This finding suggests a
damaging effect of 2,4-D on plant roots that may serve as a
prelude to microbial infestation of roots. Apparently, 2,4-D
removes one of the barriers to nodulation and facilitates the entry
of the bacterium into the roots. An effect similar to that of 2,4-D,
has been obtained by using cell wall degrading enzymes. Cellulase
and pectolyase are reported to facilitate the entry of N, Tixing
microorganisms into the roots of many lsgumes and non-lsgumss
including cereals {(Cocking ef al, 1990). This would mean that a
sufficiently damaging substance is required for malformation or
so-called nodulation followed by bacterial entry into the wound,
where it may or may not work depending upon the preferences
and capabilities of the plants. It is quite likely, howewver, that
chemicals like enzymes and phytohormones having cell-wall
damaging properties could be used to induce nodulation in non-
legumes as well as cereals. In legumes, lannetta et al. (1997)
suggested that species of rhizobia have evolved towards
symbiotic status by development of cell-wall degrading enzymes
on 2 levels, firstly to stop or limit secretion and/or synthesis of
wall-degrading enzymes capabls of sliciting host plant dsefenss
reaction, and secondly to sxpress high levels of snzymes
stimulated by the presence of compatible host tissue
polysaccharides or polysaccharide containing moieties. The cereals
appear to have developed a stronger defense mechanism against
such an invasion.

In non-leguminous dicots and cereals, significant progress has
besn made ower the past 2 decadss tfowards inducing root
modifications with structures resembling a legume nodule at least
morphologically. ¥When treated with low concentrations of various
auxins, graminaceous crops such as wheat, rice, and maize sic.
develop tumorous structures (paranodules) along primary and
secondary roots. These structures or paranodulss can be
reproducibly induced on the roots of a rangs of plant species with
2,4-D {(Ridge et al., 1993). Glagoleva et af., (1997) claimed to have
reported for the first time the formation of paranodules on the
roots of rape (Brassica napus) due to 2,4-D and bacterial
inoculation. The nodules formed on 2,4-D treated roots in the
presencs of bacteria wara structurally differsnt than those formed
wvithout inoculum. Increase in bactsrial numbsr and nitrogsnass
activity was also demonstrated. Indeed, 2,4-D has extensively
been used to induce paranodulation in cereals and non-legumes in
spite of the potential environmental objection to its use for field
crops, even for localized applications on roots. It should bs
remsmbered, howswvar, that 2,4-D is still extensively used as
harbicids for broad-lsaved plants and it is rapidly broken down in
soil (Jackson, 1985). Fears of potential environmental damage may
thus be exaggerated when balanced against the benefits of cereals
like wheat and rice fixing their own N..

In some other studiss, cell wall degrading snzymes, polyethylsns
ghycol or genstically engineered rhizobia have been ussed to induce
paranodules in rice seedlings and other non-legumes {Al-Mallah et
al., 1990). Cocking et &l (1993) found some naturally occurring
strains of rhizobia that did not need enzymes for invading roots
of these crops. These bacteria adopt crack entry mechanism
instsad of thread formation, which is characteristic of legumes.
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Contrary tfo bacteriunm-induced nodulss, however, the ones
formed as a result of treatment with enzymes had less
resemblance with legume nodules and did not exhibit nitrogenase
activity (Cocking et af, 1990). Host specificity could also be
removed by enzymatic treatment (Al-Mallah et al, 1987), while
adding microorganisms can modulate or interfere with the
development of these outgrowths (Ridge ef al, 1992, 1993).
These authors concluded that 2,4-D disturbs the orientation of cell
division causing abnormal root growth. Different strains of
Rhizobium, Azozpiriflum,
showed different effects on seedling health and on the growth
and intarnal structure of thess outgrowths. Generally, bactsria
caused a less organized intermal structurs and an  earlisr
sanescencs. Some bacteria also caused stunting and death of
seedlings at concentrations of 2,4-D that would have no such
effect when applied alone (Ridge et al., 1992). Most of thase
studies on paranodulation are restricted to seedling stage and even
that under hydroponic conditions. Recently, Azam and Lodhi
(2001} have reported significant modifications in root system of
wheat, rice and maize grown in soil. Some of the primary laterals
were transformed into the so-called paranodules.

Histologically, auxin induced tumors or paranodules in cereals
appear as cancerous grown out root meristems and thus
comparable to stem nodules of Sesbhania rostrata. Nie et al. {1992)
have described in detail the structure of 2,4-0 induced paranodules
in wheat. Thay showed a central vascular tissue surrounded with
several layers of cortical cells and connected to the roct stele,
These structures are also reported to develop a central vacuolar
system similar to that in roots {Chirstiansen-Wengier, 1997). This
is in contrast to the organization of vascular tissue in legume
nodules in which the stele surrounds the infected cells. However,
in tissue organization, paranodules of wheat resemble those of
Parasponia, a non-legume (Trinick, 1988). Ridge et al. {(1993)
described in detail the formation of nodule like structures on roots
of rice seedlings following exposure to 2,4-D. These structures
had a smooth epidermis, distinct zoning of tissus, internal
development of proto-vascular elemsnts typical of a wascular
bundle and a close resemblance to the structures induced in
Parasponia by Bradyrhizobium. Parasponia is the only non-legume
reported to be nodulated by Rhizobia {Trinick, 1973). The bacteria
infect through the cracks created by lateral root emergence.
Kennedy and Tchan {1992) suggested that crack entry or the
entry through damaged root portions {e.g., due to 2,4-D) is the
main route for endophytes. They found Azospirilfum lacking
exopolysaccharides (EPS) to be a better colonizer of wheat roots.
According to them a process to Tacilitated evolution of para-
nodulated wheat involving the step-wise genstic improvemsnt of
both partners may ewventually lead to effective N, fixation
association. Katupitiva ef al. (1995) also demonstrated that A.
hrasilense lacking surface polysaccharides were more able to
establish colonization on wheat roots, especially when roots were
treated with 2,4-D. Gough et af. (1997) reported reproducible crack
entry of Azorhizobium caulinodans into roots of Arabidopsis
thaliana where they occur in high Trequency. Similar mode of entry
into wheat roots treated with 2,4-D has besn proposed for Nostoc
(Gantar and Elhai, 1999). Interestingly, this mode of entry is
shared by many legumes that grow under aquatic conditions {De
Brujin, 1995, Dreyfus et al, 1984). Attachment of rhizobia to rice
roots (Terouchi and Syono, 1990), deformation of root hairs and
formation of nodule like structures/hypertrophies {De Brujin et al.,
1995, Rolfe and Bender, 1990) or thick short laterals (Cocking ef
al, 1993} have been reported.

In rice, progress in achieving nodulation has been more significant
than that in wheat. There is a fair degree of optimism that legume-
rhizobhium association could be extended to rice, as the later is able
to enter into associations with mycorrhizal fungi (Secilia and
Bagyaraj, 1992). Genstic links between the processes involved in
nodulation and arbuscular mycorrhizae have besn found in
legumes {Gianinazzi-Pearson, 1996). Thus rice may possess part of
the genetic machinery necessary for entering into mutually
beneficial, endosymbiotic  associations  with  other  soil
microorganisms. Rolfe and Bender (1990) used genetically modified
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rhizobia to induce nodulation in rice. The structures thus formed
wvers Tairly similar to legume nodulss with a good proportion of
cells containing bacteroids. However, no significant nitrogenase
activity was detectable. Primitive rice not so far bred for efficient
fertilizer N use could be more susceptible to rhizobial interactions.
Yanni et al. {1997) have reported such associations from Egypt in
rice-lsagume rotations. Rhizobia from aquatic environments wsra
mors sffactive than terrsstrial rhizobia in causing lateral root
medications i.e., the formation of thick short lateral roots (TSLR),
indicating that the primitive bacteria have a better nodule causing
ahility. Reddy et al. (1997) found that rice root exudates are unable
to activate nod gens sxpression and sxogenous application of
chitolipooligosaccharide nod factors failed to slicit obvious
morphological responses in rice roots. In spite of such difficulties,
progress in developing some sort of N, fixation system in rice has
been made.

Entry of bacteria into paranodules and their success as N fixers:
Formation of nodular structures on roots of non-legumes and
caereals has been reported since long but without any inference
that these may contain bacteria. Significance of these structures
induced by 2,4-D treatment in root-microbe interactions was
recognized relatively recently by Nie and co-workers but without
any acceptable evidence of N, fixation {Nie ef al, 1992). The
bactsria colonize intercellularly usually in the basal zone of the
paranodules (Kennedy ef al, 1997) and there is no evidence of
intracellular infection {Nie af al, 1992) as is the case in legumes. In
wheat, Kennedy et al. (1997) did not find intracellular infections
with bacteroids, while significant infections were found only in 10-
20% cases with most bacteria baing located in pockets away from
the central wascular system. Inoculation wvith rhizobia did not
result in appreciable N, fixation. In thsir review, Tchan and
Kennedy (1989) also did not report any evidence of N, fixation for
these nodules in the presence of rhizobia. However, when
Azospiriflum instead of Rhizobium was used as the microbial
pariner, substantial amounts of N, wars fixed in wheat nodulss
obtained through 2,4-D treatment (Zeman ef al., 1992). Kennedy
et al. {1991) found an effective colonization of paranodules by
Azospirillum although a direct evidence of N, fixation could not be
obtained. Compared with this, studies by Christiansen-¥WWeniger
(1998) have reported NH, excreting mutant of A. brasilense to
survive inside these nodules in large numbers in maize and rice
with a dense population, measurable quantitiss of N being fixed at
the expenss of C supplied by the host wsere also found.
Colonization of wheat paranodules by several other bacteria has
also been reported (Kennedy af al., 1997). Using "*N methodology,
Kennedy and Tchan {1992) obtained concrete evidence of N,
fixation in paranodulated wheat. Results similar to that of 2,4-D
have been reported for naphthalene acetate (NAA) and colchicine
(Kennedy ef af., 1991).

In spite of the success in inducing a kind of nodulation in
wheat/rice {specially with 2,4-D) and some avidence of N, fixation,
the ability of the microsymbiont to benefit the plant has not yet
been sstablished. Mode of transfer of fixed N, longevity of
nodulss, and oxygen paradox etc., are some of the questions that
nsed to be answsred. Altsrnatively, the dogma of nodulation
should be abandoned as suggested by Kennedy and Tchan (1992).
Accidental or planned nodulation (tumor formation) can be caused
in plants like rice and oilseed rape etc., but to make the system
work towards N, fixation has failed so far. This is because these
plants do not have the nscessary machinery to maks the
introduced bacterium work.

Endopyhtic bacterial colonization of roots as an alternative to
nodulation in cereals: As mentioned earlier, partial success in
causing root modifications somewhat similar to legume nodulaes
has been achieved. Howsaver, this is not snough to extend legume-
type nitrogen fixation to cersals and the scisntists ars quite
sceptical about the absolute success in this direction. These views
bear credence from the suggestion that genes controlling
nitrogen-fixing symbioses of legumes with specialized bacteria
known as rhizobia are presumably the products of many millions
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of years of svolution {Devine and Kuykendall, 1996). Kennedy and
Tchan (1992) suggested that, “progress towards improved N,
fixation could be more likely if the “dogma™ of legume nodulation
is not used in future development”. In their view, transfer of
nodulation genes in cereals is a more ambitious and distant goal.
Kennedy et al. (1997) are of the view that “at some point in time,
N, fixation may be transferred to crops such as corn and rice, but
such an achievement must be sesn as a Tar off goal”. Similar views
are shared by Burris {(2000), who is of the opinion that “it does
not appear that the solution to the problem of rice fixing its own
nitrogen will come easily”. All these views considered together
with the account given above suggest that nodulation of a kind
similar to that involving rhizobia and Frankia might bs more
difficult than previously thought. Thus a less developsd nitrogsn
fixation association between bacteria and gramineae might be a
preferable goal at this stage.

One of the potent approaches for increasing biological N, fixation
in cereals is to enhance associative and/or endophytic root
colonization by desirable bacteria. Unfortunately, no definite
evidence exists for the cause and effect of inoculation of
associative organisms as wvariable results have generally been
reported. The yield increases observed after bacterial inoculation
are believed to be mostly due to the growth hormones rather than
N, fixation. Thers is inadequate N available for Tixation, and the
procaess is very insfTicient and most of the N Tixed will be available
only slowly after the death and decay of the organisms (Azam ef
al., 1989). An important consideration has also to be whether
effective transfer of fixed N occurs to the plant; so far no
evidence exists to this effect {Zimmer and Bothe, 1989).

When interactions between diazotrophic  bacteria  and
graminacsous plants are studied within the context of trying to
extsnd BNF to non-legumes the first stsp is to establish
reproducible internal colonization of these plants at high
frequency. The graminaceous plants known to have some,
substantial or measurable N, fixation, include rice, sugarcane, pearl
millet, maize, sorghum, and kallar grass. This is significant, as most
of thess plant types lowvs high moisturs. Thsir success in meeting
part of their N requirements through fixation may bs the result of
oxygen elimination under these conditions. Roots exposed to low
oxygen partial pressure, as might occur during flooding and
waterlogging of soil, become more leaky and loss of soluble C
increases leading to higher bacterial population at the root surface
(Tavaria and Zuberer, 1998). Hence, under high moisture
conditions, the plant is not only providing enhanced amounts of
carbon, but to a certain extent the oxygen paradox is also taken
care of with the result that substantial amounts of N, can be fixed
by the associative or endophytic bacteria. An added bensfit to the
N, fixers in terms of C supply is also the lack of competition by
asrobic microorganisms under anasrobic conditions.

Hurek ef al (1994) found that apical region of the root behind the
meristem was the most intensively colonized by bacteria. Indeed,
the release of root border cells or root cap cells {BRD) is a common
feature in most crops including wheat and serve as substrate/bate
for bacteria/pathogens (Hawes ef al, 1991). Schloter and
Hartmann {1998} found effective colonization of root tip cells by
diffsrent bacteria probably because of root cap cslls or root bordsr
cells serving as the carbon source. Yanni ef af. (1997) found good
colonization of rice root interior by diverse types of rhizobia which
could effectively nodulate clover (7. alexandrinum) and fix
significant amounts of N. Cerfain rhizobial inoculants significanthy
improved different growth paramsters of rice under both
laboratory and field conditions. Since no attempt was mads to
determine contribution through N, fixation, they hypothesized
that the positive effects may be more through hormonal means.
Gough et al {1997) used Azorhizobium in such studies and found
high intercellular endophytic colonization of both rice and wheat
roots. Reasonable N, fixation (using acetylene reduction assay,
ARA) was detected and the inoculated plants showed better
growth. Surface colonization by rhizobia (Chabot et ai., 1996) of
cereal roots and their entry through cracks (Reddy et afl, 1997)
has been reported. Christiansen-Weniger and V anderleyden (1994)
have described the colonization of maize roots by Azospirilum.
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Treatment with 2,4-D is reported to cormrelate positively with
increased internal bacterial colonization in wheat roots (Kennedy
and Tchan 1992). The 2,4-D treated plants were shown to carmy
more associated azospirilla than untreated plants {(Katupitiya ef al.,
1995), a dense layer of bacteria was observed covering the
surface of young parts of 2,4-D treated roots, nitrogenase activity
wvas high sspecially when inoculum was also given. Christiansen-
Weniger (1992) found considerable stimulation of C;H, reduction
in 2,4-D treated wheat seedlings. They showed that auxin-affected
portions of rice nursery are attractive infection sites for the
bacteria, with enhanced N, fixation. Using '*C, Elanchezhian and
Panwar (1997) found higher translocation of photosynthates to
the rhizosphers due to the 2,4-D treatments. Hence, ons of the
mechanisms whereby 2,4-D enhances bactsrial colonization of
roots may be through an increase in rhizodeposition by the plants
probably due to cells bacoming leaky. Kennedy and Islam {2001)
proposed that 2,4-D has an effect akin to bacteria that produce
cellulases and polygalacturanases in loosening as well as breaking
the intercellular bonds. The cslls thus relsased will add to the
amount of rhizodeposition with a consequent increass in bacterial
colonization of roots. Zeman et al (1992) demonstrated that
energy source required for N, fixation by colonizers of wheat
roots treated with 2,4-D was supplied by the plant. Nitrogen
Tixation associated with 2,4-D treated and inoculated ssedlings
was demonstrated using '*N as well as nitrogenase activity (Yu
and Kennedy, 19958). Francisco and Akao (1993) observed 2,4-D
to cause sloughing off of the epidermis as the cells proliferated
from the actively dividing apical and adjacent lateral meristems.
The sloughed off material can serve as a good C source for
bactarial assimilation. Somes of our unpublished work showvs rapid
proliferation of bacteria Tollowing transfer of wheat seedlings in
the medium containing 2,4-D. Sabry ef al. (1997) showed that
wheat grown in pots and inoculated repeatedly with A.
caulfinodans showed colonization at the point of emergence of
lateral roots and appeared to obtain significant amounts of
nitrogen through fixation. By inducing many latsral root initials
simultansously, 2,4-D may increase the entry of microbes into the
root interior and enhance N, fixation.

An important factor encouraging bacterial proliferation and
colonization will be when plant rocts are exposed to some kind of
stress. Indeed, 2,4-D treatment is reported to enhance stress
tolarance of wheat (Gulnaz ef al, 1999). Smart et al (199b)
prassantad svidence to suggsst that insufficisnt bacterial biomass
axists on the root surfaces of non-stressed plants grown under
well aerated conditions to quantitatively interfere with root
nitrogen absorption measursments i.s., thsir contribution to N
nutrition of plants may not be substantial. Thus any strass will
make the plant exude more C into the rhizosphere with a
consequent proliferation of rhizospheric bacteria. For example,
high moisture, high salts, low moisturs, lower than the required
0, level etc. will make the plant exude more. High moisture
conditions in soil would not only damage the roots leading to
more exudation, but to an enhanced bacterial colonization and an
increase in the number of anaerobic bacteria. Under anaerobic
conditions, certain types of bacteria would Tlourish in the absence
of compstition from the asrobes, which are more quick users of
any available C source, e.g., that released from the roots.

The above account suggests substantial bacterial colonization of
cereal roots, both surface and endophytic. The endophytes have
the advantage of awvoiding compstition with rhizospheric
population Tor rhizodeposits. Instead they ars sitting at the site of
axudates export and may thus benefit immediatsly from the C
materials diverted to the roots. In order to obtain results of
choice, the plants can be modified in a way that they support
desirable microbial diversity. Indeed, a remarkable diversity of
bacteria is found associated naturally with roots of field-rice
(Yanni, 1991). Transgenic plants are reported to have a different
affect on rhizospheric microbial diversity (DiGiovanni ef al, 1999).
In fact it is the plants control in the rhizosphere that some
genctypes are resistant to soil-borne plant pathogens while others
are not. Same will be true for N, fixing plant types. Indeed, the so-
called plant-microbe specilicity will depend on specific compounds
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released into the rhizosphere and the resultant threshold level of
the particular microbial population to achieve effective plant-
microbe association. Co-inoculation of plant growth promoting
rhizobacteria (PGPR) with effective rhizobia in chickpea resulted in
significant increase in nodule weight and other plant
characteristics.

In summary, endophytic root colonization could be achisved to
the extent that measurable N, Tixation could take place. This mode
of N, fTixation could be induced mors conveniently in crops like
rice, which grow under higher moisture conditions. Success in this
dirsction has already bsen witnessed in sugarcane, which provides
enough carbonaceous matsrials to support reasonable N, Tixation
activity.

Conclusions: Significant progress has been made towards
induction of rooting modification in rice and wheat that resemble
root nodules of legumaes. However, attempts have only marginally
been successful to make these structures harbour sufficient
bacterial population and provide an environment conducive for
nitrogen fixation to occur. Further, the availability of Tixed N to
the macrosymbiont is still debatable. Thus induction of effective
and functional nodulation in cereals appsars to be a far off
possibility.  Alternatively, however, thers is a fair degree of
probability to induce endophytic root colonization. This process
could be Tacilitated by using csll wall damaging chemicals, like 2,4-
D. Optimism seems to prevail thersfore that some sort of N, fixing
symbiosis could be achieved in cereals, particularly in rica. This will
enabls this important cereal fulfil part of its N requirements
through bacterial Tixation leading to savings in Tertilizer inputs and
conssquently the snvironment.
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