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Introduction: Assessing opportunities for nitrogen fixation in rice - a frontier
project
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Abstract

Recent advances in understanding symbiotic Rhizobium-legume interactions at the molecular level, the discovery
of endophytic interactions of nitrogen-fixing organisms with non-legumes, and the ability to introduce genes into
rice by transformation have stimulated researchers world wide to harness opportunities for nitrogen fixation and
improved N nutrition in rice. In a think-tank workshop organized by IRRI in 1992, the participants reaffirmed
that such opportunities do exist for cereals and recommended that rice be used as a model system. Subsequently,
IRRI developed a New Frontier Project to coordinate the worldwide collaborative efforts among research centers
committed to reducing dependency of rice on mineral N resources. An international Biological Nitrogen Fixation
(BNF) working group was established to review, share research results/materials and to catalyze research.

The strategies of enabling rice to fix its own N are complex and of a long-term nature. However, if achieved, they
could enhance rice productivity, resource conservation, and environmental security. The rate of obtaining success
would, of course, benefit tremendously from concerted efforts from a critical mass of committed scientists around

the world, as well as a constant and continued funding support from the “donor” community.

Population growth and increasing demand for rice

Rice is the most important staple food for over two
billion people in Asia and for hundreds of millions in
Africa and Latin America. To feed the ever-increasing
population of these regions, the world’s annual rice
production must increase from the present 460 million
to 560 million by the year 2000 and to 760 million by
2020 (IRRI, 1993). If future increase in rice production
has to come from the same or even a reduced land area,
rice productivity (yield ha~') must be greatly enhanced
to meet these goals.

Inorganic N fertilizer, a key input for rice
production

Nitrogen is the nutrient that most frequently limits
agricultural production. Global agriculture now relies
heavily on N fertilizers derived at the expense of
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petroleum, which in turn is vulnerable to political and
economic fluctuations in the oil markets. Nitrogen fer-
tilizers, therefore, are expensive inputs, costing agri-
culture more than $45 billion (US) per year.

In the tropics, lowland rice yields 2-3.5 t ha™!
utilizing naturally available N derived from biologi-
cal nitrogen fixation (BNF) by free-living and plant-
associated diazotrophs (Watanabe and Roger, 1984;
Ladha et al., 1993) and from mineralization of soil N
(Bouldin, 1986; Kundu and Ladha, 1994). For higher
yields, additional N must be applied. Achieving the
50% higher rice yields needed by 2020 will require at
least double the 10 million t of N fertilizer that is cur-
rently used each year for rice production (IFA-IFDC-
FAO, 1992; IRRI, 1993). Manufacturing the fertilizer
for today’s needs requires 544 x 10° MJ of fossil fuel
energy annually (Mudahar, 1987a,b). Industrially pro-
duced N fertilizer depletes non-renewable resource and
poses human and environmental hazards. In spite of an
unlimited supply of Nj in the air, manufacturing 1 kg
of N fertilizer requires 6 times more energy than that



needed to produce etther P or K fertilizers (Da Silva et
al., 1978). Nevertheless, over the past two and a half
decades, farmers have become increasingly dependent
on chemical sources of N for obtaining higher grain
vields to meet the demands of enlarging population
{see Figure 1).
Although the use of N fertilizer has increased sub-
stantially, a large number of farmers still use little
or no N fertilizer because of several factors: its non-
availability at times, lack of cash to buy it, and poor
yield response due to adverse conditions. Furthermore,
more than half the applied fertilizer N is lost (through
denitrification, ammonia volatilization, leaching and
runotf) because rice is grown in an environment con-
ducive to N losses (see Figure 2). This not only rep-
resents a cash loss to the farmer but may lead to con-
siderable environmental pollution. In addition, large
denitrification losses during the transition from aer-
obic to anaerobic soil conditions may represent an
important source of nitrous oxide, a gas linked with
the greenhouse effect and the destruction of the strato-
spheric ozone layer. It is in this context BNF-derived N
assumes importance in the lowland soils that provide
about 86% of the world’s rice.

Alternative sources of nitrogen
Free-living and associative systems

Diverse N,-fixing microorganisms (aerobes, faculta-
tive anaerobes, heterotrophs, phototrophs) grow in
wetland rice fields and contribute to soil N pools. The
major BNF systems known include cyanobacteria and
photosynthetic bacteria that inhabit floodwaters and
the soil surface, and heterotrophic bacteria in the root
zone (rhizosphere), or in the bulk soil.

The contributions of cyanobacterial BNF are esti-
mated to be 10-80 kg N ha=! crop~!, averaging about
30 kg N ha~! crop~! (Roger and Watanabe, 1986).
Since the discovery of the importance of cyanobacte-
ria in N gain under flooded conditions, many inocula-
tion experiments have been conducted using cultured
cyanobacteria to improve soil fertility and grain yields
of rice. Based on an extensive review of the litera-
ture in which gains in grain yields ranged between

0-3.7 1. Roger and Watanabe (1986) calculated that
cyanobacterial inoculation increased rice yields only
by an average of 337 kg grain ha~' crop~'.
Heterotrophic bacterial BNF averages 7 kg N ha™!
(App et al., 1986), ranging from 11-16 kg N ha—! and

contributing to 16-21% of total rice N need (Zhu et al.,
1984 Shrestha and Ladha, 1996).

Some free-living heterotrophic bacteria form asso
ciations with roots and other submerged portions of
the rice plant. Varietal differences in supporting rhi
zospheric N fixation in rice have been shown (Ladha
et al., 1993). The latter raises the possibility to select
and breed rice genotypes with higher BNF potential,
high soil N uptake, and high N use efficiency to obtain
high yields (Ladha et al., 1988, 1993, 1997). Recently
Wu et al. (1995) mapped several rice loci mediating
the variety dependent ability to stimulate N fixation.
Their results indicate that the varietal ability of rice to
enhance N, fixation in the rhizosphere is controlled by
multiple genes. The identification of quantitative trait
loci underlying this trait provides the first real evidence
for the presence of genetic factors which mediate the
interaction with diazotrophs in the rice rhizosphere and
lays the foundation for increasing N fixation through
genetic manipulation of rice plants and their partner

microbes.
Green-manure systems

Aquatic plant like the water fern Azolla, and the semi-
aquatic legumes such as Seshania, Aeschynomene or
Astragalus, are recommended green-manure plants for
rice since they fix N, symbiotically. In a continuous
long-term experiment at IRRI, an average of 16 crops
gave an estimate of about 60 kg N ha~! crop-1 of
Azolla and Sesbania BNF in 50-60 days (Ladha et al_,
1993). Yields with Azolla and Sesbania were equiva-
lent to those with 60 kg N ha~! as urea fertilizer in the
wet season. In the dry season, the yields were 6.5 t ha-'
with Sesbania and 7.7 t ha~! with Azolla as compared
to 5.8 tha~! in a treatment of 60 kg N ha~' urea. These
data demonstrate the potential of Azolla and Seshania
to produce yields of 6-8 t ha~!, roughly equivalent to
an application of 100-200 kg N ha~' as urea. Farm-
ers, however, usually have little economic incentive to
chose Azolla or Sesbania over N fertilizer since addi-
tional costs such as labor, land opportunity, irrigation,
seed/inoculum, P and pesticides are involved.

Conventional versus novel systems

Estimates of the N supply potential of different BNF
systems are provided in Table 1. Among the conven-
tional systems, the free-living/associative diazotrophs
have low to moderate potential to supply N to nce
because the N, fixed outside the plant is subject
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Figure 1. Global trends in population growth, cereal grain yield and origin of plant nutrients (source: Bgckman et al., 1990).

Tuble 1.
Ladha and Reddy, 1995)

Conventional and future biological nitrogen fixation systems for sustainable rice production (from

BNF system N supply Rice grain Essential trait in Technology  Economic
potential yield potential ~ rice genotype® availability feasibility
(kg ha= ) (tha™ ") and
farmers
adoption
CONVENTIONAL BNF SYSTEMS
Free-living/Associative  50-100 3-6 ANFS NAENUE  3-5 yrs High
(phototrophs and
heterotrophs)
Green-manure 100-200 5-8 NAE NUE Available Low
(Azolla and
Sesbania)
FUTURE BNF SYSTEMS
Endophytic ? ? EndoTfixtNUE ~ 3-5yrs High
Induced Symbiosis >200 >8 nod™ fixt NUE >35 yrs High
(Rhizobia,
Frankia, etc)
nif gene transfer >200 >8 nift fix™ NUE >5 yrs High

2 ANFS = associative N, fixation stimulation; NAE = nitrogen acquisition efficiency; NUE = nitrogen utilization
efficiency; Endo = Endophytic; fix = N, fixation ability; nif = Na fixation genes; nod = nodulation ability.

losses due to various loss processes as described earli-
er. Therefore, only genotypeshaving appropriate N use
efficiency traits (i.e., large associative Ny fixation and
N acquisition, and efficient N utilization traits) can pro-
duce grain yields of 3-5 t ha~! when depending on N
supply from free-living/associative diazotrophs (Ladha
et al., 1993). However, these yield levels cannot meet
the growing demand for rice. Green-manures have high

N supply potential to support rice grain yields of 5-8 t
ha—!, but due to the reasons discussed above, they do
not present an attractive option for the farmer. Green-
manures are also known to enhance the emission of
methane which contributes to greenhouse effect (see
Figure 2). If symbiotic or other nitrogen fixation sys-
tems could be incorporated/assembled in rice then the
N supply potential could be higher because fixed N



Table 2. Rice as a model plant
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Figure 2. Rice is grown in an environment conducive to significant
loss of N.

would be available directly to the plant with little or no
loss. This in turn, would promote higher grain yield in
rice varieties with efficient N utilization traits.

Assessing opportunities for nitrogen fixation in
rice - a frontier project

As pointed out above, more rice must be produced from
less land with a minimum of cost. Moreover, environ-
mentally adverse inputs must be reduced to meet the
challenge of feeding the world’s growing population
of rice consumers on a sustainable and equitable basis.
Nowhere is this challenge more intense than in sup-

plying N to the crop. IRRI’s objective of increasing
the yield plateau of rice grown under tropical condi-
tions from 10 to 15 t ha~! for the next 30 yr demands
that attention be paid to sustainable methods of N sup-
ply. Rice suffers from a mismatch of its N demand
and N supplied as fertilizer, resulting in 50-70% loss
of applied N fertilizer. Two basic approaches may be
used to solve this problem. One is to regulate the tim-
ing of N application based on the plant’s needs, thus
increasing the efficiency of the plant’s use of applied
N (Cassman et al., 1997). The other is to increase
the ability of the rice system to fix its own N (Ben-
nett and Ladha, 1992; Ladha and Reddy, 1995: Reddy
and Ladha, 1995; de Bruijn et al., 1995). The latter
approach is a long-term strategy, but it has large envi-
ronmental benefits while helping specifically resource
poor farmers. Furthermore, farmers more easily adopt
a genotype or variety with useful traits than they do
crop and soil management practices that are associat-
ed with additional costs. If a BNF system could be
assembled in the rice plant itself, it would enhance
the N supply potential with little or no loss, besides
ensuring no additional economic burden on farmers.
As mentioned above, in 1992, IRRI organized a
Think-Tank Workshop to assess the feasibility of (sym-
biotic) nitrogen fixation in rice (Khush and Bennett,
1992). The experts attending the Think-Tank Meeting
agreed to work toward the goal of achieving (symbi-
otic) associations/nodulation and nitrogen fixation in
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Figure 3. Potential research approaches for achieving improved nitrogen fixation and N use efficiency in rice.

rice. However, they also concluded that exploratory
research would clearly be needed to assess the feasi-
bility of novel approaches, that rice was an excellent
plant model system (see Table 2), and identified four
major short- and long-term approaches (see Figure 3):
 Non-nodular associations - Improve the associa-
tions between rice and nitrogen-fixing soil bacteria.
This includes achieving colonization and invasion
of rice roots by suitable diazotrophs.
 Nodular associations (legume-like symbiosis) -
Lay the foundation for the engineering of rice
plants capable of “nodulation”. This approach
includes identifying compatible rhizobia and vari-
eties of rice, examining the defense response of rice
to find ways to avoid responses that would inhibit
symbiosis or the nitrogen fixation process.
® Transferring N, fixation (nif) genes - Transform
rice with nif genes to ensure expression of nitroge-
nase, protection of nitrogenase from inactivation
by oxygen, and an energy supply for N, fixation
without compromising yield.
¢ CO; fixation and N use efficiency - Increase the
understanding of nitrogen metabolism in rice and

impact of N; fixation on carbon and energy bud-
gels.

Considerable interest and support for this project
was generated since the Think-Tank Workshop. A New
Frontier Project, Assessing Opportunities for Nitrogen
Fixation in Rice, was developed in 1994 and includ-
ed in IRRI's 1994-1997 and 1998-2006 Medium-Term
Plans. The long term objective of this project is to
enable rice plants to fix their own nitrogen. This
research project involves a committed group of sci-
entists from research disciplines and several institutes
around the world. The project has a Working Group
(WG), through which IRRI facilitates communication
among scientists all over the world with active research
interests in nitrogen fixation in rice and other cereals
(see appendix for a recent WG meeting report on cur-
rent status and recommendations for future research).
The second BNF working group meeting was orga-
nized. As a satellite to the meeting on BNF in non-
legumes, held in Faisalabad in November of 1996 (see
also accompanying volume by Malik et al., 1997). The
exciting papers presented at this satellite meeting are
included in this volume, and represent a comprehen-
sive and current picture of our knowledge in the area

of assessing opportunities for N, fixation in rice and
other non-legumes.
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rhe follow Ing We IC‘lcpnrlcd at the meeting:
Method for surface sterilizati i
" enable proper enumcrmiolrllz':lrlllc;)il:o(iiurlLL “‘SSUﬁS. 48
: 10n of putative
endophytes had been standardized,

m Different g genotypes had been screened to find a
potential dmz.(‘)tmphllc cndophytc-genotype couple
{M a prcdgmm‘am nitrogen-fixing endophyte.

m Genetic diversity of. putative endophytic popu-
lation had been studied using polymerase chain
reaction-based techniques.

m Colonization studies using mostly non-indigenous
endophytes marked with gusA had been performed.
The discussion at the meeting revolved around

many different aspects related to the rice-endophyte
interactions although more discussion was focused on
the endophyte side than on the plant side. In summa-
ry, following are the important suggestions for future
research:

B A need to extend molecular tools in comparison to
microbiological methods in trying to find the “right
diazotrophic endophyte” and examine the genetic
diversity of the diazotrophic endophyte population.

B The Azoarcus-Kallar grass system is presently the
most studied diazotrophic endophyte-plant system.
With this in mind, there is a need to continue finding
an endophyte-rice genotype couple, and examine
the host genes that are specifically expressed during
the development of association with endophytes.
Suggestion was made to examine perennial rices to
find a “right diazotrophic endophyte™ because these
rices would provide a greater chance for select-
ing a more beneficial association than annual rices.
Studies should also concentrate on a few chosen
endophytes and rice genotypes to establish facts
regarding infection, distribution, location, growth
stimulation, and nitrogen fixation within the plant.
About 200 diazotrophic putative endophytes that
have been isolated from rice so far could be used
for this purpose to screen for the most potential,
stable, and aggressive colonizer.

B There is a need to examine and correlate in plan-
ta numbers of endophytes and the level of fixed
nitrogen required (aimed at about 50% of the N
required by the plant) to produce a real impact on
plant growth and yield. It has been calculated that
the maximum demand for N is 150 kg ha~! for 7-8
t rice yield levels. If the endophyte system is not
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able to provide this amount of N, then an integrated
i{]ﬁ[)r(?zlcll involving a combination of soil N, added
fertilizer N, and N from endophyte was suggest
ed. A three-point test for assessing the benefits an
endophyte could give to the plant was suggested.
Thc test includes '*N feeding experiments, growth
stimulation to the plant under N-limiting conditions
(no potential nitrogen-fixing endophyte has been
conclusively shown to benefit plant via fixed nitro-
gen alone), and use of nif negative mutant strains
to check the growth responses of the system.

B On the plant side, a need for addressing the question
of which rice cultivar to be used in the test experi-
ments was raised. Proposed varieties are IR42 (not
tested yet for transformation), Lamont (a hybrid
japonica variety), IR72 and Taipei 309 (respon-
sive to transformation), and Nipponbare (small
seed, small biomass, photoperiod sensitive, trans-
formable). It was stressed that a rice cultivar which
is to be used in the studies should be easily trans-
formable as it is helpful for future molecular and
genetic studies. It was, however, pointed out that,
at present, the use of cultivar is more important
regardless of whether the variety is transformable.

Rice-rhizobial interactions and genetic
manipulation of rice for nitrogen fixation/
symbiosis

Of the various naturally occurring nitrogen-fixing
plant-microbe associations, the symbiosis between rhi-
zobia and legume plants is the best understood scien-
tifically. Moreover, this association is also the most
successful agriculturally, providing fixed nitrogen for
many of the world’s major crop species (e.g., soybean).
Therefore, rhizobia-legume symbioses form natural
models for efforts to develop a sustainable nitrogen-
fixing system in rice. However, it is recognized that
this is likely a long-term approach.

The first working group meeting in 1995 itemized
in its report a number of research areas likely to yield
important information. Most of these research areas
have been addressed since 1995 with some notable
success. Following are some of the highlights of the
research results reported:

B As outlined in 1995, efforts have been made to
understand how rhizobia colonize rice, wheat,
and Arabidopsis roots using Azorhizobium caulin-
odans. These experiments have revealed a con-






