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Abstract

For over 7 centuries, production of rice (Oryza sativa L.) in Egypt has benefited from rotation with Egyptian berseem
clover (Trifolium alexandrinum). The nitrogen supplied by this rotation replaces 25- 33% of the recommended rate
of fertilizer-N application for rice production. This benefit to the rice cannot be explained solely by an increased
availability of fixed N through mineralization of N- rich clover crop residues. Since rice normally supports a
diverse microbial community of internal root colonists, we have examined the possibility that the clover symbiont,
Rhizobium leguminosarum bv. trifolii colonizes rice roots endophytically in fields where these crops are rotated,
and if so, whether this novel plant-microbe association benefits rice growth. MPN plant infection studies were
performed on macerates of surface-sterilized rice roots inoculated on T. alexandrinum as the legume trap host.
The results indicated that the root interior of rice grown in fields rotated with clover in the Nile Delta contained
�106 clover-nodulating rhizobial endophytes g�1 fresh weight of root. Plant tests plus microscopical, cultural,
biochemical, and molecular structure studies indicated that the numerically dominant isolates of clover-nodulating
rice endophytes represent 3 – 4 authentic strains of R. leguminosarum bv. trifolii that were Nod+ Fix+ on berseem
clover. Pure cultures of selected strains were able to colonize the interior of rice roots grown under gnotobiotic
conditions. These rice endophytes were reisolated from surface-sterilized roots and shown by molecular methods
to be the same as the original inoculant strains, thus verifying Koch’s postulates. Two endophytic strains of R.
leguminosarum bv. trifolii significantly increased shoot and root growth of rice in growth chamber experiments,
and grain yield plus agronomic fertilizer N-use efficiency of Giza-175 hybrid rice in a field inoculation experiment
conducted in the Nile Delta. Thus, fields where rice has been grown in rotation with clover since antiquity contain
Fix+ strains of R. leguminosarum bv. trifolii that naturally colonize the rice root interior, and these true rhizobial
endophytes have the potential to promote rice growth and productivity under laboratory and field conditions.

Abbreviations: GC/MS – gas chromatography-mass spectrometry, 1H-NMR – proton nuclear magnetic resonance
spectroscopy, IRRI – International Rice Research Institute, LSD – least significant difference, MPN – most
probable number, PCR – polymerase chain reaction, PGPR – plant growth promoting rhizobacteria, RFLP –
restriction fragment length polymorphism, RDP – ribosomal database project, SDS-PAGE – sodium dodecylsulfate-
polyacrylamide gel electrophoresis, YEM – yeast extract mannitol
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Introduction

Cereals are the world’s major source of food for human
nutrition. Among these, rice (Oryza sativa L.) is very
prominent and represents the staple diet for more than
two-fifth’s (2.4 billion) of the world’s population, mak-
ing it the most important food crop of the develop-
ing world (IRRI, 1996). Production of rice, and hence
global food security, depends on reaching even high-
er levels of sustainable grain production, which is not
possible without additional nutrient input. Indirectly,
rice is able to utilize a basal level of fixed-N as a source
of its N nutrition from the N2-fixing activities of dia-
zotrophs in its agronomic ecosystem (Ladha, 1986;
Roger and Ladha, 1992; Yanni, 1991). If rice were
able to establish a more direct and efficient symbiotic
association with N2-fixing organisms, serious econom-
ic and ecological problems associated with the use of
inorganic and organic fertilizers to enhance rice pro-
duction could be mitigated.

It is well known that a remarkable diversity of N2-
fixing bacteria naturally associate with field-grown rice
(Bally et al., 1983; Ladha, 1986; Ladha, 1993; Natalia
et al., 1994; Roger and Watanabe, 1986; Ueda et al.,
1995; Yanni, 1991). During the last few years, there has
been an increased interest in exploring the possibility of
extending the beneficial interactions between rice and
some of these N2-fixing bacteria. This line of investiga-
tion came into full focus in 1992, when the Internation-
al Rice Research Institute hosted an international work-
shop to assess knowledge on the potential for nodula-
tion and nitrogen fixation in rice associated with sym-
biotic bacteria (Khush and Bennett, 1992). One of the
future research directions recommended at that work-
shop was to determine if rhizobia naturally colonize the
interior of rice roots when this cereal is grown in rota-
tion with a legume crop, and if so, to assess the poten-
tial impact of this novel plant-microbe association on
rice production. This idea is derived from the general
concept that roots of healthy plants grown in natural
soil eventually develop a continuum of root-associated
microorganisms extending from the rhizosphere to the
rhizoplane, and even deeper into the epidermis, cor-
tex, endodermis, and vascular system (Balandreau and
Knowles, 1978; Klein et al., 1990; Old and Nicolson,
1975; Old and Nicolson, 1978). Typically, the pres-
ence of these microorganisms within roots does not
induce obvious symptoms of disease. Although orig-
inally described as endorhizosphere microorganisms,
it has been proposed that the microflora that colonize
this specialized habitat inside roots should instead be

referred to as endophytes or internal root colonists
(Kloepper et al., 1992). This habitat has already been
identified as an important reservoir for isolation of N2-
fixing plant growth-promoting rhizobacteria (PGPR).
Examples that illustrate this point are the isolation of
Azospirillum strains from “inside” host roots (after
surface-sterilization) which efficiently promote yield
when inoculated on that homologous host (Boddey and
Dobereiner, 1988), and the diazotrophic endophytes of
Azoarcus inside Kallar grass (Bilal and Malik, 1987;
Hurek et al., 1994) and Acetobacter diazotrophicus
inside sugar cane (Dobereiner et al., 1993). Presum-
ably, nature selects endophytes that are competitively
fit to occupy compatible niches within this nutrition-
ally enriched and protected habitat of the root interior
without causing pathological stress on the host plant.

Our interest has been to assess the possible exis-
tence and agronomic importance of naturally occurring
rhizobial endophytes within rice roots, particularly in
regions of the world where rice production is signif-
icantly benefited by rotation with a legume crop that
could sustain the populations of the corresponding rhi-
zobial symbiont at a high inoculum potential for the
next rice growing season. One of the regions ideally
suited to address these questions is in the Nile Delta of
Egypt, the major producer of rice in Northern Africa.
For more than 7 centuries, most of the rice cultivat-
ed in this region has been rotated with the legume,
Egyptian berseem clover (Trifolium alexandrinum L.).
Currently, about 60–70% of the � 546,000 ha of land
area used in Egypt for rice production is in rice-clover
rotation. This clover species is well adapted to the
Middle-East where it is believed to originate, and its
high yields, protein content, and N2-fixing capacity
enhance its use as a forage and green manure plant
(Graves et al., 1987). In the Nile Delta region, rice is
cultivated by transplantation in irrigated lowlands and
includes both Indica and Japonica cultivars. Typically,
irrigation from the Nile River is stopped 15–20 days
before harvest to partially dry the soil. After the rice
grain and straw are harvested, berseem clover seed
is broadcast (most often without tillage) and becomes
naturally nodulated by indigenous rhizobia (Rhizobi-
um leguminosarum bv. trifolii) in the soil. Vegetative
regrowth of the rice roots produces so-called “ratoon
rice” intermingled among the clover plants.

The benefit of clover rotation replaces 25-33% of
the recommended rate of fertilizer-N application for
optimal rice production in the Nile Delta, but this ben-
efit cannot be explained solely by an increased avail-
ability of fixed N through mineralization of the N-rich
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clover crop residues. Because of this benefit of clover
rotation, and the many years during which native clover
rhizobia have had the opportunity to interact with rice,
we chose this agronomic system of the Egyptian Nile
Delta for investigation. In this study, we examined the
extent to which rice supports a natural endophytic asso-
ciation with clover rhizobia in fields where these two
crops have been rotated continuously since antiquity,
and assessed the potential of this endophytic associ-
ation in promoting rice growth under laboratory con-
ditions, and both rice productivity and agronomic fer-
tilizer N-use efficiency under field conditions. Natural
associations of endophytic diazotrophs in rice roots
under rice-Sesbania rotation in the Philippines are also
being studied by some of us (Ladha et al., 1989; Ladha
et al., 1996a; Ladha et al., 1996b).

Materials and methods

Microscopical examination of endophytes within rice
roots

Rice seedlings were grown for 30 days in non-sterile
potted soil in a growth chamber as previously described
(de Bruijn et al., 1995). Roots were sampled, cleaned
with running water, freehand sectioned, and processed
for examination by scanning electron microscopy
(Umali-Garcia et al., 1980). Other seedlings were
grown under microbiologically controlled conditions
in enclosed tubes inoculated with pure cultures of
rice endophytes. Freehand sections were stained with
0.01% acridine orange, washed and mounted in 1%
sodium pyrophosphate, and examined by laser scan-
ning microscopy in the epifluorescence confocal mode
using computer-enhanced reconstruction of serial sec-
tion overlays and digital image processing (Subba-Rao
et al., 1995).

Enumeration and isolation of clover-nodulating
rhizobia in rhizosphere soil and within roots of
field-grown rice

Rhizosphere soil and roots of the Japonica rice cultivar
Giza-172 were collected from fields at Sakha Kafr El-
Sheikh, Egypt, near the middle Nile Delta region where
rice has been rotated with Egyptian berseem clover for
several hundred years. The roots were washed with
running water, blotted and weighed, surface-sterilized
with 70% ethanol followed by 10% sodium hypochlo-
rite solution, rolled over yeast extract mannitol (YEM)

agar plates to verify surface-sterilization, and macer-
ated in sterile 5 mM Na-phosphate buffer (pH 7.0).
Enumeration of R. leguminosarum bv. trifolii in rhizo-
sphere soil and surface-sterilized / macerated rice roots
was performed by the five-tube most probable number
(MPN) - plant infection test using berseem clover as
the legume trap host (Somasegaran and Hoben, 1985).
Tubes containing Vincent’s nitrogen-free agar medium
were planted with surface-sterilized clover seeds and
germinated for 3 days before inoculation. Seedlings
were incubated for one month and then scored for root
nodulation. Root nodules that developed on clover
plants receiving the highest dilutions were excised,
surface-sterilized, and the nodule occupants isolated
into pure culture by plating on YEM agar followed
by restreaking isolated colonies on defined BIII agar
(Dazzo, 1982).

Analyses of the symbiotic properties of selected
isolates in pure culture were performed on Egyptian
berseem clover seedlings (8 replicates per treatment)
grown on agar slopes of N-free Fahraeus medium
under microbiologically controlled conditions (Dazzo,
1982). Seedling roots were inoculated with 106 cells of
a 5 day-old inoculum and incubated in a growth cham-
ber under 16 hr day�1 of light, 70% relative humidity,
and 22 �C day / 20 �C night cycle. Nodulation kinetics
were assessed by periodically inspecting plants under
the stereomicroscope for emergence of root nodules.
Plants were harvested at 41 days after inoculation and
evaluated for effectiveness in symbiotic N fixation by
comparison of their dry weight and N-content by way
of the micro-Kjeldahl steam distillation method (Black
et al., 1965) to that of the uninoculated control plants.

Analysis of strain diversity and identification of
endophytic Rhizobium isolates by molecular methods

Plasmid profiles were analyzed by the method of Eck-
hardt (1978) as modified by Espuny et al. (1987).
Genomic restriction fragment length polymorphism
(RFLP) of Xba1 digests was analyzed by pulsed-
field gel electrophoresis as described by Corich et
al. (1991). BOX-PCR amplification fragment length
polymorphism was analyzed as described by Versa-
lovic et al. (1994). Cells were also boiled in SDS
gel buffer (Laemmli, 1970) and the profiles of their
total cellular proteins were compared by SDS-PAGE
in 12% running gels stained with Coomassie blue. The
phylogenetic relationships of isolates E11 and E12
were analyzed by sequencing their total 16S rDNA.
The 16S ribosomal RNA-encoding genes were PCR
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amplified from genomic DNA using conserved eubac-
terial primers 8F and 1540R. The amplified product
was sequenced using dye terminators on the Applied
Biosystems’ DNA Sequencing System (Foster City,
CA). Sequences were aligned against those in the
Ribosomal Database Project (Larsen et al., 1993)
on the basis of conserved regions of sequence and
secondary structure. Phylogenetic relationships were
inferred using regions of unambiguous alignment and
the distance method of DeSoete (1984).

Further phenotypic characterization of selected
clover-nodulating rice endophytes

Additional studies were performed on selected isolates
to determine if they share phenotypic traits with typi-
cal wild-type strains of R. leguminosarum bv. trifolii.
These include their growth characteristics on defined
BIII agar, Gram’s reaction and cellular morphology,
production of well-defined extracellular capsules and
intracellular lipid granules, structural features of their
acidic exopolysaccharide produced during growth on
BIII agar, production of cell-bound cellulase, and
nodulation host range (Dazzo, 1982; Mateos et al.,
1992; Philip-Hollingsworth et al., 1989). For the latter
test, isolates were inoculated on 4 replicate seedlings of
white clover (T. repens var. Dutch), Egyptian berseem
clover, and alfalfa (Medicago sativa var. Gemini) in
enclosed tube cultures and scored for root nodulation
after 30 days of incubation in the growth chamber.

Cultivation of rice under gnotobiotic conditions

Laboratory studies of the interaction between rice
and clover-nodulating rhizobial endophytes were per-
formed using an enclosed tube culture system to
exclude microbial contaminants from the roots under
climate-controlled growth chamber conditions. Japon-
ica rice Giza-171 and Indica rice IR-28, both currently
cultivated in the Nile Delta, were used for this study.
Separate tests established that seeds of these two rice
cultivars harbored no endophytic clover-nodulating
rhizobia that would survive surface-sterilization.Seeds
weighing approximately 30 mg each were surface-
sterilized by treatment with 70% ethanol for 1 min
followed by 10% sodium hypochlorite solution for
4 min, and then washed for 4 � 1 min with sterile
water. Surface-sterilized seeds were transferred to 25
� 200 mm tubes, each enclosed with foam plugs and
containing 20 ml of Hoagland’s #2 plant growth medi-
um (Sigma Chem. Co., St. Louis, MO) solidified with

1% purified agar (United States Biochemical, Cleve-
land, OH), above which was layered ca. 5 g of sterile
acid-washed quartz sand and 4 mL sterile Hoagland’s
#2 liquid medium. Tubes were incubated for 2 days in
the dark at 30 �C for seed germination. The bacterial
inocula were grown separately on BIII agar for 5 days
at 30 �C, suspended in sterile Hoagland’s medium, and
adjusted to a density of 107 cells mL�1. Each seedling
root was inoculated with 106 cells (6 plant replicates
per treatment) and incubated in the growth chamber as
described above. When grown to sufficient length, the
stem was repositioned through a slit on the edge of the
foam plug to allow continuous growth while prevent-
ing microbial contamination of the root system. Tubes
were irrigated with sterile water alternating with sterile
Hoagland’s solution as needed.

Endophytic colonization of rice by various strains of
R. leguminosarum bv. trifolii and assessment of their
potential to promote plant growth

Rice plants in tube culture were gently uprooted 32
days after inoculation, and then excised at the stem
base. Shoot biomass (stem plus leaves) was measured
as dry weight. Roots were rinsed free of agar and
sand, blotted, weighed, surface-sterilized with 70%
ethanol followed by 10% sodium hypochlorite solu-
tion, rolled over plates of BIII agar and trypticase soy
agar to check for surface sterility, and then macerat-
ed in 5 mM Na-phosphate buffer as described above.
Viable plate counts of the rice endophyte populations
were made after 5 days incubation of diluted root mac-
erates plated on YEM agar. Then colonies were picked,
restreaked on BIII plates, and stocked in pure culture.
Authenticity of these endophyte reisolates was eval-
uated by a comparison of their plasmid profiles and
BOX-PCR patterns to those of the original inoculant
strains. In similar experiments, rice roots were assayed
for N2-fixing activity by incubating the entire root sys-
tem of each plant replicate for 2 hr at 22 �C in 14
ml serum vials containing 10% acetylene in air, fol-
lowed by flame-ionization gas chromatography of 1
ml gas samples to detect acetylene-dependent ethylene
production. Gross morphological responses to inocula-
tion were then evaluated by preparing calibrated pho-
tocopies of shoots and roots, followed by computer-
assisted image analysis of photocopied imprints using
a constant threshold setting (Dazzo and Petersen,1989;
Smucker, 1993). Shoots were then dried and their N-
content measured.
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Field evaluation of rice growth responses to
inoculation with rice endophytes of R.
leguminosarum bv. trifolii

A field inoculation experiment was conducted in a low-
land, irrigated field at the Sakha Agricultural Research
Station using the short duration (135 days) rice culti-
var Giza-175 (a hybrid of the Japonica cultivar Giza-
14 and the Indica cultivar IR-28). This rice cultivar is
characterized by its short stature and grain, blast resis-
tance, early maturing, high N-response, high yielding,
and good hasking qualities. The field soil was an allu-
vial clay-loam that had originated from the annual Nile
flood sediments. Its characteristics were 50–55% clay,
20–25% silt, 20–25% coarse + fine sand; pH 8.0;�2%
organic matter, 0.11% total N; 4 ppm available P, and
a CEC of 40–45 meq 100 g�1 soil. This field soil had
previously been cultivated in rice-clover rotation for
many years and contained an indigenous population of
R. leguminosarum bv. trifolii with a MPN of �3.8 x
104 g�1 soil at the start of the experiment. Calcium
superphosphate (15% P2O5) was added at 36 kg P2O5

ha�1 before tillage. One-month old rice seedlings were
transplanted at a density of 500 seedlings per 20 m2(4
� 5 m) subplot with a spacing of 20� 20 cm between
plants. Main plot treatments were fertilized with urea
(46% N) at 0, 48, 96, or 144 kg N ha�1 added in
two equal doses, 25 days after transplanting and at the
mid-tillering stage. Plots were irrigated to maintain a
5–7 cm waterhead above the soil surface. Inoculant
cultures of rice endophyte strains E11 and E12 were
grown in YEM broth for 96 hrs at 30 �C and adjust-
ed to a density of 109 CFU mL�1. Each sub-plot of
20 m2 was inoculated with a 100 ml suspension of
one of the two isolates (according to the experimental
design) 5 days after transplanting. Some sub-plot treat-
ments received no inoculum as control. The main and
sub-plot treatments were distributed at random within
each of four replications. Various crop and agronom-
ic responses to inoculation were evaluated from rice
plants 135 days after sowing (105 days after trans-
planting). These parameters included grain size (1000-
grain weight), grain yield and N-content, straw yield
and N-content, harvest index (% grain yield / grain +
straw yields), and the agronomic fertilizer N-use effi-
ciency (kg grain per kg fertilizer-N). All rice plants
were harvested and evaluated to obtain the yield data.
The collected data were analyzed as a split-plot design
experiment, with the N-fertilizer doses as main plot
treatments and endophyte inoculation as sub-plot treat-

ments. The mean differences were compared to their
corresponding least significant differences.

Results and discussion

Direct microscopy reveals a diverse natural
community of endophytes within the root interior of
rice grown in soil

The first step in this project was to document that
the root interior of healthy rice plants is colonized by
microorganisms when grown in non-sterile soil. Scan-
ning electron microscopy of the freehand cut face of
rice roots grown in potted soil provided direct evidence
that this is indeed the normal case, particularly where
emergence of lateral roots forms open wounds in the
epidermis and cortex, providing a portal of entry of the
rhizoplane microflora. Figures 1A-D reveal a diverse
community of bacteria exhibiting various morphotypes
that colonized this habitat.

Enumeration and characterization of
clover-nodulating rhizobia in rhizosphere soil and
within roots of field-grown rice

The next step was to measure the extent of natural
association between rhizobia and rice roots in fields
rotated with legumes. Figure 2A shows the field sam-
pling site 25 days after harvest of the rice grain with
regrowth of rice ratoon intermingled among berseem
clover. The MPN plant infection test using berseem
clover as the trap host indicated a population density
of �1.7 � 106 indigenous clover-nodulating rhizobia
per gram of rhizosphere soil surrounding rice roots
in this field (Figure 2B). By strategically combining
surface-sterilization and the use of the appropriate trap
legume host, the MPN plant infection test indicated
that clover-nodulating rhizobia naturally invade rice
roots and achieve an internal population density of
�1.1 � 106 endophytes per gram fresh weight of rice
roots (Figure 2B).

Twelve isolates of nodule occupants representing
the numerically dominant clover-nodulating rice endo-
phytes were established in pure culture. Each iso-
late produced large, mucoid, pearl white colonies on
defined BIII agar and were Gram negative rods con-
taining intracellular lipid granules, typical of other wild
type R. leguminosarum bv. trifolii strains (figures not
shown). Eight isolates of these rice endophytes were
retested on berseem clover in N-free tube culture, and
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Figure 1. Scanning electron micrographs of the natural community of microbial endophytes that colonized the interior of rice roots grown for
30 days in potted soil. (A) Low magnification view of the cut face of the root. (B-D) Higher magnification showing the density and variety of
bacterial morphotypes. Bar scales are 10 �m in A, 5 �m in B-D.

Figure 2. (A) Example of a field sampling site in the Nile Delta where rice is rotated with berseem clover. (B) MPN populations of
clover-nodulating rhizobia in the rhizosphere soil and root interior of field-grown rice.

each isolate was able to nodulate and fix N2 symbi-
otically with this host under these microbiologically
controlled conditions (Figure 3, Table 1). Isolates E11

and E12 were most noteworthy, since they nodulated
berseem clover very rapidly and were very effective in
symbiotic N2 fixation on this host.
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Figure 3. Nodulation kinetics of berseem clover inoculated with various test strains of rice endophytes and grown in gnotobiotic tube cultures.

Table 1. Symbiotic performance of clover-nodulating rice
endophytes inoculated on Egyptian berseem clover (Trifolium
alexandrinum) and incubated 41 days in tube culture

Endophyte Nodules Plant dry weight Plant N-content

Inoculum Strain per plant (mg) (mg)

E1 3.6 8.2b 0.24a

E2 3.5 7.7 0.21a

E3 4.5 7.5 0.23a

E4 3.6 7.6 0.24a

E5 4.5 8.3b 0.24a

E7 4.6 11.3a 0.33a

E11 3.6 13.7a 0.40a

E12 5.3 12.4a 0.36a

Control 0 6.4 0.13

LSD 0.05 0.01 0.05 0.01
1.5 2.0 0.01 0.05

Mean values followed by the letter a or b are significantly
different from that of the uninoculated control at the 99% and
95% confidence levels, respectively.

Figure 4. Plasmid profiles of various clover-nodulating rice endo-
phytes (E strains) and rice rhizosphere isolates (R strains). Lanes are
labeled with strain numbers.

The diversity of these Fix+ clover-nodulating rice
endophytes was determined by various molecular anal-
yses. The evaluation of their plasmid profiles indicated
several groups; one group contained only isolate E3,
a second group contained isolates E8, E9, and E12,
and a third group contained E1, E4, E5, E6, E7, E10,
and E11 (Figure 4). The plasmid profile of isolate E2
was very similar to the latter isolates comprising the
third group, except that the intensity of one of its bands
was decreased. Additional genomic DNA analyses of
these endophyte isolates using pulsed-field RFLP and
BOX-PCR, and total protein profiles using SDS-PAGE
indicated the same 3 groupings with retention of isolate
E2 in group 3 (figures not shown). These results indi-
cate that a diversity of at least 3 (possibly 4) different
groups of clover-nodulating rice endophytes were iso-
lated from the root interior of field-grown rice sampled
in the Sakha region of Egypt. The plasmid profiles
of these clover-nodulating rice endophytes differed
from 2 clover-nodulating rhizobia isolated from the
rice rhizosphere soil in the same field (Figure 4), and
from R. leguminosarumbv. trifolii strains ARC100 and
ARC101 used for inoculant production in other areas
of Egypt (Hashem and Kuykendall, 1994).

Because of their superior symbiotic competence
on berseem clover and their distinct differences in
the above tests of strain diversity, endophyte strains
E11 and E12 were examined further to verify their
authenticity as R. leguminosarum bv. trifolii. Phylo-
genetic analysis of their total 16S rRNA sequences
indicate that they both belong to the � proteobacteria
within the cluster of Rhizobium leguminosarum that
is clearly distinguished from other rhizobia and rhi-
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Figure 5. Phylogenetic tree showing the relatedness of clover-nodulating rice endophyte strains E11 and E12 to R. leguminosarum bv. trifolii
and other endophytic rhizobacteria. Data are based on a comparison of the total 16S rRNA sequences of strains E11 and E12 to other official
type strains in the Ribosomal Project Database. The calibrated scale of evolutionary distance is indicated.

zobacteria in the RDP database (Figure 5). Interesting-
ly, their 16S rRNA sequences differ from the official
type strain of R. leguminosarum bv. trifolii (ATCC
14480) at only one base position (Escherichia coli
position #1137) (Willems and Collins, 1993; Young
and Haukka, 1996). The GenBank accession numbers
for the 16S rDNA sequences of strains E11 and E12
are designated as U73208 and U73209, respectively. In
Jensen tube cultures grown on N-free medium, strains
E11 and E12 nodulated both Egyptian berseem clover
and Dutch white clover in the clover cross-inoculation
group [inducing an average of 6 and 7 nodules per
plant by 41 days after inoculation, respectively], but
neither strain nodulated alfalfa under the same test con-
ditions. Like other wild type R. leguminosarum bv. tri-
folii (Dazzo, 1982; Mateos et al., 1992), both strains
were positive in the plate assay for cell-bound cellulase
(figure not shown) and produced distinctive capsules
surrounding the bacterial cells (Figure 6 insert). Both
strains produced an extracellular acidic heteropolysac-
charide composed of glucose, glucuronic acid, and
galactose residues, and pyruvate, acetate, and 3-
hydroxybutyrate substitutions. Although the GLC/MS
(figure not shown) and 1H-NMR spectra (Figure 6) of
the acidic exopolysaccharide of both strains are typical

of other wild type strains of R. leguminosarum bv. tri-
folii (Philip-Hollingsworthet al., 1989), their 1H-NMR
spectra differ from one another in resonances for 3-
hydroxybutyrate substitutions (Figure 6). Considered
collectively, all of these molecular, cellular, cultur-
al, and symbiotic characteristics provide compelling
evidence that endophytes E11 and E12 isolated from
the root interior of field-grown rice are two authentic
strains of Rhizobium leguminosarum bv. trifolii capa-
ble of forming an effective N2-fixing root-nodule sym-
biosis with Trifolium alexandrinum. The data argue
against the alternative possibility that they are some
other bacterial species that acquired the Sym plasmid
of indigenous clover-nodulating rhizobia within the
same soil.

Colonization of rice plants by rice root endophytes of
R. leguminosarum bv. trifolii under gnotobiotic
conditions

We next developed a gnotobiotic tube culture sys-
tem to study the interactions of endophyte strains and
rice under climate-controlled growth chamber condi-
tions while excluding microbial contaminants. In this
system, seedlings developed from surface-sterilized
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Figure 6. Photomicrographs of encapsulated cells and 1H-NMR spectra of isolated acidic heteropolysaccharide produced by R. leguminosarum
bv. trifolii strains E11 (A, C) and E12 (B, D). Differences in 3-hydroxybutyrate resonances are indicated by arrows.

Figure 7. (A) Examples of the Japonica rice Giza-171 and the Indica rice IR-28 grown in enclosed tube cultures using a submerged sand overlay
above semi-solid agar. (B) Morphology of uninoculated roots after 32 days of growth in axenic tube culture.

seeds will grow roots through a layer of quartz sand
submerged in the plant growth medium above soft
agar containing the same growth medium, while their

shoots protrude through the side of a foam plug clo-
sure into open humid air (Figure 7A). Under these
growth conditions, uninoculated roots of the Japonica
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Table 2. Populations of R. leguminosarum bv. trifolii rice endophytes
colonizing the root interior of rice grown in gnotobiotic tube culture
for 32 days

Endophyte inoculum Plant growth Rice endophyte population

strain medium (Log10 CFU / g root fresh wt)

Giza-171 IR-28

E2 Fahraeus -N 6.34 6.34

E7 Fahraeus -N 7.82 9.94

E11 Fahraeus -N 8.43 9.68

E12 Fahraeus -N 6.44 5.36

E2 Hoagland +N 7.94 8.85

E7 Hoagland +N 8.36 8.72

E11 Hoagland +N 8.23 9.52

E12 Hoagland +N 7.95 9.81

rice Giza-171 and the Indica rice IR-28 remain axenic
and produce similar biomasses, but Giza-171 inherent-
ly produces more extensive branching of lateral roots
(Figure 7B). Plating experiments of macerates from
surface-sterilized roots of the inoculated plants indi-
cated substantial populations of the endophytic bacte-
ria, the magnitude of which varied with the inoculant
strain, the rice cultivar, and the plant growth medium
(Table 2). For most strains, higher endophytic pop-
ulations were established inside rice roots of Indica
IR-28 grown in both plant growth media. (Table 2).
These roots appeared healthy without development of
nodule-like hypertrophies or obvious symptoms of dis-
ease, e.g., localized brown discolorations as previously
described (de Bruijn et al. 1995). Under these experi-
mental conditions, internal root colonization by the rhi-
zobial endophytes was not suppressed in Hoagland’s
No. 2 plant growth medium, which contains both NH+4
and NO�3 as sources of combined N. This contrasts
with a distinct suppression of rhizobial invasion of the
legume host root via root hair infection when the sym-
bionts are cultured together in media containing either
of these two sources of N (Abdel Wahab et al., 1996;
Dazzo and Brill, 1978).

Colonies formed on defined BIII agar in these
plating experiments had the typical pearl white and
mucoid appearance of the inoculum. Well-isolated
colonies picked from plates containing macerated sam-
ples of surface-sterilized roots originally inoculated
with strain E11 or E12 had the same plasmid profiles
and genomic BOX-PCR patterns as the corresponding
inoculant strains (Figure 8A and 8B). These results
indicate that endophytic colonization of rice roots by
selected strains of clover-nodulating rhizobia can be

Figure 8. Analyses of plasmid profiles (A) and BOX-PCR patterns
(B) which confirm that the R. leguminosarum bv. trifolii endophytes
reisolated from rice roots are the same as the inoculant strains. Lanes
A1 and B2 are inoculant strain E11; A2 and B6 are inoculant strain
E12. Lanes A3 , B3 and B4 are endophyte reisolates of E11; A4,
B7 and B8 are endophyte reisolates of E12. Lanes B1, B5, and B9
represent a standard 1 kb ladder.

reliably established under microbiologically controlled
conditions, thus fulfilling Koch’s postulates for this
newly described plant-microbe association. Obvious-
ly, these strains of R. leguminosarum bv. trifolii are
fully capable of invading rice and colonizing their root
interior without needing other soil microorganisms to
assist their entry or endophytic multiplication.

Laser scanning confocal microscopy of rice grown
under these gnotobiotic conditions revealed that the
inoculant strains had colonized the root epidermal
surface (figure not shown), consistent with previous
reports that rhizobia can colonize other cereal rhi-
zoplanes (Chabot et al., 1996; Hoflich et al., 1995;
Ladha et al., 1989; Shimshick and Herbert, 1979).
Other studies have indicated that rhizobia presumably
access the root interior of rice and other non-legumes
by crack entry at emergence of lateral root primordia or
between epidermal cells, and subsequently they colo-
nize the root cortex intercellularly and within dead host
cells adjacent to living host cells in a non-structured
way (Cocking et al., 1992; de Bruijn et al., 1995;
Gough et al., 1996; Ladha et al., 1996a; Reddy et
al., 1997; Spencer et al., 1994). Although some rhizo-
bial symbionts use the same portal of entry into roots of
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their aquatic legume hosts, they ultimately disseminate
within well-structured nodules through bona-fide tubu-
lar infection threads (Ndoye et al., 1994; Subba-Rao
et al., 1995). Further examination of rice plants grown
with strain E11 in gnotobiotic tube culture revealed
numerous bacteria within leaf whirls at the stem base
above the taproot (Figures 9A-9C). This latter finding
identifies a second protected site of internal bacterial
colonization that has potential importance to the rice-
rhizobia association since it locates these endophytic
diazotrophs in proximity to photosynthetically active
host cells, and suggests a possible ascending migra-
tion of the bacteria within the rice plant. Whether the
natural endophytic colonization of rice by clover rhi-
zobia is restricted to these two specific habitats or also
includes a truly endosymbiotic state within intact host
cells remains an open question to be addressed in future
investigations.

Growth promotion of rice by selected rice endophytes
of R. leguminosarum bv. trifolii under gnotobiotic
and field conditions

Growth stimulation of wheat, corn, radish, and mus-
tard shoots following seed inoculation with a strain of
R. leguminosarum bv. trifolii in open pot experiments
has been previously reported (Hoflich et al., 1995).
Our finding that selected strains of R. leguminosarum
bv. trifolii can colonize the surface and interior of rice
plants under gnotobiotic and field conditions prompt-
ed us to examine the impact of this close association
on rice growth and development. We therefore used
the tube culture system in quantitative bioassays of
short-term PGP responses of rice to microbial inoc-
ulation during the period in which rice growth and
development was not restricted, while avoiding uncon-
trolled effects of airborne microbial contaminants in
the growth chamber environment. Quantitative mea-
surements of plant growth responses to inoculation
revealed that certain rhizobial endophytes significantly
promoted growth of rice shoots and roots, the extent
of which was influenced by the rice cultivar, the inoc-
ulant strain, the plant growth medium, and the growth
parameter measured (Figures 10A and 10B, Table 3).
Growth responses to inoculation were generally higher
using the Japonica rice Giza-171 grown in Hoagland’s
(+N) No. 2 plant growth medium and inoculated with
strain E11 or E12. These optimal experimental condi-
tions resulted in significantly higher shoot dry wt, shoot
plus leaf area, root fresh weight, average length of
crown roots, and cumulative length of crown roots on

inoculated as compared to uninoculated plants. Inter-
estingly, although the endophytic rhizobia generally
developed higher populations within roots of Indica
rice (Table 2), they elicited higher short-term PGP
responses on the Japonica rice (Figures 10A and 10B).
This result indicates that identification of superior com-
binations of rhizobia and rice genotypes for optimal
growth responses will likely require PGP bioassays
rather than just an assessment of the bacterial endo-
phyte’s ability to colonize the root interior, and manip-
ulations to increase the endophyte population above
the natural level achievable within rice per se may not
necessarily improve the resultant growth promotion
response. At the time of harvest, none of the plants
used to obtain the data reported in Table 3 were active
in acetylene-dependent ethylene production as a mea-
sure of N2 fixation.

The ultimate assessment of the potential impor-
tance of this newly described plant-microbe associ-
ation on rice productivity requires experimentation
under field conditions. Therefore, we have conduct-
ed our first field inoculation experiment to evaluate the
growth responses of hybrid rice cultivar Giza-175 to
inoculation with strains E11 and E12 under N-limited
and fertilizer-N supplemented conditions on experi-
mental farms at the Sakha Agricultural Research Sta-
tion. Both inoculant strains performed very well in this
field experiment and clearly demonstrated their poten-
tial to enhance rice productivity. Inoculation without
added fertilizer-N resulted in statistically significant
increases (95% confidence level) in straw N-content
and statistically highly significant increases (99% con-
fidence level) in grain yield, grain N-content, and the
harvest index (Tables 4 and 5). Statistically significant
interactions between inoculation plus certain doses of
N-fertilizer application were detected which increased
the level of certain agronomic parameters of rice pro-
ductivity more than did either treatment alone. Most
noteworthy is the highly significant response of this
rice cultivar to application of 1/3 the recommended
dose of N-fertilization (48 kg N ha�1) plus inoculation
with strain E11, which increased the grain yield to a
level exceeding that obtained by application of the full
recommended fertilizer dose (144 kg N ha�1) alone.
This important result is also reflected in the very high
agronomic N-use efficiency in the corresponding inoc-
ulated rice plots, indicating a significant return in rice
grain production per unit of chemical fertilizer-N input.
The requirement of added N-fertilizer in order for inoc-
ulation to significantly increase straw yield (Table 4)
indicates that the quantity of available N derived direct-
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Table 3. Evaluation of various morphological responses of Giza-171 rice in tube
culture 32 days after inoculation with R. leguminosarum bv. trifolii rice endophytes

Plant growth Endophyte Shoot+ Avg. crown root Cumulative

medium inoculum leaf area length length of crown

strain (cm2) (cm) roots (cm)

Fahraeus (-N) E11 5.4 8.8a 90.3b

" E12 5.0 7.0a 70.2

" None 4.7 5.5 42.7

Hoagland (+N) E11 15.9b 8.7a 96.2b

" E12 15.3a 9.6a 128.3a

" None 8.5 5.3 40.5

Mean values followed by the letter a or b are significantly different from the corre-
sponding uninoculated control at the 99% and 95% confidence levels, respectively.

Figure 9. Epifluorescence laser scanning confocal micrographs (reconstructed serial section overlays) of fresh rice tissue cut at the stem base
above the root and stained with acridine orange. The rice plant was grown in gnotobiotic tube culture with R. leguminosarum bv. trifolii
endophyte strain E11. (A) Low magnification top view, showing the leaf whirls beneath the stem surface. (B) Low magnification tilted view. (C)
Higher magnification of the corresponding boxed area in (B), revealing numerous fluorescent endophytic bacteria (arrows) within the interior
of the stem base. Bar scales are 0.3 mm in A and B, and 10 �m in C.
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Figure 10. Growth responses of Japonica and Indica rice following inoculation with various endophytic strains of R. leguminosarum bv. trifolii
in gnotobiotic tube culture (A) Root fresh weight [computed average from composite samples]. (B) Shoot dry weight [means of replicate
samples measured individually, least significant differences at the 1% level is shown].

Table 4. Effect of N-fertilization and inoculation with R. leguminosarum bv. trifolii rice endophytes on
production of Giza-175 rice under field conditionsa

Fertilization 1000-grain Straw yield Grain yield

(kg N ha�1) weight (g) (tons ha�1) (tons ha�1)

Cont E11 E12 Cont E11 E12 Cont E11 E12

0 N 19.3 19.7 18.8 10.20 11.71 11.25 4.33 6.31 6.15

48 N 20.5 19.6 19.7 13.66 11.94 11.11 5.84 7.93 6.96

96 N 20.0 19.4 19.7 11.62 12.34 13.35 5.41 7.11 7.85

144 N 19.2 18.8 20.2 13.93 15.82 16.27 6.38 7.00 6.96

LSD 0.05 0.01 0.05 0.01 0.05 0.01
Fertilization (N) n.s. n.s. 1.25 1.80 0.31 0.44

Inoculation (E) n.s. n.s. n.s. n.s. 0.32 0.44

N � E 0.6 0.8 1.54 2.09 0.65 0.88

aLSD ( 0.05 and 0.01) are the least significant differences at the 95% and 99% confidence level, respectively.
n.s.; statistically not significant.

Table 5. Effect of N-fertilization and inoculation with R. leguminosarum bv. trifolii rice endophytes on straw and grain N-contents, the
harvest index, and the agronomic fertilizer N-use efficiency of Giza-175 rice under field conditionsa

Fertilization Straw N-content Grain N-content Harvest index Agronomic fertilizer

(kg N ha�1) (kg ha�1) (kg ha�1) N-use efficiency

Cont E11 E12 Cont E11 E12 Cont E11 E12 Cont E11 E12

0 N 34.8 48.3 48.3 36.4 55.7 48.9 30.1 35.0 35.4 – – –

48 N 49.1 47.8 42.4 54.9 70.9 63.1 30.0 40.0 38.5 121.7 165.2 145.0

96 N 47.6 61.7 62.3 52.9 73.7 75.3 31.8 36.7 37.4 56.4 74.1 81.8

144 N 65.8 75.0 74.3 58.9 68.5 70.2 31.6 30.6 30.0 44.3 48.6 48.4

LSD 0.05 0.01 0.05 0.01 0.05 0.01 0.05 0.01
Fertilization (N) 4.5 6.4 3.8 5.5 2.5 3.7 3.4 4.9

Inoculation (E) 4.9 n.s. 3.0 4.1 1.9 2.6 4.4 6.0

N � E n.s. n.s. 6.0 n.s. 3.9 5.3 8.8 11.9

aThe harvest index is the % grain yield / grain + straw yields. The agronomic fertilizer N-use efficiency is calculated as kg grain yield
kg�1 fertilizer-N applied. LSD (0.05 and 0.01) are the least significant differences at the 95% and 99% confidence levels, respectively.
n.s., statistically not significant.
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ly from mineralization of the inoculum itself (bacterial
cells plus diluted culture medium) was not a significant
factor influencing the outcome of this field experiment.

The mechanism(s) responsible for these inoculation-
induced changes in rice growth and yield under gno-
tobiotic and field conditions are unknown. In partic-
ular, more studies will be necessary to fully assess
whether the rhizobia fix N2 in association with rice
under conditions in which these bacteria promote rice
growth, and if so, what portion of the plant-N content
can be derived from this biological N2-fixing activi-
ty. The ability of these rice endophytic strains of R.
leguminosarum bv. trifolii to produce Fix+ nodules
and significantly increase plant N-content on berseem
clover clearly demonstrates their capacity for symbi-
otic N2 fixation and release of fixed N at significant
levels that benefit the growth of the appropriate legume
host. However, rice plants grown under N-free condi-
tions in gnotobiotic tube culture were not consistently
increased in N-content nor did they have detectable
acetylene reduction activity when examined 32 days
after inoculation with these rhizobia (data not shown).
These results plus the ability of selected inoculant
strains to significantly promote rice growth in the pres-
ence of adequate sources of combined-N in tube culture
and in N-fertilized field soil raise questions about the
potential importance of biological N2 fixation in this
particular plant-microbe association, and will require
further investigation (including studies using 15N label-
ing and Nif-minus mutant derivatives). An alternative
working hypothesis is that endophytic colonization by
these native rhizobia modulates growth physiology of
rice (possibly by hormone action) enabling the plant
root system to utilize the existing resources of avail-
able nutrients and water more efficiently in ways that
may be independent of biological N2 fixation. Such
PGP mechanisms appear to be largely responsible for
the ability of the endophytic diazotroph Azospirillum
brasilense to enhance growth of various cereal crops
in approximately 70% of world field trials (Tien et al.,
1979; Umali-Garcia et al., 1980; Okon and Labandera-
Gonzalez, 1994 and references therein). Although
flavone induction of pSym nod genes in wild type
R. leguminosarum bv. trifolii leads to production of
a wide variety of low molecular weight metabolites
that are bioactive at very low hormonal concentrations
in eliciting growth responses on clover (Dazzo et al.,
1996; Hollingsworth et al., 1989; Orgambide et al.,
1994; Orgambide et al., 1996; Philip-Hollingsworth et
al., 1991), tests for natural inducers of nodA expres-
sion in axenically produced root exudate of Giza-171

or IR-28 rice using an appropriate nodA::lacZ reporter
strain of R. leguminosarum bv. trifolii (provided by
M. Djordjevic, Australian National University) have
been negative (data not shown). An important future
direction will be to determine if rice produces signal
molecules that activate expression of novel genes in
certain rhizobia, uniquely enabling them to invade rice
roots without activating host defense responses and to
establish an endophytic association that promotes these
beneficial growth responses.

In nature, Rhizobium is normally viewed as a
microbe that survives saprophytically in soil between
periods in which the host legume is absent. However,
our studies have shown that clover rhizobia also occu-
py another endophytic niche inside rice plants, and can
tap in on this third niche in ways that can benefit this
cereal host. The outcome of such a mutually benefi-
cial alternate symbiosis (dissimilar organisms living
together) would help to perpetuate this natural plant-
microbe association and can potentially improve sus-
tainable agriculture, thus enhancing world food pro-
duction. Our understanding of the natural ability of
rhizobia to inhabit cereals and enhance their growth
is only beginning to be explored. Nevertheless, the
novel findings described here represent a major step
forward in achieving the technically challenging goal
of increasing rice productivity by reducing its depen-
dence of the need for fertilizer-N through enhancement
of its natural association with rhizobia without requir-
ing as highly developed a system as the root nodule
Rhizobium-legume symbiosis.
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