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Abstract. This paper summarizes a multinational collaborative project to search for natural, intimate associations
between rhizobia and rice (Oryza sativa L.), assess their impact on plant growth, and exploit those combinations
that can enhance grain yield with less dependence on inputs of nitrogen (N) fertilizer. Diverse, indigenous
populations of Rhizobium leguminosarum bv. trifolii (the clover root-nodule endosymbiont) intimately colonize rice
roots in the Egyptian Nile delta where this cereal has been rotated successfully with berseem clover
(Trifolium alexandrinum L.) since antiquity. Laboratory and greenhouse studies have shown with certain rhizobial
strain–rice variety combinations that the association promotes root and shoot growth thereby significantly
improving seedling vigour that carries over to significant increases in grain yield at maturity. Three field inoculation
trials in the Nile delta indicated that a few strain–variety combinations significantly increased rice grain yield,
agronomic fertilizer N-use efficiency and harvest index. The benefits of this association leading to greater
production of vegetative and reproductive biomass more likely involve rhizobial modulation of the plant’s root
architecture for more efficient acquisition of certain soil nutrients [e.g. N, phosphorus (P), potassium (K),
magnesium (Mg), calcium (Ca), zinc (Zn), sodium (Na) and molybdenum (Mo)] rather than biological N2 fixation.
Inoculation increased total protein quantity per hectare in field-grown grain, thereby increasing its nutritional value
without altering the ratios of nutritionally important proteins. Studies using a selected rhizobial strain (E11)

Abbreviations used: ATCC, American Type Culture Collection; BCA, 2,2′-bicinchoninate; BNF, biological nitrogen fixation; CMC, carboxymethyl
cellulose; CMEIAS,  Center for Microbial Ecology Image Analysis System; GA, gibberellin; GC–MS, gas chromatography–mass spectrometry;
GLC–MS, gas-liquid chromatography–mass spectrometry; IAA, indoleacetic acid; IRRI, International Rice Research Institute; MPN, most
probable number; PCR, polymerase chain reaction; PGP, plant growth promoting; PGPR, plant growth-promoting rhizobacteria;
RP–HPLC,   reverse phase–high performance liquid chromatography; SEM, scanning electron microscopy; SDS–PAGE, sodium
dodecylsulfate–polyacrylamide gel electrophoresis; TFX, trifolitoxin.
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Introduction

Cereals are the world’s major source of food for humans.
Among these, rice (Oryza sativa L.) is most prominent and
represents the staple diet for almost half the human
population, making it the most important food crop (IRRI
1996). High rice production, and hence global food security,
depends on reaching and sustaining even higher yields of
grain and is currently not possible without major additional
nutrient inputs, especially N.

A workshop held in 1992 at the International Rice
Research Institute (IRRI) in the Philippines explored
innovative biological approaches to problems of nutrient
limitation and inefficient use of fertilizers in rice production
(Khush and Bennet 1992). Among the important issues
addressed was that rice derives only a basal level of its N
nutrition indirectly from the N2-fixing activities of diverse,
free-living and loosely associated diazotrophs in its agro-
ecosystem (Ladha 1986; Yanni 1991, 1992, 1998; Roger and
Ladha 1992; Yanni and Abd El-Rahman 1993; Yanni et al.
1993, 2000; Yanni and Abd El-Fattah 1999). Serious
economic and environmental problems associated with the
use of inorganic and organic fertilizers to enhance rice
production were identified. These could be mitigated if rice
were able to establish more intimate associations with
beneficial plant growth-promoting (PGP) microorganisms
that could efficiently provide this crop (either directly or
indirectly) with non-polluting sources of plant nutrients.

An important specific mandate identified at that meeting
(Khush and Bennet 1992) was to explore the possibility of a
natural association between rice roots and rhizobia, which
are normally thought only to develop root-nodule symbioses

with legumes and survive saprophytically in soil in the
absence of the specific legume host. The idea that certain
rhizobia may intimately colonize rice roots in nature
originates from the concept that roots of healthy plants,
grown in natural soil, eventually develop a continuum of
root-associated microbial colonizations that extend from the
rhizosphere to the rhizoplane, and even deeper into the
epidermis, cortex, endodermis, and vascular system (Old
and Nicolson 1975; Balandreau and Knowles 1978; Old and
Nicolson 1978; Klein et al. 1990; de Bruijn et al. 1995;
Stoltzfus et al. 1997).

This habitat has already been identified as an important
source of endophytic plant growth-promoting rhizobacteria
(PGPR) that do not induce obvious symptoms of disease.
Examples include Azospirillum strains isolated from ‘inside’
host roots (after surface-sterilization) which increase yield
when inoculated on that homologous host (Boddey and
Dobereiner 1988), 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). Nature appears to select endo-
phytes that are competitively fit to occupy compatible niches
within this nutritionally enriched and protected habitat of
the root interior without causing pathological stress on the
host plant.

We aimed to seek natural, intimate associations between
rhizobia and rice, assess their impact on rice growth, and
ultimately exploit those that can enhance grain production
and reduce dependence on chemical fertilizer inputs. We
made no attempt to achieve this goal by forcing the rice
plant to nodulate and/or fix dinitrogen when rhizobia
actively colonize the rice root interior. Our working

indicated that it produced auxin (indoleacetic acid) and gibberellin [tentatively identified as gibberellin (GA7)]
phytohormones representing two major classes of plant growth regulators. Axenically collected rice root exudate
significantly enhanced E11’s production of this auxin. This strain extensively colonized the rice root surface under
gnotobiotic culture conditions, producing distributions of spatial patchiness that would favour their localized
erosion of the epidermal surface, colonization of small crevices at epidermal junctions as a possible portal to enter
into the root, and quorum sensing of diffusible signal molecules indicating that their nearest bacterial neighbours
are in close proximity in situ. Studies of selected rhizobial endophytes of rice indicated that they produced
cell-bound cellulase and polygalacturonase enzymes that can hydrolyze glycosidic bonds in plant cell walls, and
non-trifolitoxin bacteriocin(s) that can inhibit other strains of clover rhizobia. Strain E11 was able to endophytically
colonize rice roots of varieties commonly used by Filipino peasant farmers, and also to stimulate genotype-specific
growth-promotion of corn (Zea mays, maize) under field conditions. An amalgam of these results indicate some
rhizobia have evolved an additional ecological niche enabling them to form a three-component life cycle including
a free-living heterotrophic phase in soil, a N2-fixing endosymbiont phase within legume root nodules, and a
beneficial growth-promoting endocolonizer phase within cereal roots in the same crop rotation. Our results further
indicate the potential opportunity to exploit this newly described, plant–rhizobia association by developing
biofertilizer inoculants that may assist low-income farmers in increasing cereal production (especially rice) with
less fertilizer N inputs, fully consistent with both sustainable agriculture and environmental safety.

Keywords: endophyte, field inoculation trials, gibberellin, indoleacetic acid, nutrient acquisition, phytohormone
production, plant growth-promoting rhizobacteria, Rhizobium, rice, root architecture, root colonization.
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hypotheses predicted that natural associations of rhizobia
and rice would likely occur where rice production is
significantly benefited by rotation with a legume crop that
could sustain populations of the corresponding rhizobial
symbiont at a high inoculum potential for the next
rice-growing season. This type of association, if it exists,
should provide inoculant strains that are already able to
competitively occupy colonization niches on field-grown
rice roots.

A region ideally suited to address these questions is the
irrigated Nile delta of Egypt, the major producer of rice in
Northern Africa. For between the 7th and the 14th centuries,
most of the rice cultivated there has been in rotation with the
legume, Egyptian berseem clover (Trifolium alexandrinum L.).
This clover species is well adapted to the Middle East and its
high yields, protein content, and N2-fixing capacity with the
root-nodule symbiont Rhizobium leguminosarum bv. trifolii
enhance its use as a forage and green manure crop.
Currently, about 60–70% of the 500000+ ha of land used in
Egypt for rice production is in the rice–berseem clover
rotation. Rice is cultivated in late spring by transplantation
of young seedlings from small nurseries into tillaged,
flattened and irrigated lowland fields bordered by levees
(also called ‘bunds’) to retain the water pumped in from
adjacent trenches connected to Nile River tributaries.
Typically, irrigation of the rice fields with Nile water is
stopped to partially dry the soil 15–20 d before harvest.
After the crop is harvested in early autumn, berseem clover
seed is broadcast in the same fields (usually without tillage)
and becomes naturally nodulated by indigenous clover
rhizobia. Sporadic vegetative regrowth of the rice roots
produces so-called ‘ratoon rice’ intermingled among the
young clover plants. During the next spring season, the
aboveground forage of berseem clover is harvested at
flowering. The belowground residues of nodulated clover
roots are left to decompose, releasing their fixed N and
rhizobial symbiotic micro-partner for the next (rice) crop in
the rotation cycle. Interestingly, although the populations of
the aerobic microflora (including rhizobia) are expected to
decline during the 3–4 months of rice cultivation in the
anoxic, flooded soil (Eh<–100 mV), the subsequent clover
crop becomes well nodulated without inoculation. Some
natural reservoir may sustain the rhizobial population for
invasion of the new clover roots.

Extensive agronomic studies indicate this rice–clover
rotation can replace 25–33% of the recommended amount of
fertilizer N needed for optimal rice production in this region.
Therefore, the rotation is of immense benefit to sustainable
agriculture of the rice cropping system, not only for
lowering the amount of fertilizer N inputs needed to achieve
high yields, but also for decreasing the groundwater nitrate
pollution derived directly or indirectly from leached
fertilizer N applied to the crop. However, there is an
interesting enigma for this ancient scenario of successfully

farming rice in rotation with berseem clover. Agronomic
N-balance studies indicate that the increased availability of
biologically fixed N mineralized in soil from the N-rich
residues of the previous clover crop cannot fully account for
the benefit of the clover rotation on rice yield. Could the
activities of the clover rhizobia make up the difference? For
these reasons, and the many years in which native clover
rhizobia have had the opportunity to evolve adaptations to
interact successfully with rice, we chose this agronomic
system in the Egyptian Nile delta to test our hypotheses.

This paper summarizes the results of a multinational
collaborative project focused on the discovery, analysis and
exploitation of the natural, beneficial association between
the clover root-nodule occupant, Rhizobium leguminosarum
bv. trifolii, and rice roots, which develops intimately without
induction of root nodules or obvious disease symptoms on
this cereal host (Yanni et al. 1997; Dazzo et al. 2000).
Studies described in this paper include the natural abundance
and diversity of rhizobial endophytes within field-grown rice
roots, their expression and possible underlying mechanisms
of plant growth-promoting (PGP) activity, their patterns of
rice root colonization and ecophysiological activities, and
their performance under field conditions as potential bio-
fertilizer inoculants capable of increasing rice grain yield
and agronomic fertilizer N-use efficiency, thus reducing
dependence on chemical fertilizer inputs.

Materials and methods
Plant material and bacterial strains

Seed of Egyptian rice varieties included Giza 175 (Indica–Japonica
hybrid, short stature, blast- and lodging-resistant, early maturing and
high N-responsive), Giza 177 (Japonica, high N-responsive, short
stature, blast-resistant, early maturing, high-yielding, short grain,
excellent husking properties), Giza 181 (Indica, high N-responsive, short
stature, blast-resistant, long grain), Sakha 101 (Indica–Japonica hybrid,
blast-resistant, short grains, high N-responsive, high-yielding, relatively
late maturing), and Sakha 102 (Japonica, short grain, blast-resistant,
early maturing, moderately yielding and low N-responsive) from the
Sakha Agricultural Research Station, Kafr El-Sheikh, Egypt. Seeds of
USA rice varieties included M202 (Japonica, medium grain) and L204
(Indica, long grain) from the Department of Agronomy and Range
Sciences, University of California–Davis, Davis, CA, USA, representing
varieties that are widely divergent and reflect different rice types
commonly grown in the US. 

Rhizobium leguminosarum bv. trifolii strain C6 was isolated from a
root nodule of berseem clover sampled directly from a field in the Nile
delta. This strain is Nod+ Fix+ on berseem clover in laboratory and
greenhouse studies and is currently used together with other strains of
R. leguminosarum bv. trifolii to produce an effective multi-strain
inoculant for berseem clover in the Nile delta. Test strains used to study
bacteriocin production by R. leguminosarum bv. trifolii E11 and E12
include R. leguminosarum bv. trifolii ANU815, ANU816(pBRIAN)
and the trifolitoxin-producing strain T24 (Triplett 1988).

Isolation, enumeration and analysis of genomic diversity of rhizobial 
endophytes of rice 

Methods previously described (Yanni et al. 1997) were used to
enumerate, isolate and characterize the natural endophytic populations
of clover-nodulating rhizobia within field-grown surface-sterilized rice
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roots. The diversity and relatedness of strains was assessed by pattern
analysis of their plasmid profiles and BOX–polymerase chain reaction
(PCR) genomic fingerprints followed by computer-assisted cluster
analysis (Espuny et al. 1987; Rademaker et al. 1998; Rademaker et al.
1999). 

Gnotobiotic rice-growth-promotion bioassays

Rice was grown in either large enclosed test tubes (Yanni et al. 1997)
or Sarstedt pre-sterilized, 120-mL plastic cylinder jars (Prayitno et al.
1999) containing 100 mL of half-strength Hoagland’s No. 2 basal plant
nutrient medium  ([NH4]3PO4, HBO3, Ca[NO3]2, CuSO4, Fe(tartrate),
MgSO4, MnCl2, MoO3, KNO3, ZnSO4, Sigma Chemical Co., St Louis,
MO, USA), prepared with distilled Milli-Q deionized water and
solidified with 1.2% Ultrapure Agar (United States Biochemical,
Cleveland, OH, USA). In some experiments, the solidified growth
medium in the culture vessels was overlaid with sterilized acid-washed
quartz sand (ca 5 g for tube cultures and 22 g for jars), and 5 mL sterile
water. Other variables examined included plant nutrient concentration
(half- vs full-strength Hoagland’s No. 2 basal medium) and the
viability of the inoculum (untreated vs cells heated at 70°C for 10 min).
Rice seeds (each approx. 30 mg) were dehulled, surface-sterilized
using 95% ethanol for 3 min followed by a 1:4 dilution of commercial
bleach (sodium hypochlorite) solution for 30 min, washed four times
with sterile water, then germinated in the dark at 30°C on sterile B3
plates (Dazzo 1982) wetted with 1 mL of sterile half-strength
Hoagland’s medium. Axenic seedlings were transplanted aseptically
into the enclosed tubes or jars. Seedlings were inoculated with a
0.1-mL suspension of rhizobia (grown for 5 d at 30°C on B3 plates,
106 cells per plant) in sterile half-strength Hoagland’s plant nutrient
medium, and grown with the root system maintained under gnotobiotic
conditions in a plant growth chamber programmed with a 14-h
photoperiod, 28–30°C/24–26°C day/night cycle and 70% relative
humidity. Plant cultures were watered with sterile, distilled
Milli-Q-deionized water as needed. At harvest, shoots were cut at the
stem base and photocopied for cumulative length measurements using
image analysis (Dazzo and Petersen 1989). They were then cut, dried at
70°C for 24 h followed by 105°C for 3 h, and weighed. Roots were
gently separated from the embedding agar matrix with much care to
keep them intact, then rinsed clean with distilled, deionized water,
spread out within a 15-cm-diameter dish and scanned on a flatbed
scanner at 400 dpi to produce spatially calibrated digital grayscale
images. These images were analysed interactively to record the number
of rootlets, cumulative root lengths, and computed root biosurface area
using R and M Biometrics BioQuant (Dazzo and Petersen 1989) and
Center for Microbial Ecology Image Analysis System
(CMEIAS)–UTHSCSA ImageTool software (Wilcox et al. 1997; Liu
et al. 2001). Root biovolumes were measured by water displacement or
by digital image analysis using CMEIAS software. The collected data
were subjected to statistical analyses as completely randomized blocks.
The F-test was used to compare the calculated and tabulated values of
F to estimate the significance of the treatments compared to the
corresponding controls at the confidence levels of 95% or 99%. Values
of t (at 0.05 or 0.01 levels) were used to calculate the least significant
differences. 

Field inoculation experiments of rice varieties 

The field inoculation experiments were designed as split-plots or
split-splitplots, with rates of fertilizer N or different rice varieties as the
main plots and different N-rates or rhizobial inoculants plus the
uninoculated control as the subplots or subsubplots. The area of the
subplot or subsubplot was 20 m2 replicated four times and in all cases
the inoculant treatments were arranged in a random design. Growth
and yield parameters plus calculations of the agronomic fertilizer
N-use efficiency (kg grain yield per kg fertilizer N applied) were

subjected to statistical analysis with the rates of fertilizer N as the
main-plot treatments and inoculation with the rhizobial rice-root
endophytes as the subplot treatments. Significances of the mean
squares of the main and subplot treatments were compared using the
F-test and the least significant differences between means were
calculated using the t-values at 95 and 99% confidence levels as
described previously (Yanni et al. 1997).

Measurements of biological nitrogen fixation

Plant nitrogen derived from biological nitrogen fixation (BNF) was
assessed by the δ15N natural abundance method on plants of Giza 177
rice grown in the field at the Sakha Agricultural Experiment Station.
The plants were either uninoculated or inoculated with
R. leguminosarum bv. trifolii strain E11. Dried plant samples were
processed by a modified Duman combustion (Macko et al. 1987) to
convert the combined-N to N2 gas, followed by measurement of the
nitrogen isotope values (δ15N) by stable isotope ratio mass
spectrometry. 

Plant mineral composition analysis 

Plants were grown gnotobiotically in tube cultures using half-strength
Hoagland’s No. 2 medium (seven replicates per treatment), harvested
at 1 month, rinsed in distilled Milli-Q deionized water, and oven-dried.
N content of whole plants was measured by the microKjeldahl
technique. For the other mineral nutrients, plant material was
dry-ashed at 500°C, dissolved in 3 N nitric acid, and analysed by
plasma absorption spectrophotometry at the Soil and Plant Nutrition
laboratory, Michigan State University. The data were subjected to
statistical analyses as indicated earlier.

Rice seed protein analysis

Giza 177 rice grain derived from the 2nd field inoculation trial at
Sakha was analysed to determine whether inoculation with rhizobial
endophyte strain E11 affected the ratios of its nutritionally important
proteins. Samples included grain from uninoculated plots receiving
0 and 48 kg fertilizer N per ha, 48 kg fertilizer N plus inoculation with
E11, and a control of commercial seed used for planting this
experiment. The rice grain was dehusked, powdered, extracted and
analysed by sodium dodecylsulfate–polyacrylamide gel
electrophoresis (SDS–PAGE)–densitometry (Mujoo et al. 1998) and
reverse-phase–high performance liquid chromatography (RE–HPLC)
(Hussian et al. 1989). For SDS–PAGE, the protein contents in the rice
seed extracts were estimated by the Bradford method (Bradford 1976)
and 40 µg of extracted proteins was loaded onto each lane in 15% gels.
Samples were electrophoresed, stained with Coomassie Blue, and the
resulting patterns measured by densitometry. For RP–HPLC, extracted
proteins were separated at 60°C on a Phenomenex 300 RP Jupiter-C18
column using an acetonitrile :water gradient in 0.1% trifluoroacetic
acid and detected by photodiode array.

Production and identification of phytohormones made by rhizobial 
endophyte strain E11

Strain E11 was grown at 30°C in shaken sidearm flasks containing a
defined basal medium with all components of B3 (Dazzo 1982), except
Na glutamate, which was replaced with L-tryptophan at 1.02 g L–1.
Additional N sources included supplements of Na glutamate (1.1 g L–1)
with or without axenically collected rice root exudate (10% v/v in
water, collected from four axenic seedlings of Sakha 102 rice grown
hydroponically for 4 d in water), or KNO3 (0.657 g L–1). Growth was
monitored by turbidity using a Klett Somerson colorimeter (660 nm).
At various sampling times, 1-mL samples were collected, clarified by
centrifugation, and analysed colorimetrically for indole acetic acid
(IAA) equivalents using the Saklowsky reagent (Gordon and Weber
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1951). For bioassays, Giza 171 rice seedlings were grown axenically in
cylinder jars containing 100 mL half-strength Hoagland’s basal
medium plus dilutions of filter-sterilized culture supernatant added
prior to agar solidification. For chemical analysis, the culture
supernatants were acidified to pH 3, extracted three times with an equal
volume of ethyl acetate, concentrated to dryness in a rotary evaporator,
and re-dissolved in a small volume of methanol. For thin-layer
chromatography, samples were spotted on silica plates that had been
pre-washed in chloroform:acetic acid (95:5) and run in the same
solvent. Plates were dried and sprayed with the Erlich reagent (1%
dimethylaminobenzaldehyde in 1% HCl) to detect IAA. For gas-liquid
chromatography–mass spectrometry (GLC–MS), 5–10-mg dried
samples of the extracted culture supernatants were trimethylsilylated
using the BSTFA reagent, dried, re-dissolved in hexane, and analysed
by electrospray ionization GLC–MS using a DB-1 capillary column.

Phosphate-solubilizing activity of rhizobial rice-root endophyte strains

Double-layered plates were prepared with a 15-mL bottom layer of
modified B3 defined medium (Dazzo 1982) containing 0.01% K2HPO4
and 0.05% (NH4)2SO4 or NH4NO3 as phosphorus and nitrogen
sources, respectively, and overlaid with 5 mL of 0.2% (w/v) CaHPO4
or inositol hexaphosphate (phytic acid) evenly suspended in 1.5% agar
in water (Peix et al. 2001). To detect phosphate solubilization, plates
were spot inoculated with rhizobia, incubated at 30°C, and examined
under darkfield illumination for clearing (solubilization) of the
insoluble precipitates of inorganic and organic phosphates around the
colonies.

Plating test for production of Fe-chelating siderophores by rhizobial 
rice-root endophyte strains

Isolates were spot inoculated and grown under Fe-limited conditions
on ‘CAS’ plating medium (Neilands and Leong 1986) to detect certain
Fe-chelating siderophores. Plates were examined daily for 5 d, for
formation of the yellow coloration indicating a positive result.

Microscopy of rice root colonization by the rhizobial endophyte strain 
E11 

Strain E11 was inoculated on axenic seedling roots of Sakha 102 rice
and cultured gnotobiotically in cylindrical jars. After 4-d incubation in
the growth chamber, the entire block of agar matrix was removed from
the jars, then gently broken apart so that the entire root system could be
harvested, and rinsed clean with distilled, deionized water. This
procedure was done carefully to keep the roots intact and eliminate all
agar pieces. Seedling rootlets ≤2 mm thick were cut into 5-mm
segments, processed for fixation, dehydration, critical point drying,
sputter coating, and examination using the JEOL 6400 scanning
electron microscope (SEM) (Subba-Rao et al. 1995). Scanning
electron microscopy (SEM) digital images were acquired at 1000∞ and
analysed using CMEIAS–UTHSCSA ImageTool software to extract
data on microbial abundance and distribution, followed by evaluation
of their spatial statistics using GS+ (Robertson 2001) and EcoStat
software (Towner 1998).

Production of plant wall-degrading enzymes by rhizobial endophyte 
strains

To detect cell-bound cellulase and polygalacturonase enzyme activities,
shaken broth cultures were grown for 24 h at 28°C in defined B-INOS
medium (Mateos et al. 1992), centrifuged, resuspended in 100 mM

potassium phosphate–citric acid buffer (pH 5.2), sonicated on ice in
five cycles of 1-min bursts, and recentrifuged. The supernatant was
analysed for carboxymethyl cellulase (CMCase, EC 3.2.1.4) and
polygalacturonase (EC 3.2.1.15) activities using the double-layer plate
assay (Mateos et al. 1992), the reducing sugar assay using the
2,2′-bicinchoninate (BCA) reagent (Waffenschmidt and Jaenicke 1987;

Jiménez-Zurdo et al. 1996), and the SDS–gel electrophoresis–enzyme
activity stain assay using a 12% acrylamide/bis separating gel and 4%
stacking gel (Mateos et al. 1992). The molecular masses of the
isozymes detected were based on comparison with protein standards
(Bio-Rad Laboratories, Richmond, CA). Protein content was measured
by the dye-binding method of Bradford (1976) with bovine serum
albumin as standard.

Growth of rhizobial endophyte strain E11 on roots of rice varieties 
preferred by Filipino farmers

Strain E11 cells were inoculated on axenic seedling roots of four rice
genotypes commonly used in rice cropping systems in the Philippines
(Sinandomeng, PSBRC 74, PSBRC 58 and PSBRC 18) and grown
gnotobiotically in hydroponic tube culture. For comparison, an
equal-sized population of a local, unidentified isolate BSS 202 (used as
a Pgp+ biofertilizer inoculant for rice in the Philippines) was inoculated
on plants of equal size. At 30 d after inoculation, viable plate counts
were made on yeast extract–mannitol agar from three different samples
of the bacteria–rice root association: the cells suspended in the external
root-growth medium, the population dislodged from rinsed roots by
extensive shaking, and the macerated ‘histosphere’ of interior root
colonists that survived surface-sterilization of the roots using a 1 :4
dilution of commercial bleach (sodium hypochlorite) solution.

Promotion of corn growth by rhizobial endophyte strain E11 under field 
conditions

Strain E11 was included in field inoculation experiments at the
Handcock Agricultural Experiment Station, Wisconsin, USA to
determine if this Pgp+ rhizobial endophyte of rice can also promote the
growth of corn (Zea mays L., maize). In these field experiments, the
response to inoculation (biomass measured as total plant dry weight) of
several maize genotypes was evaluated after 120 d of growth without
applied N fertilizer.

Results and discussion

Confirmation of the natural intimate association of rice roots 
and rhizobia, and comparison of their endophytic 
populations under different field conditions

We took an ecological approach involving two cycles of field
and laboratory studies to detect, enumerate, and isolate
rhizobial endophytes from surface-sterilized roots of
field-grown rice to confirm our previous finding (Yanni et al.
1997) and to expand the diversity of our culture collection of
rice-adapted rhizobia. Rice plants of approximately the
same height were sampled at five different field sites during
two rotations with berseem clover in the Nile delta. The 1st
field sampling site (Yanni et al. 1997) was from vegetative
regrowth of residual ‘ratoon’ rice from the previous growing
season that was intermingled among clover plants in their
current rotation (Fig. 1A). The second was from four
different sites in flooded fields of transplanted rice (preceded
by berseem clover) in the next rice-growing season
(Fig. 1B). Rice roots were washed and surface-sterilized
until bacteria on the root surface could no longer be cultured
on yeast–mannitol agar plates (Yanni et al. 1997). Diluted
rice root macerates were inoculated directly on axenic
seedling roots of berseem clover in enclosed tube cultures
containing N-free Fåhraeus agar, and the number of nodu-
lated plant replicates was scored after 1 month to calculate
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most probable number (MPN) estimates of the endophytic
rhizobial populations (Yanni et al. 1997). This experimental
design took advantage of the strong positive selection of the
clover ‘trap’ host to select the numerically dominant,
‘rice-adapted’ clover root-nodulating rhizobia present from
amongst the other natural rice endophytes that survived root
surface-sterilization. It also provided an easy route to isolate
these rhizobia from within the clover root nodules that
ultimately developed. The results from all five sample sites
provided a solid confirmation of our guiding hypothesis that
the rhizobia within the clover root nodules do intimately
colonize the rice root interior in these fields of the Egyptian
Nile delta where this cereal has been rotated successfully
with berseem clover since antiquity. The population size of
clover-nodulating rhizobia was 2–3-log units higher inside
the roots of the ratoon rice growing among the clover plants
(Yanni et al. 1997) than inside the roots of the transplanted
rice in the flooded fields (Fig. 2). These results suggest that

the rice root interior provides more favourable growth
conditions for rhizobia when cultivated in close proximity to
clover in drained (aerated) soils rather than in monoculture
within flooded rice fields, further highlighting a long-term
benefit of the rice–legume rotation in promoting this
intimate plant–microbe association.

Development of a culture collection of clover-nodulating 
rhizobial endophytes of rice, confirmation of their taxonomic 
status, and assessment of their strain diversity

Thirty-nine isolates of these rice-adapted rhizobial endo-
phytes, designated as E1–E39, were obtained in pure
cultures from clover nodules sampled from the MPN plant
infection tests, resulting in a collection that exhibited both
strain diversity and performance variability in rice–rhizobial
interactions. Each isolate represents a different clone of
numerically abundant rhizobia from natural endophytic
associations with rice roots, with isolates E1–E12 from
ratoon rice (Yanni et al. 1997) and isolates E13–E39 from
transplanted rice. Each isolate displayed cultural character-
istics typical of wild type R. leguminosarum bv. trifolii, i.e.
well-isolated colonies were convex with an entire edge,
glistening, mucoid, and pearl white on B3 and yeast
extract–mannitol agar plates at 30°C for 5 d, and did not
grow on trypticase soy agar (Dazzo 1982). Each isolate
nodulated berseem clover in enclosed gnotobiotic tube
cultures (Table 1).

Two of the isolates (E11, E12) were further analysed to
fully establish their taxonomic status and verify that they
could colonize the rice root interior. A combination of
characteristics, including their growth on B3 defined
medium, cellular morphology and encapsulation, ability to
nodulate berseem and white clovers but not alfalfa, complete
16S rRNA sequence, and acidic extracellular polysaccharide
molecular structure provided compelling evidence that they
are authentic strains of R. leguminosarum bv. trifolii (Yanni
et al. 1997). For example, their entire 16S rRNA nucleotide
sequence differed from the official American Type Culture
Collection (ATCC) ‘type strain’ of R. leguminosarum bv.

Fig. 1. (A) Ratoon rice intermingled with young berseem clover and (B) transplanted rice in the Egyptian Nile delta.
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Fig. 2. Most probable number of endophyte populations of
Rhizobium leguminosarum bv. trifolii in rice roots cultivated in the
Egyptian Nile delta.
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trifolii at only 1 of ca 1500 base positions. A similarity
matrix analysis based on percentage homologies of the
entire 16S rDNA sequences of strains E11 and E12 to other
wild-type strains of rhizobia in the RDP-II database
(Maidak et al. 2001) indicated the following percentage
similarities: 99.9% with R. leguminosarum bv. trifolii T24;
99.7% with R. leguminosarum bv. viciae USDA 2498;
99.0% with R. etli CFN42; 97.4% with R. tropici CIAT 899;
95.8% with Sinorhizobium fredii ATCC 35423 and
S. meliloti LMG 6133; 94.0% with Mesorhizobium loti
ATCC 33669; 93.6% with Allorhizobium undicola
LMG  11875; 91.3% with Azorhizobium caulinodans
ORS571; 89.2% with Bradyrhizobium japonicum
LMG6138; and 88.3% with B. elkanii USDA 76.

Also, strains E11 and E12 were reisolated from sur-
face-sterilized roots of inoculated rice plants cultured
gnotobiotically under microbiologically controlled condi-
tions, thus fulfilling the Koch’s postulates and confirming
that they can form intimate associations with rice roots
without requiring the assistance of other soil microorgan-
isms (Yanni et al. 1997).

The diversity of strains in this culture collection was
analysed to gain a better understanding of the breadth of
rhizobia’s ecological niche that defines this plant–microbe
association, and to guide us in selecting isolates that can
represent the genomic diversity for various other studies of
this association. Echkardt plasmid profiling and BOX–PCR
genomic fingerprinting revealed nine different plasmid
profiles and eight different patterns of genomic fingerprints
among the 39 isolates. Figures 3A and B show all these
genomic variations using isolates representative of each
group, and the corresponding dendrograms depict their
degree of relatedness and divergence based on statistical
cluster analyses. A combined assessment of the results

derived from both molecular techniques clustered the
39  isolates of rice-root endophytes into 10 groups of
strain-specific genotypes: three associated with ratoon rice
roots and seven associated with transplanted rice roots.
Table 1 lists each group ranked according to its abundance
and the designations of isolates within each group. Thus,
although the root interior of ratoon rice supported a
significantly higher population of clover-nodulating
rhizobia (Fig. 2), a higher diversity of the strain genotypes
was isolated from roots of the transplanted rice (Table 1).
Ecological statistics (Towner 1998) applied to quantify the
Shannon–Wiener index of diversity that takes into account
both the strain richness and distribution of isolate abundance
in this culture collection indicated a value of 0.3578 for the
12 original endophyte isolates obtained from the ratoon rice
only and 0.8013 for the entire collection of 39 isolates. This
clearly indicates that the addition of isolates from trans-
planted rice more than doubled the genotypic diversity of
the entire culture collection of rhizobial endophytes.
Consistent with previous results (Yanni et al. 1997),
these   studies indicate that diverse populations of
R. leguminosarum bv. trifolii colonize the rice root interior
in both drained and flooded soils used for rice–berseem
clover rotation in the Nile delta.

Table 1 also indicates the symbiotic N2-fixing perform-
ance for each strain genotype on berseem clover in
gnotobiotic N-free tube culture, based on tests for 33 of the
39 isolates with all 10 strain groups represented. Analyses of
the total plant dry weight and N content of inoculated vs
uninoculated control plants indicated that 90% of the
isolates representing eight strain genotypes (all three groups
from ratoon rice and five of the seven groups from
transplanted rice) were effective in BNF on berseem clover,
whereas four related isolates representing the remaining two

Table 1. Diversity and symbiotic effectiveness among different strain genotypes of rice-associated Rhizobium leguminosarum bv. trifolii
isolates on the legume host, berseem clover (T. alexandrinum)

Isolates were grouped into 10 distinct strain genotypes based on cluster analyses of their plasmid profiles and BOX–PCR genomic fingerprints.
Four replicate gnotobiotic tube cultures were evaluated after 1 month incubation in the plant growth chamber. Values followed by ** are

significantly different from the corresponding uninoculated control at the 99% level

Strain genotype and 
associated rice

Number of 
isolates Isolates with the strain genotype

Mean number of 
nodules per plant

Plant dry 
weight (mg)

Plant N 
(mg)

BNF fix 
phenotype

1 — Transplanted 14 E16–E19, E21–E25, E27–E30, E32, E38 5.4 18.0** 0.50** +
2 — Ratoon 8 E1–E2, E4–E7, E10–E11 4.8 16.7** 0.50** +
3 — Transplanted 6 E31, E33–E35, E37, E39 5.0 17.6** 0.48** +
4 — Ratoon 3 E8–E9, E12 5.3 15.1** 0.54** +
5 — Transplanted 3 E13–E15 9.0 9.9 0.20 -
6 — Ratoon 1 E3 4.5 19.3** 0.41** +
7 — Transplanted 1 E18 8.5 18.9** 0.54** +
8 — Transplanted 1 E20 8.3 11.4 0.24 —
9 — Transplanted 1 E26 6.8 22.0** 0.64** +

10 — Transplanted 1 E36 4.8 16.8** 0.47** +
Uninoc. control n.a. n.a. 0 11.1 0.23 n.a.
l.s.d. (0.01) n.a. n.a. n.a. 3.5 0.09 n.a.
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strain genotypes from transplanted rice were Nod+ but
ineffective in fixing N (Fix–) on this legume host. The clover
plants inoculated with the related Fix– isolates E13, E14,
E15 and E20 initially grew as the uninoculated control
plants, but later exhibited disease symptoms on this clover
host that were more severe than the stunted chlorotic growth
typical of N deficiency. Instead, these unhealthy inoculated
clover plants turned reddish-brown in colour and shriveled
up without any indication of BNF. This latter information
from the laboratory test is important for biosafety consider-
ations: identification of the rice endophytes that exhibit a
pathological Fix– phenotype on berseem clover enabled us to
exclude these isolates from field inoculation trials, thereby
avoiding potentially catastrophic consequences for this
legume crop in these fields (Yanni and Dazzo 2001).

Plant growth-promotion (PGP) of rice by various rhizobial 
endophyte strains 

The early studies to fulfil the requirements of Koch’s
postulates on the endophytic colonization of rice by rhizo-
bial isolates E11 and E12 also revealed that these rhizobia
promoted the growth of rice shoots and roots in gnotobiotic
culture (Yanni et al. 1997). These observations were fol-
lowed by more extensive laboratory and greenhouse tests to
establish the range of growth responses of Japonica, Indica

and hybrid rice varieties from Egypt, IRRI, the United States
and Australia, inoculated with this diversity of rice-adapted
rhizobia. These included growth-chamber experiments in
which the roots were grown gnotobiotically in either a layer
of flooded sand above Hoagland’s No. 2 basal nutrient
medium in agar tube cultures or in larger semi-enclosed
cylindrical jars providing more root ‘growing space,’ and
greenhouse experiments using open pots of flooded soil.
Each of these methods of culturing rice has its merits and
disadvantages, but the trend was the same: rice exhibits the
full spectrum of growth responses (positive, neutral and
sometimes even negative) to inoculation by the diverse
rhizobial endophytes, with the outcome exhibiting a high
level of strain–variety specificity (Yanni et al. 1997;
Prayitno et al. 1999; Biswas et al. 2000a, b; this paper). On
the positive side, these studies have indicated a chronology
of several Pgp+ responses of rice to select strains of rhizobia
that manifest as increased seedling vigour (faster seed
germination followed by increased shoot height, leaf area,
chlorophyll content, root length and biomass) which carries
over to increased yield and N-content of straw and grain at
maturity.

The new PGP work in this paper focused on ranking the
PGP performance of isolates to identify superior ones as
candidates for development of efficient biofertilizer

Fig. 3. Strain diversity of rice endophytes of Rhizobium leguminosarum bv. trifolii isolated in the Egyptian Nile delta. (A) Plasmid profile and
dendrogram of related groups. (B) BOX–PCR genomic fingerprints and dendrogram of related groups.
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inoculants for rice cropping systems, and on investigating
potential underlying mechanisms of Pgp+ by these superior
isolates. A complementary study by B. G. Rolfe and
colleagues at the Australian National University focused on
the underlying basis for the induction of negative growth
responses of rice by select Pgp– rhizobial strains. They
found that this inhibitory interaction is controlled by
plasmid(s) in the rhizobia and can be nullified by adjust-
ments in the nutrient medium (Perrine et al. 2001).

We reasoned that the bioassay to quantify levels of PGP
activity among the rhizobial endophytes of rice would be
optimized if plant nutrients were available suboptimally, as
may be encountered in the field. Giza 177, an early
maturing, high N-responsive and high-yielding variety of
rice was used in an axenic tube culture experiment to
evaluate its growth response to plant nutrient concentrations.
Under these conditions, the whole plant biomass was
significantly higher using full-strength rather than
half-strength Hoagland’s No. 2 basal nutrient medium (mean
of 83.8 vs 63.2 mg plant dry wt at 42 d; l.s.d. (0.01) = 11.3).
Therefore, all subsequent PGP bioassays used half-strength
Hoagland’s No. 2 nutrient medium to impose nutrient
limitations and to further optimize detection of positive
growth promotion responses to the rhizobia.

Next, we examined the effects of the Fix– strains on rice
growth. Of concern was their induction of strong patho-
logical symptoms on berseem clover extending beyond N
limitation, and the question of whether strains unable to fix
dinitrogen in legumes can still promote rice growth. The
growth responses of six rice varieties (four Egyptian and two
from USA) inoculated with isolates E15 and E20 (represent-
ing the two related but apparently not identical Fix– strain
groups 5 and 8, respectively) were compared with axenic,
uninoculated control plants. Under experimental conditions
in which strain E11 expresses its Pgp+ phenotype on rice,
these two strains also promoted positive growth responses in
various rice varieties without eliciting obvious pathological
symptoms (Table 2), indicating that rice is resistant to the
pathogenic activities of R. leguminosarum bv. trifolii strain
genotypes 5 and 8 on berseem clover, and their Fix–

phenotype on this legume host does not preclude their Pgp+

activity on rice. As mentioned earlier, for biosafety reasons
we excluded these two Fix– isolates from field inoculation
trials despite their ability to promote rice growth in the
laboratory tests.

Next, we examined the specificity in strain–variety
interactions using the eight Fix+ strain genotypes inoculated
onto four rice varieties (two Egyptian and two from USA) to
identify superior combinations for possible inclusion in field
inoculation trials. The strains E11, E12 and possibly E26,
representing strain genotype groups 2, 4 and 9, respectively,
were superior in promoting the root and shoot growth of all
four rice cultivars when averaged together (Table 3). There
was no obvious correlation between the levels of Fix+

phenotypes of isolates on berseem clover and their Pgp
phenotypes on rice (Tables 1 and 3). Overall, the rice
varieties that responded best to inoculation with these
strains of rhizobia were Sakha 102 and Giza 177 for
cumulative shoot height and M202 and Sakha 102 for root

Table 2. Strains of Rhizobium leguminosarum bv. trifolii that are either Fix+ or Fix– on berseem 
clover can promote rice growth in gnotobiotic tube culture

Eight replicates per treatment, incubated in the plant growth chamber, harvested 22 d after inoculation.
Mean values followed by * or ** are significantly higher than corresponding uninoculated control at the

95 and 99% levels, respectively 

Inoculant Whole plant dry weight for different rice varieties (mg)

treatment Sakha 101 Sakha 102 Giza 177 Giza 181 M202 L204

Uninoculated 34.7 31.4 39.4 31.1 31.4 33.5
E11 (Fix+) 39.2* 37.5** 49.9** 39.2** 42.7** 41.7**
E15 (Fix–) 43.8** 35.4* 42.4** 41.8** 43.1** 36.8*
E20 (Fix–) 37.5* 39.6** 38.4** 39.8** 41.1** 38.9**

Table 3. Average efficiency of rice endophytes of Rhizobium
leguminosarum bv. trifolii to promote root and shoot growth of four

rice cultivars in gnotobiotic culture
Rice cultivars were Giza 177, Sakha 102, M202 and L204. Roots of
axenic seedlings were inoculated with 106 cells, grown gnotobiotically
in growth chambers for 1 month within cylinder jars containing
100 mL half-strength Hoagland’s basal nutrient medium; five repli-
cates per treatment. Values followed by different letters are signifi-
cantly different at the 95% level. The overall responses from some
inoculant strains (e.g. E11 and E12) were stimulatory whereas others

(e.g. E36 and E18) were inhibitory on rice

Inoculation treatment Root biovolume (cm3) Shoot biomass (mg)

Uninoculated control 1.49c 211c
E11 2.48a 277ab
E12 2.33a 298a
E26 2.13ab 271b
E24 1.88b 233c
E39 0.98d 166d
E3 0.95d 164de
E36 0.88d 139ef
E18 0.77d 123f
l.s.d. (0.05) 0.32 20.3
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biovolume (Table 4). Statistical analyses identified signifi-
cant differences in the specificity of strain–variety inter-
actions for promotion of root and shoot growth (Table 5).
The combinations of Sakha 102, M202 and Giza 177 with
rhizobial strains E11 and E12 dominated the top rankings.
The strain–variety combinations are ranked as follows (all
statistically significant percentage increases due to inocu-
lation over the corresponding uninoculated controls): Sakha
102: E11 (58%) > E12 (45%); Giza 177: E11 (91%) > E12
(82%) > E26 (78%) > E24 (22%); M202: E11 (117%) > E12
(99%) > E26 (92%) > E24 (67%); and L 204: E26 (44%) >
E11 (33%) > E24 (20%).

The superior rankings of R. leguminosarum bv. trifolii
strains E11 and E12 in these studies are consistent with their
high ranking in previous tests for Pgp+ performance as
compared among other plant growth-promoting rhizo-
bacteria [Azospirillum brasilense, Acetobacter diazotrophicus,
Azorhizobium caulinodans, Bradyrhizobium elkanii,
Bradyrhizobium sp. (Aeshcynomene fluminensis) and
Rhizobium (Sesbania canniba)] on other rice varieties in
greenhouse studies at IRRI (Biswas et al. 2000a, b).
Considered collectively, these laboratory PGP bioassays

indicate that some of the rice-adapted rhizobia exhibit very
good Pgp+ performance on several rice varieties and can
serve as model strains for further studies of this beneficial
rhizobia–rice association.

Performance of selected rhizobial endophytes in field 
inoculation trials of rice

Three field inoculation trials were conducted at the Sakha
Agricultural Research Station in the Nile delta, Egypt to
evaluate whether selected strains of R. leguminosarum
bv. trifolii can increase rice grain yield, and agronomic
fertilizer N-use efficiency under field conditions. In the first
field trial (Table 6), strains E11 and E12 significantly

Table 4. Average efficiency of four rice cultivars in gnotobiotic
culture to be promoted in root and shoot growth by rice

endophytes of Rhizobium leguminosarum bv. trifolii
Isolates representing the eight genotypes of Fix+ strains were E3, E11,
E12, E18, E24, E26, E36 and E39. Experimental conditions were as
indicated in Table 3. Values followed by different letters are

significantly different at the 99% level 

Rice variety Cumulative shoot height (cm) Root biovolume (mm3)

Sakha 102 244.0a 1769ab
Giza 177 235.6a 1103c
M202 212.6b 1807a
L204 171.5c 1476b
l.s.d. (0.01) 17.7 322

Table 5. Ranking of 12 superior plant growth-promoting
combinations among the 32 possible rice variety–rhizobial strain

combinations
Experimental conditions were as described in Table 3. Values followed
by a different letter are significantly different at the 99% level. Only
combinations whose values are significantly higher than the

uninoculated control plants are presented

Variety × strain

Cumulative 
shoot height 

(cm) Variety × strain

Root 
biovolume 

(mm3)

Sakha 102 × E12 328.2a M202 × E11 3120a
Giza 177 × E11 326.2a Sakha 102 × E12 3060a
Sakha 102 × E11 325.5a M202 × E12 2860ab
Giza 177 × E26 325.5a Sakha 102 × E11 2820ab
Sakha 102 × E24 288.7ab M202 × E26 2760ab
Giza 177 × E12 274.3abc L204 × E26 2420abc
M202 × E12 266.0bc M202 × E24 2400abc
M202 × E26 254.3bc L204 × E11 2240abc
M202 × E11 247.2bc L204 × E24 2020c
Sakha 102 × E39 239.7bc Sakha 102 × E24 1980c
Giza 177 × E24 231.1c Sakha 102 × E26 1720c
(no other combinations — Giza 177 × E11 1720c
l.s.d. (0.01) 57.2 l.s.d. (0.01) 734

Table 6. First field inoculation trial (1996); rice variety Giza 175, E11 and E12 are strains of rice-adapted Rhizobium leguminosarum
bv. trifolii (Yanni et al. 1997)

Mean values differ from corresponding control at the 99% (**) confidence level. The results indicate that the grain N, grain yield, and agronomic
fertilizer N-use efficiency of Giza 175 rice were significantly increased by inoculation with rice-adapted rhizobial strains E11 and E12. l.s.d. value

is for comparison between any two inoculation values within the same N level and corresponding parameter

Fertilization rate 
Grain N content 

(kg ha–1)
Grain yield 

(t ha–1)

Agronomic fertilizer N-use efficiency 
[kg grain yield 

(kg fertilizer N applied)–1]

(kg N ha–1) Control E11 E12 Mean Control E11 E12 Mean Control E11 E12 Mean

0 N 36.4 55.7 48.9 47.0 4.33 6.31 6.15 5.60 — — —
48 N 54.9 70.9 63.1 63.0** 5.84 7.93 6.96 6.91** 121.7 165.2 145.0 144.0**
96 N 52.9 73.7 75.3 67.3** 5.41 7.11 7.85 6.79** 56.4 74.1 81.8 70.8**
144 N 58.9 68.5 70.2 65.9** 6.38 7.00 6.96 6.78** 44.3 48.6 48.4 47.1
Mean 50.8 67.2** 64.4** 5.49 7.09** 6.98** 74.1 96.0** 91.7**
l.s.d. of inoc. at 95 and 
99% levels 

3.0, 4.1 0.32, 0.44 4.4, 6.0
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increased the grain N content, grain yield and the agronomic
fertilizer N-use efficiency of the Egyptian rice variety Giza
175, especially at the zero and intermediate fertilizer N input
levels (Yanni et al. 1997). In that field experiment, the
highest chemical N fertilizer input actually lowered the
grain yield, probably because very high levels of available
soil N can cause too much vegetative growth at the expense
of reproductive growth, and exposure to excessive fertilizer
N at later growth stages also increases spikelet sterility and
production of late tillers in rice (Vergara 1992). In other
words, rice grows bigger vegetatively rather than reproduces
when provided very high N, especially in later growth
stages!

In our second field trial, inoculation with strain E11
significantly increased the grain N content, grain yield, and
agronomic fertilizer N-use efficiency of Giza 177 rice
(Table 7). This rice endophyte strain was superior as a rice
biofertilizer inoculant to strain C6 traditionally used as an
inoculant for berseem clover.

Our third field inoculation trial evaluated eight strains of
rice-adapted rhizobia (one from each of the eight different
Fix+ groups) on the Egyptian rice varieties Sakha 102 and
Giza 177 at 0, 50 and 100% of their corresponding current
recommendation of fertilizer N quantity. The results demon-
strated strain–variety specificity between these varieties and
the inoculant strains. They again indicated statistically
significant responses to inoculation; certain rhizobial test
strains significantly increased the grain yield and agronomic
fertilizer N-use efficiency of both Giza 177 and Sakha 102
(Tables 8 and 9). These results indicate that some inoculant
strains improved the rice plant’s efficiency in utilizing soil N
resources to produce grain under the prevailing field
conditions in the Nile delta, a very desirable feature
consistent with sustainable agriculture.

The harvest index [% of grain yield/(grain + straw
yields)] can indicate how the rhizobial strains affect the
growth physiology of rice under field conditions. This index
indicates how much a given treatment (e.g. fertilizer N

Table 7. Second field inoculation trial (1997); rice variety Giza 177; E11 is a rice-adapted strain and C6 is a commercial inoculant strain
of Rhizobium leguminosarum bv. trifolii, respectively

Mean values differ from the corresponding controls at the 95% (*) and 99% (**) confidence levels. The results indicate that the grain N, grain
yield, and agronomic fertilizer N-use efficiency of the Giza 177 rice were significantly increased by inoculation with the rice-adapted rhizobia
strain E11. The inoculation response to a commercial inoculant strain (used for berseem clover) was less pronounced. l.s.d. value is for comparison

between any two inoculation values within the same N level and corresponding parameter

Fertilization rate 
Grain N content 

(kg ha–1)
Grain yield 

(t ha–1)

Agronomic fertilizer N-use efficiency 
[kg grain yield

(kg fertilizer N applied)–1]

(kg N ha–1) Control E11 C6 Mean Control E11 C6 Mean Control E11 C6 Mean

0 N 71.7 111.0 77.8 86.8 8.54 12.65 9.18 10.12 — — —
48 N 81.5 127.3 90.0 99.6 9.37 13.50 10.09 10.99 195 281 210 229**
96 N 95.9 140.2 116.8 117.6** 9.86 13.52 11.76 11.71 103 141 122 122**
144 N 89.5 130.3 102.1 107.3* 9.66 13.16 10.83 11.22 67 92 75 78
Mean 84.7 127.2** 96.7* 9.36 13.21** 10.47* 74.1 171** 136**
l.s.d. of Inoc. at 95 and 
99% levels 9.5, 12.8 1.03, 1.40 14, 19

Table 8. Third field inoculation trial (1999); grain yield (tons/ha) of the rice varieties Sakha 102 and Giza 177 inoculated with
rice-adapted strains of Rhizobium leguminosarum bv. trifolii 

Mean values (*) differ from the corresponding control at the 95% confidence level

Sakha 102 Giza 177
Inoculant strain 0 N 54 N 108 N Mean 0 N 72 N 144 N Mean

Uninoculated 4.87 5.93 5.15 5.32 3.97 5.17 6.69 5.28
E3 5.12 6.64 7.17 6.31* 3.97 6.96 5.52 5.48
E11 6.37 6.28 7.11 6.59* 5.19 6.27 6.74 6.07*
E12 5.96 6.57 7.25 6.59* 5.28 6.28 5.96 5.84
E24 6.19 5.18 7.61 6.33* 4.50 6.69 7.36 6.18*
E27 5.89 6.31 6.93 6.38* 4.65 6.24 7.36 6.08*
E36 5.85 7.26 6.81 6.64* 3.95 7.00 6.90 5.95*
E37 5.97 6.14 7.40 6.51* 4.95 6.79 7.04 6.26*
E39 5.27 6.15 7.42 6.28* 5.26 6.86 8.91 7.01*
Mean 5.72 6.27 6.98 4.64 6.47* 6.94*
l.s.d. (0.05) 0.84 1.06
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application and/or inoculation) can direct the plant towards
reproductive rather than vegetative growth. Normally, chem-
ical N fertilization promotes vegetative growth whereas with
biotic agents, fixed or absorbed N is utilized more slowly,
leading to a better balance between vegetative and reproduc-
tive growth. This results in more grain yield and is reflected
in a higher harvest index. The parameter is then very useful
in comparing chemical vs biofertilization in terms of
increasing grain yield. The data from all three field inocula-
tion experiments provide examples in which the harvest
index decreased with increasing amounts of chemical
fertilizer N applied, but increased in inoculated treatments.
Thus, certain rhizobial endophytes influence the growth
physiology of the rice plant in ways that favor a better
balance of vegetative and reproductive growth, which then
carry-over to higher grain yield at maturity. Similar conclu-
sions could be drawn from previous greenhouse studies
using some of the same rhizobial strains inoculated on
different rice varieties from IRRI and India grown in potted
soil (Biswas et al. 2000a).

Underlying mechanisms of plant growth-promotion by 
rhizobial endophytes of rice

The results of laboratory, greenhouse, and field experiments
indicating that some of these rhizobial endophytes promote
rice growth warranted follow-up studies designed to shed
new light on possible underlying mechanisms. We therefore
investigated: (i) associative BNF by the rhizobial endo-
phytes as a source of plant N, (ii) rhizobial induction of an
expansive root architecture with enhanced efficiency in plant
mineral nutrient uptake, (iii) rhizobial production of extra-
cellular growth-regulating phytohormones, (iv) rhizobial
solubilization of precipitated phosphate complexes that
would likely increase their bioavailability, and (v) rhizobial
production of Fe-chelating siderophores. The data reported
here represent only a portion of our ongoing research
project, and the underlying mechanism(s) involved have not

been fully established. Further, the molecular details of how
the stimulatory (this paper) and inhibitory (Perrine et al.
2001) effects of rhizobia on growth regulation in rice
interrelate remains for future inquiry. An interesting clue is
that the inhibition of rice by certain rhizobial endophyte
strains can be reversed by adjusting the composition of the
plant nutrient medium (Prayitno et al. 1999). Although
biological control of phytopathogens is traditionally recog-
nized as another important mechanism of PGR by rhizo-
bacteria (Kloepper et al. 1980; Haque and Ghaffar 1993), it
was not considered here because certain rhizobial endophyte
strains directly stimulate rice growth in gnotobiotic culture,
and uninoculated (already blast-resistant) control plants lack
disease symptoms in the field inoculation trials (Y. Yanni
and F. Dazzo, unpublished observations).

Various tests for ‘associative’ biological nitrogen fixation are 
negative

Several studies indicate rice plants will accumulate more N
in shoots and grain when inoculated with selected strains of
rhizobial endophytes (Yanni et al. 1997; Biswas et al. 2000b;
Tables 6 and 7). Numerous lines of evidence, however,
indicate that this plant growth-promoting benefit of the
rice–rhizobia interaction does not involve BNF, and that the
additional combined N accumulated within inoculated plants
is derived from alternative sources, mainly soil mineral N.
First, these benefits are promoted rather than suppressed
when fertilizer N is provided (Yanni et al.1997; Prayitno
et al. 1999; Biswas et al. 2000a, 2000b). Second, the degree
of growth benefit linked to inoculation with certain strains of
rhizobial rice–root endophytes does not correlate with their
degree of Fix+ performance in symbiosis with their nodu-
lated berseem clover host (Tables 1 and 3). Third, periodic
acetylene reduction tests on rice plants whose growth is
increased by strains E11 or E12 have not detected associative
dinitrogenase activity (Yanni et al. 1997; Biswas et al.
2000a). Fourth, greenhouse studies using the 15N-based

Table 9. Third Field inoculation trial (1999); agronomic fertilizer-N-use efficiency [kg grain (kg fertilizer-N)–1] of the rice varieties
Sakha 102 and Giza 177 inoculated with various rice-adapted strains of Rhizobium leguminosarum bv. trifolii

Mean values (*) differ from the corresponding control at the 95% confidence level 

Sakha 102 Giza 177
Inoculant strain 0 N 54 N 108 N Mean 0 N 72 N 144 N Mean

Uninoculated — 109.7 47.7 78.7 — 71.8 46.4 59.1
E3 — 122.9 66.4 94.7 — 96.6 38.3 67.5
E11 — 116.3 65.8 91.1 — 87.0 46.8 66.9
E12 — 121.8 67.1 94.5 — 87.2 41.4 64.3
E24 — 95.9 70.4 83.2 — 92.9 51.1 72.0*
E27 — 116.8 64.2 90.5 — 86.7 51.1 68.9*
E36 — 134.5 63.0 98.8 — 97.2 48.0 72.6*
E37 — 113.7 68.5 91.1 — 94.3 48.9 71.6*
E39 — 113.8 67.1 90.5 — 95.2 61.9 78.6*
Mean — 116.2* 64.5 — 89.9* 48.2
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isotope dilution method indicate that the increased N uptake
in inoculated plants was not derived from BNF (Biswas et al.
2000b). Fifth, measurements of the natural abundance of N
isotope ratios (δ15N) on field-grown plants indicate that their
greater proportion of N resulting from inoculation with
strain E11 (Yanni et al. 1997; Tables 6 and 7) is not derived
from BNF (δ15N values of 10.74 ± 0.51 vs 11.09 ± 0.90 for
uninoculated vs E11-inoculated whole plant samples,
respectively; 11.59 ± 1.65 and 12.80 ± 3.16 for grain and
shoots of E11-inoculated plants, respectively). Considered
collectively, the results provided no evidence to indicate an
involvement of BNF in the positive growth response of rice
to inoculation with these rice-adapted rhizobia.

Certain rhizobial endophytes stimulate rice to produce an 
expanded root architecture with enhanced ability to acquire 
mineral nutrients

One of the potential underlying mechanisms supported by a
large body of data is that the rhizobia promote the develop-
ment of an expanded root architecture capable of exploiting
a larger reservoir of certain essential plant nutrients. This
suggests that some of our rhizobial endophytes may alter the
morphological and physiological development of rice roots
in ways that make them better ‘miners’ of the existing
resources of plant nutrients in soil. This was first indicated in
early studies showing significantly increased production of
root biomass in plants inoculated with certain rhizobial
endophytes (Yanni et al. 1997; Prayitno et al. 1999; Biswas
et al. 2000a) and in greenhouse studies indicating signifi-
cant increases in N, P, K and Fe uptake by rice plants when
inoculated with select strains of rhizobia (including E11 and
E12) and grown in potted soil (Biswas et al. 2000b).
Tables 3 and 5 illustrate the rhizobial strain–rice variety
specificity expressed in that type of Pgp+ response.

To document more fully the evidence that supports this
hypothesis, we used image analysis to measure changes in
root architecture of Giza 177 rice variety inoculated with
strain E11 and E12 grown under nutrient-limited conditions.
This was followed by atomic absorption spectrophotometry
to define the composition of mineral nutrients taken up by
these plants. Each plant was provided exactly 100 mL of
half-strength Hoagland’s No. 2 basal salts mixture at the
time of inoculation, and only deionised distilled water
thereafter. Inoculated plants developed a root architecture in
gnotobiotic culture that was significantly more expanded
(Figs 4, 5A–D) and accumulated significantly higher con-
centrations of N, P, K, Ca, Mg, Na, Zn and Mo than did the
uninoculated controls (Fig. 6). Interestingly, the levels of Fe,
Cu, B and Mn were not statistically different (P = 0.05) in
the same inoculated and uninoculated plants under these
microbiologically controlled experimental conditions. These
experiments confirm previous studies (Yanni et al. 1997;
Prayitno et al. 1999; Biswas et al. 2000a, b) indicating that
strain E11 clearly stimulates larger root systems with

increased ability to take up certain plant mineral nutrients.
However, the selectivity in the spectrum of plant nutrients
which accumulated as a result of inoculation argues against
a non-specific enhancement of mineral accumulation by rice
roots based just on its expanded root morphology with
increased absorptive biosurface area in general. We propose
that one of the important underlying mechanisms for the
Pgp+ response of rice to selected rhizobial strains is their
ability to modulate the rice plant’s plasticity that controls its
adaptations in root architecture and the physiology of
nutrient uptake for more efficient acquisition of selected
nutrient resources that are otherwise suboptimal in soil. This
mechanism of improved selective nutrient uptake plus
alterations in growth physiology is considered the major
driving forces (rather than BNF) underlying the beneficial
growth promotion of grasses by Azospirillum brasilense
(Tien et al. 1979; Umali-Garcia et al. 1980; Okon and
Kapulnik 1986; Bashan et al. 1990; Okon and
Labandera-Gonzalez 1994).

Effects of inoculating rice with rhizobial endophytes on the 
nutritional value of this crop

These changes in mineral composition of the rice plant raise
interesting questions about the impact of rhizobial inocula-
tion on the human nutritional value of this crop. Predictably,
a potential added benefit resulting from inoculation would
be an increase in its nutritional value, not only for increased
N (mostly protein), but the other macro- and micronutrients
as well. For instance, rice is an important ‘bioavailable’
source of some of these minerals, e.g. Zn, in the human diet,
particularly in developing countries (IRRI 1999). Zinc is
considered an essential ‘super’ micronutrient that is impor-
tant for maturation of the reproductive organs in women and
the developing fetus.
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SDS–PAGE (Fig. 7) and RP–HPLC (figure not shown)
indicated no discernable changes in ratios of the major
nutritionally important storage proteins in the field-grown

Giza 177 rice grain resulting from inoculation with strain
E11. These storage proteins include the glutelins (about
80%), the albumin and globulins (about 10–12%), and a
small proportion of prolamins (about 5–7%). These results
indicate that field inoculation with the rhizobial endo-
colonizer did not qualitatively alter rice grain protein
composition, and that nutritionally important proteins are all
present in treated and control samples in similar ratios.
Therefore, since inoculation increased total grain (protein)
N content by 7.3% and significantly increased total grain
(protein) N per hectare of the crop by 56% (Table 7), the
results here indicate that the benefits of inoculation to the
small sustenance farmer include a slight increase in grain
protein content and a substantial increase in quantity of rice
grain protein produced per unit of land available for
cultivation, thereby increasing the nutritional value of the
harvested grain as a whole as compared with the un-
inoculated rice counterparts.

For biosafety reasons, other rice grain samples from the
same field inoculation experiment were analysed by plasma
absorption spectrophotometry for heavy metal content
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(mercury, selenium, lead, aluminium and silver). There were
no significant differences in the low levels of these toxic
heavy metals in the grain of uninoculated and E11-inocu-
lated treatments (data not shown).

Considered collectively, these studies indicate that
Giza 177 rice inoculated with rhizobial endophyte strain
E11 will produce grain the human nutritional value of which
is equal to or improved from (depending on the nutrient
considered) that produced by uninoculated plants.

Rhizobial endophyte strain E11 secretes plant growth 
regulators and produces auxin and gibberellin 
phytohormones

Early studies using the Saklowsky reagent suggested that
strain E11 produced auxin indoleacetic acid (IAA) in pure
culture and in gnotobiotic culture with rice (Biswas et al.
2000a, b). Further evidence supporting this suggestion was

that production of IAA-equivalents by strain E11 in yeast
mannitol broth was tryptophan-dependent (0, 12 and 39 µg
IAA-equivalents mL–1 produced in media supplemented
with 0, 1, and 5 mM tryptophan, respectively). We evaluated
various modifications of B3-defined medium to support
growth of strain E11 and optimize its production of IAA.
Figures 8A and B show that strain E11 grew better in the
defined medium containing tryptophan supplemented with
glutamate as N-source and accumulated higher amounts of
extracellular IAA equivalents than when grown in the
defined basal medium with tryptophan alone or tryptophan
plus nitrate. Both growth of E11 and its production of IAA
equivalents were highly stimulated by addition of axenically
produced and filter-sterilized rice root exudate. Axenic rice
bioassays indicated that a 1:10000 dilution of filter-
sterilized supernatant from the tryptophan- and/or
glutamate-supplemented culture stimulated root growth
(23% increase in cumulative root length, 47% increase in
root biosurface area and 82% increase in root biovolume,
compared with the untreated control plants). These results
suggest that strain E11 produces extracellular bioactive
metabolites that stimulate the development of a more
expansive root architecture in rice.

We then examined more definitively the types of
growth-regulating phytohormones made by strain E11 in
pure culture. Thin-layer chromatography provided further
evidence that IAA was present in extracts from its culture
supernatants (Fig. 9). IAA produced by strain E11 was
definitively identified using electrospray ionization gas
chromatography–mass spectrometry (GC–MS) of the corre-
sponding trimethylsilyl derivatives (Fig. 10). GC–MS also
detected several other peak compounds in the extracts of the
E11 culture supernatant. One had a mass fragmentation
pattern consistent with the mono-TMS derivative of the
gibberellin GA7 phytohormone (Fig. 10). In summary, one
of our best performing Pgp+ strains of rhizobial endophytes
produces at least two phytohormones representing two
major classes of plant growth regulators that have key roles
in many plant developmental processes. This finding will
undoubtedly enhance our understanding of the mechanisms
underlying plant growth promotion in the beneficial
Rhizobium–rice association.

Solubilization of precipitated phosphate complexes by 
rhizobial endophytes of rice

Most soils in rice cultivation in the Nile delta contain about
1000 ppm phosphorus, primarily in the unavailable form of
precipitated tricalcium phosphate (Ca3[PO4]2). Although
waterlogging normally prevails in rice fields, <7–8 ppm P
(= Olsen P) is available to rice. Therefore, solubilization of
precipitated phosphates by rhizobacteria in situ would
enhance phosphate bioavailability in these soils, represent-
ing another possible mechanism of PGP for rice under these
field conditions. We therefore tested the rice-adapted

Fig. 7. SDS–PAGE of rice grain proteins produced by field-grown
Giza 177 plants. Lanes were loaded with 40 µg seed protein from (1)
commercial seed; (2, 3) uninoculated, unfertilized; (4, 5) uninoculated,
48 kg N ha–1; (6, 7) inoculated with strain E11, 48 kg N ha–1. The rice
prolamin range in molecular weights between 10–16 kDa, and the
albumins, globulins and glutelins range in the molecular weights
between 20–60 kDa.
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 rhizobia for phosphate-solubilizing activity on culture
media impregnated with insoluble phosphate complexes.
The double-layer plate assay indicated that they were active
in solubilizing both inorganic (calcium phosphate) and
organic (inositol hexaphosphate = phytate) insoluble P
complexes when grown with [NH4]2SO4 or (to a lesser
extent) NH4NO3 as N source. These positive results indicate
extracellular acidification and phosphatase enzymes
(phytase), respectively. Figure 11A illustrates typical results

obtained with this double-layer plate assay, with a clear
indication that different isolates varied in their ability to
solubilize these phosphate complexes. Figure 11B presents
the variation in relative levels of phosphate-solubilizing
activity among all groups of rhizobial strains tested, based
on the radial distance of the solubilization zone surrounding
the colony periphery (means ± s.d. of three experiments). If
these activities were operative in rhizosphere soil, they
would potentially increase the availability of phosphorus for
rice, and thereby promote rice growth when soil phosphorus
is limiting.

Tests for production of Fe-chelating siderophores by 
rhizobial endophyte strains 

Although all the test strains of rhizobial endophytes grew
under Fe limitation on the ‘CAS’ indicator medium, the
colonies and area surrounding them did not turn yellow
indicative of the production of high-affinity Fe-chelating
siderophores. In some cases, a pink coloration was produced
instead, suggestive of acidification. The same plates pro-
duced a yellow coloration immediately after depositing a
small crystal of EDTA indicating that the CAS indicator
system was functional in these plating experiments. How-
ever, since this medium only detects some types of the Fe
chelators made by rhizobia (M. L. Guinerot, pers. comm.),
the search for other siderophores that may be produced by
these endophyte strains should continue.

Microscopy of rice root surfaces colonized by rhizobial 
endophytes

Earlier microscopical studies on the colonization of rice
roots by azorhizobia indicated their ‘crack entry’ mode of
primary host infection in natural wounds of the epidermis
and at the fissure site where lateral roots have emerged, their
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Fig. 9. Thin layer chromatogram of extracted metabolites secreted by
rhizobial endophyte strain E11 during growth in various culture media
(see Fig. 8 for details). Standards of indolebutyric acid (IBA),
tryptophan (Try), and indoleacetic acid (IAA) are included for
comparison. Note that the various culture extracts contain a compound
with the same Rf as the IAA standard. Other annotations are BM =
basal medium containing tryptophan; NO3 = BM + KNO3 N source;
GLU = BM + Na glutamate N source; RRE = GLU + rice root exudate. 
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colonization within intercellular spaces and host cells of the
outer root cortex, and the high magnification resolution of
their ‘endophytic’ state within dead host cells adjacent to
well-preserved intact cells of the root cortex (Reddy et al.
1997). Other studies using selected strains of our
rice-adapted rhizobia tagged with the green fluorescent
protein indicated that these bacteria entered the rice root at
sites where lateral roots emerged, multiplied intercellularly
within the lateral rootlets, and in some cases even migrated
to form long fluorescent lines of bacterial cells inside the
growing roots (Prayitno et al. 1999). Similar results were
reported for the invasion of wheat roots by Azorhizobium

caulinodans when the cultures were supplemented with the
flavonoid naringenin (Webster et al. 1997; Webster et al.
1998).

More recently, we took a quantitative geostatistical
approach to evaluate the colonization of rice roots by
R. leguminosarum bv. trifolii strain E11 in order to increase
our understanding of how this rhizobia–rice association
develops. This work involved scanning electron microscopy
at single-cell resolution to acquire many ‘geo-referenced’
images containing attached bacterial cells whose x, y
Cartesian coordinates are defined spatially on the root
surface relative to a common landmark location (e.g. the

Fig. 10. Gas chromatography–electrospray ionization mass spectrometry analysis of trimethyl-silylated derivatives of excreted
metabolites extracted from the culture supernatant of rhizobial endophyte strain E11. Shown are (A) the total ion current gas
chromatographic profile, (B) the mass spectrum of peak compound No. 4 identified as the TMS-derivative of indoleacetic acid and
(C) the mass spectrum of peak compound No. 6 that is consistent with the mono-TMS-derivative of gibberellin GA7.
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root tip for multiple images or the lower left corner for
single images), and the development of a new generation of
software for computer-assisted microscopy and digital
image analysis. Foreshadowing of the ecological importance
of quorum sensing (density-dependent cell communication
and gene expression) and an anticipated resurgence in
interest to define the ecological niches of bacteria at spatial
scales relevant to them, have been the driving forces to
introduce measurement features for in situ microbial abun-
dance and spatial pattern analysis into our CMEIAS soft-
ware. These new measurement features extract information
from digital images of microbial biofilms needed to
compute plotless, plot-based, and geostatistical analyses to
describe and mathematically model spatial patterns of
microbial surface colonization, including statistically
defendable interpolation of the distribution and dispersion
of bacteria colonized even on surfaces of the root not
sampled (Dazzo and Wopereis 2000; Liu et al. 2001;
McDermott and Dazzo 2002).

Typical grayscale scanning electron micrographs depict-
ing various morphological features of the colonization of
Sakha 102 rice roots by rhizobial strain E11 are illustrated in
Figs 12A–C, 13A and 14A, B. Figure 12A is a low-magnifi-
cation micrograph of a root segment from a seedling
inoculated with strain E11, showing abundant, intact, mostly
undeformed root hairs and open spaces between them
available for more detailed examination of the root epider-
mis. Figures 12B and C are two higher-magnification
micrographs of the same root segment showing examples of
the ‘windows’ of the rhizoplane surface on which the
bacteria have colonized. Table 10 lists various plot-less (1st
and 2nd nearest neighbour distances, Holgate measure of
aggregation) and plot-based (spatial density, percentage
microbial cover) data on spatial distributions of the bacteria
that were extracted from the latter two micrographs using
CMEIAS. The results clearly indicate a higher spatial
density of E11 cells in the 2nd image, a remarkable
similarity in percentage microbial cover for both images that
is within the range typically found for the entire rhizoplane
microbial community developing on roots grown in soil
(7–10%), and a slightly aggregated (rather than uniform or
random) pattern of spatial distribution. Other noteworthy
observations were that (i) the bacteria attach in both supine
and polar orientation preferentially to the non-root hair
epidermis of rice, in contrast to their preferential attachment
to root hairs of their host legume, and that (ii) some bacteria
colonized small crevices at junctions between epidermal
cells (white arrows in Figs 12B and C), suggesting a possible
portal of entry into the root.

Figure 13A depicts another area of the rhizoplane where
cells of E11 preferentially colonized the junctions between
epidermal cells. The x, y coordinates (geo-referenced to the
lower left corner) and nearest neighbour distances between
each bacterial cell were extracted from this image by
CMEIAS to perform geostatistical tests of spatial random-
ness in their pattern of root colonization. CMEIAS was then
used to extract the (1st nearest neighbour distance)–1 for
each bacterial cell as the z variate dimension in order to
compute the spatial modeling of semi-variance auto-
correlation followed by a block kriging interpolation analy-
sis. This geostatistical analysis computed a best-fit isotropic
model (Fig. 13B), which then was used to create the most
accurate 3-dimensional interpolation map possible, depict-
ing the distribution of aggregated bacterial colonization on
the root (Fig. 13C). The results clearly show that the
bacterial colonization in this region of the root surface was
spatially dependent and influenced by every cell’s nearest
neighbour up to a separation distance of about 5.6 µm
(active lag plus two uniform separation intervals), resulting
in a patchy distribution of several discrete clusters of cells
throughout this spatial domain. The spatial clustering of the
colonized bacteria would predictably favour their quorum
sensing of diffusible signal molecules indicating that their
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rhizobial endophytes of rice. (A) Plates contained a growth medium
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8); E26 (group 9); and E36 (group 10).
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nearest bacterial neighbours on the root surface are in close
proximity in situ, resulting in the selective induction of
gene(s) not expressed at lower spatial densities. It is quite
remarkable that a very similar spatial scale defines the upper
limit in separation distance (53 µm!) of bacterial nearest
neighbours affecting pioneer bacterial colonization of white
clover roots grown in natural soil (Dazzo et al. 2001). This
autocorrelation semi-variogram and kriging interpolation
also illustrate the power of geostatistics in providing robust,
statistically defendable computational models that describe
the spatial dependence in distribution of bacterial coloniza-
tion in situ, with interpolation even in those areas that are
inaccessible to sampling (in this case, rhizoplane areas
obscured by overlying root hairs). There is currently no
better way to interpolate these values across a spatial
domain. These are fundamentally new advancements in the
ecology of microbial colonization of roots that just now are
becoming quantifiable using our new generation of
CMEIAS software.

Further SEM examinations of the colonization process
indicated that E11 cells produced eroded pits on the rice root
epidermis (Figs 14A and B). Recent studies indicate that
similarly eroded plant structures are produced in the
Rhizobium–white clover symbiosis by the activity of plant
wall-degrading enzymes bound to the bacterial cell surface,
and represent incomplete attempts of bacterial penetration
that had only progressed through isotropic, non-crystalline
layers of the plant cell wall (Mateos et al. 2001). Manual
counting indicated that the spatial density of eroded pits
made by strain E11 on the epidermis of Sakha 102 rice roots
had a significantly higher range and average frequency when
the roots were grown through a submerged layer of sand
(rather than no sand layer) above the agar in the cylinder jars
(Figs 14C and D).

This information derived from quantitative, computer-
assisted microscopy creates a new dimension in understand-
ing the influence of the (a)biotic environment on root
colonization by inoculant strains, the dynamic aspects and

Fig. 12. Scanning electron microscopy of Sakha 102 rice roots colonized by Rhizobium leguminosarum bv. trifolii strain
E11. (A) Low-magnification micrograph showing a 4-mm rootlet segment with numerous root hairs and ‘windows’ between
them providing opportunity to view the rhizoplane surface. (B, C) Higher-magnification micrographs showing the
colonization of the epidermal surface by the bacteria. Arrows point to localized sites where the bacteria have entered small
crevices at junctions between epidermal cells.
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limitations of rhizobial dispersion on the root, and will be
used to assist in evaluating different inoculant delivery
systems that ultimately impact on successful application of
biofertilizer inoculants.

Rhizobial endophytes of rice produce enzymes that hydrolyze 
glycosidic bonds in plant cell walls
Seven strain genotypes of the rhizobial endophytes of rice
were tested for CMCase and polygalacturonase activities by

Fig. 13. Geostatistical analysis of the spatial pattern of colonization by cells of Rhizobium leguminosarum bv. trifolii
strain E11 on the root epidermis of Sakha 102 rice. The spatial distribution data [x, y coordinates and z variate of spatial
clustering (1st nearest neighbour distance)–1] were extracted from the geo-referenced image A using CMEIAS image
analysis software and analysed in GS+ geostatistics software. (A) Scanning electron micrograph showing the
preferential colonization of the bacteria at junctions between root epidermal cells. (B) Plot of the semi-variance
autocorrelation that best describes the spatial distribution of the attached bacteria in image A, based on an isotropic
model with the characteristics of active lag distance and uniform interval indicated. The model indicates a maximum
separation distance between neighbouring cells that influenced aggregated colonization was around 5.6 µm. (C) The
3-dimensional interpolation map of spatial clustering of the bacteria on the rice root surface in image A, based on a block
kriging of the semi-variance analysis. Note the numerous foci of spatially discrete bacterial clusters. The resolution in
the step scalling of the spatial clustering z variate (1st nearest neighbour distance in µm)–1 is considerably greater in the
original multi-pseudocoloured image.
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the double-layer plate assay and the BCA-reducing sugar
assay (Table 11). Differences in levels of enzyme-specific
activity were noted among these test strains. Both methods
detected CMCase activity in extracts from each strain tested

(Table 11). Both methods also detected polygalacturonase
activity in extracts from strains E17 and E24, and the more
sensitive BCA-reducing sugar assay also detected this
enzyme activity in strain E11. Neither of these assays

Fig. 14. (A, B) Scanning electron micrographs and (C, D) spatial distribution analyses of localized eroded pits made by Rhizobium
leguminosarum bv. trifolii on the root epidermis of Sakha 102 rice. C and D show plot-based and plot-less spatial analysis data indicating
that these epidermal pits develop at significantly higher frequency when the roots are grown through a layer of coarse sand above the agar
matrix in the gnotobiotic jar culture. (Barry you owe me a beer).

Table 10. Plot-less and plot-based measurements of the
abundance and spatial distribution of rhizobial endophyte strain
E11 cells colonized on the root surface of Sakha 102 rice (Figs 12B

and C)
Digital images were segmented to binary and analysed by CMEIAS

Image Analysis software

Measurement feature SEM image B SEM image C

Bacterial count within image 195 245
Spatial density (cells mm–2) 65370 81461
Percentage microbial cover (%) 7.8 8.4
Bacterial biosurface area (µm2) 898 975
Bacterial biovolume (µm3) 133 143
1st nearest neighbour distance (µm) 2.0 ± 0.9 1.7 ± 0.8
2nd nearest neighbour distance (µm) 2.8 ± 1.2 2.4 ± 0.9
Holgate aggregation value (measures 

degree of uniform, random, or clumped 
distribution of cells)

0.5832 = 
slightly 

aggregated

0.5836 = 
slightly 

aggregated

Table 11. Carboxymethyl cellulase (CMCase) and polygalacturon-
ase activities of several rice endophyte isolates representing different

strain genotypes of Rhizobium leguminosarum bv. trifolii
For reducing sugars, one unit of enzyme activity is the amount
releasing 1 nmol reducing sugar at 40°C and pH 5 mg–1 protein min–1.

Isolates for genotype groups 6, 7 and 9 were not tested

 CMCase activity Polygalacturonase activity
Test 
strain

Genotype 
group

Double- 
layer plate

Reducing 
sugars

Double- 
layer plate

Reducing 
sugars

E17 1 + 2.240 + 8.015
E24 1 + 4.740 + 12.330
E11 2 + 3.552 – 0.220
E39 3 + 1.230 – 0
E12 4 + 0.307 – 0
E15 5 + 14.610 – 0
E20 8 + 7.520 – 0
E36 10 + 0.680 – 0
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detected CMCase or polygalacturonase activity in the
centrifuged extracellular fraction of each strain (data not
shown), indicating that when produced under the defined
growth conditions, these enzymes remain cell-bound, con-
sistent with previous findings (Mateos et al. 1992). Activity
gel electrophoresis (Fig. 15) detected a single CMCase
isozyme with approximate molecular mass of 31 kDa in
sonicated cell extracts of isolates E11, E12, E15, E20, E36
and E39. The same method detected two CMCase isozymes
in extracts from isolates E17 and E24, with approximate
molecular masses of 31 and 112 kDa, consistent with their
genomic relatedness (both in the same genotype group 1).
These cell-bound enzymes are likely to participate in the
invasion and dissemination of the rhizobial endophytes
within host roots, including rice.

Rhizobial endophyte strains E11 and E12 make 
non-trifolitoxin bacteriocins that inhibit other susceptible 
strains of R. leguminosarum bv. trifolii

Figure 16 shows the result of test plates indicating that
strains E11 and E12 produce bacteriocin(s) which inhibits

the sensitive R. leguminosarum bv. trifolii strain ANU816
containing plasmid pBRIAN carrying genes for production
and sensitivity to bacteriocins, but do not inhibit the
insensitive strain ANU815. Further tests indicate that the
bacteriocin(s) made by strain E11 does not appear to be
trifolitoxin (TFX), well known for its ability to enhance
interstrain competitiveness of R. leguminosarum bv. trifolii
in the clover rhizosphere (Triplett 1988). This is based on
similar plate tests indicating that strain E11 is inhibited by a
TFX-producing strain but does not inhibit strains possessing
the TFX resistance genes (data not shown). Nevertheless,
the bacteriocin inhibitors made by these rhizobial endo-
phytes may influence their competitiveness with other
rhizobia in rice and berseem clover rhizospheres, and thus
influence their performance as biofertilizer inoculants.

Rhizobial endophyte strain E11 can colonize the roots of 
common rice varieties used by Filipino peasant farmers

For practical reasons pertinent to the anticipated exploitation
of the beneficial rhizobia–rice association, we have studied
the various interactions of strain E11 inoculated on rice
varieties preferred by farmers in different rice cropping
systems throughout the world. This is a continuous effort as
new varieties are introduced, and our existing database of
varieties tested so far is too small to make reliable
predictions of their performance before testing. Because
many characteristics of this association exhibit high strain–
variety specificity, tests of their compatibility and biosafety
in the laboratory will reduce the amount of testing required
and avoid catastrophic consequences in the field. Our studies
included recommended rice genotypes commonly used in
rice cropping systems in the Egyptian Nile delta (Giza 175
and Giza 177), the USA (M202 and L204), Australia
(Calrose and Pelde), and India (Pankaj).

We have begun to test varieties cultivated in the Far East
by measuring how well strain E11 colonizes the root
environment of four rice genotypes (Sinandomeng, PSBRC
74, PSBRC 58 and PSBRC 18) preferred by Filipino peasant
farmers because of their good yielding ability and grain
characteristics. Cells of strain E11 were inoculated on
axenic seedling roots, then grown gnotobiotically in hydro-
ponic tube culture; and the resultant populations of E11
were enumerated by viable plate counts. For comparison,
seedlings of equal size received an equivalent inoculum of a
local, unidentified isolate, BSS 202 from Saccharum
spontaneum, used as a Pgp+ biofertilizer inoculant for rice in
the Philippines. Strain E11 showed significant colonization
potential on roots of all four rice genotypes; in some cases
the populations achieved were even higher than with the
BSS 202 isolate (Table 12). Thus, it is significant that strain
E11 can intimately colonize roots of not only the ‘superman’
rice varieties that have undergone significant breeding
development and require large N inputs to reach their yield
potential, but also roots of other rice varieties that perform

Fig. 15. Isozymes of carboxymethyl cellulase activity in various
rhizobial endophytes of rice analysed by activity gel electrophoresis.
Arrows on the left designate positions of molecular-weight markers
and on the right positions of the rhizobial isozymes detected. 

Fig. 16. Plate assay detecting bacteriocins produced by Rhizobium
leguminosarum bv. trifolii strains E11, E12 and ANU815.
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acceptably on marginally fertile soil without major
N-fertilizer inputs. The latter is typical of real-world rice
cropping systems that we hope would likely derive signifi-
cant benefit from the biofertilizer inoculants that this project
will ultimately develop. In addition, this experiment identi-
fied a variety of rice (PSBRC 74) that would be ideal as a
model for proposed microscopy studies of internal root
colonization by strain E11 to provide a precise definition of
its ‘endophytic’ state at cellular and subcellular resolution.

Rhizobial endophyte strain E11 can promote the growth of 
certain maize genotypes

It is obviously of interest to know whether our rhizobial
endophyte strains that are PGP+ on rice can also promote the
growth of other non-legume cereal crops. Inoculation trials
at the University of Wisconsin–Madison have provided
preliminary evidence indicating that this may be the case, at
least for certain specific genotypes of maize. In this study,
inoculation with strain E11 resulted in statistically signifi-
cant increases in dry weight of 1 of 10 tested maize
genotypes in the greenhouse, and one of seven maize
genotypes in field plots receiving no N fertilizer. Interest-
ingly, a cross between the high-responding genotype and a
non-responding genotype resulted in a hybrid maize geno-
type with an intermediate level of growth responsiveness to
inoculation with E11 (Fig. 17). These results reinforce the
earlier finding that induction of positive growth responses in
cereals by rhizobia is very genotype-specific (even in
maize), and further work with these crosses may help to
identify the genes in cereals necessary for expression of
these growth responses to rhizobia.

The present status in this field of research on beneficial 
rhizobia–cereal interactions

Recently, many searches for this type of natural association
involving endophytic plant growth-promoting rhizobia and
cereals have indicated that they are very widespread and not
restricted to the Egyptian Nile delta where they were first
discovered (Yanni et al. 1997). The other reports of this
natural association now include endophytic rhizobia within
roots of field-grown wheat, barley, wild rice, maize,

sorghum, and millet rotated with legumes in Canada,
Morocco, Senegal, Mexico, Kenya, India and elsewhere in
Egypt (Biederbeck et al. 2000; Chaintreuil et al. 2000;
Gutierrez-Zamora et al. 2000; Hartmann et al. 2000; Hilali
et al. 2000; Lupway et al. 2000; Matiru et al. 2000; Y. Yanni
and F. Dazzo, unpublished data). Much of this consistent
success in experimentally finding intimate Rhizobium–cereal
associations can be attributed to the use of the legume ‘trap
host’ as a strong selection for the appropriate rhizobial
component of the endophytic microbial community that
resides within healthy cereal roots grown in soil. Also,
numerous studies now indicate the general widespread
ability of rhizobia to perform as plant growth-promoting
rhizobacteria in natural as well as in ‘forced’ associations
with non-legume crops (Chabot et al. 1996; Antoun and
Prevost 2000, and references therein). Thus, there is no
longer any scientific basis on which to doubt the existence
and potential benefit of the recently described
Rhizobium–cereal association.

The ‘textbook’ version of the Rhizobium life style
typically includes two ecological niches: a nitrogen-fixing

Table 12. Colonization potential of Rhizobium leguminosarum bv. trifolii strain E11 and isolate BSS 202 from Saccharum spontaneum on
four rice varieties preferred by low-income Filipino farmers

Colonization potential (viable plate count per three rice roots)
Inoculum strain Sample location Sinan-domeng PSBRC 74 PSBRC 58 PSBRC 18

Rlt E11 External rooting medium 1.03 × 107 1.50 × 107 7.16 × 107 8.17 × 107

BSS 202 External rooting medium 9.17 × 107 7.00 × 106 8.00 × 107 1.27 × 107

Rlt E11 Root surface 6.34 × 107 1.05 × 108 6.50 × 107 6.50 × 107

BSS 202 Root surface 1.08 × 107 6.00 × 107 5.60 × 107 5.66 × 107

Rlt E11 Root interior 1.50 × 108 2.19 × 109 1.32 × 108 1.03 × 109

BSS 202 Root interior 7.50 × 107 6.30 × 106 7.34 × 107 1.23 × 108
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Fig. 17. Genotype-specific growth response of corn (Zea mays) to
inoculation with rhizobial endophyte strain E11 under field conditions
in Wisconsin (USA) without fertilizer N supplement.
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root-nodule endosymbiont of legumes and a heterotroph that
persists saprophytically in soil when its specific legume host
is absent. This and the other recent studies cited above
present compelling evidence to justify a revision in the
rhizobial life cycle that would include a PGP+ cereal root
endocolonizer as a third component when the legume is
rotated successfully with a cereal crop (Fig. 18). The studies
described here and previously (Yanni et al. 1997) lay the
groundwork for important new areas of investigation,
particularly in understanding the underlying mechanisms
whereby these endophytic rhizobia gain control of the rice
growth physiology ultimately affecting its balance of vegeta-
tive and reproductive capacity. We predict that the rice–
legume cropping system has the potential to derive even
greater benefit from real-world applications of the knowl-
edge gained through this multinational research project to
optimize the Rhizobium–rice associations.
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