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ABSTRACT

Plant growth promoting activities for the local isolated and identified rhizobial and
cyanobacterial strains were performed under gnotobiotic conditions in laboratory. The
experiment contained four Egyptian rice varieties (Sakha ‘:), Sakha ‘-, Giza Vv
and Giza YYA) that were tested against the Rhizobium leguminosarum (RH) strain
EY) and the Anabaena sp. strain ERC):Y and their consortia. The results indicate
that inoculation with the RH E))Y alone stimulated root and shoot growth of the three
rice varieties Sakha Y:), Sakha ):¢ and Giza YVA. The plant growth promotion
provided by inoculation with RIt EYY alone was better than for inoculation with the
cyanobacterial strain alone or when the strains were mixed in a consortia inoculum.

INTRODUCTION

Numerous species of soil bacteria that flourish in plant rhizosphere may
grow in, on, or around plant tissues, stimulate plant growth by a plethora of
mechanisms. These bacteria are collectively known as PGPR (Plant Growth
Promoting Rhizobacteria). The search for PGPR and investigation of their
modes of action are increasing at a rapid pace as efforts are made to exploit
them commercially as biofertilizers which must be tested for their efficiencies
in establishment of effective plant microbe interrelationships that can benefit
plant growth and crop performances while do not have pathogenic effects to
plants, humans, animals or adverse impact on the environment. Inoculation
with those microorganisms, when tested and found effective, can assist plant
growth stimulation by providing fixed nitrogen or secretion of growth
hormones that induce better plant growth, nutrient uptake and increased
tolerance towards drought and/or salinity stress. The cost/benefit ratio of
biofertilizers is always higher. Costs of fertilization with nitrogen and
phosphorous chemical fertilizers is so commonly an economic limiting factor
in crop production in most of the world, which can be mitigated by
biofertilization (Anandaraj and Delapierre, Y+):). Cyanobacterial strains
belonging to Nostoc and Anabaena comprised A -7 of the rhizosphere isolates
of cyanobacteria, which were found efficient in enhancing germination and
growth of rice seeds and exhibited significantly high protein accumulation,
IAA production and nitrogen fixation (Prasanna et al., Y+ +4).

Endophytic bacteria, as defined by (Hallmann et al., Y44V), are bacteria
that can be isolated from inside surface-disinfested plant tissue and do not
visibly harm the plant. It is a practical definition based on experimental
limitations and is inclusive of bacterial symbionts, as well as internal plant-
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colonizing nonpathogenic bacteria with unknown beneficial or detrimental

effects on colonized plants. Historically, endophytic bacteria have been

considered weakly virulent plant pathogens. Recently, been discovered to
have several beneficial effects on host plants, containing plant growth
promotion and increased resistance against plant pathogens and parasites.

The strategy followed to achieve this goal consisted of two consecutive steps

that can be summarized in:

V-Isolation, purification and identification of strain belonging to  N-fixing
cyanobacteria from rice fields and Rhizobium leguminosarum biovar trifolii
that already tested and found successful for rice biofertilization in the Nile
delta (Yanni and Dazzo Y+ V+).

Y-Testing the performance of these bacteria, individually and when used as
consortia, in enhancement of rice seedling growth under gnotobiotic lab
culture conditions.

MATERIALS AND METHODS

Isolation of clover-nodulating Rhizobium from roots of field-grown rice

Rhizosphere soil and roots of the Japonica rice cultivar Giza-VY were
collected from fields at Sakha, Kafr El- Sheikh Governorate, where rice has
been rotated with Egyptian berseem clover for several hunded years. The
roots were washed with running tap water followed by distilled water,
surface-sterilized with v +7 ethanol followed by )+ % sodium hypochlorite, rolled
over Yeast Extract Mannitol (YEM) gar plates to verify root surface-
sterilization, and macerated in sterile © mM Na-phosphate buffer of pH V,-.
Authentication followed by enumeration of Rhizobium. in the surface-sterilized
/ macerated rice roots was performed by the five-tube most probable number
(MPN) - plant infection test (Somasegaran and Hoben, Y4A°) using berseem
clover (Trifolium alexandrinum) as the legume trap host. Tubes containing
Vincent's nitrogen-free agar medium were planted with surface-sterilized
clover seeds and left for germination for Y days before inoculation with the pre-
prepared rice root macerate. The seedlings were incubated under Y1 hr day
light, V7 relative humidity, and YY °C day / Y+ °C night cycle for Y'Y days in lab
green house and then scored for root nodulation. Root nodules that
developed on clover plants inoculated with the highest dilutions of rice root
macerates were excised, surface-sterilized, and the nodule occupants
were isolated into pure culture by plating on YEM agar followed by
restreaking of the isolated colonies on defined Blll agar medium (Dazzo,
VAAY),

Analyses of the symbiotic properties of the selected isolates in
pure culture were performed on Egyptian berseem clover seedlings (A
replicates per treatment) grown on agar slopes of N-free Fahraeus
medium under microbiologically controlled conditions (Dazzo, )4AY). Seedling

roots were inoculated with )+ * cells of a °-day-old inoculum and incubated in
growth chamber under the same conditions described above. Nodulation kinetics
was assessed by periodically inspecting plants using stereomicroscopy for
emergence of root nodules. The plants were harvested at ¢ days after
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inoculation and evaluated for effectiveness in symbiotic N fixation by
comparison of their dry weight and N-content (estimated by the micro-
Kjeldahl steam distillation method, Black et al., Y41¢) to that of the non-
inoculated control plants.

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

Plasmid profiles were analyzed by the method of (Eckhardt, Y4VA) as
modified by (Espuny et al., Y4AY). Genomic Restriction Fragment Length
Polymorphism (RFLP) of Xba' digests was analyzed by pulsed- field gel
electrophoresis as described by (Corich et al, Y3%3)). BOX-PCR
amplification fragment length polymorphism was analyzed as described by
(Versalovic et al., Y34¢). Cells were also boiled in SDS gel buffer (Laemmli,
Y4vY+) and the profiles of their total cellular proteins were compared by SDS-
PAGE in ‘Y’ running gels stained with Coomassie blue. The phylogenetic
relationships of the R. leguminosarum bv. trifolii strains (given the names
EY) E=Egypt) were analyzed by sequencing their total Y1S rDNA. The 1S
ribosomal RNA-encoding genes were amplified from genomic DNA using
conserved eubac-terial primers AF and Ye¢:R. The amplified product was
sequenced using dye terminators on the Applied Biosystems’ DNA
Sequencing System (Foster City, CA). Sequences were aligned against
those in the Ribosomal Database Project (Larsen et al., Y44Y) on the
basis of conserved regions of sequence and secondary structure.
Phylogenetic relationships were inferred using regions of unambiguous
alignment and the distance method of
( DeSoete, YaAZ),

Microscopical examination of Rhizobium endophytes within rice roots

Rice seedlings were grown for YY days in non-sterile potted soil in a
growth chamber as previously described (de Bruijn et al., Y%3¢). Roots were
sampled, cleaned with running water, freehand sectioned, and processed for
examination by scanning electron microscopy (Umali-Garcia et al., Y3A+). Other
seedlings were grown under microbiologically controlled conditions in enclosed
tubes inoculated with pure cultures of the rice endophyte RH strain EY).
Freehand sections were stained with +,+\7 acridine orange, washed and
mounted in Y7 sodium pyrophosphate, and examined by laser scanning
microscopy in the epifluorescence confocal mode using computer-enhanced
reconstruction of serial section overlays and digital image processing (Subba-Rao
etal., Y149),

Isolation and identification of Anabaena spp.

Field grown rice plants were carefully uprooted and transferred to the
“Blue-green Algae Research lab at Sakha Agricultural research Station, Kafr El-
Sheikh”. The roots were washed several times with running distilled water to
remove mud and soil particles. The major roots were excised, surface sterilized
with Y+ % ethanol followed by Y % sodium hypochlorite solution, cut into pieces
under sterile conditions, and then macerated in sterile © m M Na- phosphate
buffer (pH V). Sterile dilutions from Y+ to )+ of the sterile rice root macerates.
The dilutions containing the root macerates were used for inoculation of N-free
mineral plant nutrient medium (The Modified Watanabe medium, El — Nawawy et
al. Y42oA), with incubation under photosynthetic illumination of ‘¢ light and
dark for Y+ days under temperatures of Y¢ to Y+ °C for isolation of the
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cyanobacterium. Standard microbiological methods were used to
establish pure cultures of the isolated organisms and maintain their viability
in culture collections. Grouping of the isolates into genomically distinct
strains was done by plasmid profiing and BOX-PCR genomic
fingerprinting techniques. Confirmation of their taxonomic status is made by
the aforementioned bioinformatic comparison of their V1S rRNA sequences to
appropriate databases.
Growth of rice under gnotobiotic conditions
Laboratory studies of the interaction between rice and clover-

nodulating rhizobial endophytes were performed using an enclosed sterile
tube culture system under climate-controlled growth chamber conditions.
The rice varieties Sakha ‘+), Sakha ‘+¢, Giza YVV and Giza VA were used
for this study. The Rhizobium leguminosarum bv. trifolii strain EY) was used
among Separate tests established that seeds of the four rice cultivars
harbored no endophytic clover-nodulating rhizobia that would survive surface-
sterilization. Seeds weighing approximately Y+ mg each were surface-
sterilized by treatment with Y:7Z ethanol for ) min followed by Y-%
sodium hypochlorite solution for ¢ min, and then washed (four times one
min each) with sterile water, then transferred to twenty-five Y++ mm tubes,
each enclosed with foam plugs and containing Y+ ml of Hoagland's plant
growth medium (Sigma Chem. Co., St. Louis, MO) solidified with V% purified
agar (United States Biochemical, Cleve- land, OH), above which was layered
° g of sterile acid-washed quartz sand and ¢ mL sterile Hoagland’s #Y liquid
medium. The tubes were incubated for Y days in the dark at ¥+ °C for seed
germination. Rhizobial inoculum was grown separately on BIlll agar for ©
days at Y+ oC, suspended in sterile Hoagland’s medium and adjusted to a
density of Y+VY cells mL-). The cyanobacterial inoculate was grown on N-free
medium for © days under illumination program of ¢ hrs light / Y+ hrs dark in
the lab growth chamber maintained at '+ +,¢ °C. Each seedling root was
inoculated with Y+1 CFU of each of the two organisms or them both as a
consortium, and tested against a non-inoculated control treatment. Six plant
replicates were used for each treatment). When grown to sufficient length, the
stem was repositioned through a slit on the edge of the foam plug to allow
continuous growth while preventing microbial contamination of the root
system. Tubes were irrigated with sterile water alternating with equal
quantities of sterile Hoagland’s solution as needed. Rice plants in tube
culture were gently uprooted Y'Y days after inoculation and excised at the
stem base. Root biovolume and shoot height, are tabulated later in the results
section.
Screening of plant growth-promotion activities

Bioassays were performed using different varieties of rice seedlings
maintained under microbiologically controlled, gnotobiotic growth conditions
in plant growth chambers. A variety of microscopy methods are employed
to study their colonization of rice roots, including immunofluorescence
microscopy, confocal laser-scanning microscopy and scanning electron
microscopy. Quantization of their colonization patterns is done by computer-
assisted microscopy and digital image analysis using the
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software CMEIAS [Center of Microbial Ecology Image Analysis
System (http://cme.msu.edu/cmeias/)].

RESULTS AND DISCUSSION

Authenticity of the tested bacterial strains

Isolates of cyanobacteria and rhizobia isolated from surface-sterilized
rice roots grown in the Nile delta were examined for authenticity using
répétitive  extragenomic palindromic-PCR fingerprinting and/or PCR-
restriction fragment length polymorphism (RFLP) of Y1S-ribosomal (cultivars
Giza VY and Sakha Y+ Y). Fig. (YA and B) showing electron micrographes of
the epidermal root surface of rice (Sakha Y:Y) colonized by the rice
endophyte Rhizobium leguminosarum bv. trifolii (Strain E) V).

DNA as intergenic spacers and PCR-RFLP of a nodulation gene
region, nodD, as a marker of the symbiotic component of the genome. A 1S
rDNA sequence analysis for cyanobacterial isolate revealed that its
nucleotide sequences are most closely matching the order Nostocales, genus
Anabaena. The strain was tested for atmospheric N-fixation and found
positive regarding its ability to grow on N-free medium. Phase-contrast and
fluorescence photomicrographs are shown below in Fig. Y A, B, C, D and E
and Fig. Y. Red and blue arrows indicate examples of differentiated N-fixing
heterocysts in the filaments.

Promotion of rice growth

Results of the plant growth promotion test for the rhizobial and
cyanobacterial strains (appearing in Figs ', Y and Y) performed under
gnotobiotic controlled condition in a growth chambers (Fig £) are reported in
Table (V). The experiment contained four Egyptian rice varieties tested
against the Rhizobium leguminosarum bv. trifiolii (RIt) strain E)) and the
Anabaena sp. strain ERC) Y and their consortia. Root biovolume and shoot
length were taken as index for the plant growth promotion activity of the
tested strains.
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Fig. " A and B: Scanning electron micrographs of the rice Sakha Y+ Y
epidermal root surface colonized by an endophyte

strain of rice-adapted Rhizobium leguminosarum bv.
trifolii (Strain EYY).

Fig. Y. A and B: Photomicrographs of the cyanobacterial isolates for
this study. Arrows in C, D and E point to cells of
differentiat heterocysts.
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study.

The results indicate that inoculation with the RH E) )Y alone stimulated
root and shoot growth of the three rice varieties Sakha )+, Sakha ‘¢ and
Giza YA, The plant growth promotion provided by inoculation with RH E)
alone was better than for inoculation with the cyanobacterial strain alone or
when the strains were mixed in a consortia inoculum.

Table): Effect of inoculation with RH strain EY) and Anabaena sp. strain
ERCY:Y on root biovolume and shoot height of four rice

varieties.

Rice variety [Bacterial inoculum [Root biovolume (mm’)[ Shoot height(mm)
None Tee £ VYY) YA + Vo
E) AR YA + +
Sakha '\ Epeyy sVo £ 0. Yoq + VY
EV) + ERC)Y TE. £ 00 YVo + V¥
None T0. + Y4 YYY + )Y
EVY IDDERAD Yoo+ A
Sakha '+t  Epsyry AV 1 f0 VAL £ Y
EVY + ERC) Y AV £ AZ YAT + A
None YOIV £ VYo Y40 £ V¢
. EV) Yoo + AY YAY + V¢
Giza VWV Egevey 6. £ YA YWY £
EY) + ERC)+Y AYo + Yo Yoo+ 30
Giza \VA None Yo x 0. Yo. x VY
EY) 00w + Y 004 4+ YV¢
ERCY Y S AR
EVY + ERC) Y Sve £ V) v £ YYY

The Table reports the means +/- standard deviation for the root biovolume (mm’) and
shoot length (mm) for the four rice varieties vs. three inoculation treatments

AR R
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Fig.¢: Gnotobiotic tube cultures showing the growth response of Sakha
\+\ rice to inoculation with R. leguminosarum bv. trifolii EYY, with
a cyanobacterial isolate, and with a consortium containing
rhizobial strain EYY plus the same cyanobacterial isolate. (Note
stunted vegetative growth of plants inoculated with the
cyanobacterial isolate).

Results of the gnotobiotic experiment performed in glass tube culture
using °+7 Hoagland #¥ (the composite Fig ¢, supported by Table ') showed
that that in the closed habitat of the culture glass tube, the inoculated
cyanobacteria competed with the plant for available macro- and
micronutrients necessary for growth of both of them. The endophytic rhizobia,
in turn, assisted the plant to absorb more nutrients due to mechanisms
involving enhanced root architecture (increased biovolume, cumulative
length and surface area as described in: Yanni et al., Y44V, Biswas et al.
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,Y+++a,b; Chaintreuil et al., Y+++, Yanni et al., Y++), Ladha and Reddy, Y+:¥
and Chi et al., Y+ +°). The plant and the cyanobacterium then competed in the
gnotobiotic habitat against each other for the nutrients provided by the growth
medium. Although the cyanobacteria is an active N-fixer, the inoculated
plants seems faint, weak and suffering a sort of growth retardation than those
which were inoculated by t Rhizobium. However, rice plant growth in open
fields do not suffer consequences of such competition as supply of
micronutrients from different sources, importantly soil, flood and irrigation
water, decay of plant residues, small animals, macro and microorganisms
etc., normally secure continues supply of micronutrients all over the plant
growth period. Supply with phosphorus may be an exception as the element
accumulates in the algal and cyanobacterial cells during the early stages of
plant growth, during which sunlight incidence is high and proliferation of algal
and cyanobacterial blooms is at its maximum. Later on, phosphorus, nitrogen
and other macro and micronutrients liberate during the later rice growth
stages when the algal blooms start to decay because of the increased rice
plant canopy that prevent sunlight needed for continuity of algal
photosynthesis.. This mechanism is very beneficial to the crop, as this
phosphorus liberation is highly needed during the panicle initiation stage.
Data presented by (Subrahmanyan et al., Y419), (Arora, Y41%) and (Roger
and Kulasooriya, Y%A+), and references herewith explained and discussed
this mechanism in rice fields. However, seems that the short duration of the
gnotobiotic bioassay experiment was only enough for nutrient absorption by
the cyanobacterial cells that competed with the plant on available nutrients.
However, the results indicate clear difference between nutrient competition
between the plant and cyanobacteria on one hand versus the enhancement
relationship between the rhizobia and the plant with enhanced nutrients
uptake is evident!

When N-fixing cyanobacteria are to be used in rice biofertilization, it
is necessary to apply a starter chemical N-fertilizer dose of around /¢ to /¥
of its N-demand to help the plant to grow well during the early period in which
the cyanobacterial population establishes well in the field and starts to fix
adequate amounts of atmospheric-Ny, followed by
decomposition/mineralization of the cyanobacteria after the rice canopy
develops, liberating both the biologically fixed-N and the other macro- and
micro-nutrients consumed by the cyanobacteria during their early stages of
growth. Only then will those fixed-N and nutrients become available to the
rice plant.
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