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Billions of tons of synthetic fertilizers are currently used to 
enhance legume and cereal production despite the recognition that 
many beneficial plant/microbe associations are environmental 
friendly, safe and sound alternatives. Currently, cereal production 
requires major N inputs to achieve global food security, although 
they can utilize basal levels of fixed-N from biological N2-fixation 
(BNF) by diverse diazotrophs in their agro-ecosystems. Worldwi-
de attempts have been made to solve that challenge by integrating 
lab studies, greenhouse tests and translational field experiments 
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Introduction 

 Under real-world agricultural field conditions, environmental friendly biofertilizers were explored to reduce excessive N-fertiliz-
er applications for production of high rice paddy yields. Strains of clover-nodulating Rhizobium leguminosarum bv. trifolii, Pseudomo-
nas stutzeri and Nostoc sp. were isolated from surface-sterilized roots of rice (Oryza sativa) grown in the Nile Delta, identified by 16S 
rDNA sequence analysis and used individually or as consortia for rice field inoculation, firstly in gnotobiotic lab tests followed by 14 
translational open field tests at 30o 44’50’’ to 31o15’38’’ N and 30o 37’32’’ to 31o 12’19’’ E in the Nile delta. Six different rice cultivars 
and 3 N fertilization rates were implemented. The strains expressed high potential as enhancers of rice growth, yield and agronomic 
fertilizer N-use efficiency. Inoculation increased grain yields by 18.9 – 22.4% compared to yields in adjacent uninoculated farmer’s 
fields, and by 18.9 - 32.7, 20.2 - 33.0 and 22.4 - 31.2% increases in fertilizer N-use efficiencies using individual, double or triple strain 
consortia inoculation, respectively, even with the full recommended N fertilizer dose for the 6 rice cultivars. Individual, double or 
triple strain consortia significantly enhanced yield and fertilizer N-use at 7, 4 and 3 of the 14 experimental locations, respectively. 
Biofertilization could not fully replace the need to apply N-fertilizers to achieve maximal rice production under the prevailing agro-
ecological conditions. This study documents the benefit of biofertilizer inoculation to enhance agricultural sustainability, environ-
mental soundness and economic farming managements for better rice production from the same but non-biofertilized rice fields.

followed by technology transfer programs to apply biofertilizer te-
chnologies as a cornerstone in crop fertilization. The results indica-
ted that catastrophic economic and environmental problems due to 
excessive chemical fertilizer applications could be mitigated if cere-
als could establish more direct associations with beneficial bacteria 
that promote their growth and increase yield with less dependence 
on chemical N-fertilizer inputs, being ecofriendly, environmentally 
safe and consistent with agriculture sustainability. The potential 
added benefits of biofertilizers containing multi-strain consortia 
for crop production has begun to be explored [1-6], including the 
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adoption of several undefined consortia based on their ability 
to express N2-fixing activity and produce bioactive indolic com-
pounds [7]. They concluded that continuous enrichment of unde-
fined consortia from sampled root/rhizosphere soil in an N-free 
medium is a good strategy to select rice growth-promoting bacte-
ria. Although extensive performance tests of multi-strain consorti-
al inoculants under real-world agronomic conditions in large-scale 
farmers’ fields is very important, such studies are currently limi-
ted, requiring further examination to fully assess their potential 
and efficiently implement the biofertilizer technology. This lack 
of sufficient, extensive, experimentally proven effectiveness of bi-
ofertilizers containing multi-strain consortia at multiple locations 
differing in edaphic characteristics provided the motivation to fill 
this gap.

One aim of this study was to isolate and identify ecofriendly mi-
crobial biofertilizer candidates from field-grown surface-sterilized 
rice roots, and the other was to assess whether the performance 
of the rice biofertilizer would be improved if formulated to con-
tain a verified biofertilizer strain of rhizobia that was combined in 
consortia with other optimized microbial candidates rather than 
be used alone. This second aim was to target comprehensive as-
sessment of the performance of biofertilizer formulations prepa-
red using single strains and consortia to enhance productivity and 
the agronomic fertilizer N-use efficiency of some important rice 
varieties when implemented under the agronomic conditions of 
intensive rice farming conditions that prevail in the Egypt Nile del-
ta. The study was extensive, performed in large-scale inoculation 
experiments using 3 main-plot treatments of N-fertilization and 7 
sub-plot treatments of inoculation with single effective biofertili-
zer strains and their consortia, and conducted in 14 farmers’ fields 
at seven locations belonging to two governorates within the Nile 
delta.

The Rhizobium leguminosarum bv. trifolii strain E11 used in this 
study was previously isolated from within surface-sterilized roots 
of field-grown rice near the Sakha Agricultural Research Station, 
Kafr El-Sheikh, Egypt [8,9]. It formed root nodules and effective-
ly fixed N2 on its natural legume host, berseem clover (Trifolium 
alexandrinum), and expressed no negative or contradictory effects 
on rice that alternates with the clover in the same crop rotation. 
The isolate has performed well as a single-strain biofertilizer that 

Lab tests 
Materials and Methods

Isolation of rice endophytes

increased rice vegetative growth, agronomic fertilizer N-use effi-
ciency, straw production and grain yields in extensive inoculation 
tests conducted in the laboratory, greenhouse, small experimental 
field plots, and in large scaled-up farmers’ fields in the Egypt Nile 
delta [8-10].

As for isolation of other biofertilizer strains, roots of field-grown 
rice (Giza 178) were collected from cultivated areas in Sakha. The 
roots were washed with running tap water, blotted dry, surfa-
ce-sterilized with 70% ethanol for 3 min. followed by 10% sodium 
hypochlorite solution for 2 min. To verify the surface-sterilization 
process, treated root samples were rolled over agar plates contai-
ning the malate N-free medium [11] formulated for isolation of 
azospirilla, and on agar medium [12] for cyanobacteria. The malate 
N-free plates were incubated at 32oC for 8 days, while the plates 
for cyanobacteria were incubated in an illuminated lab greenhou-
se for 10 days. The remaining surface-sterilized roots were stored 
aseptically at 6oC. The stored roots were macerated in sterile 5 mM 
Na-phosphate buffer (pH 7.0), then inoculated into tube deeps of 
semisolid malate N-free medium [11]. After incubation for 8 days 
at 32oC, inocula from positive tubes showing subsurface microae-
rophilic growth characteristic for Azospirillum were streaked on 
plates containing the same malate N-free medium solidified with 
purified agar (16 g/liter), and then incubated further for 8 days. 
Colonies resembling previously described characteristics for Azos-
pirillum [11] were selected, re-streaked, incubated and transferred 
to stock cultures of the same medium. For isolation of cyanobacte-
ria, individual colonies that developed on the corresponding N-free 
agar medium [12] inoculated with macerates of surface-sterilized 
roots were re-streaked several times followed by microscopic exa-
minations of isolated colonies to further validate their pure culture 
status. Strong flourishing colonial growth of cyanobacterial isolates 
on the N-free agar medium provided evidence of their potential to 
fix atmospheric N2. Possible production of cyanobacterial hepa-
totoxic microcystins was examined by the ELISA assay [13]. 

The taxonomic affiliations of the isolates were explored by 
sequence analysis of segments of their PCR-amplified 16S rR-
NA-encoding gene using the primer 8F performed in the Genomics 
Core Support Facility at Michigan State University, USA, followed 
by a sequence similarity analysis using the online SeqMatch tool 
of the Ribosomal Database Project (https://rdp.cme.msu.edu/seq-
match/seqmatch_intro.jsp (Accessed 20 June 2019)). 

Strains identification
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Individual or consortia combinations of the isolated strains 
were tested in enclosed tubes under gnotobiotic conditions in 
growth chambers for growth promotion of the Egyptian rice cvs 
Giza 177, Giza 178, Sakha 101 and Sakha 104, commonly used by 
rice producers in the Nile delta. The rhizobial inoculum was grown 
on defined BIII agar medium [14] for 5 days at 30oC, and then sus-
pended in sterile Hoagland’s solution to a density of 107 CFU (Co-
lony-Forming Units)/ml. The cyanobacterial inoculum was grown 
on the N-free modified Watanabe medium [12] for 10 days at 30oC 
with a 14 hrs./day photoperiod. The Pseudomonas isolate was cul-
tivated on agar plates of the malate N-free medium of [11] for 8 
days at 32oC. Rice seeds weighing approximately 150 mg each were 
surface-sterilized by a 1-min treatment with 70% ethanol followed 
by 4 min with 10% sodium hypochlorite solution, then washed se-
veral times with sterile distilled water under aseptic conditions. 
Separate cultivation tests proved that the surface of the seeds har-
bored no culturable bacteria. The seeds were then transferred to 
glass tubes (200 mm in length, 25 mm internal diameter, sealed 
with foam plugs), each containing 20 ml of sterile half-strength 
Hoagland’s #2 solution (Sigma Chem. Co., St. Louis, MO), solidified 
with 1% Difco purified agar (United States Biochemical, Cleveland, 
OH). The tubes were incubated for 2 days in the dark at 30oC for 
seed germination. Each seedling root was inoculated with 106 CFU 
of each isolate strain independently or together as a consortium. 
The test included non-inoculated control seedlings and six replica-
tes for each cultivar/inoculant treatment. 

Assessment of rice growth promotion capabilities

The plants were uprooted after 32 days. Shoot biomass (stem 
plus leaves) was oven-dried at 70oC for 3 days followed by 4 hrs. at 
105oC and then weighed. The plants were digitally scanned and the 
images were used to estimate the cumulative length of roots and 
rootlets, biovolume and surface area using the CMEIAS software 
[Center for Microbial Ecology Image Analysis System (http://cme.
msu.edu/cmeias/. Accessed 20 June 2019)] [15,16]. The collected 
data were used as indicators of rice growth-promotion capabilities 
of the test individual or consortia strain inoculants.

We conducted 14 translational inoculation experiments in 
rice production fields (authorized by the research team and local 
farmers) in the Algharbia and Kafr El-Sheikh governorates (30o 

Field tests
Primary information

44’50’’- 31o 15’38’’N and 30o 38’46’’- 31o 12’19’’E) at the central 
and north regions of the Nile delta, respectively (Figure 1). Table 1 
presents each numbered experiment, the governorate and nearest 
cities to the field, growing season, previous crops, rice cv and the 
Cartesian coordinates of the test field location. The field soils ori-
ginated from sediments deposited over thousands of annual Nile 
flood seasons. Characteristics of corresponding 0/30 cm topsoil 
samples included electrical conductivities of 1.78 – 2.18 dSm-1, so-
dium adsorption ratio of 2.34 – 4.18, soluble cations and anions 
(meq/l): K+ 0.05 – 0.29, Na+ 3.89 – 10.01, Mg2+ 3.18 – 4.95, Ca2+ 6.8 
– 10.05, CO3

2- 0.05 – 0.52, HCO3- 5.00 – 9.14, Cl- 7.00 – 16.00, SO4
2- 

3.55 – 6.36, exchangeable sodium percentage of 6.18 – 10.36, cati-
on exchange capacities of 45.2 – 58.5 meq/100g, available N, P, K 
of 35 – 61, 8 – 13, 476 – 831 ppm, respectively, hygroscopic water 
content of 4.9 – 7.5%, and water saturation percentages of 75.9 – 
97.1 ml water/100 g soil. Soil mechanical analyses revealed clay, 
clay-loam, silty-clay and silty-clay-loam textures with 35.2 – 45.1% 
clay, 33.1 – 39.2% silt and 21.8 - 36.7% sand. All field soils had low 
organic matter contents of 1.93 - 2.74%, which typically accompa-
nies high soil temperatures and slightly alkaline pH values of 7.9 to 
8.3 that are favorable for accelerated organic matter decompositi-
on. The soils contained 1.86 to 3.42% active CaCO3, inducing high 
potentials of P fixation into non-soluble/unavailable Ca3(PO4)2.

Figure 1: A and B Number and location(s) of experimental field 
test sites in various counties within the Nile Delta. A) 11 experi-
ments in 4 counties within the Kafr El-Sheikh governorate. B) 3 
experiments in 3 counties within the Gharbia governorate. More 
details are provided in Table 1.

The rice cultivars used were: Giza 177, Sakha 101, 102, 103, 104 
and 105. Dried rice seeds were soaked in cloth bags for 1-2 days 
and allowed to germinate for another 1-2 days (depending on the 
rice cultivar). The emerged seedlings were uniformly broadcasted 
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on levee-enclosed nursery areas covered with water to a head of 
3 cm. The herbicide "Saturn 50%" [Benzthiocarb: S-(4-chloro-
benzyl)-N, N diethylthiocarbamate] was applied at 4.8 L/ha four 
days later. Seedlings in the nurseries were grown for 28 – 31 days 

Expt Governorate
(Nearest central city-location)

Previous 
crop Rice cv Latitude-Longitude coordinates 

for experimental location
Season 2009

1 KF (Alread-Kobri Alzawia) wheat Sakha102 31o15’38’’N and 31 o 2’8’’E

2 KF (Qalien-Alkordy) wheat Giza177 31o4’34’’N and 30 o 49’5’’E
3 KF (Qalien-Alkordy) wheat Giza177 31o4’32’’N and 30 o 49’5’’E
4 KF (Qalein-Shabas Emeir) wheat Giza177 31o5’48’’N and 30 o 47’33’’E
5 KF (Dessouk-Alkaradwa) wheat Sakha103 31o7’42’’N and 30 o 38’46’’E
6 KF (Dessouk-Algamalya) wheat Sakha103 31o7’42’’N and 30 o 38’46’’E
7 GH (Alsanta-Tatia) wheat Sakha101 30o 44’50’’N and 31o 7’49’’E
8 GH (Almahala Alkobra-Alkisaria) potato Giza177 30o 59’18’’N and 31o 12’19’’E
9 GH Kafr (Alzaiat-Dema) wheat Sakha101 30o 47’59’’N and 30o 52’27’’E

Season 2010
10 KF (Metobas-Alkony) wheat Sakha104 31o 21’1’’N and 30 o 37’32’’E
11 KF (Dessouk-Algamalya) wheat Sakha105 31o7’42’’N and 30o 38’46’’E
12 KF (Dessouk-Dessouk) clover Sakha104 31o7’42’’N and 30o 38’46’’E
13 KF (Qalien-Shabas Emeir) wheat Giza177 31o 5’48’’N and 30o 47’33’’E
14 KF (Alread-Kobri Alzawia) wheat Sakha102 31o15’38’’N and 31o 2’8’’E

following their broadcast. The seedlings were then gently uprooted 
from the nursery and transplanted manually in groups of 2 to 3 se-
edlings at corners of 20 x 20 cm squares, resulting in a field stand 
density of 250,000 seedling group/ha.

Table 1: Location, sub-plot area*, previous crop, rice cv and the Cartesian coordinates for each experimentation 
location.

Pure cultures of the indigenous strains of Nostoc, Pseudomo-
nas and Rhizobium were grown on malate N-free [11] and yeast 
extract mannitol (YEM) medium, respectively. For Rhizobium and 
Pseudomonas, broth cultures were grown at 29 + 0.5°C on a rotary 
shaker at 150 rpm for 4 days to a population density of around 109 
CFU/ml. The Nostoc culture was incubated under synthetic illumi-
nation with a 14 hrs. photoperiod for 10 days. Peat-based carrier 
for the Rhizobium or Pseudomonas inoculants was neutralized to 
pH 7 from its original acidity of pH of 5.0 – 5.5 using 5% (w/w) 
powdered CaCO3, then thoroughly mixed and pasteurized at 80°C 
for 4 h to kill heat-sensitive antagonists, then added to the carri-
er at a ratio of 520 ml culture/kg peat/CaCO3 mixture. The mix-
ture was thoroughly stirred, cured at room temperature for 24 h, 
packed, sealed and shelf-stored in a cool dry room at ~18oC. For 
quality control tests, the viable population densities of the Rhizo-

bium and Pseudomonas inoculants were measured by plate counts 
on their corresponding media after incubation for 4 days at 29 + 
0.5oC. For the cyanobacterial inoculant, the “Indian open-air cultu-
re method” [17] was followed. Ten samples of the soil-based inocu-
lant were examined for their cyanobacterial CFU densities using 
decimal dilutions and the most probable number (MPN) test. They 
contained around 106 - 107 cyanobacterial filaments (each of 30–70 
cells) /g at the time of inoculation of the rice field. 

Field experimentation comprised P-fertilization by calcium su-
perphosphate (15% P2O5) broadcasted before the third soil leveling 
under water, eight inoculation treatments (including one uninocu-
lated control) as the sub-plot treatments confined inoculation with: 
1) Rhizobium leguminosarum bv. trifolii strain E11; 2) Pseudomonas 
stutzeri strain ERP1; 3) Nostoc sp. strain ERC4; 4) two-strain conso-

GH: Gharbia governorate; KF: Kafr Elsheikh governorate; *Sub-plot area 20 m2
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rtium containing the Rhizobium and Pseudomonas strains; 5) two-
strain consortium containing the Rhizobium and Nostoc strains; 
6) two-strain consortium containing the Pseudomonas and Nostoc 
strains, 7) three-strain consortium containing the three strains, 
in addition to the non-inoculation control. Four replications were 
established for each sub-plot treatment (total of 3 x 8 x 4 = 96 
subplots each of 20 m2 for each of the 14 experimental fields). The 
inoculants contained the Rhizobium or Pseudomonas strain (each 
as 720 g peat-based inoculum/ha) or the Nostoc strain (as 10 kg 
soil-based inoculum/ha) were applied by manual broadcasting on 
the flood water surface at 4 days after transplantation of the rice 
seedlings. The preparations were equally spread onto the confi-
ned subplot areas from outside their borders during a windless 
calm period at sunset to minimize cross-contamination between 
the subplots and exposure of viable inoculant populations to lethal 
effects of direct sunlight. For the consortia sub-treatments, each 
inoculant preparation containing a single strain was applied sepa-
rately and simultaneously. Irrigation was withheld for 4 days after 
inoculation for seedling root establishment while mining for water. 
The N-fertilization main-plot treatments were 48, 96 or 144 kg N/
ha applied as urea (46% N), each added in two equal doses, 15 and 
30-35 days after transplantation. The water head level at the time 
of N fertilization did not exceeded 3 cm. Irrigation was withheld for 
3 - 4 days that followed fertilizer application. Those three doses re-
present 1/3, 2/3 or the full amount of fertilizer-N, respectively, as 
recommended by the Field Crops Research Institute, Agriculture 
Research Centre – Egypt [(http://www.fcri-egypt.org/AboutFCRI.
htm). (Accessed 20 June 2019)] for maximum grain yield of the 
6 rice cvs used. Potassium sulphate (48% K2 O) was broadcasted 
at the rate of 240 kg/ha equally on all field subplots at one mon-
th after transplantation. When necessary, manual weeding and/
or the recommended fungicide and insecticide were applied as 
common treatment(s) for the entire experimental field area. Water 
was supplied regularly to maintain a standing water head starting 
initially at 3 cm at the seedling transplantation, and was subsequ-
ently increased to 10-12 cm according to the plant development 
stage. Water supplement was withheld 15 days before harvest. The 
remaining field area was cultivated with the same rice cv and com-
pletely maintained by the farmer using his traditional field mana-
gement practices.

After maturity, paddy grain yield and the above ground straw 
vegetation were measured from the entire area of each of the 96 
subplots of the experiment (no quadrating or subsampling). The 

harvest index (% paddy yield / above ground plant biomass) and 
the agronomic fertilizer N-use efficiency (kg grain yield/kg fertili-
zer-N applied) were calculated. Simultaneously, the grain yields of 
twelve randomly-distributed quadrats (each of 12 m2) were mea-
sured from the adjacent non-inoculated field areas cultivated by 
the same rice cultivar and entirely managed by the farmer without 
interference from the research team (except if the farmer asked for 
advice). The mean weight of grain yield/ha calculated from the far-
mer’s 12 samples is referred to as the “farmer’s yield”. 

Large differences in environmental, agro-ecological variables 
existed among the 14 separated field test sites distributed within 
wide areas of the Nile delta and with different geographical and 
edaphic properties. Individually for each experiment, the split-
plot statistical design and the least significant differences (LSD) at 
the confidence level of 95% were used to evaluate the significan-
ce of the differences that related to the main N fertilization treat-
ments, the inoculation treatments and the first order interaction 
between them. The data were analyzed using the “IRRISTAT” pro-
gram version 4.3 (The International Rice Research Institute, Ma-
nila, The Philippines) [(http://agris.fao.org/agris-search/search.
do?recordID=PH1998010400). (Accessed 20 June 2019)]. Multi-
variate statistical analyses were performed using Clustan Graphics 
for cluster analysis ver. 8.02 [(https://link.springer.com/chap-
ter/10.1007/978-3-642-60187-3_27. (Accessed 20 June 2019)].

Consistent with the Azospirillum growth behavior, inoculation 
of surface-sterilized rice root macerates into the semisolid tube 
deeps of the enrichment medium [11] yielded turbidity of bacte-
rial growth at the subsurface microaerophilic region. Subsurface 
growth from the tube cultures was re-streaked on agar plates of 
the same medium. Twenty-one isolated colonies with the charac-
teristics of Azospirillum (pink pigmented colonies of Gram nega-
tive short rods on beef extract peptone agar plates) were picked, 
re-streaked and stocked in pure cultures. Cyanobacterial isolates 
were also obtained and stocked for identification.

Lab and greenhouse results
Isolation of rice endophytes

Results

The taxonomic affinities of the 21 pure culture isolates obtai-
ned by selection on the N-free malate medium were examined by 

Isolates identification

Statistical analysis
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the sequence similarity of phylogenetically discrete PCR-ampli-
fied segments of their 16s rRNA encoding gene. Their closest (≥ 
97%) sequence matches with greatest taxonomic affinity were 
distributed as follows: 14 Pseudomonas, 3 Brevundimonas, 2 Ste-
notrophomonas, 1 member of Rhodobacteriaceae, and 1 unclas-
sified Bacterium. Further evaluation of the most abundant group 
of 14 isolates with taxonomic affinity for Pseudomonas indicated 
the following: 4 had 1.000 similarity indices to P. stutzeri strains 
ATCC 17588, DSM 5190T, AJ63355, and AJ288151; 5 others had 
0.990 – 0.985 similarity indices to P. stutzeri strains ATCC 17589, 
IARI-L-119, G2C, DSM 5190T, and ATCC 27951; 4 had a similarity 
index of 1.000 with taxonomic affinity to other Pseudomonas spe-
cies (Pseudomonas fluorescens D11188, P. putida strains D26, D21 
and EF204233), and 1 had a 1.000 similarity index to an unclas-
sified species of Pseudomonas sp. strain WH060. One of the iso-
lates with taxonomic affinity for Pseudomonas stutzeri (sequence 
similarity index of 1.000 with strain ATCC 17588) was chosen for 
this study and assigned the strain designation of ERP1 (Egypt Rice 
Pseudomonas 1). 

The sequence analysis of the 16s rRNA encoding gene for 4 
cyanobacterial isolates indicated that each of them had taxonomic 
affiliation with the class and phylum Cyanobacteria, Family 1 and 
group GP1. The sequence match with the highest similarity index 
(0.908) was with Nostoc sp. strain PCC 9426. Other matches with 
similarity indices between 0.785 - 0.829 had sequence similarities 
with 5 other Nostoc strains (HK-01, CEN21, PCC 6720, LPUL 424, 
PPEZ 426), and with one isolate of Anabaenopsis circularis strain 
NIES 21. The cyanobacterial isolate selected for this study was the 
one with the highest sequence similarity index of 0.908 with Nos-
toc sp. strain PCC9426 [assigned the designation of ERC4 (Egypt 
Rice Cyanobacterium 4)]. CMEIAS computer-assisted microscopy 
of this test strain indicated long bent filamentous chains of sphe-
rical vegetative cells with a diameter of 2.32 ± 0.13 μm, a round-
ness shape index of 0.823 ± 0.057, and with 23.7 ± 1.0 vegetative 
cells separating round intercalary and terminal heterocyst cells 
having a larger diameter of 3.38 ± 0.23 μm in the same chain (Fi-
gure1 in “Online Resource”). Its morphology resembles the pho-
tomicrograph of Nostoc available at: https://www.google.com/
search?q=Nostoc+morphology&source=lnms&tbm=isch&sa=X&-
ved=0ahUKEwj3oev6ge3dAhWI7IMKHa0mBZMQ_AUIDigB&-
biw=1632&bih=815#imgdii=R50OFHvNHZAu1M:&imgrc=ixxj-
5D7wtYhigM (Accessed 20 June 2019). This site contains further 
information about this genus.

Figure 2a–d shows the growth responses of 4 rice cvs to sin-
gle-strain inoculation with the Pseudomonas ERP1 and the Nostoc 
ERC4 in gnotobiotic tube culture assay. Strain ERP1 promoted plant 
growth whereas inoculation with the cyanobacterial strain ERC4, 
individually or in consortia, inhibited growth of seedlings of the 4 
rice cvs under the same conditions. This adverse effect of the Nostoc 
ERC4 was confirmed in comparison to the positive effect of inocu-
lation with Rhizobium E11 (Table 2), validating the performance of 
this rhizobial strain on various rice cvs [8,9]. Likely reasons for this 
growth inhibition by the Nostoc isolate under gnotobiotic conditi-
ons are addressed later in the context. Integration of Figure 2a-d, 
Figure 2 in “Online Resource” and Table 2, in addition to previously 
recorded results [8,9], clearly show the differential performance of 
the three inoculant test microorganisms and some of their conso-
rtia in promotion (or inhibition) of rice growth in gnotobiotic as-
sessments. 

Assessment of rice growth-promotion under gnotobiotic con-
ditions

Figure 2a-2d: Growth responses of 4 rice cultivars inoculated 
with single-strains of Pseudomonas sp. ERP1 or Nostoc sp. ERC4 
or a consortium containing both of them. Growth parameters 
were (a) plant dry weight, (b) root biovolume, (c) cumulative 
root length and (d) root surface area. 

The cyanobacteria, in particular, should definitely be tested for 
production of microcystins toxins before use in open fields [18]. We 
used the enzyme-linked immunosorbent assay [13] to determine 
if the chosen cyanobacterium ERC4 strain produces these toxins. 
The result was negative, excluding that risk for its open field appli-
cation.

Test for biosafety of the cyanobacterial strain
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Rice cv Bacterial  
Inoculum

Root biovolume 
(mm3)

Shoot 
height 
(mm)

Sakha 101 Uninoculated 600 ± 231 280 ± 15
Sakha 101 R. leg trifolii E11 1100 ± 141 284 ± 0
Sakha 101 ERC4 575 ± 50 259 ± 12
Sakha 101 Rlt E11 + ERC4 640 ± 55 275 ± 13
Sakha 104 Uninoculated 650 ± 129 311 ± 12
Sakha 104 R. leg trifolii E11 1020 ± 110 300 ± 8
Sakha 104 ERC4 820 ± 45 284 ± 2
Sakha 104 Rlt E11 + ERC4 820 ± 84 286 ± 8
Giza 177 Uninoculated 1067 ± 115 295 ± 14
Giza 177 R. leg trifolii E11 1000 ± 82 283 ± 14
Giza 177 ERC4 450 ± 129 271 ± 19
Giza 177 Rlt E11 + ERC4 875 ± 150 300 ± 15
Giza 178 Uninoculated 325 ± 50 250 ± 23
Giza 178 R. leg trifolii E11 550 ± 100 550 ± 274
Giza 178 ERC4 300 ± 0 300 ± 219
Giza 178 Rlt E11 + ERC4 400 ± 71 400 ± 222

Table 2: Effect of inoculation with Rhizobium leguminosa-
rum bv. trifolii E11 and Nostoc sp. ERC4 on root biovolume and 
shoot height of four rice cultivars (cvs) grown under gnotobiotic  
conditions.

Table 3 shows changes of paddy grain yield in the 14 experi-
mental field locations with application of fertilizer-N at 48, 96 and 
144 kg N/ha with and without inoculation treatments. The yield 
responses to application of the 7 biofertilization treatments vs. 
their corresponding non-inoculated control are presented in Table 
4. Significant percentage increases due to inoculation with the rhi-
zobial strain E11 alone were achieved in 5 of the 14 experiments, 
in 7 experiments by inoculation with the Pseudomonas strain ERP1 
alone and in 8 experiments by inoculation with the cyanobacteri-
al strain ERC4 alone. Increased grain yields were also obtained by 
inoculation with dual or triple consortia strains in 6 experimen-
tal locations. Significant increases in grain yield with inoculation 

Paddy yield

The entire raw dataset and results of their statistical evaluati-
ons for the field inoculation tests are accessible in Tables 1 through 
14 in the “Online Recourse”. To simplify presentation of the results, 
Tables 3 through 8 and Figures 3 through 7 provide supportive 
data indicating the tendencies from which our conclusions could 
be extracted.

Field results

occurred in 13 over the 14 experiments even when accompanied 
with application of the highest dose of 144 kg fertilizer-N/ha. The 
experiment no. 4 was an exception in that only the triple strain con-
sortium achieved a non-significant increase in grain yield. Howe-
ver, there was no indication either visibly or extracted from the 
collected data that rice productivity was adversely affected under 
field conditions by any of these single-strain inoculations. The yield 
responses following single-strain and various consortia biofertili-
zation were always greater than the corresponding uninoculated 
controls.

The highest paddy yield obtained with the best experimental 
treatment applied to each field location considerably exceeded the 
yield obtained simultaneously in the adjacent field area using the 
same plant cv and entirely managed by the farmer according to his 
conventional agronomic practices (Table 5, Figure 3). Considering 
all the 14 experiments, the mean of grain yield without inoculati-
on was 9.254 tons/ha and increased with biofertilization to 10.274 
tons/ha. The mean yield in the 14 adjacent farmers’ field areas was 
only 8.062 tons/ha. Even without inoculation, the mean yield of the 
best treatments in the experimental plots exceeded those obtain-
ed by the farmers by 1.192 tons/ha (14.8%), and further by 2.212 
tons/ha (27.4%) with adoption of the biofertilization technology. 
Also, the data of Tables 3, 4 and 5 indicate that the rice cvs differed 
in their response to each of the inoculation treatments.

Straw production, as shown in Table 6 and Tables 1 through 
14 in the “Online Resource”, significantly increased concomitantly 
with the ascending increases of N application doses, indicating that 
vegetative growth of rice was N-limited in each of the 14 fields. 
However, biofertilization significantly increased straw producti-
on in 7, 7 and 7 of the 14 experiments when they received urea 
fertilizer at 48, 96 or 144 kg N/ha, respectively. The magnitude of 
these increases fluctuated with the different biofertilization tre-
atments. The mean of straw production for the 14 experiments 
was the lowest (8.775 + 2.802 ton/ha) with biofertilization by the 
Pseudomonas stutzeri strain ERP1 along with application of 48 kg 
N/ha, and was the highest (12.537 + 3.085 ton/ha) in response to 
biofertilization with the Nostoc sp. plus N at 144 kg/ha. However, 
inoculation with individual strains increased straw production by 
3.50, 4.71 and 7.99% compared to the corresponding uninoculated 
controls when accompanied by application of the 48, 96 or 144 kg 
N/ha, respectively. The corresponding figures of produced straw 
following inoculation by consortia containing two or the three mi-
crobial candidates were very close (5.89, 5.63 and 7.43%), in the 
same respective order. 

Straw production
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Expt Applied N 
(kg/ha)

Inoculation Mean Expt Applied N
(kg/ha)

Inoculation
Mean

Control Inoculated Control Inoculated
1 48 9.350 9.928 9.639a 8 48 8.563 9.375 8.969a

96 9.950 10.769 10.360b 96 9.250 9.246 9.248c

144 10.450 11.204 10.827c 144 8.333 9.983 9.158b

Mean 9.917 10.634 Mean 8.715 9.535
2 48 8.350 8.518 8.434a 9 48 8.083 9.750 8.917a

96 9.200 9.460 9.330b 96 8.583 10.238 9.411a

144 9.700 9.775 9.788c 144 8.375 10.345 9.360a

Mean 9.083 9.215 Mean 8.347 10.111
3 48 4.783 4.945 4.864a 10 48 8.700 9.222 8.961a

96 6.400 6.499 6.450b 96 8.800 9.322 9.061a

144 7.900 8.256 8.078c 144 8.900 9.375 9.138a

Mean 6.361 6.567 Mean 8.800 9.306
4 48 5.025 5.248 5.137a 11 48 8.425 9.314 8.870a

96 6.450 6.695 6.573b 96 9.333 10.026 9.680b

144 8.517 8.460 8.489c 144 9.500 10.627 10.064c

Mean 6.664 6.801 Mean 9.086 9.989
5 48 8.433 8.814 8.624a 12 48 8.600 9.622 9.111a

96 9.575 9.476 9.526a 96 9.250 10.244 9.747b

144 8.833 9.842 9.338a 144 9.750 10.812 10.281c

Mean 8.947 9.377 Mean 9.200 10.226
6 48 8.650 9.072 8.861a 13 48 4.750 5.602 5.176a

96 9.550 9.807 9.679a 96 6.675 6.850 6.763b

144 9.950 10.557 10.254a 144 8.200 8.576 8.388c

Mean 9.383 9.812 Mean 6.542 7.009
7 48 11.750 12.583 12.167a 14 48 8.770 9.274 9.022a

96 11.250 12.738 11.994a 96 9.250 9.874 9.562b

144 11.750 13.214 12.482a 144 9.500 10.205 9.853c

Mean 11.583 12.845 Mean 9.173 9.784

Table 3: Effect of rice* inoculation with an individual strain or a consortium of Rhizobium leguminosarum bv. trifolii strain E11, Pseudo-
monas stutzeri strain ERP1 or Nostoc sp. strain ERC4 on mean of rice* grain yield (ton/ha) at 14 field locations in the Nile delta during 
the 2009 and 2010 cultivation seasons.

*Oryza sativa cvs: Giza 177 (expts 2, 3, 4, 8, 13), Sakha 101 (expts 7, 9), Sakha 102 (expts 1, 14), Sakha 103 (expts 5, 6), Sakha 104 (expts 
10, 12), Sakha 105 (expt 11). For each experiment, means of grain yield that are superscripted by different bold letters in the same column 
(for N-fertilization doses), or their values highlighted in bold (for inoculation treatments) are significantly different from the mean of the 
corresponding uninoculated control at the 95% confidence level.
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Expt Rice
cv

Best experimental 
treatment

Grain Yield (tons/ha) and corresponding percentage increases (Δ)
Control E11 Δ ERP1 Δ ERC4 Δ Consortium Δ

Season 2009
1 Sakha102 ERC4+144N 10.450 ---- ---- ---- ---- 11.933 14.2 ---- ----
2 Giza177 ERC4+144N 9.700 ---- ---- ---- ---- 10.050 3.6 ---- ----
3 Giza177 ERP1+ERC4+144N 7.900 ---- ---- 8.133 2.9 8.300 5.1 8.425 6.6
4 Giza177 E11+ERP1+ERC4+144N 8.517 8.367 -1.8 8.400 -1.4 8.417 -1.2 8.600 1.0
5 Sakha103 ERC4+144N 8.833 ---- ---- ---- ---- 10.517 19.1 ---- ----
6 Sakha103 ERC4+144N 9.950 ---- ---- ---- ---- 10.800 8.5 ---- ----
7 Sakha101 ERP1+144N 11.750 ---- ---- 13.833 17.7 ---- ---- ---- ----
8 Giza177 ERP1+ERC4+144N 8.333 ---- ---- 10.625 27.5 9.125 9.5 10.875 30.5
9 Sakha101 ERC4+144N 8.375 ---- ---- ---- ---- 11.375 35.8 ---- ----

Season 2010
10 Sakha104 E11+144N 8.800 9.600 7.9 ---- ---- ---- ---- ---- ----
11 Sakha105 E11+ERP1+ERC4+144N 9.500 10.275 8.2 10.533 10.9 10.300 8.4 10.900 14.7
12 Sakha104 E11+ERP1+144N 9.750 10.900 11.8 10.500 7.7 ---- ---- 11.250 15.4
13 Giza177 E11+ERP1+ERC4+144N 8.200 8.450 3.0 8.538 4.1 8.350 1.8 8.783 7.1
14 Sakha102 E11+ERP1+144N 9.500 10.250 7.9 9.900 4.2 ---- ---- 10.450 10.0

Expt Growing 
season

Rice cv/bacte-
rial strain(s) that 
produced the best 

experimental grain 
yield

N 
(kg/
ha)

Best experimental grain 
yield (tons/ha) Farmer’s grain 

yield with no 
inoculation 
(tons/ha)

% increase over the farm-
er’s grain yield

Non-inoculated Inoculated No inoculation Inoculation

1

2009

Sakha 102 + ERC4 144 10.450 11.933 9.520 9.8 25.3
2 Giza 177 + ERC4 144 9.700 10.050 6.188 56.8 62.4

3 Giza 177 + 
ERP1+ERC4 144 7.900 8.425 6.188 27.7 36.2

4 Giza 177 + 
E11+ERP1+ERC4 144 8.517 8.600 6.545 30.1 31.4

5 Sakha 103 + ERC4 144 8.833 10.517 8.588 2.9 22.5
6 Sakha 103 + ERC4 144 9.950 10.800 9.044 10.0 19.4
7 Sakha 101 + ERP1 144 11.750 13.8 33 9.520 23.4 17.7

8 Giza 177 + 
ERP1+ERC4 144 8.333 10.875 10.625 ---- 2.4

9 Sakha 101 + ERC4 144 8.375 11.375 7.140 17.3 59.3
10

2010

Sakha 104 + E11 144 8.800 9.600 7.854 12.0 22.2

11
Sakha 105 + 

E11+ERP1+ERC4 144 9.500 10.900 8.687 9.4 25.5

12 Sakha 104 + 
E11+ERP1

144 9.750 11.250 8.092 20.5 39.0

13 Giza 177 + 
E11+ERP1+ERC4

144 8.200 8.783 6.426 27.6 36.7

14 Sakha 102 + 
E11+ERP1 144 9.500 10.450 8.449 12.4 23.7

Mean all over the field experimentation program 9.254 10.274 8.062 20.0 30.3
SD (5%) 1.045 1.117 1.400 13.9 15.9

Table 5: Comparisons between rice grain yields in the best experimental treatments and those in adjacent fields using the same  
rice cv and farmer’s practices. 

Means highlighted in bold are significantly different from their corresponding non-inoculated control (at the 95% confidence level)
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Table 4: Percentage increases (Δ) in rice yield* over the corresponding non-inoculated controls achieved by inoculation with the in-
dividual or consortia strains (Rhizobium leguminosarum bv trifolii strain E11, Pseudomonas stutzeri strain ERP1 and Nostoc sp.  
strain ERC4). 

*calculated for the treatments that achieved the highest grain yield in each experiment. The mean yield (values highlighted in bold) is 
statistically significantly different from its corresponding non-inoculated control at the 95% confidence level.
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Figure 3: Best paddy grain yield, responding rice cultivar and 
biofertilizer formulation obtained at 14 field locations with and 
without inoculation under optimal agronomic conditions vs. 
farmers’ non-experimental treatment.

Expt Applied N 
(kg/ha)

Inoculation Mean Expt Applied N
(kg/ha)

Inoculation
Mean

Control Inoculated Control Inoculated
1 48 10.033 9.724 9.879a 8 48 12.750 15.988 14.369a

96 10.217 11.389 10.803a 96 16.500 17.149 16.825a

144 11.250 11.560 11.405a 144 15.000 16.809 15.905a

Mean 10.500 10.891 Mean 14.750 16.649
2 48 9.150 9.389 9.270a 9 48 7.000 8.126 7.563a

96 9.711 10.038 9.875b 96 8.000 8.104 8.052b

144 10.300 10.913 10.607c 144 6.592 8.902 7.747ab

Mean 9.720 10.113 Mean 7.197 8.377
3 48 7.483 7.517 7.500a 10 48 16.833 15.631 16.232a

96 8.967 9.079 9.023b 96 15.667 15.387 15.527a

144 10.617 10.596 10.607c 144 15.250 15.673 15.462a

Mean 9.022 9.064 Mean 15.917 15.564
4 48 7.975 7.964 7.970a 11 48 9.150 9.148 9.149a

96 9.525 9.460 9.493b 96 9.150 9.195 9.168a

144 11.050 10.922 10.986c 144 9.250 9.336 9.293a

Mean 9.517 9.449 Mean 9.183 9.226
5 48 11.550 11.987 11.769a 12 48 12.275 12.636 12.456a

96 12.325 12.188 12.257b 96 12.750 13.369 13.060ba

144 11.700 12.487 12.094b 144 13.083 14.012 13.548c

Mean 11.858 12.221 Mean 12.703 13.339
6 48 11.700 12.277 11.989a 13 48 11.925 13.124 12.525a

96 12.325 12.507 12.416b 96 12.967 13.829 13.398a

144 12.575 13.023 12.799c 144 13.583 14.600 14.092a

Mean 12.200 12.602 Mean 12.825 13.851
7 48 7.483 7.517 7.500a 14 48 7.425 7.735 7.580a

96 8.967 9.079 9.023b 96 9.125 9.398 9.262b

144 10.617 10.596 10.607c 144 10.900 11.022 10.961c

Mean 9.022 9.064 Mean 9.150 9.385

Table 6: Effect of rice* inoculation with an individual strain or consortia of Rhizobium leguminosarum bv. trifolii strain E11,  
Pseudomonas stutzeri strain ERP1 or Nostoc sp. strain ERC4 on straw yield (ton/ha) at 14 field locations in the Nile delta  
during the 2009 and 2010 cultivation seasons.

Non-significant increases in the harvest index (% paddy yield/
above ground biomass at harvest) were obtained with increased 
N-fertilizer application without inoculation (Table 7, Tables 1 – 14 
in the “Online Resource”). Maximum percentage increases of 16.9, 
14.2 and 7.8% in the harvest indices were obtained by individual 
strain inoculation with the Pseudomonas stutzeri (ERP1) recog-
nized with application of the 48, 96 or 144 kg N/ha, respectively. 
Interestingly, when combined into a consortial inoculant with one 
or both of the other candidates, this Pseudomonas strain did not 
exert the same vegetative growth enhancement effect. This unex-
pected finding justifies further investigation to explore why inocu-
lation with this strain alone or within consortia extorted different 
responses. 

Harvest index

*Oryza sativa cvs: Giza 177 (expts 2, 3, 8, 13), Sakha 101 (expts 7, 9), Sakha 102 (expts 1, 14), Sakha 103 (expts 5, 6), Sakha 104  
(expts 10, 12), Sakha 105 (expt 11). For each experiment, means of straw production superscripted by different letters in the same  
column (for N-fertilization doses) or their values highlighted in bold (for inoculation treatments) are significantly different from  
the mean of the corresponding uninoculated control at the 95% confidence level.
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Expt Applied N 
(kg/ha)

Inoculation
Mean

Expt Applied N
(kg/ha)

Inoculation Mean
Control Inoculated Control Inoculated

1 48 48.5 50.6 49.6a 8 48 48.0 44.1 46.1a

96 49.3 48.6 49.0a 96 40.5 42.8 41.7a

144 48.2 49.3 48.8a 144 43.9 44.2 44.1a

Mean 48.7 49.5 Mean 44.1 43.7
2 48 48.5 50.6 49.6a 9 48 48.0 44.1 46.1a

96 49.3 48.6 49.0a 96 40.5 42.8 41.7a

144 48.2 49.3 48.8a 144 43.9 44.2 44.1a

Mean 48.7 49.5 Mean 44.1 43.7
3 48 48.5 50.6 49.6a 10 48 48.0 44.1 46.1a

96 49.3 48.6 49.0a 96 40.5 42.8 41.7a

144 48.2 49.3 48.8a 144 43.9 44.2 44.1a

Mean 48.7 49.5 Mean 44.1 43.7
4 48 48.5 50.6 49.6a 11 48 48.0 44.1 46.1a

96 49.3 48.6 49.0a 96 40.5 42.8 41.7a

144 48.2 49.3 48.8a 144 43.9 44.2 44.1a

Mean 48.7 49.5 Mean 44.1 43.7
5 48 48.5 50.6 49.6a 12 48 48.0 44.1 46.1a

96 49.3 48.6 49.0a 96 40.5 42.8 41.7a

144 48.2 49.3 48.8a 144 43.9 44.2 44.1a

Mean 48.7 49.5 Mean 44.1 43.7
6 48 48.5 50.6 49.6a 13 48 48.0 44.1 46.1a

96 49.3 48.6 49.0a 96 40.5 42.8 41.7a

144 48.2 49.3 48.8a 144 43.9 44.2 44.1a

Mean 48.7 49.5 Mean 44.1 43.7
7 48 48.0 44.1 46.1a 14 48 48.0 44.1 46.1a

96 40.5 42.8 41.7a 96 40.5 42.8 41.7a

144 43.9 44.2 44.1a 144 43.9 44.2 44.1a

Mean 44.1 43.7 Mean 44.1 43.7

Table 7: Effect of rice* inoculation with an individual strain or consortia of Rhizobium leguminosarum bv. trifolii strain E11,  
Pseudomonas stutzeri strain ERP1 or Nostoc sp. strain ERC4 on the rice harvest index* at 14 field locations in the Nile delta  
during the 2009 and 2010 cultivation seasons.

*Oryza sativa cvs: Giza 177 (expts 2, 3, 8, 13), Sakha 101 (expts 7, 9), Sakha 102 (expts 1, 14), Sakha 103 (expts 5, 6), Sakha 104  
(expts 10, 12), Sakha 105 (expt 11). For each experiment, means of the harvest index superscripted by different letters in the same  
column (for N-fertilization doses) or their values highlighted in bold (for inoculation treatments) are significantly different from 
the mean of the corresponding uninoculated control at the 95% confidence level. * % of grain yield /above ground grain + straw 
at harvest.
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Data presented in Table 8 indicate a clear inverse interrelati-
onship between the increased doses of N fertilizer and the agro-
nomic fertilizer N-use efficiency (kg paddy yield/kg fertilizer-N), 

Agronomic fertilizer N-use efficiency

Expt Applied N 
(kg/ha)

Inoculation
Mean

Expt Applied
N (kg/ha)

Inoculation Mean
Control Inoculated Control Inoculated

1 48 194.8 209.4 133.1c 8 48 178.4 195.3 186.9c

96 103.7 112.2 108.0b 96 96.4 96.2 96.3b

144 72.6 77.8 75.2a 144 57.9 69.3 63.6a

Mean 123.7 133.1 Mean 110.9 120.3
2 48 174.0 177.5 175.8c 9 48 168.4 203.1 185.8c

96 95.8 98.6 97.2b 96 89.4 105.9 97.7b

144 67.4 67.9 67.7a 144 58.2 71.8 65.0a

Mean 112.4 114.7 Mean 105.3 126.9
3 48 99.7 103.0 101.4c 10 48 181.3 192.1 186.7c

96 66.7 67.7 67.2b 96 91.7 97.1 94.4b

144 54.9 57.3 56.1a 144 61.8 65.1 63.5a

Mean 73.8 76.0 Mean 111.6 118.1
4 48 104.7 109.4 107.1c 11 48 175.5 194.1 184.8c

96 67.2 69.7 68.5b 96 97.2 104.4 100.8b

144 59.1 58.7 58.9a 144 66.0 73.8 69.9a

Mean 77.0 79.3 Mean 112.9 124.1
5 48 175.7 183.9 179.8c 12 48 179.2 200.5 189.9c

96 99.7 98.7 99.2b 96 96.4 106.7 101.6b

144 61.3 68.4 64.9a 144 67.7 75.1 71.4a

Mean 112.2 117.0 Mean 114.4 127.4
6 48 180.2 189.0 184.6c 13 48 99.0 117.5 108.3c

96 99.5 102.2 100.9b 96 69.5 71.4 70.5b

144 69.1 73.3 71.2a 144 56.8 59.6 58.2a

Mean 116.3 121.5 Mean 75.1 82.8
7 48 244.8 262.1 253.5c 14 48 181.3 186.3 183.8c

96 117.2 132.7 125.0b 96 96.4 102.9 99.7b

144 81.6 91.4 86.5a 144 66.0 70.9 68.5a

Mean 147.9 162.1 Mean 114.6 120.0

independently of whether the plants received biofertilization. 
However, also Figure 4 indicates that biofertilization significantly 
increased the growth benefit of N fertilizer application compared 
to the corresponding non-inoculated counterparts.

Table 8: Effect of rice* inoculation with an individual strain or consortia of Rhizobium leguminosarum bv. trifolii strain E11,  
Pseudomonas stutzeri strain ERP1 or Nostoc sp. strain ERC4 on the agronomic fertilizer-N use efficiency** at 14 field locations 
 in the Nile delta during the 2009 and 2010 cultivation seasons.

* Oryza sativa cvs: Giza 177 (expts 2, 3, 4, 8, 13), Sakha 101 (expts 7, 9), Sakha 102 (expts 1, 14), Sakha 103 (expts 5, 6), Sakha 104 
(expts 10, 12), Sakha 105 (expt 11). For each experiment, means of the agronomic fertilizer N-use efficiency** superscripted by 
different letters in the same column (for N-fertilization doses) or their values highlighted in bold (for inoculation treatments) are  
significantly different from the mean of the corresponding uninoculated control at the 95% confidence level. **Agronomic  
fertilizer N-use efficiency: kg grain yield/kg fertilizer-N applied.
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Figure 4: Best agronomic fertilizer-N use efficiency, responding 
rice cultivar and biofertilizer formulation obtained at 14 field 
locations with and without inoculation under optimal agronom-
ic conditions vs. farmers’ non-experimental treatment.

The mean values of rice agronomic fertilizer N-use efficiency 
over the 14 experimental field tests with application of the 48, 
96 and 144 kg N/ha without inoculation recorded 166.9, 91.9 
and 64.0 kg paddy rice / kg fertilizer-N, respectively, increased by 
inoculation to 181.6, 98.6 and 91.9, in the same respective order. 
The agronomic N-use efficiency of the 6 rice varieties was further 
compared at the 3 levels of N (48, 96, and 144 kg N) with and 
without biofertilizer inoculation (Figure 5). Also, two multivari-
able cluster analyses (dendrogram of Ward’s Increase in Sum of 
Squares and Multidimensional Scaling scatterplot) indicated that 
the cvs Sakha 102, Sakha 103, and Sakha 104 clustered with high 
similarity. The response of this group differed significantly from 
the response obtained for the cultivars Giza 177 and Sakha 101 
cultivars (Figure 6, Figure 7). These multivariate analyses on simi-
larities and differences in the agronomic fertilizer-N use efficiency 
clearly indicate how these rice cultivars differ in their responses to 
inoculation and fertilizer-N treatments.

Figure 5: Comparison of means of the best agronomic fertilizer-
N use efficiency for 6 rice varieties at 3 fertilizer-N levels with 
and without biofertilizer inoculation vs. farmers’ non-experi-
mental treatment.

Figure 6: Dendrogram indicating the relatedness in respon-
siveness of agronomic fertilizer-N use efficiency for 6 rice vari-
eties under conditions of 3 fertilizer-N levels, uninoculated vs. 
inoculated, and farmer’s non-experimental treatment. Values 
are computed from Ward’s increase in sum of squares.

Figure 7: Multidimensional scaling cluster analysis of re-
latedness in responsiveness of agronomic fertilizer-N use 
efficiency for 6 rice varieties under conditions of 3 fertiliz-
er-N levels, uninoculated vs. inoculated, and farmer’s non-
experimental treatment.

These results also provide a clear indication of how biofertili-
zation can increase the efficiency in production of paddy rice re-
lative to the amount of N-fertilizer applied. In contrast, the overall 
mean values of the agronomic fertilizer N-use efficiency obtained 
by the farmers using their agronomic practices in each of their 
14 adjacent fields with application of the recommended dose of 
144 kg N/ha ranged from 43.9 to 73.8 with a mean of 56.0 ± 9.7 
kg paddy yield/kg fertilizer-N. Thus, a consequence of using the 
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The capacity to fix nitrogen is widely distributed in phyla of 
bacteria and archaea but has long been considered uncommon in 
the genus Pseudomonas. [19] developed an oxygen gradient sys-
tem and a complex medium for isolation of a microaerobically 
N2-fixing heterotrophic bacterium from the rhizosphere of a “high 
fixing” Sorghum nutans cultivar. They identified the isolate as a Nif+ 
phenotype of Pseudomonas stutzeri on the basis of cultural, physio-
logical and biochemical characteristics including DNA/DNA hybri-
dization. N2 fixation by the isolate was demonstrated by assimilati-
on of N15 into cellular protein and presence of one 30 MD plasmid 
that could be cured with associated loss of N2 fixation capability. 
This work was later confirmed [20,21]. Five years later, [22] repor-
ted the complete genome sequencing of the N2-fixing root-asso-
ciated Pseudomonas stutzeri (A1501). Its genome contains genes 
involved in broad utilization of carbon sources, nitrogen fixation, 
denitrification, degradation of aromatic compounds, biosynthesis 
of polyhydroxybutyrate, multiple pathways of protection against 
environmental stress, and other functions that presumably give 
this bacterial strain an advantage in root colonization and benefi-
cial actions on the growth and performance of the plant hosting it 
endophytically in its root. Our study adds information on the iso-
lation of an endophytic strain of P. stutzeri from within soil-grown 
surface-sterilized rice roots and its ability to perform as an effi-
cient biofertilizer capable of promoting rice growth in large-scale 
field inoculation experiments. 

Discussion

Inoculation with soil-based inocula of cyanobacteria has frequ-
ently been recommended for enhancement of rice growth and per-
formance. Chronologically, the mechanisms of this enhancement 
involve antagonism against aquatic macrophytes [23,24], enhan-
cement of biological N2-fixation and paddy yield [17,25], reducti-
on of sulfide injury in flooded rice fields [26], promotion of soil 
particle aggregation with increased soil organic matter content, 
permeability, water retention and water holding capacity [27], 
diminished epidemic injuries by fungi [28,29] and insect pests 
[30], increase rice protection against the “rosette long-day” disor-
der [31], increased rice branching and positive turnover effects 
on subsequent crops that follow rice in crop rotation [28,32-34], 
contributed available P during the rice panicle initiation stage [34] 
and alleviation of salt stress in rice fields [35]. Several positive 
effects of inoculation with cyanobacteria are recorded throughout. 

farmers’ conventional agronomic practices instead of the recom-
mended practices for rice production management [(http://www.
fcri-egypt.org/AboutFCRI.htm). (Accessed 20 June 2019)] resulted 
in more than a 14.3% loss in the fertilizer N-use efficiency compa-
red to the corresponding values obtained with the recommended 
agronomic practices followed by the research team using the same 
quantity of 144 kg N/ha, even without inoculation. 

This study describes the performance of a cyanobacterial strain 
with taxonomic affinity to Nostoc that was isolated from soil-grown 
surface-sterilized rice roots and used as an efficient growth-pro-
moting biofertilizer individually and in consortia in extensive rice 

The Rhizobium leguminosarum bv. trifolii strain E11 (among 
other strains) was isolated from field grown rice roots, tested gno-
tobiotically for enhancement of growth of its natural legume host 
(Trifolium alexandrinum) and rice (Oryza sativa) cultivars. It was an 
effective and efficient growth promoter of both plants, but different 
in the mechanisms by which it infects these plants and contributes 
fixed N involving root nodulation of the natural legume host, the 
Trifolium alexandrinum, and by endocolonization of the rice root 
[8,9]. This organism enhances rice growth by production of phyto-
hormones and siderophores, expansion of root architecture asso-
ciated with higher capabilities of nutrient mining from the growth 
substrates, and dissolution of inorganic and organic phosphates 
[9]. 

None of the three tested organisms was able to completely fulfill 
the N demand of the rice crop, so the full potential of paddy pro-
duction could not be achieved without additions of fertilizer-N. We 
examined the three biofertilizer strains in consortia inoculation to 
diminish the need for application of currently recommended qu-
antities of fertilizer-N use to significantly increase the produced 
paddy yield from a given field area over that of the corresponding 
adjacent non-inoculated field area. We examined this hypothesis by 
evaluating two or the three organisms used simultaneously in rice 
fields. This translational research study was designed to determi-
ne whether an inoculum containing endophytic strains of Nostoc, 
Pseudomonas or Rhizobium performs better when they are used 
alone, or when they are consortialized in double or triple strain 
preparations, and whether the consortia contributed additional 
support to rice growth and performance, thereby broadening and 
enhancing applications of the biofertilization technology by one or 
multi genera to a wider scope. However, the detailed mechanism(s) 
used by our consortial inoculants that embraces the complicated 
soil/plant/microbe/environment interactions is not defined in this 
work.

Our original experimental design for this study was to include 
a local endophytic strain of Azospirillum isolated from surface-ste-
rilized rice roots using conventional protocols and a proposed 
medium [11] improved 40 years later [36]. We conducted two 
annual cycles of isolations of Azospirillum from surface-sterilized 
field-grown rice roots that yielded pure culture isolates matching 
the conventional description of the morphology, cultural features 
and biochemistry of azospirilla. However, their 16S rDNA sequ-
ences unexpectedly had the highest sequence similarity to taxa of 
Pseudomonas species (especially P. stutzeri), not azospirilla! Similar 
results occurred in both cycles of isolation/identification, leaving 
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When we gnotobiotically tested the potential of the chosen 
strains to promote growth of four rice cvs, inoculation with the 
rhizobial strain E11 stimulated growth of their roots and shoots, 
confirming the results of Yanni., et al. (1997, 2001, 2010) [8, 9, 10]. 
Similar growth promotions also occurred with the Pseudomonas 
stutzeri strain ERP1. However, various quantitative measurements 
indicated that gnotobiotic rice growth was better when inoculated 
with these 2 test strains than with the cyanobacterial strain ERC4, 
either alone or in consortia with them. Under the closed gnotobio-
tic bioassay system, the cyanobacterium effectively competed with 
the plant (and possibly with the other inoculant strains) for the 
limited nutrient contents of the growth substrate. The ERC4 cyano-
bacterial strain produced a very thick and profuse abundance of 
green growth in the root zone within 5 – 6 days (Figure 2 in the “On-
line Resource”), which likely created nutrient starvation stress for 
the plant that could not be alleviated by the other inoculant strains 
included in the growth system. However, rice growth in open fields 
generally does not suffer such consequences of effective nutrient 
competition when inoculated with cyanobacteria [34,37-39]. The 
plant there can access other sources of available nutrients inclu-
ding the field soil itself, irrigation water, continuous mineralizati-
on of plant residues, small animals and macro and micro system 
inhabitants, along with contribution of atmospheric N2-fixation by 
numerous microorganisms. However, P is an exception as it is con-
sumed by cyanobacteria during the early stages of rice growth and 
re-liberated during the later stages of panicle initiation and flowe-
ring. For that reason, it is necessary during the soil tillage for rice 
cultivation to apply a dose of phosphate fertilizer in case of limited 
P availability in rice fields in numerous districts [23,25,35,40], in-
cluding the Egypt rice fields in the Nile delta [9,34]. An important 
lesson learned from this study was that the short-term gnotobi-
otic tube culture is not an optimal design for assessment of rice 
growth-promotion by cyanobacteria or consortia containing them. 
In any event, in addition to the published studies mentioned abo-
ve, an abundance of scientific literature documents the potential 

no doubt of its accuracy and reproducibility. Since Pseudomonas 
stutzeri is documented as a N2-fixer PGPR isolated in this work 
from inside surface-sterilized rice and previously from other plant 
roots [19-22], we decided to explore the growth responses of field 
grown rice to inoculation with one of those isolates, tested indivi-
dually and in consortia with the other two endophytic strains iso-
lated also from surface-sterilized rice roots.

benefit derived from using individual strains belonging to the three 
genera tested here as single-strain biofertilizer inoculants for rice 
in lab, greenhouse and free open rice fields [3,8,9,10,18,41-55].

Unlike the well-known suppression of symbiotic nitrogen fixa-
tion accompanying supplementation with high doses of N-fertili-
zers to legume fields, the degree of benefits to rice by inoculation 
with rhizobia (Tables 3 through 8, Figure 3 through 7 and Figure 
2 in the “Online Resource”) continue to be enhanced rather than 
suppressed by application of ascending amounts of N-fertilizer 
within the recommended N application rate of 144 kg N/ha. This 
same result occurred in previous rice biofertilization studies assis-
ted with natural abundance ∆N15 studies on field grown rice plants, 
acetylene reduction assays of rhizobia-rice gnotobiotic cultures, 
and assessments of their increased sequestration and efficiency of 
nutrient acquisition related to an improved root architecture and 
phytohormone production [8,9,10,57]. These studies provided evi-
dence that the growth benefit to rice by this rhizobial biofertilizer 
strain does not involve biological nitrogen fixation. The high signi-
ficant increase in rice straw occurring in the field when rice was 
inoculated with the Nostoc strain ERC4 along with high fertilizer-N 
application (144 kg/ha) (Table 6) indicates that the significant be-
nefit of this inoculant strain in this case is also not mostly due to 
biological N2-fixation, confirming previous results on the positive 
actions of cyanobacteria in rice fields in addition to nitrogen fixa-
tion [25].

A major strength of this translational study was the use of re-
latively large land areas under experimental investigation. The 14 
field inoculation experiments included, in each, 96 subplots each 
of 20 m2 (a total of 1344 subplots having a net field plots area of 
2.688 ha conducted on 3.226 ha of open fields). This large area of 
experimentation enabled better evaluation of the performance of 
the tested biofertilizers under numerous soil characteristics, irri-
gation water sources and qualities and efficiencies of drainage sys-
tems that exemplified most of the variations in these agronomic 
categories that occur widely in the Egypt Nile delta. In this study, 
the three main-plot treatments of N supplementation did not inclu-
de ones without added fertilizer-N nor with N-fertilization doses 
greater than the recommended quantity of 144 kg N/ha assigned 
for the tested rice cvs. This design is based on prior work showing 
that the performance of rhizobial biofertilizers performed much 
better when combined with low or intermediate doses of fertili-
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The use of inoculants containing rhizobia differs from “non-rhi-
zobial” ones like preparations of N-fixing cyanobacteria, Azospiri-
llum, Pseudomonas, Azotobacter, etc., in two major ways. First, the 
appropriate rhizobia can benefit both the legume and the cereal 
hosts (as in the rice-berseem clover rotation in the Nile delta), 
whereas these other PGPR typically only benefit a cereal or a le-
gume. In Egypt, around 67% of rice cultivation is done in rotation 
with berseem clover, and that regimen can help to maintain the 
populations of clover rhizobia involved in the beneficial plant-mi-
crobe interactions with both crop hosts. Second, rhizobial inocu-
lants benefit rice at all stages of its development, beginning at the 
seedling stage and extending throughout the crop growth cycle up 
to grain maturity [8,9,10,18,58-60], whereas other biofertilizer 
inoculants only benefit rice during the short growth period of the 
tillering stage (15th to 40th days post transplantation). The maxi-
mum N-limitation stress normally occurs during that period, and 
therefore an external source of N must be supplied [62].

 This study documenting also the beneficial field growth respon-
ses of rice to biofertilization with rice endophytic Pseudomonas and 
Nostoc strains (Tables 3 - 8 in this context) coincide with similar 
results presented by other investigators using different agronomic 
practices, agrochemicals, variation in soil characteristics, rice cvs, 
under different agro-climatic conditions and ecosystems. They do-
cumented the effects of inoculation with Pseudomonas [22,53,63-
65]. 

zer-N [8,9,10,56]. Also, the cooperated farmers would not sacrifice 
their farmland for sub-treatments lacking application of chemical 
N-fertilizers, knowing for certain that this would be catastrophic to 
their production economy. Our policy in the field experimentation 
followed the recommended agronomic practices given to the rice 
farmers (http://www.fcri-egypt.org/AboutFCRI.htm. Accessed in 
20 June 2019), and additionally, assist them by contributing mo-
dern, economic farm management practices including environ-
mental friendly biofertilization technologies, targeting production 
of significant higher yield and fertilizer N-use efficiency, i.e., to 
collect higher yield from a given field area using the recommended 
rate of fertilizer-N; not more and better to be less! 

 The yield data indicate statistically significant first order inter-
actions between N-fertilization and inoculation, i.e. the magnitude 
of benefit from the added N fertilizer [expressed as the agronomic 
N-use efficiency (kg paddy yield/kg fertilizer-N)] concomitantly 

decreased with application of every higher N-fertilizer quantity. 
However, the contribution of biofertilization to grain yield showed 
significant increases with application of the three ascending doses 
of N-fertilizer. In addition, the yield increases obtained by the re-
search team were significantly higher than what was obtained in 
the adjacent farmer’s yield, even without inoculation (Table 5). 
This is likely due to implementation of standard recommended 
agronomic practices containing optimal field stand densities, ba-
lanced NPK fertilization treatments, integrated pest control mana-
gement, proper water supplementation, efficient drainage systems 
and others that were followed by the researchers compared to the 
conventional practices used by the farmers. Unfortunately, most of 
these proper field management operations not followed by most of 
the rice farmers in our experimentation districts!

Some of the rice straw produced in Egypt is used as filler fodder 
for domestic farm animals, in manufacture of byproducts including 
clay/straw building bricks in small margin villages, processed syn-
thetic wood and packaging filler material. Statistically significant 
increases in straw yield resulting from inoculation (Table 6) is 
then of importance regarding these aspects of the rice production 
economy. The increase in straw production found in this work is 
consistent with earlier studies showing that inoculation with cer-
tain endophytic strains of rhizobia significantly increased rice tille-
ring, leaf area plant height with enhanced photosynthetic capacity 
in open field (8) and in greenhouse experiments [43, 44, 46, 65]. 
Interestingly, this study found that straw biomass production was 
more responsive to N-fertilization than to biofertilization. In con-
trast, biofertilization improved rice grain production more than did 
for straw biomass production. This important differential result is 
a desired positive benefit of biofertilization. It inevitably leads to 
a probability that the beneficial relationship between rice and the 
tested microorganisms intensifies the plant’s growth physiology in 
ways that increase its reproductive grain production more so than 
vegetative straw biomass production. 

The results here suggest that the growth characters formulating 
the ratio between the amounts of rice paddy grain produced in pro-
portion to the total harvested biomass (the harvest index) (Table 
7) is not greatly affected by the biofertilization practice. Interestin-
gly, the figures fluctuated in a narrow range towards both the main 
treatments of N-fertilization and the sub-treatments of bioferti-
lization, similarly in all the 14 field experiments, with relatively 
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The data in Table 8 indicate significant first order interactions 
between N-fertilization and inoculation, showing that the mag-
nitude of benefit from the added N fertilizer [expressed as the 
agronomic N-use efficiency] decreased with application of higher 
N-fertilizer doses. Biofertilization benefitted paddy grain producti-
on by counter-balancing that trade off in reduced agronomic N-use 
efficiency with increasing fertilizer-N application doses. This res-
ponse relationship provides the desired result that inoculation 
with individual strains or consortia strains formulations can redu-
ce the need for additional fertilizer-N application to achieve higher 
grain yield from a given field area. This finding found here consis-
tently confirms other documented results [2]. Assuming that the 
farmers used only the recommended fertilizer-N rate of 144 kg N/
ha in their adjacent field areas, they obtained a mean of 56.0 kg pa-
ddy yield/kg fertilizer-N comparing to 63.6 and 71.3 mean values 
recorded for the non-inoculated and inoculated experimental field 
plots, using the same fertilizer-N quantity, respectively (Table 5). 
This latter value indicates that the biofertilization process incre-
ased the agronomic fertilizer N-use efficiency by 27.3% above the 
mean of N-use efficiencies obtained in the farmers’ adjacent field 
areas using the same rice cvs. The research team obtained a mean 
of 13.6% further increase in the N-use efficiency just by critical 
application of the recommended N and proper field management 
practices for rice production even without biofertilization.

non-significant higher figures with inoculation. Nevertheless, it is 
well documented that the harvest index sharply declines by exces-
sive application of N-fertilizer over the recommended amounts [8]. 
The results also indicate that the combination of inoculation and 
N-fertilization at the recommended dose worked together syner-
gistically in securing the plant demand for N without decreasing 
the harvest index values. This result is consistent with our previ-
ous studies [8,9,60] showing that rhizobial inoculation along with 
N-fertilization positively contributed to rice vegetative growth and 
grain yield in parallel, not in conflict with one another. 

Summary and Conclusions

Underutilization of the ecofriendly biofertilization technology 
in low input farming systems is mostly related to a catastrophic 
lack of integration among uninformed farmers, plant breeders, 

agronomists, ecologists, economists, extension specialists, public 
health authorities and policy makers.

For eco-biosafety, locally isolated/identified and tested rice root 
endophytic strains of Nostoc, Rhizobium and Pseudomonas were 
constituted in individual or consortial biofertilizer preparations 
that significantly enhanced rice growth, paddy yield and the agro-
nomic fertilizer N-use efficiency in large-scaled, real-world agricul-
tural field conditions in an environmental friendly way that signi-
ficantly reduced the need for excessive N-fertilizer applications to 
obtain higher paddy yields from a given land area.

Best paddy yields and agronomic fertilizer N-use efficiencies 
were achieved by using single strain, double strain consortia or tri-
ple strain consortia in 7, 4 and 3 out of the 14 experimental fields, 
respectively. 

Assuming that this technology is adopted into proper field appli-
cations by rice producers, our results predict significant increases 
in rice yield over that which can be obtained using the full recom-
mended dose of chemical fertilizer N without inoculation, even if 
the field management practices were critically followed! 

Adoption of the biofertilization by locally isolated ecofriendly 
growth-promoting rhizobacteria can, additionally, diminish many 
catastrophic environmental pollution and health risks that accom-
pany excessive use of chemical fertilizers with counterbalancing of 
land and water requirements and the need for additional agroche-
micals.

The study shows how deployment of well-selected safe and en-
vironmental friendly biofertilizer(s) can become an integral com-
ponent of sustainable nutrient management for economic rice pro-
duction under real-world agricultural conditions.
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