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A B S T R A C T

This study isolated and examined the performance of four selected strains of Rhizobium as growth
enhancer inoculants of common bean (Phaseolus vulgaris) in saline- and drought-stressed fields located
to the east and west of the Egypt Nile delta. Indigenous bean rhizobia were tested for salt tolerance by
culturing and for taxonomic status by DNA analysis. Their nodulation and N2-fixation abilities under
drought stress and persistence in biofertilizer formulations were evaluated, followed by assessment of
their agronomic performance with common bean in 16 salt-affected, drought-stressed fields in
combination with different doses of N-fertilizer applications in 2007 and 2008. Population dynamics
studies with one model strain indicated good persistence in biofertilizer preparation. Inoculation with a
test strain increased plant weight in the greenhouse from 2.718 to 3.314 g and four strains increased seed
yield in saline/drought-stressed fields by 2.848–3.218 t ha�1 during seasons 2007 and 2008, respectively.
Inoculation also increased straw production, harvest indices and the agronomic fertilizer N-use
efficiency. The corresponding mean seed yields in adjacent uninoculated farmers’ fields exposed to the
same intensity of aridification were 2.425 and 2.230 t ha�1, respectively. The study shows that locally-
selected strains of rhizobia can be formulated into biofertilizers that significantly enhances seed yield
and the agronomic N-use efficiency while providing a nature-based alleviation of the abiotic water deficit
stress of intense aridification in saline- and drought-stressed fields.
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1. Introduction

Biofertilization of legumes improves soil fertility and decreases
ground water pollution by avoiding excessive application of
chemical fertilizers. In several regions of the Mediterranean basin,
the productivity of summer legumes is frequently limited by water
insufficiency and soil salinity, causing a need for importation to
fulfill deficits in legume production.

Common bean (Phaseolus vulgaris L.) is produced worldwide as
an important protein extender and substitute for animal protein
(Duke,1981; Kay,1979). It is a warm season crop that performs best
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in fertile sandy-loam soils with moderate organic matter content,
good internal or tile drainage, and a wide range of temperatures
(between 10 and 27 �C). Inadequate nutrient supply, higher
temperatures and moisture stresses during its flowering and
pod setting stages result in abortion of many blossoms and
developing pods, seriously affecting the crop yield. Effective
nodulation by the symbiotic nitrogen-fixing bacterium, Rhizobium,
is difficult to achieve in certain soil types and environmentally
stressed conditions. Low humidity, soil salinity and high temper-
atures in the root zone adversely affect rhizobial survival and
infection of bean roots, nodule formation, and development of the
enzymatic system that participates in symbiotic N2-fixation
(Kaymakanova et al., 2008). Also stressful is the high loss of plant
water by evapotranspiration due to high temperatures that
intensify soil salinity.
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Previous efforts have been made in Egypt and elsewhere to
increase the salt tolerance and manage growth and performance of
legumes under conditions of severe salinity and drought stress
(Abdel-Mawgoud et al., 2010; Ashraf and Iram, 2005; Bano et al.,
2010; Beltagi et al., 2006; Bouhmouch et al., 2005; Shamseldin and
Werner, 2004; Shamseldin et al., 2005; Tejera et al., 2004; Zahran,
1999). These earlier studies document the important benefits of
establishing the Rhizobium-bean symbiosis, but lack the extensive
field assessments needed to evaluate, identify and recommend
high-performing biofertilizer strains that can be used with
confidence to alleviate drought and salinity stresses when
cultivated in various agroecosystems. Some of the studies were
done in vitro and in greenhouses with strains that were not proven
to be tolerant of high salinity or drought. Also, most field
inoculation tests with N2-fixing rhizobia were done in only one
or two field locations. Most importantly, description of compre-
hensive field inoculation experiments is needed to address many
issues that are required to formulate and implement a bioferti-
lization technology for field management of the crop under these
aridification stresses over broad agricultural landscapes. That lack
of a proven biofertilizer efficacy based on extensive agronomic
field assessments justified the present translational study. Its main
goal was to determine if local superior strains of common bean
rhizobia with saline-tolerant attributes can be isolated and
exploited as biofertilizer inoculants that significantly improve
production of common bean in regions where cultivation of this
crop is severely affected by drought and salinity.

2. Materials and methods

2.1. Lab and greenhouse tests

2.1.1. Plant cultivar
According to the Egypt legislation, approval of a crop variety for

use in field testing and later recommended for large scale
production is only given after passing obligatory tests. Giza 6
used in this study is an improved variety that produces a white
seed of medium size (41 g seed 100 g�1) and was developed by
institutions belonging to the Agricultural Research Center, Egypt
(http://www.researchgate.net/institution/Agricultural_Research_-
Center_Egypt). The Field Crops Research Institute (http://www.
fcri-egypt.org/AboutFCRI.htm) performed extensive breeding pro-
grams for its adaptation to Egypt agro-climatic factors. Tests for its
resistance to fungal and viral diseases were performed by the Plant
Pathology Research Institute (http://plantpathology-egypt.tripod.
com/), insect pest control (Van Emden et al., 1988) by the Plant
Protection Research Institute (http://www.arc.sci.eg/InstsLabs/
Default.aspx?OrgID=5&lang=en), and its tolerance to soil physical
and chemical stresses (mainly drought and soil salinity) by the
Soils, Water and Environment Research Institute (http://www.
sweri-eg.com/). The later institution selected this variety for this
study due to its full capability of seed production with no evidence
of salinity stress as long as adequate chemical fertilizer N was
applied, or alternatively and preferably, low N-application doses
plus successful biofertilization with strains that can express high
efficiency in nodulation and N2-fixation under different agronomic
stresses in the cultivation area. Results of these tests indicated that
this variety exhibits less potential of seed production in non-
inoculated fields even when adequate fertilizer N was applied.

2.1.2. Rhizobium culture collection
Root nodules were obtained from Giza 6 common bean grown

in fields expressing saline- and drought-stresses due to a shortage
of irrigation water and located east and west of the Nile delta. The
nodules were gently washed in running water, surface-sterilized
by 70% ethanol for 3 min followed by 10% sodium hypochlorite for
1.5 min, then rolled over yeast extract mannitol agar (YEMA) plates
[components (g L�1): yeast extract 1.00, mannitol 10.00, K2HPO4

0.50, Mg SO4 0.20, NaCl 0.10, CaCO3 1.00, Agar 15.00] to verify the
efficiency of the surface-sterilization process, and macerated in
sterile 5 mM Na-phosphate buffer (pH 7.0). The macerates were
streaked on YEMA plates and incubated at 29 � 0.5 �C for 72 h.
Mucoid, pearl-white colonies (typical of fast-growing rhizobia)
were picked, restreaked on YEMA plates and stocked on YEMA
slopes (Somasegaran and Hoben, 1985).

2.1.3. Salt tolerance of the isolates
To assure their tolerance to salinity, 60 nodule isolates were

grown in YEM broth containing NaCl at 10 ascending concen-
trations ranging from 0.12 M to 1.2 M corresponding to electrical
conductivities ranging from 7.02 deci Siemens per meter (dS m�1)
to 70.20 dS m�1 as measured using a WPA-CM35 conductance-
meter [Linton Cambridge WPA Scientific Instrument] and incubat-
ed for 5 days at 29 � 0.5 �C. Salt tolerance during growth was
assessed by detecting increases in the turbidity of the YEM broth
following inoculation and by direct microscopy for active motility
in hanging drops examined using the oil-immersion lens. Four
isolates exhibiting the highest tolerance to salinity were regrown
on YEMA plates having the same 10 ascending salt concentrations,
incubated for 3 days at 29 � 0.5

�
C, transferred to YEMA tube slants,

incubated and then kept under refrigeration for subsequent
greenhouse inoculation tests, inoculant production and field
inoculation tests. These four selected isolates were assigned the
names RB 4/1, R/B 5/1, R/B 6/1 and R/B 7/1.

2.1.4. Test for nodulation by the selected isolates
The isolates were tested for effective nodulation on bean

seedlings germinated from surface-sterilized seeds of Giza 6 under
gnotobiotic tube culture conditions using agar slants containing
15 ml of sterilized half-strength Hoagland’s No. 2 basal plant
nutrient medium containing (NH4)3PO4, HBO3, Ca(NO3)2, CuSO4,
Fe4CH4O6, 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). The tubes were incubated in a
plant growth chamber programmed with a 14-h photoperiod and a
32 �C day and 10-h at 18 �C night temperature cycle. These
incubation conditions for nodule establishment and development
simulated the early common bean spring growing season. After
30 days of growth, root nodules were excised, surface-sterilized,
macerated, and their rhizobial occupants were re-isolated on
YEMA plates.

2.1.5. DNA analyses of the isolates
The taxonomic identities of the 4 isolates were evaluated at the

Research Technology Support Facility at Michigan State University
(http://rtsf.msu.edu/). The isolates were grown for 3 days at 29 �C
in tryptone yeast extract broth in wells of microtiter plates,
harvested, collected by centrifugation, resuspended in 50 ml of
water and lysed by heating at 95 �C for 10 min. One mL of the lysate
was used for amplification of fragments of the genomic 16 S rDNA
gene using the conserved 8 F and 1492 R eubacterial primers
(Edwards et al., 1989; Stackebrandt and Liesack, 1993). Rhizobium
leguminosarum bv. trifolii strain E11 was processed identically as a
positive control to validate the protocol used. The amplified
products were sequenced using the 8 F primer and Applied
Biosystems BigDye v3.1 Chemistry Applied Biosystems 3730xl
DNA sequencing system. Sequences were aligned against those in
the Ribosomal Database Project (RDP) in the Center for Microbial
Ecology at Michigan State University (http://rdp.cme.msu.edu/)
and evaluated by the online RDP SeqMatch sequence match tool.
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The strain diversity of the isolates was assessed by genomic
fingerprint profile analysis of their BOX-polymerase chain reaction
(BOX-PCR) amplification fragment length polymorphism (Rade-
maker et al., 1998) with the following changes. The forward BOX
primer was 50 end labeled with 6-FAM fluorescent dye and the
resulting PCR products were resolved by capillary electrophoresis
on an Applied Biosystems 3130xl DNA Analyzer. Sizing was
determined via an internal BOX labeled DNA ladder of 23 well-
resolved internal standards added to each sample. A matrix
indicating the elution time (0.1 min resolution) and height of each
electrophoretically resolved BOX-PCR peak derived from each
isolate was evaluated by cluster analysis of their squared Euclidian
distances as the proximity coefficient and Ward’s increased in sum
of squares as the clustering method using Clustan Graphics
software (http://www.clustan.com).

2.1.6. Greenhouse test for nodulation and symbiotic performance of
the rhizobial strains

The symbiotic performance of the strains was also tested in a
pot experiment in an open-air wire-covered greenhouse. The pots
had an internal diameter of 15 cm and contained 3 kg of soil/
vermiculite substrate (1:1 w/w) amended with calcium super-
phosphate (15% P2O5) at a quantity simulating application of
240 kg ha�1 as a basal application. The pots were autoclaved at
121 �C for 4 h on three consecutive days. Giza-6 seeds were surface-
sterilized for 5 min using 70% ethanol followed by 10% sodium
hypochlorite for 3 min, then washed several times using sterile
distilled water. Three seeds were planted in each pot. At seven days
after sowing, the rhizosphere of each seedling of the inoculated
treatments was inoculated with 1 ml of a rhizobial cell suspension
containing �109 colony-forming units (CFU) of one of the four test
strains. N-application doses were applied as urea (46% N) at 0, 24
and 96 kg N ha�1. For the N treated pots, a dose of 24 ppm N was
applied on the 10th day after sowing, followed by a dose of
72 ppm N 20 days later for the pots scheduled to receive a
simulated total N of 96 kg N ha�1, the recommended N application
dose in non-inoculated fields or with unsuccessful biofertilization.
The pots were kept for 50 days under a water stress of �50% of the
substrate field capacity throughout the experiment and then
uprooted. After washing the root systems, the nodules were
detached, counted, air dried for 3 days in a dust free compartment,
oven-dried at 70 �C for 48 h and weighed. The remaining plant
parts were air-dried for 5 days, oven-dried for 48 h at 70 �C
followed by 4 h at 105 �C, and weighted. Data pertaining to the
number and weight of nodules and the percentage increases in the
plant dry weight due to inoculation were taken as indicators of
efficient nodulation and symbiotic N-fixation with the Giza 6 bean
variety.

2.1.7. Inoculant preparation and test for strain persistence
The inoculum formulation was prepared using a peat/CaCO3

mixture as a carrier. The peat was neutralized from its original pH
of 5–5.5 to pH 7–7.2 by addition of CaCO3 at 5% W/W. The carrier
was pasteurized at 80 �C for 2 h to kill heat-sensitive antagonists. A
four day-old YEM culture (109 CFU ml�1) of the rhizobial strain RB
5/1 was added to the carrier at the rate of 520 ml culture/kg peat-
CaCO3 mixture. This adjusted the moisture content of the mixture
to 60% of its water holding capacity. The mixture was thoroughly
stirred, cured at room temperature for 24 h, packed in plastic bags
(480 g each), sealed, and shelf-stored in a cool dry room at �20 �C.
The viable count of the rhizobial cells in the preparation was
enumerated using the standard dilution plate counting on YEMA
plates supplemented with Congo Red. Incubated inoculant
samples were evaluated every three days for five weeks and the
results were recorded as colony-forming units (CFU) g�1 of the
inoculant preparation.
2.2. Field tests

2.2.1. Experimental field locations and soil sampling
Alsharkia Governorate located east of the Nile delta (latitude/

longitude coordinates of 30� 420 532500 to 30� 450 425900 N and 31�

240 1238–31� 340 285000 E), and Albeheira Governorate located west
of the Nile delta (latitude/longitude coordinates of 30� 340 285000 to
30� 510 064300 N and 30� 280 344600 to 30� 440 139100 E) were chosen
as the working locations for this program. Just before establish-
ment of the field experiments, composite soil samples were taken
from 16 experimental fields at two soil profile depths: 0 (top soil
surface) to 15 cm depth, and from 15 to 30 cm depth. The samples
were analyzed for chemical, physical and physicochemical
properties, mechanical analysis, soil texture, salinity, pH, water
saturation%, available P, K and N, and organic matter content. The
fields were at terminal attributes of the two Nile delta main
branches that carry irrigation water to the districts located east and
west of the delta. However, water deficits are commonplace at
those field areas. Water supplement is compensated using
groundwater sources having salinity concentrations higher than
the surface water in the Nile. These impose severe adverse effects
on crop productivity due to drought accompanied by increased
salinity stresses. The experiments were performed during the 2007
and 2008 growing seasons that annually extend from February/
March to May/June. Eight experiments were conducted in each
season, four experiments in each of the two working areas. The
study was assisted by 16 cooperating farm owners and several field
laborers, all advised/supervised by a team consisted of 10
investigators including agricultural microbiologists, plant nutri-
tion specialists, agronomists and technology transfer experts.
Table 1 presents detailed information on each of the 16 field
experiments. The entire study hosted a comprehensive group of
768 sub-subplots (2 seasons � 2 regions � 4 experiments � 48 sub-
subplots).

2.2.2. Preparation of field area
After the remains of the previous crop (Table 1) were removed,

the entire field area was ploughed in two perpendicular directions,
followed by broadcast of calcium super-phosphate (15% P2O5) at
72 kg P2O5ha�1 as a common basal treatment for phosphorus
supplementation. This was followed by ploughing for a third time
and leveling using a laser leveler machine. This process mixed the
phosphate fertilizer with the top 15 cm of field soil that hosts the
root system of the common bean plant. Irrigation and drainage
canals were established using a mechanical ditch-forming
machine. Sufficiently strong borders for the replicated sub-
subplots were created mechanically. The distance between
adjacent rows inside the sub-subplot was 60 cm, with 20 cm
spacing between each seed bed.

2.2.3. Experimental field design
The split-split plot statistical design was used for each of the 16

experiments. The main-plot treatments were two water irrigation
regimes. N-fertilization doses of 0, 36 and 108 kg N ha�1 were used
as the sub-plot treatments. Inoculation with one of the four
Rhizobium strains or no-inoculation constituted the sub-subplot
treatments. Sub-subplot areas of each experiment ranged between
60 and 150 m2, determined according to the available field area
contributed by the cooperated land owner.

2.2.4. Seed inoculation and sowing
The Giza 6 common bean seeds were mixed just before sowing

with the peat-based inoculum containing the rhizobial strain. Five
percent water solution of Gum Arabic was used as an adhesive
material. The inoculum: seed proportion was 480 g inoculum for
96 kg seeds (recommended for bean cultivation per hectare). The

http://www.clustan.com


Table 1
Location, cultivation season of common bean (var. Giza 6), soil salinity of the top (0–15 cm), previous crop, inoculant strain of Rhizobiuma, area of replicated sub-subplots and
latitude and longitude coordinates of the field locations pertinent for each field inoculation experiment.

No. Governorate Central city (village) Season SSb

(dS m�1)
Previous
crop

Inoculant
straina

Sub-subplot area
(m2)

Latitude/longitude Coordinates Latitude–
Longitude

1 Alsharkia Zagazeg (Om Elzain) 2007 3.44 Clover RB 6/1 65.0 30� 38059500 ’N–31� 24012380 ’E
2 Ibrahemia (Shobak) 1.35 Clover RB 7/1 50.7 30� 44000870 ’N–31� 29057570 ’E
3 Al-Kenaiat (Soliman Mousa) 1.25 Clover RB 4/1 73.5 30� 38053670 ’N–31�29038620 ’E
4 Hehia (Kafr Awlad Attia) 0.81 Clover RB 5/1 77.0 30� 37054340 ’N–31� 33037370 ’E
5 Diarb Nejm (Lybo) 2008 2.45 Clover RB 4/1 50.0 30� 45042590 ’N–31� 26053560 ’E
6 Alknaiat (Altiba) 1.51 Bean RB 5/1 75.0 30� 39045950 ’N–31� 26056370 ’E
7 Ibrahemia (Ezbet Rizk) 1.56 Clover RB 6/1 55.0 30� 43013500 ’N–31� 34033840 ’E
8 Hehia (Ezbet Alarab) 1.81 Clover RB 7/1 75.0 30� 42053250 ’N–31� 31012450 ’E
9 Albeheira Kom Hamada (Al Heden) 2007 1.79 Carrot RB 4/1 75.0 30� 44000360 ’N–30� 38025650 ’E
10 Kom Hamada (Alazema) 2.14 Potato RB 7/1 75.0 30� 41011750 ’N–31� 35031610 ’E
11 Kom Hamada (Kafr Bolin) 3.44 Potato RB 6/1 75.0 30� 43033500 ’N–30� 44013910 ’E
12 Aldelengat (Albostan) 5.86 Potato RB 5/1 75.0 30� 47034240 ’N–30� 28034460 ’E
13 Badr (Khaled Ibnelwaleid) 2008 3.96 Potato RB 4/1 65.0 30� 34028500 ’N–30� 41048760 ’E
14 Aldelengat (Albostan) 1.72 Eggplant RB 5/1 65.0 30� 46012170 ’N–30� 31059150 ’E
15 Aldelengat (Kgaraket

Hamed)
2.77 Clover RB 6/1 65.0 30� 51006430 ’N–30� 39049100 ’E

16 Kom Hamada (Abuelatta
Housein)

2.69 Potato RB 7/1 65.0 30� 47007930 ’N–30� 41037430 ’E

a Rhizobium etli (strains RB 5/1 and RB 7/1), Rhizobium radiobacter (strain RB 4/1) and Rhizobium sp. (strain RB 6/1).
b SS: salinity of the top soil layer (0–15 cm) that hosts the plant roots during nodulation development, expressed as deci Siemens per meter (dS m�1).
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seeds were sown on both sides of the row, with the non-inoculated
sub-subplots sown first. According to this experimental layout, the
field stand density was 192,000 seed bed ha�1.

2.2.5. Irrigation regimes
One of the main-plot treatments received regular sufficient

irrigation water throughout the growing period. The other main-
plot treatment was irrigated with the same timing and water
quantities except that two irrigations were excluded during April/
May, which is the very critical period of water needs for vegetative
bean growth, flowering and pod setting.

2.2.6. Assessment of drought stress
The intensity of drought stress created by the two irrigation

exclusions was assessed by 12 measurements of the oxidation-
reduction potential (Redox potential, Eh) of field top soil. The pH at
each Eh reading spot was also measured simultaneously since the
Eh is affected by the soil pH. Corrected Eh figures were calculated to
their equivalents at pH 7 (Eh7) to assure fixed standpoints for
comparisons and to support assessment of the demand for
irrigation water supply before the plant moisture content
approached its wilting point. The Eh concurrently increases as
the soil dries due to influx of oxygen in soil pores that initiates
different chemical and physiological pathways altering the
oxidative-reductive status of soil elements and radicals (Pezeshki
and DeLaune, 2012; Ponnamperuma, 1972) and references therein.
To measure the Eh in situ, the electrodes were inserted to a depth of
5–7 cm below the soil surface and left for 3 min to secure electrical
stability at the interface of the soil and electrode surface. The
readings of soil redox potential (Eh7) were measured two times per
day.

2.2.7. Mineral fertilization with N and K
N-fertilization sub-treatments included application of 0, 36 or

108 kg fertilizer-N, applied as urea (46% N) ha�1. These N-
applications represent no fertilization, one-third or the full N
amount recommended in case of a known lack of an indigenous
population of effective common bean Rhizobium or when
nodulation and symbiotic N-fixation fail due unspecified agro-
nomic causes that may include drought and salinity stresses. Both
amounts were applied in two equal doses at 25 and 45 days after
sowing. Potassium sulphate (54% K2O) was applied at 120 kg
K2O ha�1 as a common treatment for the entire sub-subplots one
month after sowing.

2.2.8. Harvest
At maturity, the entire area of each sub-subplot (no quadrat

subsampling) was harvested and weights of the total above-
ground biomass and seed yield were measured. Straw weight was
calculated as the difference between the two figures. The harvest
index (% of seed yield/total harvested above-ground biomass), and
the agronomic fertilizer N-use efficiency (kg seed yield for each kg
fertilizer-N applied) were calculated.

2.2.9. Basis of statistical analysis of the field data
Diverse cultivation seasons, soil chemical, physical and

physicochemical properties, salt tolerances of the strains used,
crop rotations followed in previous seasons, sources and salinity of
irrigation water, efficiencies of drainage systems, and other
uncountable factors are expected to differ between the 16
experimental test sites. We therefore excluded the use of
combined statistical analysis containing the entire results obtained
for each parameter from the 16 experiments. This avoids the strong
probability that most of the mean square of each measured factor
contributed to the corresponding “experimental error,” creating
big confusion that would prevent extraction of informative results
and crystal-clear conclusions. The data were then statistically
analysed as a sub-subtreatment designed experiment containing
two main treatments for irrigation regimes, three sub-treatments
for N-fertilization and two sub-plot treatments for inoculation,
with four replications. The mean differences were compared using
their corresponding least significant differences (LSD) at the 95%
confidence level.

3. Results

3.1. Lab and greenhouse tests

3.1.1. Salt tolerance of the nodule isolates
Sixty isolates of nodule occupants with cultural characteristics

of bean rhizobia were isolated into pure cultures and tested for salt
tolerance during their growth in YEM broth supplemented with
ascending concentrations of NaCl. Among these, four isolates (later
given the names RB 4/1, RB 5/1, RB 6/1, and RB 7/1) expressing high



Fig. 1. (a) Highest concentrations of NaCl tolerated by 4 selected bean-nodulating
isolates during 5 days of growth in yeast-extract mannitol broth containing 10
ascending concentrations of NaCl. (b) Dendrogram of relatedness among the four
salt-tolerant strains of the common bean nodulating rhizobia based on cluster
analysis of their electrophoretic profile of BOX-PCR genomic fingerprint polymor-
phism. (c) Temporal changes in population densities of Rhizobium etli strain RB 5/1
in the peat/CaCO3-based inoculant. Data points are the mean of 10 samples taken at
random from each of 10 different packages.

Table 3
16 S rDNA sequence match analysis of the common bean nodulating isolates used in
this study.

Isolate name Taxon of Closest Match Sab Similarity Index

RB 4/1 Rhizobium radiobacter 0.96
RB 5/1 Rhizobium etli 0.98
RB 6/1 Rhizobium sp. 1.000
RB 7/1 Rhizobium etli 1.000
E11a Rhizobium leguminosarum bv. trifolii 0.99

a R. leguminosarum bv. trifolii strain E11 was included as a positive reference
strain to validate the protocol used.
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salt-tolerance were chosen for completion of the tests. Strains RB
4/1 and RB 5/1 tolerated up to 35.1 dS m�1, followed by strain RB 6/
1 which tolerated up to 28.08 dS m�1, and strain RB 7/1 which
scored salt tolerance up to 21.06 dS m�1 (Fig. 1a).
Table 2
Nodulation and vegetative growth of the common bean cultivar Giza 6 under 50 days of 

and application of different amounts of fertilizer-N in greenhouse pot experiments.

N-fertilizer rate (simulating kg N ha�1) Inoculation aNodules plant�1 a

24 + 20 � 2.16 2
� 0 0

96 + 9 � 0.82 8
� 0 0

a Mean of four replications (�standard deviation). Growth under water stress with the
3.1.2. Symbiotic performance of the isolates in gnotobiotic culture and
in a greenhouse experiment

All 4 isolates effectively nodulated the bean plants under
gnotobiotic conditions, and the plants looked healthy, lacking
symptoms of N-deficiency as compared to the non-inoculated
counterparts.

Nodulation and symbiotic N-fixation capacities of the model
strain R. etli RB 5/1 were verified using Giza 6 beans grown with or
without 24 or 96 ppm fertilizer-N (Table 2) in a potted greenhouse
study. Nodulation was detected on roots of the inoculated plants.
They grew healthy, looked dark green, and had significantly higher
shoot dry weight as compared to the non-inoculated controls that
carried no root nodules. The uninoculated plants grown with only
24 ppm N were unhealthy and chlorotic (faint yellowish green in
color).

3.1.3. Taxonomic identification and strain relatedness of the selected
bean nodule isolates

The taxa of the four salt-tolerant, bean-nodulating isolates with
the closest matches to the 16 S rDNA fragment sequences in the
RDP database were Rhizobium etli, Rhizobium radiobacter and R. sp.
(Table 3). Similarity analysis of their BOX-PCR genomic fingerprint
profiles indicate that they represented 4 different strains, and that
RB 5/1 and RB 6/1 were more closely related to each other than to
strains RB 4/1 or RB 7/1 (Fig.1b), which were more distantly related
to the other members of the test.

3.1.4. Persistence of a representative Rhizobium strain in an inoculant
preparation

Rhizobium etli strain RB 5/1 was used as the representative
isolate to examine its dynamic persistence over a 37-day period in
the peat-based inoculant preparation. The results presented in
Fig.1c indicate that its population density increased concomitantly
during the first 19 days of curing after carrier inoculation, followed
by gradual decreases to a level that was similar to what was
recorded after one day of curing of the preparation.

3.1.5. Soil analysis of field samples
Table 1 in the Supplementary material (SM) reports the soil

physical properties of the 16 experimental fields. Soil textures
ranged from clayey to clay-loamy and sandy-loam. Table 2 in the
SM shows the chemical properties of the soils. All were low in
drought stress after sowing, inoculation with the model strain Rhizobium etli RB5/1

Nodules plant�1 (mg) aShoot dry weight (g) % increase in shoot weight

0 � 1.41 2.31 � 0.03 92.5 � 4.74
 1.20 � 0.01
 � 0.82 1.99 � 0.04 42.1 � 2.19
 1.40 � 0.02

 growth substrate maintained at 50% of its field capacity throughout the experiment.
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organic matter content (0.69–2.28%), had around 2% active CaCO3

content, and indicated their high fixation potential of the available
P to the unavailable Ca3 (PO4)2. Soil water saturation percent’s
were 24.9–98.2, and available N, P and K ranges were 5–56, 6–59
and 34–192 ppm, respectively. Most important is that the salinity
levels in the top 0–15 cm soil profile ranged from 0.81 to
5.86 dS m�1, and ranged from 0.81 to 5.74 dS m�1 in the soil profile
at depths of 15–30 cm. The Giza 6 variety used in this study can
tolerate salinity levels only up to 4 dS m�1, beyond which
productivity starts to decrease unless alleviated by other
agronomic factor(s) involved. The rhizobial strains used in this
study were tolerant to salinities within those ranges (Fig.1a), so the
field soils were well suited to test whether inoculation can elevate
bean crop production under the drought and salinity stresses
prevailing or induced in the experimental fields.

3.2. Field results

3.2.1. Field assessment of drought stress
During the two periods when water irrigation of one of the main

plots had been intentionally stopped, soils began to crack and
accumulate salt crystals on their surface near the planted rows
(Fig. 1 in the SM). Concomitantly, these indicators of extreme
drought conditions extended deeper as the desiccation process
continued. The plants gradually developed wilting symptoms
accompanying water deficit stress. Water was re-supplied to the
full irrigated plots when the mean of twelve Eh7 readings recorded
+340 to +360 mv, indicating that the top soil layer became fairly
oxidized, a feature that associates with intense aridification and
concomitant plant wilting. Salt crystals accumulated on the soil
surface of the plots receiving limited irrigation, which forced some
of the farmers to dig pipes many meters downwards to collect
groundwater that is unavoidably higher in saline content than the
water that can be obtained from the Nile tributaries, if available.
Normal plant growth with proper field stand densities can be
recognized in the inoculated left sector of Fig. 2 in the SM, while the
right sector in the same image illustrates the non-inoculated part
of the experimental field where the plants were stunted, chlorotic,
and produced a low field stand density accompanying the high soil
salinity and drought stresses. The benefit of rhizobial inoculation
on bean growth under water deficit stress is clearly shown in these
field photographs.
Fig. 2. Highest seed yield of Giza 6 common bean when grown under 3 different treatmen
9–16). The inoculants strains were RB 4/1 for experiment # 3, 5, 9, and 13; RB 5/1 for ex
experiment #2, 8, 10, and 16.
3.2.2. Root nodulation on 50-day old plants grown under field
conditions

When present on non-inoculated plants, nodules were mostly
ineffective (small, white and most of them on lateral roots),
indicating that the indigenous, predominant soil populations of
bean-nodulating rhizobia were symbiotically ineffective on the
Giza 6 bean variety. In contrast, the majority of nodules developed
on roots of the inoculated plants were larger and typically had an
interior pink/red coloration characteristic of the leghemoglobin
usually associated with the effective N2-fixing symbiosis. Micro-
scopic examinations of nodule saps from surface-sterilized
nodules sampled on roots of the inoculated plants revealed the
characteristic T-, Y-, L-, and X-shaped rudimentary branched rod
morphologies of bean nodule bacteroid cells. Macerates of surface-
sterilized nodules plated on YEMA produced pearl-white mucoid
colonies containing Gram-negative short rods that were typical of
fast-growing rhizobia. Both tests indicated the potential of the
selected inoculants strains for active N-fixation that is typical of
effective legume/rhizobia symbioses.

3.2.3. Seed yield
The entire data of seed yield for the 16 experiments are

presented in Tables 1 and 2 in the SM. The results indicate that with
inoculation, the overall mean of seed yield for the normal full
irrigation treatment (no drought stress) was significantly higher in
only 6 out of the 16 field experiments. Inoculation successfully
assisted the plants to withstand the imposed drought stress in the
remaining 10 of the 16 experiments as the differences in their seed
yield were not statistically significant than the yields of their
corresponding full irrigated counterparts. Low water supplemen-
tation scored a disclosed higher overall yield in 1 of the 16
experiments. Although inoculation increased seed yield in the
majority of the field tests, the number of experiments in which
inoculation induced statistically significant increases in seed yields
under full normal irrigation along with application of 0, 36 and
108 kg N ha�1 were 12, 12 and 12 experiments, respectively. By
comparison, under the field conditions of experimentally imposed
drought stress, inoculation significantly increased seed yield in 12,
11 and 12 of the experiments, respectively. Data in Fig. 2 show that
inoculation increased seed yields in all of the 16 experiments when
compared to the seed yields of the non-inoculated field areas
ts with drought stress during cultivation seasons 2007 (expts. 1–8) and 2008 (expts.
periment #4, 6, 12, and 14; RB 6/1 for experiment #1, 7, 11, and 15; and RB 7/1 for



Table 4
Differential performance of common bean rhizobial strains in enhancing seed yield under no N-supplementation and two irrigation regimes in field inoculation tests in
Alsharkia and Albeheira governorates located east and west of the Nile delta, Egypt, during the growing seasons 2007 and 2008 (assessed as percentage increases over the
corresponding non-inoculated controls).

Alsharkia Albeheira

Season Irrigation Regime RB 4/1 RB 5/1 RB 6/1 RB 7/1 RB 4/1 RB 5/1 RB 6/1 RB 7/1 Mean for irrigation regime

2007 FIW 1.79 14.85 16.86 6.95 12.14 39.95 17.28 33.41 17.90
LIW 2.57 4.13 10.33 6.93 23.14 58.50 31.32 17.61 19.32

2008 FIW 16.69 46.00 5.31 3.53 12.69 6.77 14.95 11.41 14.67
LIW 8.42 20.19 6.81 10.89 11.34 0.00 15.83 6.57 10.01

Mean of percentage increases for two seasons FIW 9.24 30.43 10.20 5.24 12.42 23.36 16.12 22.41 16.29
LIW 5.50 12.16 8.57 8.91 17.24 29.25 23.58 12.09 14.67

Mean for percentage increases by inoculationa over two growing
seasons

11.41 19.56 15.49

Percentage increases highlighted in bold are statistically significant comparing to the corresponding non-inoculated counterparts at the 95% confidence level (assessed using
the corresponding least significant differences between means). FIW: full irrigation, LIW: limited irrigation.

a Rhizobium radiobacter (RB 4/1), Rhizobium etli (RB 5/1and RB 7/1) and Rhizobium sp. (RB 6/1).
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conducted by the same farmers using the Giza 6 along with their
traditional farming practices.

Noteworthy was inoculation experiment # 10, which scored an
outstanding increase of 452% in seed yield, around 4.5-fold higher
than the yield obtained by the farmer using his conventional
practices. Percentage increases in the remaining 15 of the 16
experiments fluctuated between 9.3–67.7%. In 13 of the 16
experiments, these higher seed yields were obtained using
inoculation along with the full irrigation treatment, while in the
other 3 experiments (numbers 10, 11 and 12, Fig. 2), the highest
seed yields were obtained by inoculation under the imposed
drought stress.

To measure the overall biofertilizer performance of a given
inoculant strain, we compared the means of seed yield with vs.
without inoculation in the two growing seasons, with and without
N-fertilization. The results (Tables 4 and 5) clearly show variations
in performances of the different strains when compared in the two
different working areas. The ranked efficiencies of the inoculant
strains’ ability to increase seed yield were RB 5/1 > RB 7/1 > RB 6/
1 > RB 4/1 in Alsharkia governorate, and RB 5/1 > RB 6/1 > RB 4/
1 > RB 7/1 in Albeheira governorate. The corresponding percentage
increases were 12.2, 8.9, 8.6 and 5.5 in Alsharkia, and 29.3, 23.6,
17.2 and 12.1 in Albeheira governorate.

In order to simplify the presentation of statistical analysis
results of the seed yield data, Table 6 and Fig. 3 were prepared to
compare the responses to the three main factors: water regimes
(W), N-fertilization (N) and biofertilization (I) and their first order
interactions (water regimes � N-fertilization, water regimes � bio-
fertilization and N-fertilization � biofertilization, referred to as
W � N, W � I and N � I, respectively). The results indicate that 12,
16 and 13 of the 16 field experiments showed statistically
significant responses to the differences in water regime, rates of
Table 5
Differential performance of common bean rhizobial strainsa in enhancing seed yieldb und
of the Nile delta, Egypt during the growing seasons 2007 and 2008.

Alsharkia 

Season N fertilizer (kg ha�1) RB 4/1 R

2007 36 5.33 6
108 6.58 5

2008 36 13.90 1
108 14.80 1

Mean for strain 36 9.62 1
108 10.69 1

Mean for N-fertilization in the specified Governorate over two seasons 10.33 

a Rhizobium radiobacter (RB 4/1), Rhizobium etli (RB 5/1 and RB 7/1) and Rhizobium s
b percentage increases.
N-fertilization and inoculation, respectively. Eleven, 4 and 7 of the
16 experiments were affected by the first order interactions of
water regimes � N-rates, water regimes � inoculation and N-rates
� inoculation, respectively.

3.2.4. Straw production
The data in Table 7 (supported by Tables 3 and 4 in the SM),

cumulatively indicate that straw production in 9 of the 16
experiments significantly responded to the different irrigation
regimes. Straw production was higher with full normal irrigation in
7 of those 9 experiments, and was higher with low water supply in
the other 2 experiments. Increasing the N application from 0 to 36
or 108 kg N ha�1 concomitantly increased straw production. An
overall increase due to normal irrigation and inoculation with no
application of fertilizer-N was found in 8 of the 16 experiments.
The corresponding figure was 9 experiments when inoculation was
combined with 36 kg N ha�1 and decreased to 7 experiments with
application of 108 kg N ha�1. The corresponding figures with low
water supplementation were 10 experiments with no N applica-
tion, 8 with application of 36 kg N ha�1, and 9 with application of
108 kg N ha�1. In 2 experiments, higher straw production occurred
with the low supply of irrigation water.

3.2.5. The harvest indices
Table 7 (supported by data in Table 5 and 6 in the SM) reports

the harvest indices at all locations for both seasons. The results
indicate statistically significant changes due to full water
supplementation along with application of 1, 36 or 108 kg
fertilizer-N ha�1 in 4, 8 and 8 of the 16 experiments, respectively.
The corresponding figures with the limited water supplementation
were 2, 8 and 13 experiments, respectively. Regarding inoculation,
data in case of inoculation came higher than their corresponding
er low and high N-fertilization rates in field inoculation studies located east and west

Albeheira

B 5/1 RB 6/1 RB 7/1 RB 4/1 RB 5/1 RB 6/1 RB 7/1 Mean for N rate

.15 17.70 4.69 15.24 7.90 34.97 13.45 13.18

.61 22.64 9.63 48.60 13.86 12.73 13.63 16.66
8.97 4.00 5.44 10.03 8.65 7.85 7.35 9.52
5.67 9.58 4.57 11.52 32.48 10.82 1.25 12.59
2.56 10.85 5.07 12.64 8.28 21.41 10.4 11.35
0.64 16.11 7.10 30.06 23.17 11.78 7.44 14.63

15.65 12.99

p. (RB 6/1).



Table 6
Conclusive results of statistical analysis showing significance of application of each of the main, sub and sub-sub treatments and their first order interactions on seed yield of
common bean evaluated in field inoculation studies located east (Exp. 1–8) and west (Exp. 9–16) of the Nile delta during the growing seasons 2007 and 2008 (4 experiments
per season in each governorate).

Experiment Number Response to each of the main treatments Response to the first order interactions

W N I W � N W � I N � I

1 - + - - + -
2 + + + - - -
3 + + + - - -
4 + + + + + -
5 + + + + - +
6 + + - + - -
7 + + + + + +
8 + + + + - +
9 + + + + - +
10 - + + + - -
11 - + + + - +
12 - + + + + +
13 + + + + - +
14 + + - + - -
15 + + + - - -
16 + + + - - -
Total of the responded experiments 12 16 13 11 4 7

W = the two irrigation regimes, N = application of 0, 36 or 108 kg fertilizer N ha�1, and I = inoculation with one of the common bean Rhizobium strains: Rhizobium radiobacter
(RB 4/1), Rhizobium etli (RB 5/1 and RB 7/1) and Rhizobium sp. (RB 6/1).
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non-inoculated counterparts. Statistically significant increases
with inoculation were found in 12 of the 16 experiments. Non-
significant increases were found in the remaining 4 experiments.

3.2.6. The agronomic fertilizer N-use efficiency
Table 7 (supported by Tables 5 and 6 in the SM) also reports

significant overall increases in the agronomic fertilizer N-use
efficiency by inoculation in 9 of the 16 experiments. All 16
experiments indicated the benefit of inoculation along with
application of a theoretical level of 1 kg N ha�1(representing a
very low dose of fertilizer used here just to avoid complications in
calculation of the agronomic fertilizer N-use efficiency by dividing
the seed yield of the nitrogen application treatment with zero) for
the full and limited irrigation. With application of 36 or 108 kg
N ha�1 along with inoculation, the agronomic N-use efficiency
increased in only 1 of the 16 experiments. These data therefore
indicated a clear inverse relationship between increases of the
applied N-fertilizer and the agronomic N-use efficiency.
Fig. 3. Total of the responded experiments. W = the two irrigation regimes,
N = application of 0, 36 or 108 kg fertilizer N ha�1, and I = inoculation with one of the
common bean Rhizobium strains: Rhizobium radiobacter (RB 4/1), Rhizobium etli (RB
5/1 and RB 7/1) and Rhizobium sp. (RB 6/1). The results from each individual
experiment are presented in Table 6.
4. Discussion

The first component of this study involved the isolation of salt-
tolerant rhizobia that were suitable for examining the extent to
which inoculation with selected local strains of bean rhizobia can
help to alleviate salinity- and drought-stresses under real-world
agronomic conditions. Evaluation of 60 bean nodule isolates (with
cultural characteristics of rhizobia) for salt tolerance during
growth in YEM medium identified four strains that can withstand
ranges of salinities exceeding the soil salinities in the experimental
field areas. Greenhouse tests confirmed their authenticity as
common bean Nod+ Fix+ symbiotic micro-partners capable of
establishing effective root nodulation and expressing efficient N-
fixation even when the growth substrate was maintained at its 50%
of the field capacities, and with supplementation with N-fertilizer
amounts simulating 24 or 96 kg N ha�1.

DNA-based tests indicated that the closest taxonomic affinities
of the 4 isolates were Rhizobium etli, Rhizobium radiobacter and
Rhizobium sp., and each isolate was a genotypically distinct strain.
Both Rhizobium etli and Rhizobium (formerly Agrobacterium)
radiobacter have been reported as common bean- nodulating
rhizobia in Argentina (Aguilar et al., 2001) and later elsewhere in
Africa (Aserse et al., 2012).

The population dynamics test for persistence of a representa-
tive strain in inocula preparations indicated that it reached
maximum population densities between 16 and 19 days of curing
and could be used optimally then for efficient and productive field
application.

Analysis of soil samples at each experimental field test site
showed typical characteristics that accompany high soil temper-
atures, alkaline pH, soil textures and other features that are
normally favorable for microbial survival and physiological
activities that can support crop performance if other agronomic
factors are favorable for the crop. However, during the late spring/
summer temperatures (30 + �C) in the experimentation areas, soil
and plant drought stresses start 7–12 days after the last irrigation.
Speed and intensities of the drought stress are known to be
influenced by the soil textures, structures, water retentions,
wilting points, soil permeability, organic matter and salt contents,
seasonal weather variations, etc. None of the experimental fields in
this study were rain-fed during periods of the experimentation.



Table 7
Inoculant strain, N-fertilization, straw yield, the harvest index and agronomic N-use efficiency of the best performing treatment applied in the common bean (var. Giza 6)
cultivation seasons 2007 and 2008.

Exp. no. Rhizobial inoculant strain Applied N (kg ha�1) Straw (t ha�1) Harvest index N-use efficiency

Season 2007
1 RB6/1 108 2.641 44.0 19.2
2 RB7/1 108 1.979 46.1 15.7
3 RB4/1 108 3.474 44.1 25.4
4 RB5/1 108 3.282 46.2 26.1
5 RB4/1 108 2.949 66.8 54.9
6 RB5/1 108 2.333 46.4 18.7
7 RB6/1 108 4.199 58.6 54.9
8 RB7/1 108 4.621 41.6 30.4

Season 2008
9 RB4/1 108 3.327 40.7 21.1
10 RB7/1 108 5.470 36.0 28.4
11 RB6/1 36 2.997 44.5 67.1
12 RB5/1 108 3.790 38.2 21.7
13 RB4/1 108 2.133 63.3 33.9
14 RB5/1 108 1.866 67.5 35.8
15 RB6/1 108 2.199 65.6 38.9
16 RB7/1 108 2.183 68.2 36.2

Bold values are statistically significant increases (at the 95% confidence level) due to inoculation compared to the corresponding non-inoculated counterparts in the
experimental areas conducted by the researchers.
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The photos presented as Figs. 1 and 2 in the SM illustrate the
effects of environmental conditions in one of the fields where this
study was performed. Fig. 1 in the SM shows the typical symptoms
of drought stress and soil salinity. Normal plant growth with
proper field stand densities can be recognized in the inoculated left
sector of Fig. 2 in the SM, while the right sector illustrates the non-
inoculated plants that were stunted and chlorotic with a low field
stand density accompanying the high soil salinity and drought
stresses without the assistance of the beneficial inoculant
application.

The entire results of the 16 field tests indicated statistically
significant effects of the different irrigation regimes, N-fertilization
doses and biofertilization, and the first order interactions between
each pair of them. Each of the factors was mostly effective
independently from the other two factors, while in a few cases the
interaction of paired factors was also effective. Inoculation
expressed its high beneficial contribution of increased seed yield
in 14 of the 16 experiments. In 10 of the 16 experiments, yields of
the inoculated sub-subplots were higher than those of their non-
inoculated counterparts under both normal irrigation and
drought-imposed regimes. Inoculation supported better plant
growth when drought stress afflicted the plants during their
critical vegetative growth stage, the period in which drought
interferes with common bean osmotic adjustment, cell wall
elasticity and cell volume (Martinez et al., 2007; Mnasri et al.,
2007), and with plant biomass distribution, maturity acceleration
and yield (Rigoberto et al., 2004). Inoculation expressed positive
turnover effects on seed production compared to seed yields of the
non-inoculated plots. The results also indicate that inoculation of
Giza 6 bean with the same test strain differed somewhat during the
2007 and 2008 growing seasons. Nevertheless, the values followed
similar statistically defined trends of the main, the sub and the sub-
subplot treatments and their first order interactions. The most
effective factor affecting the seed yield was the different rates of N-
fertilization, followed by inoculation and lastly by the difference in
water irrigation regimes. Biofertilization significantly helped to
alleviate the drought stress and its accompanied salt stress.
However, unlike with inoculation, non-inoculated sub-subplots
(especially those receiving no or low additions of N fertilizer)
showed symptoms of N deficiency expressed as leaf chlorotic
features, stunted plant growth and lower yield from small
shrunken seeds. In general, the comparisons between results of
the inoculated sub-subplots with their non-inoculated counter-
parts are clearly indicative of the significant positive impact of
biofertilization using those locally isolated strains expressed as
promotion of increased seed production even under imposed
water deficit stress accompanied with concomitant increases in
soil salinity and drought stresses.

Other factors not targeted in this experimental design may also
have influenced the crop performance and seed production
processes, including: 1) soil type, 2) nodulation and N-fixation
by indigenous common bean rhizobial populations, if any, 3)
irrigation water quality especially when the underground water
withdrawn from wells is the unique or assistant source for
irrigation, 4) qualities of the irrigation water and efficiencies of the
drainage systems, 5) limited or integrated pest control manage-
ment, 6) farmer willingness to follow recommendations from the
research and extension service personnel, and 7) other undetect-
able agronomic factors. Among these, factors 1, 3, 4, and 6 are most
influential. This was recognized in earlier studies with supporting
data including effects of soil texture, structure and tillage processes
(Kaschuk et al., 2006a,b), availability, nature and composition of
the irrigation water, infection and infestation with different pests,
biotic and abiotic conditions, in addition to stresses caused by high
soil and water salinity (Delgado et al., 1993; Jebara et al., 2005;
Zahran, 1999) and availability and expression of genes involved in
salt tolerance that are required for establishment of efficient
symbiotic N2-fixation under drought and or salinity stress (Bliss,
1993; Nogales et al., 2002). Plant growth-promoting rhizobacteria
can help to alleviate these abiotic stresses by an induced systemic
tolerance process that modulates phytohormone levels, antioxi-
dant defense, osmotic adjustments, heat stress responses, exopo-
lysaccharide production and production of various volatile organic
compounds (Kaushal and Wani, 2016).

Straw production was more responsive to N-fertilization than to
biofertilization. In contrast, biofertilization improved seed pro-
duction more so than enhancement of harvested straw biomass.
This interesting result inevitably leads to the provocative
hypothesis that the rhizobia-bean interaction may strengthen
plant reproductive physiology in ways that increase seed
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production rather than excessive vegetative growth. This con-
stitutes a truly significant benefit of the Rhizobium-legume
symbiosis to sustainable agriculture!

5. Summary and conclusions

The following summarizes our findings and conclusions from
this study:

1. Locally-selected strains of rhizobial biofertilizers can be
isolated, screened and utilized to produce biofertilizer inocu-
lants that can significantly enhance seed yield and agronomic N-
use efficiency of common bean under real-world agricultural
field conditions in developing countries while providing a
nature-based alleviation of the abiotic stress of intense
aridification that otherwise limits its productivity in saline-
and drought-stressed fields.

2. This practice represents an environmentally friendly way to
significantly reduce the need of N-fertilizer applications to
obtain higher yields, and by so doing, gain more seed yield from
less field area.

3. Despite the symbiotically contributed N by biofertilization for
increased seed yield, complete substitution of N-fertilization by
biofertilization for maximal production of beans is still a future
goal.

4. The success of this wide-scale translational field inoculation
study will help technology transfer programs to better
understand and exploit the many benefits of biofertilization
in order to improve legume production.
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