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Abstract
In a search for identification of rhizobial strains with superior  N2-fixation efficiency and improved plant agronomic charac-
teristics upon inoculation, four strains, 4.21, 9.17, 11.2 and 14.1, isolated from root nodules of wild-grown Melilotus indicus 
have been used to inoculate field-grown common bean, pea, cowpea and fenugreek plants. Uninoculated plants and those 
inoculated with host-specific commercial inoculants were used as a control. The root length, shoot height, shoot dry weight 
and root dry weight and the grain yield of the plants were determined after harvest. The content of N, organic C and carbo-
hydrates content of the grain were also recorded. The inoculation with the strains 4.21 and 14.1 increased the grain yield 
of the fenugreek compared both with the uninoculated plants and those inoculated with the commercial strain ARC-1. The 
grain yield of the common bean treated with the strains 9.17 and 14.1 was also higher than that of the uninoculated and the 
commercial strains ARC-301. In contrast, none of the strains increased the grain yield of the pea and cowpea plants com-
pared to the commercial strains ARC-201 and ARC-169, respectively. Significant increases of some agronomical parameters 
were observed in some plant–bacterium couples, albeit nodulation was not observed. It is possible that the positive effects 
of rhizobial inoculation on the agronomical parameters of the non-nodule forming legumes could be due to plant growth 
promotion characteristic of the strains used for inoculation. Analysis of the phylogeny of the almost complete 16S rRNA 
sequence of the rhizobial inoculants revealed that the strains 4.21 and 9.17 clustered together with R. skierniewicense and R. 
rosettiformans, respectively, and that the strains 11.2 and 14.1 grouped with E. meliloti. All the four strains produced IAA, 
and showed biocontrol activity against Rhizotocnia solani, Fusarium oxysporum, Pythium ultimum, Alternaria alternata 
and Sclerotonia rolsfi, albeit to a different extent.
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Introduction

The Leguminoseae (Fabaceae) is the third family of the flow-
ering plants with almost 19,500 referenced species and 750 
genera (Sprent et al. 2017; Azani et al. 2017). Together with 
the actinorhizal plants and species of genus Parasponia, they 

are unique among the higher plants because of their ability 
to establish  N2-fixing symbiotic associations with soil bac-
teria, collectively referred to as rhizobia. As a consequence 
of the plant bacteria interaction, a new organ, the nodule is 
formed on the roots, and occasionally on the stems, of the 
plants, where  N2-fixation takes place (Ibáñez et al. 2017; 
Schwember et al. 2019). Because it constitutes a significant 
source of N, the legume-rhizobia symbiosis is of great eco-
logical and agronomic importance and, consequently, plays 
an essential role in structure ecosystems and sustainable 
agriculture.

Most of the rhizobia belong to the alpha-Proteobacteria 
subclass which includes members of the genera Rhizo-
bium, Ensifer, Allorhizobium, Pararhizobium, Neorhizo-
bium, Shinella, Mesorhizobium, Aminobacter, Phyllobac-
terium, Ochrobactrum, Methylobacterium, Microvirga, 
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Bradyrhizobium, Azorhizobium and Devosia. Other three 
symbiotic  N2-fixing genera, Paraburkholderia, Cupriavi-
dus and Trinickia belong to the family Burkholderiaceae 
of the beta-Proteobacteria subclass (de Lajudie et al. 2019). 
Recently, the Fabaceae has been classified into 6 subfami-
lies, Caesalpinioideae DC, Cercidoideae LPWG, Detari-
oideae, Dialioideae, Duparquetioideae and Papilionoideae 
(Azani et al. 2017), of which only about 20% have been 
studied for nodulation ability, mainly those used for animal 
and human consumption (Mahmood and Athar 2017).

Grain legumes account for ~ 27% of crop production in 
agriculture worldwide based on area harvested and total 
production (Graham and Vance 2003). Crop legumes com-
plement cereals, the primary source of carbohydrates in the 
human diet, in terms of amino acid composition and provide 
around one-third (20–40%) of all dietary protein (Zhu et al. 
2005). They also contain essential minerals (Grusak 2002) 
and health-promoting secondary metabolites (Madar and 
Stark 2002).

Grain legumes are important components of the agricul-
tural food crops consumed in developing countries and are 
considered a vital crop for achieving food and nutritional 
security. Nearly 95% of Egypt’s land surface can be cat-
egorized as arid and semi-arid. In these ecosystems, most 
soils are eroded and shallow, with organic matter content 
characteristic of the desertification index (< 17 g organic 
matter  kg−1) (Kairis et al. 2014), where abiotic stresses 
limit legume cultivation and therefore crop production 
(Abdel Latef and Ahmad 2015; Raza et al. 2019). In Egypt, 
the grain legumes cowpea (Vigna unguiculata), fenugreek 
(Trigonella foenum-graecum), common bean (Phaseolus 
vulgaris) and pea (Pisum sativum) are cultivated all along 
the Nile River for animal and human consumption. Since the 
use of rhizobia as a biofertilizer is a friendly environmental 
alternative to mineral fertilization, inoculation of legumes 
in Egypt is a common agricultural practice, especially in 
the country’s newly reclaimed soils (Zahran 1999, 2009). 
Often, the productivity of the grain legumes is low, usually 
due to the declining in soil fertility and reduced  N2-fixation 
(Chianu et al. 2011; Allito et al. 2014), a situation that can be 
improved through inoculation of adaptable effective rhizobia 
(Bellabarba et al. 2019). The rhizobia isolated from nodules 
formed on legumes grown wild in arid unfertile soils may 
have the ability to nodulate other wild, crop and/or fodder 
legumes (Zahran 2001). Even more important is that their 
capacity for  N2 fixation may be much better than the spe-
cific native rhizobia, as the endemic rhizobial population in 
the soil is either not high enough or not effective enough to 
maximize nodulation and  N2 fixation (Vessey 2004).

In a previous study, El Batanony et al. (2015) isolated 
rhizobial strains from root nodules of Melilotus indicus 
grown wild in four different Egyptian soils that were char-
acterized phenotypically on the basis of their tolerance to 

NaCl and pH, and genotypically using repetitive extragenic 
palindromic (REP)- and enterobacterial repetitive intergenic 
consensus (ERIC)-polymerase chain reactions (PCR) fin-
gerprinting. Here, four of those strains clustering in differ-
ent ERIC-PCR groups were selected to test their ability to 
promote plant growth of cowpea, common bean, pea and 
fenugreek grown in Egyptian desert soil. PCR amplification 
was also used to look for the core 16S rRNA gene, and it was 
studied by sequencing and phylogenies.

Materials and methods

Bacterial strains and culture conditions

Out of thirty seven (37) bacterial strains isolated from root 
nodules of M. indicus (L.) grown wild in fourteen (14) Egyp-
tian desert soils (El Batanony et al. 2015), the strains 4.21, 
9.17, 11.2 and 14.1 from Port Said (N 30º 42´ 27"; E 32º 16´ 
12"), El Arish (N 30º 54´ 12"; E 32º 24´ 09"), Ismailia (N 
30º 55´ 39"; E 29º 28´ 09") and 50 km West Alexandria (N 
30º 55´ 39"; E 29º 28´ 09"), respectively, were used in this 
study. The strains ARC-1, ARC-169, ARC-201 and ARC-
301 were used as a control. These strains are traditionally 
used in Egypt as commercial inoculants for fenugreek, cow-
pea, pea, and common bean, respectively, and were kindly 
provided by the Biofertilizers Production Unit of the Soil, 
Water and Environment Research Institute, Agricultural 
Research Center (ARC), Giza, Egypt. All the strains were 
routinely grown in yeast extract mannitol (YEM) medium 
(Vincent 1970).

Sequencing and analysis of the 16S rRNA gene

Genomic DNA of bacterial cells was isolated using the 
Real Pure Genomic DNA Extraction kit (Durviz Spain), 
according to the manufacturer’s instructions. The amount of 
DNA was quantified using a NanoDrop spectrophotometer 
(NanoDrop ND1000). Polymerase chain reaction (PCR)-
amplification of the 16S rRNA gene was done using the 
two opposing primers 41f and 1488r as previously reported 
(Herrera-Cervera et al. 1999). The PCR products were puri-
fied using the Qiagen PCR product purification system and 
subjected to cycle sequencing using the same primers as 
for PCR amplification, with ABI Prism dye chemistry, and 
analyzed with a 3130 xl automatic sequencer at the sequenc-
ing facilities of the Estación Experimental del Zaidín, CSIC, 
Granada, Spain. The 16S rRNA gene sequences were com-
pared to those deposited in GenBank using BLASTn (Alts-
chul et al. 1990) and the EzBioCloud.net (Yoon et al. 2017). 
Phylogenetic analyses were performed with the Geneious 
software package version 7.1.7 (Kearse et al. 2012), inferred 
using the neighbor-joining algorithm (Saitou and Nei 1987), 
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and visualized with MEGA7 (Kumar et al. 2016). The acces-
sion numbers of the nucleotide sequences of the strains used 
in this study are shown in the phylogenetic trees.

Field trials

Two field experiments were carried out at the facilities of the 
Environmental Studies and Research Institute (ESRI, 30° 23 
07 N, 30° 30 55 E), University of Sadat City, Egypt. The soil 
had a sandy loam texture (sand 66.5%; silt 28.5%; clay 5%) 
and the following physicochemical properties: pH (in water), 
7.85; electrical conductivity, 1.18 dSm−1; organic carbon, 
0.141%, and total N 0.011 mg g−1.

Seeds of cowpea (V. unguiculata L.) cv. Kaha 1, common 
bean (P. vulgaris L.) cv. Nebraska and pea (P. sativum L.) 
cv. Master B provided by the Vegetable Research Institute, 
Agricultural Research Center (ARC), Egypt, and fenugreek 
(T. foenum-graecum L.), cv. Giza 3 supplied by the Field 
Crops Research Institute, Agricultural Research Center 
(ARC), Giza, Egypt, were used in this study.

The experiments were conducted in a complete ran-
domized block design where the block size was 3  m 
length × 0.9 m width in 3 replicates. Seeds were sterilized as 
described by Vincent (1970) and then coated independently 
with each rhizobial suspension (∼108 cells  ml−1) using Ara-
bic gum (40%) as an adhesive agent for 2 h before planting. 
Seeds of cowpea, common bean, and pea were sown in one 
side of the ridge leaving a plant space of about 25 cm and 
two seeds per hill, and those of fenugreek were planted in 
lines with 10–15 cm distance between them and the distance 
between plants was 3–4 cm. Drip irrigation was used. The 
following treatments were used: (a) seeds without inocu-
lation; (b), seeds inoculated with each host-corresponding 
strain from the ARC collection; (c), (d), (e) and (f) seeds 
inoculated with strains 4.21, 9.17, 11.2 or 14.1, respec-
tively. All blocks received phosphorus (70 kg P2O5 ha−1) 
as super phosphate and potassium (110 kg K2SO4 ha−1) as 
potassium sulphate during soil preparation, while nitrogen 
(50 kg N ha−1) as ammonium sulfate were added at three 
times after seed germination. Cowpea, pea and common 
bean plants were grown for 120 days, but fenugreek was 
for 150 days.

Nodulation was assessed after planting by counting the 
number of nodules in roots of 15 plants chosen randomly 
from each block. The root length (RL), shoot height (SH), 
shoot dry weight (SDW) and root dry weight (RDW) of the 
plants were recorded. Dry weights were obtained by drying 
the fresh samples in an oven at 105 °C until they reached 
a constant weight. The total grain yield was determined at 
harvest. The content of N, organic C and carbohydrates were 
determined according to Jackson (1958). Data were analyzed 
using the general linear model (UNIANOVA) of the statisti-
cal package SAS version 9.1 (SAS 2003).

Indol acetic acid (IAA) production

The IAA production was measured as reported by Scagl-
iola et al. (2016) with modifications. Briefly, bacterial cul-
tures were grown in liquid YEM medium to reach about  108 
cells  ml−1. After centrifugation at 12,000 rpm for 5 min, 
the supernatant was acidified to pH 2.5–3.0 with 1 N HCl, 
mixed with ethyl acetate (2:1), dried by rotary evaporation 
at 40 °C, resuspended in 2 ml 60% methanol and, finally, 
stored at − 20 °C. The methanol extract was assayed by 
HPLC using a C18 reverse-phase column. The mobile phase 
was 60:40 methanol:water (%) containing 0.5% acetic acid at 
a flow rate of 1 ml min−1. The eluted phase was detected at 
280 nm. Pure IAA (Sigma-Aldrich) was used as a standard. 
Protein was determined according to Bradford (1976).

Biocontrol activity

The antibiosis activity of the 4 rhizobial strains was screened 
against the soil-borne pathogenic fungi Rhizoctonia solani 
AUMC 6590, Fusarium oxysporum and Sclerotonia rolsfi 
from the Plant Pathology Department, Faculty of Agricul-
ture, Mansoura University, Egypt and Pythium ultimum 
AUMC 4413 and Alternaria alternata AUMC 10,301 from 
the Mycological Center of the Assiut University. Assays 
were performed according to Kucuk and Cevheri (2015) 
with modifications. Essentially, after growth of the fungal 
strains in potato dextrose agar (PDA) medium, 1-cm diam-
eter agar plug was taken and placed in the middle of plates 
containing 25 ml of PDA medium that had been previously 
mixed independently with 2 ml of a rhizobial cell suspen-
sions  (106 cells  ml−1) grown in liquid YEM medium. After 
incubation at 25 °C for 5 days, the diameter of the inhibi-
tion zones was recorded. Inhibition of mycelial growth was 
estimated following the formula % Inhibition = [(Gc − Gs)/
Gc] × 100, where Gc = diameter of control mycelial growth 
and Gs = diameter of the bacterial growth.

Results

Plant nodulation and physiological parameters

None of the 4 strains used in this study formed effective 
nodules on common bean or pea plants. The strain 11.2 
nodulated cowpea and the fenugreek plants were nodulated 
by each one of the 4 strains. Plant growth parameters are 
shown in Table 1. The inoculation of cowpea with the strains 
11.2 or 14.1 statistically increased the RL, SH and SDW of 
the plants compared to the uninoculated control plants; the 
strains 9.17 and 14.1 were the best inoculants for common 
bean, and the strains 4.21 and 14.1 were for pea, as they pro-
duced significant increases in the RL, RDW, SH and SDW 
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of the plants, respectively. The strain 4.21 also improved the 
RL, RDW, SH and SDW of the fenugreek when compared 
with the control plants.

Shoot N, P and carbohydrates content

The content of N, P and carbohydrates in the shoot of the 
plants inoculated with strains 4.21, 9.17, 11.2 and 14.1 are 
shown in Table 2. Compared to the uninoculated control 
plants, the inoculation of cowpea plants with the strains 
4.21, 11.2 and 14.1 increased the P content, and the strain 
14.1 also improved the N content and no effect was observed 
in common beans. Positive effects on physiological param-
eters were not found after inoculation of the pea plants, 
except that the strain 4.21 increased the carbohydrates con-
tent. The inoculation, however, of fenugreek with the strains 
4.21, 9.17, 11.2 or 14.1 increased the N content. Strains 4.21 

and 14.1 increased the P content and the strain 4.21 also 
augmented the carbohydrates content of the plants.

When compared to the corresponding ARC strains, the 
strains 4.21, 11.2 and 14.1 increased the P content of the 
cowpea plants, the strain 14.1 also improved the N content, 
and the strain 9.17 only increased the carbohydrates content. 
The strain 4.21 increased the carbohydrate content of the pea 
plants as well as the P and the carbohydrates content of the 
fenugreek plants. Effects on common bean were not found.

Seed N, P, and carbohydrate content and yield

The content of N, P, and carbohydrates in the seeds of plants 
inoculated with strains 4.21, 9.17, 11.2 and 14.1 are shown 
in Table 3. In comparison with the uninoculated plants, the 
strain 11.2 improved the carbohydrate content and the strain 
11.2 increased the N content and the grain yield of cowpea, 

Table 1  Root length (RL), root dry weight (RDW), shoot height (SH) 
and shoot dry weight (SDW) of cowpea (V. unguiculata), common 
bean (P. vulgaris), pea (P. sativum) and fenugreek (T. foenum-grae-

cum) inoculated independently with the bacterial strains 4.21, 9.17, 
11.2 or 14.1, respectively

Seeds without inoculation or inoculated with their corresponding ARC strains were used as a control. Differences in the mean values (n = 12) are 
indicated by the least significance difference (L.S.D, p ≤ 0.05)

Legume species Rhizobial strain RLb (cm) RDW (g/plant) SH (cm) SDW (g/plant)

V. unguiculata L Uninoculated. Control plants 13.51c 1.50a 23.50b 11.40a

Strain ARC-169. Control plants 16.17bc 1.62a 31.00ab 12.10a

4.21 19.67ab 1.68a 34.67ab 15.80a

9.17 17.83abc 1.63a 31.83ab 11.90a

11.2 20.71ab 1.77a 40.00a 16.30a

14.1 22.17a 1.93a 40.17a 17.06a

LSD 5.78 0.80 12.82 4.79
 P. vulgaris L Uninoculated. Control plants 14.17b 1.165c 29.667b 7.838b

Strain ARC-301. Control plants 14.50ab 1.247bc 32.0ab 8.875b

4.21 15.17ab 1.573abc 33.0a 9.917ab

9.17 16.80a 2.07a 34.33a 12.84a

11.2 15.33ab 1.758abc 33.167a 10.74ab

14.1 15.75ab 1.912ab 33.333a 11.13ab

L.S.D 2.31 0.685 2.91 3.39
 P. sativum Uninoculated. Control plants 15.51b 0.59b 30.50a 7.96b

Strain ARC-201. Control plants 16.17ab 0.74ab 32.00a 9.23ab

4.21 17.83a 0.97a 37.17a 14.56a

9.17 16.83ab 0.80ab 33.17a 9.71ab

11.2 17.00ab 0.85a 35.00a 10.25ab

14.1 17.33ab 0.91a 35.00a 13.31ab

L.S.D 1.94 0.24 7.91 5.82
 T. foenum-graecum L. Uninoculated. Control plants 17.83c 0.26c 44.17b 3.05d

Strain ARC-1. Control plants 18.17c 0.29b 50.50ab 3.18d

4.21 24.00a 0.35a 56.17a 4.88a

9.17 20.16bc 0.31b 52.17a 3.65c

11.2 20.67bc 0.27c 52.00a 3.88b

14.1 21.86ab 0.34a 54.50a 4.05b

L.S.D 3.14 0.023 7.06 0.18
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albeit the best inoculant was the strain 14.1, producing sig-
nificant increases in the N, P and carbohydrate content as 
well as in the grain yield of the plants. In the case of com-
mon bean, the strain 9.17 produced the highest benefits for 
the plants, increasing the N, P and carbohydrate content 
and also the grain yield and was followed by the strain 14.1 
which increased the P content and the grain yield. In the 
case of pea, the best results were obtained after inoculation 
with the strain 4.21 which improved the N, carbohydrate 
content and grain yield, while the strain 14.1 only increased 
the grain yield. The strains 4.21 and 14.1 had the best perfor-
mance on fenugreek, whose inoculation produced increases 
in the N, P and grain yield of the plants, while the strain 
11.2 enhanced the N and P content and the strain 9.17 only 
the N content.

A comparison among the M. indicus-isolated and the 
ARC strains showed that the N content of the cowpea plants 
was higher in the plants inoculated with the 4.21, 11.2 and 

14.1 that, additionally, the strain 14.1 also increased the P 
content of the plants, and that none of the strains produced 
significant increases in the grain yield. The strains 9.17 and 
14.1 improved the grain yield of the common bean and the 
former also augmented the N, P and carbohydrate content. 
Except for an increase in the N content produced by the 
strain 4.21, the remaining strains had no positive effect on 
pea plant promotion. After inoculation with fenugreek, the 
strain 11.2 improved the P content, while the strains 4.21 and 
14.1 also increased the grain yield.

IAA production and biocontrol activity

IAA production (mg IAA mg  protein−1) was detected in 
strains 4.21 (22.5), 9.17 (33.2), 11.2 (25.2) and 14.2 (45.2). 
All the four strains showed biocontrol activity against R. 
solani, F. oxysporum, P. ultimum, A. alternata and S. rolsfi, 
albeit to a different extent (Table 4).

Table 2  N, P and carbohydrate 
content in shoots of cowpea (V. 
unguiculata), common bean (P. 
vulgaris), pea (P. sativum) and 
fenugreek (T. foenum-graecum) 
inoculated independently with 
the bacterial strains 4.21, 9.17, 
11.2 or 14.1, respectively

Seeds without inoculation or inoculated with their corresponding ARC strains were used as a control. Dif-
ferences in the mean values (n = 12) are indicated by the least significance difference (L.S.D, p ≤ 0.05)

Legume species Rhizobial strain N (%) P (%) Carbohydrate 
content (%)

V. unguiculata L Uninoculated. Control plants 2.44b 0.40c 7.31ab

Strain ARC-169. Control plants 2.46b 0.42c 7.58a

4.21 2.53b 0.51ab 7.95a

9.17 2.49b 0.45bc 6.75b

11.2 2.65b 0.57a 7.98a

14.1 2.95a 0.59a 7.99a

L.S.D 0.22 0.08 0.71
 P. vulgaris L None. Uninoculated plants 3.56a 0.50a 11.10a

Strain ARC-301. Control plants 3.57a 0.57a 11.23a

4.21 3.59a 0.57a 11.52a

9.17 3.70a 0.61a 11.54a

11.2 3.59a 0.59a 11.53a

14.1 3.65a 0.61a 11.54a

L.S.D 0.35 0.11 0.58
 P. sativum L Uninoculated. Control plants 3.57a 0.53a 11.365b

Strain ARC-201. Control plants 3.60a 0.57a 11.438ab

4.21 3.73a 0.62a 11.953a

9.17 3.61a 0.58a 11.685ab

11.2 3.63a 0.62a 11.753ab

14.1 3.64a 0.61a 11.85ab

L.S.D 0.29 0.11 0.59
 T. foenum-graecum L Uninoculated. Control plants 2.45b 0.49c 10.46b

Strain ARC-1. Control plants 3.16a 0.52bc 10.67ab

4.21 3.43a 0.62a 12.25a

9.17 3.19a 0.54bc 10.68ab

11.2 3.35a 0.56bc 11.26ab

14.1 3.35a 0.57ab 11.68ab

L.S.D 0.45 0.06 1.68
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16S rRNA phylogenetic analysis

The nearly complete sequence of the 16S rRNA gene 
from the strains 4.21, 9.17, 11.2 and 14.1 showed that all 
of them were members of the family Rhizobiaceae of the 

Alphaproteobacteria. The phylogenetic tree (Fig. 1) inferred 
from the gene sequences revealed that the strains 4.21 and 
9.17 grouped with R. skierniewicense  Ch11T and R. roset-
tiformans  W3T with similarity values of 99.69 and 100%, 
respectively, and that the strains 11.2 and 14.2 clustered with 

Table 3  N, P, total 
carbohydrates content and grain 
yield of seeds of cowpea (V. 
unguiculata), common bean (P. 
vulgaris), pea (P. sativum) and 
fenugreek (T. foenum-graecum) 
inoculated independently with 
the bacterial strains 4.21, 9.17, 
11.2 or 14.1, respectively

Seeds without inoculation or inoculated with their corresponding ARC strains were used as a control. Dif-
ferences in the mean values (n = 12) are indicated by the least significance difference (L.S.D, p ≤ 0.05)

Legume species Rhizobial strain N (%) P (%) Carbohydrate 
content (%)

Grain 
yield (mg/
ha)

V. unguiculata L Uninoculated. Control plants 3.42b 0.52b 10.42b 0.93b

Strain ARC-169 3.47b 0.53b 11.02ab 1.54ab

4.21 3.66a 0.60ab 11.65ab 1.63ab

9.17 3.59ab 0.55b 12.18ab 1.58ab

11.2 3.68a 0.65ab 12.21ab 1.89a

14.1 3.69a 0.68a 12.44a 1.95a

L.S.D 0.18 0.13 1.79 0.74
 P. vulgaris L Uninoculated. Control plants 3.61b 0.59b 11.75b 2.47c

Strain ARC-301 3.733b 0.68ab 11.76b 2.85bc

4.21 3.782b 0.67ab 11.89ab 2.87bc

9.17 4.208a 0.73a 12.25a 4.11a

11.2 3.827ab 0.67ab 11.89ab 3.47ab

14.1 3.947ab 0.71a 12.04ab 3.55a

L.S.D 0.394 0.08 0.41 0.66
 P. sativum L Uninoculated. Control plants 3.70b 0.65a 11.81b 2.21b

Strain ARC-201 3.71b 0.68a 11.86ab 2.53ab

4.21 4.26a 0.74a 12.25a 3.20a

9.17 3.77b 0.68a 11.87ab 2.70ab

11.2 3.83b 0.68a 11.87ab 2.87ab

14.1 4.02ab 0.71a 12.11ab 2.96a

L.S.D 0.39 0.08 0.407 0.72
 T. foenum-graecum L Uninoculated. Control plants 2.52b 0.48c 10.44a 0.33c

Strain ARC-1 3.062a 0.49c 11.18a 0.33c

4.21 3.507a 0.62a 11.71a 0.63a

9.17 3.172a 0.54bc 10.71a 0.42bc

11.2 3.35a 0.56ab 11.26a 0.46abc

14.1 3.42a 0.57ab 11.58a 0.56ab

L.S.D 0.520 0.067 1.600 0.182

Table 4  Antibiosis activity of the bacterial strains 4.21, 9.17, 11.2 or 14.1 against Rhizoctonia solani, Fusarium oxysporum, Pythium ultimum, 
Alternaria alternata and Sclerotonia rolsfi 

Values are expressed as % inhibition and represent the mean ± SE (n = 5). Differences in the mean values are indicated by the least significance 
difference (L.S.D, p ≤ 0.05)

Strain Inhibition (%)

Rhizoctonia solani Fusarium oxysporum Pythium ultimum Alternaria alternata Sclerotonia rolsfi

4.21 37.82 ± 3.81c 17.03 ± 2.11b 4.5c 56.52 ± 4.68a 16.75 ± 1.11c

9.17 50.84 ± 4.63b 31.92 ± 4.19a 2.4c 59.54 ± 3.98a 51.13 ± 3.89ab

11.2 71.80 ± 5.19a 22.28 ± 1.7b 100.0 ± 6.39a 28.14 ± 1.96c 48.14 ± 3.87b

14.1 1.88 ± 0.11d 19.19 ± 1.98b 74.42 ± 5.39b 46.21 ± 2.12b 58.51 ± 4.16a
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E. meliloti LMG  6133T with similarity values of 99.85 and 
99.81%, respectively.

Discussion

Wild legumes, herbs, shrubs or trees, are widely distributed 
in arid and semi-arid regions of Egypt and actively con-
tribute to soil fertility in these environments by harboring 
efficient  N2-fixing, promiscuous rhizobia in their root nod-
ules (Zahran 2001, 2009; Vessey 2004). The inoculation of 
agriculturally grown legumes with rhizobia isolated from 
root nodules of plants grown wild in the Egyptian desert 
has been shown to increase  N2 fixation capability (Zahran 
2009; El-Lithy et al. 2014), but data on the effect of the 
inoculation on crop productivity compared to the inocula-
tion with the native or commercial strains are scarce. Here 
we show that inoculation with rhizobial strains isolated from 
naturally occurring M. indicus can increase the grain yield 
of legumes cultivated under the extreme conditions of the 
Egyptian desert soil.

Considering the grain yield as a main agronomical 
parameter, the strains 4.21 and 14.1 increased the grain 
yield of the fenugreek plants compared both with the control 

uninoculated plants and the plants inoculated with the strain 
ARC-1, which is the commercial strain used for inocula-
tion of fenugreek in Egypt (Table 3). Although Trigonella 
is a medic within the Medicago-Melilotus cross inoculation 
group, information about the symbiosis between Trigonella 
and rhizobia is limited. In China, T. arcuata is nodulated by 
E. meliloti and R. tibeticum was isolated from T. archiducis-
nicolai in Tibet (Hou et al. 2009). Moreover, four rhizo-
bial isolates from T. maritima grown in Alexandria and the 
Western coastal region of Egypt were closely related to E. 
meliloti LMG  6133T (El Batanony et al. 2015). Although the 
phylogenetic tree in Fig. 1 shows that strains 4.21 and 14.1 
cluster with R. skierniewicense and E. meliloti, respectively, 
clear taxonomic identification of the strains would require 
further sequencing of additional housekeeping genes. This 
also applies for strains 9.17 and 11.2, of which the sequenc-
ing of their 16S rRNA gene grouped them with R. rosetti-
formans and E. meliloti, respectively (Fig. 1).

The grain yield of the common bean after inoculation 
with the strains 9.17 and 14.1 was also higher than that of 
the control plants (Table 3). Phaseolus is a promiscuous leg-
ume that can be nodulated by different rhizobial genera and 
species, including members of the genus Rhizobium (Peix 
et al. 2015; Shamseldin et al. 2017). None of the strains 

Fig. 1  Neighbor-joining phylo-
genetic tree based on partial 16S 
rRNA sequences of bacterial 
strains from nodules of Melilo-
tus indicus and phylogenetically 
related species within members 
of the Rhizobiaceae family. 
Bootstrap values are indicated 
as percentages derived from 
1000 replications. Values lower 
than 70 are not shown. Bar, 1 
nucleotide substitution per 100 
nucleotides. The tree is rooted 
on Azospirillum caulinodans 
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improved the grain yield of the pea or the cowpea plants 
when compared with the commercial strains ARC-201 and 
ARC-169, respectively. Nevertheless, the inoculation of peas 
with the strains 4.21 and cowpeas with the strains 11.2 or 
14.1 produced clear increases in the N content of the plants 
when compared with the uninoculated plants (Table 3).

Despite nodulation was not observed in some plant–bac-
terium couples, the inoculation with the rhizobial strains 
resulted in significant increases of the agronomical param-
eters of the plants. This is the case of common beans inocu-
lated with the strains 9.17 or 14.1 whose grain yield was 
higher than that of the control plants both uninoculated and 
inoculated with its corresponding ARC commercial strain 
(Table 3). Apart from supplying N to legumes, rhizobia may 
also facilitate plant growth by acting as plant growth pro-
moter rhizobacteria (PGPR) producing beneficial effect on 
non-legumes plants such as cereals (Yanni and Dazzo 2010; 
Granada et al. 2014; Çakmakçi et al. 2017), fruit and vegeta-
ble (García-Fraile et al. 2012; Flores-Félix et al. 2013, 2015) 
or fodder crops of agricultural interest (Grobelak et al. 2015; 
Rubio-Canalejas et al. 2016). Thus, it is more likely that the 
positive effects of rhizobial inoculation on the physiologi-
cal and agronomical parameters of the non-nodule forming 
legumes could be due to the PGPR characteristics of the 
strain used for inoculation. PGPR promotes the growth of 
plants by secreting antimicrobial compounds and, among 
PGPR, rhizobia are considered very effective biocontrol 
agents (Khan et al. 2017; Kayser-Vargas et al. 2017; Cian-
cio et al. 2019). With the exception of the strain 14.1 on R. 
solani and the strains 4.21 and 9.17 on P. ultimum, the four 
rhizobial strains showed strong antibiosis activity against 
the pathogenic fungi R. solani, F. oxysporum, P. ultimum, A. 
alternata and S. rolsfi (Table 4). The production of auxins is 
considered a common PGPR feature, and more than 80% of 
the soil bacteria are able to produce auxins, such as the IAA 
or other IAA-like compounds derived from the metabolism 
of tryptophan (Loper and Schroth 1986; Solano et al. 2008). 
By stimulating cell division and elongation, auxins produced 
by PGPR, including rhizobia (Antoun et al. 1998; Hafeez 
et al. 2004; Schlindwein et al. 2008; Bhagat et al. 2014), 
are one of the most effective biomolecules involved in plant 
growth promotion. Although to a different extent, the strains 
4.21, 9.17, 11.2 and 14.1 produced IAA-like compounds 
(Table 4). The combination of biocontrol activity and aux-
ins production could prove very effective in promoting the 
growth of the non-host legumes under the harsh conditions 
of the soil used in this study.

Taken together, our results extend previous findings by 
showing that the inoculation of the rhizobial strains 4.21, 
9.17, 11.2 and 14.1 from nodules of M. indicus grown wild 
in Egyptian desert areas are capable not only of nodulat-
ing agriculturally cultivated grain legumes, but also to 
improve the growth, the N content and the grain yield of the 

compatible host legumes when compared with commercial 
inoculants strains. On the other hand, the inoculation of the 
legumes with non-compatible, non-nodule forming, rhizobia 
also resulted in increased grain yield of the plants. While 
increases in the physiological parameters of the compatible 
plants could be promoted by a higher  N2-fixation capabil-
ity, in the case of the non-compatible legumes, the rhizo-
bial strains used for inoculation could act as plant growth-
promoting rhizobacteria. Biofertilization with rhizobia of 
non-host legumes could be expanded to other crops; the 
utilization of rhizobia as bioinoculant has the advantage 
over other rhizosphere bacteria since safety of rhizobia for 
human health has been demonstrated after centuries of the 
existence of the legume–rhizobia symbiosis. Our results also 
show that the strains 4.21, 9.17, 11.2 and 14.1 could be used 
as biocontrol agents because of their protective role against 
a number of pathogenic fungi usually present in Egyptian 
soils. Analysis of the phylogeny of the 16S rRNA gene from 
strains 4.21, 9.17, 11.2 and 14.1 allowed their clustering 
with members of genera Ensifer and Rhizobium, but further 
molecular analysis are required to complete their identifica-
tion and to determine the existence or not of new rhizobial 
lineages, and their association with legumes.
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