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Environmental pollution problems and increased demand for green technologies in
production are forcing farmers to introduce agricultural practices with a lower impact
on the environment. Chickpea (Cicer arietinum) in arid and semi-arid environments
is frequently affected by harsh environmental stresses such as heat, drought and
salinity, which limit its growth and productivity and affect biological nitrogen fixation
ability of rhizobia. Climate change had further aggravated these stresses. Inoculation
with appropriate stress tolerant rhizobia is necessary for an environmentally friendly
and sustainable agricultural production. In this study, endophytic bacteria isolated from
chickpea nodules from different soil types and regions in Morocco, were evaluated for
their phenotypic and genotypic diversity in order to select the most tolerant ones for
further inoculation of this crop. Phenotypic characterization of 135 endophytic bacteria
from chickpea nodules showed a wide variability for tolerance to heavy metals and
antibiotics, variable response to extreme temperatures, salinity, pH and water stress.
56% of isolates were able to nodulate chickpea. Numerical analysis of rep-PCR results
showed that nodulating strains fell into 22 genotypes. Sequencing of 16S rRNA gene
of endophytic bacteria from chickpea nodules revealed that 55% of isolated bacteria
belong to Mesorhizobium genus. Based on MLSA of core genes (recA, atpD, glnII
and dnaK), tasted strains were distributed into six clades and were closely related
to Mesorhizobium ciceri, Mesorhizobium opportunistum, Mesorhizobium qingshengii,
and Mesorhizobium plurifarium. Most of nodulating strains were belonging to a group
genetically distinct from reference Mesorhizobium species. Three isolates belong to
genus Burkholderia of the class β- proteobacteria, and 55 other strains belong to
the class γ- proteobacteria. Some of the stress tolerant isolates have great potential
for further inoculation of chickpea in the arid and semiarid environments to enhance
biological nitrogen fixation and productivity in the context of climate change adaptation
and mitigation.

Keywords: rhizobia, Cicer arietinum, endophytic bacteria, MLSA, gamma proteobacteria, beta proteobacteria

Frontiers in Microbiology | www.frontiersin.org 1 September 2019 | Volume 10 | Article 1885

https://www.frontiersin.org/journals/microbiology/
https://www.frontiersin.org/journals/microbiology#editorial-board
https://www.frontiersin.org/journals/microbiology#editorial-board
https://doi.org/10.3389/fmicb.2019.01885
http://creativecommons.org/licenses/by/4.0/
https://doi.org/10.3389/fmicb.2019.01885
http://crossmark.crossref.org/dialog/?doi=10.3389/fmicb.2019.01885&domain=pdf&date_stamp=2019-09-18
https://www.frontiersin.org/articles/10.3389/fmicb.2019.01885/full
http://loop.frontiersin.org/people/642197/overview
http://loop.frontiersin.org/people/674135/overview
http://loop.frontiersin.org/people/790523/overview
http://loop.frontiersin.org/people/338469/overview
https://www.frontiersin.org/journals/microbiology/
https://www.frontiersin.org/
https://www.frontiersin.org/journals/microbiology#articles


fmicb-10-01885 September 17, 2019 Time: 15:31 # 2

Benjelloun et al. Stress Tolerant Chickpea Rhizobia

INTRODUCTION

Chickpea (Cicer arietinum) is a socially and economically
important food legume in South Asia, West Asia, North Africa
and Mediterranean regions. It ranks second in area and third in
production after beans and pea (Muehlbauer and Sarker, 2017).
Like other legumes, chickpea plays a major role in sustainable
and environmental friendly agriculture. It can establish symbiosis
relation with rhizobia able to reduce atmospheric nitrogen into
ammonia directly assimilated by plants, which enhances this
crop’s and subsequent cereal crops productivity, improves soil
fertility by fixing nitrogen at rates of up to 140 kg/ha/year
(Flowers et al., 2010), reduces significantly the use of chemical
fertilizers and consequently diminishes global warming and
water contamination (De la Peña and Pueyo, 2012). Some
rhizobial strains were reported able to promote plant growth
and development by enhancing phytohormones production and
mineral uptake (Karthik et al., 2017).

Chickpea has been considered as a restrictive host for
nodulation (Rivas et al., 2007; Laranjo et al., 2008; Suneja
et al., 2016). Mesorhizobium ciceri (Nour et al., 1994) and
Mesorhizobium mediterraneum (Nour et al., 1995) have been
described as the only two species nodulating this particular
legume (Laranjo et al., 2004; Rivas et al., 2007). However,
many other studies showed that other species and genomic
groups could also nodulate chickpea (Laranjo et al., 2014;
Shamseldin et al., 2017; Tena et al., 2017) namely, M. tianshanense
(Rivas et al., 2007), M. huakuii, M. amorphae (Laranjo et al.,
2008), and M. loti (Maatallah et al., 2002; Rai et al., 2012).
Phylogenetic analysis of the symbiosis genes revealed that they
share common symbiosis genes (nifH and nodC) and similar to
those carried by M. ciceri and M. mediterraneum, which suggests
a lateral transfer of symbiosis genes across different species
(Rivas et al., 2007; Laranjo et al., 2008). Other studies reported
M. opportunistum and M. muleiense able to nodulate chickpea
(Zhang et al., 2012). Zhang et al. (2018) isolated a novel species
from chickpea nodules, for which the name Mesorhizobium
wenxiniae sp. nov. is proposed. Ensifer meliloti isolated from
Tunisian soils was reported to be able to induce ineffective
nodules formation in chickpea (Ben Romdhane et al., 2007).
Bacteria from Ensifer genus have also been described as being
able to nodulate chickpea crop in Morocco (Maatallah et al.,
2002). However, detailed studies on species nodulating chickpea
in Morocco are lacking.

Many phenotypic and molecular tools were used to
characterize the diversity among rhizobia nodulating chickpea
including DNA homology, G + C content, RFLP of 16S rDNA
(Nour et al., 1995; Maatallah et al., 2002; Rai et al., 2012), rep-
PCR using ERIC primers (Dudeja and Singh, 2008; Nandwani
and Dudeja, 2009) and whole genome sequencing (Haskett
et al., 2016). Analysis of 16S rDNA is one of the most important
methods in taxonomy (Weisburg et al., 1991), however it is
not sufficient to distinguish closely related species or strains of
same species because of the high sequence conservancy (Laranjo
et al., 2012). Combination of other genes sequence analysis to
16S rDNA like sequence analysis of housekeeping genes dnaK
(Stepkowski et al., 2003), glnII (Stepkowski et al., 2005), atpD

and recA (Vinuesa et al., 2005) have been used to elucidate the
taxonomic and phylogenetic relationship among those rhizobia
with more resolution than the 16S rDNA gene (Alexandre et al.,
2009; Delamuta et al., 2012; Tong et al., 2018).

In addition to rhizobia, some studies report the presence of
non-symbiotic bacteria mainly Pantoea, Serratia, Pseudomonas,
Bacillus, Enterobacter, and Burkholderia living inside legume
nodules (Vandamme et al., 2002; Benhizia et al., 2004; Laranjo
et al., 2014; Xu et al., 2014; Zaheer et al., 2016). Endophytic
bacteria may assist nodulation or promote plant growth either
by synthesizing phytohormones such as indole-3-acetic acid
(IAA) or by promoting nutrition processes such as phosphate
solubilization (Kuklinsky-Sobral et al., 2004; Li et al., 2008). They
were also reported to promote growth indirectly by protecting
the plant against some fungal pathogens either by producing
siderophores, antimicrobial metabolites, or by competing for
nutrients and/or niches (O’Sullivan and O’Gara, 1992). Several
studies report the use of endophytic bacteria as inoculants to
promote nodulation, plant growth, and yields (Vessey, 2003;
Tilak et al., 2006; Elkoca et al., 2007; Hung et al., 2007; Liu
et al., 2010; César Vicario et al., 2015). Sharma et al. (2012)
confirm the presence of Pseudomonas spp. and Erwinia spp.
in chickpea nodules in India, whereas results of Zaheer et al.
(2016) reported the presence of Serratia spp. as plant growth
promoting rhizobacteria in root nodules of chickpeas grown
in Pakistan soils.

In Morocco, chickpea is cultivated in arid and semi-arid
areas where mineral nitrogen deficiency is an important limiting
factor for plant growth (Zahran, 1999). Such areas are prone
to water stress and salinization (Hungria and Vargas, 2000;
Considine et al., 2017). Moreover, those stresses are usually
associated with high temperature and long periods of drought,
which affect negatively the establishment of functional nitrogen
fixing symbiosis and thus the crop production (Lauter et al., 1981;
Davey and Simpson, 1990). Climate change further aggravates
these stresses. To improve the growth and the yield of chickpea
in such environments and for adaptation to climate change,
it is necessary to combine stress tolerant cultivars and stress
tolerant rhizobia. Nodulation, nitrogen fixation and growth can
be improved by inoculation with competitive and stress tolerant
rhizobia particularly when local rhizobia are inefficient or absent
(De la Peña and Pueyo, 2012). Studies on rhizobial biodiversity
are an important approach to select stress tolerant native isolates.
Usually such rhizobial populations are more competent and
better adapted to local soils than non-native inoculant strains
(Rai et al., 2012).

In this end, the present study was initiated with the following
objectives: (1) Isolation of indigenous rhizobia and endophytic
non-nodulating bacteria from root nodules of chickpea plants
sampled from different soil types in the growing regions in
Morocco; (2) Evaluation of the sampled bacteria for their
phenotypic diversity for tolerance to harsh environmental
stresses; and (3) Evaluation of the sampled bacteria for their
genotypic diversity using rep-PCR, 16S rDNA and the core genes
sequencing. Based on our results, we identified effective and
competitive strains tolerant to various abiotic stresses for their
potential use as biofertilizers.
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MATERIALS AND METHODS

Isolate Collection
In this study, 135 bacterial strains were isolated from chickpea
root nodules (Table 1) sampled from fields of chickpea growing
areas in Rabat-Sale-Kenitra and Casablanca-Settat regions in
Morocco (Figure 1). Sampling fields which have no previous
history of inoculation with rhizobia were randomly selected in
these two regions and soil samples were collected to characterize
pH, electrical conductivity (EC), percentage of organic matter,
P2O5 and K2O content.

Bacterial strains were isolated from surface-sterilized nodules
using 70% ethanol and 0.1% HgCl2 and washed repeatedly
with sterile water. Suspension of crushed sterilized nodules was
streaked on yeast extract mannitol (YEM) medium amended with
Congo red (Vincent, 1970) using standard procedure (Beck et al.,
1993). The purified isolates were conserved in 20% (v/v) glycerol
at−80◦C.

To make sure that isolated strains were endophytic bacteria
and insure good surface sterilization, aliquots of the sterile water
used in the final rinse were used to inoculate YEM agar medium.
Also, uncrushed surface sterilized nodules were kept in YEM
medium plates, inoculated plates were then incubated at 28◦C
for 7 days and examined for the presence or the absence of
microorganisms’ growth.

Isolates Phenotyping
Except for water stress tolerance, physiological tests were
performed on YEM agar plates divided into 16 squares, which
were inoculated with 10 µl of bacterial culture (108 cfu/ml grown
in YEM broth for 48 h). All treatments were applied with three
replications and incubated at 28◦C for 7 days.

For temperature tolerance, inoculated plates were incubated at
4, 20, 28, 30, 32, 36, 40, and 44◦C.

NaCl tolerance was determined at 0–855 mM NaCl after 7 days
of incubation at 28◦C (Gao et al., 1994).

Water stress was imposed using 128.4; 188.35; 201.4 and
273.3 g.l−1 of polyethylene glycol 6000 (PEG 6000) in YEM broth
to reach respectively a level of −0.25; −0.5; −0.75 and −1 MPa
(Busse and Bottomley, 1989).

For pH tolerance, pH of YEM media was adjusted using HCl
or NaOH for acidic and basic pH, respectively.

To evaluate resistance to intrinsic antibiotics and heavy
metals, bacterial cultures were used to inoculate plates with
YEM solid media containing filter sterilized antibiotics or heavy
metals with the following concentrations: Tested antibiotics were
chloramphenicol (25 µg/ml), ampicillin (50 µg/ml), streptomycin
(10 µg/ml), spectinomycin (50 µg/ml), kanamycin (50 µg/ml)
and tetracycline (25 µg/ml) (Sinclair and Eaglesham, 1984).
Tested heavy metals were MnCl2 (300 µg/ml), HgCl2 (20 µg/ml),
CdCl2 (20 µg/ml) and ZnCl2 (200 µg/ml) (Gao et al., 1994).

Relations Between Bacterial Strains and
Soil From Where They Were Collected
Principal component analysis (PCA) was used to examine
relationships between pH and salinity of soils, from where

chickpea nodules were collected, and phenotypes (resistance to
acid and basic pH and NaCl) of isolated strains.

Symbiotic Characteristics
To determine the infectivity and effectiveness of isolated strains,
bacterial cultures (108 cfu/ml) were used to inoculate surface
sterilized seeds of chickpea (1 ml/seed) placed in pots containing
sterilized and nitrogen free sand. Once a week, pots were
aseptically provided with nitrogen-free solution (CaCl2, 1 mM;
KH2PO4, 0.5 mM; ferric citrate, 10 µM; MgSO4, 0.25 mM;
K2S04, 0.25 mM; MnSO4, 1 µM; H3BO3, 2 µM; ZnSO4, 0.5 µm;
CuSO4, 0.2 µm; CoSO4, 0.1 µm; Na2MoO4, 0.1 µM) (Broughton
and Dilworth, 1971). The experiment was carried out under
controlled conditions with a randomized block design with
three replications of each treatment. Two treatments were used
as control (T0: non-inoculated and non-supplemented with
nitrogen and TN120 supplemented with 0.5h (w/v) KNO3).
Plants were irrigated with sterile distilled water every 2 days.
Plants were harvested 45 days after planting. Dry shoot biomass
and nodules number were determined.

Genotypic Diversity
Bacterial DNA was extracted using the CTAB method of Saghai-
Maroof et al. (1984) with some modifications adapted by Udupa
et al. (1999). Quality of isolated DNA was estimated using 1%
(w/v) agarose gels.

Rep-PCR
Genomic fingerprints patterns were obtained for nodulating
isolates using rep-PCR method. PCR was performed in a total
volume of 25 µl. The reaction mixture contained 9.8 µl of
sterile distilled water, 5 µl of 5× PCR buffer (Promega), 1.5 µl
of MgCl2 (25 mM), 2.5 µl of dNTPs (2 mM) and 0.66 µl of
each primer (Rep 1 5′ IIIICGICGICATCIGGC 3′ and Rep 2
5′ ICGICTTATCIGGCCTAC 3′; 0.3 µg each), 2.5 µl of DMSO
100% and 0.4 µl of Taq polymerase (Promega; 5 U/µl). 2 µl of
DNA (50 ng) was added to this mixture (Versalovic et al., 1991).
PCR amplification conditions are detailed in Table 2. Amplified
DNA was examined by electrophoresis in agarose gel (1.5%) and
visualized under UV using ethidium bromide staining.

Amplification of nodC and nifH Genes
nodC and nifH genes amplification was performed for all isolates
with the intention of confirming the presence of these genes as
an indication of their symbiotic potential. PCR amplification was
performed in 10 µl reaction mixture containing 1 × PCR buffer
(Promega), 1.5 mM of MgCl2, 200 µM of each dNTP, 10 pmol of
each primer and 0.5 U of Taq polymerase (Promega) and 50 ng of
DNA. Primers and cycling conditions are detailed in Table 2. PCR
products were separated in 1.5% (w/v) agarose gels and visualized
under UV using ethidium bromide staining.

Sequencing of 16S rRNA, recA, atpD,
glnII, dnaK, and nodC Genes
Fifty-nine non-nodulating isolates and 46 nodulating isolates
belonging to different sites and representative to different rep-
PCR and phenotypic clusters were used for 16S rRNA, recA,
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FIGURE 1 | Map showing the sampling sites in Morocco.

TABLE 2 | List of primers and PCR conditions used in this study.

Target gene Primers Sequence (5′–3′) PCR conditions References

nodC nodCF
nodCI

AYGTHGTYGAYGACGGTTC
CGYGACAGCCANTCKCTATTG

5 min 95◦C, 30 × (1 min 95◦C, 1 min
55◦C, 1.5 min 72◦C), 10 min 72◦C

Laguerre et al., 2001

nifH nifH-1
nifH-2

AAGTGCGTGGAGTCCGGTGG
GTTCGGCAAGCATCTGCTCG

5 min 95◦C, 30 × (1 min 95◦C, 2 min
62◦C, 2 min 72◦C), 10 min 72◦C

Eardly et al., 1992

rep sequence Rep1
Rep2

IIIICGICGICATCIGGC
ICGICTTATCIGGCCTAC

6 min 94◦C, 35 × (1 min 94◦C, 1 min
40◦C, 8 min 65◦C), 16 min 65◦C

Versalovic et al., 1991

atpD, glnII, dnaK, and nodC gene sequences analysis to identify
bacterial isolates from chickpea nodules. Gene sequences of 16S
rRNA, atpD, glnII, and dnaK were used from our collaborative
study with University of California, Davis, CA, United States on
whole genome sequence analysis of the nitrogen-fixing bacterial
symbionts of the chickpea (Greenlon et al., 2019). BLAST was
used to identify the genes of interest.

Data Analysis
Comparison of physiological traits was performed as reported
by Elboutahiri et al. (2010) on the basis of growth (1) or no
growth (0) for each isolate. Comparison of amplified DNA
profiles for rep-PCR was performed on the basis of the presence
(1) or absence (0) of REP fragments. The binary data was used

for estimation of shared allele distance (Jin and Chakraborty,
1994). The shared allele distance was further used for cluster
analysis based on UPGMA (unweighted pair group method
with arithmetic mean) method using the software program
PowerMarker Version 3.25 (Liu and Muse, 2005).

The 16S rDNA, recA, atpD, glnII, dnaK, and nodC sequences
alignment were performed with MUSCLE1. The evolutionary
history based on 16S rDNA and nodC genes was inferred by
using the Maximum Likelihood method based on the Tamura-
Nei model (Tamura and Nei, 1993). The bootstrap consensus
tree inferred from 1000 replicates is taken to represent the
evolutionary history of the taxa analyzed. The percentage of

1https://www.ebi.ac.uk/Tools/msa/muscle/
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replicate trees in which the associated taxa clustered together
in the bootstrap test (1000 replicates) are shown next to the
branches. Evolutionary analyses were conducted in MEGA7
(Kumar et al., 2016).

RESULTS AND DISCUSSION

Symbiotic Traits
In this study, 135 bacterial isolates were isolated from chickpea
nodules and soil properties of sampling sites were analyzed
(Table 1). The isolates showed a large diversity in their ability
to infect the host and to fix atmospheric nitrogen. Out of 135
isolates, 76 (56%) were able to nodulate chickpea. Number of
nodules varied from 3 nodules in the isolate MA-201 to 70
nodules in the isolate MA-72 which was the most infective.
Relative effectiveness was estimated by the percentage of each
treatment’s shoot dry biomass; MA-100 was the most effective
with 86% of the shoot dry weight of the control TN120. The
isolates MA-146 and MA-185 were the less effective with 38
and 34% of shoot dry weight respectively of that of control
TN120. Shoot dry weight of T0 was 28% of the control TN120.
Efficient isolates could be further studied under field conditions
for chickpea inoculation, particularly those that gave more than
80% of dry shoot biomass as suggested by Maatallah et al. (2002).

Phenotypic Diversity
Phenotypic diversity among 135 bacterial isolates [76 rhizobia
and 59 non-nodulating endophytic bacteria (NNB)] from
chickpea nodules was investigated. Phenotypic traits for tolerance
to extreme temperatures, pH, salinity and water stress, and
resistance to antibiotics and heavy metals showed a large diversity
among these isolates. The results are summarized in Table 3,
Supplementary Tables S1, S2 and Figures 2–4.

Optimum growth of all isolates (nodulating and non-
nodulating) was observed at pH range of 6–8. 71% of rhizobia
and 57% of NNB grew at pH 8.5–9.5. 65% of NNB, and 50%
of rhizobia showed good growth at pH 5.5–6 while only 13%
of rhizobia and 8% of NNB were able to grow at pH 4.5–5,
as they were originated from locations characterized with low
pH (4.5–5.5), and none of isolates grew at pH 4. This shows
that chickpea endophytic bacteria have a neutral and basic pH
tolerance tendency in agreement with other studies on chickpea
rhizobia (Nour et al., 1994; Maatallah et al., 2002; Tena et al.,
2017). According to Jordan (1982), the pH tolerance range is
between 4.5 and 9.5 for Rhizobiaceae, however other studies
showed that this range may be larger for rhizobia nodulating
chickpea, since some isolates grew up to pH 10 (Nour et al., 1994)
and pH 4 (Rai et al., 2012). This tolerance to alkaline pH might
be related to the basic calcareous nature of soils where chickpea
is generally grown in Morocco. This is in contrast to results
of Brígido and Oliveira (2013), in which isolates nodulating
chickpea showed high sensitivity to pH 9 while 35% of the isolates
were acid-sensitive and 45% were highly tolerant to pH 5 or
moderately acidophilic. This could be related to the pH of the
soil from which chickpea nodules were collected. These results
suggest that soil pH contributes to the phenotypic variability that

prevails in endophytic bacterial populations in chickpea nodules.
The isolates collected from acidic or neutral soils were more
resistant to acidic environmental conditions than the ones from
alkaline soils (Figure 5), agreeing with several previous reports
(Kulkarni and Nautiyal, 1999; Rodrigues et al., 2006; Brígido and
Oliveira, 2013). On the other hand, to achieve effective symbiosis
the rhizobial symbiont has to deal with the stressful low pH of its
leguminous partner that excrete protons and organic acids in the
rhizosphere (Marschner et al., 1995). Thus for efficient inoculant
with higher symbiotic performance, it was suggested to select
strains that tolerate similar conditions of the soil to be cultivated.

The impact of high temperature on microbial metabolism
has been reviewed extensively (Frey et al., 2013; Hagerty et al.,
2014; Karhu et al., 2014). Climate change such as warming alters
microbial soil respiration rates because soil microorganisms
and the processes they mediate are temperature sensitive. High
soil temperatures affect almost all stages of legume-rhizobia
symbiosis (Zahran, 1999; Hungria and Vargas, 2000), and high
temperatures influence not only the rhizobial survival in soil,
but also the exchange of molecular signals between the two
symbiotic partners (Sadowsky, 2005). High temperatures inhibit
the adherence of bacteria to root hairs and the formation of
root hair and infection thread (Alexandre and Oliveira, 2013).
Nodules subjected to salt and drought stress in hot areas revealed
a decrease in nitrogen fixation and nitrogenase activity and an
increase in fermentative activity (Swaraj and Bishnoi, 1999). In
this study, optimum growth of rhizobia nodulating chickpea was
observed between 28 and 32◦C. 68% grew at 36◦C; this percentage
decreased to 21% at 40◦C and none of the isolates were able to
grow at 44◦C. Meanwhile, for non-nodulating bacteria (NNB)
optimum of growth was between 28 and 30◦C and only 65% were
able to grow at 32◦C and 20% at 40◦C. At the lowest temperature
of 4◦C, 20% of rhizobia and 18% of NNB were able to grow.
Most of the isolates identified in this work were thermotolerant
as they were isolated from semi-arid regions characterized with
high summer temperature, which complements the observation
of Eaglesham and Ayanaba (1984) that suggests that sampling
from hot areas helps on the selection of high temperature tolerant
strains, which is very interesting for developing and applying
inoculum for better biological nitrogen fixation. These results
were similar to findings of Demissie et al. (2018) on endophytic
bacteria present in chickpea nodules in Ethiopia.

Salinity affects rhizobia, endophytic non-nodulating bacteria
and host plant inducing ionic stress through the high
concentration of ions and osmotic stress due to the change
in osmotic concentration around cells causing desiccation and
water deficit (De la Peña and Pueyo, 2012). Therefore, selection
of salt tolerant isolates seems to be important for chickpea
cultivation in salt affected areas. Tolerance of our strains to
salinity revealed that there is variable response at a range of
17.1–855 mM of NaCl. All the isolates tolerate until 171 mM
of NaCl, 83% of rhizobia and 80% of NNB had good tolerance
to 342 mM and to 513 mM NaCl. However, at higher salt
concentration the percentage of the tolerant strains decreased
to 16% of rhizobia and only 1.6% of NNB grew at 855 mM
of NaCl. Tolerant strains were isolated from slightly saline
soils, which confirm results obtained by Maatallah et al. (2002)
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TABLE 3 | Differentiating phenotypic traits of 135 endophytic bacteria isolated from chickpea nodules.

Cluster 1 Cluster 2 Cluster 3 Cluster 4 Cluster 5 Cluster 6 Cluster 7 Cluster 8 Cluster 9

Characteristics (n = 11) (n = 6) (n = 29) (n = 14) (n = 7) (n = 36) (n = 3) (n = 10) (n = 19)

Infectivity∗

n = 3–20 11 1 12 4 0 22 0 10 15

n = 21–50 11 1 7 4 0 20 0 7 15

n > 50 11 0 0 0 0 17 0 7 10

Relative effectiveness

34–50% 11 1 12 4 0 22 0 10 15

51–70% 8 0 5 4 0 18 0 5 11

> 70% 4 0 0 0 0 17 0 0 9

Other
∗∗T

T = 4◦C 0 0 0 5 2 6 1 4 9

T = 20◦C 0 0 0 7 6 35 2 9 19

T = 28◦C 11 6 29 14 7 36 3 10 19

T = 32◦C 11 0 10 14 7 36 3 10 19

T = 36◦C 0 0 9 7 5 36 0 10 19

T = 40◦C 0 0 9 0 4 5 0 3 7

T = 44◦C 0 0 0 0 0 0 0 0 0

NaCl (17.1 mM) 11 6 29 14 7 36 3 10 19

NaCl (51.3 mM) 11 6 29 14 7 36 3 10 19

NaCl (85.5 mM) 11 6 29 14 7 36 3 10 19

NaCl (171 mM) 11 6 29 14 7 36 3 10 19

NaCl (342 mM) 9 0 21 14 0 36 3 10 19

NaCl (513 mM) 7 0 21 14 0 36 3 6 15

NaCl (684 mM) 7 0 8 7 0 1 3 6 8

NaCl (855 mM) 3 0 6 0 0 1 0 3 1

pH 4.5–5 0 0 0 1 0 10 0 0 4

pH 5.5–6 3 6 2 7 0 36 3 2 18

pH 6.5–7.5 11 6 29 14 7 36 3 10 19

pH 8 11 6 29 14 7 36 3 10 19

PH 8.5–9.5 11 3 29 7 1 18 3 10 8

MnCl2(300µg/ml) 11 6 29 14 7 36 3 10 19

HgCl2 (20 µg/ml) 0 0 0 7 2 31 1 9 19

CdCl2 (20 µg/ml) 11 6 29 14 7 36 3 10 19

ZnCl2 (200 µg/ml) 0 3 2 14 5 4 1 9 4
∗∗∗SH

SH −0.25 MPa 11 6 29 14 7 36 3 10 19

SH −0.50 MPa 0 0 20 6 0 10 3 9 14

SH −0.75 MPa 0 0 0 0 0 0 0 0 10

SH −1.00 MPa 0 0 0 0 0 0 0 0 0

Tetracycline (25 µg/ml) 7 4 29 4 2 23 0 0 12

Ampicillin (50 µg/ml) 7 0 1 4 0 8 0 0 3

Chloramphenicol (25 µg/ml) 10 4 29 14 6 36 3 10 19

Spectinomycin (50 µg/ml) 4 0 12 4 0 1 2 5 9

Streptomicin (10 µg/ml) 11 0 11 9 0 11 2 5 19

Kanamycin (50 µg/ml) 11 2 20 8 5 36 3 3 19

∗ Infectivity: nodules number/plant; ∗∗T = Temperature; ∗∗∗SH = Water stress.

in which 90% of isolates from non-saline soils were inhibited
at a level of 342 mM of NaCl and 40% of the isolates
from saline soils continued to grow. A similar wide variation
in NaCl tolerance by rhizobia nodulating chickpea has been

reported by Brígido et al. (2012) and Tena et al. (2017).
These results show that a selection pressure for tolerance to
salinity is performed by the natural habitat of endophytic
bacterial population.
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FIGURE 2 | Growth of rhizobia isolated from chickpea nodules under different abiotic stresses. Growth (%) = number of isolates grown (expressed in percentage) at
a particular treatment level.

There was a relationship between tolerance to salinity and
to water stress, 47% of rhizobia and 46% of NNB grew
under water stress of −0.5 MPa. This effect of salt and
water stress results in osmotic stress that causes changes in
rhizobial morphology (Busse and Bottomley, 1989; Smith and
Smith, 1989). The percentage of isolates tolerant to water stress
decreases to 7% for rhizobia and 8% for NNB at −0.75 MPa
and none grew at −1 MPa. Colonization of plant-beneficial
microorganisms is generally decreased by drought, however
previous studies indicated that under water stress conditions,
inoculation of different chickpea cultivars with rhizobia tolerant
to water stress induced an increase in nitrogen fixation and
biomass production (Mhadhbi et al., 2008). Evaluation of
intrinsic resistance to antibiotics revealed that most of the
nodulating and non-nodulating isolates are highly resistant to
chloramphenicol and kanamycin, 54% of rhizobia and 69%

of NNB grew well with tetracycline. However, only 23% of
rhizobia and 8% of NNB exhibited intrinsic resistance to
ampicillin. 29% of rhizobia and 25% of NNB were resistant
to spectinomycin. The dendrogram in Figure 4 showed that
there was no significant relationship concerning antibiotic
resistance between isolates clustering and their geographical
origin, which is in agreement with findings of Alexandre et al.
(2006) while evaluating the natural population of chickpea using
antibiotic resistance profiles. Strains with high resistance to
different antibiotics could be suggested as potential candidates
for chickpea inoculation in areas where antibiotics production
by soil microorganisms is frequent. Results from soybean
(Anand et al., 2012) showed that inoculation of soybean
with an antibiotic and phage-resistant mutant of bradyrhizobia
revealed a high ability for nitrogen fixation, thereby increasing
soybean production.
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FIGURE 3 | Growth of endophytic non-nodulating bacteria isolated from chickpea nodules under different abiotic stresses. Growth (%) = number of isolates grown
(expressed in percentage) at a particular treatment level.

The sampled isolates showed good tolerance to heavy metals
particularly for cadmium and manganese. 61% of rhizobia and
39% of NNB were able to grow on mercury (HgCl2 20 µg/ml).
25% of rhizobia and 39% of NNB were tolerant to zinc (ZnCl2
200 µg/ml). This is in agreement with results observed by
Maatallah et al. (2002) on chickpea rhizobia, which reported that
75% of Moroccan isolates showed good tolerance to mercury and
only 20% exhibited a resistance to zinc. That could be related to
the nature of the soil from where chickpea nodules were sampled.

The dendrogram obtained from the numerical analysis
of nodulating and non-nodulating isolates showed that
phenotypic characteristics produced nine clusters at 93% of
similarity (Figure 4).

Cluster 1
Cluster 1 consisted of 11 nodulating strains from different
locations; they were all sensitive to extreme temperatures and

acid pH. These strains were tolerant to 342 mM NaCl and to
MnCl2, CdCl2, chloramphenicol, streptomycin and kanamycin.

Three strains from this cluster were able to grow at 855 mM NaCl.

Cluster 2
Cluster 2 consisted of one nodulating strain and five non-
nodulating ones from different sites. These isolates were sensitive
to extreme temperatures and water stress. Strains of this cluster
were tolerant to 171 mM NaCl, MnCl2, CdCl2.

Cluster 3
Cluster 3 consisted of 29 bacterial strains; 12 strains were able
to nodulate chickpea. They were all sensitive to low temperatures
and acid pH. Most of these strains were tolerant to 513 mM NaCl,
MnCl2 and CdCl2. Nine nodulating strains were able to grow at
40◦C and 5 nodulating ones grow at 855 mM NaCl.
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FIGURE 4 | Dendrogram generated by UPGMA clustering method showing relationship among bacterial isolates from chickpea nodules, based on phenotypic
variation. The nodulating strains are designed by an asterisk (∗). Numbers indicated at the each branch correspond to isolate number that starts with prefix MA-.

Cluster 4
Cluster 4 consisted of 14 nodulating and non-nodulating strains
from different sites. Most of these strains were able to grow at
513 mM NaCl and at pH range of 6.5–8. These strains were
tolerant to chloramphenicol, MnCl2, CdCl2, and ZnCl2. Seven
nodulating strains were able to grow at 36◦C and 684 mM NaCl.

Cluster 5
Cluster 5 consisted of 7 non-nodulating strains able to grow at
171 mM NaCl and pH 8. Strains of this cluster were tolerant
to MnCl2 and CdCl2 and sensitive to ampicillin, spectinomycin
and streptomycin.

Cluster 6
This is the largest cluster with 36 isolates originating from
different sites, only 14 strains were not able to nodulate chickpea.
Most of these strains showed good growth at pH range of 5.5–9.5
and in medium supplemented with 171–513 mM NaCl. Bacterial
strains of this cluster exhibited resistance to chloramphenicol,
kanamycin, MnCl2, CdCl2, and HgCl2 and grew in temperature

between 20 and 36◦C. Five strains of this cluster were able to grow
at 40◦C and 6 strains grew at 4◦C and pH range of 4.5–5.

Cluster 7
Cluster 7 consisted of three non-nodulating strains sensitive
to hot temperatures. These isolates grew at pH range of
5.5–9.5. They were resistant to water stress of −0.5 MPa
and 684 mM NaCl.

Cluster 8
Cluster 8 consisted of 10 nodulating strains tolerant to 342 mM
NaCl and pH range of 6.5–9.5. These strains were resistant to
chloramphenicol and heavy metals and showed good tolerance
to water stress of −0.5 MPa. Three strains of this cluster were
tolerant to 855 mM NaCl and 40◦C.

Cluster 9
Cluster 9 consisted of 19 bacterial strains from different sites,
15 strains from this cluster were able to nodulate chickpea.
All the 19 strains were able to grow in temperature between
20 and 36◦C, 342 mM NaCl and pH range of 5.5–8. They
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FIGURE 5 | Principal components analysis (PCA): biplot between soil pH and salinity (NaCl concentration) and resistance of bacterial isolates from chickpea nodules
to NaCl and to acid and basic pH. Numbers indicated into clusters C1, C2, and C3 correspond to isolate number that starts with prefix MA-.

were all tolerant to streptomycin, kanamycin, chloramphenicol,
MnCl2, CdCl2, and HgCl2. 6 nodulating strains from this
cluster were able to grow in pH 8.5–9.5 and water stress of
−0.75 MPa. One strain could grow at a medium supplemented
with 855 mM NaCl.

Phenotypic clusters contained bacterial strains originating
from various locations, and strains isolated from the same
location belonged to different clusters, which showed the
wide phenotypic diversity among these bacterial strains toward
multiple environmental stresses. This phenotypic diversity
observed in this population could be exploited to select effective
and competitive strains tolerant to various abiotic stresses and
adapted to marginal edapho-climatic conditions.

Results of principal components analysis between soil pH and
salinity and resistance of bacterial isolates to acid and basic pH
and NaCl explained 56.28% of the total variance (PC1: 35.55%
and PC2: 20.74%) (Figure 5).

According to the length of the arrows and angles among them,
we could observe the presence of a soil salinity gradient (EC)
which is positively correlated with the soil pH gradient. Those
two gradients generated three clusters C1, C2, and C3.

Resistance to 3% NaCl (342 mM) and pH 8.5–9.5 have a
slight effect on the distribution of these bacterial strains since the
arrows representing them were short.

Resistance to 5% NaCl (855 mM) has a negative correlation
with resistance to acid pH, which shows that strains resistant to
acid pH were sensitive to high salinity (5% NaCl; cluster C2),
while bacterial strains sensitive to acid pH were resistant to high
salinity (cluster C1).

Bacterial strains originated from Benslimane 2, characterized
with saline soil (EC = 4.2 ds/m), were distributed in cluster C1
which is positively correlated with the positive gradient of soil
salinity (EC) and resistance to 5% NaCl.

Bacterial strains originated from Merchouch 1, Merchouch 2,
Had Brachoua 1, and Rommani, characterized with acid soil pH
and normal soil salinity (EC < 4 ds/m), were distributed in cluster
C2 that is positively correlated with resistance to 3% NaCl and pH
4.5–6 and negatively correlated with the positive gradients of soil
pH and salinity (EC).

Distribution of isolated bacterial strains in cluster C3 was
positively correlated with tolerance to neutral and basic pH
and the positive gradient of soil pH, and negatively correlated
with the positive gradient of soil salinity (EC) and resistance
to 5% NaCl. Bacterial strains of cluster C3 were isolated from
Benslimane 1, Had Brachoua 2, Ain Sbit 1, Ain Sbit 2 and
Maaziz characterized with neutral to basic soil pH and normal
soil salinity (EC < 4 ds/m).

Distribution of isolated strains from chickpea nodules
in clusters C1, C2, and C3 showed the positive correlation
between strains resistance to pH and salinity (NaCl) and
characteristics of soil from where they were isolated. This
result shows that a selection pressure for tolerance to
acidity and salinity is performed by the natural habitat of
isolated bacteria, which suggests that sampling from saline
or acid areas helps on the selection of strains tolerant
to high salinity or acidity, which is very interesting for
developing and applying inoculum for better biological
nitrogen fixation.

Genotyping With Rep-PCR
Results of rep-PCR revealed high diversity among the 76
nodulating strains and classify them into 22 genotypes (15
distinctive clusters and 7 lineages; Figure 6). Each combination
of rep-PCR characterizes a unique genotype.

Many rhizobia of a phenotypic cluster were grouped
into different clusters of rep-PCR, indicating that isolated
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FIGURE 6 | Dendrogram generated by UPGMA clustering method based on results of rep- PCR fingerprinting of 76 rhizobia nodulating chickpea. Numbers
indicated at the each branch correspond to isolates number that starts with prefix MA-. The asterisk (∗) design nodulating strain.

rhizobia were highly divergent, even though they belonged
to a single phenotypic cluster. There was no relationship
between the phenotypic and the genotypic profiles. That
could be due to exposure of rhizobia to different soil niches
differing in properties as it was reported by Elboutahiri
et al. (2010). The evolutionary processes like selection, gene
flow/migration, mutation and recombination may have
contributed to the evolution of stress tolerant strains, which
is observed within the highly divergent isolates. Indeed,
recombination or genetic exchange might have played
an important role in the generation of a large number of
genotypes with similar phenotypes as reported by Provorov and
Vorob’ev (2000) and Elboutahiri et al. (2010) in S. meliloti.
Obtained results are supported by findings of Loureiro
et al. (2007) reporting that exposure of soybean rhizobia to

stressful tropical environments had increased the number of
rep-PCR profiles.

Analysis of 16S rDNA, nodC, and
Concatenated Genes recA, atpD, glnII,
and dnaK Sequences
Sequencing of 16S rDNA of 105 retained isolates (46 nodulating
strains, belonging to different sites and representative to
different rep- and phenotypic clusters and 59 non-nodulating
strains) showed that the genus Mesorhizobium was the most
dominant in all the prospected sites. Obtained sequences
were compared with sequences from the gene bank database
of different bacterial strains, through the NCBI worldwide
website at www.ncbi.nlm.nih.gov/blast. All nodulating strains

Frontiers in Microbiology | www.frontiersin.org 12 September 2019 | Volume 10 | Article 1885

http://www.ncbi.nlm.nih.gov/blast
https://www.frontiersin.org/journals/microbiology/
https://www.frontiersin.org/
https://www.frontiersin.org/journals/microbiology#articles


fmicb-10-01885 September 17, 2019 Time: 15:31 # 13

Benjelloun et al. Stress Tolerant Chickpea Rhizobia

FIGURE 7 | Continued

FIGURE 7 | Maximum likelihood phylogenetic tree based on 16S rRNA gene
sequences showing the relationships among chickpea microsymbionts
isolates. The bootstrap consensus tree inferred from 1000 replicates to
represent the evolutionary history of the taxa analyzed. The percentage of
replicate trees in which the associated taxa clustered together in the
bootstrap test (1000 replicates) are shown next to the branches.

showed the presence of nodC and nifH genes. They all
belonged to Mesorhizobium genus of the family Rhizobiaceae.
Most of the Mesorhizobium isolates showed 99% similarity
with Mesorhizobium ciceri (Figure 7). Nevertheless, the genus
Mesorhizobium contains many species with high 16S rRNA gene
sequence identity (Gao et al., 1994; Kwon et al., 2005). Multilocus
sequence analysis of core genes found on chromosomes can
clarify bacterial relationships better than the analysis of a single
locus (Rivas et al., 2009). Phylogenetic tree of concatenated
genes (recA, atpD, glnII, and dnaK) generated from core gene
sequence alignments of the test strains and the described
reference species (Figure 8), revealed six clusters with high
bootstrap support (96 to 100%) at each branch. The different
genospecies of different clades belonged to Mesorhizobium genus.
Genospecies of Clades II and III comprising respectively 10 and
5 strains were found to be closely associated with previously
described microsymbiont of chickpea, M. ciceri WSM4083 and
M. ciceri strain CC1192, respectively. Clade IV comprised strain
MA-448 that was closely related to the M. qingshengii strain
CGMCC1.12.97. Clade V contained strain MA-441 that was
closely related to type strain M. opportunistum WSM2075. The
phylogenetic analysis based on concatenated genes identified
M. plurifarium STM 8773 to be the closest related type strain
to the six strains of Clade VI. However, we propose strains
of Clade I to be unnamed Mesorhizobium genospecies since
they formed separate monophyletic groups, distinct from the
reference Mesorhizobium species. However, sequencing of nodC
gene of tasted strains revealed high similarity with nodC of
M. ciceri and M. mediterraneum (Figure 9) which suggests a
lateral transfer of symbiosis genes across different species in
agreement with several previous studies (Rivas et al., 2007;
Laranjo et al., 2008, 2012).

Previously, Mesorhizobium ciceri (Nour et al., 1994) and
Mesorhizobium mediterraneum (Nour et al., 1995) have been
described as the only two species able to establish an effective
symbiosis with chickpea (Laranjo et al., 2004; Rivas et al.,
2007). However, recent phylogenetic studies on isolates from
different geographical locations revealed that other species
of Mesorhizobium genus may effectively nodulate chickpea
(Laranjo et al., 2014; Shamseldin et al., 2017; Tena et al., 2017)
including M. tianshanense (Rivas et al., 2007), M. huakuii,
M. amorphae (Laranjo et al., 2008), M. loti (Maatallah et al.,
2002; Rai et al., 2012), M. opportunistum and M. muleiense
(Zhang et al., 2012), and Mesorhizobium wenxiniae sp. nov.
(Zhang et al., 2018). Findings of Maatallah et al. (2002)
while studying diversity of rhizobia nodulating chickpea in
Morocco revealed that most rhizobia belonged to the genus
Mesorhizobium, they were closely related to M. ciceri, M. loti
and M. mediterraneum. In this study, we demonstrated that
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FIGURE 8 | Maximum likelihood phylogenetic tree based on concatenated
(atpD, glnII, recA, and dnaK) gene sequences showing the relationships
among chickpea microsymbionts strains, and recognized species of the
genus Mesorhizobium. The bootstrap consensus tree inferred from 1000
replicates to represent the evolutionary history of the taxa analyzed. The
percentage of replicate trees in which the associated taxa clustered together
in the bootstrap test (1000 replicates) are shown next to the branches.

rhizobia nodulating chickpea in Morocco could be classified
with M. ciceri, M. opportunistum, M. qingshengii, M. plurifarium,
and other unnamed Mesorhizobium genospecies. None of the
isolated strains grouped with M. mediterraneum.

FIGURE 9 | Maximum likelihood phylogenetic tree based on partial
sequences of nodC gene. The bootstrap consensus tree inferred from 1000
replicates to represent the evolutionary history of the taxa analyzed. The
percentage of replicate trees in which the associated taxa clustered together
in the bootstrap test (1000 replicates) are shown next to the branches.

In this study, three bacteria isolated from inside surface
sterilized nodules of chickpea showed 92% similarity with the
genus Burkholderia of the family Burkholderiaceae and class
β-proteobacteria. Other bacterial isolates belonged to class
γ-proteobacteria. Ten isolates showed 95% similarity with the
genus Pantoea, 31 isolates showed 97% similarity with the
genus Pseudomonas and eight isolates showed 97% similarity
with the genus Stenotrophomonas, five isolates showed 99%
similarity with Serratia spp. and one isolate 99.8% similarity
with Brevibacterium sp. One isolate showed 99% similarity
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with Bacillus sp. of the family Bacillaceae. This shows that
chickpea nodules contain strains other than symbiotic rhizobia,
in agreement with finding of Shiraishi et al. (2010) reporting
that legumes nodules may contain ‘guest bacteria’ that have
no symbiotic ability. These ‘guest bacteria’ may adhere like
pathogens or plant growth-promoting bacteria (Egamberdieva
et al., 2017). Several recent reviews reported nodulation of other
legumes by species of the class gamma and β -proteobacteria
(Rivas et al., 2009; Berrada and Fikri Benbrahim, 2014;
Shamseldin et al., 2017). Benhizia et al. (2004) presented the
first evidence of γ-proteobacteria occupying root nodules of
Leguminosae, indicating that 16S rDNA sequence analysis of
rhizobia nodulating Hedysarum carnosum, H. spinosissimum,
and H. pallidum were belonging to class γ-proteobacteria
and including Pantoea agglomerans, Enterobacter kobei,
Enterobacter cloacae, Leclercia adecarboxylata, Escherichia
vulneris, and Pseudomonas sp. Moreover, Shiraishi et al. (2010)
reported that Pseudomonas sp. of the γ-proteobacteria can
nodulate Robinia pseudoacacia (black locust). On the other
hand 17 species of Burkholderia and 2 species of Ralstonia
belonging to β-proteobacteria were reported to be able to
nodulate legumes (Shamseldin et al., 2017). Moulin et al.
(2001) reported nodulation of Macroptilium atropurpureum
by Burkholderia species. Other nodulating and nitrogen
fixing Burkholderia species (B. caribensis, B. phymatum, and
B. tuberum) were isolated from Mimosa bimucronata and
Mimosa pigra (Vandamme et al., 2002; Chen et al., 2003, 2005).
Furthermore, B. phymatum is highly promiscuous as it can
effectively nodulate many important legumes such as Phaseolus
vulgaris (Gyaneshwar et al., 2011). Studies of Talbi et al. (2010)
reported that Phaseolus vulgaris was nodulated by B. phymatum
in Morocco. The presence of nod and nif genes has been
demonstrated in those Burkholderia strains by Chen et al. (2005),
and their nodulation genes were phylogenetically very related
to rhizobia of the class α-proteobacteria which shows a lateral
transfer of symbiotic genes in the rhizosphere.

Findings from Sharma et al. (2012) confirm the presence of
Pseudomonas spp. and Erwinia spp. in chickpea nodules in India.
The results of Zaheer et al. (2016) reported the presence of
Serratia spp. as plant growth promoting rhizobacteria in root
nodules of chickpeas grown in Pakistan soils.

To our knowledge, this is the first report showing that nodules
of Cicer arietinum in Morocco contain members of Pantoea
spp., Pseudomonas spp., and Stenotrophomonas spp. from the
class γ-proteobacteria and Burkholderia species from the class
β-proteobacteria. Further studies on the ability of these isolates
to promote chickpea growth might be of interest.

Nowadays, the need to optimize biological nitrogen fixation
is urgent and more important than ever before, given the
global concern about the current climate change disturbing
environmental properties such temperature, water, air and
plant species and causing acidification, salinization and nutrient
unbalance in soils, which reduces crop yields and affects
profoundly agriculture, soil microbiological properties and
interactions between plants and microorganisms (Classen
et al., 2015; Considine et al., 2017). All these factors may
result in altering the microbial distribution and diversity

since soil community members differ in their physiology,
temperature sensitivity, and growth rates (Briones et al., 2014;
Delgado-Baquerizo et al., 2014; Whitaker et al., 2014). For
instance, Plant growth-promoting rhizobacteria (PGPR) regulate
ecosystem functions such as nitrogen fixation, nitrification
and denitrification. Change in the relative abundance of these
microorganisms that regulate specific processes can affect directly
regulation of these processes, plant growth and yields.

Adverse climate conditions are inducing adaptation processes
in plants and microorganisms, which necessitate selection of
adapted plant cultivars. Nevertheless, the use of cultivars not fully
adapted to new environmental conditions could be supported by
the use of adapted plant growth-promotion, particularly under
elevated CO2 conditions where nutrients such as nitrogen might
be limiting, which require the use of enhanced fertilizer. These
bacterial strains respond to warming and other perturbations
through resistance, allowed by the microbial trait plasticity,
or resilience as they return to their initial composition once
the stress had passed (Allison and Martiny, 2008). Mhadhbi
et al. (2008) reported that rhizobia have a more important
contribution to the variance of symbiotic effectiveness under
stress conditions than the used cultivar. Also Compant et al.
(2010) reported that some strains of PGPR can grow better
at a high temperature than at a low temperature and could
be of special interest for application in agriculture exposed to
increased temperatures.

Occurrence of these abiotic stresses might increase in the
near future as a result of global climate change. To boost
crop productivity and alleviate the effects of these stresses,
appropriate crop management techniques are imperative such
as crop rotation, intercropping and biofertilization. Accordingly
and responding to climate fluctuations, development of rhizobia
and PGPR collections and selection of stress tolerant bacteria
seem to be more important than ever as they can be used as
biotechnological tools to support nutrient acquisition, thereby
improving yield improvement, adaptation and mitigation to
global climate change.

CONCLUSION

The present study on endophytic nodulating and non-nodulating
bacteria isolated from chickpea nodules in Morocco revealed
a phenotypic and genotypic diversity. Rhizobia and non-
nodulating bacteria present in chickpea root nodules were almost
equal in proportion.

Studied strains revealed variable response to abiotic stresses
and showed desirable physiological characteristics such as
tolerance to extreme temperatures, pH and salinity and
environmental toxicity. These provide a basis for selecting
rhizobia or potential plant growth promoting bacteria that can be
further used as candidates for formulating appropriate inoculum
to improve nitrogen fixation and eventually chickpea yield and
soil fertility in stressed areas. Some of isolated strains with
high symbiotic effectiveness and efficiency were identified able
to grow at a medium supplemented with 684–855 mM NaCl
and water stress of −0.5 to −0.75 MPa. These potential salt
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and drought tolerant strains might be used for exploitation to
enhance biological nitrogen fixation and chickpea growth in salt
and drought affected areas.

Genotypic characterization showed that all nodulating
bacteria belong to the genus Mesorhizobium. Multilocus
sequence analysis of core genes (recA, atpD, glnII, and dnaK)
showed that most nodulating strains belonged to an unnamed
Mesorhizobium genospecies (clade I). Fifteen strains were
related to M. ciceri (Clades II and III), six strains were
related to M. plurifarium (CladeVI) and only one strain was
closely related to M. opportunistum (Clade V), another strain
was closely related to M. qingshengii (Clade IV) and none
were related to M. mediterraneum. Our results indicated that
the five genospecies that nodulate chickpea share common
symbiosis genes of M. ciceri and M. mediterraneum. In
addition to Mesorhizobium, we found non-nodulating species
belonging to genus Burkholderia, Pantoea, Pseudomonas,
and Stenotrophomonas in chickpea nodules. Further studies
of the ability of those species to promote chickpea growth
might be of interest.
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