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Abstract Twenty four rhizobial strains were isolated from
root nodules of Melilotus, Medicago and Trigonella plants
growing wild in soils throughout Egypt. The nearly complete
16S rRNA gene sequence from each strain showed that 12
strains (50 %) were closely related to the Ensifer meliloti
LMG6133" type strain with identity values higher than
99.0 %, that 9 (37.5 %) strains were more than 99 % identical
to the E. medicae WSM419" type strain, and that 3 (12.5 %)
strains showed 100 % identity with the type strain of
N. huautlense S02". Accordingly, the diversity of rhizobial
strains nodulating wild Melilotus, Medicago and Trigonella
species in Egypt is marked by predominance of two genetic
types, E. meliloti and E. medicae, although the frequency of
isolation was slightly higher in E. meliloti. Sequencing of the
symbiotic nodC gene from selected Medicago and Melilotus
strains revealed that they were all similar to those of the
E. meliloti LMG6133" and E. medicae WSM419" type
strains, respectively. Similarly, nodC sequences of strains
identified as members of the genus Neorhizobium were more
than 99 % identical to that of N. galegae symbiovar officinalis
HAMBI 114.
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1 Introduction

Together with the actinorhizal plants, legumes are best char-
acterized by their ability to establish dinitrogen (N,)-fixing
symbiotic associations with soil bacteria collectively referred
to as rhizobia. Comprehensive reviews of the associations of
bacteria with legumes and the current available knowledge on
the phylogenetic diversity of both rhizobia and other endo-
phytic bacteria inhabiting root nodules have been published
recently (Rivas et al. 2009; Velazquez et al. 2010;
Gyaneshwar et al. 2011; Peix et al. 2015). During the plant-
rhizobial interaction process an exchange of molecular signals
occurs between the two partners leading to the formation of
root nodules, within which symbiotic N, fixation occurs
(Graham 2008).

Among members of the Leguminosae (Fabaceac), the gen-
era Medicago, Melilotus and Trigonella comprise a large num-
ber of species of annual herbs, herbaceous perennials and
shrubs, mostly native to the Mediterranean region (Lesins
and Lesins 1979). These legumes are a biological source of
nitrogen that gives them economic significance in cultivation
for forage or pasture, as well as environmental value in non-
managed ecosystems, and makes them excellent candidates
for use in sustainable agricultural systems (Graham 2008;
Howieson et al. 2008). The N,-fixing rhizobia that are cur-
rently known to nodulate Medicago species are from the ge-
nus Ensifer (syn. Sinorhizobium), of which the species
E. meliloti (de Lajudie et al. 1994) and E. medicae (Rome
et al. 1996) are well characterized microsymbionts (Garau
et al. 2005; Peix et al. 2015). In addition to Ensifer,
Rhizobium mongolense also nodulates Melilotus ruthenica
(van Berkum et al. 1998). Ensifer meliloti has also been iso-
lated from nodules of Melilotus spp. (Yan et al. 2000) and
Melilotus officinalis and Medicago monspelliaca (Pandey
et al. 2004; del Villar et al. 2008). Information about the

@ Springer


http://crossmark.crossref.org/dialog/?doi=10.1007/s13199-015-0365-8&domain=pdf

N.H. El Batanony et al.

symbiosis between Trigonella and rhizobia is relatively scarce
even though it is within the Medicago-Melilotus cross inocu-
lation group. However, recent studies from China have shown
that the symbionts of 7. arcuata are Ensifer (He et al. 2011),
and that Rhizobium tibeticum, which was first isolated from
root nodules of 7. archiducis-nicolai in Tibet (Hou et al.
2009), also nodulated Medicago lupulina, Medicago sativa
and Medicago officinalis (Hou et al. 2009). On the other hand,
Rajendran et al. (2012) failed to isolate rhizobial strains from
nodules of 7. foenum-graecum during a study performed to
investigate the most common nodule-associated bacteria.
Almost nothing is known about the symbionts of Trigonella
spp. growing in North African and Mediterranean countries.
Egyptian Medicago, Melilotus and Trigonella species have
been studied for years, but they are not well characterized in
terms of their symbionts, although there have been several
reports from neighbouring North African and Mediterranean
countries, such as Tunisia (Zakhia et al. 2004) and Algeria
(Sebbane et al. 2006; Arbi et al. 2015). In Egypt, research
on their plant-associated microsymbionts has mainly focused
on cultivated species, and those of wild legumes have been
generally ignored. Medicago, Melilotus and Trigonella grow
wild throughout Egypt and are part of the natural vegetation.
Because very scarce information about their symbiosis is
available, the objective of this study was to explore the diver-
sity of the rhizobia that infect species of the three legume
genera via sequencing of their core (16S rRNA) and symbiotic
(nodC) genes, and to compare the results obtained with iso-
lates from other legumes within the same inoculation group.

2 Materials and methods

2.1 Isolation of bacteria from nodules and culture
conditions

Root fragments (5-10 cm long) containing nodules (5-10/
plant) were collected from healthy Melilotus, Medicago, and
Trigonella plants growing wild in different locations in Egypt,
ranging from the North West Mediterranean coastal region to
the Nile Valley (Table 1). Nodules were kept on ice until they
were taken to the laboratory. They were surface-sterilized by
sequential washing with 96 % ethanol for 10 s, 3 % hydrogen
peroxide for 3 min and, finally, rinsed thoroughly in sterile
distilled water. Tests to validate surface sterilization of plant
tissues were performed by touching the disinfected nodules
several times on the surface of solid yeast extract-mannitol
(YEM) medium (Vincent 1970) prior to isolation of the inte-
rior microbiota. Nodules from the same plant species and lo-
cation were pooled. Twelve nodules from each pool were
placed independently in Petri dishes and crushed in a drop
of sterile water with a sterile glass rod. The resulting suspen-
sion was streaked onto Petri dishes containing YEM
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supplemented with 0.025 g L™' Congo Red and incubated at
30 °C for 10 d. Single colonies were picked and checked
for purity by repeated streaking on YEM medium.

2.2 DNA extraction and PCR amplifications

Genomic DNA was isolated from bacterial cells using the
RealPure Genomic DNA Extraction kit (Durviz, Spain), ac-
cording to the manufacturer’s instructions. The quantity of
DNA was determined by using a Nanodrop spectrophotometer
(NanoDrop ND1000). PCR amplifications of 16S rRNA gene
fragments were carried out using the two opposing primers
41f and 1488r as previously reported (Herrera-Cervera et al.
1999). Three forward primers, nodCF, nodCF2 and nodCFn,
and the reverse primer nodCI were used for amplification and
sequencing of the nodC gene as indicated earlier (Laguerre
et al. 2001). Amplification products were purified using the
Qiagen PCR product purification system and subjected to cy-
cle sequencing using the same primers as for PCR amplifica-
tion, with ABI Prism dye chemistry and analyzed with a 3130
x| automatic sequencer at the sequencing facilities of the
Estacion Experimental del Zaidin, CSIC, Granada, Spain.
The 16S rRNA gene sequences were compared to those de-
posited in EzTaxon-e (Kim et al. 2012) and those of the nodC
gene sequences with homologous sequences in GenBank
using the Phydit software (Chun 2001). 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) and visualized with MEGAS
(Tamura et al. 2011).

2.3 Plant nodulation tests

Seeds of Melilotus, Medicago and Trigonella species were
surface-sterilized with 2.5 % HgCl, for 7 min, followed by
thorough washing in sterile distilled water. The seeds were
then placed in Petri dishes containing 1 % water agar and
allowed to germinate at 30 °C in the dark. Seedlings (3 per
pot) were planted in autoclaved 1 L Leonard jar assemblies
containing sand and vermiculite (1:1, v:v) and inoculated at
sowing with 1 mL of a single bacterial strain (~ 10% cells
mL"). The plants were fed with an N-free nutrient solution
(Fahraeus 1957), grown in a greenhouse under natural day-
light conditions, and harvested at 10 % flowering to check for
nodule formation.

2.4 Accession numbers

Accession numbers of the nucleotide sequences of the strains
used in this study are shown in the phylogenetic trees.
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Table 1  Rhizobial strains isolated in this study from root nodules of Melilotus, Medicago and Trigonella plants

Strain Locality of isolation Host of isolation Closest relative species on basis of 16S tRNA gene  Similarity (%)
EzTazon-e Phydit
NHBM3B  Desouk Melilotus indicus E. medicae WSM419" 99.24 99.36
NHBM16  Izbat Al Maaddiyyah Melilotus messanensis ~ E. medicae WSM419" 99.36 98.94
NHBM22B  Kafr El-Sheikh Medicago intertexta E. meliloti LMG 6133" 99.46 98.93
NHBMS Kom Awshim Melilotus indicus E. medicae WSM419" 99.61 99.31
NHBM13 Kom Awshim Melilotus indicus E. medicae WSM419" 100 99.60
NHBM14 Kom Awshim Melilotus indicus E. meliloti LMG 6133" 98.52 98.52
NHBMI18 Kom Awshim Melilotus siculus E. medicae WSM419" 99.92 99.60
NHBM19 Kom Awshim Melilotus siculus E. meliloti LMG 61337 97.71 97.71
NHBMIS5 Kom Awshim Melilotus indicus Variovorax not applicable
NHBM23 Fayoum Medicago intertexta E. medicae WSM419" 95.83 95.42
NHBM25 Fayoum Medicago polymorpha  N. huautlense S027 100 100
NHBM9 40 km west of Rosetta sea coast  Melilotus indicus E. meliloti LMG 61337 100 100
NHBM12 Janaklis Melilotus indicus E. meliloti LMG 61337 91.67 90.56
NHBM17 40 km west of Rosetta sea coast  Melilotus messanensis  E. meliloti LMG 61337 99.56 99.56
NHBM21 40 km west of Rosetta sea coast Medicago sativa N. huautlense S027 100 100
NHBM10A El-Amerya Melilotus indicus E. medicae WSM419" 100 100
NHBM10B El-Amerya Melilotus indicus E. medicae WSM419" 100 99.69
NHBM24 Alexandria Medicago polymorpha  E. medicae WSM419" 99.72 99.43
NHBTR69  Alexandria Trigonella maritima E. meliloti LMG 61337 95.49 94.66
NHBTR70  Alexandria Trigonella maritima E. meliloti LMG 61337 100 99.75
NHBTR72  Western coastal region Trigonella maritima E. meliloti LMG 61337 100 100
NHBTR74  Western coastal region Trigonella maritima E. meliloti LMG 61337 95.17 94.65
NHBM6 Al Dakhilah Melilotus indicus Paenibacillus not applicable
NHBM?7 Burj Al Arab Melilotus indicus Brevibacillus not applicable
NHBM26 Suez Medicago laciniata E. meliloti LMG 61337 92.42 91.45
NHBM27  Western coastal region Medicago laciniata E. meliloti LMG 61337 91.78 90.81
NHBM29 Western coastal region Medicago laciniata N. huautlense S027 100 100
NHBM4 Tamalay Melilotus indicus Paenibacillus not applicable
3 Results NHBM10A, NHBM10B, NHBM12 and NHBM13 from

3.1 Phylogenetic analysis of 16S rRNA and nodC genes

Twenty eight bacterial strains, 12 from Melilotus, 8 from
Medicago and 8 from Trigonella species, were isolated from
extracts of nodules taken from healthy plants growing wild in
different locations in Egypt (Table 1). Partial sequences of the
16S rRNA gene from each strain revealed that 24 strains were
members of the family Rhizobiaceae of the
Alphaproteobacteria and that the remaining 4 strains belonged
to the genera Paenibacillus (2 strains), Variovorax and
Brevibacillus, respectively (Table 1). Among the
Rhizobiaceae, 21 strains were classified as belonging to the
genus Ensifer and 3 belonged to the genus Neorhizobium
(Table 1). A neighbor-joining tree (Fig. 1) and EzTaxon-e
analysis (Table 1) constructed from the 16S rRNA gene se-
quences indicated that strains NHBM3B, NHBMS5,

Melilotus indicus, NHBM16 from Melilotus messanensis,
NHBM18 from Melilotus siculus, NHBM23 from Medicago
intertexta and NHBM24 from Medicago polymorpha clus-
tered with E. medicae WSM419" with identity values higher
than 99 %. Also, that strains NHBM9, NHBM12 and
NHBM14 from Melilotus indicus, strain NHBM17 from
Melilotus messanensis, strain NHBM19 from Melilotus
siculus, strain NHBM22B from Medicago intertexta, and
strains NHBM26 and NHBM?27 from Medicago laciniata
grouped with E. meliloti LMG6133T with identity values
higher than 99.0 %. Strains NHBTR69, NHBTR70,
NHBTR72 and NHBTR74 isolated from 7. maritima also
clustered with E. meliloti LMG6133" with identity values
higher than 99.0 %. Together with strains in genus Ewnsifer,
strains NHBM21, NHBM25 and NHBM?29 that were isolated
from nodules of Medicago sativa, Medicago polymorpha and
Medicago laciniata, respectively, showed 100 % identity with
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Fig. 1 Neighbor-joining
phylogenetic tree based on partial
16S rRNA sequences of strains
from nodules of Melilotus,
Medicago and Trigonella and
phylogenetically related species
within members of the
Rhizobiaceae. 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 by Azospirillum
caulinodans OTS7517
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the type strain N. huautlense S02". The 4 non-rhizobial strains
from nodules of Melilotus indicus i.e. Paenibacillus strains
NHBM4 and NHBMG6, Brevibacillus strain NHBM7 and
Variovorax strain NHBM15 (Table 1) were not further char-
acterized in this study.

Utilization of different primer combinations resulted in am-
plification of the nodC gene of strains NHBM3B, NHBM 16,
NHBM18, NHBM23 and NHBM24 that were chosen as rep-
resentatives of those previously identified as E. medicae and
isolated from different host plants (Table 1). Similar results
were obtained when strains NHBM9, NHBM17, NHBM 19,
NHBM22B and NHBM26, representing those showing iden-
tity with E. meliloti (Table 1), were used for PCR amplifica-
tion of their nodC genes. The primer pair nodCF/nodCI was
also useful to amplify the nodC gene of the strains NHBM?21,
NHBM25 and NHBM29 identified as N. huautlense that were
isolated from Medicago sativa, Medicago polymorpha and
Medicago laciniata, respectively. Pairwise alignments be-
tween globally aligned sequences of nodC from the strains
isolated in this study with those of the corresponding Ensifer
and Neorhizobium species showed that strains NHBM3B,
NHBM16, NHBM18, NHBM23 and NHBM24 varied be-
tween 99.42 % and 99.74 % identity to those of the nodC from
E. medicae 1037", that the nodC sequences of strains
NHBM9, NHBM17, NHBM19, NHBM22B and NHBM26
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were between 99.34 % and 99.74 % identical to those of
E. meliloti ATCC 99307, and that the similarities of the
nodC sequences from strains NHBM21, NHBM25 and
NHBM29 to those of N. galegae symbiovar (sv.) officinalis
HAMBI114 ranged from 98.73 % to 99.45 %. A phylogenetic
tree showing the relationship between the nodC genes from
the strains isolated from the nodules of Melilotus/Medicago
showed that they belonged to the species E. meliloti and
E. medicae and were affiliated to the symbiovar meliloti of
E. meliloti (Fig. 2), whereas the strains that were related to the
species N. huautlense were affiliated with the symbiovar
officinalis of N. huautlense (Fig. 3).

3.2 Plant nodulation tests

Plant nodulation tests under greenhouse conditions showed
that the representative strains formed effective nodules on
the roots of their corresponding host plants. Indirect indica-
tions of effectiveness of the nodules for nitrogen fixation were
obtained by visual inspection of the presence of the red
leghemoglobin protein in nodule cross-sections and by the
dark green intensity of the leaves compared to uninoculated
control plants. No nodulation was detected when strains in the
genera Paenibacillus, Brevibacillus and Variovorax were used
for inoculation.
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Fig. 2 Neighbor-joining
phylogenetic tree based on partial
nodC sequences of strains from
nodules of Melilotus and
Medicago species and of

E. meliloti symbiovars. Bootstrap
values are indicated as
percentages derived from 1000
replications. Values lower than 70
are not shown. Bar, 2 nucleotide
substitution per 100 nucleotides
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4 Discussion

In this study, the isolation and identification of rhizobial bac-
teria from root nodules of Melilotus, Medicago and Trigonella
plants growing in the wild is reported. Collectively, out of the
24 strains isolated, 12 were identified as E. meliloti, 9 as
E. medicae and 3 as N. huautlense. These results suggest that
the diversity of Ensifer strains nodulating species in the
Melilotus-Medicago-Trigonella inoculation group in Egypt
is marked by the predominance of two genetic types,

Fig. 3 Neighbor-joining
phylogenetic tree based on partial
nodC sequences of strains from

nodules of Medicago species and
of Rhizobium symbiovars.
Bootstrap values are indicated as
percentages derived from 1000

100 E. fredii USDA20ST (AY260149)
100' E. sojae CCBAU 05684T (GU593061)

E. meliloti and E. medicae, although the frequency with which
E. meliloti was isolated was slightly higher (50 %) than that of
E. medicae (37.5 %). Since the nodules were sampled from
wild plants growing in very different locations throughout
Egypt, the data suggest that there are no biogeographical dif-
ferences among the symbionts. A much higher predominance
of E. meliloti over E. medicae was reported after isolation of
rhizobia from nodules of Melilotus, Medicago and Trigonella
growing in a Central Asian soil (Roumiantseva et al. 2002)
and from nodules of Medicago sativa, Medicago lupulina and
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Medicago polymorpha growing in Mexican soils (Silva et al.
2007). However, a predominance of E. medicae has been ob-
served in the nodules of M. lupulina and T. foenum-graecum
grown in Spanish soils (Iglesias et al. 2007). With regard to
Melilotus, Medicago and Trigonella symbionts from the
Mediterranean basin, Zakhia et al. (2004) have shown that,
in contrast with our data, Medicago sativa is nodulated
by E. meliloti in infra-arid soils from Tunisia, and Sebbane
et al. (2006) found that Medicago polymorpha grown in
Algeria is not nodulated by E. medicae but by taxonomically
unidentified rhizobial strains. In addition, Arbi et al. (2015)
have reported that Melilotus indicus growing wild in the
Algerian Sahara forms nodules with E. meliloti, which agrees
with the present study that both E. meliloti and E. medicae
nodulate this legume species. Similar to the Egyptian species,
Medicago polymorpha when introduced into Australia is
nodulated by E. medicae, and it is particularly associated with
annual M. polymorpha that are well adapted to moderately
acid soils (Garau et al. 2005). The pH of the soils in which
the Egyptian legumes were grown was not determined, so
a relationship between pH and the predominant Ensifer
species found in the nodules from the present study cannot
be determined.

Regardless of the legume species, E. meliloti and
E. medicae were isolated from nodules of both Melilotus and
Medicago, but E. medicae was not detected within nodules
from T. maritima (Table 1). In this study Trigonella were
nodulated by E. meliloti, a result coincident with that of He
et al. (2011) who showed that 7. arcuata is also nodulated by
E. meliloti. Indeed, E. meliloti strains CCBAU 83848,
CCBAU 83856, CCBAU 83881, CCBAU 83884, and
CCBAU 83887 isolated from 7. arcuata clustered together
with those from 7. maritima that were isolated during the
present study (Fig. 1). On the other hand, as only four strains
were isolated from 7. maritima, additional surveys are re-
quired to understand the consistency of the association be-
tween it and E. meliloti.

With a frequency of 12.5 %, the species N. huautlense was
isolated exclusively from nodules of the genus Medicago,
including Medicago sativa, Medicago polymorpha and
Medicago laciniata (Table 1). To our knowledge this is the
first report showing nodulation of Medicago by this rhizobial
species. Rhizobium huautlense was first isolated from
Sesbania herbacea (Wang et al. 1998) and, together with
R. galegae, R. alkalisoli and R. vignae, has been shown to
form a separate clade from Rhizobium which represents a
new genus, and for which the name Neorhizobium was pro-
posed (Mousavi et al. 2014).

Analysis of the nodC sequences revealed that strains iso-
lated from Melilotus belonged to symbiovar meliloti of
E. meliloti (Fig. 2), and that those from nodules of Medicago
were affiliated with either E. meliloti symbiovar meliloti or
with N. huautlense symbiovar officinalis (Fig. 3). A high
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degree of similarity (higher than 99 %) was found between
the nodC genes of E. medicae and E. meliloti. These results
agree with those of Ramirez-Bahena et al. (2015) who sug-
gested that symbiovar meliloti should be recognised within
the species E. medicae. Because of the very few divergences
found among the sequences within each species, diversity is
scarce among the strains isolated in this study. The 12
E. meliloti, 9 E. medicae and the 3 N. huautlense strains iden-
tified in this study are true symbionts of their corresponding
host legumes as, after nodule isolation, they were able to es-
tablish effective symbioses with the Medicago sativa,
Medicago polymorpha and T. maritima seedlings that were
used for the plant inoculation tests. Cross-inoculation tests
were not carried out in this study.

Nodules from Melilotus indicus also harbored species in
the genera Paenibacillus, Variovorax and Brevibacillus
(Table 1), but the isolation of these endophytes does not nec-
essarily mean that they are restricted to Melilotus indicus.
Together with rhizobia, legume nodules are occupied by a
variable microbiome composed of very phylogenetically
diverse bacteria, mainly species, genera, families and
classes within the phyla Proteobacteria, Firmicutes and
Actinobacteria (reviewed in Velazquez et al. 2013; Peix
et al. 2015). Nodule endophytes have been shown to produce
indole acetic acid (IAA) and siderophores, to express both N,-
fixation and 1-amino-cyclopropane 1-carboxylate (ACC) de-
aminase activities, and are also involved in antifungal biocon-
trol. However, although all the aforementioned traits are relat-
ed to plant growth promotion ability (Pérez-Montaiio et al.
2014), the isolation of endophytic bacteria from nodules
is also considered to be a source of potential confusion when
trying to identify the actual nodulating symbiont (Gyaneshwar
et al. 2011). Moreover, recent work has shown that some
endophytes have the capacity to accompany rhizobial cells
during the infection process to enter inside the root nodules
using it as a niche without any obvious benefit to the plant
(Zgadzaj et al. 2015).
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