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a  b  s  t  r  a  c  t

Forest  fires  lead  to the  annual  disappearance  of many  natural  formations  that  require  the creation  of
firewall  areas.  They  can be  maintained  by  enriching  their  pastures  with  attractive  plants  for  grazing
livestock,  mainly  legumes,  which  have a high  protein  content  and  low  dependence  on  N  fertilizers  due to
their ability  to establish  nitrogen-fixing  symbiosis  with  rhizobia.  In this  study,  the rhizobia  isolated  from
the  nodules  of  six legumes  from  the  genera  Vicia,  Lathyrus  and Trifolium  were  analysed  in  a  firewall  zone
established  in  Lanjarón  (Granada)  close  to the  Sierra  Nevada  National  Park  (Spain).  The  results  showed
a high  genetic  diversity  of  the  isolated  strains  that  had  3, 16,  14 and  13  different  types  of rrs,  recA,  atpD
and  glnII  genes,  respectively.  All  strains  were  phylogenetically  close  to the  species  from  the  Rhizobium
icia
rifolium
dentification
hylogeny

leguminosarum  group,  although  they  were  not  identified  as any  of  them.  The  isolated  strains  belonged  to
the  symbiovars  viciae  and  trifolii  but  high  phylogenetic  diversity  was  found  within  both  symbiovars,  since
there  were  16 and 14 nodC  gene  types,  respectively.  Some  of these  strains  clustered  with  strains  isolated
in  other  countries  and  continents,  but others  formed  atpD,  recA,  glnII  and  nodC  clusters  and  lineages  only
found  to  date  in  this  study.
ntroduction

Forest fires are a serious problem that cause the annual loss of
any natural formations. This is particularly serious when they

ffect national parks where endemisms or threatened plants are
ocated, as occurs in the case of Sierra Nevada National Park in
outheast Spain. This park is one of the nine Biosphere Reserves
n the UNESCO GLOCHAMOST (Global and Climate Change in

ountain Sites) project (http://www.unesco.org/new/en/natural-

ciences/environment/ecological-sciences/specific-ecosystems/
ountains/glochamost). It constitutes a unique refuge for bio-

iversity where 2100 plant species have been catalogued as
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endemics, of which 116 are threatened [7]. Therefore, fires affect-
ing this ecosystem can lead to the disappearance of unrecoverable
species, and fire prevention is one of the main objectives of park
management. One of the best known preventive practices against
fire is the creation and maintenance of firewall areas that can be
attained by mechanical means or by livestock grazing [28,47].
However, the Sierra Nevada National Park is a pioneer in Spain
for the establishment of firewalls maintained by grazing goats
and sheep without mechanical intervention. This requires the
enrichment of firewall pastures with plants attractive enough for
grazing livestock in order to clean the grass from the area ready
for the summer. Within these plants, legumes have advantages
over grasses or cereals because they are mainly based on low
dependence of N fertilizers and a high protein content [31]. There-
fore, it is good practice to sow the pastures with autochthonous

legumes whose endosymbionts are already present in the soil and,
if necessary, inoculate seeds before sowing in order to ensure their
persistence. Since fast growing rhizobia are the easiest candidates
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o handle for preparing inoculants, the most adequate legumes
or sowing firewalls are those that establish symbiosis with these
ypes of rhizobia. Within them, the species of the genus Rhizobium
stablish symbiosis with Vicia and Trifolium, two  legumes that are
resent in European pastures [22].

Vicia and other legumes from the same cross inocula-
ion group, such as Pisum,  Lens and Lathyrus, are nodulated
y the symbiovar viciae of several species, such as Rhi-
obium leguminosarum, Rhizobium pisi, Rhizobium fabae,
hizobium laguerreae,  Rhizobium bangladeshense, Rhizo-
ium lentis, Rhizobium binae and Rhizobium anhuiense
2,4,8,12–14,21,32,33,35–38,44–46,48,50,51,54–58,61,62,64],
hereas Trifolium species are nodulated by the symbio-

ar trifolii of R. leguminosarum, R. pisi and R. aegyptiacum
23,25,34,41,42,44,46,52,63]. Some of these strains have been
solated in North Spain [2,34] and in Central Spain [44–46], but
here are no data concerning the rhizobial strains nodulating these
osts in South Spain.

Therefore, the aims of this study were the identification of
he rhizobial species and symbiovars nodulating several species
f the genera Vicia, Lathyrus and Trifolium naturally present in the
anjarón region (Granada, South Spain) through the phylogenetic
nalysis of chromosomal and symbiotic genes, as well as the analy-
is of their relationships with strains nodulating these legume hosts
n other geographical locations.

aterials and methods

solation of rhizobial strains and nodulation tests

Sampling was carried out in March 2013 at Lanjarón (36◦ 56′

, 3◦ 29′ W)  in an experimental plot close to a firewall area
n order to isolate rhizobia establishing symbiosis with different
rassland legumes naturally present in this mountainous area. The
erbaceous part of the soil was removed and the soil samples
ere conserved at 4 ◦C. Legume seeds of Lathyrus cicera, Lath-

rus intricatus (Lathyrus hygrophilus), Vicia sativa subsp. angustifolia
Vicia amphicarpa), Vicia disperma, Trifolium cherleri and Trifolium
lomeratum were collected in the same area. The seeds of these
egumes were sterilized by immersion in 1% sodium hypochlorite
or 10 min, and subsequently washed five times with sterile dis-
illed water before soaking in water for 3 h. Subsequently, the seeds
ere washed again with sterile distilled water and transferred into

terile petri dishes containing sterile filter paper. The seeds were
erminated in these plates for 2–4 days at 20 ◦C in darkness, and

 minimum of 1 mL  sterile water was maintained on each plate
uring this time.

The germinated seeds were transferred to 12-cm diameter pots
four seedlings per pot) using six pots for each plant species. These
ots were prepared with a 3:1 ratio of washed sterile sand and a
ixture of the soils sampled from the firewall area. The sand and

he pots were autoclaved once a day for three consecutive days to
void proliferation of strains with resistant forms (spores). After
terilization, the sand was mixed with the soil and poured into the
ots. To avoid moisture loss and fungal contamination, the surface
f each pot was covered with sterile perlite. The pots were main-
ained for four weeks in a growth chamber with a day/night cycle
f 16/8 h and 22/16 ◦C, and periodic watering with sterilized water
7]. After this time, the plants were removed from the pots, the

oots were washed with sterile water, and the nodules showing

 pink colour, indicating they were effective for nitrogen fixation,
ere collected individually. Isolation of rhizobia was  carried out on

ryptone-yeast (TY) medium according to Beringer [6].
d Microbiology 40 (2017) 92–101 93

The nodulation experiments were carried out on the same
legumes from which the rhizobial strains were isolated, as previ-
ously described [34].

RAPD fingerprinting

For DNA extraction, the cells incubated for 24 h in liquid TY
medium [6] at 28 ◦C were centrifuged at 10,000 × g for 30 s and
washed with 0.1% Sarkosyl in TE buffer (Tris–HCl, 10 mM;  EDTA,
1 mM;  pH 8) in order to facilitate cellular lysis. DNA was extracted
with the RealPure genomic DNA extraction kit (Durviz, S.L.U.,
Valencia, Spain) following the manufacturer’s instructions. Briefly,
pelleted cells were washed with 0.1% L-laurylsarcosine in TE buffer
at pH 8. The cells were lysed by incubation for 5 min  at 80 ◦C and
then subjected to RNAse treatment at 37 ◦C for 60 min. The proteins
were removed, and the DNA was  precipitated with 2-propanol.
RAPD patterns were obtained as previously described [40] using
the primer M13  (5′-GAGGGTGGCGGTTCT-3′). PCR conditions were:
preheating at 95 ◦C for 9 min; 35 cycles of denaturing at 95 ◦C for
1 min; annealing at 45 ◦C for 1 min  and extension at 75 ◦C for 2 min,
and a final extension at 72 ◦C for 7 min. A total of 10 �L of each
PCR product was electrophoresed on 1.5% agarose gel in TAE buffer
(40 mM  Tris, 0.1142% acetic acid, 0.2 mM EDTA, pH 8.5) at 6 V/cm,
stained in a solution containing 100 �L L−1 GelRedTM (Biotium Inc.,
Hayward, CA), and photographed under UV light. The standard used
as a size marker was �29 digested with HindIII. A dendrogram
was constructed based on the matrix generated using the UPGMA
method and the Pearson coefficient with Bionumerics version 4.0
software (Applied Maths, Austin, TX).

Sequence analysis of rrs,  atpD, recA, glnII and nodC genes

The rrs gene was  amplified and sequenced according to Rivas
et al. [39], the atpD and recA genes as described by Gaunt et al.
[11], the glnII gene as described by Vinuesa et al. [59], and the
nodC gene as described by Laguerre et al. [20]. PCR amplifications
were performed with the Master Taq Kit

®
(5PRIME, Germany) fol-

lowing the manufacturer’s instructions. The bands corresponding
to the different genes were purified directly from the gel by elu-
tion of the excised band and filtration through Silica gel columns
using the IllustraTM GFXTM PCR DNA and Gel Band Purification Kit
(GE Healthcare, UK) following the manufacturer’s instructions. The
sequence reaction was  performed on an ABI PRISM 3130xl Genetic
Analyzer using a BigDye

®
Terminator v3.1 Cycle Sequencing kit

(Applied Biosystems Inc., USA) as supplied by the manufacturer. The
sequences obtained were compared to those held in GenBank by
using the BLASTN program [1]. They were aligned by using Clustal
W software [54]. Distances calculated according to Kimura’s two-
parameter model [18] were used to infer phylogenetic trees with
the neighbour-joining method [49] and MEGA5 software [53]. Con-
fidence values for nodes in the trees were generated by bootstrap
analysis using 1000 permutations of the data sets. The accession
numbers of the sequences obtained in this study are shown in Table
S1.

Results and discussion

Isolated strains and RAPD fingerprinting

A total of 43 strains were isolated from V. amphicarpa, 38 strains
from V. disperma, 36 strains from L. intricatus, 40 strains from L.
cicera, 42 strains from T. cherleri and six strains from T. glomera-

tum. They were all able to reinfect the host from which they were
isolated and formed effective (pink) nodules. The genetic diver-
sity of the isolated strains was  analysed by RAPD fingerprinting,
a technique commonly applied to the genetic diversity analysis
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Rhizobium binae BLR195T (JN648932)
Rhizob ium  bang ladesh ens e BLR175T (JN648931)
Rhizob ium  aegypti acu m 1010T (JQ670243) 
Rhizob ium  sophor iradicis CCBAU  0347 0T (KJ831225)

Rhizobium le nti s BLR27T (JN648905 )
Rhizob ium etli  CFN42T (NC 0077 61)  

Rhizobium fabae CCBAU 33202T (DQ835306) 
Rhizobium pisi DSM 30132T (AY509899)

Rhizobium phaseoli ATCC 14482T (EF141340)
Rhizob ium  ecuadorense  CNPSO671T (JN129381)

Rhizobium acidisoli FH13T (KJ921033)
Rhizob ium  ind igo ferae  CCBAU  7104 2T (AY034027)
Rhizob ium  legum inosar um USDA  237 0T (JQ085246)  
Rhizobium laguerreae FB206T (JN558651)
Rhizob ium  sophor ae CCBAU  0338 6T (KJ831229)
Rhizob ium anhu ien se CCBAU  2325 2T (KF111868)
Type 1
Type 2

Type3
Pseudorhizobium pelagicum R1-200 B2 T (JOKI01000001)

59
51

50

96

93

55

76

64

0.005

Fig. 1. Neighbour-joining phylogenetic rooted tree based on rrs gene sequences showing the position of the studied strains and the closest related type strains of the validly
described Rhizobium species. Bootstrap values calculated for 1000 replications are indicated. Bar, 5 nt substitutions per 1000 nt. Strains corresponding to the different rrs
types  are given in Table S3 and the accession numbers in Table S1.

Rhizobium sophorae CCBAU 0338 6T (KJ831252)
Type  1

Type  2
Type  3

Type  7
Type  6

Type  8
Type  9

Rhizob ium  laguerreae  FB20 6T (JN558681)
Type  4

Type  5
Type  14
Type  13

Type  11
Type  12

Type  10
Rhizob ium  ind igo ferae  CCBAU 71042T (EF027965 ) 
Rhizob ium   legum inosa rum USDA  237 0T (AJ294376)

Type  15
Type 16

Rhizob ium  ecuadorense  CNPSO 671T (NZ_LFIO0 100 038 1)
Rhizob ium  fabae  CCBAU  3320 2T (EF579941 ) 

Rhizobiu m pisi DSM 3013 2 T (EF113 134)
Rhizob ium  acidis oli  FH1 3T (KJ921098)
Rhizob ium anhu ien se CCBAU 2325 2T (KF111980)

Rhizob ium aegyptiacum  1010T (KU664569)
Rhizob ium  bang ladesh ens e BLR 175T (JN649057)

Rhizob ium etli  CFN42T (NC 0077 61)
Rhizobium lentis BLR27T (JN649031)

Rhizob ium  binae  BLR 195T (JN649058)
Rhizob ium  sophor iradicis CCBAU  0347 0T (KJ831248)

Rhizob ium  phaseoli  ATCC1448 2T (EF113136 )
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Fig. 2. Neighbour-joining phylogenetic tree based on the recA gene sequences showing the position of the studied strains and the closest type strains of the validly described
Rhizobium species. Bootstrap values calculated for 1000 replications are indicated. Bar, 1 nt substitution per 100 nt. Strains corresponding to the different recA types are given
in  Table S3 and the accession numbers in Table S1.
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f rhizobial strains isolated from Vicia and Trifolium [2,34,50,57].
he results of the RAPD analysis (Table S2, Fig. S1) showed a high
iversity of the isolated strains and the existence of 54 groups or
ranches with a similarity lower than 70% from which representa-
ive strains of different hosts were selected for core and symbiotic
ene analyses.

nalysis of the rrs gene

The rrs (16S rRNA) gene is the current basis of rhizobial classi-
cation within the family Rhizobiaceae [19] in which several new
enera have recently been described and several others have been
ecovered following the analysis of this gene. Currently, this fam-
ly includes the old genera Rhizobium,  Carbophilus, Chelatobacter,
nsifer, Sinorhizobium (which contains remnant species not reclas-
ified into the genus Ensifer)  and Shinella [3,19], the recovered
enera Allorhizobium and Agrobacterium [27], and the new genera
iceribacter [16], Neorhizobium [26], Pararhizobium [27] and Pseu-
orhizobium [17]. Therefore, the analysis of the 16S rRNA gene is
ssential to classify legume nodule endosymbionts at the genus
evel.

All strains isolated in this study from Vicia, Lathyrus and Trifolium
ad closely related rrs genes and belonged to the phylogenetic
roup of R. leguminosarum, which is the type species of the genus
hizobium (Table S3, Fig. 1). Most strains isolated in this study were
rs type 1 whose sequences were identical to those of the type strain
f R. leguminosarum,  the most common endosymbiont of Vicia and
rifolium in Spain [2,34], Rhizobium indigoferae nodulating several
egumes in China [60], R. laguerreae nodulating Vicia in different
ontinents [48], R. anhuiense nodulating Vicia and Pisum in China
64], Rhizobium sophorae nodulating Sophora in China [15], and Rhi-
obium acidisoli nodulating Phaseolus in Mexico [43]. The rrs gene of
he strains showing rrs type 2 differed by one nucleotide compared
o those with rrs type 1, and the strains with rrs type 3 differed
y three nucleotides with respect to strains that had types 1 and 2
Fig. 1). Considering the fact that several recently described species
ithin the genus Rhizobium have identical rrs genes, the strains

howing rrs types 2 and 3 could belong to undescribed species
ithin this genus. Nevertheless, the high similarity of this gene in

he species of the R. leguminosarum phylogenetic group makes the
nalysis of other genes necessary for the differentiation of these
pecies. This was first observed in the revision of the taxonomic
tatus of the species R. leguminosarum in which two  housekeeping
enes, recA and atpD, were used to differentiate this species from
ts closest relative R. pisi [33].

nalysis of recA, atpD and glnII genes

The recA and atpD genes were included in the most recent Rhi-
obium species descriptions, and particularly in those belonging to
he R. leguminosarum phylogenetic group, which harboured identi-
al rrs genes but divergent recA and atpD genes, such as R. laguerreae
48], R. sophorae [15], R. anhuiense [64] and R. acidisoli [43]. Only R.
ndigoferae [60] is probably a later synonym of R. leguminosarum
onsidering the closeness of the recA and atpD genes between the
ype strains of these species [5,9]. The glnII gene has also been
ncluded in the description of recent new species of the R. legumi-
osarum group [15,43,64] and it is currently available for the type
trains of several Rhizobium species, but not for all, and therefore
he three genes were analysed separately in this study.

The analyses of these genes in the strains isolated in this work
howed that they presented 16, 14 and 13 different types of recA,

tpD and glnII genes, respectively (Table S3, Figs. S2–S4). Some
trains with different recA, atpD and glnII types grouped with simi-
arity values higher than 99%, but most of them formed groups with
ower identity values or formed independent lineages (Figs. S2–S4). Ta
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Type  1
Type 2

Type  3
Rhizobiu m laguerreae  FB206T (JN558661)

Rhizob ium  sophor ae CCBAU 0338 6T (KJ831235) 
Type  14
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Type 7
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Rhizob ium anhu ien se CCBAU 2325 2T (KF111890)

Rhizob ium  ecuadorense  CNP SO 67 1T (NZ_LFIO0 1000 381 )
Rhizobium acidisoli FH13T (KJ921069)

Rhizob ium  ind igo fera e CCBAU  7104 2T (GU552925) 
Rhizobium leguminosarum USDA 237 0T (AJ294405) 

Rhizob ium  sophor iradicis CCBAU 0347 0T (KJ831231)
Rhizob ium  fabae  CCBAU 3320 2T (EF579929 ) 

Rhizobiu m pisi DSM 3013 2T (EF113149 )
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The comparison of the recA, atpD and glnII types with the type
trains of closely related Rhizobium species in the rrs gene analysis
onfirmed that all strains isolated in this study were related to the
pecies of the R. leguminosarum phylogenetic group. Nevertheless,
hey could not be assigned to any of these species because the dis-
ances of the recA, atpD and glnII genes were similar or higher than
hose found between different species, which had similarity values
or these genes lower than 97% (Figs. 2–4). The isolated strains were
istributed into several clusters with internal similarities higher
han 97% that included different strains depending on the analysed
ene. In the case of the recA gene, eight phylogenetic groups or lin-
ages were found, whereas only six and five phylogenetic groups or
ineages were found after atpD and glnII gene analyses, respectively
Figs. 2–4).

Most of the strains showing rrs type 1 were included within
luster I in the recA and atpD gene analyses, and cluster I and lin-
age III in the glnII analysis (Tables 1 and S3). The closest species for
trains of cluster I were R. laguerreae,  with similarity values lower
han 97% in the atpD gene, and R. leguminosarum with less than
8% similarity in the recA and glnII genes (Table S3, Figs. 2–4). In
he case of strains from glnII lineage III, with only 95% similarity
ith respect to those from cluster I, the most closely related species
as R. laguerreae with 95.8% similarity. Therefore, all these strains

hould be included in a single taxon, despite the phylogenetic diver-
ence of strains from glnII lineage III, because several strains were

istributed among the clusters and lineages for the three analysed
enes. This taxon could not be assigned to any of the described
pecies from the R. leguminosarum phylogenetic group when the
istances commonly found among these species were considered.
e position of the studied strains and the closest type strains of the validly described
t substitution per 100 nt. Strains corresponding to the different atpD types are given

The remaining strains with rrs type 1 belonged to cluster II in the
recA and atpD gene analyses and corresponded to those from glnII
cluster IV (Tables 1 and S3). The closest relatives of these strains
were R. leguminosarum with less than 98% similarity in the recA
gene and R. laguerreae with less than 96% and 95% in the atpD and
glnII genes, respectively. Therefore, the strains from the mentioned
clusters, with internal similarity values higher than 99% in the recA,
atpD and glnII genes, could not be assigned to any described species
of the genus Rhizobium and belonged to a different taxon phylo-
genetically divergent to that constituted by the remaining strains
from rrs type 1 (Figs. 2–4).

The strains showing rrs type 2 were included in clusters VIII and
VI in the phylogenetic trees of the atpD and recA genes, respectively,
with internal similarities higher than 98%, and they corresponded
to glnII lineage II (Tables 1 and S3). The closest related species was R.
leguminosarum for both recA and glnII genes, with similarity values
higher than 98%. However, in the case of the atpD gene the strains
were phylogenetically divergent from all species, sharing similar-
ities of lower than 96% with respect to R. laguerreae,  which was
the most closely related species (Figs. 2–4). Therefore, these strains
could represent a novel species of the genus Rhizobium because,
despite the fact that their recA and glnII genes were closely related
to those of certain described species from the R. leguminosarum
group, they had different rrs and atpD genes.

The strains with rrs type 3 belonged to glnII cluster V and lin-

eage IV, recA clusters III and IV and lineages V–VII, and atpD cluster
III and lineages IV and V (Tables 1 and S3). The similarities found
among strains with rrs type 3 were higher than 94% in the case of
the atpD gene, 96% in the case of the recA gene and 97% in the case
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f the glnII gene. Their closest related species were R. sophorae and
. laguerreae for the atpD and glnII genes, respectively, with less
han 97% similarity in both cases, and R. leguminosarum in the recA
ene with less than 98% similarity (Figs. 2–4). These values, which
re within the current limits for Rhizobium species differentiation,
nd particularly the differences found in the rrs gene with respect
o the species from the R. leguminosarum group, supported that the
trains with rrs type 3 could belong to a novel species within the
enus Rhizobium.  Nevertheless, the delineation of this species was
nclear since the strains included in atpD cluster III (internal sim-

larities higher than 97%) had phylogenetically divergent recA and
lnII genes, particularly the strains from glnII type 7, which were
ore related to the strains of cluster IV than those of cluster V in

he phylogenetic analysis of this gene. Moreover, the strains show-
ng atpD type 6 (lineage V) and recA type 10 (lineage VII) constituted
hylogenetically divergent lineages.

Therefore, considering the similarity values of the rrs,  recA, atpD
nd glnII genes commonly found among the described species of
he R. leguminosarum group, the strains from this study could not
e assigned to any of them and, although some gene sequences
ere at the limit for species differentiation, they could represent

everal new species within the genus Rhizobium.
A comparison with the recA, atpD and glnII genes of strains iso-

ated from Vicia, Pisum,  Lens, Lathyrus and Trifolium nodules in other

eographical locations showed that some of them grouped with
he strains from this study with similarity values higher than 98%.
s occurred in the case of the type strains, particularly for the
lnII gene, only one or two of these genes were available for cer-
e position of the studied strains and the closest type strains of the validly described
t substitution per 100 nt. Strains corresponding to the different atpD types are given

tain strains isolated in other studies and they were also analysed
separately (Figs. S5–S7).

The recA clusters I and II comprised strains isolated from Tri-
folium,  Vicia and Lathyrus in this study and several European strains,
such as those nodulating Trifolium in the Cyclades Islands (Greece),
Belgium and North Spain, Pisum in Poland and Turkey, Vicia in
Belgium and Northern Spain, Lathyrus in Belgium, Lens in Germany
and Cicer canariense in North Spain, where surprisingly this host is
nodulated by strains from the R. leguminosarum group [24]. Clusters
IV–VII grouped European and African strains isolated from nodules
of Trifolium, Vicia and Lathyrus in this current study, and from Vicia
nodules in North Spain and Morocco. Cluster VIII comprised strains
isolated from several hosts in our study, as well as others isolated
in Europe and Asia, such as those nodulating Vicia in Belgium and
Lathyrus in China. Cluster III, which grouped strains isolated from
Vicia and Trifolium in this study, has only been found to date in Spain
(see Fig. S5).

The atpD clusters I and VI were composed of strains isolated
from all hosts in this study and several strains isolated in Asia
and Europe, including strains nodulating Lathyrus in China, Lens in
Germany, Trifolium in the Cyclades Islands (Greece) and Trifolium
and C. canariense in North Spain. Cluster II contained strains only
found to date in Europe isolated from nodules of Pisum in Poland,
Lens in Germany and Vicia and C. canariense in North Spain. Clus-

ter III and the lineages IV and V contained strains isolated from
Trifolium, Lathyrus and Vicia nodules in our study and from Vicia
nodules in North Spain, which have been found to date only in Spain
(Fig. S6).
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Fig. 5. Neighbour-joining phylogenetic tree based on nodC gene sequences showing the position of the studied strains within symbiovars viciae and trifolii. Bootstrap values
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The gnlII clusters I and III contained strains isolated from nodules
f all hosts from this study together with several strains isolated in
uropean countries, such as those isolated from nodules of Vicia
n Belgium and Trifolium in the Cyclades Islands (Greece). Clus-
er II contained strains isolated in this study from Vicia, Lathyrus
nd Trifolium nodules and the type strains of R. leguminosarum and
. indigoferae,  which were isolated from Pisum in USA and Kum-
erowia in China, respectively. Clusters IV and V comprised strains

solated in this study from nodules of Vicia, Lathyrus and Trifolium,
s well as several European and African strains isolated from nod-
les of Vicia in France, Belgium and Morocco (Fig. S7).

Collectively, the analyses of recA, atpD and glnII genes showed
hat most clusters grouped European strains together with those
solated in this current study, but also many clusters that included
trains isolated in North Africa (Morocco), a country geographically
lose to Spain, whereas Asian strains were found only in a low num-
er of clusters. It is remarkable that, despite the fact that legumes
rom the Vicia cross-inoculation group have been widely studied
orldwide, several recA, atpD and glnII types have been found to
ate only in Granada (South Spain).

Considering the results of the core gene analyses, it could be con-
luded that the R. leguminosarum group was highly diverse from a
hylogenetic point of view, since it was widely distributed in differ-
nt countries and continents. From a taxonomic point of view, the

esults of these studies showed that it is necessary to be prudent
ith the description of new species within this group due to the
igh proportion of strains that belonged to different phylogenetic

ineages depending on the analysed gene and to the fact that some
corresponding to the different nodC types are given in Table S3 and the accession

of them were distributed among different clusters. These results,
which suggested the existence of genetic recombination through-
out the evolution of a specific ecosystem, make the classification
of strains into a new or an already described species difficult in
some cases within the phylogenetic group of R. leguminosarum. The
taxonomic status of this group should be clarified in future stud-
ies with the description of new species or subspecies in order to
include the phylogenetically divergent groups within the currently
accepted species. Although subspecies is a non-existing taxonomic
category in the rhizobia, the description of subspecies could clarify
the taxonomic status of the multiple genospecies found in the R.
leguminosarum-related group.

Analysis of the symbiotic nodC gene

The nodC gene is a phylogenetic marker commonly used to
define symbiovars in Rhizobium [29,42]. This gene allows the
differentiation of three symbiovars (sv.) within the species R.
leguminosarum from which sv. phaseoli is the most common
endosymbiont of Phaseolus,  sv. viciae that of Vicia, Pisum,  Lens and
Lathyrus, and sv. trifolii that of Trifolium [10]. As expected, after the
analysis of the nodC gene the strains isolated in our study from Vicia
and Lathyrus belonged to sv. viciae and those isolated from Trifolium
to sv. trifolii, whose nodC genes showed similarities lower than 90%

(Fig. 5). Within both symbiovars viciae and trifolii, the similarity
values were higher than 90%, but the genetic diversity of isolated
strains was high with 16 and 14 nodC gene types, respectively (Table
S3, Figs. S8 and S9).
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The phylogenetic analysis of the nodC gene showed that the
trains isolated in Granada were distributed into three phyloge-
etic clusters (similarity values higher than 97%) and seven lineages
ithin sv. viciae, and into two phylogenetic clusters (similarity val-
es higher than 98%) and two lineages within sv. trifolii (Fig. 5).
ome strains were closely related to certain species from the R.
eguminosarum phylogenetic group, as occurred in the case of the
train with nodC type 15 that grouped with the type strains of R.
inae isolated in Asia (India) and R. laguerreae isolated in Africa
Tunisia). In addition, the strains with nodC type 16 grouped with
he type strain of R. anhuiense.  However, the nodC genes of the type
trains from R. pisi and R. leguminosarum were phylogenetically dis-
ant to our strains (Fig. 5). Concerning the strains from sv. trifolii,
he type strains from R. pisi and R. aegyptiacum were not closely
elated to the strains isolated in our study from Trifolium nodules
Fig. 5).

A comparison of the nodC genes carried by strains from sv.
iciae isolated in this current study and in other geographical
ocations is shown in Fig. S10. Clusters I and II included strains
solated from nodules of Lathyrus and Vicia in our study, sev-
ral European strains isolated from nodules of Lens in Turkey and
icia in Central and North Spain, and several African strains iso-

ated from Vicia nodules in Morocco. Cluster III grouped strains
solated from nodules of Vicia in this study and several strains
solated in Asia, America and Europe from nodules of different
egumes, such as Pisum in India, Lathyrus in Central Spain and
icia in South Korea, China, Peru, Belgium and Central Spain. Clus-
er IV grouped strains found in nodules of Lathyrus and Vicia in
his study and several strains isolated in Asia, Africa, America
nd Europe from nodules of, for example, Pisum in the UK and
hina, Lens in Germany, Turkey and India, and Vicia in Japan,
ibet, China, Tunisia, Ethiopia, Morocco, Peru, Belgium and Cen-
ral Spain. Cluster V comprised strains isolated in this study from
athyrus nodules and in Morocco (Africa) from Vicia nodules. Clus-
ers VI, VII, IX and X contained strains isolated from Lathyrus and
icia nodules in this study and other European strains isolated

rom nodules of Pisum in Poland, Lens in Germany, and Vicia in
elgium and Central and North Spain. Lineage VIII found in this
tudy in Lathyrus nodules has been found to date only in South
pain.

The strains from this study belonging to sv. trifolii also grouped
ith some strains isolated from Trifolium nodules in other coun-

ries and continents (Fig. S11). Clusters I and IV included European
trains, which were isolated from nodules of different Trifolium
pecies in this study, in the Cyclades and Naxos Islands (Greece), in
elgium and in Central Spain. The independent lineages II and III
ave been found to date only in South Spain (Granada). Curiously,
he strains from sv. trifolii isolated in North Spain from Trifolium
nd C. canariense nodules (RTP05, RCCHU01 and RCCHU06) that
elonged to certain atpD and recA clusters containing the strains
rom Granada were phylogenetically divergent to those strains in
he nodC gene analysis (therefore they were not included in Figs.
10 and S11).

Therefore, the results of the nodC gene analysis showed that
he strains isolated from nodules of legumes from the Vicia cross-
noculation group and from Trifolium species belonged to the
ymbiovars viciae and trifolii, respectively, which is consistent with
heir affiliation to tribes considered as restrictive hosts for nodu-
ation [30]. Nevertheless, the strains isolated in this study formed
everal groups and lineages within both symbiovars, which showed
he high phylogenetic diversity of the nodC genes carried by the
trains, despite the fact that they were isolated from the same

ocation. Although some strains isolated in this study belonged to
roups containing strains from other continents, several of them
ave been found to date only in South Spain, which shows a high
iversification degree of the nodC genes in different ecosystems.

[
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In summary, our results showed that the strains isolated in
Granada from Vicia, Lathyrus and Trifolium belonged to the R. legu-
minosarum phylogenetic group, but they could not be classified into
any described species of this genus considering the current limits
for species differentiation after core gene analyses. However, these
strains did belong to symbiovars described within the genus Rhizo-
bium, those nodulating Vicia and Lathyrus to sv. viciae, and those
nodulating Trifolium to sv. trifolii. Although some of our strains
were related to other strains isolated in other geographical loca-
tions in Spain, as well as in other countries and continents, several
phylogenetic groups or lineages of recA, atpD and nodC genes have
only been found to date in Granada (South Spain). The results of
both core and symbiotic gene analyses showed, in agreement with
those of other studies, the high phylogenetic diversity of strains
nodulating Trifolium- and Vicia-related hosts. The existence of a
high degree of diversification and genetic recombination in dif-
ferent ecosystems makes it difficult to delineate species in the R.
leguminosarum phylogenetic group, which could be solved in some
cases with the definition of subspecies instead of species in this
group.
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46] Ruiz-Díez, B., Quiñones, M.A., Fajardo, S., López, M.A., Higueras, P., Fernández-
Pascual, M.  (2012) Mercury-resistant rhizobial bacteria isolated from nodules
of  leguminous plants growing in high Hg-contaminated soils. Appl. Microbiol.
Biotechnol. 96, 543–554.

47] Ruiz-Mirazo, J., Robles, A.B. (2012) Impact of targeted sheep grazing on herbage
and holm oak saplings in a silvopastoral wildfire prevention system in south-
eastern Spain. Agrofor. Syst. 86, 477–491.

48] Saïdi, S., Ramírez-Bahena, M.H., Santillana, N., Zúñiga, D., Álvarez-Martínez, E.,
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