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Abstract: Biological nitrogen fixation by rhizobia-nodulated legumes reduces the dependence on
synthetic nitrogen fertilizers. Identification of locally adapted rhizobia may uncover economically
valuable strains for sustainable agriculture. This study investigated the diversity and symbiotic
potential of rhizobia associated with three Medicago species from Eastern Romania’s ecosystems.
Phenotypic screening ensured that only rhizobial species were retained for molecular characterization.
16S rDNA sequencing clustered the isolates into four distinct groups: Sinorhizobium meliloti, Sinorhizo-
bium medicae, Rhizobium leguminosarum, and Mesorhizobium spp. The chromosomal genes (atpD, glnII,
recA) and nifH phylogenies were congruent, while the nodA phylogeny grouped the Mesorhizobium
spp. isolates with R. leguminosarum. Medicago sativa was the most sampled plant species, and only
S. meliloti and R. leguminosarum were found in its nodules, while Medicago falcata nodules hosted
S. meliloti and Mesorhizobium spp. Medicago lupulina was the only species that hosted all four identified
rhizobial groups, including S. medicae. This study provides the first report on the Mesorhizobium spp.
associated with M. falcata nodules. Additionally, R. leguminosarum and two Mesorhizobium genospecies
were identified as novel symbionts for Medicago spp. Comparative analysis of Medicago-associated
rhizobia from other studies revealed that differences in 16S rDNA sequence type composition were
influenced by Medicago species identity rather than geographic region.

Keywords: Medicago spp.; root nodules; rhizobia diversity; molecular taxonomy

1. Introduction

Rhizobia are motile, naturally occurring rod-shaped soil bacteria. Following a complex
exchange of signaling molecules between the bacteria and plants of the legume family
and activation of subsequent cellular pathways, the bacteria can enter plant root cells and
initiate the formation of specialized organs on the roots called nodules [1–3]. In these
nodules, the bacteria can differentiate and are capable of fixing atmospheric nitrogen into
ammonia, which they transfer to the host plant in exchange for carbon-containing molecules
and shelter [4,5]. Biological nitrogen fixed by this bacteria-plant symbiosis [6] contributes
large amounts of nitrogen to agricultural systems [7]. Soils with poor nitrogen-fixing
rhizobial communities can be supplemented by inoculation with superior nitrogen-fixing
rhizobia. The application of rhizobial inoculants to crop fields can reduce the amount of
synthetic nitrogen fertilizers, can reduce emissions of the potent greenhouse gas N2O by
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converting it to nitrogen [8], can improve crop productivity [9], nutrient mobilization and
solubilization [10].

Crop rotation every few years with legume species and intercropping practices locks
the nitrogen molecules into plant structures, thus reducing nitrogen depletion from the
soil [11–13]. Some legume species (like alfalfa and clovers) are specifically planted to
be incorporated into the soil while still green (‘green manuring’) to benefit subsequent
crops [14–16]. The isolation and characterization of indigenous rhizobia can pave the way
for their use as inoculants [17] and can lead to the discovery of strains of potential economic
value. Native rhizobial strains, tolerant to local soil conditions, can be more efficient in
nitrogen fixation and outcompete commercial inoculants [18–22].

One way of characterizing the rhizobial community is by sequencing multiple chro-
mosomal and plasmid loci, a method that has been previously used in Medicago rhizobia
studies [23–25]. This multilocus approach has been used extensively in rhizobial diver-
sity studies in various legume species [26,27] across different regions and soil conditions,
from subpolar soils [28] to arid desert soils [29] and in the characterization of indigenous
rhizobia [30–32].

Among the most economically important legumes in temperate regions are those of the
genus Medicago, colloquially known as medics. Medics comprise more than 80 species, both
perennial and annual, with the main diversity region being the Mediterranean basin [33].
Used primarily for livestock fodder, medics can be cultivated or can grow wildly in a
variety of environments, such as pastures, rock quarries, and urbanized environments,
and are resilient to a broad range of stress factors [34–36]. The rhizobia most commonly
found in medic nodules are Sinorhizobium meliloti and Sinorhizobium medicae [24,25,37,38],
but some Medicago species can host a more diverse rhizobial community [39,40].

There are ten species of naturally occurring Medicago plants in Romania [41], with
M. sativa being the most widely cultivated legume in terms of cultivated area [42]. In this
study, rhizobia were isolated from nodules of three species of Medicago sampled from
diverse landscapes in Eastern Romania: the perennial Medicago sativa (alfalfa, lucerne) and
M. falcata (yellow lucerne), and the annual Medicago lupulina (black medic). The goals were
to identify and characterize indigenous, locally adapted rhizobia associated with these Med-
icago species capable of establishing efficient nitrogen-fixing symbiosis and to gain insights
into how Medicago spp. and the collection areas could shape the rhizobial community.

2. Materials and Methods
2.1. Nodule Collection and Isolation of Bacteria

During the spring of 2013, naturally occurring and cultivated Medicago plants were
sampled in the Eastern part of Romania. To our knowledge, the cultivated fields have
no history of inoculation. Sample sites spanned a variety of environments and elevations
in the Eastern Carpathian Mountains and the Moldavian Plateau (Figure 1). The plant
populations were grouped into four regions, named from North to South: Rarău, Lespezi,
Ias, i, and Oituz. Each plant population was marked with a capital letter, from A to M, for
readability (Supplementary Table S1).

Intact nodules were collected from three Medicago species (M. sativa, M. falcata, M.
lupulina), surface sterilized, and individually stored in 20% glycerol following a brief visual
inspection of the nodules until subsequent processing. Only active nodules were collected,
as determined by the pinkish color indicating the presence of leghaemoglobin. A total
of sixty-one rhizobial strains were isolated from plant root nodules using standard proto-
cols [43,44] and purified by repeated plating of single colonies on yeast-extract-mannitol
agar (YMA) supplemented with 25 µg/mL Congo red [44]. Bacterial isolates were incu-
bated at 28 ◦C for 3 to 5 days and evaluated for Gram reaction, colony morphology, and
acid/alkaline reaction on YMA plates containing 25 µg/mL bromothymol blue [45]. Pure
cultures were maintained on YMA slants at 4 ◦C or preserved in yeast mannitol broth
(YMB) containing 20% (v/v) glycerol at −80 ◦C. The pure cultures are part of the Romanian
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Microbial Culture Collection (RMCC) established at the Department of Experimental and
Applied Biology, NIRDBS-Institute of Biological Research, Ias, i, Romania.
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Figure 1. Map of the sampled plant populations. The shapes represent the three medic species (tri-
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identified rhizobial groups (blue = Sinorhizobium meliloti, yellow = S. medicae, green = Rhizobium le-
guminosarum, magenta = Mesorhizobium spp.). Each symbol represents one rhizobial isolate, with the 
exception of plant population H, where the enlarged circle stands for 27 isolates. The square part on 
the inset map represents the sampling area. The ellipses represent the four geographic regions. The 
position of the plant population letter (A–M) represents the sampling point. 
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technique [46] and further analyzed by numerical taxonomy [47]. Salt tolerance and pH 
growth range were evaluated on agar plates containing 0.1, 0.2, 0.3, 0.4, 0.75, 1, 2, and 3.5% 
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5.8, 6.8, 7.8 and 8.8, respectively. Rhizobial growth sensitivity to varying temperatures was 

Figure 1. Map of the sampled plant populations. The shapes represent the three medic species
(triangle = Medicago lupulina, square = M. falcata, circle = M. sativa), and the colors represent the
four identified rhizobial groups (blue = Sinorhizobium meliloti, yellow = S. medicae, green = Rhizobium
leguminosarum, magenta = Mesorhizobium spp.). Each symbol represents one rhizobial isolate, with
the exception of plant population H, where the enlarged circle stands for 27 isolates. The square part
on the inset map represents the sampling area. The ellipses represent the four geographic regions.
The position of the plant population letter (A–M) represents the sampling point.

2.2. Phenotypic Characterization of Rhizobia

The rhizobial isolates and selected reference strains (Sinorhizobium meliloti LMG 6133,
S. meliloti 1021, Rhizobium leguminosarum bv. trifolii LMG 8820 and Mesorhizobium loti
MAFF 303099) were examined for several phenotypic features, according to Eaglesham’s
technique [46] and further analyzed by numerical taxonomy [47]. Salt tolerance and pH
growth range were evaluated on agar plates containing 0.1, 0.2, 0.3, 0.4, 0.75, 1, 2, and 3.5%
(w/v) NaCl or YMA medium buffered with 1 M HCl or 1 M NaOH to adjust the pH to 4.8,
5.8, 6.8, 7.8 and 8.8, respectively. Rhizobial growth sensitivity to varying temperatures was
assessed on YMA plates incubated at 15, 28, 33, 37, and 42 ◦C. Intrinsic antibiotic resistance
(IAR) assays were performed on YMA solid medium supplemented with the following
antibiotics (µg/mL): chloramphenicol (30; 100), streptomycin (10; 25), gentamicin (5; 25),
rifampicin (2; 20), tetracycline (1; 10), neomycin (5; 15), kanamycin (10; 20), ampicillin
(20; 50), carbenicillin (50; 200), and nalidixic acid (50; 300). The choice of antibiotics and
concentrations were adapted from Josey et al. [48] and Mpepereki et al. [49]. For each strain,
bacterial growth was recorded from colony counts of plates inoculated with serial dilutions
of each culture after incubating for 5 days at 28 ◦C. The physiological traits of the bacterial
strains were coded 1 and 0 for positive and negative reactions, respectively, and the simple
matching similarity coefficient (SSM) was calculated to generate a similarity matrix. The
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Unweighted Pair Group Method using Arithmetic Means (UPGMA) was performed for
cluster analysis of phenotypic features [50] using MVSP–Multivariate Statistical Package
v3.2 (Kovach Computing Services, Anglesey, Wales).

2.3. Nodulation Test

The nodulation ability of the rhizobial isolates on their original host was assessed
as previously described [51]. Each rhizobial isolate was used to inoculate seeds from the
Medicago species from which they were isolated. Briefly, batches of five surface-sterilized
germinated seeds were transferred to individual pots containing sterile perlite and inoc-
ulated with 1 mL (1 × 108 cells/mL) of bacterial culture. Plants inoculated with strains
Sinorhizobium meliloti 1021 and S. meliloti LMG6133 were used as a reference, and uninocu-
lated plants were used as controls. The inoculated plants and controls were grown in strict
conditions (18 h day/6 h night, 24 ◦C day/18 ◦C night cycles, 70% humidity) and watered
every two days alternatively with N-free Hoagland solution and deionized water. Plants
were harvested at 45 days post-inoculation, and the modulation and N-fixing abilities of
the isolates were estimated by the number of pink nodules on the roots and the total dry
weight of the plants.

2.4. DNA Extraction, Amplification and Sequencing

Pure cultures of rhizobial isolates were grown in liquid YMB and incubated at 28 ◦C for
three days on a rotary shaker. Total genomic DNA was isolated from equal-sized aliquots
of bacterial cultures. DNA isolation, PCR reactions, and sequencing were performed
as described in detail elsewhere [51,52]. Six genetic markers were amplified, purified,
and directly sequenced (CeMIA, Larissa, Greece) from each bacterial isolate: 16S rDNA,
atpD (ATP synthase beta-chain), glnII (glutamine synthetase), recA (recombinase A), nodA
(nodulation protein A), and nifH (nitrogen reductase).

2.5. Genetic Analyses

The raw chromatogram files were visually inspected and manually edited in Chromas
v2.6.6 (Technelysium Pty Ltd., Brisbane, Australia). Alignments were assembled into
contigs, and ambiguous regions were checked in CodonCode Aligner v3.7.1 (CodonCode
Corporation, Centerville, MA, USA). Files were exported to fasta format, and basic sequence
statistics were computed in DnaSP v6.12 [53]. To ensure that all isolates were indeed
rhizobia, the 16S rDNA sequences were initially compared to GenBank [54] sequences
using BLASTn [55]. If the top BLAST hits did not belong to putative rhizobial species,
then the entire sequence set for that particular isolate was discarded. The most similar
GenBank sequences were downloaded and included in the analyses to position isolates
among known rhizobia. Identical sequences were collapsed into a single sequence type
(ST), and the sequence types that contained a single sequence were denoted as singleton ST
(sST). Phylogenetic and molecular evolutionary analyses were performed in MEGA X [56].
The phylogenies inferred separately from each gene sequence as well as from concatenated
sequences of the atpD, glnII, and recA chromosomal genes were based on the Maximum
Likelihood method using the best DNA substitution model. Bootstrap confidence levels
were calculated for 1000 replicates.

The rhizobia obtained in the present study was compared with the previously de-
scribed rhizobia associated with Medicago spp. across the world. Additional 16S rDNA
sequences were obtained from studies found using the search term “Medicago rhizobi*
diversity” on the Web of Science. A Medicago species × ST per sampling site matrix was
constructed, as well as a Medicago species × rhizobia species per sampling site matrix. For
each matrix, a Permutational Multivariate Analysis of Variance (PERMANOVA) based on
Jaccard distances was performed using 999 permutations, with Medicago species and region
as factors, in the ecodist [57] and vegan [58] packages in R v3.6.3 [59]. Differences among
rhizobium communities were visualized by a Principal Coordinates Analysis (PCoA) with
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ade4 [60] and adegraphics [61] R packages. The map was made using QGIS v3.28 [62]. Further
visual edits to the map, graphs, and phylogenetic trees were made in Inkscape v1.2 [63].

2.6. Nucleotide Sequence Data

The GenBank accession numbers for the sequences reported in the present study
are MT706727-MT706790 (for 16S rDNA); OM677466-OM677522 (for atpD); OM735848-
OM735904 (for glnII); OM735905-OM735961 (for recA); OM970805-OM970861 (for nodA)
and ON016017-ON016073 (for nifH). Accession numbers of the related reference strains are
individually specified in the corresponding phylograms.

3. Results
3.1. Phenotypic Characterization and Nodulation of the Rhizobial Isolates

The phenotypic screening produced sixty-one rhizobial isolates that were Gram-
negative, fast-growing, and acid-producing bacteria. After 3–5 days of incubation at 28 ◦C
on YMA medium, most isolates formed white–opaque and mucoid-type colonies, slightly
domed with smooth margins (Sinorhizobium sp.). Other colonies were small (<1 mm in
diameter), translucent, with entire margins (Mesorhizobium spp.), and only a few isolates
formed single colonies with diameters of 1–3 mm, white or creamy, gummy, smooth, raised,
and circular with entire margins (Rhizobium leguminosarum).

Based on their physiological features (47 variables), the native rhizobial isolates and
reference strains were distributed into two main clusters at a similarity level of 77% (Sup-
plementary Figure S1 and Supplementary Table S2). The majority of the native isolates
composed the largest cluster (I) and were separated into two subclusters (I.1 and I.2) at a
similarity level of 87% due to differences in temperature tolerance. The majority of sub-
cluster I.1 strains grew best at temperatures between 15 and 37 ◦C, while strains belonging
to subcluster I.2 exhibited thermotolerance between 28 and 42 ◦C. All isolates could grow
at pH values between 5.8 and 8.8 and tolerate 2.0% (w/v) NaCl, but only 10% of them
grew at 3.5% (w/v) NaCl. Moreover, all isolates manifested multiple intrinsic antibiotic
resistances (IAR) against low concentrations of antibiotic substances, except streptomycin
(34%). Two isolates were placed separately due to low salt tolerance (maximum 0.75% NaCl;
RMCC MS1312) or higher resistance to streptomycin (25 µg/mL; RMCC MS1011). Cluster
II included twelve rhizobial isolates with the most diverse and divergent physiological
features and were distributed into two subclusters at a similarity level of 81%. They all
grew at temperatures between 15 and 33 ◦C and in a broad range of pH values (4.8 to 8.8).
Cluster II.1 was the smallest, with only four isolates, including the reference strain R. legumi-
nosarum bv. trifolii LMG 8820. These isolates and the reference strain tolerated a maximum
concentration of 0.1% (w/v) NaCl, and the majority of the isolates (75%) showed resistance
to low concentrations of all antibiotics tested. The rhizobial isolates that grouped together
with Mesorhizobium loti MAFF 303099 reference strain (subcluster II.2.) tolerated NaCl
concentrations up to 0.75% (w/v), with only M. loti MAFF 303099 reference strain growing
at 2.0% (w/v) NaCl. Almost all isolates and strains (90%) exhibited high resistance to low
concentrations of all antibiotics tested.

In the nodulation tests, all the isolated rhizobia induced the formation of pink nodules on
the inoculated plant roots, and the plants were well developed (Supplementary Figure S2).

3.2. Molecular Characterization of Rhizobia

Following the phenotypic characterization of the bacteria, fifty-seven rhizobial isolates
obtained from thirteen plant populations, either cultivated or wildly grown Medicago
sativa (n = 34), M. falcata (n = 8), and M. lupulina (n = 15), were subsequently used for the
genetic analyses.

The low-quality ends of the chromatograms were trimmed, and the sequences were
corrected for frame-shift errors. The resulting working dataset consisted of six partially
sequenced genetic markers that varied in length: 1345 bp (16S rDNA), 435 bp (atpD),
588 bp (glnII), 330 bp (recA), 168 bp (nifH), 580 bp (nodA). The closely affiliated GenBank
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sequences were included in the analysis, and the whole sequence set was used to generate
phylogenetic trees for each of the six loci.

The 16S rDNA sequences from our isolates clustered into three major groups: forty-
eight isolates clustered in the Sinorhizobium group (I), six isolates clustered in the Rhizobium
leguminosarum group (II), and three isolates clustered in the Mesorhizobium spp. group (III)
(Figure 2). Pairwise comparisons of 16S rDNA sequences revealed that the native isolates
within the Sinorhizobium group shared a similarity of 99.6% to 100% and were similarly
related to their reference strains. However, two well-defined subgroups (Ia and Ib) were
distinguished within the main cluster. The S. meliloti group (Ia) contained isolates from all
three sampled Medicago species, grouped into four different STs, one of which is a singleton
ST. The S. medicae group (Ib) contained four isolates grouped into a single ST, all of which
were from M. lupulina plants collected from three different locations. The R. leguminosarum
group (II) contained only one ST, with isolates from M. lupulina and M. sativa plants from
two different plant populations. The six R. leguminosarum native isolates were placed in
a robust lineage with their reference strains, to which 100% similarity was shared. The
Mesorhizobium sp. group (III) contained two STs, one of which was a singleton ST. These
two STs contained isolates from M. lupulina and M. falcata plants from two different plant
populations. The pairwise comparison revealed that isolates within the two STs shared
98.9% similarity.

Phylogenetic analysis of the individual and concatenated atpD, glnII, and recA chro-
mosomal genes was used to classify the native isolates. All the individual chromosomal
markers (atpD, glnII, recA) followed the same clustering pattern and maintained the same
four distinct groups (Ia, Ib, II, III) with varying levels of intra-group diversity (Supple-
mentary Figures S3–S5). The native bacterial isolates grouped into several well-defined
phyletic lineages, together with their most closely affiliated strains, to which they shared
sequence identity values ranging from 97.2 to 100% for atpD, 98 to 100% for glnII, and 96.4
to 100% for recA. The glnII phylogeny showed greater variability, and the isolates were
placed in sixteen STs (Supplementary Figure S4). Ten STs were found in the recA phylogeny
(Supplementary Figure S5), whereas the atpD gene was less discriminative at strain level,
with nine STs being distributed across the phylogenetic tree (Supplementary Figure S3).
Although they carried highly similar 16S rDNA sequences, the isolates comprising the
Sinorhizobium cluster revealed a more diverse genetic background: in all chromosomal
phylogenies, they could be confidently grouped into two groups, defined as S. meliloti (Ia)
and S. medicae (Ib). Pairwise comparisons showed that the two Sinorhizobium clades were
distantly related to one another, with sequence identity varying from 92% to 93.9% in the
described chromosomal phylogenies.

The phylogeny inferred from the concatenated sequences of the three chromosomal
markers and their corresponding most similar sequences of reference strains obtained from
GenBank was consistent with the individual phylogenies but resolved the native rhizobial
isolates into more robust lineages (Figure 3). Eighteen STs were found in the concatenated
chromosomal set, of which ten were singleton STs. The S. meliloti group contained ten
different STs, of which four were singleton STs; the S. medicae group contained two STs, of
which one was a singleton ST; the R. leguminosarum group contained three STs, of which
two were singleton STs, and the Mesorhizobium spp. group contained three STs, all of which
were singleton STs. Pairwise comparisons revealed that of the STs in the MLST (Multilocus
sequence typing) phylogeny, those within the S. meliloti, S. medicae, and R. leguminosarum
groups shared high similarity ranging from 99.3 to 99.9%. In contrast, the three isolates
positioned within the Mesorhizobium spp. clade were more distantly related to each other,
with similarities ranging from 92 to 97.1%. Isolate ML3251 was the most divergent, and it
only shared 92.1 to 93.6% relatedness to the Mesorhizobium spp. reference strains included
in the tree.
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Figure 2. Maximum Likelihood tree of the 16S rDNA sequences (1345 nt); the best-fit model was found
to be Jukes-Cantor and a discrete Gamma distribution was used to model evolutionary rate differences
among sites (5 categories). The isolates from this study are in bold, and the plant population of origin
is in parentheses. The sequence types (ST) are also shown. The three main rhizobial groups are shown
in Roman numerals (Ia, Ib, II, III). The ‘MF’, ‘ML’, and ‘MS’ in the rhizobial isolates names stand for
the three Medicago species.
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Figure 3. Maximum Likelihood tree based on the concatenated chromosomal gene sequences
(atpD + glnII + recA, 1353 nt); the best-fit model was found to be Tamura 3-parameter and a discrete
Gamma distribution was used to model evolutionary rate differences among sites (5 categories). The
isolates from this study are in bold, and the plant population of origin is in parentheses. The sequence
types (ST) are also shown. The three main rhizobial groups are shown in Roman numerals (Ia, Ib, II, III).
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The phylogenies of symbiotic genes were partially consistent with those derived
from the chromosomal genes. The nifH phylogeny maintained the same pattern of four
distinct groups and the same assignment of the isolates to the groups (Supplementary
Figure S6). For nodA, a slightly different pattern emerged, with the MF5622, ML3251,
and ML3261 isolates being clustered with the Rhizobium leguminosarum group and not
with the Mesorhizobium spp. group, as was the case for the chromosomal loci (Figure 4).
A pairwise comparison of the nodA gene alignment revealed that within the defined
Rhizobium leguminosarum group, the native isolates were placed in two distinct, distantly
related lineages, sharing only 95.2 to 96% similarity. Notably, these strains exhibited only
53.9 to 55.8% similarity to the Mesorhizobium spp. reference strains included in the nodA
phylogram. The number of sequence types varied for each marker, from 16 for glnII to six
for nifH, and the percentage of singleton sequence types was the lowest for nifH (16.6%)
and the highest for recA (70%), while the rest had a percentage between 25% and 50%. The
number of variable sites varied, but the ratio of variable sites (VS)/parsimony informative
(PI) sites had similar values, ranging from 1 (nodA) to 1.1 (atpD). Considering the length of
the sequence, 16S had the lowest percentage of parsimony informative sites (7%), while
the rest of the markers had values ranging from 20% for atpD and recA, to 29% for nodA
(Table 1).

Table 1. Sequence statistics of nucleotide polymorphisms and neutrality tests of 57 rhizobial isolates
from Medicago species.

GM L ST (sST) VarS/ParI π GC Fu & Li’s D* Fu & Li’s F* Tajima’s D

16S rDNA 1345 8 (2) 99/95 0.012 55.1 1.465 * 0.738 −0.752

atpD 435 9 (3) 97/88 0.044 63.8 0.547 0.261 −0.311

glnII 588 16 (8) 162/151 0.053 62.4 0.798 0.426 −0.344

recA 330 10 (7) 75/69 0.047 62.3 0.198 0.077 −0.153

nifH 168 6 (1) 47/46 0.055 60.7 1.806 ** 1.231 −0.278

nodA 580 13 (5) 171/170 0.078 56.9 2.066 ** 1.888 * 0.803

GM = genetic marker; L = length of sequences (in nucleotides); ST = number of sequence types; sST = number
of singleton sequence types; VarS = number of variable sites; ParI = number of parsimony-informative sites;
π = nucleotide diversity; GC = percent of G + C content; Fu & Li’s D*, Fu & Li’s F*, Tajima’s D calculated using the
total number of segregating sites. * Significant at p < 0.05, ** Significant at p < 0.02.

The sampled plant populations are located in four distinct regions: Rarău, Lespezi,
Ias, i, and Oituz (Figure 1 and Supplementary Table S1). The Rarău region is located in
the Northern part of the Eastern Carpathian Mountains and contains plant populations
A, B, C, and D. The elevation for the sampled plants varies from ca. 500 m to just over
1000 m. Only Medicago lupulina plants were sampled here, and this region is the only
one in this study where the rhizobial isolates belong to all of the four identified rhizobial
groups. From the Lespezi region, only one plant population (E) was sampled, consisting of
M. falcata and M. sativa plants. S. meliloti was the only rhizobial species identified and found
in both plant species. The Ias, i region contains the F, G, H, I, and J plant populations and
is the region with the lowest elevation (mean elevation less than 100 m). This is the only
region where all three of the Medicago species were sampled; S. meliloti was the dominant
isolate, having been found on all three Medicago species. The Oituz region contains the
K, L, and M plant populations, with only M. falcata and M. sativa plants being sampled.
The Mesorhizobium spp. isolate from the M. falcata population L (MF5622) has the same
16S sequence type as isolate ML3261 from the M. lupulina plant population A in the Rarău
region, about 200 km away.
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Figure 4. Maximum Likelihood tree based on the nodA sequences (580 nt); the best-fit model was
found to be Tamura 3-parameter, and a discrete Gamma distribution was used to model evolutionary
rate differences among sites (5 categories). The isolates from this study are in bold, and the plant
population of origin is in parentheses. The sequence types (ST) are also shown. The three main
rhizobial groups are shown in Roman numerals (Ia, Ib, II).
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In the present study, S. meliloti was found in all sampled regions, regardless of the host
plant, and was identified in nine out of the fourteen plant populations and on all three of
the Medicago species. Sinorhizobium medicae was identified in three plant populations (B, D,
and H) from two different regions; it was identified only in Medicago lupulina plants. All
four of the S. medicae isolates belonged to the same 16S rDNA sequence type. Rhizobium
leguminosarum was found in two plant populations (C and F) from two different regions: in
population C, it was identified in M. lupulina plants, and in population F, it was found in M.
sativa plants. All six R. leguminosarum isolates had the same 16S rDNA sequence type that
was previously found in R. leguminosarum isolates from white clover and red clover plants
from the same region [51,52]. Mesorhizobium spp. was identified in Medicago lupulina in
plant population A and in M. falcata in plant population L, and the three rhizobial isolates
belonged to two distinct 16S rDNA sequence types.

3.3. Diversity of Rhizobia Associated with Medicago: Comparative Analyses

Rhizobial communities associated with Medicago hosts in Romania were compared with
those previously observed in other geographic regions (Supplementary Tables S3 and S4) to
examine whether these communities are shaped by Medicago species identity or by lo-
cation. We found that differences in ST composition were significantly shaped by Med-
icago species identity (F5,14 = 1.629, p = 0.011) but not by geographic region (F3,14 = 1.229,
p = 0.179; Figure 5a). This pattern arises because most commonly sampled Medicago species
(M. falcata, M. lupulina, and M. sativa) share only 11–50% of STs and because ST10 is preva-
lent across most (61.5%) Medicago communities but less common in M. lupulina communities
(20%; Table S3). Differences in species composition were not significantly affected by either
Medicago species identity (F, = 1.389, p = 0.077) or geographic location (F, = 1.452, p = 0.071;
Figure 5b).
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Figure 5. (a) PCoA plot comparing Sequence Type (ST) composition of Medicago spp. associated
rhizobial communities using Jaccard distances. The first principal component (PCoA 1) and the
second principal component (PCoA 2) explain 33.1% and 17.1% of the variance of the dataset,
respectively. Distances between the points in the plot indicate the relative dissimilarity values of
different regions and different Medicago spp. hosts. (b) PCoA plot comparing rhizobial species
composition of Medicago spp., associated rhizobial communities using Jaccard distances. The first
principal component (PCoA 1) and the second principal component (PCoA 2) explain 47.8% and
24.0% of the variance of the dataset, respectively. Distances between the points in the plot indicate
the relative dissimilarity values of different regions and different Medicago spp. hosts.
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4. Discussion

Building on our previous results from white clover and red clover populations [51,52],
the present study adds another piece to the rhizobial diversity puzzle in Eastern Romania.
Rhizobia were sampled from active root nodules of Medicago lupulina, M. falcata, and
M. sativa plants. The initial screening and genus-level identification of rhizobia using
partial 16S rDNA sequencing revealed that the rhizobial isolates belonged to four groups:
Sinorhizobium meliloti, S. medicae, Rhizobium leguminosarum, and Mesorhizobium sp., and
all were able to nodulate their respective host-plants in lab conditions. The 16S rDNA
sequencing was sufficient to identify most isolates at the species level. Further sequencing
of housekeeping and plasmid genes added sequence types and increased phylogenetic
resolution among them, but the Mesorhizobium isolates could not be discerned at the
species level.

Globally, Medicago species were often found to associate with Sinorhizobium meliloti, while
other rhizobia (e.g., Sinorhizobium medicae) are less prevalent (Supplementary Table S3). In the
present study, Sinorhizobium meliloti was the predominant rhizobial species, having been
identified in all three Medicago species, regardless of elevation or soil characteristics. We
identified Sinorhizobium medicae only in M. lupulina nodules. The two sinorhizobia were
found nodulating both perennial and annual Medicago species in Mexico, with S. meliloti
being the main symbiont of cultivated alfalfa plants [64]. In a field inoculation experiment,
Roberts et al. [65] found no obvious preference among S. meliloti and S. medicae in nodulat-
ing either M. sativa or M. lupulina. In a legume survey in Tibet, Hou et al. [66] found that
S. meliloti nodulates M. falcata and M. sativa plants, but Rhizobium species nodulate
M. lupulina plants. In this study, the only sinorhizobia naturally found to form active
nodules with M. falcata was S. meliloti, which has also been reported by Muntyan et al. [67].
Studies on rhizobial diversity in association with M. lupulina and M. falcata are scarce, and
further sampling of natural populations of these plants could provide more information
regarding their associated rhizobial community.

We found no underlying structure in the sinorhizobial isolates. The 16S rDNA ST1 of S.
meliloti is shared among isolates from all four regions. Sinorhizobium meliloti isolate ML3211
from plant population A in the Rarău region shares the same 16S rDNA ST with S. meliloti
isolate ML0841 from plant population H in the Ias, i region. All four S. medicae isolates found
in plant populations B, D, and H in the two aforementioned regions also share between
them the same 16S rDNA ST, showing no geographic structuring. The concatenated
chromosomal set showed that the isolates from the Ias, i region shared identical STs with
isolates from all the other three regions, but the other three regions did not share a common
ST between them. The inability to discern structure could also occur because few plant
populations were sampled. In a genotyping-by-sequencing study, Harrison et al. [68]
similarly found no evidence of population structure within either S. meliloti or S. medicae in
nodules of M. lupulina plants along a latitude gradient.

In Romanian Medicago communities, we also detected R. leguminosarum and two
Mesorhizobium species. Both R. leguminosarum and Mesorhizobium spp. had previously
been detected in M. lupulina by De Meyer et al. [40]. Consistent with the previous study
in Belgium [40], which found that Medicago lupulina hosted the most diverse rhizobial
community among all sampled Medicago species, we found that M. lupulina was the only
plant species that harbored all four groups of rhizobial isolates that we identified.

Isolates found in M. lupulina also occurred in other host species. For example,
R. leguminosarum bacteria harboring the same 16S rDNA sequence type that was iden-
tified in M. lupulina nodules in plant population C in the Rarău region are widespread in
Eastern Romania, having been identified in three regions on at least four plant species,
including M. sativa (population F from the Iaşi region), white clover (Trifolium repens),
and red clover (Trifolium pratense) in multiple populations from both the Rarău and Oituz
regions [51,52]. Three species of Rhizobium and S. meliloti were also identified as nodulating
alfalfa varieties in China [23].
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The mesorhizobia we identified in Romania belongs to two different 16S rDNA STs on
well-supported clades. Both sequence types have been observed elsewhere in the world
and are able to modulate a diversity of legume species. Isolate ML3251 shares a sequence
type with mesorhizobia identified on Sophora microphylla from New Zealand [69], Oxytropis
sp. from Canada [70], and Robinia pseudoacacia from South Korea [71] and Germany [72].
Isolates ML3261 and MF5622 share the same 16S rDNA ST with mesorhizobia from Ci-
cer arietinum in Ethiopia [73], Glycine max in Latvia (unpublished, GenBank accession
number OQ236321.1, https://www.ncbi.nlm.nih.gov/nuccore/OQ236321, accessed on
13 July 2023), Cicer canariense in the Canary Islands [74], Lotononis sp. in South Africa [75],
and Lotus corniculatus in the USA [76]. Mesorhizobium species have previously been sampled
from M. lupulina. For example, Zeng et al. [77] used 16S rDNA sequencing to identify two
species of Mesorhizobium nodulating M. lupulina plants in a karstic region of China. To our
knowledge, we also provide the first report of Mesorhizobium species in M. falcata nodules.

The two 16S rDNA mesorhizobia clades from this study are congruent with clades
delineated by the other sequenced genetic markers, except nodA. The nodA sequences from
the isolated Mesorhizobium species cluster together with the nodA sequences from Rhizobium
leguminosarum isolates and are closely related to the nodA STs previously identified in red
clover and white clover plants [51,52]. This phylogenetic incongruence could result from the
horizontal transfer of symbiotic genes between rhizobia, a geographically widespread and
common occurrence that is unrestricted between and within rhizobial genera [78]. Previous
studies have detected the transfer of nodA genes from sinorhizobial species to mesorhizobia.
Gerding et al. [79] provided evidence for lateral gene transfer in a Mesorhizobium strain
nodulating Lessertia in South Africa. That strain harbored a nodA gene closely related to
the nodA that we found in S. meliloti. Fterich et al. [80] identified a Mesorhizobium isolate
from Prosopis farcta in Tunisia containing a nodA sequence identical to the one we found
in S. medicae. This previous evidence, coupled with our own findings, could indicate
that mesorhizobia are especially susceptible to the acquisition of foreign nodulation genes
capable of establishing symbioses in specific soil conditions or under the constraint of a
more selective plant species. Epstein and Tiffin [81] showed that the genes involved in
nodule formation display rates of transfer 50% or higher than the nitrogen fixation genes.
Our results could also explain why the nifH sequences of mesorhizobia from his study
cluster with nifH sequences of other Mesorhizobium species, but the nodA sequences cluster
outside of Mesorhizobium.

The 16S rDNA ST comparative analysis results, indicated that various Medicago species
generally share the same rhizobial species across the globe. However, Mesorhizobium and
R. leguminosarum, which were identified in this study, had not been reported before. More-
over, it is possible that different Medicago species prefer different STs. This may provide
an explanation for contrasting results seen in different studies, where apparent species
preferences are evident in some cases (e.g., here, [64,66]) while absent in others (e.g., [65]).
It is unclear whether Medicago spp. have preferences for certain strains regardless of
species identity or whether this is the result of a lack of studies on the diversity of rhi-
zobia associated with Medicago. Clearly, more extensive sampling is needed to test this
preference hypothesis.

Supplementary Materials: The following supporting information can be downloaded at: https:
//www.mdpi.com/article/10.3390/agronomy14092156/s1, Figure S1: Cluster analysis of phenotypic
features by UPGMA; Figure S2: Basic descriptive statistics of inoculation experiments; Figure S3:
Maximum Likelihood tree of the atpD sequences; Figure S4: Maximum Likelihood tree of the glnII
sequences; Figure S5: Maximum Likelihood tree of the recA sequences; Figure S6: Maximum Likeli-
hood tree of the nifH sequences; Table S1: Sampled Medicago populations, physical characteristics of
sampling sites and rhizobial isolates used in the present study; Table S2: Phenotypic characterization
of rhizobial isolates associated with Medicago plants and clusters defined by numerical taxonomy;
Table S3: Global distribution of STs in Medicago spp.; Table S4: List of sequences used in the phyloge-
netic analysis.
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