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A b s t r a c t  
  

Nodule bacteria of the species Rhizobium leguminosarum are symbiotic N2-fixers that di-
vide into two biotypes: viciae and trifolii (D.C Jordan. et al., 1984). Symbiotic genes, the evolution 
of which depends on host plants, are responsible for the function of symbiotic nitrogen fixation 
(J.P.W. Young et al., 1989). Recently it was shown that according to the type of organization of the 
symbiotic regions of the genomes, rhizobia isolated from the Vavilovia formosa (Stev.) Fed. are close 
to the protosymbiont of the tribe Fabeae R. leguminosarum bv. viceae (E.R. Chirak et al., 2019). 
However, in the evolution of R. leguminosarum, there was another earlier divergence between the 
biotypes viceae and trifolii, the starting point of which was the protosymbiont of the entire species 
R. leguminosarum, which existed before its separation into biovars. In this work we present the 
results of genomes sequencing of a group of Rhizobium leguminosarum bv. trifolii and comparisons 
of the structure of their symbiotic regions with the corresponding regions of the genomes of Rhi-
zobium leguminosarum bv. viciae, related to the ancestral and “advanced” types. In the program 
CLC Genomics Workbench 7.5.1, we compared the obtained genome-wide sequences of the 
strains R. leguminosarum bv. trifolii (Oxford Nanopore sequencing technique) with reference 
strains of R. leguminosarum bv. viceae, related to ancestral and “advanced” types. It was shown 
that in the genomes of strains of clover symbionts, four of five ancestral characters are found: an 
increased size of intergenic regions in the symbiotic region, the presence of the nodX gene in the 
nod-operon, the absence of the nodT gene in the sym-region, and only one copy of the fixNOPQ 
operon located on the pSym. Based on the results obtained, we suggest that the protosymbiont 
R. leguminosarum could be close to clover rhizobia. 

 

Keywords: Rhizobium leguminosarum bv. trifolii, symbiosis evolution, symbiotic genes, pro-
tosymbiont, genome-wide sequences 

 

Nodule bacteria Rhizobium leguminosarum, the most widespread symbi-
otic nitrogen fixators in temperate latitudes, comprise two biotypes contrasting in 
host specificity, bv. viciae (symbionts of vetch, pea, rank, lentil and vavilovia) 
and bv. trifolii (clover symbionts) [1]. Symbiotic genes (sym-genes) are responsi-
ble for the function of symbiotic nitrogen fixation, the evolution of which is 
largely determined by the host plants [2]. 

 Three main groups of sym-genes distinguished in rhizobia are nod (syn-
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thesis of lipochitooligosaccharide signaling Nod factors that induce nodule de-
velopment) [3-5], nif (synthesis of nitrogenase) [5] and fix (energy supply for 
nitrogenase and regulation of nif genes) [5, 6]. The evolution of the symbiotic 
complex first occurred through the assembly of groups of genes encoding various 
signaling and metabolic properties that ensure the functioning of symbiosis in 
primary rhizobia. The primary rhizobia originated from non-symbiotic diazo-
trophs, followed by the transfer of the assembled symbiotic constructs into the 
so-called secondary (derivative) species [7]. Primary rhizobia, the relatives of the 
modern genus Bradyrhizobium, were close to the free-living phototroph Rhodop-
seudomonas and acquired the ability to fix nitrogen by recruiting some genes that 
control photosynthesis into the fix system [8]. This reorganization led to the 
emergence of photosynthetically active Bradyrhizobium spp., nodulating the 
stems of tropical legumes without the use of nod genes. The ability to synthesize 
Nod factors for which nod genes are responsible was probably first acquired by 
bacteria of the genus Bradyrhizobium in which phototrophy was replaced by the 
ability to use photosynthetic products of plant. These heterotrophic rhizobia usu-
ally retain the expression of ex planta nif genes, but they are not capable of dia-
zotrophic growth due to low nitrogenase activity [9]. The most studied secondary 
rhizobia are the members of genera Rhziobium, Sinorhizobium, Mezorhizobium, 
and Neorhizobium. These bacteria are devoid of photosynthetic systems and can-
not express ex planta nitrogenase genes; their appearance was the result of hori-
zontal transfer of sym genes from primary rhizobia to various soil heterotrophic 
bacteria [10]. 

Structural and functional organization of sym-gene regions has been 
studied in detail in Rhizobium leguminosarum bv. viceae, the strains of which vary 
significantly in the specificity towards different host plants. It has recently been 
shown that, according to the type of organization of symbiotic regions (sym-
regions) of rhizobial genomes, R. leguminosarum bv. viceae can be divided into 
two groups [10]. The first group isolated from Vavilovia formosa (Stev.) Fed. (a 
plant, presumably close to the last common ancestor of the entire tribe Fabeae) 
[11] and possessing a complex of ancestral features of the genome, is character-
ized by i) an extended sym-region, sometimes divided between two symbiotic 
plasmids (pSym), ii) the presence of nodX and fixW genes in plasmid sym-
operons, iii) the lack of chromosomal copies of fixNOPQ, and iv) the location of 
nodT gene outside the operons of nod genes. In the second, derived (or evolu-
tionarily “advanced”) group, the sym-region is more compact, there are chromo-
somal copies of fixNOPQ, nodT is integrated into the nod operon between nodN 
and nodO, and the nodX and fixW genes are lost.  

The transition from the ancestral form to the advanced one is associated 
with general (structural and functional) compaction of the genome, an increase 
in the intensity of nitrogen fixation and a narrowing of the host specificity. Thus, 
it has been shown that the rhizobia isolated from V. formosa are close to R. le-
guminosarum bv. viceae, the protosymbiont of the tribe Fabeae. However, in the 
evolution of rhizobia of this group, there was another earlier divergence between 
R. leguminosarum bv. viceae and R. leguminosarum bv. trifolii, the starting point 
of which was the protosymbiont of the entire species R. leguminosarum, which 
existed before R. leguminosarum separation with the formation of biovars viceae 
and trifolii. And although today nothing is known either about the host plant of 
this protosymbiont, much less about the organization of its genome, it is obvious 
that comparing the symbiotic operons of the R. leguminosarum bv. viceae ances-
tral variants and corresponding regions in the R. leguminosarum bv. trifolii ge-
nomes will be very helpful for understanding the evolutionary construction of the 
protosymbiont. 
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In this work, we present the first results of sequencing genomes of the 
Rhizobium leguminosarum bv. trifolii (Rlt) group of the ancestral type to collate 
the structure of their symbiotic regions with the corresponding regions in R. le-
guminosarum bv. viciae (Rlv) of the advanced type. 

The investigation aimed to search for ancestral symbiotic characters in 
the genome of Rhizobium leguminosarum bv. trifolii.  

 Materials and methods. Nodule bacteria were isolated from 50 samples of 
soil from rhizosphere of three clover plants (species Trifolium pratense L., T. repens 
L., and T. hybridum L.) collected in the village. Vyritsa (Leningrad Province, 
Gatchinsky District). To collect samples, we selected areas of compact growth of 
flowering plants (not farther than 0.2-0.3 m from each other), the distance be-
tween the sampling sites was at least 5 m. 

Soil suspensions were prepared from each sample, which were used to in-
oculate sterile seedlings of red clover (T. pratense) and white clover (T. repens).  

The plants were grown in pots in gnotobiotic condition on a nitrogen-free 
Krasilnikov-Korenyako medium. One nodule was taken from each green plant, 
which was sterilized in 96% alcohol and washed twice with sterile water. The nod-
ules were destroyed with a glass rod in an eppendorf; 0.1 ml of an aqueous sus-
pension was plated on agar medium 79 [12]. On day 3 of growth, individual colo-
nies were subcultured in tubes on bean agar for storage [12]. A total of 37 clover 
rhizobia isolates were obtained, of which five were selected and grown in 5 ml of 
liquid medium 79 for 1 day at 28 С. The cultures were used to isolate genomic 
DNA according to a standard technique [13].  

For whole genome sequencing, the libraries were constructed according to 
the 1D native barcoding genomic DNA protocol, recommended by the manufac-
turer, with EXP-NBD104, EXP-NBD114, and SQK-LSK109 kits (Oxford Na-
nopore, Great Britain). The libraries were sequenced (a MinION nanopore se-
quencer, Oxford Nanopore, UK) according to the manufacturer’s instructions on 
well R9.4. Basecalling of fast5 raw files resulted from sequencing was performed 
with Albacore v. 1 software (https://rubygems.org/gems/albacore/ver-sions/2.3.1). 
We used Deepbiner v. 0.2.0 software [14] to demultiplex the reads, Porechop v. 
0.2.3 software (https://github.com/rrwick/Porechop) for cleaning sequence reads. 
The reads were assembled in Flye v. 2.6 (https://github.com/fenderglass/Flye). 
The resulting assemblies were corrected with the use of Racon v. 1.3.2 software 
(https://github.com/lbcb-sci/racon; -m 8 -x -6 -g -8 -w 500 options), as well as in 
Medaka v. 0.10.0 software (https://github.com/nanoporetech/medaka). Genome 
annotation was performed using the Prokka program [15]. Genomes were de-
posited in GenBank (http://www.ncbi.nlm.nih.gov/bioproject/PRJNA611463, 
the PRJNA611463 bioproject). 

Sequence extraction, concatenation, and other manipulations with genomes 
during information processing were performed in CLC Genomics Workbench v. 
7.5.1 (https://secure.clcbio.com/helpspot/in-dex.php?pg=kb.printer.friendly&id=15). 
The sequences were aligned using Molecular Evolutionary Genetics Analysis 
(MEGA) X program (https://www.megasoftware.net) [18]. The construction 
of phylogenetic trees by the maximum likelihood method with a bootstrap 
(1000 repeats) was carried out with PhyML v. 3.3 software(http://www.atgc-
montpellier.fr/phyml/) [19]. The choice of the distribution model was auto-
matically determined using the least BIC (Bayesian information criterion) 
method [20]. The resulting dendrograms were visualized in the online applica-
tion iTOL (https://itol.embl.de) [21].  

 Results. Genome analysis was performed for five local isolates (3B, 9B, 
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22B, 23B, and 31B) and five strains of R. leguminosarum (Table 1).  

1. Rhizobium leguminosarum strains used 

Strain Region Host plant  GenBank accession number Reference 
R h i z o b i u m  l e g u m i n o s a r u m  bv. t r i f o l i i  (Rlt) 

3B Pgt Vyritsa,  
Leningrad Province, Russia Trifolium repens L. PRJNA611463 This work 

9B Pgt Vyritsa,  
Leningrad Province, Russia Trifolium pratense L. PRJNA611463 This work 

22B Pgt Vyritsa,  
Leningrad Province, Russia Trifolium pratense L. PRJNA611463 This work 

23B Pgt Vyritsa,  
Leningrad Province, Russia Trifolium pratense L. PRJNA611463 This work 

31B Pgt Vyritsa,  
Leningrad Province, Russia Trifolium pratense L. PRJNA611463 This work 

WSM1689 Greece  Trifolium uniflorum L. CP007045-CP007050 [17] 
R h i z o b i u m  l e g u m i n o s a r u m  bv. v i c i a e  (Rlv) 

Vaf10 North Ossetia, Russia Vavilovia formosa (Stev.) Fed. CP016286-CP016293 [10] 
Vaf108 Dagestan, Russia  Vavilovia formosa (Stev.) Fed. CP018228-CP018236 [10] 
TOM Turkey Pisum sativum L. AQUC01000001-AQUC01000006 [16] 
248 England Vicia faba L. ARRT01000001-ARRT01000007 [16] 
 

We sequenced the genomes of five Rlt isolates (3B, 9B, 22B, 23B, 31B) to 
collate them with the genomes of the Rlv strains (see Table 1). The strains to 
compare were Vaf108 and Vaf10, the symbionts of Vavilovia formosa [22] which is 
probably the closest living relative of the common ancestor of the tribe Fabeae 
[23], TOM which is a symbiont of pea (Pisum sativum L.) Afghan cultivars [24], 
248, a symbiont of Vicia faba L., and WSM1689, a symbiont of T. uniflorum (see 
Table 1). Since the divergence of R. leguminosarum biovars is determined by sym-
biotic genes, while the chromosome background of these biovars is common [25], 
we focused on the symbiotic regions of the genomes. 

 

 
Fig. 1. Differences in the organization of sym-operons in the genomes of Rhizobium leguminosarum 
isolates. 3B, 9B, 22B, 23B, 31B, and WSM1689 are R. leguminosarum bv. trifolii (Rlt) strains, Vaf10, 
Vaf108, TOM, and 248 are R. leguminosarum bv. viciae (Rlv) strains. The nod-operons are marked 
in blue, nif is green, and fix in yellow. The top scale is the length of sym-regions, bp.  

 

 
Fig. 2. Schematic structure of sym-operons in Rhizobium leguminosarum isolates. 3B, 9B, 22B, 23B, 
31B, and WSM1689 are R. leguminosarum bv. trifolii (Rlt) strains, Vaf10, Vaf108, TOM, and 248 are 
R. leguminosarum bv. viciae (Rlv) strains. The nod operons are marked in blue, nif in green, and fix 
in yellow. An asterisk (*) marks a gene located on a chromosome. 

 

St ruc tu r e of sym-ope rons. Comparing sym-regions of the genomic se-
quences of Rlt 3B, 9B, 22B, 23B, and 31B isolates with the sym-regions of Rlt 
WSM1689 and Rlv Vaf10, Vaf108, TOM, and 248 strains revealed differences be-
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tween Rlt and Rlv strains in the arrangement and location of sym genes (Fig. 1). 
In strains 3B, 9B, 22B, and 23B, the sym genes are organized into sym operons 
located on the pSym. Strain 31B is somewhat different due to the fixNOQPGHIS 
operon location on the chromosome (Fig. 2) and two additional genes (fixLK) not 
detected in other strains (see Fig. 2). 

The nodT gene was also found on the chromosomes of Rlt strains 3B, 
9B, 22B, and 31B, but there was no fixW gene. The nodT gene was not identi-
fied in 23B strain, but of all the studied Rlt strains, only 23B has the fixW gene 
separately located on a plasmid. In the nod operons of all Rlt strains, the nodX 
gene was found, but the nodO gene was absent. 

Genomic  d i s t r i b u t ion  o f  sym- r e g ion s. In Rlt strains, the struc-
ture of sym-regions varied (see Fig. 1). In 31B, in contrast to the other strains 
under consideration, the fixNOQPGHIS operon is located on the chromosome. 
In strains 3B, 9B, and 22B, the distance between nifHDKE and fixNOQPGHIS 
operons is greatly increased, while in strain 23B it is noticeably smaller (Fig. 3).  

 

 

Fig. 3. The proportions between the sizes of 
sym-regions (black bars) and sym-genes (white 
bars) in the genomes of Rhizobium legumi-
nosarum bv. trifolii (Rlt) strains (1 — 3B, 2 — 
9B, 3 — 22B, 4 — 23B, 5 — 31B, 6 — 
WSM1689) and R. leguminosarum bv. viciae 
(Rlv) (7 — 248, 8 — TOM, 9 — Vaf10, 10 — 
Vaf108). 

 
In addition, the sym-region 

clusters in strain 23B is the most 
compact and comparable in size to 
that in strain 248, a V. faba symbi-
ont. The sizes of the sym-region in 
strains 23B and 31B correspond to 

those characteristic of the evolutionarily advanced group, for which a compact ar-
rangement of sym-genes is typical, while strains 3B, 9B, and 22B, in which the sym-
region is expanded, can be attributed to the ancestral evolutionary group. 

Phy lo g ene t i c  ana l y s i s  o f  sym-gene s. In strains Rlt and Rlv, in 
addition to the revealed structural features of the symbiotic region, we analyzed 
the nucleotide polymorphism of three gene groups, fix, nif, and nod. Figure 4 
shows the phylogenies of the corresponding concatenates. The grouping of clover 
symbionts in a relatively compact cluster occurred in two gene groups, nif and 
nod, while Rlv strains grouped in a compact cluster only for fix genes. Notewor-
thy is the fact that, in the phylogeny for the nif and nod genes, the advanced 
symbionts Rlv (248 and TOM) appear, with reliable statistical support, in one 
cluster with clover rhizobia, while for fix genes, there are two Rlt strains 
(WSM1689 and 31B) fall into a relatively compact cluster with the Rlv group, 
which includes both advanced and ancestral Rlv strains. 

The biovars of R. leguminosarum are represented by symbionts of two 
very different leguminous tribes. The R. leguminosarum separation into viciae and 
trifolii biovars has a long evolutionary history, and strains of these biovars do not 
nodulate legumes from the tribes Trifolieae and Fabeae upon cross-inoculation. 
In biovar viciae, symbionts of Vavilovia are distinguished, possessing a number of 
ancestral characters, and it is assumed that they are closest to the protosymbiont 
of the tribe Fabeae, the common ancestor of the biovar R. leguminosarum bv. 
viceae [10]. In the presented study, when comparing the Vavilovia rhizobia ge-
nomes sequenced earlier and the genomes of clover rhizobia studied in this 
work, we obtained data concerning the protosymbiont common for the entire 
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species R. leguminosarum, which existed evolutionary earlier, i.e. before the sepa-
ration into biovars viceae and trifolii.  

 

 
Fig. 4. Dendrogram of Rhizobium leguminosarum strains based on concatenated sequences of genes 
fixABCGHINOPQ (A), nifABDEHKN (B), and nodABCDEFIJLMN (C). 3B, 9B, 22B, 23B, 31B, 
and WSM1689 are R. leguminosarum bv. trifolii (Rlt) strains, Vaf10, Vaf108, TOM, and 248 are 
R. leguminosarum bv. viciae (Rlv) strains. 

 

A significantly larger size of intergenic regions in the symbiotic region, 
due to the primary “rough” assembly at the early stages of evolution, is an an-
cestral character. Later in evolution, these regions have compacted [10]. An im-
portant result of our studies is that we have identified in the Rlt strains 3B, 9B, 
and 22B a sym-region with the size which is much larger than in symbionts of 
Vavilovia (see Fig. 1, Table 2). 

 

All Rlt strains are characterized by the presence of the nodX gene in nod-
operon, which in Rlv strains also serves as a trait that marks ancestral genotypes 
[25]. The significance of nodX gene for symbiosis with clover has not been stud-
ied, and its loss in advanced Rlv strains is associated with a narrowing of the 
host specificity and an increase in the activity of nitrogen fixation [26].  

2. Summarized ancestral genomic characters of in Rhizobium leguminosarum bio-
types (based on genome-wide sequencing of 10 strains)   

Rhizobium biovbar 
Extended 
sym-region 

Absence of nodT 
in nod-operon  

Presence of nodX Presence of fixW 
Absence of chromoso-
mal copy of fixNOPQ 

R. leguminosarum bv. trifolii + + + – + 
R. leguminosarum bv. viciae + + + + + 
N o t е. «+» or «–» — the trait is present or absent, respectively. The studied strains are 3B, 9B, 22B, 23B, 31B, 
and WSM1689 (R. leguminosarum bv. Trifolii, Rlt), Vaf10, Vaf108, TOM, and 248 (R. leguminosarum bv. viciae, 
Rlv). 
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Another ancestral feature is the absence of the nodT gene which encodes 
the efflux system ensuring effective release of the nod factor from the rhizobial 
cell [27]. As shown in Rlv strains, a probable evolutionary scenario is associated 
with the recruitment of this gene from the chromosome into a symbiotic cluster 
through duplication, neofunctionalization, and transfer. In Rlt strains, nodT gene 
is present in one copy only on the chromosome (the exception is isolate 31B in 
which nodT was not detected at all). Thus, according to this trait, the genomes 
of clover rhizobia demonstrate correspondence to even earlier stages of the evo-
lution of the symbiotic gene cluster.  

 In Rlv strains, ancestral traits associated with functional redundancy of 
ancestral genotypes also include the presence of fixW gene. In the studied clover 
symbionts, fixW gene was found only in strain 31B, but not in the fix operon on 
pSym as in Rlv, but in a separate nonsymbiotic contig. The fixW function, as 
suggested earlier, may be associated with deep differentiation of bacteroids char-
acteristic of rhizobia. The fixW manifestation and significance for symbiosis have 
not been studied in detail, but, most likely, fixW does not affect the host speci-
ficity [28]. 

Finally, strains Rlt 3B, 9B, 22B, and 23B, like strains Rlv Vaf10 and 
Vaf108, have only one copy of fixNOPQ genes per pSym (the operon is absent 
in the chromosome), in contrast to other members of Rlv which have two 
fixNOPQ copies in their genome, i.e. in pSym and in the chromosome. In strain 
31B, one copy of fixNOPQ was detected, but in the chromosome. The fixNOQP 
genes and their homologues in Gram-negative nitrogen-fixing bacteria encode a 
high-affinity terminal cytochrome oxidase of the cbb3 type which provides respi-
ration under microaerophilic conditions [29], for example, in nodule symbiosis. 
Most likely, the duplication of fixNOQP cluster and its transfer to the chromo-
some occurs during the late evolution of R. leguminosarum [30].  

The differences that we revealed in the phylogenetics topology of 
fixABCGHINOPQ, nifABDEHKN, and nodABCDEFIJLMN concatenates indi-
cate an independent evolution of the groups of genes that control various func-
tions. The data obtained make it possible to extend the assumptions made earlier 
about the independent evolution of these groups within the viceae biovar [10] to 
the whole species R. leguminosarum. 

So, the analysis of whole genome sequencing data showed that at least 
three (3B, 9B, and 22B) of the studied Rhizobium leguminosarum bv. trifolii 
strains possess a large part of the ancestral features (extended sym-region, ab-
sence of a chromosomal copy of fixNOPQ and nodT gene in the nod-operon, 
and the presence of nodX) found in rhizobia of Vavilovia formosa (Stev.) Fed. 
However, the evolutionary interpretation of the obtained data is complicated 
by the fact that the mechanisms of R. leguminosarum bv. viciae and R. legumi-
nosarum bv. trifolii evolution, undoubtedly, are determined not only by the host 
plants and their phylogenesis, but also by the history of adaptation of these 
plants to various ecological and geographical zones. It is possible that charac-
ters identified in one group of rhizobia as ancestral in another group may have 
a different evolutionary meaning. Despite these constraints, one of the signif-
icant results of our study, is, in our opinion, the assumption that clover rhi-
zobia, together with Vavilovia rhizobia, may be close to the protosymbiont of 
R. leguminosarum. We consider this assumption as one of the working hy-
potheses for further research. 
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