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Abstract

Pea and vetch are the important legume crops used as food, forage, and green manure in agriculture. Several new rhizobial
isolates were obtained from vetch Vicia sativa root nodules. For one of them, Vst36-3, the nodulation test showed various
specificity in relation to plant hosts from the Fabeae tribe, such as pea and vetch. It is in contrast to typical strains of the
Rhizobium leguminosarum species complex (RIc), which formed effective nodules as in pea and vetch. Here, whole genome
sequencing was performed followed by de novo genome assembly for Vst36-3 strain. As a result of de novo genome assem-
bly, seven contigs were generated using Oxford Nanopore Technology long reads and subsequently Illumina short reads.
Phylogenetic analysis allowed us to identify this strain as Rhizobium ruizarguesonis Vst36-3. Analysis of the Sym plasmid
containing the nod and nif genes revealed that R. ruizarguesonis Vst36-3 has a complete suite of essential genes for the devel-
opment of symbiosis. Nevertheless, this new strain forms ineffective nodules in pea. This makes Rhizobium ruizarguesonis

Vst36-3 attractive for the search and investigation of new factors of host specificity in future.

Abbreviations
Ric Rhizobium leguminosarum Species complex
ONT  Oxford Nanopore Technology

PGAP Prokaryotic Genome Annotation Pipeline

Introduction

Rhizobium leguminosarum is a widespread N,-fixing leg-
ume symbiont that belongs to the class Alphaproteobac-
teria. Three symbiovars are known to be distinguished in
Rhizobium leguminosarum differing in their host specific-
ity—viciae, trifolii, phaseoli. Symbiovar viciae nodulates
legumes such as Pisum, Vicia, Lathyrus, Lens, and Vavilo-
via of the Fabeae (Vicieae) tribe [1, 2]. Symbiovar trifo-
lii participate in symbiosis with plants from the Trifolieae
tribe (genus Trifolium), while symbiovar phaseoli includes
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rhizobia that nodulate plants from the Phaseoleae tribe [1].
However, comprehensive genomic analysis indicates that
Rhizobium leguminosarum can be considered as a group of
related species (Rhizobium leguminosarum species com-
plex, Rlc) that includes 18 distinct genospecies or probably
more [3, 4]. Among them, R. leguminosarum sensu stricto
(belongs to genospecies E, gsE) [3], Rhizobium laguerreae
(gsR) [5], Rhizobium ruizarguesonis (gs C) [6], Rhizobium
sophorae (gsG) [7], Rhizobium indicum (gsl) [8], Rhizobium
changzhiense (gsS) [9], Rhizobium brockwellii (gsA), Rhizo-
bium johnstonii (gsB) and Rhizobium beringeri (gsD) [4]
and others. Members of the Rlc contain a complex genome
with a circular chromosome and several large plasmids
(from one to six), but the number and size of the plasmids
vary between strains. The presence of a large number of
plasmids distinguishes Rlc from other rhizobia for which
complete genome sequences have been determined. Host
specificity genes are known to be carried on large plasmids
that also contain genes for nitrogen fixation and metabo-
lism that allow these bacteria to grow under different condi-
tions. Therefore, exploring the genomes of new Rlc strains
is important to verify their specificity and symbiotic and
metabolic characteristics.

Despite the fact that a large number of Rlc genomes are
publicly available, only a few of them are fully assembled.
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Sequencing and assembling of complete genomes and their
annotation have been done for some widely used Rlc strains,
such as R. johnstonii 3841 (former R. leguminosarum bv.
viciae 3841, genome size is 7.75 Mb) [10] and R. legumino-
sarum bv. viciae UMP 791 (genome size is 7.84 Mb) [11].
Analysis has shown that these strains contained a circular
chromosome and five-six different-sized plasmids. In R.
Jjohnstonii 3841 one of these plasmids (pRL10) carries the
genes for nodulation and nitrogen fixation and was defined
as a symbiotic plasmid. Similarly, in R. leguminosarum
bv. viciae UMP 791 the pRIvC symbiotic plasmid carries
the nodulation genes. A comprehensive analysis of other
strains of Rlc may be important to validate the distribution
and function of nodulation genes in 18 new genospecies
recently identified.

Recently, new rhizobial isolates were obtained from root
nodules of vetch (Vicia sativa L.) [12]. The nodulation test
showed that one of them, Vst36-3, may demonstrate various
efficiency in relation to plant hosts from the Fabeae tribe,
such as pea and vetch. It is in contrast to typical strains from
the Rlc complex, which formed effective nodules as in pea
and vetch. This makes a new strain attractive for the search
and investigation of new factors of host specificity. Here,
whole genome sequencing was performed followed by de
novo genome assembly for Vst36-3 strain.

Materials and Methods
Plant Material

The Pisum sativum cv. Cameor pea seeds (from the collec-
tion of the All-Russia Research Institute for Agricultural
Microbiology, Saint Petersburg, Russia) and Vicia villosa
cv. Lugovskaya-2 vetch seeds (from the collection of N. I.
Vavilov Institute of Plant Genetic Resources, Saint-Peters-
burg, Russia) were applied. The seeds were placed in con-
centrated sulfuric acid for 5 min and washed with sterile
water at least 5 times. The pea seeds were transferred to 1%
water agar and incubated at 21 °C until germinated (4-5
days). Vetch seeds germinated on moist filter paper at 23 °C.

Bacterial Strains

Rhizobium johnstonii sp. nov. 3841 [10], Rhizobium ruizar-
guesonis RCAM 1026 https://patentscope.wipo.int/search/
en/detail.jsf?docld=SU28658295 [13], and a new rhizobial
isolate Vst36-3 from the Russian Collection of Agricultural
Microorganisms (RCAM, Saint-Petersburg, Russia) were
used. The strain Vst36-3 was originally isolated from the
nodules of Vicia sativa L. [12] and later deposited in the
RCAM.
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Nodulation Tests and Nitrogen-Fixing Activity
Measuring

In microvegetative experiments, plants inoculated with
rhizobia were grown under gnotobiotic conditions in vermic-
ulite. The pea seedlings were planted in 1-L glass cylinders
containing vermiculite, with N-free Krasilnikov-Korenyako
liquid growth medium with a set of microelements as pre-
viously described [12]. The pea seedlings were inoculated
with 10 ml of a suspension of rhizobia containing approxi-
mately 107 cells. As a negative control, 10 ml of sterile water
was added to the vessel. The vetch seedlings were placed in
individual 80 ml glass tubes with vermiculite moisturized
with Krasilnikov-Korenyako liquid growth medium. Inocu-
lation was performed using 1 ml of rhizobia suspension con-
taining approximately 10° cells. The plants were grown for
28-30 days in the growth chamber at 50% relative humid-
ity, with a four-level illumination/temperature mode: night
(dark, 18 °C, 8 h), morning (200 umol m~2s~!, 20 °C, 2 h),
day (400 umol m~2s~!, 23 °C, 12 h) and evening (200 umol
m~2s7!,20 °C, 2 h).). The illumination was provided by L
36 W/77 Fluora lamps (Osram, Munich, Germany). Four-six
replications were carried out for each sample. The results
were recorded using a Carl Zeiss Stemi 508 stereo micro-
scope with a Zeiss Axiocam ERc 5S camera (Carl Zeiss
Microscopy GmbH, Jena, Germany). Nitrogen-fixing activ-
ity was determined using the acetylene method with C,H, as
a substrate for nitrogenase. Roots with nodules were placed
in hermetically sealed 50 ml Falcon tubes, into which 5 ml
of C,H, (10% volume) was introduced and incubated for 24
h. The amount of C,H, per plant was determined on a gas
chromatograph GC-2010 (Shimadzu, Tokyo, Japan).

DNA Purification and Quality Controls

For genome sequencing, we used a previously published
protocol for DNA extraction with modifications [14]. DNA
concentration was measured using the dsDNA Quantita-
tion Broad Range Kit (Thermo Fisher Scientific, Waltham,
MA, USA) and NanoDrop (Implen, Germany). DNA quality
control was performed by analyzing the sample in different
absorbing ratios with the NanoDrop (Implen, Germany).
Furthermore, DNA was visualized on a 1% agarose gel using
electrophoresis in TAE buffer.

Sequencing, De Novo Genome Assembly,
and Annotation

For de novo assembly of the Vst36-3 rhizobial strain
genome a combination of Oxford Nanopore Technologies
long reads and Illumina short reads were used. Long-read
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whole genome sequencing was performed using a MinlON
sequencer (Oxford Nanopore, UK) at the Center for Genome
Technologies, Proteomics and Cell Biology of the ARRIAM
by the Nanopore method. Library sample preparation was
performed according to the manufacturer’s instructions (1D
native barcoding genomic DNA protocol) using the SQK-
LSK109 ligation sequencing kit and the EXP-NBD104,
EXP-NBD114 barcoding kits (Oxford Nanopore, UK).
Libraries were sequenced according to the manufacturer’s
instructions on an R9.4 cell. The basecalling of fast5 raw
files obtained as a result of sequencing was performed using
the Albacore v. 2.3.1 program (https://rubygems.org/gems/
al-bacore/versions/2.3.1). Deepbiner v. 2.3.1 was used to
demultiplex the reads. 0.2.0, for cleaning—the program
Porechop v. 0.2.3 (https://github.com/rrwick/Porechop). For
[llumina sequencing, we used previously published protocol
for DNA extraction with modifications [14]. The isolated
DNA was sonicated to increase library coverage. Fragments
of 200-300 base pairs were extracted from 1% agarose gel.
A library was created using the NEBNext® UltraTM 11
DNA Library Prep Kit for Illumina (New England Biolabs,
USA) and AMPure XP beads (Beckman Coulter, USA).
Sequencing was performed in the 2 X 150 mode on the Illu-
mina NovaSeq 6000 sequencer.

To perform the assembly, we used the Trycycler v0.5.5
tool for the assembly of ONT reads, followed by polish-
ing with Illumina reads [15, 16]. The assembly process
involved the use of Flye v2.9.5-b1801, Raven v1.8.3, Mini-
asm v0.3, and Polypolish v0.6.0 for short read polishing

Vicia villosa

Pisum sativum L.

Rhizobium johnstonii 3841

Rhizobium ruizarguesonis RCAM 1026

[16-20]. For assembly annotation, the Prokaryotic Genome
Annotation Pipeline (PGAP) was used [21]. The Genovi
tool was utilized to visualize genome assembly [22]. For
comparative analysis, we used genomes of R. ruizarguesonis
RCAM 1026 (GCF_001927265.3) and R. johnstonii 3841
(GCF_000009265.1). The alignment of the whole genome
and analysis of orthogroups and COGs was performed using
zDB [23].

Raw genome sequencing data and assembled genome are
available in the NCBI database under the BioProject acces-
sion number PRINA1169353 (CP171201-CP171207).

Phylogenetic Analysis

Phylogram was created using TYGS server (https://tygs.
dsmz.de/) based on whole genome alignment using the
Genome BLAST Distance Phylogeny approach. iTOL server
was used for visualization of the tree.

Results

Determination of Host Specificity of New Isolate
Vst36-3

To verify the host specificity of a new rhizobial isolate
obtained from root nodules of Vicia sativa, we performed
nodulation experiments in vetch Vicia villosa cv. Lugovs-
kaya 2 and pea Pisum sativum L. cv. Cameor (Fig. 1). It

.

Rhizobium ruizarguesonis Vst36-3

Fig. 1 Nodule formation in vetch Vicia villosa cv. Lugovskaya 2 (a—c) and pea Pisum sativum L. cv. Cameor (d—f) with different rhizobial strains

@ Springer


https://rubygems.org/gems/al-bacore/versions/2.3.1
https://rubygems.org/gems/al-bacore/versions/2.3.1
https://github.com/rrwick/Porechop
https://tygs.dsmz.de/
https://tygs.dsmz.de/

284 Page 4 of 10

A.V. Dolgikh et al.

was shown that Vst36-3 strain was able to form small white
nodules in pea (Fig. 1b, f), although it formed effective pink
nodules in vetch (Fig. 1c). It was in contrast to typical strains
R. johnstonii 3841 and R. ruizarguesonis RCAM 1026,
which both form effective nodules in pea (Fig. 1a, b) and
vetch (Fig. 1d, e). Subsequently, the number and nitrogen-
fixing activity of pea root nodules of 28 dpi grown in N-free
medium at 21 °C were determined (Figs. 2, 3).

High activity of nitrogenase in root nodules formed by
the strains R. johnstonii 3841 and R. ruizarguesonis RCAM
1026 indicates the efficiency of biological nitrogen fixa-
tion, while a rhizobial isolate Vst36-3 was able to form

Fig. 2 Nitrogen-fixing activity
of cv. Cameor pea plants inocu-
lated with Rhizobium ruizargue-

only ineffective (Fix™) nodules with no nitrogenase activity
(Fig. 2). As a typical ineffective strain, the Vst36-3 forms
an increased amount of small ineffective nodules in pea, but
not in vetch (Fig. 3). These parameters reflect the efficiency
of the symbiotic process that occurs within the legume root
nodules. Therefore, we have shown that some strains of Rlc
complex may demonstrate various specificities in relation to
plant hosts of the Fabeae tribe. This makes this strain attrac-
tive for the search and investigation of new factors of host
specificity based on genome sequencing and assembling.
Statistically significant differences in the number of nod-
ules for plants inoculated with effective Rj 3841, Rr 1026,
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Fig.3 Statistical analysis of nodule number in vetch (a) and pea (b)

@ Springer



Characterization and De Novo Genome Assembly for New Rhizobium Ruizarguesonis Rhizobial. ..

Page50f10 284

and ineffective Rr Vst36-3 strains at 28 dpi were assessed.
All strains formed effective nodules in vetch (blue boxes),
but Rr Vst36-3 formed ineffective nodules in pea (gray box).
(a) — Kruskal-Wallis followed by Dunn’s post-hoc test was
used for analysis. (b)—one-way ANOVA followed by Tuk-
ey’s post hoc test was applied.

Whole Genome Sequencing of a New Rhizobial
Isolate from Vicia Nodules and Phylogenetic
Analysis

We performed de novo genome assembly for a new rhizo-
bial isolate (Vst36-3 strain) using a combination of Oxford
Nanopore Technologies long reads and Illumina short reads.
As a result of genome assembly, seven contigs were gen-
erated using Oxford Nanopore Technology (ONT) read
assembly and subsequently polished with Illumina reads: a
circular chromosome and six different size plasmids (Fig. 4,
Table S1, Fig. S1).

The summary size of the genome assembly was 8.48
Mb. For primary taxon identification, the TYGS server was
used and the resulting assembly was compared with typical
strains of different Rhizobium species [24]. As a result, by
whole genome alignment the Vst36-3 strain was identified
as Rhizobium ruizarguesonis (Fig. 5).
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The taxonomy check performed during the PGAP annota-
tion further validated the assignment of the genomes to these
species with average nucleotide identity (ANI) of 98.02%
compared to R. ruizarguesonis UPM1133 T. 8208 protein
coding sequencing was found in the assembly of the Vst36-3
genome during annotation.

Comparative Genome Analysis of a New Isolate
with Typical Rhizobial Strains

A comparison of the genome assembly with previously pub-
lished assemblies of R. johnstonii 3841 and R. ruizargue-
sonis bv. viciae RCAM 1026 reveals that it possesses the
largest genome and the highest number of predicted proteins
among the three species. Analysis of the region in the Sym
plasmid that contains the nod and nif genes reveals that R.
ruizarguesonis Vst36-3 has a complete suite of essential
genes for the development of symbiosis. This includes all
the necessary nod genes involved in nodulation and nif genes
critical for nitrogen fixation (Fig. 6).

We also performed a comparative analysis of the Clus-
ters of Orthologous Groups of proteins (COGs) across three
genomes. This analysis revealed an increase in the number of
proteins associated with the mobilome in the R. ruizargue-
sonis Vst36-3 genome. However, in general, the distribution
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Fig.4 Visualization of Rhizobium ruizarguesonis Vst36-3 genome structure. The description of COG categories represented by characters was

provided in Supplementary Table S1
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Fig.5 Phylogenetic tree constructed using Maximum-Likelihood approach based on whole genome alignment for type rhizobial strains and R.
ruizarguesonis Vst36-3 strain. Values indicate branch support based on 1000 bootstrap replicates

Fig.6 The analysis of the
region on the Sym plasmid
containing nod genes in R. john-

3841

stonii 3841, R. ruizarguesonis
RCAM 1026 and R. ruizargue-
sonis Vst36-3 strains. Black
arrows indicate pseudogenes.
Green arrows indicate func-

tional protein coding genes and
red arrow indicate nodC gene
position. Gray strips connecting
green arrows indicate percent-
age of similarity between
orthologs (darker is higher)

Vst36-3

of proteins from other COGs was relatively uniform across
the genomes of 3 strains (Fig. 7).

Recently, three rhizobial strains UPM1132, UPM1133
T, and UPM1134, which belong to R. ruizarguesonis,
have been characterized based on genome sequencing [6].
Therefore, we also performed a comparative analysis of
these genomes. We found that size of R. ruizarguesonis
Vst36-3 genome was bigger (8.48 Mbp) than genome sizes
of UPM1133 T, UPM1132, and UPM1134 (7.7 Mbp, 7.5
Mbp and 7.5 Mbp, respectively). We also performed com-
parative analysis of proteins from different COGs between R.
ruizarguesonis Vst36-3 and these strains (Fig. 8). Analysis
has shown that the number of proteins associated with the
mobilome was more widely represented in the genome of
R. ruizarguesonis Vst36-3 compared to other representa-
tives of R. ruizarguesonis (Fig. 8a, Table S2). It was related
to the presence of additional regulators of the replication,
recombination, and repair processes found in a new rhizobial
strain. A large number of transposable elements found in the
genome of Vst36-3 strain may indicate active acquisition of
genetic material through horizontal gene transfer. Moreo-
ver, the function of proteins selectively found in R. ruizar-
guesonis Vst36-3 using Kyoto Encyclopedia of Genes and
Genomes (KEGG) analysis may be related to more intensive

@ Springer

or variable metabolic transformation of amino acids, as well
as energy production and conversion (Fig. 8b, Table S3).
Additional regulators of quorum sensing were also found in
a new rhizobial strain compared to UPM1132, UPM1133
T, and UPM1134.

R. ruizarguesonis Vst36-3 and UPM1133 T strains have
the nodX gene, which may expand their potential host range
[25]. However, in contrast to UPM1133 T, the R. ruizar-
guesonis Vst36-3 has two copies of nodX, located in the
different plasmids that may also influence on the symbiotic
specificity of this strain in pea.

Unlike other strains, the R. rhuizarguesonis Vst36-3 pos-
sesses type III (T3SS) and IV (T4SS) secretion systems (pre-
sented by virBI-virB11 genes). Although the virBI-virBI1
genes were also found in R. johnstonii 3841 [26], our analy-
sis has shown that these proteins demonstrate significant
variability between effective R. johnstonii 3841 and ineffec-
tive R. rhuizarguesonis Vst36-3 strains (Fig. 7). It is known
that the T3SS and T4SS systems in rhizobial strains may
be involved in the symbiosis establishment process, affect-
ing host specificity and the number of formed nodules [27].
Therefore, the behavior of the Vst36-3 strain in nodulation
experiments may be associated with the presence of these
genes.
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ent COGs (c) for R. johnstonii 3841, R. ruizarguesonis RCAM 1026 and R. ruizarguesonis Vst36-3 strains

Discussion

Taxonomy analysis of a new rhizobial isolate Vst36-3 vali-
dated the assignment of this strain to R. ruizarguesonis
with average nucleotide identity (ANI) 98.02% compared
to typical R. ruizarguesonis UPM1133 T. The nodulation
test in pea and vetch plants inoculated with the rhizobial
strain R. ruizarguesonis Vst36-3 revealed significant
differences between this strain and the typical rhizobial
strains R. johnstonii 3841, R. ruizarguesonis RCAM 1026,
all of which belong to the complex of species of R. legumi-
nosarum (Rlc). We observed that the new rhizobial strain
R. ruizarguesonis Vst36-3 was able to form effective nod-
ules in vetch, while it forms ineffective nodules in pea. At
the same time, according to the literature data, the major-
ity of isolates of R. ruizarguesonis are equally effective in
establishing symbioses with both host genera [6].

The distinctive characteristic of the R. ruizarguesonis
species may be their ability to process hydrogen gener-
ated during nitrogen fixation, which provides the poten-
tial to establish a more effective symbiosis [6]. However,
the activity of rhizobial hydrogenase in root nodules is
affected by the host legume. As an example, lentil plants
do not allow high symbiotic expression of hydrogenase
from R. leguminosarum bv. viciae hup* (Hydrogen Uptake
positive, HUP*) strains, while hydrogenase is induced at a
high level in bacteroids of hosts such as Vicia and Pisum
[28].

Furthermore, crop species were observed to interact with
symbionts in a more selective way than wild legumes [29].
As an example, P. sativum had a more limited range in its
symbionts compared to any of the wild legumes [29]. The
study of microheterogenicity among common symbionts of
a group of related legume species showed that the major-
ity of strains isolated from vetch formed a nitrogen-fixing
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Fig.8 Comparison of common and specific COGs (a) and number of proteins from different KEGGs (b) for R. ruizarguesonis Vst36-3 and R.

ruizarguesonis UPM 1132, UPM1133, and UPM1134 strains

symbiosis (Fix™) in P. sativum plants with only a few cases
of inefficiency (Fix").

The diversity of responses to different rhizobia in host
plants during bacteroid formation and nitrogen fixation,
indicates that there is a host specificity in these processes.
However, a similar pattern of regulation of more than 100
upregulated genes has been demonstrated between pea (P.
sativum) and vetch (V. cracca) bacteroids isolated from
28-day-old nodules inoculated with R. leguminosarum bv.
viciae. In addition, many of these genes are not found in
other rhizobia, which highlights the plasticity of the rhizo-
bial responses to their respective hosts [30].

Therefore, despite Rlc rhizobial strains can establish
effective symbiotic relationships with members of the genera
Pisum, Vicia, Lathyrus, Lens, and Vavilovia, which belong
to the Fabeae tribe, there are certain genotypes within these
strains that are more suited to specific plant hosts [31]. There
are many different reasons for strain inefficiency (structur-
ally different Nod factors, immunity reactions, various sets
of NCR peptides and microRNAs). Investigation of the
causes of ineffective symbiosis can help identify the factors
that contribute to the specificity of the interaction between
rhizobia and legumes. Our analysis highlights the plasticity

@ Springer

of the R. ruizarguesonis Vst36-3 responses compared to
other strains. Generally, the components necessary for quo-
rum sensing, some metabolic processes, and hydrogenase
activity regulation, T3SS and T4SS systems were not found
in typical R. ruizarguesonis UPM1133 T strain, that makes
the Vst36-3 strain promising to study. This indicates the
need for further comparative analysis using a wider range
of R. ruizarguesonis genomes. Analysis of genome sequenc-
ing data indicates that R. ruizarguesonis Vst36-3 possesses
the largest genome and the highest number of predicted
proteins compared to typical rhizobial strains R. johnstonii
3841 and R. ruizarguesonis RCAM 1026. It makes it more
attractive for searching and investigating new factors of host
specificity.

Conclusions

Whole genome sequencing and de novo genome assembly
were performed for a new rhizobial isolate from Vicia sativa
root nodules. However, the nodulation test showed that R.
ruizarguesonis Vst36-3 may demonstrate various specificity
in relation to plant hosts from the Fabeae tribe, such as pea
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and vetch. It is in contrast to typical strains of the Rhizobium
leguminosarum species complex, which formed effective
nodules as in pea as in vetch. Phylogenetic analysis allowed
us to identify this strain as Rhizobium ruizarguesonis Vst36-
3. Analysis of the Sym plasmid containing the nod and nif
genes revealed that R. ruizarguesonis Vst36-3 has a com-
plete suite of essential genes for the development of sym-
biosis. Investigating the causes of ineffective symbiosis can
help identify factors that contribute to the specificity of the
interaction between rhizobia and legumes.

Supplementary Information The online version contains supplemen-
tary material available at https://doi.org/10.1007/s00284-025-04265-3.
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