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Abstract
Rhizobial exopolysaccharides (EPS) may provide stabilization of membranes against external factors, as well as improved 
surface adhesion, but their role in interaction with legume and non-legume plants is still far from understanding. In this work, 
the transcriptional regulator RosR of Rhizobium ruizarguesonis, which regulates the synthesis of EPS, was overproduced in 
a pHC60 plasmid and expressed in the RCAM 1026 strain. This resulted in an improved production of EPS by this recom-
binant strain. Comparative analysis of the inoculation of pea Pisum sativum plants with R. ruizarguesonis pHC60-rosR and 
strain carrying the empty plasmid revealed an essential increase in the number of nodules, root length and biomass in plants 
inoculated with this EPS-overproducing strain. It demonstrates that the enhanced EPS synthesis by rhizobia may stimulate 
plant root colonization and subsequent nodule formation in pea plants. The influence of enhanced EPS synthesis in rhizo-
bia on colonizing activity was also estimated in non-legume plant tomato Solanum lycopersicum. Our findings shown the 
increased colonization of the root surface and stimulation of the shoot biomass of inoculated plants. Inoculation of pea and 
tomato with EPS-overproducing rhizobial strain essentially increased plant resistance to phytopathogenic fungi Fusarium 
culmorum and F. oxysporum in both legume and non-legume plants, demonstrating a significant biocontrol effect of this 
recombinant strain. Furthermore, we have identified the PsLYK10 gene that encodes a putative EPS receptor in P. sativum, 
although no significant effect of PsLYK10 overexpression on nodulation in legume (pea P. sativum) and colonization of roots 
of non-legume plants by rhizobia was found compared to enhanced production of EPS by rhizobia.

Abbreviations
EPS	� Exopolysaccharides
CG	� Cyclic glucans
GM	� Glucomannans
LPS	� Lipopolysaccharides
CPS	� Capsular polysaccharides

Introduction

Soil bacteria collectively called “rhizobia” are able to form 
symbiosis with legume plants that results in colonization 
of host plant roots followed by formation of specialized 
structures—the nitrogen-fixing root nodules. Rhizobia are 
also able to colonize the surface of the roots of non-legume 
plants as it was shown for strawberry [1], lettuce, carrot [2], 
spinach [3], rice [4], pepper, and tomato [5]. Such coloni-
zation may stimulate the growth and productivity of crop 
plants. Therefore, development of approaches to improve 
and stabilize the process of colonization of the roots of leg-
ume and non-legume plants by various rhizobial strains is 
significant for the development of sustainable agriculture.

In legume plants, mutual recognition and subsequent 
attachment of rhizobia to the root surface of plants depend 
on signal exchange between partners, including flavonoids 
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and Nod factors, as well as specific proteins and surface 
compounds of rhizobia. Perception of rhizobial signals, Nod 
factors, by plant receptors provides the initial recognition 
of rhizobia followed by their attachment to plant roots. The 
attachment of rhizobia to plant cells is a complex process 
that includes primary and secondary stages, in which mul-
tiple factors are involved. Rhizobia may produce some pro-
teins, providing their improved adhesion to the roots [6]. 
Primary attachment is mediated by bacterial proteins with 
adhesive properties collectively called adhesins [7]. One of 
these well-known adhesins is bacterial agglutinin, the Rhizo-
bium-adhering protein A (RapA). RapA adhesin was first 
described in Rhizobium leguminosarum bv. trifolii strains 
and belongs to extracellular calcium-binding proteins, which 
are directly involved in the colonization of plant roots [8, 
9]. The increase in RapA production by rhizobial strains 
stimulated rhizobial competitiveness, root colonization, and 
number of nodules on roots in inoculated legume plants [9].

In addition, plant lectins secreted at the root hair tip are 
involved in primary attachment [10–12]. Legume lectins 
bind with high specificity to a polar-localized rhizobial 
neutral polysaccharide called glucomannan and therefore 
promote the development of legume-rhizobia symbiosis and 
improve rhizobial adhesion to the root surface [13]. As an 
example, plant lectin PSL expressed on root hair tips pro-
motes attachment of Rhizobium leguminosarum bv. viciae to 
pea root hairs by binding to a rhizobial glucomannan [13]. 
Root hair lectin and seed lectin were shown to represent the 
same protein encoded by one functional gene psl in pea [14]. 
The importance of lectins in the regulation of interactions 
rhizobia with non-legumes was also shown by the introduc-
tion of the pea seed lectin PSL gene into non-legume plants, 
which increased the specificity and stability of root coloniza-
tion of these plants by rhizobia [15]. A secondary attachment 
step suggests the anchoring by bacterial cellulose fibrils, 
but it plays a not so important role as the primary one [10].

The significant role in colonization may play rhizobial 
surface polysaccharides, such as cyclic glucans (CG), 
high-molecular weight neutral polysaccharides (glucoman-
nans, GM), lipopolysaccharides (LPS), capsular polysac-
charides (CPS), beta-glucans, and exopolysaccharides 
(EPS) [16]. Among rhizobial surface polysaccharides, EPS 
are of special interest because of their important biological 
functions. In bacteria, these compounds provide stabili-
zation of membranes against external factors, as well as 
improvement of surface adhesion [17]. EPS are acidic pol-
ysaccharides released out of the cell or weakly associated 
with the cell surface. They consist of repeating units of 
sugar monomers and some non-carbohydrate substituents, 
such as succinate, glycerol, acetyl, or pyruvate. The most 
well-known EPS from Sinorhizobium meloloti is a polymer 
of repeating units such as the octasaccharide composed 
of seven glucose residues and one galactose residue with 

acetyl, succinyl, and pyruvyl modifications. In the case of 
R. leguminosarum, a repeating unit is composed of five 
glucose, one galactose, and two glucuronic acid residues, 
decorated by acetyl and pyruvyl groups. EPS may exist in 
a high-molecular weight form, as a polymer containing 
many repeating units, and a low-molecular weight form, 
composed of one or several repeating units. Previous stud-
ies showed that EPS are necessary for rhizobia attachment 
and colonization of root hairs, infection thread initiation 
and extension, as well as intracellular accommodation of 
rhizobia after release into the cell [18–21]. However, the 
role of rhizobial EPS was predominantly studied in inter-
action with model legume plants such as Lotus japonicus, 
Medicago truncatula, and Trifolium repens [22–24], but 
not with crop legumes.

Lysin-motif (LysM) receptor-like kinase LjEPR3 in L. 
japonicus and MtLYK10 in M. truncatula are involved in 
the recognition of EPS and distinguishing its structure in 
compatible rhizobia [24–26]. This type of receptor may be 
present in legume as in non-legume plants. Since it was 
identified in a wide range of dicotyledon and monocoty-
ledon plants [27], the recognition of microbial EPS can 
be considered a conservative feature of plants [28]. The 
main function of the LjEPR3 and MtLYK10 receptors in 
legume plants was related to the regulation of intracellular 
accommodation of rhizobia during the infection process 
and suppression of defense responses [24–26]. Expression 
of these receptors is inducible by Nod factors and suf-
ficient to select compatible bacteria through recognition 
of their EPS.

In this article, we studied the effect of enhanced EPS syn-
thesis in rhizobia and stimulated EPS perception by plants 
on nodulation in pea P. sativum L. Previously, the rosR 
rhizobial gene encoding a positive transcriptional regulator 
was shown to be involved in the biosynthesis and regula-
tion of EPS production [23, 29–31]. In this work, the tran-
scriptional regulator RosR of Rhizobium ruizarguesonis was 
overproduced in a pHC60 plasmid under the lac promoter 
and expressed in the RCAM 1026 rhizobial strain. In our 
experiments, the resistance of pea plants to the phytopatho-
genic fungus Fusarium culmorum was studied in response 
to inoculation with EPS-overproducing and non-modified 
strains. The influence of enhanced EPS synthesis in rhizo-
bia on colonizing activity was also estimated in non-legume 
plant tomato Solanum lycopersicum as well as tomato resist-
ance to Fusarium oxysporum fungal infection. Furthermore, 
we have identified the PsLYK10 gene that encodes a puta-
tive receptor for EPS in P. sativum (as demonstrating a high 
level of similarity to MtLYK10 and LjEPR3) and studied 
the effect of PsLYK10 overexpression on nodulation in leg-
ume (pea Pisum sativum L.) and colonization of roots of 
non-legume (tomato S. lycopersicum) plant by rhizobia to 
estimate its specificity and effect on the colonization.



Influence of Enhanced Synthesis of Exopolysaccharides in Rhizobium ruizarguesonis and… Page 3 of 13    416 

Materials and Methods

Plant Material and Growth Conditions

The Frisson cultivar pea seeds were cultured in concen-
trated sulfuric acid for 5 min and washed with sterile water 
at least 5 times. Seeds were transferred to 1% water agar 
and placed for 4–5 days in darkness at 25 °C.

Tomato Solanum lycopersicum seeds of cultivar Car-
mello were sterilized with 15% sodium hypochlorite 
NaOCl (0.1 M) for 5 min, then washed 6 times with dis-
tilled sterile water, and kept in 10% H2O2 for 2 min. After 
that, the seeds were washed 3 times with large volumes 
of sterile water. The sterilized seeds were placed in Petri 
dishes on 1% water agar and left for 1 day at 4 °C and 
then for 3 days at room temperature in darkness. Young 
seedlings were placed in Petri plates on Murashige–Skoog 
(MS) agar medium without sucrose [32] and then cultured 
in the phytotron (MLR-352H, Panasonic, Japan) at 21 °C, 
60% humidity, and a photoperiod of 16 h/ 8 h for 5 days 
in light conditions.

Fungal Strains

Infection with phytopathogenic fungi Fusarium culmorum 
Schltdl. strain. 4–5-day pea Pisum sativum L. seedlings cv. 
Frissons were transferred to 250-ml plastic vessels with 
8–10-mm sterilized vermiculite saturated with Jensen’s 
medium and containing 3 × 105 conidia of the pathogenic 
fungus. To infect the plants, an inoculum of highly aggres-
sive phytopathogenic fungi Fusarium culmorum strain 334 
was used along or together with R. ruizarguesonis RCAM 
1026 pHC60-mCherry or EPS-overproducing R. ruizar-
guesonis RCAM 1026 pHC60-rosR strains and incubated 
for 20 days. To obtain the inoculum, the F. culmorum 334 
strain was grown on Chapek agar for 10–14 days and then 
washed off the plates with sterile water. The plants were 
grown in a growth chamber at 21 °C in 16-h light/ 8-h dark 
cycles, with 60% humidity. The intensity of plant infection 
with phytopathogenic fungi was carried out according to 
the formula proposed earlier [33]. Visual disease symp-
toms were assessed 21-day post-inoculation (dpi) using a 
four-point scale (0—symptomless, 1—slightly necrotic, 
2—moderately necrotic, 3—severely necrotic, 4—com-
pletely necrotic) [34]. To collect the material, the roots 
were washed 3—4 times with tap water and used for esti-
mation of infection development. In addition, roots were 
frozen for DNA isolation.

The single-spore Fusarium oxysporum Schltdl. strain, 
MFG 58284 was taken from the culture collection (MF) 
of the All Russian Institute of Plant Protection (VIZR, St. 

Petersburg, Russia) [35]. Grown in potato dextrose agar 
(HiMedia Laboratories Pvt. Limited, India), in a thermo-
stat at + 28 °C in the dark for 2 weeks. The washing was 
done with sterile distilled water. Conidia were examined 
in Goryaev’s chamber, in large cages at a wash dilution of 
1:1000. The number of conidia was calculated according 
to the formula: mean (2.25) * 250 * 10^3 = 5.6 * 10^6—in 
one ml 1:1000 washout. The density of the inoculum is 3.2 
* 10^6 in one ml. An inoculum with the addition of 50 µl 
of Tween-20 was mixed with coarse vermiculite (8 mm), 
moisture absorption of vermiculite.

Bacterial Strains

Escherichia coli XLBlue MRF’ and TOP10 strains (Thermo 
Fisher Scientific, USA) were used for standard cloning pro-
cedures. Rhizobium ruizarguesonis sp. nov. RCAM 1026 
strains carrying pHC60-mCherry or pHC60-rosR were cul-
tured at 28 °C in YEM agar medium [36] supplemented 
with 0.5-mg/ml streptomycin. The fresh bacterial inoculum 
was introduced into 100 ml of B− medium [37] and 0.5-mg/
ml streptomycin and cultivated with stirring at 220 rpm at 
28 °C. The Agrobacterium rhizogenes Arqua 1 strain was 
used for plant transformation. A. rhizogenes Arqua 1 was 
grown at 28 °C on TY (tryptone yeast) agar medium sup-
plemented with 0.05-mg/mL spectinomycin [38].

Generation of Constructs for Plant and Rhizobia 
Transformation

Cloning of the rhizobial rosR gene. To generate the pHC60-
rosR vector for rhizobial transformation, carrying the gene 
of interest, the coding sequence of rosR gene (700 bp) was 
amplified using rhizobial RCAM 1026 DNA as a matrix with 
corresponding primers flanked with the sequences for ClaI 
restriction enzyme. Amplification was done using Phusion 
Flash High-Fidelity PCR Master Mix (Thermo Fisher Sci-
entific, USA). The amplified DNA product was subcloned 
into the pBlueScript SK( +) vector restricted by the SmaI 
enzyme. The ligation mixture was introduced in the DNA 
methylation deficient E. coli GM2163 strain (dam−, dcm−). 
After purification of the plasmid, the fragment of rosR DNA 
was restricted by ClaI from pBlueScript SK ( ±) and cloned 
under the lac promoter in the pHC60 vector, also carrying 
GFP under the T7 promoter (Fig. S1). The final construct 
was purified from E. coli TOP10 (Thermo Fisher Scientific, 
USA) cultured in the presence of 0.01-mg / ml tetracycline 
and verified by sequencing. Subsequently, it was transferred 
to R. ruizarguesonis RCAM 1026 for inoculation of the 
plant.

Cloning of the pea LYK10 gene. To generate pKGWD,0 
vectors for plant transformation, the coding sequence of 
the PsLYK10 gene (1860 b.p.) gene without stop codon 
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was amplified using cDNA as a matrix (total RNA was 
isolated from 21 dai pea nodules of cv. Finale) with the 
corresponding primers. Amplification was done using Phu-
sion Flash High-Fidelity PCR Master Mix (Thermo Fisher 
Scientific, USA). The amplified product was restricted 
with XbaI/EcoRI and subcloned into the pMON vector 
under the 35S promoter in the frame with the sequences 
encoding YFP and nopaline synthase terminator (Tnos). 
The p35S::PsLYK10::YFP fragment was amplified with 
primers carrying attB1 and attB2 sites and cloned into 
pDONR221 using BP clonase (Thermo Fisher Scientific, 
USA). In the next step, the p35S::PsLYK10::YFP from the 
pDONR221 vector was transformed into the destination vec-
tor pKGWD,0 using LR clonase (Thermo Fisher Scientific, 
USA). The final construction was introduced into the Agro-
bacterium rhizogenes strain Arqua1.

Analysis of Root Surface Colonization by Rhizobia 
and Fungi Using PCR

To build the calibration graphs, fragments of the genes 
encoding hypervariable regions V4–V6 in Fusarium 
oxysporum 18S rRNA (FOX) and R. ruizarguesonis NodA 
acyltransferase (nodA) were amplified using fungal and R. 
ruizarguesonis RCAM 1026 DNA as matrix. The fragment 
of the housekeeping GAPDH gene of tomato was ampli-
fied using complementary DNA (cDNA) as a matrix (total 
RNA was isolated from tomato roots). The amplification was 
performed using Taq DNA polymerase (Evrogene, Russia). 
The amplified products were cloned in the vector pAL2-
T (Evrogene, Russia), verified by sequencing and used for 
the construction of calibration graphs with a range of con-
centrations for the cloned genes (R. ruizarguesonis nodA 
gene, Fusarium oxysporum FOX gene encoding 18S rRNA, 
pea housekeeping GAPDH gene) (Fig. S2). It allowed us to 
calculate the amount of rhizobial and fungal DNA in the 
probes. Rhizobial colonization was determined by quanti-
fying the expression of the R. ruizarguesonis nodA gene 
by qRT-PCR and calculating the number of gene copies 
(Fig. S2), then normalizing these values to tomato GAPDH 
normalization factor was done. Fungal colonization was esti-
mated by quantifying the expression of fungal F. oxyspo-
rum 18SrRNA gene by qRT-PCR and calculating the number 
of gene copies (Fig. S2), then normalizing these values to 
tomato GAPDH normalization factor was done. All primers 
used for cloning are presented in Table S1.

EPS Isolation

For EPS isolation, 10-ml cultures of rhizobia were grown 
in YEM medium for 2 days at 28 °C in a rotary shaker. 
EPS was precipitated from culture supernatants with 30 ml 
of 96% ethanol, the precipitates were dissolved in water 

and then analyzed for carbohydrates as described ear-
lier [39]. Total sugars content was calculated in glucose 
equivalents.

Plant Transformation

Sterile young tomato seedlings (4–5 days after transfer to 
the light) were cut in the hypocotyl region and transformed 
with Agrobacterium rhizogenes Arqua 1 by applying bacte-
rial mass to the wounding site. Transformed seedlings (6–8 
per plate) were placed on MS agar medium without sucrose 
in a Petri dish between two sheets of filter paper soaked in 
sterile distilled water. The root area of the plants located on 
the plates was covered with foil. The dishes were placed in a 
phytotron and cultivated in a vertical position at 21 °C, 60% 
humidity, and with a photoperiod of 16-h light/ 8-h dark for 
10–14 days until callus appeared. Subsequently, the plants 
were transferred to MS medium with sucrose (3%) contain-
ing 0.3 mg/ml of cefotaxime antibiotic and further incubated 
under the same conditions for 10–14 days until transgenic 
roots appeared. Composite plants were selected for GFP 
fluorescent roots and then transferred into aeroponics with 
LIPM medium [40] and incubated for 5 days at room tem-
perature with a photoperiod of 16 h/ 8 h. After that the plants 
were transferred to vermiculite moistened with Fahraeus 
medium. Inoculation with R. ruizarguesonis, strain RCAM 
1026 pHC60-mCherry or RCAM 1026 pHC60-rosR strain 
with the introduced rosR gene was performed 2 days later 
(2 ml of bacterial inoculum per plant with OD600 = 0.5) and 
plants were incubated for 14 days after inoculation at room 
temperature with 16-h/ 8-h photoperiod. Plants transformed 
with the GUS gene that encodes beta-glucuronidase under 
constitutive promotor p35S were used as controls (GUS con-
trol) at the same stage after inoculation.

DNA Isolation and Quantitative Reverse 
Transcription PCR

DNA from plant roots was isolated using an extraction 
buffer (100-mM Tris–HCl (pH 8.0), 20-mM EDTA (pH 8.0), 
20-mM 2-β-mercaptoethanol, 1,4-M NaCl, 2% CTAB) [41]. 
Quantitative reverse transcription PCR (qRT-PCR) analy-
sis was performed using the CFX96 real-time system and 
iQ SYBR Green SuperMix (Bio-Rad Laboratories, USA). 
All primers (Table S1) were designed using the Vector NTI 
program and produced by the Evrogen company (www.​
evrog​en.​com). The specificity of the PCR amplification was 
verified using a dissociation curve (55–95 °C). The relative 
quantities of DNA were calculated as ratios relative to non-
inoculated root expression levels. Data from two to three 
independent biological experiments were analyzed.

http://www.evrogen.com
http://www.evrogen.com
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Measuring the Nitrogenase Activity

Pea roots with nodules were placed into the Falcon tubes 
with hermetically sealed lids at room temperature (approx-
imately 50 mL of headspace atmosphere in the Falcon 
tube). 10% of the headspace atmosphere were replaced 
with 5-ml C2H2 using a 5-ml syringe with needle. Using a 
1-mL syringe, aliquots of the headspace atmosphere were 
extracted in 24-h interval and the C2H4 production was 
measured by gas chromatography. A Shimadzu GC-2014 
gas chromatograph equipped with GC SUS 2.0 m × 5.0 mm 
column was used. Oven temperature was 70 °C with flame 
ionization detector (FID) temperature set to 70 °C. Flow 
rate of the nitrogen carrier gas was 75 mL/min. Total C2H4 
production in the probe is calculated by evaluation the 
C2H4 peak area compared to calibration graphs for C2H4.

Phylogenetic Analysis

To build a phylogenetic tree, amino acid sequences were 
used, which were aligned using the ClustalW method in 
the MEGA11 program [42]. Evolutionary relationships 
were reconstructed using the Maximum likelihood method 
and the JTT matrix model [43]. The publication shows the 
tree with the highest logarithmic probability (− 9499,06). 
The source trees for the heuristic search were generated 
automatically by applying the Neighbor-Joining and BioNJ 
algorithms to a matrix of pairwise distances estimated 
using the JTT model and then choosing a topology with 
a higher log-likelihood value. A discrete gamma distri-
bution was used to model evolutionary rate differences 
between sites (5 categories (+ G, parameter = 0.7851)). 
This analysis involved 12 amino acid sequences. All posi-
tions containing spaces and missing data have been elimi-
nated (complete removal option). In total, there were 678 
positions in the final dataset. Evolutionary analysis was 
carried out in MEGA11 [42].

Statistical Analysis

One-way analysis of variance (ANOVA) was used to check 
differences in root length, fresh weight, and number of nod-
ules. Data from two–three independent biological repeats 
were used for analysis. The Tukey’s post hoc test was per-
formed between all groups to determine the differences 
within the groups.

The analysis of changes in gene expression was carried 
out on the basis of 2–3 biological repeats and included 5 to 
6 plants for each control and treated variants in one repeat. 
The threshold cycle (Ct) values were calculated using the 
Bio-Rad CFX Manager 1.6 program and analyzed using 

the 2−ΔΔCt method. Standard one-way analysis of variance 
(ANOVA) and Tukey post hoc test were performed.

Results

Effect of Enhanced EPS Synthesis in Rhizobium 
ruizarguesonis on the Nodulation in pea P. sativum L.

The rosR rhizobial gene encoding a transcriptional regulator 
was shown to be involved in the biosynthesis and regulation 
of EPS production in various rhizobial species [23, 29–31]. 
In this work, the R. ruizarguesonis gene that encodes the 
transcriptional regulator RosR was overproduced in a pHC60 
plasmid and expressed in the R. ruizarguesonis RCAM 1026 
rhizobial strain (Fig. S1). To estimate the production of EPS 
by rhizobia, the previously described method [23, 39] was 
applied in our experimental work. The EPS content in the 
rhizobial strain carrying the pHC60-rosR vector with an 
additional copy of the rosR gene was shown to be approxi-
mately two times higher than in the strain containing the 
empty vector pHC60-mCherry only (Table 1).

Therefore, it allowed us to estimate the effect of improved 
EPS synthesis in rhizobia on the development of symbiosis 
in pea plants. At 28 days after inoculation with rhizobial 
strains, pea plants were collected and the number of nodules 
on the roots, as well as the morphometric parameters of the 
plants were evaluated. The number of nodules was shown to 
increase significantly in plants inoculated with R. ruizargue-
sonis RCAM 1026 pHC60-rosR (Fig. 1). Additionally, we 
found an increase in root length and plant biomass in plants 
inoculated with R. ruizarguesonis RCAM 1026 pHC60-rosR 
(Fig. 2). It suggests that the enhanced EPS synthesis and 
secretion by rhizobia may stimulate plant root colonization 
and subsequent nodule formation in pea plants.

The influence of the RosR transcription regulator was 
also estimated for strains that form ineffective symbiosis 
with pea. As previously shown, the strain R. ruizarguesonis 
RCAM 1064 had decreased colonization of pea roots, which 
seems to be related to impaired EPS or LPS synthesis [44]. 
On pea roots infected with the R. ruizarguesonis RCAM 
1064 strain, a large number of ineffective white nodules were 
observed (Fig. 1). However, when plants were inoculated 

Table 1   The EPS content in the rhizobial strains

SEM standard error of the mean

Strain Concentration, 
mg/ ml ± SEM

Rhizobium ruizarguesonis RCAM 1026 pHC60-
mCherry

0.258 ± 0.031

Rhizobium ruizarguesonis RCAM 1026 pHC60-rosR 0.400 ± 0.024
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with R. ruizarguesonis RCAM 1064 pHC60-rosR, prac-
tically no nodules were observed on the roots (Fig. 1). It 
demonstrates that overproduction of the RosR transcription 
regulator may prevent nodulation by this ineffective strain.

Resistance of the Pea Plant to the Phytopathogenic 
Fungus Fusarium culmorum in Response 
to Inoculation with the EPS‑Overproducing 
Rhizobial Strain

In our experiments, the resistance of the pea plants to the 
phytopathogenic Fusarium culmorum fungus was also stud-
ied in response to inoculation with the EPS-overproducing 
strain (Fig. 3). Infection of pea plants with highly aggres-
sive strain 334 of F. culmorum fungus [45] resulted in the 
development of root rot 21 days after incubation, when the 
root lesions became visible and resulted in their necrosis 
(Fig. 3a). However, co-inoculation of pea plants with the 
R. ruizarguesonis RCAM 1026 pHC60-rosR strain signifi-
cantly reduced disease symptoms, probably due to competi-
tion for available niches on the root surface or increasing 

plant resistance to phytopathogen (Fig. 3a). Such plants 
had a higher fresh shoot weight compared to plants inocu-
lated with R. ruizarguesonis RCAM 1026 pHC60-mCherry 
(Fig.  3b). The reduction in disease symptoms was less 
pronounced in plants inoculated with R. ruizarguesonis 
RCAM 1026 pHC60-mCherry (Fig. 3). Finally, it shows that 
enhanced EPS production by rhizobial strains may reduce 
plant susceptibility to F. culmorum infection.

Influence of Enhanced EPS Synthesis in Rhizobia 
on Colonizing Activity in Non‑Legume Plant Tomato 
S. lycopersicum

As mentioned before, rhizobia are also able to colonize 
the surface of the roots of non-legume plants. Since such 
colonization may stimulate the growth and productivity of 
inoculated plants, the effect of enhanced EPS synthesis in 
rhizobia on colonizing activity in non-legume plants was 
also estimated. To test this influence, inoculation of tomato 
S. lycopersicum plants with rhizobial strains that differed in 
EPS production was performed in our experiments (Fig. 4). 

Fig. 1   Ratio of the number of nodules (a), nitrogenase activity (µl of 
C2H4 per plant) (b), and number of lateral roots (c) in plants inocu-
lated with different effective R. ruizarguesonis RCAM 1026 and 
ineffective R. ruizarguesonis RCAM 1064 rhizobial strains. Effect 
of EPS overproduction was estimated in strains carrying the pHC60-
rosR plasmid compared to pHC60-mCherry plasmid (without rosR). 
A, B—the values in different variants were compared with control 
RCAM 1026 strain carrying pHC60-mCherry plasmid (that was taken 

as 1). The number of nodules were scored only in nodule-forming 
variants. C—the numbers of lateral roots in various variants were 
compared with control plants without inoculation (that was taken as 
1). One-way analysis of variance (ANOVA) and Tukey post hoc test 
were performed. Different lower-case letters indicate significant dif-
ference among the various variants. Error bars indicate standard error 
of the mean of four-five replicates
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To estimate the level of colonization of the root surface by 
rhizobia, the amount of rhizobial DNA in the root probes 
related to the amount of plant DNA was measured using 
qPCR (Fig. 4a). The significantly enhanced content of rhizo-
bia was found on the root surface of tomato plants inoculated 
with R. ruizarguesonis RCAM 1026 pHC60-rosR compared 
to R. ruizarguesonis RCAM 1026 pHC60-mCherry, using 
qPCR (Fig. 4a) and fluorescent microscopy (Fig. 4b,c). 
Therefore, the results of these experiments showed the posi-
tive influence of enhanced EPS production by rhizobia on 
colonization of the root surface of tomato S. lycopersicum.

Resistance of the Tomato Plants 
to the Phytopathogenic Fungus Fusarium 
oxysporum Schltdl. MFG 58284 Strain in Response 
to Inoculation with the EPS‑Overproducing strain

The resistance of the tomato plants to the phytopathogenic 
Fusarium oxysporum Schltdl. MFG 58284 fungus was also 
studied in response to inoculation with the EPS-overpro-
ducing strain (Fig. 5a–c). Infection of tomato plants with F. 
oxysporum MFG 58284 fungus resulted in the leaf chlorosis 
and necrosis of leaf tips 14 days after infection. At the same 
time, co-inoculation of tomato plants with the R. ruizargue-
sonis RCAM 1026 pHC60-rosR strain significantly reduced 
disease symptoms. Such plants had a higher number of 

leaves and their weight compared to plants inoculated with 
R. ruizarguesonis RCAM 1026 pHC60-mCherry (Fig. 5a,b). 
The reduction in disease symptoms was less pronounced 
in plants inoculated with R. ruizarguesonis RCAM 1026 
pHC60-mCherry (Fig. 5a–c). Finally, it shows that enhanced 
EPS production by rhizobial strains may reduce plant sus-
ceptibility to F. oxysporum infection.

Influence of Overproduction of Plant Receptor 
to EPS on rhizobia Colonizing Activity on the Root 
Surface of Legume and Non‑Legume Plants

At the next stage of our research, we have tried to estimate 
the effect of increased production of putative receptor to 
EPS upon rhizobial colonization in legume and non-legume 
plants. The search for homologues of the genes encoding 
putative receptors to EPS, the LysM receptor-like kinases 
MtLYK10 and LjEPR3 in M. truncatula and L. japonicus, 
was carried out in the genomes of pea and other legume and 
non-legume plants using the coding sequences (CDSs) of 
MtLYK10 and LjEPR3 for analysis based on the BLASTN 
method (Table S2) [46].

Using these newly identified sequences, we were able 
to reconstruct the phylogenetic relationships between the 
homologues of MtLYK10 and LjEPR3 found in various 
agriculturally important crops (Fig. S3). The list of genes 

Fig. 2   Different growth parameters of pea plants after inoculation 
with effective R. ruizarguesonis RCAM 1026 and ineffective R. ruiz-
arguesonis RCAM 1064 rhizobial strains. Effect of EPS overpro-
duction was estimated in strains carrying the pHC60-rosR plasmids 
compared to pHC60-mCherry (without rosR) on plant fresh weight 
(a) and plant length (b). The values in different variants were com-

pared with control plants without inoculation (that was taken as 1). 
One-way analysis of variance (ANOVA) and Tukey post hoc test were 
performed. Different lower-case letters indicate significant difference 
among the various variants. Error bars indicate standard error of the 
mean of four-five replicates
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and organisms is presented in Table S2. The LYK10/ EPR3 
homologues in Pisum sativum, Cicer arietinum, and Med-
icago truncatula form a single group with a common ances-
tor, such as LjEPR3. Therefore, P. sativum PsLYK10 is a 
homologue of MtLYK10 from M. truncatula and LjEPR3 
from Lotus japonicus. The phylogenetic tree also showed 
that the LYK10 proteins of legumes form a single cluster, 
indicating their evolutionary relationship.

In the next step, experiments with the identified pea 
PsLYK10 homologue were performed and aimed to evaluate 
the effect of PsLYK10 overexpression in legume (pea P. sati-
vum L.) and non-legume (tomato S. lycopersicum) plants. To 
estimate the influence of this receptor on nodulation in leg-
ume plants, the composite pea plants carrying the construct 
p35S::PsLYK10 in the transgenic roots (PsLYK10-OE) were 
obtained using Agrobacterium rhizogenes transformation 

(Fig. 6a). Stimulation of PsLYK10 expression in transgenic 
roots and nodules was about 3–4 times (Fig. 6a). Although 
we did not reveal a significant effect of PsLYK10 overexpres-
sion on nodule number and root length in transgenic pea 
roots (Fig. 6b,c), our experiments showed the strong stimu-
lation of the PsDNF2, PsNAD1, PsRSD, and PsSYMCRK 
gene expression in PsLYK10-OE pea plants compared with 
control beta-glucuronidase overexpressing (GUS-OE) plants 
(Fig. 6d). These regulators are involved in the suppression 
of immune response in model legumes M. truncatula and L. 
japonicus [47]. Therefore, it demonstrates the importance 
of rhizobial EPS recognition in suppression of defense reac-
tions in legume pea plants.

The experiments with overexpression of the pea PsLYK10 
gene under the constitutive promoter p35S were also per-
formed in tomato S. lycopersicum (Fig. S4), but they did 
not reveal a significant influence the level of rhizobial colo-
nization in such composite plants, in contrast to the effect 
of increased EPS synthesis in rhizobia upon tomato inocu-
lation. As a consequence of approximately similar surface 
colonization by rhizobia, there was no essential difference 
in resistance to the phytopathogenic fungus F. oxysporum 
between tomato plants with overexpression of the PsLYK10 
gene (LYK10-OE) and GUS-control (GUS-OE) plants (Fig. 
S4). Probably, this result could be a consequence of the high 
enough content of the endogenous EPS receptor (the SlLYK 
homologue from tomato) on the root surface in this plant. 
Indeed, in previous studies, a high level of similarity was 
revealed between MtLYK10/ LjEPR3 from legume and their 
homologues from non-legume plants [28]. In addition, it 
may reflect the different influences of EPS perception on 
surface colonization by rhizobia in non-legume and intercel-
lular rhizobial infection in legume plants.

Discussion

The interest in the investigation of rhizobial EPS is deter-
mined by their possible essential influence on the interaction 
between rhizobia and legume or non-legume plants. Previ-
ously, experiments with exo− rhizobial mutants showed that 
production of EPS is required for the effective symbiosis of 
R. leguminosarum bv. viciae strains with host plants, pea 
Pisum sativum, and vetch Vicia sativa, which form inde-
terminate nodules [48–50]. Therefore, here we focus on a 
more detailed analysis of the effect of EPS in pea plants 
using an EPS-overproducing rhizobial strain and plants with 
overexpression of the gene that encodes the putative recep-
tor to EPS. To obtain EPS-overproducing rhizobial strain, 
an additional copy of the gene encoding the transcriptional 
regulator RosR and controlling EPS biosynthesis was over-
produced in the R. ruizarguesonis RCAM 1026 rhizobial 
strain.

Fig. 3   Pea plant susceptibility to Fusarium culmorum infection. 
Disease severity (%) in plants inoculated with the R. ruizarguesonis 
RCAM 1026 pHC60-rosR strain and R. ruizarguesonis RCAM 1026 
pHC60-mCherry along with the phytopathogenic fungus Fusarium 
culmorum 334 (a). Different lower-case letters indicate significant 
difference among the various variants. Error bars indicate standard 
error of the mean for 15–16 plants. Shoot fresh weight (b), number 
of nodules (c), and root fresh weight (d) in plants inoculated with the 
R. ruizarguesonis RCAM 1026 pHC60-rosR strain and R. ruizargue-
sonis RCAM 1026 pHC60-mCherry (without rosR) along with the 
phytopathogenic fungus Fusarium culmorum 334. One-way analy-
sis of variance (ANOVA) and Tukey post hoc test were performed. 
Different lower-case letters indicate significant difference among the 
various variants. Error bars indicate standard error of the mean for 
15–16 plants
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Indeed, our experiments showed the stimulating effect 
of enhanced EPS production in the RCAM 1026 strain car-
rying pHC60-rosR on nodulation. Pea inoculation with this 
recombinant strain stimulated the development of infection 
and resulted in increased amounts of nodules as well as 
stimulation of plant weight in these plants. These results 
were in accordance with the effect of R. leguminosarum 
bv. trifolii on clover nodulation, which also forms indeter-
minate nodules [23, 30, 51]. Furthermore, co-inoculation 
of the pea plant with the strain R. ruizarguesonis RCAM 
1026 pHC60-rosR significantly reduced disease symptoms 
caused by infection with highly aggressive strain 334 of F. 
culmorum. It demonstrates that inoculation of pea plants 
by rhizobia with increased EPS production may stimulate 
their resistance to phytopathogenic fungi. Therefore, these 
rhizobial strains may be applied as one of the biological 
control agents.

It was previously suggested that the R. ruizarguesonis 
RCAM 1064 strain forming ineffective white nodules in 
pea roots appears to be impaired in the synthesis of EPS or 
LPS [44]. Indeed, in this work the introduction of an addi-
tional copy of the rosR gene in this rhizobial strain resulted 
in complete blocking of the development of symbiosis in 
plants inoculated with R. ruizarguesonis RCAM 1064 
pHC60-rosR. A possible reason for this effect may be the 
synthesis of structurally changed EPS in RCAM 1064 due 
to the mutation in the gene controlling EPS biosynthesis, 
which in the case of overproduction driven by the RosR 
transcription regulator may completely prevent nodulation. 
Therefore, it suggests that R. ruizarguesonis RCAM 1064 
may be an exo− rhizobial mutant, which should be verified 
by future genome sequencing for this strain. In any case, 
an exo− rhizobial mutant can be a very useful for future 

experiments aimed on the evaluation of EPS influence on 
symbiosis in pea plants.

Rhizobia are able not only to colonize the surface of the 
roots of legume plants, but may form an association with 
non-legume plants, stimulating their growth and develop-
ment. The enhanced EPS synthesis in rhizobia increased the 
colonization of the root surface of non-legume plants, as 
shown in our experiments. Moreover, it resulted in stimula-
tion of the shoot mass of inoculated plants as well as other 
growth parameters. Inoculation with EPS-enhanced R. ruiz-
arguesonis strain essentially increased plant resistance to 
phytopathogenic fungus F. oxysporum infection. It allows us 
to consider the R. ruizarguesonis RCAM 1026 pHC60-rosR 
rhizobial strain as a perspective biocontrol agent not only for 
legume but also for non-legume plants.

In recognition of rhizobial EPS in legume plants, spe-
cific receptor-like kinases are involved that have been 
recently described in Lotus japonicus and Medicago 
truncatula [24, 26]. They belong to the Lysin motif type 
(LysM type) of receptors, but have a specific structure of 
the ectodomain made up of three putative carbohydrate-
binding modules (M1, M2, and LysM3), where M1 and 
M2 have unique βαββ and βαβ folds, while LysM3 has a 
canonical βααβ fold [28]. We suggested that overexpres-
sion of this type of receptor in legume and non-legume 
plants may stimulate symbiotic nodulation and surface 
colonization in non-legume plants. Indeed, stimulation of 
well-known regulators such as DNF2, NAD1, RSD, and 
SYMCRK involved in the suppression of immune response 
was found to be activated in pea plants with overexpres-
sion of PsLYK10 LysM-RLK to EPSs. It demonstrates the 
importance of rhizobial EPS recognition in suppression of 
defense reactions in legume plants. However, it should be 

Fig. 4   Colonization of the surface of the tomato root by rhizobia 
Rhizobium ruizarguesonis RCAM 1026 pHC60-rosR compared to R. 
ruizarguesonis RCAM 1026 pHC60-mCherry (without rosR), using 
qPCR (a) and fluorescent microscopy (b, c). Rhizobial colonization 
was determined by quantifying the expression of the R. ruizargue-
sonis nodA gene by qRT-PCR and calculating the number of gene 
copies, then normalizing these values to tomato GAPDH normaliza-
tion factor was done. B—fluorescent image of tomato roots inocu-

lated with R. ruizarguesonis RCAM 1026 pHC60-mCherry (control). 
C—fluorescent image of tomato roots inoculated with R. ruizargue-
sonis RCAM 1026 pHC60-rosR. Scale bars = 50  µm. Standard one-
way analysis of variance (ANOVA) and Tukey post hoc test were 
performed. Different lower-case letters indicate significant difference 
among the various variants. Bars indicate standard error of the mean 
for 5–6 plants from 2 independent biological experiments. White 
arrows indicate labeled rhizobia on the surface of the root
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noted that although some growth stimulation of pea plants 
with overexpression of the PsLYK10 gene was found, it 
did not result in a significantly increased number of nod-
ules in such plants compared with the EPS-overproducing 
rhizobial strain.

In non-legume composite tomato plants, carrying the 
PsLYK10 gene from pea in transgenic roots, we also did 
not find any significant difference in root surface coloniza-
tion compared to control plants transformed with the GUS 
gene under constitutive promoter (control GUS-OE). Addi-
tionally, there were no essential differences in resistance to 
the phytopathogenic fungus F. oxysporum between tomato 
plants with overexpression of the PsLYK10 gene (LYK10-
OE) and GUS control plants (GUS-OE). Finally, it may be 
concluded that biotechnological approaches aimed at stim-
ulating EPS synthesis in rhizobia may be more effective 

compared to those connected with plant modification to 
increase their susceptibility to EPS recognition.

Conclusion

Bacterial EPS provide stabilization of membranes against 
external factors, as well as improved surface adhesion. 
In this work, the transcriptional regulator RosR of R. 
ruizarguesonis, which regulates the synthesis of EPS, 
was overproduced in a pHC60 plasmid and expressed in 
the rhizobia. This resulted in an improved production of 
EPS by this recombinant strain. The number of nodules 
as well as root length and biomass were shown to increase 
significantly in pea plants inoculated with RCAM 1026 
pHC60-rosR. It suggests that the enhanced EPS synthesis 

Fig. 5   Tomato plant susceptibility to Fusarium oxysporum Schltdl. 
MFG 58284 infection. Mass of leaves (a), number of leaves (b), and 
area of leaves (c) in plants inoculated with the R. ruizarguesonis 
RCAM 1026 pHC60-rosR strain and R. ruizarguesonis RCAM 1026 
pHC60-mCherry along (gray columns) and with the phytopathogenic 

fungus F. oxysporum MFG 58284 (blue columns). One-way analy-
sis of variance (ANOVA) and Tukey post hoc test were performed. 
Different lower-case letters indicate significant difference among the 
various variants. Error bars indicate standard error of the mean for 
15–16 plants
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and secretion by rhizobia may stimulate plant root coloni-
zation and subsequent nodule formation in pea plants. In 
accordance with this, the introduction of additional copy 
of rosR gene in putative exo− rhizobial strain RCAM 1064 
completely abolished symbiosis development. The influ-
ence of enhanced EPS synthesis in rhizobia on colonizing 
activity was also estimated in non-legume plant tomato 
S. lycopersicum. Our findings shown the increased colo-
nization of the root surface and stimulation of the shoot 
biomass of inoculated tomato plants. Finally, inoculation 
of pea and tomato with EPS-overproducing R. ruizar-
guesonis strain essentially increased plant resistance to 
phytopathogenic fungi in both legume and non-legume 
plants, demonstrating a significant biocontrol effect of 
this recombinant strain. At the same time, overexpression 
of PsLYK10 gene that encodes a putative EPS receptor 
showed an essential effect on suppression of defense reac-
tions in legume plants.
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