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Abstract

The uneven effectiveness of rhizobia inoculants has increased interest in developing specific
inoculants for each genotype. This study investigated the biological nitrogen fixation effi-
ciency and competition between different Rhizobium leguminosarum strains in different pea
genotypes, namely, “Egle DS” and “Respect”. The results showed that plant genotype was
a significant factor determining competition and nitrogen fixation among R. leguminosarum
strains. The most competitive R. leguminosarum LINO6 strain in the pea genotype “Egle
DS” was characterized by a low nitrogen fixation efficiency, while the most competitive
R. leguminosarum EGLE10 strain in the “Respect” genotype was characterized by a high
biological nitrogen fixation efficiency. It was also found that the “Respect” genotype may
prefer and form symbiotic relationships with more efficient nitrogen fixing strains, while
the “Egle DS” genotype formed symbiotic relationships with less efficient strains. However,
even less efficient strains had a significant positive effect on nitrogen accumulation in plants
under natural conditions. Finally, our study showed that sophisticated tests and methods
are not necessary to analyze the competitiveness of rhizobia; it is sufficient to analyze the
effectiveness of bacterial strains on plants in unsterilized soil.

Keywords: R. lequminosarum; competition; biological nitrogen fixation; Pisum sativum L.

1. Introduction

Pea (P. sativum L.) is a significant grain legume plant widely used in the human food
and animal feed industry. It is the fourth most produced legume plant around the globe,
behind beans, peanuts, and soybeans [1-3]. Pea grains are a valuable source of protein,
carbs, fiber, amino acids, minerals, and vitamins [4,5]. Additionally, field pea is also useful
as a rotation crop and cover plant because of its ability to increase soil quality through
various mechanisms. Pea cultivation can improve soil structure by incorporating green
biomass in the soil [6]. It can make weed control easier and break pest cycles [7-9], and
it also can reduce soil pH and increase the availability of some mineral nutrients in the
soil, such as Ca, Mg, K, and P [10]. Most importantly, pea plants can form a symbiotic
relationship with nitrogen fixing bacteria called rhizobia [11,12].

Rhizobia are well known because of their ability to promote biological nitrogen fix-
ation (BNF) and to enhance yield potentials in legumes [13-16]. Additionally, different
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studies show that rhizobia inoculation can increase plant biomass formation and nitrogen
accumulation in pea biomass [17-19]. Pea biomass incorporation increases organic carbon
and nitrogen content in the soil, and rhizobia inoculant application also has an indirect
positive influence on soil fertility and structure improvements [20-25]. Some research
shows that rhizobia inoculation can also significantly increase available phosphorus and
potassium content in the soil given rhizobia’s ability to solubilize phosphate and to promote
organic matter decomposition by enhancing soil organic matter and nitrogen content. Soil
organic matter serves as the primary energy source for soil microorganisms [26,27]. Thus,
rhizobia inoculation positively affects legume plants, soil, and even soil microorganisms.

According to Regulation (EU) 2019/1009 of the European Parliament and of the
Council, Rhizobium spp. is one of four microorganism genera that can be registered and CE-
marked as microbial plant biostimulants. As a result, biostimulants containing rhizobia are
common in the EU market [28]. The main challenges facing biostimulant manufacturers and
growers are the short shelf-life and uneven efficiency of rhizobia products. Rhizobium cells
do not form endospores, making it difficult to prevent product expiration. The shelf-life of
rhizobia biostimulants is usually 3-12 months and depends on the product formulation,
the product’s physical state, and the use of preservatives. Rhizobia biostimulants can be
liquid formulations (with and without additives), solid carrier-based formulations (organic
and inorganic), metabolite-based formulations, or synthetic polymer-based formulations,
but there still is a great room for improvement [29,30].

Uneven rhizobia biostimulant efficiency depends on symbiosis efficiency between
rhizobia and plant. Symbiosis efficiency varies and depends on many factors, such as
rhizobia nitrogen fixation efficiency and competitiveness, host genotype, soil structure,
pH and composition, meteorological conditions, and indigenous rhizobia diversity in the
soil [31-34]. Soil structure and composition, meteorological conditions, and local rhizobia
diversity cannot be controlled by humans, but a rhizobia strain can be chosen as the
inoculum. It is not sufficient to have an intensive nitrogen-fixing rhizobia strain. Additional
research needs to be performed to analyze the strain’s genetic and physical properties,
adaptation, compatibility with plant genotypes, and competitiveness against indigenous
strains to develop a high-efficiency inoculum. Thus, although rhizobia inoculants have
been used for more than a century, research to optimize their efficiency is still ongoing [35].

R. leguminosarum strain competitiveness with different pea genotypes is less studied,
and additional investigations are necessary to understand the interaction between rhizobia
strains and diverse pea genotypes to create high-efficiency rhizobia inoculants. Different
marker-based methods, such as antibiotic resistance markers (rifampicin, streptomycin),
enzyme reporters (gusA, celB, lacZ), fluorescent proteins (GFP, RFP), or PCR based on NodC
or other housekeeping genes, can be applied for rhizobia competition analyses [36-39]. Re-
search objectives, conditions, available equipment, and resources are important elements to
be assessed before selecting a method for rhizobia competition analysis. The GusA reporter
gene system is easily applicable to large-scale experimental studies. The nodule-staining
protocol is simple, and the method is considered safe for humans and the environment
and highly reliable. Pea root nodules infected with tagged rhizobia strains can be visually
observed based on color changes upon contact with chromogenic substrate, without the
need for additional equipment to monitor changes [40—-42]. GusA reporter gene expression
is quite stable over time and under variable conditions, including different temperatures
and pH values. Wildtype GusA lose expression at temperatures above 50 °C and some
thermostable GUS mutants do not lose activity at 70 °C or higher [41,43]. Optimal pH
diapason for GusA reporter gene expression is around pH 5.5-7.0, but some modified
versions of GusA showed activity in more drastic pH ranges, such as 4.0-8.0 [39,43—45].
GusA markers, like other methods, have some drawbacks; the use of different nitrogen
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forms for fertilization, nutrient deficiency or excess, phytohormones, and metals and heavy
metals can promote or inhibit GusA expression [46—49]. The large-scale nature of this study,
the strongly controlled investigation conditions, and the GusA application options led to
the selection of this marker for rhizobia competition analysis.

The aim of this research was to select the most competitive and efficient R. legumi-
nosarum strains for the biostimulation of two different pea genotypes: “Respect”, which is
of medium—early maturity and highly resistant to lodging and seed shedding from pods, a
productive and popular genotype in Central and Northern European countries, including
Lithuania; and the new genotype “Egle DS”, developed by Lithuania scientists, which is of
late maturity, resistant to lodging and to seeds falling out of pods, and also demonstrates
high productivity, and high protein and essential amino acid contents [50]. Nineteen R.
lequminosarum strains, genetically characterized in a previous study, were selected for this
investigation because of their ability to significantly increase biomass accumulation in pea
plants [24]. Some R. lequminosarum strains analyzed in this work were isolated from the
“Respect” and “Egle DS” pea genotypes. In this research, all 19 R. lequminosarum strains’
influence on total nitrogen accumulation in pea biomass was tested in a sterile vermiculite—
sand mixture and non-sterile soil. Finally, five R. lequminosarum strains with the highest
influence on total nitrogen accumulation in pea biomass were selected for competition
analysis in experiments with “Respect” and “Egle DS” genotypes.

2. Materials and Methods
2.1. R. lequminosarum Strains Biological Nitrogen Fixation Efficiency Evaluation

In 2022, fifty rhizobia isolates were isolated from five different pea genotypes, which
were grown in the Kedainiai district, Dotnuva, Lithuania [55.396450, 23.866748]. All five
pea genotypes—“Bagoo”, “Respect, “Astronaute”, “Lina DS” and “Egle DS”—used for
rhizobia isolation were grown in the same field, in which commercial rhizobia inoculants
had never been used before. All fifty rhizobia isolates were genetically characterized by
165 rRNA, recA, atpD, and nodC genes and investigated with pea plants into 2022-2023.

Nineteen isolates that showed the highest efficiency on pea biomass accumulation in
a previous study were selected for biological nitrogen fixation efficiency analysis on field
pea genotype “Egle DS”. Based on housekeeping recA and atpD genes’ analysis results, all
19 isolates were identified as R. leguminosarum. Eleven of the nineteen R. leguminosarum
strains were genetically similar based on the genes investigated; the remaining eight strains
were genetically different (Table 1). Primary experiments were performed in 2024 and
carried out in sterile vermiculite-sand mixture and in unsterilized soil to select the five
most efficient biological nitrogen fixing R. leguminosarum strains for competition analysis.

2.1.1. R. leguminosarum Strains’ Biological Nitrogen Fixation Efficiency Evaluation in Sterile
Vermiculite-Sand Mixture

Pea seeds were sterilized in a 70% ethyl alcohol solution, washed with sterile deionized
water (SDW), and additionally disinfected with sodium hypochlorite solution containing 5%
active chlorine for 5 min. Finally, sterile seeds were rinsed five times with SDW. Sterile seeds
were germinated in Petri plates on sterile filter paper Whatman 1 (Cytiva, Marlborough,
MA, USA) at room temperature, in the dark, for 4 days. One pea seedling was planted in a
500 mL vegetative pot which was filled with a sterile mixture of vermiculite and sand in
a ratio of 3:1 and supplied with 100 mL of a nitrogen-free nutrient medium [1 mM CaCl,
x 2H,0, 0.1 mM KCl, 0.8 mM MgSO,4 x 7H,0, 10 uM Fe EDTA, 35 uM H3BO3, 9 uM
MnCl, x 4H,0, 0.8 uM ZnCly, 0.5 uM Na,MoOy x 2H,0, 0.3 uM CuSO4 x 5H,0, 368 uM
KH,PO4 and 400 uM Nap,HPOy4, pH = 6.5] (Sigma-Aldrich, St. Louis, MO, USA) [39,51].
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Table 1. Characterization of R. leguminosarum strains used in this study. Type strains are indicated
with a superscript T.

R. leguminosarum

Genospecies Based on

Concatenated Alignment Genetica Relation Based

Host Plant

Strain Host Plant Genotype Symbiovar ‘éfefﬁ‘ef As :;‘ ge’;tfelz Phy loong Zzgt(i:cc‘;e::lysis Reference
ASTRO03 “Astronaute” R-leg umiggialn(lgl) bv. viciae R. ruizaguesonis UPM1133
ASTROS “ Astronaute” R. legumiggzulrl(tg bv. vicine  R. legztmg;ﬁgrﬂré :i)v. viciae
BAGOO07 “Bagoo” R. Iegumiggzzln(zgz) bv. vicize  R. legun%rllﬁgnlt;ré }l)V. viciae
EGLE03 “Egle DS" R. Iegumiggzzln(tfrg bv. vicine  R. legumél;ﬁgr;qﬂé }l)v. viciae
EGLEO4 “Egle DS" R. legumiggzzlrlz.g) bv. viciee  R. legumérllﬁgrﬂré }fv. viciae
EGLEO5 “Egle DS” R. legumiggiuln(tg; bv. vicine  R. legumgﬁi;gr;t% i)v. viciae
EGLE06 “Egle DS" R. legumiggzulrl(tg) bv. vicine  R. leguminoiiazrgm bv. viciae
EGLE07 “Egle DS" R. Iegumig;zzln(z];n) bv. vicise  R. legumérfﬁgr;tﬁfv. viciae
EGLE09 “Egle DS" R. legumiggzulrl(tg bv. vicine  R. Iegumino\fgqtim bv. viciae
EGLE10 Pisum sativum L. “Egle DS” R kii"gg?;gmm R legun;g;ogTar(lg;l USDA R.KNal3 [24]
LINO3 “Lina DS” R. legung;zaln(tgi) bv. vicine  R. legum]g}?;gr;t{né EV. viciae
LINO4 “Lina DS” R. legumil;zézzlrlzg) bv. vicine  R. Iegumérﬁi;grﬂné EV. viciae
LINO6 “Lina DS” R. legumiggzuln(tgz) bv. vicize  R. legumim);gﬂm bv viciae
LINO7 “Lina DS” R legumiggzulrl(tg bv. vicise  R. legztng;ﬁgrﬂng ;v. viciae
LINOS “Lina DS” R. legur;?;ggr&r; USDA R. legumérllﬁgnlt;né};v. viciae
LINO9 “Lina DS” R. legunggzuln(tg bv. vicine  R. legummo;gﬁm bv. viciae
LIN10 “Lina DS” R. legumi;;gsflrlz.g bv. viciee  R. legum];rlll(i;grﬂré }fv. viciae
RSPO5 “Respect” R. legumig;zuln(tg; bv. vicine  R. legumgﬁiigr;t% i)v. viciae
RSPO8 “Respect” R. legumiggzulrl(tg; bv. vicine  R. legumérﬁi;gr;tﬁfv. viciae

R. leguminosarum isolates were grown in TY broth [5 g tryptone (Organotechnie S.A.S.,
La Courneuve, France), 3 g yeast extract (Organotechnie S.A.S., La Courneuve, France)
and 1.3 g CaCl, x 6H,O (Sigma-Aldrich, St. Louis, MO, USA)] [52] for 24 h until optical
density (OD600) reached 0.6-0.8. Then, isolate suspensions OD600 were adjusted to =0.05
using sterile 0.8% NaCl solution. The number of cells in 1 mL of prepared rhizobia isolate
suspension was obtained according to the serial dilution method, plating suspensions on a
solid YEMA medium [53]. For each replicate, a fresh rhizobia suspension was prepared and
used to inoculate individual plants. Each variant was grown in four replicates; in total, four
independent inoculations were carried out per treatment. Pea seedlings were inoculated
at the leaf development stage (BBCH 07) with 1 mL of fresh rhizobia isolate suspension
and grown in the plant growth chamber GC40 (Canden Products LLC, USA) for 1 month
(BBCH 37) using a 16/8 h day/night photoperiod and 20/16 °C day/night temperature
modes [54]. Uninoculated plants were used as controls. A total nitrogen analysis was
performed of the dry plant biomass after harvest.

2.1.2. R. leguminosarum Strains Biological Nitrogen Fixation Efficiency Evaluation in
Non-Sterilized Soil

Pea seeds sterilization, germination, R. lequminosarum strain cultivation, and plant
growing experiments were performed according to the same procedures as in Section 2.1.1.
Unsterilized soil was used for the investigation (Table 2). Nitrogen-free nutrient medium
was not supplied for plant feeding. Plants were watered with SDW according to the
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demand. Each variant was grown in four replicates. The total nitrogen analysis was
performed in dry plant biomass after harvest.

Table 2. Soil properties.

Properties
Granulometric Nmin, Mobile Mobile
Sample Composition Humus, % pH me k e Phosphorus Potassium K,O,
P 8 X8 P,05, mg kg1 mg kg1
SOIL15, 0-30 cm Heavy loam 2.80 6.7 10.42 230 220

2.2. Rhizobium leguminosarum Strains Competition Analysis

Five of the most efficient biological nitrogen fixing R. lequminosarum strains were
selected for competition analysis. Competition between R. lequminosarum strains was
performed with two field pea genotypes, “Respect” and “Egle DS”, in sterile vermiculite—
sand mixture. All five R. leguminosarum strains were marked with gusA reporter gene by
bi-parental mating and investigated in pea experiments in the same year, 2024.

2.2.1. R. leguminosarum Strains Marking with gusA Reporter Gene

The R. leguminosarum strains were marked with gusA reporter gene. Plasmid carrying
the gusA reporter gene (Plasmid #133228 (pOPS0263)) was taken from Addgene collection
“https:/ /www.addgene.org (accessed on 6 April 2024)”. The antibiotic sensitivity of R.
lequminosarum strains and Escherichia coli carrying the gusA reporter gene was determined
and a transconjugants screening was performed according to the methodology of Marcela
Mendoza-Suérez and colleagues, with the only exception being that X—GlcA (5-Bromo-
4-chloro-3-indolyl 3—D-glucuronide sodium salt) (Sigma-Aldrich, St. Louis, MO, USA)
solution 200 ng/mL was used as a substrate [55].

2.2.2. Coinoculation with Two R. leguminosarum Strains

The coinoculation investigation with two field pie genotypes was performed in a
sterile vermiculite-sand mixture according to the procedures and experiment conditions
described in Section 2.1.1.

R. leguminosarum transconjugants were cultivated in TY broth supplemented with
nitrofurantoin 10 pgmL~! (Sigma-Aldrich, St. Louis, MO, USA) and kanamycin 50 pgmL !
(Sigma-Aldrich, St. Louis, MO, USA) for 3 days. R. leguminosarum transconjugant suspen-
sions were centrifuged and washed with fresh TY broth three times to remove antibiotics.
The final suspensions’ optical density (OD600) was adjusted with TY broth till 0.6-0.8. The
number of cells in 1 mL of prepared rhizobia isolate suspension was obtained according to
the serial dilution method, plating suspensions on a solid YEMA medium. Pea seedlings
at the leaf development stage (BBCH 07) were inoculated with 1 mL unmarked rhizobia
isolate suspension and with 1 mL gusA marked rhizobia strain (Table 3). Uninoculated
plants and plants inoculated with only one strain R. lequminosarum (1 mL per seedling)
were used as controls. Control variants with one strain inoculation were used to evaluate
the efficiency difference between unmarked and genetically modified R. leguminosarum
strains in preliminary plant experiments. It was observed that the gusA marker had no
effect on the symbiotic performance of R. leguminosarum strains. Each variant was grown in
four replicates, and for each replicate a fresh rhizobia suspension was prepared and used to
inoculate individual plants. Plants were grown in the plant growth chamber GC40 (Canden
Products LLC, USA) for 1 month (BBCH 37) using a 16/8 h day/night photoperiod and
20/16 °C day/night temperature modes [54]. A Competitiveness Index evaluation and total
nitrogen analysis of dry plant biomass were performed after harvest, and nodules were
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counted. The nodule-staining with X-GlcA (5-Bromo—4-chloro-3-indolyl f—D-glucuronide
sodium salt) (Sigma-Aldrich, St. Louis, MO, USA) solution 200 ug/mL as substrate was
performed to detect f—Glucuronidase activity; roots with nodules were incubated overnight
at 28 °C [55]. The Competitiveness Index was calculated using the following formula: CI of
Y = (nodulesY/nodulesX)/(cfuY/cfuX). cfuY and cfuX are the number of colony-forming
units of co-inoculated strains Y and X per ml of inoculant suspension applied to plants, and
nodulesY and nodulesX are the number of nodules occupied by the respective strains [56].
The total nitrogen in plant biomass was analyzed using the Kjeldal method [57].

Table 3. Scheme of R. leguminosarum strains’ competition investigation. “x” indicates inoculation
with the respective strain.

Field Pea
Strains marked with gusA
K EGLE07 BAGOO07 ASTR08 EGLE10  LINO06
K Not inoculated X X X X X

LINO6 X X X X X

EGLE07 X X X X

Not marked strains  BAGOO07 X X X

ASTRO8 X X
EGLE10 X

2.3. Statistical Analysis

The statistical analyses were performed using the statistical software SAS 9.4 (SAS
Institute, Cary, NC, USA) [58]. Correlation and one-way and two-way analyses of variance
(ANOVA) statistical tests were used for data analysis. Tukey’s HSD test was applied to
analyze mean comparisons between different variants. The smallest significant difference
was calculated using a probability level of p > 0.05. The values marked with the same letter
showed no significant difference at p > 0.05.

3. Results

3.1. R. leguminosarum Strains’ Biological Nitrogen Fixation Efficiency Evaluation in
Different Substrates

Plant experiments with pea genotype “Egle DS” and 19 R. leguminosarum strains
showed that all strains examined had different influences on total nitrogen accumulation
in the plants. It was also found that the same R. leguminosarum strains’ influence on plant
total nitrogen accumulation was different in the vermiculite-sand mixture (sterilized) and
soil (not sterilized) substrates (Figure 1).

The highest total nitrogen in the pea plants was observed accumulated in the
vermiculite-sand mixture. Total nitrogen varied from 2.9% to 7.6% in variants where
R. lequminosarum strains were applied. The results showed that all pea plants where R.
lequminosarum strains were applied formed nodules on pea roots and accumulated a statis-
tically significant higher amount of total nitrogen compared to the control without bacterial
application. No nodules were found on control plant roots. The highest total nitrogen
accumulated in pea plants where R. lequminosarum EGLEO7, R. lequminosarum BAGOO07, R.
lequminosarum EGLEOS, and R. lequminosarum ASTROS strains were applied. Differences in
the amount of nitrogen accumulated in the plant biomass were not statistically significant.
Total nitrogen accumulated in these plants was higher than 7% and was more than 4.8-fold
higher compared to the control.
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Figure 1. Total nitrogen accumulated in “Egle DS” genotype pea biomass after the application of
different R. leguminosarum strains. Plants were grown in sterilized vermiculite—sand mixture (sterile)
and unsterilized soil (not sterile). Error bars indicate the standard deviations within four biological
replications at each treatment. Lowercase letters indicate statistical differences in vermiculite-sand
mixture (sterile) and uppercase letters represent statistical differences in unsterilized soil (not sterile).
Values marked with the same letter are not significantly different at p > 0.05 (ANOVA, Tukey HSD).

Pea plant experiment also showed that, after inoculation with R. leguminosarum strains,
less total nitrogen accumulated in plants which were grown in the soil compared to the
plants grown in the sterilized vermiculite—sand mixture; only the control plants provided
exceptions. The plant investigation in soil revealed that plants in all variants, including
control, formed root nodules, but only 12 of 19 R. leguminosarum strains significantly
increased total nitrogen accumulation in pea plants compared to the control. The highest
total nitrogen accumulated in pea plants, where R. leguminosarum LIN06, R. leguminosarum
EGLEO07, R. leguminosarum R. EGLE10, and R. leguminosarum BAGOOO07 strains where
inoculated; total nitrogen was 5.1%, 4.8%, 4.4% and 4.4%, respectively, and was from 1.3-fold
to 1.5-fold higher compared to the control. Five R. leguminosarum strains—R. leguminosarum
LINO6, R. leguminosarum EGLEO7, R. leguminosarum EGLE10, R. lequminosarum BAGOOO07,
and R. leguminosarum ASTR08—that enhanced total nitrogen accumulation in plants during
the soil experiments were selected for competition analysis.

3.2. R. lequminosarum Strains’ Biological Nitrogen Fixation Efficiency and Competition Analysis
in Different Pea Genotypes

The total nitrogen accumulation in pea biomass and competition between R. legumi-
nosarum isolates was analyzed in pea growth experiments in a sterile vermiculite-sand
mixture. Investigation with pea genotypes “Egle DS” and “Respect”, where R. legumi-
nosarum strains were inoculated in different combinations or separately, showed that plants
accumulated different amounts of total nitrogen (Figure 2). The total nitrogen accumulation
results with “Egle DS” plants, where R. leguminosarum strains were inoculated separately,
was similar compared to the results obtained in the sterile vermiculite—sand mixture, pre-
sented in Section 3.1 (Figure 2A), (Figure 1). R. leguminosarum EGLE07, BAGOO07 and
ASTRO8, strains were more efficient in terms of total nitrogen accumulation in the pea
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plant biomass compared to R. leguminosarum EGLE10 and LINO6 strains. Total nitrogen
accumulated in the plants where R. leguminosarum EGLE07, BAGOOO07, and ASTRO0S, and
EGLE10 and LINO6 strains were inoculated separately was 6.9%, 6.5%, 7.7%, and 4.4%,
4.2%, respectively. The total nitrogen accumulation increased by 5.7-fold with R. legumi-
nosarum EGLEO7 application, 5.4-fold with R. leguminosarum BAGOO07, and 6.4-fold with
R. leguminosarum ASTR08 inoculation compared to the control.

The total nitrogen accumulation results in “Egle DS” genotype plants inoculated
with different R. leguminosarum strain combinations showed that total nitrogen was low
in the plants which were inoculated with two low-efficiency R. leguminosarum strains.
In combination with R. leguminosarum EGLE10 and R. leguminosarum LINO6, the total
nitrogen accumulated in the plant biomass was only 3.2%. In combinations where one
R. leguminosarum strain has high efficiency and another one has low efficiency, the total
nitrogen varied from 4.8% to 7.1%. It was determined that the highest amount of total
nitrogen was found in a variant where only one R. leguminosarum ASTRO8 strain was
inoculated; total nitrogen accumulated in the plant was, on average, 7.7%. It was also found
that R. leguminosarum ASTRO8 inoculation in combination with different R. leguminosarum
strains increased total nitrogen accumulation in almost all pea plants. R. lequminosarum
BAGOOO07 and ASTROS, R. leguminosarum EGLE07 and EGLE10, and R. lequminosarum
BAGOO07 and EGLE10 combinations have the highest influence on nitrogen accumulation
in plant biomass compared to all analyzed R. lequminosarum combinations; the total nitrogen
accumulated in pea plants was 7.4%, 7.1%, and 7.0%, respectively.

The nodule-counting results showed that inoculation of single R. leguminosarum
strains or combinations of strains had different effects on plant nodulation (Figure 2A),
(Supplementary Figure S1). The highest number of nodules was found in pea variants inoc-
ulated with the combination of R. leguminosarum EGLE07 and BAGOO?, R. leguminosarum
EGLEO07 as a single strain, and the combination of R. leguminosarum LIN06 and EGLE07.
The average number of nodules in these variants varied from 71 to 75 units and made no
significant difference. Nitrogen accumulation in these three variants was not very high,
but the R. leguminosarum EGLE07 and BAGOO? combination accumulated a significantly
lower amount of total nitrogen compared to the R. leguminosarum EGLE(Q7 variant. The
R. leguminosarum EGLEQ7 strain was inoculated in all three variants where the highest
number of nodules was observed. No nodules were found on control plants’ roots. In other
variants, the average number of nodules varied from 36 to 62 units per plant.

The total nitrogen accumulation results in the “Respect” genotype plants, where R.
leguminosarum strains were inoculated separately, showed that R. lequminosarum EGLE10
strain has the highest influence on the total nitrogen accumulation in the plant biomass
(Figure 2B). Nitrogen accumulated in plant biomass inoculated with R. leguminosarum
EGLE10 strain was, on average, 5.6%, and 2.8-fold higher compared to the control. R. legumi-
nosarum BAGOOO07, R. leguminosarum ASTRO08, and R. leguminosarum LINO6 strains showed
similar, statistically similar results; the average nitrogen accumulated in plant biomass
varied from 4.5% to 4.9% and was from 2.2-fold to 2.4-fold higher compared to the control.
Total nitrogen accumulated in the pea biomass after R. leguminosarum EGLE(Q7 inoculation
was, on average, 5.3%, around 2.6-fold higher compared to the control, with no statistical
difference compared to R. lequminosarum BAGOOO07 and R. lequminosarum EGLE10.



Agriculture 2025, 15, 1784 9 of 23

9.0 - 80
8.0 L 70
TE 7.0 F 60 _
= =
B 6.0 s
g L 50 =
= 5.0 3
g 40 =B
S 40 S
= z
£ L 30
E 3.0
g L
z . 20
1.0 10
0.0 0
(A)
7.0 - 250
d d f cd o
6.0 i cd od
= i‘L be Ge be 3 % be i[ be b ]‘E [ 20
g 50 . b : I | o e T
= 1A oW I & & £
S b i g . 3 5 - - 150 =
S 40 A5 N 5t N G 5 I o - : P
= S : 1 Bl ol o - 2
S g S g : =
£ 30 o o - 1T H W o e 2
= - - o AR 8 T N 4 = O % (R )
= . ! . b
» - K . o Fe
> 1oL g - r 50
g % S g : 0
S 2 & L 8 & L L & 8 eSS LS
FIT ST S ESFTSFSTESSFTs £S5 5
O o 9 O & S O 0O 9 3 (C -G o0
A - T S A vy o &y
F ° & & S XS S L & &
< o 9 Q& X s & § <
K g O Yy S & S &£ 9 9
& g
(B)

Figure 2. (A) The averages of total nitrogen accumulated in the “Egle DS” pea genotype biomass
(columns), as well as the number of nodules on roots (ovals) after inoculation with different rhizobia
isolate combinations. Error bars indicate the standard deviations within four biological replications at
each treatment. Values marked with the same letter are not significantly different at p > 0.05 (ANOVA,
Tukey HSD). (B) The averages of total nitrogen accumulated in “Respect” pea genotype biomass
(columns) and the number of nodules on roots (ovals) after inoculation with different rhizobia isolate
combinations. Error bars indicate the standard deviations within four biological replications at each
treatment. Values marked with the same letter are not significantly different at p > 0.05 (ANOVA,
Tukey HSD).
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The total nitrogen accumulation results in “Respect” genotype plants inoculated with
different R. leguminosarum strain combinations demonstrated that R. leguminosarum EGLE10
strain inoculation increased total nitrogen averages in almost all combinations; the only
exception was the combination with R. leguminosarum ASTRO8. R. leguminosarum EGLE10
stain insertion, in combination with R. leguminosarum BAGOQOQ7, significantly increased
total nitrogen accumulation in the plant biomass compared to single-strain inoculation
with the R. lequminosarum BAGOQOQ? strain. The average nitrogen accumulated in the pea
biomass was 5.8%, when the combination of R. leguminosarum EGLE10 and R. leguminosarum
BAGOO07 was applied, which was 2.9-fold higher compared to the control.

The nodule-counting results showed that the use of single R. leguminosarum strains or
inoculation with different combinations had different effects on “Respect” genotype pea
nodulation (Figure 2B), (Supplementary Figure 52). The highest number of nodules was
found in pea variants where a single R. leguminosarum LIN06 strain was inoculated. The
average number of nodules in this variant was 225 units, which was significantly higher
compared to other variants inoculated with R. leguminosarum combinations or single strains.
However, nitrogen accumulation in plants inoculated with the single R. lequminosarum
LINO6 strain was not very high; the average total nitrogen was 4.8%. No nodules were
found on control plants’ roots. In other variants, the average number of nodules varied
from 87 to 174 units per plant.

A correlation analysis was carried out to investigate the relationship between the
number of nodules and total nitrogen in dry plant biomass in both pea genotypes (Figure 3).
The results indicated a positive and significant correlation (p < 0.05) between the number
of nodules and nitrogen accumulated in plant biomass with pea genotype “Egle DS”
(Figure 3A). The strength of the correlation was moderately positive, with a correlation
coefficient of R = 0.4964. A correlation analysis with pea genotype “Respect” also showed a
positive and significant correlation (p < 0.05) between the number of nodules and nitrogen
accumulated in plant biomass (Figure 3B). The strength of the correlation was moderately
positive, with a correlation coefficient of R = 0.4045.

A competition investigation and competition index of each R. leguminosarum strain
were determined in experiments with “Egle DS” and “Respect” pea genotypes (Figure 4).
The competition analysis between R. leguminosarum strains showed that the R. legumi-
nosarum LINO6 strain was the most competitive compared to all strains analyzed with the
“Egle DS” genotype (Figure 4B). The competitiveness index of the R. leguminosarum LINO6
strain varied from 3.02 to 8.52 units and was significantly higher compared to other R.
lequminosarum strains; however, when compared with the R. leguminosarum BAGOOO07, the
competition index of the R. leguminosarum LINO6 strain showed no significant difference
in the R. leguminosarum EGLEQ7 competition index. The highest competitiveness index in
the R. leguminosarum LINO6 strain was achieved against the R. leguminosarum EGLE10 and
R. leguminosarum EGLEOY7 strains, at 6.20 and 8.52, respectively. The results also showed
that R. leguminosarum EGLE10 strain competition index was usually significantly lower
in combination with other investigated strains. The competitiveness index of the R. legu-
minosarum EGLE10 strain when in competition with the R. leguminosarum EGLE(07, R.
leguminosarum BAGOOOQ7, R. lequminosarum ASTR08, and R. leguminosarum LINO6 strains
was only 0.19, 1.18, 0.75, and 0.27 units, respectively. The competitiveness index of other
R. lequminosarum strains was similar; in some variants, R. leguminosarum EGLEQ7 showed
significantly improved competitiveness results.
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Figure 3. (A) Correlation between total nitrogen accumulated in “Egle DS” genotype plant biomass
and number of nodules on roots, p < 0.05. (B) Correlation between total nitrogen accumulated in
“Respect” genotype plant biomass and number of nodules on roots, p < 0.05.

A competition analysis of R. leguminosarum strains in combination with the “Respect”
pea genotype showed that the R. leguminosarum EGLE10 strain was more competitive than
R. leguminosarum EGLEQ7, R. leguminosarum BAGOOO07, and R. lequminosarum ASTR08
strains (Figure 4C). The competitiveness index against these rhizobia was 2.87, 2.06, and



Agriculture 2025, 15, 1784 12 of 23

3.49, respectively. The R. leguminosarum EGLE10 competitiveness index was significantly
higher in competition with R. leguminosarum EGLEO7 and R. leguminosarum ASTR08 strains
compared to other R. leguminosarum strains analyzed. R. leguminosarum ASTRO08 was
the most competitive strain in competition with the R. leguminosarum LINO6 strain. The
competitiveness index of the R. leguminosarum ASTROS8 strain was 3.09 and was significantly
higher compared to other strains examined.
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Figure 4. Competition assays between R. leguminosarum strains. (A) Pea root system inoculated with
gusA [pOPS0263] tagged strain (blues nodules) and strain without any marker (white nodules) after
staining with X-GlcA. (B) The competitiveness index between R. leguminosarum isolates inoculated in
“Egle DS” genotype pea plants. Error bars indicate the standard deviations within four biological
replications at each treatment. Values marked with the same letter are not significantly different at
p > 0.05 (ANOVA, Tukey HSD). (C) The competitiveness index between R. leguminosarum isolates
inoculated in “Respect” genotype pea plants. Error bars indicate the standard deviations within four
biological replications at each treatment. Values marked with the same letter are not significantly
different at p > 0.05 (ANOVA, Tukey HSD).

The total nitrogen accumulation in pea biomass and the competitiveness results with
the different R. leguminosarum strains investigated in this research showed that these strains
acted differently in different pea genotypes (Figure 5). Rhizobia strains’ nitrogen fixation
efficiency on different pea genotypes differed by up to 1.7 times; the highest differences
were found in variants where a single R. leguminosarum ASTRO8 strain and a combination
of R. lequminosarum EGLE10 and LINO6 were inoculated. R. leguminosarum ASTROS8 strain
was 1.7-fold more effective in pea genotype “Egle DS” compared to the “Respect” genotype,
and the combination of R. leguminosarum EGLE10 and LIN06 was 1.7-fold more effective in
pea genotype “Respect” compared to the “Egle DS” genotype. Nitrogen accumulation in
control plants of the “Egle DS” genotype was lower compared to the “Respect” genotype;
however, nitrogen accumulation in the plants with bacteria application was higher in the
“Egle DS” genotype. Some combinations, such as R. lequminosarum EGLEQ7 with R. legu-
minosarum EGLE10 or R. leguminosarum BAGOOOQ7 with R. leguminosarum EGLE10, were
highly efficient in terms of nitrogen fixation in both pea genotypes. The R. leguminosarum
EGLEO7 and R. lequminosarum EGLE10 combination significantly increased nitrogen ac-
cumulation by 5.9-fold compared to the control in the “Egle DS” genotype and 2.7-fold
compared to the control in the “Respect” genotype. The R. leguminosarum BAGOO07 with
R. leguminosarum EGLE10 combination significantly increased nitrogen accumulation by
6.1-fold compared to control in the “Egle DS” genotype and 2.3-fold compared to control
in the “Respect” genotype. The number of nodules formed in the “Respect” genotype
was higher compared to “Egle DS”. Nodulation results in both genotypes showed that
the effect of a high number of nodules on R. leguminosarum strains’ efficiency regarding
total nitrogen accumulation was lower or significantly not different compared to the other
strains investigated (Figure 5 and Figure 2).
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Figure 5. Heat map of R. lequminosarum strains’ nitrogen fixation efficiency (blue), nodulation (bronze)
and competitiveness index (yellow and green) with different pea genotypes. The heat map color scale
represents relative values: brighter shades indicate higher values and lighter shades indicate lower
values. Colors illustrate the comparison between the two genotypes.

Competition analysis of R. leguminosarum strains demonstrated that the same strains’
competition index was different in different pea genotypes (Figure 5), (Figure 4). In pea
genotype “Egle DS” R. leguminosarum LINO6 strain competition index was higher compared
to all strains analyzed, but strain nitrogen fixation efficiency was poor compared to the
results obtained for single strains and inoculation with different combinations. It was
also determined that nitrogen accumulation tended to decrease in all combined variants
where the R. leguminosarum LIN06 strain was included; however, in combination with the
R. leguminosarum EGLE10 strain, total nitrogen was significantly reduced to around 27%
compared to total nitrogen accumulated in plant inoculated with R. leguminosarum EGLE10
single strain. In the plant experiment with the “Respect” genotype, the R. lequminosarum
LINO6 strain showed the highest nodulation efficiency, with significant differences (Figure 5)
(Supplementary Figure 52); however, this strain’s nitrogen efficiency and competition index
were low compared to all examined strains. In the “Respect” genotype, the R. leguminosarum
EGLE10 strain showed a high competition index against R. lequminosarum EGLEQ7, R.
lequminosarum BAGOO07, and R. leguminosarum ASTRO8 strains and demonstrated the
highest efficiency regarding nitrogen fixation for the plant, although this strain’s nodulation
efficiency was average. The nitrogen accumulation has a tendency to increase and nodule
number has a tendency to decrease in variants where consortiums with R. leguminosarum
EGLE10 strain were applied. In pea genotype “Egle DS”, the R. legquminosarum EGLE10
strain showed reduced nitrogen fixation and competition.

None of the analyzed R. leguminosarum strains with the “Egle DS” pea genotype
showed both high biological nitrogen fixation and high competitiveness (Table 4). Only
one R. leguminosarum ASTROS8 strain showed high biological nitrogen fixation with low
competition, and only one R. leguminosarum LINO6 demonstrated high competition, but
nitrogen fixation was low. Experiments with the “Respect” pea genotype demonstrated that
only R. leguminosarum EGLE10 presented both high biological nitrogen fixation and high
competitiveness. R. leguminosarum EGLE07 was highly effective in terms of biological nitro-
gen fixation, but showed average results regarding its competitiveness. R. leguminosarum
ASTRO08 and BAGOOO07 strains obtained average results for both and R. leguminosarum
LINO6 was not effective regarding biological nitrogen fixation and not competitive.
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Table 4. R. leguminosarum strains’ nitrogen fixation efficiency and competition with different pea
genotypes. Low (LN), average (AN), or high (HN) biological nitrogen fixation; low (LC), average
(AC), or high (HC) competitiveness.

R. leguminosarum Strains

Pea Genotype
LINO6 EGLE07 BAGOO07  ASTRO08 EGLE10
“Egle DS” LN/HC AN/AC AN/LC HN/LC LN/LC
“Respect” LN/LC HN/AC AN/AC AN/AC HN/HC

A two-way analysis of variance (ANOVA) was applied to investigate strain, genotype,
and the interaction between them, and how these influenced total nitrogen accumulation
in the plant (Table 5). The results showed that each factor—strain (F = 10.55, p < 0.0001),
genotype (F = 23.42, p < 0.0001), and the interaction between them (F = 5.63, p < 0.0001)—were
significant in terms of nitrogen accumulation in pea plants at the probability level 99.9%.

Table 5. Two-way ANOVA of total nitrogen accumulated in two pea genotypes “Egle DS” and
“Respect” after inoculation with sixteen different R. leguminosarum strain combinations.

df MS SS F
Strain 1 6.32583889 94.88758333 10.55 ***
Genotype 15 14.04540000 14.04540000 23.42 #**
G xS 15 3.37420000 50.61300000 5.63 ***

df: degrees of freedom; MS: mean square; SS: sum of squares; F: F value; **: p < 0.001.

4. Discussion

Our results showed that R. leguminosarum strains’ influence on nitrogen accumulation
in the pea plants was different in different substrates. Pea plants grown in sterilized
vermiculite-sand mixture accumulated higher amounts of total nitrogen compared to the
plants that were grown in unsterilized soil. The lower total nitrogen accumulation in the
pea plants grown in the unsterilized soil suggests that there were some factors which
inhibited rhizobia efficiency and nitrogen fixation for these plants. Some studies show that
high levels of nitrogen availability in the soil and soil acidity can negatively affect symbiotic
nitrogen fixation in legumes [11,59,60]. The excessive nitrogen in the soil, especially during
the period between seed inoculation and germination, can reduce the reliance of plants on
nitrogen fixation and limit root nodule development [61,62]. Based on a report from the
Saskatchewan Ministry of Agriculture, soil nitrogen levels exceeding 40 kg ha~! inhibit
nodulation and BNF in pea plants. Additionally, nitrogen levels surpassing 50 kg ha~!
prevent nodulation and BNF in pea plants [63]. Different research evaluating rhizobia and
legume plant symbiosis efficiency at different soil pH levels show that pH 6.0-7.0 is optimal
for rhizobia growth and nodulation, and soil pH levels lower than 5.5 can negatively
impact legume plants’ nodulation and nitrogen fixation abilities [64—66]. In our study,
mineral nitrogen content in the soil was 10.42 mg kg™, at around 27 kg ha~?, and soil
pH was 6.7. This amount of nitrogen and soil pH should have no negative impact on pea
nodulation or biological nitrogen fixation. Another reason why pea plants in unsterilized
soil accumulated lower amounts of nitrogen compared to the pea plants grown in a sterile
vermiculite—sand mixture could be a ‘competition problem” with native strains. In our
research, control plants in unsterilized soil formed nodules on the roots; this shows that
native strains were in the soil. Native rhizobia strains often have low symbiotic effectiveness
in nitrogen fixation with legume plants because of their long-established adaptation to
prevailing agroclimatic conditions and horizontal gene transfer mechanisms that promote
their competitiveness and survival [67-69]. There are some scientific studies showing that
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rhizobia inoculants that contain extremely efficient nitrogen fixing rhizobia strains failed to
compete against highly competitive native strains in agricultural fields [70-72]. Indigenous
rhizobia strains are often better adapted to soil properties such as soil’s granulometric
and chemical composition, pH, and salinity, and are better distributed into the soil and
have higher resistance to the herbicides or other chemical products applied to the soil
as part of agricultural practice [73,74]. It could be that native strains in the soil used for
experiment were weak in terms of biological nitrogen fixation but were strong regarding
competition against inoculated strains, and, as a result, formed the majority of the root
nodules. Additionally, our investigated R. leguminosarum strains” adaptation possibilities
in soil were not evaluated in previous studies. It could be that reduced nitrogen fixation
in the soil is also related to soil properties and chemical composition. Therefore, highly
competitive, easily adaptable, and efficient nitrogen fixing rhizobia strains need to be
selected for the development of biostimulants.

However, the choice of pea genotype is also an important factor in achieving effec-
tive symbiosis and high yields. According to the scientific literature, the pea genotype
has extremely high influence on R. leguminosarum strains’ nodulation and nitrogen fix-
ation [75-78]. Our two-way ANOVA analysis of rhizobia strain, pea genotype, and the
interaction between strain and genotype’s influence on nitrogen accumulation in plant
biomass confirmed all these factors were significantly important for nitrogen accumula-
tion. This means that nitrogen accumulated in pea plants depends on pea genotype, R.
lequminosarum strain, and the interaction between genotype and strain. Genetic differences
between pea genotypes’ physiology, and differences in root and nodule morphogenesis,
may result in variations in root exudation and signal exchange between the rhizobia and
legume plants [79]. Some research shows that rhizosphere microbial community structure
varies in relation to root location, and that these variations are related to qualitative and
quantitative changes in root exudation [80,81]. These plant metabolism changes can be re-
lated to nutrient availability, humidity, and other environmental factors [82], and may lead
to a differential efficiency regarding their interaction with different rhizobia genotypes. The
rhizobia genotype may consequently influence nodule physiology and biological nitrogen
fixation efficiency. Genetic differences between rhizobia genotypes can differently affect
symbiosis efficiency, because different genes are responsible for adaptation to survive in
the soil, signaling molecules’ recognition, and nodulation [12,83]. Both pea genotype and
rhizobia strain should be compatible to form a successful symbiotic relationship. Different
scientific investigations demonstrated that some R. leguminosarum strains’ nitrogen fixation
efficiencies significantly differed by more than two times in different pea genotypes [84,85].
In our research, rhizobia strains’ nitrogen fixation efficiencies on different pea genotypes
differed by up to 1.7 times. We also found that, although nitrogen accumulation in control
plants of the “Egle DS” genotype was lower compared to the “Respect” genotype, the
nitrogen accumulation in the plants with bacterial application was higher in the “Egle DS”
genotype. These nitrogen accumulation results were not related to nodulation, because the
number of nodules formed in the “Respect” genotype was higher compared to “Egle DS”.
Nevertheless, the nodulation results in both genotypes showed that the effects of intensive
nodulation regarding R. leguminosarum strains’ efficiency in total nitrogen accumulation
was lower or significantly not different compared to the other strains investigated. Correla-
tion analysis between nodule number and nitrogen accumulated per plant in each genotype
showed that the relationship between these two parameters was significantly positive and
moderate in both genotypes (r = 0.4964 in “Egle DS” and r = 0.4045 in “Respect”). These
results suggest that while nitrogen accumulation in the plant biomass tends to increase
with the number of nodules, there are more determinants that are significantly important
for nitrogen accumulation in the plant, such as soil composition, strain nitrogen fixation
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efficiency, climate, and the plant’s genetic characteristics [86,87]. These nodulation results
confirmed other scientists” findings that nodule number is an important parameter demon-
strating rhizobia’s nodulation ability and, in the presence of other strains, determines their
nodulation competitiveness; however, a high nodule number does not guarantee efficient
biological nitrogen fixation [71,88]. Some research shows that abundant nodule formation
due to plant genotype or rhizobia strain can have a negative impact on host plants. Nodule
formation and maintenance are demanding processes in terms of energy and resources.
If nodulation becomes excessive and host plants invest more resources than they receive
in return, the relationship can shift from mutualist to parasitism and plant growth can be
reduced [89-91]. This means that nodule-counting alone is not a suitable method for the
selection of R. leguminosarum strains with highly efficient nitrogen fixation abilities. Since
both pea genotypes were inoculated with the same rhizobia strains and were grown under
the same experimental conditions, these results show that most R. lequminosarum strains
showed more effective nitrogen fixation abilities in the “Egle DS” genotype compared to
the “Respect” genotype, even in the presence of a lower number of nodules.

Competitiveness in rhizobia refers to the relative ability of a given strain to infect a
legume plant and cause nodule formation in the presence of the other strains [92]. Plant
symbiosis with highly efficient rhizobia strains leads to an increase in biological nitrogen
fixation in the plant, and symbiosis with partially efficient or inefficient rhizobia strains
can reduce legume plants’ productivity, so rhizobia strains’ efficiency and competitiveness
determine the final nitrogen supply to the plant [93-95]. A competition analysis of our
R. leguminosarum strains showed that it is extremely important to select not only highly
competitive rhizobia strains with effective biological nitrogen fixation abilities, but also
to consider into their efficiency for different pea genotypes. In pea genotype “Egle DS”,
the R. leguminosarum LINO6 strain was highly competitive, but strain nitrogen fixation
efficiency was low; nitrogen accumulation was also reduced in all combinations where
the R. leguminosarum LINO6 strain was included. In plant experiments with the “Respect”
genotype, the same R. leguminosarum LINO6 strain was low regarding nitrogen fixation
ability and had low competition analysis results, but the R. leguminosarum EGLE10 strain
demonstrated a high competition index and the highest efficiency regarding nitrogen
fixation. However, in pea genotype “Egle DS”, the R. leguminosarum EGLE10 strain was
not so very effective regarding nitrogen fixation and had low competition analysis results.
These competition and nitrogen fixation efficiency differences between the R. leguminosarum
EGLEOQ7 and R. leguminosarum EGLE10 strains in the “Egle DS” and “Respect” genotypes
could be related not only to the pea genotypes but also to the strains’ genetic differences
in terms of nodC genes. Based on our previous studies (Table 1) R. leguminosarum LIN06
and R. leguminosarum EGLE10 strains were assigned to different clusters according to nodC
gene phylogenetic analysis. Nod genes are responsible for the attraction and recognition
of symbiotic bacteria in leguminous plants [96-98]. So, the differences between R. legumi-
nosarum LINO6 and R. leguminosarum EGLE10 nodC genes may have been significant in the
production and recognition of plant and bacterial signaling compounds.

Some experiments suggest that the host plants prioritize beneficial and more effective
nitrogen fixing stains versus ineffective strains. The same effectiveness among strain
combinations was observed when a highly efficient strain was mixed with an ineffective
strain or with another highly effective strain [99,100].However, other research shows that
when plants were inoculated with two high-efficacy nitrogen fixing strains, the prevalence
of coinfected nodules was significantly higher compared to treatments inoculated with
one or two ineffective strains [55,101]. Our research results using the “Egle DS” genotype
demonstrated that there was no prioritization of beneficial and more effective nitrogen
fixing stains. The most competitive strain, R. leguminosarum LINO6, has the lowest nitrogen
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fixation efficiency and significantly reduced nitrogen accumulation in all consortia variants.
The results with the “Respect” genotype were the opposite; a higher competition index
was found with strains that were more effective in terms of nitrogen fixation, such as R.
leguminosarum EGLE10 and EGLEQ7. The number of nodules did not increase in variants
where highly efficient strain combinations were inoculated. These results show that some
pea genotypes can prioritize and form symbiosis with more effective nitrogen fixing strains
and some genotypes cannot.

Different results are published in scientific papers about the influence of inoculation
with single-strain and multi-strain rhizobia combinations on nitrogen accumulation in the
plant. There is some information showing that host plants inoculated with two or more
strains receive significantly less benefit from rhizobia strains than expected based on the
clonal inoculations with a single strain. In A. Rahman and colleagues’ research, nitrogen
fixation efficiency was significantly reduced in ~50% of strain combinations examined,
and a lower number of nodules were found in combinations compared to single inocula-
tion [101]. W. R. Roper and colleagues’ results were the opposite. He and his colleagues
demonstrated that no significant differences were observed in terms of nitrogen fixation
after the inoculation of R. leguminosarum single-strain and multi-strain combinations [102].
Our research results after inoculating single strain and multi-strain combinations into
“Egle DS” and “Respect” genotypes demonstrated that by using high—efficiency biological
nitrogen fixing strains in multi-strain combinations with ineffective biological nitrogen
fixing strains, it is possible to increase nitrogen fixation for the plant; however, the nitrogen
accumulated in the plants with the rhizobia combination was lower compared to nitrogen
accumulated with a single effective inoculated strain. Nevertheless, in this investigation,
multi-strain combinations were prepared from only two different R. leguminosarum strains,
so in natural soil with a high diversity of indigenous R. leguminosarum strains, the results
can differ. These differences were also obtained in our own analysis of R. leguminosarum
strains in non-sterile soil and a sterile vermiculite—sand mixture. The rhizobia nitrogen
fixation efficiency obtained under sterile conditions was reduced in soil experiments due
to the influence of indigenous strains. The reason why the best nitrogen accumulation in
plants grown in soil was achieved with R. leguminosarum LINO6 strain is that this strain
was the most competitive. It was confirmed through competition analysis that R. legu-
minosarum LINO6 had the highest competitiveness index amongst all strains examined.
To summarize, even R. leguminosarum LIN06 strain nitrogen fixation efficiency was low
compared to other analyzed strains; in a soil experiment with Egle DS” genotype, this strain
significantly increased nitrogen accumulation in pea plant biomass by 1.6-fold compared
to the uninoculated control. Aleksander Westphal Muniz and colleagues’ investigation
results with different R. lequminosarum strains demonstrated that after inoculation with the
most efficient R. leguminosarum EEL 6802 strain, total nitrogen accumulated in pea biomass
was 1.5-fold higher compared to the uninoculated control, and this led to increased pea
yield [18]. Anteneh Argaw and Abere Mnalku’s results showed that the most efficient R.
leguminosarum NSFPRS strain of all investigated strains increased total nitrogen in plants
by 1.3-fold, compared to the uninoculated control [17]. Fesenko and colleagues observed a
1.3-fold increase in nitrogen accumulation in pea after inoculation with R. leguminosarum
strains compared to the control [103]. These other authors’ results suggest that our R. legu-
minosarum LINO6 strain has high potential as a biostimulator. Since competition analysis
revealed that the most competitive strain demonstrated the best performance in terms of
nitrogen accumulation in soil investigations, it can be assumed that the R. leguminosarum
EGLE10 strain in the “Respect” genotype, which was the most competitive and efficient
in terms of nitrogen fixation, would also be the most valuable regarding nitrogen fixa-
tion in soil experiments; however, this needs to be analyzed in further investigations. In
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further investigations, R. lequminosarum EGLEQ7 with R. lequminosarum EGLE10 and R.
leguminosarum BAGOO07 with R. leguminosarum EGLE10 combinations should be exam-
ined because these combinations showed high efficiency regarding nitrogen fixation in
both pea genotypes, “Egle DS” and “Respect”. It is also important to investigate these
strains” adaptation possibilities and resistance to different environmental conditions. In
general, the effectiveness of the R. leguminosarum strains must be studied in soil containing
other indigenous strains, under natural conditions, and with different pea genotypes. So,
additional field trials are necessary to validate the findings obtained in this research. The
efficacy studies of biostimulants under sterile conditions show only the potential of the
product; the obtained results do not reflect reality.

Supplementary Materials: The following supporting information can be downloaded at: https:
/ /www.mdpi.com/article/10.3390/agriculture15161784/s1, Figure S1: The average number of
nodules on “Egle DS” pea genotype roots after inoculation with different R. lequminosarum strain
combinations; Figure S2: The average number of nodules on “Respect” pea genotype roots after
inoculation with different R. leguminosarum strain combinations.
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