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Abstract

Co-inoculation of plants with arbuscular mycorrhizal (AM) fungi and nitrogen-fixing bacteria
of the order Rhizobiales (rhizobia) can have a stimulating effect on plant growth and development.
This influence can be considered as the synergistic effect of two microorganisms on a plant in a
multicomponent system and as the result of the mutual influence of microorganisms on each other.
However, the mechanisms underlying the mutual influence of microorganisms remain insufficiently
understood. In the presented work, it was shown for the first time that in the case of joint inoculation
of pea plants with fungi of arbuscular mycorrhiza and rhizobia, the method of introduction microor-
ganisms may be important. The results may indicate the presence of competition of microorganisms
for a niche in the plant during sequential inoculation. The purpose of our research was to study the
possibility of selection of the effective combinations of AM and rhizobia strains for inoculation of such
important agricultural crop as Pisum sativum L. as well as estimation of influence on the productivity
of plants. In this work, we analyzed the effects of joint inoculation of pea plants Pisum sativum L. with
the fungus Rhizophagus irregularis BEG144 and the rhizobial strain R. leguminosarum bv. viciae RCAM
1026. For this purpose, the level of induction of markers development of two types of symbiosis, the
degree of root mycorrhization were assessed, as well as the biometric parameters of plants. The research
was performed using pea seedlings of the cultivar Frisson grown under sterile conditions. The isolate
of the fungus Rhizophagus irregularis BEG144 was used for inoculation. An inoculum was obtained
from the mycorrhized roots of Plecthrantus australis. The inoculum was introduced into a moisture
substrate before planting the pea seedlings. The scheme of sequential inoculation was used, according
to which pea plants were first inoculated with AM fungi R. irregularis BEG144 and 7 days after culti-
vation, the rhizobial strain Rhizobium leguminosarum bv. viciae RCAM 1026 were introduced into the
system. The experimental scheme included the following options: without inoculation (control), R. le-
guminosarum (RIv), R. irregularis (AM), R. irregularis + R. leguminosarum (AM + Rlv). 9 and 21 days
after planting (2 and 14 days after bacterial inoculation), the material was collected to analyze the
expression of genes - markers of the legume-rhizobial symbiosis development. On day 21 after planting,
the plants were collected in order to determine their biometric parameters, as well as the markers of
the symbiosis development. The lateral roots of the plants were cut off and frozen in liquid nitrogen.
After isolation of the total RNA, cDNA was synthesized on the RNA template using reverse transcrip-
tase using oligo(dT) primers. For the analysis, quantitative PCR combined with reverse transcription
(RT-PCR) was performed (a CFX96 Real-Time instrument, «Bio-Rad Laboratories», USA). The total
weight of plants and the weight of the root system significantly increased in case of monoinoculation
with rhizobia, monoinoculation with AM fungi, as well as joint inoculation, compared with the control
variant. However, no significant differences in these biometric parameters between the variant with
monoinoculation with rhizobia or AM fungi and double inoculation were found. Probably, upon in-
oculation with several endosymbionts, competition arose between them at the stage of penetration into
the plant, which led to a decrease in the intensity of plant infection with rhizobia. This was evidenced



by the absence of additional stimulation of the Enod5 and Sym37 gene expression during double inoc-
ulation, which are activated in the plant during the development of rhizobial infection. Upon double
inoculation, we also did not reveal additional stimulation of the expression of marker genes of symbiosis
with AM fungi — PT4, TI, RAM1 and DELLA3. This correlated with the absence of significant differ-
ences in all biometric parameters between the variant with monoinoculation with rhizobia or AM fungi
and double inoculation, which does not allow us to conclude about the positive effect of double inoc-
ulation on the growth and development of pea plants under the conditions of this experiment. The
results of data analysis using the experimental scheme used may indicate the presence of competition
of microorganisms for a niche in the plant, leading to a decrease in intra-root mycorrhizal colonization
and the level of induction of markers that are activated during the development of rhizobial infection.

Keywords: plant-microbe interactions, rhizosphere, symbiosis, arbuscular mycorrhiza, inoc-
ulation, rhizobia, Rhizophagus irregularis, gene expression, Pisum sativum

Currently, world agriculture is facing the problem of transition from the
intensive to a sustainable type aimed at environmentally friendly farming [1, 2].
The use of mineral fertilizers, which are costly and severely damaging to the en-
vironment, should be reduced [3]. The ability of most agricultural crops to form
endosymbioses with mycorrhizal fungi of the phylum Glomeromycota (the arbus-
cular mycorrhiza, AM) plays a significant role in improving plant mineral nutri-
tion, primarily phosphorus nutrition, and productivity. An alternative to the use
of mineral nitrogen fertilizers can be the biological nitrogen. Symbiosis between
legumes and bacteria of the order Rhizobiales called rhizobia plays a significant
role in biological nitrogen fixation.

Co-inoculation with AM fungi and rhizobia also positively affects plants,
mainly due to the improvement of mineral nutrition and inhibition of fungal path-
ogens [4-7]. Since the lack of phosphorus and nitrogen in the soil is one of the
limiting factors, co-inoculation stimulates plant growth. In this case, the stimulat-
ing effect can be due both to the synergistic effect of microorganisms on a plant
in a multicomponent system and to the influence of microorganisms on each
other. However, the mechanisms underlying the mutual influence of microorgan-
isms remain poorly understood.

It is known that AM fungi provide plants with available phosphorus which
plays an important role in energy metabolism and especially in nitrogen fixation
as an energy-consuming process [8]. Mobilization of phosphorus can stimulate the
activity of nitrogenase and nitrogen fixation by rhizobia [9-11]. Indeed, upon co-
inoculation of Phaseolus vulgaris L. and Medicago arborea L. with AM fungi and
rhizobia, a significant increase in the number and weight of nodules occurred as
compared to monoinoculation [12, 13]. Co-inoculation led to a greater accumu-
lation of phosphorus and nitrogen in the bean shoots and to a better phosphorus
utilization compared to control plants [12]. The positive effect of double inocula-
tion with AM fungi and rhizobia on growth, nutrient uptake, and nitrogen fixation
occurred in soybeans [4], cowpea [14], and peas [15]. The double inoculation of
pea plants leads to an increase in their biomass, the number and weight of nodules,
the efficiency of nitrogen fixation and transport of bound forms of nitrogen [16, 17].

The mutual influence may be due to signaling molecules that AM and
rhizobia fungi exchange with the plant, i.e., Myc and Nod factors. Co-inoculation
of soybean Glycine max (L.) Merr. with Bradyrbizobium japonicum 61-A-101 sig-
nificantly enhanced the colonization of plant roots by the fungus Glomus mosseae
[18]. The Nod factors of rhizobia can influence stimulation of the mycorrhiza
formation, since plant inoculation with strains defective in the synthesis of these
signaling molecules did not lead to an increase in root colonization by the fungus.
The positive effect can be associated with the structural similarity of the Nod and
Myc factors, since the structure of Myc factors is similar to that of Nod factor
with minimal substitutions on the molecular backbone [19]. In addition, Nod



factors activate the synthesis of flavonoids in plant roots which also have a stimu-
lating effect on root colonization by AM fungi [18].

Co-inoculation also increases in resistance to pathogens. In plants inocu-
lated with AM fungi the incidence and severity of symptoms caused by Rhizoctonia,
Fusarium, or Verticillium, as well as oomycetes Phytophthora, Pythium, and Aphan-
omyces, decrease [20]. The biocontrol properties of rhizobia can be associated with
the release of lytic enzymes and antimicrobial secondary metabolites that suppress
the pathogens [21]. With co-inoculation, the effect of AM and rhizobia fungi can
be enhanced. Thus, in soybeans, double inoculation significantly reduced the signs
of red crown rot. This effect correlated with the high expression of the PR2, PR3,
PR4, and PRI0 genes which control defense reactions [22]. However, it remains
unclear how AM and rhizobia fungi in a multicomponent system avoid mutual
negative influence caused by the release of lytic enzymes and antimicrobial com-
pounds.

Probably, due to the peculiarities of the mutual influence, the effect of
AM fungi and rhizobia on a plant during co-inoculation varies greatly depending
on the strains used. In this case, both a significant stimulation of plant growth and
the absence of a pronounced effect can occur [15, 23]. For example, the yield and
nitrogen content in pea plants were maximum when co-inoculated with the fungus
Glomus clarum NT4 and the highly efficient strain Rhizobium 1.X43 [15]. On the
contrary, the fungus strain Glomus mossae NT6 increased the yield of peas when
co-inoculated only with the ineffective rhizobia strain 175P4 [15]. Consequently,
through the selection of effective strain combinations of fungi and rhizobia, it is
possible to influence crop yields but it is necessary to understand what mechanisms
underlie this interaction.

The presented work shows for the first time that the mode of introducing
fungi of arbuscular mycorrhiza and rhizobia when co-inoculating pea plants is
important. Namely, with sequential inoculation, the microorganisms compete for
a niche in the plant.

Our goal was to investigate the possibility and effect of co-inoculation of
pea Pisum sativum L. seed with a combination of the arbuscular mycorrhiza fungus
Rhizophagus irregularis BEG144 and rhizobia Rhizobium leguminosarum bv. viciae
RCAM 1026, to assess the induction of markers of two types of symbiosis, the
degree of root mycorrhization, and biometric parameters of plants.

Material and methods. Pea (Pisum sativum L., cv. Frisson) seeds were ster-
ilized for 10 min with concentrated H2SO4, washed 3 times with sterile distilled
water, and germinated in Petri dishes with 1% agar (4 days at room temperature
in the dark).

For inoculum of Rhizophagus irregularis BEG144 (provided by the Inter-
national Bank for the Glomeromycota, Gidon, France), the mycorrhized roots of
Plectranthus australis were washed in running tap water, rinsed 3 times with dis-
tilled water, cut into fragments ~ 1 cm long, and examined under a microscope to
detect fungal propagules (vesicles and spores). The inoculum (1.3 g per pot) was
introduced into a moistened substrate to a depth of 3 cm before planting pea
seedlings. In 7 days, Rhizobium leguminosarum bv. viciae RCAM 1026 was intro-
duced. For the inoculum, the bacteria were cultured at 28 °C on solid TY medium
[24] with streptomycin (500 ug/ml) and washed off the plates with autoclaved tap
water. The resultant suspension was diluted to ODsoo = 0.5 and used for inocula-
tion (2 ml per pant).

The plants were grown under the controlled conditions using clay marl
added with 1 g/1 CaCOs3 as a substrate (a MLR-352H phytotron, Panasonic, Japan;
16 h day/8 h night, 21 °C, and 60% relative humidity). Pots with the substrate



were pre-sterilized by autoclaving (60 min, 134 °C, 0.22 MPa). A designed nutri-
ent solution (without phosphorus and with a reduced nitrogen concentration) was
used for plant feeding. The solution contained macroelements (mmol per 1 of the
substrate) NH4NO3 0.16, or 1/10 of the norm, MgSO4 - 7H20 0.51, and K2SO4
0.72, and microelements (umol per | of the substrate) H3BO3 9.19, MnSO4 - SH20
2.28, ZnSO4 - 7H20 0.19, CuSO4 - 5SH20 0.08, (NH4)2Mo004 0.03, CoCl2 - 6H20
0.03, and NaFe-EDTA 8.36. Top dressing was carried out once during planting
pea seedlings; watering was carried out with distilled water as needed.

The experimental design included no treatment (control without inocula-
tion), inoculation with Rhizobium leguminosarum bv. viciae RCAM 1026 (Rlv),
inoculation with Rhizophagus irregularis BEG144 (AM), and co-inoculation with
R. irregularis + R. leguminosarum (AM + Rlv).

Nine and twenty-one days after planting (2 and 14 days after bacterial
inoculation), plant material was collected to analyze the expression of markers of
legume-rhizobial symbiosis (genes SymlI0, NIN, Enod5, and Sym37). On day 21
after planting (day 14 after inoculation with rhizobia), the plants were collected
to measure their biometric parameters, to analyze the expression of markers of
AM fungus inoculation (genes P74, TI, RAMI, and DELLA3), and to assess the
development of symbiosis. The development of AM was assessed using light mi-
croscopy as described previously [25].

The lateral roots were cut off and frozen in liquid nitrogen for isolation of
total RNA using NucleoSpin® RNA columns as per the manufacturer’s method
(Macherey-Nagel, Germany). cDNA on the RNA template was synthesized using
RevertAidH minus reverse transcriptase (Thermo Scientific, USA) and oligo(dT)
primers (Evrogen, Russia). For the analysis, quantitative PCR combined with re-
verse transcription (RT-qPCR) (CFX96 Real-Time PCR Detection System, Bio-
Rad Laboratories, USA) was run as follows: 30 s at 95 °C, 30 s at 54 °C, 40 s at
72 °C (40 cycles); the primers are

PsSym10-F — 5'-GTACTTCATTGGCGGAGACTG-3";
PsSym10-R— 5'-CCATAAGTTTCACAAGATTTCCAT-3";
PsNIN-F — 5'-CCGCAAAGAGCATCGGTGTATG-3";
PsNIN-R — 5'-GCATAGAAAGATCCAATCTGTATAGC-3";
PsPT4-F — 5'-CTTCACGTGCCATGTTCATC-3";

PsPT4-R — 5'-GCGTCGGAAACAGCTCC-3";

PsTI-F — 5'-ACCTTACAGCGTGAGCCTATAAGA-3";
PsTI-R — 5'-GCGGCCGAGGTACGAAAGGTG-3";
PsRAMI-F — 5'-GTCCATGATAAGAGACCAAGCACC-37;
PsRAMI-R — 5'-GGAGGAAGATAATGGAAGGGAAAG-3;
PsDELLA3-F — 5'-GCAATATAGAATTAACCGCCACAAC-37;
PsDELLA3-R — 5'-CGGATGAGCGGGACAACC-3".

The amount of mRNA was normalized to two constitutively expressed
genes encoding ubiquitin and actin. Three independent biological replicates were
analyzed.

The results were statistically processed (SigmaPlot 12.0 software, SPSS
Inc., USA). The means (M) and standard errors of the means (XSEM) were cal-
culated. One-Way ANOVA with multiple pairwise comparisons using the post hoc
Tukey test (ANOVA post hoc test) were used to assess the significance of differ-
ences between the treatments. Differences were considered statistically significant
at p < 0.05.

Results. We used Sym10 and NIN genes activated in plant roots on days
1-2 in response to inoculation [26] as markers of early stage of establishing sym-
biosis in pea plants upon inoculation with rhizobia. The SymI0 gene encodes a
LysM-containing receptor-like kinase involved in the recognition of the signaling



molecules of rhizobia — lipochito-oligosaccharides (Nod factors). The activation
of the signaling cascade under the influence of the SYMI10 receptor leads to the
development of nitrogen-fixing nodules on the plant roots. In the signal transduc-
tion, the expression of the NI/N (Nodule Inception) gene which encodes a tran-
scription factor and thus participates in the initiation of the development of sym-
biosis of peas with rhizobia, significantly increases.

20 Fig. 1. Expression of the genes Sym10 (recep-
181 tor of rhizobia signaling molecules) and NIN
16- ) (the main transcription factor of the signaling
= 144 pathway) in pea (Pisum sativum L., cv. Fris-
g 1 son) roots 9 days after planting into substrate
2 with Rhizophagus irregularis BEG144 and 2 days
5 107 b after inoculation with Rhizobium leguminosarum
© d

2 B bv. viciae RCAM 1026: a — without inocula-
% 64 tion (control), b — R. leguminosarum, ¢ —
2 44 c R. irregularis, d — R. irregularis + R. legumi-
2 a nosarum. Bars show standard errors of the
0 B mean (£SEM) for three analytical replica-
Sym 0 NIN tions. The experiment was arranged in three
biological replicates (the data of one replicate

are shown).

Monoinoculation with rhizobia caused a significant increase in the expres-
sion of the Sym10 and NIN genes as compared to the non-inoculated control on
day 9 (Fig. 1). In plants inoculated with AM fungi R. irregularis BEG144, no
significant changes occurred in the Sym 10 and NIN expression which indicates the
specific activation of these genes only in response to the recognition of signaling
molecules of rhizobia (see Fig. 1). The expression of SymI0 and NIN genes re-
mained high upon co-inoculation with Rlv and AM fungi (see Fig. 1). In our
opinion, this indicates that at the initial stages of formation and development of
the multicomponent system, the plant effectively distinguishes the signals of rhi-
zobia. They stimulate early responses in plants, including changes in ion fluxes
across the plasma membrane and its depolarization, the production of reactive
oxygen species, and the activation of channels that regulate the calcium flow into
plant cells (Ca2" influx).

The expression of genes P74, TI, RAMI, and DELLA3 that we used as
markers for symbiosis with AM fungi increases most significantly on days 21-28
after inoculation with AM fungi [27]. The PT4 gene encodes a phosphate trans-
porter [17] the activation of which is associated with the later steps of the devel-
opment of symbiosis with AM fungi when formation of arbuscules and vesicles
occur. Transcriptomic profiling of the roots of pea plants inoculated with the AM
fungus revealed a transcriptional inhibitor encoded by the 77 gene [17]. Of tran-
scription factors, the expression of RAMI regulator was found to increase during
the symbiosis with AM fungi [27]. DELLA proteins are regulators of plant response
to gibberellins; they are directly involved in the control of the development of both
nitrogen-fixing symbiosis and symbiosis with AM fungi [28, 29]. Proteins interact
with the main transcription factors of signaling pathways — NSP2, IPD3, and
RAMI, which stimulates the activation of target genes [29]. Earlier, we showed
that in pea plants, symbiosis with AM fungi increases the expression of one of the
genes of this family, DELLA3 [27].

On day 21 after planting, we revealed a significant increase in the expres-
sion of the PT4 and TI genes upon monoinoculation by R. irregularis BEG144
and co-inoculation (AM + Rlv) (Fig. 2). Similarly, the expression of the RAM ]
and DELLAS3 genes increased with AM and AM + Rlv treatments. This indicated
the ability of plants to respond to inoculation with AM fungi when applied together
with rhizobia; however, we did not detect any additional stimulation of marker



gene expression during co-inoculation.

1201 Fig. 2. Expression of genes P74 (a
phosphate transporter), 77 (a tran-
1104 scriptional inhibitor), RAM]I (a tran-
scription factor), and DELLA3 (a
100+ regulator of plant response to gib-
berellins) in pea (Pisum sativum L.,
901 cv. Frisson) roots 21 days after plant-
o ing into substrate with Rhizophagus
g 80+ ¢ d irregularis BEG144 and 14 days after
g 70 inoculation with Rhizobium legumi-
7 nosarum bv. viciae RCAM 1026: a —
2 60l without inoculation (control), b —
E R. leguminosarum, ¢ — R. irregularis,
~ 504 d — R. irregularis + R. leguminous-
sarum. Bars show standard errors of
40 the mean (+SEM) for three analyt-
ical replications. The experiment
201 was arranged in three biological
10 replicates (the data of one replicate

are shown).

PT4 ' TI RAM1 DELLA3

On day 21, we as-
sessed expression of the genes
FEnod5 and Sym37that can be
activated during legume-rhizobial symbiosis in peas. Enod5 encodes nodulin which
is activated in a specific way in pea root cells after penetration of infection threads
[30, 31]. The Sym37 gene encodes a receptor that is necessary for the development
and spread of infection threads in pea roots [32].

3004 Fig. 3. Expression of genes Enod5 and
b d Sym37 that can be activated during de-
2501 velopment of legume-rhizobial symbiosis
in pea (Pisum sativum L., cv. Frisson)
2001 roots 21 days after planting into sub-
1501 strate with Rhizophagus irregularis
BEG144 and 14 days after inoculation
100 with Rhizobium leguminosarum bv. vi-
- ﬁ ciae RCAM 1026: a — without inocu-
2 50+ lation (control), b — R. legumi-
g 45 nosarum, ¢ — R. irregularis, d — R. ir-
% 401 regularis + R. leguminoussarum. Bars
g show standard errors of the mean
= 351 (£SEM) for three analytical replica-
& 301 tions. The experiment was arranged
254 in three biological replicates (the data

201 of one replicate are shown).

154
104 On day 21 after plant-
¢ ing, the expression of the Enod5
= = and Sym37 genes, as well as
Enod5 Sym37 SymlIo NIN

Sym10and NIN genes increased
upon monoinoculation with
rhizobia (Fig. 3). No changes occurred in the expression of these genes with
R. irregularis BEG144 inoculation (see Fig. 3). With AM + Rlv, the expression
of the NIN gene increased compared to the Rlv monoinoculation. However,
upon the co-infection, the expression of the genes Enod5 and Sym37 associated
with the control of the infection development remained similar to that upon mo-
noinoculation with rhizobia. Expression of the Sym 10 gene also did not change
significantly upon co-inoculation of pea plants with the fungus and rhizobia.



The development of infection in legume-rhizobial symbiosis and symbi-
osis with AM fungi is under the host plant control. Probably, upon successive
inoculation with several endosymbionts, competition arises between them at
penetration into the plant, which leads to a decrease in the intensity of infection
with rhizobia. In our opinion, the evidence to support this assumption is that
co-inoculation did not additionally stimulate the expression of the genes Enod5
and Sym37 activated during the rhizobial infection.

With Rlv monoinoculation, there was a pronounced tendency to an in-
crease in the total biomass of plants compared to the control (p = 0.072) (Fig. 4).
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Fig. 4. Total biomass, g (A), root weight, g (B), aboveground biomass, g (C), and root length, cm (D) in
pea (Pisum sativum L., cv. Frisson) plants 21 days after planting into substrate with Rhizophagus irregularis
BEG144 and 14 days after inoculation with Rhizobium leguminosarum bv. viciae RCAM 1026: C — without
inoculation (control), 1 — R. leguminosarum, 2 — R. irregularis, 3 — R. irregularis + R. leguminosarum.
The arithmetic mean values for n = 12-15 are presented. Bars show standard errors of the means
(£SEM). Different letters indicate statistically significant differences (p < 0.05). To assess the signif-
icance of differences between the treatments, one-way ANOVA post hoc test was used.

A significant change (p < 0.05) of the total plant biomass occurred both
upon monoinoculation with AM fungus and co-inoculation (p < 0.05) (see Fig.
4, A). The root weight significantly (p < 0.05) increased upon inoculation with
Rlv, AM, and AM + Rlv as compared to the control. However, Rlv, AM, and
AM + Rlv did not differ significantly in root weight (see Fig. 4, B). Weighing
of the aerial parts did not reveal significant differences between the control and
mono- (Rlv or AM) or co-inoculation (AM + Rlv) (see Fig. 4, C).

Upon inoculation with Rlv and AM, there was a tendency to an increase
in the plant root length compared to the control (p = 0.08 and p = 0.09, respec-
tively); however, only co-inoculation led to a significant increase (p < 0.05) (see
Fig. 4, D). Any inoculation treatment had no significant effect on the length of
the aerial parts.

The obtained results allow us to conclude that in our experiment, mo-
noinoculation with rhizobia or AM fungi was effective. Rlv and AM monoinoc-
ulation increased the biomass of the plant roots but not the aerial parts. Upon
co-inoculation, a slight increase in the root length ocurred. However, the ab-
sence of significant differences in plant weight and root weight between the Rlv
or AM monoinoculation and co-inoculation does not allow us to draw a con-
clusion about the positive effect of double inoculation on the growth and devel-
opment of pea plants.



1001 Fig. 5. Developemt of arbuscular my-
90 b corrhiza in pea (Pisum sativum L., cv.
104 Frisson) plants 21 days after planting

into substrate with Rhizophagus irreg-
ularis BEG144 and 14 days after inoc-
ulation with Rhizobium leguminosarum

a bv. viciae RCAM 1026: EM — inten-
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fragments; 1 — R. irregularis, 2 —
R. irregularis + R. leguminosarum. The
arithmetic mean values for n = 12-15
are presented. Bars show standard errors of the means (£SEM). Different letters indicate statistically
significant differences (p < 0.05). To assess the significance of differences between the treatments,
one-way ANOVA post hoc test was used
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On day 21, all plants inoculated with rhizobia formed pink nodules (on
average, 180%35 per plant with Rlv monoinoculation and 228+55 per plant with
AM + Rlv). There were no statistically significant differences in the number of
nodules between these two treatments.

In both fungal inoculation (AM and AM + Rlv), the plants had approxi-
mately the same intensity of external root colonization (EM%) with R. irregularis
hyphae (approximately 10%) (Fig. 5). This testified to the good quality of the
mycorrhizal inoculum. The intra-root mycelium developed quite intensively in
both variants, however, for AM and AM + Rlv, no significant differences in the
intensity of intra-root colonization (M%) occurred (see Fig. 5). In the mycor-
rhized root segments, arbuscules intensively developed. However, the relative
number of arbusules (a%) was significantly higher (p < 0.05) for co-inoculation
than for AM monoinoculation, which indicates a more intensive exchange of nu-
trients between fungal and plant cells (see Fig. 5). Inoculation with rhizobia did
not affect the relative number of vesicles (v%) serving as storage organs of AM
fungi (see Fig. 5). Without fungal inoculation (in control and in Rlv inoculation),
no structures of AM fungi were found, which indicates the absence of cross-con-
tamination with these microorganisms.

Overall, based on the analysis performed, it can be concluded that legume-
rhizobial symbiosis and symbiosis with AM fungi developed in the system under
study. In this regard, the data obtained on the expression of genes markers of
symbiosis are adequate. However, the analysis of the double symbiosis showed that
when using the AM + Rlv sequential inoculation, there is no significant increase
in intra-root mycorrhizal colonization, which is probably due to the competition
between microorganisms for a niche in the plant or to stimulation of a systemic
response from plants.

Numerous publications show that AM fungi and rhizobia act as synergists,
stimulating plant growth via improved mineral nutrition and inhibition of fungal
pathogens [4-7]. However, several works revealed that competition for a niche in
a plant can be the reason for a decrease in the efficiency of root colonization by
AM fungi. AM Glomus sp. R-10 commercial inoculum used to increase yields of
soybean Glycine max (L.) Merrill had a negative effect on the root colonization
by endogenous strains of fungi well adapted to the conditions of plant growing
[33]. Similarly, in carrot roots which were cultivated in vitro, competition for a
niche was the reason for a decrease in intra-root colonization upon co-inocula-
tion with AM Rhizophagus irregularis and Glomus aggregatum as compared to
monoinoculation [34]. Therefore, increased competition between symbionts can



affect the intensity of intra-root colonization by AM fungi. This determines the
interest in studying the mutual influence of symbionts on plants.

The mutual influence of AM fungi and rhizobia in a multicomponent
system may be quite important, especially with the sequential inoculation we
used. Our data indicate that not only combinations of certain strains of fungi
and rhizobia are important to achieve a positive effect on plants but also the
scheme of co-inoculation. In the future, it is necessary to identify the conditions,
decreasing competition, and to assess whether such changes in mycorrhizal col-
onization can be a marker of the effectiveness of plant—AM fungi interaction
during co-inoculation.

Thus, the level of the induced expression of markers for two types of sym-
biosis, the root mycorrhization intensity, and the plant biometric parameters draw
us to the conclusion that a two-step inoculation of pea plants (cv. Frisson), first
with Rhizophagus irregularis BEG144 and then with Rhizobium leguminosarum bv.
viciae RCAM 1026 failed to reach the stimulating effect characteristic of co-inoc-
ulation if compared to monoinoculation. Our findings may indicate the competi-
tion of microorganisms for a niche in the plant or the activation of systemic mech-
anisms that prevent the enhancement of intra-root colonization by symbionts.
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