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Paenibacillus polymyxa is a promising plant-growth-promot-
ing rhizobacterium that associates with a wide range of host
plants, including agronomically important ones. Inoculation
of wheat seedlings with P. polymyxa strains CCM 1465 and
92 was found to increase the mitotic index of the root cells
1.2- and 1.6-fold, respectively. Treatment of seedlings with
the exopolysaccharides (EPSs) of these strains increased the
mitotic index 1.9-fold (P. polymyxa CCM 1465) and 2.8-fold
(P. polymyxa 92). These increases indicate activation of cell
division in the root meristems. Analysis of the morphometric
variables of the seedlings showed that P. polymyxa CCM
1465, P. polymyxa 92, and their EPSs promoted wheat growth,
increasing root and shoot length up to 22% and root and
shoot dry weight up to 28%, as compared with the control.
In addition, both strains were found to intensely colonize the
seedling root surface. Thus, P. polymyxa EPSs are active me-
tabolites that, along with whole cells, are responsible for the
contact interactions of the bacteria with wheat roots and are
implicated in the induction of plant responses to these in-
teractions. The strains used in this work are of interest for
further study to broaden the existing understanding of the
mechanisms of plant-bacterial interactions and to develop
effective biofertilizers for agricultural purposes.

Keywords: Paenibacillus polymyxa, exopolysaccharides, mi-
totic index, plant-growth-promoting activity, root coloniza-
tion, Triticum aestivum L.

Introduction

Biological, or organic, farming systems are becoming more
and more popular worldwide. Such systems, based on the sub-
stantial reduction in the use of mineral fertilizers and pesti-
cides, are advantageous in being able to maintain soil fertil-
ity, improve environmental health, and produce high-quality
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agricultural products. One method used in biological farm-
ing is the application of inoculants based on rhizosphere bac-
teria and their metabolites. These bacteria, used with a wide
range of cultivated plants, include those of the genus Paeni-
bacillus, which currently comprises more than 200 species
of facultative anaerobes, with P. polymyxa as the type species
(Grady et al., 2016; Lee et al., 2020). Although P. polymyxa
occurs naturally in soil and marine sediments, it prefers plant-
associated habitats such as the rhizosphere and roots of crop
plants (McSpadden Gardener, 2004). In addition, P. polymyxa
can be endophytic. Endophytic Paenibacillus spp. have been
found associated with various plants, including Arabidopsis
thaliana (Timmusk et al., 2005), Pinus contorta (Anand et
al., 2013; Puri et al., 2016), hybrid spruce (Picea glauca x P.
engelmannii; Shishido et al., 1999), Curcuma longa (Aswathy
et al., 2013), and Lilium lancifolium (Khan et al., 2020). Ben-
eficial Paenibacillus spp. can overgrow other endophytes in
plant cell cultures (Ulrich et al., 2008).

Paenibacillus polymyxa is a polyfunctional Gram-positive
bacterium used in agriculture, medicine, and industry (Lal
and Tabacchioni, 2009; Hao and Chen, 2017; Yu et al., 2017).
It is considered safe and is commercially available. The use
of paenibacilli in agriculture includes two main aspects: bi-
ocontrol of plant diseases and promotion of plant growth.
Paenibacillus polymyxa is a promising plant-growth-promot-
ing rhizobacterium that can fix nitrogen (Puri et al., 2016),
mobilize phosphorus from poorly accessible compounds
(Wang et al., 2012), and synthesize a broad range of physio-
logically active substances: phytohormones, antibiotics, en-
zymes (Grady et al., 2016; Rybakova et al., 2016; Zhang et al.,
2018; Yuan et al., 2020); volatile organic components (Raza
et al., 2015); and exopolysaccharides (EPSs) (Haggag, 2007;
Liang and Wang, 2015). Paenibacillus polymyxa is a relatively
new species and is the basis for several commercial formu-
lations against plant pathogens (Rybakova et al., 2016).

Current research has been intensely interested in P. poly-
myxa EPSs, which have highly diverse physiological and bio-
technological functions and little or no toxicity (Raza et al.,
2011; Liu et al., 2012; Rafigh et al., 2014; Liang and Wang,
2015). Owing to their surface localization, EPSs can shield
the underlying cellular structures, thereby determining the
immunological properties of the bacteria, and can also me-
diate the interaction of P. polymyxa with other microorga-
nisms and with macroorganisms (Vasilyev et al., 1984). Dur-
ing batch cultivation of P. polymyxa CCM 1465 and 92, we
isolated and characterized their EPSs and prepared poly-
clonal rabbit antibodies to the total preparations of EPSi4s5
(Yegorenkova et al., 2008) and EPSy, (Yegorenkova et al., 2011).
Recently, we have shown that when grown in a liquid min-
eral medium with sucrose, P. polymyxa 92 produces an EPS
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that is a linear 3-(2—6)-linked fructan (levan). This EPS is
of potential biotechnological interest (Grinev et al., 2020).

EPS is an important metabolite in plant-bacterial interac-
tions. According to Timmusk et al. (2005), the EPSs of P.
polymyxa are implicated in biofilm formation on the roots
of Arabidopsis thaliana. The EPSs of P. polymyxa A26 bio-
films can antagonize Fusarium graminearum, and their ur-
onate content is of critical importance in the antagonism
(Timmusk et al., 2019). Paenibacillus polymyxa EPSs play a
part in biofilm formation on abiotic surfaces (Yegorenkova
et al., 2011), colonization of wheat seedling roots, and induc-
tion of changes in root hair morphology (Yegorenkova et al.,
2013).

In associative symbiosis, plants do not form any structures
similar to nodules or tumors; instead, root hair deformations
are observed. Root hair deformation usually correlates with
the ability of bacteria to colonize plant roots (Jain and Patri-
quin, 1984; Yegorenkova et al., 2013). Root hair deformation
is one of the earliest plant responses to bacteria and can be a
quantitative indicator of plant responsiveness to inoculation
(Gaskins and Hubbell, 1979; Baldani et al., 1983).

During intense division, the wheat meristem cells express
a specific antigen called the proliferative antigen of initials
(PAL Sumaroka et al., 2000). Analysis of the treatment of
wheat with Azospirillum bacteria and with their lipopolysac-
charides (LPSs) suggested that the degree of the mitotic ac-
tivity of the root meristem cells and the content of PAI may
characterize the effectiveness of associative plant-bacterium
interactions (Evseeva et al., 2011). However, the search for
criteria to predict the effectiveness of associations remains
topical.

We investigated the effect of P. polymyxa CCM 1465, P.
polymyxa 92, and their EPSs on the functional activity of
the root meristem cells and on the physiological and mor-
phological variables of wheat seedlings.

Materials and Methods

Strains and growth conditions

Paenibacillus polymyxa CCM 1465 was from the Czech Col-
lection of Microorganisms (Brno, Czech Republic). Paeni-
bacillus polymyxa 92 (IBPPM 109, VNIISHM 92) was from
the IBPPM RAS Collection of Rhizosphere Microorganisms
(http://collection.ibppm.ru/). This strain had been isolated
from wheat roots by Dr. Y.M. Voznyakovskaya (All-Russia
Research Institute for Agricultural Microbiology, Russian
Academy of Agricultural Sciences, Pushkin-8, St. Petersburg,
Russia). Cells were grown in a liquid nutrient medium that
contained: yeast extract, 4 g/L; Na,HPOy, 1.1 g/L; KH,PO,,
0.5 g/L; MgSO; x 7H,0, 0.2 g/L; (NH,),SOy, 0.1 g/L; CaCOs,
0.2 g/L; glucose, 30 g/L; DW, up to 1 L (pH 7.2-7.5). After
the cells had been grown with shaking (220 rpm) at 30°C
for 2 days, the viscosity of the culture liquid was decreased by
twofold dilution with DW. The cells were separated by cen-
trifugation at 15,000 x g for 30 min and were resuspended in
phosphate-buffered saline (PBS; KH,PO,, 0.43 g/L; Na,HPO,,
1.68 g/L; NaCl, 7.2 g/L; pH 7.2) to 1.8 x 10° cells/ml. Cells were
counted by counting the colony-forming units (CFU). The
bacterial suspension was used to inoculate wheat seedlings.

EPS isolation

The total EPSs of P. polymyxa CCM 1465 and 92 were iso-
lated as follows. After the cells were separated by centrifuga-
tion, the supernatant liquid was concentrated to the origi-
nal volume of the culture liquid by rotary vacuum evapo-
ration (40°C), and the EPS was precipitated with 3 volumes
of acetone. The precipitate was separated by centrifugation
at 3,000 x g for 20 min, washed repeatedly with acetone, and
lyophilized in a BENCHTOP 2K freeze dryer (VirTis; Yego-
renkova et al., 2010). The resultant EPS samples were used
to treat wheat seedlings.

Plant material and inoculation

Seeds of common spring wheat (Triticum aestivum L. cv.
Saratovskaya 29; Federal Center of Agriculture Research of
the South-East Region, Saratov) were prepared for inocu-
lation as follows. Healthy, visibly undamaged seeds were
washed with water, surface sterilized in 70% (v/v) ethanol
for 30-40 sec, washed in sterile DW, treated with aqueous
diacide (ethanol mercury chloride, 33 mg; cetylpyridine chlo-
ride, 66 mg; DW, 100 ml) for 1-2 min, and washed again
several times in sterile DW. For germination, sterilized seeds
were placed on glass rods in plastic cuvettes containing sterile
DW and were germinated in a thermostat at 25°C for 3 days
without lighting. The P. polymyxa strains were grown and
centrifuged as described above. Further, 3-day-old seedlings
were inoculated within 24 h with living cells of both strains.
The strains were inoculated separately, each at 1.8 x 10°
cells/ml. Alternatively, the seedlings were treated with aque-
ous EPS solutions (EPS concentration, 0.2 mg/ml). After in-
oculation, the plants were grown for another 2 days in aquatic
culture under controlled conditions (temperature, 24°C; air
humidity, 60%; light intensity, 60 pmol/m*sec). Untreated
plants grown in sterile DW were used as controls.

Analysis of physiological and morphological variables of
wheat seedlings

The following variables of 6-day-old seedlings were analyzed:
root and shoot length and root and shoot dry weight. The
roots were also used to measure the mitotic index of the me-
ristem cells. For dry weight measurements, samples were
placed in capped aluminum cups and dried in a desiccator
at 105°C until weight attained constancy. The presented data
were calculated per one seedling. Comparison of the phys-
iological and morphological variables of the experimental
and control plants was used as an indicator of the biological
effect of the bacteria and their EPSs on seedling growth and
development.

Examination of P. polymyxa’s colonizing activity

This was done with excised roots of 3-day-old seedlings, as
described by Yegorenkova et al. (2001). From the seedling
apices, 2-cm-long root pieces were cut off, and each piece
was transferred aseptically to an individual test tube con-
taining 4.5 ml of PBS and was inoculated with 0.5 ml of a
bacterial suspension (cell density, 1.8 x 10° cells/ml). The ex-
periments used 2-day-old P. polymyxa cultures grown in the
liquid nutrient medium with glucose. The living bacteria in



the suspensions used for inoculation were counted by plat-
ing on the nutrient medium solidified with agar. The inocu-
lated roots were shaken at 30°C for 0.25-48 h. After that the
roots were gently agitated three times in PBS and homo-
genized. Root-attached cells were counted by counting the
CFU, and the number of bacteria adsorbed per centimeter
of root was determined (Yegorenkova et al., 2001).

Light microscopy

Roots were observed with a Biolar PI polarizing interfer-
ence microscope (objective lenses, 20x and 40x; ocular lens,
12x). Images were recorded with a SCOPETEK DCM35 digi-
tal camera and were processed with the MiniSee 1.0 program.

Measurement of mitotic index of root meristem cells

This was done by a method modified from that described in
Elkonin et al. (1993). For mitotic index measurements, sam-
ples were taken in a room with a temperature of not less than
25°C. Root tips (2-3 mm) of 6-day-old seedlings were fixed
in acetic acid-96% ethanol (Carnoy’s fixative; 1:3), stained
with acetohematoxylin (Diaem Co.), and macerated in cy-
tase (a mixture of enzymes isolated from the stomach of the
vineyard snail, Helix pomatia; courtesy of M.I. Tsvetova,
Federal Center of Agriculture Research of the South-East
Region, Saratov). The dividing and resting cells were counted
with a Leica DM 2500 microscope at 600x magnification. The
microscopy was done at the Simbioz Center for the Collec-
tive Use of Research Equipment, IBPPM RAS. Each experi-
ment was replicated three times, and in each replicate the
root tips of five seedlings were used. About 1,000 cells were
analyzed for each root tip.

Statistics

The experimental and control treatments each used not less
than 30 plants. Data were analyzed by one-way ANOVA.
We used the AGROS program package for statistical and
biometrical-genetic analysis in plant breeding and selection
(Version 2.09; Department of Statistical Analysis, Russian
Academy of Agricultural Sciences). Least significant differ-
ences (LSDgs) were calculated at a significance level p of
0.05. The table and histograms report the means for the an-
alyzed variables and the LSD g5 values.

Results and Discussion

Functional activity of root tip meristem cells

In studies of plant response to inoculation with plant-growth-
promoting rhizobacteria, special attention should be paid
to the functioning of root apical meristems, which are the
formative and regulatory centers of the plant partner (Ivanov,
2004). Interaction with the associative microflora activates
cell division in root meristems (Levanony and Bashan, 1989;
Evseeva et al., 2011). In particular, Levanony and Bashan (1989)
showed that inoculation of germinating wheat seeds with
Azospirillum brasilense Cd enhances cell division in the root
meristem and enlarges the elongation zone of the roots. The
authors speculated that these changes may be responsible for
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the larger root system of the inoculated plants. Subsequently,
we found that the LPS of Azospirillum bacteria increases cel-
lular mitotic activity in the root meristems of wheat seed-
lings—an effect comparable to that of living bacteria (Evseeva
et al., 2011). In addition, our preliminary work has shown
that the LPS of the associative rhizobacterium A. brasilense
Sp245 promotes the formation of meristematic centers and
the formation of embryoids in the callus tissues of plants grow-
ing in vitro (Evseeva et al., 2018). All this indicates that LPS
can be considered an active component of the Azospirillum
cell surface. It not only determines the interactions of the
bacteria with wheat roots (Fedonenko et al., 2001) but also
participates in the induction of plant response to these inter-
actions.

Here we used two P. polymyxa strains, CCM 1465 and 92,
and their produced EPSs. These bacteria and their EPSs have
valuable properties that may be important for the establish-
ment of plant-bacterial associations (Yegorenkova et al., 2011,
2013, 2016). The functional activity of the meristem cells of
the root tip was evaluated by their mitotic index. Treatment
of wheat seedlings with strain CCM 1465 or with strain 92 (or
with EPS of either strain) led to a 1.2- to 2.8-fold increase in
the mitotic index of root cells, as compared with the control,
depending on the strain and treatment method (Fig. 1). This
increase indicates intensified cell division in the root meri-
stems and the formation of many new cells, which intensify
the development of the plant roots. The EPS concentration
and the inoculation density were chosen by us on the basis
of our earlier work (Yegorenkova et al., 2001, 2013). After
the seedlings were inoculated with P. polymyxa CCM 1465
and 92 (cell density, 1.8 x 10° cells/ml), the mitotic index in-
creased about 1.2- and 1.6-fold, respectively, and treatment
with bacterial EPSs (concentration, 0.2 mg/ml) increased the
mitotic index 1.9- and 2.8-fold, respectively (Fig. 1). These
results are consistent with the previous data showing that in
response to inoculation with the associative bacterium A.
brasilense Sp245, the mitotic index of the wheat root mer-
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Fig. 1. Change in the mitotic index of the root meristem cells of 6-day-old
wheat seedlings inoculated separately with P. polymyxa strains CCM 1465
and 92 or treated with their EPSs. The control (untreated plants) was taken
as 100%. The histograms show the mean values for the analyzed meas-
ures and the least significant differences (LSDy,s) at p < 0.05. Different
letters (a, b, and c) above bars indicate values that differ significantly at p
<0.05, according to Duncan’s multiple range test.
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Fig. 2. Promotion of wheat seedling growth by P. polymyxa 92 (cell density,
1.8 x 10® cells/ml) and by its EPS (EPS concentration, 0.2 mg/ml).

istem cells increases 2-fold and that root treatment with LPS
isolated from the outer membrane of Sp245 increases the
mitotic index 1.8-fold. By contrast, interaction of seedling
roots with cells or LPS of E. coli, a non-plant-growth-promot-
ing bacterium, does not significantly alter the mitotic index
(Evseeva et al., 2011).

The mechanism by which bacteria and their exoglycans
activate cell division in the plant root meristems is not quite
clear. Probably, EPSs mediate the interaction of P. polymyxa
with host organisms and with other microorganisms. EPSs
may be implicated in bacterial attachment to plants and in
plant infection, may protect the bacteria against plant de-
fense responses, and may function as signal molecules. In
addition, their role in the establishment of symbiosis may
be similar to that of flavonoids and lipochitooligosaccharides
(York et al., 1996). For example, our previous experiments
have shown that the pretreatment of wheat seeds with the
EPSs of P. polymyxa CCM 1465 increases the root content
of o-phenylene- and guaiacol-dependent peroxidases 2- and
1.5-fold, respectively; the protein concentration in the samples
increases 4-fold, as compared with the control (Yegorenkova
et al., 2016). Analysis of the data generated in this study sug-
gests that EPS,4s induces plant protective responses, the
“switch-on” of which may be related to the interaction of
the EPS with the protein receptors in the plant cell plasm-
alemma. Bacterial polysaccharides can regulate metabolic
processes and immunomodulate both plant and animal cells
(Liu et al., 2012; Liang and Wang, 2015). In particular, EPS,465
stimulates the phagocytosis of bacterial cells by macrophages,
intensifies metabolism in human and animal leukocytes, and
modestly influences the production of proinflammatory cy-
tokines (interleukin-1 [IL-1] and tumor necrosis factor a

[TNF-a]) by human mononuclear cells (Yegorenkova et al.,
2018).

Measurement of physiological and morphological variables
of wheat seedlings

A promising direction in basic and applied research is the
study of the regulation of plant growth and development by
physiologically active natural substances, particularly during
the first stages of plant development. In the initial stage of
ontogenesis (when seedlings form from seeds), there occur
the most noticeable, substantial, and fundamental physio-
logical changes. Therefore, plant seedlings are a convenient
and promising model in the search for environmentally safe
natural regulators of plant growth and development.

The promotion of wheat growth by P. polymyxa CCM 1465,
P. polymyxa 92, and their EPSs was examined by measur-
ing the physiological and morphological variables of wheat
seedlings. Treatment of 3-day-old seedlings with an aqueous
EPS solution (EPS concentration, 0.2 mg/ml), followed by
their further growth in the greenhouse under controlled con-
ditions for 3 days, increased the length and weight of roots
and shoots (Fig. 2). Specifically, treatment with EPS,4s5 pro-
moted average increases in root and shoot length of 22% and
12%, respectively, and average increases in root and shoot
dry weight of 20% and 17%, respectively. Inoculation with
living P. polymyxa cells (cell density, 1.8 x 10° cells/ml) in-
creased shoot length and root and shoot weight while chang-
ing root length only slightly. In particular, inoculation with
P. polymyxa CCM 1465 increased shoot length by 12% and
root and shoot weight by 11% and 22%, respectively (Table 1).

Paenibacillus polymyxa 92, isolated from wheat roots, and
its EPS promoted wheat seedling growth (Table 1). Root and
shoot length increased by 13% and 20%, respectively, and root
and shoot dry weight increased by 22% and 18%, respectively
(treatment with EPSoy; Table 1). Inoculation with living bac-
teria increased shoot length by 21% and root and shoot weight
by 28% and 21%, respectively (Table 1). In a previous study
of the biological activity of P. polymyxa EPS in plant cells,
we showed that EPS 465 and EPSo; significantly increase the
number of root hair deformations in wheat seedlings (6.5-
and 5.7-fold, respectively), as compared to the control, and
are more active than other P. polymyxa strains analyzed by
us (Yegorenkova et al., 2013).

Table 1. Morphological measurements of 6-day-old wheat seedlings after root inoculation with P. polymyxa (cell density, 10° cells/ml) or after treatment

with P. polymyxa EPSs (EPS concentration, 0.2 mg/ml)

Treatment with P. polymyxa cells or EPS Root length (mm) Shoot length (mm) Root dry weight (mg) Shoot dry weight (mg)
CCM 1465
Control 2639 a 108.8 a 3.6a 79a
Cells 269.2a 121.5b 4.0 ab 9.6 ¢
EPS 32220 121.7 b 43b 92b
LSDy 5 11.0 1.3 0.5 0.3
92
Control 323.8a 109.7 a 32a 73a
Cells 319.7a 132.6 b 41b 8.8b
BRS! 366.1b 1319b 390 8.6b
LSDo 05 9.8 2.1 0.6 0.3

Values followed by different letters differ significantly at p < 0.05, according to Duncan’s multiple range test; LSDy s, least significant differences calculated at a significance level

of p=0.05.
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Fig. 3. Time course of P. polymyxa adsorption to wheat seedling roots. The
cell density was 1.8 x 10° cells/ml. The histograms show the mean values
for the analyzed measures and the least significant differences (LSDg,s) at
p < 0.05. Different letters (a, b, and c) above bars indicate values that differ
significantly at p < 0.05, according to Duncan’s multiple range test.

Extensive results have been generated on the effect of P.
polymyxa inoculation on the yield of major cereal crops such
as wheat, barley, rice, sorghum, millet, and maize (Maes and
Baeyen, 2003; Lal and Tabacchioni, 2009; Grady et al., 2016).
Several authors have reported a large positive effect from the
introduction of P. polymyxa into the plant rhizosphere, con-
sidering such variables as the viability and weight of the plants,
the concentration of chlorophyll in the leaf mesophyll, the
state of the root, and the formation of root hairs. P. polymyxa
treatment of seeds improves seed germinability and seed-
ling growth (Maes and Baeyen, 2003). Inoculation with the
endophyte P. polymyxa P2b-2R, originally isolated form a
lodgepole pine seedling, and with its green fluorescent pro-
tein (GFP) derivative, P2b-2Rgfp, promoted maize growth
through the enhancement of seedling length and biomass (by
52% and 53% and by 68% and 67%, respectively; Puri et al.,
2016).

Our present results show a pronounced response of the
plant partner to P. polymyxa CCM 1465 and 92 and to their

Fig. 4. Microphotographs of P. polymyxa 92 on wheat seedling roots. Bar
marker: (A) 50 pm; (B) 35 pm; (C) 100 pm; (D) 100 pm. The arrows show
bacterial cells on the root surface.
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glycopolymers. This response was manifested as a change in
the plant’s physiological and morphological variables. Thus,
the changes in the functional activity of the root tip meristem
cells under the influence of P. polymyxa or their EPSs cor-
relate with the changes in the physiological and morpho-
logical variables of the wheat seedlings inoculated with the
bacteria or treated with their EPSs.

Examination of P. polymyxa’s ability to colonize wheat seed-
ling roots

Effective attachment of associative bacteria to plant roots
and the maintenance of bacterial population size at an eco-
logically friendly level are important for plant growth pro-
motion, regardless of the operating mechanism (synthesis
of metabolites and antibiotics against phytopathogens, stimu-
lation with nutrients, or induction of plant resistance) (Tim-
musk et al., 2005; Yi et al., 2019). The exoglycans, produced
by P. polymyxa in substantial quantities, are implicated in bac-
terial colonization of and biofilm formation on plant roots
(Timmusk et al., 2005, 2019; Haggag, 2007).

We investigated the ability of P. polymyxa to colonize the
roots of wheat seedlings. Plating of root homogenate dilu-
tions on solid media showed that after 15 min of incubation,
the root adsorption of strain 92 was 1.6 x 10 cells/cm root
(inoculum density, 1.8 x 10° cells/ml) and increased with
time, reaching 6.4 x 10’ cells/cm root after 24 h. Further ex-
tending the incubation time barely affected the number of
attached cells, which at 48 h was 5.1 x 10° cells/cm root (Fig.
3). The adsorption of P. polymyxa CCM 1465 to wheat roots
had been studied by us earlier (Yegorenkova et al., 2013). The
adsorption time courses for strains 92 and CCM 1465 were
similar: in both strains, the number of adsorbed cells increased
with increasing incubation time, and the cell number on the
roots stabilized after 24 h of contact (Fig. 3). Strain 92 ad-
sorbed to wheat roots slightly worse than did strain CCM
1465, for which the number of adsorbed cells had reached
1.7 x 10° cells/cm root by 24 h of contact. Nonetheless, the
colonization ability of strain 92 was quite high, a finding con-
firmed by light microscopy. The bacteria intensely colonized
the roots from the first minutes of contact (Fig. 4A and B),
and at prolonged coincubation, they formed multilayered cel-
lular clumps on the root surface that were embedded in a
slimy material (Fig. 4C and D).

Previous studies led us to assume that P. polymyxa EPSs
play a large part in root colonization and in biofilm forma-
tion. Enzyme-linked immunosorbent assay with rabbit poly-
clonal antibodies against isolated EPSs of P. polymyxa CCM
1465 and 92 permitted the detection of P. polymyxa’s EPS
determinants in the biofilm materials (Yegorenkova et al.,
2011). Biofilms, which are formed from cells and a matrix
consisting of polysaccharides and proteins, prevent patho-
gens from accessing the roots (Timmusk et al., 2005; Haggag,
2007; Yi et al., 2019) and help bacteria to survive in natural
systems (Redmile-Gordon et al., 2014; Timmusk et al., 2019).

Conclusion

We have shown that either inoculation with P. polymyxa
strains CCM 1465 and 92 or treatment with their EPSs in-



BN 734 Yegorenkova et al.

creases the mitotic activity of the root meristem cells. The
mitotic activity positively correlates with the morphological
varijables of wheat seedlings. Both strains can intensely col-
onize seedling roots, which is essential for the formation of
effective plant-bacterial associations when P. polymyxa is
introduced into farm ecosystems. Bacterial polysaccharides
have diverse biological functions, primarily receptor func-
tions, which ensure the interaction of cells with each other
and with cells of other partners. P. polymyxa is an active pro-
ducer of EPS, whose valuable properties have been described
by us in earlier reports. Further studies of P. polymyxa and its
metabolites are necessary for broadening the existing know-
ledge of the mechanisms of plant-bacterial interactions and
for developing potent microbial inoculants for agricultural
purposes.

Acknowledgements

This research did not receive any specific grant from fund-
ing agencies in the public, commercial, or not-for-profit
sectors.

Our thanks go to Dmitry N. Tychinin for the translation of
the original manuscript into English and to Gennady L. Bury-
gin for his technical assistance in the preparation of the
manuscript.

Conflict of Interest

The authors have no conflicts of interest to report.

Research involving human participants and/or
animals

Not applicable.

Informed consent

Not applicable.

References

Anand, R., Grayston, S., and Chanway, C. 2013. N,-fixation and
seedling growth promotion of lodgepole pine by endophytic
Paenibacillus polymyxa. Microb. Ecol. 66, 369-374.

Aswathy, A.J., Jasim, B., Jyothis, M., and Radhakrishnan, E.K. 2013.
Identification of two strains of Paenibacillus sp. as indole 3 acetic
acid-producing rhizome-associated endophytic bacteria from
Curcuma longa. 3 Biotech 3, 219-224.

Baldani, V.L.D., Baldani, J.I., and Débereiner, J. 1983. Effects of Azo-
spirillum inoculation on root infection and nitrogen incorpora-
tion in wheat. Can. J. Microbiol. 29, 924-929.

Elkonin, L.A., Gudova, T.N.,, Ishin, A.G., and Tyrnov, U.S. 1993.
Diploidization in haploid tissue cultures of sorghum. Plant Breed.
110, 201-206.

Evseeva, N.V., Matora, L.Y., Burygin, G.L., Dmitrienko, V.V., and
Shchyogolev, S.Y. 2011. Effect of Azospirillum brasilense Sp245
lipopolysaccharide on the functional activity of wheat root meri-

stematic cells. Plant Soil 346, 181-188.

Evseeva, N.V., Tkachenko, O.V., Burygin, G.L., Matora, L.Y., Lobachev,
Y.V., and Shchyogolev, S.Y. 2018. Effect of bacterial lipopoly-
saccharides on morphogenetic activity in wheat somatic calluses.
World J. Microbiol. Biotechnol. 34, 3.

Fedonenko, Y.P., Egorenkova, 1.V., Konnova, S.A., and Ignatov, V.V.
2001. Involvement of the lipopolysaccharides of azospirilla in the
interaction with wheat seedling roots. Microbiology 70, 329-334.

Gaskins, M.H. and Hubbell, D.H. 1979. Response of non-leguminous
plants to root inoculation with free-living diazotrophic bacteria.
In Harley, J.L. and Russell, R.S. (eds.), The soil-root interface, pp.
175-182. Academic Press, New York, USA.

Grady, E.N., MacDonald, J., Liu, L., Richman, A., and Yuan, Z.C. 2016.
Current knowledge and perspectives of Paenibacillus: a review.
Microb. Cell Fact. 15, 203.

Grinev, V.S., Tregubova, K.V., Anis’kov, A.A., Sigida, E.N., Shirokov,
A.A,, Fedonenko, Y.P., and Yegorenkova, L.V. 2020. Isolation,
structure and potential biotechnological applications of the exo-
polysaccharide from Paenibacillus polymyxa 92. Carbohydr. Polym.
232, 115780.

Haggag, W.M. 2007. Colonization of exopolysaccharide-producing
Paenibacillus polymyxa on peanut roots for enhancing resistance
against crown rot disease. Afr. J. Biotechnol. 6, 1568-1577.

Hao, T. and Chen, S. 2017. Colonization of wheat, maize and cucumber
by Paenibacillus polymyxa WLY78. PLoS ONE 12, €0169980.
Ivanov, V.B. 2004. Meristem as a self-renewing system: maintenance
and cessation of cell proliferation (a review). Russ. J. Plant Physiol.

51, 834-847.

Jain, D.K. and Patriquin, D.G. 1984. Root hair deformation, bac-
terial attachment and plant growth in wheat-Azospirillum asso-
ciations. Appl. Environ. Microbiol. 48, 1208-1213.

Khan, M.S., Gao, J., Chen, X., Zhang, M., Yang, F., Du, Y., Moe, T.S,,
Munir, L, Xue, J., and Zhang, X. 2020. Isolation and characteri-
zation of plant growth-promoting endophytic bacteria Paeni-
bacillus polymyxa SK1 from Lilium lancifolium. Biomed Res. Int.
2020, 8650957.

Lal, S. and Tabacchioni, S. 2009. Ecology and biotechnological po-
tential of Paenibacillus polymyxa: a minireview. Indian J. Mic-
robiol. 49, 2-10.

Lee, S.A., Kim, T.W., Heo, J., Sang, M.K,, Song, J., Kwon, S.W., and
Weon, H.Y. 2020. Paenibacillus lycopersici sp. nov. and Paeni-
bacillus rhizovicinus sp. nov., isolated from the rhizosphere of
tomato (Solanum lycopersicum). J. Microbiol. 58, 832-840.

Levanony, H. and Bashan, Y. 1989. Enhancement of cell division in
wheat root tips and growth of root elongation zone induced by
Azospirillum brasilense Cd. Can. J. Bot. 67, 2213-2216.

Liang, T.W. and Wang, S.L. 2015. Recent advances in exopolysac-
charides from Paenibacillus spp.: production, isolation, structure,
and bioactivities. Mar. Drugs 13, 1847-1863.

Liu, J., Luo, J., Ye, H., and Zeng, X. 2012. Preparation, antioxidant
and antitumor activities in vitro of different derivatives of levan
from endophytic bacterium Paenibacillus polymyxa EJS-3. Food
Chem. Toxicol. 50, 767-772.

Maes, M. and Baeyen, S. 2003. Experiences and perspectives for the
use of a Paenibacillus strain as a plant protectant. Commun. Agric.
Appl. Biol. Sci. 68, 457-462.

McSpadden Gardener, B.B. 2004. Ecology of Bacillus and Paeni-
bacillus species in agricultural systems. Phytopathology 94, 1252
1258.

Puri, A,, Padda, K., and Chanway, C. 2016. Seedling growth promo-
tion and nitrogen fixation by a bacterial endophyte Paenibacillus
polymyxa P2b-2R and its GFP derivative in corn in a long-term
trial. Symbiosis 69, 123-129.

Rafigh, S.M., Yazdi, A.V., Vossoughi, M., Safekordi, A.A., and Ardj-
mand, M. 2014. Optimization of culture medium and modeling
of curdlan production from Paenibacillus polymyxa by RSM and
ANN. Int. ]. Biol. Macromol. 70, 463-473.



Raza, W., Makeen, K., Wang, Y., Xu, Y., and Qirong, S. 2011. Opti-
mization, purification, characterization and antioxidant activity
of an extracellular polysaccharide produced by Paenibacillus poly-
myxa SQR-21. Bioresour. Technol. 102, 6095-6103.

Raza, W, Yuan, J., Ling, N., Huang, Q., and Shen, Q. 2015. Produc-
tion of volatile organic compounds by an antagonistic strain Paeni-
bacillus polymyxa WR-2 in the presence of root exudates and
organic fertilizer and their anti-fungal activity against Fusarium
oxysporum f. sp. niveum. Biol. Control 80, 89-95.

Redmile-Gordon, M.A., Brooks, P.C., Evershed, R.P., Goulding,
K.W.T., and Hirsch, P.R. 2014. Measuring the soil-microbial in-
terface: Extraction of extracellular polymeric substances (EPS)
from soil biofilms. Soil Biol. Biochem. 72, 163-171.

Rybakova, D., Cernava, T., Koberl, M., Liebminger, S., Etemadi, M.,
and Berg, G. 2016. Endophytes-assisted biocontrol: novel insights
in ecology and the mode of action of Paenibacillus. Plant Soil
405, 125-140.

Shishido, M., Breuil, C., and Chanway, C.P. 1999. Endophytic col-
onization of spruce by plant growth-promoting rhizobacteria.
FEMS Microbiol. Ecol. 29, 191-196.

Sumaroka, M.V., Dykman, L.A., Bogatyrev, V.A., Evseeva, N.V., Zait-
seva, LS., Shchyogolev, S.Y., and Volodarsky, A.D. 2000. Use of
the dot-blot immunogold assay to identify a proliferative antigen
of the initial cells of a wheat stem meristem. J. Immunoassay 21,
401-410.

Timmusk, S., Copolovici, D., Copolovici, L., Teder, T., Nevo, E., and
Behers, L. 2019. Paenibacillus polymyxa biofilm polysaccharides
antagonise Fusarium graminearum. Sci. Rep. 9, 662.

Timmusk, S., Grantcharova, N., and Wagner, E.G.H. 2005. Paeni-
bacillus polymyxa invades plant roots and forms biofilms. Appl.
Environ. Microbiol. 71, 7292-7300.

Ulrich, K., Stauber, T., and Ewald, D. 2008. Paenibacillus—a predo-
minant endophytic bacterium colonising tissue cultures of woody
plants. Plant Cell Tiss. Organ Cult. 93, 347-351.

Vasilyev, N.V., Lutsik, N.B., Paliy, G.K., and Smirnova, O.V. 1984.
Biokhimiya i immunologiya mikrobnykh polisakharidov (Bio-
chemistry and immunology of microbial polysaccharides). Tomsk
University Publishing House, Tomsk, Russian. http://vital.lib.
tsu.ru/vital/access/manager/Repository/vtls:000632379.

Wang, Y., Shi, Y., Li, B., Shan, C., Ibrahim, M., Jabeen, A, Xie, G.,
and Sun, G. 2012. Phosphate solubilization of Paenibacillus pol-
ymyxa and Paenibacillus macerans from mycorrhizal and non-
mycorrhizal cucumber plants. Afr. J. Microbiol. Res. 6, 4567-4573.

Yegorenkova, 1.V., Fomina, A.A., Tregubova, K.V., Konnova S.A.,
and Ignatov, V.V. 2018. Immunomodulatory activity of exopo-
lysaccharide from the rhizobacterium Paenibacillus polymyxa
CCM 1465. Arch. Microbiol. 200, 1471-1480.

Effect of Paenibacillus polymyxa EPSs on wheat variables 735

Yegorenkova, I.V., Konnova, S.A., Sachuk,V.N.,, and Ignatov, V.V.
2001. Azospirillum brasilense colonisation of wheat roots and
the role of lectin-carbohydrate interactions in bacterial adsorp-
tion and root-hair deformation. Plant Soil 231, 275-282.

Yegorenkova, I.V., Tregubova, K.V., and Ignatov, V.V. 2013. Paeni-
bacillus polymyxa rhizobacteria and their synthesized exoglycans
in interaction with wheat roots: colonization and root hair de-
formation. Curr. Microbiol. 66, 481-486.

Yegorenkova, 1.V., Tregubova, K.V., Konnova, S.A., Bugreyeva, L.V.,
and Ignatov, V.V. 2016. Effect of exopolysaccharides of the bac-
terium Paenibacillus polymyxa 1465 on growth and defense re-
sponses of wheat. Izv. Saratov. Univ. Ser. Chem. Biol. Ecol. 16,
414-420.

Yegorenkova, 1.V., Tregubova, K.V., Matora, L.Y., Burygin, G.L,,
and Ignatov, V.V. 2008. Composition and immunochemical char-
acteristics of exopolysaccharides from the rhizobacterium Paeni-
bacillus polymyxa 1465. Microbiology 77, 553-558.

Yegorenkova, 1.V., Tregubova, K.V., Matora, L.Y., Burygin, G.L,,
and Ignatov, V.V. 2010. Use of ELISA with antiexopolysaccharide
antibodies to evaluate wheat-root colonization by the rhizobacte-
rium Paenibacillus polymyxa. Curr. Microbiol. 61, 376-380.

Yegorenkova, 1.V, Tregubova, K.V., Matora, L.Y., Burygin, G.L.,
and Ignatov, V.V. 2011. Biofilm formation by Paenibacillus poly-
myxa strains differing in the production and rheological prop-
erties of their exopolysaccharides. Curr. Microbiol. 62, 1554-1559.

Yj, J., Zhang, D., Cheng, Y., Tan, J., and Luo, Y. 2019. The impact
of Paenibacillus polymyxa HY96-2 luxS on biofilm formation and
control of tomato bacterial wilt. Appl. Microbiol. Biotechnol. 103,
9643-9657.

York, G.M., Gonzilez, J.E., and Walker, G.C. 1996. Exopolysaccha-
rides and their role in nodule invasion. In Stacey, G., Mullin, B.,
and Gresshoff, P.M. (eds.), Biology of plant-microbe interactions:
Proceedings of the 8th International Symposium on Molecular
Plant-Microbe Interactions, Knoxville, Tennessee, July 14-19, 1996,
pp- 325-330. Society for Molecular Plant-Microbe Interactions,
St. Paul, Minnesota, USA.

Yu, Z., Zhu, Y., Qin, W., Yin, J., and Qiu, J. 2017. Oxidative stress
induced by polymyxin E is involved in rapid killing of Paeniba-
cillus polymyxa. Biomed. Res. Int. 2017, 5437139.

Yuan, Y., Xu, Q.M,, Yu, S.C,, Sun, H.Z., Cheng, J.S., and Yuan, Y.J.
2020. Control of the polymyxin analog ratio by domain swap-
ping in the nonribosomal peptide synthetase of Paenibacillus
polymyxa. ]. Ind. Microbiol. Biotechnol. 47, 551-562.

Zhang, F., Li, X.L., Zhu, S.J., Ojaghian, M.R., and Zhang, J.Z. 2018.
Biocontrol potential of Paenibacillus polymyxa against Verticil-
lium dahliae infecting cotton plants. Biol. Control 127, 70-77.



