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Abstract: Plant colonization by endophytic bacteria is mediated by different biomolecules that cause
dynamic changes in gene expression of both bacteria and plant. Phytohormones, in particular,
salicylic acid, play a key role in the regulation of endophytic colonization and diversity of bacteria in
methaphytobiome. For the first time it was found that salicylic acid influenced motility in biofilms
and transcription of the surfactin synthetase gene of the endophytic strain Bacillus subtilis 26D in vitro.
Treatment of Solanum tuberosum plants with salicylic acid, along with B. subtilis 26D, increased the
number of endophytic cells of bacteria in potato internal tissues and level of transcripts of bacterial
surfactin synthetase gene and decreased transcription of plant PR genes on the stage of colonisation
with endophytes. Thus, the production of surfactin plays an important role in endophytic colonization
of plants, and salicylic acid has an ability to influence this mechanism. Here we firstly show that
plants treated with salicylic acid and B. subtilis 26D showed enhanced resistance to the late blight
pathogen Phytophthora infestans, which was accompanied by increase in transcriptional activity of
plant PR-genes and bacterial surfactin synthetase gene after pathogen inoculation. Therefore, it is
suggested that salicylic acid can modulate physiological status of the whole plant–endophyte system
and improve biocontrol potential of endophytic strains.
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1. Introduction

The close relationship between microorganisms and other inhabitants of the biosphere
is currently beyond doubt. The plant should be considered as a system of the host plant
and a set of microorganisms inhabiting its surface (phylloplane, rhizosphere) and internal
tissues [1–6]. The community of endophytes is composed of non-pathogenic strains of
different microorganisms living inside a plant and capable of coexisting with it without
causing harm. Some of them bring certain benefits, acting as plant-growth promoting
microorganisms (PGPM) [1–3]. Bacterial endophytes are of great interest both from the
point of view of the fundamental basis of the symbiosis of microorganisms with higher
plants, and the practical application of such relationships. Many endophytes, such as
facultative symbionts from the genus Bacillus, do not form specific anatomical structures
inside plants [2,4], but apparently play an important role in the formation of the plant
phenotype, regulating growth processes and resistance to different stress factors [1–4].
Communities of endophytic microorganisms are less diverse than those of the soil and the
rhizosphere [1,5]. Endophytic pool has low representation of Acidobacteria, Bacteroidetes,
and Verrucomicrobia and an enrichment of Actinobacteria and Firmicutes [5], which indicates
selectivity in the establishment of symbioses by plant host [5–7] or endophytic bacteria [8,9].
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Plant colonization by endophytes is a multifaceted process consisting of some steps
that are mediated by plant and/or bacterial molecular patterns and driving significant
changes in gene expression of both bacterial and plant genes. Bacterial surfactants such
as lipopeptides (LPs) take part in the processes of biofilm formation and persisting [10].
Of particular interest is the family of surfactins, characteristic of bacteria of the genus
Bacillus. Surfactin is involved in lateral expansion of colonies, bacterial colonization of plant
surfaces [11–13] and induced systemic resistance (ISR) [10]. B. subtilis UMAF6614 formed
biofilms in the melon phylloplane due to production of surfactin [12]. This strain produced
lipopeptides bacillomycin and fengycin, which effectively suppress the development of
phytopathogens [12]. In vitro tests confirmed the inhibitory effect of B. subtilis plipastatin
alone or in combination with surfactin against Fusarium species [13].

The antagonistic potential of two strains of B. velezensis BBC023 and BBC047 in vitro
was almost identical, but the production of surfactin in BBC047 was 1/3 higher than in
BBC023 [14]. Accordingly, the high surfactin producing strain forms stable biofilms and
contributes priming of immune responses both in the underground and aboveground parts
of plant; low producing strain can do it only in the root system [14]. B. velezensis GA1
quickly colonizes tomato plantlets and forms visible biofilm-like structures. This process is
correlated with consistent srfAA gene expression and surfactin production rate in the cell
population [15]. The analysis of the nucleotide sequences of lipopeptide synthetases of the
endophytic strain B. subtilis 26D showed the presence of the BsSfp surfactin synthetase gene
responsible for the synthesis of surfactin; liquid chromatography of the culture filtrate of
the B. subtilis 26D revealed an LP with Rf 0.65, which was similar in mobility to commercial
surfactin [16]. This strain showed the ability to induce systemic resistance in potato and
wheat plants to insect pests and phytopathogens [17,18].

Therefore, production of surfactin can play a role in both plant–endophyte interac-
tion and plant protection against pathogens. ISR induced by PGPM is modulated by
signal transduction networks in which SA can take part [19,20]. However, these signaling
molecules control the interaction of plants with all environmental microorganisms, includ-
ing endophytic bacteria [21–23]. The decrease in the diversity in the endophytic community
was shown in lines of A. thaliana with increased expression of PR-genes [5]. The relative
abundance of Firmicutes (including Bacillus species) was lower in immunocompromised
insusceptible to SA mutants jar1 ein2 npr1, ein2 npr1, and npr1 jar1 [5]. A. thaliana line with
impaired SA-mediated defense responses was hypercolonized by Klebsiella pneumoniae 342
and Salmonella enterica serovar Typhimurium 14,028 [7]. Higher internal colonization of
Gluconacetobacter diazotrophicus PAL5 and S. enterica 14 028 was also found in an A. thaliana
mutant that was defective in SA-mediated defense reactions [21]. P. putida BP25 strain stim-
ulated the expression of genes which are involved in the implementation of SA-dependent
reactions, then colonized A. thaliana [6]. It was found that SA enhanced cell adhesion in
biofilms formed by bacteria B. cereus [24], which, apparently, was one of the important
factors of plant colonization. Thus, the initial attachment of P. putida lapA strain, deficient
on LapA protein, to the roots of Medicágo satíva was similar to that of the wild type, but the
formation of microcolonies and the subsequent development of the mature biofilm was
impaired, resulting in weaker root colonization [25,26]. Consequently, SA can influence
both plants and bacteria physiological parameters during their interaction.

At the moment, the most limiting productive capacity factor for S. tuberosum is late
blight caused by Phytophthora infestans (Mont.) de Bary infection. If left uncontrolled,
late blight causes massive yield losses annually, especially under favorable conditions
for P. infestans dispersion [27]. Earlier, it was found that endophytic strain B. subtilis 26D
effectively protected potato plants against the late blight causal agent due to its direct
antagonistic effect against the oomycete and the establishment of ISR [17].

PR1 gene, which encodes protein PR1, was reported as the marker of SA-dependent
reactions in some plant species [28–33]. PR-1 proteins are involved in the cell wall thicken-
ing and thereby prevent the spread of the pathogens in the apoplast [28,30]. The role of
PR1 in plant resistance to oomycetes [31] and bacterial infections [32,33] was demonstrated
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previously. Hydrolases produced by Phytophthora sp. are important factors of its aggres-
siveness, which ensure the penetration of the pathogen into tissues, for example, due to the
destruction of plant cell walls and the degradation of protective proteins [34]. The defense
reaction of plants against hydrolase-producing oomycetes is accompanied by the synthesis
of inhibitors of these enzymes, in particular, PR-6 proteins [29,35]. Phytopathogenic bacteria
also inject effector proteins, including proteases, into plant cells, presumably to colonize
their hosts [36], and endophytic bacteria B. subtilis 26D produce proteases in vitro [18],
but the function of these proteins inside plant tissues has remained a mystery [36]. Thus,
proteinase inhibitors (PR6) and PR1 proteins from plants potentially can prevent invasion
of both pathogens and endophytes.

Our hypothesis is that a high rate of endophytic colonization of plants with bacteria is
essential to support the resistance of the whole plant/endophyte system to phytopathogens.
Thus, the aim of this work is to investigate the role of bacterial surfactin in the colonization
of potato plants by B. subtilis 26D and the role of SA in the regulation of this process.

2. Materials and Methods
2.1. Plant and Microbe Material

Plants: sterile Solanum tuberosum L. plants cultivar Early Rose obtained by microcloning
technology and grown in tubes with Murashige and Skoog medium in the KBW E6 climatic
chamber (Binder GmbH, Tuttlingen, Germany) with a 16 h light period at 20–22 ◦C for
14 days prior to use.

Bacteria: Gram-positive aerobic B. subtilis 26D strain from the collection of the Lab-
oratory of Biochemistry of Plant Immunity of the Institute of Biochemistry and Genetics
UFRC RAS [37] were used. Bacteria were grown on liquid lysogeny broth (LB) medium
(1% tryptone, 0.5% yeast extract, 0.5% NaCl) at 20–22 ◦C using laboratory shakers (120 rpm).

Pathogen: P. infestans ISM isolated from late blight-affected potato tubers of the Udacha
variety (Russia, Bashkortostan, Birsky district, 55◦26′06.0 N 55◦36′22.9 E) in 2018 was used
to infect potato plants. To activate the aggressiveness of the isolate, mycelium sections
were transferred under aseptic conditions to disks from the middle part of potato tubers
(Rannyaya Rosa variety), and were placed in Petri dishes with moist filter paper and
incubated at 18 ◦C for 7–10 days. Part of the tissue from the affected areas of the tuber
was transferred on potato-dextrose agar and incubated at 18 ◦C for 7 days. At 7 days after
placement on PDA, the surface of the mycelium in Petri dishes was filled with sterile water
and incubated at 4 ◦C for 30 min to release the spores; the spore titer was counted in a Fuchs–
Rosenthal chamber. Spore suspension was diluted to a concentration of 1 × 105 spores/mL
with sterile distilled water.

2.2. Models of Plant–Microbe Interaction

Model “Plant+endophyte”: 14-days-old plants growing on Murashige and Skoog medium
were inoculated with 5 µL of B. subtilis 26D suspension (108 cells/mL) on distilled water
or 1 µM SA. The drop of B. subtilis 26D suspension was applied on the stem neighbor the
zone of formation of adventitious roots, according to the previously described method [24].
A part of the plants was treated with 5 µL of distilled water (distiller A1110, LLC Liston,
Zhukov, Russia) and was used as control ones in all experiments.

Model “Plant+endophyte+pathogen”: Plants were grown in a gnotobiotic system for
7 days. Parts of control plants and plants, containing endophytes, were treated with 5 µL
of distilled water. All others were inoculated with a 5 µL of 1 × 105 spores/mL zoospore
suspension of P. infestans per plant leaf. Observations for the symptoms of the disease
continued for 12 days after inoculation, in each of the variants. Photographs were taken
using the C-4000 Zoom camera (Olympus, Tokyo, Japan); images were analyzed using the
GNU Image Manipulation Program (NIH, Bethesda, MD, USA) to calculate the percentage
of affected leaf area.
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2.3. Bacillus Motility

Petri dishes with LB containing 0.2%, 0.4% and 0.8% agar were prepared fresh, and
the following day were dried for 30 min in a laminar flow hood [16]. Half of the agar plates
contained 1 µM SA. Each plate was toothpick inoculated from an overnight colony and
scored for swimming and swarming motility after 18 h (0.2% agar) and 32 h (0.4% and
0.8% agar) incubation at 37 ◦C. In these timepoints cells from the edge and the center of
growing colonies were collected for RNA extraction.

2.4. RNA Isolation and the Reverse Transcription Quantitative Polymerase Chain Reaction (qPCR)

Total RNA was isolated from bacterial cultures with 1 mL of RNA extraction kit Lira®

(Biolabmix, Novosibirsk, Russia) supplemented with 30 µL 50 mg/mL lysozyme in TE
buffer (0.01 M Tris-HCl, 0.001 M EDTA, pH 8.0). Total RNA was isolated from plants 24 h
post inoculation with B. subtilis 26D, from control plants and plants containing endophytes
after 24 h post infection with P. infestans with the same reagents. RNA concentration was
measured using the Smart Spec Plus spectrophotometer (Bio-Rad, Hercules, CA, USA).
Concentrations of RNA in samples were equalized. The first cDNA strand was synthe-
sized using oligonucleotide primers and M-MLV reverse transcriptase (Thermo Scientific,
Madrid, Spain).

The obtained cDNA was diluted five-fold and used for qPCR. The qPCR was per-
formed by polymerase chain reaction in real time using a set of predefined reagents SYBR
Green I (Synthol, Moscow, Russia) and the device CFX Connect Real-Time PCR Detection
System (Bio-Rad, Hercules, CA, USA). The qPCR was run according to the following pro-
gram: 50 ◦C for 2 min; 95 ◦C for 10 min; 40 cycles of 95 ◦C for 15 s and 60 ◦C for 1 min. After
the final qPCR cycle, a melting curve analysis was conducted to determine the specificity of
the reaction (at 95 ◦C for 15 s, 60 ◦C for 1 min and 95 ◦C for 15 s). The efficiency of primer
pairs was evaluated using 10-fold cDNA dilution series. The expression of plant genes is
presented as fold change normalized to the reference gene StAct (Potato Actin), B. subtilis
26D gene—to the reference Bs16S gene (16S rRNA) and relative to the untreated control
sample. The iCycler iQ5 Real-Time Detection System software (Bio-Rad, Hercules, CA,
USA) was used for data analysis. The primers used are given in Table 1.

Table 1. Primers used for qPCR.

Gene NCBI Access Number Gene Product Primers

StPR1 AY050221 SA-responsive pathogenesis related
protein 1 (PR1 protein) of potato

F: 5′_tgggtggtggttcatttcttgt_3′

R: 5′_catttaattccttacacatcataag_

StPR6 NW_006239045.1 Proteinase inhibitor of potato (PR6) F: 5′_gggaaagaatatgctcaagttat_3′

R: 5′_aattctccatcatcttccactg_3′

BsSrf EU882341.1 Surfactin synthetase of B. subtilis F: 5′_atcttcccgacgctcatttc_3′

R: 5′_atctcaaggctgatcggtttc

StAct X55749.1 Actin, potato housekeeping gene F: 5′_gatggtgtcagccacac_3′

R: 5′_attccagcagcttccattcc_3′

Bs16S NR_112116.2 16S rRNA, B. subtilis housekeeping gene F: 5′_accagaaagccacggctaactac_3′

R: 5′_ggcggaaaccccctaacact_3′

2.5. Analysis of the Number of B. subtilis 26D Cells in Internal Plant Tissues

Number of colony-forming units (CFU) microorganisms in shoot and root tissues of
plants were determined 7 days post inoculation with bacteria [17]. For this, 40 mg of plant
material was surface sterilized with 95% ethanol for 3 min and washed with distilled water
twice. Plant samples were homogenized in sterile porcelain mortars and diluted in 40 mL
of sterile water. Aliquots (30 µL) of the homogenate after dilution were distributed over
the surface of the agarized LB medium with a Drygalsky spatula until completely dry.
Petri dishes were incubated at 28 ◦C in the thermostat TS-1/20 SPU (SKTB SPU, Smolensk,
Russia) for 24 h. Number of CFU were counted up in no fewer than 10 plates, and their
number was recalculated per 1 g of wet weight of shoots or roots [17].
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2.6. Statistical Analysis

In total, 30 leaves of potato plants were used in each variant for late blight lesions
estimation. Morphology of B. subtilis 26D colonies in each variant was investigated in
10 independent plates. A total of 10 plants were used in each variant for the investigation
of the number of endophytic bacteria (shoots and roots of plants were sampled for each
repetition). At least three biological replications in three technical repetitions each were
examined in all experiments for qPCR. Data presented were mean values with standard
errors (±SE). Means were compared using analysis of variance (ANOVA) followed by
Student’s test with p ≤ 0.05. The program Statistica 12.0 (Stat Soft, Tulsa, OK, USA)
was used.

3. Results
3.1. Influence of Salicylic Acid on B. subtilis 26D Motility and Surfactin Syntetase Transcription
In Vitro

On a semi-liquid medium (0.2% agar), B. subtilis 26D formed breaks in the medium
with a liquefied center and edges growing on the surface of the medium 24 h after loading
(Figure 1A). When SA was added to the culture medium the size of the colonies was
two times higher than the control values. Colonies of B. subtilis 26D on a medium containing
0.4% agar also had an irregular shape and formed breaks on the surface of the medium,
and also spread radially. On the medium with the addition of SA, the motility of bacteria
increased, and the halo, indicating the invasion of bacteria, spread over most of the surface
of the 0.4% agar. Whereas on the medium containing 0.8% agar B. subtilis 26D formed
colonies with dendritic edges and a characteristic wrinkled surface, asymmetric spread
of colonies by swarming was also observed. Under the influence of the SA, there was a
significant increase in migrating parts of colonies (Figure 1A).
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Figure 1. The influence of SA on motility of B. subtilis 26D (A) and transcriptional activity of the
surfactin synthetase gene BsSfp (B) on plates with 0.2%, 0.4% and 0.8% agar. The expression of target
gene is presented as a fold change normalized to the reference gene encoding 16S rRNA. Values
followed by the same alphabet are not significantly different from each other by Student test p < 0.05.
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SA did not affect the transcriptional activity of the surfactin synthetase gene BsSfp
in the zone of active promotion of bacterial colonies on a medium containing 0.2% agar
(Figure 1B). On 0.4% agar, the addition of SA to the culture medium increased the transcrip-
tional activity of this gene by 3 times in relation to colonies not affected by SA. The highest
transcriptional activity of the BsSfp gene was observed on 0.8% agar, which was two orders
of magnitude higher than in colonies developing on 0.2–0.4% agar. At the same time, in the
presence of SA in culture medium, the transcriptional activity of surfactin synthetase gene
increased by another 75%. These data can be the reason for the effect of SA on swarming
motility of B. subtilis 26D cells.

3.2. Impact of Salicylic Acid on Population of B. subtilis 26D

On the 7th day after post-inoculation of sterile test-tube potato plants with a sus-
pension of bacterial cells, 44.9 ± 10.0 × 104 CFU of B. subtilis 26D/g of fresh weight was
present in the tissues of shoots, and half as much in the tissues of the roots (Table 2). Under
the influence of SA, 75.0 ± 10.42 × 104 CFU of endophytes/g of fresh mass of shoots
was found. No differences in endophyte content were observed in roots of water- and
SA-treated plants.

Table 2. Population of B. subtilis 26D in roots and shoots of potato plants (7 days after post- inoculation).

Content of CFU × 104/g in
Internal Plant Tissues

Treatment

26D 26D+SA

shoots 44.9 ± 10.0 a 75.0 ± 10.42 b
roots 19.8 ± 5.15 a 21.4 ± 7.6 a

Note: Data represented as mean values ± standard error, values followed by the same alphabet in lines are not
significantly different from each other by Student test p < 0.05.

Transcriptional activity of the B. subtilis 26D BsSfp gene was observed in potato plants
24 h after post-inoculation with bacteria. In shoots it was 5 times higher than in roots
(Figure 2). Under the influence of SA, the transcriptional activity of the bacterial gene in
shoots increased twofold and did not change in roots.
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synthetase), potato genes StPR6 (trypsin inhibitor), StPR1 (basic protective protein) in potato plants
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In water-treated plants more StPR1 and StPR6 gene transcripts were observed in roots
than in shoots (Figure 2). Under the influence of SA alone, the transcriptional activity
of StPR1 gene increased by about 20%, while of StPR6 decreased twofold in both cases.
Inoculation of plants with endophytic bacteria increased the transcriptional activity of
StPR1 3-fold in shoots but did not affect this parameter in roots; however, the relative
amount of StPR6 transcripts increased 5-fold in shoots and twice in roots relative to water-
treated, endophyte-free control ones. At the same time, the impact of SA led to a significant
decrease in the content of StPR1 gene transcripts, without a significant change in the content
of StRR6 transcripts in shoots of plants inoculated with B. subtilis 26D. In roots of plants
exposed to SA, after inoculation with endophytes, were also observed a 6-fold increase in
the number of StPR1 transcripts and a 4-fold increase in the number of StPR6 transcripts.

3.3. Salicylic Acid and B. subtilis 26D Enhance Plant Resistance to P. infestans

Inoculation of potato plants with B. subtilis 26D cell suspension decreased the percent-
age of late blight damaged sites on potato leaves near twofold, whereas the effect of SA
was less significant (Figure 3). Simultaneous treatment with B. subtilis 26D and SA led to
the most substantial decrease in lesions area compared with control ones (about 8 times
less than on leaves of water-treated plants).
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Figure 3. Impact of SA and B. subtilis 26D on development of late blight disease symptoms on potato
leaves on the 12th day after P. infestans inoculation. (A) Percentage of leaf area with disease symptoms.
(B) Late blight lesions on potato leaves. Values followed by the same alphabet are not significantly
different from each other by Student test p < 0.05.

B. subtilis 26D and SA alone did not cause an increase in the content of transcripts
of plant gene StPR6, but jointly they increased this parameter by 20% relative to control
ones (Figure 4). Solitary treatment with B. subtilis 26D did not lead to an increase in the
content of StPR1 gene transcripts, but SA led to a 30% increase in this parameter. In plants
treated with B. subtilis 26D+SA transcriptional activity of StPR1 was three times higher
than in water-treated ones. Thus, long-term coexistence of plants with endophytes led to
transcriptional changes over time.
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synthetase), potato genes StPR6 (trypsin inhibitor), StPR1 (basic protective protein) in potato plants
24 h after infection with P. infestans spores. The expression of each target gene is presented as a fold
change normalized to the relevant reference gene. Values followed by the same alphabet are not
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The relative level of transcripts of the StPR6 gene was 2-fold lower than thereof
in control plants 24 h after infection with the late blight pathogen (Figure 4); in plants
treated with SA it was 20% higher than in non-infected plants treated with water. The
presence of B. subtilis 26D in plants increased by 80% the transcriptional activity of the
proteinase inhibitor gene StPR6, and 3 times relative to control ones in combination with
SA. Transcriptional activity of the gene StPR1 was approximately the same as in control
plants 24 h after infection with late blight pathogen. Treatment with SA and inoculation
with B. subtilis 26D alone increased the transcriptional activity of the StPR1 gene in infected
plants by 40%, while co-treatment increased this indicator 4-fold relative to uninfected
control plants.

4. Discussion

Coevolution of plants with microorganisms started, according to [38], with the colo-
nization of the land by ancestral plants 450 million years ago. Endophytes are the most
closely related with plant microorganisms, but we have the least information on basic
principles of organization of this symbiose [1–3].

Some properties such as motility, chemotaxis and adherence were considered crucial
for initiating endophytic colonization. After the adhesion of the bacteria to the roots
microcolonies are formed involving the essential participation of exopolysaccharides and
lipopolysaccharides, as it has been reported on the example of the colonization of rice
roots by Herbaspirillum seropedicae [39] and Gluconacetobacter diazotrophicus [40]. Azoarcus sp.
strains harbor a disruptional insertion of the fliM gene and show a significantly diminished
motility phenotype and plant colonization ability [41]. The pathogenesis of P. aeruginosa and
its ability to colonize environments depend on its swarming and twitching abilities [42].

In order to move with the help of swarming migration, the cells must be in a layer of
water. Movement on a denser agar becomes more difficult and bacteria need to attract water
with the help of osmotic agents [16]. It is possible to overcome these difficulties with the
help of surfactants such as lipopeptides. In our work 1 µM SA stimulated bacterial motility,
in particular on semi-solid (0.8% agar) medium, in our opinion due to the promotion
of transcriptional activity of the surfactin synthetase gene of endophytic B. subtilis 26D.
Importantly, treatment of plants with suspension of B. subtilis 26D in 1 µM SA (then
both plant and bacteria were under the influence of SA) led to increase in the number of
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endophytic cells in plant shoots. Earlier, it was shown that 1000 µg mL−1 SA decreased
swimming motility and did not affect swarming motility of B. cereus and P. fluorescens [24].
Increase in the growth rate due to increase in motility of bacterial colonies on a semi-solid
nutrient medium with 1–100 µg/mL of another phenolic compound, ferulic acid, allowed
us to make an assumption about the movement of endophyte cells to developing plant
organs, where high ferulic acid concentrations and gradual lignification occurred [43].

Despite the fact that B. subtilis 26D successfully colonized the aerial part of plants
(shoots) and, to a lesser extent, roots, treatment with these microorganisms causes defence
reactions in plants after contact. It was expressed in an increase in the transcriptional
activity of the salicylate-dependent StPR1 gene in both shoots and roots, and jasmonate-
dependent StPR6 in roots. Earlier, [44] demonstrated that B. phytofirmans PsJN perception
by grapevine cells triggers a local immune response. However, the defence responses are
significantly weaker than those occurring in a non-host interaction [44]. Co-treatment with
SA reduced the transcriptional activity of StPR1 and StPR6 genes in colonized shoots and
increases it in the roots, thereby spatially separating the manifestation of defense reactions
on the endophyte invading. Observed supression of plant immune reactions probably
led to the increase in the number of endophytic cells of B. subtilis 26D in plant shoots.
Apparently, such phytohormone-regulated titers of bacterial cells in tissues are important
factors in the subsequent formation of their resistance [1,2,13].

In our study, the joint treatment of plants with SA and inoculation with B. subtilis 26D
cell reduced the intensity of late blight symptoms on plant leaves. A distinctive feature of
systemic resistance mediated by PGPM is the priming mechanism [1,10,20], which may be
based on the observed initial protective reaction against the introduction of the endophyte
that represents a weak pathogen [44]. The decrease in the intensity of manifestation of late
blight symptoms on the leaves of potato plants treated with SA and the bacterial strain, in
which we found the accumulation of StPR6 gene transcripts, indicates the importance of
proteinase inhibitors in protecting potatoes from the late blight pathogen.

In this work we found that the strain of endophytic bacteria under study promoted
the accumulation of transcripts of genes encoding StPR1 proteins to the same extent as SA,
and composition of B. subtilis 26D+SA had a cumulative effect on this parameter in plants
infected with P. infestans. Lastochkina O. et al. [45] also showed that the joint treatment
of potato tubers with B. subtilis 10-4 and SA before storage increased their resistance to P.
infestans and F. oxysporum, reducing the pathogen-induced accumulation of proline and the
intensity of lipid peroxidation in tubers. In addition, the combination B. subtilis 10-4+SA
reduced root rot pathogens infection of wheat plants, which indicates the possibility of a
protective effect of such compositions on many crops [46]. In this context, it was important
that the treatment of Nicotiana benthamiana plants with SA-producing rhizospheric bacteria
P. tremae EB-44 and Curtobacterium herbarum EB-47 induced resistance of plants to pathogenic
bacteria P. syringae pv. tabaci [47]. We demonstrated that the effect of SA-producers can be
achieved by combined treatment of plants with endophytic bacteria and exogenic SA.

It was shown for the first time that in the host plant/endophyte system there was a
microsymbiont response to the introduction of the pathogen. An increase in the transcrip-
tional activity of the key gene for the biosynthesis of surfactin of B. subtilis 26D, whose
function can be both a direct antagonistic effect against the causative agent of the late
blight and maintaining the stability and motility of bacteria in biofilms under biotic stress,
was observed.

Our data indicate the possibility of a synergistic activation of the components of the
defense system in plants regulated on the one hand by SA and, on the other hand, by
endophytic bacteria B. subtilis 26D. We demonstrate the way to manipulate the process of
endophytic colonization of plants using SA. Taking into account the insecticidal activity
of strain under consideration against aphids Schizaphis graminum and wheat pathogen
Stagonospora nodorum [18] and Leptinotarsa decemlineata [17], as well as the effectiveness of
SA against plant viral diseases [22,27], co-treatment with bacteria B. subtilis 26D and SA
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can open one of the approaches in artificial development of targeting plant microbiome
systems and an integrated protection of plants from biotic influences.

5. Conclusions

(1) Plants develop defense reactions on endophytic bacteria;
(2) SA promotes endophytic colonization of shoots by down-regulation of plant defense

reactions and up-regulation of the surfactin synthase gene of B. subtilis 26D in vitro
and in planta;

(3) High level of endophytic cells in SA+B. subtilis 26D treated plants leads to improve-
ment in potato plants resistance to P. infestans;

(4) Pathogen attack initiates activity of both plant PR genes and surfactin synthase gene
of B. subtilis 26D and SA increase these parameters.
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