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Abstract. Beneficial endophytic bacteria can suppress the development of insect pests through direct antagonism,
with the help of metabolites, or indirectly by the induction of systemic resistance through the regulation of hormonal
signaling pathways. Lipopeptides are bacterial metabolites that exhibit direct antagonistic activity against many or-
ganisms, including insects. Also, lipopeptides are able to trigger induced systemic resistance (ISR) in plants against
harmful organisms, but the physiological mechanisms of their action are just beginning to be studied. In this work,
we studied ten strains of bacteria isolated from the tissues of wheat and potatoes. Sequencing of the 16S rRNA gene
showed that all isolates belong to the genus Bacillus and to two species, B. subtilis and B. velezensis. The genes for
lipopeptide synthetase — surfactin synthetase (Bs_srf), iturin synthetase (Bs_ituA, Bs_ituB) and fengycin synthetase
(Bs_fenD) — were identified in all bacterial isolates using PCR. All strains had high aphicidal activity against the Green-
bug aphid (Schizaphis graminum Rond.) due to the synthesis of lipopeptides, which was proven using lipopeptide-
rich fractions (LRFs) isolated from the strains. Endophytic lipopeptide-synthesizing strains of Bacillus spp. indirectly
affected the viability of aphids, the endurance of plants against aphids and triggered ISR in plants, which manifested
itself in the regulation of oxidative metabolism and the accumulation of transcripts of the Pr1, Pr2, Pr3, Pr6 and Pr9
genes due to the synthesis of lipopeptides, which was proven using LRF isolated from three strains: B. subtilis 26D,
B. subtilis 11VM, and B. thuringiensis B-6066. We have for the first time demonstrated the aphicidal effect of fengycin
and the ability of the fengycin-synthesizing strains and isolates, B. subtilis Ttl2, Bacillus sp. StI7 and B. thuringiensis
B-6066, to regulate components of the pro-/antioxidant system of aphid-infested plants. In addition, this work is the
first to demonstrate an elicitor role of fengycin in triggering a systemic resistance to S. graminum in wheat plants. We
have discovered new promising strains and isolates of endophytes of the genus Bacillus, which may be included in the
composition of new biocontrol agents against aphids. One of the criteria for searching for new bacteria active against
phloem-feeding insects can be the presence of lipopeptide synthetase genes in the bacterial genome.
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SHAOPUTHbIE NunonenTua-cuHTe3upytowme Bacillus ssp.
ONA 3alWnTbl MWeHnLbl oT Schizaphis graminum

AHHoTauuA. MNMonesHble SHAOGUTHbIE BaKTePX MOTYT NMOJABNATL PAa3BUTNE BPEAUTENEN 3a CYET MPSAMOro aHTaro-
HM3Ma, C MOMOLLbIO MeTaboNMTOB NN ONOCPEOBAHHO NHAYLIMPOBATb CUCTEMHYIO YCTOMYMBOCTb Yepes perynaumio
rOPMOHabHbIX CUTHANbHbIX NyTel. Jinnonentuabl — 6akTepuanbHble MeTabonnTbl, MPOABAAIOLME NPAMYIO aHTaro-
HUCTNYECKYIO aKTUBHOCTb KO MHOTVIM OpraHu3mMam, B TOM Yncsie K HaceKoMbIM. Takxke mnonentuabl CnocobHbl 3a-
nycKkaTb CUCTEMHYIO UHAYLIMPOBaHHYI0 YCTOMUYMBOCTb Y pacTeHWI NPOTUB BPeAHbIX OpraHn3MoB. B HacToAwlee Bpems
MeXaHU3M [ecTBMA GaKkTepuabHbIX MeTaboNMTOB IMMONENTUAOB Ha 3aLUUTHYIO CUCTEMY PAcTEHMIA TOIbKO Hauu-
HaloT nccnepoBatb. B gaHHoOM paboTe M3yyeHo AecATb LWUTaMMOB U M30M1ATOB 6aKTepuii, BbifeNeHHbIX U3 BHYTPEHHUX
TKaHel KynbTypHOW 1 AUKON nweHnLbl 1 Kaptodens. CekBeHMpoBaHue reHa 16S pPHK nokasano npuHagnexxHocTb
BCeX M30nATOB K poay Bacillus v peym Bugam — B. subtilis n B. velezensis. Y Bcex 6akTepuanbHbIX N301ATOB METOLOM
MUP 6b1nn naeHTMPULMPOBaHbI FeHbl NMMONENTUA CMHTa3 — CypdaKTUH CUHTa3bl (Bs_srf), NTypuH cuHTas (Bs_ituA,
Bs_ituB) n deHrmumH crnHTasbl (Bs_fenD). Bce wrammbl o6naganv apuLMLHOM aKTVUBHOCTBIO B OTHOLLEHUV OObIKHOBEH-
HoOW 311aKoBOW TU (Schizaphis graminum Rond.) 3a cHeT cCMHTe3a NMNonNenTMaOoB, YTO 6bINIO AOKA3aHO C MOMOLLbIO -
nonentug-6oratbix ¢ppakunit (JIbO), BbiAeNeHHbIX U3 WTaMMOB. SHAOGUTHbIE TMNONENTUA-CUHTE3MPYIOLWME WTaMMbl
Bacillus spp. onocpeaoBaHHO BAMUANN Ha XU3HECNOCOOHOCTb TN, BBIHOC/IMBOCTb PACTEHMI MO OTHOLUEHMIO K Te 1
3anycKaan CUCTEMHYIO MHAYLMPOBAHHYIO YCTOMYMBOCTb Y PAaCTEHWI, YTO MPOABAANOCH B PEryALMN OKUCTUTENbHO-
ro metabonunsma 1 HakomnIeHNM TPAHCKPUNTOB reHoB Pri, Pr2, Pr3, Pr6 n Pr9, 3a cueT CMHTe3a NMMONenTMAOB, YTO NoA-
TBepxAeHo ¢ nomoLbto JIB®, BbigeneHHbIX U3 Tpex WwTammoB — B. subtilis 26D, B. subtilis 11VM n B. thuringiensis B-6066.
B Hawen paboTe BnepBble NoKasaHo apuumaHoe fencrame GeHrnumHa 1 CnocobHOCTb LWITaMMOB 1 M30N1ATOB B. subti-
lis Tt|2, Bacillus sp. StI7 v B. thuringiensis B-6066, cuHTe3upytowmx GeHrmumH, perynmpoBaTb KOMMOHEHTbI NPO-/aHTu-
OKCVAAHTHON CUCTEMbl PacTeHUI, 3apakeHHbIX Tnel. Kpome Toro, BnepBble MPOAEMOHCTPUPOBaHA NMCUTOPHAA
ponb peHrnymHa B 3anycke CMCTEMHON YCTONYMBOCTY PAaCTEHUIA NWeHNLbI K S. graminum. O6Hapy»eHbl HOBble nep-
CMEeKTVBHbIE WTaMMbl 1 M30N1ATbl SHROOUTHBIX 6akTepunin popa Bacillus, KoTopble MOryT CTaTb OCHOBOW GyAyLUX 61O-
npenapaTos NPOTVB Tneil. O4HUM 13 KpuTepUeB NOMCKa HOBbIX GaKTepuiA, aKTVBHbIX MPOTUB HACEKOMBbIX, MUTAIOLLNX-
¢ GNIO3IMHBIM COKOM, MOXKeT ObITb Hasmumne B 6akTepranbHOM reHOMe reHOB IMMOoNenTuA CUHTas3.

KnioueBbie cnoBa: Bacillus spp.; Schizaphis graminum; snpo¢uTHble 6akTepuu; MLUP; MLP B peansHom BpeMeHu; pac-
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TVITeJ'IbHO-MVIKpO6HbIe B3aVIMOAENCTBMA; NIUNONeNTUAbI; 6V|onpenapaTb|.

Introduction

Insects of the order Hemiptera, aphids, whiteflies, planthop-
pers, including the Greenbug aphid Schizaphis graminum,
which are sap-sucking insects, can cause severe yield losses
of up to 60-80 % due to their influence on photosynthesis
processes and biomass growth rate (Koch et al., 2016; Rad-
chenko et al., 2022). Currently, chemical insecticides remain
the main agents of controlling phloem-feeding pests, leading
to the emergence of new pesticide-resistant forms of pests.
Therefore, it is necessary to find environmentally friendly
biological control agents to defend plants from pests. Such
effective biological control agents can be endophytic growth-
promoting bacteria that can live inside plants without causing
diseases in them (Rani et al., 2022).

Currently, many researchers suppose that endophytes
protect plants from stress through the mechanisms of direct
or indirect protective effects on harmful organisms due to
the synthesis and secretion of diverse metabolites (Oukala et
al., 2021; Xia et al., 2022). The direct action of endophytes
is carried out due to the biocidal activity of some metabolites
(bacteriocins, biosurfactants, lipopeptides). Indirect action
is expressed in the ability of endophytes to stimulate growth
processes in plants, improve the immune system of plants,
and build a durable defense of the host against harmful or-
ganisms, which is known as priming (Rashid, Chung, 2017;
Xia et al., 2022). Bacteria-induced priming provides faster
and longer-lasting plant protection throughout the growing
season with low physiological costs, making endophyte-based
biocontrol agents very promising (Oukala et al., 2021; Rani
etal., 2022; Xia et al., 2022). Activation of the plant immune
system and priming by endophytes is realized by triggering
induced systemic resistance (ISR) against harmful organisms,
which has been shown by many researchers and summarized
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inrecent reviews (Oukala et al., 2021; Rani et al., 2022; Xia et
al., 2022). Endophyte-activated ISR is regulated by bacterial-
produced hormone-like substances with growth-regulating
activity such as abscisic (ABA), salicylic (SA), jasmonic
acids (JA), and ethylene (ET) (Pieterse et al., 2014; Rashid,
Chung, 2017). The characteristic features of ISR are jumps in
the generation of reactive oxygen species (ROS) and changes
in the gene expression with a focus on defense-related genes
of pathogenesis-related proteins (PR proteins) (Oukala et al.,
2021; Xia et al., 2022).

Bacteria of Bacillus spp. are famous for their ability to syn-
thesize a wide range of diverse metabolites (Miljakovi¢ et al.,
2020). Bacterial metabolites are the active ingredient of any
biocontrol agent. Lipopeptides are one of the major classes of
bacterial metabolites intensively researched in recent years.
Lipopeptides are small peptides that have biocidal properties
against mycoplasmas, bacteria, yeasts, fungi, oomycetes, ne-
matodes, and pests due to their capability to connect to the
lipid bilayer of the plasmalemma and change its permeability
(Andri¢ et al., 2021). Bacteria of the genus Bacillus produce
lipopeptides of three families: surfactins, fengycins and iturins
(Andri¢ et al., 2021). Recently, the insecticidal activity of li-
popeptides against the orders Diptera, Coleoptera, Hemiptera,
and Lepidoptera have been shown in some studies (Rodriguez
et al., 2018; Denoirjean et al., 2022). Currently, the eliciting
role of lipopeptides in triggering systemic resistance in plants
is being actively studied (Rashid et al., 2018; Tunsagool et al.,
2019; Miljakovi¢ et al., 2020). The elicitor role of lipopeptides
against a wide range of pathogens of plants has been shown
in many studies (Tunsagool et al., 2019; Jiang et al., 2021).
However, information on the elicitor role of lipopeptides in
triggering ISR in plants against sucking insects is limited
(Rashid et al., 2018; Rumyantsev et al., 2023).
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Thus, the search for highly effective endophytic strains for
plant protection against sap-sucking insects using the prim-
ing mechanism, the study of the metabolic composition and
mechanisms of action of endophytes is an urgent task. In
this regard, the aim of our work was to study the elicitor role
of lipopeptides and the ability of endophytic bacteria that
synthesize lipopeptides to protect plants through the priming
mechanism. To do this, in our work we searched for strains
and isolates of the genus Bacillus capable of synthesizing
lipopeptides, studied the insecticidal activity of bacteria in
relation to Greenbug aphid, and also studied the indirect effect
of endophytes and lipopeptide-rich fractions (LRFs) of three
strains — B. subtilis 26D, B. subtilis 11VM and B. thuringien-
sis B-6066 — on the redox status, indicators of resistance
(antibiosis and endurance) to the pest, and changes in the
expression of defense-related genes of PR proteins of wheat
plants populated by S. graminum.

Materials and methods

Bacteria, plants and insects. In this work, gram-positive
aerobic endophytic bacteria from the collection of the Labo-
ratory of Biochemistry of Plant Immunity of the Institute of
Biochemistry and Genetics of the Ufa Federal Research Centre
of the Russian Academy of Sciences (UFRC RAS) were used.
Three strains of Bacillus subtilis, 26D (Russian Collection
of Agricultural Microorganisms (RCAM), No. 128), IIVM
(RCAM No. 519), TtI2 (isolated from the leaves of Triticum
timopheevii Zhuk., Republic of Bashkortostan), one strain of
B. thuringiensis, B-6066 (All-Russian collection of industrial
microorganisms (ARCIM), No. 6066), and six isolates of Ba-
cillus spp. isolated from leaves of wheat and potatoes growing
on the territory of the Republic of Bashkortostan were used.
Bacteria were grown on liquid lysogenic broth (LB) medium
(1 % tryptone, 0.5 % yeast extract and 0.5 % NaCl) in 50 ml
flasks at 28 °C using laboratory shakers (120 rpm) within 72 h
until complete sporulation.

In this work, we studied the population of Greenbug aphid
(Schizaphis graminum Rond.), 2020, which was maintained
under laboratory-controlled conditions on plants of common
spring wheat (7riticum aestivum L.) cv. Salavat Yulaev (SY)
as described previously (Rumyantsev et al., 2023). Seeds of
cv. SY were obtained from the Bashkir Research Institute of
Agriculture — Subdivision of the UFRC RAS.

Isolation of DNA from bacteria. Genomic DNA from
bacteria was isolated with a lysis buffer containing 1 % Che-
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lex 100 resin (BioRad Laboratories, USA), as described earlier
(Veselova et al., 2022).

16S rRNA gene sequencing. The gene of 16S rRNA was
amplified using the universal primers 27F (5'-CAGAGTTT
GATCCTGGCT-3’) and 1492R (5'-AGGAGGTGATCCAG
CCGCA-3"). Amplified fragments of the 16S RNA gene of
Bacillus spp. isolates were visualized on a 1 % agarose gel
stained with ethidium bromide. Then, PCR fragments of the
16S RNA gene were excised from the agarose gel and puri-
fied using a diaGene agarose gel DNA elution kit (DiaM,
Russia). Sanger sequencing of PCR fragments was performed
on a 3500xL genetic analyzer from Applied Biosystems
(Evrogen, Russia). BLAST software was used for alignment
and comparison of the obtained sequences of Bacillus spp.
isolates with sequences deposited in GenBank. These results
were used for identifying what matched the searched sequence
and what species the isolates under consideration belonged
to. Data on sequences and species of bacteria were submitted
in GenBank (see Table 3).

Detection of genes of lipopeptide synthetase in the Bacil-
lus spp. strains and isolates by PCR. The genes of lipopep-
tide synthetase — surfactin synthetase (srf’), iturin synthetases
(itud, ituB) and fengycin synthetase ( fenD) — were identified
in bacterial strains and isolates using PCR with gene-specific
primers. Primers to the bac gene encoding 16S RNA of Bacil-
lus spp. were used as an inner control. The sequences of all
primers are presented in Table 1.

Isolation of the lipopeptide-rich fraction (LRF) from the
Bacillus spp. strains. LRFs from the acidified liquid bacterial
culture medium of three Bacillus spp. strains B. subtilis 11VM,
B. subtilis 26D and B. thuringiensis B-6066 and two isolates
Bacillus sp. Tas2.1 and Bacillus sp. Tas8.2 were obtained by
ethanol extraction followed by purification on an Amicon
Ultracel-3K filter (Merck KGaA, Darmstadt, Germany) as
described previously (Maksimov et al., 2020). The purified
lipopeptide fraction was weighed and dissolved in 80 %
ethanol, the growth-promoting concentrations selected earlier
were used (Maksimov et al., 2020).

Aphicidal activity of the Bacillus spp. strains and iso-
lates. Aphicidal activity of bacterial strains and LRF was
studied on first cut leaves of wheat seedlings cv. SY, placed in
test tubes with 5 ml of the bacterial suspension at the concen-
tration of 107 cells/ml (control tubes contained 5 ml of sterile
water) or those with 5 ml of LRF at various concentrations
from 2.5 to 200 pg/ml according to a method modified for

Table 1. Nucleotide sequences of primers, bacterial genes encoding lipopeptide synthases

Amplicon size, bp

F — ATGAAGATTTACGGAATTTATATG 675

R - TTATAAAAGCTCTTCGTACGAG

F — ATGAAAATTTACGGAGTATATATG 674

R - TTATAACAGCTCTTCATACGTT

F - AAGAAGGCGTTTTTCAAGCA 508

R - CGACATACAGTTCTCCCGGT

F -TTTGGCAGCAGGAGAAGTTT 964

R - GCTGTCCGTTCTGCTTTTTC

F - ACCAGAAAGCCACGGCTAACTAC 356

R - GGCGGAAACCCCCTAACACT

Genes GenBank Accession number Sequence (5'-3")
Bs_srf EU882341
Bs_ituA D21876.1
Bs_ituB KR149331
Bs_fenD AJ011849
Bs_Bac NR102783
278 Vavilovskii Zhurnal Genetiki i Selektsii / Vavilov Journal of Genetics and Breeding - 2024 - 28 - 3



C.[. PymaHues, B.IO. Anekcees, A.B. CopokaH, I®. bypxaHoBa
E.A. YepenaHoBa, 1.B. Makcumos, C.B. Becenosa

wheat and described earlier (Veselova et al., 2019). Aphicidal
activity was expressed as mortality rate (%) among the total
number of aphids (Veselova et al., 2019).

Experimental conditions. Before planting, some wheat
seeds were treated with a liquid culture of bacteria in a semi-
dry manner at growth-stimulating concentrations selected
carlier (Alekseev et al., 2021; Rumyantsev et al., 2023). The
cell titer in the suspension was counted at 600 nm using
a SmartSpectm Plus spectrophotometer (Bio-Rad, USA) cer-
tified for this task. The cell titer of the studied cultures was
(1.8-2)10 cells/ml; by adding distilled water, the suspensions
were diluted to a final titer of (2—4)-10° cells/ml and the result-
ing suspensions were used for seed treatment. The final titer
of B. subtilis 26D, Bacillus sp. Tas2.1 and B. thuringiensis
B-6066 was 4-10° cells/ml. The final titer of Bacillus sp.
Tas8.2, B. subtilis 11VM, B. subtilis Tt12 and Bacillus sp.
St17 was 2-10° cells/ml.

Wheat seedlings were grown in 1-liter vessels on an aquatic
culture (10 % Hoagland—Arnon solution) under aphid breeding
conditions. Solutions of LRFs at growth-stimulating concen-
trations selected earlier (Alekseev et al., 2021) were added
to the plant nutrient medium 24 h before aphid colonization.
After 24 h, the medium was replaced with Hoagland—Arnon
solution without LRFs. Growth-promoting concentrations of
LRF of Bacillus spp. strains B. subtilis 11VM, B. subtilis 26D
and B. thuringiensis B-6066 and isolates Bacillus sp. Tas2.1
and Bacillus sp. Tas8.2 were 1.5, 2.5, 1.5, 2.5 and 2.0 pg/ml,
respectively (Alekseev etal., 2021). Plant treatment with LRFs
was carried out to establish the elicitor role of lipopeptides in
the induction of defensive signaling pathways in plants and
did not pursue the goal of studying these metabolites as in-
dependent biocontrol agents. The colonization of 4-day-old
wheat seedlings by aphids was carried out as described earlier
(Rumyantsev et al., 2023).

Antibiosis test and endurance test. The antibiosis test
was carried out as described earlier (Veselova et al., 2019).
Mortality and fecundity of aphids were expressed as % of
the total number of aphids. The propagation coefficient was
calculated as described earlier (Veselova et al., 2019). Plant
endurance was assessed by measuring the length of the first
and second leaves of seedlings as described previously and
expressed as % leaf growth compared to uninfected control
(Veselova et al., 2019).

The content of hydrogen peroxide (H,0,) and the ac-
tivity of enzymes — peroxidase (POD) and catalase (CAT)
were analyzed according to standard methods (Rumyantsev
et al., 2023). To measure the content of hydrogen peroxide
(H,0,) and enzyme activity, plant material was homogenized
24 and 72 hours after colonization by S. graminum in 0.05 M
Na-phosphate buffer (PB), pH 6.2, in aratio of 1:5 (wt/vol) and
incubated at 4 °C for 30 min. The supernatant was separated
by centrifugation at 15,000 g for 15 min (5415K Eppendorf,
Germany). The concentration of H,0O, in the supernatant was
determined according to the method of (Bindschedler et al.,
2001; Maksimov et al., 2011), using orange xylenol in the pre-
sence of Fe2*ions. After coloring, the mixture was centrifuged
for 5 min at 10,000 g and the optical density was measured
at a wavelength of 560 nm on an LS 55 Luminescence Spec-
trometer (Perkin Elmer, USA). H,O, content was calculated
using a calibration curve and expressed in pmol H,O,/g fresh
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weight (FW). POD activity was determined by a micromethod
in 96-well plates (Corning-Costar, USA) by the oxidation of
(o-)phenylenediamine in the presence of H,O, at 490 nm on
a Benchmark Microplate Reader spectrophotometer (Bio-Rad
Laboratories, USA) (Veselova et al., 2014). The enzyme ac-
tivity was expressed in optical density/mg protein per minute,
which corresponded to the amount of oxidized substrate caus-
ing an increase in optical density in 1 min. CAT activity was
determined by a micromethod based on the ability of H,O, to
form a stable colored complex with molybdate salts (Veselova
et al., 2014). Optical density was measured at 405 nm on
a Benchmark Microplate Reader spectrophotometer. CAT
activity was calculated using a calibration curve and expressed
in pmol H,0,/(mg protein per min). Protein content was de-
termined by the Bradford method.

Performing qPCR. Isolation of RNA from wheat leaves
(five plants per repeat) fixed in liquid nitrogen 1, 3, and 6 days
after aphid infestation was performed using Lira® (Biolabmix,
Russia) according to the manufacturer’s instructions. cDNA
synthesis was performed as described previously (Veselova
et al., 2022). Expression of genes encoding PR proteins was
analyzed by quantitative real-time PCR using a CFX Con-
nect real-time PCR Detection System device (BioRad Labo-
ratories, USA) and a set of predefined reagents EvaGreen |
(Sintol, Russia). In the work, primers for the genes encoding
PR1 protein, PR2 protein — glucanase, PR3 protein — chi-
tinase, PR6 protein — proteinase inhibitors and PR9 protein
peroxidase were used. To standardize the data, the wheat gene
TaRli (RNaseLinhibitor-like) was used as an inner reference
for the real-time qPCR analysis. Primers for qRT-PCR were
designed using a web-based primer designing tool from IDT
(http://eu.idtdna.com/Scitools/Applications/Primerquest)
(USA). Primer sequences were validated by the presence of
only a single peak on the thermal dissociation (Tm) curve
generated by the thermal denaturing protocol. The sequences
of all primers are presented in Table 2.

To quantify relative gene expression, the delta-delta Ct
method was applied using the CFX Connect real-time PCR
Detection System (BioRad Laboratories, USA) as described

Table 2. Nucleotide sequences of primers
for wheat genes encoding PR-proteins

Genes  GenBank Sequence (5'-3')
Accession number

TaPr1 AF384143 F — ATAACCTCGGCGTCTTCATC

R - GCTTATTACGGCATTCCTTTT
TaPr2 DQ090946 F - CTGACCTACACATCCCTGTTC

R - CTCGGAAATCACCACCTTCA
TaPr3 AB029936 F - CCATCCAGATCTCACACAACTAC

R — ACCACAACGCCGTCTTAAA
TaPr6 EU293132.1 F - GGGCCCTGCAAGAAGTACTG

R - ACACGCATAGGCACGATGAC
TaPr9 AK333699 F - CAACTGCAGGGTTCCCAATA

R — CCTAGCTACCCGTTCATCTTTC
TaRli AY059462 F - GCTGTGTATTGGTTGTGGTATTT

R - GCGATGGGTAGTATCTTTCTCC
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Table 3. Characterization of bacteria isolated from the inner tissues of plants

Isolate number Source of origin

Species designation

Accession number in GenBank

Tt Triticum timopheevii Bacillus velezensis OR775749
Tas2 Triticum aestivum Bacillus subtilis OR775745
Tas2.1 Triticum aestivum Bacillus subtilis OR775746
Tas8.2 Triticum aestivum Bacillus subtilis OR775748
TV2 Triticum aestivum Bacillus velezensis OR775756
Ttl2 Triticum timopheevii Bacillus subtilis OK427265
Stl7 Solanum tuberosum Bacillus sp. MT613864

previously (Veselova et al., 2022). Three independent biologi-
cal and three technical replications were performed for each
experiment.

Statistical analysis. The experiments were carried out in
triplicate with a different number of biological repetitions,
from 3 to 10, depending on the type of analysis. The exact
number of replicates for each analysis is indicated in the table
note or figure legend. Experimental data were expressed as
means + SE, which were calculated in all treatments using
MS Excel. The significance of differences was assessed
by ANOVA followed by Duncan’s test (p < 0.05) with
STATISTICA 10.0 software.

Results

Characterization of bacteria isolated

from the inner tissues of plants

Two strains, B. subtilis 26D and B. subtilis 11 VM, were used in
the work as reference endophytic strains with known proper-
ties and protective action against Greenbug aphid (Rumyan-
tsev et al., 2023). Previously, it was shown that the B. subti-
lis 26D strain synthesizes surfactin, and the B. subtilis 11VM
strain synthesizes iturin (Rumyantsev et al., 2023). B. thurin-
giensis B-6066 also induced resistance against aphids, but was
not tested for the ability to synthesize lipopeptides (Veselova
etal., 2019).

Two isolates from the UFRC RAS collection of microorga-
nisms were previously sequenced using 16S RNA gene frag-
ments: Bacillus sp. Stl7 (GenBank: MT613864) (isolated from
the inner tissues of leaves of Solanum tuberosum L., Republic
of Bashkortostan) and B. subtilis Ttl2 (GenBank: OK427265)
(Sorokan et al., 2020; Veselova et al., 2022) (Table 3). For the
remaining five isolates, presented in Table 3, fragments of the
16S RNA gene were sequenced in this work. Isolate of Bacil-
lus sp. Ttll was isolated from the inner tissues of the leaves
of T. timopheevii, the remaining isolates of Bacillus sp. Tas2,
Tas8.2, TV2 and Tas2.1 were isolated from the inner tissues
of common spring wheat leaves (7. aestivum) (Table 3). Iso-
lates of Bacillus sp. Ttl1 and TV2 were designated as Bacillus
velezensis. Isolates of Bacillus sp. Tas2, Tas2.1, Tas8.2 were
designated as B. subtilis (Table 3).

Detection of genes of lipopeptide synthetases

in the Bacillus spp. strains and isolates

Ten strains and isolates of the Bacillus spp. were tested for the
presence of lipopeptide synthetases genes (Fig. 1).
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Fig. 1. PCR analysis of bacteria Bacillus spp. for the presence of lipopep-
tide synthetase genes: srf — surfactin synthetase, ituA and ituB - iturin
synthetase, and fenD - fengycin synthetase, bac - reference gene. The
samples are indicated as follows: 1 — B. subtilis 26D; 2 — B. subtilis Tas2;
3 — B. subtilis Tas8.2; 4 — B. subtilis Tas2.1; 5 — B. subtilis11VM; 6 — B. vele-
zensis TV2; 7 — B. velezensis Ttl1; 8 — B. subtilis Ttl2; 9 — Bacillus sp. Stl7;
10 - B. thuringiensis B-6066.

Asin B. subtilis 26D, in the strains of B. subtilis Tas2, Tas8.2
and Tas2.1, gene encoding surfactin synthetase srf was found
(Fig. 1). As inthe B. subtilis | VM strain, in the B. subtilis Tt12
strain and the Bacillus sp. Stl7 isolate, genes encoding iturin
synthetase ituA and ituB and fengycin synthetase fenD were
found, and in the strains of B. velezensis, TV2 and Ttl1, only
genes encoding inturin synthetase were detected. The genes
encoding surfactin and fengycin synthetase were identified in
the B. thuringiensis B-6066 strain (Fig. 1).

Direct aphicidal effect of endophytic strains and isolates

of bacteria Bacillus spp. and LRF on the S. graminum
Analysis of the aphicidal activity of ten strains and isolates of
the genus Bacillus showed that all bacteria had high insecti-
cidal activity against Greenbug aphid (Table 4).

Aphid mortality increased from 8 to 50-77 % during
feeding on bacterial suspension (Table 4). Accordingly, the
fecundity of aphids decreased. In addition, bacteria reduced
the propagation coefficient of aphids by 2—5 times (Table 4).
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Table 4. Aphicidal (insecticidal) effect of endophytic strains and isolates of the genus Bacillus against S. graminum

Isolate/Strain Mortality, %

Control 8.0+1.1°
B. subtilis 26D 66.7 + 5.3°
B. subtilis Tas2 61.2 +5.3¢
B. subtilis Tas8.2 76.7 +6.79
B. subtilis Tas2.1 733 +5.74
B. subtilis 11VM 72.3+8.1d
B. velezensis TV2 49.8 +2.3¢
B. velezensis Ttl1 583 +4.1¢
B. subtilis Ttl2 69.5 + 5.5P
Bacillus sp. Stl7 68.2 +6.4P
B. thuringiensis B-6066 76.8 +8.74

Fecundity, % Propagation coefficient

80.1 +4.52 247 +£0.152
333+1.8° 0.78 +0.07°
38.8+2.9¢ 1.07 £ 0.12¢
233+ 1.3 0.71 +£0.04°
26.7 + 1.59 0.80 +0.10°
27.7 +1.69 0.50 +0.02¢
50.2 +4.2¢ 0.92 + 0.05¢
417 +2.2f 1.03 +0.08¢
305+ 1.7° 1.10 £ 0.05¢
31.8+1.9° 0.80 +0.03°
232+ 1.49 0.10 £ 0.001¢

Note.The same Latin letters in one column indicate that the values aren’t statistically different according to Duncan’s test (n = 30, p < 0.05).

The greatest aphicidal activity was shown by the B. subtilis
26D, B. subtilis 11VM, B. subtilis Tt12, B. subtilis Tas2.1,
B. subtilis Tas8.2 and B. thuringiensis B-6066 strains and the
Bacillus sp. Stl7 isolate (Table 4).

All studied strains synthesized lipopeptides (Fig. 1). To
confirm the hypothesis about the role of lipopeptides in the
aphicidal activity of Bacillus spp. LRFs were isolated from
five strains. First of all, the aphicidal activity of LRFs was
tested. The aphicidal activity of LRFs of the strains B. subti-
lis 26D (LRFBs26D) and B. subtilis 11VM (LRFBs11VM)
was studied previously (Rumyantsev et al., 2023). And it
was shown that the concentration of 25 pg/ml of LRFBs26D
or LRFBs11VM caused the death of 50 % of aphids, and
100 % death of aphids was caused by 150 pg/ml already on
the 5th day of feeding (Rumyantsev et al., 2023). LRFs of
the strains B. subtilis Tas8.2, B. subtilis Tas2.1 and B. thurin-
giensis B-6066 (LRFBsTas8.2, LRFBsTas2.1 and LRFBt
B-6066) as well as the strains themselves had a negative effect
on the viability of S. graminum at direct influence (Fig. 2).
The concentration of 25 pg/ml of LRFBsTas8.2 and LRFBt
B-6066 caused death in more than 50 % of aphids, but not
LRFBsTas2.1. However, 100 % of aphids died on the 5th day
of feeding with solutions of LRFBsTas8.2, LRFBsTas2.1 and
LRFBt B-6066 at a concentration of 50 pg/ml (Fig. 2).

The plant-mediated effect of endophytes of Bacillus spp.
and LRF on various types of resistance (antibiosis,
endurance) of wheat plants against S. graminum

In further study of the indirect effect of bacteria on the pest,
seven strains and isolates were taken that showed the high-
est aphicidal activity, which are presented in Table 5. All
seven bacterial strains and isolates had an indirect effect on
aphid mortality and propagation coefficient. Aphid mortal-
ity increased from 10.9 to 36.3 % during aphid feeding on
bacteria-treated plants (Table 5). Some bacteria reduced the
propagation coefficient of aphids by 1.5-2 times (Table 5).
The B. subtilis 26D and B. thuringiensis B-6066 strains and
the Bacillus sp. Stl7 isolate had the greatest effect on aphid
mortality, and the propagation coefficient was most strongly
influenced by the B. subtilis 26D, B. subtilis Tt12, B. subtilis
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Fig. 2. Aphicidal activity of LRFs of the strains B. subtilis Tas8.2 (a), B. sub-
tilis Tas2.1 (b) and B. thuringiensis B-6066 (c) against Greenbug aphid
S. graminum.

Concentrations used for LRFs were 2.5, 5, 10, 25, 50, 100, 150 and 200 pg/ml.
Figures present means + SE (n = 15). Columns of each histogram marked with
the same Latin letters indicate that the values aren't statistically different
according to Duncan’s test (p < 0.05).

Tas2.1 and B. subtilis Tas8.2 strains (Table 5). Moderate sus-
ceptible cv. SY showed low tolerance (endurance) to S. gra-
minum, which manifested itself in inhibition of the growth
of the first and second leaves in seedlings by 20 and 30 %,
respectively (Table 5). Treatment of plants with bacterial
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Table 5. The effect of endophytes of Bacillus spp. on the vitality of aphids and endurance of S. graminum-infested wheat plants

Isolate/Strain Aphid indices of vitality (antibiosis)

Mortality, Propagation

% coefficient
Control (Water) 109 +1.52 2.47 +0.152
B. subtilis 26D 31.5+22b 132+0.10P
B. subtilis Tas2.1 226+ 1.1¢ 1.54+0.12¢
B. subtilis Tas8.2 28.7+1.4b 1.25 +0.09P
B. subtilis 11VM 243 +34¢ 2.10+0.139
B. subtilis Ttl2 224 +25°¢ 1.60 +0.11¢
Bacillus sp. StI7 35.5 +3.84 1.95 +0.124
B. thuringiensis B-6066 36.3 +3.59 2.08 +0.159

Plant endurance

Growth rate of the 1st leaf, Growth rate of the 2nd leaf,
% of control % of control

79.2+6.12 69.9 + 5.1
1147 +7.3bP 142.0 +12.9°
110.0 + 6.6 111.0+4.7¢
1132+8.1P 116.0 +5.8¢
103.2 + 5.6 115.0 +9.2¢
107.8 +5.8¢ 122.5+12.39

97.8+4.64 117.6 +9.5¢
103.6 + 2.5¢ 121.0+7.19

Note. Growth rate of the 1st or 2nd leaf of control, non-treated with bacterial strains and non-infested with aphids is 100 %. The same Latin letters in one column
indicate that the values aren't statistically different according to Duncan’s test (n = 30, p < 0.05).

Table 6. Effect of lipopeptide-rich fractions (LRFs) of three Bacillus spp. strains
on the vitality of aphids and endurance of S. graminum-infested wheat plants

LRF from strain

Aphid indices of vitality (antibiosis)

Plant endurance

Mortality, Propagation Growth rate of the 1st leaf, Growth rate of the 2nd leaf,
% coefficient % of control % of control

Control 109+1.52 2.47 +0.15° 79.2+6.12 69.9+5.12

LRF of B. subtilis 26D (surfactin) 249 +23b 1.3+0.09P 107.0+5.7° 102.1+5.00

LRF of B. subtilis 11VM (iturin) 209 +2.6¢ 1.2 +0.08P 98.1+6.2¢ 102.3 +8.0P

LRF of B. thuringiensis B-6066 21.5+3.9¢ 0.9 £0.03¢ 113.0+£8.2b 953 +3.0¢

(fengycin + surfactin)

LRF of B. subtilis Tas8.2 (surfactin) 18.6 £4.9¢ 2.2 +0.309 99.5 + 3.6 93.6 + 5.4¢

LRF of B. subtilis Tas2.1 (surfactin) 141 +5.19 1.5+0.20P 113.0 + 4.0° 100.0 +2.8°

Note. Growth rate of the 1st or 2nd leaf of control, non-treated with bacterial suspensions and non-populated with aphids is 100 %. The same Latin letters in one
column indicate that the values aren't statistically different according to Duncan’s test (n = 30, p < 0.05).

strains and isolates increased plant resistance to Greenbug
aphid by accelerating leaf growth by 10-20 % compared to
the control and by 30-50 % compared to plants infested with
aphids (Table 5).

Since the effect of bacteria on plants and pests depends on
the synthesis of various metabolites, we tested the indirect
effect of LRF from five bacterial strains presented in Table 6
on the aphid indices of vitality and endurance of wheat plants.

Major lipopeptides in the LRFBs26D and LRFBs11VM
were surfactin and iturin, respectively, which was confirmed
by HPLC (Rumyantsev et al., 2023). LRFBt B-6066 pre-
sumably contained a mixture of fengycin and surfactin and
LRFBsTas8.2, LRFBsTas2.1 contained surfactin (Fig. 1).
Growth-promoting concentrations of LRFBs26D, LRFBs
11VM, LRFBt B-6066, LRFBsTas8.2, and LRFBsTas2.1
increased plant tolerance to the pest and increased aphid mor-
tality, but to a lesser extent than bacterial strains (Table 6).

However, the propagation coefficient of aphids decreased
much more during feeding on LRF-treated plants than on
plants treated with the B. subtilis 11VM and B. thuringiensis
B-6066 strains. LRFBt B-6066 had the greatest influence on
the propagation coefficient of aphids, which indicates the role

of fengycin in the indirect effect on aphid indices of vitality
(Table 6). Thus, the results of this work show that lipopeptides,
besides the direct insecticidal effect (Rumyantsev et al., 2023),
manifest an indirect effect on the pest.

The plant-mediated effect of endophytes of Bacillus spp.
and LRFs on changes in the redox status
of S. graminum-infested wheat plants
The plant-mediated effect of endophytes of Bacillus spp.
and their LRFs on plant endurance and indices of vitality of
aphids may be connected with the start of induced systemic
resistance (ISR) in plants (Rashid, Chung, 2017; Veselova et
al., 2019). During the development of ISR, bacteria can af-
fect the accumulation of ROS, both locally and systemically
(Rashid, Chung, 2017).

The infestation of non-bacterial control plants by aphids led
to a decrease in the content of hydrogen peroxide (Fig. 3a, b),
the absence of an increase in peroxidase activity (Fig. 3¢, d)
and an increase in catalase activity (Fig. 3e, /) 24 and 72 hours
post aphid infestation and was accompanied by low aphid
mortality and low plant endurance (Table 5). In wheat plants
treated with strains and isolates of Bacillus spp. and infested
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Fig. 3. The effect of endophytes of Bacillus spp. on the content of hydrogen peroxide (H,0,) (a, b), activity of peroxidase (c, d), and activity of catalase (e, f)

of S. graminum-infested wheat plants.

Designations in the figure: 0 h - plants uninfested by aphids; Control — unbacterized plants; Bs 26D, Bs Tas8.2, Bs Tas2.1, Bs 11VM, Bs Ttl2, B StI7 and Bt B-6066 —
plants treated by the appropriate strain or isolate. Figures present means + SE (n = 9). Columns of each histogram marked with the same Latin letters indicate that

the values aren't statistically different according to Duncan’s test (p < 0.05).

with S. graminum, a sharp accumulation of H,0,, an increase
in POD activity, no change in CAT activity compared to the
control ones were found (Fig. 3).

The accumulation of H,O, that was observed in bacterized
plants of colonized aphids was associated with high pest mor-
tality (Table 5, Fig. 3a, b). Treatment with strains B. subtilis
26D, B. subtilis 11VM, and B. thuringiensis B-6066 had the
greatest effect on H,O, accumulation 24 hours after aphid
infestation. All strains and isolates equally increased the con-
tent of H,O, after 72 hours post aphid infestation (Fig. 3a, b).

Treatment with strains B. thuringiensis B-6066, B. subtilis
11VM, B. subtilis Tas8.2 and Bacillus sp. Stl7 isolate increased
POD activity earlier than treatment with strains of B. subtilis
26D, B. subtilis Tt12 and B. subtilis Tas2.1 (Fig. 3¢, d). The
first bacteria mentioned acted 24 hours after plant infesta-
tion by aphids, and the second bacteria mentioned activated
POD 72 hours after plant infestation by aphids (Fig. 3¢, d).
LRFs affected components of the pro-/antioxidant system of
plants in the same way as bacterial strains (Fig. 4). However,
LRFBs26D, LRFBt B-6066, and LRFBs11VM significantly
induced the accumulation of H,O, only 72 hours after plant
colonization with the pest (Fig. 4a), unlike bacteria that in-
duced H,0, accumulation after 24 hours of feeding (Fig. 3).

LRFBs11VM and LRFBs26D increased POD activity in
plants infested with aphids, as well as in plants treated with
bacterial strains B. subtilis 11 VM and B. subtilis 26D (Fig. 4D,

CEJIEKLMA PACTEHUA HA UMMYHUTET U KAYECTBO / PLANT BREEDING FOR IMMUNITY AND QUALITY

Fig. 3). LRFBt B-6066 increased POD activity later than
treatment with the bacterial strain, only 72 hours after aphid
infestation (Fig. 4b). Treatment of wheat plants with LRFs
did not lead to an increase in CAT activity during aphid feed-
ing (Fig. 4¢). Such results may indicate the possible role of
lipopeptides in the induction of systemic resistance against
Greenbug aphid in wheat.

The plant-mediated effect of endophytes

of Bacillus spp. and LRFs on changes in the expression

of defense-related genes of PR proteins of wheat plants
populated by S. graminum

Another indicator of the formation of systemic resistance in
plants is considered to be an increase in the expression of
defense-related genes of pathogenesis-related (PR) proteins,
which is regulated by intermediate products of cell signaling
systems (for example, H,0O,) and phytohormones (Picterse et
al., 2014). The expression of defense-related Pr genes, sali-
cylate (SA)-regulated and ethylene/jasmonate (JA)-regulated
markers have been studied to test the bacteria-mediated acti-
vation of systemic resistance in S. graminum-infested plants.
Proteins PR 1, PR2 (glucanases) are markers of the SA signal-
ing pathway. PR3 proteins (chitinases) are considered ethylene
(ET)-regulated markers, and PR6 proteins (proteinase inhi-
bitors) are considered JA-regulated markers. Proteins of PR9
(peroxidases) are both SA-responsive and JA-responsive
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Fig. 4. Effect of lipopeptide-rich fractions (LRFs) of the B. subtilis 26D
(LRFBs26D), B. subtilis 11VM (LRFBs11VM) and B. thuringiensis B-6066
(LRFBt B-6066) strains on the content of hydrogen peroxide (H,0,) (a),
activity of peroxidase (b), and activity of catalase (c) of S. graminum-in-
fested wheat plants.

Designations in the figure: 0 h - plants uninfested by aphids; Control — unbac-
terized plants; LRFBs26D, LRFBs11VM and LRFBt B-6066 — plants treated by the
appropriate LRFs 24 h before aphid infestation. Figures present means + SE
(n = 9). Columns of each histogram marked with the same Latin letters in-
dicate that the values aren't statistically different according to Duncan’s test
(p <0.05).

Endophytic lipopeptide-synthesizing Bacillus ssp.
for wheat protection against Schizaphis graminum

pathogenesis-related proteins (Pieterse et al., 2014). In this
work, in the moderately susceptible cv. SY, a slight increase
of transcripts level of the Pr3 and Pr6 genes, markers of the
ET- and JA-signaling pathways, respectively, and an increase
of the expression levels of the Pr9 gene 72 hours after aphid
colonization were found (Table 7).

The effect of bacterial treatment on the expression of
Pr genes had a different pattern. All seven bacterial strains
and isolates increased the transcripts level of the Pr9 gene in
aphid-infested plants compared to the control (Table 7). Six
strains and isolates, excluding the B. subtilis Tas2.1 strain,
increased the expression levels of the Pr3 gene, an ET-re-
gulated marker, in S. graminum-infested plants. However,
only two strains, B. thuringiensis B-6066 and B. subtilis Ttl2,
influenced the expression levels of the Pr3 gene more strongly
than others (Table 7).

Only four strains of B. subtilis 26D, 11VM, Tas8.2 and
Tas2.1 significantly increased the expression levels of SA-re-
gulated markers genes Pr/ and Pr2 in S. graminum-infested
plants compared to the control. Only one strain of B. thurin-
giensis B-6066 increased the expression levels of the Pr6 gene,
amarker of the JA-signaling pathway, in S. graminum-infested
plants (Table 7).

LRFs affected the expression of defense-related Pr genes
of plants in the same way as bacterial strains, however, the
degree of influence of LP was much higher (Fig. 5). Treat-
ment with LRFBs26D, in which the major lipopeptide was
surfactin, affected the accumulation of mRNA levels of the
Pri and Pr2 genes in S. graminum-infested plants more than
treatment with the B. subtilis 26D strain (Fig. 5a). Treatment
with LRFBs11VM, in which the major lipopeptide was iturin
and which also contained fengycin, increased the expression
levels of the Pr/ and Pr3 genes in S. graminum-infested plants
twice as much as treatment with the B. subtilis 11VM strain
(Fig. 5a, b). The effect of LRFBt B-6066 on the expression of
Pr genes resembled the effect of the B. thuringiensis B-6066
strain (Fig. 5, Table 7).

Table 7. The effect of endophytes of the Bacillus spp. on changes in the expression of Pr genes

of wheat plants infested by S. graminum

Isolate/Strain Genes
TaPri TaPr2

Control 100 + 5° 100 + 42
Aphid 66 + 32 126 + 52
Bs 26D + Aphid 382 +23¢ 223+ 15P
Bs Tas2.1 + Aphid 80+ 42 200 + 18P
Bs Tas8.2 + Aphid 250 + 17 300 + 24¢
Bs 11VM + Aphid 170 + 158 120 + 52
Bs TtI2 + Aphid 80+ 22 85 + 42
B Stl7 + Aphid 110+ 32 100 + 62
Bt B-6066 + Aphid 70 +32b 140 + 54

TaPr3 TaPr6 TaPr9

100 + 622 100 + 32 100 + 72
143 =+ 52¢ 270+ 18P 200 + 16°
240+ 12° 180 + 6¢ 375+ 22¢
130 + 43¢ 140 + 44 180 + 15°
160 + 13¢ 123 +52 260 + 64
200 + 18P 70+ 102 405 + 29¢
300 + 194 83+32 402 +32¢
250+ 17° 90 + 42 452 +37¢
350 + 19d 380 + 9¢ 180+ 17

Note.The same Latin letters in one column indicate that the values aren't statistically different according to Duncan’s test (n =9, p < 0.05).
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Fig. 5. Effect of lipopeptide-rich fractions (LRFs) of the B. subtilis 26D (LRFBs26D), B. subtilis 11VM (LRFBs11VM) and B. thuringiensis B-6066 (LRFBt B-6066)
strains on the relative expression of the Pr1 and Pr2 genes (a), Pr3 and Pr6 genes (b) and Pr9 gene (c) in S. graminum-infested wheat plants.

Designations in the figure: 0 h - plants uninfested by aphids; Control — unbacterized plants. Figures present means + SE (n = 9). Columns of each histogram
marked with the same Latin letters indicate that the values aren't statistically different according to Duncan’s test (p < 0.05).

However, it is worth noting that LRFBt B-6066 contained
two lipopeptides — surfactin and fengycin. Treatment with
LRFBt B-6066 increased the transcripts level of the Pr3 gene
as LRFBs11VM, increased the mRNA content of the Pr9 gene
as LRFBs26D and, in addition, only LRFBt B-6066 affected
the expression of the Pr6 gene in S. graminum-infested plants
(Fig. 5). Importantly, the expression of some Pr genes induced
by LRFs was activated later than during the treatment with the
corresponding bacterial strains, 6 days after plant colonization
by aphids (Fig. 5, Table 7). Thus, the results of this work show
that lipopeptides have elicitor activity and induce the expres-
sion of defense-related Pr genes in aphid-infested plants.

Discussion

In this research, ten endophyte isolates of the genus Bacillus
from the collection of the Laboratory of Biochemistry of Plant
Immunity of the Institute of Biochemistry and Genetics UFRC
RAS were studied. Although the bacteria have been isolated
from the inner tissues of various plants, many of them have
been tested for their ability to colonize the inner tissues of
other host plants (Veselova et al., 2019, 2022; Sorokan et al.,
2020; Rumyantsev et al., 2023). All studied strains and isolates
were found to have lipopeptide synthetase genes (Fig. 1) and
all strains and isolates showed aphicidal activity (Table 4),
which was due to the synthesis of lipopeptides as the results
showed (Fig. 2).

In this work, using LRF isolated from Bacillus spp. strains,
it was proven that the aphidicidal activity of bacterial strains
against Greenbug aphid was due to lipopeptides — surfactin,
iturin and fengycin (Fig. 2). This coincides with the results of
other authors. Nowadays, the insecticidal activity of surfactin,
plipastatin (fengycin family), bacillopeptin and iturin against
some species of phloem-feeding insects has been shown
(Rashid et al., 2018; Rodriguez et al., 2018; Denoirjean et
al., 2022). Our studies have recently shown that surfactin
and iturin exhibit aphicidal activity against Greenbug aphid
(Rumyantsev et al., 2023). In addition, the results of our recent
work showed that commercial surfactin (Sigma, USA) ex-
hibited the same aphicidal activity as LRF from the B. subtilis
26D strain (Maksimov et al., 2020). In this work, the aphicidal
effect of fengycin was demonstrated for the first time (Fig. 2).

This work also shows that bacterial strains, isolates, and
LRFs of three Bacillus spp. strains had an indirect effect on
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the indices of vitality of aphids and endurance of S. graminum-
populated wheat plants (Tables 5, 6). The weaker effect of
bacteria on the mortality of aphids under the indirect effect
compared to the direct effect was possibly due to the dif-
ferent degree of plant tissue colonization of the strains and
isolates, which we showed in another work using the B. sub-
tilis 11VM strain as an example (Rumyantsev et al., 2023).
Thus, when testing for endophyticity, the B. subtilis 26D strain
showed the greatest ability to reproduce in the plant tissues,
the other strains and isolates studied in this work reproduced
in the tissues of plants by an order of magnitude less, and the
Bacillus sp. Stl7 isolate reduced the number of cells by two
orders of quantity compared to the B. subtilis 26D strain (Ve-
selova et al., 2019, 2022; Sorokan et al., 2020; Rumyantsev
et al., 2023).

LRFs increased plant tolerance, but to a weaker extent than
bacterial strains and isolates (Tables 3, 4). The influence of
bacteria on plant growth may be associated with the synthesis
of hormone-like compounds by bacteria and the effect on the
availability of nutrients for plants (Eid et al., 2021). Also, the
effect on plant growth may be indirect through the synthesis
of metabolites with biocidal activity, which reduce the infec-
tion load on plants, and may trigger systemic resistance in
plants (Eid et al., 2021). Presumably, the effect of LRFs on
plant growth was indirect and was related to the stimulation
of systemic resistance in plants.

Verification of the indirect action of bacterial strains and
isolates and LRFs showed that both bacteria and LRFs are
able to change the redox status of plants inhabited by aphids
(Fig. 3, 4) and cause an oxidative burst, which subsequently
induces the expression of defense-related Pr genes (Rashid et
al., 2018; Tunsagool et al., 2019; Oukala et al., 2021). Thus,
the generation of ROS during attack by phloem-feeding in-
sects is discussed as a resistance response against pests (Koch
et al., 2016; Veselova et al., 2019). The jump in the ROS
generation, including H,O,, can lead both to direct damage
to aphids and their death, and to the circumstantial effect of
H,O, through signaling regulation of resistance and gene
expression (Rashid, Chung, 2017; Rashid et al., 2018). In
addition, bacterial strains and isolates, and LRFs affected the
activity of redox enzymes — POD and CAT in aphid-infested
plants (Fig. 3, 4). Low catalase activity was found in aphid
resistant crop phenotypes (Zhu-Salzman et al., 2004). An
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increase in POD activity under the influence of bacteria led
to an improvement in the strategy of plant resistance against
insects (Rashid et al., 2018; Veselova et al., 2019; Ling et
al., 2022). To date, the role of lipopeptides in the regulation
of ROS generation and the work of redox enzymes has been
studied only during infection of plants with pathogenic fungi
(Farzand et al., 2019; Tunsagool et al., 2019). These works
showed the positive effect of fengycin, surfactin and iturin on
the activity of peroxidases in plants during the attack of fungal
pathogens (Farzand et al., 2019; Tunsagool et al., 2019). This
work demonstrates for the first time the ability of strains and
isolates B. subtilis Tt12, Bacillus sp. Stl7 and B. thuringien-
sis B-6066, which synthesize fengycin, regulate components
of the pro-/antioxidant system of aphid-infested plants.

Bacterial strains and isolates and LRFs induced the ex-
pression of defense-related Pr genes, markers of hormonal
signaling pathways such as JA, SA and ethylene (Table 7,
Fig. 5). All three hormonal signaling pathways are known to
play a role in plant defense against phloem-feeding insects
and other pests (Morkunas et al., 2011; Pangesti et al., 2016).
B. subtilis induced resistance against the whitefly Bemisia
tabaci on tomato plants by activating SA- and JA-responsive
genes. Rhizobacteria Pseudomonas simiae WCS417r induced
Arabidopsis defense reaction against Mamestra brassicae by
activating the synthesis of camalexin and aliphatic glucosino-
lates, which is regulated by the ORAS59-branch of the JA/ethy-
lene signaling pathway (Pangesti et al., 2016). A series of
studies have shown that the ethylene signaling pathway is
required for the polymerization of phloem proteins, which
block phloem pores and therefore prevent aphids feeding (Fu
etal., 2014; Lu et al., 2023).

Unfortunately, there are very few works on the activation of
resistance against insects by lipopeptides. Thus, it was shown
that the bacillopeptin of the B. velezensis YC7010 strain,
which induces the deposition of lignin and callose in plants,
increased the resistance of rice against Nilaparvata lugens
(brown planthopper) (Rashid et al., 2018). Nowadays, the role
of lipopeptides in the activation of plant resistance against
various pathogens through the induction of JA/ethylene-,
ABA-, SA- and auxin-dependent response is well studied
(Tunsagool etal., 2019; Jiang et al., 2021). Our results showed
that lipopeptides surfactin, fengycin and iturin activated the
expression of defense-related Pr genes of the SA-, JA- and
ethylene-regulated markers in wheat against the S. graminum.
Our results suggest a role of fengycin in inducing the expres-
sion of ethylene-dependent genes (Fig. 5), which is consistent
with results obtained during studies of resistance to pathogen
(Waewthongrak et al., 2014). This work demonstrates for the
first time the elicitor role of fengycin in triggering the systemic
resistance of wheat plants against S. graminum.

Conclusion

In the ten studied strains and isolates of endophytes of the
genus Bacillus, lipopeptide synthetase genes were found,
and all bacteria had aphicidal activity. This study shows that
lipopeptides play a role in the defense of plants from phloem-
feeding insects through a direct and an indirect mechanism of
action. We have discovered new promising strains and isolates
of endophytes of the genus Bacillus, which can become the

Endophytic lipopeptide-synthesizing Bacillus ssp.
for wheat protection against Schizaphis graminum

basis for future biocontrol agents against aphids. The search
for new bacteria active against phloem-feeding insects can be
conducted by the presence of lipopeptide synthetase genes in
the bacterial genome.
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