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Abstract—One of the urgent problems of plant protection from pests and diseases is the creation of environ-
mentally safe biocontrol agents whose use would not be accompanied by the resistance of insect pests. Micro-
organisms have a great potential in this regard. The most promising group are endophytes, which inhabit the
internal tissues of plants and are involved in the formation of the phenotype of plants. Bacteria of the genus
Bacillus are of particular interest due to their wide distribution in nature, the safety of many species for
humans, and the relative ease with which biocontrol means based on Bacillus sp. can be obtained. The review
considers the properties of B. thuringiensis as follows: endophytic, insecticidal, and antibiotic activity; pro-
duction of growth regulators and mobilization of plant nutrients; resistance induction; and the possibility of
constructing new strains using genetic engineering methods.
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Pathogens and pests cause significant crop yield
losses. The use of crop protection chemicals (CPCs)
to control pests in fields, especially insects, has
become a conventional practice in modern crop pro-
duction. Although CPCs have benefits, protecting
agricultural plants and ensuring agricultural effi-
ciency, their use has led to an increase in consumer
concern about the safety for humans and animals of
both the CPCs themselves and the resulting food
products, as well as the development of pest resistance
to existing chemicals and the need to solve these prob-
lems.

Biological products based on various types of ento-
mopathogenic microorganisms, including Bacillus
thuringiensis Berliner (Bt) bacteria, are considered an
alternative to CPCs. The study of the protective prop-
erties of Bt was started in Japan by the silkworm engi-
neer Ishivata [1], who isolated a bacterium that was
named Bacillus sotto silkworms from dead bombyx mori
caterpillars. The bacterium was identified as the caus-
ative agent of a deadly infection of this insect, Sotto’s
disease. Later, it was classified as the pathovar Bacillus
thuringiensis subsp. sotto. Several years later, in 1911,
the German scientist Ernst Berliner [2] in Thuringia
isolated a bacterium from dead larvae of the millworm
Anagasta kuehniella, which was named Bacillus
thuringiensis in honor of this area. Then, in 1938, the
first commercial product of the Bitoxibacillin family
appeared in France. It was called Sporene and was
intended primarily to combat barn moths [3]. In the

1950s, almost simultaneously and independently, the
first commercial insecticides based on Bt began to
appear in the USSR and the United States. In the
USSR, the production of the first such insecticide,
Entobacterin, was done at the Berdsk (Russia) and
Stepnogorsk (Kazakhstan) plants [4]. In 1949, the
microbiologist E.V. Talalaev isolated a bacterium
called Bacillus dendrolimus from the dead larvae of the
Siberian silkworm. Later, this bacterium became the
active principle of the biopreparation Dendrobacilin,
which was successfully used to protect forests from
pests. At the same time, in the United States, the
Bacillus thuringiensis subsp. kurstaki strain was used to
produce the Thurincide bioinsecticide. In 1970, the
Bacillus thuringiensis var. alesti strain HD-1 (serotype
H3a3b, subsp. kurstaki) was isolated from caterpillars
of the cotton moth Pectinophora gossypiella Saund.
This bacterium was almost 20 times more effective in
protecting plants from target insects than other bioin-
secticides available at that time. This led to the cre-
ation in 1983 of the biopreparation Lepidocide based
on this strain.

Today, Bt strains of subspecies (subsp.) kurstaki,
aizawai, israelensis, tenebrionis, and thuringiensis are
most often used in the world as the basis of bioinsecti-
cides. Due to their high specificity with respect to var-
ious pests and environmental friendliness, many
researchers consider bt-based products an efficient
and environmentally friendly alternative to CPCs [5].
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Moreover, bt-preparations are allowed for use in
organic farming both in Russia and abroad.

The bt-based pesticides account for up to 75% of
the global bioinsecticide sales market and approxi-
mately 4% of all insecticides. The following biological
products have been registered in Russia: Bitoxibacil-
lin, Leptocid, and Insetim (based on Bt subsp. thuring-
iensis); Lepidobactocide (based on Bt subsp. kurstaki);
and Bioslip (based on Bt subsp. toumanoffi) [6]. In
Belarus, products based on Bt subsp. dendrolimus
(Dendrolin) and subsp. darmstadiensis (Baciturin) are
known [7].

However, despite the fairly detailed studies of the
properties of bacteria Bt, the prevalence of prepara-
tions based on them, and the high efficiency of some
of them for protecting plants against certain insect
species, there are a number of debatable issues. The
analysis of the current trends in the strategy of increas-
ing the resistance to phytophages and phytopathogens
and the productivity of agricultural crops suggests the
need to identify the promising directions for the fur-
ther use of microorganisms of this species in crop pro-
duction.

Controversial issues of Bt taxonomy. Due to the
active use of Bt-based products, pests acquire resis-
tance to the most commonly used strains, which
threatens their effectiveness and requires the search for
new strains and toxins with different mechanisms of
action and high activity. In this regard, problems of
strain identification arise, and the taxonomy of some
Bacillus species, including Bt, is still under discussion.

Studies of the morphology of cells and spores, as
well as their physiological and biochemical properties
using immunochemical and molecular genetic
methods, made it possible to conclude that Bt sero-
vars (= subspecies) exist and to perform an intraspe-
cific taxonomic classification based on the analysis of
the bacterial f lagellar H-antigen. According to this
classification, the species Bt includes 69 antigenic
groups and 13 subgroups [8]. At the same time, this
distribution of serogroups had no a clear correlation
with the specific insecticidal activity of strains. How-
ever, it is also of interest that bacteria of this species
with genes for insectotoxic proteins with up to 90%
homology encode proteins with different toxic speci-
ficity for different insect species. For example,
although the cry1Aa and cry1Ac genes are 84% identi-
cal to each other; only the cry1Aa protein is toxic to
the silkworm (Bombyx mori L.). Conversely, the
cry3Aa and cry7Aa genes are only 33% identical to
each other and both their products show toxicity
against the Colorado potato beetle Leptinotarsa dece-
mlineata Say [9].

Molecular genetic methods for identifying Bacillus
representatives made it possible to divide them into
clusters and, in accordance with the evolutionary
genetic distance tree, include the Bt species in one
cluster with such species as B. anthracis, B. cereus, B.
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medusa, B. mycoides, B. maroccanus, B. simplex, and B.
psychrosaccharolyticus. Other researchers, in deter-
mining the phylogenetic relationship between 40 spe-
cies of the genus Bacillus and using the nucleotide
sequences of 16S rDNA and 16S–23S internal tran-
scribed spacer, included only B. anthracis, B. cereus,
and B. mycoides into the same cluster with the Bt spe-
cies [10].

According to Liu et al. [11], Bt, as insectotoxin pro-
ducers, are included in the supraspecific group of
B. cereus bacteria, also called B. cereus sensu lato (sl),
which includes 21 closely related species. Among
them, B. anthracis, B. cereus, Bt, B. mycoides, B. wei-
henstephanensis, B. pseudomycoides, as well as the
recently identified B. gaemokensis, B. manliponensis,
B. cytotoxicus, B. toyonensis, B. bingmayongensis, and
B. wiedmannii are widely known. Based on the pheno-
typic and phylogenetic data, the authors identified
nine new bacterial species: Bacillus paranthracis sp.
nov., B. pacificus sp. nov., B. tropicus sp. nov., B. albus
sp. nov., B. mobilis sp. nov., B. luti sp. nov., B. proteo-
lyticus sp. nov., B. nitratireducens sp. nov., and B. para-
mycoides sp. nov.

Despite the recognition of Bt as a separate species
by many authors, there are alternative opinions on
whether Bt is a real species and a separate member of
the B. cereus group; whether Bt belongs to the bacterial
group B. cereus sensu lato or B. cereus sensu stricto;
and whether Bt should be considered as an indepen-
dent species or as a B. cereus subspecies carrying only
the corresponding plasmid [12]. Especially many
questions arose after the whole-genome sequencing of
Bt DNA, when an exceptionally high genetic similarity
of this species with B. cereus was found [13], which can
lead to the difficulty of their identification and separa-
tion in food products. In another study based on the
sequencing of the 16SRNA gene of Bt ATCC 10792T
(ACNF01000156) and B. paranthracis Mn5T
(KJ812420) the greatest genetic similarity between
them was shown [13]. However, one of the clearest
markers to distinguish the species Bt from B. cereus
may be the transcriptional regulator XRE, which con-
trols the production of the majority of protein crystal-
line toxins in Bt [14]. This allowed some authors to
attribute B. cereus sl strains producing insecticidal
crystals to the species Bt [15]. Given the above, in this
review we discuss B. cereus along with Bt.

The Ecological niches of Bt. Microorganisms of the
genus Bacillus are classified as typical representatives
of soils, and Bt bacteria, similarly to B. subtilis, are
considered “ubiquitous.” Since the isolation of the
first Bt strain, researchers have obtained many patho-
vars of this bacterial species from insect corpses and
from the environment of their mass accumulation,
from the surface of plant leaves, from water, animal
feces, soil, as well as from flour mills and grain storage
facilities [16].
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The occurrence of Bt, as well as the closely related
species B. cereus in various natural objects, the insuf-
ficient number of studies that clearly reveal the path-
ways of circulation of bacteria of this species in nature,
similarly to the above disagreements on taxonomy,
lead to disagreements in determining the ecological
niche of this bacterium species. Some authors con-
sider Bt a cosmopolitan soil bacterium with occasional
insecticidal activity [17], while others attribute the
niche of these bacteria to the phylloplane, considering
them to be mutualists in relation to plants due to their
insecticidal activity [18]. Some researchers tend to
believe that Bt are commensals of the intestinal micro-
biota of insects, which cause no obvious diseases and
accidentally get on/into plants [19]. There are two
possible scenarios: in the case of a strict insecticidal
activity, dead insects falling on the soil surface become
an additional reserve of the so-called infection for
plants; however, in the evolutionary aspect, this path
gradually reduced the probability of successful distri-
bution of Bt in the environment. It can be assumed
that it is preferable for bacteria to be released into the
environment with insect excrement. However, accord-
ing to this scenario, the population of insects that
destroy plants increases, which, in feedback, may lead
to a reduction in food resources for phytophages. To
maintain balance in food chains, it may be “feasible”
to insert insecticidal plasmids into the bacterial
genome. When, where, and how this occurs and
whether it occurs in plant tissues is not known.

The “feasibility” of the interaction of Bt bacteria
with plants to retain their properties and population in
nature can be demonstrated by the increase in the
insecticidal activity of Bt strains under the influence of
plant components. For example, pectin and xylan
modulated the formation of a biofilm of Bt strains and
contributed to an increase in their insecticidal activity
[20]. The formation of a biofilm with the involvement
of plant exudates was observed during repeated, artifi-
cial, adaptive evolution of Bt in the Arabidopsis root
system [21]. In this regard, the study of Bt representa-
tives that endophytically and mutualistically interact
with plants is relevant not only from the standpoint of
the practical use of these bacteria as a potential basis
for bioinsecticides but also for understanding the
holistic picture of the relationship of the above-men-
tioned triad (plant–insect–Bt).

Endophyticity. Plant tissues can be a very effective
natural habitat for bacterial populations, including Bt.
Therefore, the probability of discovering new eco-
nomically promising strains of microorganisms (both
prokaryotes and eukaryotes), including Bt, among the
diversity of plant endophytic microbiome is fairly
high.

Until recently, little was known about the endo-
phyticity of Bt, although the facts of the discovery of Bt
populations on the leaves of plants, including trees
[22], suggested this property. For example, on the
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leaves of clover Trifolium hybridum, Bt cells were
detected after the plants grew from seeds on soil
treated with a cell suspension of this bacterium [23].
More recent studies have shown that some of the
“non-commercial” Bt strains not only are found in
plant tissues but also are capable of producing crystal-
line insecticidal proteins and lipopeptides in this state
[24], as well as phytohormones and substances that
induce the immune potential of plants against patho-
gens [25]. These data raise natural questions: how does
Bt colonize plants, how did bacteria of this species
evolve to kill phytophagous insects and why, and how
do Bt cells move within plants from the underground
to the aboveground part.

There is an opinion that insects and plants can be
considered as peculiar intermediate hosts that main-
tain the Bt life cycle [26]; the presence of a plasmid
encoding the Bt toxin can periodically facilitate the
passage of this cycle in nature. According to the study
cited above, in the soil Bt cells are able to penetrate the
plant through the rhizosphere or otherwise and spread
over the tissues. When insects feed on plants inhabited
by such bacteria, the bacteria enter the intestines of
insects, and then, together with excrement, again
enter the soil. It is assumed that in this way a selective
cycle occurs that maintains the population of this bac-
terial species in the cenosis. The possibility of Bt circu-
lation in nature is confirmed by the study by Monnerat
et al. [27], who isolated bacteria of this species from
the internal tissues of cotton plants grown in the field
where no Bt-based biopesticides were ever used.

When discussing the prospects of using endophytic
representatives of Bt to completely protect agricultural
crops, the question arises about their prevalence in the
tissues of cultivated and wild plants. Some authors
who studied the endophytic microbiome reported the
isolation of representatives of Bt or the closely related
species B. cereus along with the bacterial species such
as B. subtilis, B. megaterium, etc., which are often
found in plant tissues [28]. Bacteria belonging to the
B. cereus s.l. group, including Bt, were isolated from
the surface of sterilized seeds of beans, peas, corn,
pumpkins, radishes, rye, oats, barley, soybeans, sweet
peppers, and alfalfa, as well as seeds and fruits of a
number of trees and shrubs [28]. According to the
cited authors, among the 43 species of bacteria iso-
lated from plant tissues, the highest frequency of
occurrence was shown for B. cereus, along with
B. megaterium. Bt cells were isolated from the surface-
sterilized vegetatively growing tissues of cabbage, pea-
nut [29], cotton, maize [30], coffee [31], ginseng
Panax notoginseng [32], banana [33], Arabidopsis [34],
Physalis [35], and fragrant manjack [36]. Manyunata
et al. [37] isolated Bt isolates, along with other types of
bacteria, from millet Pennisetum glaucum L. stem tis-
sues. Of the total biodiversity of species of the genus
Bacillus isolated from the endosphere of sugarcane
plants, the Bt species accounted for up to 8.9% [38]. Of
23 endophytic isolates of maize seed bacteria, Pal et al.
STRY AND MICROBIOLOGY  Vol. 59  No. 4  2023



THE PERSPECTIVE PROPERTIES AND DIRECTIONS 411
[39] identified 19 isolates belonging to Bacillus sp.,
including one isolate classified as B. cereus ZMS6.
Isolate B. cereus N5 with a high level of growth-stimu-
lating activity with respect to plants was isolated from
the endosphere of maize plants irrigated with indus-
trial and municipal wastewater [40]. B. cereus and Bt
were identified in isolates obtained from the f lowers,
berries, and seeds of the grapevine cultivar Zweigelt
clone GU9 [41] and from the internal tissues of the
leaves of the tea plant Camellia sinensis (L.) O. Kuntze
[42]. Endophytic Bt strains 58-2-1, 37-1, and YC-1
were isolated from winter wheat plants in China [43];
Bt strain GS1 was isolated from tissues of bracken
(Pteridium aquilinum) [44]. Together with the B. amy-
loliquefaciens strain P5, Bt strain C3 was isolated from
cassava Manihot esculenta plants [24]. Bacteria
belonging to the B. cereus s.l. group were isolated from
field mustard and caulif lower seeds after their strict
surface disinfection [45].

In terms of environmental friendliness, it is of
interest that B. cereus isolates (NCBI CP034551) were
found among the isolates obtained from tomato seeds
and identified as species of the genus Bacillus, which
accounted for up to 13% of the entire microbiome
[46]. During the analysis of the microbiome of 26
plant species of Mexico, the bt strain LBIT-1250L was
isolated from the lavender (Lavandula angustifolia) tis-
sues, and the bt strain LBIT-1251P was isolated from
milkweed (poinsettia) (Euphorbia pulcherrima). These
strains belong to the israelensis and kurstaki serotypes,
respectively, and are characterized by insecticidal
activity against the larvae of the mosquito Aedes
aegypti and the Carolina sphinx moth Manduca sexta
[47]. The Bt subsp. kurstaki strain HD-1 isolated from
cotton successfully and repeatedly populated this plant
and persists for a long time in tissues and has toxicity
with respect to the caterpillars of the cutworm Spodop-
tera frugiperda [27] and the cabbage moth Plutella
xylostella on cabbage [48].

Antibiotic activity of Bt. In addition to insecticidal
activity, many Bt strains are able to synthesize antibi-
otics and fungistatics, which makes it possible to cre-
ate biopreparations with complex biological activity
based on such bacteria. Kamenek et al. [49] studied
the effect of the toxin from the Bt strain 202 from the
collection of the All-Russian Research Institute of
Genetics and Breeding of Microorganisms (Russia)
on the resistance of the Nevsky potato variety to the
late blight pathogen Phytophthora infestans (Mont.)
de Bary. It was found that a sample containing puri-
fied δ-endotoxin of this Bt strain more effectively
slowed the development and spread of late blight on
plants of the Nevsky variety in the field as compared to
the chemical fungicide Metamil. δ-Endotoxin also
successfully suppressed the development of tuber dis-
ease, and its efficiency was similar to the protective
effect of f ludioxonil, the active ingredient of fungicide
Maxim produced by Syngenta (Russia).
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B. cereus strains that showed a high level of fungi-
cidal activity against the fungus Fusarium verticillioi-
des, which causes ear rot in maize stalks, were isolated
from the maize rhizosphere [50]. Gorilyuk et al. [51]
isolated 11 Bt isolates from tissues of the celandine
Chelidonium majus L., including those capable of sup-
pressing the growth of fungi in vitro. For example, Bt
isolate no. 6 inhibited the growth of Alternaria alter-
nata, Chaetomium sp., Paecilomyces variotii, Aureoba-
sidium pullulans, and Exophiala mesophila. A high
antagonistic activity against the fungi Fusarium oxys-
porum f. sp cubense and Colletotrichum guaranicola was
characteristic of the Bt strain isolated from vegetating
banana plants [33]. It was found that the endophytic
isolate B. cereus REN 3 (from rice Oryza sativa plants)
exhibited antibiotic activity against many rice patho-
gens (Fusarium fujikuroi, F. proliferum, F. verticillioi-
des, Magnaporte grisea, and M. salvinii) [52]. The Bt
subsp. darmstadiensis H10 is an interesting strain that
is the basis of the Russian biopreparation Batsikol,
which, along with a high level of insecticidal activity,
exhibits antagonism with respect to a number of phy-
topathogenic fungi [53]. Endophytic specimens of
Bacillus spp. isolated from tissues of melon Cucumis
melo L. fruits, including those identified as B. cereus,
showed a high degree of antagonism with respect to a
number of phytopathogenic fungi [54]. The tomato
rhizosphere-associated strain Bt B2, which produces
bacillomycin, exhibited a high level of antagonistic
activity with respect to the causative agent of rhizocto-
niosis [55].

B. cereus strain YN917 was proposed as a means
that effectively stimulates the growth of rice plants and
protects them from the fungus M. oryzae [56]. Thirty
isolates of endophytic bacteria were isolated from the
surface-sterilized leaves of the Indian barberry Ber-
beris lycium, which were identified on the basis of 16S
rRNA as B. cereus and Bt and exhibited a high level of
fungicidal activity against the fungi Aspergillus niger
(60%) and Aspergillus flavus (56%) [57]. Bt strains iso-
lated from wheat tissues protected plants from the
causative agent of the f lag smut of wheat Urocystis trit-
ici [45]. The treatment of soil and rhizomes of tur-
meric Curcuma longa L. with a cell suspension of a
strain of growth-stimulating bacteria B. cereus (strain
RBacDOB-S24) reduced the degree of plant damage
by the pathogens Pythium aphanidermatum (Edson)
Fitzp. and Rhizoctonia solani Kuhn., which cause root
and leaf rot [58]. The authors showed the ability of this
strain to effectively penetrate into the tissues of the
rhizomes of this culture. Kim et al. [59] isolated the Bt
strain CMB26, which showed fungicidal activity
against the causative agent of pepper anthracnose Col-
letotrichum gloeosporioides, from the soil. The lipopep-
tide isolated from the bacterium had a cyclic structure
similar to that of fengycins and exhibited not only fun-
gicidal but also insecticidal activity, as well as toxicity
with respect to the cabbage butterf ly (Pieris rapae
crucivora) larvae.
l. 59  No. 4  2023
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The properties of the Bt bacteria described above
and their ability to stimulate growth and increase crop
yields make it possible to use biopreparations based on
them in practice for comprehensive preventive plant
protection not only from pests and fungal pathogens
but also to control bacterial diseases. For example, Bt
strains exhibited antibiotic activity against causative
agents of cucumber and oat bacteriosis [60] and
tomato bacterial rot [25]. Islam et al. [61] demon-
strated the possibility of using Bt strains isolated from
yew (Taxus brevifolia) leaves to protect mandarin Cit-
rus unshiu plants from bacterial rot caused by Xan-
thomonas citri subsp. citri. These properties of bt bac-
teria are presumably associated with their ability to
synthesize antibiotics of various families. The Bt strain
KL1 isolated from the leaves of the medicinal plant
Andrographis paniculata Nees from India exhibited a
high level of antimicrobial activity due to the produc-
tion of a fengycin-like lipopeptide [62]. Bt BAC3151
strains isolated from bean Phaseolus vulgaris plants,
together with Microbacterium testaceum BAC1065,
BAC1100, BAC2153, and Rhodococcus erythropolis
BAC2162, exhibited antimicrobial activity and sup-
pressed the quorum-sensing effects of Pseudomonas
syringae and Hafnia alvei [63]. The lactonase-produc-
ing Bt KMCL07 isolate obtained from the endemic
plant Madhuca insignis (India) was able to suppress the
quorum-sensing effects of phytopathogenic bacteria
P. syringae [64]. Root-associated Bt strains effectively
protected tomato plants from the fungi Verticillium
dahliae and V. longisporum [65]; the authors attributed
this effect to their ability to synthesize not only the
antibiotic bacilliobactin but also chitinases. Endo-
phytic bt CHGP12 isolate synthesized the antibiotics
fengycin, surfactin, iturin, bacillaene, bacillibactin,
plantazolicin, and bacilisin and showed a high level of
fungicidal activity against the fungus F. oxysporum f.
sp. ciceris (FOC), which causes chickpea wilt [66].
The B. cereus T4S isolate that stimulates the growth
and productivity of sunflower was isolated and identi-
fied from the endosphere of sunflower roots (South
Africa). In this isolate, the genes encoding petrobac-
tin, bacillibactin, bacitracin, zwitterycin, and fengy-
cin, as well as those responsible for phosphate mobili-
zation and nitrogen fixation, were identified [67].

At the same time, it is known that Bt bacteria pro-
duce antibiotics that suppress the reproduction of
other nonphytopathogenic bacteria, including Bt
strains [68]. For example, Favre and Euston [69]
showed that bacteria of the serovar Bt subsp. thuring-
iensis (HD-2) produced the antibiotic turicine, which
exhibited activity against 48 out of 56 Bt strains, as well
as B. megaterium, B. polymyxa, and B. sphaericus spe-
cies, but did not suppress the growth of B. licheniformis
and B. macerans strains and Gram-negative bacteria.
A. Sherif et al. [70] extracted a novel bacteriocin, ento-
mocin 110, from the metabolites of Bt subsp. entomo-
cidus HD110, which inhibited the growth of several
Gram-positive bacteria, including Listeria monocyto-
APPLIED BIOCHEMI
genes, Paenibacillus, and Bacillus species. It was shown
that antibiotics produced by Bt may differ in the selec-
tivity of their effect. Pike et al. [71] purified bacteriocin
tochicin from Bt subsp. tochigiensis HD868 culture,
which showed a bactericidal effect against the majority
of 20 typical Bt strains and B. cereus strain, but not
against yeast. Turicine 17, a subclass IId bactriocin
with a molecular weight of 3.162 kDa, which was syn-
thesized by the Bt strain NEB17 isolated from soybean
nodules, showed a high level of antibacterial activity
against a wide range of different strains of rhizospheric
pathogens, but not against rhizobial bacteria, as well as
mutualist bacteria Serratia proteomaculans 1-102, 2-68,
Pseudomonas putida, Bacillus licheniformis Alfa-Rhiz,
B. subtilis NEB 5, and NEB4 [72]. The treatment of
soybean plants with cells of this Bt strain or with turi-
cine 17 promoted stimulation of their growth and more
effective adaptation to changing environmental condi-
tions. Given the ability of turicine 17 to stimulate the
adaptive potential of plants and the presence of anti-
microbial activity, Liu et al. [73] proposed this bacte-
riocin as a basis for creating an effective universal
dual-purpose agent.

The fungicidal and bactericidal properties of Bt can
be associated with the ability to synthesize not only
antibiotics but also other compounds that inhibit the
growth of phytopathogens. A number of authors have
noted that extracellular chitinases and chitosanases of
Bt enhance the target activity of insectotoxic proteins;
however, so far there is no evidence that they actually
function synergistically [74]. Chitinase activity of the
Bt subsp. dendrolimus (HD-548) isolate inhibited the
growth of fungi B. cinerea, Alternaria solani, and
Aspergillus sp. The insecticidal properties of the bacte-
ria were retained due to the production of entomotoxic
proteins Cry1Ab and Cry1Ac [53]. Aktuganov et al.
[75] showed that chitin and chitosan oligosaccharides
formed with the involvement of extracellular chiti-
nases and chitosanases of Bt subsp. dendrolimus B-387
possessed high antimicrobial and fungicidal activities.
Muhammad et al. [76] showed that Bt bacteria, as
chitinase producers, exhibited a high level of antago-
nistic activity against the fungi C. gloeosporioides and
Curvularia affnis. Pleban et al. [45] observed growth
inhibition of phytopathogenic fungi R. solani, Pythium
ultimum, and Sclerotium rolfsii on cotton plants after
the treatment of seedlings with B. cereus isolate cells
isolated from field mustard seeds. It was assumed that
this property could manifest itself in the bacteria due
to the presence of chitinase activity.

Viable endophyte cells in cotton tissues remained
for 72 days at a level of 2.8 × 105–5 × 104 CFU/g fresh
weight. The presence of high chitinase activity
explains the ability of the endophytic B. cereus strain
XB177R to protect eggplant plants from bacterial wilt
caused by Ralstonia solanacearum [77]. An isolate of
the endophytic bacterium Bt GS1 from the leaves of
the fern Pteridium aquilinum was characterized by the
production of chitinase and induced resistance to the
STRY AND MICROBIOLOGY  Vol. 59  No. 4  2023
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fungus R. solani KACC 40111 (RS) in cucumber
plants, differentially activating other defense proteins
in plants (e.g., the specific isoforms of guaiacol perox-
idase, ascorbate peroxidase, and polyphenol oxidase
[44].

Interaction of Bt with the phytobiome. In connec-
tion with the suppression of the growth of pathogenic
and nonpathogenic bacteria, the question arises of
whether Bt can interact with beneficial microorgan-
isms, for example, with rhizobia, which provide sym-
biotic nitrogen fixation by legumes. The analysis of
papers in this field of study of insecticidal bacilli indi-
cates a possible “triple” mutualism of bt. It has been
established that endophytic Bt can colonize the roots
of legumes [78], stimulating their growth and increas-
ing the number of nodules on them [79]. For example,
Bai et al. [80] showed the possibility of increasing the
indices of nodulation, growth, and yield of soybean
when plants are co-inoculated with the Bt strain
NEB17 and the Bradyrhizobium japonicum strain
532C, isolated from soybean root nodules. Bt strains
were isolated from the nodules of several legumes
(Glycine max, Vigna umbellata, Macrotyloma uniflo-
rum, and Phaseolus vulgaris) with a frequency of up to
21.4 × 10–4 CFU in tissues [78–80]. The authors of
[26] showed that Bt bacteria can colonize the internal
tissues of clover plants with a population density of up
to 1000 CFU/g leaf in sterile soil and up to 300 CFU/g
leaf in nonsterile soil when co-sowing seeds treated
with spores. Selvakumar et al. [81] in the study of the
nodular microbiome of Pueraria thunbergiana, a for-
age and cover crop in the northwestern region of India,
obtained the KR-1 isolate, which was attributed to the
Bt species. Bt VRB1 and Bt VLG15 isolates with cry-1
and cry-2 genes, which caused complete death of the
first-instar Spilososma obliqua larvae in experiments,
were found and isolated in legume root nodules [79].
Four endophytic Bt strains isolated from nodules of
leguminous plants growing in the Himalayas showed
different degrees of tissue colonization depending on
the species of legumes (Lens culinaris, Glycine max L.,
Vigna umbellate, Macrotyloma uniflorum) and their
age. Among the microorganisms isolated from the
seeds of chickpea Cicer arietinum L., the Bt strain Y2B
was identified, which showed not only a high level of
insecticidal activity but also growth-stimulating activ-
ity associated with the synthesis of siderophores,
hydrogen cyanide (HCN), indole-3-acetic acid
(IAA), and phosphate solubilizers [82].

The above information suggests that Bt-based bio-
logical preparations and genetically modified Bt cul-
tures can change the structure of the microbial popu-
lation in the endo-, rhizo-, and phyllosphere of plants,
as well as in their environment, directly or indirectly
through plants [83]. For example, the possibility of
destroying the Nod factor of the soybean symbiont
B. japonicum under the influence of chitinase pro-
duced by Bt subsp. pakistani HD 395 was shown,
which may prevent the formation of root nodules [84].
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On the basis of the fact that a number of chitinases
produced by Bt strains exhibit fungicidal effects
against the pathogenic fungi F. solani, F. oxysporum,
F. proliferatum, Colletotrichum sp., Rhizoctonia cerea-
lis, Rh. solani, V. dahlia, and Bipolaris papendorfii [85],
it was assumed that arbuscular mycorrhizal fungi may
be damaged by Bt strains [86]. At the same time, there
are observations in the scientific literature that gener-
ally rule out significant and adverse effect of Bt bacte-
ria [87], as well as genetically modified Bt cultures, on
the agrocenosis microbiome [88]. No effect of the
cry1Ah protein on the coefficient of colonization of
33-7 line maize plants by the endophytic bacterium
B. subtilis B916 gfp was shown in [89]. Similarly, no
significant change in the rhizosphere microbiome
structure was observed during the cultivation of Bt-
maize line 2A-7, which expresses the Cry1Ab and
Cry2Ab proteins [90].

The inconsistency of these views is probably asso-
ciated with the use of different subspecies (and even,
perhaps, strains of the same Bt subspecies) for plant
treatment. Taking these data into account, it can be
concluded that to increase the effectiveness of plant
protection with specialized harmful insects and, at the
same time, to be able to use Bt-based preparations as
polyfunctional ones, it is necessary to search for endo-
phytic strains that would exhibit not only insecticidal
but also fungicidal and bactericidal effects against typ-
ical pathogens of the target crop or would be able to
directly or indirectly (through the plant defense sys-
tem) regulate the functioning of pathogen virulence
factors, for example, those belonging to the quorum
sensing (QS) system.

One of the key molecules of the QS system is N-
acetyl homoserine lactone, which is synthesized by
plant pathogens such as Erwinia carotovora, Pantoea
stewartii, Agrobacterium tumefaciens, Pectobacterium
carotovorum, and Pseudomonas syringae [91]. The fac-
tors leading to plant disease are the abundant synthesis
of extracellular hydrolytic enzymes, capsular exopoly-
saccharides that clog the xylem of the host plant, and
other substances. It has been shown that the synthesis
of virulence factors of phytopathogenic bacteria and,
accordingly, the degree of plant damage depends on
the presence and level of N-acetyl-homoserine lac-
tone. Mutants deficient in the synthesis of this mole-
cule were less virulent than the wild-type forms [91].

It was found that Bt representatives are able to dis-
rupt communications in the microbial community due
to the ability to destroy certain signaling molecules,
including QS. It was reported that the Bt enzyme that
degrades N-acetyl-homoserine lactone effectively
suppressed the virulence of phytopathogenic bacteria
due to the ability to disrupt communication in their
population (quorum). To assess the ability of Bt to
suppress the virulence of phytopathogenic bacteria
[92], a mutant line with a defect in the synthesis of the
enzyme that degrades N-acetyl-homoserine lactone
l. 59  No. 4  2023



414 KHAIRULLIN et al.
was constructed. The mutant Bt bacteria were found to
be less effective in suppressing the symptoms of soft rot
caused by the bacterium E. carotovora. The authors
concluded that the Bt enzymes that provide the
destruction of N-acetyl-homoserine lactone are
important in quorum suppression in Gram-negative
bacteria without changing the density and structure of
their population. In fact, the transfer of the N-acyl-
homoserine lactonase (aiiA) gene, which inhibits the
production of quorum-sensitive signals, from Bt into
the genome of the endophytic Burkholderia sp. strain
KJ006 promoted a decrease in the incidence of infec-
tion of rice plants in situ with the bacterium B. glu-
mae [93].

Stimulation of growth and regulation of the hor-
monal balance of plants. In addition to the Bt properties
described above, researchers pay considerable atten-
tion to its ability to stimulate plant growth and produce
phytohormones. The B. cereus (ECL1) and Bt (ECL2)
lines that exhibited plant growth-stimulating activity
were isolated from the rhizomes of Curcuma longa L.
plants [94]. The auxin-producing endophytic strain Bt
RZ2MS9 isolated from the Paullinia cupana guarana
roots exhibited a high level of growth-stimulating
activity against soybean and maize plants, as well as
tomatoes [95]. Armada et al. [96] revealed growth
stimulation of lavender Lavandula dentata plants
treated with spores of Bt bacteria and arbuscular
mycorrhizal fungi Archaespora trappei, Glomus versi-
forme, and Paraglomus ocultum. Auxin-producing
endophytic Bt strains were found in tissues of the trop-
ical plant Withania somnifera [97] and haricot [98].
The Bt strain A1B3, capable of producing auxin in large
amounts (up to 27.7 μg/mL) in a liquid medium, was
isolated from Adhatoda vasica plants growing in
Southeast Asia [99]. The ability not only to produce
auxins but also to fix nitrogen was characteristic of the
endophytic Bt isolate obtained from rice Oryza sativa
L. seedlings [100].

The fact that Bt bacteria have genes responsible for
IAA synthesis is evidenced by the work of Figueired et
al. [101], in which the knockout in Bt RZ2MS9 strain
cells of the ipdC gene, which is responsible for the
tryptophan pathway of IAA synthesis, resulted in a
drop in the level of IAA synthesized by the Bt
RZ2MS9 ΔipdC mutant, a decrease in its growth-
stimulating activity in maize plants, and a decrease in
the population density in plant tissues. The involve-
ment of bacterial auxins in the plant growth-stimulat-
ing effect of bacteria was shown directly using a dia-
geotropic (insensitive to effects of exogenous auxins)
mutant (dgt) of tomato (Solanum lycopersicum) culti-
var Micro-Tom and the auxin-producing Bt strain
RZ2MS9 [95]. Auxin-producing Bt bacteria toxic to
cutworms Spodoptera frugiperda and Plutella xylostella
were isolated from cotton and cabbage plants, respec-
tively [102]. The authors of the cited work assumed
that the ability to successfully colonize plant tissues
with Bt cells may be associated with the efficient func-
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tioning of genes encoding indolepyruvate decarboxy-
lase, which regulates the IAA production by plants
[102]. The obtained data suggest that the auxins syn-
thesized by Bt are necessary not only for the life activ-
ities of the plant as an ecological niche for bacteria but
also for the colonization of plant tissues by such bacteria.

Studies discussing the control of the levels of phy-
tohormones (e.g., ethylene) in plants by endophytic Bt
strains are also of interest [103]. For example, it was
found that strains Bt SNKr10 (isolated from spinach
phyllosphere) [104] and B. cereus AKAD A1-1 (iso-
lated from soybean rhizosphere) [105] are capable of
synthesizing 1-aminocyclopropane-1-carboxylate
deaminase (ACC deaminase) and, thus, affect eth-
ylene synthesis in plant tissues. It was found that the Bt
strain PM25 converted 1-aminocyclopropane-1-car-
boxylic acid (ACC) into ammonia and α-ketobutyrate
in plant roots and thus restricted ethylene synthesis
[106].

Bt bacteria are able not only to regulate the level of
ethylene production but also to influence the produc-
tion of other volatile compounds by plants and synthe-
size their own compounds. For example, changes in
the profile of plant volatile organic compounds were
found when maize plants were treated with Bt
RZ2MS9 cells [107]. Volatile compounds produced by
an endophytic Bt strain isolated from cherry tomato
fruits collected in Tebulba (Sahel region, Tunisia),
exhibited fungicidal activity against the causative
agent of gray rot of fruits [108]. It was shown that
dimethyl disulfide produced by the B. cereus strain
C1L exhibited the properties of an elicitor and pro-
tected tobacco and maize plants from the fungi
B. cinerea and Cochliobolus heterostrophus [109].

Formation of plant resistance to abiotic stressors
and environmental remediation using Bt. An extensive
field of application of endophytes is also associated
with the need for an environmentally friendly
enhancement of the adaptive potential of plants to
rapidly changing environmental conditions, phytore-
mediation of soil contaminated with heavy metals,
and degradation of organic toxic compounds in soil,
plants, and air. Despite the fact that the exact mecha-
nisms of the increase in plant adaptability to abiotic
environmental factors by growth-stimulating bacteria,
including the endophytic ones, remain largely specu-
lative, the explanations for this effect are as follows:
(1) the production of plant growth-regulating hor-
mones, such as abscisic acid, gibberellic acid, cytoki-
nins, and auxins; (2) the synthesis of ACC deaminase
to reduce ethylene levels in plants; (3) the induction of
plant systemic resistance by compounds synthesized
by bacteria; and (4) the formation of a bacterial bio-
film, i.e., an extracellular matrix. The adaptive poten-
tial is probably formed by plants under the influence of
bacteria in real time, and bacterial strains isolated
from plants subjected to certain stress (e.g., drought
[110]) and overcoming their effect are more effective.
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It was reported that bacteria Bacillus sp., including the
Bt isolated from pearl millet (Pennisetum glaucum L.),
sunflower (Helianthus annuus L.), and maize (Zea
mays L.), promoted an increase in the resistance of
maize plants to drought [111]. The endophytic B.
cereus strain AKAD A1-1 isolated from soybean roots
(identified by 16S RNA), which synthesizes ACC
deaminase, enhanced plant resistance to osmotic
stress [105].

The studies [110] in which the Bt strain AZP2, an
endophyte of the roots of the yellow pine Pinus pon-
derosa (Arizona, United States), which was grown
under conditions of especially severe nutrient defi-
ciency and drought, heat, and ultraviolet stress, stim-
ulated resistance to moisture deficiency in wheat
plants are of particular interest. The Bt GDB-1 isolate,
which was isolated from Scots pine Pinus sylvestris
roots, stimulated the growth of Japanese green alder
Alnus firma under conditions of high levels of soil pol-
lution with heavy metals (As, Cu, Pb, Ni, and Zn),
facilitating the accumulation of ions in plants, which
can be used for remediation of polluted areas [112].
The use of endophytic Bt bacteria on rice crops grow-
ing on soils contaminated with arsenic facilitated plant
tolerance and decreased the level of accumulation of
ions of this toxic metal in grains [113]. The develop-
ment of tolerance of Brassica nigra plants to Cr3+ ions
under the influence of the bacterium B. cereus on soils
contaminated with chromium was noted [114]. The
inoculation of Broussonetia papyrifera L. plants with a
suspension of B. cereus HM5 and Bt HM7 cells
increased the uptake of manganese ions by plants,
contributing to the maintenance of the physiological
functions of the roots and reducing the severity of oxi-
dative stress [115]. Complex treatment of pepper
C. annum plants with the Bt strain IAGS 199 and
putrescine reduced cadmium-induced phytotoxicity
[116]. A high antioxidant activity (e.g., against 1,1-
diphenyl-2-picrylhydracyl radicals) was exhibited by
the exopolysaccharide of the endophytic B. cereus
strain SZ-1 isolated from Artemisia annua L. plants.
The treatment of plants with this exopolysaccharide
reduced the degree of DNA damage in PC12 cells by
hydrogen peroxide [117]. It was found that the halotol-
erant Bt strain PM25 promoted growth of maize plants
on saline soils, including that due to the high antioxi-
dant activity of bacterial metabolites [106]. The endo-
phytic bacterium B. cereus SA1, which promotes plant
growth, increased thermotolerance in soybean.

The discovery of the ability of endophytic B. cereus
strains to purify the air from ozone [118], formalde-
hyde [119], and ethylbenzene [120] in the plant–
microorganism metabiome system is of interest.
Under hydroponic conditions, Dracaena sanderiana
plants inoculated with a composition of Bt and Pan-
toea dispersa cells removed bisphenol A, one of the
most common compounds that damage the endocrine
system [121]. The ability of the soil B. cereus strain
CB4 from Sichuan Province (China) to degrade gly-
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phosate, one of the common herbicides actively used
in the field, is also of interest [122]. This opens pros-
pects for the discovery of endophytic non-soil-con-
taminating forms of bacteria that would help relieve
herbicide stress in cenoses. An isolate of a bacterium
identified as B. cereus, which was isolated from the
leaves of Garcinia xanthochymus, not only exhibited
antibacterial activity against Escherichia coli, Pseudo-
monas aeruginosa, Staphylococcus aureus, Salmonella
typhi, and Klebsiella pneumoniae, but was also able to
form silver nanoparticles [123]. Biocompatible silver
nanoparticles formed with the use of Bt kurstaki
showed a high level of complex insecticidal activity
against Trichoplusia ni (Hübner) larvae completely and
against Agrotis ipsilon [124]. The inoculation of plants
with the strain led to overexpression of the stress-
responsive GmLAX3 and GmAKT2 SA1 genes, reduced
the level of ROS generation, and modulated the fac-
tors that form plant resistance to temperature stress
[125]. Given the visually observed antistress effect of a
number of endophytic Bt strains on plants, some
authors even suggest their use for acclimatization of
banana seedlings [126]. It was shown that the rhizo-
spheric and endophytic strains of bacteria B. cereus
CSR-B-1 and Bt CSRB-3 at a high sodium concentra-
tion can be effective growth regulators of gladiolus and
function as bioameliorants, in particular, due to the
induction of superoxide dismutase, phenylalanine
lyase, catalase, and peroxidase by microbial cells in
plants [127].

Insectotoxic proteins. In 1956, it was shown [128]
that the insecticidal properties of Bt bacteria are man-
ifested due to the presence of crystalline protein inclu-
sions in them, the best known of which are insecto-
toxic parasporal δ-endotoxins of the family of cytolytic
(Cyt) and crystalline (Cry) proteins, which cause the
death of more than 3000 species of insects from 16
orders, as well as mites, protozoans, helminths, and
nematodes. Currently, at least 700 sequences of genes
encoding insecticidal Cry proteins, which are their
carriers in the plasmid genome of various Bt strains,
have been identified. The products of these genes usu-
ally accumulate in the compartments of bacterial cells
with the formation of crystalline inclusions, which
may account for 20–30% of the dry mass of sporulat-
ing cells [128]. Large-scale studies of the properties of
Cry proteins made it possible to reveal the selective
insectotoxicity of some of them against representatives
of insects of the orders Lepidoptera, Diptera, Coleop-
tera, Rhabditida, Hemiptera, Hymenoptera, as well as
against Gastropoda, which served as one of the criteria
for their classification. For example, CryI proteins
were toxic for Lepidoptera; CryII, for Lepidoptera
and Diptera; CryIII, for Coleoptera; CryIV, exclu-
sively for Diptera; and CryV, for Lepidoptera and
Coleoptera [129].

Bt bacteria also produce toxins that are synthesized
during the vegetative phase of cell growth and are
called Vip (vegetative insecticidal proteins) and Sip
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(secreted insecticidal proteins). Originally, Vip pro-
teins were classified into four families (Vip1, Vip2,
Vip3, and Vip4). According to the new classification
system, Vip1 and Vip4 were renamed Vpb1 and Vpb4,
respectively, and the Vip2 protein was assigned to the
Vpa protein group. Vip3 proteins with a multidomain
structure were classified as Vip. Thus, the previously
classified four types of Vip proteins were divided into
three more classes as Vpa, Vpb, and Vip [130]. The
Vip1, Vip2, and Sip proteins contain conserved signal
sequences that are cleaved before secretion or after its
completion. Vip1 and Vip2 toxins exhibit a high level
of insecticidal activity against a number of species of
beetles (Coleoptera) and aphids (Hemiptera), whereas
Vip3 proteins are lethal to Lepidoptera. The insecti-
cidal activity of Vip4 proteins has not been studied in
detail. These proteins are known to be phylogeneti-
cally close to Vip1 proteins, in comparison with repre-
sentatives of Vip2 and Vip3. Sip proteins are toxic to
beetle larvae [131].

In addition to the described toxic compounds, Bt
bacteria actively synthesize exotoxins that are detri-
mental to a number of eukaryotes: α-exotoxin (phos-
pholipase C); non-protein thermostable β-exotoxin,
or thuringeinsin, which is toxic to insect and mamma-
lian cells, including humans; γ-exotoxin (toxic to saw-
fly insects); the louse death factor exotoxin (active
only against lice); and the mouse death factor exotoxin
(toxic to mice and lepidopterans) [132]. The toxicity of
thermostable β-exotoxins limits the use of Bt strains
[133]. However, there are modern technologies for Bt
genome editing based on the CRISPRCas9 platform
[134], which can be proposed to switch off the synthe-
sis of such toxins.

In view of the above, the presence of strains among
the endophytic Bt representatives that are toxic, for
example, to nematodes, is of interest. B. cereus BCM2
and B. cereus SZ5 strains exhibiting a high level of
nematicidal activity against Meloidogyne incognita on
tomato plants were isolated from strawberries Fragaria
ananassa and oriental persimmon Diospyros kaki L.
[135]. The treatment of tomato plants with the endo-
phytic Bt strain AK08 caused mortality of 95.46% of
the nematodes Meloidogyne sp. According to the
authors, this effect was due to the synthesis of cholest-
5-en-3-ol(3.beta.)-carbonochloridate, which exhibits
nematicidal activity [136]. Liang et al. [137] showed
that the high nematicidal activity of Bt GBAC46 and
Bt NMTD81 strains isolated from plants growing on
the Qinghai–Tibetan Plateau (China) can be
explained by both the properties of the bacteria them-
selves and by the induction under their influence of
the defense system of rice plants against the nematode
Aphelenchoides besseyi.

The use of the composition of strains B. amyloliq-
uefaciens FR203A, B. megaterium FB133M, Bt
FS213P, Bt FB833T, B. weihenstephanensis FB25M,
B. frigoritolerans FB37BR, and Pseudomonas fluo-
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rescens FP805PU in the protection of Cabernet Sauvi-
gnon grape plants against the nematodes Xiphinema
index and Meloidogyne ethiopica showed an efficiency
comparable to that of a chemical nematicide [138]. It
was shown that the nematicidity of Bt for the second-
instar juveniles of the rhizospheric nematode Meloid-
ogyne hapla, which worsens their subsequent repro-
ductive properties and the efficiency of penetration
into tomato roots, was associated with the synthesis of
the Cry6A protein [139]. The nematicidity of the Bt
strain BRC-XQ12 for the pine wood nematode Bur-
saphelenchus xylophilus is due to the synthesis of the
Cry1Ea11 protein [140].

By the early 1980s, the genes encoding crystalline
Bt-toxins had been found on transmissible plasmids.
The determination of the nucleotide sequence of the
genes encoding insecticidal Bt proteins made it possi-
ble to form another direction in plant protection
against pests, that is, the use of the genetic material of
bacteria of this species to create transgenic crops resis-
tant to target insects.

Schnepf and Whiteley [141] were the first to clone
the gene for the Cry crystalline toxin from Bt subsp.
kurstaki and express it in Escherichia coli. Since 1996,
plants that were genetically modified using Bt culture
have been grown in fields, which led to a “genetic”
revolution in crop production. By the beginning of the
21st century, Bt-maize, Bt-cotton, Bt-eggplants, and
Bt-potatoes had been actively cultivated all over the
world, which made it possible to significantly reduce
the amount of used CPCs in a number of countries.
Plants modified to express insecticidal proteins from
Bt (called Bt-protected plants) are believed to provide
a safe and highly effective insect control method that
allows obtaining high yields of, for example, cotton or
corn grains without using high doses of pesticides
[142]. Currently, the United States is the world leader
in the cultivation of Bt crops, and China and India are
the countries that are most rapidly introducing them
into crop production.

The insertion of a bacterial gene encoding insecti-
cidal Bt proteins into the plant cell genome makes it
possible to form the resistance of plants to pests
throughout the growing season and avoid the compet-
itive elimination of Bt bacteria by other types of micro-
organisms when viable spores and cells of these bacilli
are used as insecticides and the destruction of the
crystalline toxin under the influence of various envi-
ronmental factors (in particular, solar ultraviolet radi-
ation) when the crystalline toxin alone is used [143].

Despite the successful distribution of Bt-crops
around the world, the issues of biosafety of crop pro-
duction with their use, as well as the emergence of
resistant forms of harmful insects, have long been dis-
cussed [144]. At the same time, for a clear separation
of Bt-products from the products of traditional crop
varieties, special biotechnological labeling is required
in the majority of countries [145]. For example, to
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overcome the resistance of insects, the need to intro-
duce GM plants containing more than two genes
encoding insecticidal proteins into the production
cycle is discussed. For example, the Bollgard cotton
variety limits the viability of pests such as Pectinophora
gossypiella and Helicoverpa zea due to the insertion of
the Bt Cry1Ac gene into the cotton genome. Plants of
the Bollgard II variety, which express two Bt endotox-
ins, became more resistant to a wider range of insects,
expanding the range of protection against lepi-
dopteran pests [146]. Bt-cotton with three protective
genes (1Ac + Cry2Ab + Vip3A), (Cry1Ab + Cry2Ac +
Vip3Aa19), or (Cry1Ac + Cry1F + Vip3A) was culti-
vated in Australia in the 2016–2017 season on more
than 90% of the area, occupied by this culture [147].

Currently, to increase the effectiveness of biologi-
cal plant protection against pests, intensive work is
performed to create GM plants carrying not only the
Cry or similar genes but also other nucleotide
sequences. Recently, the US Environmental Protec-
tion Agency approved the SmartStaxPRO transgenic
maize that expresses the Cry3Bb1 protein against the
Western corn rootworm Diabrotica virgifera and
dsRNA targeting the DvSnf7 vacuolar protein, whose
use increased the mortality of the target pest up to 80–
95% [144]. In another study, a vector containing infor-
mation on the dsRNA targeting the juvenile hormone
(acid methyltransferase) gene of the cotton bollworm
Heliothis armigera was introduced into the genome of
transgenic Bt-cotton, which helped to protect crops
and delay the development of pest resistance to Bt, in
contrast to the plants expressing only insectotoxic pro-
teins [148].

Thus, the classic use of Bt genes for the plant
genome modification is gradually replaced by their
combination with other nucleotide sequences, or, as
reported below, by modifications in the genome of the
representatives of this bacterial species.

Recombinant endophytic bacteria. One of the
promising directions in the creation of modern com-
plex active biological products, as an alternative to the
cultivation of GM plants, can be the construction of
bacterial hybrid recombinant insectotoxins with a
wide range of action and increased toxicity to the tar-
get object using the method of site-directed mutagen-
esis, for example, by replacing the Bt domain III in the
Cry protein with a similar toxin with target specificity.
Currently, recombinant genetically engineered con-
structs make it possible to transfer/supplement/mod-
ify target insectotoxin genes into another Bt strain or a
strain of another bacterial species. The Cry toxins,
which in the wild-type form exhibit a low specificity
to, for example, the mall mottled willow moth
Spodoptera exigua, including Cry1Ab, Cry1Ac,
Cry1Ba, and Cry1Ea, became highly toxic as a result
of such genetic-modification recombination [149].
Site-directed substitution of amino acid residues in
the 450–612 a.a. region of the Cry1Aa toxin with sim-
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ilar ones from the Cry1Ac toxin resulted in an almost
300-fold increase in the toxicity of Cry1Aa to the
tobacco moth Heliothis virescens [150]. A mutation
(H168R) in the α-5 helix of domain I of the Cry1Aa
toxin resulted in a three-fold increase in the toxicity of
this protein to the Caroline sphinx moth Manduca
sexta larvae [151] compared to the initial value. Two
mutations, N372A or N372G, in domains II and III of
the toxin led to an eight-fold increase in the insect tox-
icity of Cry1Ab to the gypsy moth Lymantria dispar,
and the triple amino acid substitution N372A, A282G,
and L283S increased this toxicity 36 times [152].

The insecticidal activity of Bt toxins can be
enhanced by obtaining recombinants that produce
these proteins. For example, an increase in the insec-
ticidal activity of the entomopathogenic bacterium
Photorhabdus temperata K122 against the mill moth
Ephestia kuehniella and African cotton leafworm
Spodoptera littoralis as a result of heterologous expres-
sion of the Btvip3LB gene [153] or to the olive moth
Prays oleae as a result of expression of the Btcry1Aa
and Btcry1Ia genes was shown [154]. Jan et al. [155]
showed that the accumulation of the Cry1Ac–Av3
chimeric protein (Anemonia viridis neurotoxin)
increased the insecticidal activity against H. armigera
2.6 times compared to the original Cry1Ac. In another
study, the chimeric protein obtained from Cry1Ac and
the peptide toxin HWTX-XI from the spider Ornithoc-
tonus huwena venom enhanced the insecticidal activity
against H. armigera and S. exigua compared to Cry1Ac
[156].

Before the efficient transformation of Bt cells with
additional proteins expanding the range of bioprepa-
rations based on them became available, genes encod-
ing Cry proteins were introduced into the cells of bac-
teria E. coli, B. subtilis, B. megaterium, and Pseudomo-
nas fluorescens [157]. The range of effectiveness of
biological products can be expanded by the insertion
into the genome of one of Bt strains that is already the
basis of an effective biological product of the genes
encoding proteins that increase resistance to other
types of biotic and abiotic stresses. It is of interest to
create endophytes (Bt or other species) that contribute
to their greater activity against target pests by populat-
ing the internal tissues of plants and remaining there.

The genes encoding Bt-toxins were transfected into
the bacteria E. coli, B. megaterium, B. subtilis, P. fluo-
rescens, Clavibacter xyli, Herbaspirillum seropedicae,
and R. leguminosarum [128, 141, 158]. Such bacterial
strains, enhanced by the transformation of the genes
encoding Bt Cry-toxins into their genomes, are
actively used abroad as the basis of biological prepara-
tions Agree and Desine (Thermo Triligy, United
States); Condor, Cutlass, CRYMAX, Leptinox, and
Raven (Ecogen, United States). At the end of the 20th
century, biological preparations M-CapTMb, MVP®b,
M-One Plusb, MattchTM, and М-Press® (Mycogen
Corporation, United States) were created using P. flu-
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orescens recombinants [159]. A recombinant strain of
P. fluorescens became the basis for the CellCapTM
biopesticide (Mycogen Corporation). The latter con-
tains encapsulated Cry toxins, which are better pre-
served in the environment than the original ones [160].
Using recombinant E. coli strains (BL21C+), Cry2Ac7
toxin crystals that exhibited insecticidal activity
against the cotton moth Helicoverpa armigera were
obtained [161]. Roch et al. [162] obtained a recombi-
nant strain of Bacillus brevis carrying the Btcry 11a
gene, which exhibited insecticidal and antimicrobial
activities. The cry1Ac7 gene of the Bt strain 234 was
used to transform the endophytic bacterium H. serope-
dica inhabiting sugar cane tissues, which resulted in
effective protection against the larvae of the African
sugar-cane borer Eldana saccharina.

Bacteria of the genus Bradirhizobium carrying the
Bt toxin gene protected plant roots from Rivellia angu-
lata [163]. The gene encoding the Cry protein of Bt
subsp. tenebrionis (65 kDa), which is toxic to beetles,
was inserted into R. leguminosarum. The cell extract of
these bacteria was toxic to the larvae of the green dock
beetle Gasterophysa viridula and the clover root weevil
Sitona lepidus. Inoculation of pea and white clover
roots with this bacterium reduced damage from soil
insects [164].

Employees of Monsanto Company (United States)
used tn5 transposons to transfer the Bt сry1Aa gene
from Bt ssp. kurstaki HD-1 into the chromosomal
genome of the bacterium P. fluorescens [165]. They
showed that a thus-obtained strain on maize plants is
similar to the donor strain in terms of insecticidal
activity against the dark sword-grass Agrotis ipsilon.
The insertion of the Btcry218 gene into the endophyte
Burkholderia pyrrocinia JKSH007 genome and subse-
quent treatment of mulberry with this strain resulted
in the death of almost 80% of Bombyx mori caterpillars
[166]. Under the same conditions, the original bacte-
rial strain had no effect on insects.

In [167], the Btсry1Ia gene from Bt B-5351 was
introduced into the commercially active B. subtilis
strain 26D using the pDG1662 integrative plasmid
conjugated with the B. subtilis amylase gene. It was
shown that the Btcry1Ia gene mRNA efficiently accu-
mulated in the B. subtilis 26DCryChS cells. The inser-
tion of the Btcry1Ia gene into the B. subtilis 26D chro-
mosome promoted the manifestation of insecticidal
(aphicidal) activity in the B. subtilis strain
26DCryChS, which was comparable to that in the
donor strain Bt B-5351 cells. The insertion of the
Btcry1Ia gene encoding the Cry1 protein into the
endophytic B. subtilis strain 26D did not result in the
loss of endophyticity in the recombinant strain [167,
168]. A similar result was obtained earlier when Bt-
maize plants were treated with the endophytic bacte-
rium B. subtilis B916-gfp [89]. These facts have been
confirmed by the work of Bizzari and Bishop [26],
who studied Bt strains deficient in the synthesis of the
APPLIED BIOCHEMI
crystalline protein and showed that they had no signif-
icant role in the endophyticity of strains. It can be
assumed that the production of insecticidal Cry pro-
teins by both the bacteria themselves and Bt-cultures
did not affect the endophyticity of the former and the
ability of the latter to be colonized by microorganisms.

As a supplement to the genetically modified plants
and recombinant bacteria, the use of preparations for
plant protection against pests using RNA interference
mechanisms, including those based on the Bt bacte-
rium, is being actively developed [169]. It is believed
that with the increase in insect resistance to the prod-
ucts based on the active principle of Bt, its use as a
platform for the dsRNA expression can help in pest
control with the Bt + RNAi strategy [170].

The Bt-based dsRNA production platform has
some advantages over other platforms. The sporula-
tion-dependent Cry gene promoter was used to express
double-stranded (ds)RNAs, and this dsRNA could be
produced during the sporulation phase of Bt. More-
over, no inductor is required when Bt is used, whereas
other microbial species (such as E. coli, B. subtiis, and
S. cerevisiae) require an inducer (IPTG or others) for
dsRNA expression. Finally, since Bt cells can undergo
autolysis by enzymes after sporulation, cell lysis is not
required for dsRNA extraction [171]. For example, the
use of Bt as an expressing host for dsRNA production
was proposed in [171]. Another team of researchers
[182] created a recombinant Bt strain containing a
325-bp expression-active DNA fragment from the
conserved region of the arginine kinase gene of the
cabbage moth P. xylostella, which exhibited a high
level of insecticidal activity against the larvae of the
target pest in comparison with the original strain. In
all cases, dsRNA was expressed using convergent pro-
moters f lanking the target dsRNA: Park et al. [171]
used the cyt1Aa promoter, and Jiang et al. [172] used
the Pro3a promoter.

The target activity against the fourth- and fifth-
instar larvae of Spodoptera littoralis significantly
increased due to obtaining a Bt-based biopesticide
composition (XenTari, Belgium) in the case of the
combined use of dsRNA-Bacs targeted against the Sl
102 gene, which is responsible for insect cell aggrega-
tion and encapsulation to protect against infection.
Similarly, the effectiveness of biopreparations based
on live Bt bacteria was enhanced when used together
with dsRNA-Bac targeting the Pxfused gene of
P. xylostella [170], which forms insect resistance to the
Cry1Ac toxin. This combination of the conventional
methods of plant treatment with the Bt-based bio-
preparations and the RNA interference technology
opens new vistas for the successful protection of agri-
cultural crops from pests and pathogens.

Thus, the transfer of “useful” insect toxin genes
from other economically important Bt species into
endophytic strains, as well as the construction of their
effective consortia, should contribute to the creation
STRY AND MICROBIOLOGY  Vol. 59  No. 4  2023
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of a new generation of biological preparations for
comprehensive plant protection from both pathogens
and pests on their basis. The ability of endophytic bac-
teria to produce proteins with fungicidal and insecti-
cidal activity, priming phytoimmune reactions, and
long-term coexistence in plant tissues will contribute
to avoiding the use of transgenic plants that produce
the corresponding proteins.

***

Thus, scientific literature data indicate that the
endophytic forms of entomopathogenic microorgan-
isms exist in nature. This natural property can contrib-
ute to the search for strains with complex protective
activities and opens prospects for the improvement of
the existing endophytes by genetic engineering meth-
ods for their use in crop production (e.g., seed treat-
ment), which can be an inexpensive and reliable way
to increase plant resistance to pests and diseases. The
multidirectional effects of Bt bacteria on plants
increase the efficiency of using this method. As fol-
lows from the works cited above, some strains can sig-
nificantly enhance the activity of the formation of
nodules by nitrogen-fixing bacteria. Suppression of
fungal growth due to the synthesis of antibiotics and
chitinases by Bt contributes to the acquisition of addi-
tional properties of biofungicides and fungistatics by
these bacteria. However, it is also necessary to assess
the possibility of suppressing the growth of mycorrhi-
zal fungi by these endophytic bacteria. Other practi-
cally valuable properties of endophytic Bt are the abil-
ity to synthesize phytohormones (plant growth stimu-
lants), suppress the synthesis of ethylene, and enhance
the growth of crops under adverse environmental con-
ditions. Another valuable property is the synthesis of
siderophores and the opportunity to mobilize poorly
soluble plant nutrients in the soil. However, along with
all these and other properties that are important for
protecting and increasing productivity of plants,
mutual integration with the host plant, based on endo-
phyticity without loss of other economically useful
qualities, is especially important.

The mechanisms and pathways of penetration of
endophytes, in our opinion, can be different and inde-
pendent of any damage of the surface plant tissues, as
well as through stomata. Having once populated plant
tissues, insecticidal Bt-endophytes can avoid competi-
tion with other epiphytic microorganisms, have access
to food sources in the form of plant metabolites and
substances entering plants through vessels, and be pro-
tected from solar radiation. After entering the intes-
tines of an insect with plant food particles they can
reduce the attractiveness of plant tissues as a food
source and even lead to the death of the phytophage.
Of course, such insecticidal endophytes are of interest
only if they do not pose a danger to humans and ani-
mals.
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The use of endophytic Bt in the form of a so-called
slow-acting insecticidal “mine” that enters insects
together with plant food is attractive not only in terms
of protecting plants from phytophages but also from
the standpoint of the possibility of acquiring addi-
tional useful properties by plants. For example, their
use can make it possible to successfully control the
group of pests with piercing and sucking mouthparts
or parasites of the internal tissues of plants, against
which CPCs, as well as biological preparations based
on commercial nonendophytic Bt strains, are ineffec-
tive.

The endophytic Bt strains can be used to develop a
completely different strategy for plant protection,
where they can serve as natural insecticides of long-
term preservation in plant tissues. This can help, on
the one hand, to reduce the frequency of treatments
with biopesticides and, on the other hand, to expand
the range of not only pests but also pathogens. The
possibility and efficiency of biocontrol by transformed
endophytic strains with edited genes, as well as plants
genetically modified by target genes of endophytic Bt,
have been studied to a lesser extent compared with the
natural but selected bacterial strains. The assessment
of the possibility of using the endophytic microflora in
general, regardless of the species of the microorgan-
ism, natural or “engineered,” is still at the very early
stages. Side effects adverse for the environment and
humans that may occur when using products based on
modified or edited endophytes, including Bt, have not
been studied. A versatile plant metabiome that pro-
tects plants from pathogens and pests can be conve-
nient for growing plants in hydroponics, where contact
between plants and soil microbiome is excluded. It
should be noted that soil-less hydroponic farming is
becoming more commercially popular in the world,
eliminating the problems associated with soil pollution
and other negative consequences of traditional farm-
ing. According to published data, the global market of
hydroponic systems in 2020 was estimated at approxi-
mately 9.5 billion and, according to forecasts, by 2025
it will reach 16.6 billion dollars, increasing by 11.9%
every 5 years [173].

Currently, research and plant protection technolo-
gies based on RNA interference are being actively
developed. Despite the obvious advantages of RNA
preparations and/or the insertion into the plant
genome of genes encoding small RNA molecules that
are lethal for insects, the combined use of artificial
(dsRNA preparations in the form of sprays) and natu-
ral mechanisms for regulating the size of pest popula-
tions using natural “controllers” (among which endo-
phytic Bt bacteria are promising) is attractive. In terms
of the natural phenomenon of RNA interference, the
use of Bt as a dsRNA biocontrol expression system is
still in its infancy compared to other well-established
technologies and requires further research of the pos-
sibility of its use as a practical plant protection against
insect pests because active genetically engineered
l. 59  No. 4  2023
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microorganisms for generating targeted dsRNAs and
inexpensive purified dsRNAs will become available in
the foreseeable future, which will lead to greener agri-
culture without the use of chemical pesticides to pro-
tect plants from insects and microbial infections.
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