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Abstract Bacillus thuringiensis (Bf) and its prod-
ucts are commonly used to control insect pests. The
main issue with these bacteria is their limited field
stability. These constraints fueled interest in using
several molecular, biological, and biotechnological
techniques to develop new recombinant Bt toxins with
a broader insect spectrum, improved environmental
stability and more efficient delivery of toxins to pest
insects control. However, the potential environmental
impact of using recombinant Bt strains and geneti-
cally engineered Bt crops includes gene flows into
wild species and their unintended consequences on
parasitoids and predators. The development of new
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hybrid/mutated Bt insecticidal toxins, with enhanced
insecticidal activity and/or a broader spectrum of tar-
get insects, will continue to be a useful strategy for
controlling resistant insect pests and delaying resist-
ance evolution. Furthermore, the use of other genes
encoding non-Bt proteins with insecticidal properties
and different modes of action, such as protease inhibi-
tors, lectins, cholesterol oxidases and chitinases, iso-
lated from various sources will be critical in provid-
ing new weapons for the fight against insect damage.
This review thoroughly describes recent advances and
the most recent updates in the new potential applica-
tions of Bt, making it a remarkable new cell factory
that can be employed to control pests.

Keywords Insect pathogenic bacteria - Microbial
biotechnology - Genetic modification - Recombinant
DNA - Environmental impacts

1 Introduction

Bacillus thuringiensis (Bt) is the most widely used
microbial biopesticide in agriculture, forestry and
mosquito control (Ortiz and Sansinenea 2021a). Bt
was first discovered in Japan in 1901 by Shigetane
Ishiwata; however, it was not until 1915 that it could
be fully identified by the German bacteriologist Ernst
Berliner, who named this bacterium Bacillus thur-
ingiensis (Ortiz and Sansinenea 2021b). Insecticides
based on Bt have been used for decades to control a
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wide range of insect pests, primarily lepidopteran
(caterpillars), Dipteran (mosquitoes and black flies),
and Coleopteran (beetle larvae) (Sanchis 2011). Bt is
characterized by the production, during sporulation,
of endotoxin proteins, known as Cry proteins, that
accumulate and form a crystal inclusion body. Insects
must consume/ingest these Cry proteins in order to
feel their effect until the insect dies. Following inges-
tion, the alkaline conditions within the insect midgut
cause the solubilization of the crystals, converting
them into toxic core fragments (Sansinenea 2019).
These toxic proteins bind to receptors (glycoproteins
or glycolipids) located on insect midgut epithelial
cells (Bravo et al. 2011).

After binding, the toxin changes its conformation,
allowing it to insert into the cell membrane and form
a cation-selective channel (Bravo et al. 2013). When
enough of these channels are formed, several cations
enter to the cell. This causes an osmotic imbalance
within the cell, resulting in the loss of the midgut
epithelium integrity. This allows alkaline gut juices
and bacteria to pass through the midgut basement
membrane, killing the insect. When used as sprays,
these toxins are ineffective in preventing insects
from attacking the plant’s roots or internal parts of
the plant (Sanahuja et al. 2011). These limitations
sparked interest in developing new genetically modi-
fied plants and bacteria to express Cry and other Brt-
insecticidal genes in order to provide a more efficient
toxin delivery system to control these insects (Azizo-
glu and Karaborklii 2021).

Continuous advances in biotechnological tech-
niques such as genetic engineering with the assis-
tance of computational biology have resulted in fur-
ther development and discoveries about Bt. In this
context, various research groups worldwide were
very interested in finding novel Cry toxins with new
range of inhibitory activities and high level of tox-
icity as an alternative against insect pest that have
developed greater resistance levels (Hou et al. 2019;
Crickmore et al. 2021; Lazarte et al. 2021). As a
result, continuous strains improvement, using cur-
rent genome data, development of genetically modi-
fied (GM) microorganisms, are becoming unavoid-
able toolkits for achieving heterologous expression of
non-native genes and improvement native producers
to develop genetically improved strains (Liu et al.
2017; Azizoglu et al. 2020). Today’s new generation
methods, such as simulation and dynamics studies,
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Bt genomics, quantitative structure—activity relation-
ships, molecular docking and structure/function pre-
diction methods, are described. These methods are
essentially required for the numerous preparations
and preprocessing steps that are involved.

The current review focuses on an update on recent
advances in the new potential applications of Bt and
its toxins, analyzing them from different perspec-
tives, in an effort to generate critical discussion that
can help in understanding their potential benefits and
impacts.

2 New characteristics and properties of Bacillus t
huringiensis

Bt is commonly and widely used as a host-specific
and safe biopesticide and also has been extensively
exploited as a gene source for the development and
production of GM-Bt crops (Salehi Jouzani et al.
2017; Pinos et al. 2021; Pohare et al. 2021; Tetreau
et al. 2021). In light of the scientific benefits of these
biotechnological approaches, several other novel
chracteristics for Bt have recently been explored. Tox-
icity against nematodes, mites, ticks and mollusks and
anticancer activities, antagonistic effects against bac-
teria and fungi that cause disease in plants and ani-
mals, biofertilizer and plant growth-promoting (PGP)
activities, biodegradation and bioremediation of dif-
ferent pollutants, such as heavy metals, pesticides and
petroleum derivates, metal nanoparticles biosynthesis
(e.g. silver and gold) and also biosynthesis of differ-
ent value-added biopolymers, such as polyhydroxy-
alkanoate, are among these new environmental and
industrial features (Salehi Jouzani et al. 2017).

2.1 Biocontrol activities against nematodes, bacteria,
fungi, spiders and mollusca

The capability of some Bt strains to control plant
and animal pathogenic nematodes, bacteria, fungi,
spiders and snails has been efficiently demonstrated
(Table 1). Some Bt strains have shown high nemati-
cidal activity against various phytopathogenic nema-
todes, including the root-knot nematode Meloidogyne
incognita (Khalil and Abd El-Naby 2018; Choi et al.
2020; Ramalakshmi et al. 2020; Leong et al. 2021;
Verduzco-Rosas et al. 2021), the cereal cyst nematode
Heterodera avenae (Ahmed et al. 2018), the soybean
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cyst nematode H. glycines (Kahn et al. 2021), the cit-
rus nematode Tylenchulus semipenetrans (El-Saedy
et al. 2019), and the pine wood nematode Bursap-
helenchus xylophilus (Huang et al. 2018; Guo et al.
2022). Additionnaly, it has demonstrated nemati-
cidal activities against zoonotic and animal patho-
genic nematodes, including the Ancylostoma caninum
(Dunstand-Guzman et al. 2020), the cestode Dipylid-
ium caninum and the gill fish trematode Centroces-
tus formosanus (Pefia et al. 2013; Mendoza-Estrada
et al. 2016). Furthermore, many Bt strains have strong
antagonistic activities against various plant patho-
genic bacteria and fungi. Bt strains have been shown
to effectively control the bacterial wilt agent, Ralsto-
nia solanacearum (Akintokun, et al. 2019) and Xan-
thomonas citri subsp. citri (Islam et al. 2019).

Bt strains have also demonstrated antagonistic
activities against a wide range of plant pathogenic
fungi. Among these are the common postharvest
spoilage fungi Fusarium oxysporum (Vaca et al.
2020), Botryosphaeria sp. (causing canker in many
crops, ornamental plants, landscape and forest trees
and shrubs), Colletotrichum gloeosporioides (the
agent of postharvest disease of many tropical fruits),
and Penicillium expansum which causes blue mold
in apples and produces mycotoxin patulin (He et al.
2020), gray mold fungus Botrytis cinereal (Yoshida
et al. 2019), Verticillium dahliae and V. longispo-
rum (Hollensteiner et al. 2017; Azizoglu et al. 2021),
powdery mildew Erysiphe pulchra on flowering dog-
wood (Rotich et al. 2020), Alternaria sp, and Mon-
iliophthora roreri, the causal agent of cacao disease
(Vaca et al. 2020), F. oxysporum f.sp cucumerinum
(Akintokun, et al. 2020), F. oxysporum f.sp. niveum,
Aspergillus niger (Azizoglu et al. 2021), Asian soy-
bean rust, (Phakopsora pachyrhizi), soybean downy
mildew (Peronospora manshurica) and powdery
mildew (Microsphaera diffusa) (Miiller et al. 2019),
F. oxysporum f. sp. lycopersici (Zibanezhadian et al.
2022) and F. graminearum (Muddasir et al. 2021).

According to the studies, these antagonistic effects
are achieved through the production of various anti-
fungal and antibacterial metabolites, such as surfac-
tin, tryptamine, N-acetyl tryptamine, phenethylamine,
phenethyl acetamide, thumolycin, chitinase, p-1,3
glucanase, phytoalexin glyceollin, or by lowering the
level of H,0, by increasing transcription of the anti-
oxidant enzymes genes such as superoxide dismutase

@ Springer

(SOD), catalase (CAT), and glutathione S-transferase
(GST), and inducing systemic resistance (Table 1).

Previous reports have also shown that Bt strains
possess acaricidal effects on the soft tick Argas per-
sicus (fowl tick or poultry tick), the hard tick Hya-
lomma dromedarii which is a blood feeding extopara-
site infesting camels (Hassanain et al. 1997), the three
host black-legged or deer tick, Ixodes scapularis (Zhi-
oua et al. 1999), Acarus siro (an acarid mite in stored
products), Tyrophagus putrescentiae (a ubiquitous
mite in soil, stored products and house dusts infesting
food and causing allergies in people), Dermatopha-
goides farinae (an allergenic mite), Lepidoglyphus
destructor, producing allergens (Erban et al. 2009),
Varroa destructor, the most devastating external par-
asite of honey bees (Alquisira-Ramirez et al. 2014),
Tetranychus macfarlanei (Neethu et al. 2016), and T.
putrescentiae (Ahmed et al. 2016).

Recently, some studies have exhibited the aca-
ricidal activity of Bt strains against other spiders,
including the oriental red spider mite, Eutetra-
nychus orientalis, which is a major pest of citrus in
many countries (Veloorvalappil Narayanan et al.
2018; Alahyane et al. 2019) and Psoroptes cuniculi,
the common ear mite of rabbits (Dunstand-Guzmén
et al. 2017) with an LCs; of 1-10 mg mL™". In addi-
tion, several Bt strains exhibited molluscicidal activ-
ity against Biomphalaria alexandrina snails, with
the LCs, and LCy, values of 133.27 mg mL™' and
270.32 mg mL™!, respectively (Abd El-Ghany and
Abd El-Ghany 2017) (Table 1).

2.2 Enhancing PGPR activities and abiotic stress
tolerance by Bt strains

Plant growth-promoting rhizobacteria (PGPR) are
bacteria that have beneficial effects on plant growth.
It has been widely documented that some Bt strains
have the ability to colonize plant roots and promote
plant growth development through the production of
various phytohormones and beneficial compounds
(Salehi Jouzani et al. 2017; Azizoglu 2019). Pre-
viously, several researchers have validated PGPR
activity of Bt strains on different plants such as
soybean, field pea and lentils (Mishra et al. 2009).
Many Bt strains in addition to biopesticide activ-
ity, produce several metabolites, such as 1-amino-
cyclopropane-1-carboxylic acid (ACC) deaminase,
indole-3-acetic acid (IAA), proline and phosphate
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solubilizing enzymes which enhance plant growth
under different abiotic stress conditions includ-
ing salinity and drought by enhancing antioxidant
activities(superoxide dismutase, catalase and ascor-
bate peroxidase) and reducing plant oxidative dam-
age to lipids (Armada et al. 2015a; 2015b, Ortiz et al.
2015). In addition, some Bt strains enhance phosphate
solubilization, biostimulation (IAA synthesis) and
biocontrol activities through the production of cyan-
hydric acid, siderophores and 2, 3-butanediol (Cherif-
Silini et al. 2016).

Over the past five years, new studies have con-
firmed previous findings on the PGPR activities
of Bt as well as evidenced new PGPR activities of
Bt on some other plants, including tomato (Batista
et al. 2021), maize (de Almeida et al. 2021), Abel-
moschus esculentus (Bandopadhyay 2020), pepper
(Jo et al. 2020), radish (Li et al. 2019) and wheat
(Delfim et al. 2018, 2020, 2021) through different
mechanisms. Furthermore, several Bt strains have
improved drought and salinity tolerance in various
cropsby modulating antioxidant metabolism (Kahtani
et al. 2021), dehalogenase production (Oyewusi et al.
2021) and synthesis of a bacteriocin, thuricin17 (Sub-
ramanian et al. 2021) (Table 2).

2.3 Detoxification, biosorption or bioremediation of
pollutants and heavy metals by Bt strains

The industrial development of human societies around
the world resulted in the large-scale production and
diffusion of petroleum derivatives, pesticides, herbi-
cides and heavy metals, which are today recognized
as the most important risk factors for human health
and the environment. When these substances enter
the environment, they quickly accumulate in the food
chain, posing a threat the higher trophic levels. As a
result, detoxification or bioremediation of these haz-
ardous substances using green technologies is critical
(Salehi Jouzani et al. 2017).

Over the past five years, different studies have
demonstrated how certain Bt strains can detoxify or
biodegrade a number of these pollutants (Table 3).
Among them are the insecticides pyrethroid cyper-
methrin (Birolli et al. 2021), chlorpyrifos (Ambreen
and Yasmin 2021; Al-Zubaidi et al. 2021), triazophos
and dimethoate (Ambreen et al. 2020), bendiocarb
(Mufioz-Martinez et al. 2021), 3, 5, 6-Trichloro-
2-pyridinol (Ambreen and Yasmin 2021) and

quinalphos (Gangireddygari et al. 2017). The mech-
anism of pesticides detoxification and biodegrada-
tion of Bt strains involves the production of different
enzymes, such as organophosphorus phosphatases
(OPPs) and extracellular acidic and alkaline phos-
phatases (Ambreen et al. 2020).

Another potential use of Bt strains is the detoxifi-
cation and biodegradation of industrial wastes, which
has been successfully demonstrated for a variety of
wastes, such as methylene blue dye (Wu et al. 2022),
manganese peroxidase (MnP), lignin peroxidase
(LiP), and NADH-DCIP reductase, nitrogen com-
pounds (Xu et al. 2021), bisphenol A (Li et al. 2018),
benzo (a) pyrene degradation (as one of polycyclic
aromatic hydrocarbons (PAHs)) (Lu et al. 2019),
anthracene (Tarafdar et al. 2017), phenol (Fu et al.
2022; Ereqat et al. 2018), phenanthrene as a polycy-
clic aromatic hydrocarbon (Tarafdar et al. 2018) and
low-density polyethylene (Ray 2019). Besides that,
some Bt strains can detoxify various drugs and phar-
maceuticals, including ibuprofen (Marchlewicz et al.
2017), erythromycin (Zhou et al. 2018) and naproxen
via tetrahydrofolate-dependent O-demethylase activ-
ity, as well as salicylic acid via catechol cleavage
(Gérny et al. 2019a; Dzionek et al. 2020). Another
important verified feature of several Bt strains is
heavy metals bioprecipitation and bioremediation.
Bioprecipitation of different metals, through the pro-
duction of different enzymes, such as organophos-
phorus phosphatases (OPPs), arsenate reductase, and
extracellular acidic or alkaline phosphatases, includes
nickel, manganese (Ambreen et al. 2020; Jeevaraj
et al. 2022), chromium (Suresh et al. 2021), cadmium
(Han et al. 2018; Ambreen et al. 2020; Shah et al.
2020), Pb (Li et al. 2019), europium (Pan et al. 2017),
arsenic (Altowayti et al. 2019; Banerjee et al. 2022),
mercury (Asare et al. 2018; Saranya et al. 2019)
(Table 3). The main mechanisms used in these strains
are accumulatation, degradation or mineralization of
toxic heavy metals.

2.4 Anti-cancer and hygiene properties of Bt strains

In recent decades, unfortunately, a significant
increase in the global prevalence of cancer as one
of the most important causes of death has been
occured. The limitations of suitable treatment meth-
ods have led to intense interest and curiosity of sci-
entists in search of new and effective treatments.

@ Springer
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Cry proteins without insecticidal activity are
known as parasporins (PSs). Cry31A (parasporin-1
(PS1)), Cry41A (parasporin-3 (PS3)), Cry45A (par-
asporin-4 (PS4)), Cry46A (parasporin-2 (PS2)),
Cry63A (parasporin-6 (PS6)) and Cry64A (par-
asporin-5 (PS5)) are the most known PSs. Par-
asporins after digestion by proteases show effective
cytocidal activity against human cancer cells, but
interestingly they do not affect normal cells. Up to
now, 19 different parasporins grouped into six sub-
classes (PS1, PS2, PS3, PS4, PS5, and PS6) based
on their amino acid sequence homology have been
identified  (https://www.fitc.pref.fukuoka.jp/paras
porin/index.htm (accessed June 30, 2022)).

The antitumor activities of the parasporins have
been repoted against human cervical cancer cells
(HeLa), SiHa, murine lymphoma L5178YR cell line,
human leukemia T cells (MOLT-4), CEM-SS, human
uterus endometrium adenocarcinoma cell lines Hec-
1A and KLE, myeloid leukemia cells (HL60) and
liver (hepatocyte) cancer cell (HepG2), human epi-
thelial colorectal adenocarcinoma cell line (CACO-
2), endometrial adenocarcinoma (Sawano), adherent
human colon cancer cells (HT-29), HCT-250, HCT
116 and SW620, human prostate cancer cell line (PC-
3), human histiocytic lymphoma (U-937), human
breast cancer cell lines (MCF-7 and MDA-MB231)
and jurkat cells (Salehi Jouzani et al. 2017).

Recent discoveries over the last five years have
increased hopes for practical applications of Bt
strains in cancer treatment. Moazamian et al. (2018)
demonstrated that Bt kurstaki and sotto had cytol-
ytic activities against human colon and blood cancer
cells via parasporin synthesis. Aberkane et al. (2020)
confirmed the antitumor activity of the native Alge-
rian Bt strain BDzG against laryngeal and alveolar
cancers by production of parasporins. Other scien-
tists have shown anti-cancer activities of Bt strains
against breast cancer cells (Borin et al. 2021; Melo
and Kitada 2020), as well as against human leukemic
cells (Oktay et al. 2018; Beena et al. 2019) (Table 4).
Recently, it has been confirmed that RNases secreted
by some Bt strains have antiviral activity against
Human Influenza Virus A/Aichi/2/68 (H3N2). In
experiments with mice infected with H3N2), prepa-
rations provided reliable protection for infected ani-
mals comparable to that of the reference drug Tamiflu
(Andreeva et al. 2020).

@ Springer

2.5 Bt as source for production of nano-and
biomaterials

Metal nanoparticles with advanced physicochemical
properties have found widespread applications in a
variety of industrial sectors during the last few dec-
ades. Different plants, algae, fungi, bacteria and and
other biological-based products have been employed
to biosynthesize different metal nanoparticles. Bio-
synthesis of silver (Khaleghi et al. 2019), TiO, (Jalali
et al. 2020) and gold (Patil et al. 2018) nanoparticles
by Bt strains has been recently described. Produc-
tion of other biomaterials, such as vitamin B complex
by hydrolyzing hair waste (Hassan et al. 2020), bio-
plastic (Polyhydroxyalkanoate (PHA)) (Singh et al.
2021), PHB-HV copolymer (Ponnusamy et al. 2019),
chitooligosaccharides (Santos-Moriano et al. 2018),
melanin (Cao et al. 2018) and a-amylase enzyme
(Al-Khafaji et al. 2021) using various Bt have all
been thoroughly investigated. Additionally, Bt has
been also utilized to design a biofilter containing Bt-
inoculated beads to remove trimethylamine (TMA).,
This compound is a toxic and odorus pollutant which
is generally produced in different manufacturing pro-
cesses (Santawee et al. 2019). Moreover, inoculation
of a Bt strain in E. cordifolius plant-microbial fuel
cell could enhance the electric power output from
such microbial fuel cell (Treesubsuntorn et al. 2019;
Treesubsuntorn and Thiravetyan 2021) (Table 5).

3 The success of Bacillus thuringiensis
in the biological control

The mode of action of B and its narrow spectrum
toxicity against a number of insect pests have made
it an effective and successful bioinsecticide. Aside
this significant benefit, Bt is a natural insecticide
that is harmless for non-target organisms and leaves
no polluting residues behind. This bacteria sporu-
lates at the same time it produces the crystal proteins,
making it simple to formulate the bioinsecticide as
a spore-crystal complex, which is less expensive
to achieve than preparations containing the crystal
alone. (Radhakrishnan et al. 2017). Bt products must
be safe, remain effective and have a long shelf life.
To achieve this goal Cry proteins and spores are for-
mulated with some protecting agents. These protect-
ectants should be as environmentally safe as possible
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while still being safe for usage by avoiding chemical

g = E . compounds.
ol S E % § Since Bt products entered the market they have
g g ¢ g3 ) faced some challenges and difficulties. First, Bt spray
% g % S ok 508 cannot be distributed uniformly to all parts of the
IO @ < e plant and far less inside the plant tissues. Further-
& £ & 3 more, when is applied as spray formulation on plant
E o § éé % crops Bt is easily degraded by UV light and can be
Tg é \é s;j é ; removed by water runoff. As a result, multiple pesti-
RO S8 35 cide treatments need be administered to crops in order
ﬁ)% ;i f§ 2 g to provide the necessary insect protection. It is also
é é g £ E‘ 7 important to emphasize that early instar larvae are
= E| 3 é Fio E_ affected by Bt since older larvae are more tolerant.
£ 8:=2 § f;;b 7 ET, For the aforementioned reasons, Bt-based formulation
E é’ = g, = § gg’ persists for only a few days on the leaf surface, having
S 2 g:& g g A = thus a limited efficacy (Gao et al. 2018). These prob-
% Lé 2 's . 2 B S %) é’ lems have limited the market for Bt biopesticides, and
> @ ; ;:; g = é % g E g thus several solutions have been developed to address
§ E Egm _é 8 E ‘§ g é these issues (Jallouli et al. 2020).
E %’3 é’ SR E ’°§ g% é’ A As mentioned one of the key issues is that formu-

lations based on Bt are easily degraded by UV. This
problem was initially resolved by adding to the spore-
crystal preparations chemical screens. However, the
utilization of these chemical screens has certain det-
rimental environmental consequences. Therefore,
another option to protect these formulations from UV
damage was to encapsulate the Cry proteins into the
bacterium P. fluorescens since crystal proteins are
even more vulnerable to degradation than the spores.
However, this encapsulation does not ensure that the
bacteria can persist in soil or water for as long as
Bt spores (Sanahuja et al. 2011). Another strategy
involves the use of melanin, a fully natural photo-
protective agent, that is easily biodegradable in nature
and capable of absorbing radiations, and that has been
utilized to protect Bt against UV damage (Sansinenea
and Ortiz 2015; Sansinenea et al. 2015).

Another important concern with Bt biopesticides
used as sprays is their restricted field application, as
spray applications are mainly used to treat the aerial
parts of the plant (essentially the leaves) rather than
the entire crop. This problem has been solved by
employing GM-Bt crops which are been genetically
modified by introducing a Bt gene, allowing the plant
to expresses a Cry toxin in all the parts of the plant.
The use of GM-Bt crops was a very controversial
issue, with much debate around the introduction of
this type of due to the possible risk to human health
from ingesting these types of foods (Krogh et al.

beads as a packing material in trimethyl-

amine (fishy odor) biofilter
PHA (SCL-SCL) copolymer production

Specific application and mode of action
High production of melanin
Inoculation of coir pith—glucose syrup
a-amylase enzyme production

The studied Bt strains
L-7601

Not mentioned

KS4

A102

Table 5 (continued)
Type of new applications
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2020). Several studies have been conducted to assess
the risks associated with environmental safety and
human health, most concluding that the use of GM-Bt
crops is safe and associated with health cost savings
(Kouser et al. 2019). Over the past years, despite all
the controversies, GM-Bt crops have gained promi-
nence and have been widely used. However, because
of the high cost for generating GM-Bf crops, environ-
mentally-friendly and inexpensive sprayable formula-
tions still have a great potential for agricultural use
(Singh et al. 2019).

Currently, Bt-based formulations, including
Dipel®, Javelin®, Thuricide®, and Bactospeine® are
used and marketed to control several insect pests of
different order such as, lepidopteran. The Bt subsp,
israelensis, which is commercially available under
the trade names of VectoBac®, Teknar®, and Bac-
timos®, is also particularly important because it is
largely used to control dipteran insects which are vec-
tors of tropical diseases like malaria, dengue fever,
Nile virus, Zika virus, and Chikungunya virus (Derua
et al. 2018). Commercially and currently used Bt
based-biopesticides developed are listed in Table 6.

Despite the problems that Bt-based biopesticides
have had to solve, they are the most commonly used
biocontrol agents in the world (Kumar et al. 2021)
and its formulations have been applied, over the
years, to multiple crops to protect them, with remark-
able success, against a high number of insect pests
(do Nascimento et al. 2022).

4 Advances in biotechnology of Bacillus
thuringiensis

Natural Bt strains have been employed in the first
generation of Br-based bioinsecticides. However,
when more than one main insect pest is targeted
per crop, these Bt products often have a too narrow
range of activity and their persistence in the field is
also deemed to be too poor, due to solar radiation and
environmental degradation of their insecticidal tox-
ins by soil microorganisms (Karaborklii et al. 2018).
Furthermore, when applied as sprays, these biologi-
cal products are ineffective in preventing insects from
attacking the plant’s roots or internal parts (Sana-
huja et al. 2011). These limitations sparked interest
in developing new recombinant Bt insecticides with
a broader insect spectrum, improved environmental

@ Springer

stability, and more efficient toxin delivery to con-
trol agricultural pests (Karaborklii et al. 2018). Wild
strains are given novel insecticidal capabilities, utiliz-
ing a variety of molecular, biological, and biotechno-
logical strategies, which helped to tackle the problem
of narrow insect pest specificity (Azizoglu and Kara-
borklii 2021). Research first focused on producing
novel Bt strains, either through conjugation or recom-
bination, with the aim of expanding the set of toxins
they produce and creating new toxin combinations.

4.1 Expression of Bt cry genes in recombinant
heterologous microbial hosts or non-sporulating
Bt

Various strategies have been adopted to protect Bt
insecticidal properties from environmental degra-
dation and maintain their insecticidal activity for as
long as feasible after being released into the environ-
ment (Sanchis 2012). To increase the persistence of
Cry toxins in the field, researchers developed recom-
binant P. fluorescens cells (Mycogen Corp.’s Cell-
cap® encapsulation process) or GM-asporogenic Bt
strains in which the mother cell lysis is completely
blocked without affecting insecticidal crystal protein
production (Lereclus et al. 1995; Sanchis et al. 1999;
Quan et al. 2020). In both cases, the crystal proteins
are protected against deactivation by UV light and
environmental degradation by encapsulating them in
P. fluorescens or asporogenic Bt ghost cells (Quan
et al. 2020). This also has the advantage, in the case
of non-sporulating Bt strains, of releasing the GM-
microorganisms into non-viable environment, thus
minimizing the environmental impact caused by the
dispersion of large quantities of viable spores. Some
researchers have also documented a synergistic effect
of chitinases, involved in peritrophic membrane deg-
radation, and Cry proteins (Karaborklii et al. 2018;
Martinez-Zavala et al. 2020).

As an illustration, a Bt subsp, israelensis (Bti)
strain was engineered to produce inclusions of
ChiA74Asp, an endochitinase of Bt lacking its secre-
tion signal peptide. This recombinant strain formed
parasporal bodies made up of Cry4Aa, Cry4Ba,
Cryl1Aa, CytlAa, and ChiA74sp inclusions and was
two times more toxic than the parental Bfi against
A. aegypti (Juarez-Hernandez et al. 2015). The Chi-
AT74sp was also expressed in a Bt HD73 strain that
naturally contains a CrylAc; as a result, the CrylAc
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Table 6 Commercial Bt-
based insecticides currently

in use

Microorganism Action Brand name Producer company
B. thuringiensis var, aizawai Insecticide XenTari Valent BioSciences
Agree Certis
Turex
Solbit Green Biotech, Korea
B. thuringiensis var, israelensis Insecticide Bactimos Valent BioSciences
Teknar
VectoBac
VectoMax
Aquabac Becker Microbial
Bacticide Biotech Int’l
BTI granules Clarke Mos. Cont
B. thuringiensis var, kurstaki Insecticide Dipel Valent BioSciences
Foray
Cordalene Agrichem
Lipel Sp Som Phytopharma
Lipel Agri Life
Biolep Biotech international
BMP 123 Becker microbial
Baturad Agrindustrial S.A
Belthirul Probelte S.A
Deliver Certis
Delfin
Condor
Crymax
Javelin WG
Lepinox WG
Turex
Turicide
Safer BTK Woodstream Canada
Rapax Ecogen/Intrachem
Lepinox plus
B. thuringiensis var, tenebrionis Insecticide Novodor Valent BioSciences

was more toxic to S. frugiperda, one of the major
insect pest that is less susceptible to CrylA proteins
(Gonzalez-Ponce et al. 2017).

4.2 Construction of mutagenized toxins or protein
chimaeras

Mutagenesis of Cry toxins is originally employed
to investigate the role of certain Cry toxin domains/
regions in the mechanism of toxicity, with a few of
those changes leading to Cry improved toxin mol-
ecules (Deist et al. 2014). This knowledge is used to
edit cry genes through site-directed mutagenesis of

certain amino acids, resulting in novel toxins with a
broader target spectrum or increased toxicity to spe-
cific pests (Gatehouse 2008; Vilchez 2020). Other
specific manipulations in Bt-based products included
the introduction of a chymotrypsin cleavage site into
the Cry3A toxin, which resulted in improved Cry3A
protoxin activation and increased activity against the
western corn rootworm (Diabrotica virgifera virgif-
era), a very important maize pest, that was mainly
insensitive to the parental non modified Cry3A toxin
(Walters et al. 2008). Similarly, a designed CrylA-
bMod toxin lacking CrylAb helix-1 has been found
to be efficacious against a resistant population of a

@ Springer
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bollworm (Pectinophora gossypiella), whose resist-
ance is linked to a cadherin receptor gene deletion.
By bypassing the absence of cadherin receptor in P.
gossypiella, the CrylAbMod toxin was able to kill
insects that developed resistance to the toxin CrylAb
as a result of receptor modification (Mufidz-Garay
et al. 2009). Finally, it was shown that this deletion
enhanced the oligomerization of these toxins in solu-
tion in the absence of cadherin, and that Cryl AMod
toxins could also counteract resistance in various
other insect species where resistance was not asso-
ciated with cadherin mutations. It was also demon-
strated that the CrylAbMod provided little or no
advantage against some resistant strains of other pests
with altered cadherin genes (Tabashnik et al. 2011),
implying that improved oligomerization was the key
element that was responsible for the higher potency
of the modified toxin.

For the past two decades, scientists have attempted
to create hybrid (or chimaeric) Cry proteins with var-
ied degrees of toxicity and binding specificity and/or
affinity to their target insect pests. Many hybrid toxins
have been created by fusing or substituting Cry toxin
domains (mostly Cry toxin domains II and III) from
two or more different Cry proteins (Pardo-Ldpez et al.
2009). Ecogen created and inserted the CrylAc/1F
chimeric toxin into the Bt strain EG7826, which is
more toxic to the fall armyworm (S. frugiperda) than
the parental CrylAc and CrylF toxins. This strain
was approved as the active ingredient in Lepinox™, a
biological pesticide. Similarly, a chimeric Cry1C/Ab
toxin consisting of a modified Cry1C toxin with first
731 amino acids of Cry1C (domains I and II) and last
432 amino acids (domain III) of CrylAb exhibited
improved efficacy against Egyptian cotton leaf worm
(S. littoralis) and lesser beet armyworm (S. exigua)
pests (Sanchis et al. 1999). Walters and colleagues
have also developed a hybrid CrylAb/Cry3A toxin
that is toxic to the western corn rootworm, which is
unaffected by either parent toxin (Walters et al. 2010).
Similar outcomes were obtained by fusing the 600
amino acid residues at the N-terminus of Vip3Acl
and the 189 amino acid residues at the C-terminus
of Vip3Aal, creating a new chimeric Vip3 pro-
tein, called Vip3AcAa, with a wider insecticidal
spectrum for lepidopteran insect pests (Chen et al.
2017a). More recently, two new chimeric CrylA.2
and Cry1B.2 proteins containing elements from three
different Cryl proteins, by exchanging domains.

@ Springer

CrylA.2 and CrylB.2 differ in receptor utiliza-
tion from one another and have also distinct recep-
tor usage patterns than other commercially available
Bt proteins such as CrylAc, CrylA.105, CrylF.842,
Cry2Ab2, and Vip3A, that were also described (Chen
et al. 2021).

4.3 The use of Bt Cry toxins in genetically modified
crops

Bacteria that produce Bt toxins are non-systemic
insecticides, meaning they have no impact on insects
that do not come into direct contact with the insecti-
cidal spore and crystals preparations (which includes
sap sucking and piercing insects, fruit borers and
tunneling and root-feeding pests etc.). Most of these
constraints have now be addressed while minimizing
non-target fauna exposure by genetically modifying
important agricultural plants to express Cry and other
Bt-insecticidal genes throughout the growing season.
Corn producing CrylAb and cotton producing
CrylAc were the first genetically modified (GM) Bt
crops to produce only one Bt toxin. The principal
strategy for delaying insect resistance development
for these first generation Bt crops that only expressed
one Cry toxin in each plant, was to plant refuges of
non-Bt crops near Bt crops in the field. Resistance
management can be aided by combining multiple Bt
genes, active against the same set of target pests but
recognizing distinct midgut receptors (gene pyramid-
ing). Commercial Bollgard II cotton containing two
Bt toxins, CrylAc and Cry2Ab, which target the same
lepidopteran pests in two different ways was devel-
oped (Liu et al. 2022). The issue of the Cry toxins’
narrow insect pest specificity, which prevents the tox-
ins present in a given transgenic plant from effectively
controlling all of the major pests that attack a crop,
was addressed by expressing multiple B toxins active
against different target insect pests in the same GM-Bt
crop; Monsanto’s YieldGard Plus maize expressing in
addition to a lepidopteran active crylAbl, a synthetic
variant of the cry3Bbl gene providing resistance
against coleopteran corn borer pest exemplifies this
gene stacking strategy. Similarly, GM-Bt crops modi-
fied to express lepidopteran-active Vip3 proteins,
which have no homology in sequence or binding loca-
tions with Cry proteins (Adamczyk et al. 2008; Syed
et al. 2020), alongside other lepidopteran-active Cry
proteins were the following generation of GM-Bt
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plants that were developed to manage resistant pests
and delay resistance evolution (Carriere et al. 2015).
For example, when the chimeric vip3AcAa gene and
the crylAc gene were introduced into cotton, the
resulting transgenic cotton line displayed increased
toxicity against pests that were resistant or mildly tol-
erant to CrylA proteins (Chen et al 2017b). In addi-
tion, when the crylAc, cry2Ab, and vip3Aa genes
were combined in the same plant, like in Bollgard®
III GM-Bt-cotton, the toxicity against some target
pests was also significantly increased. Combining Bt
cry gene expression with other non-Bt insecticidal
techniques, such as RNA interference (RNAi), aimed
at silencing expression of selected genes implicated
in insect immune-related pathways, has also recently
been examined as a new possible and alternative strat-
egy for crop protection against insect pests (Liu et al.
2020; Paddock et al. 2021).

Ni and colleagues created a transgenic cot-
ton pyramid that combined a Bt toxin with double
stranded RNA (dsRNA) designed to interfere with
the metabolism of H. armigera juvenile hormone.
The scientists found that the synergistic action of Bt
toxins and RNAi(s) could delay or prevent the emer-
gence of resistance in cotton pests (Ni et al. 2017).
The SmartStax® PRO maize, which expresses a
double-stranded hairpin RNA (dsRNA) targeting the
DvSnf7 gene (Diabrotica virgifera (Dv)+ sucrose-
non-fermenting (snf) locus) a putative homolog of
yeast Snf7, and an ortholog of the Drosophila vps32/
Snf7 protein involved in intracellular protein traffick-
ing, is another example of this technology. Snf7 is a
class E vacuolar sorting proteins conserved in many
organisms including humans (hSnf7), mouse (mSnf7),
fruit fly Drosophila (Shrub), Diabrotica virgifera
(DvSnf7), responsible for internalizing, transport-
ing, sorting, and degradation of transmembrane pro-
teins (Bolognesi et al. 2012). Knockdown of this Snf7
ortholog in western corn rootworm (WCR) increases
the accumulation of damaged organelles, misfolded
proteins, and toxic compounds, negatively affect-
ing cell physiology and homeostasis. This disruption
inhibits larval growth and development, leading to
WCR death (Reinders et al. 2022). In another study,
Baum et al. (2007) characterized 125 genes whose
silencing resulted in considerable WCR mortality.
Fourteen of these genes caused mortality in 50% of
WCR at doses less than 5.2 ng dsRNA cm™2 of the
artificial diet (Paddock et al. 2021). These genes

include putative V-ATPase A and D subunits, ESCRT
I Vps28, Il Vps2 and Il Snf orthologs, a P-subunit
of a COPI capomer, ribosomal proteins, a proteosome
ortholog, a-actin, tubulin, and an RNA polymerase 11
ortholog (Baum et al. 2007; Paddock et al. 2021).

This product expresses this dsSRNA together with
three corn rootworm-active Bt proteins (Cry3Bbl and
Cry34Ab1/Cry35Abl), as well as three lepidopteran-
active Bt proteins (CrylA.105, Cry2Ab2, and CrylF)
(Head et al. 2017). The toxicity of Bt against Bom-
byx mori (Lepidoptera: Bombycidae) and its repro-
duction in insect cadavers were both significantly
increased by RNA interference-mediated knockdown
of a B. mori hemocyte-specific cathepsin (Cat L)-
like cysteine protease gene, possibly due to its role
in the degradation of engulfed bacteria in haemocyte
lysosomes (Yang et al. 2022). Therefore, this gene is
also a potential target for future pest control methods
that aim to improve the insecticidal potency of Bt-
based biopesticides.

5 Ecological impact of Bacillus thuringiensis
toxins

5.1 Possible impacts of recombinant Bt toxins and
GM-Bt crops on natural enemies

Although Bt is a unique pathogen used for insect pest
control worldwide (Azizoglu et al. 2016; Azizoglu
et al. 2019), and is considered as safe for non-target
organisms due to its high host-specificity, there is
growing evidence of unintended effects of its use to
beneficial insects (Azizoglu et al. 2020; Belousova
et al. 2021). Potential risks of recombinant Bt strains
and GM-Bt crops to the environment include their
impact on non-target beneficial species such as para-
sitoids and predators (Azizoglu et al. 2020). How-
ever, scientists have conducted intensive research to
address these concerns. One of the main goals is to
increase its host specificity using biotechnology while
seeking to lower spraying requirements and increas-
ing its long-term persistence, to achieve better effi-
cacy and lower insect resistance (Castagnola and
Jurat-Fuentes 2012; Karaborklii et al. 2018; Azizoglu
and Karaborklii 2021).

@ Springer
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5.2 Parasitoids

Parasitoids are essential agents of insect pest man-
agement due to their ability to seek for and find their
hosts. When parasitizing insect pests, they may be
exposed to Bt toxins and, affected by the Bt toxins in
addition to their intended target pests, either directly
or indirectly (Belousova et al. 2021). Therefore,
assessing the possible risks of recombinant Bt tox-
ins and GM-Bt crops on parasitoids in critical, and
some recent research has focused on this topic. Inves-
tigations were conducted on the effects of a Pseu-
domonas-cry9Aa strain, which harbors the cry9Aa
from the Bt ssp. galleriae, on the larval parasitoid,
Exorista larvarum (Diptera: Tachinidae). When the
host larvae, Galleria mellonella (Lepidoptera: Pyrali-
dae) was treated with Pseudomonas-cry9Aa, E. lar-
varum did not show any decrease in the egg laying,
parasitism rate, pupal weight or the number of off-
spring (Marchetti et al. 2009). In contrast, despite the
fact that the Cry3A toxin has no negative effect on the
potato aphid pest Macrosiphum euphorbiae (Hemip-
tera: Aphididae), GM-Bt-potatoes were reported to
significantly impact the survival, weight gain and
fecundity of the wasp Aphidius nigripes (Hymenop-
tera: Aphidiidae), a parasitoid of the aphid potato pest
(Ashouri 2004; Raspor and Cingel 2021).

In another study, Xu et al. (2019) reported that
GM-Bt maize had no effect on the attractiveness of
the egg parasitoid Trichogramma ostriniae (Hyme-
noptera: Trichogrammatidae) compared with non-
Bt isogenic plants. GM-Bt corn (CrylAb) has also
been reported to have no detrimental effects on the
aphid parasitoid Aphidius rhopalosiphi (Hymenop-
tera: Aphidiinae), in terms of foraging and egg lay-
ing efficiency, and no evidence has been found that
these herbivore parasitoids can distinguish between
GM-Bt corn and non-Bt corn. Although numerous
studies have shown that GM-Bt crops have no nega-
tive effects on the herbivore parasitoids, GM-Bt crops
might indirectly influence natural enemies due to
changes in tritrophic interactions (plant-herbivore-
parasitoids/predator) in various food chains (Han
et al. 2016; De Bortoli et al. 2017).

5.3 Predators

The predators may be indirectly affected as they eat
insects that may have ingested Bt toxins. It has been

@ Springer

reported that the GM-Bt UV173A strain (Cry3Aa7)
showed high insecticidal activity against Colo-
rado potato beetle, Leptinotarsa decemlineata (Say)
(Coleoptera: Chrysomalidae) whereas the paren-
tal strain Bt UV17 (Cry1Ba) was highly toxic to the
diamondback moth, Plutella xylostella (L.) (Lepi-
doptera: Plutellidae). However, no effect on non-
target insects belonging to different insect orders
(Diptera, Hymenoptera, Coleoptera, Lepidoptera,
Hemiptera, Homoptera, Thysanoptera, Orthoptera,
and Neuroptera) (Wang et al. 2008). Similarly, it
has been reported that Chrysoperla carnea (Neurop-
tera; Chrysopidae) that fed on Helicoverpa armigera
(Lepidoptera; Noctuidae) larvae that were exposed
to the GM-Br EG11070 (CrylAc), GM-Bt EG7077
(CrylAb) and, GM-Br EG7699 (Cry2Ab) strains have
not been adversely affected. Furthermore, when this
predator was directly exposed to the CrylA toxin, no
detrimental effects were observed at the toxin binding
sites in the midgut epithelium of this predator (Rod-
rigo-Simén et al. 2006). Another research confirmed
that feeding larvae of this predator on aphids reared
on GM-Bt corn did not affect the pupation or adult
emergence rates of C. carnea (Moussa et al. 2018).

Various studies on tritrophic test systems that
include a variety of prey and host species, as Cry-
toxin carriers, have been conducted to examine the
effects of GM-Bf crops on parasitoids and predators.
These included prey or host species that were: (1) sus-
ceptible to the Cry toxins (lepidopteran and coleop-
teran pests that were targets of GM-Bt crops), (2)
non-sensitive to the Cry toxins due to their taxonomic
affiliation (aphids, leathoppers, mites, thrips, etc.),
and (3) target herbivores that have evolved resistance
to the Cry toxins. One challenge with tritrophic stud-
ies is that they can produce inaccurate results when
susceptible herbivores that are sublethally affected by
the Cry toxins are used as preys, as this might nega-
tive consequences on the predators due to the reduced
quality of the prey rather than the toxin itself (Naranjo
2009; Romeis et al. 2019). In summary, while GM-Bt
and recombinant toxins have been shown in several
experiments to have no negative effects on predators,
the mode of action of these toxins can vary depend-
ing on the toxin, its concentration, and the predator
species. However; there may be a risk changing prey
preference by the predators as consumption of Cry
toxins by the prey may lead to low-quality food for
predators (Azizoglu et al. 2020).
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6 Conclusions and recommendations

Novel biological control tactics aimed at targeting
specific insect immunity proteins or interfering with
insect development-related genes combined with Bt
cry gene expression are likely to form the foundation
for the next generation of insect-resistant transgenic
plants. Downregulation of insect pest gene expres-
sion using RNA interference (RNAi) is already a
promising strategy for effective insect control (Zhang
et al. 2017; Darlington et al. 2022). More research is
already being done to find novel and essential gene
targets that can elicit a strong RNAi response. How-
ever, caution should be taken to ensure that these new
target genes also do not belong to non-target ben-
eficial insects and adversely affect the populations of
beneficial insects. The RNAI technique is expected to
be able to manage a larger range of insects, particu-
larly sap-sucking insects, which GM-Bt crops have
failed to control. However, it is important to keep in
mind that to properly implement this technology, both
the amount of dsRNA taken by the insect, as well as
the systemic dissemination of the dsSRNA throughout
all of the target insects’ cells, must be high enough
to achieve significant silencing of the selected target
gene. Furthermore, the efficacy of the RNAi response
via ingestion of dsRNA when feeding on transgenic
plants producing hairpin RNA differs between spe-
cies due to dsRNA degradation by insect nucleases.
Therefore, many insect species, especially significant
lepidopteran pests, remain resistant in their reac-
tion to RNA interference efficiency. As a result, this
method may not be suitable for a wide range of pests,
as no single protocol is appropriate for all species,
and should instead be applied on a case-by-case basis.

Plant genome editing using CRISPR/Cas9-based
approaches could also possibly be employed as a sup-
plement to further boost pest resistance caused by
transgenes that already produce Bt toxins. Although
this technique has primarily been used to combat
virus, fungal, and bacterial plant diseases (Borrelli
et al. 2018), some studies have already suggested that
altering plant volatile blends, which insects recognize
as clues for host selection and oviposition site detec-
tion, through genome editing, has also the potential
to be used in insect pest management (Beale et al.
2006). Lu and colleagues recently demonstrated that
knocking down a gene that catalyzes the conversion
of tryptamine to serotonin, an important chemical

that insects rely on for development, immunity, and
behavior, reduced the growth of the rice brown plant
hopper (Nilaparvata lugens), one of the most serious
pests in rice production (Lu et al. 2018). In conclu-
sion, combining traditional host plant resistance with
the use of Bt toxins and non-Bt insecticidal proteins,
together with plant genome editing and gene silenc-
ing technologies, can provide the tools needed to slow
the evolution of resistance in the field and ensure the
success of future biocontrol programs. In addition to
being widely used as a pesticide and as a gene source
for genetic engineering, Bt has been shown to have
potential applications in many other fields and/or
industries. There have been several studies in the past
few years that indicate that Bt can be used to control
pathogenic fungi and bacteria in both plants and ani-
mals and as a biological control agent of plant nema-
todes and mites. It can also be used to stimulate plant
development, and even to clean up different pollutants
or biosynthesis of different nanoparticles. Another
application of Bt is the production of cytotoxic par-
asporins, which target cancer cells. These proteins
need to be studied further to understand their mech-
anism of action and the specific cancer cell recep-
tors they target so that researchers can work towards
developing useful products for human health.

Authors’ contributions UA designed the study. GSJ; New
characteristics and properties of Bacillus thuringiensis, ES;
The success of Bacillus thuringiensis in the biological control,
VS; Advances in biotechnology of Bacillus thuringiensis, UA;
Ecological impact of Bacillus thuringiensis toxins. All authors
read and approved the manuscript.

Declarations

Conflict of interest No potential conflict of interest was re-
ported by the authors.

References

Abd El-Ghany AM, Abd El-Ghany NM (2017) Molluscicidal
activity of Bacillus thuringiensis strains against Biom-
phalaria alexandrina snails. Beni-Suef Univ ] Basic
Appl Sci 6(4):391-393. https://doi.org/10.1016/j.bjbas.
2017.05.003

Aberkane L, Nacer-Khodja A, Djenane Z, Djouadi LN, Ouafek
A, Bouslama L, Grib H, Mameri N, Nateche F, Djefal A
(2020) In vitro cytotoxicity of parasporins from Native
Algerian Bacillus thuringiensis strains against laryn-
geal and alveolar cancers. Curr Microbiol 77:405-414.
https://doi.org/10.1007/s00284-019-01841-2

@ Springer


https://doi.org/10.1016/j.bjbas.2017.05.003
https://doi.org/10.1016/j.bjbas.2017.05.003
https://doi.org/10.1007/s00284-019-01841-2

Rev Environ Sci Biotechnol

Adamczyk JJ, Mahaffey JS (2008) Efficacy of Vip3A and
CrylAb transgenic traits in cotton against various lepi-
dopteran pests. Fla Entomol 91:570-575. https://doi.org/
10.1653/0015-4040-91.4.570

Ahmed N, Wang M, Shu S (2016) Effect of commercial Bacil-
lus thuringiensis toxins on Tyrophagus putrescentiae
(Schrank) fed on wolfberry (Lycium barbarum L.). Int
J Acarol 42(1):1-6. https://doi.org/10.1080/01647954.
2015.1109707

Ahmed S, Liu Q, Jian H (2018) Biocontrol potential of Bacil-
lus isolates against cereal cyst nematode (Heterodera
avenae). Pak J Nematol 36:163-176. https://doi.org/10.
18681/pjn.v36.i102.p163-176

Akintokun AK, Ojesola CO, Akintokun PO, Oloyede AR
(2019) Antagonistic effect of Bacillus thuringiensis for
the control of bacterial wilt of tomato (Lycopersicon
esculentum Mill). Niger J Biotechnol 36(1):94-102.
https://doi.org/10.4314/njb.v36i1.13

Akintokun PO, Okuwa AO, Oloyede AR, Adebajo SO, Akin-
tokun AK (2020) Potentials of indigenous Bacillus thur-
ingiensis isolates from the soil in controlling Fusarium
wilt of cucumber cause by Fusarium oxysporum f. sp
cucumerinum. Niger J Biotechnol 37(1):129-137. https://
doi.org/10.4314/njb.v37i1.14

Alahyane H, El Alaoui A, Abousaid H, Aimrane A, Atibi Y,
Oufdou K, El Messoussi S (2019) Biological activity
of some native Bacillus thuringiensis Berliner strains
against Eutetranychus orientalis Klein (Acari: Tetranych-
idae). Appl Ecol Env Res 17(2):1967-1977. https://doi.
org/10.15666/aeer/1702_19671977

Al-Khafaji K, Mahmood S, Moshaemash N, Rhamathan
M, Abedalah M, Feath A (2021) The production of
a-amylase enzyme from Iraqi isolate of Bacillus thuring-
iensis using agricultural-based media. DYSONA-Life Sci
2(1):6-11. https://doi.org/10.30493/d1s.2020.248860

Alquisira-Ramirez EV, Paredes-Gonzalez JR, Hernandez-
Velazquez VM, Ramirez-Trujillo JA, Pefia-Chora G
(2014) In vitro susceptibility of Varroa destructor and
Apis mellifera to native strains of Bacillus thuringien-
sis. Apidologie 45(6):707-718. https://doi.org/10.1007/
$13592-014-0288-z

Altowayti WAH, Algaifi HA, Bakar SA, Shahir S (2019) The
adsorptive removal of As (III) using biomass of arsenic
resistant Bacillus thuringiensis strain WS3: Character-
istics and modelling studies. Ecotoxicol Environ Saf
172:176-185. https://doi.org/10.1016/j.ecoenv.2019.01.
067

Al-Zubaidi LA, Alnuaimi MT, Aljanabi ZZ, Adel MM (2021)
Biodegradation of chlorpyrifos pesticide using silver bio-
nanoparticles Bacillus thuringiensis israelensis extracts.
IOP Conf Ser: Earth Environ Sci 779:012113

Ambreen S, Yasmin A (2021) Novel degradation pathways for
Chlorpyrifos and 3, 5, 6-Trichloro-2-pyridinol degrada-
tion by bacterial strain Bacillus thuringiensis MB497
isolated from agricultural fields of Mianwali Pakistan.
Pestic Biochem Physiol 172:104750. https://doi.org/10.
1016/j.pestbp.2020.104750

Ambreen S, Yasmin A, Aziz S (2020) Isolation and characteri-
zation of organophosphorus phosphatases from Bacillus
thuringiensis MB497 capable of degrading Chlorpyrifos.

@ Springer

Triazophos Dimethoate. Heliyon 6(7):e04221. https:/
doi.org/10.1016/j.heliyon.2020.e04221

Andreeva IS, Mazurkova NA, Zakabunin AI, Puchkova LI,
Filippova EI, Safatov AS (2020) Evaluation of the
effectiveness of metabolites of bacterial strains Bacil-
lus thuringiensis against Human Influenza Virus A/
Aichi/2/68 (H3N2) in vitro and in vivo. Bull Exp
Biol Med 169(5):653-656. https://doi.org/10.1007/
$10517-020-04947-x

Armada E, Probanza A, Roldan A, Azcén R (2015a) Native
plant growth promoting bacteria Bacillus thuringiensis
and mixed or individual mycorrhizal species improved
drought tolerance and oxidative metabolism in Lavan-
dula dentata plants. J Plant Physiol 192:1-12. https://doi.
org/10.1016/j.jplph.2015.11.007

Armada E, Azcon R, Lopez-Castillo OM, Calvo-Polanco
M, Ruiz-Lozano JM (2015b) Autochthonous arbuscu-
lar mycorrhizal fungi and Bacillus thuringiensis from
a degraded Mediterranean area can be used to improve
physiological traits and performance of a plant of agro-
nomic interest under drought conditions. Plant Physiol
Biochem  90:64-74. https://doi.org/10.1016/j.plaphy.
2015.03.004

Asare EA, Essumang DK, Dodoo DK, Tagoe S (2018) Utili-
zation of Bacillus thuringiensis MC28 as a biosorbent
for mercury in groundwaters from some selected gold
mining communities in the Wassa West District of the
Western Region of Ghana. Environ Nanotechnol Monit
Manag 9:95-106. https://doi.org/10.1016/j.enmm.2017.
12.005

Ashouri A (2004) Transgenic-Bt potato plant resistance to
the Colorado potato beetle affect the aphid parasi-
toid Aphidius nigripes. Commun Agric Appl Biol Sci
69(3):185-189

Azizoglu U (2019) Bacillus thuringiensis as a Dbioferti-
lizer and biostimulator: a mini-review of the little—
known plant growth— promoting properties of Bt. Curr
Microbiol ~ 76:1379-1385.  https://doi.org/10.1007/
500284-019-01705-9

Azizoglu U, Ayvaz A, Yilmaz S, Temizgul R (2016) The syn-
ergic and antagonistic activity of CrylAb and Cry2Aa
proteins against lepidopteran pests. J Appl Entomol
140:223-227. https://doi.org/10.1111/jen.12241

Azizoglu U, Jouzani GS, Yilmaz N, Baz E, Ozkok D (2020)
Genetically modified entomopathogenic bacteria, recent
developments, benefits and impacts: a review. Sci Total
Environ 734:139169. https://doi.org/10.1016/j.scitotenv.
2020.139169

Azizoglu ZB, Yilmaz S, Azizoglu U, Karaborklii S, Temizgul
R, Ayvaz A (2021) Molecular characterization of the chi-
tinase genes of native Bacillus thuringiensis isolates and
their antagonistic activity against three important phy-
topathogenic fungi. Biologia 76(9):2745-2755. https://
doi.org/10.1007/s11756-021-00802-0

Azizoglu U, Karaborklii S (2021) Role of recombinant DNA
technology to improve the efficacy of microbial insec-
ticides. In: Khan, M.A, Ahmad, W, (eds) Microbes for
sustainable insect pest management. Sus. Plant Crop
Prot, 17. Springer, Cham. https://doi.org/10.1007/
978-3-030-67231-7_8


https://doi.org/10.1653/0015-4040-91.4.570
https://doi.org/10.1653/0015-4040-91.4.570
https://doi.org/10.1080/01647954.2015.1109707
https://doi.org/10.1080/01647954.2015.1109707
https://doi.org/10.18681/pjn.v36.i02.p163-176
https://doi.org/10.18681/pjn.v36.i02.p163-176
https://doi.org/10.4314/njb.v36i1.13
https://doi.org/10.4314/njb.v37i1.14
https://doi.org/10.4314/njb.v37i1.14
https://doi.org/10.15666/aeer/1702_19671977
https://doi.org/10.15666/aeer/1702_19671977
https://doi.org/10.30493/dls.2020.248860
https://doi.org/10.1007/s13592-014-0288-z
https://doi.org/10.1007/s13592-014-0288-z
https://doi.org/10.1016/j.ecoenv.2019.01.067
https://doi.org/10.1016/j.ecoenv.2019.01.067
https://doi.org/10.1016/j.pestbp.2020.104750
https://doi.org/10.1016/j.pestbp.2020.104750
https://doi.org/10.1016/j.heliyon.2020.e04221
https://doi.org/10.1016/j.heliyon.2020.e04221
https://doi.org/10.1007/s10517-020-04947-x
https://doi.org/10.1007/s10517-020-04947-x
https://doi.org/10.1016/j.jplph.2015.11.007
https://doi.org/10.1016/j.jplph.2015.11.007
https://doi.org/10.1016/j.plaphy.2015.03.004
https://doi.org/10.1016/j.plaphy.2015.03.004
https://doi.org/10.1016/j.enmm.2017.12.005
https://doi.org/10.1016/j.enmm.2017.12.005
https://doi.org/10.1007/s00284-019-01705-9
https://doi.org/10.1007/s00284-019-01705-9
https://doi.org/10.1111/jen.12241
https://doi.org/10.1016/j.scitotenv.2020.139169
https://doi.org/10.1016/j.scitotenv.2020.139169
https://doi.org/10.1007/s11756-021-00802-0
https://doi.org/10.1007/s11756-021-00802-0
https://doi.org/10.1007/978-3-030-67231-7_8
https://doi.org/10.1007/978-3-030-67231-7_8

Rev Environ Sci Biotechnol

Bandopadhyay S (2020) Application of plant growth promot-
ing Bacillus thuringiensis as biofertilizer on Abelmos-
chus esculentus plants under field condition. J Pure
Appl Microbiol 14(2):1287-1294. https://doi.org/10.
22207/JPAM.14.2.24

Banerjee P, Chatterjee A, Jha S, Bhadani NK, Datta PP, Sen-
gupta TK (2022) Biochemical, molecular and in silico
characterization of arsenate reductase from Bacillus
thuringiensis KPWPI1 tolerant to salt, arsenic and a
wide range of pH. Arch Microbiol 204:46. https://doi.
org/10.1007/s00203-021-02660-5

Batista BD, Dourado MN, Figueredo EF, Hortencio RO,
Marques JPR, Piotto FA, Bonatelli ML, Settles ML,
Azevedo JL, Quecine MC (2021) The auxin-pro-
ducing Bacillus thuringiensis RZ2MS9 promotes
the growth and modifies the root architecture of
tomato (Solanum lycopersicum cv. Micro-Tom). Arch
Microbiol  203:3869-3882.  https://doi.org/10.1007/
$00203-021-02361-z

Baum JA, Bogaert T, Clinton W, Heck GR, Feldmann P, Ila-
gan O, Johnson S, Plaetinck G, Munyikwa T, Pleau
M, Vaughn T, Roberts J (2007) Control of coleopteran
insect pests through RNA interference. Nat Biotechnol
25(11):1322-1326. https://doi.org/10.1038/nbt1359

Beale MH, Birkett MA, Bruce TJA, Chamberlain K, Field LM,
Huttly AK, Martin JL, Parker R, Phillips AL, Pickett JA,
Prosser IM, Shewry PR, Smart LE, Wadhams LJ, Wood-
cock CM, Zhang Y (2006) Aphid alarm pheromone
produced by transgenic plants affects aphid and parasi-
toid behavior. Proc Natl Acad Sci USA 103(27):10509—
10513. https://doi.org/10.1073/pnas.0603998103

Beena V, Ramnath V, Sreekumar KP, Karthiayini K, Philomina
PT, Girija D (2019) Crystal protein of a novel Bacillus
thuringiensis strain inducing cell cycle arrest and apop-
totic cell death in human leukemic cells. Sci Rep 9:9661.
https://doi.org/10.1038/s41598-019-45928-z

Belousova ME, Malovichko YV, Shikov AE, Nizhnikov AA,
Antonets KS (2021) Dissecting the environmental conse-
quences of Bacillus thuringiensis application for natural
ecosystems. Toxins 13(5):355. https://doi.org/10.3390/
toxins 13050355

Birolli WG, Dos Santos A, Pilau E, Rodrigues-Filho E (2021)
New role for a commercially available bioinsecticide:
Bacillus thuringiensis Berliner biodegrades the pyre-
throid cypermethrin. Environ Sci Technol 55:4792-4803.
https://doi.org/10.1021/acs.est.0c06907

Bolognesi R, Ramaseshadri P, Anderson J, Bachman P, Clin-
ton W, Flannagan R, Ilagan O, Lawrence C, Levine S,
Moar W, Mueller G, Tan J, Uffman J, Wiggins E, Heck
G, Segers G (2012) Characterizing the mechanism of
action of double-stranded RNA activity against western
corn rootworm (Diabrotica virgifera virgifera LeConte).
PLoS ONE 7(10):e47534. https://doi.org/10.1371/journ
al.pone.0047534

Borin DB, Castrejon-Arroyo K, Cruz-Nolasco A, Pefia-Rico
M, Rorato MS, Santos RC, Baco LSD, Pérez-Picaso L,
Camacho L, Navarro-Mtz AK (2021) Parasporin A13-2
of Bacillus thuringiensis isolates from the papaloapan
region (Mexico) induce a cytotoxic effect by late apopto-
sis against breast cancer cells. Toxins 13(7):476. https://
doi.org/10.3390/toxins 13070476

Borrelli VMG, Brambilla V, Rogowsky P, Marocco A, Lanu-
bile A (2018) The enhancement of plant disease resist-
ance using CRISPR/Cas9 technology. Front Plant Sci
24(9):1245. https://doi.org/10.3389/fpls.2018.01245

de Bortoli SA, Vacari AM, Polanczyk RA, Veiga ACP, Gou-
lart RM (2017) Effect of Bacillus thuringiensis on para-
sitoids and predators. In: Fiuza L, Polanczyk R, Crick-
more N, (eds) Bacillus thuringiensis and Lysinibacillus
sphaericus. Springer, Cham. https://doi.org/10.1007/
978-3-319-56678-8_5

Bravo A, Likitvivatanavong S, Gill SS, Soberén M (2011)
Bacillus thuringiensis: A story of a successful bioinsec-
ticide. Insect Biochem Mol Biol 41:423—-431. https://doi.
org/10.1016/5.ibmb.2011.02.006

Bravo A, Gomez I, Porta H, Garcia-Gémez BI, Rodriguez-
Almazan C, Pardo L, Soberén M (2013) Evolution of
Bacillus thuringiensis Cry toxins insecticidal activity.
Microbial Biotechnol 6:17-26. https://doi.org/10.1111/j.
1751-7915.2012.00342.x

Cao ZL, Tan TT, Jiang K, Mei SQ, Hou XY, Cai J (2018)
Complete genome sequence of Bacillus thuringiensis
L-7601, a wild strain with high production of melanin.
J Biotechnol 275:40-43. https://doi.org/10.1016/].jbiotec.
2018.03.020

Carriere Y, Crickmore N, Tabashnik BE (2015) Optimizing
pyramided transgenic Bt crops for sustainable pest man-
agement. Nat Biotechnol 33:161-168. https://doi.org/10.
1038/nbt.3099

Castagnola AS, Jurat-Fuentes JL (2012) Bt crops: past and
future. In: Sansinenea, E, (ed) Bacillus thuringiensis
Biotechnology. Springer, Dordrecht, Chap 15 283-304.
https://doi.org/10.1007/978-94-007-3021-2_15

Chen WB, Lu GQ, Cheng HM, Liu CX, Xiao YT, Xu C, Shen
ZC, Soberén M, Bravo A, Wu KM (2017a) Transgenic
cotton co-expressing chimeric Vip3AcAa and CrylAc
confers effective protection against CrylAc-resistant cot-
ton bollworm. Transgenic Res 26:763—774. https://doi.
org/10.1007/s11248-017-0048-8

Chen WB, Lu GQ, Cheng HM, Liu CX, Xiao YT, Xu C, Shen
ZC, Wu KM (2017b) Transgenic cotton co-expressing
Vip3A and CrylAc has a broad insecticidal spectrum
against lepidopteran pests. J Invertebr Pathol 149:59-65.
https://doi.org/10.1016/j.jip.2017.08.001

Chen D, Moar W], Jerga A, Gowda A, Milligan JS, Bretsyn-
der EC, Rydel TJ, Baum JA, Semeao A, Fu X, Guzov V,
Gabbert K, Head GP, Haas JA (2021) Bacillus thuring-
iensis chimeric proteins CrylA2 and CrylB2 to control
soybean lepidopteran pests: New domain combinations
enhance insecticidal spectrum of activity and novel
receptor contributions. PLoS ONE 16(6):e0249150.
https://doi.org/10.1371/journal.pone.0249150

Cherif-Silini H, Silini A, Yahiaoui B, Ouzari I, Boudabous A
(2016) Phylogenetic and plant-growth-promoting charac-
teristics of Bacillus isolated from the wheat rhizosphere.
Ann Microbiol 66:1087-1097. https://doi.org/10.1007/
s13213-016-1194-6

Choi TG, Maung CEH, Lee DR, Henry AB, Lee YS, Kim KY
(2020) Role of bacterial antagonists of fungal patho-
gens, Bacillus thuringiensis KYC and Bacillus velezensis
CE 100 in control of root-knot nematode, Meloidogyne
incognita and subsequent growth promotion of tomato.

@ Springer


https://doi.org/10.22207/JPAM.14.2.24
https://doi.org/10.22207/JPAM.14.2.24
https://doi.org/10.1007/s00203-021-02660-5
https://doi.org/10.1007/s00203-021-02660-5
https://doi.org/10.1007/s00203-021-02361-z
https://doi.org/10.1007/s00203-021-02361-z
https://doi.org/10.1038/nbt1359
https://doi.org/10.1073/pnas.0603998103
https://doi.org/10.1038/s41598-019-45928-z
https://doi.org/10.3390/toxins13050355
https://doi.org/10.3390/toxins13050355
https://doi.org/10.1021/acs.est.0c06907
https://doi.org/10.1371/journal.pone.0047534
https://doi.org/10.1371/journal.pone.0047534
https://doi.org/10.3390/toxins13070476
https://doi.org/10.3390/toxins13070476
https://doi.org/10.3389/fpls.2018.01245
https://doi.org/10.1007/978-3-319-56678-8_5
https://doi.org/10.1007/978-3-319-56678-8_5
https://doi.org/10.1016/j.ibmb.2011.02.006
https://doi.org/10.1016/j.ibmb.2011.02.006
https://doi.org/10.1111/j.1751-7915.2012.00342.x
https://doi.org/10.1111/j.1751-7915.2012.00342.x
https://doi.org/10.1016/j.jbiotec.2018.03.020
https://doi.org/10.1016/j.jbiotec.2018.03.020
https://doi.org/10.1038/nbt.3099
https://doi.org/10.1038/nbt.3099
https://doi.org/10.1007/978-94-007-3021-2_15
https://doi.org/10.1007/s11248-017-0048-8
https://doi.org/10.1007/s11248-017-0048-8
https://doi.org/10.1016/j.jip.2017.08.001
https://doi.org/10.1371/journal.pone.0249150
https://doi.org/10.1007/s13213-016-1194-6
https://doi.org/10.1007/s13213-016-1194-6

Rev Environ Sci Biotechnol

Biocontrol Sci Technol 30(7):685-700. https://doi.org/
10.1080/09583157.2020.1765980

Chubicka T, Girija D, Deepa K, Salini S, Meera N, Raghava-
menon AC, Divya MK, Babu TD (2018) A parasporin
from Bacillus thuringiensis native to Peninsular India
induces apoptosis in cancer cells through intrinsic path-
way. J Biosci 43(2):407-416

Crickmore N, Berry C, Panneerselvam S, Mishra R, Connor
TR, Bonning BC (2021) A structure-based nomenclature
for Bacillus thuringiensis and other bacteria-derived pes-
ticidal proteins. J Invertebr Pathol 186:107438. https://
doi.org/10.1016/j.jip.2020.107438

Darlington M, Reinders JD, Sethi A, Lu AL, Ramaseshadri P,
Fischer JR, Boeckman CJ, Petrick JS, Roper JM, Narva
KE, Vélez AM (2022) RNAI for western corn rootworm
management: Lessons learned, challenges, and future
directions. Insects 13(1):57. https://doi.org/10.3390/insec
ts13010057

de Almeida JR, Bonatelli ML, Batista BD, Teixeira-Silva NS,
Mondin M, Dos Santos RC, Bento JMS, de Almeida
Hayashibara CA, Azevedo JL, Quecine MC (2021)
Bacillus thuringiensis RZ2MS9, a tropical plant growth-
promoting rhizobacterium, colonizes maize endophyti-
cally and alters the plant’s production of volatile organic
compounds during co-inoculation with Azospirillum bra-
silense Ab-V5. Environ Microbiol Rep 13(6):812-821.
https://doi.org/10.1111/1758-2229.13004

Deist BR, Rausch MA, Fernandez-Luna MT, Adang MJ, Bon-
ning BC (2014) Bt toxin modification for enhanced effi-
cacy. Toxins 6(10):3005-3027. https://doi.org/10.3390/
toxins6103005

Delfim J, Schoebitz M, Paulino L, Hirzel J, Zagal E (2018)
Phosphorus availability in wheat, in volcanic soils inocu-
lated with phosphate-solubilizing Bacillus thuringiensis.
Sustainability 10(1):144. https://doi.org/10.3390/su100
10144

Delfim J, Gerding M, Zagal E (2020) Phosphorus fractions
in Andisol and Ultisol inoculated with Bacillus thur-
ingiensis and phosphorus uptake by wheat. J Plant Nutr
43(18):2728-2739.  https://doi.org/10.1080/01904167.
2020.1793176

Delfim J, Dijoo ZK (2021) Bacillus thuringiensis as a biofer-
tilizer and plant growth promoter. In: Dar GH, Bhat
RA, Mehmood MA, Hakeem KR. (eds) Microbiota and
Biofertilizers, Vol 2. Springer, Cham. https://doi.org/10.
1007/978-3-030-61010-4_12

Derua YA, Kahindi SC, Mosha FW, Kweka EJ, Atieli HE,
Wang X, Zhou G, Lee MC, Githeko AK, Yan G (2018)
Microbial larvicides for mosquito control: Impact of
long lasting formulations of Bacillus thuringiensis var,
israelensis and Bacillus sphaericus on non-target organ-
isms in western Kenya highlands. Ecol Evol 8:7563—
7573. https://doi.org/10.1002/ece3.4250

do Nascimento J, Goncalves KC, Dias NP, de Oliveira JL,
Bravo A, Polanczyk RA (2022) Adoption of Bacillus
thuringiensis-based biopesticides in agricultural systems
and new approaches to improve their use in Brazil. Biol
Control 165:104792. https://doi.org/10.1016/j.biocontrol.
2021.104792

Dunstand-Guzméan E, Hallal-Calleros C, Morales-Montor J,
Hernandez-Velazquez VM, Zarate-Ramos JJ, Hoffman

@ Springer

KL, Pefia-Chora G, Flores-Pérez FI (2017) Therapeutic
use of Bacillus thuringiensis in the treatment of psoro-
ptic mange in naturally infested New Zealand rabbits.
Vet Parasitol 238:24-29. https://doi.org/10.1016/j.vetpar.
2017.03.011

Dunstand-Guzmén E, Hallal-Calleros C, Hernandez-Velazquez
VM, Canales-Vargas EJ, Dominguez-Roldan R, Ped-
ernera M, Pefia-Chora G, Flores-Pérez I (2020) Nemati-
cidal and ovicidal activity of Bacillus thuringiensis
against the zoonotic nematode Ancylostoma caninum.
Exp Parasitol 218:107982. https://doi.org/10.1016/].
exppara.2020.107982

Dzionek A, Wojcieszyniska D, Adamczyk-Habrajska M, Guzik
U (2020) Enhanced degradation of naproxen by immobi-
lization of Bacillus thuringiensis B1 (2015b) on loofah
sponge. Molecules 25(4):872

El-Saedy MAM, Hammad SE, Awd Allah SFA (2019) Nemati-
cidal effect of abamectin, boron, chitosan, hydrogen per-
oxide and Bacillus thuringiensis against citrus nematode
on Valencia orange trees. J Plant Sci Phytopathol 3:111-
117. https://doi.org/10.29328/journal.jpsp.1001041

Erban T, Nesvorna M, Erbanova M, Hubert J (2009) Bacillus
thuringiensis var tenebrionis control of synanthropic
mites (Acari: Acaridida) under laboratory conditions.
Exp App Acarol 49:339-346. https://doi.org/10.1007/
$10493-009-9265-z

Ereqat SI, Abdelkader AA, Nasereddin AF, Al-Jawabreh AO,
Zaid TM, Letnik I, Abdeen ZA (2018) Isolation and
characterization of phenol degrading bacterium strain
Bacillus thuringiensis J20 from olive waste in Palestine.
J Environ Sci Health A Tox Hazard Subst Environ Eng
53(1):39-45. https://doi.org/10.1080/10934529.2017.
1368300

Fu G, Wang Z, Xie H, Wang L (2022) Bacillus thuringien-
sis Al improve phenol tolerance and phytoextraction
by Acorus calamus L. Int J Phytoremediation 11:1-8.
https://doi.org/10.1080/15226514.2021.2025040

Gangireddygari VSR, Kalva PK, Ntushelo K, Bangeppagari M,
Tchatchou AD, Bontha RR (2017) Influence of environ-
mental factors on biodegradation of quinalphos by Bacil-
lus thuringiensis. Environ Sci Eur 29(1):11

Gao YJ, Zhu HJ, Chen Y, Li YH, Peng YF, Chen XP (2018)
Safety assessment of Bacillus thuringiensis insecticidal
proteins Cry1C and Cry2A with a zebrafish embryo tox-
icity test. J Agric Food Chem 66:4336-4344. https://doi.
org/10.1021/acs.jafc.8b01070

Gatehouse JA (2008) Biotechnological prospects for engineer-
ing insect-resistant plants. Plant Physiol 146(3):881-887.
https://doi.org/10.1104/pp.107.111096

Gonzalez-Ponce KS, Casados-Vazquez LE, Salcedo-Hernan-
dez R, Bideshi DK, del Rincén-Castro MC, Barboza-
Corona JE (2017) Recombinant Bacillus thuringiensis
subsp. kurstaki HD73 strain that synthesizes CrylAc
and chimeric ChiA74Asp chitinase inclusions. Arch
Microbiol 199:627-633. https://doi.org/10.1007/
500203-017-1339-4

Goérny D, Guzik U, Hupert-Kocurek K, Wojcieszyniska D
(2019a) Naproxen ecotoxicity and biodegradation by
Bacillus thuringiensis B1 (2015a) strain. Ecotoxicol
Environ Saf 167:505-512. https://doi.org/10.1016/].
ecoenv.2018.10.067


https://doi.org/10.1080/09583157.2020.1765980
https://doi.org/10.1080/09583157.2020.1765980
https://doi.org/10.1016/j.jip.2020.107438
https://doi.org/10.1016/j.jip.2020.107438
https://doi.org/10.3390/insects13010057
https://doi.org/10.3390/insects13010057
https://doi.org/10.1111/1758-2229.13004
https://doi.org/10.3390/toxins6103005
https://doi.org/10.3390/toxins6103005
https://doi.org/10.3390/su10010144
https://doi.org/10.3390/su10010144
https://doi.org/10.1080/01904167.2020.1793176
https://doi.org/10.1080/01904167.2020.1793176
https://doi.org/10.1007/978-3-030-61010-4_12
https://doi.org/10.1007/978-3-030-61010-4_12
https://doi.org/10.1002/ece3.4250
https://doi.org/10.1016/j.biocontrol.2021.104792
https://doi.org/10.1016/j.biocontrol.2021.104792
https://doi.org/10.1016/j.vetpar.2017.03.011
https://doi.org/10.1016/j.vetpar.2017.03.011
https://doi.org/10.1016/j.exppara.2020.107982
https://doi.org/10.1016/j.exppara.2020.107982
https://doi.org/10.29328/journal.jpsp.1001041
https://doi.org/10.1007/s10493-009-9265-z
https://doi.org/10.1007/s10493-009-9265-z
https://doi.org/10.1080/10934529.2017.1368300
https://doi.org/10.1080/10934529.2017.1368300
https://doi.org/10.1080/15226514.2021.2025040
https://doi.org/10.1021/acs.jafc.8b01070
https://doi.org/10.1021/acs.jafc.8b01070
https://doi.org/10.1104/pp.107.111096
https://doi.org/10.1007/s00203-017-1339-4
https://doi.org/10.1007/s00203-017-1339-4
https://doi.org/10.1016/j.ecoenv.2018.10.067
https://doi.org/10.1016/j.ecoenv.2018.10.067

Rev Environ Sci Biotechnol

Goérny D, Guzik U, Hupert-Kocurek K, Wojcieszyniiska D
(2019b) A new pathway for naproxen utilisation by
Bacillus thuringiensis B1 (2015b) and its decomposition
in the presence of organic and inorganic contaminants.
J Environ Manage 239:1-7. https://doi.org/10.1016/j.
jenvman.2019.03.034

Guo Y, Weng M, Sun Y, Carballar-Lejaraza R, Lian WuS, C,
(2022) Bacillus thuringiensis toxins with nematocidal
activity against the pinewood nematode Bursaphelenchus
xylophilus. J Invertebr Pathol 189:107726. https://doi.
org/10.1016/j.jip.2022.107726

Han P, Velasco-Hernandez MC, Ramirez-Romero R, Desneux
N (2016) Behavioral effects of insect-resistant geneti-
cally modified crops on phytophagous and beneficial
arthropods: a review. J Pest Sci 89:859-883. https://doi.
org/10.1007/s10340-016-0791-2

Han H, Sheng X, Hu J, He L, Wang Q (2018) Metal-immo-
bilizing Serratia liquefaciens CL-1 and Bacillus thur-
ingiensis X30 increase biomass and reduce heavy metal
accumulation of radish under field conditions. Ecotoxi-
col Environ Saf 161:526-533. https://doi.org/10.1016/].
ecoenv.2018.06.033

Hassan MA, Taha TH, Hamad GM, Hashem M, Alamri S,
Mostafa YS (2020) Biochemical characterization and
application of keratinase from Bacillus thuringiensis
MT]1 to enable valorisation of hair wastes through bio-
synthesis of vitamin B-complex. Int J Biol Macromol
153:561-572.  https://doi.org/10.1016/j.ijbiomac.2020.
03.032

Hassanain MA, Garhy ME, Abdel-Ghaffar FA, El-Sharaby A,
Megeed KN (1997) Biological control studies of soft and
hard ticks in Egypt. Parasitol Res 83:209-213. https://
doi.org/10.1007/s004360050235

He CN, Ye WQ, Zhu YY, Zhou WW (2020) Antifungal activ-
ity of volatile organic compounds produced by Bacil-
lus methylotrophicus and Bacillus thuringiensis against
five common spoilage fungi on loquats. Molecules
25(15):3360. https://doi.org/10.3390/molecules25153360

Head GP, Carroll MW, Evans SP, Rule DM, Wills AR, Clark
TL, Storer NP, Flannagan RD, Samuel LW, Meinke LJ
(2017) Evaluation of SmartStax and SmartStax PRO
maize against western corn rootworm and northern corn
rootworm: efficacy and resistance management. Pest
Manag Sci 73(9):1883-1899. https://doi.org/10.1002/ps.
4554

Hollensteiner J, Wemheuer F, Harting R, Kolarzyk AM, Diaz
Valerio SM, Poehlein A, Brzuszkiewicz EB, Nesemann
K, Braus-Stromeyer SA, Braus GH, Daniel R (2017)
Bacillus thuringiensis and Bacillus weihenstephanensis
inhibit the growth of phytopathogenic Verticillium spe-
cies. Front Microbiol 7:2171

Hou J, Cong R, Izumi-Willcoxon M, Ali H, Zheng Y, Bermu-
dez E, McDonald M, Nelson M, Yamamoto T (2019)
Engineering of Bacillus thuringiensis Cry proteins to
enhance the activity against western corn rootworm.
Toxins (basel) 11:162. https://doi.org/10.3390/toxin
s11030162

Huang T, Lin Q, Qian X, Zheng Y, Yao J, Wu H, Li M, Jin
X, Pan X, Zhang L, Guan X (2018) Nematicidal activ-
ity of CrylEall from Bacillus thuringiensis BRC-XQ12
against the pine wood nematode (Bursaphelenchus

xylophilus). Phytopathology 108:44-51. https://doi.org/
10.1094/PHYTO-05-17-0179-R

Islam MN, Ali MS, Choi SJ, Hyun JW, Baek KH (2019) Bio-
control of citrus canker disease caused by Xanthomonas
citri subsp. citri using an endophytic Bacillus thuring-
iensis. Plant Pathol J 35(5):486—497. https://doi.org/10.
5423/ppj.0a.03.2019.0060

Jalali E, Maghsoudi S, Noroozian E (2020) A novel method
for biosynthesis of different polymorphs of TiO, nano-
particles as a protector for Bacillus thuringiensis from
Ultra Violet. Sci Rep 10:426. https://doi.org/10.1038/
$41598-019-57407-6

Jallouli W, Driss F, Fillaudeau L, Rouis S (2020) Review on
biopesticide production by Bacillus thuringiensis subsp.
kurstaki since 1990: Focus on bioprocess parameters.
Process Biochem 98:224-232. https://doi.org/10.1016/].
procbio.2020.07.023

Jeevaraj T, Balakrishnan I, Arockiya AM (2022) Preliminary
investigation on multi metal tolerance of Bacillus thur-
ingiensis isolated from industrial effluent soil. Acta Ecol
Sin  42(6):684—692.  https://doi.org/10.1016/j.chnaes.
2021.04.005

Jo H, Tagele SB, Pham HQ, Kim MC, Choi SD, Kim MJ, Park
YJ, Ibal JC, Park GS, Shin JH (2020) Response of soil
bacterial community and pepper plant growth to appli-
cation of Bacillus thuringiensis KNU-07. Agronomy
10(4):551. https://doi.org/10.3390/agronomy 10040551

Juarez-Hernandez EO, Casados-Vazquez LE, del Rincén-Cas-
tro MC, Salcedo-Herniandez R, Bideshi DK, Barbozo-
rona JE (2015) Bacillus thuringiensis subsp. israelensis
producing endochitinase Chi A74Asp inclusions and its
improved activity against Aedes aegypti. ] Appl Micro-
biol 119(6):1692-1699. https://doi.org/10.1111/jam.
12962

Kahn TW, Duck NB, McCarville MT, Schouten LC, Schweri
K, Zaitseva J, Daum J (2021) A Bacillus thuringiensis
Cry protein controls soybean cyst nematode in transgenic
soybean plants. Nat Commun 12:3380. https://doi.org/10.
1038/541467-021-23743-3

Kahtani AL, Hafez MY, Attia K, Al-Ateeq T, Ali MA, Hasa-
nuzzaman M, Abdelaal K (2021) Bacillus thuringien-
sis and silicon modulate antioxidant metabolism and
improve the physiological traits to confer salt tolerance in
lettuce. Plants 10(5):1025. https://doi.org/10.3390/plant
s10051025

Karaborklii S, Azizoglu U, Azizoglu ZB (2018) Recombi-
nant entomopathogenic agents: a review of biotech-
nological approaches to pest insect control. World J
Microbiol Biotechnol 34:14. https://doi.org/10.1007/
s11274-017-2397-0

Khaleghi M, Khorrami S, Ravan H (2019) Identification of
Bacillus thuringiensis bacterial strain isolated from the
mine soil as a robust agent in the biosynthesis of silver
nanoparticles with strong antibacterial and anti-biofilm
activities. Biocatal Agric Biotechnol 18:101047. https://
doi.org/10.1016/j.bcab.2019.101047

Khalil MS, Abd EI-Naby SS (2018) The integration efficacy of
formulated abamectin, Bacillus thuringiensis and Bacil-
lus subtilis for managing Meloidogyne incognita (Kofoid
and White) Chitwood on tomatoes. J Biopest 11(2):146—
153. https://doi.org/10.13140/RG.2.2.30659.86568

@ Springer


https://doi.org/10.1016/j.jenvman.2019.03.034
https://doi.org/10.1016/j.jenvman.2019.03.034
https://doi.org/10.1016/j.jip.2022.107726
https://doi.org/10.1016/j.jip.2022.107726
https://doi.org/10.1007/s10340-016-0791-2
https://doi.org/10.1007/s10340-016-0791-2
https://doi.org/10.1016/j.ecoenv.2018.06.033
https://doi.org/10.1016/j.ecoenv.2018.06.033
https://doi.org/10.1016/j.ijbiomac.2020.03.032
https://doi.org/10.1016/j.ijbiomac.2020.03.032
https://doi.org/10.1007/s004360050235
https://doi.org/10.1007/s004360050235
https://doi.org/10.3390/molecules25153360
https://doi.org/10.1002/ps.4554
https://doi.org/10.1002/ps.4554
https://doi.org/10.3390/toxins11030162
https://doi.org/10.3390/toxins11030162
https://doi.org/10.1094/PHYTO-05-17-0179-R
https://doi.org/10.1094/PHYTO-05-17-0179-R
https://doi.org/10.5423/ppj.oa.03.2019.0060
https://doi.org/10.5423/ppj.oa.03.2019.0060
https://doi.org/10.1038/s41598-019-57407-6
https://doi.org/10.1038/s41598-019-57407-6
https://doi.org/10.1016/j.procbio.2020.07.023
https://doi.org/10.1016/j.procbio.2020.07.023
https://doi.org/10.1016/j.chnaes.2021.04.005
https://doi.org/10.1016/j.chnaes.2021.04.005
https://doi.org/10.3390/agronomy10040551
https://doi.org/10.1111/jam.12962
https://doi.org/10.1111/jam.12962
https://doi.org/10.1038/s41467-021-23743-3
https://doi.org/10.1038/s41467-021-23743-3
https://doi.org/10.3390/plants10051025
https://doi.org/10.3390/plants10051025
https://doi.org/10.1007/s11274-017-2397-0
https://doi.org/10.1007/s11274-017-2397-0
https://doi.org/10.1016/j.bcab.2019.101047
https://doi.org/10.1016/j.bcab.2019.101047
https://doi.org/10.13140/RG.2.2.30659.86568

Rev Environ Sci Biotechnol

Kouser S, Spielman DJ, Qaim M (2019) Transgenic cot-
ton and farmers’ health in Pakistan. PLoS ONE
14:0222617. https://doi.org/10.1371/journal.pone.
0222617

Krogh PH, Kostov K, Damgaard CF (2020) The effect of Bt
crops on soil invertebrates: a systematic review and
quantitative meta-analysis. Transgenic Res 29:487—498.
https://doi.org/10.1007/s11248-020-00213-y

Kumar P, Kamle M, Borah R, Mahato DP, Sharma B (2021)
Bacillus thuringiensis as microbial biopesticide: uses
and application for sustainable agriculture. Egypt
J Biol Pest Control 31:95. https://doi.org/10.1186/
s41938-021-00440-3

Lazarte JN, Valacco MP, Moreno S, Salerno GL, Ber6n CM
(2021) Molecular characterization of a Bacillus thuring-
iensis strain from Argentina, toxic against Lepidoptera
and Coleoptera, based on its whole-genome and Cry pro-
tein analysis. J Invertebr Pathol 183:107563. https://doi.
org/10.1016/j.jip.2021.107563

Leong SS, Leong SCT, Pau CG, Beattie GAC (2021) In vitro
bioassay of Purpureocillium lilacinum and Bacillus thur-
ingiensis for control of Meloidogyne incognita on black
pepper (Piper nigrum L.) in Sarawak, Malaysia. North-
ern Borneo J Entomol Res Soc 23(1):41-59. https://doi.
org/10.51963/jers.v23i1.1960

Lereclus D, Agaisse H, Gominet M, Chaufaux J (1995) Over-
production of encapsulated insecticidal crystal proteins
in a Bacillus thuringiensis spoOA mutant. Nat Biotechnol
13:67-71. https://doi.org/10.1038/nbt0195-67

LiC,LuQ, Ye J, Qin H, Long Y, Wang L, Ou H (2018) Meta-
bolic and proteomic mechanism of bisphenol A deg-
radation by Bacillus thuringiensis. Sci Total Environ
640:714-725.  https://doi.org/10.1016/j.scitotenv.2018.
05.352

Li Z, Wang P, Yue X, Wang J, Ren B, Qu L, Han H (2019)
Effects of Bacillus thuringiensis HC-2 combined
with biochar on the growth and Cd and Pb accumula-
tion of radish in a heavy metal-contaminated farmland
under field conditions. Int J Environ Res Public Health
16(19):3676

Liu J, Li L, Peters BM, Li B, Chen D, Xu Z, Shirtliff ME
(2017) Complete genome sequence and bioinformatics
analyses of Bacillus thuringiensis strain BM-BT15426.
Microb Pathog 108:55-60. https://doi.org/10.1016/].
micpath.2017.05.006

Liu S, Jaouannet M, Dempsey DA, Imani J, Coustau C, Kogel
KH (2020) RNA-based technologies for insect control in
plant production. Biotechnol Adv 39: 107463. https://doi.
org/10.1016/j.biotechadv.2019.107463

Liu X, Chen C, Wang J, Zou S, Long X (2021) Phosphorus
solubilizing bacteria Bacillus thuringiensis and Pantoea
ananatis simultaneously promote soil inorganic phos-
phate dissolution and soil Pb immobilization. Rhizos-
phere 20: 100448. https://doi.org/10.1016/j.rhisph.2021.
100448

Liu Y, Han S, Yang S, Chen Z, Yin Y, Xi J, Liu Q Yan, W
Song X, Zhao F, Guo J, Liu X, Hao D (2022) Engineered
chimeric insecticidal crystalline protein improves resist-
ance to lepidopteran insects in rice (Oryza sativa L.) and
maize (Zea mays L.). Sci Rep 12(1): 12529. https://doi.
org/10.1038/s41598-022-16426-6

@ Springer

Lu HP, Luo T, Fu HW, Wang L, Tan YY, Huang JZ, Wang
Q, Ye GY, Gatehouse AMR, Lou YG, Shu QY (2018)
Resistance of rice to insect pests mediated by suppres-
sion of serotonin biosynthesis. Nat Plants 4(6):338-344.
https://doi.org/10.1038/s41477-018-0152-7

Lu Q, Chen K, Long Y, Liang X, He B, Yu L, Ye J (2019)
Benzo (a) pyrene degradation by cytochrome P450
hydroxylase and the functional metabolism network of
Bacillus thuringiensis. J Hazard Mater 366:329-337.
https://doi.org/10.1016/j.jhazmat.2018.12.004

Marchetti E, Alberghini S, Battisti A, Squartini A, Baronio P,
Dindo ML (2009) Effects of conventional and transgenic
Bacillus thuringiensis galleriae toxin on Exorista lar-
varum (Diptera: Tachinidae), a parasitoid of forest defo-
liating Lepidoptera. Biocontrol Sci Technol 19:463—473.
https://doi.org/10.1080/09583150902807535

Marchlewicz A, Guzik U, Hupert-Kocurek K, Nowak A,
Wilczyriska S, Wojcieszyriska D (2017) Toxicity and
biodegradation of ibuprofen by Bacillus thuringiensis B1
(2015b). Environ Sci Pollut Res Int 24(8):7572-7584

Martinez-Zavala SA, Barboza-Pérez UE, Herniandez-Guzman
G, Bideshi DK, Barboza-Corona JE (2020) Chitinases of
Bacillus thuringiensis: Phylogeny, modular structure, and
applied potentials. Front Microbiol 10:3032. https://doi.
org/10.3389/fmicb.2019.03032

Melo AL, Kitada S (2020) Selection of the Bacillus thuringien-
sis Berliner strain to produce a parasporin with cytotoxic
activity against MCF-7 breast cancer cells. Breast Dis
39(1):37-42

Mendoza-Estrada LJ, Hernandez-Velazquez VM, Arenas-
Sosa I, Flores-Pérez FI, Morales-Montor J, Pefia-Chora
G (2016) Anthelmintic effect of Bacillus thuringiensis
strains against the gill fish trematode Centrocestus for-
mosanus. Biomed Res Int 8272407. https://doi.org/10.
1155/2016/8272407

Mishra PK, Mishra S, Selvakumar G, Bisht JK, Kundu S,
Gupta HS (2009) Coinoculation of Bacillus thuringein-
sis-KR1 with Rhizobium leguminosarum enhances plant
growth and nodulation of pea (Pisum sativum L) and
lentil (Lens culinaris L). World J Microbiol Biotechnol
25:753-761. https://doi.org/10.1007/s11274-009-9963-z

Moazamian E, Bahador N, Azarpira N, Rasouli M (2018) Anti-
cancer parasporin toxins of new Bacillus thuringiensis
against human colon (HCT-116) and blood (CCRF-
CEM) cancer cell lines. Curr Microbiol 75:1090-1098.
https://doi.org/10.1007/s00284-018-1479-z

Moussa S, Baiomy F, Abouzaid K, Nasr M, Moussa EA,
Kamel EA (2018) Potential impact of host pest fed on
Bt-modified corn on the development of Chrysoperla
carnea (Stephens) (Neuroptera: Chrysopidae). Egypt
J Biol Pest Control 28:23. https://doi.org/10.1186/
$41938-017-0018-8

Muddasir, KHAN, Salman M, Shah SH, Israr M (2021) In vitro
antifungal potential of surfactin isolated from rhizos-
pheric Bacillus thuringiensis Berliner 1915 against maize
(Zea mays L.) fungal phytopathogen Fusarium gramine-
arum Schwabe. Acta Agric Slov 17(4): 1-7. http://dx.doi.
org/https://doi.org/10.14720/aas.2021.117.4.2345

Miiller MA, Klosowski AC, Dalla Pria M, Mazaro SM, De Mio
LLM (2019) Bacillus thuringiensis combined with fun-
gicide applications in the management of soybean leaf


https://doi.org/10.1371/journal.pone.0222617
https://doi.org/10.1371/journal.pone.0222617
https://doi.org/10.1007/s11248-020-00213-y
https://doi.org/10.1186/s41938-021-00440-3
https://doi.org/10.1186/s41938-021-00440-3
https://doi.org/10.1016/j.jip.2021.107563
https://doi.org/10.1016/j.jip.2021.107563
https://doi.org/10.51963/jers.v23i1.1960
https://doi.org/10.51963/jers.v23i1.1960
https://doi.org/10.1038/nbt0195-67
https://doi.org/10.1016/j.scitotenv.2018.05.352
https://doi.org/10.1016/j.scitotenv.2018.05.352
https://doi.org/10.1016/j.micpath.2017.05.006
https://doi.org/10.1016/j.micpath.2017.05.006
https://doi.org/10.1016/j.biotechadv.2019.107463
https://doi.org/10.1016/j.biotechadv.2019.107463
https://doi.org/10.1016/j.rhisph.2021.100448
https://doi.org/10.1016/j.rhisph.2021.100448
https://doi.org/10.1038/s41598-022-16426-6
https://doi.org/10.1038/s41598-022-16426-6
https://doi.org/10.1038/s41477-018-0152-7
https://doi.org/10.1016/j.jhazmat.2018.12.004
https://doi.org/10.1080/09583150902807535
https://doi.org/10.3389/fmicb.2019.03032
https://doi.org/10.3389/fmicb.2019.03032
https://doi.org/10.1155/2016/8272407
https://doi.org/10.1155/2016/8272407
https://doi.org/10.1007/s11274-009-9963-z
https://doi.org/10.1007/s00284-018-1479-z
https://doi.org/10.1186/s41938-017-0018-8
https://doi.org/10.1186/s41938-017-0018-8
https://doi.org/10.14720/aas.2021.117.4.2345

Rev Environ Sci Biotechnol

diseases. J Agric Sci 11(13):226-239. https://doi.org/10.
5539/jas.v11n13p226

Muiéz-Garay C, Portugal L, Pardo-Lépez L, Jiménez-Juarez
N, Arenas I, Gomez I, Sanchez-Lépez R, Arroyo R,
Holzenburg A, Savva CG, Sober6n M, Bravo A (2009)
Characterization of the mechanism of action of the
genetically modified CrylAbMod toxin that is active
against CrylAb-resistant insects. Biochim Biophys Acta
1788(10):2229-2237. https://doi.org/10.1016/j.bbamem.
2009.06.014

Muiioz-Martinez S, Ahuatzi-Chacén D, Santoyo-Tepole F,
Ruiz-Ordaz N, Galindez-Mayer J, Juarez-Ramirez C
(2021) Biodegradation of the insecticide bendiocarb by
Bacillus thuringiensis in a packed biofilm reactor. Appl
Biochem Microbiol 57:5S46-S53. https://doi.org/10.1134/
S0003683821100070

Naranjo SE (2009) Impacts of Bt crops on non-target inverte-
brates and insecticide use patterns. CAB Rev. Perspect
Agric Vet Sci Nutrit Nat Resour 4: 11.

Neethu KB, Priji P, Unni KN, Sajith S, Sreedevi S, Ramani
N, Anitha K, Rosana B, Girish MB, Benjamin S (2016)
New Bacillus thuringiensis strain isolated from the gut
of Malabari goat is effective against Tetranychus macfar-
lanei. J Appl Entomol 140:187-198. https://doi.org/10.
1111/jen.12235

Ni M, Ma W, Wang X, Gao M, Dai Y, Wei X, Zhang L, Peng
Y, Chen S, Ding L, Tian Y, Li J, Wang H, Wang X, Xu
G, Guo W, Yang Y, Wu Y, Heuberger S, Tabashnik BE,
Zhang T, Zhu Z (2017) Next-generation transgenic cot-
ton: pyramiding RNAi and Bt counters insect resistance.
Plant Biotechnol J 15(9):1204-1213. https://doi.org/10.
1111/pbi. 12709

Oktay MK, Sahin B, Giines H (2018) Characterization of native
Bacillus thuringiensis strains for cytotoxicity against
human cancer cell lines. J Environ Biol 39(6):958-965

Ortiz A, Sansinenea E (2021a) Recent advancements for
microorganisms and their natural compounds useful in
agriculture. Appl Microbiol Biotechnol 105:891-897.
https://doi.org/10.1007/s00253-020-11030-y

Ortiz N, Armada E, Duque E, Roldan A, Azcén R (2015) Con-
tribution of arbuscular mycorrhizal fungi and/or bacteria
to enhancing plant drought tolerance under natural soil
conditions: Effectiveness of autochthonous or allochtho-
nous strains. J Plant Physiol 174:87-96. https://doi.org/
10.1016/j.jplph.2014.08.019

Ortiz A, Sansinenea E (2021b) Bacillus thuringiensis based
biopesticides for integrated crop management, In: Biope-
sticides: Advances in Bio-inoculants (Eds, Rakshit A,
Singh Meena V, Abhilash PC, Sarma BK, Singh HB,
Fraceto L, Parihar M, Singh AK) Elsevier Woodhead
Publishing, Vol 2, p.1-6. https://doi.org/10.1016/B978-0-
12-823355-9.00015-8

Oyewusi HA, Huyop F, Wahab RA, Hamid AAA (2021) In
silico assessment of dehalogenase from Bacillus thuring-
iensis H2 in relation to its salinity-stability and pollutants
degradation. J Biomol Struct Dyn 1-15. https://doi.org/
10.1080/07391102.2021.1927846

Paddock KJ, Robert CAM, Erb M, Hibbard BE (2021) West-
ern Corn Rootworm, plant and microbe interactions: A
review and prospects for new management tools. InSects
12(2):171. https://doi.org/10.3390/insects 12020171

Pan X, Wu W, Lii J, Chen Z, Li L, Rao W, Guan X (2017)
Biosorption and extraction of europium by Bacillus thur-
ingiensis strain. Inorg Chem Commun 75:21-24. https://
doi.org/10.1016/j.inoche.2016.11.012

Pardo-Lépez L, Mufioz-Garay C, Porta H, Rodriguez-Almazan
C, Soberén M, Bravo A (2009) Strategies to improve the
insecticidal activity of Cry toxins from Bacillus thuring-
iensis. Peptides 30(3):589-595. https://doi.org/10.1016/.
peptides.2008.07.027

Patil SV, Patil CD, Narkhede CP, Suryawanshi RK, Koli SH,
Shinde L, Mohite BV (2018) Phytosynthesized gold
nanoparticles-Bacillus thuringiensis (Bt—~GNP) formula-
tion: a novel photo stable preparation against mosquito
larvae. J Clust Sci 29:577-583. https://doi.org/10.1007/
s10876-018-1368-4

Pefia, G, Aguilar Jiménez, F.A, Hallal-Calleros, C, Morales-
Montor, J, Hernandez-Velazquez VM, Flores-Pérez FI
(2013) In vitro ovicidal and cestocidal effects of toxins
from Bacillus thuringiensis on the canine and human
parasite Dipylidium caninum. Biomed Res Int 174619.
https://doi.org/10.1155/2013/174619

Pinos D, Andrés-Garrido A, Ferré J, Hernandez-Martinez P
(2021) Response mechanisms of invertebrates to Bacillus
thuringiensis and its pesticidal proteins. Microbiol Mol
Biol Rev 85:¢00007-20. https://doi.org/10.1128/MMBR.
00007-20

Pohare MB, Wagh SG, Udayasuriyan V (2021) Bacillus thur-
ingiensis as potential biocontrol agent for sustainable
agriculture. In: Yadav AN, Singh J, Singh C, Yadav N,
(eds) Current Trends in Microbial Biotechnology for
Sustainable Agriculture. Environmental and Microbial
Biotechnology. Springer, Singapore. https://doi.org/10.
1007/978-981-15-6949-4_18

Ponnusamy S, Viswanathan S, Periyasamy A, Rajaiah S (2019)
Production and characterization of PHB-HV copolymer
by Bacillus thuringiensis isolated from Eisenia foetida.
Biotechnol Appl Biochem 66(3):340-352. https://doi.
org/10.1002/bab.1730

Quan M, Peng J, Zhu Z, Zhou P, Luo S, Xie J, Xia L, Sun Y,
Ding X (2020) Construction of a conditionally asporog-
enous Bacillus thuringiensis recombinant strain overpro-
ducing cry protein by deletion of the leuB gene. Front
Microbio 11:1769. https://doi.org/10.3389/fmicb.2020.
01769

Radhakrishnan R, Hashem A, AbdAllah EF (2017) Bacillus: A
biological tool for crop improvement through bio-molec-
ular changes in adverse environments. Front Physiol
8:667. https://doi.org/10.3389/fphys.2017.00667

Ramalakshmi A, Sharmila R, Iniyakumar M, Gomathi V
(2020) Nematicidal activity of native Bacillus thur-
ingiensis against the root knot nematode, Meloidogyne
incognita (Kofoid and White). Egypt J Biol Pest Control
30(90):1-9. https://doi.org/10.1186/s41938-020-00293-2

Ramamoorthy S, Gnanakan A, Lakshmana SS, Meivelu M,
Jeganathan A (2018) Structural characterization and
anticancer activity of extracellular polysaccharides
from ascidian symbiotic bacterium Bacillus thuringien-
sis. Carbohydr Polym 190:113-120. https://doi.org/10.
1016/j.carbpol.2018.02.047

Raspor, M, Cingel, A, 2021. Genetically modified potato for
pest resistance: Thrift or Threat? in Yildiz, M, Ozgen, Y,

@ Springer


https://doi.org/10.5539/jas.v11n13p226
https://doi.org/10.5539/jas.v11n13p226
https://doi.org/10.1016/j.bbamem.2009.06.014
https://doi.org/10.1016/j.bbamem.2009.06.014
https://doi.org/10.1134/S0003683821100070
https://doi.org/10.1134/S0003683821100070
https://doi.org/10.1111/jen.12235
https://doi.org/10.1111/jen.12235
https://doi.org/10.1111/pbi.12709
https://doi.org/10.1111/pbi.12709
https://doi.org/10.1007/s00253-020-11030-y
https://doi.org/10.1016/j.jplph.2014.08.019
https://doi.org/10.1016/j.jplph.2014.08.019
https://doi.org/10.1016/B978-0-12-823355-9.00015-8
https://doi.org/10.1016/B978-0-12-823355-9.00015-8
https://doi.org/10.1080/07391102.2021.1927846
https://doi.org/10.1080/07391102.2021.1927846
https://doi.org/10.3390/insects12020171
https://doi.org/10.1016/j.inoche.2016.11.012
https://doi.org/10.1016/j.inoche.2016.11.012
https://doi.org/10.1016/j.peptides.2008.07.027
https://doi.org/10.1016/j.peptides.2008.07.027
https://doi.org/10.1007/s10876-018-1368-4
https://doi.org/10.1007/s10876-018-1368-4
https://doi.org/10.1155/2013/174619
https://doi.org/10.1128/MMBR.00007-20
https://doi.org/10.1128/MMBR.00007-20
https://doi.org/10.1007/978-981-15-6949-4_18
https://doi.org/10.1007/978-981-15-6949-4_18
https://doi.org/10.1002/bab.1730
https://doi.org/10.1002/bab.1730
https://doi.org/10.3389/fmicb.2020.01769
https://doi.org/10.3389/fmicb.2020.01769
https://doi.org/10.3389/fphys.2017.00667
https://doi.org/10.1186/s41938-020-00293-2
https://doi.org/10.1016/j.carbpol.2018.02.047
https://doi.org/10.1016/j.carbpol.2018.02.047

Rev Environ Sci Biotechnol

(eds.), Solanum tuberosum-A promising crop for starva-
tion problem, IntechOpen, London. https://doi.org/10.
5772/intechopen.98748.

Ray R. 2019. The Effects of Bacillus thuringiensis and Lysini-
bacillus sphaericus on low-density polyethylene. Avail-
able at SSRN 3586055. https://dx.doi.org/https://doi.org/
10.2139/ssrn.3586055.

Reinders JD, Reinders EE, Robinson EA, Moar WI, Price PA,
Head GP, Meinke LJ (2022) Characterizing the sublethal
effects of SmartStax PRO dietary exposure on life history
traits of the western corn rootworm, Diabrotica virgifera
virgifera LeConte. PLoS ONE 17(5): €0268902. https://
doi.org/10.1371/journal.pone.0268902

Rodrigo-Simén A, de Maagd RA, Avilla C, Bakker PL,
Molthoff J, Gonzalez-Zamora JE, Ferré J (2006) Lack of
detrimental effects of Bacillus thuringiensis cry toxins on
the insect predator Chrysoperla carnea: a toxicological,
histopathological, and biochemical analysis. Appl Envi-
ron Microbiol 72(2):1595-1603. https://doi.org/10.1128/
AEM.72.2.1595-1603.2006

Romeis J, Naranjo SE, Meissle M, Shelton AM (2019) Geneti-
cally engineered crops help support conservation biologi-
cal control. Biol Control 130:136-154. https://doi.org/10.
1016/j.biocontrol.2018.10.001

Rotich E, Mmbaga MT, Joshua J (2020) Biological control of
powdery mildew on Cornus florida using endophytic
Bacillus thuringiensis. Can J Plant Pathol 42(2):182—
191. https://doi.org/10.1080/07060661.2019.1641555

Salehi Jouzani G, Valijjanian E, Sharafi R (2017) Bacil-
lus thuringiensis: a successful insecticide with new
environmental features and tidings. Appl Microbiol
Biotechnol  101:2691-2711.  https://doi.org/10.1007/
s00253-017-8175-y

Sanahuja G, Banakar R, Twyman RM, Capell T, Christou P
(2011) Bacillus thuringiensis: a century of research,
development and commercial applications. Plant Bio-
technol J 9(3):283-300. https://doi.org/10.1111/j.1467-
7652.2011.00595.x

Sanchis V (2011) From microbial sprays to insect-resistant
transgenic plants: history of the biospesticide Bacillus
thuringiensis. A Review Agron Sustain Dev 31:217-231.
https://doi.org/10.1051/agro/2010027

Sanchis V, Gohar M, Chaufaux J, Arantes O, Meier A, Agaisse
H, Cayley J, Lereclus D (1999) Development and field
performance of a broad-spectrum nonviable asporogenic
recombinant strain of Bacillus thuringiensis with greater
potency and UV resistance. Appl Environ Microbiol
65(9):4032-4039. https://doi.org/10.1128/aem.65.9.
4032-4039.1999

Sanchis V (2012) Genetic improvement of B Strains and
development of novel biopesticides. In: Sansinenea E.
(eds) Bacillus thuringiensis Biotechnology. Springer,
Dordrecht. https://doi.org/10.1007/978-94-007-3021-2_
12

Sansinenea E, Ortiz A (2015) Melanin: a photoprotection
for Bacillus thuringiensis based biopesticides. Bio-
technol Lett 37:483-490. https://doi.org/10.1007/
$10529-014-1726-8

Sansinenea E, Salazar F, Ramirez M, Ortiz A (2015)
An  ultra-violet tolerant  wild-type strain  of

@ Springer

melanin-producing Bacillus thuringiensis. Jundishapur J
Microbiol 8:¢20910. https://doi.org/10.5812/jjm.20910
v2

Sansinenea E (2019) Applications and patents of Bacillus
spp. in agriculture. In: Singh HB, Keswani C, Singh
SP. (Eds). Intellectual Property Issues in Microbiology,
133-146. Springer, Singapore. https://doi.org/10.1007/
978-981-13-7466-1_8

Santawee N, Treesubsuntorn C, Thiravetyan P (2019) Using
modified coir pith—glucose syrup beads inoculated
with Bacillus thuringiensis as a packing material in tri-
methylamine (fishy odor) biofilter. Atmos Pollut Res
10(4):1312-1319. https://doi.org/10.1016/j.apr.2019.03.
002

Santos-Moriano P, Kidibule PE, Alleyne E, Ballesteros AO,
Heras A, Fernandez-Lobato M, Plou FJ (2018) Efficient
conversion of chitosan into chitooligosaccharides by a
chitosanolytic activity from Bacillus thuringiensis. Pro-
cess Biochem 73:102-108. https://doi.org/10.1016/].
procbio.2018.07.017

Saranya K, Sundaramanickam A, Shekhar S, Swaminathan S
(2019) Biosorption of mercury by Bacillus thuringiensis
(CASKS3) isolated from mangrove sediments of south-
east coast India. Indian J Mar Sci 48(1):143-150

Shah AA, Bibi F, Hussain I, Yasin NA, Akram W, Tahir MS,
Ali HM, Salem MZ, Siddiqui MH, Danish S, Fahad S
(2020) Synergistic effect of Bacillus thuringiensis IAGS
199 and putrescine on alleviating cadmium-induced phy-
totoxicity in capsicum annum. Plants 9(11):1512. https://
doi.org/10.3390/plants9111512

Singh S, Sithole B, Lekha P, Permaul K, Govinden R (2021)
Optimization of cultivation medium and cyclic fed-
batch fermentation strategy for enhanced polyhydroxy-
alkanoate production by Bacillus thuringiensis using a
glucose-rich hydrolyzate. Bioresour Bioprocess 8:11.
https://doi.org/10.1186/s40643-021-00361-x

Singh A, Bhardwaj R, Singh IK (2019) Biocontrol agents:
Potential of biopesticides for integrated pest manage-
ment. In: Giri B, Prasad R, Wu QS, Varma A, (eds)
Biofertilizers for Sustainable Agriculture and Environ-
ment. Soil Biology, vol 55, Springer, Cham. https://doi.
0rg/10.1007/978-3-030-18933-4_19

Subramanian S, Souleimanov A, Smith DL (2021) Thuricin17
production and proteome differences in Bacillus thuring-
iensis NEB17 cell-free supernatant under NaCl stress.
Front Sustain Food Syst 5:630628. https://doi.org/10.
3389/fsufs.2021.630628

Suguna PP, Saranya VV, Abirami PP, Shenbagarathai RR
(2020) Optimization and characterization of PHA
(SCL-SCL) copolymer by indigenous Bacillus thur-
ingiensis A102 strain for biomedical applications. Curr
Microbiol 77:3978-3989. https://doi.org/10.1007/
$00284-020-02221-x

Suresh G, Balasubramanian B, Ravichandran N, Ramesh B,
Kamyab H, Velmurugan P, Siva GV, Ravi AV (2021)
Bioremediation of hexavalent chromium-contaminated
wastewater by Bacillus thuringiensis and Staphylococ-
cus capitis isolated from tannery sediment. Biomass
Conv  Bioref 11:383-391. https://doi.org/10.1007/
$13399-020-01259-y


https://doi.org/10.5772/intechopen.98748
https://doi.org/10.5772/intechopen.98748
https://doi.org/10.2139/ssrn.3586055
https://doi.org/10.2139/ssrn.3586055
https://doi.org/10.1371/journal.pone.0268902
https://doi.org/10.1371/journal.pone.0268902
https://doi.org/10.1128/AEM.72.2.1595-1603.2006
https://doi.org/10.1128/AEM.72.2.1595-1603.2006
https://doi.org/10.1016/j.biocontrol.2018.10.001
https://doi.org/10.1016/j.biocontrol.2018.10.001
https://doi.org/10.1080/07060661.2019.1641555
https://doi.org/10.1007/s00253-017-8175-y
https://doi.org/10.1007/s00253-017-8175-y
https://doi.org/10.1111/j.1467-7652.2011.00595.x
https://doi.org/10.1111/j.1467-7652.2011.00595.x
https://doi.org/10.1051/agro/2010027
https://doi.org/10.1128/aem.65.9.4032-4039.1999
https://doi.org/10.1128/aem.65.9.4032-4039.1999
https://doi.org/10.1007/978-94-007-3021-2_12
https://doi.org/10.1007/978-94-007-3021-2_12
https://doi.org/10.1007/s10529-014-1726-8
https://doi.org/10.1007/s10529-014-1726-8
https://doi.org/10.5812/jjm.20910v2
https://doi.org/10.5812/jjm.20910v2
https://doi.org/10.1007/978-981-13-7466-1_8
https://doi.org/10.1007/978-981-13-7466-1_8
https://doi.org/10.1016/j.apr.2019.03.002
https://doi.org/10.1016/j.apr.2019.03.002
https://doi.org/10.1016/j.procbio.2018.07.017
https://doi.org/10.1016/j.procbio.2018.07.017
https://doi.org/10.3390/plants9111512
https://doi.org/10.3390/plants9111512
https://doi.org/10.1186/s40643-021-00361-x
https://doi.org/10.1007/978-3-030-18933-4_19
https://doi.org/10.1007/978-3-030-18933-4_19
https://doi.org/10.3389/fsufs.2021.630628
https://doi.org/10.3389/fsufs.2021.630628
https://doi.org/10.1007/s00284-020-02221-x
https://doi.org/10.1007/s00284-020-02221-x
https://doi.org/10.1007/s13399-020-01259-y
https://doi.org/10.1007/s13399-020-01259-y

Rev Environ Sci Biotechnol

Syed T, Askari M, Meng Z, Li Y, Abid MA, Wei Y, Guo S,
Liang C, Zhang R (2020) Current insights on vegetative
insecticidal proteins (Vip) as next generation pest kill-
ers. Toxins 12(8):522. https://doi.org/10.3390/toxins 1208
0522

Tabashnik BE, Huang F, Ghimire MN, Leonard BR, Siegfried
BD, Rangasamy M, Yang Y, Wu Y, Gahan LJ, Heckel
DG, Bravo A, Soberén M (2011) Efficacy of genetically
modified Bt toxins against insects with different genetic
mechanisms of resistance. Nat Biotechnol 29(12):1128—
1131. https://doi.org/10.1038/nbt.1988

Tarafdar A, Sinha A, Masto RE (2017) Biodegradation of
anthracene by a newly isolated bacterial strain, Bacillus
thuringiensis AT.ISM. 1, isolated from a fly ash deposi-
tion site. Lett Appl Microbiol 65(4):327-334. https://doi.
org/10.1111/1am.12785

Tarafdar A, Sarkar TK, Chakraborty S, Sinha A, Masto RE
(2018) Biofilm development of Bacillus thuringiensis on
MWCNT buckypaper: adsorption-synergic biodegrada-
tion of phenanthrene. Ecotoxicol Environ Sa 157:327-
334. https://doi.org/10.1016/j.ecoenv.2018.03.090

Tetreau G, Andreeva EA, Banneville AS, De Zitter E, Colletier
JP (2021) How does Bacillus thuringiensis crystallize
such a large diversity of toxins? Toxins 13:443. https://
doi.org/10.3390/toxins 13070443

Treesubsuntorn C, Thiravetyan P (2021) Suitable applica-
tion of echinodorus cordifolius-microbial fuel cells
inoculated with Bacillus thuringiensis. Waste Bio-
mass Valor 12:2237-2245. https://doi.org/10.1007/
$12649-020-01024-2

Treesubsuntorn C, Chaiworn W, Surareungchai W, Thiravetyan
P (2019) Increasing of electricity production from Echi-
nodosus cordifolius-microbial fuel cell by inoculating
Bacillus thuringiensis. Sci Total Environ 686:538-545.
https://doi.org/10.1016/j.scitotenv.2019.06.063

Vaca J, Salazar F, Ortiz A, Sansinenea E (2020) Indole alka-
loid derivatives as building blocks of natural products
from Bacillus thuringiensis and Bacillus velezensis
and their antibacterial and antifungal activity study.
J  Antibiot 73(11):798-802. https://doi.org/10.1038/
$41429-020-0333-2

Veloorvalappil Narayanan J, Robinson Babysarojam S,
Prakasan P, Faisal PA, Niravath R, Moolath BG, Ben-
jamin S (2018) Crude Bacillus thuringiensis pellets
efficiently combats Eutetranychus orientalis, the spider
mite. Int J Pest Manag 64(3):243-251. https://doi.org/10.
1080/09670874.2017.1390622

Verduzco-Rosas LA, Garcia-Suarez R, Loépez-Tlacomulco
1], Ibarra JE (2021) Selection and characterization of
two Bacillus thuringiensis strains showing nematicidal
activity against Caenorhabditis elegans and Meloido-
gyne incognita. FEMS Microbiol Lett 368(5):p.fnaal86.
https://doi.org/10.1093/femsle/fnaal 86

Vilchez S (2020) Making 3D-Cry toxin mutants: much more
than a tool of understanding toxins mechanism of action.
Toxins 12(9):600. https://doi.org/10.3390/toxins1209
0600

Walters FS, Stacy CM, Lee MK, Palekar N, Chen JS (2008)
An engineered chymotrypsin/cathepsin G site in domain
I renders Bacillus thuringiensis Cry3A active against

Western corn rootworm larvae. Appl Environ Microbiol
74(2):367-374

Walters FS, deFontes CM, Hart H, Warren GW, Chen JS
(2010) Lepidopteran-active variable-region sequence
imparts coleopteran activity in eCry3.1Ab, an engineered
Bacillus thuringiensis hybrid insecticidal protein. Appl
Environ Microbiol 76(10):3082-3088. https://doi.org/10.
1128/AEM.00155-10

Wang G, Zhang J, Song F, Gu A, Uwais A, Shao T, Huang D
(2008) Recombinant Bacillus thuringiensis strain shows
high insecticidal activity against Plutella xylostella and
Leptinotarsa decemlineata without affecting nontarget
species in the field. J Appl Microbiol 105:1536-1543.
https://doi.org/10.1111/j.1365-2672.2008.03866.x

Wu K, Shi M, Pan X, Zhang J, Zhang X, Shen T, Tian Y
(2022) Decolorization and biodegradation of methyl-
ene blue dye by a ligninolytic enzyme-producing Bacil-
lus thuringiensis: Degradation products and pathway.
Enzyme Microb Technol 156:109999. https://doi.org/10.
1016/j.enzmictec.2022.109999

Xu H, Wang X, Chi G, Tan B, Wang J (2019) Effects of Bacil-
lus thuringiensis genetic engineering on induced volatile
organic compounds emission in maize and the attractive-
ness to a parasitic wasp. Front Bioeng Biotechnol 7:160.
https://doi.org/10.3389/tbioe.2019.00160

Xu N, Liao M, Liang Y, Guo J, Zhang Y, Xie X, Fan Q, Zhu
Y (2021) Biological nitrogen removal capability and
pathways analysis of a novel low C/N ratio heterotrophic
nitrifying and aerobic denitrifying bacterium (Bacillus
thuringiensis strain WXN-23). Environ Res 195:110797.
https://doi.org/10.1016/j.envres.2021.110797

Yang L, Sun YC, Zhang M, Y, Qiao H, Huang S, Kan Y, Yao
L, Li D, Ayra-Pardo C. (2022) RNA interference-medi-
ated knockdown of Bombyx mori haemocyte-specific
cathepsin L (Car L)-like cysteine protease gene increases
Bacillus thuringiensis kurstaki toxicity and reproduction
in insect cadavers. Toxins 14(6):394. https://doi.org/10.
3390/toxins 14060394

Yoshida S, Koitabashi M, Yaginuma D, Fukuda AM, M, (2019)
Potential of bioinsecticidal Bacillus thuringiensis inocu-
lum to suppress gray mold in tomato based on induced
systemic resistance. J Phytopathol 167(11-12):679-685.
https://doi.org/10.1111/jph.12864

Zhang J, Khan SA, Heckel DG, Bock R (2017) Next-generation
insect-resistant plants: RNAi-mediated crop protection.
Trends Biotechnol 35(9):871-882. https://doi.org/10.
1016/j.tibtech.2017.04.009

Zheng D, Zeng Z, Xue B, Deng Y, Sun M, Tang YJ, Ruan L
(2018) Bacillus thuringiensis produces the lipopep-
tide thumolycin to antagonize microbes and nematodes.
Microbiol Res 215:22-28. https://doi.org/10.1016/].
micres.2018.06.004

Zhioua E, Heyer K, Browning M, Ginsberg HS, LeBrun RA
(1999) Pathogenicity of Bacillus thuringiensis variety
kurstaki to Ixodes scapularis (Acari: Ixodidae). J Med
Entomol 36:900-902. https://doi.org/10.1093/jmedent/
36.6.900

Zhou P, Chen Y, Lu Q, Qin H, Ou H, He B, Ye J (2018) Cellu-
lar metabolism network of Bacillus thuringiensis related
to erythromycin stress and degradation. Ecotoxicol

@ Springer


https://doi.org/10.3390/toxins12080522
https://doi.org/10.3390/toxins12080522
https://doi.org/10.1038/nbt.1988
https://doi.org/10.1111/lam.12785
https://doi.org/10.1111/lam.12785
https://doi.org/10.1016/j.ecoenv.2018.03.090
https://doi.org/10.3390/toxins13070443
https://doi.org/10.3390/toxins13070443
https://doi.org/10.1007/s12649-020-01024-2
https://doi.org/10.1007/s12649-020-01024-2
https://doi.org/10.1016/j.scitotenv.2019.06.063
https://doi.org/10.1038/s41429-020-0333-2
https://doi.org/10.1038/s41429-020-0333-2
https://doi.org/10.1080/09670874.2017.1390622
https://doi.org/10.1080/09670874.2017.1390622
https://doi.org/10.1093/femsle/fnaa186
https://doi.org/10.3390/toxins12090600
https://doi.org/10.3390/toxins12090600
https://doi.org/10.1128/AEM.00155-10
https://doi.org/10.1128/AEM.00155-10
https://doi.org/10.1111/j.1365-2672.2008.03866.x
https://doi.org/10.1016/j.enzmictec.2022.109999
https://doi.org/10.1016/j.enzmictec.2022.109999
https://doi.org/10.3389/fbioe.2019.00160
https://doi.org/10.1016/j.envres.2021.110797
https://doi.org/10.3390/toxins14060394
https://doi.org/10.3390/toxins14060394
https://doi.org/10.1111/jph.12864
https://doi.org/10.1016/j.tibtech.2017.04.009
https://doi.org/10.1016/j.tibtech.2017.04.009
https://doi.org/10.1016/j.micres.2018.06.004
https://doi.org/10.1016/j.micres.2018.06.004
https://doi.org/10.1093/jmedent/36.6.900
https://doi.org/10.1093/jmedent/36.6.900

Rev Environ Sci Biotechnol

Environ Saf 160:328-341. https://doi.org/10.1016/].
ecoenv.2018.05.048

Zibanezhadian M, Pakdaman Sardrood B, Taheri H, Farkhari
M (2022) Anti-oxidative response of Bacillus thuringien-
sis-primed tomato plants to Fusarium oxysporum f. sp.
lycopersici. J Plant Mol Breed 8(2):29-37. https://doi.
org/10.22058/jpmb.2022.543818.1245

Publisher’s Note Springer Nature remains neutral with regard
to jurisdictional claims in published maps and institutional
affiliations.

@ Springer

Springer Nature or its licensor (e.g. a society or other partner)
holds exclusive rights to this article under a publishing
agreement with the author(s) or other rightsholder(s); author
self-archiving of the accepted manuscript version of this article
is solely governed by the terms of such publishing agreement
and applicable law.


https://doi.org/10.1016/j.ecoenv.2018.05.048
https://doi.org/10.1016/j.ecoenv.2018.05.048
https://doi.org/10.22058/jpmb.2022.543818.1245
https://doi.org/10.22058/jpmb.2022.543818.1245

	Biotechnological advances in Bacillus thuringiensis and its toxins: Recent updates
	Abstract 
	1 Introduction
	2 New characteristics and properties of Bacillus t​hur​ing​ien​sis
	2.1 Biocontrol activities against nematodes, bacteria, fungi, spiders and mollusca
	2.2 Enhancing PGPR activities and abiotic stress tolerance by Bt strains
	2.3 Detoxification, biosorption or bioremediation of pollutants and heavy metals by Bt strains
	2.4 Anti-cancer and hygiene properties of Bt strains
	2.5 Bt as source for production of nano-and biomaterials

	3 The success of Bacillus thuringiensis in the biological control
	4 Advances in biotechnology of Bacillus thuringiensis
	4.1 Expression of Bt cry genes in recombinant heterologous microbial hosts or non-sporulating Bt
	4.2 Construction of mutagenized toxins or protein chimaeras
	4.3 The use of Bt Cry toxins in genetically modified crops

	5 Ecological impact of Bacillus thuringiensis toxins
	5.1 Possible impacts of recombinant Bt toxins and GM-Bt crops on natural enemies
	5.2 Parasitoids
	5.3 Predators

	6 Conclusions and recommendations
	References


