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Abstract

that are insecticidal in nature.

tiple modes of action can mitigate this issue.

Background The rising demand for food production along with the concerns regarding the injudicious use of chem-
icals in pest management has paved way for the alternatives that could promise sustainable pest management.
Bacillus thuringiensis Berliner (Bt), a soil bacterium, is a potential biopesticide with its ability to produce crystal toxins

Main body This article provides an insight into the diverse Bt toxins and their applications as biopesticides in pest
management. The selective action of Bt towards target organism is based on its specific interactions with the insect
gut receptors. The significance of Bt in the management of lepidopteran, coleopteran, hemipteran, dipteran and nem-
atode pests of crops and livestock through its mode of action is extensively reviewed.

Conclusion Besides being a promising pest control option, the challenges faced through resistance development,
variation in susceptibility across species and non-target effects of Bt are also discussed. Proactive approaches and mul-

Keywords Bacillus thuringiensis, Lepidoptera, Coleoptera, Hemiptera, Diptera

Background

Bacillus thuringiensis (Bt) is an aerobic, gram-positive,
spore-forming, soil bacterium that has now revolution-
ized pest management. Bt is acknowledged worldwide for
its safety as a bioinsecticide. Bt occupies an intricate eco-
logical profile. As per the recent assessments, Bt is seen
in a wide range of habitats, even those lacking insects,
thus underscoring the significance of various vectoring
systems (Ruan et al. 2015). This broadens the boundaries
set for Bt as an insecticidal toxin. The host specificity of
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Bt is favoured evolutionarily by changes in the popula-
tion of certain insect species (Argolo-Filho and Loguer-
cio 2013). The lifecycle of Bt consists of four distinct life
stages. The Phase I is the vegetative growth stage, Phase
II is the progression to sporulation, Phase III is sporula-
tion, and Phase IV is maturation of the spores and cell
lysis (Berbert-Molina et al. 2008).

Delving into the historical background of Bt, it all
began with the discovery of ‘Sottokin, by Ishiwata from
the diseased Bombyx mori (Linnaeus) (Lepidoptera:
Bombycidae) larvae. It has been more than a century
since he isolated Bt and identified that a toxin is respon-
sible for death rather than septicemia. Ten years later, in
1911, Ernst Berliner isolated the bacterium from Ana-
gasta kuehniella (Zeller) (Lepidoptera: Pyralidae) larvae
in Thuringia province of Germany. Aoki and Chigasaki
(1916) revealed that the toxicity originating from the
sporulated cultures was due to an endotoxin protein.
Mattes (1927) who re-isolated Berliner’s isolate was suc-
cessful in observing an additional body other than the
spore in the sporangia. The parasporal crystal inclusion
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was hypothesized to be responsible for the insecticidal
activity by Hannay (1953). This was proved by Angus and
he inferred that only the alkali-treated ingested spores
could lead to paralysis, septicemia and death (Angus
1954). The first commercial Bt formulation ‘Sporeine’
came to the forefront in 1938 as a consequence of severe
infestation of European corn borer, Ostrinia nubilalis
(Hitbner) (Lepidoptera: Crambidae) in France. In the
1950s, efforts of Steinhaus brought Bt to USA. The sec-
ond Bt formulation “Thuricide’ was introduced in 1957
with the initiative of Steinhaus and R. A. Fisher (Heimpel
and Angus 1960; Beegle and Yamamoto 1992). This was
followed by the discovery of many potential novel isolates
and their commercialization.

The lack of effectiveness of formulations and the inter-
nal feeding behaviour of the targeted pest species led
to the idea of genetically modifying the plants. Genetic
modification of Nicotiana tabacum (Linnaeus) (Sola-
nales: Solanaceae) with truncated cry gene was done
with Agrobacterium tumefaciens (Smith & Townsend)
(Hyphomicrobiales: Rhizobiaceae) mediated gene trans-
fer. The resistance exhibited by the plant to Manduca
sexta (Linnaeus) (Lepidoptera: Sphingidae) paved the
way for transgenic Bt plants (Vaeck et al. 1987). With
all the efforts, in 1995, the United States Environmen-
tal Protection Agency (US EPA) sanctioned the com-
mercial production of Bt crops. Cotton and corn were
the predominant crops to be transformed (Abbas 2018).
Since 1996, Bt cotton and corn have undergone substan-
tial adoption in the USA, with 85% corn and 89% cotton

Table 1 Order specificity and cross-order activity of Bt toxins
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acres planted with Bt engineered crops (US Department
of Agriculture, Economic Research Service, 2023). The
adoption rates seem to fluctuate depending upon the pest
infestations. Currently, 15 cry genes and 3 vip genes for
lepidopteran insect control, 5 cry genes for coleopteran
insect control, 1 cry gene for hemipteran insect control
and 1 cry gene for nematode control have been identi-
fied to have potential for genetic engineering in plants
(International Service for the Acquisition of Agri-biotech
Applications [ISAAA], 2024).

The Bt toxins and the toxin structure

Various strains of Bt possess diverse proteins that may
exhibit specificity or the toxicity may be spread across
two or more insect orders. Toxins that show order-spe-
cific toxicity and those that exhibit cross-order toxicity
(van Frankenhuyzen 2017) are given in Table 1.

Owing to the continuous efforts made in the discov-
ery of bacterial toxins for pest management, a variety
of toxins have come to the forefront. The classification
of Bt crystal proteins was initially based on insecticidal
activities. However, limitations arose when proteins with
sequence homology showed different insect specific-
ity and the necessity for comprehensive bioassay data
for classification. In 1998, a revised nomenclature based
solely on amino acid similarity was introduced, which
has remained robust. Recent advancements in genome
sequencing and protein structure determination have
highlighted the need for a classification system reflecting
structural differences, suggesting a potential shift from

S.No Order Protein

1 Lepidoptera Cry1Aa, Cry1Ab, Cry1Ac, Cry1Ad, Cry1Ae, Cry1Ba, Cry1Bb, Cry1Ca, Cry1Cb,
Cry1Da, Cry1Db, Cry1Ea, Cry1Eb, Cry1Fa, Crylla, Crylle, Cry1lJa, Cry1b,
Cry1Ka, Vip3Aa

2 Diptera Cry4Aa, Cry4Ba, Cry11Aa, Cry11Ba, Cry11Bb; Cyt1Aa, Cyt1Ab

3 Coleoptera Cry3Aa, Cry3Ba, Cry3Bb

4 Nematodes Cry5Aa, Cry5ADb, Cry5Ba, Cry6Aa, Cry55Aa, Cry6Ba, Cry12Aa, Cry21Aa, Cry13Aa

6 Orthoptera Cry7Ca

5 Lepidoptera+Diptera Cry1Ca, Cry30Fa, Cry30Ga, Cry54Aa, Cry56Aa

6 Lepidoptera+ Coleoptera Cry1la, Cry8Da

7 Lepidoptera+Hemiptera Cry1Ab

8 Diptera+ Coleoptera Cry10Aa

9 Diptera + Nematodes Cry55Aa

10 Diptera+Hemiptera Cry4Aa, Cry11Aa

1 Coleoptera+Hemiptera Cry3Aa, Vip1A/NVip2A, Cry51Aa

12 Lepidoptera+ Coleoptera+ Diptera Cry1Ba, Cyt1Ba

13 Lepidoptera+ Diptera+Nematodes Cry2Ab

14 Lepidoptera+ Diptera+Hemiptera Cry1Ac, Cry2Aa

15 Diptera+ Coleoptera+Hemiptera CytlAa
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the amino acid-based classification towards a more struc-
turally oriented approach. In total, sixteen classes have
been added in the revised classification of pesticidal pro-
teins. As a result, only those toxins that possess a three-
domain structure is being included under the Cry protein
family. Apart from toxins produced by Bt, the new clas-
sification has successfully addressed those pesticidal pro-
teins from other bacteria (Crickmore et al. 2021). The
binary toxins composed of two proteins are non-three-
domain toxins whose action come to play when present
together. The BinB toxin is responsible for receptor bind-
ing while BinA determines toxicity (Srisucharitpanit
et al. 2014). Bt produces several underexploited toxins,
including the sphaericolysins, alveolysins, -exotoxins,
enhancin-like proteins, and P19 and P20 helper pro-
teins. These toxins have varying levels of toxic activity
and mechanisms that are not fully understood, requiring
further research to explore their potential applications
(Palma et al. 2014).

Coming to the class of Cry toxins, though there are
variations in amino acid sequences, the three domains
of the three-domain Cry toxins are more or less con-
served. Cryl protoxins are approximately 130-140 kDa
in size, whereas Cry2 and Cry3 protoxins are smaller,
around 70-73 kDa, because they lack the extensive
C-terminal protoxin domain. The Cry4 protoxins have a
size of 130 kDa. The processing of these protoxins results
in an active toxin core that is about 55-65 kDa in size.
The Domain I decides the pore formation ability of the
toxin. Domain II is a determinant of the specificity of the
toxin and receptor as the length of the three antiparallel
B sheets is highly variable. The structure forms a § prism.
Domain III is the galactose binding domain composed of
two antiparallel running S sheets forming a 8 sandwich
involved in receptor binding and perforation. Apart from
these three domains comprising the toxin core, addi-
tional four more domains have been discovered from
CrylAc protoxin (Adang et al. 2014; Palma et al. 2014).
All other pesticidal classes comprising of Bt toxins are
given in Table 2.

Mode of action

Cry toxin

A clear knowledge about the putative receptors and
the mechanism of Cry protein binding is available for
lepidopteran insects. The differential susceptibility
of insect species against various Cry toxins is associ-
ated with the changes in the midgut binding receptors.
Insecticidal crystal protein binding has been viewed
mostly in the anterior portion of midgut in Lepidop-
tera, whereas it is in the posterior part in the case of
Coleoptera. The highly alkaline pH of lepidopteran
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gut plays an important role in toxin solubilization. The
protoxins acted upon by the proteases are converted
to active toxin by removal of amino acids from C-ter-
minal. Cry3A protoxins specific to coleopterans lack
cysteine groups from the C-terminal region. Earlier
this was identified as the reason for toxicity under the
acidic pH of coleopteran midgut. However, the identi-
fication of Cry7 toxicity in certain coleopterans points
to the influence of additional factors in imparting toxic-
ity. Serine proteases, such as chymotrypsin and trypsin,
dominate in lepidopterans and dipterans, whereas
cysteine and aspartic proteases dominate in coleop-
terans (Chougule et al. 2008; Dominguez-Arrizabalaga
et al. 2020).

The mode of action is explained by three models:

The classical model: In this basic model, the toxin
dissolves in the insect’s alkaline midgut and undergoes
proteolytic activation into toxic polypeptides. These
fragments bind to receptors on midgut epithelial cells,
creating pores in the membrane and disrupting func-
tion, which allows gut contents to leak through. This
midgut damage, combined with spores spreading, ger-
minating and multiplying in the haemolymph, leads
to septicemia and the death of the larvae (Adang et al.
2014). This model fails to look deeply into the process.

The sequential binding model: The protoxin once
activated by proteases, attach to the primary cadherin
receptor from the domain II loops. This results in fur-
ther cleavage of the o helix-1 at the N-terminal side,
leading to the formation of a pre-pore oligomer (Rau-
sell et al. 2004). Ultimately, this oligomer binds to the
secondary receptors, the GPI-anchored proteins (APN
or ALP) through the domain III epitope and exposed
loops of domain II. The unification of Cry receptor and
the toxin was reported to catalyse channel formation
in the phospholipid membrane. The receptor facilitates
pore formation by the oligomer paving way for midgut
lysis and death (Vachon et al. 2012; Adang et al. 2014).
A similar sequence of activities is noted to occur with
the (Etx_Mtx2) like Cry toxins also (Szczesny et al.
2011). The mode of action of Cry toxin in insect gut is
illustrated in Fig. 1.

The signalling pathway model: This model addresses
the changes in cellular metabolism rather than the
lytic effect of Cry toxins. The binding of Cry toxin with
cadherin initiates several Mg”*-dependent cell signal-
ling cascades. This involves activation of the cell sur-
face receptors, G proteins. Activation of G proteins
stimulates adenylate cyclase, an enzyme responsible
for producing the secondary messenger molecule,
cyclic adenosine monophosphate (cAMP) from adeno-
sine triphosphate (ATP). Elevated cAMP levels further
activate protein kinases A (PKAs), initiating a series
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Fig. 1 Cry toxin mode of action

of downstream signalling pathways. These pathways
ultimately result in the disruption of ion channels and
cytoskeletons, as well as the acceleration of cell apopto-
sis (Vachon et al. 2012; Adang et al. 2014).

Vip toxin

Apart from the Cry toxins produced during sporulation,
another set of toxins known as Vip (vegetative insecti-
cidal protein) toxins are produced during the growth
phase, beginning from the middle of the log phase and
continues in sporulation phase.

In the case of Vipl/Vip2 binary toxins, the process
commences with the ingestion of toxins followed by the
action of trypsin-like proteases and oligomerization. This
activated Vipl toxin recognizes the receptors which is
followed by membrane insertion and channel formation.
Vip2 is hypothesized to enter into the cell by endocytosis
or directly through the channels made by Vipl. The cata-
lytic core of Vip2 transfers the ADP-ribose group from
NAD to actin, thus disrupting the microfilament forma-
tion (Chakroun et al. 2016; Syed et al. 2020). Vip2 is cyto-
toxic to plants and that limits its application in transgenic
plants. Figure 2 illustrates the mode of action of Vipl/
Vip2 binary toxins in the insect body.

Coming to the Vip3 toxins, the mechanism of action
is similar to Cry toxins. However, no binding sites are
shared by Vip3A toxins with Cry toxins. Proteolytic acti-
vation of the toxin is not found to guarantee insecticidal

)

P il
( cAMP
- Protein
*/ kinase A

B
Cell apoptosis

effect. Once the toxin gets activated by the gut juice
enzymes, the N terminus cleavage product (19-22 kDa)
and the C terminus cleavage product (62-66 kDa) join
to form a homotetramer (360 kDa). This is followed by
receptor binding. Toxin binding to ribosomal S2 protein
and Spodoptera frugiperda (J.E. Smith) (Lepidoptera:
Noctuidae)-fibroblast growth factor receptor-like protein
(Sf-FGFR) was reported to cause changes such as DNA
damage, disruption of the mitochondrial membrane
and activation of caspases (caspase 3 or 9), which subse-
quently promotes apoptosis. A tenascin-like glycoprotein
receptor identified in Agrotis ipsilon (Hufnagel) (Lepi-
doptera: Noctuidae) was speculated to effect channel for-
mation. The channels formed by Vip3 differed from that
formed by Cry toxins in their conductance and ion speci-
ficity. Another protein, scavenger receptor class C-like
protein (Sf-SR-C), was reported to influence Vip3A
endocytosis (Chakrabarty et al. 2020; Syed et al. 2020).
The detailed multistep process has not been completely
clarified yet. As of now, ion channel formation, endocy-
tosis activity and apoptosis activity are considered to be
responsible for its toxicity. The mode of action of Vip3
protein is illustrated in Fig. 3.

Cyt toxins

Ability of Cyt toxin to bind with lipid membrane makes
them receptor-independent toxins (Chougule et al
2013). Two pathways were suggested to explain the
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mode of action of Cyt toxin: pore formation model and
detergent action model. In the pore formation model,
they just behave like the Cry toxins. Cyt toxins undergo
enzymatic processing at the N and C terminals form-
ing a protease-resistant product that imparts toxicity
(Al-yahyaee and Ellar 1995). In the detergent action
model, the cytolytic activity of Cyt toxins is explained
by its specific binding to lipids that disturb the phos-
pholipid layer of the membrane. Membrane permeabi-
lization studies with Cytl1A concluded that rather than
small precisely defined protein channels, they cause an
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overall disturbance over the membrane with a deter-
gent-like effect (Butko et al. 1996; Manceva et al. 2005).

Applications in IPM

Bt-based products are being adopted widely in integrated
pest management (IPM) strategies which reflects the
growing recognition of its efficacy, environmental safety
and sustainability. The utility of Bt in targeting various
insect orders is discussed herein.
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Lepidoptera

The order Lepidoptera is very popular when coming to
pest management using Bt. It is the order with greatest
number of Bt-related GM events until now. The strains
of Bt such as HD 73; Bt aizawai-HD 68, HD 137; Bt den-
drolimus-HD 37; Bt darmstadiensis-HD 146, etc., and
several other strains from various geographical locations
were tested against lepidopterans. Those virulent strains
were made into commercial formulations such as Dipel,
Halt and Xentari (Pinheiro and Valicente 2021; Vimala
Devi et al. 2020). Rather than field pests, storage pests
can also be managed using Bt. The toxins can be used
for surface treatment during storage or engineered into
the crop itself (Oppert et al. 2010; Malaikozhundan and
Vinodhini 2018).

Lepidopteran-resistant transgenic crops
The idea of transgenic Bt plants took shape when the Bt
spray formulations failed in exercising pest control. The
reasons for failure with respect to the formulations are
their short period of persistence and quick environmen-
tal degradation. Along with this, the tunnelling pests and
root feeders escape from the toxin interaction (Sana-
huja et al. 2011). Initial efforts to transform plants with
the full-length toxin led to reduced insecticidal toxicity
and phytotoxicity. The reason was found as due to the
AT nucleotide-rich nature of toxin genes. Later this was
rectified by sequence addition (Castagnola and Jurat-
Fuentes 2012).

Currently, a number of crops exist in the market carry-
ing Bt toxin genes. Those GM crops approved for cultiva-
tion by ISAAA is mentioned in Table 3.

Coleoptera

The story of Bt used against coleopterans began with the
discovery of Bt tenebrionis in 1982 from Tenebrio molitor
(Linnaeus) (Coleoptera: Tenebrionidae) at Darmstadt
(Krieg et al. 1983). The coleopteran-specific Cry toxin
studies are mostly limited to the Cry3 protein family.
Meanwhile, Bt var sandiego was identified to be toxic to
boll weevil and Colorado potato beetle. Later both were
identified to be the same (de Barjac and Frachon 1990).
Now, many strains that carry Cry3 protein crystals dur-
ing sporulation have become familiar such as Bt subsp.
tolworthi, Bt subsp. kurstaki , etc. The activity of Cry3Aa,
Cry3Ba, Cry3Bb and Cry3Ca is observed mostly against
the coleopteran families Tenebrionidae, Curculionidae,
Scarabaeidae, Chrysomelidae (Dominguez-Arrizabalaga
et al. 2020). After its initial usage as spray formulations,
successful efforts were made towards cry3 express-
ing potato plants resistant to the most destructive pest,
Colorado potato beetle, Leptinotarsa decemlineata
(Say) (Coleoptera: Chrysomelidae) (Adang et al. 1993).
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Transgenic maize carrying cry3Bb1 for the control of
Diabrotica sp. also came to the forefront.

Apart from Cry3 toxins, Cry7, Cry8 and binary toxins
have demonstrated its insecticidal activity. Cry7Aa and
the binary toxin Cry23Aa/Cry37Aa were found effective
against L. decemlineata and Cylas sp. after in vitro solu-
bilization (Ekobu et al. 2010; Dominguez-Arrizabalaga
et al. 2019). The lack of toxicity in Coleoptera is due to
the acidic pH that hinders the proper unfolding of the
protein. Using of binary toxins proved a significant rise
in toxicity as observed for Cry23Aa and Cry37Aa protein
combination, when applied on beans (Phaseolus vulgaris
(Linnaeus) (Fabales: Fabaceae)) for the management of
storage pest, Acanthoscelides obtectus (Say) (Coleoptera:
Chrysomelidae) (Rodriguez-Gonzalez et al. 2020). The
same response was recorded in the case of Tribolium cas-
taneum (Herbst) (Coleoptera: Tenebrionidae) and Popilia
japonica (Newman) (Coleoptera: Scarabaeidae). Another
pair of toxins dependent on each other for toxicity is
Cry34 and Cry35. But Cry34 toxin alone is also able to
effect action (Oppert et al. 2010). Cry8 toxins had dem-
onstrated its effect against scarab beetles. Cry8Da and
Cry8Db showed activity against larva and adults, whereas
Cry8C worked against larva of Japanese beetle (Yamagu-
chi et al. 2008). Two novel toxins, Cry8Sal protein and
Cry8Ib-like protein, were reported to be effective in con-
trolling the sugarcane whitegrub, Holotrichia serrata
(Fabricius) (Coleoptera: Scarabaeidae) (Naveenarani et al.
2022; Srikanth et al. 2024). A novel gene, cry8Ka5 dis-
played its potential for genetic transformation of cotton
against the major pest, cotton boll weevil, Anthonomus
grandis (Boheman) (Coleoptera: Curculionidae) (Oliveira
etal. 2011).

Even though Cyt proteins are primarily toxic to dipter-
ans, CytlAa showed the same effect against Cottonwood
leaf beetle Chrysomela scripta (Fabricius) (Coleoptera:
Chrysomelidae) and Cyt2Ca was toxic to Diabrotica
sp., L. decemlineata, Diaprepes abbreviates (Linnaeus)
(Coleoptera: Curculionidae). Transgenic citrus root-
stock expressing Cyt2Cal was proved to be protective
against D. abbreviatus (Mahmoud et al. 2017). Cyt toxins
can be used to subdue resistance to Cry3A (Federici and
Bauer 1998; Weathersbee III et al. 2006).

Besides the §-endotoxins produced during sporula-
tion, Vip and Sip proteins were also reported against
coleopteran pests. The insecticidal activity of SiplA
protein has been reported initially against Colorado
potato beetle (L. decemlineata), Southern corn root-
worm (Diabrotica undecimpunctata howardi (Barber)
(Coleoptera: Chrysomelidae), Western corn rootworm
(D. virgifera virgifera), Colaphellus bowringi (Baly)
(Coleoptera: Chrysomelidae) (Donovan et al. 2006; Sha
et al. 2018). The binary toxins, Vip1/Vip2 effecting corn
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Table 3 The lepidopteran-resistant GM plants approved for commercial cultivation (ISAAA, 2024)

Bt protein introduced

Targeted pests

References

Cotton
Cry1Ab

Cry1Ac
CrylF

Cry2Ab2
Vip3A

Cry1Ac+Cry2Ab
Cry1Ab+Vip3A
CrylAc+Cry1F
CryTAc+Cry1F+Vip3A
Maize

Cry1Ab

Cry1F

Cry9C

Vip3Aa20
Cry1A.105+Cry2Ab2
Cry1Ab+Vip3Aa20
Cry1A105+Cry1F +Cry2Ab2
Brinjal

Cry1Ac

Rice

Cry1Ab

Cry1Ab+Cry1Ac
Tomato

Cry1Ac
Sugarcane
Cry1Ac

Populus

Cry1Ac

Soybean

CrylAc

CrylAc+Cry1F

Cowpea
Cry1Ab

Spodoptera exigua, S. frugiperda, Helicoverpa armigera

H. armigera, Pectinophora gossypiella, Helicoverpa zea, S.
exigua, S. frugiperda, S. litura, Pseudoplusia includens

S. frugiperda, S. litura, H. zea, P includens, S. exigua

P.gossypiella, S. frugiperda, S. exigua, S. litura
H. zea, P gossypiella, H. armigera, S. exigua, S. frugiperda

H. armigera, Sylepta derogata

S.exigua, S. frugiperda, H. zea

S. frugiperda, S. exigua, Chloridea virescens, H. zea
H. armigera, H. zea

H. zea, S. frugiperda, Plodia interpunctella

S. frugiperda, H. zea, Elasmopalpus lignosellus, A. ipsilon
O. nubilalis, Diatraea grandiosella, S. frugiperda
A.ipsilon, H. zea

E. lignosellus

H. zea, O. nubilalis, S. frugiperda

E. lignosellus, A. ipsilon

Leucinodes orbonalis

Chilo suppressalis, Scirpophaga incertulas, Cnaphalocrosis
medinalis, Herpitogramma licarisais, Sesamia inferens,
Naranga anescens, Mycalesis gotama, Parnara guttata

Tryporyza incertulas, C. medinalis

Tuta absoluta

Diatraea saccharalis, Telchin licus

Hyphantria cunea

Anticarsia gemmatalis, C. virescens, Helicoverpa sp., Chryso-
deixis includens, S. litura

Spodoptera eridania, Spodoptera cosmioides, Spodoptera
albula, E. lignosellus, A. ipsilon, H. armigera

Maruca vitrata

Adamczyk Jr and Mahaffey (2008), Khan et al. (2013), Khan
etal. (2011)

Adamczyk Jr and Gore (2004), Tindall et al. (2009), Sivasu-
pramaniam et al. (2014)

Tindall et al. (2009), Adamczyk Jr and Gore (2004), Siebert
etal. (2008a, 2008b)

Sivasupramaniam et al. (2014)

Adamczyk Jr and Mahaffey (2008), An et al. (2010), Chen
etal. (2017), Yang et al. (2022), Tabashnik et al. (2022)

Héma et al. (2009)

Adamczyk Jr and Mahaffey (2008)

Adamczyk Jr and Gore (2004), Siebert et al. (2008b)
Marques et al. (2023)

Buntin (2008)

Buntin (2008), Siebert et al. (2008a), Marques et al. (2019)
Reed and Halliday (2001), Bokonon-Ganta et al. (2003)
Marques et al. (2019), Niu et al. (2021)

Marques et al. (2019)

Burkness et al. (2010), Lin et al. (2022), Eghrari et al. (2022)
Marques et al. (2019)
Hautea et al. (2016), Prodhan et al. (2019)

Shu et al. (2000)

Wang et al. (2010)

Jalapathi et al. (2020)

Gao et al. (2016), Sakuno et al. (2024)
Liuetal. (2016)

Yu et al. (2013), Horikoshi et al. (2021)

Marques et al. (2017), Machado et al. (2020)

Addae et al. (2020)

rootworms (D. virgifera, Diabrotica longicornis (Say)
(Coleoptera: Chrysomelidae), D. undecimpunctata) and
Scarabaeids (Holotrichia oblita (Falderman) (Coleop-
tera: Scarabaeidae), Holotrichia parallela (Motschul-

sky) (Coleoptera: Scarabaeidae), Anomala corpulenta
(Motschulsky) (Coleoptera: Scarabaeidae)) have been
reported (Bi et al. 2015). ViplAa/Vip2Aa, ViplAa/

ViplAb, ViplBa/Vip2Ba and ViplBb/ViplBa toxin
combinations have shown its potential against D. virgif-
era virgifera (Chakroun et al. 2016; Dominguez-Arriza-
balaga et al. 2020).
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Coleopteran-resistant transgenic crops

Formulations successful for the control of various coleop-
teran pests are being devised and used (Eski et al. 2017;
Kim et al. 2015). Other than that Bt crops provide an
extended control as the entire plant expresses the gene
and encounter the pest, which is a limitation of formu-
lations. Potato and maize plants expressing Bt genes are
being approved and used in many countries. Table 4
shows the GM events approved by ISAAA.

Hemiptera
The lower toxicity of Bt to hemipterans compared to
other pest orders can be attributed to the fact that Bt has
not evolved for infecting hemipterans. This is inferred
from the ecology of the bacteria and the piercing and
sucking feeding behaviour of hemipterans (Schnepf et al.
1998). Bt toxicity in hemipterans is accounted in Bt trans-
genic plants rather than spray formulations due to their
sap sucking behaviour. The observed toxic effect may be
seen as a consequence of the similarity of glycoproteins
present in hemipterans and other insect orders (Porcar
et al. 2009). With the advent of transgenic cotton, the
number of insecticidal sprays reduced significantly. This
resulted in a notable surge in the mirid pest population
such as Lygus lucorum (Meyer-Dir) (Hemiptera: Miri-
dae), Apolygus lucorum (Meyer-Diir) (Hemiptera: Miri-
dae) and Adelphocoris spp. (Lu et al. 2010; Li et al. 2010,
2011a). Plant bug Lygus sp., a major sap feeder, is an eco-
nomic pest of cotton in the USA. The proteins Cryl5,
Cry23, Cry33, Cry45 and Cry46 were expressed in cotton
plants that caused mortality and mass reduction in Lygus
hesperus (Knight) (Hemiptera: Miridae) (Baum et al.
2012). A non-preference strategy for feeding and oviposi-
tion was shown against Bt plants when cotton thrips and
tarnished plant bugs (Lygus lineolaris (Palisot) (Hemip-
tera: Miridae) were subjected to choice tests between Bt
Cry51Aa?2 plants and non-Bt plants (Graham et al. 2019).
Coming to homopterans, the solubilized CrylAa,
CrylAb, CrylC, CrylFE, Cry2A, Cry3A and Cry4D caused
significant mortality of the potato aphid, Macrosiphum
euphorbiae (Thomas) (Hemiptera: Aphididae). A strong
mortality was observed for Cry2A toxin (Walters and
English 1995). The bioassays could infer that unlike the
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other orders, reluctance to feed after toxin ingestion was
not observed. A low to moderate toxicity was observed
in Acyrthosiphon pisum (Harris) (Hemiptera: Aphididae)
when administered with solubilized forms of Cry3A,
Cry4Aa, CryllAa and CytlAa (Porcar et al. 2009). The
CrylAc toxin could undergo complete processing follow-
ing the action of gut proteases and the receptor binding
of activated toxin was reported to be glycan (GalNAc)
mediated (Li et al. 2011b). A homopteran-specific Cry
protein having 40% sequence similarity to Cry41Aal and
Cry41Abl parasporins was found to be toxic to green
peach aphid Myzus persicae (Sulzer) (Hemiptera: Aphidi-
dae). Homopteran-specific toxins, Cry64Ba/Cry64Ca,
displayed a high level of activity against the rice plant
hoppers Laodelphax striatellus (Fallén) (Hemiptera: Del-
phacidae) and Sogatella furcifera (Horvath) (Hemiptera:
Delphacidae) (Liu et al. 2018). Vipl and Vip2 proteins
were seen to have a notable effect against cotton aphid
(Aphis gossypii (Glover) (Hemiptera: Aphididae). The
ViplAe/Vip2Ae binary toxins also exhibited toxicity (Sat-
tar and Maiti 2011).

As these fluid feeders excrete out significant amounts
of their diet rapidly, the retention time of toxin in the
midgut will be less. This is the reason for the low toxicity
in hemipterans compared to lepidopterans and coleop-
terans (Walters and English 1995). Studies indicate the
presence of enzymes, aminopeptidase and a-glucosidase
in the posterior midgut and cysteine protease in the ante-
rior midgut. The modified perimicrovillar membrane is
involved in reversible binding for enhancement of amino
acid absorption, prevention of excretion of cathepsin-L-
like cysteine proteinase, maintenance of osmolarity, etc.
The acidic pH of the gut is yet another factor that can
affect toxin solubility and thereby reduce toxicity (Cris-
tofoletti et al. 2003). Transgenic crops having insecti-
cidal action against hemipterans have been developed,
though it was not much pronounced as in Lepidop-
tera and Coleoptera. Transgenic cotton with a modified
Mpp51Aa2 toxin showcased potential toxicity against
hemipterans and thrips. This is the only approved GM
event used in hemipteran pest management (Asiimwe
etal. 2023).

Table 4 The coleopteran-resistant GM plants approved for commercial cultivation (ISAAA, 2024)

Crop Bt protein introduced Targeted pests References

Potato Cry3A L. decemlineata Salehian et al. (2021)

Maize Cry34Ab1/Cry35Ab1+Cry3Bb1 Diabrotica barberi Ludwick et al. (2017)
Cry3Bb1 D. barberi Siegfried et al. (2005)
mCry3A D. barberi Oyediran et al. (2016)

DvSnf7+Cry3Bb1

D. undecimpunctata Levine et al. (2015)
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Diptera

Bacillus thuringiensis subsp. israelensis, B. sphaericus
and B. thuringiensis subsp. jegathesan are the major
bacterial species and subspecies associated with speci-
ficity towards dipterans. Bt israelensis produces par-
asporal inclusions containing Cry4Aa, Cry4Ba, Cryl0Aa,
CryllAa, CytlAa and Cyt2Ba (Federici et al. 1990; Pérez
et al. 2007). Lysinibacillus sphaericus, formerly known as
B. sphaericus produces binary toxins, Tppl/Tpp2 (for-
merly known as BinA/BinB) and Cry48/Tpp49 (Tpp49
formerly known as Cry49) along with Mtxl, Mpp2
(formerly known as Mtx2), Mpp3 (formerly known as
Mtx3), Mpp4 (formerly known as Mtx4) and Sphaerico-
lysin (Berry 2012). Bt jegathesan is reported to produce
eight protoxins, namely CryllBa, Cryl9Aa, Cry24Aa,
Cry25Aa, Cry30Ca, Cry60Aa, Cry60Ba and Cyt2Bb
(Sun et al. 2013). The presence of novel toxins makes
this strain to be potent over Bt israelensis. Apart from
the above-mentioned species, several other subspecies
such as Bt canadensis, Bt thompsoni and Bt malaysiensis
were identified to carry the mosquitocidal toxins Cry4A,
Cry4B, Cryl1A and CytlA (Ragni et al. 1996). Bt kyush-
uensis, Bt tenebrionis, Bt medellin and Bt darmstadiensis
producing a different cytolytic toxin from Bt israelen-
sis have been investigated. This suggests the variability
observed among Cyt toxins (Knowles et al. 1992; Guer-
chicoff et al. 1997; Judrez-Pérez et al. 2002).

Coming to the Cry toxins, as seen in lepidopterans, the
Cryl1A toxin was found to bind with a cadherin receptor
in Aedes aegypti (Linnaeus) (Diptera: Culicidae), enabling
oligomerization which subsequently will bind to second-
ary receptor ALP (Fernandez et al. 2006). Cry11B, Cry4A
and Cry4B competing with Cryl1A for the toxin binding
site clarify the reason for cross-resistance observed to
varying extend among these toxins (Buzdin et al. 2002;
Chen et al. 2009). The synergistic action of cadherin
(AgCadl) on Cry4Ba toxin was demonstrated in Anophe-
les gambiae (Giles) (Diptera: Culicidae) (Hua et al. 2008).
This may be due to the oligomerization of toxin after con-
tact with cadherin protein. Cry4Aa protein toxic to larva
of Aedes sp. and Anopheles sp. and Cry4Ab protein toxic
to larva of Culex sp., Aedes sp. and Anopheles sp., struc-
turally and functionally resembles the lepidopteran toxic
CrylA (Boonserm et al. 2005, 2006).

Rather than individual toxicity, the proteins exhibit
high lethal effect when present together. The reason
behind synergistic action of CytlA on CryllA toxin
revealed the role of CytlA in the formation of pre-pore
oligomer. The role of Cyt1A toxin as a receptor of Cryl1A
was reported to be responsible for the synergistic action
of CytlA toxins on CryllA. Thus, Bt israelensis can be
viewed as a bacterium capable of manufacturing toxin
and its binding receptor (Pérez et al. 2007). Bt israelensis
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possess 3 Cyt toxins: Cyt1Aa, Cyt2Ba and Cyt1Ca (Cohen
et al. 2008). Even then strains resistant to Bt israelensis
are reported to occur. The p-exotoxins in Bt also have a
profound effect on dipteran life stages as understood
from the studies on houseflies. In house flies, treatment
with toxin led to delayed larval development, arrested
moulting, prevented pupation and adults exhibited tera-
tological effects. Bt israelensis toxicity is utilized against
agricultural and veterinary important pests Tabanus tri-
ceps (Fabricius) (Diptera: Tabanidae), Anastrepha ludens
(Loew) (Diptera: Tephritidae) (Mexican fruit fly), Brady-
sia coprophila (Lintner) (Diptera: Sciaridae) (Fungus
gnats), Rivellia angulata (Diptera: Platystomatidae) and
Chironomid midges (Margalith and Ben-Dov 2000).

Nematodes

The initial studies on nematicidal Bt toxins were focus-
sing on animal parasitic nematodes (Burrows and De
Waele 1997). Strains of Bt israelensis and Bt kurstaki
tested against the ruminant nematode Trichostrongylus
colubriformis (Giles) (Rhabditida: Trichostrongylidae)
had an ovicidal effect. No effect was seen in the third
stage larva and adult helminths (Bottjer et al. 1985).
[-exotoxins effecting vertebrates and invertebrates have a
profound effect on nematodes also. In a study conducted
with Bt [B-exotoxin, Thuringiensin, on Caenorhabditis
elegans (Maupas) (Rhabditida: Rhabditidae) and Meloi-
dogyne incognita (Kofoid and White) (Tylenchida: Het-
eroderidae), 100% mortality was observed against the
former and significant effect was seen against the latter
also. But only a very high quantity of the active toxin
could produce an appreciable effect on nematode popu-
lation (Devidas and Rehberger 1992). Cry5 and Cry6
proteins are the most studied with respect to nematicidal
property. Cry5B, Cryl4A, Cry21A and Cry6A exhibited
toxicity against four phylogenetically diverse nematode
species (Wei et al. 2003). Cry5B, identified as a nemati-
cidal toxin, prevented blood feeding nematode Ancy-
lostoma ceylanicum (Rhabditida: Ancylostomatidae).
Exposure resulted in decreased egg production by the
nematodes (Cappello et al. 2006).

Compared to insects, the toxin specificity to intestinal
receptors is less in nematodes, as observed in the free-
living nematode C. elegans. Optical microscopy revealed
the toxin action to occur in two phases within 24 h. The
dissolution of crystals occurred at a slower pace. During
the initial 12 h of toxin ingestion, there is a progressive
breakdown of the four cells at the anterior intestinal ring,
posterior to pharynx. The second phase witnesses the
degradation of the remaining intestine which is believed
to be because of decomposition of deceased nema-
tode (Borgonie et al. 1995). On comparing this mode of
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action to that in insects, differences and similarities are
observed. An increasing level of toxicity is seen from
younger stage to adult stage, lacking a specific stage for
toxicity in the case of nematodes. In contrast, insecticidal
toxins are specific to larval stage. Another notable dif-
ference is the slower activity in nematodes compared to
the rapid toxicity observed in lepidopterans and dipter-
ans. Similar to insects, toxins display species specificity in
nematodes also. Once germinated in the gut, they colo-
nize the entire nematode body in 24 h.

Field trials with a potent Bt strain demonstrated reduc-
tion in galls due to M. incognita and reduction of Roty-
lenchulus reniformis (Linford and Oliveira) (Tylenchida:
Hoplolaimidae) population in tomato and pepper plants.
It was then applied onto the seed coats of strawberry,
which demonstrated control over Pratyenchus penetrans
(Cobb) (Tylenchida: Pratylenchidae) and the pathogen
Rhizoctonia fragariae (Husain and McKeen) (Cantharel-
lales: Ceratobasidiaceae) (Zuckerman et al. 1993).
CrylEall protein showed significant nematicidal activ-
ity against the pine wood nematode Bursaphelenchus
xylophilus (Steiner & Buhrer) (Aphelenchida: Parasitap-
helenchidae), marking the first instance of Cryl proteins
being effective against plant-parasitic nematodes (Huang
et al. 2018). Till now, only one Bz-transformed nematode-
resistant plant is approved for cultivation. GMB151 soy-
bean combines an herbicide-resistant gene as well as a
nematode toxic gene, cryl4Ab-1.b. The toxin targets cyst
nematodes infesting soybean (Organisms et al. 2021).

Thysanoptera

Potential of Bt in thrips management has been dealt very
recently. The thrips in cotton ecosystem witnessed a hike
in population with the advent of Bt cotton as seen in the
case of hemipterans. Novel isolates with enhanced effec-
tiveness are being discovered (Maurastoni et al. 2023).
Transgenic cotton varieties with an extended action spec-
trum developed by incorporating Cry51Aa repelled the
female thrips from ovipositing and reduced the larval and
adult feeding. However, the susceptibility was noticed
to be prominent in Frankliniella occidentalis (Pergande)
(Thysanoptera: Thripidae) compared to Frankliniella
fusca (Hinds) (Thysanoptera: Thripidae) (Huseth et al.
2020). “Thryvon, a transgenic cotton variety expressing
Cry51Aa developed against sucking pest, could effec-
tively control the thrips population in field (Whitfield
et al. 2022). Overall sucking pest control using Bt is an
emerging area and needs further research.

Acari

Tyrophagus putrescentiae (Schrank) (Sarcoptiformes:
Acaridae), a mould mite under storage conditions evalu-
ated against Bt israelensis and Bt tenebrionis showed
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significant effect on growth and biology (Ahmed et al.
2016). Many studies on livestock mites and ticks con-
cluded that Bt has potential in exercising control. Cry3A
toxin was reported to have effect against mites and ticks
(Dunstand-Guzman et al. 2015; Erban et al. 2009). Var-
roa mite, a major pest in the apiary, was seen to be con-
trolled by Bt application without effecting any of the bee
castes (Alquisira-Ramirez et al. 2014). A non-preference
strategy was seen towards Bt maize when carmine spi-
der mite, Tetranychus cinnabarinus (Boisduval) (Trom-
bidiformes: Tetranychidae), was subjected to Bt and
non-Bt maize (Prager et al. 2014). The crude pellets of
Bt kurstaki could significantly reduce the population of
spider mite, Eutetranychus orientalis (Klein) (Trombid-
iformes: Tetranychidae) under laboratory conditions
(Veloorvalappil Narayanan et al. 2018). However, still
there is no clear idea regarding the mode of action of Bt
in these organisms. Further intensive studies are needed
in this area to manage these emerging crop pests.

Challenges and solutions
Bt formulations face significant challenges in the field,
impacting their effectiveness and sustainability. Their
widespread use is hindered by production and formula-
tion costs, with harvesting and formulation efficiency
being critical for marketability and effectiveness. For-
mulation instability and the degradation of pesticidal
proteins due to ultraviolet radiation reduce the activity
of Bt products. Additionally, varying environmental con-
ditions lead to inconsistent efficacy, complicating their
application. Furthermore, Bt formulations have a limited
shelf life and maintaining optimal concentrations in the
field poses difficulties (Devi et al. 2019). A major con-
cern is the potential for resistance development in target
pests, primarily caused by changes in target receptors.
The extensive use of specific Cry proteins in transgenic
crops like cotton and corn has accelerated resistance in
pests, prompting regulatory bodies like the Environmen-
tal Protection Agency for Integrated Resistance Manage-
ment plans (Storer et al. 2012). While Bt is generally safe
for non-target organisms, there are ecological impacts
that need careful assessment. Adverse effects on preda-
tors and parasitoids can occur indirectly through preys
that have ingested Bt toxins (Yu et al. 2011; Mandal et al.
2020). Although honeybees are largely unaffected, some
pollinators like butterflies have shown detrimental effects
from Bt-contaminated pollen. Transgene flow occurring
when Bt genes are unintentionally transferred to wild rel-
atives, non-Bt plants or other organisms is another con-
cern (Pretty 2001).

To address the challenges associated with Bt, several
strategies have been developed to enhance its effective-
ness and delay resistance development. Initially a high
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dose/refuge strategy was implemented, relying on the
rare occurrence of resistance alleles in heterozygous
condition. This approach involves planting non-Bt crops
(refuges) alongside Bt crops to maintain a population
of susceptible pest that can dilute the resistance genes
through mating. However, improper implementation,
complex behaviour of pests and the chance for trans-
fer of Bt genes to the non-Bt refuge crop over time are
certain drawbacks (Storer et al. 2012). Manipulating the
suitability of refuge host plants to be lower can enhance
fitness costs for Bt-resistant pests, thereby improving
the effectiveness of the refuge strategy in delaying resist-
ance development (Carriere and Tabashnik 2024). Gene
pyramiding is a strategy which involves combining multi-
ple Bt proteins with different modes of action in a single
plant, making it harder for pests to develop resistance.
Examples include Bollgard II (CrylAc+ Cry2Ab), Wid-
estrike (CrylAc+CrylF) and VipCot (CrylAb+ Vip3A)
(Storer et al. 2012). Additionally, proper screening of the
genetic variability of target pests and DNA-based resist-
ance allele detection in heterozygotes are essential for
timely interventions (Morin et al. 2003). These strategies,
informed by pest population dynamics and ecology, aim
to sustain the efficacy of Bt crops and manage resistance
effectively. Advances in Bt formulations, such as micro-
encapsulations and micro-granules, aim to overcome
environmental challenges, and future alternatives like
fermented wastewater and wastewater sludge formula-
tions promise for cost-effective and environmentally
friendly solutions (Devi et al. 2019). Protein engineering
is another area of interest that aims at broadening the
toxicity spectrum of a particular toxin or designing a new
version of a toxin against any group of insects. Hybrid
proteins formed by the modification of already existing
toxins have the potential to delay resistance development
(Torres-Quintero et al. 2018; Hou et al. 2019).

Conclusion

Bt stands out as a naturally occurring bacterium that has
gained widespread attention for its remarkable ability
to produce protein toxins. The toxins, lethal to specific
insect groups upon ingestion, have garnered signifi-
cant attention as biopesticides owing to their selectivity
and minimal impact on non-target organisms, including
humans and beneficial insects. The current status of the
effective Bt toxins, their utilization and their application
as Bt transgenic lines specific to lepidopterans, coleopter-
ans, hemipterans, dipterans, thrips, mites and nematodes
has been discussed. The utilization of Bt toxins in agri-
culture has primarily targeted pests from lepidopteran
and coleopteran orders, showcasing notable effective-
ness. While the effectiveness of Bt toxins in Lepidop-
tera, Coleoptera and Diptera is well established, further
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research is warranted to extend its efficacy to other insect
orders. Understanding the toxicity variation among dif-
ferent insect orders is crucial, with the gut conditions
playing a pivotal role in mediating this variation.

In conclusion, advancing our understanding of molecu-
lar aspects of Bt, toxicity variations across insect orders
and strategies for managing resistance are paramount
for maximizing its potential as a safe and effective tool in
agricultural pest management practices. Comprehensive
studies elucidating the pest population dynamics, diverse
mode of action of various Bt toxins, effect on natural
enemies and the development of resistance management
strategies are imperative. Continued interdisciplinary
research efforts are essential for addressing the evolving
challenges in pest control while ensuring environmental
sustainability and food security.

Abbreviations

Bt Bacillus thuringiensis

Vip Vegetative insecticidal protein

Sip Secreted insecticidal protein

ISAAA  International service for the acquisition of agri-biotech applications

BBMV  Brush border membrane vesicles
LCsp Lethal concentration 50

GM Genetically modified

ALP Alkaline phosphatase

APN Aminopeptidase N

IPM Integrated pest management

Acknowledgements
The authors express their sincere gratitude to Tamil Nadu Agricultural Univer-
sity for its support and providing the student’s research grant fellowship.

Author contributions
AN wrote the draft of manuscript. NB reviewed and edited the manuscript. All
authors read and approved the final manuscript.

Funding
Not applicable.

Availability of data and materials
All references that support the study are included in the manuscript.

Declarations

Ethics approval and consent to participate
Not applicable.

Consent for publication
Not applicable.

Competing interests
The authors declare that they have no competing interests.

Received: 18 March 2024 Accepted: 30 June 2024
Published online: 08 July 2024

References

Abbas MST (2018) Genetically engineered (modified) crops (Bacillus thuring-
iensis crops) and the world controversy on their safety. Egypt J Biol Pest
Control 28(1):1-12. https://doi.org/10.1186/541938-018-0051-2


https://doi.org/10.1186/s41938-018-0051-2

Aswatbhi et al. Egyptian Journal of Biological Pest Control (2024) 34:40

Adamczyk JJ Jr, Gore J (2004) Laboratory and field performance of cotton con-
taining Cry1Ac, Cry1F, and both Cry1Ac and Cry1F (widestrike®) against
beet armyworm and fall armyworm larvae (Lepidoptera: Noctuidae).
Fla Entomol 87(4):427-432. https://doi.org/10.1653/0015-4040(2004)
087[0427:LAFPOC]J2.0.CO;2

Adamczyk JJ Jr, Mahaffey JS (2008) Efficacy of Vip3A and Cry1Ab transgenic
traits in cotton against various lepidopteran pests. Fla Entomol
91(4):570-575. https://doi.org/10.1653/0015-4040-91.4.570

Adang MJ, Brody MS, Cardineau G, Eagan N, Roush RT, Shewmaker CK, Jones
A, Oakes JV, McBride KE (1993) The reconstruction and expression of a
Bacillus thuringiensis crylliA gene in protoplasts and potato plants. Plant
Mol Biol 21:1131-1145. https://doi.org/10.1007/BF00023609

Adang MJ, Crickmore N, Jurat-Fuentes JL (2014) Diversity of Bacillus thuringien-
sis crystal toxins and mechanism of action. In: Dhadialla ST, Gill SS (eds)
Advances in insect physiology, vol 47. Academic Press, Cambridge, pp
39-87. https://doi.org/10.1016/B978-0-12-800197-4.00002-6

Addae PC, Ishiyaku MF, Tignegre J-B, Ba MN, Bationo JB, Atokple ID, Abudulai
M, Dabiré-Binso CL, Traore F, Saba M, Umar ML, Adazebra GA, Onyekachi
FN, Nemeth MA, Huesing JE, Beach LR, Higgins TJ, Hellmich RL, Pit-
tendrigh BR (2020) Efficacy of a cry1Ab gene for control of Maruca
vitrata (Lepidoptera: Crambidae) in cowpea (Fabales: Fabaceae). J Econ
Entomol 113(2):974-979. https://doi.org/10.1093/jee/toz367

Ahmed N, Wang M, Shu S (2016) Effect of commercial Bacillus 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

Akiba T, Higuchi K, Mizuki E, Ekino K, Shin T, Ohba M, Kanai R, Harata K (2006)
Nontoxic crystal protein from Bacillus thuringiensis demonstrates a
remarkable structural similarity to 3-pore-forming toxins. PROTEINS
Struct Funct Bioinform 63(1):243-248

Al-Yahyaee SA, Ellar DJ (1995) Maximal toxicity of cloned CytA &-endotoxin
from Bacillus thuringiensis subsp. israelensis requires proteolytic process-
ing from both the N-and C-termini. Microbiology 141(12):3141-3148.
https://doi.org/10.1099/13500872-141-12-3141

Alquisira-Ramirez EV, Paredes-Gonzalez JR, Herndndez-Veldzquez VM,
Ramirez-Trujillo JA, Pefa-Chora G (2014) In vitro susceptibility of Varroa
destructor and Apis mellifera to native strains of Bacillus thuringiensis.
Apidologie 45:707-718. https://doi.org/10.1007/513592-014-0288-z

An J, Gao Y, Wu K, Gould F, Gao J, Shen Z, Lei C (2010) Vip3Aa tolerance
response of Helicoverpa armigera populations from a Cry1Ac cotton
planting region. J Econ Entomol 103(6):2169-2173. https://doi.org/10.
1603/EC10105

Angus T (1954) A bacterial toxin paralysing silkworm larvae. Nature
173(4403):545-546. https://doi.org/10.1038/173545a0

Aoki K, Chigasaki Y (1916) Ueber atoxogene Sotto-Bacillen. Bull Imp Ser Exp
Stat Nakano Tokyo 1:141

Argolo-Filho RC, Loguercio LL (2013) Bacillus thuringiensis is an environmental
pathogen and host-specificity has developed as an adaptation to
human-generated ecological niches. Insects 5(1):62-91. https://doi.org/
10.3390/insects5010062

Asiimwe P, Brown C, Ellsworth P, Reisig D, Bertho L, Jiang C, Schapaugh A, Head
G, Burzio L (2023) Transgenic cotton expressing Mpp51Aa2 does not
adversely impact beneficial non-target hemiptera in the field. Crop Prot
173:106384. https://doi.org/10.1016/j.cropro.2023.106384

de Barjac H, Frachon E (1990) Classification of Bacillus thuringiensis strains.
Entomophaga 35:233-240. https://doi.org/10.1007/BF02374798

Baum JA, Sukuru UR, Penn SR, Meyer SE, Subbarao S, Shi X, Flasinski S, Heck
GR, Brown RS, Clark TL (2012) Cotton plants expressing a hemipteran-
active Bacillus thuringiensis crystal protein impact the development and
survival of Lygus hesperus (Hemiptera: Miridae) nymphs. J Econ Entomol
105(2):616-624. https://doi.org/10.1603/EC11207

Beegle CC, Yamamoto T (1992) Invitation paper (CP Alexander fund): history of
Bacillus thuringiensis berliner research and development. Can Entomol
124(4):587-616. https://doi.org/10.4039/Ent124587-4

Berbert-Molina M, Prata A, Pessanha L, Silveira M (2008) Kinetics of Bacillus
thuringiensis var. israelensis growth on high glucose concentrations. J
Ind Microbiol Biotechnol 35(11):1397-1404. https://doi.org/10.1007/
$10295-008-0439-1

Berry C (2012) The bacterium, Lysinibacillus sphaericus, as an insect pathogen. J
Invertebr Pathol 109(1):1-10. https://doi.org/10.1016/},jip.2011.11.008

Page 14 of 18

Bi'Y, Zhang Y, Shu C, Crickmore N, Wang Q, Du L, Song F, Zhang J (2015)
Genomic sequencing identifies novel Bacillus thuringiensis Vip1/
Vip2 binary and Cry8 toxins that have high toxicity to Scarabaeoidea
larvae. Appl Microbiol Biotechnol 99:753-760. https://doi.org/10.1007/
500253-014-5966-2

Bokonon-Ganta A, Bernal JS, Pietrantonio PV, Setamou M (2003) Survivorship
and development of fall armyworm, Spodoptera frugiperda (JE Smith)
(Lepidoptera: Noctuidae), on conventional and transgenic maize culti-
vars expressing Bacillus thuringiensis Cry9C and Cry1A (b) endotoxins.
Int J Pest Manage 49(2):169-175. https://doi.org/10.1080/0967087031
000085024

Boonserm P, Davis P, Ellar DJ, Li J (2005) Crystal structure of the mosquito-larvi-
cidal toxin Cry4Ba and its biological implications. J Mol Biol 348(2):363-
382. https://doi.org/10.1016/jmb.2005.02.013

Boonserm P, Mo M, Angsuthanasombat C, Lescar J (2006) Structure of the
functional form of the mosquito larvicidal Cry4Aa toxin from Bacillus
thuringiensis at a 2.8-angstrom resolution. J Bacteriol 188(9):3391-3401.
https://doi.org/10.1128/jb.188.9.3391-3401.2006

Borgonie G, Van Driessche R, Leyns F, Arnaut G, De Waele D, Coomans A (1995)
Germination of Bacillus thuringiensis spores in bacteriophagous nema-
todes (Nematoda: Rhabditida). J Invertebr Pathol 65(1):61-67. https://
doi.org/10.1006/jipa.1995.1008

Bottjer KP, Bone LW, Gill SS (1985) Nematoda: susceptibility of the egg to Bacil-
lus thuringiensis toxins. Exp Parasitol 60(2):239-244. https://doi.org/10.
1016/0014-4894(85)90027-X

Buntin GD (2008) Corn expressing Cry1Ab or Cry1F endotoxin for fall army-
worm and corn earworm (Lepidoptera: Noctuidae) management in
field corn for grain production. Fla Entomol 91(4):523-530. https://doi.
0rg/10.1653/0015-4040-91.4.523

Burkness EC, Dively G, Patton T, Morey AC, Hutchison WD (2010) Novel Vip3A
Bacillus thuringiensis (Bt) maize approaches high-dose efficacy against
Helicoverpa zea (Lepidoptera: Noctuidae) under field conditions: Impli-
cations for resistance management. GM Crops 1(5):337-343. https://doi.
org/104161/gmcr.1.5.14765

Burrows PR, De Waele D (1997) Engineering resistance against plant parasitic
nematodes using anti-nematode genes. In: Fenoll C, Grundler FMW, Ohl
SA (eds) Cellular and molecular aspects of plant-nematode interactions.
Developments in plant pathology, vol 10. Springer, Dordrecht. https://
doi.org/10.1007/978-94-011-5596-0_17

Butko P, Huang F, Pusztai-Carey M, Surewicz WK (1996) Membrane permeabili-
zation induced by cytolytic &-endotoxin CytA from Bacillus thuringiensis
var. israelensis. Biochemistry 35(35):11355-11360. https://doi.org/10.
1021/bi960970s

Buzdin A, Revina L, Kostina L, Zalunin |, Chestukhina G (2002) Interaction of
65-and 62-kD proteins from the apical membranes of the Aedes aegypti
larvae midgut epithelium with Cry4B and Cry11A endotoxins of Bacillus
thuringiensis. Biochem Mosc 67:540-546. https://doi.org/10.1023/A:
1015594127636

Cappello M, Bungiro RD, Harrison LM, Bischof LJ, Griffitts JS, Barrows BD, Aroian
RV (2006) A purified Bacillus thuringiensis crystal protein with therapeu-
tic activity against the hookworm parasite Ancylostoma ceylanicum.
Proc Natl Acad Sci 103(41):15154-15159. https://doi.org/10.1073/pnas.
06070021

Carriere Y, Tabashnik BE (2024) Negative association between host plant
suitability and the fitness cost of resistance to Bacillus thuringiensis
(Bacillales: Bacillaceae). J Econ Entomol 177:1106-1112. https://doi.org/
10.1093/jee/toae077

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

Chakrabarty S, Jin M, Wu C, Chakraborty P, Xiao Y (2020) Bacillus thuringiensis
vegetative insecticidal protein family Vip3A and mode of action against
pest Lepidoptera. Pest Manag Sci 76(5):1612-1617. https://doi.org/10.
1002/ps.5804

Chakroun M, Banyuls N, Bel Y, Escriche B, Ferré J (2016) Bacterial vegetative
insecticidal proteins (Vip) from entomopathogenic bacteria. Microbiol
Mol Biol Rev 80(2):329-350. https://doi.org/10.1128/mmbr.00060-15

Chen J, Aimanova KG, Fernandez LE, Bravo A, Soberon M, Gill SS (2009) Aedes
aegypti cadherin serves as a putative receptor of the Cry11Aa toxin
from Bacillus thuringiensis subsp. israelensis. Biochem J 424(2):191-200.
https://doi.org/10.1042/BJ20090730


https://doi.org/10.1653/0015-4040(2004)087[0427:LAFPOC]2.0.CO;2
https://doi.org/10.1653/0015-4040(2004)087[0427:LAFPOC]2.0.CO;2
https://doi.org/10.1653/0015-4040-91.4.570
https://doi.org/10.1007/BF00023609
https://doi.org/10.1016/B978-0-12-800197-4.00002-6
https://doi.org/10.1093/jee/toz367
https://doi.org/10.1080/01647954.2015.1109707
https://doi.org/10.1080/01647954.2015.1109707
https://doi.org/10.1099/13500872-141-12-3141
https://doi.org/10.1007/s13592-014-0288-z
https://doi.org/10.1603/EC10105
https://doi.org/10.1603/EC10105
https://doi.org/10.1038/173545a0
https://doi.org/10.3390/insects5010062
https://doi.org/10.3390/insects5010062
https://doi.org/10.1016/j.cropro.2023.106384
https://doi.org/10.1007/BF02374798
https://doi.org/10.1603/EC11207
https://doi.org/10.4039/Ent124587-4
https://doi.org/10.1007/s10295-008-0439-1
https://doi.org/10.1007/s10295-008-0439-1
https://doi.org/10.1016/j.jip.2011.11.008
https://doi.org/10.1007/s00253-014-5966-2
https://doi.org/10.1007/s00253-014-5966-2
https://doi.org/10.1080/0967087031000085024
https://doi.org/10.1080/0967087031000085024
https://doi.org/10.1016/j.jmb.2005.02.013
https://doi.org/10.1128/jb.188.9.3391-3401.2006
https://doi.org/10.1006/jipa.1995.1008
https://doi.org/10.1006/jipa.1995.1008
https://doi.org/10.1016/0014-4894(85)90027-X
https://doi.org/10.1016/0014-4894(85)90027-X
https://doi.org/10.1653/0015-4040-91.4.523
https://doi.org/10.1653/0015-4040-91.4.523
https://doi.org/10.4161/gmcr.1.5.14765
https://doi.org/10.4161/gmcr.1.5.14765
https://doi.org/10.1007/978-94-011-5596-0_17
https://doi.org/10.1007/978-94-011-5596-0_17
https://doi.org/10.1021/bi960970s
https://doi.org/10.1021/bi960970s
https://doi.org/10.1023/A:1015594127636
https://doi.org/10.1023/A:1015594127636
https://doi.org/10.1073/pnas.06070021
https://doi.org/10.1073/pnas.06070021
https://doi.org/10.1093/jee/toae077
https://doi.org/10.1093/jee/toae077
https://doi.org/10.1007/978-94-007-3021-2_15
https://doi.org/10.1007/978-94-007-3021-2_15
https://doi.org/10.1002/ps.5804
https://doi.org/10.1002/ps.5804
https://doi.org/10.1128/mmbr.00060-15
https://doi.org/10.1042/BJ20090730

Aswatbhi et al. Egyptian Journal of Biological Pest Control (2024) 34:40

ChenW, Lu G, Cheng H, Liu C, XiaoY, Xu C, Shen Z, Wu K (2017) Transgenic cot-
ton coexpressing Vip3A and Cry1Ac has a broad insecticidal spectrum
against lepidopteran pests. J Invertebr Pathol 149:59-65. https://doi.
0rg/10.1016/}jip.2017.08.001

Chougule NP, Doyle E, Fitches E, Gatehouse JA (2008) Biochemical characteri-
zation of midgut digestive proteases from Mamestra brassicae (cabbage
moth; Lepidoptera: Noctuidae) and effect of soybean Kunitz inhibitor
(SKTI) in feeding assays. J Insect Physiol 54(3):563-572. https://doi.org/
10.1016/jjinsphys.2007.12.005

Chougule NP, Li H, Liu S, Linz LB, Narva KE, Meade T, Bonning BC (2013) Retar-
geting of the Bacillus thuringiensis toxin Cyt2Aa against hemipteran
insect pests. Proc Natl Acad Sci 110(21):8465-8470. https://doi.org/10.
1073/pnas.1222144110

Cohen S, Dym O, Albeck S, Ben-Dov E, Cahan R, Firer M, Zaritsky A (2008) High-
resolution crystal structure of activated Cyt2Ba monomer from Bacillus
thuringiensis subsp. israelensis. J Mol Biol 380(5):820-827. https://doi.
0rg/10.1016/j,jmb.2008.05.010

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

Cristofoletti PT, Ribeiro AF, Deraison C, Rahbé Y, Terra WR (2003) Midgut adap-
tation and digestive enzyme distribution in a phloem feeding insect,
the pea aphid Acyrthosiphon pisum. J Insect Physiol 49(1):11-24. https://
doi.org/10.1016/50022-1910(02)00222-6

Devi PV, Duraimurugan P, Chandrika KSVP (2019) Bacillus thuringiensis-based
nanopesticides for crop protection. In: Koul O (ed) Nano-biopesticides
today and future perspectives. Academic Press, Cambridge, pp
249-260. https://doi.org/10.1016/B978-0-12-815829-6.00010-3

Devidas P, Rehberger LA (1992) The effects of exotoxin (Thuringiensin) from
Bacillus thuringiensis on Meloidogyne incognita and Caenorhabditis
elegans. Plant Soil 145:115-120. https://doi.org/10.1007/BF00009547

Dominguez-Arrizabalaga M, Villanueva M, Escriche B, Ancin-Azpilicueta C,
Caballero P (2020) Insecticidal activity of Bacillus thuringiensis proteins
against coleopteran pests. Toxins 12(7):430. https://doi.org/10.3390/
toxins12070430

Dominguez-Arrizabalaga M, Villanueva M, Fernandez AB, Caballero P (2019)

A strain of Bacillus thuringiensis containing a novel cry7Aa2 gene that
is toxic to Leptinotarsa decemlineata (Say)(Coleoptera: Chrysomelidae).
Insects 10(9):259. https://doi.org/10.3390/insects10090259

Donovan WP, Engleman JT, Donovan JC, Baum JA, Bunkers GJ, Chi DJ, Clinton
WP, English L, Heck GR, Ilagan OM, Krasomil-Osterfeld KC, Pitkin JW,
Roberts JK, Walters MR (2006) Discovery and characterization of SipTA:
a novel secreted protein from Bacillus thuringiensis with activity against
coleopteran larvae. Appl Microbiol Biotechnol 72:713-719. https://doi.
org/10.1007/500253-006-0332-7

Dunstand-Guzman E, Pena-Chora G, Hallal-Calleros C, Pérez-Martinez M,
Herndndez-Velazquez VM, Morales-Montor J, Flores-Pérez FI (2015)
Acaricidal effect and histological damage induced by Bacillus thuring-
jensis protein extracts on the mite Psoroptes cuniculi. Parasit Vectors
8(285):1-9. https://doi.org/10.1186/513071-015-0890-6

Eghrari K, Oliveira SC, Nascimento AM, Queiroz B, Fatoretto J, de Souza BHS,
Fernandes OA, Méro GV (2022) The implications of homozygous
vip3Aa20-and cry1Ab-maize on Spodoptera frugiperda control. J Pest Sci
95(1):115-127. https://doi.org/10.1007/510340-021-01362-7

Ekobu M, Solera M, Kyamanywa S, Mwanga RO, Odongo B, Ghislain M, Moar
WJ (2010) Toxicity of seven Bacillus thuringiensis Cry proteins against
Cylas puncticollis and Cylas brunneus (Coleoptera: Brentidae) using a
novel artificial diet. J Econ Entomol 103(4):1493-1502. https://doi.org/
10.1603/EC09432

Erban T, Nesvorna M, Erbanova M, Hubert J (2009) Bacillus thuringiensis var.
tenebrionis control of synanthropic mites (Acari: Acaridida) under
laboratory conditions. Exp Appl Acarol 49:339-346. https://doi.org/10.
1007/510493-009-9265-z

Eski A, Demir |, Sezen K, Demirbag Z (2017) A new biopesticide from a local
Bacillus thuringiensis var. tenebrionis (Xd3) against alder leaf beetle
(Coleoptera: Chrysomelidae). World J Microbiol Biotechnol 33:1-9.
https://doi.org/10.1007/511274-017-2263-0

Federici BA, Bauer LS (1998) Cyt1Aa protein of Bacillus thuringiensis is toxic to
the Cottonwood Leaf Beetle, Chrysomela scripta, and suppresses high

Page 150f 18

levels of resistance to Cry3Aa. Appl Environ Microbiol 64(11):4368—
4371. https://doi.org/10.1128/AEM.64.11.4368-4371.1998

Federici BA, Lithy P, Ibarra JE (1990) Parasporal body of Bacillus thuringiensis
israelensis. In: de Barjac H, Sutherland DJ (eds) Bacterial control of mos-
quitoes and black flies. Springer, Dordrecht

Fernandez LE, Aimanova KG, Gill SS, Bravo A, Soberén M (2006) A GPI-
anchored alkaline phosphatase is a functional midgut receptor of
Cry11Aa toxin in Aedes aegypti larvae. Biochem J 394(1):77-84. https://
doi.org/10.1042/BJ20051517

van Frankenhuyzen K (2017) Specificity and cross-order activity of Bacillus
thuringiensis pesticidal proteins. In: Fiuza L, Polanczyk R, Crickmore N
(eds) Bacillus thuringiensis and Lysinibacillus sphaericus. Springer, Cham.
https://doi.org/10.1007/978-3-319-56678-8_10

Gao S, Yang Y,Wang C, Guo J, Zhou D, Wu Q, Su'Y, Xu L, Que Y (2016) Trans-
genic sugarcane with a cryTAc gene exhibited better phenotypic
traits and enhanced resistance against Sugarcane borer. PLoS ONE
11(4):e0153929. https://doi.org/10.1371/journal.pone.0153929

Graham SH, Musser FM, Jacobson AL, Chitturi A, Catchot B, Stewart SD (2019)
Behavioral responses of thrips (Thysanoptera: Thripidae) and tarnished
plant bug (Hemiptera: Miridae) to a new Bt toxin, Cry51Aa2. 834_16in
cotton. J Econ Entomol 112(4):1695-1704. https://doi.org/10.1093/jee/
t0z058

Guerchicoff A, Ugalde RA, Rubinstein CP (1997) Identification and characteriza-
tion of a previously undescribed cyt gene in Bacillus thuringiensis subsp.
israelensis. Appl Environ Microbiol 63(7):2716-2721. https://doi.org/10.
1128/aem.63.7.2716-2721.1997

Hannay C (1953) Crystalline inclusions in aerobic sporeforming bacteria.
Nature 172(4387):1004-1004. https://doi.org/10.1038/1721004a0

Hautea DM, Taylo LD, Masanga APL, Sison MLJ, Narciso JO, Quilloy RB, Hautea
RA, Shotkoski FA, Shelton AM (2016) Field performance of Bt eggplants
(Solanum melongena L.) in the Philippines: Cry1Ac expression and
control of the eggplant fruit and shoot borer (Leucinodes orbonalis
Guenée). PLOS ONE 11(6):e0157498. https://doi.org/10.1371/journal.
pone.0157498

Heimpel A, Angus T (1960) Bacterial insecticides. Bacteriol Rev 24(3):266-288

Horikoshi RJ, Dourado PM, Berger GU, de Fernandes DS, Omoto C, Willse A,
Martinelli S, Head GP, Corréa AS (2021) Large-scale assessment of lepi-
dopteran soybean pests and efficacy of Cry1Ac soybean in Brazil. Sci
Rep 11(1):15956. https://doi.org/10.1038/541598-021-95483-9

Hou J, Cong R, Izumi-Willcoxon M, Ali H, Zheng Y, Bermudez E, McDonald
M, Nelson M, Yamamoto T (2019) Engineering of Bacillus thuringiensis
Cry proteins to enhance the activity against Western Corn Rootworm.
Toxins 11(3):162. https://doi.org/10.3390/toxins11030162

Hua G, Zhang R, Abdullah MAF, Adang MJ (2008) Anopheles gambiae cadherin
AgCad1 binds the Cry4Ba toxin of Bacillus thuringiensis israelensis and
a fragment of AgCad1 synergizes toxicity. Biochemistry 47(18):5101—
5110. https://doi.org/10.1021/bi7023578

Huang J, Guan Z, Wan L, Zou T, Sun M (2016) Crystal structure of Cry6Aa: A
novel nematicidal ClyA-type a-pore-forming toxin from Bacillus thuring-
iensis. Biochem Biophys Res Commun 478(1):307-313. https://doi.org/
10.1016/j.bbrc.2016.07.002

Huang T, Lin Q Qian X, Zheng Y, Yao J, Wu H, Li M, Jin X, Pan X, Zhang L, Guan
X (2018) Nematicidal activity of Cry1Ea11 from Bacillus thuringien-
sis BRC-XQ12 against the pine wood nematode (Bursaphelenchus
xylophilus). Phytopathology 108(1):44-51. https://doi.org/10.1094/
PHYTO-05-17-0179-R

Huseth AS, DAmbrosio DA, Yorke BT, Head GP, Kennedy GG (2020) Novel
mechanism of thrips suppression by Cry51Aa2. 834_16 Bt toxin
expressed in cotton. Pest Manage Sci 76(4):1492-1499. https://doi.org/
10.1002/ps.5664

Héma O, Somé HN, Traoré O, Greenplate J, Abdennadher M (2009) Efficacy of
transgenic cotton plant containing the cry1Ac and cry2Ab genes of
Bacillus thuringiensis against Helicoverpa armigera and Syllepte derogata
in cotton cultivation in Burkina Faso. Crop Prot 28(3):205-214. https://
doi.org/10.1016/j.cropro.2008.09.014

International Service for the Acquisition of Agri-biotech Applications (ISAAA)
(2024). http://www.isaaa.org

Jalapathi SK, Jayaraj J, Shanthi M, Theradimani M, Venkatasamy B, Irulandi
S, Prabhu S (2020) Potential of Cry1Ac from Bacillus thuringiensis
against the tomato pinworm, Tuta absoluta (Meyrick)(Gelechiidae:


https://doi.org/10.1016/j.jip.2017.08.001
https://doi.org/10.1016/j.jip.2017.08.001
https://doi.org/10.1016/j.jinsphys.2007.12.005
https://doi.org/10.1016/j.jinsphys.2007.12.005
https://doi.org/10.1073/pnas.1222144110
https://doi.org/10.1073/pnas.1222144110
https://doi.org/10.1016/j.jmb.2008.05.010
https://doi.org/10.1016/j.jmb.2008.05.010
https://doi.org/10.1016/j.jip.2020.107438
https://doi.org/10.1016/S0022-1910(02)00222-6
https://doi.org/10.1016/S0022-1910(02)00222-6
https://doi.org/10.1016/B978-0-12-815829-6.00010-3
https://doi.org/10.1007/BF00009547
https://doi.org/10.3390/toxins12070430
https://doi.org/10.3390/toxins12070430
https://doi.org/10.3390/insects10090259
https://doi.org/10.1007/s00253-006-0332-7
https://doi.org/10.1007/s00253-006-0332-7
https://doi.org/10.1186/s13071-015-0890-6
https://doi.org/10.1007/s10340-021-01362-7
https://doi.org/10.1603/EC09432
https://doi.org/10.1603/EC09432
https://doi.org/10.1007/s10493-009-9265-z
https://doi.org/10.1007/s10493-009-9265-z
https://doi.org/10.1007/s11274-017-2263-0
https://doi.org/10.1128/AEM.64.11.4368-4371.1998
https://doi.org/10.1042/BJ20051517
https://doi.org/10.1042/BJ20051517
https://doi.org/10.1007/978-3-319-56678-8_10
https://doi.org/10.1371/journal.pone.0153929
https://doi.org/10.1093/jee/toz058
https://doi.org/10.1093/jee/toz058
https://doi.org/10.1128/aem.63.7.2716-2721.1997
https://doi.org/10.1128/aem.63.7.2716-2721.1997
https://doi.org/10.1038/1721004a0
https://doi.org/10.1371/journal.pone.0157498
https://doi.org/10.1371/journal.pone.0157498
https://doi.org/10.1038/s41598-021-95483-9
https://doi.org/10.3390/toxins11030162
https://doi.org/10.1021/bi7023578
https://doi.org/10.1016/j.bbrc.2016.07.002
https://doi.org/10.1016/j.bbrc.2016.07.002
https://doi.org/10.1094/PHYTO-05-17-0179-R
https://doi.org/10.1094/PHYTO-05-17-0179-R
https://doi.org/10.1002/ps.5664
https://doi.org/10.1002/ps.5664
https://doi.org/10.1016/j.cropro.2008.09.014
https://doi.org/10.1016/j.cropro.2008.09.014
http://www.isaaa.org

Aswatbhi et al. Egyptian Journal of Biological Pest Control (2024) 34:40

Lepidoptera). Egypt J Biol Pest Control 30:1-4. https://doi.org/10.1186/
$41938-020-00283-4

Judrez-Pérez V, Guerchicoff A, Rubinstein C, Delécluse A (2002) Characteriza-
tion of Cyt2Bc toxin from Bacillus thuringiensis subsp. medellin. Appl
Environ Microbiol 68(3):1228-1231. https://doi.org/10.1128/AEM.68.3.
1228-1231.2002

Kelker MS, Berry C, Evans SL, Pai R, McCaskill DG, Wang NX, Russell CJ, Baker
MD, Yang C, Pflugrath JW, Wade M, Wess TJ, Narva KE (2014) Structural
and biophysical characterization of Bacillus thuringiensis insecticidal
proteins Cry34Ab1 and Cry35Ab1. PLoS ONE 9(11):e112555. https://doi.
0rg/10.1371/journal.pone.0112555

Khan GA, Bakhsh A, Ghazanfar M, Riazuddin S, Husnain T (2013) Development
of transgenic cotton lines harboring a pesticidal gene (cry1Ab). Emir J
Food Agric 25:434-442. https://doi.org/10.9755/ejfa.v25i6.13133

Khan G, Bakhsh A, Riazuddin S, Husnain T (2011) Introduction of cryTAb gene
into cotton (Gossypium hirsutum) enhances resistance against lepidop-
teran pest (Helicoverpa armigera). Span J Agric Res 9(1):296-302. https://
doi.org/10.5424/sjar/20110901-136-10

Kim E, Jeoung S, Park Y, Kim K, Kim Y (2015) A novel formulation of Bacillus
thuringiensis for the control of Brassica Leaf Beetle, Phaedon bras-
sicae (Coleoptera: Chrysomelidae). J Econ Entomol 108(6):2556-2565.
https://doi.org/10.1093/jee/tov245

Knowles BH, White PJ, Nicholls CN, Ellar DJ (1992) A broad-spectrum cytolytic
toxin from Bacillus thuringiensis var. kyushuensis. Proc R Soc Lond Ser B
Biol Sci 248(1321):1-7. https://doi.org/10.1098/rspb.1992.0035

Krieg A, Huger A, Langenbruch G, Schnetter W (1983) Bacillus thuringiensis var.
tenebrionis: ein neuer, gegentiber Larven von coleopteren wirksamer
Pathotyp. Z Fir Angew Entomol 96(1-5):500-508. https://doi.org/10.
1111/.1439-0418.1983.tb03704.x

Levine SL, Tan J, Mueller GM, Bachman PM, Jensen PD, Uffman JP (2015) Inde-
pendent action between DvSnf7 RNA and Cry3Bb1 protein in Southern
corn rootworm, Diabrotica undecimpunctata howardi and Colorado
potato beetle, Leptinotarsa decemlineata. PLOS ONE 10(3):e0118622.
https://doi.org/10.1371/journal.pone.0118622

Li H, Chougule NP, Bonning BC (2011b) Interaction of the Bacillus thuringiensis
delta endotoxins Cry1Ac and Cry3Aa with the gut of the pea aphid,
Acyrthosiphon pisum (Harris). J Invertebr Pathol 107(1):69-78. https://
doi.org/10.1016/}jip.2011.02.001

Li G, Feng H, Chen P Wu S, Liu B, Qiu F (2010) Effects of transgenic Bt cotton on
the population density, oviposition behavior, development, and repro-
duction of a nontarget pest, Adelphocoris suturalis (Hemiptera: Miridae).
Environ Entomol 39(4):1378-1387. https://doi.org/10.1603/EN09223

Li G, Feng H, McNeil JN, Liu B, Chen P, Qiu F (2011a) Impacts of transgenic Bt
cotton on a non-target pest, Apolygus lucorum (Meyer-Dir)(Hemiptera:
Miridae), in northern China. Crop Prot 30(12):1573-1578. https://doi.
0rg/10.1016/j.cropro.2011.08.015

Li J, Koni PA, Ellar DJ (1996) Structure of the mosquitocidal 5-endotoxin CytB
from Bacillus thuringiensis sp. kyushuensis and implications for mem-
brane pore formation. J Mol Biol 257(1):129-152. https://doi.org/10.
1006/jmbi.1996.0152

Lin S, Oyediran I, Niu Y, Brown S, Cook D, Ni X, Zhang Y, Reay-Jones FP, Chen
JS, Wen Z, Dimase M, Huang F (2022) Resistance allele frequency
to Cry1Ab and Vip3Aa20 in Helicoverpa zea (Boddie) (Lepidoptera:
Noctuidae) in Louisiana and three other Southeastern U.S. States. Toxins
14(4):270. https://doi.org/10.3390/toxins 14040270

LiuY,Wang Y, Shu C, Lin K, Song F, Bravo A, Soberén M, Zhang J (2018) Cry64Ba
and Cry64Ca, two ETX/MTX2-type Bacillus thuringiensis insecticidal
proteins active against hemipteran pests. Appl Environ Microbiol
84(3):e01996-e1917. https://doi.org/10.1128/AEM.01996-17

Liu D, Zhang J, Dong Y, Zhang X, Yang M, Gao B (2016) Genetic transformation
and expression of Cry1Ac-Cry3A-NTHKT genes in Populusx eurameri-
cana “Neva”. Acta Physiol Plant 38:1-11. https://doi.org/10.1007/
s11738-016-2195-6

LuY,Wu K, Jiang ¥, Xia B, Li P Feng H, Wyckhuys KA, Guo Y (2010) Mirid bug
outbreaks in multiple crops correlated with wide-scale adoption of Bt
cotton in China. Science 328(5982):1151-1154. https://doi.org/10.1126/
science.1187881

Ludwick D, Meihls L, Ostlie K, Potter B, French L, Hibbard B (2017) Minnesota
field population of Western corn rootworm (Coleoptera: Chrysomeli-
dae) shows incomplete resistance to Cry34Ab1/Cry35Ab1 and Cry3Bb1.
J Appl Entomol 141(1-2):28-40. https://doi.org/10.1111/jen.12377

Page 16 of 18

Machado EP, dos Rodrigues-Junior GLS, Somavilla JC, Fihr FM, Zago SL,
Marques LH, Santos AC, Nowatzki T, Dahmer ML, Omoto C (2020) Sur-
vival and development of Spodoptera eridania, S. cosmioides and S. lbula
(Lepidoptera: Noctuidae) on genetically-modified soybean expressing
CryTAc and Cry1F proteins. Pest Manage Sci 76(12):4029-4035. https://
doi.org/10.1002/ps.5955

Mahmoud SB, Ramos JE, Shatters RG Jr, Hall DG, Lapointe SL, Niedz RP, Rougé
P, Cave RD, Borovsky D (2017) Expression of Bacillus thuringiensis
cytolytic toxin (Cyt2Ca1) in citrus roots to control Diaprepes abbreviatus
larvae. Pestic Biochem Physiol 136:1-11. https://doi.org/10.1016/j.
pestbp.2016.07.006

Malaikozhundan B, Vinodhini J (2018) Biological control of the Pulse beetle,
Callosobruchus maculatus in stored grains using the entomopathogenic
bacteria, Bacillus thuringiensis. Microb Pathog 114:139-146. https://doi.
org/10.1016/j.micpath.2017.11.046

Manceva SD, Pusztai-Carey M, Russo PS, Butko P (2005) A detergent-like
mechanism of action of the cytolytic toxin Cyt1A from Bacillus thuring-
iensis var. israelensis. Biochemistry 44(2):589-597. https://doi.org/10.
1021/bi048493y

Mandal A, Sarkar B, Owens G, Thakur JK, Manna MC, Niazi NK, Jayaraman S,
Patra AK (2020) Impact of genetically modified crops on rhizosphere
microorganisms and processes: a review focusing on Bt cotton. Appl
Soil Ecol 148:103492. https://doi.org/10.1016/j.apsoil.2019.103492

Margalith'Y, Ben-Dov E (2000) Biological control by Bacillus thuringiensis subsp.
israelensis. In: Rechcigl JE, Rechcigl NA (eds) Insect pest management:
techniques for environmental protection. Taylor & Francis Group,
Florida, pp 243-301

Marques LH, Ishizuka TK, Pereira RR, Istchuk AN, Rossetto J, Moscardini VF, e
Silva OA, Santos AC, Nowatzki T, Dahmer ML, Sethi A, Storer NP, Gontijo
PC, Netto JC, Weschenfelder MA, de Almeida PG, Bernardi O (2023) Per-
formance of cotton expressing Cry1Ac, Cry1F and Vip3Aa19 insecticidal
proteins against Helicoverpa armigera, H. zea and their hybrid progeny,
and evidence of reduced susceptibility of a field population of H. zea to
Cry1 and Vip3Aa in Brazil. PLOS ONE 18(7):e0289003. https://doi.org/10.
1371/journal.pone.0289003

Marques LH, Santos AC, Castro BA, Moscardini VF, Rosseto J, Silva OA, Babcock
JM (2019) Assessing the efficacy of Bacillus thuringiensis (Bt) pyramided
proteins Cry1F, Cry1A. 105, Cry2Ab2, and Vip3Aa20 expressed in Bt
maize against lepidopteran pests in Brazil. J Econ Entomol 112(2):803—
811. https://doi.org/10.1093/jee/toy380

Marques LH, Santos AC, Castro BA, Moscardini VF, Rossetto J, Silva OAN, Zobi-
ole LHS, Valverde-Garcia P, Babcock JM, Storer NP, Rule DM, Fernandes
OA (2017) Field evaluation of soybean transgenic event DAS-81419-2
expressing Cry1F and Cry1Ac proteins for the control of secondary
lepidopteran pests in Brazil. Crop Prot 96:109-115. https://doi.org/10.
1016/].cropro.2017.02.014

Mattes O (1927) Parasitare Krankheiten der Mehlmottenlarven und Versuche
uber ihre Verwendbarkeit als biologisches Bekiampfungsmittel. Sitzber
Ges Beforder Ges Naturw Marburg 62:381-417

Maurastoni M, Han J, Whitfield AE, Rotenberg D (2023) A call to arms: novel
strategies for thrips and tospovirus control. Current Opinion in Insect
Science 101033. https://doi.org/10.1016/j.cois.2023.101033

Morin S, Biggs RW, Sisterson MS, Shriver L, Ellers-Kirk C, Higginson D, Holley
D, Gahan UJ, Heckel DG, Carriere Y, Dennehy TJ, Brown JK, Tabashnik
BE (2003) Three cadherin alleles associated with resistance to Bacillus
thuringiensis in pink bollworm. Proc Natl Acad Sci 100(9):5004-5009.
https://doi.org/10.1073/pnas.0831036100

Naveenarani M, Suresha G, Srikanth J, Hari K, Sankaranarayanan C, Mahesh P,
Nirmala R, Swathik C, Crickmore N, Ram B, Appunu C, B S, (2022) Whole
genome analysis and functional characterization of a novel Bacillus
thuringiensis (Bt 62) isolate against sugarcane white grub Holotrichia
serrata (F). Genomics 114(1):185-195. https://doi.org/10.1016/j.ygeno.
2021.12.012

Nishiwaki H, Nakashima K, Ishida C, Kawamura T, Matsuda K (2007) Cloning,
functional characterization, and mode of action of a novel insecticidal
pore-forming toxin, sphaericolysin, produced by Bacillus sphaericus.
Appl Environ Microbiol 73(10):3404-3411. https://doi.org/10.1128/AEM.
00021-07

Niu'Y, Oyediran |, Yu W, Lin S, Dimase M, Brown S, Reay-Jones FP, Cook D,
Reisig D, Thrash B (2021) Populations of Helicoverpa zea (Boddie) in the
Southeastern United States are commonly resistant to Cry1Ab, but still


https://doi.org/10.1186/s41938-020-00283-4
https://doi.org/10.1186/s41938-020-00283-4
https://doi.org/10.1128/AEM.68.3.1228-1231.2002
https://doi.org/10.1128/AEM.68.3.1228-1231.2002
https://doi.org/10.1371/journal.pone.0112555
https://doi.org/10.1371/journal.pone.0112555
https://doi.org/10.9755/ejfa.v25i6.13133
https://doi.org/10.5424/sjar/20110901-136-10
https://doi.org/10.5424/sjar/20110901-136-10
https://doi.org/10.1093/jee/tov245
https://doi.org/10.1098/rspb.1992.0035
https://doi.org/10.1111/j.1439-0418.1983.tb03704.x
https://doi.org/10.1111/j.1439-0418.1983.tb03704.x
https://doi.org/10.1371/journal.pone.0118622
https://doi.org/10.1016/j.jip.2011.02.001
https://doi.org/10.1016/j.jip.2011.02.001
https://doi.org/10.1603/EN09223
https://doi.org/10.1016/j.cropro.2011.08.015
https://doi.org/10.1016/j.cropro.2011.08.015
https://doi.org/10.1006/jmbi.1996.0152
https://doi.org/10.1006/jmbi.1996.0152
https://doi.org/10.3390/toxins14040270
https://doi.org/10.1128/AEM.01996-17
https://doi.org/10.1007/s11738-016-2195-6
https://doi.org/10.1007/s11738-016-2195-6
https://doi.org/10.1126/science.1187881
https://doi.org/10.1126/science.1187881
https://doi.org/10.1111/jen.12377
https://doi.org/10.1002/ps.5955
https://doi.org/10.1002/ps.5955
https://doi.org/10.1016/j.pestbp.2016.07.006
https://doi.org/10.1016/j.pestbp.2016.07.006
https://doi.org/10.1016/j.micpath.2017.11.046
https://doi.org/10.1016/j.micpath.2017.11.046
https://doi.org/10.1021/bi048493y
https://doi.org/10.1021/bi048493y
https://doi.org/10.1016/j.apsoil.2019.103492
https://doi.org/10.1371/journal.pone.0289003
https://doi.org/10.1371/journal.pone.0289003
https://doi.org/10.1093/jee/toy380
https://doi.org/10.1016/j.cropro.2017.02.014
https://doi.org/10.1016/j.cropro.2017.02.014
https://doi.org/10.1016/j.cois.2023.101033
https://doi.org/10.1073/pnas.0831036100
https://doi.org/10.1016/j.ygeno.2021.12.012
https://doi.org/10.1016/j.ygeno.2021.12.012
https://doi.org/10.1128/AEM.00021-07
https://doi.org/10.1128/AEM.00021-07

Aswatbhi et al. Egyptian Journal of Biological Pest Control (2024) 34:40

susceptible to Vip3Aa20 expressed in MIR 162 corn. Toxins 13(1):63.
https://doi.org/10.3390/toxins13010063

Oliveira GR, Silva MC, Lucena WA, Nakasu EY, Firmino AA, Beneventi MA, Souza
DS, Gomes JE, de Souza JD, Rigden DJ, Ramos HB et al (2011) Improving
Cry8Ka toxin activity towards the Cotton boll weevil (Anthonomus gran-
dis). BMC Biotechnol 11:1-13. https://doi.org/10.1186/1472-6750-11-85

Oppert B, Ellis RT, Babcock J (2010) Effects of Cry1F and Cry34Ab1/35Ab1
on storage pests. J Stored Prod Res 46(3):143-148. https://doi.org/10.
1016/j,jspr.2010.01.003

Organisms EPOGM, Naegeli H, Bresson JL, Dalmay T, Dewhurst IC, Epstein MM,
Firbank LG, Guerche P, Hejatko J, Moreno FJ, Mullins E, Nogué F, Rostoks
N, Serrano JJS, Savoini G, Veromann E, Veronesi F, Alvarez F, Ardizzone
M, Federici S, Fernandez A, Gennaro A, Ruiz JAG, Kagkli DM, Lanzoni A,
Neri FM, Papadopoulou N, Paraskevopoulos K, Raffaello T, Streiss| F, De
SG (2021) Assessment of genetically modified soybean GMB 151 for
food and feed uses, under Regulation (EC) No 1829/2003 (application
EFSA-GMO-NL-2018-153). EFSA Journal 19(4):e06424. https://doi.org/
10.2903/j.efsa.2021.6424

Oyediran 10, Matthews P, Palekar N, French W, Conville J, Burd T (2016)
Susceptibility of northern corn rootworm Diabrotica barberi (Coleop-
tera: Chrysomelidae) to mCry3A and eCry3. 1Ab Bacillus thuringiensis
proteins. Insect Sci 23(6):913-917. https://doi.org/10.1111/1744-7917.
12249

Palma L, Mufnoz D, Berry C, Murillo J, Caballero P (2014) Bacillus thuringiensis
toxins: an overview of their biocidal activity. Toxins 6(12):3296-3325.
https://doi.org/10.3390/toxins6123296

Pinheiro DH, Valicente FH (2021) Identification of Bacillus thuringiensis
strains for the management of lepidopteran pests. Neotrop Entomol
50(5):804-811. https://doi.org/10.1007/513744-021-00896-ws

Porcar M, Grenier A-M, Federici B, Rahbé Y (2009) Effects of Bacillus thuringiensis
6-endotoxins on the pea aphid (Acyrthosiphon pisum). Appl Environ
Microbiol 75(14):4897-4900. https://doi.org/10.1128/AEM.00686-09

Prager S, Martini X, Guvvala H, Nansen C, Lundgren J (2014) Spider mite infes-
tations reduce Bacillus thuringiensis toxin concentration in corn leaves
and predators avoid spider mites that have fed on Bacillus thuringiensis
corn. Ann Appl Biol 165(1):108-116. https://doi.org/10.1111/aab.12120

Pretty J (2001) The rapid emergence of genetic modification in world agri-
culture: contested risks and benefits. Environ Conserv 28(3):248-262.
https://doi.org/10.1017/5037689290100026 1

Prodhan MZH, Shirale DK, Islam MZ, Hossain MJ, Paranjape V, Shelton AM
(2019) Susceptibility of field populations of eggplant fruit and shoot
borer (Leucinodes orbonalis Guenée) to Cry1Ac, the protein expressed
in Bt eggplant (Solanum melongena L.) in Bangladesh. Insects 10(7):198.
https://doi.org/10.3390/insects10070198

Pérez C, Mufoz-Garay C, Portugal LC, Sdnchez J, Gill SS, Soberén M, Bravo A
(2007) Bacillus thuringiensis ssp. israelensis Cyt1Aa enhances activity of
Cry11Aa toxin by facilitating the formation of a pre-pore oligomeric
structure. Cell Microbiol 9(12):2931-2937

Ragni A, Thiéry I, Delécluse A (1996) Characterization of six highly mosquito-
cidal Bacillus thuringiensis strains that do not belong to H-14 serotype.
Curr Microbiol 32:48-54. https://doi.org/10.1007/5002849900009

Rausell C, Munoz-Garay C, Miranda-CassolLuengo R, Gémez |, Rudifio-Pifiera E,
Soberdn M, Bravo A (2004) Tryptophan spectroscopy studies and black
lipid bilayer analysis indicate that the oligomeric structure of Cry1Ab
toxin from Bacillus thuringiensis is the membrane-insertion intermedi-
ate. Biochemistry 43(1):166—174. https://doi.org/10.1021/bi035527d

Reed J, Halliday W (2001) Establishment of Cry9C susceptibility baselines
for European corn borer and Southwestern Corn Borer (Lepidoptera:
Crambidae). J Econ Entomol 94(2):397-402. https://doi.org/10.1603/
0022-0493-94.2.397

Rodriguez-Gonzalez A, Porteous-Alvarez AJ, Del Val M, Casquero PA, Escriche
B (2020) Toxicity of five Cry proteins against the insect pest Acanthos-
celides obtectus (Coleoptera: Chrisomelidae: Bruchinae). J Invertebr
Pathol 169:107295. https://doi.org/10.1016/jjip.2019.107295

Ruan L, Crickmore N, Peng D, Sun M (2015) Are nematodes a missing link in
the confounded ecology of the entomopathogen Bacillus thuringiensis?
Trends Microbiol 23(6):341-346. https://doi.org/10.1016/j.tim.2015.02.
011

Sakuno CIR, Francischini FJB, Komada KMA, Basso M, Huang F (2024) Trans-
genic sugarcane expressing Bacillus thuringiensis Cry1Ac protein offers
new possibilities for controlling the giant borer, Telchin licus (Drury), a

Page 17 of 18

pest difficult to control. Crop Prot 175:106469. https://doi.org/10.1016/j.
cropro.2023.106469

Salehian H, Rahnama H, Dezhsetan S, Babaei S (2021) Constitutive expression
of cry3A gene in transgenic potato plants for resistance to Colorado
Potato Beetle (CPB). Potato Res 64(4):667-679. https://doi.org/10.1007/
$11540-021-09500-5

Sanahuja G, Banakar R, Twyman RM, Capell T, Christou P (2011) Bacillus thuring-
iensis: a century of research, development and commercial applications.
Plant Biotechnol J 9(3):283-300. https://doi.org/10.1111/j.1467-7652.
2011.00595.x

Sattar S, Maiti MK (2011) Molecular characterization of a novel vegetative
insecticidal protein from Bacillus thuringiensis effective against sap-
sucking insect pest. J Microbiol Biotechnol 21(9):937-946. https://doi.
0rg/10.4014/jmb.1105.05030

Schnepf E, Crickmore N, Van Rie J, Lereclus D, Baum J, Feitelson J, Zeigler D,
Dean D (1998) Bacillus thuringiensis and its pesticidal crystal proteins.
Microbiol Mol Biol Rev 62(3):775-806. https://doi.org/10.1128/mmbr.
62.3.775-806.1998

Sha J, Zhang J, Chi B, Liu R, Li H, Gao J (2018) Sip1Ab gene from a native
Bacillus thuringiensis strain QZL38 and its insecticidal activity against
Colaphellus bowringi Baly. Biocontrol Sci Technol 28(5):459-467. https://
doi.org/10.1080/09583157.2018.1460313

Shu Q, Ye G, Cui H, Cheng X, Xiang Y, Wu D, Gao M, Xia Y, Hu C, Sardana R,
Altosaar | (2000) Transgenic rice plants with a synthetic cry1Ab gene
from Bacillus thuringiensis were highly resistant to eight lepidopteran
rice pest species. Mol Breed 6:433-439. https://doi.org/10.1023/A:10096
58024114

Siebert MW, Babock JM, Nolting S, Santos AC, Adamczyk JJ, Neese PA, King
JE, Jenkins JN, McCarty J, Lorenz GM, Fromme DD, Lassiter RB (2008)
Efficacy of Cry1F insecticidal protein in maize and cotton for control of
fall armyworm (Lepidoptera: Noctuidae). Fla Entomol 91(4):555-565.
https://doi.org/10.1653/0015-4040-91.4.555

Siebert MW, Nolting S, Leonard B, Braxton L, All J,Van Duyn J, Bradley J,
Bacheler J, Huckaba R (2008) Efficacy of transgenic cotton expressing
CryTAc and Cry1F insecticidal protein against heliothines (Lepidoptera:
Noctuidae). J Econ Entomol 101(6):1950-1959. https://doi.org/10.1603/
0022-0493-101.6.1950

Siegfried BD, Vaughn TT, Spencer T (2005) Baseline susceptibility of Western
Corn Rootworm (Coleoptera: Crysomelidae) to Cry3Bb1 Bacillus thuring-
iensis toxin. J Econ Entomol 98(4):1320-1324. https://doi.org/10.1603/
0022-0493-98.4.1320

Sivasupramaniam S, Moar W, Ruschke L, Osborn J, Jiang C, Sebaugh J,
Brown G, Shappley Z, Oppenhuizen ME, Mullins J (2014) Toxicity and
characterization of cotton expressing Bacillus thuringiensis Cry1Ac and
Cry2Ab2 proteins for control of lepidopteran pests. J Econ Entomol
101(2):546-554. https://doi.org/10.1093/jee/101.2.546

Srikanth J, Singaravelu B, Crickmore N, Mahesh P, Sankaranarayanan C, Suresha
G, Appunu C, Nirmala R, Om Prakash M, Athira K (2024) Laboratory
evaluation of a scarabid-specific isolate of Bacillus thuringiensis against
white grub Holotrichia serrata. Biocontrol 69(1):53-64. https://doi.org/
10.1007/510526-023-10220-7

Srisucharitpanit K, Yao M, Promdonkoy B, Chimnaronk S, Tanaka |, Boonserm P
(2014) Crystal structure of BinB: a receptor binding component of the
binary toxin from Lysinibacillus sphaericus. Proteins Struct Funct Bioin-
form 82(10):2703-2712. https://doi.org/10.1002/prot.24636

Storer NP, Thompson GD, Head GP (2012) Application of pyramided traits
against Lepidoptera in insect resistance management for Bt crops. GM
Crops Food 3(3):154-162. https://doi.org/10.4161/gmcr.20945

Sun, Zhao Q, Xia L, Ding X, Hu Q, Federici BA, Park H-W (2013) Identification
and characterization of three previously undescribed crystal proteins
from Bacillus thuringiensis subsp. jegathesan. Appl Environ Microbiol
79(11):3364-3370. https://doi.org/10.1128/AEM.00078-13

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 killers. Toxins 12(8):522. https://doi.org/10.3390/toxin
512080522

Szczesny P, lacovache |, Muszewska A, Ginalski K, van der Goot FG, Grynberg
M (2011) Extending the aerolysin family: from bacteria to vertebrates.
PLoS ONE 6(6):220349. https://doi.org/10.1371/journal.pone.0020349

Tabashnik BE, Unnithan GC, Yelich AJ, Fabrick JA, Dennehy TJ, Carriére Y (2022)
Responses to Bt toxin Vip3Aa by pink bollworm larvae resistant or


https://doi.org/10.3390/toxins13010063
https://doi.org/10.1186/1472-6750-11-85
https://doi.org/10.1016/j.jspr.2010.01.003
https://doi.org/10.1016/j.jspr.2010.01.003
https://doi.org/10.2903/j.efsa.2021.6424
https://doi.org/10.2903/j.efsa.2021.6424
https://doi.org/10.1111/1744-7917.12249
https://doi.org/10.1111/1744-7917.12249
https://doi.org/10.3390/toxins6123296
https://doi.org/10.1007/s13744-021-00896-ws
https://doi.org/10.1128/AEM.00686-09
https://doi.org/10.1111/aab.12120
https://doi.org/10.1017/S0376892901000261
https://doi.org/10.3390/insects10070198
https://doi.org/10.1007/s002849900009
https://doi.org/10.1021/bi035527d
https://doi.org/10.1603/0022-0493-94.2.397
https://doi.org/10.1603/0022-0493-94.2.397
https://doi.org/10.1016/j.jip.2019.107295
https://doi.org/10.1016/j.tim.2015.02.011
https://doi.org/10.1016/j.tim.2015.02.011
https://doi.org/10.1016/j.cropro.2023.106469
https://doi.org/10.1016/j.cropro.2023.106469
https://doi.org/10.1007/s11540-021-09500-5
https://doi.org/10.1007/s11540-021-09500-5
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/10.4014/jmb.1105.05030
https://doi.org/10.4014/jmb.1105.05030
https://doi.org/10.1128/mmbr.62.3.775-806.1998
https://doi.org/10.1128/mmbr.62.3.775-806.1998
https://doi.org/10.1080/09583157.2018.1460313
https://doi.org/10.1080/09583157.2018.1460313
https://doi.org/10.1023/A:1009658024114
https://doi.org/10.1023/A:1009658024114
https://doi.org/10.1653/0015-4040-91.4.555
https://doi.org/10.1603/0022-0493-101.6.1950
https://doi.org/10.1603/0022-0493-101.6.1950
https://doi.org/10.1603/0022-0493-98.4.1320
https://doi.org/10.1603/0022-0493-98.4.1320
https://doi.org/10.1093/jee/101.2.546
https://doi.org/10.1007/s10526-023-10220-7
https://doi.org/10.1007/s10526-023-10220-7
https://doi.org/10.1002/prot.24636
https://doi.org/10.4161/gmcr.20945
https://doi.org/10.1128/AEM.00078-13
https://doi.org/10.3390/toxins12080522
https://doi.org/10.3390/toxins12080522
https://doi.org/10.1371/journal.pone.0020349

Aswatbhi et al. Egyptian Journal of Biological Pest Control (2024) 34:40

susceptible to Cry toxins. Pest Manag Sci 78(10):3973-3979. https://doi.
0rg/10.1002/ps.7016

Tindall K, Willrich Siebert M, Leonard B, All J, Haile F (2009) Efficacy of Cry1Ac:
Cry1F proteins in cotton leaf tissue against fall armyworm, beet army-
worm, and soybean looper (Lepidoptera: Noctuidae). J Econ Entomol
102(4):1497-1505. https://doi.org/10.1603/029.102.0414

Torres-Quintero M-C, Gémez |, Pacheco S, Sdnchez J, Flores H, Osuna J, Men-
doza G, Soberdn M, Bravo A (2018) Engineering Bacillus thuringiensis
Cyt1Aa toxin specificity from dipteran to lepidopteran toxicity. Sci Rep
8(1):4989. https://doi.org/10.1038/541598-018-22740-9

U.S. Department of Agriculture, Economic Research Service (2023) Adoption
of Genetically Engineered Crops in the U.S. https://www.ers.usda.gov/.
Accessed 27 Jan 2024

VachonV, Laprade R, Schwartz JL (2012) Current models of the mode of action
of Bacillus thuringiensis insecticidal crystal proteins: a critical review. J
Invertebr Pathol 111(1):1-12. https://doi.org/10.1016/,ip.2012.05.001

Vaeck M, Reynaerts A, Hofte H, Jansens S, De Beuckeleer M, Dean C, Zabeau M,
Montagu MV, Leemans J (1987) Transgenic plants protected from insect
attack. Nature 328(6125):33-37. https://doi.org/10.1038/328033a0

Veloorvalappil Narayanan J, Robinson Babysarojam S, Prakasan P, Faisal PA,
Niravath R, Moolath BG, Benjamin S (2018) Crude Bacillus thuringiensis
pellets efficiently combats Eutetranychus orientalis, the spider mite. Int
J Pest Manage 64(3):243-251. https://doi.org/10.1080/09670874.2017.
1390622

Vimala Devi P, Duraimurugan P, Poorna Chandrika K, Vineela V, Hari P (2020)
Novel formulations of Bacillus thuringiensis var. kurstaki: an eco-friendly
approach for management of lepidopteran pests. World J Microbiol
Biotechnol 36:1-14. https://doi.org/10.1007/511274-020-02849-8

Walters FS, English LH (1995) Toxicity of Bacillus thuringiensis&-endotoxins
toward the potato aphid in an artificial diet bioassay. Entomol Exp Appl
77(2):211-216. https://doi.org/10.1111/j.1570-7458.1995.tb02003.x

Wang Y, Zhang G, Du J, Liu B, Wang M (2010) Influence of transgenic hybrid
rice expressing a fused gene derived from cry1Ab and cry1Ac on
primary insect pests and rice yield. Crop Prot 29(2):128-133. https://doi.
org/10.1016/j.cropro.2009.10.004

Weathersbee A lll, Lapointe S, Shatters R Jr (2006) Activity of Bacillus thuring-
iensis isolates against Diaprepes abbreviatus (Coleoptera: Curculionidae).
Fla Entomol 89(4):441-448. https://doi.org/10.1653/0015-4040(2006)
89[441:AOBTIA]2.0.CO;2

Wei J-Z, Hale K, Carta L, Platzer E, Wong C, Fang S-C, Aroian RV (2003) Bacillus
thuringiensis crystal proteins that target nematodes. Proc Natl Acad Sci
100(5):2760-2765. https://doi.org/10.1073/pnas.0538072100

Whitfield A, Lorenz GM, Thrash BC, Bateman NR, Fwlts SG, Plummer WA, Mann
M, Floyd CA, Rice C, Newkirk T, Murray Z, Harris T (2022) Evaluation of
thryvon technology for control of tobacco thrips in cotton. Res Ser
Arkansas Agric Exp Stn 686:65-69

Yang F, Kerns DL, Little N, Brown SA, Stewart SD, Catchot AL, Cook DR, Gore J,
Crow WD, Lorenz GM, Towles T, Tabashnik BE (2022) Practical resistance
to Cry toxins and efficacy of Vip3Aa in Bt cotton against Helicoverpa zea.
Pest Manag Sci 78(12):5234-5242. https://doi.org/10.1002/ps.7142

Yu H, LiY, Li X, Romeis J, Wu K (2013) Expression of Cry1Ac in transgenic Bt
soybean lines and their efficiency in controlling lepidopteran pests.
Pest Manag Sci 69(12):1326-1333. https://doi.org/10.1002/ps.3508

Yu HL, Li YH, Wu KM (2011) Risk assessment and ecological effects of trans-
genic Bacillus thuringiensis crops on non-target organisms. J Integr Plant
Biol 53(7):520-538. https://doi.org/10.1111/}.1744-7909.2011.01047 x

Zheng M, Evdokimov AG, Moshiri F, Lowder C, Haas J (2020) Crystal structure
of a Vip3B family insecticidal protein reveals a new fold and a unique
tetrameric assembly. Protein Sci 29(4):824-829. https://doi.org/10.1002/
pro.3803

Zuckerman BM, Dicklow MB, Acosta N (1993) A strain of Bacillus thuringiensis
for the control of plant-parasitic nematodes. Biocontrol Sci Technol
3(1):41-46. https://doi.org/10.1080/09583159309355257

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

Page 18 of 18


https://doi.org/10.1002/ps.7016
https://doi.org/10.1002/ps.7016
https://doi.org/10.1603/029.102.0414
https://doi.org/10.1038/s41598-018-22740-9
https://www.ers.usda.gov/
https://doi.org/10.1016/j.jip.2012.05.001
https://doi.org/10.1038/328033a0
https://doi.org/10.1080/09670874.2017.1390622
https://doi.org/10.1080/09670874.2017.1390622
https://doi.org/10.1007/s11274-020-02849-8
https://doi.org/10.1111/j.1570-7458.1995.tb02003.x
https://doi.org/10.1016/j.cropro.2009.10.004
https://doi.org/10.1016/j.cropro.2009.10.004
https://doi.org/10.1653/0015-4040(2006)89[441:AOBTIA]2.0.CO;2
https://doi.org/10.1653/0015-4040(2006)89[441:AOBTIA]2.0.CO;2
https://doi.org/10.1073/pnas.0538072100
https://doi.org/10.1002/ps.7142
https://doi.org/10.1002/ps.3508
https://doi.org/10.1111/j.1744-7909.2011.01047.x
https://doi.org/10.1002/pro.3803
https://doi.org/10.1002/pro.3803
https://doi.org/10.1080/09583159309355257

	Diversity of Bt toxins and their utility in pest management
	Abstract 
	Background 
	Main body 
	Conclusion 

	Background
	The Bt toxins and the toxin structure
	Mode of action
	Cry toxin
	Vip toxin
	Cyt toxins

	Applications in IPM
	Lepidoptera
	Lepidopteran-resistant transgenic crops

	Coleoptera
	Coleopteran-resistant transgenic crops

	Hemiptera
	Diptera
	Nematodes
	Thysanoptera
	Acari

	Challenges and solutions
	Conclusion
	Acknowledgements
	References


