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Abstract

Bacillus thuringiensis (Bt) is a Gram-positive bacteria characterized by the production of parasporal crystalline proteins toxic to a

wide range of insect orders. Cry toxins targeted pests of crops of economic importance. Nowadays, around 600 genes encode crystal-

line proteins with a range of molecular weight of 50 to 130 kDa. Cry proteins are comprised of three domains and their tridimen-

sional structures have been elucidated by X-rays. Their mode of action remains to be defined and understood. However, most of these

proteins follow a basic program for their biocidal activity. A critical step in the mode of action of the 3D Cry toxins is the specific bind-

ing to the receptors present in the midgut epithelial. These receptors are determinants of the specificity and susceptibility of targeted

insects. Among them are the classical glycosyl phosphate inositol (GPI)-anchored membrane receptors, such as N-aminopeptidase,

Alkaline Phosphatase, and classical epithelial cadherins DE-Cadherins. The second group of binding proteins includes ABC trans-

porters, V-ATPase, and other lipid rafts-associated proteins. The hallmark of this molecular crosstalk at the insect midgut is that it

is conserved between different Cry 3D toxins with diverse targets of insects. Moreover, the receptors in this tissue are also common

resulting in a common mode of action that comprises the insect response to entomopathogens, which potentially can guide a design

of safe and integrated management of crop pests.
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Introduction

Bacillus thuringiensis (Bt) is an entomopathogenic Gram-posi-
tive bacteria discovered and firstly isolated from a dead silkworm
larvae Bombyx mori (Lepidoptera Bombycidae) in 1901. Ten year
later was isolated from a flour moth larvae Ephestia kuehniella
(Lepidoptera Pyralidae) in the province of Thiiringen in 1911 [1].
However, it was until 1953 that Bt was referred by the parasporal
crystals production as biopesticide [2]. Since then it has been the
subject of intense research because a set of four phylogenetically
non related proteins with different action. As pathogen, Bt com-
prise a vegetative phase and sporulation phase. In the first one
produce a set of insecticidal proteins called Vegetative Insecticid-
al Proteins or VIP proteins (V1P1/VIP2), and VIP3) [3-5]. In the
second produce parasporal crystalline delta-endotoxins or three
domain Cry toxins (3D-Cry toxins) (4;5). These bacterial toxins
belong to the family of bacterial toxins, able to form pores in the
membranes, or pore-forming toxins (PFT) [6-9], such as Colicin A
[8,9], Cholera toxin, Enterotoxins [10-12], and Aerolysin [13], The

third group of toxins produced for some subspecies of Bt svar is-
raelensis (Bti) are the Cyt toxins. and Lysinibacillus sphaericus or Bt
var sphaericus, which contains one major the binary-like(Bin) and

the mosquitocidal Cry toxins (Mtx) [1,3].

Featuring to the Bt 3D- Cry toxins

These proteins belong to a multigene family, around 500 genes
[14], classified by their primary amino sequence onto sixty seven
groups (Cryl-Cry67). These proteins are produced during the
sporulation phase as protoxins or immature proteins with a range
of molecular weight (MW) of 70 (i.e. Cry2Aa)-130 kDa (i.e. Cry1A)
[15-17]. These proteins are highly specific towards different orders
of insects [3,16-18], It can be distinguished two main families: Cyt
(cytolitic) and Cry (Crystalline) protein. The protoxins or inmature
proteins have a MW of 130 kDa. To be active, protoxins should be
proteolitically processed to release the C-terminal region. The N-
terminal or the fragment toxic of MW of 60-70 kDa. Based on se-

quence identity, it has been determined that most Cry toxins share
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a common three domain structure and share five highly conserved
blocks [16,17]. The three dimensional structure of the N-terminal
of several Cry toxins elucidated by x-Rays of Cry1Aa [19]; CrylAc
[20]; Cry2Aa [21,22], Cry3Aa [23]; Cry3Ba [24,25]; Cry4Ba [26]
formed by three domains [21]. Domain I, a bundle of seven alpha
helices participates in pore formation, specifically, helices alpha
five and helix seven, which are highly conserved, implying their
essential role in pore formation. Domain II with a topology of anti-
parallel beta-sheet is the hypervariable or binding domain and de-
termines the specificity of the receptor. Domain 11, a sandwich of
beta-folded sheets that plays a role in the protection of proteolytic
cleavages. It also plays a key role in determining insect specificity
[28]. Particularly in the case of the CrylAa and CrylAc where a
loop extension in CrylAc creates a unique N-Acetylgalactosamine
(GalNAc) binding pocket implicated in receptor binding [29]. The
remarkable feature of the 3D-Cry toxins is their conservation be-
tween different Cry proteins with different insect specificity, at the
same time a conserved and common mode of action relationships
among them [1,2,15-17]. Bt 3D Cry toxins have adapted to the dif-
ferent insect host by a process named “i “domain II and III swap-
ping” generating hybrid toxins, with a different specificity. But it
also has been found that exchanging domain I and domain II, or
domain I by domain III, resulted in hybrid toxins endowed with
enhanced toxicity [29-31]. A second strategy during the long evo-
lution is the horizontal genetic transference through the mobile

genetic elements, the plasmids that in Bt encode the Cry protein.
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The presence of large plasmids in the strains of Bt have allowed
also to subvert the harsh selection pressure and to transfer the bio
insecticidal genes. In addition other cellular strategies a family of
insect pathogen-related, (REPAT) and arylphorin proteins are dif-
ferentially expressed leading to a protective and healing midgut re-
sistant response [32-36] (Figure 1). The current knowledge of the
complex interaction of the insect host and Bt remains to be under-
stood and characterized. Hopefully th identification of novel targets
utmost in the insect response might guide the design of safe and
enhanced rational application of the bio pesticides based in 3D-Cry
toxins, alone, in combination or as part of integrated management

control programs.

Mechanism(s) of action of Bt Cry proteins to assure persis-
tence and environmental survival

The mode of action of 3D Cry toxins remains to be understood
and defined [37-43]. However, several lines of evidences supported
a multistep mode of action based on a Basic Program [28,38-41]
as outlined below. After insect ingestion of the mix spore crystal;
solubilization of the protoxin, followed by proteolytic processing
of the protoxin (half of the C-terminal end and 2 to 50 amino acids
of the N-terminal end ) by the action of the proteases trypsin and
chymotrypsin, a step key to release the toxic fragment N-terminal
comprised of three domains that have the information for specific
reversible binding (loops of domain II) to the insect midgut Glyco-
sylphosphatidylinositol (GPI)-anchored receptors, Alkaline phos-

Figure 1: The interaction of host (insects) and B. thuringiensis (Bt), a molecular crosstalk at the insect midgut. Once ingested as a mix of
spore+crystal, initiate a series of events that ultimately and of utmost will favor spore germination and cell death. While this complete the

Bt cell cycle, the insects have evolved though evolution in the insect response (REPAT) as well as other cellular and physiological processes

to cope with the action of Bt through their products. Nowadays, the identification of the molecular players involved in the insect resistance

development represent a key to approach and guide a safe technological management of pest of agronomical crops.
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phatase (ALP) and N-Amino peptidase (APN) [17,38,39,41,42]
and for the transmembrane ion channel (domain I) at the insect
midgut, facilitating favoring a subsequent cleavage of alpha helix
1 from the N-terminal of domain I [43]. Then, mature Cry toxins

forms firstly a pre-pore-oligomer [44] able to bind again to APN

Figure 2B

39
and ALP with greater affinity [16,42,44] and this complex drives
their insertion into the cell membrane to form transmembrane
cation ion channels [43,44], resulting in an efflux of ions, osmotic
disequilibrium, cell swelling and cell death (Figure 2A). Ultimately
intestinal contents leaks into the hemocoel causing septicemia and
insect death [18,28,43,44].
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Figure 2: The mode of action of the 3D B.thuringiensis Cry toxins. A. A vast line of studies in vivo and in vitro accept a conserved mode of

action of the Bt Cry toxins (A) that can be outlined as a program of: ingestion of the spore+crystalline protoxina, solubilization to release

the protoxina, activation of the protoxina by proteolytic cleavage mainly of the C-terminal region, Sequential binding to receptor(s) and/

or protein bindings present in the midgut of the insect(s) to toxin oligomerization and pore formation. B. Cadherin receptors (only to this)

binding leads to signal transmition activating to the G proteins with production of the second messanger cyclic cAMP, and finally PKA

activation that eventually can induce also cell death and/or ion transport disequilibrium. C. As a third mode of action that involves more

the insect response to pathogens (REPAT), and the activation of other cellular signalization pathways such as stress responses, involving

the activation of the MAPK-p38 SRK1 and the UPR response, resulting in mechanism of desintoxication and protection.

Basic conserved program of the mode of action of Bt Cry toxins

e Insect Ingestion of the parasporal crystalline proteins (ICPs)

e  Solubilization of ICPs (pH alkaline)

e  Activation of ICPs (by insect proteases, trypsin and chymo-
trypsin)

e  Specific binding of Cry toxins to midgut receptors

e  Pore formation and cell membrane disruption

e  Cell lysis and insect death

Alternative mode of action of Bt Cry proteins

The alternative mode of action follow four basic steps of the
program, ingestion, solubilization, activation by proteolytic cleav-
age to produce the toxic N-terminal fragment and binding to the
brush border membrane receptors in the insect midgut epitheli-
um. Secondly the 3D structure of the Bt pore-forming toxins have

the information to act through other mechanism of action [1,2].

On referring to the 3D Cry toxins, it has been proposed that after
cadherin binding, there is a process of internalization of the BtR1
which further it can be released [2,43,44] (Figure 2B). The bind-
ing to cadherin’s receptors, leads to Mg2+ dependent cell signaling
cascades, such as the activation of G proteins, synthesis of Guano-
sine Triphosphate (GTP), and this are associated to the activation of
the adenylate cyclase (AC) [2,43,44] and increase in the level of the
intracellular second messenger molecule, cyclic adenosine mono-
phosphate (cAMP). Thereafter activating protein kinases A (PKAs),
triggering and affecting the flux and equilibrium in other ion chan-
nels and even cytoskeletons [2,45-48] (Figure 2B).

Alternative program No 1 for the mode of action of the Cry tox-
ins [45-48]

e Ingestion by the target insects

e  Solubilization of the ICPs
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e  Activation of the ICPs

e  Specific binding ONLY to CADHERINS Receptor

e Downstream signalization cascades Mg 2+ dependent
e  Activation of G-proteins, and Adenylate Cyclase

e Increase in the cAMP and therefore Activation of PKAs
e Disruption of ion channels and cytoskeleton

e Insect Death

Alternative program no 2 of the mode of Action of the 3D Cry

toxins

Binding to BTR1 receptors (BTR1) can also aid in the internal-
ization of the 3D Cry toxin leading to other fates. Using the nema-
tode Caenorabditis elegans as model of study of the insect response
to the action of Bt Cry toxins [49]. Interestingly, Cry5Ba and Cry21
[50] internalized and induced an upregulation of MAPK, p38
(PMK-1) SEK-1 and JNK kinases (Figure 2C) [50]. In particular, JNK
and p38 are involved in the stress —associated stimuli (3D Cry tox-
ins). The C. elegans mutants in PMK-1 and SRK pathway exposed to
Cry5Ba toxins showed a hypersensitive response, suggesting that
the activation of these kinases pathway are involved in the pro-
tective response in insects [50]. Two p38 dependent transcript,
called tm-1 and tm2 [50], which role was determined by silencing
animals using dsRNA. Once again, after exposure to Cry5Ba, the
silenced animals showed a hypersensitivity. Of note is that one of
the transcripts, tm-1 showed homology with the human zinc trans-
porter ZnT3, Therefore, it is probable that activation of the above
pathways are involved in the up regulation of the stress response
and of the ion transporters, causing efflux of cytotoxic cations
(desintoxication) [50]. Furthermore, other downstream targets of
p38 SRK-1 kinases of the unfolded proteins of the reticulum endo-
plasmic (UPR) causing the hypersensitivity to the exposure of the
Cry5Ba toxins [51]. Recent work using whole genome approach for
the identification of the hypoxic response, and signal transduction
ERK pathway of the nematode to the exposure of this toxin [52]. In-
deed in mice, it has been reported that pCry1Ac is able to activate
the ERK pathway, a similar effect of the exposure of the insects to
the 3D Cry Toxins [50,52]. A similar effect was observed in Man-
duca sexta (Lepidoptera Sphingidae) or Aedes aegypti (Diptera Cu-
licidae) a fast activation of p38 pathway by phosphorylation. When
non toxic mutants of Cry1Ab or Cry11A were fed to the larvae of M.
sexta or Ae-aegypti no phosphorylation of p38 was observed [52].
Through silencing p38 in each of these insects, and then exposure

to these toxins caused a hypersensitivity to them, supporting once
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again the activation of the MAPK, p38 (PMK-1) and SRL-1 pathways
leads to protective immune responses in the insects [52,53] (Figure
2C). In several orders of insects, specifically, in lepidopterans, it has
been shown that after exposure to 3D Cry toxins, reduction of their
digestive activity concomitant with an increase in immune related
function (healing mechanism). Moreover, renewing midgut cells
through stem cells proliferation, favoring the increased production
of mitogen factors [27]. Furthermore, exposure to 3D Cry toxins ac-
tivate a family of insect pathogen-related, (REPAT) and arylphorin
proteins are differentially expressed [23,28-30] and play a role as
mitogen factors for stem cells gut regeneration. Furthermore, the
differential expression of REPAT genes and other proteins as ar-
ylphorin are concomitant with activation of stress responses path-
ways UPR response), as well as activation of desintoxication mech-
anism that as whole constitute an integrated protective response of
the insects to the action of the 3D-Cry toxins [27-37].

The Receptors as gatekeepers of the insect midgut against the
action of the Bt 3D-Cry toxins
Featuring the classical B- thuringiensis 3D Cry toxins Recep-
tors

Bt Cry toxins function by binding specific receptors immersed
on the brush-border membrane surface of the midgut epithelium of
targeted insects [53-59]. One of the most common receptors are the
Cadherin’s, glycoproteins of MW around 220 kDa [53,56,57]-The
case of the Aminopeptidase (APN) and Alkaline Phosphate recep-
tors (ALP). These GPI-anchored proteins are widely distributed
on the brush-border membrane surface of the midgut epithelium
of several species of Lepidopterans [56,59]. These proteins bind
to 3D Cry toxins binds in the M. sexta via the sugar N-acetyl-D-
Galactosamine (GalNAc). At least five different subfamilies of APN
proteins, and 2 two isoforms present in the midgut of leptidoptera
have shown that bind with high or less affinity to Cry1A toxins [41].
The binding of the Cry1A toxins loops of domain II to APN and/or
to ALP, it has been shown that these toxins bind with lower affin-
ity (Kd 100 nM) than the to Cadherin receptor (Kd 1 nm). Indeed,
ALP and APN despite their abundance onto the midgut are highly
abundant low affinity binding sites for the toxin [57-62]. Therefore,
the hallmark of the sequential binding resulted in that the initial
binding with APN and ALP proteins concentrate the mononmeric
activated toxin N. terminal fragment, favoring then; 2) A confor-
mational change that allow to expose more the loops of domain
II; 3) Binding with high affinity to the cadherin receptor, alpha 8-2

and particularly loop 3 in M. sexta, and the tobacco budworm He-
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liothis virescens (Lepidoptera Noctuidae); 4) and B. mori [60-62].
This second interaction with a higher affinity facilitates the furhter
cleavage of the N-terminal end that includes alpha 1-of domain I,
leading to pre-pore-oligomer formation [43,60]. Several evidences
support the role of the oligomerization process since it has been
found that there is an increase by 200 fold the affinity of the toxin
for the GP!-anchored receptors, ALP and APN [59,60]. Indeed, is
this oligomeric GPI-binding structure that is favored for the inser-
tion into the cell membrane for pore formation and eventually cell
lysis [43,44,60,62]. -Furthermore, in Dipteran insects, the binding
of the Cry11A and Cry4Ba toxins [109,110] to receptor(s) has been
identified also as GPI-anchored, and Cadherins [65]. The ALP iso-
form binding to Cry11A and two more isoforms bind to Cry11A,
specifically binding domain III and domain II loop alpha eight re-
gions [66,67]. Indeed, recenlty this region has been identified as
an important region involved in the binding of Cry11A toxin in Ae.
aegypti BBMV with the cadherin receptor [66-68]. A similar bind-
ing process was shown between ALP and Cry11B and Cry4Ba [65-
69]. The hallmark of these toxins, produced by Bt svar israelensis
(Bti) is the synergistic effect of the Cyt1Aa on Cry4Aa, Cry4Ba and
Cry11A toxin activity. Indeed, Bti toxins for the biological control
of mosquitoes [69-72]. Interestingly, in the case of the insect mid-
gut receptors of Coleopterans targeted by the Cry3A toxins [73],
the binding is through GPI-anchored protein (ALP forms) identi-
fied in Coleopteran spp as the cotton pest, Anthonomus grandis
(Coleoptera Curculionidae) targeted by Cry1B toxins as a putative
receptor [1,16,17,73]. A second one, a cadherin protein in Tenebrio
molitor (Coleoptera, Tenebrionidae), which also facilitates oligo-
mer formation. This Cad receptor was also identified in another
coleopteran Diabrotica virgifera (Coleoptera, Chrysomolidaeae), a
mexican corn rootworm [3,73,74]. Furthermore, it was identified
the binding site of the cadherin protein, the membrane proximal
cadherin repeats 8-10 bound to Cry3A and Cry3Bb with high affin-
ity (1.2 to 1.4 nM) and therefore, enhanced toxicity.

The case of the Cadherin’s receptor(s) of the 3D-Cry toxins in
Lepidopterans, Coleopterans and Dipterans, These glycoproteins
plays an essential role in cell recognition, adhesion activities, and
morphogenesis [74,75]. Adhesion properties of cadherin are due
to the calcium-binding sites that play a critical role in keeping the
extracellular domains and mediating binding between cadherins
proteins on opposing cells. In invertebrates, cadherins are pres-
ent in the intestinal midgut of lepidopterans and Dipteran insects

to function as transmembrane glycoproteins like receptors of Bt
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Cry proteins, Cry1A, Cry3A [57,58]. The predicted structure of Cry-
binding lepidopteran cadherins includes an amino-terminal signal
peptide, 8-12 cadherin repeats (CRS), a membrane-proximal extra-
cellular domain (MPED), a transmembrane domain, and a cytoplas-
mic domain [74-79].

In lepidopterans, most of Cry toxins binding sites are present at
or near the membrane-proximal Cadherin Repeats [79]. Cadherin
fragments containing the critical toxin binding region enhance the
activities of Cry toxins in some lepidopteran [78]. The cadherin
gene is essential for Aede’s development [76]. Studies have shown
that Aae Cad plays a role in the apical membrane and the maintenance
of midgut integrity. In the most accepted model of the mechanism of
action of Cry toxins, the binding to Cadherins receptors result in two
utmost outcomes: 1) favored alpha-1 helix proteolytic cleavage for
oligomer formation, and further oligomer insertion into the membrane
for pore formation; 2) after sensing the external stimuli, transmit the
signal to intracellular signalization pathways [45,46,72,73] (i.e. cell
death pathway [2,39,45,56].

Moreover, a diverse proteins present in the insect midgut that
can function as receptor of Bt Cry toxins such as: Chlorophyllide-
binding proteins P252 [80], the BTR-270 glycoconjugate [81,82],
the V- -ATPAse subunit A and actin (proteomic analysis) [82], lipids
rafts associated proteins, flotilin and prohibitin; which represent
the other componentsor additional proteins ins as well as intra-
cellular proteins may have an active role in the mode of action of
Cry toxins in mosquitoes [82]. Glycolipids, and alpha amylase has
been proposed as Cry toxins receptors in lepidopteran insects
[58,59,82,83]. In addition another protein binding to Cry3Aa was
identified the ADAM-3 metalloprotease in the mdigut of the beetle
Leptinotarsa decemlineata (Lepidoptera Chrysomeliadae) which
bind through loop 1, and therefore an enhance pore formation ac-
tivity, implying again that this binding play a key role in the toxicity
of the Cry3Aa toxin [84].

Furthermore, referring to the ABCC transporters that consist
of two transmembrane domain (TNMD12) and two nucleotide-
binding domain (NBD12), play a key role in all living beings, as
transporter of specific molecules, playing roles in absorption, dis-
tribution, and excretion of different types of molecules [85]. They
are expressed in different tissues, kidney, intestine, liver and brain,

playing a role in diverse physiological process such as to keep the
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homeostasis of the osmotic equilibrium, immunity, lipid and cho-
lesterol trafficking, immunity. In humans have described at least
40 ABC transporters. 11 of these that include other glycoproteins
and multidrug resistant proteins are involved in multidrug resis-
tance (MDR). Despite this direct evidence of the ABCC2 as a re-
ceptor for Cry1A toxins is lacking. The ABCC transporters in Lepi-
dopteran was identified when mapping the locus that caused the
resistance to Cry1A toxins identified as s an ATP-binding cassette
(ABC) transporter family C2 [86]. Thereafter, using binding in vitro
studies, Surface Plasmon Resonance (SPR) and deletion mutants
of CrylAain loop 2 or loop 3, it was shown that can function as re-
ceptor binding proteins for Cry1A toxins. This ABCC transporters
was also found in another diamondback moth, Plutella xylostella
(Lepidoptera Plutellidae) [87,88]. Indeed, the resistance of several
strains of the silkworm larvae, B. mori to Cry1Ab was found due to
insertion of one amino acid residue in ABCC2 [89]. Interestingly,
through these experiments and the mutants in the loops 2 and 3 of
Cry1A toxins, it was also shown that the binding sites of the ABCC2
transporters to the Cry1A toxins reside in the loops 2 and 3 [90].
Furthermore, ABCC2 transporters showed high binding affinity to
Cry1A toxins, promoting cell swelling and cation pore formation
[86,90].

The Molecular Cross talk at the insect midgut epithelium with
implication in the (a) biocidal action of the 3D Cry Toxins

The hallmark of the biocidal action of the Bt 3D-Cry toxins
starts right after the ingestion, solubilization and activation of the
parasporal crystalline proteins (Figure 2A). at the insect midgut.
One of the functions of the insect midgut epithelium is digestive
enzymes production, and vectorial transport of small organic nu-
trients, ions, and water. Another important midgut function is the
ability to produce signaling molecules that regulate its own physi-
ology and the activity of other organs [27-29]. The two main ma-
ture cell types present in the midgut of all insects, i.e.,, columnar
and endocrine cells, are responsible for these functions [27-29]. In
addition, stem cells, located at the base of the midgut epithelium,
ensure the growth and renewal of the midgut during development
and after injury. In insects belonging to specific orders, midgut
physiology is deeply conditioned by the presence of unique cell
types, i.e., goblet and copper cells, which confer peculiar features
to this organ [27-31].

Importantly, the insect midgut is a key player in insect develop-

ment and homeostasis. At molecular level, the cadherins, catenin,
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integrins are known to play a fundamental role in morphogenesis
and in pathways that function in morphogenesis and cell develop-
ment. Besides, they participate dynamically in intercellular interac-
tions, cell-cell adhesion adherents junction, pathways that contrib-

ute to the physiology and development of whole organism [78-82].

Cadherins is that along with these function (adhesive linkage of
neighboring cells, architecture in morphogenesis) in vertebrates
and invertebrates, have a role as sensors and transmitters of extra-
cellular signals to the nucleus. A wealth of studies have highlighted
the cadherin role of connection between cadherin-catenin protein
complexes and importantly as major transmitters of intracellular
signalization pathways. This role can be well accomplished in the
insect midgut, through binding to the 3D Cry toxins and serving
as intracellular sensor for intracellular signaling (Figure 2B) or by
gathering monomeric toxins for pore formation (Figure 2A). One
of the most studied are the neural cadherins of Drosophla melano-
gaster (Diptera Drosophillidae) which differ in function and in the
number of ectodomains of the rest of insect, at least of the Lepi-
dopterans. Classical cadherin’s have a large contribution to the con-
struction of the animal body. There is a fundamental difference in
the mode of classic cadherin-mediated cell-cell adhesion between
chordate and non-chordate metazoans. These cadherins have a
unique extracellular domain that is absent from vertebrate and as-
cidian classic cadherins. Different lines of experimental evidence
have recently indicated that the site responsible for mediating ad-
hesive interactions is localized to the first extracellular domain of
cadherin. Invertebrate cadherin’s may utilize multiple EC domains
to form intercellular adhesive bonds. Remarkably, by sequence
analysis it has been shown that similar Ca2+ linkers are widely
distributed in the ectodomains of both invertebrate and vertebrate
domains [80]. An interesting molecular conversation between Cry
proteins and the different isoforms of cadherins, aminopeptidase,
phosphatase alkaline and potentially of the ABC transporters (Fig-
ure 2A-B; Figure 3).The receptor-ligand interaction is the first step
in the signaling of a variety and diverse biological and physiological
processes. A hallmark of the molecular crosstalk of the 3D-Cry tox-
ins with receptors present in insect midgut is their highly degree
of conservation between different Cry proteins with different in-
sect specificity, would implying a conserved and common mode of
action relationships among them, giving the opportunity to broad

their biocidal action.
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Figure 3: The entomopathogenic bacteria B. thuringiensis once ingested is able to reach their targets in the insect midgut. The receptors

immersed in the brush border membrane, and/or different types of binding proteins, which will lead to a series of cellular and molecular

events ultimately leading to a cell death or an insect defense responses (resistance). Indeed, is through the pattern of expression of the

different isoforms of the receptors that the insect can cope with the action of the 3D Cry toxins. So, it seems that insects have evolved long

through to evolution to activate all their genomic information and epigenetics to cope with the action of the 3D Cry toxins. Bt as a pathogen

has also its strategies to target successfully the insect midgut.

Molecular basis of the insect resistant to Bt 3-D Cry toxins for
agriculture.

Since decades it is known that Bt have colonized the insect
world through mechanism of adaptation, homologous recombina-
tion and under the selection pressure [88,91-96]. Nowadays, the
climatic changes have exerting selection pressures on organisms,
allowing the expression on genotypes that allow to circumvent
abiotic and biotic stresses. Under the absence of any selection
pressure the expressed genotypes are naturally eliminated [88,96-
101]. This could explain the symbiosis of the insects and Bt. In
addition, depending of the form of the gene (dominant, recessive,
and co-dominant) encoding some molecular component involved
in the resistant to insect to chemical and/or to Bt 3D-Cry toxins.
Meanwhile, at cellular level, insects are the reservoir and the host
for Bt spore germination [101-104]. Moreover, the insect response
(REPAT) [30-34] as well as other physiological (gut epithelial tis-
sue regeneration, detoxifying enzymes), and molecular responses
to weaken and overcome the action of Bt [26,27,92,94,98].

Furthermore insects have unique feeding and digestion char-
acteristics that allowed to be resistant to the action of the Bt 3D
Cry toxins. Thus, for example, when larvae are fed with high con-
centrations of Cry1C and Cry32A4, the architecture of the BBMV, the
development and the four intestinal digestive enzymes remains
unaffected. Interestingly when aphids ingest CrylAc no observ-
able damage because these insects are able to expel it along with
a large amount of liquid food quickly [105]. In addition, detoxifica-
tion enzymes involved in the insect resistance mechanism such as
glutathione-S-transferase in the subalpine Aedes rusticus (Diptera
Culicidae) [106]. In addition, the expression levels of esterase and
dynein involved in the processes of detoxification and mid-intesti-
nal repair to increase resistant in Diabrotica virgifera (Coleptera,
Chrysomelidae) [107]. At molecular level, receptors and the diver-
sity of protein bindings, play a crucial role in the protection of the
insects to the action of the Cry toxins. The regulation of the expres-
sion of the diverse receptors present in the BBMV (ABBC transport-
er, alpha-amylase, ALP, APN, DE-Cad, glucolipids) that are the tar-

get of the 3D-Cry toxins. Cadherins are transmembrane proteins,
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calcium-dependent adhesive proteins, present in the insect midgut
of lepidopterans with a molecular weight of 220 kDa [56,58] (Fig-
ure 3). Aspartate amino acid residues coordinate calcium ions at
the base for the cadherin extracellular domains. In Lepidopterans,
most of Cry toxins binding sites are present at or near the mem-
brane-proximal Cadherin Repeats [79]. Cadherin fragments con-
taining the critical toxin binding region enhance the activities of
Cry toxins in some lepidopteran [56,79]. Indeed, engineering of the
amino acids of the domain Il loops that can have more affinity with
a K, in several orders of magnitude) for the phospholipid bilayer
membrane of the insect midgut tissue and therefore for the recog-
nition and binding to the receptors like molecules. Furthermore,
the cellular communication and the transmission of the extracel-
lular signal downstream to the nucleus and therefore activation of
the insect response are the anchor glycosylphosphatidylinositol
(GPI) attached to the proteins (ALP, APN) like binding receptors, at
outer leaflet of the cell membrane midgut which putative role is to
function in lipid raft portioning, signal transduction, cellular com-

munication, apical membrane targeting [103,104,108].

The insect host has adapted to Bt in relatively short evolution-
ary time scale highly possible through regulation of the epigenetic
mechanism transformed into transgenerational inherited varia-
tion [103,109,110], or the transmission to the first (F1) and sec-
ond filial generations (F2), also known as the paternal trans-gen-
erational immune priming [111,112]. This regulatory mechanism
include to the molecular mechanism of DNA methylation [113],
histone, acetylation modification [114] and the levels changes in
microRNA (miRNA). All together comprise the evolutive insect de-
fense (immunity) to the action of the bio pesticides [115]. Further-
more, other molecular components that play a role in the crosstalk
at the insect midgut are some trans-regulatory mechanisms that
has been found are involved in the downregulation in the expres-
sion levels of several of the Cry binding receptors. One of them is
the role of the mitogen-activated protein kinase (MAPK) signaling
cascade can trans-regulate the expression of ALP and ABCC genes,
which expression is downregulated inducing insect resistance de-
velopment in four strains of P. xylostella [116-118]. Other molecu-
lar components triggered by the action of the 3D-Cry toxins are
the antimicrobial encoding genes of apidaecin, and hymenoptaecin
Apis mellifera (Hymenoptera Apidae) [119,120]. Which improve
the host immune response and promote its resistance [121,122].

Besides, in the midgut of the Lepidoptera, Spodoptera littoralis
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(Lepidoptera Noctuidae) it produces an antimicrobial peptide
Mundticin KS, which can also have a role in the inhibition of some

potential pathogens [123].

Highlights and perspectives

A plethora of studies regarding the mode of action of the 3D Cry
toxins, still remains to be understood the interaction of the insect
and Bt. While most of the studies have focused in the mode of ac-
tion of these toxins in vitro and in vivo, The identification of the
biomarkers in the insect-Bt interaction at transcriptional, trans-
duction, and epigenetics levels (DNA methylation), as well as many
other insect physiology process and even cellular (intestinal micro-
biota) could give an input for the design of safe biological control
strategies of insects. A hot spot nowadays is toward harnessing to
the multigene family above described as most possible in combi-
nation for the improvement of the biocidal activity of the 3D Cry

toxins in front of the insects’ evolution.

Disclosure Statement

The authors declare not conflict of interest.

Acknowledgments

G.G.G.M received a fellowship from the National Council of Re-
searchers (SNI-CONAHCYT 2023-2027), and from PERFIL PRODEP
2022-2025.

Bibliography

1. Hofte H and Whiteley HR. “Insecticidal crystal proteins of Ba-
cillus thuringiensis”. Microbiological Review 53 (1989): 242-
255.

2. Ibrahim M., et al. “Bacillus thuringiensis a genomic and pro-
teomics perspective”. Bioengineered Bugs 1 (2019): 31-50.

3. Estruch ], et al. “Vip3A, a novel Bacillus thuringiensis vege-
tative insecticidal protein with a wide spectrum of activities
against Lepidopteran insects”. Proceedings of the National
Academy of Sciences of the United States of America 93 (1996):
5389-5394.

4. Bravo A, et al. “Bacillus thuringiensis mechanisms and use”. In:
Gilbert, LL; Iatrou, K.; Gill, SS., editors. Comprehensive Molecu-
lar Insect Science. Elsevier BV; (2005): 175-206.

Citation: Gloria G Guerrero M. “Biocidal Activity of the Bacillus thuringiensis 3D Cry Toxins, Molecular Crosstalk at the Insect Midgut with Implication in

Insect Resistance Development". Acta Scientific Microbiology 7.6 (2024): 37-51.


https://pubmed.ncbi.nlm.nih.gov/2666844/
https://pubmed.ncbi.nlm.nih.gov/2666844/
https://pubmed.ncbi.nlm.nih.gov/2666844/
https://www.pnas.org/doi/abs/10.1073/pnas.93.11.5389
https://www.pnas.org/doi/abs/10.1073/pnas.93.11.5389
https://www.pnas.org/doi/abs/10.1073/pnas.93.11.5389
https://www.pnas.org/doi/abs/10.1073/pnas.93.11.5389
https://www.pnas.org/doi/abs/10.1073/pnas.93.11.5389

Biocidal Activity of the Bacillus thuringiensis 3D Cry Toxins, Molecular Crosstalk at the Insect Midgut with Implication in Insect Resistance

Development

10.

11.

12.

13.

14.

15.

16.

Bel Y, et al. “Comprehensive analysis of gene expression pro-
files of the beet armyworm larvae Spodoptera exigua (Lepi-
doptera Noctuidae) challenged with Bacillus thuringiensis
Vip3Aa toxin”. PLoS One 8 (2013): e81927.

Verma P, et al. “Pore-forming toxins in infection and immu-
nity”. Biochemical Society Transactions 49 (2021): 455-465.

Ulhuq FR and Mariano G. “Bacterial pore-forming toxins”. Mi-
crobiology 168 (2022): 001154.

Cramer WA, et al. “On mechanisms of colicin import: the outer
membrane quandary”. Biochemical Journal 475 (2018): 3903-
3915.

Budiardjo SJ., et al. “Colicin E1 opens its hinge to plug TolC"
Elife 24.11 (2022): e73297.

Lycke N., et al. “ADP-ribosylating enterotoxins as vaccine ad-
juvants”. Current Opinion on Pharmacology 41 (2018): 42-51.

Spangler BD. “Structure and function of cholera toxin and the
related Escherichia coli heat-labile enterotoxin”. Microbiology
Review 56 (1992): 622-647.

Escartin-Gutiérrez JR., et al. “Transcriptional Activation of a
Pro-Inflammatory Response (NF-«B, AP-1, IL-1B) by the Vib-
rio cholerae Cytotoxin (VCC) Monomer through the MAPK Sig-
naling Pathway in the THP-1 Human Macrophage Cell Line”".
International Journal of Molecular Sciences 24 (2023): 7272.

Lacomel CJ., et al. “Branching out the aerolysin, ETX/MTX-2
and Toxin_10 family of pore forming proteins”. Journal of Inver-
tebrate Pathology 186 (2021): 107570.

Thapa R and Keyel PA. “Patch repair protects cells from the
small pore-forming toxin aerolysin”. Journal of Cell Science
136 (2023): jcs261018.

Bravo A. “Phylogenetic relationships of Bacillus thuringiensis
d-endotoxin family proteins and their functional domains”.
Journal of Bacteriology 179 (1997): 2793-2801.

De Maagd RA, et al. “Structure, diversity, and evolution of pro-
teins toxins from spore-forming entomopathogenic bacteria”.
Annual Review of Genetics 37 (2003): 409-433.

17.

18.

19.

20.

21.

22.

23.

24.

25.

26.

27.

46

Bravo A, et al. “Mode of action of Bacillus thuringiensis Cry and
Cyt toxins and their potential for insect control”. Toxicon 49
(2007): 423-435.

Jurat-Fuentes JL., et al. “Specificity determinants for Cry insec-
ticidal proteins: Insights from their mode of action”. Journal of
Invertebrate Pathology 142 (2017): 5-10.

Bel Y, et al. “Bacillus thuringiensis toxins: functional charac-
terization and mechanism of action”. Toxins (Basel) 12 (2020):
785.

Grochulski P, et al. “Bacillus thuringiensis CrylAa insecticidal
toxin: crystal structure and channel formation”. Journal of Mo-
lecular Biology 254 (1995): 447-464.

Derbyshire DJ., et al. “Crystallization of the Bacillus thuringi-
ensis toxin Cry2Ac and its complex with the receptor ligand
N-acetylgalactosamine”. Acta Crystallography Section D 57
(2001): 1938-1944.

Morse R]., et al. “Structure of Cry2Aa suggests an unexpected
receptor binding epitope”. Structure 9 (2001): 409-417.

Cohen S, et al. “High-resolution crystal of activated Cyt2Ba
monomer from Bacillus thuringiensis var israelensis”. Journal
of Molecular Biology 380 (2008): 820-827.

Li ], et al. “Crystal structure of insecticidal d-endotoxin from
Bacillus thuringiensis at 2.5A resolution”. Nature 353 (1991):
815-821.

Galitsky N., et al. “Structure of the insecticidal bacterial d-en-
dotoxin Cry3Bb1 of Bacillus thuringiensis”. Acta Crystal D 57
(2001): 1101-11009.

Boonserm P, et al. “Structure of the functional form of the
mosquito larvicidal Cry4Aa toxin from Bacillus thuringiensis at
a 2.8-A resolution”. Journal of Bacteriology 188 (2006): 3391-
3401.

Boonserm P, et al. “Crystal Structure of the Mosquito larvicidal
Toxin Cry4Ba and Its biological implications”. Journal of Mo-
lecular Biology 348 (2005): 363-382.

Citation: Gloria G Guerrero M. “Biocidal Activity of the Bacillus thuringiensis 3D Cry Toxins, Molecular Crosstalk at the Insect Midgut with Implication in

Insect Resistance Development". Acta Scientific Microbiology 7.6 (2024): 37-51.


https://journals.plos.org/plosone/article?id=10.1371/journal.pone.0081927
https://journals.plos.org/plosone/article?id=10.1371/journal.pone.0081927
https://journals.plos.org/plosone/article?id=10.1371/journal.pone.0081927
https://journals.plos.org/plosone/article?id=10.1371/journal.pone.0081927
https://pubmed.ncbi.nlm.nih.gov/33492383/
https://pubmed.ncbi.nlm.nih.gov/33492383/
https://www.microbiologyresearch.org/content/journal/micro/10.1099/mic.0.001154
https://www.microbiologyresearch.org/content/journal/micro/10.1099/mic.0.001154
https://pubmed.ncbi.nlm.nih.gov/30541793/
https://pubmed.ncbi.nlm.nih.gov/30541793/
https://pubmed.ncbi.nlm.nih.gov/30541793/
https://elifesciences.org/articles/73297
https://elifesciences.org/articles/73297
https://pubmed.ncbi.nlm.nih.gov/29702466/
https://pubmed.ncbi.nlm.nih.gov/29702466/
https://pubmed.ncbi.nlm.nih.gov/1480112/
https://pubmed.ncbi.nlm.nih.gov/1480112/
https://pubmed.ncbi.nlm.nih.gov/1480112/
https://www.researchgate.net/publication/370032267_Transcriptional_Activation_of_a_Pro-Inflammatory_Response_NF-kB_AP-1_IL-1b_by_the_Vibrio_cholerae_Cytotoxin_VCC_Monomer_through_the_MAPK_Signaling_Pathway_in_the_THP-1_Human_Macrophage_Cell_Line
https://www.researchgate.net/publication/370032267_Transcriptional_Activation_of_a_Pro-Inflammatory_Response_NF-kB_AP-1_IL-1b_by_the_Vibrio_cholerae_Cytotoxin_VCC_Monomer_through_the_MAPK_Signaling_Pathway_in_the_THP-1_Human_Macrophage_Cell_Line
https://www.researchgate.net/publication/370032267_Transcriptional_Activation_of_a_Pro-Inflammatory_Response_NF-kB_AP-1_IL-1b_by_the_Vibrio_cholerae_Cytotoxin_VCC_Monomer_through_the_MAPK_Signaling_Pathway_in_the_THP-1_Human_Macrophage_Cell_Line
https://www.researchgate.net/publication/370032267_Transcriptional_Activation_of_a_Pro-Inflammatory_Response_NF-kB_AP-1_IL-1b_by_the_Vibrio_cholerae_Cytotoxin_VCC_Monomer_through_the_MAPK_Signaling_Pathway_in_the_THP-1_Human_Macrophage_Cell_Line
https://www.researchgate.net/publication/370032267_Transcriptional_Activation_of_a_Pro-Inflammatory_Response_NF-kB_AP-1_IL-1b_by_the_Vibrio_cholerae_Cytotoxin_VCC_Monomer_through_the_MAPK_Signaling_Pathway_in_the_THP-1_Human_Macrophage_Cell_Line
https://pubmed.ncbi.nlm.nih.gov/33775676/
https://pubmed.ncbi.nlm.nih.gov/33775676/
https://pubmed.ncbi.nlm.nih.gov/33775676/
https://journals.asm.org/doi/10.1128/jb.179.9.2793-2801.1997
https://journals.asm.org/doi/10.1128/jb.179.9.2793-2801.1997
https://journals.asm.org/doi/10.1128/jb.179.9.2793-2801.1997
https://www.researchgate.net/publication/9010485_Structure_Diversity_and_Evolution_of_Protein_Toxins_from_Spore-Forming_Entomopathogenic_Bacteria
https://www.researchgate.net/publication/9010485_Structure_Diversity_and_Evolution_of_Protein_Toxins_from_Spore-Forming_Entomopathogenic_Bacteria
https://www.researchgate.net/publication/9010485_Structure_Diversity_and_Evolution_of_Protein_Toxins_from_Spore-Forming_Entomopathogenic_Bacteria
https://pubmed.ncbi.nlm.nih.gov/17198720/
https://pubmed.ncbi.nlm.nih.gov/17198720/
https://pubmed.ncbi.nlm.nih.gov/17198720/
https://pubmed.ncbi.nlm.nih.gov/27480404/
https://pubmed.ncbi.nlm.nih.gov/27480404/
https://pubmed.ncbi.nlm.nih.gov/27480404/
https://www.mdpi.com/2072-6651/12/12/785
https://www.mdpi.com/2072-6651/12/12/785
https://www.mdpi.com/2072-6651/12/12/785
https://pubmed.ncbi.nlm.nih.gov/7490762/
https://pubmed.ncbi.nlm.nih.gov/7490762/
https://pubmed.ncbi.nlm.nih.gov/7490762/
https://onlinelibrary.wiley.com/doi/abs/10.1107/S090744490101040X
https://onlinelibrary.wiley.com/doi/abs/10.1107/S090744490101040X
https://onlinelibrary.wiley.com/doi/abs/10.1107/S090744490101040X
https://onlinelibrary.wiley.com/doi/abs/10.1107/S090744490101040X
https://pubmed.ncbi.nlm.nih.gov/11377201/
https://pubmed.ncbi.nlm.nih.gov/11377201/
https://pubmed.ncbi.nlm.nih.gov/18571667/
https://pubmed.ncbi.nlm.nih.gov/18571667/
https://pubmed.ncbi.nlm.nih.gov/18571667/
https://pubmed.ncbi.nlm.nih.gov/11468393/
https://pubmed.ncbi.nlm.nih.gov/11468393/
https://pubmed.ncbi.nlm.nih.gov/11468393/
https://journals.asm.org/doi/10.1128/jb.188.9.3391-3401.2006
https://journals.asm.org/doi/10.1128/jb.188.9.3391-3401.2006
https://journals.asm.org/doi/10.1128/jb.188.9.3391-3401.2006
https://journals.asm.org/doi/10.1128/jb.188.9.3391-3401.2006
https://pubmed.ncbi.nlm.nih.gov/15811374/
https://pubmed.ncbi.nlm.nih.gov/15811374/
https://pubmed.ncbi.nlm.nih.gov/15811374/

Biocidal Activity of the Bacillus thuringiensis 3D Cry Toxins, Molecular Crosstalk at the Insect Midgut with Implication in Insect Resistance

Development

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

Pardo-Lépez L., et al. “Bacillus thuringiensis insecticidal thee-
domain Cry toxins: mode of action, insect resistance and con-
sequences for crop protection”. FEMS Microbiology Review 37
(2013): 3-22.

Burton SL., et al. “N-acetylgalactosamine on the putative in-
sect receptor aminopeptidase N is recognized by a site on the
domain III lectin-like fold of a Bacillus thuringiensis insecticid-
al toxin”. Journal of Molecular Biology 287 (1999): 1011-1022.

Walters FS., et al. “Lepidopteran-active variable-region se-
quence imparts coleopteran activity in eCry3.Cry1Ab, an engi-
neered Bacillus thuringiensis hybrid insecticidal protein” Ap-
plied and Environmental Microbiology 76 (2010): 3082-3088.

Xiao Y and Wu K. “Recent progress on the interaction between
insects and Bacillus thuringiensis crops”. Philosophical Trans-
actions of the Royal Society B 374 (2019): 20180316.

Jiang H., et al. “Immunity in lepidopteran insects”. Advances in
Experimental Medicine and Biology 708 (2010): 181-204.

Castagnola A and Jurat-Fuentes JL. “Intestinal regeneration as
an insect resistance mechanism to entomopathogenic bacte-
ria”. Current Opinion in Insect Science 15 (2016): 104.110.

Herrero S., et al. “Insect REPAT, an new family of proteins in-
duced by bacterial toxins and baculovirus infection in Spodop-
tera exigua”. Biochem Mol Biol. 37 (2007): 1109-18.

Navarro-Cerrillo G., et al. “Functional interactions between
members of the REPAT family of insect pathogen-induced pro-
teins”. Insect Molecular Biology 21 (2012): 335-342.

Zhou CY,, et al. “Identification of MBF2 family genes in Bombyx
mori and their expression in different tissues and stages and
in response to Bacillus Bomby septicus infection and starva-
tion”. Insect Science 23 (2016): 502-512.

Pinos D, et al. “Response Mechanisms of Invertebrates to Ba-
cillus thuringiensis and Its Pesticidal Proteins”. Microbiology
and Molecular Biology Reviews 85 (2021): e00007-20.

Knowles BH., et al. “Colloid-osmotic lysis is a general feature
of the mechanism of action of Bacillus thuringiensis delta-en-
dotoxins with different insect specificity”. BBA Gen. Subj. 924
(1987): 509-518.

39.

40.

41.

42.

43.

44,

45.

46.

47.

48.

47
Zhang X, et al. “Cytotoxicity of Bacillus thuringiensis Cry1Ab
toxin depends on specific binding of the toxin to the cadherin
receptor BT-R1 expressed in insect cells”. Cell Death Differ 12
(2005): 1407-1416.

Khorramnejad A, et al. “Study of the Bacillus thuringiensis Cry-
1la protein oligomerization promoted by midgut brush border
membrane vesicles of lepidopteran and coleopteran insects, or
cultured insect cells”. Toxins (Basel) 12 (2020): 133.

Liu L., et al. “Which Is Stronger? A Continuing Battle between
Cry Toxins and Insects”. Frontiers in Microbiology 12 (2021):
1-13.

Endo H. et al. “Extracellular loop structures in silk-worm
ABCC transporters determine their specificities for Bacillus
thuringiensis Cry toxins”. Journal of Biological Chemistry 293
(2018): 8569-8577.

Palma L., et al. “Bacillus thuringiensis toxins: an overview of
their biocidal activity” Toxins (Basel). 6 (2014): 3296-3325.

Jiménez-Juarez A., et al. “Bacillus thuringiensis CrylAb mu-
tants affecting oligomer formation are non-toxic to Manduca
sexta larvae”. Journal of Biological Chemistry 282 (2007):
21222-212209.

Fuy, et al. “C-di-GMP regulates various phenotypes and insec-
ticidal activity of Gram-positive Bacillus thuringiensis”. Fron-
tiers in Microbiology 9 (2018): 45.

Zhang XB,, et al. “A mechanism of cell death involving an ad-
enylyl cyclase/PKA signaling pathway is induced by the Cry-
1AD toxin of Bacillus thuringiensis”. Proceedings of the National
Academy of Sciences of the United States of America 103 (2006):
9897-9902.

Xu C,, et al. “Structural insights into Bacillus thuringiensis Cry,
Cyt and parasporin toxins”. Toxins (Basel) 6 (2014): 2732-
2770.

Zalem D, et al. “Biochemical and structural characterization of
the novel sialic acid-binding site of Escherichia coli heat-labile
enterotoxin LT-1Ib”. Biochemical Journal 473 (2016): 3923-
3936.

Citation: Gloria G Guerrero M. “Biocidal Activity of the Bacillus thuringiensis 3D Cry Toxins, Molecular Crosstalk at the Insect Midgut with Implication in

Insect Resistance Development". Acta Scientific Microbiology 7.6 (2024): 37-51.


https://pubmed.ncbi.nlm.nih.gov/22540421/
https://pubmed.ncbi.nlm.nih.gov/22540421/
https://pubmed.ncbi.nlm.nih.gov/22540421/
https://pubmed.ncbi.nlm.nih.gov/22540421/
https://pubmed.ncbi.nlm.nih.gov/10222207/
https://pubmed.ncbi.nlm.nih.gov/10222207/
https://pubmed.ncbi.nlm.nih.gov/10222207/
https://pubmed.ncbi.nlm.nih.gov/10222207/
https://journals.asm.org/doi/10.1128/aem.00155-10
https://journals.asm.org/doi/10.1128/aem.00155-10
https://journals.asm.org/doi/10.1128/aem.00155-10
https://journals.asm.org/doi/10.1128/aem.00155-10
https://link.springer.com/chapter/10.1007/978-1-4419-8059-5_10
https://link.springer.com/chapter/10.1007/978-1-4419-8059-5_10
https://pubmed.ncbi.nlm.nih.gov/27436739/
https://pubmed.ncbi.nlm.nih.gov/27436739/
https://pubmed.ncbi.nlm.nih.gov/27436739/
https://www.sciencedirect.com/science/article/abs/pii/S0965174807001348
https://www.sciencedirect.com/science/article/abs/pii/S0965174807001348
https://www.sciencedirect.com/science/article/abs/pii/S0965174807001348
https://pubmed.ncbi.nlm.nih.gov/27121992/
https://pubmed.ncbi.nlm.nih.gov/27121992/
https://pubmed.ncbi.nlm.nih.gov/27121992/
https://pubmed.ncbi.nlm.nih.gov/27121992/
https://pubmed.ncbi.nlm.nih.gov/33504654/
https://pubmed.ncbi.nlm.nih.gov/33504654/
https://pubmed.ncbi.nlm.nih.gov/33504654/
https://pubmed.ncbi.nlm.nih.gov/15920532/
https://pubmed.ncbi.nlm.nih.gov/15920532/
https://pubmed.ncbi.nlm.nih.gov/15920532/
https://pubmed.ncbi.nlm.nih.gov/15920532/
https://pubmed.ncbi.nlm.nih.gov/32098045/
https://pubmed.ncbi.nlm.nih.gov/32098045/
https://pubmed.ncbi.nlm.nih.gov/32098045/
https://pubmed.ncbi.nlm.nih.gov/32098045/
https://www.frontiersin.org/journals/microbiology/articles/10.3389/fmicb.2021.665101/full
https://www.frontiersin.org/journals/microbiology/articles/10.3389/fmicb.2021.665101/full
https://www.frontiersin.org/journals/microbiology/articles/10.3389/fmicb.2021.665101/full
https://pubmed.ncbi.nlm.nih.gov/29666188/
https://pubmed.ncbi.nlm.nih.gov/29666188/
https://pubmed.ncbi.nlm.nih.gov/29666188/
https://pubmed.ncbi.nlm.nih.gov/29666188/
https://www.mdpi.com/2072-6651/6/12/3296
https://www.mdpi.com/2072-6651/6/12/3296
https://pubmed.ncbi.nlm.nih.gov/17537728/
https://pubmed.ncbi.nlm.nih.gov/17537728/
https://pubmed.ncbi.nlm.nih.gov/17537728/
https://pubmed.ncbi.nlm.nih.gov/17537728/
https://www.pnas.org/doi/full/10.1073/pnas.0604017103
https://www.pnas.org/doi/full/10.1073/pnas.0604017103
https://www.pnas.org/doi/full/10.1073/pnas.0604017103
https://www.pnas.org/doi/full/10.1073/pnas.0604017103
https://www.pnas.org/doi/full/10.1073/pnas.0604017103
https://www.researchgate.net/publication/267755797_Structural_Insights_into_Bacillus_thuringiensis_Cry_Cyt_and_Parasporin_Toxins
https://www.researchgate.net/publication/267755797_Structural_Insights_into_Bacillus_thuringiensis_Cry_Cyt_and_Parasporin_Toxins
https://www.researchgate.net/publication/267755797_Structural_Insights_into_Bacillus_thuringiensis_Cry_Cyt_and_Parasporin_Toxins
https://pubmed.ncbi.nlm.nih.gov/27562297/
https://pubmed.ncbi.nlm.nih.gov/27562297/
https://pubmed.ncbi.nlm.nih.gov/27562297/
https://pubmed.ncbi.nlm.nih.gov/27562297/

Biocidal Activity of the Bacillus thuringiensis 3D Cry Toxins, Molecular Crosstalk at the Insect Midgut with Implication in Insect Resistance

Development

49.

50.

51.

52.

53.

54.

55.

56.

57.

58.

59.

Berenson CS., et al. “Ganglioside-binding specificities of E.
coli enterotoxin LT-IIc: Importance of long-chain fatty acyl ce-
ramide”. Glycobiology 23 (2013): 23-31.

Liu L., et al. “The defined toxin-binding region of the cadherin
G-protein coupled receptor Bt-R1 for the active Cry1Ab of Ba-
cillus thuringiensis”. Journal of Proteom Bioinform 11 (2018):
201-210.

Huffman DL, et al. “Mitogen-activated protein kinase path-
ways defend against bacterial pore forming toxins”. Proceed-
ings of the National Academy of Sciences of the United States of
America 101 (2004): 10995-11000.

Bischof L]., et al. “Activation of the unfolded protein response
is required for defenses against bacterial pore-forming toxin
in vivo”. PLoS Pathogens 4 (2008): e1000176.

Rubio-Infante N., et al. “The Macrophage Activation Induced
by Bacillus thuringiensis CrylAc Protoxin Involves ERK1/2
and p38 Pathways and the Interaction with Cell-Surface-
HSP70”. Journal of Cell Biochemistry 119 (2018): 580-598.

Cancino-Rodezno A., et al. “The mitogen-activated protein
kinase p38 p.thway is involved in insect defense against Cry
toxins from Bacillus thuringiensis”. Insect Biochemistry and
Molecular Biology 40 (2010): 58-63.

Zhang H,, et al. “Intra-and-extracellular domains of the Heli-
coverpa armiguera cadherin mediate CrylAc cytotoxicity”.
Insect Biochemistry and Molecular Biology 86 (2017): 41-49.

Jurat-Fuentes L., et al. “The HevCaLP protein mediates bind-
ing specificity of the CrylA class of Bacillus thuringiensis
toxins in Heliothis virescens”. Biochemistry 43 (2004): 14299-
14305.

Pigott CR and Ellar DJ. “Role of receptors in Bacillus thuringi-
ensis crystal toxin activity”. Microbiology and Molecular Biol-
ogy Reviews 71 (2007): 255-281.

Fabrick |, et al. “A novel Tenebrio molitor cadherin is a func-
tional receptor for Bacillus thuringiensis Cry3Aa toxin”. Jour-
nal of Biological Chemistry 284 (2009): 18401-18410.

Adang M]., et al. “Diversity of Bacillus thuringiensis crystal tox-
ins and mechanism of action”. Advances in Insect Physiology 47
(2014): 39-87.

60.

61.

62.

63.

64.

65.

66.

67.

68.

69.

48
Arenas I, et al. “Role of alkaline phosphatase from Manduca
sexta in the mechanism of action of Bacillus thuringiensis Cry-
1Ab toxin”. Journal of Biological Chemistry 285 (2010): 12497-
12503.

Xie R, et al. “Single amino acid mutations in the cadherin re-
ceptor from Heliothis virescens affect its toxin binding ability
to Cry1lA toxins”. Journal of Biological Chemistry 280 (2005):
8416-8425.

Atsumi S., et al. “Location of the Bombyx mori 175kDa cad-
herin-like protein-binding site on Bacillus thuringiensis Cry-
1Aa toxin”. FEBS Journal 275 (2008): 4913-4926.

Du L, et al. “Cadherin CsCad plays differential functional roles
in Cry1Ab and Cry1C intoxication in Chilo suppressalis”. Sci-
ence Report 9 (2019): 8507-8522.

Pacheco S,, et al. “Enhancement of insecticidal activity of Bacil-
lus thuringiensis Cry1A toxins by fragments of a toxin-binding
cadherin correlates with oligomer formation”. Peptides 30
(2009a): 583-588.

Chen |, et al. “Aedes aegypti cadherin serves as a putative re-
ceptor of the Cry11Aa toxin from Bacillus thuringiensis var is-
raelensis”. Biochemical Journal 424 (2009b): 191-200.

Chen J., et al. “Identification and characterization of Aedes
aegypti aminopeptidase N as a putative receptor of Bacillus
thuringiensis Cry11A toxin”. Insect Biochemistry and Molecular
Biology 39 (2009a): 688-696.

Likitvivatanavong S., et al. “Cadherin, alkaline phosphatase
and aminopeptidase N as receptors of Cry11Ba toxin from Ba-
cillus thuringiensis jegathesan in Aedes aegypti” Applied and
Environmental Microbiology 77 (2011): 24-31.

Fernandez LE.,, et al. “Cry11Aa toxin from Bacillus thuringien-
sis binds its receptor in Aedes aegypti mosquito larvae through
loop a-8of domain II”. FEBS Letter 579 (2005): 3508-3514.

Lu Q, et al. “A fragment of cadherin-like protein enhances Ba-
cillus thuringiensis Cry1B and CrylC toxicity to Spodoptera
exigua (Lepidoptera: Noctuidae)”. Journal of Integrative Agri-
culture 11 (2012): 628-638.

Citation: Gloria G Guerrero M. “Biocidal Activity of the Bacillus thuringiensis 3D Cry Toxins, Molecular Crosstalk at the Insect Midgut with Implication in

Insect Resistance Development". Acta Scientific Microbiology 7.6 (2024): 37-51.


https://academic.oup.com/glycob/article/23/1/23/1988167
https://academic.oup.com/glycob/article/23/1/23/1988167
https://academic.oup.com/glycob/article/23/1/23/1988167
https://www.pnas.org/doi/full/10.1073/pnas.0404073101
https://www.pnas.org/doi/full/10.1073/pnas.0404073101
https://www.pnas.org/doi/full/10.1073/pnas.0404073101
https://www.pnas.org/doi/full/10.1073/pnas.0404073101
https://pubmed.ncbi.nlm.nih.gov/18846208/
https://pubmed.ncbi.nlm.nih.gov/18846208/
https://pubmed.ncbi.nlm.nih.gov/18846208/
https://pubmed.ncbi.nlm.nih.gov/20040372/
https://pubmed.ncbi.nlm.nih.gov/20040372/
https://pubmed.ncbi.nlm.nih.gov/20040372/
https://pubmed.ncbi.nlm.nih.gov/20040372/
https://www.sciencedirect.com/science/article/abs/pii/S0965174817300723
https://www.sciencedirect.com/science/article/abs/pii/S0965174817300723
https://www.sciencedirect.com/science/article/abs/pii/S0965174817300723
https://pubs.acs.org/doi/10.1021/bi048500i
https://pubs.acs.org/doi/10.1021/bi048500i
https://pubs.acs.org/doi/10.1021/bi048500i
https://pubs.acs.org/doi/10.1021/bi048500i
https://pubmed.ncbi.nlm.nih.gov/17554045/
https://pubmed.ncbi.nlm.nih.gov/17554045/
https://pubmed.ncbi.nlm.nih.gov/17554045/
https://pubmed.ncbi.nlm.nih.gov/19416969/
https://pubmed.ncbi.nlm.nih.gov/19416969/
https://pubmed.ncbi.nlm.nih.gov/19416969/
https://pubmed.ncbi.nlm.nih.gov/20177063/
https://pubmed.ncbi.nlm.nih.gov/20177063/
https://pubmed.ncbi.nlm.nih.gov/20177063/
https://pubmed.ncbi.nlm.nih.gov/20177063/
https://pubmed.ncbi.nlm.nih.gov/15572369/
https://pubmed.ncbi.nlm.nih.gov/15572369/
https://pubmed.ncbi.nlm.nih.gov/15572369/
https://pubmed.ncbi.nlm.nih.gov/15572369/
https://pubmed.ncbi.nlm.nih.gov/18783429/
https://pubmed.ncbi.nlm.nih.gov/18783429/
https://pubmed.ncbi.nlm.nih.gov/18783429/
https://www.nature.com/articles/s41598-019-44451-5
https://www.nature.com/articles/s41598-019-44451-5
https://www.nature.com/articles/s41598-019-44451-5
https://pubmed.ncbi.nlm.nih.gov/18778745/
https://pubmed.ncbi.nlm.nih.gov/18778745/
https://pubmed.ncbi.nlm.nih.gov/18778745/
https://pubmed.ncbi.nlm.nih.gov/18778745/
https://pubmed.ncbi.nlm.nih.gov/19732034/
https://pubmed.ncbi.nlm.nih.gov/19732034/
https://pubmed.ncbi.nlm.nih.gov/19732034/
https://pubmed.ncbi.nlm.nih.gov/19698787/
https://pubmed.ncbi.nlm.nih.gov/19698787/
https://pubmed.ncbi.nlm.nih.gov/19698787/
https://pubmed.ncbi.nlm.nih.gov/19698787/
https://journals.asm.org/doi/10.1128/aem.01852-10
https://journals.asm.org/doi/10.1128/aem.01852-10
https://journals.asm.org/doi/10.1128/aem.01852-10
https://journals.asm.org/doi/10.1128/aem.01852-10
https://pubmed.ncbi.nlm.nih.gov/15963509/
https://pubmed.ncbi.nlm.nih.gov/15963509/
https://pubmed.ncbi.nlm.nih.gov/15963509/
https://www.sciencedirect.com/science/article/pii/S2095311912600501
https://www.sciencedirect.com/science/article/pii/S2095311912600501
https://www.sciencedirect.com/science/article/pii/S2095311912600501
https://www.sciencedirect.com/science/article/pii/S2095311912600501

Biocidal Activity of the Bacillus thuringiensis 3D Cry Toxins, Molecular Crosstalk at the Insect Midgut with Implication in Insect Resistance

Development

70.

71.

72.

73.

74.

75.

76.

77.

78.

79.

80.

Contreras E., et al. “Sodium solute symporter and cadherin
proteins act as Bacillus thuringiensis Cry3Ba toxin functional
receptor in Tribolium castancum”. Journal of Biological Chem-
istry 288 (2013): 18013-18021.

Khasdan V, et al. “Toxicity and synergism in transgenic Esch-
erichia coli expressing four genes from Bacillus thuringiensis
subsp israeliensis”. Environment Microbiology 3 (2001): 798-
806.

Cantoén PE,, et al. “Binding of Bacillus thuringiensis subsp. is-
raelensis Cry4Ba to CytlAa has an important role in syner-
gism”. Peptides 32 (2011): 595-600.

Fabrick |, et al. “A novel Tenebrio molitor cadherin is a func-
tional receptor for Bacillus thuringiensis Cry3A toxin”. Journal
of Biological Chemistry 284 (2009): 18401-18410.

Martins ES., et al. “Midgut GPI-anchored proteins with alkaline
phosphatase activity from the cotton boll weevil (Anthonomus
grandis) are putative receptors for the Cry1B protein of Bacil-
lus thuringiensis”. Insect Biochemistry and Molecular Biology
40 (2010): 138-145.

Nollet E, et al. “Phylogenetic analysis of the cadherin super-
family allows identification of six major subfamilies besides
several solitary members”. Journal of Molecular Biology 9.299
(2009): 551-572.

Shapiro L and Weiss WI. “Structure and biochemistry of cad-
herins and catenin”. Cold Spring Harbor Perspectives in Biology
1(2009): a003053.

Tepass U and Harris KP. “Adherens junctions in Drosophila
retinal morphogenesis”. Trends Cell Biology 17 (2007): 26-35.

Chen ], et al. “Aedes cadherin receptor that mediates Bacil-
lus thuringiensis Cry11A toxicity is essential for mosquito
development”. PLOS Neglected Tropical Diseases 14 (2020):
e0007948.

Lefebre JL., et al. “Protocadherins mediate dendritic self-
avoidance in the mammalian nervous system”. Nature 488
(2012): 517-521.

Sasaki M, et al. “Evolutionary origin of type IV classical cad-
herins in arthropods”. BMC Evolutionary Biology 17 (2017):
142-165.

81.

82.

83.

84.

85.

86.

87.

88.

89.

90.

91.

49

Jin W, et al. “Cadherin Protein is Involved in the Action of Bacil-
lus thuringiensis Cry1Ac toxin in Ostrinia furnacalis”. Toxins 13
(2021): 658-672.

Pandian NG, et al. “Bombyx mori midgut membrane protein
P252 which binds to Cry1A of Bacillus thuringiensis is a chlo-
rophyllide binding protein and its resulting complex has anti-
microbial activity” Applied and Environmental Microbiology 74
(2008): 1324-1331.

Bayyareddy K. et al. “Proteomic identification of Bacillus
thuringiensis subsp. israelensis toxin Cry4Ba binding proteins
in midgut membranes from Aedes (Stegomyia) aegypti Linnae-
us (Diptera, Culicidae) larvae”. Insect Biochemistry and Molecu-
lar Biology 39 (2009): 279-286.

Griffitts JS., et al. “Glycolipids as receptors for Bacillus thuringi-
ensis crystal toxin”. Science 307 (2005): 922-992.

Ferndndez-Luna MT, et al. “An alpha-amylase a novel recep-
tor for Bacillus thuringiensis subsp. israelensis Cry4Ba and
Cry11Aa toxins in the malaria vector mosquito Anopheles al-
bimanus (Diptera: Culicidae)”. Environmental Microbiology 12
(2010): 746-757.

Ochoa-Campuzano C., et al. “An ADAM metalloprotease is a
Cry3Aa Bacillus thuringiensis toxin receptor”. Biochemical and
Biophysical Research Communications 362 (2007): 437-442.

Liu X. “ABC Family Transporters”. Advances in Experimental
Medicine and Biology 1141 (2019): 13-100.

Sato R, et al. “Function and Role of the ATP-binding Cas-
sette Transporters as Receptors for 3D-Cry Toxins”. Toxins 11
(2019): 124-141.

Xiao Y, et al. “Mis-splicing of the ABCC2 gene linked with Bt
toxin resistance in Helicoverpa armiguera”. Scientific Report 4
(2014): 618.

Baxter SW, et al. “Parallel evolution of Bt toxin resistance in
Lepidoptera”. Genetics 189 (2011): 1-19.

Atsumi S., et al. “Single aminoacid mutation in an ATP-binding
casette transporter gene causes resistance to Bt roxin Cry1Ab
to the silkworm. Bombyx mori”. Proceedings of the National
Academy of Sciences of the United States of America 109 (2012):
E1591-1598.

Citation: Gloria G Guerrero M. “Biocidal Activity of the Bacillus thuringiensis 3D Cry Toxins, Molecular Crosstalk at the Insect Midgut with Implication in

Insect Resistance Development". Acta Scientific Microbiology 7.6 (2024): 37-51.


https://pubmed.ncbi.nlm.nih.gov/23645668/
https://pubmed.ncbi.nlm.nih.gov/23645668/
https://pubmed.ncbi.nlm.nih.gov/23645668/
https://pubmed.ncbi.nlm.nih.gov/23645668/
https://enviromicro-journals.onlinelibrary.wiley.com/doi/abs/10.1046/j.1462-2920.2001.00253.x
https://enviromicro-journals.onlinelibrary.wiley.com/doi/abs/10.1046/j.1462-2920.2001.00253.x
https://enviromicro-journals.onlinelibrary.wiley.com/doi/abs/10.1046/j.1462-2920.2001.00253.x
https://enviromicro-journals.onlinelibrary.wiley.com/doi/abs/10.1046/j.1462-2920.2001.00253.x
https://pubmed.ncbi.nlm.nih.gov/20558220/
https://pubmed.ncbi.nlm.nih.gov/20558220/
https://pubmed.ncbi.nlm.nih.gov/20558220/
https://pubmed.ncbi.nlm.nih.gov/19416969/
https://pubmed.ncbi.nlm.nih.gov/19416969/
https://pubmed.ncbi.nlm.nih.gov/19416969/
https://www.sciencedirect.com/science/article/abs/pii/S0965174810000068
https://www.sciencedirect.com/science/article/abs/pii/S0965174810000068
https://www.sciencedirect.com/science/article/abs/pii/S0965174810000068
https://www.sciencedirect.com/science/article/abs/pii/S0965174810000068
https://www.sciencedirect.com/science/article/abs/pii/S0965174810000068
https://pubmed.ncbi.nlm.nih.gov/10835267/
https://pubmed.ncbi.nlm.nih.gov/10835267/
https://pubmed.ncbi.nlm.nih.gov/10835267/
https://pubmed.ncbi.nlm.nih.gov/10835267/
https://pubmed.ncbi.nlm.nih.gov/17134901/
https://pubmed.ncbi.nlm.nih.gov/17134901/
https://journals.plos.org/plosntds/article?id=10.1371/journal.pntd.0007948
https://journals.plos.org/plosntds/article?id=10.1371/journal.pntd.0007948
https://journals.plos.org/plosntds/article?id=10.1371/journal.pntd.0007948
https://journals.plos.org/plosntds/article?id=10.1371/journal.pntd.0007948
https://www.nature.com/articles/nature11305
https://www.nature.com/articles/nature11305
https://www.nature.com/articles/nature11305
https://bmcecolevol.biomedcentral.com/articles/10.1186/s12862-017-0991-2
https://bmcecolevol.biomedcentral.com/articles/10.1186/s12862-017-0991-2
https://bmcecolevol.biomedcentral.com/articles/10.1186/s12862-017-0991-2
file:///C:/Users/SnehaReddy/OneDrive%20-%20Acta%20Scientific%20Publications%20Private%20Limited/Desktop/07-02-2022/Acta%20PDF%2001-06-2023/ASMI/ASMI-24-RW-065/Doi.org/10.3390/toxins13090658
file:///C:/Users/SnehaReddy/OneDrive%20-%20Acta%20Scientific%20Publications%20Private%20Limited/Desktop/07-02-2022/Acta%20PDF%2001-06-2023/ASMI/ASMI-24-RW-065/Doi.org/10.3390/toxins13090658
file:///C:/Users/SnehaReddy/OneDrive%20-%20Acta%20Scientific%20Publications%20Private%20Limited/Desktop/07-02-2022/Acta%20PDF%2001-06-2023/ASMI/ASMI-24-RW-065/Doi.org/10.3390/toxins13090658
https://pubmed.ncbi.nlm.nih.gov/18192432/
https://pubmed.ncbi.nlm.nih.gov/18192432/
https://pubmed.ncbi.nlm.nih.gov/18192432/
https://pubmed.ncbi.nlm.nih.gov/18192432/
https://pubmed.ncbi.nlm.nih.gov/18192432/
https://pubmed.ncbi.nlm.nih.gov/19272330/
https://pubmed.ncbi.nlm.nih.gov/19272330/
https://pubmed.ncbi.nlm.nih.gov/19272330/
https://pubmed.ncbi.nlm.nih.gov/19272330/
https://pubmed.ncbi.nlm.nih.gov/19272330/
https://www.science.org/doi/10.1126/science.1104444
https://www.science.org/doi/10.1126/science.1104444
https://pubmed.ncbi.nlm.nih.gov/20002140/
https://pubmed.ncbi.nlm.nih.gov/20002140/
https://pubmed.ncbi.nlm.nih.gov/20002140/
https://pubmed.ncbi.nlm.nih.gov/20002140/
https://pubmed.ncbi.nlm.nih.gov/20002140/
https://pubmed.ncbi.nlm.nih.gov/17714689/
https://pubmed.ncbi.nlm.nih.gov/17714689/
https://pubmed.ncbi.nlm.nih.gov/17714689/
https://pubmed.ncbi.nlm.nih.gov/31571164/
https://pubmed.ncbi.nlm.nih.gov/31571164/
https://www.mdpi.com/2072-6651/11/2/124
https://www.mdpi.com/2072-6651/11/2/124
https://www.mdpi.com/2072-6651/11/2/124
https://www.pnas.org/doi/full/10.1073/pnas.1120698109
https://www.pnas.org/doi/full/10.1073/pnas.1120698109
https://www.pnas.org/doi/full/10.1073/pnas.1120698109
https://www.pnas.org/doi/full/10.1073/pnas.1120698109
https://www.pnas.org/doi/full/10.1073/pnas.1120698109

Biocidal Activity of the Bacillus thuringiensis 3D Cry Toxins, Molecular Crosstalk at the Insect Midgut with Implication in Insect Resistance

Development

92. Adewaga S, et al. “The domain II loops of Bacillus thuringien-
sis Cry1Aa form an overlapping interaction site for two Bom-
byx mori larvae functional receptors, ABC transporter C2 and
cadherin-like receptor”. BBVA Proteins Proteome 1868 (2007):
220-231.

93. Oppert B, et al. “Proteinase-mediated insect resistance to Ba-
cillus thuringiensis toxins”. Journal of Biological Chemistry 272
(1997): 23473-23476.

94. Griffitts ], et al. “Many roads to resistance: how invertebrates
adapt to Bt toxins”. BioEssays 27 (2005): 614-624.

95. Bravo A and Soberén M. “How to cope with resistance to Bt
toxins?” Trends in Biotechnology 26 (2008): 573-579.

96. Tabashnik BE,, et al. “Insect resistance to Bt crops: evidence
versus theory”. Nature Biotechnology 26 (2008): 199-202.

97. Jurat-Fuentes ]I, et al. “Mechanism of resistance to insecti-
cidal proteins from Bacillus thuringiensis” Annual Review of
Entomology 66 (2021): 121-146.

98. Zhu B, et al. “MicroRNA-9983p contributes to CrylAc-resis-
tance by targeting ABCC2 in lepidopteran insects”. Insect Bio-
chemistry and Molecular Biology 117 (2020): 103283.

99. XuX, etal “Disruption of a cadherin gene associated with re-
sistance to CrylAc delta-endoxtin of Bacillus thuringiensis in
Helicoverpa armiguera”. Applied and Environmental Microbiol-
ogy 71 (2005): 946-954.

100.Gahan L], et al. “An ABC transporter mutation is correlated
with insect resistance to Bacillus thuringiensis Cry1Ac toxin”.
PLoS Genetics 6 (2010): e1001248.

101.Morin S,, et al. “Three cadherin alleles associated with resis-
tance to Bacillus thuringiensis in pink bollworm”. Proceedings
of the National Academy of Sciences of the United States of
America 100 (2003): 5004-5009.

102.Caccia S., et al. “Association of Cry1Ac toxin resistance in He-
licoverpa zea (Boddie) with increased alkaline phosphatase
level in the midgut lumen”. Applied and Environmental Micro-
biology 78 (2012): 5690-5698.

103.Tabashnik BE. et al. “Supressing resistance to Bacillus
thuringiensis cotton with sterile insect releases”. Nature Bio-
technology 28 (2010): 1304-1307.

50

104.Soberdn M., et al. “Engineering modified Bacillus thuringiensis
toxins to counter insect resistance”. Science 318 (2007): 1640-
1642.

105. Chen G, et al. “Differences in midgut transcriptomes between
resistant and susceptible strains of Chilo suppressalis to Cry1C
toxin”. BMC Genomics 21 (2020): 634.

106.Kwong WK, et al. “Immune system stimulation by the native
gut microbiota of honey bees”. Royal Society Open Science 4
(2017):170003.

107.Shao Y, et al. “Symbiont-derived antimicrobials contribute to
the control of the lepidopteran gut microbiota”. Cell Chemical
Biology 24 (2017): 66-75.

108.Van Rensburg JBJ. “First report of field resistance by stem bor-
er Busseola fusca (Fuller) to Bacillus thuringiensist transgenic
maize”. South African Journal of Plant and Soil 24 (2007): 147-
151.

109.Gomez-Diaz E., et al. “Epigenetics of host-pathogen interac-
tions: the road ahead and the road behind”. PLoS Pathogen 8
(2012): €1003007.

110.Laland K., et al. “Does evolutionary theory need a rethink?” Na-
ture 514 (2014): 161-164.

111. Skinner MK. “Environmental epigenetics and a unified theory
of the molecular aspects of evolution: a neo-Lamarckian con-
cept that facilitates neoDarwinian evolution”. Genome Biologi-
cal Ecology 7 (2015): 1296-1302.

112.Eggert H,, et al. “Different effects of paternal trans-generation-
al immune priming on survival and immunity in step and ge-
netic offspring”. Proceedings B is the Royal Society 281 (2014):
20142089.

113.Schulz NKE,, et al. “Transgenerational developmental effects of
immune priming in the red flour beetle Tribolium castaneum”.
Frontiers in Physiology 10 (2019): 98.

114.Vilcinskas A. “The role of epigenetics in host-parasite coevolu-
tion: lessons from the model host insects Galleria mellonella
and Tribolium castaneum”. Zoology (Jena) 119 (2016): 273-
280.

Citation: Gloria G Guerrero M. “Biocidal Activity of the Bacillus thuringiensis 3D Cry Toxins, Molecular Crosstalk at the Insect Midgut with Implication in

Insect Resistance Development". Acta Scientific Microbiology 7.6 (2024): 37-51.


https://pubmed.ncbi.nlm.nih.gov/27888075/
https://pubmed.ncbi.nlm.nih.gov/27888075/
https://pubmed.ncbi.nlm.nih.gov/27888075/
https://pubmed.ncbi.nlm.nih.gov/27888075/
https://pubmed.ncbi.nlm.nih.gov/27888075/
https://pubmed.ncbi.nlm.nih.gov/9295279/
https://pubmed.ncbi.nlm.nih.gov/9295279/
https://pubmed.ncbi.nlm.nih.gov/9295279/
https://www.annualreviews.org/content/journals/10.1146/annurev-ento-052620-073348
https://www.annualreviews.org/content/journals/10.1146/annurev-ento-052620-073348
https://www.annualreviews.org/content/journals/10.1146/annurev-ento-052620-073348
https://pubmed.ncbi.nlm.nih.gov/31759051/
https://pubmed.ncbi.nlm.nih.gov/31759051/
https://pubmed.ncbi.nlm.nih.gov/31759051/
https://journals.asm.org/doi/10.1128/aem.71.2.948-954.2005
https://journals.asm.org/doi/10.1128/aem.71.2.948-954.2005
https://journals.asm.org/doi/10.1128/aem.71.2.948-954.2005
https://journals.asm.org/doi/10.1128/aem.71.2.948-954.2005
https://journals.plos.org/plosgenetics/article?id=10.1371/journal.pgen.1001248
https://journals.plos.org/plosgenetics/article?id=10.1371/journal.pgen.1001248
https://journals.plos.org/plosgenetics/article?id=10.1371/journal.pgen.1001248
https://www.pnas.org/doi/full/10.1073/pnas.0831036100
https://www.pnas.org/doi/full/10.1073/pnas.0831036100
https://www.pnas.org/doi/full/10.1073/pnas.0831036100
https://www.pnas.org/doi/full/10.1073/pnas.0831036100
https://journals.asm.org/doi/10.1128/aem.00523-12
https://journals.asm.org/doi/10.1128/aem.00523-12
https://journals.asm.org/doi/10.1128/aem.00523-12
https://journals.asm.org/doi/10.1128/aem.00523-12
https://www.nature.com/articles/nbt.1704
https://www.nature.com/articles/nbt.1704
https://www.nature.com/articles/nbt.1704
https://pubmed.ncbi.nlm.nih.gov/17975031/
https://pubmed.ncbi.nlm.nih.gov/17975031/
https://pubmed.ncbi.nlm.nih.gov/17975031/
https://bmcgenomics.biomedcentral.com/articles/10.1186/s12864-020-07051-6
https://bmcgenomics.biomedcentral.com/articles/10.1186/s12864-020-07051-6
https://bmcgenomics.biomedcentral.com/articles/10.1186/s12864-020-07051-6
https://royalsocietypublishing.org/doi/10.1098/rsos.170003
https://royalsocietypublishing.org/doi/10.1098/rsos.170003
https://royalsocietypublishing.org/doi/10.1098/rsos.170003
https://journals.plos.org/plospathogens/article?id=10.1371/journal.ppat.1003007
https://journals.plos.org/plospathogens/article?id=10.1371/journal.ppat.1003007
https://journals.plos.org/plospathogens/article?id=10.1371/journal.ppat.1003007
https://www.nature.com/articles/514161a
https://www.nature.com/articles/514161a
https://www.frontiersin.org/journals/physiology/articles/10.3389/fphys.2019.00098/full
https://www.frontiersin.org/journals/physiology/articles/10.3389/fphys.2019.00098/full
https://www.frontiersin.org/journals/physiology/articles/10.3389/fphys.2019.00098/full
https://pubmed.ncbi.nlm.nih.gov/27341739/
https://pubmed.ncbi.nlm.nih.gov/27341739/
https://pubmed.ncbi.nlm.nih.gov/27341739/
https://pubmed.ncbi.nlm.nih.gov/27341739/

Biocidal Activity of the Bacillus thuringiensis 3D Cry Toxins, Molecular Crosstalk at the Insect Midgut with Implication in Insect Resistance

Development

115. Mukherjee K, et al. “Histone acetylation mediates epigenetic
regulation of transcriptional reprogramming in insects during
metamorphosis, wounding and infection’. Frontiers in Zoology
9 (2012): 25.

116.Jones CM,, et al. “Genome-wide characterization of DNA meth-
ylation in an invasive lepidopteran pest, the cotton bollworm
Helicoverpa armigera”. G3 (Bethesda) 8 (2018): 779-787.

117.Peterson B, et al. “An overview of mechanisms of Cry toxin
resistance in lepidopteran insects”. Journal of Economic Ento-
mology 110 (2017): 362-377.

118.Guo Z., et al. “MAPK signaling pathway alters expression of
midgut ALP and ABCC genes and causes resistance to Bacillus
thuringiensis Cry1Ac toxin in diamondback moth”. PLoS Genet-
ics 11 (2015): e1005124.

119.Li H,, et al. “Interaction of the Bacillus thuringiensis delta en-
dotoxins Cry1lAc and Cry3Aa with the gut of the pea aphid,
Acyrthosiphon pisum (Harris)”. Journal of Invertebrate Pathol-
ogy 107 (2011): 69-78.

120.Wang YY.,, et al. “Toxicological, biochemical, and histopatho-
logical analyses demonstrating that Cry1C and Cry2A are not
toxic to larvae of the honeybee, Apis mellifera”. Journal of Agri-
cultural and Food Chemistry 63 (2015): 6126-6132.

121.Emery O,, et al. “Immune system stimulation by the gut sym-
biont Frischella perrara in the honey bee, Apis mellifera”. Mo-
lecular Ecology 26 (2017): 2576-2590.

122.Boyer S,, et al. “Influence of insecticide Bacillus thuringiensis
subsp israelensis treatments on resistance and enzyme activi-
ties in Aedes rusticus larvae (Diptera: Culicidae)”. Biological
Control 62 (2012): 75-81.

123.Zhao Z., et al. “Differential gene expression in response to
eCry3.1Ab ingestion in an unselected and eCry3.1Ab-selected
western corn rootworm Diabrotica virgifera virgifera LeConte
population”. Scientific Report 9 (2019): 4896.

51

Citation: Gloria G Guerrero M. “Biocidal Activity of the Bacillus thuringiensis 3D Cry Toxins, Molecular Crosstalk at the Insect Midgut with Implication in

Insect Resistance Development". Acta Scientific Microbiology 7.6 (2024): 37-51.


https://academic.oup.com/jee/article-abstract/110/2/362/3001939?redirectedFrom=fulltext
https://academic.oup.com/jee/article-abstract/110/2/362/3001939?redirectedFrom=fulltext
https://academic.oup.com/jee/article-abstract/110/2/362/3001939?redirectedFrom=fulltext
https://pubmed.ncbi.nlm.nih.gov/25875245/
https://pubmed.ncbi.nlm.nih.gov/25875245/
https://pubmed.ncbi.nlm.nih.gov/25875245/
https://pubmed.ncbi.nlm.nih.gov/25875245/
https://pubmed.ncbi.nlm.nih.gov/21300068/
https://pubmed.ncbi.nlm.nih.gov/21300068/
https://pubmed.ncbi.nlm.nih.gov/21300068/
https://pubmed.ncbi.nlm.nih.gov/21300068/
https://pubs.acs.org/doi/10.1021/acs.jafc.5b01662
https://pubs.acs.org/doi/10.1021/acs.jafc.5b01662
https://pubs.acs.org/doi/10.1021/acs.jafc.5b01662
https://pubs.acs.org/doi/10.1021/acs.jafc.5b01662
https://onlinelibrary.wiley.com/doi/abs/10.1111/mec.14058
https://onlinelibrary.wiley.com/doi/abs/10.1111/mec.14058
https://onlinelibrary.wiley.com/doi/abs/10.1111/mec.14058
https://www.sciencedirect.com/science/article/abs/pii/S104996441200028X
https://www.sciencedirect.com/science/article/abs/pii/S104996441200028X
https://www.sciencedirect.com/science/article/abs/pii/S104996441200028X
https://www.sciencedirect.com/science/article/abs/pii/S104996441200028X
https://www.nature.com/articles/s41598-019-41067-7
https://www.nature.com/articles/s41598-019-41067-7
https://www.nature.com/articles/s41598-019-41067-7
https://www.nature.com/articles/s41598-019-41067-7

	_GoBack

