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Abstract: Global crop yield and food security are being threatened by phytophagous insects. Inno-
vative methods are required to increase agricultural output while reducing reliance on hazardous
synthetic insecticides. Using the revolutionary CRISPR-Cas technology to develop insect-resistant
plants appears to be highly efficient at lowering production costs and increasing farm profitability.
The genomes of both a model insect, Drosophila melanogaster, and major phytophagous insect genera,
viz. Spodoptera, Helicoverpa, Nilaparvata, Locusta, Tribolium, Agrotis, etc., were successfully edited by
the CRISPR-Cas toolkits. This new method, however, has the ability to alter an insect’'s DNA in order
to either induce a gene drive or overcome an insect’s tolerance to certain insecticides. The rapid
progress in the methodologies of CRISPR technology and their diverse applications show a high
promise in the development of insect-resistant plant varieties or other strategies for the sustainable
management of insect pests to ensure food security. This paper reviewed and critically discussed the
use of CRISPR-Cas genome-editing technology in long-term insect pest management. The emphasis
of this review was on the prospective uses of the CRISPR-Cas system for insect stress management
in crop production through the creation of genome-edited crop plants or insects. The potential and
the difficulties of using CRISPR-Cas technology to reduce pest stress in crop plants were critically
examined and discussed.
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1. Introduction

Insects are the primary biotic stressors that pose a severe threat to crop loss globally
due to their direct feeding behavior on crops and their ability to spread plant diseases [1]. It
is estimated that one-fourth of crops is destroyed annually by insects [2]. New techniques
for the management of phytophagous insect pests would contribute to the protection of
crops and, thus, raise the yield of crops. The major insects that cause significant decreases in
crop production are sap-sucking and chewing pests [3]. Recent advances in the molecular
foundation of the interactions between insects, plants, and biotechnological techniques,
such as genome editing, offer solutions to these problems [4]. Recently, it was discovered
that designed nucleases have an enormous potential for genome editing in both plants
and insects [5,6]. The application of genome-editing methods has dramatically grown over
time. At the moment, CRISPR-Cas is the most widely used method of genome editing [7,8].
Genome editing using the CRISPR-Cas system has proven to be successful in creating a
variety of agronomic traits, including a long-lasting resistance to insect pests [5].

Genome editing, or gene editing, is a method of genetic manipulation that involves in-
serting, deleting, labeling, changing, or substituting DNA into the genome of a living being
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in order to generate a desired attribute [9]. The four main categories of sequence-specific
nucleases in gene editing to date are mega nucleases, zinc finger nucleases (ZFNs), tran-
scription activator-like effector nucleases (TALENS), and clustered regularly interspaced
short palindromic repeats (CRISPR)/CRISPR-associated proteins (Cas) [10,11]. The newest
and most sophisticated genome-editing technology is that of the CRISPR-Cas RNA-guided
nucleases that were modified from bacterial innate immune mechanisms and derived from
Type II CRISPR-Cas9 mechanisms [12]. In order to secure food supplies for the world’s
expanding population and to fulfill Sustainable Development Goal 2 (zero hunger), contem-
porary agriculture practices using stress-resistant crops and genetically modified crops are
given emphasis. The use of synthetic chemical insecticides to control insect pests during
crop production is expensive and hazardous to humans and to the environment. Addition-
ally, it has a bad impact on biodiversity and unintended insects. We have already observed
the application of numerous insect resistance genes in genetically modified crops, such as
Bacillus thuringiensis (Bt)-insecticidal crystal proteins (ICPs), which has had a significant
influence on productivity and sustainability [13]. CRISPR-Cas gene editing is emerging
as an effective tool for the development of insect-resistant plants to promote sustainable
agriculture. The process of developing resistance against insects with this promising tool
includes changing the effect or target interactions, knocking out host-susceptible genes,
uncoupling the antagonistic action of defense hormones, and so on [14]. CRISPR-Cas gene
editing has been effectively used over the past ten years to create insect-resistant plants
and to modify a number of insects. This approach has demonstrated great promise for
increasing crop output through the sustainable management of insect pests. Insect pest
control in agriculture could benefit from the development of genome-edited agricultural
plants and insects. This review aimed to summarize the recent developments in the use
of CRISPR-Cas in the generation of insect-resistant plants as well as in the application of
this revolutionary technology to the modification of the genomes of phytophagous insects.
We also discussed the difficulties and the potential use of the CRISPR-Cas toolbox for the
sustainable management of insect pests.

2. CRISPR-Cas System and Its Mechanism of Genome Editing

CRISPR is the acronym for clustered regularly interspaced short palindromic repeats,
and Cas is the CRISPR-associated protein. It is a natural defense mechanism found in the
genomes of prokaryotic organisms such as bacteria (45%) and archaea (84%) [15]. It is a
gene-editing technology that targets a specific DNA section, makes a precise cut at the
target site, and makes the gene nonfunctional or replaces one version of the gene with
another. It was invented by Jennifer Doudna, Emmanuelle Charpentier, and Fang Zhang in
2012, and the former two scientists were awarded the Nobel Prize in Chemistry in 2020 [16].
This is the most current technology for gene editing. This CRISPR-Cas9 editing technology
is categorized into type I, II, and III, and, in the type II systems, the Cas9 nuclease requires
DNA that matches a single RNA guide (sgRNA) [17]. The two primary components of the
CRISPR-Cas system are the guide RNA and the Cas protein. The Cas9 protein, a nuclease
enzyme that is commonly referred to as molecular scissors, is responsible for cutting the
DNA. Guide-RNAs are molecules that direct Cas9 to the chosen spot in the genome, where
it will remove the existing sequence and replace it with the new one [18]. It has recently
become a very effective, fast, and speedy genome-editing tool [19,20]. This CRISPR-Cas
technology can now be used to edit multiple genes at a time or even a single base, also
known as epigenetic editing.

Several CRISPR-Cas applications have been shown to change the DNA sequences
of insect or plant genomes [21-23]. Streptococcus pyogenes (Sp) is the source of the Cas9
protein that is currently most frequently employed [24]. In this procedure, a Cas9-protein-
associated single-guide RNA (sgRNA) cleaves a particular target DNA region next to
a protospacer adjacent motif (PAM), triggering the cellular DNA’s repair system to cre-
ate a double-strand break (DSB). Without the homologous repair template, error-prone
non-homologous end-joining (NHE]) pathways are activated, resulting in spontaneous
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insertions/deletions or even replacements at the DSB site, which typically disrupt gene
function. On the other hand, error-free homology-directed repair (HDR) mechanisms are
activated, leading to mutations that undertake precise gene alterations, including knock-
ins, knockouts, or mutations, if donor DNA templates are available that are similar to the
sequence surrounding the DSB site [25]. The NHE] and HDR mechanisms have currently
been successfully co-opted for genome editing in a variety of insects and plants [14,22,26].
After successful genome modification, the CRISPR-Cas construct is delivered into plant cells
through Agrobacterium-mediated or particle-bombardment-mediated transformation meth-
ods and into the embryos of insects through microinjection, transfusion, or electroporation-
mediated transformation methods for the regeneration of transgenic species with desired
characteristics [14,22,27]. The workflow of CRISPR-Cas genome editing in plants and
insects is briefly illustrated in Figure 1.

Selection of genomic target

Designing sgRNA

Delivery of CRISPR/Cas9 cassette Delivery of CRISPR/Cas9 cassette
by microinjection/transfusion/ by agrobacterium/particle
electroporation mediated bombardment mediated
transformation transformation

Hatching of transgenic insects Regeneration of transgenic plants
Rearing of genetically edited Growing of genetically edited
insects with desired trait crops with desired trait

Figure 1. Workflow for CRISPR-Cas9-based genome editing in insects and plants for insect resistance.

3. CRISPR-Cas Genome Editing in Agriculture for the Management of Insect Pests

Biotechnology performs a crucial role in the control of insect pests to protect crops
and improves yields in areas ranging from breeding for pest resistance to the genetically
modified introgression of new genes [28]. The use of genome-editing techniques to create
insect-resistant plants is still in its early stages. By manipulating the genes of both plants
and insects, genome editing can be used to manage insect populations. The insect pests of
crops can be controlled by inducing sterility in insect pests, interrupting pesticide resistance,
or creating de novo resistance if adequate R-genes are lacking. Using CRISPR-Cas9 genome-
editing technology, novel research is being done to modify insects to prevent them from
feeding on and injuring plants and to modify plants to increase their efficacy in repelling
insects [22,29]. In this respect, the genome-editing platform has offered a new opportunity
for generating designer plants, especially in circumstances where a targeted deletion is
likely to produce elite and superior characteristics or to trigger a gene drive to selectively
spread mutations contributing to the lethality of female insect populations.
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The agricultural biotechnology sector has been threatened with the problem of insect
resistance to the Bt trait; thus, biotech companies are searching for a novel, economically
viable, and environmentally responsible solution to the problem. In the biotech sector,
CRISPR-Cas9 gene editing has emerged as the leading method for the control of insect
pests [30]. In order to successfully alter a gene’s function, genome-editing technology
actually leverages the cell’s own internal processes. Genome editing makes sure that the
DNA sequence of a specific target genome is altered via the addition, deletion, and/or
substitution of DNA bases [31].

3.1. CRISPR-Cas Genome Editing in Insects

In agriculture, CRISPR-Cas can be employed for crop protection through insect pest
management. The genome editing of insects can be carried out successfully witha two-step
technique involving the alteration of target DNA in insects and their eventual release into
nature [32]. One of the earliest documented uses of the CRISPR-Cas system in insects was
in Drosophila fruit flies, where effective modifications of the yellow gene were made [33].

The BmBLOS2 gene was the focus of another reported successful application of this
method in silkworms [34], which was followed by several successful applications. In a
case study by Garczynski et al. [35], the codling moth genome was edited using CRISPR-
Cas gene-editing technology in order to alter the viability and production of eggs by
targeting a particular gene (CpomOR1). Worldwide, the codling moth is a significant pest
to pome fruit. As a member of the pheromone receptor subfamily, the CpomOR1 gene
product is an odorant receptor. In the early-stage eggs of codling moths, single-guide RNAs
(sgRNAs) were created to target the nucleotides of the CpomOR1 gene. It was discovered
that alterations, including insertions and deletions, were successfully introduced. By
mating males with females who had CpormOR1 gene alterations, the study tried to produce
stable populations of edited codling moths by raising the young moths to adulthood. It was
discovered that the modified females’ fecundity and fertility were compromised, causing
them to produce non-viable eggs. The result was the regulation of fruit pomes by the insects.
However, it is still unclear exactly how CpomOR1 affects the fertility and reproduction
of codling moths. In another case, it was claimed that the migratory locust underwent a
targeted heritable mutation as a result of the CRISPR-Cas technique. Locusts are dangerous
agricultural pests that have an impact on a wide variety of crop plants. Their swarming
behavior can result in very serious crop damage over large areas all at once, frequently
leading to significant financial loss. The Li et al. [36] study involved the engineering of
the guide-target RNA’s sequence to prevent the odor receptor co-receptor gene from being
expressed (Orco). Orco gene mutants were shown to have defective electrophysiological
reactions to several odors, resulting in mutant locusts lacking their attraction to aggregation
pheromones under crowding circumstances.

Although the transgenic Bt technology is well established and widely utilized, the
development of insect resistance to Bt insecticidal proteins (ICPs) has become a significant
concern. In order to avoid this, efforts are being made to build receptors in a way that will
enable effective resistance management. By altering the Helicoverpa armigera genome, it is
possible to successfully knock down the Cadherin receptors that are functionally connected
to CrylAc toxin tolerance [37]. A base replacement in the encoding genes of the mid-
intestinal receptor demonstrated how the genome of insects can change their resistance to
insect pests. Modifying Cry protein binding receptors can be used to edit insect genomes to
decrease plant vulnerability. Unique detoxifying enzymes produced by insects are crucial
for resolving the chemical defense responses in many plant species. A possible alternative
would be to focus on polyphagous bugs’ detoxifying genes. Insect susceptibility resulted
from targeting and deleting insecticidal detoxifying genes, such as gossypol-inducing
cytochrome P450 [38]. The polyphagous insect H. armigera’s susceptibility to phytotoxins
was revealed with the CRISPR-Cas-mediated deletion of the CYP6AE gene cluster, which
also made crops resistant to insects and showed the importance of these enzymes in the



Stresses 2022, 2

497

detoxification of several toxic phytochemicals [39]. The most long-lasting answer has
consistently been this one.

The modification of target genes that can prevent chemical contact and mating pair
recognition, which are crucial for efficient interactions between plants and insects, is an-
other method to control insects using CRISPR-Cas. The olfactory receptors (ORs) in insects
are crucial for the identification of host plants and mating pair odorants. The Or83b gene
mutation in Drosophila prevented the host from being detected [40]. Similar to this, the
CRISPR-Cas method’s deletion of the Orco gene from Spodopthera litura affected its choice
of a mating partner and host plant [32]. Implementing such technology would be a smart
move to keep insects away from plants and to prevent pest damage. In insects, female
adults release pheromones that males pick up on. Males select mature females based on
their pheromone cues. A CRISPR-Cas9-based odorant receptor 16 (OR16) knockout in
H. armigera prevented males from detecting pheromone signals and prevented mating
with immature females, which led to the dumping of infertile eggs and helped in con-
trolling insects [41]. Another strategy for the control of insects is to use CRISPR-Cas9 to
remove growth genes, such as the abd-A (Abdominal A) gene, from a variety of insects,
including Spodoptera litura [42], Spodoptera frugiperda [21], and Plutellaxy lostella [43], which
resulted inabnormal gonads, disarmed prolegs, and the lack of body segment functions.
The CRISPR-Cas9 technology was used to modify numerous other genes in a variety of
insect pests. In Drosophila melanogaster, the LUBEL, Scsa, and Kdr genes were knocked out
through CRISPR-Cas to limit normal growth and insecticide resistance [44]. Additionally,
Chitin synthase 1 and nicotinic acetylcholine receptor a6 were replaced in order to limit in-
sect population growth and insecticide resistance [45,46]. Scsa and Kdr genes were also
knocked out for insecticide resistance [47,48]. In the case of Spodopteraexigua, the ryanodine
receptor was substituted to control the insect population and its resistance to various
insecticides [49], and the CYP9A186 gene, a-6-nicotinic acetylcholine receptor (nAchR), and
P-glycoprotein gene were knocked out to make the species susceptible to emamectin ben-
zoate (EB) [50], and to increase its susceptibility to abamectin and emamectin benzoate [51].
Genome editing of the SFABCC2 gene of S. frugiperda conferred resistance to the Cry1F toxin
of B. thuringiensis [52] and two ABC transporters were differentially implicated in the toxicity
of the two Bacillus thuringiensis Cryl toxins of the invasive crop insect S. frugiperda [53].
Additionally, in S. frugiperda, the deletion of the ABCB1 gene increased its susceptibility to
emamectin benzoate, beta-cypermethrin, and chlorantraniliprole [54].To create resistance
in Helicoverpa armigera to cry2Aa and cry2Ab, the HiABCA2 gene was knocked out with
CRISPR-Cas [55]. The nAChR6 gene was knocked out in Plutellaxy lostella to render it
resistant to spinosad [56]. Dendrolimus punctatus had the DpWnt-1 gene knocked out, which
caused defects in appendage development and anterior segmentation [57]. Cinnabar and
White genes were altered to change the eye pigmentation in Bemisia tabaci and Nilaparvata
lugens [58,59]. Malformations in embryonic development were caused by the CRISPR-Cas-9
disruption of the White and paired genes in Ceratitis capitata [60] (Table 1).
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Table 1. CRISPR-Cas genome editing in insects for insect pest management.

Name of Insect Target Gene Editing Outcome
Knockout, . .
Yellow Knock-In Generated designer flies [33]
Rosy and DSH3PX1 Knockout, Executed efficient and complex genomic manipulations [33]
Knock-In
LUBEL Knockout Reduced survival rate [44]
Chitin synthase 1 Substitution Controlled insect pf)pula’Fl(.)n and resistance to various
insecticides [45]
Nicotinic acetylcholine - Controlled insect population and resistance to various
Substitution . -
receptor a6 insecticides [46]
Scsa Knockout Reduced normal growth [47]
Kdr Knockout Reduce insecticide resistance [48]
Ast, Eh, capa, Ccap, Crz,
npf, .
Mip, mir-219, mir-315, Knockout Targeted mutagenesis [61]
and white
Yellow Knockout Effectively targeted mutagenesis [62]
Yellow and white Knockout Highly efficient and varied genome-editing efficiencies [63]
First report using the
Knockout, CRISPR/Cas9 system to mediate
Yellow and rosy . . S
Drosophila Knock-In efficient genome engineering in
melanogaster Drosophila [64]
Alk Knockout Establishing mutations [65]
Confirmed that the myofibril assembly
TpnC Knockout wasrelated to TpnC gene [66]
Amplified the cleavage
Whntless Knockout Efficiency [67]
Yellow, white, and tan Knock-In Attaining single or multiple allelic substitutions [68]
Act5C, lig4, and Knockout, e )
5308 Knock-In Genome editing in Drosophila S2 cells [69]
Validation of a functional gene involved
Mod(mdg4) Knockout in trans-splicing that influenced the
development in flies [70]
Fdl Knockout Analyzing or .mampulatmg protein
glycosylation pathways [71]
Chameau, CG4221, and Knock-In A problem associated with “ends-in”
CG5961 mRNA recombination was resolved [72]
The expression of a sex-specific gene
Clamp Knockout was regulated [73]
Dua6 Knock-In Resistance to spinosad [46]
Heterozygous recessive mutation was
Yellow Knock-In converted to homozygous loss of
function [74]
Ebony, yellow, wg, wis, Knockout, Non-transgenic individuals exhibited less efficient knock-in
Lis1, and Se Knock-In than transgenic individuals did [75]
Ebony, yellow, and Knockout, .. .
white Knock-In Enhanced efficiency of gene targeting [76]
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Table 1. Cont.

Name of Insect Target Gene Editing Outcome
Ebony, yellow, and Knockout, Donor t_er‘np late' and sgRNA p lasmlds
ermilion Knock-In were injected into Cas9 transgenic
embryos in Drosophila [77]
White and piwi Knockout, Prevented off-target effects during the
P Knock-In generation of indel mutants [77]
Salm Knock-In Flexible modification of fly genome [78]
Yellow, . s
notch, bam, 1os, Knockout Temporally and spatclally inhibited
ms(3)k81, and cid gene expression [79]
Ms(3)k81, white, and Knockout, CRISPR-mediated genome editing was
yellow Knock-In shown in Drosophila [80]
EGFP and mRFP Knockout Induction of mutations [81]
Ebony, yellow, wingless, Knockout, . .
and wnt Knock-In Different patterns of expression [82]
Drosophila . Gene functions were analyzed in a
subobscura Yellow and white Knockout non-model Drosophila species [83]
White (w) and sex lethal Controlled insect population and resistance to various
Knockout . -
(Sx1) insecticides [27]
D hill kii
TOSOpIIN SUZLKL DsRed ) Knock-In Studied sexing and monitoring [84]
(red fluorescence protein)
White (w-) Knockout Absence of ma}tmg and copulation
failure [85]
Seab Knockout Resistance to insecticides [23]
Ryanodine receptor Substitution Controlled insect pgpulaflc.)n and resistance to various
insecticides [49]
Spodoptera exigua CYP9A186 gene Knockout Susceptibility to emamectin benzoate (EB) [50]
P-glycoprotein gene Knockout Susceptibility to abamectin and emamectin benzoate [51]
a-6-nicotinic
acetylcholine Knockout Resistance to spinosyn insecticides [23,65,66]
receptor (nAchR)
Spodoptera littoralis Orco Knockout Reduced survival rate [32]
Abdominal-A (slabd-A) Knockout Defected body segmentation and pigmentation [42]
Spodoptera SlitPBP3 Knockout Destroyed pest insect mating [86]
litura Coloration of the integuments, a marker gene for functional
SlitBLOS2 Knockout studies and
pest control strategies [87]
Sfabd-A Indel Defected body segmentation [21]
BLOT%E% Knockout Developed mutants [88]
Spodoptera : . . ; o
frugiperda SfABCC2 Edit Resistance to Cry1F toxin of Bacillus thuringiensis [52]
ABC transporters Toxicity of two Bacillus thurz[ggienszs Cry1 toxins to the pest
ABCBI Knockout Susceptibility to emamectinbenzoate, beta-cypermethrin

and chlorantraniliprole [54]
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Name of Insect Target Gene Editing Outcome
nAchR Knockout Resistance to insecticides [23]
a-6-nicotinic
acetylcholine Knockout Resistance to spinosyn [23,68,69]
receptor (nAchR)
HaCad Knockout Resistance to Bttoxin CrylAc [37]
Cluster of nine P450 Identification of the key players in
genes Knockout the insecticide metabolism [39]
Helicoverpa armigera CYP6AE Knockout Regulation of detoxification enzymes [39]
OR16 Knockout Destroyed pest insect mating [41]
Tetraspanin Knockout Resistance to Bt toxin crylAc [89]
HaABCA2 Knockout Resistance to cry2Aa and cry2Ab [55]
White, ok, brown, and Knockout Differential distribution of eye pigments that are helpful in
scarlet elucidation of biosynthetic pathway [90]
NPC1b wasvital for growth and
NPCIb Knockout dietary cholesterol uptake [91]
Helicoverpapunctigera HaABCA2 Deletion Resistance to both cry2Aa and cry2Ab [55]
Abdominal-A Knockout Defected body segmentation [43]
Pxabd-A Knockout Providing novel ideas for pest management [43].
PxCHS1 Knockout Described the re51sta¥1ce management strategies of major
agricultural pests [45]
PxABCC2
Plutellaxy lostell i i
utellaxy lostella PYABCC3 Knockout Resistance to cryl Ac protoxin [92]
nAChRw6 Knockout Resistance to spinosad [56]
LW Knockout Weaker phototaxis and reduced locomotion [93]
Pxdsx Knockout Altered expression of sex-biased genes [94]
Dendrolimus DpWnt-1 Knockout Defected anterior segmentation and appendage
punctatus development [57]
Bemzsz.a White Edit Altered eye pigmentation [58]
tabaci
Cinnabar and white Edit Altered eye pigmentation [59]
Nilaparvata NI y
lugens ;;Z;}n Knockout Paved a path for gene-function interrogation [59]
White eye (we) . .
and paired gene (Ceprd) Knockout Embryonic developmental malformations [60]
Ceratitis eGFP_gRNA2,
capitata eGFP_gRNA2, 1 mM
Scr7, and
eGFP_gRNA2b—Cas9 Knock-In Conversion of eGFP to BFP [95]
complexes
with ssODN_BFP
donor templates
Bactrocera dorsalis White and transformer Knockout Various phenotypic effects [96]
Anastrepha ludens Astra-2 Knockout The mutation caused sterility [97]
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Name of Insect Target Gene Editing Outcome
Locust amigratoria Orco Knockout Generated lossoffunction for the management of insect
pests [36]
OfAgol Knockout Cuticle disruption [98]
) Knockout, . -
Cydia pomonella CpomOR1 Knock-In Affected egg production and viability [35]
Tetranychus Phytoene desaturase Knockout Functional studies [99]
urticae PSST Knockout Pyridaben resistance [100]
Lep tznqtarsa Vestigial gene (vest) Knockout Functionally characterized vest gene and mutagenesis [101]
decemlineata
Abnormal wing disc
(awd),
Euschistus heros tyrosine hydroxylase (th), Knockdown and Managing insect pests [102]
knockout
and
yellow (yel)
Diaphorina
Citri, Homalodisca Thioredoxin and Protected food crops from different pathogens and insect
. . o Knockout
vitripennis, and vermillion vectors [103]
Bemisia argentifolii
Diaphorina citri ACP-TRX-2 Knockout Innovative breakthrough in gene editing [104]
Mythimna NPC1b Knockout Hampered nutrient absorption [105]
separata
Hyphantriacunea Hedsx Knockout Sex-specific sterility [106]
Agrotis ipsilon AiTH Knockout Narrowing in the eggshell [107]
. Defined the role of the clk gene in the control of migration
Danaus plexippus Clk Knockout behavior [108]
Bombyx mori BmBLOS2 Knockout Generated designer flies [34]
BmOrco Knockout Impaired olfactory sensitivity [109]
Triboliwm castaneium EGEP Knockout, Controlled insect pests and created resistance to insecticides
Knock-In [110]
Tribolium E-cadherin Knockout Knockout study [110]
Gryllus o .
bimaculatus Dop1 Knockout Destroyed appetitive reinforcement [111]
Rhopalosiphum e .
padi f-1-3glucanase Knockout Reduced callose deposition in maize [112]
Ostrinia ABCC2 Knockout Resistance to BtcrylFa toxin [113,114]

furnacalis




Stresses 2022, 2

502

3.2. CRISPR-Cas-Mediated Gene Drive in Insect Pest Management

Genome editing using CRISPR-Cas creates a gene drive that is effective enough to
propagate the changed genes across generations until they are released for mating. A gene
drive is a technique for the rapid distribution of altered genes throughout an insect species’
entire population. Gene drives based on CRISPR-Cas may cause sterility or mortality in
targeted insect species due to gene disruption, which ultimately leads to a population
collapse and even elimination due to severe recessive lethal changes [115]. A species will
completely disappear as a result of this over the course of 15-20 generations. By selectively
harming the X chromosome, the gene drive will alter the male sex ratio. This causes
the Y chromosome to be more common in the most viable sperms, resulting in a greater
proportion of male progeny and a progressive decline in the number of females [115].
Therefore, releasing insect strains with undesirable features, including lethality, infertility,
a biased sex ratio, insecticidal sensitivity, etc., is a successful method for insect pest control.
For instance, it should be assumed that the Bt resistance management in H. armigera is a
sustainable method since, in this case, gene deletion would only affect the species of H.
armigera that is resistant to Bt toxins [89].

3.3. CRISPR-Cas Technology in Genome Editing of Crop Plants

Technologies such as CRISPR-Cas can improve plant quality to preserve crops and
help them survive specific biotic and abiotic challenges [6,113]. Maintaining healthy
plants is a part of the Integrated Pest Management Program because insects are drawn
to unhealthy, diseased plants. Plants can be modified using CRISPR-Cas systems so
that they produce or do not produce particular enzymes that can deter insect pests from
coming into contact with the plant or can attract specific insect predators to feed on the
bug species that are attacking the plant [116]. The process of genome editing is quickly
increasing its potential and its chances for giving insect resistance traits to crop plants. The
lack of a clearly defined source of resistance in the gene pool, however, has led to less
research on altering plants for pest management. The goal of several efforts in order to
alleviate this bottlenecking is to collect genes from uncharacterized crop plant accessions
and wild relatives. However, due to poorly understood resistance characteristic genetics
in uncharacterized accessions, significant advances could not be made [117]. On the other
hand, a transgenic method was used to introduce insect resistance genes into crops from
more remote origins, such as the Bt genes from bacterial sources. These transgenic plant
species, however, encountered severe political, moral, and social opposition because of
a lack of scientific understanding [118]. In this situation, the main challenge in modern
agriculture is to develop an environmentally sound breeding strategy for crops that can
accomplish two breeding objectives: the production of de novo tolerance in the absence
of the proper R-genes and the tracking of the dynamics of pests by destroying insecticide
resistance, killing, or inducing insect sterility. Any insect will choose to lay eggs on the host
plant if feed is available for its young. Plant volatile blends are combinations of volatiles
that serve as cues for insects to select hosts and oviposition sites. Insects use their highly
adaptable olfactory systems to detect suitable plants to serve as hosts by detecting volatile
secondary chemicals in plants. According to the research done by Beale et al., altering
volatile mixtures through genome editing can kill insects on host plants while making
the plants resistant to them. When plants become infested with aphids, the sesquiterpene
hydrocarbon (E)-B-farnesene (Ef3f) is released, which reduces the populations of other
hosts” ability to eat while luring Diaeretiella rapae, a parasitic wasp that has been shown
to dominate the aphid population in transgenic plants [119]. The genetic engineering of
plant volatile blends may be a different strategy for insect management. However, care
should be made to ensure that the change does not have a negative impact on the species
of beneficial insects.

It is also possible to enhance the host’s immunity to pests by editing important plant
immunity genes, such as genes regulating the target’s interactions with insect effectors
and resistance genes (R-genes). Although S-genes make plants vulnerable to stress, R
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genes evaluate a plant’s susceptibility to insect pests and diseases [120]. The editing of
R and S genes for the development of insect resistance in plant species is emerging as a
dependable method. Due totheir growth, immunity, and behaviors that have been observed
in rice, insects are known to be dependent on important chemical components contained in
plants [22]. Genetic engineering in plants has been demonstrated in insect pest resistance by
knocking off the S-genes ofthe plants. Tryptamine 5-hydroxylase encoding CYP71A1 gene
deletion using CRISPR-Cas caused tryptamine’s conversion to serotonin in plants, which
reduced plant hopper growth. Rice was alteredby Lu et al. [22] using the CRISPR-Cas9
technology to make it resistant to the striped stem borer and the brown plant hopper
(Nilaparvat alugens) (Chilo suppressalis). The simultaneous deletion of two endogenous
phytoene dehydrogenase (PDS) genes in P. tomentosa Carr., PtoPDS1, and PtoPDS2 using the
CRISPR-Cas9 technique resulted in the effective generation of endogenous gene mutations
in the Populus [121,122]. By enhancing their endogenous defenses, CRISPR-Cas genome-
editing techniques also made it possible to increase the population’s resistance to insects.
The golden promise barley variety’s two beta-1-3 glucanase genes were altered withCRISPR-
Cas9, which reduced the amount of callus that formed in sieve tubes. Therefore, the aphid
Rhopalosip humpadi could not access the phloem sap, which adversely affected its growth
as well as disrupted its predilection for particular hosts [63]. On the basis of a plant’s
outward appearance, insects can also recognize and target certain plants. It has been
found that variations in plant color can influence an insect’s host preferences. This was
confirmed in red-leaf tobacco made by altering the anthocyanin pathway. By changing the
color of the leaf, gene editing for insect pest tolerance in plants was demonstrated. This
prevented the insect from recognizing the host plant. The red color of the leaves was the
result of an excess of anthocyanin coloring. The Helicoverpa armigera and Spodoptera litura
were discouraged by this color change [123]. This study demonstrated that CRISPR-based
editing for pest management, where the insects are unable to recognize the host plant, may
be resolved by altering the anthocyanin pathway. According to Li et al., the GmCDPK38
mutant with the Hap3 deletion in soybeans showed significant resistance to common
cutworms [124]. Additionally, the GmUGT gene deletions of 1bp and 33bp were made in
soybeans to improve their resistance to S. litura and H. armigera [125] (Table 2).

Table 2. CRISPR-Cas genome editing in crops for insect pest management.

Name of Crops Target Gene Editing Outcome
Barley Beta-1-3 Alteration Resistance to aphid infestation [112]
glucanase
Paulownia PtoPDS1 and Deletion Enhanced endogenous defenses and
tomentosa PtoPDS?2 increased resistance to insects [121,122].
Tobacco Anthocyanin Alteration Discouraged insect attack [123]
pathway
GmCDPK38 Knockout Resistance to common cutworm [124]
Enhanced resistance to
1bp and 33bp . ) .
Soybean GmUGT deletion Helicoverpaarmigera and Spodopteralitura
[125]
. Resistance to
Cry 8 like Coleopteran-Holtrichiapanallele [126]
Solanum o
pimpinelli- Slx;;flfs;ent Editing Resistance to insect pests [127].

folium
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Table 2. Cont.

Name of Crops Target Gene Editing Outcome
. Resistance to the striped stem borer and
OsCYP7IAL Deletion the brown plant hopper [22].
Cry2A Transgene Resistance to leaf folder [128]
Mannose-specific Transgene Resistance toBPH (Nilaparvata lugens)
GNA & and hemipteran pest [127]
Resistance to yellow stem borer, leaf
Rice CrylAC + ASAL Transgene folder, and BPH [129]
. Resistance toAsian stem borer and rice
CrylAb + vip3A Transgene leaf folder [130]
Cry2AX1 Transgene Resistance to rice leaf folder [131]
Cry2Aa + crylCa Transgene Resistance to[ ]C3hzz]lo suppressalis
Cry2AX1
(cry2Aa + Transgene Resistance to Lepidopteran pest [133]
cry2Ac)
Cry2AX1 Transgene Resistance to H. armigera [134]
Cry2Ab, cry1F, Resistance to Lepidopteran pest
and crylAC Transgene H. armigera, and S. litura [135]
CrylAC and . .
cry2Ab Transgene Resistance to S. litura [136]
Cry2AX Transgene Resistance to H. armigera [137]
CrylAa Transgene Resistance to Anthamous grandis [138]
CrylAb Transgene Resistance to Heliothis [139]
Cotton CrylAb+ Nptll Transgene Resistance to H. armigera [140]
Vip3AcAaa
(vip3Aal + Transgene Resistance to Lepidopteran [141]
vip3Acl)
. Resistance to Heliothis. zea and H.
Vip3A + crylAb Transgene virescens [142]
Insect
gut—bmdmg Transgene Resistance to chewing and sucking pest
lectin from [3]
Sclerotium rolfsii
Cry51Aa2 Transgene Resistance to Lygus species
[143]
CrylBe + crylFa Transgene Resistance to S. litura and O. nubialis
[144]
. . Resistance to S. exigua and Harmonia
Maize CrylAb/cry2Aj Transgene axyridis [145]
Lectin protease
protein (lentil Transgene Resistance toaphid [146]
Mustard lectin-LL CPPI)
(Brassica juncea) -
Colocasia
esculenta tuber Resistance tomustard aphid (Lipaphis
. Transgene .
agglutinin erysimi) [147]

(CEA) + GNA
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Table 2. Cont.

Name of Crops Target Gene Editing Outcome
Cry2Aa+ crylCa .
CrylAb + crylAc Transgene Resistance to shoot borer [148]
Sugarcane ;
Vin3A Transeene Resistance to sugarcane stem borer
P & (Chilo infuscatellus) [149]
Resistance to peach potato aphids and
Huvla/GNA Transgene grain aphids [150]
Potato Galanthus nivalis
agglutinin Transgene Resistance to aphids [151]
(GNA)
Pinelliapedatisecta . .
Wheat agglutinin (PPA) Transgene Resistance to aphids [152]
Arcl on APA
locus of . .
Phaeselous Transgene Resistance to bruchids [153]
Cowpea vulgaris
. Resistance to legume pod borer (Maruca
Vip3Bal Transgene vitrata) [154]
Cry2Aa Transgene Resistance to H. armigera [155]
Pigeon pea Cry2Aa Transgene Resistan topod borer—H. armigera [156]
CrylAC, cry2Aa Transgene Resistance to H. armigera [157]
Chickpea CryllAa Transgene Resistance to pod borer [158]
CrylAc Transgene Resistance to Tuta Absoluta—tomato leaf
Y 8 miner [159]
Remusatia
Tomato Ui
oretpara (r?l b Resistance to root knot nematode
and Sclerotium- Transgene (Meloidogyne incognita) [160]
rolfsii(srl 3y 3
1)
CrylAb Transgene Resistance to T. absoluta [161]
Resistance to Lepidoteran—Achaea
Castor CrylAC Transgene Janata and S. litura [162]
Sweet potato CrylAa Transgene Resistance to S. litura [163]

3.4. Utilization of Crop Wild Relatives in Insect Resistance by CRISPR-Cas Technology

The insertion of foreign genes into plants is one of the key regulatory problems
associated with transgenics that can be overcome with gene editing. The cultivated crops’
forebears and close relatives, known as crop wild relatives (CWRs), are robust to biotic and
abiotic stress but have low yields. After domesticating wild species and breeding plants,
however, the cultivable germplasms and crops had large yields and could meet other
human needs, but they could not withstand insect assault. Using CRISPR-Cas9 genome
editing, we can effectively delete or modify the genes that cause insect susceptibility, or we
can introduce unique features from CWRs to the cultivated species to create new cultivars
that are insect-resistant [120].

Two steps can be taken to implement this. First, the de novo domestication of crops
with insect-resistant wild cousins can be implemented. Gene-editing techniques can be used
to alter the desired agronomic traits that are caused by genes. There is evidence that the
wild tomato Solanum pimpinellifolium is resistant to spider mites and other arthropod insect
pests [164]. The multiplex CRISPR-Cas editing of six different genes in S. pimpinellifolium
resulted in the production of a high-yielding tomato with insect and pest tolerance in a
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single generation [165]. This method, based on a plant’s properties and molecular pathways,
can be carefully applied to other CWRs. The de novo domestication of CWRs may, therefore,
be a ground-breaking method for the development of crops with improved characteristics.

Second, using genes found in CWRs that are insect-resistant, the genome can alter the
cultivated crops. By altering the genomes of cultivated crops to have the insect tolerance of
wild species, the first study of variation in the sequences of individual insect-sensitive genes
across vulnerable cultivated germplasms and resistant wild cousins using multiomics tech-
niques may be accomplished [120]. The resistance genes can be successfully used for gene
editing after being validated against related insects. This presents chances for resistance
development in the gene pool of cultivated crops to control insect pests [166]. It has been
suggested that commercially valuable crops can produce insect-resistant phenotypes utiliz-
ing CRISPR-Cas gene-editing-based sequence variation by using either over-expression or
silencing techniques. However, this has not yet been demonstrated.

4. Limitations and Future Perspectives

Like other biotechnological techniques, genome-editing techniques specifically modify
a gene through cellular and in vitro mechanisms. In the course of evolution, genome modi-
fication is beyond our control. However, when the genome is altered experimentally, it may
primarily be for the benefit of humans. Its application to crop improvement should, like-
wise, be limited to breeding objectives that are both absolutely important and challenging
to achieve within the confines of the current heterogeneity. Like any modern technology,
there are still a number of legal questions about gene editing that the scientific community
needs to address. In order to fully utilize this innovation’s potential for the advancement
of global agriculture and the eradication of neophobia in society, it is essential to adopt a
realistic viewpoint that is supported by the legislative bodies that uphold scientific norms.
The CRISPR-Cas-based deliberate dissemination of genetic components into wild species of
insects that alter the population’s sex ratio or contribute to lethal mutations is a precise and
environmentally sustainable method of battling pests. However, the emergence of insect
resistance in response to a CRISPR-mediated gene drive could be a serious and ongoing
problem at both the experimental and theoretical scales [167,168]. Multiplex gene editing,
however, can overcome resistance [169]. Therefore, it is crucial to address insect resistance
issues in order to reach an agreement on the ethics and science in favor of this technology.

Additionally, because engineered insect pests have the power to change the entire
population or environment, the introduction of CRISPR-Cas-edited insects bearing gene
drives into the ecosystem is linked to a number of biosafety concerns. Prior to their release,
stringent risk assessments of non-target outcomes are also required. Unexpected post-
release impacts on beneficial insects can have a negative influence on food chains and can
alter the composition of communities [118]. Additionally, the disease can become worse
due to the possibility of gene transfers between the target organisms and their non-target
relatives. If the risks are appropriately managed in light of unanticipated environmental
repercussions, gene-driven technology could prove effective in the targeted extermination
of insect pests, insect vectors for viruses, andalien insect species. Utilizing the terminator
genes that permit the programmed life of modified insects and using tagged insects to
monitor gene flow seem to be crucial steps in the biosafe use of gene drives in the context
of risk management. Additionally, another option for the management of invasive pests is
the use of robotic equipment and artificial intelligence to physically eliminate individual
pests [170]. Robotics may not be as effective, though, when dealing with tiny insects,
uneven terrain, and hidden eggs.

Insect resistance to invasive pests has been successfully achieved via the CRISPR-
Cas-based deletion of vulnerable genes. The fundamental problem associated with S gene
deletions, which also add to the associated fitness penalty, is pleiotropic effects in the plant.
However, it is possible to ensure insect resistance without affecting plant performance
by altering the binding effector factor rather than the gene itself [171]. The CRISPR-Cas
approach of creating insect resistance in crop species will, therefore, develop as a successful
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tool for supplying genetic traits in farmed varieties in a shorter amount of time. It is
true that CRISPR-Cas-enabled genome-editing technology is a fast-evolving technique
and, thus, the scope of its application in agriculture is expanding [172,173]. However, a
thorough understanding of the gene and genome activities of the target species is required
prior to its full adoption in the generation of insect pest resistance and plant protection.
As Bt technology developed from recombinant DNA technology has revolutionized the
management of insects in many economically important crops, including cotton, maize,
soybean, and brinjal [174], the ease and multiplexing manner of CRISPR technology could
also replace the currently used recombinant DNA technology for the insertion of R gene(s)
in a faster manner.

5. Concluding Remarks

Despite being relatively young, the genome-editing techniques centered on CRISPR-
Cas have already changed insects’ functional genomics. With CRISPR-Cas, we can now
quickly alter, remove, and add DNA almost anywhere we want in any crop or insect
species to make plants immune to insect pests. Therefore, this technology needs to be
enhanced in order to produce crop plants that are resistant to insect pests. Sincere and
proactive measures in this regard are required in addition to protecting our crops from
the significant output losses brought on by insect pest infestation. However, the fate of
genome-modified products with CRISPR in crop enhancement projects will ultimately
be determined by the worldwide legislative authorities. For novel crop cultivars, either
product- or process-based regulation is followed by regulatory systems. The scope of the
regulations implemented on CRISPR-based crops will have an effect on the cost of their
production and will also dictate the pace at which they will reach commercial industries.
The set of product-based legislation for crops created using CRISPR-Cas genome editing
could be classified similarly to products created by classical mutagenesis, eliminating them
from the restrictions imposed on products made via genetic modification. This would
surely have an impact on the hopeful public perception of this technology and would
help the majority of nations to adopt it. Many countries have given the green pass to
CRISPR-edited products that carry no transgene(s). It is expected that the CRISPR-Cas
technology will lead to a new green revolution in agriculture if the timely deregulation
of the adoption of CRISPR products and technological know-how is shared by an open
scientific practice.

Author Contributions: Conceptualization, T.I.; formal analysis, T.T.M. and 1.].M.; investigation,
T.T.M.,M.C. and I.].M.; resources, T.I; data curation, T.I. and M.C.; writing—original draft preparation,
TTM., M.C.,, A A AMK. and 1].M.; writing—review and editing, TI., M.C.,, M.S.U. and M.R.A;
visualization, T.I.; supervision, T.I. and M.R.A.; Funding acquisition, T.I. All authors have read and
agreed to the published version of the manuscript.

Funding: This work was funded by the KrishiGobeshona Foundation (KGF) Bangladesh Project,
project no. TF 50-C/17to T.I.

Institutional Review Board Statement: Not applicable.

Informed Consent Statement: Not applicable.

Data Availability Statement: All data used were included in the manuscript.
Acknowledgments: We are thankful to the KGF, Bangladesh, for funding this project.

Conflicts of Interest: The authors declared no conflict of interests.

Douglas, A.E. Strategies for enhanced crop resistance to insect pests. Annu. Rev. Plant Boil. 2018, 69, 637-660. [CrossRef]

FAO. Global Agriculture Towards 2050. In High Level Expert Forum; FAO: Rome, Italy, 2009.

References
1.
[PubMed]
2.
3.

Vanti, G.L.; Katageri, L.S.; Inamdar, S.R.; Hiremathada, V.; Swamy, B.M. Potent insect gut binding lectin from Sclerotiumrolfsii
impart resistance to sucking and chewing type insects in cotton. J. Biotechnol. 2018, 278, 20-27. [CrossRef] [PubMed]


http://doi.org/10.1146/annurev-arplant-042817-040248
http://www.ncbi.nlm.nih.gov/pubmed/29144774
http://doi.org/10.1016/j.jbiotec.2018.04.018
http://www.ncbi.nlm.nih.gov/pubmed/29715487

Stresses 2022, 2 508

11.

12.
13.

14.

15.

16.

17.

18.

19.

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

31.

32.

33.

Birkett, M. A.; Pickett, ].A. Prospects of genetic engineering for robust insect resistance. Curr. Opin. Plant Biol. 2014, 19, 59-67.
[CrossRef] [PubMed]

Taning, C.N.T.; Eynde, B.V,; Yu, N.; Ma, S.; Smagghe, G. CRISPR/Cas9 in insects: Applications, best practices and biosafety
concerns. J. Insect Physiol. 2017, 98, 245-257. [CrossRef]

Islam, T. CRISPR-Cas technology in modifying food crops. CAB Rev. 2019, 14, 1-16. [CrossRef]

Andolfo, G.; Iovieno, P; Frusciante, L.; Ercolano, M.R. Genome-editing technologies for enhancing plant disease resistance. Front.
Plant Sci. 2016, 7, 1813. [CrossRef]

Bhowmik, PK.; Islam, M.T. CRISPR-Cas9-Mediated Gene Editing in Wheat: A Step-by-Step Protocol. In CRISPR-Cas Methods, 1st
ed.; Islam, M.T., Bhowmik, PK., Molla, K.A., Eds.; Humana Press: New York, NY, USA, 2020; Volume 1, pp. 203-222.

Maeder, M.L.; Gersbach, C.A. Genome-editing technologies for gene and cell therapy. Mol. Ther. 2016, 24, 430-446. [CrossRef]
Gilles, A.F.; Averof, M. Functional genetics for all: Engineered nucleases, CRISPR and the gene editing revolution. EvoDevo 2014,
5,43. [CrossRef]

Baltes, N.J.; Voytas, D.F. Enabling plant synthetic biology through genome engineering. Trends Biotechnol. 2015, 33, 120-131.
[CrossRef]

Doudna, J.A.; Charpentier, E. The new frontier of genome engineering with CRISPR-Cas9. Science 2014, 346, 1258096. [CrossRef]
Karthikeyan, A.; Valarmathi, R.; Nandini, S.; Nandhakumar, M.R. Genetically modified crops: Insect resistance. Biotechnology
2012, 11, 119-126. [CrossRef]

Gantz, V.M.; Akbari, O.S. Gene editing technologies and applications for insects. Curr. Opin. Insect Sci. 2018, 28, 66-72. [CrossRef]
[PubMed]

Grissa, I.; Vergnaud, G.; Pourcel, C. CRISPR Finder: A web tool to identify clustered regularly 7 interspaced short palindromic
repeats. Nucleic Acids Res. 2007, 35, 52-57. [CrossRef] [PubMed]

The Nobel Prize in Chemistry, NobelPrize.org. Nobel Media AB. 2020. Available online: https://www.nobelprize.org/prizes/
chemistry/2020/summary/ (accessed on 15 November 2022).

Devashish, R.; Lina, A.; Archana, R.; Magnus, L. The CRISPR-Cas immune system: Biology, mechanisms and applications.
Biochimie 2015, 117, 119-128.

Courtier-Orgogozo, V.; Morizot, B.; Boéte, C. Agricultural pest control with CRISPR-based gene drive: Time for public debate:
Should we use gene drive for pest control? EMBO Rep. 2017, 18, 878-880. [CrossRef]

Haque, E.; Taniguchi, H.; Hassan, M.M.; Bhowmik, P.; Karim, M.R.; Smiech, M.; Zhao, K.; Rahman, M.; Islam, T. Application
of CRISPR/Cas9 genome editing technology for the improvement of crops cultivated in tropical climates: Recent progress,
prospects, and challenges. Front. Plant Sci. 2018, 9, 617. [CrossRef]

Molla, K.A.; Karmakar, S.; Islam, M.T. Wide Horizons of CRISPR-Cas-derived technologies for basic biology, agriculture, and
medicine. In CRISPR-Cas Methods, 1st ed.; Islam, M.T., Bhowmik, PK., Molla, K.A., Eds.; Humana Press: New York, NY, USA,
2020; Volume 1, pp. 1-23.

Wu, K; Shirk, P.D.; Taylor, C.E.; Furlong, R.B.; Shirk, B.D.; Pinheiro, D.H.; Siegfried, B.D. CRISPR/Cas9 mediated knockout of the
abdominal-A homeotic gene in fall armyworm moth (Spodopterafrugiperda). PLoS ONE 2018, 13, e0208647. [CrossRef]

Lu, HP; Luo, T;; Fu, HW.; Wang, L.; Tan, Y.Y,; Huang, ].Z.; Wang, Q.; Ye, G.Y.; Gatehouse, AM.R,; Lou, Y.G.; et al. Resistance of
rice to insect pests mediated by suppression of serotonin biosynthesis. Nat. Plants 2018, 4, 338-344. [CrossRef]

Zuo, Y,; Xue, Y.; Lu, W,; Ma, H.; Chen, M.; Wu, Y,; Yang, Y.; Hu, Z. Functional validation of nicotinic acetylcholine receptor
(nAChR) abas a target of spinosyns in Spodopteraexigua utilizing the CRISPR/Cas9 system. Pest Manag. Sci. 2020, 76, 2415-2422.
[CrossRef]

Marraffini, L.A. The CRISPR-Cas system of Streptococcus pyogenes: Function and applications. In Streptococcus Pyogenes: Basic
Biology to Clinical Manifestation, 1st ed.; Ferretti, ].]J., Stevens, D.L., Fischetti, V.A., Eds.; University of Oklahoma Health Sciences
Center: Oklahoma City, OK, USA, 2016.

Yin, K.Q.; Gao, C.X,; Qiu, J.L. Progress and prospects in plant genome editing. Nat. Plants 2017, 3, 17107. [CrossRef]

Reid, W.; O’'Brochta, D.A. Applications of genome editing in insects. Curr. Opin. Insect Sci. 2016, 13, 43-54. [CrossRef] [PubMed]
Li, F; Scott, M.J. CRISPR/Cas9-mediated mutagenesis of the white and Sex lethal loci in the invasive pest, Drosophila suzukii.
Biochem. Biophys. Res. Commun. 2016, 469, 911-916. [CrossRef] [PubMed]

Sun, D.; Guo, Z; Liu, Y.; Zhang, Y. Progress and prospects of CRISPR/Cas systems in insects and other arthropods. Front. Physiol.
2017, 8, 608. [CrossRef] [PubMed]

Wang, G.; Dong, Y.; Liu, X,; Yao, G.; Yu, X.; Yang, M. The current status and development of insect-resistant genetically engineered
poplar in China. Front. Plant Sci. 2018, 9, 1408. [CrossRef]

Chen, L.; Wang, G.; Zhu, Y.-N.; Xiang, W.W.H. Advances and perspectives in the application of CRISPR/Cas9 in insects. Zool. Res.
2016, 37, 136.

Bortesiand, L.; Fischer, R. The CRISPR/Cas9 system for plant genome editing and beyond. Biotechnol. Adv. 2015, 33, 41-52.
[CrossRef]

Koutroumpa, EA.; Monsempes, C.; Francois, M.C.; Cian, A.D.; Royer, C.; Concordet, ].P,; Jacquin-Joly, E. Heritable genome
editing with CRISPR/Cas9 induces anosmia in a crop pest moth. Sci. Rep. 2016, 6, 29620. [CrossRef]

Gratz, S.J.; Cummings, A.M.; Nguyen, ].N.; Hamm, D.C.; Donohue, L. K.; Harrison, M.M.; Wildonger, J.; O’Connor-Giles, K.M.
Genome engineering of Drosophila with the CRISPR RNA-Guided Cas9 nuclease. Genetic 2013, 194, 1029-1035. [CrossRef]


http://doi.org/10.1016/j.pbi.2014.03.009
http://www.ncbi.nlm.nih.gov/pubmed/24747775
http://doi.org/10.1016/j.jinsphys.2017.01.007
http://doi.org/10.1079/PAVSNNR201914050
http://doi.org/10.3389/fpls.2016.01813
http://doi.org/10.1038/mt.2016.10
http://doi.org/10.1186/2041-9139-5-43
http://doi.org/10.1016/j.tibtech.2014.11.008
http://doi.org/10.1126/science.1258096
http://doi.org/10.3923/biotech.2012.119.126
http://doi.org/10.1016/j.cois.2018.05.006
http://www.ncbi.nlm.nih.gov/pubmed/30551769
http://doi.org/10.1093/nar/gkm360
http://www.ncbi.nlm.nih.gov/pubmed/17537822
https://www.nobelprize.org/prizes/chemistry/2020/summary/
https://www.nobelprize.org/prizes/chemistry/2020/summary/
http://doi.org/10.15252/embr.201744205
http://doi.org/10.3389/fpls.2018.00617
http://doi.org/10.1371/journal.pone.0208647
http://doi.org/10.1038/s41477-018-0152-7
http://doi.org/10.1002/ps.5782
http://doi.org/10.1038/nplants.2017.107
http://doi.org/10.1016/j.cois.2015.11.001
http://www.ncbi.nlm.nih.gov/pubmed/27436552
http://doi.org/10.1016/j.bbrc.2015.12.081
http://www.ncbi.nlm.nih.gov/pubmed/26721433
http://doi.org/10.3389/fphys.2017.00608
http://www.ncbi.nlm.nih.gov/pubmed/28932198
http://doi.org/10.3389/fpls.2018.01408
http://doi.org/10.1016/j.biotechadv.2014.12.006
http://doi.org/10.1038/srep29620
http://doi.org/10.1534/genetics.113.152710

Stresses 2022, 2 509

34.

35.

36.

37.

38.

39.

40.

41.

42.

43.

44.

45.

46.

47.

48.

49.

50.

51.

52.

53.

54.

55.

56.

57.

58.

Wang, Y,; Li, Z; Xu, ].; Zeng, B.; Ling, L.; You, L.; Chen, Y.; Huang, Y,; Tan, A. The CRISPR/Cas System mediates efficient genome
engineering in Bombyxmori. Cell Res. 2013, 23, 1414-1416. [CrossRef]

Garczynski, S.E; Martin, J.A.; Griset, M.; Willett, L.S.; Cooper, W.R.; Swisher, K.D.; Unruh, T.R. CRISPR/Cas9 editing of the
codling moth (Lepidoptera: Tortricidae) CpomORI1 gene affects egg production and viability. J. Econ. Entomol. 2017, 110, 1847-1855.
[CrossRef]

Li, Y;; Zhang, J.; Chen, D.; Yang, P; Jiang, E; Wang, X.; Kang, L. CRISPR/Cas9 in locusts: Successful establishment of an olfactory
deficiency line by targeting the mutagenesis of an odorant receptor co-receptor (Orco). Insect Biochem. Mol. Biol. 2016, 79, 27-35.
[CrossRef] [PubMed]

Wang, J.; Zhang, H.; Wang, H.; Zhao, S.; Zuo, Y.; Yang, Y.; Wu, Y. Functional validation of cadherin as a receptor of Bt toxin Cry1Ac
in Helicoverpaarmigera utilizing the CRISPR/Cas9 system. Insect Biochem. Mol. Biol. 2016, 76, 11-17. [CrossRef]

Hafeez, M.; Liu, S.; Jan, S.; Shi, L.; Fernandez-Grandon, G.M.; Gulzar, A.; Ali, B.; Rehman, M.; Wang, M. Knock-down of
gossypolinducing cytochrome P450 genes reduced deltamethrin sensitivity in Spodopteraexigua (Hutibner). Int. J. Mol. Sci. 2019,
20, 2248. [CrossRef] [PubMed]

Wang, H.; Shi, Y,; Wang, L.; Liu, S.; Wu, S.; Yang, Y.; Feyereisen, R.; Wu, Y. CYP6AE gene cluster knockout in Helicoverpaarmigera
reveals role in detoxification of phytochemicals and insecticides. Nat. Commun. 2018, 9, 4820. [CrossRef] [PubMed]

Larsson, M.C.; Domingos, A.L; Jones, W.D.; Chiappe, M.; Amrein, H.; Vosshall, L.B. Or83b encodes a broadly expressed odorant
receptor essential for Drosophila olfaction. Neuron 2004, 43, 703-714. [CrossRef] [PubMed]

Chang, H.; Liu, Y,; Ai, D. A pheromone antagonist regulates optimal mating time in the moth Helicoverpaarmigera. Curr. Biol. 2017,
27,1610-1615. [CrossRef] [PubMed]

Bi, HL,; Xu, J; Tan, A.J.; Huang, Y.P. CRISPR/Cas9-mediated targeted gene mutagenesis in Spodopteralitura. Insect Sci. 2016, 23,
469-477. [CrossRef]

Huang, Y.; Chen, Y.; Zeng, B. CRISPR/Cas9 mediated knockout of the abdominal-A homeotic gene in the global pest, diamondback
moth (Plutellaxylostella). Insect Biochem. Mol.Biol. 2016, 75, 98-106. [CrossRef]

Asaoka, T.; Almagro, J.; Ehrhardt, C. Linear ubiquitination by LUBEL has a role in Drosophila heat stress response. EMBO Rep.
2016, 17, 1624-1640. [CrossRef]

Douris, V.; Steinbach, D.; Panteleri, R. Resistance mutation conserved between insects and mites. Proc. Natl. Acad. Sci. USA 2016,
113, 14692-14697. [CrossRef]

Zimmer, C.T.; Garrood, W.T.; Puinean, A.M. A CRISPR/Cas9 mediated point mutation in the alpha 6 subunit of the nicotinic
acetylcholine receptor confers resistance to spinosad in Drosophila melanogaster. Insect Biochem. Mol. Biol. 2016, 73, 62-69.
[CrossRef] [PubMed]

Quan, X,; Sato-Miyata, Y.; Tsuda, M. Deficiency of succinyl-CoA synthetase alpha subunit delays development, impairs locomotor
activity and reduces survival under starvation in Drosophila. Biochem. Biophys. Res. Commun. 2017, 483, 566-571. [CrossRef]
[PubMed]

Kaduskar, B.; Kushwah, R.B.S.; Auradkar, A. Reversing insecticide resistance with allelic-drive in Drosophila melanogaster. Nat.
Commun. 2022, 13, 291. [CrossRef] [PubMed]

Zuo, Y.; Wang, H.; Xu, Y. CRISPR/Cas9 mediated G4946E substitution in the ryanodine receptor of Spodopteraexigua confers high
levels of resistance to diamide insecticides. Insect Biochem. Mol. Biol. 2017, 89, 79-85. [CrossRef] [PubMed]

Zuo, Y; Shi, Y.; Zhang, F; Guan, F,; Zhang, J.; Feyereisen, R.; Fabrick, ]J.A.; Yang, Y.; Wu, Y. Genome mapping coupled with
CRISPR gene editing reveals a P450 gene confers avermectin resistance in the beet armyworm. PLoS Genet. 2021, 17, e1009680.
[CrossRef] [PubMed]

Zuo, Y.Y,; Huang, ].L.; Wang, ].; Feng, Y.; Han, T.T.; Wu, Y.D.; Yang, Y.H. Knockout of a P-glycoprotein gene increases susceptibility
to abamectin and emamectin benzoate in Spodopteraexigua. Insect Mol. Biol. 2018, 27, 36-45. [CrossRef]

Jin, M;; Tao, J.; Li, Q.; Cheng, Y.; Sun, X.; Wu, K; Xiao, Y. Genome editing of the SSABCC2 gene confers resistance to Cry1F toxin
from Bacillus thuringiensis in Spodopterafrugiperda. J. Integr. Agric. 2021, 20, 815-820. [CrossRef]

Jin, M.; Yang, Y.; Shan, Y.; Chakrabarty, S.; Cheng, Y.; Soberon, M.; Bravo, A ; Liu, K.; Wu, K,; Xiao, Y. Two ABC transporters are
differentially involved in the toxicity of two Bacillus thuringiensis Cryl toxins to the invasive crop-pest Spodopterafrugiperda (J. E.
Smith). Pest Manag. Sci. 2020, 77, 6170. [CrossRef]

Li, Q.; Jin, M; Yu, S.; Cheng, Y.; Shan, Y.; Wang, P.; Yuan, H.; Xiao, Y. Knockout of the ABCB1 Gene Increases Susceptibility to
Emamectin Benzoate, Beta-Cypermethrin and Chlorantraniliprole in Spodopterafrugiperda. Insects 2022, 13, 137. [CrossRef]
Wang, J.; Wang, H.; Liu, S. CRISPR/Cas9 mediated genome editing of Helicoverpaarmigera with mutations of an ABC transporter
gene HaABCA2 confers resistance to Bacillus thuringiensis Cry2A toxins. Insect Biochem. Mol. Biol. 2017, 87, 147-153. [CrossRef]
Wang, X.; Ma, Y.; Wang, E; Yang, Y.; Wu, S.; Wu, Y. Disruption of nicotinic acetylcholine receptor «6 mediated by CRISPR/Cas9
confers resistance to spinosyns in Plutellaxylostella. Pest Manag. Sci. 2020, 76, 1618-1625. [CrossRef] [PubMed]

Liu, H.; Liu, Q.; Zhou, X. Genome editing of Wnt-1, a gene associated with segmentation, via CRISPR/Cas9 in the pine caterpillar
moth, Dendrolimuspunctatus. Front. Physiol. 2017, 7, 666. [CrossRef] [PubMed]

Heu, C.C.; McCullough, EM.; Luan, J.; Rasgon, J.L. CRISPR-Cas9-based genome editing in the silverleaf W\ whitefly (Bemisiatabaci).
Cris. J. 2020, 3, 89-96. [CrossRef] [PubMed]


http://doi.org/10.1038/cr.2013.146
http://doi.org/10.1093/jee/tox166
http://doi.org/10.1016/j.ibmb.2016.10.003
http://www.ncbi.nlm.nih.gov/pubmed/27744049
http://doi.org/10.1016/j.ibmb.2016.06.008
http://doi.org/10.3390/ijms20092248
http://www.ncbi.nlm.nih.gov/pubmed/31067723
http://doi.org/10.1038/s41467-018-07226-6
http://www.ncbi.nlm.nih.gov/pubmed/30446639
http://doi.org/10.1016/j.neuron.2004.08.019
http://www.ncbi.nlm.nih.gov/pubmed/15339651
http://doi.org/10.1016/j.cub.2017.04.035
http://www.ncbi.nlm.nih.gov/pubmed/28528905
http://doi.org/10.1111/1744-7917.12341
http://doi.org/10.1016/j.ibmb.2016.06.004
http://doi.org/10.15252/embr.201642378
http://doi.org/10.1073/pnas.1618258113
http://doi.org/10.1016/j.ibmb.2016.04.007
http://www.ncbi.nlm.nih.gov/pubmed/27117524
http://doi.org/10.1016/j.bbrc.2016.12.105
http://www.ncbi.nlm.nih.gov/pubmed/28017724
http://doi.org/10.1038/s41467-021-27654-1
http://www.ncbi.nlm.nih.gov/pubmed/35022402
http://doi.org/10.1016/j.ibmb.2017.09.005
http://www.ncbi.nlm.nih.gov/pubmed/28912111
http://doi.org/10.1371/journal.pgen.1009680
http://www.ncbi.nlm.nih.gov/pubmed/34252082
http://doi.org/10.1111/imb.12338
http://doi.org/10.1016/S2095-3119(19)62772-3
http://doi.org/10.1002/ps.6170
http://doi.org/10.3390/insects13020137
http://doi.org/10.1016/j.ibmb.2017.07.002
http://doi.org/10.1002/ps.5689
http://www.ncbi.nlm.nih.gov/pubmed/31756263
http://doi.org/10.3389/fphys.2016.00666
http://www.ncbi.nlm.nih.gov/pubmed/28111552
http://doi.org/10.1089/crispr.2019.0067
http://www.ncbi.nlm.nih.gov/pubmed/32315225

Stresses 2022, 2 510

59.

60.

61.

62.

63.

64.

65.

66.

67.

68.

69.

70.

71.

72.

73.

74.

75.

76.

77.

78.

79.

80.

81.

82.

83.

84.

Xue, WH.; Xu, N; Yuan, X.B.; Chen, H.H.; Zhang, ].L.; Fu, S.J.; Zhang, C.X.; Xu, H.J. CRISPR/Cas9-mediated knockout of two
eye pigmentation genes in the brown planthopper, Nilaparvata lugens (Hemiptera: Delphacidae). Insect Biochem. Mol. Biol. 2018,
93, 19-26. [CrossRef]

Meccariello, A.; Monti, S.M.; Romanelli, A.; Colonna, R.; Primo, P,; Inghilterra, M.G.; Corsano, G.D.; Ramaglia, A.; Iazzetti, G.;
Chiarore, A.; et al. Highly efficient DNA-free gene disruption in the agricultural pest Ceratitis capitata by CRISPR-Cas9 ribonucle-
oprotein complexes. Sci. Rep. 2017, 7, 10061. [CrossRef]

Kondo, S.; Ueda, R. Highly improved gene targeting by germline-specific Cas9 expression in Drosophila. Genetics 2013, 195,
715-721. [CrossRef]

Yu, Z.; Ren, M.; Wang, Z.; Zhang, B.; Rong, Y.S; Jiao, R.; Gao, G. Highly efficient genome modifications mediated by CRISPR/Cas9
in Drosophila. Genetics 2013, 195, 289-291. [CrossRef]

Bassett, A.R,; Tibbit, C.; Ponting, C.P,; Liu, J.L. Highly efficient targeted mutagenesis of Drosophila with the CRISPR/Cas9 system.
Cell Rep. 2013, 4, 220-228. [CrossRef]

Gratz, S.J.; Wildonger, J.; Harrison, M.M.; O’Connor-Giles, K.M. CRISPR/Cas9-mediated genome engineering and the promise of
designer flies on demand. Fly 2013, 7, 249-255. [CrossRef]

Mendoza-Garcia, P.; Hugosson, F.; Fallah, M.; Higgins, M.L.; Iwasaki, Y.; Pfeifer, K.; Wolfstetter, G.; Varshney, G.; Popichenko, D.;
Gergen, J.P; et al. The Zic family homologue Odd-paired regulates Alk expression in Drosophila. PLoS Genet 2017, 13, e1006617.
[CrossRef]

Chechenova, M.B.; Maes, S.; Oas, S.T.; Nelson, C.; Kiani, K.G.; Bryantsev, A.L. Functional redundancy and non-redundancy
between two Troponin C isoforms in Drosophila adult muscles. Mol. Biol. Cell. 2017, 28, 760-770. [CrossRef] [PubMed]

Port, E; Bullock, S5.L. Augmenting CRISPR applications in Drosophila with tRNA-flanked sgRNAs. Nat. Methods 2016, 13, 852-854.
[CrossRef]

Lamb, A.M.; Walker, E.A.; Wittkopp, PJ. Tools and strategies for scarless allele replacement in Drosophila using CRISPR/Cas9.
Fly 2016, 11, 53-64. [CrossRef] [PubMed]

Kunzelmann, S.; Béttcher, R.; Schmidts, I.; Forstemann, K. A comprehensive toolbox for genome editing in cultured Drosophila
melanogaster cells. G3 (Bethesda) 2016, 6, 1777-1785. [CrossRef] [PubMed]

Gao, J.L,; Fan, Y.J.; Wang, X.Y,; Zhang, Y.; Py, J.; Li, L.; Xu, Y.Z. A conserved intronic Ul snRNP-binding sequence promotes
trans-splicing in Drosophila. Genes Dev. 2015, 29, 760-771. [CrossRef] [PubMed]

Mabashi-Asazuma, H.; Sohn, B.H.; Kim, Y.S.; Kuo, C.W.; Khoo, K.H.; Kucharski, C.A.; Jarvis, D.L. Targeted glycoengineering
extends the protein N-glycosylation pathway in the silkworm silk gland. Insect Biochem. Mol. Biol. 2015, 65, 20-27. [CrossRef]
[PubMed]

Yu, Z.; Chen, H,; Liu, J.; Zhang, H.; Yan, Y.; Zhu, N.; Guo, Y,; Yang, B.; Chang, Y.; Dai, F,; et al. Various applications of TALEN- and
CRISPR/Cas9-mediated homologous recombination to modify the Drosophila genome. Biol. Open 2014, 3, 271-280. [CrossRef]
Urban, J.A.; Doherty, C.A.; Jordan, W.T,, III; Bliss, ].E.; Feng, J.; Soruco, M.M.; Rieder, L.E.; Tsiarli, M.A.; Larschan, E.N. The
essential Drosophila CLAMP protein differentially regulates non-coding roX RNAs in male and females. Chromosome Res. 2016,
25,101-113. [CrossRef]

Gantz, V.M,; Bier, E. The mutagenic chain reaction: A method for converting heterozygous to homozygous mutations. Science
2015, 348, 442-444. [CrossRef]

Port, F.; Muschalik, N.; Bullock, S.L. Systematic evaluation of Drosophila CRISPR tools reveals safe and robust alternatives to
autonomous gene drives in basic research. G3 2015, 5, 1493-1502. [CrossRef]

Gokcezade, J.; Sienski, G.; Duchek, P. Efficient CRISPR/Cas9 plasmids for rapid and versatile genome editing in Drosophila. G3
2014, 4, 2279-2282. [CrossRef]

Ren, X; Yang, Z.; Mao, D.; Chang, Z.; Qiao, H.H.; Wang, X.; Sun, J.; Hu, Q.; Cui, Y,; Liu, L.P; et al. Performance of the Cas9
nickase system in Drosophila melanogaster. G3 2014, 4, 1955-1962. [CrossRef] [PubMed]

Zhang, X.; Koolhaas, W.H.; Schnorrer, F. A versatile two-step CRISPR-and RMCE-based strategy for efficient genome engineering
in Drosophila. G3 Genes Genomes Genet 2014, 4, 2409-2418. [CrossRef]

Xue, Z.; Wu, M.; Wen, K.; Ren, M,; Long, L.; Zhang, X.; Gao, G. CRISPR/Cas9 mediates efficient conditional mutagenesis in
Drosophila. G3 2014, 4, 2167-2173. [CrossRef] [PubMed]

Xue, Z.; Ren, M.D.; Wu, M.H; Dai, ].B.; Rong, YK.S.; Gao, G.J. Efficient gene knock-out and knock-in with transgenic Cas9 in
Drosophila. G3 2014, 4, 925-929. [CrossRef] [PubMed]

Sebo, Z.L.; Lee, H.B.; Peng, Y.; Guo, Y. A simplified and efficient germline-specific CRISPR/Cas9 system for Drosophila genomic
engineering. Fly 2014, 8, 52-57. [CrossRef] [PubMed]

Port, E; Chen, HM.; Lee, T.; Bullock, S.L. Optimized CRISPR/Cas tools for efficient germline and somatic genome engineering in
Drosophila. Proc. Natl. Acad. Sci. USA 2014, 111, E2967-E2976. [CrossRef]

Tanaka, R.; Murakami, H.; Ote, M.; Yamamoto, D. Clustered regulatory interspaced short palindromic repeats (CRISPR)-mediated
mutagenesis and phenotype rescue by piggyBac transgenesis in a non-model Drosophila species. Insect Mol. Biol. 2016, 25,
355-361. [CrossRef]

Ahmed, HM.; Hildebrand, L.; Wimmer, E.A. Improvement and use of CRISPR/Cas9 to engineer a sperm-marking strain for the
invasive fruit pest Drosophila suzukii. BMC Biotechnol. 2019, 19, 85. [CrossRef]


http://doi.org/10.1016/j.ibmb.2017.12.003
http://doi.org/10.1038/s41598-017-10347-5
http://doi.org/10.1534/genetics.113.156737
http://doi.org/10.1534/genetics.113.153825
http://doi.org/10.1016/j.celrep.2013.06.020
http://doi.org/10.4161/fly.26566
http://doi.org/10.1371/journal.pgen.1006617
http://doi.org/10.1091/mbc.e16-07-0498
http://www.ncbi.nlm.nih.gov/pubmed/28077621
http://doi.org/10.1038/nmeth.3972
http://doi.org/10.1080/19336934.2016.1220463
http://www.ncbi.nlm.nih.gov/pubmed/27494619
http://doi.org/10.1534/g3.116.028241
http://www.ncbi.nlm.nih.gov/pubmed/27172193
http://doi.org/10.1101/gad.258863.115
http://www.ncbi.nlm.nih.gov/pubmed/25838544
http://doi.org/10.1016/j.ibmb.2015.07.004
http://www.ncbi.nlm.nih.gov/pubmed/26163436
http://doi.org/10.1242/bio.20147682
http://doi.org/10.1007/s10577-016-9541-9
http://doi.org/10.1126/science.aaa5945
http://doi.org/10.1534/g3.115.019083
http://doi.org/10.1534/g3.114.014126
http://doi.org/10.1534/g3.114.013821
http://www.ncbi.nlm.nih.gov/pubmed/25128437
http://doi.org/10.1534/g3.114.013979
http://doi.org/10.1534/g3.114.014159
http://www.ncbi.nlm.nih.gov/pubmed/25193494
http://doi.org/10.1534/g3.114.010496
http://www.ncbi.nlm.nih.gov/pubmed/24657904
http://doi.org/10.4161/fly.26828
http://www.ncbi.nlm.nih.gov/pubmed/24141137
http://doi.org/10.1073/pnas.1405500111
http://doi.org/10.1111/imb.12232
http://doi.org/10.1186/s12896-019-0588-5

Stresses 2022, 2 511

85.

86.

87.

88.

89.

90.

91.

92.

93.

94.

95.

96.

97.

98.

99.

100.

101.

102.

103.

104.

105.

106.

107.

108.

109.

110.

111.

Yan, Y.; Ziemek, J.; Schetelig, M.F. CRISPR/Cas9 mediated disruption of the white gene leads to pigmentation deficiency and
copulation failure in Drosophila suzukii. J. Insect Physiol. 2020, 126, 104091. [CrossRef]

Zhu, G.H,; Xu, J.; Cui, Z. Functional characterization of SlitPBP3 in Spodopteralitura by CRISPR/Cas9 mediated genome editing.
Insect Biochem. Mol. Biol. 2017, 75, 1-9. [CrossRef] [PubMed]

Zhu, G.H,; Peng, Y.C,; Zheng, M.Y.; Zhang, X.Q.; Sun, ].B.; Huang, Y.; Dong, S.L. CRISPR/Cas9 mediated BLOS2 knockout
resulting in disappearance of yellow strips and white spots on the larval integument in Spodopteralitura. |. Insect Physiol. 2017, 103,
29-35. [CrossRef] [PubMed]

Zhu, G.H.; Chereddy, S.C.; Howell, J.L.; Palli, S.R. Genome editing in the fall armyworm, Spodopterafrugiperda: Multiple
sgRNA /Cas9 method for identification of knockouts in one generation. Insect Biochem. Mol. Biol. 2020, 122, 103373. [CrossRef]
[PubMed]

Jin, L.; Wang, J.; Guan, F. Dominant point mutation in a tetraspainin gene associated with field-evolved resistance of cotton
bollworm to transgenic Bt cotton. Proc. Natl. Acad. Sci. USA 2018, 115, 11760-11765. [CrossRef]

Khan, S.A; Reichelt, M.; Heckel, D.G. Functional analysis of the ABCs of eye color in Helicoverpaarmigera with CRISPR/Cas9-
induced mutations. Sci. Rep. 2017, 7, 40025. [CrossRef]

Zheng, ].C.; Yue, X.R,; Kuang, W.Q.; Li, S.L.; Tang, R.; Zhang, Z.F,; Jing, X. NPC1b as a novel target in controlling the cotton
bollworm, Helicoverpaarmigera. Pest Manag. Sci. 2020, 76, 2233-2242. [CrossRef]

Guo, Z.; Sun, D.; Kang, S. CRISPR/Cas9-mediated knockout of both the PxABCC2 and PxABCC3 genes confers high-level
resistance to Bacillus thuringiensis Cry1Ac toxin in the diamondback moth, Plutellaxylostella (L.). Insect Biochem. Mol. Biol. 2019,
107, 31-38. [CrossRef]

Chen, E.H.; Hou, Q.L. Identification and expression analysis of cuticular protein genes in the diamondback moth, Plutellaxylostella
(Lepidoptera: Plutellidae). Pestic. Biochem. Physiol. 2021, 178, 104943. [CrossRef]

Wang, Y.; Liu, Z; Xu, J.; Li, X,; Bi, H.; Andongma, A.A.; Huang, Y. Mutation of double sex induces sex-specific sterility of the
diamondback moth Plutellaxylostella. Insect Biochem. Mol. Biol. 2019, 112, 103180. [CrossRef]

Aumann, R.A.; Schetelig, M.E.; Hécker, I. Highly efficient genome editing by homology-directed repair using Cas9 protein in
Ceratitis capitata. Insect Mol. Biol. 2018, 101, 85-93. [CrossRef]

Zhao, S.; Xing, Z.; Liu, Z; Liu, Y;; Liu, X.; Chen, Z.; Yan, R. Efficient somatic and germline genome engineering of Bactroceradorsalis
by the CRISPR/Cas9 system. Pest Manag. Sci. 2019, 75, 1921-1932. [CrossRef] [PubMed]

Li, ].; Handler, A.M. CRISPR/Cas9-mediated gene editing in an exogenous transgene and an endogenous sex determination gene
in the Caribbean fruit fly, Anastrephasuspensa. Gene 2019, 691, 160-166. [CrossRef] [PubMed]

You, L.; Bi, H.L.; Wang, Y.H.; Li, X.W.; Chen, X.E.; Li, Z.Q. CRISPR/Cas9-based mutation reveals Argonaute 1 is essential for
pigmentation in Ostriniafurnacalis. Insect Sci. 2019, 26, 1020-1028. [CrossRef]

Dermauw, W.; Jonckheere, W.; Riga, M.; Livadaras, I.; Vontas, J.; Van Leeuwen, T. Targeted mutagenesis using CRISPR-Cas9 in
the chelicerate herbivore Tetranychusurticae. Insect Biochem. Mol. Biol. 2020, 120, 103347. [CrossRef] [PubMed]

Bajda, S.; Dermauw, W.; Panteleri, R.; Sugimoto, N.; Douris, V.; Tirry, L. A mutation in the PSST homologue of complex I (NADH:
Ubiquinone oxidoreductase) from Tetranychusurticae is associated with resistance to METI acaricides. Insect Biochem. Mol. Biol.
2017, 80, 79-90. [CrossRef] [PubMed]

Gui, S,; Taning, C.N.T.; Wei, D.; Smagghe, G. First report on CRISPR/Cas9-targeted mutagenesis in the Colorado potato beetle,
Leptinotarsadecemlineata. ]. Insect Physiol. 2020, 121, 104013. [CrossRef]

Cagliari, D.; Smagghe, G.; Zotti, M.; Taning, C.N.T. RNAi and CRISPR/Cas9 as Functional Genomics Tools in the Neotropical
Stink Bug, Euschistusheros. Insects 2020, 11, 838. [CrossRef]

Hunter, W.B.; Gonzalez, M.T.; Tomich, J. BAPC-assisted-CRISPR-Cas9 Delivery into Nymphs and Adults for Heritable Gene
Editing (Hemiptera). FASEB J. 2019, 33 (Suppl. S1), 626.2. [CrossRef]

Hunter, W.B.; Gonzalez, M.T.; Tomich, J. BAPC-assisted CRISPR/Cas9 System: Targeted Delivery into Adult Ovaries for Heritable
Germline Gene Editing (Arthropoda: Hemiptera). BioRxiv 2018, 478743.

Tang, R.; Li, S,; Liang, J.; Yi, H,; Jing, X.; Liu, T.X. Optimization of the application of the CRISPR/Cas9 system in Mythimnaseparata.
Entomol. Exp. Appl. 2022, 170, 593-602. [CrossRef]

Li, X,; Liu, Q.; Liu, H.; Bi, H.; Wang, Y.; Chen, X.; Chen, H. Mutation of double sex in Hyphantriacunea results in sex-specific
sterility. Pest Manag. Sci. 2020, 76, 1673-1682. [CrossRef] [PubMed]

Yang, Y.; Wang, Y.H.; Chen, X.E,; Tian, D.; Xu, X; Li, K.; He, L. CRISPR/Cas9-mediated Tyrosine hydroxylase knockout resulting
in larval lethality in Agrotisipsilon. Insect Sci. 2018, 25, 1017-1024. [CrossRef] [PubMed]

Markert, M.].; Zhang, Y.; Enuameh, M.S.; Reppert, S.M.; Wolfe, S.A.; Merlin, C. Genomic access to monarch migration using
TALEN and CRISPR/Cas9-mediated targeted mutagenesis. G3 2016, 6, 905-915. [CrossRef]

Liu, Q.; Liu, W.; Zeng, B. Deletion of the Bombyx mori odorant receptor co-receptor (BmOrco) impairs olfactory sensitivity in
silkworms. Insect Biochem. Mol. Biol. 2017, 86, 58—67. [CrossRef]

Gilles, A.E; Schinko, J.B.; Averof, M. Efficient CRISPR-mediated gene targeting and transgene replacement in the beetle
Triboliumcastaneum. Development 2015, 142, 2832-2839. [PubMed]

Awata, H.; Watanabe, T.; Hamanaka, Y. Knockout crickets for the study of learning and memory: Dopamine receptor Dop1
mediates aversive but not appetitive reinforcement in crickets. Sci. Rep. 2015, 5, 15885. [CrossRef] [PubMed]


http://doi.org/10.1016/j.jinsphys.2020.104091
http://doi.org/10.1016/j.ibmb.2016.05.006
http://www.ncbi.nlm.nih.gov/pubmed/27192033
http://doi.org/10.1016/j.jinsphys.2017.09.008
http://www.ncbi.nlm.nih.gov/pubmed/28927827
http://doi.org/10.1016/j.ibmb.2020.103373
http://www.ncbi.nlm.nih.gov/pubmed/32276113
http://doi.org/10.1073/pnas.1812138115
http://doi.org/10.1038/srep40025
http://doi.org/10.1002/ps.5761
http://doi.org/10.1016/j.ibmb.2019.01.009
http://doi.org/10.1016/j.pestbp.2021.104943
http://doi.org/10.1016/j.ibmb.2019.103180
http://doi.org/10.1016/j.ibmb.2018.08.004
http://doi.org/10.1002/ps.5305
http://www.ncbi.nlm.nih.gov/pubmed/30565410
http://doi.org/10.1016/j.gene.2018.12.055
http://www.ncbi.nlm.nih.gov/pubmed/30611840
http://doi.org/10.1111/1744-7917.12628
http://doi.org/10.1016/j.ibmb.2020.103347
http://www.ncbi.nlm.nih.gov/pubmed/32114158
http://doi.org/10.1016/j.ibmb.2016.11.010
http://www.ncbi.nlm.nih.gov/pubmed/27919778
http://doi.org/10.1016/j.jinsphys.2020.104013
http://doi.org/10.3390/insects11120838
http://doi.org/10.1096/fasebj.2019.33.1_supplement.626.2
http://doi.org/10.1111/eea.13184
http://doi.org/10.1002/ps.5687
http://www.ncbi.nlm.nih.gov/pubmed/31749278
http://doi.org/10.1111/1744-7917.12647
http://www.ncbi.nlm.nih.gov/pubmed/30328670
http://doi.org/10.1534/g3.116.027029
http://doi.org/10.1016/j.ibmb.2017.05.007
http://www.ncbi.nlm.nih.gov/pubmed/26160901
http://doi.org/10.1038/srep15885
http://www.ncbi.nlm.nih.gov/pubmed/26521965

Stresses 2022, 2 512

112.

113.

114.

115.

116.

117.

118.

119.

120.

121.

122.

123.

124.

125.

126.

127.

128.

129.

130.

131.

132.

133.

134.

135.

136.

Kim, S.Y.; Bengtsson, T.; Olsson, N. Mutations in two aphid-regulated b-1, 3-glucanase genes by CRISPR/Cas9 do not increase
barley resistance to Rhopalosiphumpadi L. Front. PlantSci. 2020, 11, 1043. [CrossRef]

Wang, ].; Ma, H.; Zuo, Y.; Yang, Y.; Wu, Y. CRISPR-mediated gene knockout reveals nicotinic acetylcholine receptor (nAChR)
subunit a6 as a target of spinosyns in Helicoverpaarmigera. Pest Manag. Sci. 2020, 76, 2925-2931. [CrossRef]

Wang, X.; Xu, Y.; Huang, J. CRISPR-mediated knockout of the ABCC2 gene in Ostriniafurnacalis confers high-level resistance to
the Bacillus thuringiensis Cry1Fa toxin. Toxins 2020, 12, 246. [CrossRef]

McFarlane, G.R.; Whitelaw, C.B.A.; Lillico, S.G. CRISPR-based gene drives for pest control. Trends Biotechnol. 2018, 36, 130-133.
[CrossRef]

Books, A. New Biotechnological Approaches to Insect Pest Management and Crop Protection; Gene Editing Approach (CRISPR-
Cas System). Master’s Thesis, MS Project, Distance Master of Science in Entomology Projects, Department of Entomology,
University of Nebraska, Lincoln, NE, USA, 2019; p. 44.

Kolmer, J.A.; Bernardo, A.; Bai, G.; Hayden, M.].; Chao, S. Adult plant leaf rust resistance derived from toropi wheat is conditioned
by L178 and three minor QTL. Phytopathology 2018, 108, 246-253. [CrossRef] [PubMed]

Akumo, D.N.; Riedel, H.; Semtanska, I. Social and economic issues-genetically modified food. In Food Industry, InnocenzoMuz-
zalupo; IntechOpen: London, UK, 2013.

Beale, M.H.; Birkett, M.A_; Bruce, T.J. Aphid alarm pheromone produced by transgenic plants affects aphid and parasitoid
behavior. Proc. Natl. Acad. Sci. USA 2006, 103, 10509-10513.00FC. [CrossRef] [PubMed]

Rathinam, M.; Mishra, P.; Mahato, A.K,; Singh, N.K.; Rao, U.; Sreevathsa, R. Comparative transcriptome analyses provide novel
insights into the differential response of Pigeonpea (Cajanuscajan L.) and its wild relative (Cajanusplatycarpus (Benth.) Maesen) to
herbivory by Helicoverpaarmigera (Hiibner). Plant Mol. Biol. 2019, 101, 163-182. [CrossRef]

Fan, D,; Liu, T.T.; Li, C.E Efficient CRISPR/Cas9-mediated targeted mutagenesis in Populus in the first generation. Sci. Rep. 2015,
5,12217. [CrossRef] [PubMed]

Liu, T.T,; Fan, D.; Ran, L.Y,; Jiang, Y.Z.; Liu, R. Highly efficient CRISPR/Cas9-mediated targeted mutagenesis of multiple genes in
populus. Hereditas 2015, 37, 1044-1052.

Malone, L.A; Barraclough, E.I; Lin-Wang, K.; Stevenson, D.E.; Allan, A.C. Effects of red-leaved transgenic tobacco expressing
a MYB transcription factor on two herbivorous insects, Spodopteralitura and Helicoverpaarmigera. Entomol. Exp. Appl. 2009, 133,
117-127. [CrossRef]

Li, X;; Hu, D.; Cai, L.; Wang, H.; Liu, X.; Du, H.; Yang, Z.; Zhang, H.; Hu, Z.; Huang, F,; et al. CALCIUM DEPENDENT PROTEIN
KINASE38 regulates flowering time and common cutworm resistance in soybean. Plant Physiol. 2022, 190, 480—499. [CrossRef]
Zhang, Y.; Guo, W.; Chen, L.; Shen, X.; Yang, H.; Fang, Y.; Ouyang, W.; Mai, S.; Chen, H.; Chen, S.; et al. CRISPR/Cas9-mediated
targeted mutagenesis of GmUGT enhanced soybean resistance against leaf-chewing insects through flavonoids biosynthesis.
Front. Plant Sci. 2022, 13, 802716. [CrossRef]

Qin, D,; Liu, X.Y.; Miceli, C.; Zhang, Q.; Wang, P.W. Soybean plants expressing the Bacillus thuringiensis cry8-like gene show
resistance to Holotrichiaparallela. BMC Biotechnol. 2019, 19, 66. [CrossRef]

Bharathi, Y.; Kumar, S.V,; Pasalu, I.C.; Balachandran, S.M.; Reddy, V.D.; Rao, K.V. Pyramided rice lines harbouring Allium
sativum(asal) and Galanthusnivalis(gna) lectin genes impart enhanced resistance against major sap sucking pests. J. Biotechnol.
2011, 152, 63-71. [CrossRef]

Gunasekara, ].M.; Jayasekera, G.A.; Perera, K.L.; Wickramasuriya, A.M. Development of a Sri Lankan rice variety Bg 94-1
harbouringCry2A gene of Bacillus thuringiensis resistant to rice leaf folder [Cnaphalocrocismedinalis (Guenée)]. J. Natl. Sci. Found Sri
Lanka. 2017, 45, 2.

Boddupally, D.; Tamirisa, S.; Gundra, S.R.; Vudem, D.R.; Khareedu, V.R. Expression of hybrid fusion protein (CrylAc: ASAL) in
transgenic rice plants imparts resistance against multiple insect pests. Sci. Rep. 2018, 8, 8458. [CrossRef] [PubMed]

Xu, C,; Cheng, J.; Lin, H.; Lin, C.; Gao, J.; Shen, Z. Characterization of transgenic rice expressing fusion protein Cry1Ab/Vip3A
for insect resistance. Sci. Rep. 2018, 8, 15788. [CrossRef]

Rajadurai, G.; Kalaivani, A.; Varanavasiyappan, S.; Balakrishnan, N.; Udayasuriyan, V.; Sudhakar, D.; Natarajan, N. Generation of
insect resistant marker-free transgenic rice with a novel cry2AX1 gene. Ele. |. Plant Breed. 2018, 9, 723-732. [CrossRef]

Qiu, L.; Sun, Y; Jiang, Z.; Yang, P; Liu, H.; Zhou, H.; Wang, X.; Zhang, W.; Lin, Y.; Ma, W. The midgut V-ATPase subunit A gene is
associated with toxicity to crystal 2Aa and crystal 1Ca-expressing transgenic rice in Chilo suppressalis. Insect Mol. Biol. 2019, 28,
520-527. [CrossRef]

Chakraborty, M.; Reddy, P.S.; Mustafa, G.; Rajesh, G.; Narasu, V.L.; Udayasuriyan, V.; Rana, D. Transgenic rice expressing the
cry2AX1 gene confers resistance to multiple lepidopteran pests. Transgenic Res. 2016, 25, 665-678. [CrossRef]

Jadhav, M.S.; Rathnasamy, S.A.; Natarajan, B.; Duraialagaraja, S.; Varatharajalu, U. Study of expression of indigenous Bt cry2AX1
gene in T3 progeny of cotton and its efficacy against Helicoverpaarmigera (Hubner). Braz. Arch. Biol. Technol. 2020, 63, e20180428.
[CrossRef]

Katta, S.; Talakayala, A.; Reddy, M.K.; Addepally, U.; Garladinne, M. Development of transgenic cotton (Narasimha) using triple
gene cry2Ab-cry1F-crylAc construct conferring resistance to lepidopteran pests. J. Biosci. 2020, 45, 31. [CrossRef] [PubMed]
Siddiqui, H.A.; Asif, M.; Asad, S.; Naqvi, R.Z.; Ajaz, S.; Umer, N.; Anjum, N.; Rauf, I; Sarwar, M.; Arshad, M.; et al. Development
and evaluation of double gene transgeniccotton lines expressing Cry toxins for protection against chewing insect pests. Sci. Rep.
2019, 9, 11774. [CrossRef]


http://doi.org/10.3389/fpls.2020.01043
http://doi.org/10.1002/ps.5889
http://doi.org/10.3390/toxins12040246
http://doi.org/10.1016/j.tibtech.2017.10.001
http://doi.org/10.1094/PHYTO-07-17-0254-R
http://www.ncbi.nlm.nih.gov/pubmed/28990484
http://doi.org/10.1073/pnas.0603998103
http://www.ncbi.nlm.nih.gov/pubmed/16798877
http://doi.org/10.1007/s11103-019-00899-7
http://doi.org/10.1038/srep12217
http://www.ncbi.nlm.nih.gov/pubmed/26193631
http://doi.org/10.1111/j.1570-7458.2009.00910.x
http://doi.org/10.1093/plphys/kiac260
http://doi.org/10.3389/fpls.2022.802716
http://doi.org/10.1186/s12896-019-0563-1
http://doi.org/10.1016/j.jbiotec.2011.01.021
http://doi.org/10.1038/s41598-018-26881-9
http://www.ncbi.nlm.nih.gov/pubmed/29855556
http://doi.org/10.1038/s41598-018-34104-4
http://doi.org/10.5958/0975-928X.2018.00086.8
http://doi.org/10.1111/imb.12570
http://doi.org/10.1007/s11248-016-9954-4
http://doi.org/10.1590/1678-4324-2020180428
http://doi.org/10.1007/s12038-020-0006-0
http://www.ncbi.nlm.nih.gov/pubmed/32020913
http://doi.org/10.1038/s41598-019-48188-z

Stresses 2022, 2 513

137.

138.

139.

140.

141.

142.

143.

144.

145.

146.

147.

148.

149.

150.

151.

152.

153.

154.

155.

156.

157.

158.

159.

160.

161.

Sakthi, A.R.; Naveenkumar, A.; Deepikha, P.S.; Balakrishnan, N.; Kumar, K K.; Devi, E.K; Balasubramani, V.; Arul, L.; Singh, PK;
Sudhakar, D.; et al. Expression and inheritance of chimeric cry2AX1 gene in transgenic cotton plants generated through somatic
embryogenesis. In Vitro Cell Dev. Biol. Plant 2015, 51, 379-389. [CrossRef]

Ribeiro, T.P.; Arraes, EB.; Lourenc o-Tessutti, I.T.; Silva, M.S.; Lisei-de-Sa, M.E.; Lucena, W.A.; Macedo, L.L.; Lima, J.N.; Santos
Amorim, RM.; Artico, S.; et al. Transgenic cotton expressing Cryl0Aa toxin confers high resistance to the cotton boll weevil.
Plant Biotechnol. J. 2017, 15, 997-1009. [CrossRef] [PubMed]

Khan, G.A ; Bakhsh, A.; Ghazanfar, M.; Riazuddin, S.; Husnain, T. Development of transgenic cotton lines harboring a pesticidal
gene (CrylAb). Emirates ]. Food Agric. 2013, 25, 434-442. [CrossRef]

Khan, G.A.; Bakhsha, A.; Riazuddin, S.; Husnain, T. Introduction of Cryl1Ab gene into cotton (Gossypiumhirsutum) enhances
resistance against Lepidopteran pest (Helicoverpaarmigera). Spanish J. Agric. Res. 2011, 1, 296-302. [CrossRef]

Chen, W,; Liu, C; Lu, G.; Cheng, H.; Shen, Z.; Wu, K. Effects of Vip3AcAa? CrylAc cotton on midgut tissue in Helicoverpaarmigera
(Lepidoptera: Noctuidae). J. InsectSci. 2018, 18, 13.

Bommireddy, PL.; Leonard, B.R.; Temple, J.; Price, P.; Emfinger, K.; Cook, D.; Hardke, ]J.T. Field performance and seasonal efficacy
profiles of transgenic cotton lines expressing Vip3A and VipCot against Helicoverpazea (Boddie) and Heliothisvirescens (F.). J. Cotton
Sci. 2011, 15, 251-259.

Gowda, A ; Rydel, T.J.; Wollacott, A.M.; Brown, R.S.; Akbar, W.; Clark, T.L.; Flasinski, S.; Nageotte, ].R.; Read, A.C.; Shi, X,; et al. A
transgenic approach for controlling Lygus in cotton. Nat. Commun. 2016, 7, 12213. [CrossRef] [PubMed]

Meade, T.; Narva, K.; Storer, N.P.; Sheets, ].].; Burton, S.L.; Woosley, A.T. Inventors, and Dow AgroSciences LLC, assignee 2017.
Insect Resistance Management with Combinations of Cry1Be and Cry1F proteins. U.S. Patent 9,453,556, 28 February 2018.
Chang, X.; Lu, Z.; Shen, Z.; Peng, Y.; Ye, G. Bitrophic and tritrophic effects of transgenic cryl1Ab/cry2Aj maize on the beneficial,
nontarget Harmoniaaxyridis (Coleoptera: Coccinellidae). Environ. Entomol. 2017, 46, 1171-1176. [CrossRef]

Rani, S.; Sharma, V.; Hada, A.; Bhattacharya, R.C.; Koundal, K.R. Fusion gene construct preparation with lectin and protease
inhibitor genes against aphids and efficient genetic transformation of Brassica juncea using cotyledon explants. Acta Physiol. Plant.
2017, 39, 115. [CrossRef]

Das, A.; Ghosh, P; Das, S. Expression of Colocasia esculentatuber agglutinin in Indian mustard providesresistance against
Lipaphiserysimi and the expressed protein is non-allergenic. Plant Cell Rep. 2018, 37, 849-863. [CrossRef]

Koerniati, S.; Sukmadjaja, D.; Samudra, .M. C synthetic gene of CrylAb-CrylAc fusion to generate resistant sugarcane to shoot or
stem borer. InIOP Conf. Ser. Earth Environ. Sci. 2020, 418, 012069. [CrossRef]

Riaz, S.; Nasir, .A.; Bhatti, M.U.; Adeyinka, O.S.; Toufiq, N.; Yousaf, I.; Tabassum, B. Resistance to Chiloinfuscatellus(Lepidoptera:
Pyraloidea) in transgenic lines of sugarcane expressing Bacillus thuringiensis derived Vip3A protein. Mol. Biol. Rep. 2020, 47, 1-10.
[CrossRef] [PubMed]

Nakasu, E.Y.; Edwards, M.G.; Fitches, E.; Gatehouse, ].A.; Gatehouse, A.M. Transgenic plants expressing x- ACTX-Hv1la and
snowdrop lectin (GNA) fusion protein show enhanced resistance to aphids. Front. Plant Sci. 2014, 28, 673. [CrossRef]

Mi, X,; Liu, X.; Yan, H.; Liang, L.; Zhou, X.; Yang, J.; Si, H.; Zhang, N. Expression of the Galanthus nivalis agglutinin (GNA) gene in
transgenic potato plants confers resistance to aphids. ComptesRendusBiol. 2017, 340, 7-12.

Duan, X.; Hou, Q,; Liu, G.; Pang, X.; Niu, Z.; Wang, X.; Zhang, Y.; Li, B.; Liang, R. Expression of Pinelliapedatisectalectin gene in
transgenic wheat enhances resistance to wheat aphids. Molecules 2018, 23, 748. [CrossRef]

Grazziotin, M.A.; Cabral, G.B.; Ibrahim, A.B.; Machado, R.B.; Aragao, E]J. Expression of the Arcelin 1 gene from Phaseolus vulgaris
L. in cowpea seeds (Vigna unguiculata L.) confers bruchid resistance. Ann. Appl. Biol. 2020, 176, 268-274. [CrossRef]

Bett, B.; Gollasch, S.; Moore, A.; James, W.; Armstrong, J.; Walsh, T.; Harding, R.; Higgins, T.J. Transgenic cowpeas (Vigna
unguiculata L. Walp) expressing Bacillusthuringiensis Vip3Ba protein are protected against the Maruca pod borer (Marucavitrata).
Plant Cell Tiss. Org.Cult. 2017, 131, 335-345. [CrossRef]

Baburao, T.M.; Sumangala, B. Development and molecular characterization of transgenic Pigeon pea carrying cry2Aa for pod
borer resistance. . Pharm. Phytochem. 2018, 75, 1581-1585.

Singh, S.; Kumar, N.R.; Maniraj, R.; Lakshmikanth, R.; Rao, K.Y.; Muralimohan, N.; Arulprakash, T.; Karthik, K.; Shashibhushan,
N.B.; Vinutha, T; et al. Expression of Cry2Aa, a Bacillus thuringiensis insecticidal protein in transgenic pigeon pea confers
resistance to gram pod borer, Helicoverpaarmigera. Sci. Rep. 2018, 8, 8820. [CrossRef]

Ghosh, G.; Ganguly, S.; Purohit, A.; Chaudhuri, R.K,; Das, S.; Chakraborti, D. Transgenic pigeonpea events expressing CrylAc
and Cry2Aa exhibit resistance to Helicoverpaarmigera. Plant Cell Rep. 2017, 36, 1037-1051. [CrossRef]

Sawardekar, S.V.; Katageri, 1.S.; Salimath, PM.; Kumar, P.A.; Kelkar, V.G. Standardization of in-vitro genetictransformation
technique in chickpea (Cicer arietinum L.) for pod-borer resistance. Adv. Agric. Res. Technol. |. 2017, 1, 2.

Selale, H.; Dagli, E; Mutlu, N.; Doganlar, S.; Frary, A. CrylAc-mediated resistance to tomato leaf miner (Tutaabsoluta) in tomato.
Plant Cell Tiss. Org. Cult. 2017, 131, 65-73. [CrossRef]

Bhagat, Y.S; Bhat, R.S.; Kolekar, RM.; Patil, A.C.; Lingaraju, S.; Patil, R.V.; Udikeri, S.S. Remusatia viviparalectin and Sclerotiumrolf-
siilectin interfere with the development and gall formation activity of Meloidogyne incognita in transgenic tomato. Transgenic Res.
2019, 28, 299-315. [CrossRef]

Soliman, H.I.; Abo-El-Hasan, EM.; El-Seedy, A.S.; Mabrouk, Y.M. Agrobacterium-mediated transformation oftomato (Lycopersi-
con esculentum mill.) using a syntheticcrylab gene for enhanced resistance against Tutaabsoluta (Meyrick). J. Microbiol. Biotech.
Food Sci. 2017, 7, 67-74. [CrossRef]


http://doi.org/10.1007/s11627-015-9695-8
http://doi.org/10.1111/pbi.12694
http://www.ncbi.nlm.nih.gov/pubmed/28081289
http://doi.org/10.9755/ejfa.v25i6.13133
http://doi.org/10.5424/sjar/20110901-136-10
http://doi.org/10.1038/ncomms12213
http://www.ncbi.nlm.nih.gov/pubmed/27426014
http://doi.org/10.1093/ee/nvx113
http://doi.org/10.1007/s11738-017-2415-8
http://doi.org/10.1007/s00299-018-2273-x
http://doi.org/10.1088/1755-1315/418/1/012069
http://doi.org/10.1007/s11033-020-05355-0
http://www.ncbi.nlm.nih.gov/pubmed/32128710
http://doi.org/10.3389/fpls.2014.00673
http://doi.org/10.3390/molecules23040748
http://doi.org/10.1111/aab.12568
http://doi.org/10.1007/s11240-017-1287-3
http://doi.org/10.1038/s41598-018-26358-9
http://doi.org/10.1007/s00299-017-2133-0
http://doi.org/10.1007/s11240-017-1262-z
http://doi.org/10.1007/s11248-019-00121-w
http://doi.org/10.15414/jmbfs.2017.7.1.67-74

Stresses 2022, 2 514

162.

163.

164.

165.

166.

167.

168.

169.

170.

171.

172.

173.

174.

Muddanuru, T.; Polumetla, A.K.; Maddukuri, L.; Mulpuri, S. Development and evaluation of transgenic castor (Ricinus communis
L.) expressing the insecticidal protein CrylAa of Bacillus thuringiensis against lepidopteran insect pests. Crop Protec. 2019, 119,
113-125. [CrossRef]

Zhong, Y.; Ahmed, S.; Deng, G.; Fan, W.; Zhang, P.; Wang, H. Improved insect resistance against Spodopteralitura in transgenic
sweet potato by overexpressing CrylAa toxin. Plant Cell Rep. 2019, 38, 1439-1448. [CrossRef] [PubMed]

Rakha, M.; Bouba, N.; Ramasamy, S.; Regnard, ].L.; Hanson, P. Evaluation of wild tomato accessions (Solanum spp.) for resistance
to two-spotted spider mite (Tetranychusurticae Koch) based on trichome type and acylsugar content. Genet. Resour. Crop Evol. 2017,
64,1011-1022. [CrossRef]

Zsoogoon, A.; Céermak, T.; Naves, E.R. De novo domestication of wild tomato using genome editing. Nat. Biotechnol. 2018, 36,
1211-1216. [CrossRef]

Li, J.; Zhu, L.; Hull, J.J. Transcriptome analysis reveals a comprehensive insect resistance response mechanism in cotton to
infestation by the phloem feeding insect Bemisiatabaci (whitefly). Plant Biotechnol. ]. 2016, 14, 1956-1975. [CrossRef]

Unckless, R.L.; Clark, A.G.; Messer, PW. Evolution of resistance against CRISPR/Cas9 gene drive. Genetics 2017, 205, 827-841.
[CrossRef]

Hammond, A.M.; Kyrou, K.; Bruttini, M. The creation and selection of mutations resistant to a gene drive over multiple
generations in the malaria mosquito. PLoS Genet 2017, 13, €1007039. [CrossRef]

Marshall, ].M.; Buchman, A.; Sanchez, C.H.M.; Akbari, O.S. Overcoming evolved resistance to population-suppressing homing-
based gene drives. Sci. Rep. 2017, 7, 3776. [CrossRef] [PubMed]

Young, S.L. Unintended consequences of 21st century technology for agricultural pest management. EMBO Rep. 2017, 18, 1478.
[CrossRef] [PubMed]

Li, T,; Liu, B; Spalding, M.H.; Weeks, D.P; Yang, B. High-efficiency TALEN-based gene editing produces disease-resistant rice.
Nat.Biotechnol. 2012, 30, 390-392. [CrossRef] [PubMed]

Paul, S.K.; Mahmud, N.U.; Islam, T. Impacts of Bt brinjal on economic benefit of farmers and environmental sustainability in
Bangladesh. In Bacilli in Agrobiotechnology; Islam, M.T., Rahman, M., Pandey, P, Eds.; Bacilli in Climate Resilient Agriculture and
Bioprospecting; Springer: Cham, Switzerland, 2022; pp. 539-560.

Islam, M.T.; Bhowmik, PK.; Molla, K.A. CRISPR-Cas Methods; Springer Nature: Berlin/Heidelberg, Germany, 2020; Volume 1, pp.
1-278.

Islam, M.T.; Molla, K.A. CRISPR-Cas Methods; Springer Nature: Berlin/Heidelberg, Germany, 2021; Volume 2, pp. 1-397.


http://doi.org/10.1016/j.cropro.2019.01.016
http://doi.org/10.1007/s00299-019-02460-8
http://www.ncbi.nlm.nih.gov/pubmed/31451933
http://doi.org/10.1007/s10722-016-0421-0
http://doi.org/10.1038/nbt.4272
http://doi.org/10.1111/pbi.12554
http://doi.org/10.1534/genetics.116.197285
http://doi.org/10.1371/journal.pgen.1007039
http://doi.org/10.1038/s41598-017-02744-7
http://www.ncbi.nlm.nih.gov/pubmed/28630470
http://doi.org/10.15252/embr.201744660
http://www.ncbi.nlm.nih.gov/pubmed/28784602
http://doi.org/10.1038/nbt.2199
http://www.ncbi.nlm.nih.gov/pubmed/22565958

	Introduction 
	CRISPR-Cas System and Its Mechanism of Genome Editing 
	CRISPR-Cas Genome Editing in Agriculture for the Management of Insect Pests 
	CRISPR-Cas Genome Editing in Insects 
	CRISPR-Cas-Mediated Gene Drive in Insect Pest Management 
	CRISPR-Cas Technology in Genome Editing of Crop Plants 
	Utilization of Crop Wild Relatives in Insect Resistance by CRISPR-Cas Technology 

	Limitations and Future Perspectives 
	Concluding Remarks 
	References

