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Abstract: While the rapidly increasing global population has led to a dramatically increased demand for the agricultural production, there have
been heavy economic losses owing to various pest attacks on different food crops. The advancement of various biotechnological techniques have
come as a boon in addressing the global concern and leads to the development of novel varieties that have proven to be highly economical,
pesticide resistant and environmentally safe. Evidence suggests that insect-resistant crops have significantly reduced the use of pesticides.
However, the appearance of resistant populations has caused concern and is likely to influence the strategies used to develop new generations of
insect-resistant crops. With limitations on broad-spectrum chemicals, methods such as pheromones and RNAi, both capable of superb species
specificity, may be increasingly valued. The CRISPR/Cas9 genome editing technology has shown great promise for quickly addressing emerging
challenges in agriculture. It can be used to precisely modify genome sequence of any organism including plants to achieve the desired trait.
Compared to other genome editing tools such as zinc finger nucleases (ZFNs) and transcriptional activator-like effector nucleases (TALENs),
CRISPR/Cas9 is faster, cheaper, precise and highly efficient in editing genomes even at the multiplex level. However, while biotechnology may
provide multiple options for novel methods of pest control, many products will require regulatory systems that, for some products and in some
regions, may not yet be in place. Additionally, they will require the support of growers and consumers for which open dialogues, including the
potential of new technologies to contribute to social progress, will be beneficial.
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Introduction
It has been estimated that food production needs to increase by at least 50% over 2005 yields to meet the needs of the 2050 global population
(Razzaq et al., 2021a). Improving crop yields and minimizing pre- and post-harvest losses are critical to achieving these goals. While many factors
from cultivation practices to climate events and outbreaks of pathogens are influential, arthropod pests account for around 20% of global annual
crop losses, valued at over US$ 470 billion (Razzaq et al.,, 2021b). To this end, the ever increasing of population growth together with the
inevitable degradation of natural resources, climate changes and emerging pests are the major constraints that severely affect the trend of
global agricultural production and productivity. Among these production challenges and constraints, abiotic factors [temperature
(chlling/frost or heat), water (drought or flooding) and salts (high salinity or mineral deficiency) and biotic or biological factors (pests) are
responsible for reduction of crop performance and resulting in a lower actual yield than attainable production of crops (Zafar et al., 2020;
Zafar et al., 2021).In some instances pests remain to be one of the major limiting factors in sustaining the productivity of agriculture. Interestingly
these biological factors (pests) can be prevented, controlled and managed there by deploying appropriate plant protection measures. To
tackle these challenges, there is a pressing need to evolve towards more sustainable and modern agricultural practices that can revolutionize
the bioconomy. In the 1990s, new biotechnologies enabled the production of genetically modified (GM) crops (Zafar et al., 2022). The first
example of a transgenic insect-resistant plant was provided by the expression of a cowpea trypsin inhibitor in tobacco (Hilder et al., 1987), and in
1995, ‘NewLeaf’ potatoes expressing the Cry3A protein from Bacillus thuringiensis (Bt) became the first genetically modified crop sold by the
Monsanto Company. Since then, the global area of biotech crops increased from 1.7 million hectares in 1996 to 191.7 million hectares in 2018 with
close to half of this area planted with pest resistant Bt varieties (ISAAA, 2018). In some regions, the adoption rate of Bt crops has been
phenomenal. For example, in India, adoption rates for Bt cotton have been at 95% since 2015. Further, the use of GM crops has led to localized
reductions in chemical pesticide use. For example, adoption of Bt eggplant in India reduced chemical pesticide applications by half while driving a
42% increase in yield (Ahmed et al., 2019). Similarly, planting of Bt cotton in Australia reduced pesticide use by up to 85% (Knox et al., 2006). In
these contexts, one can argue that biotechnology has been successful and has provided a clear advantage over chemical products. However, in some
world regions, these crops remain controversial due to differing perspectives on genetic modification as well as concerns about the emergence of
resistant insect populations. Additionally, while some biotechnology crops have developed as public goods (Ahmed et al., 2019), increased costs
associated with the use of biotechnology limit the spread of these technologies in low-income nations.
In recent years, advances in computational technologies and biotechnologies have provided several alternatives to synthetic chemicals and firstgeneration GM plants. These approaches promise to provide more sustainable and durable solutions. In this review, we will assess the opportunities

1

and challenges afforded by these new technologies, noting that, for a genuine breakthrough, biotechnological innovations need to ensure that
agriculture is socially, economically and environmentally sustainable to serve societies that increasingly recognize the value of biodiversity and
environment (Pellé and Reber, 2015; Sayer et al., 2021).
Genome editing through CRISPR/Cas9 technology
Genome editing allow plant breeders to manipulate crop genomes at the nucleotide level with high precision. In particular, the advent of
prokaryotic-derived Clustered Regularly Interspaced Short Palindromic Repeats (CRISPR)/CRISPR associated protein (Cas) systems and its use in
plant genome editing has been a crucial turning point towards a new era of crop breeding. Cas9 and Cas12a, are two popular RNA guided
engineered nucleases (RGENs) which mediate genome editing, directed by the sequence-specific pairing of a guide RNA (gRNA) to the target
DNA (Jinek et al., 2012). The pace of discovery, both of essential insect traits and of reagents to perturb these traits, has increased dramatically
through molecular biology and genomics, and opportunities for interventions are continuing to expand as technologies (e.g., sustained expression of
multiple stacked transgenes in plants) are optimized and as new technologies (e.g., editing of plant genomes by CRISPR) are introduced. It is now
routine to address crop resistance to insect pests in molecular terms. Specifically, the insect trait is defined in terms of one or multiple gene targets,
and plant resistance is defined as a gene or suite of genes with a product or products that inactivate or otherwise disable the product or products of
the target insect gene or genes. A second consequence of the genomic revolution has been the development of molecular methods to investigate the
composition and function of microbial communities, including unculturable forms, leading to the recognition that the sustained vigor and fitness of
both plants and insects are dependent on interactions with resident microorganisms, collectively known as the microbiome (Douglas, 2015).
Briefly, the Cas9 protein is a DNA-specific nuclease that makes a double-stranded break in DNA at a site guided by the binding of a synthetic
guide RNA. Multiple CRISPR protocols are available, including those with the capacity to generate site-specific indels (often yielding frameshift
mutations), to replace or insert specific sequences, and (by using a deactivated Cas9) to suppress gene expression. In relation to insect pests, the
first applications of CRISPR in crops confer resistance to insect-vectored viruses, especially the geminiviruses, which have DNA genomes
(Fondong, 2017). CRISPR is also the technology of choice to produce new crop varieties in response to insect pest genotypes that break plant
resistance mechanisms. This is because resistant and susceptible alleles of plant resistance loci generally differ by just one or a few nucleotides.
Specifically, CRISPR can be used to edit the susceptible allele to the resistance allele, thereby eliminating the need for extensive crosses and back
crosses by conventional methods. The relative ease with which CRISPR can be applied to edit all copies of a gene makes CRISPR the technology
of choice for polyploid crops. It is becoming increasingly evident that members of the microbiome can influence insect-plant interactions and can
contribute to strategies for enhanced crop resistance to insect pests.
RNA interference (RNAi)
RNA silencing is widespread in animals, plants and microorganisms, and acts as a defense mechanism against abnormal DNA. Napoli et
al. attempted to overexpress chalcone synthase (CHS) in pigmented petunia petals by introducing a chimeric petunia CHS gene. Unexpectedly, they
found that the introduced gene created a block in anthocyanin biosynthesis, which was thought to be due to a co-suppression phenomenon and the
possible involvement of methylation (Napoli et al., 1990). Coincidentally, Guo and Kemphues (1995) injected sense or antisense RNA into a
nematode and observed the same phenomenon (Guo & Kemphues, 1995). In 1998, Fire et al. confirmed that double-stranded RNA (dsRNA) was
more effective at producing RNA interference (RNAi) than sense or antisense RNA. The sense RNA inhibition may come from the dsRNA mixed
during in vitro synthesis, so the sense RNAi effect was actually caused by dsRNA (Fire et al., 1998). The mechanism of dsRNA-mediated gene
silencing is relatively conserved in many eukaryotes (Fire, 2007), where Dicer RNase III type enzymes bind and digest cytoplasmic dsRNA into
small interfering RNA (siRNA) duplexes composed of approximately 21 to 23 dsRNA nucleotides. These siRNA products then function as
sequence-specific interfering RNA in transcript turnover, cleavage and translational control. The detailed mechanism and definition of RNAi in
insects has been described previously in other reviews (Huvenne & Smagghe, 2010; Terenius et al., 2011). Many studies have shown that
silencing a specific target gene can lead to insect developmental disorder or death (Zhu et al., 2011). These gene targets may be useful for
developing high efficiency and low toxicity pesticides. In this review, we first discuss the feasibility, according to existing studies, that have used
RNAi-based technology for pest control. The target gene screen strategies and dsRNA delivery methods will also be discussed; followed by
limitations and possible solutions of RNAi-based strategies for insect pest control.
Molecular Breeding for Pest Management
Among the pest management strategies mentioned above, host plant resistance (HPR) is one of the best control measures that can also be
made more reliable and fast using DNA marker-basedbreeding methods or molecular breeding.DNAmarkers can be routinely employed in
various aspects of plant genome analysis such as characterization of genetic variability, genome fingerprinting, genome mapping, gene
localization, analysis of genome evolution, population genetics, taxonomy, plant breeding, and diagnostics (Jonahet al., 2011; Chauhan and
Kumar,2015). Thus, molecular markers have proven to be invaluable tools for assessing plants’ genetic resources by improving our understanding
with regards to the distribution and the extent of genetic variation within and among species. By using molecular markers, traditional
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phenotype-based selection methods can be bypassed, which involve growing plants to maturity and closely observing their physical
characteristics in order to infer underlying genetic make-up. Lateef (2015) categorized markers in to three major groups based on their
complexity:(i) Low-Throughput Marker Systems (RFLP),(ii) Medium-Throughput Marker Systems (RAPD, SSR, AFLP),(iii) HighThroughput Marker Systems (SNP,(KASPar, GBS)].Alternatively,these markers are also classified as non-PCRbased approaches (RFLP)and
the remaining markers as PCR-based approaches(Chauhan and Kumar (2015). The advantages and disadvantages of these marker systems
are reviewed by some authors (Jonah et al., 2011; Chauhan and Kumar, 2015).
Implications of insect symbiosis for biological control of agricultural pests
The obligate reliance of many insects on their microbial partners provides a potential target for the biological control of devastating agricultural
pests. As such, numerous studies have examined the importance of the associated microorganisms to host fitness and feeding ecology in an effort to
manipulate these partnerships and render insect pests more vulnerable to broad-scale measures of population control by targeting the bacterial
symbionts. Some of the best-studied animal-bacterial mutualisms feature insects specializing on economically important crops, including aphids,
whiteflies, mealybugs, and stinkbugs, as well as many others. Numerous manipulations have been administered to hinder the development and
survivorship of insect pests by targeting the bacterial partner, mainly through the application of antibiotics (Baumann 2005) and/or by disrupting
the symbiont’s transmission route to the next host generation (Salem et al. 2015). While effective in highly controlled conditions (Nogge 1976;
Tsuchida et al. 2004; Hosokawa et al. 2007; Salem et al. 2013), the use of these techniques to target pests in agricultural fields is either unfeasible
technically, economically, and/or ethically, considering the drawbacks associated with antibiotic resistance as a by product of the wide-scale
application of these compounds. However, based on the increasing interest in the development and use of antimicrobial peptides (AMPs) as a tool
to control bacterial populations, coupled with the genetic tractability of some agricultural crops to produce AMPs (Francois et al. 2002), wide-scale
delivery of these compounds via heterologous expression in the host plant may represent a targeted, cost-effective approach that may have broad
implications, both in scale and implementation. It is important to note, however, that AMPs—like antibiotics—could potentially harm mutualistic
bacteria of plants and beneficial insects, so the ecological implications of this approach must be carefully investigated.
Beyond demonstrations that the microbial associates of these agricultural pests influence survivorship and development, there is now growing
evidence that the symbionts can also broaden the range of food plants that the insect host can utilize, which has profound implications for the
economic risks that accompany a switch to an agricultural crop. While chromosomal loci of pea aphids (Acyrthosiphon pisum) have long been
considered as predictors of host plant specialization, findings from Tsuchida and colleagues (2004) demonstrated that symbiotic bacteria can be
similarly impactful, as evidenced by the ability of aphids to utilize white clover following specific infection by a facultative symbiont. Similarly, in
whiteflies (Bemisia tabaci) specializing on sweet potatoes, a recent study has shown that infection by the endosymbiont Rickettsia results in insects
that exhibit greater fecundity, faster development, higher survivorship, and increased production of females than observed in uninfected insects
(Himler et al. 2011). Such benefits are thought to have contributed to the spread of the symbiont across whitefly populations at an unprecedented
rate, thereby significantly impacting the ecology and invasive biology of its host. Along similar lines, the pest status of shieldbugs strongly
correlates with the genotypic signature of their bacterial partner (Hosokawa et al. 2007). Here, the legume-feeding shieldbug Megacopta
cribraria suffered low survivorship and reproductive success when provisioned with soybeans as a sole food source; such effects were reversed
when the insect’s obligate symbionts were exchanged with symbiotic strains originating from the soybean-specializing
shieldbug Megacopta punctatissima (Hosokawa et al. 2007). Consistent with this finding, an invasive population of M. cribraria in North America,
which is utilizing soybeans, has a symbiont population with an overall nucleotide and functional profile resembling that of the Asian pestconferring symbionts in M. punctatissima (Brown et al. 2014).

Multiple Gene Pyramiding and Silencing (MGPS)
Insect pests can acquire resistance against single Bt toxins; therefore, pyramided Bt crops and efficacy of refuge for regulating the evolution of
resistance against Bt-crops were introduced to overcome this resistance (Carrière et al. 2019). Recently, studies have suggested that insect pests
(i.e., P. gossypiella, H. zea, S. frugiperda) have developed tolerance against dual gene pyramided cotton, and refuge also lost its efficacy in case of
non-recessive resistance, i.e., cotton bollworm (Jin et al. 2015). Presently, new strategies are needed to be developed to delay the evolution of
resistance in agricultural pests. Plant-mediated RNAi of essential pest genes involved in defense, detoxification, digestion and development is being
utilized for enhancing tolerance against insects and pests. In recent years, new types of insect resistant transgenic crops have been developed using
RNAi technology or RNAi pyramided with Bt genes (Ni et al. 2017; Zafar et al., 2020a). Ni et al. (2017) developed a pyramid of cotton containing
Bt and RNAi, and found excellent results against cotton bollworm, but also substantially delayed resistance as compare with using Bt alone.
Pyramiding of multiple RNAi expression cassettes against various essential genes involved in defense, detoxification, digestion and development of
agricultural pests will successfully obtain favorable agronomic characters for crop protection and production. The MGPS involves the construction
of transformable synthetic chromosomes, that have multiple distinct Bt toxins and RNAi to knockdown various essential target genes of pest (Ren
et al. 2019). The evolution of resistance in agricultural pests will be delayed or blocked due to synergistic action of high dose of Bt toxins and
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RNAi(s) as well as compliance of ample refuge. The transgenic crops based on MGPS coupled with refuge can be an effective and smart way to
control pests.
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