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REVIEW

Beyond pesticides: next-generation genetic biocontrol technologies for 
sustainable population suppression of agricultural insect pests
Eddie Hill, Robyn Raban and Omar S. Akbari

School of Biological Sciences, Department of Cell and Developmental Biology, University of California, San Diego, La Jolla, CA, USA

ABSTRACT
Chemical insecticides have long been used to control agricultural pests, but their wide
spread application has driven resistance and caused significant ecological and health 
impacts. CRISPR/Cas9-based genetic biocontrol technologies, including the precision- 
guided sterile insect technique (pgSIT) and homing gene drives (HGDs), offer targeted 
alternatives for suppressing pest populations with reduced environmental cost. pgSIT 
produces sterile males without radiation and achieves high mating competitiveness 
without multigenerational persistence. In contrast, HGDs bias inheritance to enable 
sustained population suppression through disruption of essential fertility or viability 
genes, albeit with greater ecological and regulatory considerations. Experimental appli
cations in multiple agricultural pest species demonstrate robust suppression efficacy. 
Emerging innovations, including temperature-inducible pgSIT systems, may further 
streamline mass-rearing and deployment. Together, these approaches have the poten
tial to reduce crop losses and reliance on chemical insecticides while lowering long-term 
management costs. Their successful integration into agricultural systems will depend on 
rigorous risk assessment, regulatory oversight, and stakeholder engagement.
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1. Introduction

Chemical insecticides have long been the cornerstone of global pest and vector control programmes. Their 
effectiveness in suppressing agricultural pests has had major public health and economic benefits. However, 
the widespread use of chemical insecticides has caused significant evolutionary pressure on insect popula
tions and unintended collateral effects on off-target organisms and the environment. Resistance to chemical 
insecticides manifests via multiple mechanisms: target‑site resistance, where mutations reduce the sensitiv
ity of the insecticide’s molecular target [1]; metabolic resistance, involving overexpression or amplification of 
detoxification enzyme systems in the insect [2,3] or their symbionts [4]; penetration or cuticular resistance, 
wherein chemical uptake is reduced via cuticle thickening or composition changes [5,6]; and behavioural 
resistance, where insects avoid or minimize contact with insecticides [7]. These resistance mechanisms often 
co‑occur and, over time, they have severely diminished the efficacy of many insecticide control pro
grammes [8].

The widespread use of chemical insecticides not only drives resistance in target pests but also causes 
substantial off-target ecological and health damage. Lethal and sublethal effects of insecticides on non- 
target beneficial species (e.g. pollinators, parasitoids, and soil-dwelling organisms), include disrupted 
foraging behaviour, reduced reproduction, and altered development [9]. Soil and phyllosphere microbial 
communities are also altered: insecticides (especially neonicotinoids) can reduce microbial diversity, shift 
community composition, and interfere with nutrient-cycling functions [10,11]. The decline of beneficial 
natural enemies (e.g. predators and parasitoids) can destabilize biological control and lead to secondary 
pest outbreaks [109] (Jing Li et al. 2025). Persistent insecticide exposure can bioaccumulate in verte
brates and impair reproduction or endocrine function, threatening wildlife fitness [12], and chronic 
exposure in humans is associated with neurologic, developmental, and endocrine disruption [13]. 
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These ecological and health impacts underscore the need for sustainable, targeted alternatives that 
better support agricultural pest management than conventional chemical insecticides. Collectively, these 
observations highlight that resistance is not an exception, but an expected evolutionary outcome of 
sustained selective pressure.

Over the past decade, the rapid advances in genetic biocontrol technologies have been reshaping how 
entomologists and agricultural pest managers approach insect control. These technologies enable precise 
genetic manipulation of insect populations, including both heritable and self-limiting strategies. Together, 
they represent a shift from broad chemical suppression towards targeted genetic control with reduced off- 
target effects.

Among the most promising of these CRISPR (clustered regularly interspaced short palindromic repeats)/ 
Cas9-based genetic technologies are the precision-guided sterile insect technique (pgSIT) and homing gene 
drive (HGD) systems for targeted control of insect pests. Although CRISPR-based HGDs have also been 
proposed for population modification applications, which spread a beneficial trait into a population, such 
systems fall outside the scope of this review, which focuses exclusively on suppression strategies relevant to 
agricultural pest management. This review examines how these suppression strategies represent the leading 
edge of a new era in agricultural pest management. We compare the molecular architectures, population- 
genetic behaviour, and deployment considerations of pgSIT and CRISPR/Cas9-based HGDs, with particular 
emphasis on suppression-type designs intended to reduce pest population size by disrupting genes 
essential for fertility, viability, or sex determination. We also discuss biosafety, regulatory, and ecological 
considerations that influence their deployment.

While recent reviews have summarized the development and application of CRISPR-based biocontrol 
technologies [14–16], fewer studies have explicitly examined how evolutionary constraints and deployment 
context shape the relative performance and suitability of self-limiting versus self-propagating systems in 
agricultural settings. Here, we synthesize these technologies through a comparative, evolution-informed 
framework that emphasizes resistance dynamics, ecological containment, and operational scalability. Rather 
than advocating a single universal solution, we argue that deployment strategies should be context- 
dependent, with self-limiting systems such as pgSIT representing a robust and controllable first-line 
approach in many agricultural applications, and gene drives potentially serving as complementary tools in 
scenarios where sustained suppression of residual populations is required.

2. From sterile insect technique to next-generation genetic suppression

2.1. Traditional and symbiont-based sterile insect technique approaches

The sterile insect technique (SIT) has historically been the gold standard method for suppressing insect 
populations without reliance on chemical insecticides. In its traditional form, SIT relies on mass-rearing 
insects, sterilizing them with ionizing radiation, and releasing these (ideally males only) into the environment 
to mate with females and reduce the population size [17]. This approach has been successfully demonstrated 
in multiple agricultural pests [18–20]. SIT is inherently self-limiting and species-specific, making it an 
attractive framework for environmentally conscious pest control. Pre-CRISPR SIT-like approaches used 
genetic engineering to induce dominant or sex-specific lethality. These include the release of insects carrying 
a dominant lethal (RIDL) [21], female-specific RIDL (fsRIDL) [22], and autosomal-linked X-chromosome 
shredders [23], each of which aims to reduce reproductive output through engineered genetic mechanisms 
rather than irradiation.

Non-transgenic and symbiont-based approaches have also been developed to achieve SIT-like outcomes. 
The incompatible insect technique (IIT) exploits Wolbachia-induced cytoplasmic incompatibility to generate 
embryonic lethality and has been applied in agriculturally relevant pests, including the Mediterranean fruit 
fly (Ceratitis capitata) [24], one of the most globally destructive tephritid pests [25,26]. In these systems, 
matings between infected males and wild females fail to produce viable offspring, thereby mimicking SIT 
without the need for irradiation. Hybrid SIT/IIT strategies combine low-dose irradiation with Wolbachia- 
based incompatibility to mitigate the risk of accidental female release while preserving male mating 
competitiveness; this approach has been demonstrated in mosquitoes but has not yet been widely applied 
in agricultural pests [27].
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Despite these advances, most SIT and SIT-like strategies remain constrained by both biological and 
technical limitations. Radiation-sterilized or genetically modified males often exhibit reduced fitness and 
mating competitiveness relative to wild-type males, limiting field effectiveness [28]. X-chromosome shred
ders are restricted to species with male heterogamety (XY males), as they rely on selective cleavage of the 
X chromosome during spermatogenesis, and are therefore not applicable in taxa with female heterogamety 
(ZW females), including many agriculturally important species such as lepidopterans. These constraints have 
limited the scalability, robustness, and cross-species applicability of conventional SIT-like approaches.

In IIT-based systems, strict male-only release is essential; accidental release of even a small number of 
infected females can result in establishment of Wolbachia in the target population and loss of suppression 
efficacy (The Project Wolbachia – Singapore Consortium and [29]). More broadly, these approaches often 
depend on precise sex sorting, tightly regulated gene expression systems, or external sterilization methods, 
which can limit scalability, robustness, and cross-species adaptability. As a result, there remains a need for 
more precise, flexible, and scalable genetic strategies for population suppression. These limitations have 
motivated the development of next-generation CRISPR-based approaches, such as precision-guided sterile 
insect technique (pgSIT), Temperature-inducible pgSIT (TI-pgSIT) and gene drives, which are designed to 
overcome many of these constraints through programmable gene disruption.

2.2. CRISPR/Cas9-enabled population suppression

The emergence of CRISPR/Cas9 genome editing has fundamentally reshaped the design space for SIT-like 
technologies, enabling precise, programmable, and efficient genetic disruption. The CRISPR system uses 
a programmable guide RNA (gRNA) that directs the Cas9 enzyme to a specific DNA sequence in the genome 
[30]. Cas9 functions as an endonuclease that introduces targeted double-strand breaks in the DNA. This 
capability has enabled the development of next-generation suppression systems. These systems retain the 
self-limiting advantages of SIT while overcoming many of its historical constraints.

Recent work in C. capitata has established critical CRISPR/Cas9 components that set the stage for targeted 
gene disruption [31]. In this study, researchers developed and characterized a novel split‑CRISPR/Cas9 
framework termed Sex Conversion Induced by CRISPR (SCIC), achieving up to 100% editing efficiency at 
a marker locus and demonstrating feasibility of binary Cas9/gRNA expression systems in this species. By 
targeting the transformer (tra) gene within this split system, they induced strong female‑to‑male sex 
conversion, producing sterile intersex females, a self‑limiting outcome designed to suppress populations 
without a gene drive. Population modelling predicted that SCIC releases could accelerate population decline 
with fewer released sterile males compared with traditional radiation‑based SIT, establishing both an 
efficient CRISPR toolkit and proof‑of‑principle for sex‑conversion‑based suppression in this major agricultural 
pest.

In parallel, CRISPR/Cas9 has been applied to other agricultural tephritid pests to impair reproductive 
function directly. In the oriental fruit fly (Bactrocera dorsalis), CRISPR/Cas9‑mediated knockout of the sex 
peptide receptor (Bdspr) gene substantially reduced female fertility, oviposition rate, and egg viability, 
demonstrating that targeted disruption of reproductive pathways can produce sterility phenotypes relevant 
for suppression programmes [32]. These females also exhibited smaller, underdeveloped ovaries, delayed 
sexual maturation, and reduced mating receptivity, highlighting multiple reproductive dysfunctions that 
could be exploited for population control. Additionally, targeted edits of spermatogenesis‑related gene 
Bdtektin1 in B. dorsalis produced males with impaired sperm development, reduced ejaculate quality, and 
significantly decreased progeny output in crosses with wild‑type females, identifying the gene as 
a promising target for CRISPR‑based male sterility strategies in this economically important horticultural 
pest [33]

Beyond Diptera, CRISPR/Cas9‑mediated mutagenesis of sex‑specific splice variants of the doublesex (dsx) 
gene in the fall armyworm (Spodoptera frugiperda), a globally invasive lepidopteran pest, caused dramatic 
developmental abnormalities. Mutant individuals displayed malformed genitalia, intersex characteristics, 
and impaired sexual differentiation, effectively rendering both males and females reproductively non‑func
tional [34]. These results indicate that disruption of conserved sex‑determination pathways provides another 
route for genetic suppression in Lepidopteran pests, complementing the approaches demonstrated in 
tephritid flies. While these approaches establish proof-of-concept for targeted sex conversion and sterility, 
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they generally require labour-intensive generation of specific mutant lines and do not yet integrate into 
a scalable, operational release strategy analogous to classical SIT. These studies, however, laid the conceptual 
and technical foundation for the development of pgSIT, which operationalizes these CRISPR-based mechan
isms into a practical, mass-release system for population suppression. Overall, these studies illustrate how 
CRISPR-based approaches shift suppression from externally imposed interventions to genetically pro
grammed outcomes.

3. Precision‑guided sterile insect technique

Building directly on CRISPR-enabled advances in SIT-like technologies, the precision-guided sterile insect 
technique (pgSIT) was developed as a next-generation, non-heritable genetic system that produces sterile 
males and non-viable females in a single generation for population suppression. The CRISPR-based pgSIT 
system is a binary design consisting of one line expressing guide RNAs (gRNAs) targeting genes essential for 
female viability and male fertility (Figure 1(A)), and a second line expressing the Cas9 endonuclease. 
Individually, these parental lines are genetically stable and inactive, with no target-site mutagenesis; 
however, when intercrossed, pgSIT is activated, inducing targeted DNA double-strand breaks. This architec
ture enables a near-complete separation between inactive (‘off’) parental lines and the active (‘on’) F1 
generation, minimizing leaky expression during colony maintenance and reducing unintended fitness 
costs. The host cell’s repair machinery, primarily the error-prone end joining (EJ) pathway, repairs these 
breaks, often introducing insertions or deletions that disrupt coding sequences and generate loss-of- 
function alleles [35,36].

A defining feature of pgSIT is the combined maternal and zygotic activity of Cas9/gRNA complexes, which 
drives early, biallelic gene disruption and results in highly penetrant phenotypes across individuals [35]. In 

Figure 1. Next-generation genetic biocontrol strategies for agricultural pest suppression. (A) Precision-guided sterile insect 
technique (pgSIT). Two parental lines-one expressing Cas9 and the other expressing guide RNAs (gRnas)—are crossed to 
generate F1 offspring in which CRISPR/Cas9 activity disrupts genes required for female viability and/or male fertility. This 
results in sterile males and non-viable or intersex females. Because these edits are not inherited, pgSIT is a self-limiting 
system that requires repeated releases to maintain population suppression. A temperature-inducible configuration is also 
illustrated, in which Cas9 expression is activated under elevated temperature conditions. (B) homing gene drives (HGDs). 
A gene drive cassette encoding Cas9 and gRNA is inserted into a target locus. Following Cas9-mediated cleavage of the 
homologous wild-type allele, homology-directed repair copies the drive cassette into the cut site, resulting in super- 
Mendelian inheritance. In suppression-type HGDs, integration disrupts genes essential for fertility or viability, enabling the 
drive to spread through populations and potentially achieve sustained suppression.
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contrast to conventional SIT, which relies on radiation-induced sterility, and earlier genetic systems such as 
RIDL and female-specific RIDL (fsRIDL), which depend on tightly regulated toxin expression, pgSIT achieves 
sterility through direct CRISPR-mediated gene disruption. Targeting specific genes required for fertility or 
female development produces males that are sterile due to disrupted spermatogenesis and females that 
either fail to develop properly or become non-reproductive intersex individuals. Because pgSIT-induced 
matings yield no viable offspring – often resulting in unhatched eggs rather than larval mortality – each 
mating contributes maximally to population suppression, a feature that may be advantageous in agricultural 
contexts where larval damage is a concern. As illustrated in Figure 1(A), this binary system enables controlled 
activation of CRISPR-mediated disruption exclusively in the F1 generation.

In a landmark study in Drosophila melanogaster, crosses between Cas9 and gRNA lines produced 100% 
sterile male offspring, demonstrating complete penetrance driven by continuous biallelic disruption 
throughout development [35]. Importantly, pgSIT males retained strong mating competitiveness (~78% of 
wild-type), substantially outperforming fsRIDL males (~5%) [37,38]. Because sterility and female lethality are 
developmentally pre-programmed, pgSIT insects can be released at multiple life stages (e.g. eggs, larvae, 
pupae, or adults), providing greater operational flexibility than conventional SIT, which typically relies on sex- 
sorted adult male releases. Additionally, pgSIT exhibits a production amplification effect: each parental cross 
produces large numbers of sterile male offspring, in contrast to conventional SIT where each released insect 
must be independently sterilized, thereby improving mass-rearing efficiency.

As a self-limiting and non-heritable system, pgSIT does not persist or spread in the environment, reducing 
the potential for resistance evolution since disruptive alleles are not inherited or subject to long-term 
selection. This also provides an important safety advantage over gene drive systems, as population suppres
sion ceases once releases stop. Although maintaining two parental strains introduces some upstream 
complexity, this design enhances genetic stability during colony maintenance and ensures that only non- 
breeding F1 individuals are released.

Since its initial development [35], pgSIT has been successfully implemented in multiple dipteran species, 
including Aedes aegypti [39], Anopheles gambiae [40], and Drosophila suzukii [41]. These studies demonstrate 
that pgSIT can be readily adapted across species using conserved gene targets and modular CRISPR/Cas9 
components. Across systems, pgSIT consistently achieves complete male sterility, efficient female elimina
tion, and high mating competitiveness, highlighting its potential as a broadly applicable and controllable 
strategy for insect population suppression.

3.1. pgSIT in the crop pest, Drosophila suzukii

Drosophila suzukii is a major agricultural pest that causes severe economic losses in soft- and thin-skinned 
fruits – including cherries, blueberries, blackberries, raspberries, strawberries, and grapes – by ovipositing 
into ripening fruit [42,43]. To address this challenge, pgSIT was successfully engineered in D. suzukii, 
producing 100% sterile male offspring while eliminating reproductive females through developmental 
lethality or conversion into non-reproductive intersex individuals [41]. This was achieved by targeting sex- 
specific exons in key sex-determination genes—sex lethal (sxl), transformer (tra), and doublesex (dsx) – in 
combination with disruption of both exons of the male-specific spermatogenesis gene βTubulin 85D (bTub). 
Cas9 was expressed under the germline-specific vasa promoter (vas-Cas9), enabling precise CRISPR- 
mediated disruption of these targets. In a follow-up study, pgSIT males were shown not only to be sterile 
but also to lack mature sperm and induce a refractory mating period in wild-type females. Consistent with 
this, sperm DNA was not detected in the reproductive tracts of females mated with pgSIT males [44], 
indicating effective mating interference in addition to sterility. Together, these findings demonstrate that 
the modular pgSIT framework can be successfully translated from model organisms to economically 
important crop pests using conserved genetic targets.

The D. suzukii pgSIT system has been evaluated in both laboratory and semi-field studies. Discrete- 
generation assays indicated modest fitness costs in vas-Cas9 males, such as slightly reduced competitiveness 
relative to wild-type males; however, population-level suppression experiments demonstrated robust effi
cacy [41]. When pgSIT males were released into small laboratory populations at 3:1 or 5:1 ratios relative to 
wild-type males, rapid population collapse occurred within five to seven generations. Suppression was 
sustained despite the high remating frequency of D. suzukii females, confirming that pgSIT males remain 
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highly competitive in mixed populations. This study provided the first direct evidence that pgSIT can be 
successfully applied to an invasive agricultural pest, highlighting its potential as a self-limiting, genetically 
based strategy for crop protection. More recently, initial contained field trials of pgSIT-modified D. suzukii 
have been conducted in commercial agricultural settings in California and Oregon [45]. Collectively, these 
results demonstrate that pgSIT can achieve robust, highly penetrant reproductive suppression in D. suzukii, 
supporting its potential as an effective, species-specific strategy for controlling this economically important 
pest. Despite these advantages, pgSIT still requires parental crosses and sex sorting, motivating the devel
opment of next-generation systems that further simplify deployment.

3.2. Next generation pgSIT: temperature-induced pgSIT

For many agricultural pest species, release of females can be problematic as they directly contribute to crop 
damage (e.g. D. suzukii, Medflies). In traditional SIT programs, sex sorting is performed at the pupae/adult 
stage, and each sorted male is sterilized then released, resulting in an approximately 1:1 relationship 
between sorting effort and released males. In contrast, pgSIT fundamentally amplifies this process: each 
sorted female used in the parental crosses can produce hundreds of offspring (e.g. can lay ~200 eggs) [46], of 
which approximately half are sterile males. This results in an effective sorting-to-release ratio on the order of 
~1:100, depending on species fecundity, substantially improving scalability and reducing labour require
ments [40].

In pgSIT, sex sorting is required to establish the parental crosses between Cas9 and gRNA lines that 
generate sterile male progeny which can be viewed as a limitation [47]. However, because sorting occurs at 
the parental generation rather than the release generation, the overall burden is greatly reduced. Despite 
this advantage, manual sex sorting remains logistically challenging at scale, motivating the development of 
automated or genetic sexing approaches. For example, Sexing Elements Produced by Alternative RNA- 
splicing of A Transgenic Observable Reporter (SEPARATOR) is a fluorescence-based system that distinguishes 
males and females via sex-specific markers. This approach has been developed in several species and enables 
high-throughput sorting compatible with SIT workflows [48–52], although it has not yet been integrated into 
pgSIT.

Related efforts to streamline production pipelines include recent work by Davydova et al. [53], who 
developed a cisgenic sexing strain in C. capitata that enables efficient and scalable separation of sexes 
through the disruption of endogenous genes to produce distinct sex-specific pupal colour [53]. In this 
genetic sexing system (GSS), a sex-specifically alternatively spliced intron from the endogenous transformer 
(tra) gene is engineered into the white pupae (wp) gene. This modification allows an intron excision to restore 
gene function in females and results in brown pupae, whereas in males, aberrant splicing disrupts wp 
function, producing white pupae. This system enables rapid, cost-effective sex separation based on a simple 
visual marker that could be sorted with a rice sorting system that is readily available. Because it relies on 
minimal, cisgenic modifications exclusively using endogenous regulatory elements, it maintains high genetic 
stability and organismal fitness compared to traditional GSS approaches that rely on sex-chromome linkage 
and can be broken by recombination. As a result, it offers a scalable and broadly applicable strategy to 
improve the efficiency of sterile insect technique (SIT) programmes. Such advances highlight the potential 
for integrating genetic sexing strategies with pgSIT and other SIT technologies to further reduce production 
bottlenecks and enhance scalability.

Temperature-inducible pgSIT (TI-pgSIT) systems remain at an early stage of development, with experi
mental validation currently limited to Drosophila melanogaster, and have not yet been demonstrated in non- 
drosophilid agricultural pest species. To circumvent the need for marker-based sex separation, researchers 
have also developed the innovative temperature-inducible pgSIT (TI-pgSIT) system [54]. In TI-pgSIT, expres
sion of Cas9 is controlled by a heat-responsive promoter (i.e. Hsp70Bb), enabling a single true-breeding 
transgenic strain to produce sterile males when exposed to elevated temperatures (permissive versus 
activating temperature regimes) without the need for sex sorting or interstrain crosses. When embryos or 
larvae harbouring a TI-pgSIT cassette are reared at a baseline permissive temperature (i.e. 18°C), both males 
and females develop normally, and the strain can be maintained as a mixed stock. Upon shifting to an 
activating temperature regime (i.e. development at 26°C combined with a 2-h heat shock at 37°C), Cas9 
expression is robustly induced, resulting in fully penetrant pgSIT phenotypes.
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In parallel, the temperature-regulated activity of alternative CRISPR nucleases such as Cpf1/Cas12a offers 
an intuitive strategy to confer temperature dependence on sterile insect production without relying on 
inducible promoters [55]. In a temperature-sensitive Cas12a-based pgSIT system, a single strain carrying both 
the nuclease and gRNAs can be maintained at low temperatures (i.e. 18°C) where Cas12a activity is minimal, 
and then switched to a higher temperature (i.e. 29°C) to activate nuclease activity and produce sterile males 
with suppressed female survival in a single generation [56]. Phenotypic assays confirmed that at activating 
temperatures, Cas12a-pgSIT strains reliably yielded sterile males and high levels of female lethality, while 
maintaining minimal fitness costs during permissive rearing.

Although TI-pgSIT systems have thus far undergone limited experimental validation and have not yet 
been implemented in major agricultural pests, these approaches directly address key logistical barriers to 
field deployment, including strain maintenance, sex separation, and scalable mass-rearing without the need 
for sex sorting. Incorporation of temperature-regulated Cas9 or Cas12a architectures into agricultural pest 
species could therefore substantially streamline production pipelines for orchard- and vineyard-scale 
releases. However, any leaky expression of the nuclease under permissive conditions could lead to unin
tended target-site mutations in the stock colony, potentially compromising strain integrity and posing 
challenges for large-scale rearing and deployment. D. suzukii would be a logical candidate for such future 
development. In contrast to these self-limiting approaches, gene drives are designed to spread through 
populations, introducing distinct evolutionary opportunities and challenges.
pgSIT offers several advantages over gene drive-based strategies, including its self-limiting nature, reduced 
ecological risk, and inherent resistance to resistance evolution due to its non-heritable design. However, 
these benefits come with operational tradeoffs, including the need for sustained mass rearing and repeated 
releases, potential fitness costs affecting mating competitiveness, and challenges in scaling across large or 
fragmented landscapes. Additionally, emerging variants such as temperature-inducible pgSIT remain largely 
unvalidated outside model systems, highlighting the gap between conceptual innovation and field-ready 
deployment

4. CRISPR/Cas9-based homing gene drives for population suppression

4.1. Mechanism and dynamics of CRISPR/Cas9-based homing gene drives

CRISPR/Cas9-based HGDs differ fundamentally from self‑limiting approaches such as pgSIT and confer 
distinct opportunities and challenges for long‑term pest suppression in agricultural landscapes (Figure 1B). 
In this section, we focus on HGDs developed for population suppression of agricultural pests, in which the 
drive cassette disrupts genes essential for female fertility, viability, or sex determination. A CRISPR/ 
Cas9‑based HGD construct is normally engineered as a cassette that includes (1) a nuclease such as Cas9 
capable of generating targeted double‑strand DNA breaks, (2) one or more gRNAs that precisely direct the 
nuclease to a chosen genomic sequence, and (3) flanking homology arms that match sequences adjacent to 
the cut site to facilitate homology‑directed repair (HDR) after cleavage [57,58]. In a typical HGD, this cassette 
is inherited into one chromosome of a heterozygous individual, and during gametogenesis the Cas9/gRNA 
complex cleaves the corresponding wild‑type allele on the homologous chromosome. As shown in 
Figure 1B, homing gene drives propagate through populations via homology-directed repair following Cas9- 
mediated cleavage. The resulting double‑strand break – if occurring in germline cells – triggers the host’s 
HDR machinery, which uses the drive‑containing chromosome as a repair template, thereby copying the 
entire gene drive cassette into the previously wild‑type chromosome in a process known as ‘homing’ [57,58]. 
As a result, individuals that were once heterozygous for the drive become homozygous, and nearly all 
gametes produced can carry the engineered allele rather than the wild‑type sequence. This super‑Mendelian 
inheritance can exceed 90% transmission in many systems, far surpassing the standard 50% inheritance 
under Mendelian segregation and enabling the rapid spread of the drive in a population over successive 
generations via repeated mating events [16]. In such suppression drives, inheritance of the drive imposes 
a fitness cost, predominately to females, rendering them sterile or non-viable. These mechanistic principles 
provided the foundation for early experimental implementations of HGDs in agricultural pests. Despite these 
advances, CRISPR-based suppression gene drives in agricultural pests remain limited to a small number of 
species and have not yet been deployed in field settings.
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4.2. HGD development in Drosophila suzukii

Foundational work in D. suzukii first focused on the development of a synthetic Medea toxin-antidote 
gene drive system – mechanistically distinct from CRISPR/Cas9-based HGDs – a threshold-independent 
system in which maternally deposited toxins eliminate progeny that fail to inherit a linked antidote [59]. 
Buchman and colleagues engineered a fully functional Medea system in D. suzukii, demonstrating near- 
complete segregation distortion and stable multigenerational transmission. This study provided the first 
empirical evidence that a synthetic population-modifying drive could operate robustly in a major 
agricultural pest.

The first CRISPR/Cas9-based HGD in D. suzukii targeted female-specific exons in the essential fertility and 
sex-determination gene, dsx [60]. This dsx drive achieved homing efficiencies exceeding 94–99%, resulting in 
complete female sterility in homozygous carriers and substantial modelled suppression potential [60]. These 
results demonstrate that: (1) D. suzukii supports high-efficiency germline homing; (2) essential sex-specific 
targets can be effectively exploited in suppression drives; and (3) drive-mediated sterility can propagate 
robustly in this species. However, high rates of EJ-mediated indels at the gene drive target site were common 
in this dsx drive. Although these indels were non-functional in small-scale laboratory studies, the experi
ments were conducted in relatively limited genetic backgrounds and did not include long-term outcrossing 
to diverse populations, making it difficult to assess whether functional resistance alleles would emerge and 
persist under more realistic conditions. Further evaluation is needed to determine whether functional indels 
would arise and persist in large, genetically diverse populations, potentially leading to drive failure. Together, 
these studies highlighted the increasing utility of CRISPR/Cas9-based HGDs for agricultural pest suppression.

4.3. HGD research in Ceratitis capitata

CRISPR/Cas9-based HGDs have also been engineered in C. capitata [61], which targeted transformer (tra), 
a key regulatory node in the sex determination cascade [62]. The drive, termed a sterilizing sex conversion 
drive (SSC), induces genetic females inheriting the drive to develop as phenotypic males, producing sterile or 
minimally fertile individuals and resulting in male-biased sex ratios that intensify suppression as the drive 
spreads. This combined homing-sex-conversion system leverages species-specific biology to amplify sup
pression efficiency, reduce the formation of resistant alleles, and expand beyond classical female-sterility 
drive designs. Modelling suggests that this SSC design is more tolerant of functional resistance alleles that 
could otherwise lead to drive failure. However, experimental studies did not assess the frequency or nature 
(functional vs. non-functional) of resistance alleles produced. Future studies in agricultural pest systems 
should therefore explicitly quantify not only the molecular frequency of resistance alleles, but also their 
fitness effects, as these will ultimately determine their persistence and impact on drive performance. The 
authors note that, over time, functional resistance alleles in female fertility genes could accumulate in 
phenotypic males as the population becomes increasingly male-biased, thereby reducing their selective 
advantage relative to non-functional alleles. These dynamics underscore that the success of HGDs depends 
not only on molecular efficiency, but on their ability to withstand evolutionary processes such as resistance 
formation and fitness trade-offs.

4.4. Evolutionary constraints and resistance dynamics in homing gene drives

A central challenge for CRISPR/Cas9-based homing gene drives is the evolution of resistance alleles that 
disrupt target site recognition or cleavage. Following Cas9-mediated double-strand breaks, repair via error- 
prone end-joining pathways frequently generates insertions or deletions that can render the target locus 
resistant to further cleavage. When such alleles retain gene function (i.e. functional resistance alleles), they 
can be strongly favoured by selection and rapidly increase in frequency, ultimately leading to drive failure. 
The rate at which resistance evolves depends on multiple interacting factors, including cleavage efficiency, 
the balance between homology-directed repair and end-joining pathways, the fitness cost associated with 
resistance alleles, and the release ratio of drive-carrying individuals. Modelling and experimental studies 
suggest that resistance alleles can emerge and spread within tens of generations, particularly in genetically 
diverse populations and when drive efficiency is imperfect [63,64].
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Life-history traits of agricultural pests may further accelerate resistance evolution. Species characterized 
by high fecundity, short generation times, and large effective population sizes – common features of many 
crop pests – provide abundant opportunities for de novo mutation and rapid selection, increasing the 
likelihood that resistance alleles will arise and persist. In such systems, even rare functional resistance alleles 
can expand quickly under strong selective pressure imposed by suppression drives.

In contrast, self-limiting systems such as pgSIT are inherently robust to resistance evolution because their 
effects are confined to a single generation and do not rely on inheritance for efficacy. Target-site mutations 
in wild populations do not compromise pgSIT performance, as released sterile males act as reproductive 
dead ends and do not propagate modified alleles. As a result, pgSIT imposes minimal sustained selective 
pressure for resistance compared to homing gene drives, representing a fundamentally different evolution
ary profile. These distinctions highlight that while HGDs offer the potential for sustained suppression, their 
long-term effectiveness depends critically on managing resistance evolution, whereas pgSIT provides a more 
evolutionarily stable but operationally intensive alternative.

5. Prospective genetic control targets for pgSIT and HGD technologies

Both pgSIT and HGDs are being actively considered to reduce populations of other agricultural pests in 
ecologically and economically significant crops. Prospective targets span Lepidoptera, Hemiptera, and 
Coleoptera – taxonomic groups that collectively account for the majority of global crop losses and exhibit 
distinct reproductive, genomic, and ecological characteristics relevant to the design, feasibility, and imple
mentation of genetic control strategies [14].

5.1. Lepidoptera

After flies, lepidopterans are the insect order with the most expansive genetic tools and resources available 
to develop genetic control tools. Multiple genes involved in sex determination, such as dsx and Masculinizer 
(masc) have been functionally characterized, and exhibit strong functional conservation across moth species 
[65–67]. In the cruciferous plant pest, Plutella xylostella, CRISPR-mediated disruption of these targets 
produces predictable intersex or female-lethal phenotypes [67], providing a robust foundation for sex- 
biased pgSIT constructs. Classical lepidopteran genetic systems further reinforce feasibility, including female- 
specific, tetracycline-repressible lethality platforms such as OX4319L, originally developed for P. xylostella 
[68] The Piggybac transposon system has also successfully been used to genetically engineer multiple 
Lepidopteran targets: Bombyx mori [69,70], Spodoptera frugierda [71], and P. xylostella [70,72]. However, 
despite this strong empirical foundation, the practical deployment of pgSIT and related genetic SIT 
approaches remains contingent on scalable mass-rearing and release infrastructure. Achieving efficient, 
high-throughput production of target lepidopteran species has historically limited traditional SIT pro
grammes [28,73], and similar constraints will need to be addressed for these genetic technologies to be 
operationally viable at field scale.

Programmable nucleases have also enabled more precise genome engineering approaches in lepidop
terans. In B. mori, TALEN-mediated homologous recombination was used to site-specifically integrate a Cas9 
transgene into the W female sex chromosome, resulting in female-specific Cas9 expression, as the 
W chromosome is present only in ZW females and absent in ZZ males [74]. Complementary sgRNA- 
expressing lines were generated by piggyBac-mediated insertion of a gRNA targeting B. mori transformer-2 
gene (Bmtra2) into autosomal or Z-linked chromosomes. When these strains were crossed, female embryos 
co-expressing Cas9 and the sgRNA experienced targeted disruption of Bmtra2, leading to early embryonic 
lethality, whereas male progeny – lacking Cas9 expression – remained viable. Collectively, this work estab
lishes both proof-of-concept and technical feasibility for sex chromosome – specific genome engineering in 
Lepidoptera, providing a foundation for sex-specific lethality, early sex sorting, and genetic control strategies 
in pest species.

HGD development in Lepidoptera has progressed more slowly due to intrinsic biological constraints. 
In P. xylostella, both global and split CRISPR/Cas9-based HGD constructs have been successfully 
engineered, integrated, and inherited, with detectable but modest HDR-based homing efficiencies 
(6.67–12.59%), providing proof of principle that HGD mechanisms can operate in lepidopteran 
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genomes [75], but not yet achieving reliable germline homing or autonomous population-level spread. 
Instead, high rates of NHEJ and resistant allele formation impeded homing mechanisms [75]. Earlier 
attempts to build HGDs in this species resulted in no biased inheritance [76]. Lineage-specific sex- 
determination systems – often involving ZW chromosomes, W-linked piRNAs, and rapidly evolving 
regulatory elements [77–80] - complicate the design of robust autonomous and sex-ratio – distorting 
drives.

5.2. Hemiptera

While genetic control approaches for hemipteran pests remain in the early stages of development, sub
stantial recent progress has been made in CRISPR/Cas9-based genome engineering and, in a subset of 
species, stable transgenesis. For example, targeted mutagenesis has been achieved in the whitefly, Bemisia 
tabaci [81,82], the Asian citrus psyllid, Diaphorina citri [83], the Brown planthopper, Nilaparvata Lugens [84], 
the southern green stink bug, Nezara viridula [82], the glassy-winged sharpshooter, Homalodisca vitripennis 
de Souza [85], and aphids including Acyrthosiphon pisum [86,87]. Across these systems, genome editing has 
typically relied on embryonic microinjection or maternally deposited Cas9/gRNA systems, and in multiple 
cases, germline transmission of edited alleles has been demonstrated, establishing proof-of-principle for 
stable genome modification.

Because reproducible germline transgenesis remains challenging in several hemipteran taxa – most 
notably aphids and leafhoppers – owing to technical barriers associated with embryology, dependence on 
obligate symbionts, and limited characterization of regulatory elements [88], basic tools and methodologies 
need to be developed before genetic technologies are practical for most hemipterans. If these are estab
lished, however, pgSIT is a particularly compelling option for population suppression, since it is homing 
independent, not requiring the less consistent and timing-dependent HDR repair process to achieve 
inheritance. Genes involved in sex determination, such as dsx, have been characterized in some hemipterans 
[89], providing potential target for pgSIT and gene drive systems. Genetic control strategies in Hemiptera 
remain largely speculative, however, as they depend on stable germline transformation and precisely 
regulated expression from genomic loci that are not yet broadly accessible in this order [88]. Moreover, 
biological features such as holocentric chromosomes and clonal reproductive modes further complicate 
genetic control innovations in hemipterans [90,91]. Looking forward, the rapid and continued expansion of 
high-quality hemipteran genome assemblies is expected to accelerate these efforts by facilitating the 
discovery of tissue- and stage-specific regulatory elements.

5.3. Coleoptera

Progress towards genetic control of coleopteran pests also remains limited by the availability of the 
necessary genetic tools and resources [92,93]. Nonetheless, successful piggyBac-mediated transgenesis in 
the invasive ladybird beetle, Harmonia axyridis, the corn pest, Diabrotica virgifera, and the stored 
products pest, Tribolium castaneum, demonstrates that the foundational genetic infrastructure required 
for genetic control technologies exists in Coleoptera and could be extended to other agriculturally 
important species as molecular tools and regulatory elements are further refined [94–97]

Efforts to develop HGD systems in Coleoptera have largely centred on T. castaneum, where efficient 
genome editing has been repeatedly demonstrated but heritable drive has not yet been achieved. Initial 
studies established robust CRISPR/Cas9 knock-out and knock-in capabilities, including homology-directed 
replacement of reporter constructs, providing proof-of-concept for precise CRISPR genome engineering in 
beetles [98]. Subsequent development of transgenic Cas9-expressing lines enabled high-frequency muta
genesis following injection of single-guide RNAs alone, substantially reduced experimental complexity and 
improved reproducibility [99]. Despite these advances, attempts to generate HGDs have thus far failed to 
detect biased inheritance, even in the presence of high target-site cleavage rates, suggesting that HDR is 
inefficient in the beetle germline [100]. These findings highlight the need for improved germline-specific 
promoters, optimized timing and localization of Cas9 expression, and enhanced donor template design to 
favour HDR over end-joining pathways.
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6. Biosafety, regulation, and ethical considerations

The deployment of advanced genetic control technologies raises important biosafety, regulatory, and ethical 
considerations. While these approaches can reduce reliance on chemical insecticides and enable targeted 
pest suppression, they also introduce risks related to ecological disruption, off-target effects, and unintended 
spread [101,102]. Ecological risk is a central concern, particularly for HGDs, which are designed to spread 
rapidly through wild populations. Modelling studies suggest that small releases could lead to near-fixation 
within 15–20 generations under ideal conditions [103], potentially causing strong population suppression or 
local extinction with downstream ecological effects [63,104]. However, genetic diversity and the emergence 
of resistance alleles will likely limit long-term spread, especially for suppression drives that impose high 
fitness costs and require high homing efficiency [64]. These dynamics highlight the need to integrate 
molecular design with ecological context to ensure responsible deployment.

Given these uncertainties, more containable approaches such as pgSIT and TI-pgSIT provide important 
alternatives. Like conventional SIT, these systems are self-limiting and do not persist beyond the release 
generation, requiring repeated releases for sustained suppression [35]. As such, they offer more predictable 
and controllable options, while also serving as testbeds for evaluating broader genetic biocontrol strategies 
[15]. Regulatory oversight varies globally but generally requires comprehensive risk assessment prior to 
release, including molecular characterization, off-target evaluation, ecological modelling, containment 
strategies, and post-release monitoring [105,106]. HGDs face additional scrutiny due to their potential for 
transboundary spread, necessitating international coordination and consideration of reversibility and spatial 
control measures [101].

Ethical and societal considerations are equally important, including public perception, community con
sent, and socioeconomic impacts. Addressing these issues requires transparent communication and sus
tained stakeholder engagement [58,107]. In agricultural systems, producer organizations and cooperatives 
will play a key role in adoption and implementation by facilitating communication and trust among 
stakeholders [108]. Together, these considerations underscore the importance of integrating biosafety, 
regulatory, and ethical frameworks to ensure that genetic biocontrol technologies are developed and 
deployed responsibly.

7. Conclusions

Advances in genetic control technologies, including pgSIT, TI-pgSIT, and HGDs, have opened new avenues 
for managing agricultural insect pests. These approaches offer the potential to reduce reliance on chemical 
insecticides, slow resistance evolution, and achieve species-specific population suppression in economically 
important pests. Building on the principles of traditional SIT, CRISPR/Cas9-based systems enable more 
precise and scalable genetic interventions that can be integrated into existing pest management frameworks 
while minimizing off-target environmental impacts.

In addition to ecological benefits, these strategies offer significant economic advantages by reducing crop 
losses and long-term control costs associated with repeated insecticide applications and resistance manage
ment. However, their successful deployment requires careful consideration of ecological, regulatory, and 
societal factors. Gene drives, in particular, present challenges related to resistance evolution and unintended 
spread, necessitating rigorous risk assessment and stakeholder engagement. In contrast, pgSIT and related 
self-limiting systems provide more controllable alternatives but require investment in mass-rearing and 
deployment infrastructure.

In summary, genetic biocontrol technologies represent a transformative toolkit for sustainable pest 
management. Their successful integration into agricultural systems will depend on continued technological 
refinement, responsible governance, and alignment with ecological and evolutionary dynamics.
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