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Abstract 
There is a need for improving the crop both qualitatively and quantitatively to feed the burgeoning population of world. In this regard, both plant 

breeding and biotechnology play a significant role in crop improvement. Furthermore, in the era of chemicals, there is an urgent need to develop a 

ecofriendly and environmentally viable strategy to tackle the insect pests. This review focused on the evolution of the insect’s resistance against 

Bt crops and describes the most appropriate approach in order to cope with this serious issue. Different techniques have been used in the past to 
manage insect evolution against Bt crops. Among them, gene pyramiding, or stacked combinations of different genes in a single crop with their 

ability to target the same insect pest species, is proven to be a very powerful and effective tool in managing insect resistance problem. The 

principle goal of gene pyramiding approach is to develop transgenic plants with extra resistance against pests and to enhance crop yield. To 

obtain transgenic crops with durable and broad-spectrum resistance against insect pests and diseases, the pyramiding of predominant genes 

(multigene strategy) implying a unique mode of action is a powerful strategy. Gene pyramiding is a useful technique in controlling different 

insect species as compared to transgenic variety comprising of single toxin trait. Many studies have shown that gene pyramiding is advantageous 

in controlling different insect species in a single Bt crop, but due to continuous pressure on insect pests, there are chances that the herbivore may 

evolve resistance. Therefore, reliance only on gene pyramiding strategies is not a complete solution to Bt resistance. It is, therefore, necessary that 

different combinations of strategies like RNAi (CRISPR-Cas-mediated) with gene pyramiding techniques will be required in the near future that 

will not only shield our crop against insect pest damages but also reduce reliance on heavy insecticide usage in crops. 
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Introduction 
The green revolution has resulted in substantial progress in yield and quality improvement of important food crops globally (Davis et al., 2019). 

However, the conventional crop-breeding method is insufficient for advancing crop improvement at the rate that is necessary to meet the food 

requirement for the steadily increasing human population (Zafar et al., 2020; Zafar et al., 2021; Zafar et al., 2022b; Farooq et al., 2018). The Food 

and Agriculture Organization estimated that worldwide food production must be increased by 70% by 2050 in order to meet the food demand of 

the expanding population (Mwobobia et al., 2020). Thus, to meet the increasing food demand, smart and rapid crop-breeding tools are required to 

simultaneously modify multiple agronomic and nutritional traits. There are several yield-reducing factors in food grains, and it is estimated that 
annual losses are about 25% and 6–25% globally due to biotic and abiotic stresses, respectively (Pandey et al.,2017; Zafar et al., 2021). In many 

developing countries, environmental stresses are severely affecting agricultural production (Bowman et al., 2013; Zafar et al., 2022a). The most 

important biotic stressors of food crops are plant diseases and insect pests (Belsky et al., 2019). There are diverse and widespread insect pests and 

pathogens that are a challenge for sustainable agriculture (Choudhary et al., 2019; Ren et al., 2019). During the recent years, an outbreak of a 

single insect pest, fall armyworm (Spodoptera frugiperda L.), across sub-Saharan Africa, India, Bangladesh, Sri Lanka, Thailand, and China has 

damaged more than 80 plant species, including fruits, vegetables, staple foods (maize, rice, sorghum, and millet), and cash crops (cotton and 

sugarcane) in these regions and has threatened food security and caused huge economic losses (Razzaq et al., 2021; Womack et al., 2020).  

Therefore, appropriate and effective control strategies are required for the control of these biological threats to avoid food and economic losses 

across the globe. Bacillus thuringiensis spores had been used as an insecticide many years before the identification of the bacterium. Some 

researchers suggested that the Bt spores had been used against insect pests by ancient Egyptian. This bacterium was first accidentally isolated in 
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Japan in 1901 by the Japanese biologist Shigetane Ishiwatari from an infected silk worm’s larva. He named this bacterium as Bacillus sotto. 
Approximately ten years later in 1912, German scientist Ernst Berliner isolated the same bacterium from an infected Mediterranean flour moth 

(Ephestia kuehniella), and he changed its name to Bacillus thuringiensis, since the infected moth was found in the German province of Thuringia 

(Siegel 2000). . The first genetically modified crops containing endotoxin had been grown on a large scale in 1996 within the USA. Since then, 

different companies have launched different Bt transgenic varieties of different crops including potato, tomato, cotton, and corn. In this way, the 

integrated pest management program gained new momentum as these Bt crops were grown on a large scale with the aim of protecting the crops 

from insect pest damages. Since 1996, transgenic crops have been grown around the entire globe; they have shown to efficiently control various 

insect pests including tobacco budworm (Heliothis armigera), Colorado potato beetle (CPB) (Leptinotarsa decemlineata), cotton bollworm 

(Helicoverpa armigera), pink bollworm (Pectinophora gossypiella), southwestern corn borer (Diatraea grandiosella), and European corn borer 

(Ostrinia nubilalis) and helped the growers to reduce reliance on the usage of chemical insecticides. These Bt crops revolutionized the history of 

agriculture. With the advancement of genetic engineering and biotechnologies, the insect pest control program took a new dimension that has 

resulted in the development of different transgenic B. thuringiensis (Bt) varieties in corn, cotton, and potatoes. Currently, Bt transgenic crops are 

being extensively grown in many advanced and developing countries (Cohen 2005; Bravo et al. 2007). These Bt transgenic 287 crops have 
suppressed pest populations, reduced dependency on insecticide sprays, encouraged control via bioagent, and doubled farmer income (Tabashnik 

et al. 2010). These biotech crops were initially grown on 1.7 million hectare land in 1996. Since the start of commercialization, there has been a 

significant 100-fold increase in cultivated areas of certain Bt crops especially in Bt cotton and Bt corn, Most crop-breeding strategies for insect 

pest resistance are based on the insertion of a single resistant gene into plants, and thus crop resistance only lasts for a short period of time 

(Steiner et al., 2019). Therefore, the development of genotypes with resistance against several stresses by pyramiding multiple genes from 

different sources into a single plant is now emphasized (Rana et al., 2019). Crop stress tolerance development has been elucidated in several 

studies by the pyramiding of multiple resistance genes. However, this technique has not been fully utilized for insect pest resistance and crop 

quality enhancement in most of the major cultivated crops (Ruengphayak et al., 2015). 

 

Objectives of gene pyramiding 
 

1. Enhancing trait performance by combining two or more complementary genes 

2. Remedying deficits by introgressions genes from other sources 

3. Increasing the durability of disease and/or disease resistance 

4. Broadening the genetic basis of released cultivars 

 

Gene Pyramiding or Stacking Strategies 

Gene pyramiding is a crop-breeding technique that can be applied in conventional and advanced molecular breeding programs to introduce novel 

lines. 

 

1. Conventional Breeding 

The conventional technique of crop breeding develops new crop varieties by employing traditional techniques and routine natural processes, as 

compared to modern and sophisticated tools of the current era (Su et al., 2019). The technique involves sequential gene pyramiding deployed in 

the same plant. The conventional pyramiding technique involves backcross breeding, pedigree breeding, or recurrent selection. 

 

i. Backcross Breeding 

crossing a hybrid with one of the parental lines, followed by selection for the desired characteristic (Rai et al., 2018). The inherited traits and 

resistant genes are transferred from donor parents into recipient lines by backcrossing, pedigree breeding, or recurrent selection. With 

backcrossing, the traits of interest are identified via the selection process. The backcrossing method is also used for resistance gene pyramiding. 

 

ii. Pedigree Breeding 

Pedigree breeding is a method of genetic improvement of self-pollinated species in which superior genotypes are selected from segregating 

generations and proper records of the ancestry of selected plants are maintained at each stage of selection. 
 

iii. Recurrent Selection 

Recurrent selection is an efficient and modified form of progeny selection, where selection for some specific trait(s) is conducted within 

consecutive segregating progeny generations on the basis of phenotypic characteristics ((Hall et al., 2016). 

 

Scheme of Pyramiding Genes 

The pyramiding scheme of the genes can be divided into two sections. The first element is called a pedigree, which is structured to cumulate all 

target genes in a single genotype called the root genotype. The second component is called the fixation stage to fix the target genes in a 

homozygous state to extract the ideal genotype . gene combinations in the progeny (Moose et al., 2008). The pedigree breeding method produces 

such innovation for improved performance by crossing and recombining amongst superior complementary parents and selection among 

segregating progeny. Here, the genotypes receive a population of gametes, and their genetic material is multiplied. This leads to a population of 

fully homozygous individuals, which can include the ideotype. Using this technique, the ideal genotype can be obtained after the root genotype is 

obtained in just one additional generation, and there are chances of recovering transgressive segregants by the pedigree method. Moreover, this 
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approach is useful for highly inherited traits, such as seed size, form, disease and insect resistance, height, and maturity. It is commonly used for 
disease resistant variety production, if it is controlled by major genes (Miah et al., 2013). 

 

2. Molecular Techniques in Breeding Programs 

Crop breeding has been improved to a great extent in recent years and now precision breeding has become possible in the shortest possible time 

with the advent of modern molecular tools. Innovative molecular breeding tools are being used to improve crop varieties, which mostly involve 
MAS and gene transformation. Single nucleotide polymorphisms and insertion deletions polymorphisms are abundantly found all over the 

genome of plants (Das et al., 2015) and these are a good source for MAS in breeding programs (Hayashi et al., 2004). Easy accessibility of 

polymorphic markers, linkage maps, and QTLs for different quantitative and qualitative traits have facilitated construction of inter- and intra- 

specific maps (Liu et al., 2014; Tullu et al., 2008). Quantitative trait loci have been identified and linked with resistance to many plant diseases 

(Rubeena, et al., 2006). The association of QTLs with yield-related traits has not been widely applied (Fedoruk et al., 2013; Van Eeuwijk et al., 

2019; Ahmed et al., 2020). These can be used as a marker’s linkage with key important genes for the selection and improvement of crops by 

stacking multiple traits into a variety through modern breeding tools (Ribaut et al., 2010). 

i. Molecular Marker-Assisted Selection 

 

Marker-assisted selection (MAS) is a method of selecting desirable individuals in a breeding scheme based on DNA molecular marker patterns 

instead of, or in addition to, their trait values. When used in appropriate situations, it is a tool that can help plant breeders select more efficiently 

for desirable crop traits (Hasan et al.,2021). 

ii. Marker-Assisted Recurrent Selection 

The recurrent-selection method utilizing molecular markers is termed “marker-assisted recurrent selection.” Marker technology identifies 

individual plants possessing favorable alleles within large populations due to the higher number of loci of interest and genotypes having a 

combination of favorable alleles present in the population. Utility of MARS in breeding programs is dependent on the totality of genetic gain 

achieved by selection accuracy, selection efficiency, marker-trait associations, and distribution of favorable alleles across the parents selected for 

crossing (Kushwah et al., 2020). 
 

3. Genetic transformation 

In molecular biology, transformation is the genetic alteration of a cell resulting from the direct uptake and incorporation of exogenous genetic 

material from its surroundings through the cell membrane. These are two types. 

 

i. Retransformation 

A plant harboring a transgene is transformed with other transgenes Examples of commercial stacks Cotton: Bollgard™ II.  
 

ii. Co-transformation 

A plant is transformed with two or more independent transgenes. The transgenes of interest are in separate gene constructs and delivered to the 

plant simultaneously. 

 

CRISPR-Cas-mediated for insect pest management 

CRISPR/ (CRISPR)associated 9 (CRISPR/Cas9) is a bacterial defense mechanism against invading bacteriophages. Cas9 and customizable single 

guide RNA (sgRNA) are two main important components required for CRISPR-Cas9-mediated genome editing. Cas9 is a monomeric RNA 

guided DNA endonuclease that contains two domains such as RuvC and HNH nucleases, which cleaves non-complementary and complementary 

DNA strands respectively, leading to formation of blunted in target DNA and subsequently disrupts function of a gene through formation of 

frameshift in the targeted region (Doudna and Charpentier 2014). The CRISPR/Cas9 induced mutation in two β-1-3glucanase genes of golden 

promise cultivar of barley led to reduction of callose deposition in sieve tubes. Thus, the aphid, Rhopalosiphum padi, failed to access the phloem 
sap and it negatively affected the aphid growth and diminished the host preference in barely (Kim et al. 2020). 

On the other hand, CRISPR/Cas9 tool has been employed for knockout of many insect genes including H. armigera, S. exigua etc. Knockout 

mutations in α-6- nicotinic acetylcholine receptor (nAchR) through CRISPR/Cas9 showed resistance to an insecticide, spinosyn, both in H. 

armigera and S. exuigua (Zuo et al. 2020; Wang et al. 2020a, b). Knockout of two ABC transporters, PxABCC2 and PxABCC3 in lepidopteran 

pest Plutella xylostella through CRISPR/Cas9 tool, resulted higher level of resistance to cry1Ac protoxin compared to susceptible strains (Guo et 
al. 2019). The CRISPR/Cas9-mediated knockout of ABCC2 gene in Ostrinia furnacalis confers a higher level resistance to Bt cry1Fa toxin 

(Wang et al. 2020a, b). In another study, knockout of ABC transporter gene, HaABCA2 through CRISPR/Cas9 conferred resistance to both 

cry2Aa and cry2Ab in H. armigera (Wang et al. 2017). CRISPR/Cas9-mediated editing of CYP6AE gene cluster (P450 genes) in H. 

armigera revealed that there was reduced survival rate of insects when exposed to insecticides and phytochemicals (Wang et al. 2018). A point 

mutation in tetraspainin gene through CRISPR technology, conferred dominant resistance to Bt toxin cry1Ac in cotton bollworm H. 

armigera. Further the mutations were analysed through genome wide association and genetic mapping by comparing resistant and susceptible 

https://link.springer.com/article/10.1007/s12038-020-00081-y#ref-CR14
https://link.springer.com/article/10.1007/s12038-020-00081-y#ref-CR28
https://link.springer.com/article/10.1007/s12038-020-00081-y#ref-CR73
https://link.springer.com/article/10.1007/s12038-020-00081-y#ref-CR65
https://link.springer.com/article/10.1007/s12038-020-00081-y#ref-CR66
https://link.springer.com/article/10.1007/s12038-020-00081-y#ref-CR21
https://link.springer.com/article/10.1007/s12038-020-00081-y#ref-CR65
https://link.springer.com/article/10.1007/s12038-020-00081-y#ref-CR65
https://link.springer.com/article/10.1007/s12038-020-00081-y#ref-CR67
https://link.springer.com/article/10.1007/s12038-020-00081-y#ref-CR64
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strain (Jin et al. 2018). These results indicate that the CRISPRCas9 approach is one of effective approaches to develop resistance to insects. 

Several other genes have also been edited in lepidopteran pest using CRISPR tool. 

 

Crop improvement 

The gene pyramiding technique has contributed enormously to modern agriculture. It has led to tolerance development in plants for diseases, 

insect pests, and abiotic stresses and productivity enhancement on a sustainable basis. Molecular markers have made it possible for quick and 

precise plant breeding and early generation selection for significant traits without extensive field research. Gene pyramiding, through MAS, has 

enabled the integration of multiple genes into a single plant to achieve the goals of biotic or abiotic stress resistance and a higher yield with the 

desired nutritional quality. Durability of biotic and abiotic tolerance is crucial for sustainably achieving global food requirements. Many 

researchers have reported on the successful pyramiding and function of resistance genes into crops to increase the durable resistance against 

different insect pests and pathogens. An overview of gene pyramiding in major important crop species has been presented in (Table 1). 

The utilization of host plant resistance is economically viable, durable, and environmentally friendly option for overcoming biotic and abiotic 

stresses. In most of the cases, biotic resistance developed by a single gene is shaken within a short period of time, so modern breeding techniques 

are focusing at pyramiding of several genes or QTLs into a single genotype to insure long-lasting resistance for sustainable crop production. 

Second-generation dual Bt gene cottons Bollgard II (Cry1Ac + Cry2Ab) and WideStrike™ (Cry1Ac + Cry1F) express two Bt toxins that were 

introduced in order to control H. zea, which was not satisfactorily controlled by the Cry1Ac toxin alone (Jackson et al. 2003; Ferry et al. 2004; 
Bates et al. 2005; Gahan et al. 2005). The Cry1Ac and Cry2Ab toxins have different binding sites in larva midgut and are considered to be a good 

combination to deploy in managing or controlling resistance evolution. This is due to the fact that a species cannot easily 16 Gene Pyramiding: 

An Emerging Control Strategy Against Insect Pest 306 evolve resistance to both toxins due to a different site of actions. Since different Cry 

toxins vary in their effectiveness against the individual species, this pyramiding of Bt genes in a single crop has effectiveness in controlling 

different species. Pyramiding may reduce the likelihood of developing resistance in the pest insects especially if the pyramided Bt toxins use 

different insect gut receptors (Bates et al. 2005). More recently released transgenic maize varieties have genes pyramided with lepidopteran- 

active cry genes to give concurrent protection against caterpillars and rootworm. For example, Dow AgroSciences’ Herculex XTRA, Syngenta’s 

Agrisure CB/RW, and Monsanto’s YieldGard Plus. 

 

Table 1. Gene pyramiding for quality improvements in crops 

 

Crop Traits Pyramided Genes 

Biotic stress tolerance 

Potato Late blight resistance Rpi-phu 1, Rpi-rzc 

Cotton Bacterial blight/sheath resistance Chi11, t1p, Xa21 

 Bollworm resistance Cry1Ac, Cry2Ab 

 Weed and pathogen resistance ptxD/Phi 

 Insect pest resistance Cry1Ac, Cry2Ac 

Wheat Leaf and stem rust resistance SrCad, Sr33, Lr34, Fhb 

 Cereal cyst nematode resistance CreX, CreY, CRISPR-Cas9 

 Aphid resistance Gn2, Gn4 

Rice Gall midge resistance Gm1, Gm2, Gm4 

 Blast resistance Pi(2)t, Pi25, Pi(t)a, Xa4, Xa5, Xa13, Xa21 

 BPH resistance Bph1, Bph2 

 Blight resistance Xa5, Xa13, Xa21 

 Bacterial, sheath blight, stem borer Xa12, Rc7, Cry1AB1, Cry14c 

Soybean Mosaic virus resistance Rsv1, Rsv3, Rsv4 

Tomato Leaf curl/spotted virus Ty-1, Ty-3, Sw-5 

Barley Mosaic virus resistance rym4, rym5, rym9, rym11 

 

https://link.springer.com/article/10.1007/s12038-020-00081-y#ref-CR25
https://www.mdpi.com/2073-4395/10/9/1255/htm#table_body_display_agronomy-10-01255-t001
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Conclusion 

Despite the tremendous advancement of gene pyramiding, there are still challenges that need to be addressed to improve its implementation and 

vast impact. Marker-assisted gene pyramiding should be cost effective, and technical collaboration and financial support make this more viable 

for developing counties to use for improvement of their local germplasm. Successful accumulation of resistant genes has been accomplished in 

insect pest resistance and nutritional quality enhancement. Any innovation in a breeding program is measured on the contribution made towards 

improvement in crop production. Hence, breeders should take maximum advantage of MAS gene pyramiding, and it should be meritoriously 

implemented in breeding programs to achieve sustainable agricultural goals. 
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