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Cyantraniliprole, a second-generation anthranilic diamide, is widely used to manage lepidopteran pests, including the invasive tomato pinworm Tuta absoluta (Meyrick). However, cyantraniliprole’s resistance mechanisms and associated fitness costs in T. absoluta remain underexplored. Here, we investigated the fitness costs and resistance mechanisms of cyantraniliprole-resistant strain (CyanRS) via nanocarrier-mediated RNA interference (RNAi). Results showed that the egg incubation period and developmental durations of larval and pupal stages were significantly prolonged in the CyanRS population of T. absoluta compared to the susceptible strain (SS). Further, the adult emergence, longevities of male and female, fecundity, and hatching rate were significantly reduced in CyanRS individuals. The mRNA expression levels of cytochrome b5 reductase (CYB5R) and cytochrome P450 (CYP9A306) were analyzed using RT-qPCR to explore their potential involvement in cyantraniliprole resistance in T. absoluta. Phylogenetic and motif analysis of CYB5R and CYP9A306 indicated their evolutionary and functional conservation with other insect species, especially Lepidopterans. Notably, nanocarrier-encapsulated dsRNA targeting CYB5R and CYP9A306 genes significantly reduced their expression levels. Further, the activity of cytochrome P450 was substantially decreased after the knockdown of the CYB5R and CYP9A306 genes. This increased susceptibility of the resistant population of T. absoluta to cyantraniliprole, leading to a higher mortality rate than the controls. These findings show that CYB5R and CYP9A306 might play a key role in cyantraniliprole resistance evolution in T. absoluta. The current study provides in-depth insights to understand the underlying mechanisms of cyantraniliprole resistance in this key invasive herbivore.
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Introduction

The South American tomato pinworm, Tuta absoluta (Meyrick) (Lepidoptera: Gelechiidae), represents a significant global challenge to agricultural sustainability. Originating from South America, this highly destructive and invasive pest has demonstrated remarkable adaptability, rapidly expanding its geographical range to Europe, Africa, the Middle East, and Asia. Infestations of T. absoluta have severely impacted tomato production in both open fields and controlled greenhouse systems, with yield losses reaching up to 80–100% globally (Desneux et al., 2010). Since its first identification in China in 2017, the pest has spread rapidly, infesting over ten provinces within a few years (Zhang et al., 2021). Beyond tomatoes, T. absoluta also targets other economically vital solanaceous crops, including potatoes, peppers, eggplants, and tobacco (Desneux et al., 2011; Guillemaud et al., 2015; Biondi et al., 2018). Its aggressive colonization and adaptability have established T. absoluta as a critical threat to global agriculture.

One of the primary challenges in managing T. absoluta is its extraordinary ability to develop resistance to various classes of insecticides (Silva et al., 2016; Roditakis et al., 2018). The resistance evolution compromises the effectiveness of chemical control measures, often the first line of defense against invasive pests. For instance, T. absoluta populations in Brazil and China have exhibited notable resistance to key diamides, imposing the development of insecticides with new modes of action and innovative pest management strategies (Lahm et al., 2007; Huang et al., 2021). Cyantraniliprole, a second-generation anthranilic diamide, has become a crucial insecticide for managing T. absoluta and other pests. It targets ryanodine receptors, disrupts calcium ion balance, and causes muscle paralysis and death (Jeanguenat, 2013). While cyantraniliprole exhibits broad-spectrum activity against various insect orders and is particularly effective against both chewing and sucking pests, resistance development has already been documented. However, the potential for rapid resistance development, driven by cross-resistance and heavy usage, highlights the importance of proactive resistance management strategies (Huang et al., 2021; Sun et al., 2023; Sun et al., 2024). Understanding resistance mechanisms and associated fitness costs is critical for designing effective control strategies for T. absoluta.

The upregulation of cytochrome P450 enzymes during resistance development in T. absoluta leads to decreased population growth rates since it creates substantial fitness costs manifesting when insecticide pressure disappears. By investing metabolic resources in resistance mechanisms, insects suffer fitness costs that trigger reduced fecundity stress during development and growth, impairing total fitness (Tchouakui et al., 2020; Gul et al., 2023a). The population of Anopheles funestus stands as one example among other species where T. absoluta populations demonstrate identical stress reactions that weaken their numbers (Tchouakui et al., 2020). Under stressful environmental conditions, researchers have found reduced net reproductive rates (R0) and intrinsic rates of increase (r), providing evidence for this concept (Gharekhani et al., 2023). Reducing insecticide usage provides an avenue for integrated pest management (IPM) since fitness costs lead to resistance reversal when susceptible individuals outcompete resistant individuals (Belinato and Martins, 2016; Gassmann, 2023). The evolutionary potential of compensatory mechanisms like modifier genes, which help reduce fitness costs, implies continuous monitoring for effective long-term resistance management systems (Belinato and Martins, 2016; Pang et al., 2021). Further, the cytochrome P450 (CYP450) monooxygenases are crucial for insecticide detoxification in insect pests. Cytochrome P450 reductase (CPR) and CYB5R play essential roles in electron transfer, which is crucial for CYP450 activity. Co-expression of CPR significantly enhances detoxification efficiency in insects (Gong et al., 2022; Ibrahim et al., 2024). CYP9A306 plays a specific role in enhancing detoxification, while CYB5R is crucial for electron transfer, highlighting the effectiveness of these pathways (Roditakis et al., 2017; Guo et al., 2024). Previous studies reported the role of several P450 genes such as CYP339A1, CYP340G2, CYP6AE70, and CYP321A19 in insecticide resistance in different insect species (Hu et al., 2024; Li et al., 2024).

RNA interference (RNAi) is a robust and powerful post-transcriptional gene silencing tool (Fire et al., 1998) widely used to study gene functions in different insect species (Burand and Hunter, 2013). The success of RNAi experiments heavily depends on the delivery mechanism, which plays a crucial role in ensuring efficient gene silencing, especially in lepidopteran insects. Nowadays, nanocarriers have been extensively utilized to improve the stability, precision of targeted delivery, and cellular uptake across a wide range of insect species (Zhang et al., 2010; Yan et al., 2022). Star polycation (SPc) is an economical gene delivery vector featuring a branched polymer structure with multiple positively charged arms that spontaneously bind to dsRNA via electrostatic interactions, effectively shielding the dsRNA from degradation by RNase A (Li et al., 2019; Ma et al., 2022). The enhanced stability of dsRNA when loaded into nanocarriers significantly improves its ability to bind to insect cells, thereby boosting the overall efficiency of RNAi (Yan et al., 2020).

This study aims to investigate the impact of cyantraniliprole resistance development on the overall fitness of T. absoluta. RT-qPCR was employed to check the expression level of CYP9A306 and CYB5R genes possibly involved in cyantraniliprole resistance. Additionally, nanocarrier-mediated RNAi was used to silence these two genes to investigate their potential role in developing cyantraniliprole resistance in T. absoluta. These findings provide critical insights for formulating effective resistance management strategies against T. absoluta.





Materials and methods




Tuta absoluta strains

The T. absoluta initial colony was collected from Yunnan, China, in June 2018. The susceptible strain (SS) was established and maintained on fresh tomato plants without exposure to any insecticide for several generations. The cyantraniliprole-resistant strain (CyanRS) was developed following eight generations of selection to cyantraniliprole under laboratory conditions. The colonies of both strains (SS and CyanRS) of T. absoluta were maintained under laboratory conditions with 25 ± 1°C, 16L:8D photoperiod, 60 ± 5% relative humidity.





Bioassays

Adult T. absoluta from SS and CyanRS populations were released on fresh tomato plants for 12 hours to lay eggs. The plants containing eggs were transferred to clean cages and were allowed for egg hatching and larvae development. The approach was employed to ensure all larvae have the same age and stage for the subsequent bioassay experiments. The T. absoluta (3rd instar) was collected from SS and CyanRS populations for the bioassays to check the toxicity of cyantraniliprole using the leaf-dip bioassay technique (Ullah et al., 2024). The stock solution of the technical grade cyantraniliprole with 95% of the active ingredient was prepared using analytical grade acetone. Distilled water containing 0.05% Triton X-100 (Sigma) was used to further serially dilute the stock solution for the bioassay experiments. Fresh tomato leaves were cut from tomato plants and dipped in each cyantraniliprole serial dilution separately for 15 s. The treated tomato leaves were allowed to air dry at room temperature for 1-2 hours. The petioles of all treated leaves were wrapped with cotton wool for moisturization. After drying, all leaves were put into the Petri dishes (diameter: 8 cm; height: 1.5 cm) containing filter paper. The distilled water containing 0.05% Triton X-100 (Sigma) was used as the control treatment. Twenty larvae (3rd instar) of T. absoluta were used in one replicate, and each concentration of cyantraniliprole had three replicates. The bioassays were performed under laboratory conditions (25 ± 1°C, 60 ± 5% RH, and a 16:8 h light/dark photoperiod). The mortality was checked after 72 h. The T. absoluta larvae were noted as dead if unable to show movement when touched.





Fitness comparison among CyanRS and SS populations of T. absoluta

The impact of cyantraniliprole resistance development on the life-history traits, including developmental period, longevities of male and female, fecundity, hatching rate, and adult emergence of the resistant strain (CyanRS) were compared with the susceptible strain (SS) of T. absoluta. Eighty and seventy-five newly laid eggs from SS and CyanRS strains of T. absoluta were transferred to clean Petri dishes containing fresh tomato leaves, respectively. The eggs were observed daily, and the duration and hatching were recorded for both strains. Thirty newly hatched T. absoluta larvae from SS and CyanRS populations were transferred to clean Petri dishes, respectively. Fresh tomato leaves were provided to each Petri dish, and their petioles were wrapped with wet cotton wool to provide moisture. The developmental period of both strains was observed and recorded daily. Thirty SS and CyanRS strains pupae were individually shifted to a glass tube with a 1.5 cm diameter and 8.0 cm height. The developmental period of the pupae from both populations (SS and CyanRS) was observed and recorded. When the adults emerged, thirty males and thirty females from SS and CyanRS strains of T. absoluta were paired in a glass tube with 3.0 cm diameter and 20.0 cm height containing fresh tomato leaves and 10% honey. The longevity and fecundity of both strains were recorded daily. All the fitness comparison experiments were conducted under laboratory conditions with 25 ± 1°C, 16L:8D photoperiod, 60 ± 5% relative humidity.





RT-qPCR

The mRNA expression levels of CYP9A306 and CYB5R were analyzed using RT-qPCR to explore their potential involvement in cyantraniliprole resistance in T. absoluta. Total RNA was extracted from the SS and CyanRS populations of T. absoluta (3rd instar) using the RNAsimple Total RNA kit following the recommended protocol. The RNA quality and quantity were determined by the Bioanalyzer Agilent 2100 (Agilent Technologies, USA). 1μg of total RNA was used to synthesize the cDNA using the iScriptTM cDNA Synthesis Kit (Bio-Rad, CA, USA) according to recommended instructions. RT-qPCR was conducted on a 10 μL total volume of a reaction consisting of 5 μL 2X Kappa SYBR Green I qPCR Mix, 0.2 μL forward and reverse primers (10 μM each), 1 μL of cDNA template, and the remaining volume was nuclease-free water using a CFX Connect TM Real-Time System (Bio-Rad, United States). The thermocycling conditions of each qPCR consist of 95°C for 45 sec, followed by 40 cycles of 95°C for 15 sec, 50–65°C for 15 sec, and 70°C for 30-60 sec. Gene expressions were calculated using 2-ΔΔCt method (Livak and Schmittgen, 2001). Elongation factor 1 alpha (EF1α) and ribosomal protein L28 (RPL28) were used as housekeeping genes to normalize the gene expressions. RT-qPCR experiments consist of three biological and three technical replicates. The primers used in the current study are presented in Table 1.


Table 1 | Primer sequences used for RT-qPCR and dsRNA synthesis.







Phylogenetic analysis

A nucleotides blast (blastn) search of the National Center for Biotechnology Information (NCBI) (https://blast.ncbi.nlm.nih.gov/Blast.cgi) was used to download the amino acid sequence of homologous genes of cytochrome b5 reductase (CYB5R) and cytochrome P450 (CYP9A306) of different insect species. These homologous genes were selected based on the degree of homology: 96%, 95%, and 90%, respectively. Therefore, to elucidate the evolutionary relationship of T. absoluta CYB5R and CYP9A306, an analysis of the phylogenetic tree using the full-length amino acid sequences was made on orthologs belonging to different species of insects. Complete amino acid sequences of CYB5R and CYP9A306 orthologs were aligned using ClustalW with MEGA11. The phylogenetic trees were reconstructed based on the maximum likelihood (ML) approach with the p-distance model of amino acid substitution. Missing data treatment as “available case” or “pairwise deletion” for gaps/missing data and have selected 1000 bootstrap replications (Tamura et al., 2011). The species and their gene name of the CYB5R and CYP9A306 genes used to generate the tree were given in (Supplementary Table S1). The MEME 5.5.7 database identified all the motifs with the complete amino acid sequences of CYP9A306 and CYB5R. Lengths of each CYP9A306 and CYB5R motif were demonstrated proportionally.





Synthesis of double-stranded RNA and dsRNA/SPc nanoparticle complex

The dsRNAs i.e., dsCYB5R, dsCYP9A306, and dsEGFP, were synthesized using 491, 532, and 413 bp PCR products of targeted genes for, respectively, by T7 RNAi Transcription Kit (Nanjing Vazyme Biotech Co.,Ltd. China). To amplify the targeted genes dsRNA, a T7 promoter (TAATACGACTCACTATAGGG) was attached to the 5’ end of the primers. The PCR reaction includes 8 μL of NTP Mix, 2 μL of 10 × Transcription Buffer, 2 μL of T7 Enzyme Mix, and 8 μL of DNA Template per tube. The samples were incubated for 2 h at 37°C. The 20 μL of transcription product, 17 μL of RNase-free H2O, 2 μL of RNase T1, and 1 μL of DNase I were used to prepare the double enzymes digestion system. The tubes were mixed and put in the PCR at 30°C for 30 min. After purification, the dsRNA was dissolved using RNase free H2O. The quality and quantity of dsRNA were checked by Quawell UV-Vis Q5000 spectrophotometer (Quawell Technology Inc., San Jose, CA, USA). The double-stranded enhanced green fluorescent protein (dsEGFP) was used as a control. The Star polycation (SPc), presented by China Agricultural University, was mixed with the dsRNA with a 1:1 mass ratio. The final concentrations for SPc and dsRNA were 500 ng μL−1. The dsRNA/SPc complex was prepared after 15 min incubation at room temperature (Yan et al., 2022; Ma et al., 2023). The primers used in the current study are shown in Table 1. The prepared dsRNA/SPc complex samples were stored at -20°C until further experiments.





Nanocarrier-mediated RNA interference and bioassays

Complexes of dsCYB5R/SPc, dsCYP9A306/SPc, and dsEGFP/SPc with a final concentration of 500 ng μL−1 were evenly sprayed on fresh tomato leaves. Wet cotton wool was wrapped to the petiole of each leaf for moisturization and was allowed to dry at room temperature for about 1-2 hours. The treated leaves were shifted to clean Petri dishes containing filter paper. All experiments have three replications. Twenty larvae of T. absoluta (2nd instar) from CyanRS were used per replicate. dsEGFP/SPc and DEPC-water were used as controls. After 48 h feeding on dsRNA/SPc complexes and DEPC-water, the larvae were collected for P450 enzyme activity checking and RNA extraction as mentioned above. RT-qPCR and enzyme activity were carried out to check the silencing efficiency of P450 genes. All experiments were conducted under laboratory conditions (25 ± 1°C, 60 ± 5% RH, and a 16:8 h light/dark photoperiod).

Additionally, the sensitivity of the resistant strain of T. absoluta (CyanRS) to cyantraniliprole was checked via a leaf-dip bioassays approach. The 3rd instar T. absoluta larvae were transferred to tomato leaves treated with LC50 (17.27 mg/L) of cyantraniliprole to CyanRS following 48 h feeding on dsCYB5R/SPc, dsCYP9A306/SPc, dsEGFP/SPc and DEPC-water. The larvae fed on dsEGFP/SPc and DEPC water were considered as control groups. The mortality was checked after 72 h of exposure and the larvae were considered dead if unable to show movement when touched. Each bioassay consists of three replicates, and all experiments were conducted under laboratory conditions with 25 ± 1°C, 60 ± 5% RH, and a 16:8 h light/dark photoperiod.





Data analysis

POLO Plus 2.0 (LeOra Software, CA, USA) was used to analyze the bioassay data via log-probit model. The fitness data, RT-qPCR, enzyme activity, and mortality were analyzed by Student’s t-test and one-way analysis of variance (ANOVA) with Tukey’s post hoc test via SPSS version 29 (SPSS Inc., IL, USA). For all experiments, P < 0.05 was considered significant. The figures were constructed with GraphPad Prism 9 (GraphPad Software, MA, USA) and BioRender.com.






Results




Toxicity of cyantraniliprole against T. absoluta

Cyantraniliprole-resistant strain (CyanRS) of T. absoluta was previously developed from laboratory susceptible strain (SS) following eight generations of selection. Bioassay results indicated that the LC50 of SS T. absoluta was 0.72 mg L-1 (0.60-0.85 mg L-1) with Slope ± SE of 2.084 ± 0.185, χ2 = 9.341, df = 16, and P = 0.899. The LC50 of CyanRS population of T. absoluta was 17.30 mg L-1 (14.00-22.42 mg L-1) with Slope ± SE of 1.897 ± 0.203, χ2 = 7.199, df = 16, and P = 0.969. The resistant strain of T. absoluta (CyanRS) developed 23.9-fold resistance against cyantraniliprole compared to the susceptible population.





Impact of cyantraniliprole resistance on the fitness of T. absoluta

The impact of cyantraniliprole resistance development on the overall fitness of T. absoluta is shown in Figure 1. Results showed significantly prolonged egg incubation time (t-test: t = 5.80, df = 153, P < 0.0001), larvae period (t-test: t = 6.989, df = 58, P < 0.0001), and pupal developmental duration (t-test: t = 7.573, df = 58, P < 0.0001) in the cyantraniliprole-resistant T. absoluta as compared to susceptible strain (Figure 1). Additionally, the male (t-test: t = 4.044, df = 58, P = 0.0002) and female (t-test: t = 4.858, df = 58, P < 0.0001) longevities of the CyanRS population of T. absoluta were significantly decreased compared to SS individuals. In the CyanRS strain, the fecundity (t-test: t = 8.193, df = 58, P < 0.0001), hatching rate (t-test: t = 3.719, df = 4, P = 0.02), and adult emergences (t-test: t = 2.942, df = 4, P = 0.04) were substantially lower as compared to the susceptible T. absoluta population (Figure 1).


[image: ]

Figure 1 | Effects of cyantraniliprole resistance on the overall fitness, including eggs, larvae, pupae, adult emergence, male and female longevity, fecundity, and hatching rates of susceptible (SS) and resistant strains (CyanRS) of Tuta absoluta. Data presented as mean ± SE and the asterisks *, ***, and **** show significant differences at P < 0.05, P < 0.001, and P < 0.0001 based on Student’s t-test.







Expression profile of cyantraniliprole resistance-related genes

Gene expressions of CYP9A306 and CYB5R in response to cyantraniliprole resistance were checked in the resistant (CyanRS) and susceptible strains (SS) of T. absoluta via RT-qPCR (Figure 2). qPCR results showed that the expression level of CYP9A306 was significantly (t-test: t = 13.28, df = 16, P < 0.0001) increased 3.260-fold in CyanRS T. absoluta compared to the SS population. Similarly, the mRNA expression level of CYB5R was substantially (t-test: t = 14.85, df = 16, P < 0.0001) increased by 3.636-fold in resistant T. absoluta (CyanRS) as compared to SS individuals (Figure 2).


[image: ]

Figure 2 | Relative expression levels of CYP9A306 and CYB5R genes in cyantraniliprole-resistant (CyanRS) and susceptible (SS) strains of Tuta absoluta. Data presented as mean ± SE of the three independent biological replicates. The asterisks **** show significant differences at P < 0.0001, based on Student’s t-test.







Phylogenetic analysis

The phylogenetic tree of CYB5R indicated that the evolution proximity between species (distinct color-coded in clades), clustering T. absoluta close to other Lepidoptera species such as Bombyx mori and Helicoverpa armigera where it reflects shared ancestry and high sequence similarity as shown in (Figure 3a). Such diversification has also occurred at a more distant clade level, as is apparent from the presence of greater divergence (i.e., genetic divergence) between distant clades, such as those containing the Pectinophora gossypiella and the Plutella xylostella. These phylogenetic relationships are also supported by motif analysis that identifies conserved motifs among species in the same clades. Similar motif patterns of closely related species suggest conserved functional domains central to the gene’s function in metabolic processes. In (Figure 3b), motif composition varies between distantly related species to indicate evolutionary divergence and adaptation to different ecological niches.
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Figure 3 | Phylogenetic and motif analysis of the CYB5R (a, b) and CYP9A306 (c, d) in lepidopteran insect species.



Phylogenetic and motif analysis of CYP9A306 elucidate the evolutionary and functional conservation of this gene across insect species. Phylogenetic results indicated that T. absoluta (OQ201153.1) clustered closely with Lepidoptera species like Bombyx mori (EF535805.1 and NM_001102464.2 and Helicoverpa armigera (PP163253.1), and shared ancestry and significant sequence conservation among species as seen in (Figure 3c). Genetic divergence beyond the threshold value, greater than 0.07, reveals adaptive evolution caused by ecological or metabolic pressures to distant clades, including Cydia fagiglandana (XM_063524980.1), Ostrinia furnacalis (XM_028304899.1), and Plecoptera oculata (MK761084.1). Similarly, motif arrangements are distinct in species in more divergent clades, as shown in (Figure 3d) and point to functional specialization and adaptation. The alignment of conserved motifs to phylogenetic proximity illustrates evolutionary relatedness and preservation of function, whereas the reorganization of motif architecture in distant taxa reflects the genes capacity to adapt to different environmental contexts shown in (Figure 3d).





Nanocarrier-mediated knockdown of P450 genes increases the sensitivity of T. absoluta to cyantraniliprole

RT-qPCR showed the overexpression of CYP9A306 and CYB5R genes in response to cyantraniliprole resistance in T. absoluta compared to susceptible population. For the functional validation, a nanocarrier-mediated RNAi approach was employed to knockdown CYP9A306 and CYB5R genes in the resistant strain (CyanRS) of T. absoluta (Figure 4a). The RNAi efficiency of these targeted genes was checked via RT-qPCR after feeding CyanRS T. absoluta on dsCYB5R/SPc and dsCYP9A306/SPc for 48 h as compared to dsEGFP/SPc and DEPC-water. RT-qPCR results indicated that the expression level of CYP9A306 was significantly decreased (one-way ANOVA, Tukey’s HSD test, F2,26 = 31.621, P < 0.001) with 0.43-fold (57%) as compared to dsEGFP/SPc and DEPC water (Figure 4b). Similarly, the mRNA expression level of CYB5R was dramatically reduced (one-way ANOVA, Tukey’s HSD test, F2,26 = 59.479, P < 0.001) by 59% (0.41-fold) compared to dsEGFP/SPc and DEPC water treated T. absoluta. After feeding dsCYP9A306/SPc and dsCYB5R/SPc, the cytochrome P450 enzyme activity was significantly (one-way ANOVA, Tukey’s HSD test, F3,11 = 23.461, P < 0.001) reduced in the CyanRS population of T. absoluta as compared to controls (dsEGFP/SPc and DEPC-water) (Figure 4c). Results showed that the cytochrome P450 enzyme activity was around 26.92% decreased when CyanRS individuals of T. absoluta was fed on dsCYP9A306/SPc as compared to dsEGFP/SPc and DEPC water (Figure 4c). Similarly, the P450 enzyme activity was reduced by 32.82% following feeding on dsCYB5R/SPc compared to controls (dsEGFP/SPc and DEPC water). To check the sensitivity of resistant T. absoluta to cyantraniliprole, the T. absoluta larvae (3rd instar) were exposed to the LC50 value of CyanRS (0.72 mg L-1) for 72 h following feeding on dsCYP9A306/SPc, dsCYB5R/SPc, dsEGFP/SPc and DEPC water. Compared to controls, the sensitivity of the CyanRS population of T. absoluta was substantially increased following the nanocarrier-mediated knockdown of CYP9A306 and CYB5R genes. The bioassay results indicated significantly increased mortalities of 76.6% (one-way ANOVA, Tukey’s HSD test, F2,8 = 16.350, P = 0.004) and 73.3% (one-way ANOVA, Tukey’s HSD test, F2,8 = 12.333, P = 0.007) in the dsCYP9A306/SPc and dsCYB5R/SPc exposed T. absoluta, respectively, as compared to dsEGFP/SPc and DEPC water (Figure 4d).
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Figure 4 | Nanocarrier-mediated RNAi of CYP9A306 and CYB5R genes increase the sensitivity of the cyantraniliprole-resistant strain (CyanRS) of Tuta absoluta against cyantraniliprole. (a) Schematic diagram of nanocarrier-mediated RNA inference. (b) Relative mRNA expression level of CYP9A306 and CYB5R genes in CyanRS and SS populations of Tuta absoluta. Data presented as mean ± SE of the three independent biological replicates. (c) The activity of cytochrome P450 enzyme among CyanRS and SS populations of Tuta absoluta. (d) Mortality rates (%) of cyantraniliprole-resistant strain of Tuta absoluta at 48 h of feeding on dsCYP9A306/SPc, dsCYB5R/SPc, dsEGFP/SPc and DEPC water after exposure to the LC50 of cyantraniliprole. Different lowercase letters represent significant differences at P<0.001 level (one-way analysis of variance (ANOVA) with Tukey’s post hoc test.








Discussion

Our study provides compelling evidence for the development of cyantraniliprole resistance in T. absoluta. The resistant strain (CyanRS) exhibited a 23.9-fold increase in LC50 compared to the susceptible strain (SS). This resistance imposes significant fitness costs on T. absoluta, including prolonged egg incubation, larval, and pupal developmental periods, as well as reduced fecundity, hatching rates, and adult emergence. Gene expression analysis revealed a marked upregulation of CYP9A306 and CYB5R in the CyanRS strain. By utilizing nanocarrier-mediated RNAi to knockdown these genes, we observed reduced gene expression, decreased cytochrome P450 enzyme activity, and increased mortality when exposed to the LC50 of cyantraniliprole. These findings collectively highlight the critical role of CYP9A306 and CYB5R in cyantraniliprole resistance and suggest that targeting these genes via RNAi could serve as a promising strategy for managing resistance in T. absoluta populations.

Cyantraniliprole resistance imposes significant fitness costs related to delayed developmental stages, reduced adult longevity, and impaired reproductive attributes, indicating a trade-off between insecticide survival and physiological performance. These findings are consistent with our recent study in which moderate spinosad resistance induces significant fitness costs by negatively affecting the development and reproduction of the resistant population of T. absoluta (Ullah et al., 2025). As demonstrated in other lepidopteran species, T. absoluta also exhibited resistance-related nutrient utilization and energy efficiency reductions (Xu et al., 2016). Our findings are in accord with general features of metabolic costs of detoxification enzyme activity and associated genetic mutations that lead to physiological impairments, slower development as well as reduced reproduction in other resistant insect species (Kliot and Ghanim, 2012; Kang et al., 2017; Gul et al., 2023a). We also found that the fitness costs resulted in resistance reversal following reduced selection pressure, consistent with the results found in spinosad-resistant T. absoluta populations (Campos et al., 2014). Similar patterns have been observed in other lepidopteran pests, such as reduced survival and reproduction in natural conditions (Nozad-Bonab et al., 2021). Research across various insect species supports these findings, indicating slower development rates and impaired locomotion in resistant strains (Freeman et al., 2021; Zeng et al., 2022; Gul et al., 2023b). λ-cyhalothrin-resistant population of Cydia pomonella exhibited fitness costs, including delays in development, reduced fecundity, and slower population growth (Hu et al., 2024). Furthermore, its efficacy in reducing the survival and reproduction of T. absoluta makes it a very good candidate for use as a key control measure for this pest while highlighting the need for sustainable approaches to delay resistance development (Martins et al., 2024).

Cytochrome P450 (CYP450) monooxygenases are major insecticide detoxication enzymes implicated in insecticide resistance in many species. In this study, overexpression of CYP9A306 and CYB5R was observed in the CyanRS strain compared to SS, consistent with previous research on T. absoluta (Stavrakaki et al., 2022; Bavithra et al., 2024). Cytochrome P450 reductase (CPR) and CYB5R facilitate electron transfer and, together with CPR co-expression, are critical for CYP450 activity and an increase in detoxification efficiency in Anopheles funestus and Culex quinquefasciatus (Gong et al., 2022; Ibrahim et al., 2024). In addition, specific roles for CYP9A306 in enhanced detoxification and for CYB5R in electron transfer further underscore the potency of these pathways (Roditakis et al., 2017; Guo et al., 2024). Li et al. reported that RNAi-mediated silencing of CYP339A1, CYP340G2, and CYP321A19 significantly increased the sensitivity of resistant strains of Spodoptera litura to indoxacarb (Li et al., 2024). The overexpression of the CYP6AE70 confers resistance to multiple insecticides in Spodoptera exigua (Hu et al., 2024). Ullah et al. (2023) reported the functional importance of these P450 genes in insecticide resistance development and revealed that overexpression of CYP6CY14 and CYP6DC1 genes linked with clothianidin resistance in melon aphids (Ullah et al., 2023). Overall, these findings reinforce the versatility and broad relevance of P450 enzymes in pest resistance management strategies.

Nanocarrier-mediated RNAi targeting these genes effectively reduced their expression, leading to significantly increased mortality, underscoring their critical role in cyantraniliprole resistance. Based on previous studies highlighting the stability and efficacy of nanocarrier-bound dsRNA in pest control (Yan et al., 2022; Chao et al., 2023; Wang et al., 2023), our findings validate this technology’s practical potential, especially in determining the resistance mechanisms of commonly used insecticides. The successful application of nanocarrier-mediated RNAi highlights its potential as an effective tool for integrated pest management. By addressing challenges such as dsRNA degradation and low uptake efficiency, the SPc complex enhances delivery and stability. Previous studies have demonstrated RNAi’s effectiveness in pest control (Edwards et al., 2020; Ma et al., 2024) and our findings further support its viability for agricultural applications, specifically for the functional characterization of key genes linked with insecticide resistance. The spray application of dsRNA/SPc complexes targeting CYP9A306 and CYB5R significantly increased the sensitivity of the resistant population of T. absoluta, indicating their possible role in cyantraniliprole resistance development. Future research should prioritize field trials to evaluate nanocarrier-mediated RNAi under diverse agricultural conditions, especially for determining resistance mechanisms in the field-collected resistant population of insect pests. Expanding RNAi targets to include additional resistance-related genes and pathways may provide a comprehensive solution for managing resistant population of targeted insect pests.





Conclusion

To conclude, the current study indicated a tradeoff among resistance degree and fitness costs in the cyantraniliprole-resistant strain of T. absoluta compared to the susceptible population. Furthermore, the overexpression of CYB5R and CYP9A306 might have a key role in cyantraniliprole resistance evolution. Additionally, the nanocarrier-mediated silencing of CYB5R and CYP9A306 significantly reduced their mRNA expressions as well as the activity of cytochrome P450 enzyme ultimately increases the susceptibility of the CyanRS population of T. absoluta to cyantraniliprole. Overall, these findings provide in-depth information to understand the cyantraniliprole resistance mechanisms, which might be crucial for the rational resistance management of this key invasive herbivore.
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Primer name rward sequence Reverse sequence

CYP9A306 CGAGGTGAAAATCATGGCGT CAGTGTCCACCCTTCATCCT

CYB5R CGAGAGCGGGAAAATTGAGG CGACTGTTCTTGGTGACGTC

RPL28 TCAGACGTGCTGAACACACA GCCAGTCTTGGACAACCATT

TaEFlo GAAGCCTGGTATGGTTGTCGT GGGTGGGTTGTTCTTTGTG

dsEGFP TAATACGACTCACTATAGGGAAGTTCAGCGTGTCCGGCGAGG | TAATACGACTCACTATAGGGCACCTTGATGCCGTTCTTCTGC
dsCYP9A306 taatacgactcactataggg TCCTTCTTCACGAGTTGGCT taatacgactcactatagggACGTTGAAGGTGGAGGTGTC

dsCYB5R taatacgactcactataggg TCGTGTAGTGAGCAAATCGC taatacgactcactataggg TGTCGTCTTCTTTCGCAATG





