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Artemisia annua aqueous extract as a biocidal agent against Alphitobius diaperinus beetles in poultry litter

ABSTRACT 
Given the importance of controlling the lesser mealworm Alphitobius diaperinus (Panzer) (Coleoptera: Tenebrionidae) in poultry farms, this study evaluated the biopesticidal activity of an aqueous extract of Artemisia annua L. (Asteraceae). Dried leaves of A. annua were analyzed for artemisinin (ART) content, and adult beetles were randomly distributed into 12 Petri dishes (100 insects each) to form four treatments in triplicate: a negative control (distilled water) and extracts containing 19.2, 38.4, and 76.8 mg ART/mL. Filter papers were treated with 10 mL of each solution, and insect mortality was assessed after 1, 3, 12, and 24 h of exposure. The aqueous extract of A. annua showed a clear concentration-dependent insecticidal effect against adult A. diaperinus, with mortality rates of 33.6%, 40.0%, and 57.3% after 24 h for concentrations of 19.2, 38.4, and 76.8 mg ART/mL, respectively, compared with the control group. The estimated lethal concentration for 50% mortality at 24 h (LC₅₀-24h) was 59.2 mg ART/mL. Under these controlled experimental conditions, the aqueous extract of A. annua demonstrated significant efficacy against A. diaperinus, highlighting the potential of artemisinin-based products for the environmental control of lesser mealworm populations in poultry farms.
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Introduction
Alphitobius diaperinus (Panzer) (Coleoptera: Tenebrionidae) is a worldwide poultry pest that causes several problems, including the dissemination of pathogenic microorganisms (Charlie-Silva et al., 2018). In general, the use of chemical pesticides remains the main form of A. diaperinus control in poultry farms. Several studies on the strategic control of A. diaperinus in poultry have been described using pyrethroids (Hamm et al., 2006), organophosphate, chlorinated carbamate, macrocyclic lactones (Miller, 1990), and spinosad (Souza et al., 2009, 2020). Numerous approaches are employed to control poultry pest in the environment, such as biological control with entomopathogenic fungi, microbial compounds (Santoro et al., 2008), and the use of diatomaceous (Santoro et al., 2010).
Natural products, such as plant derivatives, are known to be sources of biologically active substances with unique mechanism of action that  have shown to be promising as biopesticides (Barreiro &  Bolzani, 2009; Charlie-Silva et al., 2019). Artemisia annua L. (Asteraceae) provides artemisinin that is a sesquiterpene lactone with an endoperoxide link. The relevance of this compound to humanity was only recognized 43 years after discovery, by the Nobel Prize award in Medicine in 2015 to Dr. Youyou Tu, for the treatment of malaria. Furthermore, studies have shown that artemisinin also presented anti-leishmania and antitumor activity (Want et al., 2015; Loo et al., 2017). Semi-synthetic derivatives of artemisinin such as dihydro-artemisinin derivatives (DHA), artesunate and artemether have demonstrated better bioavailability (Charlie-Silva et al., 2018). 
Extracts produced from A. annua have shown to be effective against several agents such as Babesia equi, Clonorchis sinensis, Cryptosporidium sp., Eimeria sp., Entemoeba intestolyis, Leishmania sp., Haemotobium, S. mansoni, Trypanosoma sp., Fasciola hepatica, Neospora caninum and Toxoplasma gondii, that infect humans and animals. Brisibe et al. (2008) have suggested that this compound may be useful as an alternative therapy to treat many arthropod diseases and vectors (Brisibe et al., 2008; Ferreira et al., 2011). 
Beyond its direct economic impact on poultry production, A. diaperinus control has clear social relevance within a One Health framework, because the poultry-house environment connects ecosystem integrity, animal and human health (Tufan-Cetin & Cetin, 2025). This synanthropic beetle can act as a carrier and disseminator of avian pathogens within farms, contributing to disease circulation in flocks and raising sanitary risks for workers and surrounding communities via contact with contaminated litter, dust, and fomites (Smith et al., 2022). At the same time, the routine reliance on chemical insecticides remains a common control strategy in poultry facilities, which may favor the emergence of less-susceptible/resistant beetle populations and increase chemical pressure in the production environment (Hickmann et al., 2018; Renault & Colinet, 2021). Therefore, developing effective and safer alternatives, such as plant-derived biopesticides, supports more sustainable poultry systems by reducing pathogen dissemination routes, minimizing chemical residues, and aligning pest management strategies with One Health goals (Tufan-Cetin & Cetin, 2025). 
Based on the importance of controlling A. diaperinus, the objective of this study was to evaluate the biopesticide activity of A. annua extract against A. diaperinus. Our hypothesis is that the biofriendly product is effective against this beetle and could be environmentally sustainable approach.

Materials and methods
Samples from dry leaves of A. annua were analyzed for artemisinin (ART) content at UNICAMP, SP. The plant was cultivated in the Paulínia city, state of São Paulo, Brazil (Lat. 22° 48'02.38 ”S, Long. 47° 06'43.10”W), at an altitude of 612 meters above the sea level. The methodology was according to Charlie-Silva et al., (2018). To obtain the dry extracts, the material was ground to a fine powder that was kept in protected flasks. The aqueous extract from the second step were prepared at the Laboratory of Plant Science of the University Brazil (Descalvado/SP, Brazil). The extract solutions were obtained by the proportional addition of plant powder at 2.0, 4.0, and 8.0 g of dry matter, diluted in 100 mL of distilled water (Bogorni and Vendramim, 2003). The extracts were maintained in dark flasks until the extraction of hydro soluble components for 12h that were thereafter filtered on filter paper to obtain each aqueous extract.
The insects were placed in poultry bedding that were collected from naturally contaminated commercial poultry farms at Neves Paulista (Lat.: -20.822336 and Long.: 49.6360757), in the state of São Paulo. The samples were transported to the laboratory in plastic containers cover with a mesh and maintained at room temperature (25oC and natural photoperiod), until starting the experiments. The insect instars were fed with commercial poultry food. In vitro tests were carried out to evaluate the insecticidal effect of the extracts. Initially, the lesser mealworms were separated according to their activity and were randomly placed in 12 Petri dishes covered by a filter paper with 100 insects each to compound four treatments in triplicate: Negative control (distilled water); treated with 19.2, 38.4 and 76.8 mg of ART/mL of extract, respectively. After the selection, 10 mL of the extract was evenly poured over the filter paper for each experimental unit. One control group was established with 10 mL of distilled water. Mortality was evaluated after 1, 3, 12 and 24 h after exposure, 
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Figure 1. Experimental design of the Artemisia annua aqueous-extract bioassay against Alphitobius diaperinus. An aqueous extract of A. annua was tested at 2, 4, and 8 g/100 mL (corresponding to 19.2, 38.4, and 76.8 mg artemisinin/mL of extract) in plate-based assays using A. diaperinus (n = 300 insects per treatment; 100 insects per plate, in triplicate). Survival was monitored over 24 h to generate time-to-death curves and estimate the median lethal concentration at 24 h (LC₅₀–24h = 59.2 mg artemisinin/mL).

[bookmark: _Hlk35608627][bookmark: _Hlk35607495]Survival fractions for treatment and control groups (n=300, 100 beetle per container and 3 containers for treatment) were calculated using the product limit Kaplan-Meier method, using Epi Info Software, version 3.5.3. Linear regression was determined using Prism – Graphpad program (Version 8). For the artemisinin determination, the objective was to observe the replicability of the data and quantify artemisinin in each test. Where Y was = 1.17e + 003 X + 4.49e + 003, with the correlation coefficient (R2) of 0,9998 ± 0,0005, the detection limit (LOD) was equal to 2,2 µg/mL and the quantification limit (LOQ) was equal to 7,5 μg/mL. 

Results and discussion
The phytochemical analysis (Figure 2) demonstrated the presence of artemisinin at a concentration of 0.96% (standard deviation ± 0,010). To run the in vitro test, each dilution was used with 2.0, 4.0 and 8.0 g of dry plant in 100 mL of distilled water, corresponding to 19.2, 38.4 and 76.8 mg of ART/mL of extract, respectively. 
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Figure 2. Chromatogram of Artemisia annua aqueous extract from leaves obtained by HPLC-IR

The quantification of artemisinin content in A. annua and other components in the extract, the ART may be obtained by leaves or flower extraction, with 0.01 to 0.8% of its dry weight (Balint, 2001). Lapkin et al. (2014), describes that there is a significant variability in concentration of metabolites of A. annua cultivated in different regions worldwide. These findings may be explained by the similar genotype of A. annua used for genetic selection containing 0.96% of ART at CPQBA/UNICAMP, adapted to the Brazilian climatic conditions. 
More recently, there was an increase of the number of scientific reports on the activity of A. annua in a range of parasite, although, to the best of our knowledge, A. annua or semi-synthetic derivatives were not tested against A. diaperinus. The data from the present work reports that the aqueous extract of A. annua used in different concentration have shown a concentration-dependent insecticide effect against adults of A. diaperinus, resulting in 33.6 (66.4), 40.0 (60.0) and 57.3 (42.7) % of mortality (survival) after 24-hour post treatment for 19.2, 38.4 and 76.8 mg of artemisinin/mL of extract, respectively (Figure 3A). The control group (distilled water) showed 5.3 (94.7) % of mortality (survival), describing the functionality of the test (Figure 3A). The determination of lethal concentration for 50 % in 24 hours (LC 50-24h) resulted in 59.2 mg of ART/mL (Figure 2B). For the generated regression equation, the LC 99-24h is 138.0 mg of ART/mL of extract. In this situation, to obtain a 100 mL of extract would be necessary 14.3g of dry plant. Such results are promising, as they demonstrate the technical feasibility for the commercial development of this biopesticide. 
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Figure 3. (A) Data (n=300, 100 beetle per glass container and three containers for treatment) show significant differences (p <0.0001) by the product limit Kaplan-Meier method. (B) Linear regression of the percentage of mortality by the concentration of A. annua aqueous extract

We suggest that among the mechanism of action of A. annua in mealworm there must be a relationship with artemisinin that is also relevant to humans as antimalarial drugs. The parasiticidal effect of A. annua may involve the opening of the peroxide bridge dimer acting with free radicals, that are reactive species, interacting with nucleic acids and lipids of the parasites. Another alternative mechanism proposed is that the compounds my inhibit Ca+2 ATPase from sarco-endoplasmic reticulum (SERCA) of the parasite, as reported by Uhlemann et al. (2005), in the control of Plasmodium spp. Therefore, the mechanism attributed of this metabolite includes the interference of protein transport of the parasites, disruption of mitochondrial function, modulation of the immunological system of the host, as well the inhibition of the angiogenesis (Golenser et al., 2006).
Previously, the biological effects of A. annua aqueous extract against ticks of sheep and cattle in vivo was demonstrated (Ives et al., 2017; Charlie-Silva et al., 2018). These authors reported that the effect was attributed to ART. Although artemisinin’s confirmed efficacy, the compound still has a limited use, as this compound is not easily diluted in water, resulting in a weak and erratic absorption after exposition. Furthermore, the compound presented a short half-life and a fast first-hand metabolism (Titulaer et al., 1991). 
In the present study, the aqueous extract of A. annua demonstrated significant efficacy in the control of A.  diaperinus. Therefore, our results showed the potential of artemisinin for environmental control of mealworm in poultry farms. Since this controlled experiment seeks to mimic the environmental conditions for raising chickens, as the biopesticide should be applied direct to their litter. Other studies must be carried out to determinate the efficacy in poultry farms, as well as their toxicity to the birds and the artemisinin environmental stability when applied under rearing conditions. 

Conclusion

Under controlled laboratory conditions, the aqueous extract of Artemisia annua demonstrated a clear, concentration-dependent biocidal effect against adult Alphitobius diaperinus. The estimated LC₅₀–24h was 59.2 mg artemisinin/mL, indicating that artemisinin-based products derived from A. annua have practical potential as environmentally oriented tools within integrated pest management programs for poultry facilities.
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