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			Abstract | The red flour beetle, Tribolium castaneum (Herbst) (Coleoptera: Tenebrionidae), is a major pest of stored products that causes both quantitative and qualitative losses. Due to risks of insect resistance, health hazards, and environmental pollution with chemical fumigants, ultraviolet-C (UV-C) radiation has emerged as a sustainable alternative for pest management. This study investigated the effects of UV-C exposure duration on the hatchability and incubation period of T. castaneum eggs of one-, two-, and three-day-old. The experiment was arranged in a completely randomized design (CRD) and analyzed using two-way ANOVA. The treatment consisted of five irradiation durations: 0, 2, 4, 8, and 16 min, with 10 samples per treatment with five replicates. The results demonstrate that increasing UV-C exposure duration significantly reduces egg hatchability. A 16-min exposure was sufficient to achieve a 0% hatchability rate in two- and three-day-old eggs. Notably, three-day-old eggs were significantly more vulnerable, showing a drastic drop in hatchability to 4.00% after only 4 min of exposure, and reaching 0.00% hatchability at 8 min. Probit analysis confirmed this susceptibility, identifying three-day-old eggs as the most sensitive group (LT90 of 2.709 minutes), while one-day-old eggs exhibited a 33.3% higher tolerance (relative median potency) at the LT90 level. Furthermore, UV-C radiation had no statistically significant effect on the egg incubation period across all age groups, which remained at approximately 4.55 to 6 days. Morphological observations revealed brown discoloration in exposed eggs, indicating embryonic death. These findings suggest that UV-C radiation effectively suppresses T. castaneum populations by reducing egg hatchability, supporting its application in stored-product pest management.
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			Introduction

			Agricultural products, particularly grains and their processed derivatives, play a vital role in meeting global food demands. Food security and safety remain primary international concerns, making the preservation and secure storage of commodities, such as nuts, cereals, and processed foods, crucial for safe distribution and utilization (Guru et al., 2022). Nevertheless, post-harvest losses remain a serious problem due to storage pest infestation, which can reach 30–50% and significantly impacts both the quality and quantity of stored yields (Chidege et al., 2024). 

			One of the major storage pests is Tribolium castaneum (Herbst), which infests flour products, grains, and their processed materials (Ehisianya et al., 2022). Infestation by this pest lowers the nutritional quality, sensory properties, and shelf life of the product (Stathas et al., 2023; Badran et al., 2025). Furthermore, T. castaneum infestation is also linked to the depreciation of food substrates due to secondary contamination that accelerates the rate of spoilage (Tungjitwitayakul et al., 2022). The adult insect can live for approximately 3 years. These beetles become highly productive after one month of age, capable of producing an average of 200–500 eggs throughout their biological life cycle (Kumar et al., 2018). Such biological characteristics contribute to rapid population growth and make this species difficult to control once infestation is established.

			Chemical pesticides such as methyl bromide and phosphine are still the primary methods used in the control of stored-product pests (Nayak et al., 2020). However, their use poses a number of problems, including insect resistance, risks to human health, increased application costs, and adverse environmental impacts (Badmus et al., 2016; Tudi et al., 2021; Tungjitwitayakul et al., 2022). Therefore, the search for environmentally friendly, effective, and sustainable control alternatives is becoming increasingly urgent.

			One promising alternative is ultraviolet-C (UV-C) radiation. UV-C, with wavelengths ranging from 200 to 280 nm, possesses strong germicidal properties and has been widely utilized to improve food safety and microbial control (Guerrero-Beltrán and Barbosa-Cánovas, 2004). The effectiveness of UV-C is primarily associated with photon absorption by nucleic acids (DNA or RNA), resulting in molecular damage that disrupts replication and cellular function (Trevisan et al., 2006). Maximum absorption occurs at approximately 260–265 nm, making UV-C highly effective in inducing DNA damage (Tchonkouang et al., 2023).

			UV-C radiation (254 nm) has been proven to damage DNA and inhibit insect development (Cui et al., 2021; Keszthelyi et al., 2024; Sorungbe et al., 2016). The effects of exposure are extensive, covering physiological and morphological aspects. Physiologically, UV-C affects growth and metabolism, such as a decrease in glucose levels and changes in trehalase enzyme activity in T. castaneum (Hassan et al., 2017; Tungjitwitayakul et al., 2024). Morphologically, UV-C exposure causes changes in the antennae, reproductive organs, and wings (Tungjitwitayakul et al., 2019, 2022; Wu et al., 2025). In addition to T. castaneum, UV-C has also been extensively studied and applied to control various insect pests, including mosquitoes, flies, and other stored-product pests such as Sitophilus zeamais, Callosobruchus maculatus, Trogoderma granarium, Tribolium confusum, Alphitobius diaperinus, and Cadra cautella (Badmus et al., 2016; Faruki et al., 2007; Ghanem and Shamma, 2007; Munawar et al., 2021; Tungjitwitayakul et al., 2019).

			Despite these advances, most previous studies have primarily focused on larval, pupal, and adult stages, whereas studies evaluating the egg stage remain limited. The egg stage represents a critical developmental phase because successful egg survival directly determines subsequent population establishment. More importantly, egg age may influence susceptibility to UV-C because embryonic development progresses rapidly during incubation, leading to changes in egg structure, physiological activity, pigmentation, and embryonic protection mechanisms. These developmental changes may alter UV-C penetration and DNA sensitivity, potentially resulting in different responses among eggs of different ages. However, information regarding the influence of egg age on UV-C susceptibility in T. castaneum is still lacking.

			Therefore, this study aimed to evaluate the effects of UV-C irradiation on one-, two, and three-day-old eggs of T. castaneum. The novelty of this study lies in the investigation of age-dependent susceptibility of T. castaneum eggs to UV-C exposure, providing new insights into how embryonic age affects egg vulnerability. The findings are expected to contribute to the development of environmentally friendly and more targeted UV-C-based strategies for stored-product pest management.

			Materials and Methods

			Sterilization of insect diet

			Wheat flour and instant dry yeast were obtained from a commercial supermarket in Makassar City, Indonesia. The wheat flour was manufactured by PT Bogasari Flour Mills, and the instant dry yeast was supplied by Angel Yeast Co., Ltd. Prior to utilization, both materials were subjected to a cold-sterilization procedure involving sequential exposure to freezing at –15 °C for seven days, refrigeration at 5 °C for an additional seven days, and subsequent acclimatization under controlled laboratory conditions (room temperature of 28±2 °C, a relative humidity of 55±5%). Following acclimatization, the sterilized materials were used as diet components for insect rearing and experimental bioassays (Astuti et al., 2019; Mario et al., 2021, 2024, 2025; Syahrani et al., 2024).

			Insect rearing

			The test insect population of T. castaneum was sourced from a rice storage warehouse in Makassar and has been continuously maintained at the Entomology Laboratory, Department of Plant Pest and Disease, Faculty of Agriculture, Hasanuddin University since 2021. The colony was reared on a substrate consisting of 95% wheat flour and 5% instant dry yeast within glass containers (Ø = 15 cm, height = 17 cm). To ensure adequate gas exchange while preventing escape, the containers were covered with gauze and tissue paper, secured with rubber bands (Astuti and Mutala’liah, 2020). The insects were maintained at a room temperature of 28±2 °C, a relative humidity of 55±5%, and a photoperiod of 12:12 (L:D) hours.

			Egg production and collection

			To obtain eggs of uniform age, 100 T. castaneum adults were introduced into a glass jar (Ø = 6.5 cm; height = 7 cm) containing 100 g of wheat flour. After a 24-hour period, the eggs were isolated by sieving the flour through a mesh sieve (Ø = 0.25 mm; No. 60) and carefully examined under a stereo microscope. For each experimental group, 250 eggs were selected. Eggs designated as “one-day-old” were immediately transferred to Petri dishes for UV-C irradiation. Conversely, eggs intended for the two-day and three-day-old treatments were maintained under laboratory conditions until they reached the requisite age, following established protocols for egg age synchronization (Bakhshi et al., 2020; Faruki et al., 2007).

			UV-C radiation technique on eggs

			The T. castaneum eggs were placed on transparent glass Petri dishes (size Ø = 6.5 cm, height = 1.5 cm) and subjected to irradiation from a 4-watt UV-C lamp housed within a specialized irradiation box (dimensions: 45.5 cm length × 25 cm width × 30 cm height) (Figure 1). The vertical distance between the UV-C source and egg samples was standardized at 28 cm. The experiment utilized five distinct irradiation durations of 0, 2, 4, 8, and 16 min. Each treatment used 10 eggs per age group (1, 2, and 3 days) with five replicates, for a total of 50 eggs per combination of age and duration. Thus, each age group used 250 eggs. Post-irradiation, egg hatchability, mortality, and the duration of the incubation period were monitored daily for 10 days using a binocular stereo microscope (Labtron® LSM-D10, Camberley, UK). Morphological changes in the eggs were also observed along with other observations, and representative images were documented using a digital microscope camera (Dino-Lite® Dino-Eye Edge AM7025X, AnMo Electronics Corp., Taipei, Taiwan). 
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			Figure 1: Illustration of a UV-C irradiation box

			Eggs were considered hatched when first-instar larvae emerged, whereas eggs showing no embryonic development or larval emergence by day 10 after treatment were classified as non-viable (dead). Egg mortality and hatchability were calculated as follows (Badmus et al., 2016; Bakhshi et al., 2020).
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			Statistical analysis

			The experimental data were subjected to a two-way analysis of variance (ANOVA) to determine the significance of the treatments. Comparisons of means between treatments were performed using Tukey’s test at a significance level of P < 0.05. To quantify the efficacy of the radiation, probit analysis was employed to calculate the lethal dose values (LT50 and LT90). Furthermore, relative median potency (RMP) was calculated to assess the differences in susceptibility between the various egg age groups. All statistical computations were conducted using IBM® SPSS® Statistics version 25, while graphical representations and bar charts were generated using Microsoft® Excel version 14.0.4760.1000.

			Results

			Effect of UV-C exposure time on the egg hatchability and mortality

			The results demonstrated that the duration of UV-C exposure significantly influenced the hatchability and mortality of T. castaneum eggs across all age groups. For one-day-old eggs, hatchability exhibited significant differences among exposure durations (F4,20 = 84.140, P < 0.01) (Figure 2a). An inverse relationship was observed between exposure duration and hatchability, with a drastic decline recorded at the 8-min mark. Specifically, the highest hatchability was observed in the control group (92.00%), decreasing to 64.00%, 26.00%, 8.00%, and 4.00% for 2, 4, 8, and 16 min of exposure, respectively. Conversely, mortality rates (Figure 2d) increased significantly with exposure time. Lowest mortality in the control (0 min) (8.00%), followed by 2 min (36.00%), 4 min (74.00%), 8 min (92.00%), and 16 min (96.00%). 

			Two-day-old eggs displayed similar significant trends (F4,20 = 200.350, P < 0.01) (Figure 2b). The decline in hatchability mirrored the pattern of one-day-old eggs: 94.00% in the control, falling to 62.00% (2 min), 28.00% (4 min), 4.00% (8 min), and 0.00% (16 min). The mortality of two-day-old eggs (Figure 2f) also showed an increase, in the control (0 min) (6.00%), followed by 2 min (38.00%), 4 min (72.00%), 8 min (96.00%), and 16 min (100.00%). Similar to the one-day-old eggs, exposure for 8 and 16 min did not differ significantly, with mortality nearly reaching 100%. 

			In three-day-old eggs, the reduction in hatchability was more rapid and pronounced (F4,20 = 181.957, P < 0.01) (Figure 2c). In three-day-old eggs the effect of reduced hatchability on increased exposure duration was observed more quickly and dramatically. A significant decrease was observed at a shorter duration compared to one and two-day-old eggs. A drastic reduction occurred at the 4-min interval, significantly earlier than in younger eggs. Hatchability plummeted from 94.00% (control) to 42.00% (2 min) and reached 0.00% at both 8 and 16 min. Similarly, the mortality of three-day-old eggs (Figure 2f) also showed a steeper increase compared to one- and two-day-old eggs at the same dose. Lowest mortality in the control (0 min) (6.00%), followed by 2 min (58.00%), 4 min (96.00%), and 8 min and 16 min (100.00%). Exposure for 4, 8, and 16 min did not differ significantly, with mortality nearly reaching 100% at 4 min and achieving completion (100.00%) at both 8 and 16 min. 

			Analysis shows that three-day-old eggs are notably more susceptible to UV-C radiation than one- and two-day-old eggs. In three-day-old eggs, hatchability decreased drastically to 4.00% (96.00% mortality) at 4 min of exposure and reached 0.00% (100.00% mortality) at 8 min. Meanwhile, in one- and two-day-old eggs exposed for 8 min, egg hatchability remained at 8.00% in one-day-old eggs and 4.00% in two-day-old eggs.

			Probit analysis of LT50 and LT90 

			Probit analysis (Table 1) revealed that both LT50 and LT90 values decreased as the eggs aged, confirming that susceptibility to UV-C increases during embryonic development. One-day-old eggs were the most tolerant, with LT50 and LT90 values of 2.184 and 4.064 minutes, respectively. These values decreased to 2.166 and 3.685 minutes in two-day-old eggs. The highest susceptibility was recorded in three-day-old eggs, which exhibited the lowest lethal duration values (LT50 = 1.776 min; LT90 = 2.709 min).

			Relative median potency analysis (RMP) of UV-C exposure between egg age groups

			Table 2 presents the Relative Median Potency (RMP) values comparing the tolerance levels of T. castaneum eggs between age groups. At the LT50 level, one-day-old eggs were 0.9% more tolerant than two-day-old eggs and 18.7% more tolerant than three-day-old 

			Table 1: Probit analysis of LT₅₀ and LT₉₀ values of UV-C exposure on one-, two-, and three-day-old Tribolium castaneum eggs.

			
				
					
					
					
					
					
					
					
					
					
					
					
				
				
					
							
							Age of egg (day(s)-old)

						
							
							LT50

						
							
							LT90

						
							
							Slope±SE

						
							
							χ2

						
							
							df

						
							
							P-value

						
					

					
							
							Estimate

						
							
							Lower bound

						
							
							Upper bound

						
							
							Estimate

						
							
							Lower bound

						
							
							Upper bound

						
					

					
							
							One

						
							
							2.184

						
							
							1.957

						
							
							2.405

						
							
							4.064

						
							
							3.699

						
							
							4.773

						
							
							4.752±0.495

						
							
							21.965

						
							
							23

						
							
							0.522

						
					

					
							
							Two

						
							
							2.166

						
							
							1.959

						
							
							2.366

						
							
							3.685

						
							
							3.314

						
							
							4.244

						
							
							5.550±0.581

						
							
							18.800
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							Three

						
							
							1.776

						
							
							1.610

						
							
							1.937

						
							
							2.709

						
							
							2.454

						
							
							3.089

						
							
							6.984±0.792

						
							
							10.200

						
							
							23
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			Table 2: Relative median potency (RMP) of UV-C exposure at LT50 and LT90 levels among one-, two-, and three-day-old Tribolium castaneum eggs.
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							One day-old eggs were 0.9% more tolerant
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							One day-old eggs were 9.3% more tolerant

						
					

					
							
							Three vs one
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							One day-old eggs were 18.7% more tolerant
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							One day-old eggs were 33.3% more tolerant

						
					

					
							
							Three vs two

						
							
							0.820

						
							
							Two days-old eggs were 18% more tolerant
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							Two days-old eggs were 26.5% more tolerant
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			Figure 2: Percentage of egg hatchability and mortality of Tribolium castaneum at different durations of UV-C exposure. Hatchability is shown for (a) one-, (b) two-, and (c) three-day-old eggs, while mortality is shown for (d) one-, (e) two-, and (f) three-day-old eggs. Bars represent mean values, and error bars indicate standard error (SE).

			Table 3: Incubation period of one-, two-, and three-day-old Tribolium castaneum eggs exposed to different durations of UV-C radiation.
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							> 0.05
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			Values are presented as mean ± standard error (SE). ns indicates no significant differences in incubation period either among UV-C exposure durations within the same egg age and among egg ages at the same exposure duration (P > 0.05). Dashes (–) indicate no data due to 100% egg mortality.

			eggs. This gap widened at the LT90 level, where one-day-old eggs were 9.3% and 33.3% more tolerant than two- and three-day-old eggs, respectively. These results underscore that egg age is a critical factor in UV-C efficacy.

			Effect of UV-C exposure time on the incubation period of one-, two-, and three-day-old eggs

			The duration of UV-C exposure did not significantly affect the incubation period of T. castaneum eggs across all tested age groups (P > 0.05; Table 3). For one-day-old eggs, the incubation period remained statistically similar among all exposure durations (F4,92 = 2.202, P > 0.05), ranging from 4.76 to 6.00 days. Similarly, no significant differences were observed in two-day-old eggs (F3,90 = 2.151, P > 0.05), with incubation periods ranging from 4.55 to 5.50 days. The 16-min exposure group could not be evaluated due to 100% egg mortality. 

			Table 4: Two-way ANOVA for the effects of egg age, UV-C exposure duration, and their interaction on Tribolium castaneum egg hatchability.
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							57.333

						
							
							
					

					
							
							Total

						
							
							75

						
							
							
							
					

				
			

			R 2 = 0.965 (adjusted R 2 = 0.957). Significant at P ≤ 0.05.

			A similar non-significant trend was recorded in three-day-old eggs (F2,67 = 1.107, P > 0.05), where incubation periods for the groups that successfully hatched (0, 2, and 4 min) ranged closely from 4.52 to 5.50 days. For this age group, the 8 and 16 min exposures were not analyzed due to complete embryonic mortality. These findings demonstrate that while UV-C exposure is highly lethal to the embryos, it does not alter or prolong the incubation period of the surviving eggs.

			Interaction analysis of egg age and UV-C exposure duration

			A two-way ANOVA was conducted to evaluate the combined effects of egg age and UV-C exposure duration on hatchability (Table 4). The analysis showed a highly significant interaction between egg age and exposure duration (F8,60 = 3.767, P = 0.001). This indicates that the effect of UV-C radiation on suppressing egg hatchability varies significantly depending on the age of the eggs. 

			Additionally, both individual factors had a highly significant impact on hatchability, including egg age (F2,60 = 15.279, P < 0.001) and exposure duration (F4,60 = 404.442, P < 0.001). The model showed an excellent fit, explaining 96.5% of the total variation in hatchability (R² = 0.965). These results confirm that while younger eggs (one- and two-day-old) are more tolerant to UV-C, older eggs (three-day-old) are much more sensitive and experience a faster drop in hatchability.

			Morphological changes in eggs due to UV-C exposure 

			UV-C exposure induced distinct morphological alterations in T. castaneum eggs (Figure 3). While control eggs remained white or transparent (Figure 3a), irradiated eggs exhibited a clear transition to a 

			[image: ]

			Figure 3: Morphological changes in Tribolium castaneum eggs induced by UV-C radiation: (a) normal white/transparent egg in the control group, and (b) brown/tanned egg indicating embryonic failure in the UV-C exposed group.

			brown or tanned coloration (Figure 3b), signaling embryonic failure. 

			Discussion

			The results of this study demonstrate that UV-C radiation acts as a potent physiological disruptor for T. castaneum eggs, with its efficacy being highly dependent on both exposure duration and embryonic age. The dramatic decline in egg hatchability following increased exposure duration aligns with general response patterns observed in stored-product pests subjected to ultraviolet radiation (Badmus et al., 2016; Faruki et al., 2007; Wu et al., 2025). However, the remarkably high efficacy achieved in this experiment, where a mere 8-minute exposure induced complete egg mortality (0% hatchability) in three-day-old eggs. This finding highlights a critical window of embryonic vulnerability during the embryonic development of T. castaneum.

			A key finding in this study is that older embryos (three-day-old) exhibit significantly higher susceptibility to UV-C radiation than younger ones (one- and two-day-old). This inverse tolerance pattern can be explained by the shifting dynamics of embryonic organization. In the early stages of development (one-day-old), embryonic cells are pluripotential and not yet specialized. Consequently, superficial damage localized to the egg periphery caused by shallow UV-C penetration does not inherently destroy the primary activation center, allowing uninjured cells to compensate for the damaged tissue (Seidel et al., 1940). Conversely, as differentiation progresses in older eggs (three-day-old), the embryonic regions become progressively specialized, and different organ fields lose their capacity to replace each other. At this advanced stage, even shallow tissue disruption by UV-C rays is sufficient to compromise vital organogenesis, leading to fatal consequences and catastrophic developmental failure. 

			At the molecular level, this catastrophic developmental failure is driven by the specific photochemical properties of UV-C radiation. The absorption of UV-C photons by embryonic DNA induces a process called photodimerization, which binds adjacent pyrimidine bases (thymine or cytosine) on the same DNA strand, generating cyclobutane pyrimidine dimers (CPDs) (Rastogi et al., 2010). In rapidly dividing embryonic cells, these bulky lesions distort the DNA double-helix structure, effectively stalling DNA and RNA polymerases, and halting critical replication and transcription processes. The physical manifestation of this arrested development was clearly confirmed by our morphological observations (Figure 3), which showed a distinct transition from white/transparent control eggs to a brown or tanned coloration in irradiated eggs. This severe discoloration indicates chorion degradation and complete embryonic death rather than standard physiological tanning (Zhao et al., 2007).

			Interestingly, while UV-C radiation proved highly lethal to the embryos, it did not significantly alter the incubation period of the eggs that successfully hatched (Table 3). This statistical stability suggests that the surviving embryos were able to effectively repair the sublethal DNA damage caused by the radiation without experiencing a significant developmental delay. According to Khan et al. (2021), the cellular repair process for radiation-induced damage typically requires time, which can potentially slow down embryonic development. However, our statistical results (P > 0.05) indicate that for the eggs capable of hatching, the low-density damage was resolved efficiently enough to maintain a normal incubation duration, while severe genomic injuries led directly to complete embryonic death.

			The high efficacy of UV-C radiation demonstrated in this study on the egg stage provides a crucial advantage for suppressing the overall population dynamics of T. castaneum. Suppressing the insect pest at its earliest life stage prevents subsequent larval emergence and pupal development, thereby breaking the pest’s reproductive cycle before quantitative grain damage can occur. This targeted approach is highly strategic, considering that other life stages of T. castaneum, including larvae, pupae, and adults, are also known to be highly susceptible to ultraviolet radiation treatments (Khan et al., 2021; Mahroof et al., 2005; Tungjitwitayakul et al., 2022). By confirming that older eggs which are physically closer to hatching into destructive larvae are the most sensitive to UV-C exposure, our findings reinforce the practical value of applying physical radiation as an early-stage intervention tool.

			Consequently, UV-C radiation offers a reliable, residue-free alternative to traditional chemical fumigants, directly addressing the modern challenges of insect resistance and environmental pollution in stored-product protection. The ability of short-duration UV-C exposure to achieve absolute lethality in embryos underscores its potential for seamless integration into physical sanitation and prevention protocols within grain warehouses or processing facilities. These findings strongly support the application of targeted UV-C radiation as a sustainable and effective component within integrated pest management (IPM) frameworks aimed at managing T. castaneum populations without compromising food safety. 

			Conclusions and Recommendations

			In conclusion, this laboratory study demonstrates that UV-C radiation effectively suppresses egg hatchability of T. castaneum. Notably, embryonic susceptibility significantly increases with age; an 8-minute exposure reduced hatchability to 8.00% and 4.00% in one- and two-day-old eggs, respectively, while completely suppressing it to 0.00% in three-day-old eggs. Because these findings were obtained under controlled laboratory conditions, further validation under real warehouse scenarios is required to evaluate its practical efficacy as a physical control alternative.
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Abstract | The red flour beetle, Tribolium castaneum (Herbst) (Coleoptera: Tenebrionidae), is a major pest of
stored products that causes both quantitative and qualitative losses. Due to risks of insect resistance, health
hazards, and environmental pollution with chemical fumigants, ultraviolet-C (UV-C) radiation has emerged
as a sustainable alternative for pest management. This study investigated the effects of UV-C exposure
duration on the hatchability and incubation period of 7 castaneum eggs of one-, two-, and three-day-old. The
experiment was arranged in a completely randomized design (CRD) and analyzed using two-way ANOVA.
The treatment consisted of five irradiation durations: 0, 2, 4, 8, and 16 min, with 10 samples per treatment
with five replicates. The results demonstrate that increasing UV-C exposure duration significantly reduces egg
hatchability. A 16-min exposure was sufficient to achieve a 0% hatchability rate in two- and three-day-old
eggs. Notably, three-day-old eggs were significantly more vulnerable, showing a drastic drop in hatchability
to 4.00% after only 4 min of exposure, and reaching 0.00% hatchability at 8 min. Probit analysis confirmed
this susceptibility, identifying three-day-old eggs as the most sensitive group (LT, of 2.709 minutes), while
one-day-old eggs exhibited a 33.3% higher tolerance (relative median potency) at the LT level. Furthermore,
UV-C radiation had no statistically significant effect on the egg incubation period across all age groups,
which remained at approximately 4.55 to 6 days. Morphological observations revealed brown discoloration in
exposed eggs, indicating embryonic death. These findings suggest that UV-C radiation effectively suppresses
T: castaneum populations by reducing egg hatchability, supporting its application in stored-product pest
management.
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