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Abstract:
This study was conducted from 2023 to 2025 to assess the resistance of houseflies (Musca domestica), which is a significant disease vector, to permethrin in diverse environments surrounding the Experimental Animal Center of Chiang Mai University. These environments included forests, farmlands, markets, indoor areas, and villages. Houseflies were collected using bait and netting methods, then classified and subjected to toxicity tests using a topical application technique to determine resistance levels. The findings indicate that, although housefly populations in this region have developed permethrin resistance over approximately two decades, the environmental diversity has helped slow this progression compared to other areas. Given the importance of maintaining controlled environments, especially in barrier laboratories, pyrethroid insecticides like permethrin are commonly used due to their safety and environmental compatibility. However, prolonged and exclusive use increases the risk of resistance development. As permethrin is widely used across different sectors, the threat of resistance is becoming increasingly critical. To mitigate this issue, the study recommends maintaining ecological diversity around the center and implementing targeted resistance management strategies based on bioassay data to ensure effective vector control.
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1. Introduction
Biosafety ensures the safe handling of biological agents to prevent accidental exposure and environmental release. Without proper safeguards, unintended pathogen spread or ecological disruptions could occur, making biosafety essential for scientific advancement and sustainability. Controlling the source of animals is one approach to addressing microbial and parasitic risks in experimental animals (Liu Qishuai et al., 2022; Yang Guolin et al., 2017). During daily operations, experimental animal centers inevitably utilize animal feed and generate waste. As long as there is an exchange of solid, liquid, or gaseous materials between the experiment center and the external environment, these factors can attract vector organisms such as flies and mosquitoes. These vectors also serve as significant ectoparasites for experimental animals, including important vectors like the housefly (Musca domestica), a dipteran insect (Diptera: Muscidae) and a human symbiont organism (Malik A et al., 2007). Various stages of the housefly's life cycle can interfere with human production and daily life in multiple ways, such as causing or exacerbating food spoilage and acting as vectors for numerous pathogens (Wang Dong et al., 2015). This makes the control of houseflies particularly important. In the past, various methods have been used to manage houseflies, such as biological control, physical control, and chemical control. Among these methods, chemical control has the following characteristics: First, it acts quickly, significantly reducing the target pest population in a short time, making it highly effective for controlling sudden pest outbreaks. Broad-spectrum chemical control agents can even target multiple pests simultaneously with a single application.    Second, it is convenient to use, adaptable to various application methods, and suitable for large-scale implementation. Third, it requires small quantities and is cost-effective. The convenient application method of chemical control allows it to be combined with other pest management approaches, better achieving Integrated Pest Management (IPM) (Fan Dong, 2022). However, chemical control also has notable drawbacks, such as the tendency to induce pesticide resistance in target pests and the resulting cascade of issues. Increased resistance leads to higher usage and concentration of chemical pesticides, gradually putting non-target organisms at greater risk with previously more environmentally friendly agents. This can trigger secondary pest outbreaks or even severe ecological imbalances (Tabashnik BE, 1989). The rise in pesticide usage also elevates potential health risks, both for applicators and humans exposed to treated environments. Therefore, pesticide resistance monitoring is particularly critical. Resistance monitoring provides a basis for developing pest control strategies and helps slow the development of resistance (Ma Zhuo et al., 2019). For experimental animal center facilities, monitoring pests around the facilities helps ensure the secure operation of containment systems. Permethrin is a common pyrethroid insecticide that possesses excellent characteristics of this class, such as environmental friendliness, low toxicity to higher animals, and high efficacy, among others. It is widely used in many countries and regions but also carries the risk of fostering pest resistance. This study integrates previous research data to monitor the development of permethrin resistance in houseflies around the Experimental Animal Center of Chiang Mai University from 2023 to 2025, aiming to provide a reference for the biosafety assurance of the center's laboratories.
2 Materials and Methods
2.1 Housefly
The houseflies used in the study were collected from areas within a radius of approximately 10-kilometer around the experimental animal center from 2023 to 2025. The collection sites were diverse, including woodlands, indoor areas, markets, farmlands, and villages. The collection of houseflies involves placing bait and then netting the adult flies. Beef is naturally exposed to the open air for 24 hours in advance to serve as bait. For each trapping session, approximately 150 grams of the prepared beef is used, and adult flies are collected using a net. Eggs of flies were collected at some sampling sites. After identification and classification, the collected flies were transferred to the field collection and breeding area in the laboratory. Houseflies from different habitats are reared together under controlled conditions (Freeman JC et al., 2019; Li Xue et al. 2025): relative humidity of 50±10%, a 12:12-hour light-dark cycle, and a temperature cycle of 25±2°C. Adult flies were fed a mixture of defatted milk powder and granulated sugar (1:1 volume ratio) along with drinking water. The larval diet consisted of pig liver. The larval rearing boxes measured 200*90*50mm, filled with approximately one-quarter of their volume in wood shavings. Medical-grade absorbent cotton with a diameter of about 15mm is used for localized moisture retention and water supply. The wood shavings in the rearing boxes serve not only as a habitat but also provide an environment for mature larvae to pupate. After the pupae emerge as adults, they are reclassified and identified within 2-5 days. Female adults are then used for laboratory bioassays.
2.2 Pesticides and Bioassays
The insecticide used in this study was permethrin (99.7% purity, chemservice, PA, USA).
The bioassay was conducted following the methods described by the National CDC (2016) and Freeman et al. (Freeman JC et al., 2019) as outlined below: A topical application method was used to assess toxicity. The insecticide was diluted with acetone to prepare a stock solution, which was then serially diluted into five concentration gradients. Based on preliminary experiments, the permethrin concentrations were formulated as 12.5, 25, 50, 100, and 200 mg/kg. Test insects were anesthetized with carbon dioxide until comatose. A Hamilton microsyringe was used to topically apply 1 μL of the test solution per insect. Through conversion, the corresponding dose gradients for toxicity determination were thus calculated as 12.5, 25, 50, 100, and 200 ng per insect. The acetone solution of permethrin was applied to the thoracic dorsum of female houseflies. Each treatment used 30 female houseflies aged 3–5 days post-eclosion, with 1 µL of solvent acetone applied topically per fly as the blank control. The experiment was replicated three times independently. The treated insects were transferred into clean containers with adequate ventilation and provided with a 15%(w/v) sucrose solution as the food source. After 24 hours of standard rearing, mortality was recorded. Insects were considered dead if they exhibited complete immobility, abdominal dorsoventral inversion, convulsions, or ataxia preventing locomotion.
2.3 Data Analysis
The mortality data obtained from experimental studies were subjected to regression analysis using R software (version 4.3.3). The probit analysis was performed by fitting the relationship between mortality and corresponding concentrations, where the logarithm of dose (or concentration) served as the independent variable, and the probit unit [calculated as qnorm (mortality proportion) + 5] was defined as the dependent variable. From the regression equation, the medial lethal dose (LD50) and its 95% confidence limits, the slope and intercept of the toxicity regression line, the chi-square value, and the coefficient of determination (R-squared) were determined (Sun Ruiyuan et al., 1989; Zhou Haijun et al., 1983; Jiang Xiaodong et al., 2011).
The R code used in this experiment is as follows. The sample data referenced in the code originated from the book "Statistical Methods for Biological Assay" (Zhou Haijun et al., 1983), primarily for illustrative purposes. Readers can input their own experimental data into Code 1-5 using R software to perform general toxicity bioassay analysis and visualization:
nCK <- 20  #Number of control insects
nCKS <- 20 # Number of control live insects
n <- c(20, 20, 20, 20, 20) # Number of Pre-treatment insects
r <- c(20,16,14,4,1)  #Number of post-treatment insects
x <- log10(c(30.7, 38.4, 48, 60, 75)) #Dose logarithm as the independent variable
p <- 1-(nCK*r)/(nCKS*n) #Abbott's formula for corrected mortality rate
y <- ifelse(p == 0, 3.97 - 0.93 * log10(n), ifelse(p == 1, 6.03 + 0.93 * log10(n), qnorm(p) + 5)) 
# Mortality probability value qnorm()+5
u <- y-5; Z <- dnorm(u); P <- pnorm(u)
w <- ifelse(p %in% c(0, 1), 2.9/(n+6), Z^2/(P*(1-P))) #Calculate weight w
LDP <- lm(y~x, weights=w) #Weighted regression of mortality odds using weight coefficient w
Yee <- predict(LDP, data.frame(x)) #Expected death probability used for chi-square value
#To visually represent data distribution and regression line, use the following code
plot(x, y, 
     main = "",  # Set title
     xlab = "Log dose",  
     ylab = "Probit", 
     pch = 1, # hollow circle
     col = "orange", #color
     cex = 1.2, # point size
     bg = NA, # Remove background
      bty = "l")  # border type  
lines(x, Yee, col = "black", lwd = 2)
points(x, Yee, col = "blue", pch = 15)
# Add the regression equation and R-squared in the upper left corner
a <- round(coef(LDP)[1], 4)  # Intercept
b <- round(coef(LDP)[2], 4)  # slope
r2 <- round(summary(LDP)$r.squared, 4)  # r.squared
text (min(x), max(y), pos = 4, labels = paste0("y = ", a, " + ", b, "x"), cex = 1.2, col = "black", font = 1) 
text (min(x), max(y) - 0.08*(max(y)-min(y)), pos = 4, labels = paste0("r² = ", r2), cex = 1.2, col = "black", font = 1)
legend("bottomright", legend = c("Observed", "Expected"), col = c("orange", "blue"), pch = c(1, 15), cex = 0.8, box.col = NA)  #End of plotting code
#Calculate chi-square value
Chi <- sum ((n*p-n*pnorm(Yee-5))^2/(n*pnorm(Yee-5)*(1-pnorm(Yee-5)))) 
p_value <- pchisq(Chi, length(n)-2, lower.tail = FALSE) #Chi-square cumulative distribution function value
mortality <- c(0.5)
m <- (5 + qnorm(mortality) - a) / b
LD50 <- 10^m #Median lethal dose
MeanX <- sum(n*w*x)/sum(n*w)
Sxx <- sum(n*w*x^2) - sum(n*w*x)^2 / sum(n*w)  
Sm1 <- (sqrt(1/sum(n*w)+(m-MeanX)^2/Sxx))/(b)  
#Calculate the standard error Sm of logLD50
LD50confidence1 <- 10^(m+1.96*c(-1,1)*Sm1)
summary(LDP)
#Output result
cat(
  "R-squared =", round(summary(LDP)$r.squared, 4), "\n",
", Adjusted R-squared =", round(summary(LDP)$adj.r.squared, 4), "\n",
", Intercept (a) =", round(coef(LDP)[1], 4), "\n",
", Slope (b) =", round(coef(LDP)[2], 4), "\n",  
", LD50 =", LD50, "\n", 
", confidence =", LD50confidence1, "\n", 
", Chi-square value =", Chi, "\n", 
", P(Chi-square value) =", p_value, "\n",
"\n"
) #Display by line
After statistical analysis of the experimental results, the coefficient of determination, adjusted coefficient of determination, LD50 value and its 95% confidence interval, chi-square value, slope and intercept of the regression equation will be obtained, from which the regression equation can be derived. Resistance ratio is used to describe the degree of resistance, where resistance ratio = LC50 (LD50) value of the tested population / LC50 (LD50) value of the susceptible population. A population is considered resistant when the 95% confidence limits of the monitored subjects do not overlap with those of the laboratory-susceptible strain and the resistance ratio is ≥5-fold (Standards Press of China, 2011).
3. Results
Based on the live insect rearing and bioassay results sampled around the experimental animals center between 2023 and 2025, as shown in Table 1, the LD50 for adult insects ranged from 50.3 to 59.3, with chi-square values between 5.2737 and 6.6502. Under the experimental design parameters of this toxicity bioassay (degrees of freedom, *n* = 5 – 2 = 3), the critical χ² value at a 0.95 probability level was 7.8147. All statistical results fell below this threshold, indicating no significant deviation between observed and expected mortality values (Sukontason K et al., 2005). This conclusion was further supported by the coefficient of determination (R²), with a minimum value of 0.9312 in the regression models. The resistance rations were 10.6-fold, 12.1-fold, and 10.3-fold, respectively. The specific LD50 values, 95% confidence intervals, toxicity regression equations, and other statistical results for each year are shown in the table below.
Table 1 Results of Drug Resistance Testing for Houseflies Around the Laboratory Animal Center, 2023-2025
	Year
	LD50
(ng/fly)    
	95% confidence interval (ng/fly)
	toxicity regression equation
	Decision
coefficient
	χ2

	Laboratory population LD50 (ng/fly)
	Resistance Ratio

	2023
	52.0
	44.3-61.0
	y = 1.8655x + 1.7995
	0.9312
	6.6502
	4.9 (Sukontason K et al., 2005)
	10.6

	2024
	59.3
	50.4-69.7
	y=1.8453x+1.7283
	0.9543
	5.5494
	
	12.1

	2025
	50.3
	43.4-58.4
	y = 2.0515x + 1.5085
	0.9628
	5.2737
	
	10.3


The regression equations fitted to toxicity bioassay data of houseflies from 2023 to 2025 are illustrated in Figures 1, 2, and 3. Combined with Table 1, figures reveal that 
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Figure 1 Regression equation for toxicity bioassay of houseflies in 2023
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Figure 2 Regression equation for toxicity bioassay of houseflies in 2024
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Figure 3 Regression equation for toxicity bioassay of houseflies in 2025


the LD50 values fluctuated moderately across the three years but remained within the range of 50–60 ng/insect. Notably, the data from all three years shared the following characteristics: Observed responses (hollow circles in the plots) exhibited heightened sensitivity as the log(dose) approached the probit value of 5 (corresponding to 50% mortality). This was reflected by steeper slopes between the first and third data points, followed by a gradual reduction in slope magnitude. In Figures 1–3, the third observed value showed greater deviation from the regression line compared to other points, potentially indicating variability in dose-response dynamics. The cumulative mortality-concentration (dose) curve typically follows an asymmetric sigmoidal ("S-shaped") pattern. However, log(dose) transformation normalizes the distribution of insecticide sensitivity, converting the asymmetric curve into a symmetrical one, as demonstrated in the linearized probit models (Mu Liyi, 1994)." The slight deviation of the intermediate orange data points from the regression lines in Figures 1-3 (scatter plots) can be attributed to various factors, such as the need for additional experimental replicates to stabilize the measurement results or the development of pesticide resistance in pests, which warrants further investigation. Nevertheless, the reliability of the three models is supported by both the coefficient of determination (R²) values in Table 1 and the chi-square test results, which collectively indicate acceptable goodness-of-fit. 
4. Discussion
Pyrethroid insecticides are a class of highly effective and broad-spectrum synthetic insecticides. Their chemical structures mimic natural pyrethrins derived from chrysanthemum plants, featuring rapid knockdown of pests, low mammalian toxicity, and environmental friendliness, making them widely utilized in pest control (Burns CJ et al., 2018). The latter two features, in particular, make pyrethroid insecticides commonly used for vector control in the surrounding environment of the experimental animal center. The routine operations within the center—including the storage and distribution of animal feed, disposal of residual feed, management of animal excreta, and handling of animal carcasses—tend to attract pest vectors such as houseflies. Inadequate vector control in surrounding areas would pose significant challenges to maintaining the biosecure environment essential for animal facilities. However, long-term and exclusive use of pyrethroid insecticides can lead to an increase in the frequency of resistance genes within pest populations. Studies have demonstrated that the development of insecticide resistance is strongly correlated with the selection pressure imposed by these chemical agents (Zhang Jie et al., 2021). Based on this analysis, it is believed that the above factors can, to some extent, explain why the resistance ratios of houseflies in this study were 10.6-fold, 12.1-fold, and 10.3-fold, respectively, compared to the results of the 2005 study (Sukontason K et al., 2005). In the 2005 study results, the laboratory population's LD50 was 4.9 ng/fly, with a 95% confidence interval(CI) of 2.6–19.7 ng/fly. In contrast, the current study recorded  LD50 values of 50.3 ng/fly (95% CI: 43.4–58.4 ng/fly) for the year with the lowest toxicity threshold and  59.3 ng/fly (95% CI: 50.4–69.7 ng/fly) for the year with the highest threshold. Notably, these values exceed the 2005 baseline by over 10-fold (resistance ratio [RR] ≥ 10.3–12.1), and their 95% CIs show no overlap with those of the historical laboratory population. These data strongly suggest that over approximately two decades, housefly populations around the experimental animal center have developed resistance to permethrin. On the other hand, the experimental animal center in this study is surrounded by forests, farmland, villages, and markets, where the biodiversity of the environment plays a role in slowing the development of housefly resistance to insecticides. Over approximately 20 years, the highest resistance ratio reached 12.1-fold. Previous studies (Wang Q et al., 2023; Edi CA et al.,2014; Lee CY et al.,2024) suggest that a high environmental biodiversity index can delay the development of pest resistance in a given area. In contrast to previous monitoring studies on housefly resistance in other regions, housefly resistance to permethrin has escalated dramatically (with RR values exceeding 100-fold or even several hundred-fold in some areas) ( Freeman JC et al., 2019; Zhang Jie et al., 2021).
From the linear regression equation of toxicity bioassay, the scatter plots of observed values and distributions of predicted values exhibited similar characteristics over three consecutive years. The LD50 and slope values remained remarkably similar. Notably, the third observed value, located in the middle of the range, showed a greater deviation from the regression line compared to other points. Although the coefficient of determination and chi-square test results confirmed the reliability of all three models, statistical principles underlying toxicity bioassays indicate that the mortality rate of test subjects is proportional not to the absolute increase in dose but rather to the "proportional increase in dose" (Mu Liyi, 1994). This principle is mathematically equivalent to the logarithmic transformation of dose/concentration gradients, which converts a geometric sequence (original dose series) into an arithmetic sequence (log-transformed values), thereby linearizing the dose-response relationship. In practice, this manifests as a well-designed toxicity bioassay where the response of insects to insecticides should remain relatively stable at and around the median concentration or dose gradient for a susceptible population. What is the reason for the relative deviation of the intermediate observed value in the aforementioned figure? Analysis suggests this is due to the pests developing a certain level of resistance to the pesticides. Generally, people tend to assume that when pests develop resistance, low concentrations or doses of insecticides become ineffective. This is intuitive, and it's not wrong to think this way. However, we shouldn't conclude that if pests develop resistance, we must first observe abnormalities in the low-concentration treatments set in toxicity bioassays. In practical applications, the primary objective of insecticide use is to achieve effective pest eradication, rather than targeting parameters like the LD50 or concentration central to toxicity bioassays. The concentrations and doses employed in these two contexts differ substantially. Phenomena such as anomalous responses to low insecticide concentrations are typically observed during preliminary experiments. In formal toxicity bioassays, however, experimental designs are required to ensure that the tested dose/concentration gradients yield mortality rates encompassing both >80% and <20% across treatment groups (Standards Press of China, 2011). Therefore, even if the test insects have developed resistance, they typically exhibit robust responses to the low concentrations or doses in toxicity bioassays. As evidenced by Figures 1–3 of this study, however, the houseflies demonstrated reduced sensitivity beyond mid-range doses within the experimental design. This is attributed to the development of resistance in the test subjects. The findings, including the resistance ratio and the 95% confidence interval of the median lethal dose in toxicity bioassays, also support this view: houseflies in the vicinity of the experimental animal center are highly likely to have developed resistance. However, bioassays alone provide insufficient support for this hypothesis. The knockdown effect of pyrethroid insecticides is closely related to the sodium ion channels in insects, and the decreased sensitivity of the insect nervous system to pyrethroids is primarily associated with reduced sensitivity of sodium ion channels in nerve cell membranes (Cao Xiaomei et al., 2001; Chen B et al., 2015). Further studies should incorporate molecular biology experiments to determine whether gene mutations in sodium ion channels underlie the insecticide resistance observed in these houseflies the sodium ion channels in houseflies. Monitoring insecticide resistance is not only related to biosafety, but also an important part of the United Nations Sustainable Development Goals, it is essential to acknowledge this matter. Research suggests that, for ASEAN countries environmental SDG targets require more attention to ensure meaningful progress on sustainability goals (Elder M et al., 2022).
5. Conclusion
The houseflies in this study have developed resistance to permethrin. Therefore, to delay resistance development, continuous resistance monitoring and evaluation of resistance ratios are necessary. In addition to pyrethroid insecticides, monitoring resistance to insecticides with other modes of action is also crucial. If abnormally high resistance ratios are detected for a specific insecticide, immediate discontinuation of its use is required.  For necessary pest control, rational rotation and mixture of insecticides with distinct modes of action—such as alternating organophosphates and insect growth regulators—should be implemented to slow resistance development. Using insecticide synergists (e.g., combining pyrethroids with synergists) can enhance efficacy. Additionally, the concept of IPM is also effective here, emphasizing environmental management (e.g., eliminating breeding sites by timely removal of garbage, feces, and decaying organic matter). Biological control methods can also be considered, such as natural enemy introduction or microbial agents. However, as the experimental animal center houses sensitive animal colonies, thorough risk assessments must precede the use of biological agents or natural enemies in adjacent areas to avoid new biosafety risks. Finally, optimizing chemical control methods can be considered, such as adopting targeted application technologies (e.g., electrostatic spraying for pest control to reduce chemical usage while improving efficacy), using slow-release microcapsule formulations to extend residual activity, and employing ultra-low volume (ULV) drone spraying technology for precision delivery. Being lightweight and flexible, the drone spraying method minimizes excessive localized dosing inherent in conventional high-volume sprays and may further delay resistance emergence.
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