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Abstract


Azoxystrobin, a widely used strobilurin fungicide, poses a potential risk to aquatic ecosystems due to its frequent detection in surface waters. Although its toxicity to non-target organisms has been extensively studied under standardized conditions, few investigations have considered how environmental factors can modulate the adverse effects of this chemical. In this study, we examined the toxicity of azoxystrobin to zebrafish (Danio rerio) embryos under different pH (5, 7, 9) and temperature (21 °C, 26 °C, 31 °C) conditions. Embryos were exposed to azoxystrobin concentrations ranging from 0 to 1000 μg/L, and endpoints such as survival, hatching rate, heart rate, malformations, developmental delay, and Hsp70 expression were assessed over 96 h post-fertilization. Our results demonstrate that azoxystrobin induces significant malformations (including edema, eye, tail, and spinal defects) and developmental delays at 1000 μg/L across all environmental conditions. Furthermore, both pH and temperature were found to modulate azoxystrobin toxicity: elevated temperature and alkaline pH partly alleviated mortality at high concentrations. The hsp70 expression patterns revealed complex interactions between the effects of the chemical and environmental factors. These findings highlight the importance of incorporating environmental variables into ecotoxicological risk assessments of pesticides to better reflect realistic exposure scenarios and potential ecological impacts.
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1. Introduction


The importance of fungicides as widely used chemicals with high sales volumes and their potential impact on target and non-target organisms was recently addressed in an article by Mohr et al. 2025 [1]. Azoxystrobin is a strobilurin fungicide widely applied to control fungal diseases in crops. As a broad-spectrum, systemic, and soil-applied fungicide, azoxystrobin is extensively used in agriculture worldwide [2,3]. However, its widespread application has raised concerns regarding contamination of the aquatic environment. Due to its persistence, mobility, and the associated relevance for humans and the environment, azoxystrobin was added to the EU Water Framework Directive watch list in 2022 and is, therefore, regularly monitored in European surface and groundwaters (https://op.europa.eu/en/publication-detail/-/publication/a531a7ff-d3b9-11ef-be2a-01aa75ed71a1/language-en, accessed on 13 August 2025). Currently, azoxystrobin concentrations in surface water vary from 0.06 to 11.10 μg/L in industrialized countries such as the United States, France, Germany, Greece, China, and Brazil, with peak levels reaching up to 29.7 μg/L [4,5,6,7]. In groundwater, concentrations between 0.01 and 0.1 μg/L were found [8,9]. Azoxystrobin inhibits the respiratory chain in fungi by blocking the electron transfer from quinol to cytochrome c1, thereby reducing ATP production [10,11]. However, evidence suggests that it can also induce toxicity in a wide range of non-target aquatic animals [5]. For example, azoxystrobin has been reported to reduce survival, delay growth, and impair reproduction in Daphnia [12,13]; to hinder tadpole development [5]; and to affect behavior and oxidative stress in zebrafish [7,14].



Despite extensive research that has documented the toxicity of pesticides like azoxystrobin, most chemical toxicity assessments are conducted under standardized laboratory conditions that do not reflect the complexity of natural environments [15,16]. In reality, abiotic factors such as temperature and pH vary considerably across habitats and can modulate both the action of pollutants and the physiological responses of organisms [17,18,19]. For instance, temperature influences metabolic rates and chemical uptake, while pH can affect the chemical speciation and stability of contaminants [17,18,20,21]. Therefore, ignoring environmental variability may result in inaccurate estimates of toxicity, undermining the ecological relevance of laboratory-based risk assessments.



The zebrafish (Danio rerio) has emerged as a widely used model organism in biological and environmental research [22,23,24]. Its early-life stages, particularly embryos, are widely used for toxicity testing because they are cost-efficient, quick, and comply with animal welfare principles as non-protected organisms [25,26]. These tests leverage the transparency of zebrafish eggs, allowing for direct observation of developmental effects like malformations. Since 2013, the OECD has officially recommended zebrafish embryo toxicity testing for environmental risk assessments [27].



In this study, our aim is to perform a hazard assessment under controlled laboratory conditions, focusing on identifying the developmental toxicity of azoxystrobin in zebrafish embryos and assessing whether this toxicity is modulated by environmental factors, specifically temperature and pH. To this end, we examined both apical endpoints (e.g., survival, hatching, malformations) and molecular responses (e.g., Hsp70 expression) under varying environmental conditions. This approach is designed to identify potential hazards and mechanistic interactions, rather than to provide a quantitative environmental risk assessment.




2. Materials and Methods


2.1. Test Substance


Azoxystrobin is a lipophilic organic ionizable compound whose lipophilicity remains stable between pH 4 and pH 14. Relevant physicochemical information is provided in Supplementary Table S1 and Figure S1.



A stock solution of azoxystrobin (CAS131860-33-8, purity ≥ 98%, Merck, Darmstadt, Germany) was prepared by dissolving it in reconstituted water composed of 25 mL stock solutions of 0.23 g/L KCl, 2.59 g/L NaHCO3, 4.93 g/L MgSO4·7 H2O, and 11.76 g/L CaCl2·2 H2O, and 900 mL double-distilled water. Other test concentrations were obtained by stepwise dilution of the stock solution.



The pH of each test solution was measured using a pH meter (SevenCompactDuo; Mettler Toledo, Gießen, Germany) and adjusted by 1M HCl or 1M NaOH as needed.




2.2. Test Organisms


Zebrafish (Danio rerio, USA Westaquarium strain) were maintained in 200 L tanks at the Animal Physiological Ecology section, University of Tübingen, Germany. Fish were fed three times daily with commercial flake food (TertraMin®, Tetra GmbH, Melle, Germany), and feces were removed prior to feeding. A water change (change 30–50%) was performed weekly. All procedures followed permission granted from the Animal Welfare Committee of the Regional Council of Tübingen, Germany (approval numbers ZO 2/16 and ZO 02/21 G).



The tanks were kept under a controlled 12 h light/12 h dark photoperiod. Water quality was regularly monitored, with temperature maintained at 26 ± 1 °C, pH at 7.4 ± 0.2, total hardness ranging from 8 to 12 °dH, and dissolved oxygen at 100 ± 5% saturation. Nitrate and nitrite levels were consistently below 1 mg/L and 5 mg/L, respectively.




2.3. Fish Embryo Test


Three separate experiments were conducted to assess azoxystrobin toxicity under varying pH and temperature conditions (Figure 1). Experiment 1: Embryos were exposed to 0, 0.1, 1, 10, 100, 1000 μg/L azoxystrobin at 26 °C, pH 7. As there was no apparent effect of 0.1 and 1 mg/L azoxystrobin in test 1, we decided to investigate only azoxystrobin concentrations of higher than 1 µg/L (0, 10, 100, 1000 mg/L) in subsequent tests. Experiment 2: With a focus on pH effects, embryos were exposed to azoxystrobin at pH 5 and 9, maintaining the temperature at 26 °C. Experiment 3: With a focus on temperature effects, embryos were exposed to azoxystrobin at 21 °C and 31 °C, maintaining pH constant at 7.



Early-life stage (ELS) tests followed our previous work based on OECD 236 [23,24]. Spawning and test setups were prepared one day prior to the start of the experiment. Breeding boxes included 1.5 mm mesh grids and artificial seagrass to stimulate spawning. Eggs were collected one hour after light onset and placed in Petri dishes containing the appropriate test solutions for a 2 h pre-exposure at the respective experimental temperature.



For each test concentration, eight small Petri dishes (30 mm in diameter) were prepared, each containing 3 mL of the corresponding solution, along with one larger dish (90 mm in diameter) holding 30 mL. Embryos at the 128–256 cell stage were randomly chosen and allocated to the small dishes, with four embryos per dish, resulting in a total of 32 embryos per experimental group. Incubation lasted for 96 h under the designated temperature. Each experiment was conducted in two independent runs, with 32 embryos per treatment group per run. This design follows the OECD Test Guideline 236 and exceeds the recommended minimum sample size, thereby providing sufficient statistical power to detect significant effects.



Embryonic development was monitored using a stereo microscope (Stemi 2000-C; Zeiss, Oberkochen, Germany) at 12, 24, 48, 60, 72, and 96 h post-fertilization (hpf). Endpoints included survival, developmental delay, heart rates, hatching success, and morphological abnormalities (Table 1). Coagulated embryos were recorded and removed throughout. Heart rates were recorded over 20 s and extrapolated to beats per minute. Hatching was monitored at 60 and 96 hpf. To better reflect the teratogenic potential while avoiding bias from high mortality, malformation rates were calculated based on surviving embryos only. This metric is hereafter referred to as the “malformation rates.”




2.4. Hsp70 Determination


For Hsp70 analysis, 40 freshly laid fertilized zebrafish eggs were allocated per group and incubated for 96 h. After exposure, 10 embryos were pooled per sample, frozen in liquid nitrogen, and stored at −80 °C (3 replicates for each group). Hsp70 levels were measured following the protocol of Vincze et al. (2014) [28]. Briefly, samples were homogenized in 20 µL extraction buffer (80 mM potassium acetate, 4 mM magnesium acetate, 20 mM Hepes, pH 7.5). The homogenates were then centrifuged at 20,000× g for 10 min at 4 °C, and the resulting supernatants were collected for analysis. The total protein concentration was determined according to Bradford (1976) [29], and 20 µg of protein per sample was separated via SDS-PAGE (80 V for 30 min, then 120 V for ~90 min). Immunostaining was performed using a monoclonal mouse α-human antibody (Santa Cruz Biotechnology, clone 3A3) and a secondary horseradish peroxidase-coupled goat α-mouse IgG (H + L) antibody (Dianova). Bands were visualized, digitized, and analyzed via densitometry (Herolab E.A.S.Y., Wiesloch, Germany). Hsp70 expression was normalized to two internal adult Danio rerio standards on the same blotting membrane.



Representative SDS-PAGE images of Hsp70 are provided in Supplementary Figure S2. Although some bands appear diffuse, all quantifications were based on densitometric analysis of raw images to ensure consistency and reproducibility.




2.5. Statistical Analysis


All statistical analyses were conducted using SAS JMP version 16.0. Results are expressed as means ± standard error (SE). Normality and homogeneity of variances were tested before statistical tests. If assumptions were met, one-way ANOVA followed by Tukey’s HSD post hoc test was used. If not, the non-parametric Steel–Dwass test was applied. LC50 values were determined by non-linear regression analysis using TableCurve software version 5.01 for azoxystrobin treatments at pH 7 and 26 °C.





3. Results


3.1. Survival Rate


Figure 2 and Figure 3 show the survival rates of zebrafish embryos exposed to azoxystrobin under different pH (Figure 2) and temperature conditions (Figure 3). At pH 5, pH 7, and pH 9, embryos exposed to 1000 μg/L azoxystrobin exhibited the lowest survival rates, significantly lower than all other treatment groups (p < 0.05). At pH 9, the survival rate in the 1000 μg/L group was significantly higher than that at pH 7 (p < 0.05).



At 21 °C, the survival rates of all groups were significantly lower than those exposed at 26 °C or 31 °C. In addition, the survival rate in the 1000 μg/L group was significantly lower than in the control group (p < 0.05). No significant differences were observed between the 100 and 1000 μg/L groups and the 0 μg/L group (p > 0.05).



At 26 °C and 31 °C, the 1000 μg/L treatment groups consistently showed significantly lower survival rates than other treatment groups (p < 0.05). The survival rate of the 1000 μg/L group at 31 °C was significantly higher than that at 26 °C (p < 0.05).




3.2. Heart Rates


Heart rate responses at different pH levels are shown in Figure 4. At pH 5, pH 7, and pH 9, heart rates followed non-significant non-linear trends, initially increasing and then declining with rising azoxystrobin concentrations (Figure 4). At 1000 μg/L, the heart rates at pH 5 and pH 9 were significantly higher than those at pH 7 (p < 0.05).



Heart rates significantly increased in the control group with rising temperature (p < 0.05). Across all temperatures, the heart rates were significantly lower in embryos exposed to 1000 µg/L compared to the respective other exposure groups at the same temperature (Figure 5). No significant differences were observed between control and exposure groups at 21 °C (p > 0.05).




3.3. Hatching Rates


The effect of azoxystrobin on the hatching rates of zebrafish embryos at different pH and temperature is exhibited in Supplementary Figures S3 and S4. Across all temperature and pH conditions, embryonic development in the 1000 μg/L treatment groups was consistently delayed compared to the control at the same time points (Figures S3 and S4) (p < 0.05). No embryos hatched within 96 hpf at 21 °C in any treatment group.




3.4. Malformation


As shown in Figure 6, malformation rates were significantly elevated (p < 0.05) in the 1000 μg/L treatment groups under all pH and temperature conditions.



Embryonic development from 24 to 96 hpf is shown in Figure 7 and Figure 8 and Figures S5–S9. At 96 hpf, all 1000 μg/L groups exhibited varying malformations, including edema, ocular abnormalities, tail deformities, and spinal curvature (Figure 7 and Figure 8). At 21 °C, embryos in the 1000 μg/L group showed complete developmental arrest within 96 hpf (Figure 7, Figure 8 and Figures S5–S9).




3.5. Hsp70


Figure 9 and Figure 10 show the Hsp70 expression patterns in zebrafish embryos. At 26 °C and pH 7, Hsp70 levels initially increased and then decreased with rising azoxystrobin concentrations. Hsp70 expression in the 100 μg/L and 1000 μg/L groups was significantly lower than in the 0.1 μg/L group (p < 0.05). At pH 5, Hsp70 expression remained unchanged across all treatments with a trend to lower values after exposure to 1000 µg/L (p > 0.05). At pH 9, Hsp70 levels declined with increasing azoxystrobin concentration, and the 1000 μg/L group exhibited significantly lower expression than the control group (p < 0.05). At both 21 °C and 31 °C, there were no significant differences in Hsp70 expression between the treatment groups (p > 0.05). This section may be divided by subheadings. It should provide a concise and precise description of the experimental results, their interpretation, as well as the experimental conclusions that can be drawn.





4. Discussion


The current study investigated the impact of varying temperature and pH conditions on apical toxicity and proteotoxicity of azoxystrobin in zebrafish embryos. Our data resulted in the calculation of a 96 h-LC50 value of 988.2 (95% confidence interval from 987.7 to 988.7) μg/L at pH 7 and 26 °C. This value is similar to the findings of Jia et al. (2018) and Jiang et al. (2019) [30,31], who reported the 96 h-LC50 of zebrafish embryos exposed to azoxystrobin as 810 μg/L and 1230 μg/L, respectively. Zhang et al. (2020) reported a lower 96 h-LC50 of 488 μg/L [32]. This discrepancy may stem from the fact that Zhang et al. (2020) [32] used a commercial product, whereas all other studies, including ours, employed azoxystrobin of ≥95% purity. In addition, Cao et al. (2018) reported no significant increase in mortality in groups exposed to less than 200 μg/L azoxystrobin, which aligns with our findings that have shown low concentrations (0–100 μg/L) of azoxystrobin to exert only limited effects on zebrafish embryo survival [33].



Azoxystrobin is known to inhibit mitochondrial respiration, thereby reducing metabolic activity [5,11]. Notably, we observed a biphasic effect of azoxystrobin on heart rates. At the lower concentrations (10–100 μg/L), a moderate increase in heart rates was observed for all temperatures and all pH values tested, possibly due to compensatory mitochondrial stress responses or hormetic stimulation of cardiometabolic activity [18,23]. At the highest concentration (1000 μg/L), however, heart rates were significantly decreased, likely attributable to severe mitochondrial dysfunction, energy depletion, and oxidative damage to cardiac tissues [31]. Similarly, decreased heart rates in embryos and grass carp (Ctenopharyngodon idella) caused by cardiac depressants have been observed in the studies of Liu et al. (2013) and Zhang et al. (2020) [32,34].



Azoxystrobin has also been shown to inhibit embryonic development, as evidenced by delayed hatching and reduced growth. For instance, Cao et al. (2018) and Kumar et al. (2020) found shortened post-developmental body lengths, while Jiang et al. (2019) and Zhang et al. (2020) reported delayed hatching and decreased hatching success [11,31,32,33]. Consistently, our study revealed a negative impact of azoxystrobin on the hatching rate and the embryonic development. These developmental impairments are likely related to insufficient energy and reduced metabolism. Azoxystrobin inhibits mitochondrial complex III by binding to the Qo site of cytochrome b, disrupting electron transport and reducing proton gradient formation. This leads to impaired oxidative phosphorylation and decreased ATP production [13,32]. Zhang et al. (2020) also provided data that are likely to be related to this mechanism. They observed reduced yolk depletion in exposed embryos, which might also be indicative of decreased energy utilization resulting from impaired ATP production [32].



Even though sublethal concentrations will not cause immediate mortality, they can result in population-relevant effects, e.g., delayed development, reduced mobility, and prolonged vulnerability to predation [34,35]. Moreover, energy deficits during early-life stages may compromise reproductive capacity in later life stages [2,14].



Furthermore, our study observed morphological abnormalities in embryos such as edema, eye defects, spinal curvature, and tail defects, indicating the teratogenic potential of azoxystrobin. These abnormalities are likely associated with the production of excessive reactive oxygen species (ROS) and the induction of apoptosis, which may involve mitochondrial dysfunction among other pathways [13,32]. Jia et al. (2018) also reported azoxystrobin (1500 μg/L) to cause morphological abnormalities to zebrafish embryos, including tail defects, edema, and spinal curvature [30]. In our study, significant morphological changes were absent at medium to low concentrations (≤100 μg/L), which is consistent with Zhang et al. (2020) and Kumar et al. (2020) [11,32]. Similarly, Jiang et al. (2019) found that teratogenic effects appeared only at concentrations ≥ 500 μg/L [31].



The Hsp70 family is a well-known and highly conserved class of stress proteins that plays essential roles in maintaining cellular homeostasis. It assists in the refolding of misfolded proteins, inhibits apoptosis, and is indirectly involved in the regulation of ROS levels [36,37,38]. Since azoxystrobin causes mitochondrial dysfunction, oxidative stress, and apoptosis [13,32], it is reasonable to infer that Hsp70 may be upregulated during embryo exposure to azoxystrobin as part of a cellular defense mechanism. Specifically, Hsp70 likely contributes to preserving proteostasis, protecting cellular structures, and facilitating mitochondrial stress recovery.



The cellular Hsp70 response to increasing chemical toxicity can be broadly divided into three phases. In the initial phase, cells maintain homeostasis, and Hsp70 expression remains at baseline or only marginally elevated. During the second phase, activation of the stress response leads to a rapid increase in Hsp70 levels, culminating in peak expression. In the final phase, when toxic exposure surpasses the cellular tolerance threshold, pathological impairment of the protein synthesis machinery is likely to occur, resulting in a subsequent decline in Hsp70 expression [24,39]. At 26 °C, pH 7.0, the expression pattern of Hsp70 in response to azoxystrobin exposure aligns well with its typical stress-induced response pattern [24,39]. Hsp70 levels initially increased with rising azoxystrobin concentrations but declined at higher concentrations. This probably occurs between the reaction and destruction stages [24,39]. Specifically, cells respond to toxicity by sharply upregulating Hsp70 expression. When the toxicity of the azoxystrobin exceeds the cellular tolerance threshold, it may lead to structural and functional damage to the protein synthesis machinery, thereby reducing Hsp70 expression. Notably, in our study, Hsp70 showed a rapid response to azoxystrobin already at a very low concentration (0.1 μg/L), indicating its potential as a highly sensitive and early biomarker for proteotoxicity in aquatic organisms.



Temperature-dependent changes in azoxystrobin toxicity were evident in this study. At elevated temperatures (31 °C), an antagonistic effect was observed compared to 26 °C. Specifically, in the 1000 μg/L group at 31 °C, the survival rate increased significantly, the heart rates were elevated and equal to the normal level, the hatching rate increased, the deformity rate was reduced, and the animals hatched earlier than at 26 °C. No significant differences in Hsp70 levels were observed across the concentration groups at 31 °C. Elevated temperatures are often associated with increased chemical toxicity, as they can enhance passive diffusion, stimulate active uptake, and elevate oxygen demand—factors that collectively promote metabolic stress and ROS accumulation [18,24,40]. Nonetheless, this trend is not consistent across all compounds or organisms. In this study, azoxystrobin toxicity decreased at higher temperatures, suggesting temperature-dependent mitigation. To minimize potential methodological artifacts, a 2-h acclimation period was included prior to the onset of formal exposure. During this period, embryos were maintained at the respective experimental temperature in the corresponding incubators before selection. Therefore, the temperature-dependent toxicity observed is unlikely to result from abrupt thermal shock. One possible explanation for the alleviation of toxicity at higher temperatures is the result of physiological adaptations. Elevated temperatures can accelerate metabolic processes, potentially enhancing mitochondrial oxidative capacity and ATP production, which may counteract the respiratory inhibition caused by azoxystrobin [18,24,40]. Cominassi et al. (2022) reported an increased metabolic rate with increased acclimation temperature in the threespine stickleback (Gasterosteus aculeatus) [41]. Similarly, Voituron et al. (2022) reported that acclimation to high temperature improved mitochondrial efficiency (on average > 15%) of sea bass (Dicentrarchus labrax) juveniles, and improved ATP/O efficiency in European sea bass mitochondria at 26 °C, compared to 18–22 °C [42]. In addition, heat acclimation upregulates antioxidant enzymes (e.g., SOD, CAT), heat shock proteins (e.g., Hsp70), and other pathways to enhance ROS scavenging capacity [42,43]. In contrast, at 21 °C, we observed a marked increase in toxicity across all treatment groups: survival rates declined, Hsp70 levels were suppressed, and embryonic development was largely arrested. Moreover, within both the high (31 °C) and low (21 °C) temperature treatments, there were no significant differences among the groups that had been exposed to different concentrations of azoxystrobin, suggesting that temperature had a more dominant effect than the azoxystrobin concentration under these, for D. rerio, extreme conditions.



Compared to temperature, the effect of pH on azoxystrobin toxicity was less pronounced and showed no clear gradient-dependent pattern. In our study, the survival rate in the 1000 μg/L treatment group increased to varying degrees when pH changed from neutral to acidic or alkaline conditions; however, sublethal effects were significantly exacerbated under both conditions, such as increased malformation rates, altered Hsp70 expression, and accelerated heart rate. This indicates a possible toxicity shift from lethal to sublethal effects on embryo development under pH modulation, whereby embryos experience more biologically meaningful developmental and physiological disruptions. This shift is also supported by Bittner et al. (2018) and Schweizer et al. (2019) [44,45]. In their zebrafish embryo acute toxicity experiments, LC50 levels increased, and LOECs of heart rates, a sublethal concentration indicator, decreased as pH changed from neutral to acidic. The phenomenon was more pronounced at pH 9 in our study. In addition to the increase in malformation rate, we also observed a faster heart rate response to azoxystrobin and an earlier destructive stage of Hsp70 at pH 9 compared with that at pH 7.



Based on the logD and chemical structure of azoxystrobin (Figure S1), the compound remains non-ionized between pH 5 and pH 9, indicating that pH does not affect its ionization state or hydrophobicity. Therefore, the observed variations in toxicity across different pH conditions are unlikely to be due to altered uptake or membrane permeability [15,16,20]. Interestingly, elevated heart rates were observed at both pH 5 and pH 9. In one of our previous studies, we also found that both acidic and alkaline external environments increased the heart rates of zebrafish embryos exposed to pesticides [24]. These results suggest that pH does not alter azoxystrobin chemistry directly but rather modifies the physiological state of embryos. However, this compensation may come at the cost of enhanced oxidative stress, as ATP production and ROS generation are tightly coupled. At high azoxystrobin concentrations, the collapse of proteostasis further indicates that the combined stress of chemical exposure and pH imbalance overwhelms cellular defense capacity.



Although this study was designed as a hazard assessment rather than a quantitative risk assessment, the observed sublethal impairments (e.g., delayed development, altered cardiac function, reduced proteostatic capacity) may translate into population-relevant outcomes, including reduced recruitment, impaired growth, and compromised reproductive success [46,47]. Such effects, while not immediately lethal, can ultimately affect population dynamics by increasing predation vulnerability and lowering lifetime fitness. These findings suggest that current risk assessment frameworks (e.g., OECD fish embryo tests, EU WFD guidelines), which often emphasize lethality and nominal exposure concentrations, may underestimate ecological hazards under realistic environmental conditions where multiple abiotic stressors act simultaneously [46,47,48].



Moreover, organisms in natural ecosystems are rarely exposed to a single stressor. Factors such as oxygen fluctuations, temperature variability, pH shifts, and co-occurring pesticides act simultaneously and may interact in non-additive ways [49,50]. Our results show that even single abiotic variables like temperature and pH can shift toxicity thresholds, implying that combined stressors in the field may further modulate toxic responses. To better capture such complexity, future assessments could benefit from factorial laboratory designs and mechanistic modeling approaches, integrated with environmental monitoring, to improve the ecological realism of pesticide hazard evaluation [51].




5. Conclusions


This study reveals that the toxicity of azoxystrobin to zebrafish embryos is not only concentration-dependent but also influenced by confounding environmental factors such as temperature and pH. While traditional assessments typically rely on optimal laboratory conditions, our findings demonstrate that deviations in environmental parameters can significantly reshape the toxicity, altering both the severity and the nature of toxic effects.



Importantly, our findings highlight that environmental parameters, especially temperature and pH, can significantly alter the toxicity of azoxystrobin. Elevated temperature (31 °C) alleviated toxicity, possibly through enhanced mitochondrial efficiency and upregulation of stress–response mechanisms, whereas low temperature (21 °C) aggravated toxic outcomes. pH changes from neutral to acidic or alkaline conditions, despite not affecting the chemical’s ionization or uptake, caused a toxicity shift, reducing mortality but intensifying sublethal developmental impairments, particularly at pH 9. This suggests that abiotic factors can redirect toxic pressure from survival endpoints toward more subtle but ecologically significant physiological disruptions. These sublethal effects, though frequently overlooked, can have ecologically meaningful consequences by impairing individual fitness and population stability.



From an ecotoxicological perspective, these results provide valuable hazard assessment insights. They highlight that environmental parameters can substantially modulate toxic pressure, underscoring the need to account for realistic abiotic variability in toxicity testing. While our study does not constitute a full risk assessment, it supplies mechanistic and hazard-level evidence that can improve the ecological relevance of future risk evaluations. Incorporating such context-dependent responses into regulatory frameworks (e.g., OECD FET, EU WFD) will enhance predictive accuracy and ensure that pesticide hazards are more reliably characterized under changing environmental conditions.
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Figure 1. Flowchart of the experimental design. 
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Figure 2. Survival of zebrafish embryos exposed to azoxystrobin at different pH values. Values are means ± SE. Different letters indicate a significant difference (p < 0.05). 
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Figure 3. Survival of zebrafish embryos exposed to azoxystrobin at different temperatures. Values are means ± SE. Different letters indicate a significant difference (p < 0.05). 
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Figure 4. Heart rates of zebrafish embryos exposed to azoxystrobin at different pH values. Values are means ± SE. Different letters indicate a significant difference (p < 0.05). 
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Figure 5. Heart rates of zebrafish embryos exposed to azoxystrobin at different temperatures. Values are means ± SE. Different letters indicate a significant difference (p < 0.05). 
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Figure 6. Malformation rate of zebrafish embryos exposed to azoxystrobin at different pH and temperatures. Values are means ± SE. Different letters indicate a significant difference (p < 0.05). 
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Figure 7. Embryonic development in the 0 and 1000 ug/L azoxystrobin treatment groups at 96 hpf at different pH. Red arrows mark edemas, red triangles eye defects, black arrows spinal curvature, and black triangles mark tail defects. 
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Figure 8. Embryonic development in the 0 and 1000 ug/L azoxystrobin treatment groups at 96 hpf at different temperatures. Red arrows mark edemas, red triangles eye defects, and black triangles mark tail defects. 






Figure 8. Embryonic development in the 0 and 1000 ug/L azoxystrobin treatment groups at 96 hpf at different temperatures. Red arrows mark edemas, red triangles eye defects, and black triangles mark tail defects.



[image: Environments 12 00334 g008]







[image: Environments 12 00334 g009] 





Figure 9. Hsp70 level of zebrafish embryos exposed to azoxystrobin at 26 °C, pH 7. Values are means ± SE. Different letters indicate a significant difference (p < 0.05). 
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Figure 10. Hsp70 level of zebrafish embryos exposed to azoxystrobin at different pH and temperatures. Values are means ± SE. Different letters indicate a significant difference (p < 0.05). 
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Table 1. Endpoints observed at various periods during the 96 h of the fish embryo test.
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	Endpoints
	12 hpf
	24 hpf
	48 hpf
	60 hpf
	72 hpf
	96 hpf





	Survival rate
	☑
	☑
	☑
	☑
	☑
	☑



	Developmental

delays 1
	
	☑
	
	
	
	



	Heart rates
	
	
	☑
	
	
	



	Hatching success
	
	
	
	☑
	
	☑



	Malformations 2
	☐
	☐
	☐
	☐
	☐
	☑







☑ = endpoint measured at the indicated time point; ☐ = not measured. 1 No somites, non-detachment of the tail, and no development of the eyes; 2 Edema, eye defects, tail defects, deformation of the spine, and light pigmentation.
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