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Abstract: Azoxystrobin (AZO) is widely used to prevent and treat fungal diseases in important
crops but can also impact non-target organisms, including mammals, amphibians, aquatic, and soil
organisms. Collembolans play important roles in ecosystems as decomposers, fungal feeders, and
regulators of microbes. This study aimed to investigate the effects of AZO on Collembola Folsomia
candida using a reproduction test and assess biomarker responses over different time intervals (3,
5, 7, 14, and 28 days). Results showed AZO negatively affected reproduction at concentrations of
50, 100, and 200 mg./kg, resulting in decreases of 48.3%, 64.5%, and 81.3%, respectively, compared
to the control. Adult survival remained unaffected. The estimated EC50 (reproduction) in artificial
soil was 61.28 mg kg−1. Biomarker responses varied with concentration and time. Protein and
glycogen concentrations increased with exposure time, while lipid content was affected initially but
returned to control levels by day 28. Oxidative stress biomarkers (CAT, SOD, GST, TBARS) indicated
AZO induced oxidative stress, intensifying over time. After 28 days, MDA concentrations were
significantly elevated compared to the control, suggesting the antioxidant system is overwhelmed
which caused damage to lipid membranes. This study showed that azoxystrobin caused negative
effects at molecular and population level on non-target species of Collembola.

Keywords: fungicide; nontarget organisms; soil pollution; biomarkers; springtail

1. Introduction

Increasing human population puts pressure on food production which in turn leads to
increase in pesticide use worldwide. According to different scenarios it is estimated that
total food consumption will have to increase by 35% to 56% between 2010 and 2050 [1].
Although negative effects of pesticides are well known, and despite global efforts, global
consumption of pesticides is increasing, with estimated consumption of 4.2 million tons in
2019 [2]. Despite the benefits of using pesticides in food production, their intensive use leads
to numerous negative effects such as soil pollution, surface water contamination, a decrease
in soil fertility, and various negative effects on non-target organisms [3]. Azoxystrobin is a
highly efficient strobilurin fungicide that is commonly used in the prevention and treatment
of fungal diseases in a wide range of economically important crops [4]. Its primary mode of
action is to bind to mitochondrial complex III of the electron transport chain which in turn
leads to the inhibition of electron exchange from quinol to cytochrome c1, consequently
causing impaired mitochondrial respiration [5]. It has attracted scientific attention because
of its over-application and ecotoxicity. Its excessive application can lead to accumulation in
soil and aquatic ecosystems. In European soils, its median concentration is estimated to
0.03 mg kg−1 with the maximum concentration reaching 0.25 mg kg−1 [6]. In Chinese soils,
residues of azoxystrobin in concentrations up to 9.5 mg kg−1 were detected [7].

Azoxystrobin has negative effects on various nontarget organisms, including mam-
mals, amphibians, aquatic and soil organisms [8]. In fish, it induces various negative effects
such as immune damage which leads to increased susceptibility to various pathogens [9,10].
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Impairment of embryonic development and oxidative stress [11], as well as DNA dam-
age [12] was also observed in fish. Increased mortality and teratogenic effects were observed
in amphibians at concentrations of pesticides commonly used in agriculture according to
recommended application dose prescribed by manufacturer’s instructions [13,14]. Exten-
sive research has been conducted on earthworms, which has consistently shown negative
impacts on their survival, reproduction, and induction of oxidative stress [15–17]. Also,
azoxystrobin affects enchytraeid survival, reproduction, and hatching success [18], as well
as strong oxidative stress [19]. Only one study performed by Leitão et al. [18] considered
the effects of azoxystrobin on Collembolan Folsomia candida and found 10% mortality at
high concentrations (1000 mg kg−1). Therefore, there is a considerable gap about the impact
of azoxystrobin fungicides on collembolans. Understanding the effect of pesticides on a
wider range of taxons will allow better prediction of the indirect effects of azoxystrobin on
the environment, as biodiversity influences numerous ecosystem functions directly linked
to essential services and benefits provided to humans.

Collembolans are among the most abundant soil-dwelling arthropods, which occupy
different niches in soil ecosystems [20]. They are an important component of the soil
ecosystem, and their presence and abundance can provide valuable information about soil
health and functioning. They are found in a wide range of soil types and environments,
from agricultural fields to forests and grasslands [21]. Collembolans feed on a variety of
organic material, including dead plant material and microorganisms, and help to break
down and decompose this material, making nutrients available to other soil organisms and
plants [20,22]. They also play a critical role in the soil food web as a food source for predators
such as mites and other insects [20]. As a key group in soil ecosystems with specific
sensitivity to pesticides collembolans are a good bioindicator of the pesticide ecotoxic
effect [23]. Therefore, the impact of different pollutants and environmental stressors is
often assessed in collembolan toxicity tests [24,25]. Most of the applied plant protection
products affect non-target species, and soil-dwelling organisms are among the first in line
of exposure [26]. Namely, due to specific life traits, collembolans come into direct contact
with fungicides, which often leads to negative effects. In order to explain the mechanisms
associated with negative effects, endpoints on the biochemical level as the oxidative stress
response are assessed [27].

Oxidative stress occurs when there is an imbalance between antioxidants and reactive
oxidative species (ROS) or free radicals. During the initial phase of detoxification (Phase I),
enzymes like superoxide dismutase (SOD) and catalase (CAT) play a crucial role. SOD con-
verts superoxide radicals into harmless molecules (H2O2/alcohol and O2) [28], while CAT
converts H2O2 into water and oxygen. If harmful molecules are not adequately eliminated
during this phase, the second phase of detoxification is activated. Glutathione-s-transferase
(GST), a common enzyme involved in the second phase, is responsible for the detoxification
of xenobiotics by catalyzing the conjugation of the thiol group of reduced glutathione (GSH).
If the antioxidative defense mechanism fails, lipid peroxidation occurs, leading to long-term
damage. Lipid peroxidation causes metabolic disorders and the production of malonaldehyde
(MDA), which serves as an index for evaluating the degree of oxidative damage [29]. In gen-
eral, biomarkers of oxidative stress provide valuable information on the effects of pollutants
and serve as an early warning system before measurable effects occur at the individual or
population level. Oxidative stress biomarkers have been applied to various soil species, mostly
earthworms [30–35], enchytraeids [19,36–39], arthropods Porcellionides pruinosus [40,41], and
Folsomia candida [27,42–44].

The main aim of this study was to assess the temporal dynamics of the response
of common oxidative stress biomarkers in Folsomia candida exposed to azoxystrobin in
artificial soil. In addition to evaluating biochemical biomarkers, we also estimated adult
survival and reproduction. This research not only fills the knowledge gap regarding the
effects of strobilurin fungicides on collembolans but also represents the first investigation
of oxidative stress biomarkers resulting from exposure to azoxystrobin.



Agriculture 2023, 13, 1443 3 of 15

2. Materials and Methods
2.1. Test Organisms

The culture of Folsomia candida (Willem, 1902) is continuously maintained at the
Department of Biology (Osijek, Croatia). Organisms were reared on Petri dishes with a
layer of moist plaster of Paris mixed with activated charcoal (10:1), and cultures are kept
in a climate chamber at a constant temperature (20 ± 1 ◦C) with a relative humidity of
60%, and a photoperiod of 16:8 h (light: dark) [25]. Collembolans were fed with granulated
dried baker’s yeast twice a week and distilled water was added weekly to maintain the
moisture content. Prior to the experiment cultures were synchronized to obtain 10–12 days
old juveniles according to OECD (2016) [24].

2.2. Test Materials and Soil Spiking

All reagents used in the experiments were of analytical grade. For the preparation
of exposure concentrations, a commercial product of azoxystrobin fungicide was used—
Quadris® (Syngenta Agro Ltd., Zagreb, Croatia, 250 g/L azoxystrobin—AZO).

Concentrations of azoxystrobin are chosen based on its recommended application rate
(1 L/ha, max. 4× per year). Control and six concentrations were used: C0 = 0 mg kg−1,
C1 = 0.15 mg kg−1, C2 = 1.5 mg kg−1, C3 = 15 mg kg−1, C4 = 50 mg kg−1, C5 = 100 mg kg−1

and C6 = 200 mg kg−1. All the concentrations are expressed as mg of active ingredient per
kg of dry weight of soil.

Artificial soil was used in the experiments and it consisted of 70% fine quartz sand,
20% kaolinite clay, and 10% sphagnum peat, with pH adjusted to 6.0 ± 0.5 with CaCO3 [25].
Quadris was diluted with distilled water to desired concentrators and added separately
to each test vessel. Controls contained only distilled water. Soil moisture was adjusted
to 60% of the water-holding capacity (WHC). After adding prepared fungicide solutions,
the soil was homogeneously mixed and allowed to equilibrate for 24 h before the addition
of springtails.

2.3. Experimental Design

Two sets of experiments were performed in parallel. First, the reproduction test accord-
ing to the standardized test guidelines [24,25]. For the reproduction test, 10 synchronized
juveniles (10–12 days old) were introduced into each test vessel containing 30 g artificial
soil and dried baker’s yeast. Water (60% WHC) and food content were replenished weekly.
After the end of the exposure time organisms were extracted using the Tullgren extraction
method, and surviving adults and juveniles were counted.

The second experiment was adjusted to allow the extraction of enough organisms for
biomarker measurements at several time intervals: 3, 5, 7, 14, and 28 days. Three replicates
for each concentration and time sampling point were prepared, and 600 synchronized juve-
niles were introduced in each replicate. At each sampling point, from each replicate, three
samples were taken, with nine samples for each concentration and time point. Sampling
was destructive.

60% WHC was chosen as it was noted that higher values of WHC resulted in sig-
nificantly lower variance in the reproduction test. Additionally, we found that the heat
extraction process demonstrated significantly higher efficiency when higher moisture con-
tent was used. Heat extraction was selected due to its simplicity and precision in collecting
organisms needed for measuring biomarkers. The reliability of animal counting was no-
tably higher with heat extraction, and it offered the additional advantage of simplifying the
collection of organisms for biomarker measurements. The extraction efficiency for adult or-
ganisms exceeded 95%, while for juveniles, it was consistently above 85%. Extraction time
was 24 h, as it proved to be sufficient since only 30 g of soil was used in the experiments.

2.4. Biomarker Measurements

To conduct biochemical analyses, a total of 150 springtails were homogenized in a cold
potassium phosphate buffer (0.1 mM, pH 7.4) using the OMNI TH homogenizer. From
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the homogenate, a 150 µL sample was isolated, and to prevent tissue oxidation, 2.5 µL of
BHT (2,6-dieterbutyl-4-metylphenol) solution at a concentration of 4% in methanol was
added. The remaining homogenates were then subjected to centrifugation at 10,000× g
for 20 min at 4 ◦C (postmitochondrial fraction—PMS). Aliquots of the resulting PMS were
stored at −80 ◦C until further analysis. In the homogenate, the levels of Malondialdehyde
(MDA), lipid, and glycogen content were measured, while protein concentration, as well
as the activities of superoxide dismutase (SOD), catalase (CAT), glutathione S-transferase
(GST), and acetylcholinesterase (AChE), were measured in the PMS fraction. SOD activity
was assessed following the procedure outlined by McCord and Fidovich [45], while CAT
activity was determined based on the method described by Claiborne [46], and GST activity
was measured according to the protocol by Habig et al. [47]. AChE activity was evaluated
using the technique introduced by Ellman et al. [48]. To determine lipid peroxidation, the
formation of thiobarbituric acid reactive substances was measured fluorometrically, follow-
ing the method detailed by Gagne [49]. Lipid and glycogen content in the homogenate were
determined using the methods described by Frings et al. [50] and Roe and Daily [51], respec-
tively. The protein content was assessed using the Bradford [52] method. Enzyme activities
and lipid peroxidation levels were normalized to the protein content and expressed relative
to their respective control samples, allowing for comparisons across multiple time points.

2.5. Statistical Analysis

Prior to analysis, data were tested for normality using the Shapiro–Wilk test and
checked for variance homogeneity using Bartlett’s test. In some instances, the variance was
found to be inhomogeneous. In the biomarker analysis, three samples were taken from the
same test jar, potentially leading to pseudoreplication. To address this issue and account for
unequal variances in some cases, we employed linear mixed-effects models (LMM) with
random effects. The R package nlme [53] was utilized to construct these models. The LMM
was formulated with the biomarker response and concentration as fixed effects and the
replicate ID as a random variable. By including replicate as a random effect, we considered
the inherent variability within the samples taken from the same test jar. Subsequently,
one-way ANOVA was performed on the LMM to assess the overall significance of the
fixed effects in the model. The one-way ANOVA allowed us to determine if there were
statistically significant differences between the groups defined by biomarker response
and concentration. To further investigate specific group differences while controlling for
multiple comparisons, we conducted Dunnett contrasts using the emmeans [54] package.
The Dunnett contrasts enabled us to compare each group to a control group, which is
particularly useful when multiple groups need to be compared to a single reference. Addi-
tional information on the results of the statistical analysis can be found in Supplementary
Material—Tables S1 and S2. The level of statistical significance was p < 0.05 throughout
the study. Data analysis was performed using R statistical software version 4.2.3 [55] and
RStudio [56]. The package drc [57] was used to estimate effect concentrations (ECX). For
the estimation of EC50 values, a three-parameter logistic model was used. This model was
selected based on Akaike’s information criterion (AIC).

3. Results
3.1. Reproduction Test

Performed reproduction test met all of the criteria of the OECD guideline [24], as
adult mortality did not exceed 20%, the number of juveniles in all tested vessels was
higher than 100 and the coefficient of variation in the control treatments did not exceed
30%. Adult survival was not significantly affected by azoxystrobin, as survival was >90%
at all tested concentrations. The results of the reproduction test (28 days of exposure)
indicated that azoxystrobin did not affect the reproduction of Folsomia candida at lower,
environmentally relevant concentrations (C1-C3). However, a significant reduction in the
number of juveniles was observed at concentrations C4 (50 mg kg−1), C5 (100 mg kg−1),
and C6 (200 mg kg−1) resulting in decreases of 48.3%, 64.5%, and 81.3% respectively,
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compared to the control (Figure 1) (ANOVA, F = 52.82, p < 0.001; Dunnett’s post hoc test,
p < 0.05). Estimated EC10, EC50, and EC90 (reproduction) are summarized in Table 1.
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Figure 1. Reproduction of Folsomia candida after exposure to strobilurin fungicide azoxystrobin in
artificial soil. Results are expressed as mean ± SD. Significant differences compared to the control are
labeled with * (p < 0.05).

Table 1. Estimated effect concentrations (ECx) for Folsomia candida after exposure to azoxystrobin
(AZO) for 28 days in artificial soil.

ECx Effect Concentration—Reproduction Test 1

EC10 11.73 (5.04, 18.42)
EC50 61.28 (48.05, 74.508)
EC90 319.96 (170.20, 469.73)

1 Concentrations are presented as mg kg−1 with a 95% confidence interval for each estimate.

3.2. Biomarker Response
3.2.1. Protein Concentration

Protein concentration varied with the concentration of AZO as well as with the time
of exposure. Initially, after 3 days, the concentration of proteins showed a slightly declining
trend up to C3 concentration in which reduction was significant (42.2% reduction) compared
to the control. At other AZO concentrations, there was no significant reduction in protein
concentration compared to the control treatment (Figure 2a). After 5 days of exposure
protein concentration increased significantly at all tested concentrations (except C3), with
the highest increase of 37.0% observed at C5 compared to the control. Values were increased
also after 7 and 14 days of exposure at almost all tested concentrations. After 28 days of
exposure, protein concentration started to return to control values at C5, while at other
concentrations, they remained significantly increased compared to the control.
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3.2.2. Glycogen Concentration

Glycogen concentrations varied with time of exposure as well as with AZO concen-
tration, showing an interesting “U” shaped temporal response (Figure 2b). Initially, after
3 days of exposure, glycogen levels increased compared to the control at all tested con-
centrations (except C3), with the highest increase at C6 (97.2% increase). After the initial
increase, glycogen concentrations started to return to the control values (5 and 7 days of
exposure), and then again, they significantly increased after 14 and 28 days. Values were,
on average, 2.5 times the values in the control at concentrations C4, C5, and C6.

3.2.3. Total Lipids

“The concentration of lipids was significantly affected after 3 days of exposure at
all tested concentrations, which showed a decrease of 18.9%, 22.0%, 31.8%, 29.2%, 29.3%,
and 36.4% compared to the control, respectively (Figure 2c). After 14 days of exposure,
significant decreases were observed only at concentrations C1 (47.8%), C5 (29.8%) and C6
(67.7%). At other time points and concentrations, total lipids did not differ significantly
from the control values.”.

3.2.4. CAT Activity

After 3 days of exposure, an increase in CAT activity was observed at lower, environ-
mentally relevant AZO concentrations (C1, C2, and C3), although only the increase at C1
was significant (Figure 3a). At C4 and C5, catalase activity remained at control levels, while
it was strongly inhibited at C6 (43.11%). Furthermore, induction of CAT occurred after
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14 days of exposure at C1. However, at all other time points and concentrations, catalase
activity was strongly inhibited compared to the control values.
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3.2.5. SOD Activity

The temporal response of SOD activity varied with AZO concentration and exposure
time. SOD activity remained mostly unaffected at all almost concentrations after 3 and
5 days of exposure, except for significant inhibition at C3 after 3 days and at C2 after 5 days
(Figure 3b). However, significant inhibition was observed after 7 days of exposure across
all tested concentrations. After 14 days of exposure, significant inhibition persisted at
lower AZO concentrations (C1–C4), with the strongest inhibition observed at C3 (68.1%).
Surprisingly, after 28 days of exposure, a contrasting effect was observed. SOD activity
returned to control levels at lower, environmentally relevant AZO concentrations (C1, C2,
and C3), while significant induction occurred at C4, C5, and C6, nearly doubling the activity
compared to the control

3.2.6. GST Activity

Opposite responses in GST activity compared to SOD were observed depending on
the time point and AZO concentration. After 3 days of exposure, lower, environmentally
relevant AZO concentrations (C2 and C3) significantly induced GST activity by 58.1% and
59.3%, respectively. At C4–C6, activities remained at the control level (Figure 3c). GST
activities after 5 days of exposure were significantly inhibited at C2, C3, and C4, while
after 7 days of exposure, significant inhibition was observed at all tested concentrations.
After 14 days of exposure, GST activity remained significantly induced only at C1, while at
other concentrations, it returned to control levels, except for C6, where it was significantly
inhibited. After 28 days of exposure, significant inhibition of GST activity was observed at
all tested concentrations

3.2.7. MDA Concentration

A “U”-shaped temporal response can also be observed in MDA concentration. After
3 days of exposure, MDA concentrations are significantly higher at all AZO concentrations
compared to the control (Figure 3d). After 5 days, MDA concentrations remain significantly
elevated at C2 to C6. Subsequently, after 7 days, MDA levels show a decrease compared to
the control at all concentrations, although this decrease is not statistically significant. Once
again, after 14 and 28 days, MDA levels are significantly elevated at all tested concentrations,
except for C1, compared to the control.

3.2.8. AChE activity

Azoxystrobin exhibited strong inhibition of AChE activity at all tested concentrations.
Similar to the trend observed in total lipids, a “U”- shaped temporal response was observed
(Figure 3e). The strongest inhibition was observed after 5 and 7 days of exposure. The
greatest inhibition of AChE activity, reaching 81.1% compared to the control, was observed
after 7 days of exposure to C5. Although inhibition was still evident after 28 days at C5
and C6, it was not statistically significant.

4. Discussion

The results of the present study suggest that azoxystrobin cause adverse effects on
F. candida at the molecular and population level. The biomarker response indicates that AZO
induced significant oxidative stress, and the response varied depending on the duration of
exposure and the applied concentration. Superoxide dismutase (SOD) and catalase (CAT)
are crucial antioxidant enzymes that serve as the first line of defense against free radicals
or reactive species in cells [28]. These enzymes work by dismutating superoxide radicals
and breaking down hydrogen peroxide and hydroperoxides into harmless molecules such
as oxygen (O2) and water (H2O). CAT and SOD exhibited distinct temporal responses.
CAT was significantly induced at lower, environmentally relevant concentrations of AZO
(C1–C3) after 3 days of exposure, while it was significantly inhibited at the highest concen-
tration (C6). On the other hand, after 3 days of exposure, SOD remained unaffected. As the
exposure duration progressed beyond 5 days, CAT activity was predominantly significantly
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inhibited. SOD showed a similar temporal response, but by the 28th day of exposure, its
activity started to increase, and it was significantly induced at higher AZO concentrations
(C4–C6) after 28 days of exposure. A similar temporal response of CAT was observed by
Maria et al. [27] in Folsomia candida exposed to copper and cadmium. CAT activity was
initially induced on day 2 but gradually declined by the 10th day. A decrease in CAT
activity with exposure duration was also observed by Han et al. [16] in earthworms Eisenia
fetida exposed to azoxystrobin, where CAT was induced after 7 days but inhibition occurred
on days 14, 21, and 28. Authors suggested that in earthworms exposed to azoxystrobin,
CAT probably plays an inferior role in eliminating oxidative stress, especially after longer
exposure. Similarly, Zhang et al. [58] also reported CAT inhibition with exposure time in
earthworms exposed to fluoxastrobin and suggested that excess H2O2 produced by SOD
probably inhibited CAT activity. Although this explanation partially aligns with our results,
as SOD was significantly induced at the end of the exposure period (28 days) when CAT
was significantly inhibited, it should be noted that at 5, 7, and 14 days of exposure, both
enzymes were inhibited. SOD is an essential component in the first antioxidative defense
mechanism, and it is expected first to respond; however, its significant induction occurred
only after 28 days of exposure, which indicated that it took some time for AZO to activate
this enzyme. An increase in SOD activity with the increase in exposure time was also
observed by Xu et al. [17] in earthworms (Eisenia fetida) exposed to azoxystrobin, as well as
Han et al. [16].

GST is an essential second-phase detoxifying enzyme that scavenges lipid hydroper-
oxides to reduce oxidative damage. In our research, GST was activated only at 3 days of
exposure at lower, environmentally relevant AZO concentrations (C1–C3), while with a
duration of exposure and increasing concentrations, activity was inhibited, which subse-
quently caused significant lipid damage visible through increased MDA levels. A higher
level of MDA indicates a higher production of ROS and lipid peroxidation (LPO), and
MDA content is a common biomarker of oxidative damage [36]. Xu et al. [32] observed
a decrease in GST activity with exposure time; however, these effects were only present
in one type of soil (red clay soil). Depletion of GST is also observed in Enchytraeus albidus
and Eisena fetida exposed to olive mill wastewater [59,60] and different earthworm species
exposed to pesticides [61–63]. Authors commonly attribute this type o GST response to
the chemical compositions of the herbicide, which might influence the behavior of GST
activity; changes in enzyme synthesis; or take it as a sign of its consumption due to the
activation of detoxification mechanisms.

Proteins, glycogen, and lipids are the main energy compartments of an organism
and indicate the energy status of an organism [64]. Protein and glycogen content showed
a similar temporal response as a significant increase in protein and glycogen synthesis
was observed with the duration of exposure. After 28 days, the protein content at higher
concentrations (C4–C6) doubled, while the glycogen content almost tripled. While lipid
content was mostly unaffected, a significant depletion of lipids was observed after 3 days
of exposure at concentrations C2 to C6. After 7 days, significant depletion was observed at
C2 and C3, and after 14 days, only at the highest concentration. However, by the end of
the exposure period (28 days), the lipid content had returned to control levels. Organisms
exposed to pollutants can have different resistance strategies: avoidance, neutralization,
and excretion of damage repair [65]; however, all of these processes are metabolically costly
in terms of energy and can reduce the energy available for growth, reproduction, or sur-
vival. Such changes in protein, carbohydrate, and lipid content are commonly considered
as a stress response. Similar patterns of protein glycogen and lipid content after pollutant
exposure are observed in Folsomia candida [66] and several other species. Tripathi et al. [67]
reported an increase in protein content in three species of earthworms exposed to carbofu-
ran, which authors attributed to an increase in the synthesis of stress proteins. De Coen
and Janssen [64] found a significant increase in protein levels in Daphnia magna exposed to
cadmium, tributyltin, linear alkyl sulfonic acid, lindane, and 2,4-dichloro phenoxy acetic
acid (2,4-D). Kovačević et al. [19] reported an increase in protein and carbohydrate content
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in Enchytraeus albidus at the highest concentration of azoxystrobin, with the protein content
showing a time and concentration-dependent pattern. Agbohessi et al. [68] suggested that
intermediate levels of pollution can stimulate increased protein synthesis, which is neces-
sary for detoxification processes and other defense mechanisms when sufficient amounts of
energy sources like glycogen and lipids are available. This would also explain the observed
increase in glycogen synthesis, which began after 5 days of exposure and continued to rise
until the 28th day.

AChE activity has been widely used as a sensitive stress biomarker of neurotoxicity.
AZO caused significant inhibition of AChE activity in Folsomia candida in all tested con-
centrations and all time points. Its primary mode of action is the prevention of respiration
due to the disruption of the electron transport chain, preventing ATP synthesis [69], so the
mechanism of AChE inhibition is not clear. It is known that oxidative stress plays a role in
the regulation and activity of AChE [70]. Contrary to our results, several authors reported
induction of AChE activity in other species exposed to azoxystrobin. AZO significantly
elevated AChE activity in zebrafish larvae [71] and crayfish (Astacus leptodactylus) [72].
However, as research on the effects of AZO on AChE is still quite scarce, mechanisms are
still not clear.

AZO did not affect adult survival, however, it significantly inhibited reproduction at
concentrations C4–C6 (50, 100, and 200 mg kg−1). This inhibition resulted in a decrease
in the number of juveniles compared to the control, with reductions of 48.3%, 64.5%, and
81.3% for concentrations C4, C5, and C6, respectively. EC50 (reproduction) is estimated
at 61.28 mg kg−1 [CI 48.05, 74.508]. The only study investigating the effects of AZO on
Collembolas was performed by Leitão et al. [18] and similar to our results, they did not
find a significant effect on adult survival, although they did observe a decrease of 10%
at very high concentrations of AZO (1000 mg kg−1). The most probable explanation for
this difference in sensitivity is that juveniles are still undergoing growth and development,
making them more vulnerable to external stressors like pesticides. Their physiological
systems may be less mature, and their antioxidant defense mechanisms less developed,
which makes them more susceptible to the toxic effects of pesticides. Leitão et al. [18] also
estimated the EC50 (reproduction) at 92.0 mg./kg (95% CI 57.9–126.1 mg kg−1), which is
slightly higher than our estimate but still falls within the 95% confidence interval. The
difference in the estimates could also be attributed to the author’s use of natural soil
from a Mediterranean agricultural area. Soil properties play a crucial role in the fate,
behavior, and dispersion of pesticides in the soil [73]. The toxicity of pesticides depends
on the soil type used in the experiments [74], and it is known that soil organic matter
(SOM) [75,76], quantity and type of clay [77,78], moisture content, and pH all affect the
toxicity of various pollutants. SOM is considered to be the most important factor affecting
the sorption of chemicals in the environment [79], as it can influence the sorption potential
and capacity [80,81] and also influences pesticide retention and sorption in the soil [82]. In
our study, artificial soil with 10% sphagnum peat was used. This soil is preferred in the
standard ecotoxicological test over natural soils, as it provides reproducibility of results
between different research. However, it is often criticized as the sphagnum peat in artificial
soil does not represent the natural organic matter (OM) type [76], and usually, OM content
is significantly lower in most European agricultural soils, which typically have OM content
less than 5% [83]. Wu et al. [84] investigated the adsorption of AZO in three types of soils
and showed that adsorption was positively correlated with SOM content. Xu et al. [17]
investigated the ecotoxicity of AZO on earthworm Eisenia fetida in four different soils and
found that AZO had higher toxicity in natural soils compared to artificial soil, which had
the highest OM content among all of the tested soils. Considering we used a quite high
SOM content, it is reasonable to assume that the negative effects of AZO could be more
intense in natural soils and that the effects are possibly underestimated. However, it is
assumed that the main uptake route of chemicals in collembolans is associated with solid
soil phases, while for soft-bodied species, like earthworms, uptake is mainly influenced
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by pore water [85]. Since AZO strongly adsorbs to SOM, further research is needed to
precisely determine possible negative effects of AZO in natural soil systems.

Our results indicate that AZO did not affect the reproduction of Folsomia candida
at lower, environmentally relevant concentrations (C1–C3); however, it is important to
consider that some research suggests that although no negative effects are observed in the
first generation, they may be detected in subsequent generations [42,86–88].

5. Conclusions

Although the usage of pesticides offers clear advantages in improving food safety and
ensuring sufficient food supply for the growing human population, their intensive use
can lead to soil and water pollution, thereby increasing environmental and health risks.
The negative effects of pesticides on non-target organisms are overwhelming. This study
showed that azoxystrobin, a fungicide, caused negative effects at molecular and population
levels on non-target species of Collembola. Azoxystrobin induced significant oxidative
stress, as well as impairment of reproduction at concentrations 50, 100, and mg kg−1. EC50
(reproduction) is estimated at 61.28 mg kg−1 (95% CI 48.05, 74.508). Temporal dynamics
of biomarker response varied with concentration and time of exposure, which should
be considered as an acute test that would probably fail to detect any negative effects.
While no negative effects on reproduction could be observed at lower, environmentally
relevant concentrations, cumulative effects, the presence of multiple stressors as well as
studies indicating that effects may be observed in multigenerational studies all should be
considered when estimating risks for non-target organisms.
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19. Kovačević, M.; Stjepanović, N.; Hackenberger, D.K.; Lončarić, Ž.; Hackenberger, B.K. Toxicity of fungicide azoxystrobin to
Enchytraeus albidus: Differences between the active ingredient and formulated product. Pestic. Biochem. Physiol. 2022, 187, 105198.
[CrossRef]

20. Hopkin, S.P. Biology of the Springtails (Insecta: Collembola); Oxford University Press Inc.: New York, NY, USA, 1997; 341p.
21. Wallwork, J.A. The Distribution and Diversity of Soil Fauna; Academic Press: London, UK, 1976.
22. Larink, O. Springtails and mites: Important knots in the food web of soils. In Fauna in Soil Ecosystems: Recycling Processes, Nutrient

Fluxes, and Agricultural Production; Benckiser, G., Ed.; Marcel Dekker: New York, NY, USA, 1997; pp. 225–264.
23. Joimel, S.; Chassain, J.; Artru, M.; Faburé, J. Collembola are Among the Most Pesticide-Sensitive Soil Fauna Groups: A Meta-

Analysis. Environ. Toxicol. Chem. 2022, 41, 2333–2341. [CrossRef]
24. OECD. Test No. 232: Collembolan Reproduction Test in Soil, OECD Guidelines for the Testing of Chemicals, Section 2; OECD Publishing:

Paris, France, 2016.
25. ISO—International Organization for Standardization. Soil Quality: Inhibition of Reproduction of Collembola (Folsomia candida) by Soil

Contaminants; ISO: Geneva, Switzerland, 2014.
26. Gomes, S.I.L.; Ammendola, A.; Casini, S.; Amorim, M.J.B. Toxicity of fungicides to terrestrial non-target fauna—Formulated

products versus active ingredients (azoxystrobin, cyproconazole, prothioconazole, tebuconazole)—A case study with Enchytraeus
crypticus (Oligochaeta). Sci. Total Environ. 2021, 754, 142098. [CrossRef]

27. Maria, V.L.; Ribeiro, M.J.; Amorim, M.J. Oxidative stress biomarkers and metallothionein in Folsomia candida—Responses to Cu
and Cd. Environ. Res. 2014, 133, 164–169. [CrossRef]

28. Ighodaro, O.M.; Akinloye, O.A. First line defence antioxidants-superoxide dismutase (SOD), catalase (CAT) and glutathione
peroxidase (GPX): Their fundamental role in the entire antioxidant defence grid. Alex. J. Med. 2018, 54, 287–293. [CrossRef]

29. Duryee, M.J.; Klassen, L.W.; Schaffert, C.S.; Tuma, D.J.; Hunter, C.D.; Garvin, R.P.; Anderson, D.R.; Thiele, G.M. Malondialdehyde-
acetaldehyde adduct is the dominant epitope after MDA modification of proteins in atherosclerosis. Free Radical Biol. Med. 2010,
49, 1480–1486. [CrossRef] [PubMed]

30. Deng, S.; Wu, Y.; Duan, H.; Cavanagh, J.A.E.; Wang, X.; Qiu, J.; Li, Y. Toxicity assessment of earthworm exposed to arsenate using
oxidative stress and burrowing behavior responses and an integrated biomarker index. Sci. Total Environ. 2021, 800, 149479.
[CrossRef] [PubMed]
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39. Hackenberger, D.K.; Stjepanović, N.; Lončarić, Ž.; Hackenberger, B.K. Effects of single and combined exposure to nano and bulk
zinc-oxide and propiconazole on Enchytraeus albidus. Chemosphere 2019, 224, 572–579. [CrossRef]

40. Ferreira, N.G.; Santos, M.J.; Domingues, I.; Calhôa, C.F.; Monteiro, M.; Amorim, M.J.; Soares, A.M.; Loureiro, S. Basal levels of
enzymatic biomarkers and energy reserves in Porcellionides pruinosus. Soil Biol. Biochem. 2010, 42, 2128–2136. [CrossRef]

41. Ferreira, N.G.; Cardoso, D.N.; Morgado, R.; Soares, A.M.; Loureiro, S. Long-term exposure of the isopod Porcellionides pruinosus to
nickel: Costs in the energy budget and detoxification enzymes. Chemosphere 2015, 135, 354–362. [CrossRef]

42. Oliveira, M.; Cardoso, D.; Soares, A.; Loureiro, S. Toxic effects of human pharmaceuticals to Folsomia candida—A multigeneration
approach. Sci. Total Environ. 2018, 625, 1225–1233. [CrossRef]

43. Li, Y.; Guo, P.; Liu, Y.; Su, H.; Zhang, Y.; Deng, J.; Wu, Y. Effects of sulfur on the toxicity of cadmium to Folsomia candida in red
earth and paddy soil in southern Fujian. J. Hazard. Mater. 2020, 387, 121683. [CrossRef]
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