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Abstract
Excessive application of fungicides in crop fields can cause adverse effects on soil organisms and consequently affect soil
properties. Existing knowledge on the effects of strobilurin fungicides has been primarily based on toxicity tests with active
ingredients, while the effects of fungicide formulations remain unclear. Therefore, this work aims to provide new data on the
effects of three commercial formulations of strobilurin fungicides on the soil organism Enchytraeus albidus. The tested fungicide
formulations were Retengo® (pyraclostrobin—PYR), Zato WG 50® (trifloxystrobin—TRI) and Stroby WG® (kresoxim-methyl—
KM). In laboratory experiments, multiple endpoints were considered at different time points. The results showed that PYR had the
greatest impact on survival and reproduction (LC50= 7.57mga.i.kgsoil

−1, EC50= 0.98mga.i.kgsoil
−1), followed by TRI

(LC50= 72.98mga.i.kgsoil
−1, EC50= 16.93mga.i.kgsoil

−1) and KM (LC50= 73.12mga.i.kgsoil
−1, EC50 ≥ 30mga.i.kgsoil

−1). After
7 days of exposure, MXR activity was inhibited at the highest concentration of all fungicides tested (6mgPYRkgsoil

−1,
15mgTRIkgsoil

−1 and 30mgKMkgsoil
−1). Furthermore, oxidative stress (induction of SOD, CAT and GST) and lipid peroxidation

(increase in MDA) were also observed. In addition, there was a decrease in total available energy after exposure to PYR and KM.
Exposure to fungicides resulted in a shift in the proportions of carbohydrates, lipids, and proteins affecting the amount of available
energy. In addition to the initial findings on the effects of strobilurin formulations on enchytraeids, the observed results suggest
that multiple and long-term exposure to strobilurin formulations in the field could have negative consequences on enchytraeid
populations.
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Introduction

The use of pesticides in excessive quantities is of great
concern for the environment. According to Nguyen et al.
(2016), <0.1% of the pesticides reach their specific targets,
while the rest go into ecosystems. Among pesticides, fun-
gicides account for 40% of sales. In the last two decades,
strobilurin fungicides have become an indispensable part of
agricultural production (Bartlett et al. 2002; Zhang et al.

2020). According to Eurostat data, sales of strobilurin
fungicides in Europe almost doubled from 2011 to 2020,
reaching ~3 million kg per year (Eurostat). Besides azox-
ystrobin (AZO), pyraclostrobin (PYR), trifloxystrobin (TRI)
and kresoxim-methyl (KRE) are the most commonly used
strobilurin fungicides (Zhang et al. 2020; Xu et al. 2021;
Wu et al. 2021). PYR, TRI, and KRE are used on various
cereal, oil, vegetable, fruit and other crops worldwide
(Zhang et al. 2020). Although strobilurin fungicides are
expected to be rapidly degraded, other trends have been
observed. Namely, the average half-life (DT50) reported for
PYR is 28 days, but can extend up to 63 days (Fulcher et al.
2014). In contrast to PYR, the DT50 reported for TRI and
KM is shorter. However, their metabolites are formed,
which may have adverse effects. Although the DT50 for TRI
ranged from 5 to 25 days, the DT50 for the metabolites of
TRI ranged from 138 to 231 days (Wang et al. 2015). In
addition, KM rapidly dissipates into its acidic metabolites in
soil (Khandelwal et al. 2014). The mean DT50 values
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calculated for KM were ~3 days, while its metabolites are
present in the soil for more than 90 days. The high-water
solubility of strobilurin fungicides can lead to their accu-
mulation in water and soil (Zhang et al. 2020). Previous
research has focused mainly on the effects of active ingre-
dients on survival, reproduction, and the occurrence of
oxidative stress in aquatic organisms (Li et al. 2016; Jiang
et al. 2019; Li et al. 2018; Kumar et al. 2020; Mao et al.
2020; Kim et al. 2021; Li et al. 2021; Yang et al. 2021).
However, there are limited data on the impact of strobilurin
fungicides on soil ecosystems.

The widespread and extensive application of strobilurin
fungicides, where soil ecosystems are the main sink, leads
to potential risks for soil organisms and ecosystems (Zhang
et al. 2020). Soil processes are mainly influenced by the
indispensable part of this ecosystem—the soil fauna
(Brussaard 1998). The decline in soil biodiversity and
biological activity has been linked to the excessive appli-
cation of fungicides in agriculture (Pelosi et al. 2014).
Enchytraeids are considered indicators of soil quality
(Didden and Römbke 2001; Pelosi and Römbke 2016) and
perform similar functional role as earthworms, but in a
lesser extent (Marinissen and Didden 1997). Namely, they
affect the decomposition of organic matter and the circu-
lation of nutrients in the soil (Briones et al. 1998; Maraldo
et al. 2011). In this way, they create a favourable micro-
habitat for the growth and development of microorganisms
(Bardgett 2005). Moreover, under tillage pressure in culti-
vated soils, a decrease in earthworm populations was
observed, while enchytraeids activity increased (Topoliantz
et al. 2000). Enchytraeids affect soil structure and porosity
in such soils, thus improving their quality. Their role in
decomposition and bioturbation together with living close
to the surface layers of the soil brings them into direct
contact with pollutants and makes them easy targets of
environmental pollution.

Enchytraeus albidus is a model organism in soil eco-
toxicology (OECD 2016; ISO 2014). However, information
on the effects of strobilurin fungicides on this species is
insufficient. Apart from azoxystrobin, which has been
extensively studied (Zhang et al. 2020; Xu et al. 2021; Wu
et al. 2021), pyraclostrobin (PYR), trifloxystrobin (TRI) and
kresoxim-methyl (KM) are the most widely sold fungicides
in this group. PYR and TRI in the form of a pure active
ingredient have been shown to inhibit growth and induce
oxidative stress and DNA damage in the earthworm Eisenia
fetida (Ma et al. 2019; Liu et al. 2020; Wu et al. 2021).
Furthermore, exposure to formulations containing the active
ingredient PYR and TRI impaired the survival and repro-
duction of E. crypticus (Kovačević et al. 2021a), while the
effects on other endpoints at the suborganismal level are
unknown. To our knowledge, KM has not yet been studied
in soil organisms, apart from regulatory risk assessments in

which the risk to soil organisms was considered low (EFSA
2010). However, although the risk to aquatic organisms has
been classified as low, both KM and its main metabolite
BF-490-1 (acid of kresoxim-methyl) are toxic to non-target
aquatic organisms (Li et al. 2021). In addition, strobilurin
fungicides have been repeatedly detected in aquatic and
terrestrial environments at concentrations above the Reg-
ulatory Acceptable Concentration (RAC) and could threaten
non-target organisms (Feng et al. 2020; Li et al. 2021).

The ecotoxicological effects of formulations may differ
significantly from those of a pure active ingredient (Mesnage
et al. 2014; Gomes et al. 2021). Therefore, the need for a
detailed assessment of the impacts of formulations has been
highlighted previously (Marques et al. 2009). However, a
comprehensive analysis of different endpoints over different
time intervals is needed for a better understanding of the
mechanisms of action that will allow a more accurate pre-
diction of population-level consequences. Standardised tests
focus primarily on endpoints such as survival and reproduc-
tion and ignore effects on crucial physiological processes that
are important for organisms to adapt to stressful conditions.
Therefore, it is important to link subindividual and population
biomarkers to elucidate the mechanisms that are important for
the survival of organisms and their populations.

This study aimed to comprehensively evaluate the effects
of three commercial formulations containing strobilurin
active ingredients (pyraclostrobin, trifloxystrobin, and kre-
soxim-methyl) on E. albidus at different time points. In
addition to survival and reproduction, the effects on MXR
activity, oxidative status, and available energy reserves
were also investigated. The results obtained will provide
valuable information on the effects of different commercial
strobilurin fungicides on enchytraeids.

Material and methods

Test organism and soil

Enchytraeus albidus (Oligochaeta: Enchytraeidae) was used
as the test species. Cultures were maintained in moist soil
under controlled conditions according to the prescribed
guidelines (OECD 220 2016; ISO 16387 2014) at the
University of Osijek (Croatia).

All experiments were conducted in the standard artificial
soil (AS), which consists of 70% air-dried quartz sand, 20%
kaolin clay, and 10% sphagnum peat. The AS was prepared
according to OECD guidelines (2016).

Test materials and spiking procedures

The strobilurin fungicides used were the formulations
Retengo® (BASF, 200 gL−1 pyraclostrobin—PYR), Zato
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WG 50® (Bayer, 500 gkg−1 trifloxystrobin—TRI), and
Stroby WG® (BASF SE, 500 gkg−1 kresoxim-methyl—
KM).

The concentrations selected for the range-finding test
were 0, 1.87, 3.75, 7.5, 15 and 30 mga.i.kgsoil

−1 for PYR and
0, 9.38, 18.75, 37.5, 75 and 150 mga.i.kgsoil

−1 TRI and KM.
Based on the recommended application doses (RD) for
formulations (RDPYR= 0.16 mga.i.kgsoil

−1; RDTRI=
0.1 mga.i.kgsoil

−1; RDKM= 0.1 mga.i.kgsoil
−1) and the results

of the range-finding tests, the final test concentrations were
selected. The concentrations selected were 0, 0.08, 0.16,
1.107, 2.053, 3 and 6 mga.i.kgsoil

−1 for PYR, 0, 0.05, 0.1,
2.57, 5.03, 7.5 and 15 mga.i.kgsoil

−1 for TRI and 0, 0.05, 0.1,
5.07, 10, 15 and 30 mga.i.kgsoil

−1 for KM. The fungicides
were dissolved in distilled water to obtain the desired
concentrations. The solutions were prepared to contain the
volume required for 60% of the water holding capacity.
After the addition of the pesticide, the soil was homo-
geneously mixed and allowed to equilibrate 24 h before the
start of the experiment.

Test procedures

As no sufficient information on the effects of PYR, TRI,
and KM on E. albidus is available, the range-finding test
was performed according to the recommended guidelines
(OECD 2016) followed by the enchytraeid reproduction test
(ERT) (ISO 2014; OECD 2016). Ten adult organisms with
well-developed clitellum were used per replicate. Each test
vessel contained 20 g of moist soil and a food supply. For
the range-finding test, the organisms were exposed for
7 days and only survival was assessed. For the final
experiment twenty replicates per test concentration were
used. In the ERT five replicates were used and adults were
exposed for 21 day, with an additional twenty-one day for
hatching and growth of juveniles. Five replicates were used
for each tested concentration. Simultaneously with the ERT,
an additional five replicates per tested concentration were
set up for seven-day exposure. Each of the test vessels
contained 20 g of soil and ten adult organisms with well-
developed clitellum. The 7-day exposure was added to
allow assessment at an additional time point. Moreover, to
determine changes in multixenobiotic resistance mechanism
activity (MXR), additional ten replicates were set up, five to
assess effects after 7 days of exposure, and five to assess
MXR activity after 21 day. During exposure, a constant
temperature of 20 ± 1 °C and a photoperiod of 16 h of light
and 8 h of darkness were maintained. Organisms were fed
once per week with autoclaved oatmeal, while water was
replenished weekly, based on weight loss.

After exposure, adults were carefully removed from the
soil, counted, pooled per replicate, and weighed. Organisms
were homogenised using the IKA RW20 homogeniser in

cold 0.1 M potassium phosphate buffer (pH 7.4) at a ratio of
1:15 (w:v). The post-mitochondrial fraction (S9) was
obtained after centrifugation of the homogenate (30 min at
9000 g and 4 °C). The post-mitochondrial fraction and
homogenates were stored at −80 °C before analysis.

Juveniles were counted 21 day after extraction of the
adults. To enable counting, juveniles were fixed with
ethanol and stained with Bengal rose (1% in ethanol). The
soil samples were sieved through the mesh (63 μm) to
prevent blurring and to facilitate counting with a
stereomicroscope.

Organisms used for the MXR system analyses were
isolated, washed, and transferred to a 5 mM solution of
Rh123 in ISO water. Exposure to the fluorescent substrate
took place in the dark at 20 °C and lasted for 1 h. MXR
activity was measured according to Kovačević et al.
(2021b). The concentration of Rh123 in the organisms was
expressed as µM of Rh123 per g of wet tissue and nor-
malised to the control.

To determine the oxidative status of the organisms, the
activities of the enzymes superoxide dismutase (SOD),
catalase (CAT), and glutathione S-transferase (GST) were
measured in the S9 fraction. The method described by
McCord and Fidovich (1969) was used to measure SOD
activity. The CAT activity was measured according to
Claiborne (1985) and the GST according to Habig et al.
(1974). Malondialdehyde (MDA) content was measured as
described by Gagne (2014) and used to determine LPO.
Enzyme activities and LPO were calculated per protein
content and expressed as relative values compared to the
control. Lipid and carbohydrate content were measured in
the homogenate using the method described by Frings et al.
(1972) and Jermyn (1975). The protein content in the S9
fraction was determined according to the method of Brad-
ford (1976). To allow calculation of available energy
reserves, the determined content of carbohydrates, lipids,
and proteins was expressed in energetic equivalents using
the enthalpy of combustion (17.5 kJg−1 carbohydrates,
39.5 kJg−1 lipids, and 24 kJg−1 protein) as described in De
Coen and Janssen (1997); De Coen and Janssen (2003).

Statistical analysis

Data analysis was performed using R software version 4.3.0
(R Development Core Team 2022) and RStudio (RStudio
Team 2022). The Shapiro–Wilk test was used to test the
distribution of data and Bartlett’s test was used to test the
homogeneity of variances. As the data did not deviate from
the normal distribution, one-way ANOVA followed by
Dunnett’s post hoc test (p ≤ 0.05) was used to determine the
difference between the control group and the tested con-
centrations. The package drc (Ritz et al. 2015) was used to
calculate the lethal (LCX) and effect concentrations (ECX).
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Results & discussion

Survival and reproduction

Our results showed a higher impact of PYR
(LC50= 7.6 mga.i.kgsoil

−1) on the survival of E. albidus
compared to TRI (LC50= 73 mga.i.kgsoil

−1) and KM
(LC50= 73 mga.i.kgsoil

−1) (Table 1). Reported LC50 for E.
crypticus exposed to PYR (LC50= 4.26 mga.i.kgsoil

−1) and
TRI (LC50= 2.34 mga.i.kgsoil

−1) suggest a higher resistance
of E. albidus to PYR and, in particular, to TRI (Kovačević
et al. 2021a).

Consistent with the effects on survival, PYR was most
detrimental to reproduction (Table 1). While PYR showed the
strongest effect on reproduction, the effects of TRI
(EC50= 17mga.i.kgsoil

−1) and KM (EC50 ≥ 30mga.i.kgsoil
−1)

were lower (Fig. 1). Unlike the other two strobilurins, KM
significantly impaired reproduction only at the highest con-
centration tested. Although E. albidus showed the ability to
survive exposure to higher concentrations of PYR than E.
crypticus, the effect on reproduction was the opposite. With an
EC50 of 0.98mga.i.kgsoil

−1, E. albidus appears to be more
sensitive to PYR than E. crypticus (EC50= 1.85mga.i.kgsoil

−1).
The recommended application dose prescribed for PYR
exceeds the EC50 value calculated for E. albidus. Additionally,
soil analysis of some agricultural land revealed the presence of
PYR in the range of 0.0128–1.5 mga.i.kgsoil

−1 (Zhao et al.
2020), which also exceeds the EC50 value. Therefore, the
concentrations of PYR present in the environment may pose a
threat to the stability of enchytraeid populations and the
function of soil ecosystems.

MXR

The negative effects of strobilurin fungicides were also evident
at the sub-organismal level, causing impairment of MXR and
induction of oxidative stress. A significant inhibition (ANOVA,
p < 0.001, F= 44.675) of the MXR system was observed after

exposure to higher concentrations of the three fungicides
(Fig. 2). The strongest inhibition of the MXR system (up to
7-fold) was observed after a seven-day exposure to PYR
(6 mga.i.kgsoil

−1), followed by a 4-fold increase at the same
concentration after twenty-one day of exposure. TRI caused a
significant dose-dependent increase in Rh123 levels after
21 day of exposure. As with reproductive success, exposure to
KM inhibited the MXR system only at the highest concentra-
tion (30mga.i.kgsoil

−1) after 7 and 21 day. The dye efflux assay
is a commonly used method to quantify the effects of envir-
onmental contaminants on MXR activity (Luckenbach et al.
2014). Few studies have reported the effects of fungicides on
the MXR system of enchytraeids (Kovačević et al. 2021b,
Kovačević et al. 2022), but such a response has also been
observed in earthworms (Velki et al. 2018). The MXR
mechanism removes harmful substances from cells immedi-
ately after exposure and is therefore considered the first line of
defence (Ferreira et al. 2014). Furthermore, changes in MXR
activity are used as biomarkers of exposure and can provide
additional information on the effects and toxicity of fungicides.
Indeed, inhibition of MXR activity may lead to a longer resi-
dence time of fungicides in cells, which consequently influ-
ences their toxicity (Hackenberger et al. 2012). Although there
is no available information on the accumulation of PYR in soil
organisms, studies with zebrafish (Danio rerio) show that most
of PYR enters the body through the gills and intestines - epi-
thelial tissues rich in MXR transporters (Huang et al., 2021).
Furthermore, the toxicity of PYR in zebrafish was related to its
accumulation in the organism. Therefore, the higher toxicity of
PYR could be related to the strong inhibition of the MXR
system, which consequently led to the accumulation of fungi-
cides in the organism. Furthermore, the accumulation of fun-
gicides in cells can lead to oxidative stress, as antioxidant
defence may be overwhelmed.

Oxidative stress

Changes in the activity of enzymes of the antioxidant system
(SOD, CAT, GST) and the observed LPO indicate the
appearance of oxidative stress. Although data on antioxidant
enzymes in enchytraeids after exposure to strobilurin fungi-
cides are lacking, there is information on the effect of the pure
active ingredient on the earthworm E. fetida (Ma et al. 2019;
Liu et al. 2020; Wu et al. 2021). Listed studies have shown
that strobilurin fungicides in the form of pure active ingre-
dients cause oxidative stress, suggesting similar effects in
other non-target soil organisms. One of the enzymes that
respond first to the onset of oxidative stress is SOD. As part of
the primary antioxidant defence mechanism, SOD converts
the superoxide anion radical (O2

−) into hydrogen peroxide
(H2O2) (Ighodaro and Akinloye 2018). In this study, there
was a significant induction of SOD activity after a seven-day
exposure to lower concentrations of PYR and almost all

Table 1 Lethal (LCx) and effect (ECx) concentrations calculated for
Enchytraeus albidus after exposure to formulated products of
strobilurin fungicides based on pyraclostrobin (PYR), trifloxystrobin
(TRI), and kresoxym-metil (KM)

LC10 LC50 LC90

Survival PYR 4 (3–5) 7.6 (6–8) 10 (9–11)

TRI 15 (9–20) 73 (67–81) 130 (110–152)

KM 21 (19–24) 73 (47–91) 98 (90–109)

EC10 EC50 EC90

Reproduction PYR 0.12 (0.025–0.26) 0.98 (0.51–1.5) 8 (7–12)

TRI 3 (1.8–4.5) 17 (12–18) 31 (28–>30)

KM 17 (10–24) >30 >30

Concentrations are presented as mga.i.kgsoil
−1 and show LC/EC and the

95% confidence intervals
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concentrations of TRI (Fig. 2). The induction of SOD indi-
cates the presence of O2

−, which the enzyme attempts to
remove. SOD induction has been observed after 7 days of
exposure to PYR (0.08 mga.i.kgsoil

−1 and 16mga.i.kgsoil
−1) and

TRI (0.1 mga.i.kgsoil
−1 to 15mga.i.kgsoil

−1). The activity of
SOD remained induced at lower concentrations of PYR
(0.16 mga.i.kgsoil

−1 and 1.107mga.i.kgsoil
−1) and was induced

at the three highest concentrations of KM after 21 days of
exposure (p < 0.05). However, at the highest tested con-
centrations of PYR (6mga.i.kgsoil

−1) and TRI (7.5mga.i.kgsoil
−1,

15 mga.i.kgsoil
−1), the amount of substrate exceeds the

enzyme capacity, and its depletion and degradation occur.
Since no new enzyme is synthesised, this reaction leads to a
significant reduction in the amount of enzyme. A similar
response to PYR and TRI has been observed in the earth-
worm E. fetida. Namely, Ma et al. (2019) reported induction
of SOD after 7 and 14 days of exposure to PYR, while
inhibition was observed after 21 and 28 days. Furthermore,
Liu et al. (2020) observed induction only at the highest TRI
concentration tested (10mga.i.kgsoil

−1), while Wu et al. (2021)
observed induction of SOD activity after 7 and inhibition after
28 and 56 days. SOD scavenges excess O2

− and converts it to
H2O2 (Shao et al. 2019). As H2O2 is a substrate for CAT, its
activity was induced in all treatments after 7 days (ANOVA,
p= 0.0058, F= 9.4) (Fig. 2). However, after 21 day, the
activity of CAT returned to the control level, indicating that
the elimination of H2O2 was successful at lower concentra-
tions. Only at the highest concentrations of PYR and KM, the
activity of CAT was significantly inhibited (ANOVA,
p= 0.0092, F= 3.585), indicating that the enzyme capacity
was exceeded and degraded. Similarly, in E. fetida, induction
of CAT activity was observed after shorter exposures (7, 14,
and 21 day) to PYR and TRI (7 and 28 days) and without
change or inhibition after longer exposures (Ma et al. 2019;
Wu et al. 2021). GST is a crucial enzyme in the second
biotransformation phase. Unlike SOD and CAT, which are
activated immediately after exposure to free radicals, the
effect of GST is most pronounced after prolonged exposure.

Indeed, in this study, no significant changes in GST activity
were observed after a seven-day exposure (Fig. 2). However,
after twenty-one day of exposure to TRI and KM, there was a
dose-dependent induction (ANOVA, p < 0.0001, F= 27.46).
GST was also induced at two lower concentrations of PYR,
but at higher concentrations, its activity was significantly
inhibited. This result suggests a higher ROS production
caused by exposure to PYR and/or glutathione depletion (a
substrate for GST). Earthworms appeared to cope better with
PYR since only induction was detected (Ma et al. 2019),
although the duration of exposure may not have been long
enough to detect GST inhibition. Indeed, exposure to TRI
induced GST in earthworms after 7 days but inhibited it after
56 days (Liu et al. 2020; Wu et al. 2021). This also suggests a
prolonged effect of strobilurins on soil invertebrates and urges
caution, as multiple and mixed applications of pesticides
regularly occur in this time frame under the given environ-
mental conditions. Excessive long-term ROS production can
cause LPO. LPO is a sign of severe oxidative stress and the
inability of an organism to defend itself. Measurement of
MDA content is often used to determine the extent of LPO
(Gaweł et al. 2004). Normally, LPO does not occur after a
short exposure. However, after only 7 days, the MDA content
increased significantly at the highest concentrations of PYR
(6mga.i.kgsoil

−1) and TRI (30 mga.i.kgsoil
−1) (ANOVA,

p= 0.002, F= 4514) (Fig. 2). After 21 day of exposure to the
three fungicides, a significant increase in MDA was observed
at higher concentrations. These results are consistent with the
previously reported increase in MDA after exposure of E.
fetida to PYR and TRI (Ma et al. 2019; Liu et al. 2020; Wu
et al. 2021).

Available energy reserves

Detoxification processes are energetically costly for organ-
isms, which can lead to a reduction in the energy used for
basic processes such as growth and reproduction (Świątek
and Bednarska 2019). The total available energy of the

PYR TRI KM

0 0.08 0.16 1.11 2.05 3 6 0 0.05 0.1 2.57 5.03 7.5 15 0 0.05 0.1 5.07 10 15 30

Fig. 1 Reproduction of Enchytraeus albidus after exposure to for-
mulated products of strobilurin fungicides based on pyraclostrobin
(PYR), trifloxystrobin (TRI), and kresoxym-metil (KM) presented as

the number of juveniles. Results express average values ± SD. Sig-
nificant differences compared to control are labeled with *(p < 0.05),
**(p < 0.01), ***(p < 0.001)
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organisms in the control groups was approximately
1700 mJmgwt

−1 while the ratio of energy reserves was about
10:35:55 (carbohydrates:lipids:proteins). These results
agree with previous studies on enchytraeids (Amorim et al.
2012; Novais et al. 2013).

Exposure to commercial strobilurin fungicides resulted in
the available energy changes in E. albidus (Table 2). A
significant decrease in carbohydrate fraction was observed
after a seven-day exposure to the two highest concentrations

of PYR and after a twenty-one day exposure to all fungi-
cides tested. The decrease in the carbohydrate fraction is a
result of oxidative stress, a condition in which carbohy-
drates are used as the primary source of energy (Moolman
et al. 2007). The reduction of carbohydrate content has been
observed after exposure of enchytraeids to the pesticides
dimethoate, anthrazine, and carbendazim (Novais and
Amorim 2013). Since lipids are extremely efficient as
energy storage, they are usually mobilised simultaneously

2.57 5.03 7.5 15 5.07

Fig. 2 Responses of different endpoints (MXR (Rh123 content), SOD,
CAT, and GST activity, and lipid peroxidation (MDA content)) in
Enchytraeus albidus after exposure to formulated products of strobi-
lurin fungicides based on pyraclostrobin (PYR), trifloxystrobin (TRI)

and kresoxym-metil (KM). Results are expressed as average ± SD and
relative to the corresponding control. Significant differences compared
to control are labeled with * (p < 0.05), ** (p < 0.01), *** (p < 0.001)

Comprehensive study of the effects of strobilurin-based fungicide formulations on Enchytraeus albidus 1559



Ta
bl
e
2
T
ot
al
en
er
gy

av
ai
la
bl
e
an
d
pr
op

or
tio

ns
of

ea
ch

en
er
gy

re
se
rv
e
(c
ar
bo

hy
dr
at
es
,l
ip
id
s,
an
d
pr
ot
ei
ns
)
in

E
nc
hy
tr
ae
us

al
bi
du

s
af
te
r
ex
po

su
re

to
fo
rm

ul
at
ed

pr
od

uc
ts
of

st
ro
bi
lu
ri
n
fu
ng

ic
id
es

ba
se
d
on

py
ra
cl
os
tr
ob

in
(P
Y
R
),
tr
ifl
ox

ys
tr
ob

in
(T
R
I)
,
an
d
kr
es
ox

ym
-m

et
il
(K

M
)

P
Y
R

T
R
Y

K
M

E
ne
rg
y
av
ai
la
bl
e

P
ro
po

rt
io
n
of

en
er
gy

re
se
rv
e

E
ne
rg
y
av
ai
la
bl
e

P
ro
po

rt
io
n
of

en
er
gy

re
se
rv
e

E
ne
rg
y
av
ai
la
bl
e

P
ro
po

rt
io
n
of

en
er
gy

re
se
rv
e

C
H

L
ip
id

P
ro
te
in

C
H

L
ip
id

P
ro
te
in

C
H

L
ip
id

P
ro
te
in

7-
da

y
ex
po

su
re

C
tr
l.

16
97

±
88

12
±
2.
1

37
±
3.
7

50
±
2.
8

16
73

±
18

1
11

±
1.
9

34
±
5

54
±
3.
8

17
35

±
98

11
±
1.
4

35
±
3.
7

54
±
2.
7

C
1

16
92

±
11

2
12

±
1.
4

38
±
1.
8

50
±
2.
7

15
91

±
12

8
10

±
0.
9

32
±
4.
9

58
±
4.
1

18
25

±
11

4
11

±
0.
3

35
±
3.
5

53
±
3.
4

C
2

17
50

±
23

12
±
2.
5

42
±
5.
7

46
±
3.
8

17
55

±
87

11
±
1.
4

39
±
2.
5

50
±
1.
5

19
05

±
82

10
±
1.
4

37
±
1.
9

53
±
2.
8

C
3

17
82

±
82

12
±
1

41
±
2.
9

47
±
2.
8

17
96

±
13

9
13

±
2.
3

36
±
5.
5

50
±
3.
4

19
77

±
16

8*
*

10
±
1.
4

45
±
3*

**
45

±
4

C
4

16
96

±
15

9.
3
±
2

40
±
6.
4

50
±
6.
3

18
63

±
17

8
12

±
1.
9

40
±
5.
1

48
±
5.
3

19
97

±
48

**
11

±
2

45
±
1.
8*

**
43

±
2.
2

C
5

17
19

±
86

5.
2
±
1.
3*

**
44

±
2.
8

50
±
2.
4

17
95

±
14

3
9
±
2.
5

41
±
2.
4

50
±
1.
3

19
57

±
65

*
10

±
1.
8

41
±
2.
9*

*
49

±
2.
7

C
6

16
24

±
17

0
3
±
0.
66

**
*

44
±
4.
2

51
±
4.
7

17
96

±
43

10
±
1.
3

41
±
2.
7

48
±
2

18
64

±
11

1
10

±
1.
5

43
±
3*

*
47

±
2.
4

21
-d
ay

ex
po

su
re

C
tr
l.

16
32

±
99

12
±
1.
6

35
±
1.
7

52
±
1.
9

16
13

±
62

10
±
1.
4

36
±
2.
5

53
±
3.
6

17
53

±
16

6
10

±
0.
9

35
±
2.
3

54
±
1.
7

C
1

16
22

±
80

12
±
2.
8

30
±
1.
8

58
±
4.
4

13
35

±
38

7
±
1.
5*

**
30

±
3.
6*

**
63

±
3

17
37

±
12

0
8
±
0.
9*

*
35

±
1.
1

57
±
0.
8

C
2

15
53

±
51

10
±
3.
1

28
±
1.
4*

62
±
2.
6*

15
07

±
13

0
6
±
1*

**
27

±
1.
2*

**
67

±
2*

17
06

±
73

8
±
1.
9*

*
33

±
3.
5

59
±
2.
9

C
3

15
40

±
38

8
±
3*

*
27

±
4*

**
65

±
1.
8*

*
17

84
±
10

3
6
±
0.
35

**
*

24
±
1.
9*

**
70

±
2*

**
15

99
±
86

8
±
1*

31
±
2.
3*

61
±
2.
2

C
4

14
23

±
99

**
6
±
1.
6*

**
22

±
4.
5*

**
71

±
4.
9*

*
16

34
±
16

0
6
±
0.
8*

**
22

±
4.
6*

**
72

±
4.
6*

**
15

82
±
45

8
±
1.
7*

*
30

±
2.
3*

*
62

±
1.
1

C
5

13
43

±
10

0*
**

5
±
0.
75

**
*

18
±
4*

**
77

±
3.
3*

*
17

41
±
56

7
±
1.
5*

22
±
2*

**
71

±
3.
1*

**
15

46
±
75

*
8
±
1.
5*

*
29

±
3.
7*

*
63

±
4.
1

C
6

12
63

±
58

**
*

3
±
0.
78

**
*

17
±
1.
4*

**
80

±
2*

*
17

89
±
91

6
±
0.
76

**
*

24
±
1.
8*

**
70

±
1.
3*

**
15

28
±
12

0*
7
±
1.
2*

**
25

±
2.
9*

**
67

±
4

R
es
ul
ts
ar
e
ex
pr
es
se
d
as

av
er
ag
e
±
st
an
da
rd

de
vi
at
io
n.

S
ig
ni
fi
ca
nt

di
ff
er
en
ce
s
co
m
pa
re
d
to

co
nt
ro
l
ar
e
la
be
le
d
w
ith

*(
p
<
0.
05

),
**

(p
<
0.
01

),
**

*(
p
<
0.
00

1)

1560 M. Kovačević et al.



with carbohydrates under stress conditions (Smolders et al.,
2003). However, after a 7-day exposure to KM (2.57, 10, 15
and 30 mga.i.kgsoil

−1), lipid content increased. An increase in
lipid content has previously been associated with inflam-
matory stress (Gomes et al. 2015). The tendency to accu-
mulate lipids was also observed after 8 days of exposure of
E. albidus to the fungicide carbendazim (Novais and
Amorim 2013). The lipid content decreased after 21 day of
exposure to all tested fungicides. Lipid depletion could be a
consequence of severe oxidative stress and damage to the
cell membrane. Increased levels of MDA and changes in
activities of SOD, CAT, MXR, and GST were measured in
all treatments in our studies. Similar changes in lipids have
been reported after exposure of E. albidus to Cd and Zn
(Novais et al. 2011; Novais et al. 2013). As anabolic
components, proteins are only used as an energy source
during extreme energy deficiency (Świątek and Bednarska
2019). Sokolova et al. (2012) reported that an increase in
protein levels under intermediate stress indicates a higher
expression of stress response proteins. In our research
proteins increased significantly after 21 day of exposure to
higher concentrations of PYR and TRI (Table 2) and no
decrease was observed. These shifts in carbohydrate, lipid,
and protein content affected total available energy, which
increased after 7 days of exposure to KM and significantly
decreased after 21 day of exposure to higher concentrations
of PYR and KM. Exposure to TRI did not affect the total
available energy. Since an increase in lipid content strongly
influences total available energy, an increase in lipid content
after exposure to different pesticides led to an increase in
available energy (Novais and Amorim 2013). According to
the general prediction of metabolic models, the metabolic
rate should increase with intoxication (Calow and Sibly
1990), which may be related to the results of this research.
Although in KM treatments, the decrease in available
energy may be a consequence of excessive energy con-
sumption as a result of the simultaneous defence against
oxidative stress and reproduction, in the case of PYR, it was
due to the higher toxicity and the need for a more intense
defence against stress. Furthermore, although oxidative
stress was observed after TRI treatment, the lack of repro-
duction compensated for the loss of energy, and the
decrease in total available energy, was not observed.

Strobilurin fungicides are known for their ability to act
on the mitochondrial respiratory chain and consequently
reduce the available energy of organisms. Furthermore, the
breakdown of the electron transfer chain and mitochondrial
membrane protein leads to the formation of ROS and,
consequently, oxidative stress. Although changes in apical
endpoints, such as growth and behaviour, may not be
observed, even extremely low concentrations of strobilurin
fungicides can cause oxidative stress in aquatic organisms
(Wang et al. 2021). Consequently, although exposure to

some formulations did not affect survival and reproduction,
changes in CAT and GST activity when exposed to the
recommended application doses indicate a negative effect.
In addition to oxidative stress, the reduction in available
energy observed after prolonged exposure suggests a
negative effect on mitochondrial respiration. Similar con-
clusions about the strobilurin mechanism were made for
different non-target organisms (Wang et al. 2021). Fur-
thermore, a high concentration of strobilurin fungicides
suppresses mitochondrial respiration, and consequently, cell
apoptosis occurs (Rodrigues et al. 2015). Therefore, inhi-
bition of the MXR system and accumulation of fungicides
within the cell, observed in PYR treatments, increase the
possibility of fungicide binding to the mitochondria, caus-
ing apoptosis and enchytraeid mortality.

Most laboratory studies with suborganismic biomarkers
are based on short-term exposure to high concentrations of
pollutants (Rodríguez-Castellanos and Sanchez-Hernandez,
2007). However, in the environment, with soil as the main
sink, long-term exposure to low concentrations is a more
common scenario. Although environmentally relevant
concentrations did not show effects on enchytraeid repro-
duction, the occurrence of oxidative stress and reduction in
available energy showed that the adverse impact of strobi-
lurin formulations begins much earlier than is evident from
population biomarkers. The inclusion of the suborganismic
biomarker approach showed a marked adaptability of
enchytraeids to exposure. Although activation of the anti-
oxidative system has been shown as a successful defence
method, changes in the amount of available energy suggest
that this strategy is not sustainable in long-term exposure.
Namely, in such situations, there is a certain reduced rate of
reproduction or its absence, which can ultimately lead to the
collapse of populations. Moreover, formulated products
often exhibited stronger adverse effects on non-target
organisms than a pure active ingredient commonly used in
research (Marques et al. 2009; Mesnage et al. 2014; Gomes
et al. 2021). Therefore, research carried out with formulated
products provides results more relevant to environmental
conditions. Adjuvants present in commercial products
increase the absorption rate and stability of the active
ingredient, consequently affecting its bioavailability and
causing higher toxicity to non-target organisms (Pereira
et al. 2009; Mesnage and Antoniou 2018). PYR applied in
the form of suspension concentrate (SC) showed the
strongest effect on enchytraeids compared to TRI and KM
applied in the form of water-dispersible granules (WG). SC
formulations contain small particles of the active substance
dissolved in a liquid medium, usually an aqueous solution
with various additives. Among the additives are various
suspension agents, wetting agents, and thickeners that
increase the availability of the active substance and can
affect the behaviour of the formulation in the environment
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(Khan and Brown, 2016). Compared to other formulations,
SC formulations have reduced leaching, which results in
increased persistence and accumulation in the environment,
which can result in a stronger effect on non-target organ-
isms compared to other forms of formulations.

Conclusion

This study highlights the importance of assessing effects on
multiple endpoints over different periods. Therefore, com-
prehensively considering the changes in multiple endpoints
over different periods provided better insight into the impact
of strobilurin fungicides. The results obtained indicate dif-
ferences in the response of E. albidus to three commercial
formulations of strobilurin fungicides. Overall, when all
measured endpoints, are assessed PYR was the most toxic,
followed by TRI and KM. Although with different inten-
sities, all three strobilurins affected reproduction and
induced oxidative stress in E. albidus. The analyses of
available energy showed that the exposure also represented
a high energetic cost for the organisms. While these costs
after exposure to PYR and TRI were mainly related to
antioxidant defence, the energetic costs after KM exposure,
which was the least toxic, were associated with both costly
defence and reproduction processes. Research like this is
important to determine the sublethal toxicity of these fun-
gicides because the frequent detection of strobilurins in the
terrestrial environment suggests the potentiality for adverse
effects on soil-dwelling organisms. Furthermore, like other
pesticides, strobilurins are used indiscriminately in agri-
culture and predicted climate changes indicate an increase
in fungicide use. The EC50 for PYR determined in this study
is already within the range of concentrations observed in the
environment. Future research should consider several
aspects: exposure to formulations under realistic conditions
in a native soil, exposure to pesticide mixtures or for-
mulations with different combinations of strobilurins, which
are commonly used, and multigenerational studies in which
the consequences of oxidative stress and higher energy
expenditure could be investigated at the population level.
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