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Abstract 

Chemical pollution resulting from pesticide usage has been a continuous issue since the 1960s, despite comprehen‑
sive European Union legislation designed to safeguard human health and the environment from the adverse effects 
of pesticides. While regulatory risk assessments primarily focus on the active ingredients, recent research indicates 
ecotoxicological impacts of commercial preparations on non-target organisms, particularly within the soil ecosys‑
tem where key species such as earthworms play a vital role in maintaining soil quality and fertility. Therefore, the aim 
of this study was the assessment of the long-term effects of the following respective commercial preparations: 
the insecticides Sumialfa (esfenvalerate) and Calypso (thiacloprid), as well as the herbicides Frontier (dimethenamid-
p) and Filon (prosulfocarb) on the earthworm Eisenia andrei in standardized soil during long-term exposures of 7, 14, 
and 28 days. To study the possible effects on different levels of biological organization, enzymatic biomarkers: acetyl‑
cholinesterase (AChE), carboxylesterase (CES) glutathione S-transferase (GST), glutathione reductase (GR), glutathione 
peroxidase (GPx); non-enzymatic biomarkers: multixenobiotic resistance activity (MXR), levels of glutathione (GSH), 
and reactive oxygen species (ROS) as well as reproductive success were investigated. While Calypso appeared to be 
the least toxic substance, all pesticides showed significant effect on multiobiomarker response in E. fetida. That being 
said, the response of MXR activity was significantly altered by all tested pesticides indicating MXR being the most 
sensitive endpoint of the present research. Recovery of MXR was observed after 28 days, however, only in case 
of exposure to Filon, while the recovery of CAT activity was recorded after 28 days as well, subsequent to Sumialfa 
exposure. Reproductive success was negatively impacted regarding the Frontier and Sumialfa exposure at the highest 
concentration (100 mg/kg) reflected in reduced number of cocoons, while only the exposure to Frontier (100 mg/kg) 
reduced the number of juveniles. Based on the results, it is important to include commercial pesticide formulations 
in pesticide risk assessments. The toxicity classifications of the studied pesticides suggest the potential detrimental 
consequences to the key soil species in terrestrial ecosystems at various concentrations. Future studies should include 
other soil species as well as investigation of higher levels of biological organization, i.e., behavioral endpoints, to deter‑
mine the potential risks to terrestrial ecosystems.
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Background
Pesticides, essential tools in modern agriculture for con-
trolling pests and ensuring crop yields, have garnered 
increasing attention due to their potential environmental 
impacts. While they play a pivotal role in securing food 
production, their widespread application raises questions 
about unintended consequences. Despite the ongoing 
increase in awareness regarding sustainable and organic 
farming practices, the global usage of pesticides is con-
sistently rising [35]. Pesticides are chemical or biological 
agents used to control pests and vectors of disease. They 
can be classified according to their target organism or 
their mode of action. Global data of pesticide usage show 
that herbicides are by far the most used type of pesticide, 
followed by insecticides [13]. Insecticides are designed to 
target various stages of an insect’s life cycle, disrupting 
their development or causing direct harm, and are known 
to influence various beneficial insects and other non-
target organisms. Herbicides usually target plant-specific 
mechanisms and they are often considered as safe for 
other non-target animals. However, various research has 
shown that is not always true [16, 17, 23].

For this study, four pesticides available on the market 
were chosen: the herbicides dimethenamid-p (Frontier ®) 
and prosulfocarb (Filon ®); and the insecticides esfenva-
lerate (Sumialfa ®) and thiacloprid (Calypso ®). Frontier, 
with active ingredient dimethenamid-p belongs to the 
acetamide herbicide that are commonly used on soybeans 
and corns [41]. It exhibits significant water solubility and 
moderate soil absorption, and resistance to volatiliza-
tion and photolysis [6]. Prosulfocarb is an active ingre-
dient in Filon, a selective pre- and early post-emergence 
herbicide [33], and its main mode of action is inhibition 
of synthesis of long-chain fatty acids [3]. Sumialfa, con-
taining the active ingredient esfenvalerate, functions as a 
pyrethroid insecticide. Its mechanism of action involves 
the modulation of voltage-gated sodium channels, lead-
ing to prolonged channel opening. This, in turn, triggers 
a continuous firing of action potentials, resulting in the 
impairment of animal locomotor behavior. Subsequent 
effects include lethargy, paralysis, and ultimately, mortal-
ity [2]. Calypso, with thiacloprid as active ingredient, is 
a neonicotinoid insecticide that stimulates the nicotinic 
acetylcholine receptor causing its abnormal excitation, 
thus leading to insect death through convulsive paralysis 
[4].

All of the abovementioned pesticides are still in usage, 
so the main aim was to investigate its effects on non-tar-
get soil organisms. Earthworm Eisenia andrei was cho-
sen as the test organism, due to its widespread usage in 
ecotoxicology. An earlier study has demonstrated that the 
commercial formulations of these four pesticides exhibit 
increased toxicity relative to their active ingredients [21]. 

Furthermore, these formulations impact the earthworm 
species E. andrei at the subcellular level following a 48-h 
filter paper test [21]. The main goal was, thus, to investi-
gate the long-term effects of the selected pesticides on a 
set of biomarkers as well as on reproduction success of E. 
fetida.

Methods
Chemicals
The following chemicals were used: acetonitrile 
(C2H3N, CAS 75-05-8), β-nicotinamide adenine dinu-
cleotide 2′-phosphate reduced tetrasodium salt hydrate 
(β-NADPH) (C12H26N7Na4O17P3 × H2O, CAS 2646-71-1 
(anhydrous)), 9-(2-carboxyphenyl)-6-diethylamino-
3-xanthenylidene-diethylammonium chloride (rhoda-
mine B) (C28H31ClN2O3, CAS 81-88-9), CellTracker™ 
Green CMFDA Dye (C25H17ClO7, CAS 136832-63-8) 
(ThermoFisher Scientific), 1-chloro-2,4-dinitrobenzene 
(CDNB) (C6H3ClN2O4, CAS 97-00-7), CM-H2DCFDA 
(C27H19Cl3O8, CAS 1219794-09-8) (ThermoFisher Sci-
entific), hydrogen peroxide (H2O2, CAS 7722-84-1), 
(2-mercaptoethyl)trimethylammonium iodide acetate 
(acetylthiocholine iodide) (CH3COSCH2CH2N(CH3)3I, 
CAS 1866-15-5), disodium hydrogen phosphate 
(Na2HPO4, CAS 7558-79-4), 5,5′-dithiobis-(2-nitroben-
zoic acid) (DTNB) ([-SC6H3(NO2)CO2H]2, CAS 69-78-
3), glutathione disulfide (GSSG) (C20H32N6O12S2, CAS 
27025-41-8), 4-nitrophenyl acetate (C8H7NO4, CAS 
830-03-5), (2S)-2-amino-4-{[(1R)-1-[(carboxymethyl)
c a r b a m o y l ] - 2 - s u l f a n y l e t h y l ] c a r b a m o y l } b u t a -
noic acid (glutathione (GSH)) (C10H17N3O6S, CAS 
70-18-8), sodium dihydrogen phosphate dihydrate 
(NaH2PO4 × 2H2O, CAS 13472-35-0), ethylenediami-
netetraacetic acid disodium salt hydrated (C10H16N2O8, 
CAS 6381-92-6), dimethyl sulfoxide (DMSO) ((CH3)2SO, 
CAS 67-68-5), glutathione reductase from baker’s yeast 
(Saccharomyces cerevisiae) (ammonium sulfate suspen-
sion) EC 1.6.4.2. (CAS 9001-48-3), sodium azide (NaN3, 
CAS 26628-22-8. Protein concentrations were measured 
using the PierceTM BCA Protein Assay Kit.

Following analytical standard grade pesticide active 
ingredients and their respective commercial prepara-
tions were used: dimethenamid-p (C12H18ClNO2S, CAS 
163515-14-8) (Frontier, BASF, 720  g/L a.i.), esfenvaler-
ate (C25H22ClNO3, CAS 66230-04-4) (Sumialfa, Arysta 
LifeScience, 50 g/L a.i.), prosulfocarb (C14H21NOS, CAS 
52888-80-9) (Filon, SYNGENTA, 800  g/L a.i.), thiaclo-
prid (C10H9ClN4S, CAS 111988-49-9) (Calypso, Bayer 
Crop Science, 480 g/L a.i.).

Test organism
Adult earthworms (E. andrei) with a well-developed cli-
tellum were used for the experiments with an average 
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weight of 0.3  g. They were supplied from a local earth-
worm farm in Croatia (OPG Škrljak, Sv. Ivan Zelina-
Biškupec, 45° 57′ 27.6″ N, 16° 14′ 03.8″ E) and 
acclimatized at 20 °C prior to all experiments. 24 h before 
the experiment, earthworms were washed with distilled 
water, placed on damp filter paper in petri dishes, and 
covered with aluminum foil containing aeration holes 
and left to empty their gut contents.

Exposures
The exposures for the determination of acute toxic-
ity were conducted in the artificial soil LUFA 2.2 (LUFA 
Speyer, Speyer, Germany). Information by the supplier 
on the soil characteristics: 1.72 ± 0.54% organic carbon, 
0.20 ± 0.06% nitrogen and pH of 5.5 ± 0.10. Exposures 
were conducted according to OECD Guideline 207 Arti-
ficial soil test [27] and OECD Guideline 222 Earthworm 
Reproduction Test (Eisenia fetida/Eisenia andrei) [28]. 
Exposure concentrations were chosen based on previous 
research [22]. All pesticide concentrations are expressed 
as amount (mg) of the active ingredient per kg of dry 
weight of soil. Following concentrations were chosen: 
Calypso 1, 5, and 10 mg/kg; Filon 15, 75, and 150 mg/kg; 
Frontier 10, 50, and 100 mg/kg; and Sumialfa 0.5, 2.5, and 
5  mg/kg. To receive the respective end concentrations, 
the necessary amount of commercial pesticide prepara-
tions was diluted in distilled water and then 40 mL of the 
respective solution was added to 400 g of soil. After the 
soil was thoroughly mixed, ten randomly selected earth-
worms were added per box and covered with cling wrap 
(with aeration holes). The boxes were placed in the light 
at 20  °C for 7, 14 and 28  days. All exposures were per-
formed in three independent replicates and controls were 
performed in parallel. Controls contained distilled water 
only.

Subcellular markers sample preparation
After the respective exposure periods, the earthworms 
were removed from the soil (hand collected), rinsed with 
distilled water, patted dry and the weight determined. 
Sample preparation and measurements were conducted 
according to Lackmann et  al. [21]. Shortly, each earth-
worm was placed in a 2  mL tube and homogenized in 
cold sodium phosphate buffer on ice. After centrifu-
gation for 30  min (9000g, 4  °C) the supernatant (post-
mitochondrial fraction, S9) was stored at − 80  °C until 
further usage. Protein concentrations were measured 
using the Pierce™ BCA Protein Assay Kit (Thermo Fisher 
Scientific).

Reproduction
Reproductive success was assessed according to OECD 
Guideline 222 [28] with some modifications. Earthworms 

were fed weekly with 3.5  g of cooked potatoes. After 
28  days, adult earthworms were removed from the soil. 
Then cocoons and juveniles were manually accounted 
for and additionally removed through wet sieving. Juve-
niles and cocoons were counted and placed on damp fil-
ter paper. Hatching of the cocoons was monitored daily 
for additional 28 days or more, and the filter paper was 
regularly moistened. Reproduction test was performed in 
three independent replicates. Appropriate negative con-
trols containing only distilled water were run in parallel 
to each exposure.

Measurements of subcellular markers
Measurements were conducted as described in detail in 
Lackmann et  al. [21] and Lackmann et  al. [22]. Specific 
GST activity [14] is given in nmol of conjugated GSH in 
one min per mg of proteins and specific GR activity [14] 
is given in nmol of reduced GSSG in one min per mg of 
proteins. Specific AChE activity [7] is given in nmol of 
acetylthiocholine iodide hydrolyzed in one min per mg of 
proteins and specific CES activity [18] is given in nmol of 
4-nitrophenol produced per one min per mg of protein. 
Specific CAT activity [5] is given in μmol of degraded 
H2O2 in one min per mg of proteins. GPx activity [39] 
was measured according to [22]. The specific enzymatic 
activity was expressed as nmol of oxidized NADPH per 
mg of proteins.

Fluorescence-based oxidative stress measurements 
were performed according to Lackmann et  al. [21] and 
results given in relative fluorescence.

For the assessment of MXR activity, the same concen-
trations were used as for the other sublethal exposures, 
but a separate set of exposures was performed due to the 
addition of rhodamine B (RB). Measurements were per-
formed based on Hackenberger et al. [15] with changes as 
described in Lackmann et al. [21] and MXR activity was 
expressed as nmol RB per mg proteins.

Data analysis
Data analysis was performed using the statistical soft-
ware R version 4.2.2 [31] and R Studio Team [32]. Prior 
to analysis, data were tested for normality using Shapiro–
Wilk test, and homogeneity of variance was tested using 
Levene test. As no significant deviations from normal-
ity and variance homogeneity were detected, data were 
analyzed using two-way ANOVA, with factors being 
exposure time (ET) and exposure concentration (EC). If 
significance was obtained after two-way ANOVA, pair-
wise contrasts were evaluated to detect which groups dif-
fer significantly (post-hoc test) using R package emmeans 
[24].

Results of the reproduction test were analyzed using 
one-way ANOVA. If significant result was obtained, 
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Dunnett’s test was used to detect which groups differ sig-
nificantly from the control treatment. Three levels of sig-
nificance are reported: p < 0.05; p < 0.01; p < 0.001.

Biomarker responses were first normalized to the pro-
tein content and then expressed relative to their respec-
tive controls, allowing for comparisons across multiple 
exposure times.

Results
Reproduction success
Significant effects on reproduction are observed only at 
the highest pesticide concentrations. Frontier signifi-
cantly reduced cocoon production at 100  mg/kg with 
92.6% reduction in number of cocoons compared to the 
control (Fig.  1). Sumialfa inhibited cocoon production 
at concentration of 5 mg/kg by 98.2%. Calypso and Filon 
had no effects on cocoon production (Fig. 1). Significant 
changes in the number of juveniles were observed after 
exposure also to both Frontier and Sumialfa at highest 
tested concentrations, where number of juveniles was 
reduced by 91.9% compared to the control due to expo-
sure to Frontier (Fig. 2). On the highest Sumialfa concen-
tration, there were no juveniles present.

Calypso
The effects of the insecticide Calypso on measured bio-
markers are presented in Fig. 3. Although different con-
centrations of Calypso did not affect AChE activity, 
results of the two-way ANOVA showed significant effect 
of exposure time (ET, p < 0.001) and significant two-way 

interaction of concentration and exposure time (C x ET, 
p < 0.001) (Table 1). At all tested concentrations, signifi-
cantly higher AChE activity was observed after 28  days 
of exposure to Calypso (Fig.  3). CES response followed 
a similar pattern as the AChE activity (Table  1, Fig.  3), 
with significantly higher activities obtained after 28 days 
of exposure. Two-way ANOVA also showed significant 
effect of exposure time (ET, p < 0.001) and significant 
two-way interaction (C x ET, p < 0.001) (Table  1). There 
was no difference with respect to different exposure con-
centration. CAT and GST activities were not affected 
by different concentration of Calypso, and the two-way 
ANOVA showed only significant effect of exposure time 
(Table 1) (ET, p < 0.001). Both enzyme activities increased 
with exposure time, and they were significantly higher 
after 28  days of exposure. GR activity showed different 
temporal responses with concentration (Fig. 3). Two-way 
ANOVA showed significant effect of exposure time (ET, 
p < 0.01) and significant two-way interaction (EC x ET, 
p < 0.001). At the lowest tested concentration, GR activ-
ity decreased after 28 days of exposure. At 5 mg/kg, the 
highest activity was obtained after 14  days of exposure, 
while no difference in temporal response was obtained 
at 10  mg/kg. Two-way ANOVA showed that both con-
centration (C, p < 0.05) and exposure time (ET, p < 0.001) 
affected GPx activity, and interaction of both factors was 
also significant (C x ET, p < 0.01). Concentrations 5 and 
10 mg/kg significantly induced GPx after 14 days of expo-
sure, compared to its respective controls. When exam-
ining the effects of exposure time it is evident that GPx 

Fig. 1  Results of the earthworm reproduction test after exposure to commercial pesticide preparations—numbers of cocoons after 28-day 
exposures of earthworm E. andrei to Filon, Frontier, Sumialfa, and Calypso in standardized LUFA 2.2 soil. Results are expressed as mean ± standard 
deviation. Asterisk (*) represents statistically significant difference compared to the control (one-way ANOVA, followed by Dunnett post hoc; 
p < 0.05)
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activity was significantly lower after 28 days of exposure, 
compared to other time points. MXR activity was not sig-
nificantly affected by different concentrations, however, 
exposure time had significant effect (p < 0.01) and two-
way interaction was also significant (C x ET, p < 0.01). 
After initial reduction of MXR activity, it started to 
increase with exposure time. An induction of MXR activ-
ity, indicates a decrease in RB content, and vice versa, 
i.e., an inhibition of MXR activity indicates an increase 
in RB accumulation. Levels of GSH and ROS were not 
affected by different Calypso concentrations, but expo-
sure time was significant as well as two-way interaction 
(Table  1). GSH concentration was significantly higher 
after 28 days of exposure, except at 10 mg/kg. ROS levels 
significantly increased after 28 days of exposure, but only 
at lowest concentration of 1  mg/kg while no difference 
with respect to exposure time could be observed at 5 and 
10 mg/kg.

Filon
The biomarker results after exposures of E. andrei to 
the herbicide Filon for 7, 14, and 28  days are shown in 
Fig. 4. AChE activity was not affected by Filon at any of 
the tested concentrations. However, two-way ANOVA 
showed significant effects of both tested factors to CES 
activity as well as significant two-way interaction (C x ET, 
p < 0.01) (Table  1). CES activity was significantly inhib-
ited at all tested concentrations after 28 days of exposure, 
compared to its respective controls. CAT activity was not 

affected by any Filon concentration, but there were signif-
icant effects of exposure time (ET, p < 0.001) and signifi-
cant two-way interaction (C x ET, p < 0.01) (Table 1). CAT 
activity was lowest after 14 days of exposure, while it was 
similar after 7 and 28 days of exposure. Filon significantly 
induced GST activity at all tested concentrations com-
pared to the control treatment (C, p < 0.01), except at 75 
and 150  mg/kg, after 14  days of exposure. Interestingly, 
although both factors were significant, no significant 
two-way interaction was present (Table 1). GR and GPx 
activities were not affected by different Filon concentra-
tions when comparing them to the control treatment, but 
there were significant effects of exposure time and signif-
icant two-way interactions. GPx activity was lowest after 
28 days of exposure, compared to other exposure times. 
The relative RB concentration significantly decreased 
after exposure to 75 and 150 mg/kg after 7 and 14 days 
of exposure, while after 28  days values returned to the 
control levels. GSH levels were significantly decreased at 
all tested concentrations and at all tested exposure dura-
tions. Interestingly, no significant interaction is observed. 
For ROS concentration, two-way ANOVA showed signif-
icance of both concentration (C, p < 0.05) and exposure 
time (ET, p < 0.001) with no interaction. ROS levels were 
significantly increased after exposure to 75 and 150 mg/
kg but only after 7 days of exposure (Fig. 4). When exam-
ining response with respect to exposure time, it is evident 
that at both concentrations after initial increase, ROS lev-
els decrease steadily with exposure time.

Fig. 2  Results of the earthworm reproduction test after exposure to commercial pesticide preparations—numbers of juveniles after 28 days 
exposures of earthworm E. andrei to Filon, Frontier, Sumialfa, and Calypso in standardized LUFA 2.2 soil. Results are expressed as mean ± standard 
deviation. Asterisk (*) represents statistically significant difference compared to the control (one-way ANOVA, followed by Dunnett post-hoc; 
p < 0.05)
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Fig. 3  Subcellular responses after 7, 14, and 28 days of exposures of earthworm E. andrei to the insecticide Calypso. Specific activities of: 
acetylcholinesterase (AChE), carboxylesterase (CES), catalase (CAT), glutathione S-transferase (GST), glutathione reductase (GR), glutathione 
peroxidase (GPx); and concentrations of: rhodamine B (MXR), reduced glutathione (GSH), reactive oxygen species (ROS). All activities 
and concentrations are expressed as relative values and the results are presented as mean ± standard deviation, N = 30. Significant differences 
at different concentrations within the same exposure time compared to the control treatment are presented with asterisk (*). Different letters 
indicate statistically significant differences within the same concentration and between different exposure times (Tukey post hoc, p < 0.05). The 
different letters indicate significant differences at p < 0.05 level among different exposure times
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Frontier
The biomarker response after exposures of E. andrei to 
the herbicide Frontier for 7, 14, and 28  days are shown 
in Fig. 5. Two-way AOVA showed that AChE activity was 
significantly affected by concentration (C, p < 0.001) and 
exposure time (ET, p < 0.05) and that significant interac-
tion of both factors is present (C x ET, p < 0.05) (Table 1). 
When examining activity compared to control treatment, 
AChE activity is significantly inhibited after exposure to 
the highest concentration after 14 days of exposure; while 
at other time points, there is no difference compared 
(Fig. 5). CES activity was significantly inhibited compared 
to the control at 50 and 100 mg/kg, but only after 7 days 
of exposure (Fig.  5). CAT activity is significantly inhib-
ited at 10 and 50 mg/kg, but only after 7 days of exposure, 
while with increase in exposure time activities steadily 
increase and return to the control levels. GST, GR, and 
GPx activities were not affected by different Frontier 
concentrations, however, significant effect of exposure 
time is present (Table 1). The effects of exposure time are 
most pronounced GR activity, where its activity is lowest 
after 7 and 28 days of exposure, while after 14 days it is 
similar to the control levels. The relative RB concentra-
tion significantly decreased after at 50 and 100 mg/kg at 
all exposure time, indicating strong induction of MXR 
response (Fig. 5). At lowest concentration, MXR activity 
is induced only after 7 days, while it afterward returns to 
the control levels. Frontier did not affect levels of GSH 
at any concentration or any exposure time (Table 1). Lev-
els of ROS was not affected by any concentration, but 
there was a significant effect of exposure time, which is 
observed only at the highest tested concentration, where 

ROS concentration is elevated after 28 days compared to 
other exposure times.

Sumialfa
The biomarker response after exposures of E. andrei 
to the insecticide Sumialfa for 7, 14 and 28  days are 
shown in Fig. 6. AChE activity was significantly affected 
by both concentration (C, p < 0.001) and exposure 
time (p < 0.001), with their interaction present (C x ET, 
p < 0.001) (Table  1). Activity of AChE was significantly 
inhibited by Sumialfa at highest tested concentration 
after 7 and 14  days (Fig.  6). Interestingly at 2.5  mg/kg 
AChE activity was inhibited after 7 days, returned to the 
control level after 14 days, and was significantly induced 
after 28  days of exposure. When examining temporal 
response of AChE activity, it is evident that its activity is 
highest after 28 days. CES activity was inhibited at 5 mg/
kg but only after 7 and 14 days of exposure (Fig. 6). For 
activity of CAT, two-way ANOVA showed significance 
of both factors (C, p < 0.05; ET, p < 0.001) as well as their 
interaction (C x ET, p < 0.001) (Table 1). Although differ-
ent Sumialfa concentrations did not affect GST response, 
exposure time was significant (Table  1) but the effects 
were inconsistent. At the highest concentration, GST 
activity decreases with exposure time, while at the low-
est concentration the effects is opposite (Fig. 6). For GR 
activity, both concentration and exposure time are sig-
nificant as well as their interaction (Table 1). Compared 
to the control treatment, GR activity was significantly 
inhibited at 2.5 mg/kg after 7 and 28 days, while at 5 mg/
kg it is induced after 14  days of exposure (Fig.  6). GR 
activity is highest after 14 days of exposure at all tested 

Table 1  Results of the two-way ANOVA on the effects of pesticides Calypso, Filon, Frontier, and Sumialfa on biomarkers in earthworm 
E. andrei 

F values for the two-way ANOVA on the effects of pesticide concentration (C) and exposure time (ET) on the acetylcholinesterase (AChE), carboxylesterase (CES), 
catalase (CAT), glutathione S-transferase (GST), glutathione reductase (GR), glutathione peroxidase (GPx) and rhodamine B (MXR), reduced glutathione (GSH) and 
relative fluorescence of reactive oxygen species (ROS). Df—degrees of freedom. Statistically significant differences are marked with asterisk (*) with three levels of 
significance reported: ***p < 0.001, **p < 0.01 and *p < 0.05

df AChE CES CAT​ GST GR GPx MXR GSH ROS

Calypso Concentration C 3 1.93 1.071 0.081 0.202 1.909 2.988* 2.361 1.962 0.680

Exposure time ET 2 29.95*** 23.973*** 6.438** 5.830** 6.849** 17.741*** 20.567*** 12.919*** 6.322**

C x ET 6 4.12*** 3.376** 1.070 0.828 2.634* 3.020** 5.359*** 2.725* 2.915**

Filon concentration C 3 1.87 4.069** 2.175 17.621*** 5.721*** 4.884** 28.554*** 45.825*** 2.803*

Exposure time ET 2 2.44 9.873*** 17.083*** 5.329** 0.130 16.958*** 13.630*** 4.457* 7.929***

C x ET 6 1.35 2.279* 3.293** 1.169 2.482* 4.196*** 4.003*** 1.845 1.919

Frontier concentration C 3 5.96*** 7.099*** 3.198* 0.948 1.857 3.065* 109.639*** 2.095 1.569

Exposure time ET 2 3.12* 4.520* 8.021*** 5.067** 22.134*** 6.138** 25.566*** 1.171 5.288**

C x ET 6 2.26* 1.200 5.168*** 1.584 3.315** 1.591 6.734*** 1.249 3.320**

Sumialfa concentration C 3 11.74*** 10.704*** 4.657** 8.553*** 2.853* 1.061 38.502*** 1.505 0.728

Exposure time ET 2 32.07*** 3.857* 4.885** 1.695 25.740*** 40.949*** 11.106*** 18.496*** 8.276***

C x ET 6 5.87*** 0.742 4.878*** 4.561*** 3.836** 6.397*** 2.232* 2.870* 2.434*
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concentrations compared to other exposure times. 
GPx activity was not affected by different concentra-
tions, however, effects of exposure time were significant 

(Table  1). When examining temporal response at dif-
ferent concentrations it is evident that GPx response is 
highest after 14  days, and then it declines significantly 

Fig. 4  Subcellular responses after 7, 14, and 28 day of exposures of earthworm E. andrei to the herbicide Filon. Specific activities of: 
acetylcholinesterase (AChE), carboxylesterase (CES), catalase (CAT), glutathione S-transferase (GST), glutathione reductase (GR), glutathione 
peroxidase (GPx); and concentrations of: rhodamine B (MXR), reduced glutathione (GSH), reactive oxygen species (ROS). All activities 
and concentrations are expressed as relative values and the results are presented as mean ± standard deviation, N = 30. Significant differences 
at different concentrations within the same exposure time compared to the control treatment are presented with asterisk (*). Different letters 
indicate statistically significant differences within the same concentration and between different exposure times (Tukey post-hoc, p < 0.05). The 
different letters indicate significant differences at p < 0.05 level among different exposure times
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Fig. 5  Subcellular responses after 7, 14, and 28 day of exposures of earthworm E. andrei to the herbicide Frontier. Specific activities of: 
acetylcholinesterase (AChE), carboxylesterase (CES), catalase (CAT), glutathione S-transferase (GST), glutathione reductase (GR), glutathione 
peroxidase (GPx); and concentrations of: rhodamine B (MXR), reduced glutathione (GSH), reactive oxygen species (ROS). All activities 
and concentrations are expressed as relative values and the results are presented as mean ± standard deviation, N = 30. Significant differences 
at different concentrations within the same exposure time compared to the control treatment are presented with asterisk (*). Different letters 
indicate statistically significant differences within the same concentration and between different exposure times (Tukey post-hoc, p < 0.05). The 
different letters indicate significant differences at p < 0.05 level among different exposure times
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Fig. 6  Subcellular responses after 7, 14 and 28 day of exposures of earthworm E. andrei to the insecticide Sumialfa. Specific activities of: 
acetylcholinesterase (AChE), carboxylesterase (CES), catalase (CAT), glutathione S-transferase (GST), glutathione reductase (GR), glutathione 
peroxidase (GPx); and concentrations of: rhodamine B (MXR), reduced glutathione (GSH), reactive oxygen species (ROS). All activities 
and concentrations are expressed as relative values and the results are presented as mean ± standard deviation, N = 30. Significant differences 
at different concentrations within the same exposure time compared to the control treatment are presented with asterisk (*). Different letters 
indicate statistically significant differences within the same concentration and between different exposure times (Tukey post-hoc, p < 0.05). The 
different letters indicate significant differences at p < 0.05 level among different exposure times
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after 28 days. MXR activity was significantly induced at 
highest tested concentration at all exposure times (Fig. 6), 
and at 2.5 mg/kg after 7 days of exposure (Fig. 4). Tem-
poral response is similar at all concentrations, with initial 
decrease in activity (7 days) and slow increase with expo-
sure duration. Concentrations of GSH and ROS were not 
affected by varying concentrations, but the exposure time 
was significant (Table 1). Their temporal response is also 
similar, with initial, more or less pronounced decrease, 
followed by increase with exposure duration (Fig. 6).

Discussion
Previous research has showed the differences in acute 
toxicity of active substances and their respective com-
mercial preparations to the earthworm E. andrei after 
short-term exposures in standardized soil [20]. After 
observing a higher toxicity of the commercial prepara-
tions and significant changes in biomarker responses 
[20], the present study aimed to investigate the long-term 
effects of sublethal concentrations and potential time-
dependent changes on a subcellular level. A biomarker is 
a measurable response on molecular, biochemical, cellu-
lar, or physiological level in an organism as a response to 
a toxicant, i.e., a disturbance of the normal functioning 
of an organism, that are often regarded as “early-warning 
signals” before irreversible damage occurs [26]. A single 
biomarker is not able to provide the necessary informa-
tion to evaluate the effects of xenobiotics as the exposure 
time is highly important and depends on the individual 
biomarker. Therefore, a set of biomarkers should be eval-
uated simultaneously. Furthermore, they rarely follow a 
concentration–response relationship, and the response 
times differ for each biomarker. Thus they should be eval-
uated at different exposure times [26]. These differences 
in response times of different biomarkers can be seen 
in the present study, where both enzymatic and non-
enzymatic biomarkers were used. Biomarker responses 
after three different exposure periods (7, 14, and 28 days) 
were evaluated after earthworms were exposed to four 
commercial pesticide preparations. Furthermore, repro-
ductive success was investigated as an endpoint as it is 
considered to be more sensitive test than classic mortal-
ity assessments and due to its high relevance on a popula-
tion level.

The standardized earthworm reproduction test is 
viewed as a more sensitive test than most apical end-
points, e.g., mortality. However, it is rather labor-inten-
sive and, thus, time and money consuming compared to 
the fast and cheap biomarker measurements. However, 
biomarkers have a low ecological relevance compared 
to observed effects on the reproduction of organisms. 
Therefore, in the present study, exposures with the 
same sublethal concentrations were conducted to be 

able to observe effects on different levels of biological 
organization. It was previously shown that exposure 
of E. andrei to Calypso causes reduction of cocoons 
and survival [30]; however, in the present study, only 
the insecticide Sumialfa (esfenvalerate) and the herbi-
cide Frontier (dimethenamid-p) showed a significant 
decrease of cocoon production. Previous research 
observing the reproductive toxicity as an effect of pes-
ticides to earthworms are limited; however, neonico-
tinoids are known to exhibit adverse effects and high 
toxicity to earthworms [29]. For example, the neonico-
tinoid imidacloprid showed a high toxicity to E. andrei 
with an EC50 of 4.07  mg/kg. [1]. Furthermore, previ-
ous research with thiacloprid and imidacloprid using 
the natural Lufa 2.2 artificial soil also found a similar 
pattern of sensitivity, i.e.,  imidacloprid was shown to 
be more toxic than thiacloprid for the most sensitive 
species—E. andrei and Folsomia candida  [25]. Unfor-
tunately, due to the time- and cost-intensive nature of 
the reproduction test only three biological replicates 
could be performed. While this number of replicates 
was enough to observe statistical differences in cocoon 
numbers after exposures to the herbicide Frontier and 
the insecticide Sumialfa, no statistical differences could 
be observed for the number of juveniles, likely due to 
the low number of replicates and high variability of the 
data.

The results of the biomarker responses after expo-
sure of E. andrei to the insecticide Calypso (thiacloprid) 
supports the observations of the other pesticide expo-
sures. Initially, only a response in MXR activity, GPx 
activity, and GSH levels was observed. Interestingly, 
compared to the other pesticides, Calypso showed 
the lowest responses of the MXR activity, as it already 
recovered after 14  days of exposure. Also, while after 
14  days, a decrease in CES activity could be observed. 
Feng et al. [12] assessed the chronic effects of the active 
ingredient thiacloprid on E. fetida in artificial soil and 
observed a significant decrease in CES activity follow-
ing a 7 day exposure. AChE activity remained stable and 
only showed significant changes after 28  days of expo-
sure. As a neonicotinoid, it affects the nervous system of 
insects through stimulating the nicotinic acetylcholine 
receptors, thus only showing an effect on the increase 
of AChE activity was unexpected. The lack of significant 
response in AChE activity in the 7 and 14 days of expo-
sure is corroborated by the results in Lackmann et  al. 
[21] who also did not observe significant response in 
AChE activity 48 h after exposure. However, as this was 
the only biomarker related to neurotoxicity, it shows that 
the used biomarker set had a stronger focus on oxidative 
stress and xenobiotic metabolism and might miss effects 
on neurotransmission, if only a shorter exposure period 
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had been investigated. Thus, future investigations using a 
multiobiomarker approach should include a more diverse 
set of biomarkers.

Similar observations could be made for the herbicide 
Filon (prosulfocarb), which showed initial responses of 
an increased MXR activity and an influence on oxida-
tive stress-related biomarkers (GR, GSH) and GST, an 
enzyme involved in phase II of xenobiotic metabolism. 
When assessing MXR activity, which acts as a primary 
defence mechanism against toxic compounds, earth-
worms exposed to the pesticide Filon (prosulfocarb) 
showed notable changes in the accumulation of RB and 
after 28 days, a recovery of MXR activity was observed. 
The RB concentration decreased significantly in E. fet-
ida indicating an activation of MXR activity. This MXR 
induction suggests that as an initial defence mechanism, 
the activity is heightened to expel the parent compound 
as well as their metabolites from the cells. Previous 
research on earthworms [21], (Velki et  al. 2018) and on 
zebrafish, Danio rerio [36–38] showed commercial prep-
arations of pesticides, Filon included, affect MXR activity. 
Pesticide induced-oxidative stress has been well docu-
mented by previous research. For example, Schreck et al. 
[34] observed the increase in activities of GST and CAT 
followed by exposure to several pesticides. While these 
responses remained after 14 days of exposure, CES activ-
ity was also decreased, another indication for a change 
in the different phases of the xenobiotic metabolism. 
Another important observation were the changes in CES 
activity over the different exposure times. Initially, after 
7 days there was no impact on CES activity, after 14 days 
only the highest concentration caused a significant 
decrease in CES activity and eventually after 28 days all 
exposure concentrations including the lowest of 15 mg/
kg. This not only shows the time-dependent differences, 
but also the potential long-term effects of lower pesti-
cide concentrations on soil organisms. Higher sensitivity 
of CES activity compared to AChE activity was observed 
following Filon exposure in the present study. A study by 
Keizer et  al. [19] showed the potential of AChE activity 
as a useful biomarker, however, in future assessment of 
the potential pesticide effects, a combination of measur-
ing both the activities of AChE and CES should be taken 
into account [36, 38].

After 7 days of exposure, the herbicide Frontier (dime-
thenamid-p) showed significant changes of MXR activ-
ity and oxidative stress-related markers (CAT and GR 
activity). These initial responses slightly changed after 
14  days, the exposure time where the strongest bio-
marker responses were observed when comparing the 
different time points after Frontier exposure. Both AChE 
activity, an enzyme associated with neurotransmission, 
and CES activity, an enzyme of the phase I of xenobiotic 

metabolism, were significantly decreased. The inhibition, 
in both AChE and CES, is previously documented fol-
lowing an exposure to a mixture of six pesticides on the 
earthworm A. caliginosa, after a few days of insecticide 
and/or fungicide exposure, which is a response indica-
tive of a neurotoxicity in earthworms [34]. However, 
after 28  days of exposure only a significant change of 
MXR activity and ROS levels after exposure to the high-
est exposure concentration were observed. These results 
underline the importance of using a diverse set of bio-
markers, as well as different exposure times to effectively 
screen for ‘early-warning signals’ that might be of impor-
tance for higher levels of biological organization.

Similar observations could be made for the insecti-
cide Sumialfa (esfenvalerate) where significant changes 
in MXR activity and oxidative stress (CAT, GSH) xeno-
biotic metabolism (CES) and neurotransmission-related 
(AChE) biomarkers were observed after 7  days. This 
effect on neurotransmission is not surprising, as esfen-
valerate affects sodium channels. After 14  days, slight 
changes in the responses could be observed with a 
more diverse response of enzymatic biomarker for oxi-
dative stress could be observed, namely GR and GPx 
activity showed significant changes, while CAT activ-
ity only showed a significant decrease after exposure to 
the highest concentration. Additionally, several studies 
have investigated the impacts of oxidative stress-related 
enzyme reactions in E. fetida. These studies demon-
strate effects on CAT, GST, GPx, superoxide dismutase 
(SOD), as well as malonaldehyde (MDA) levels [21, 34, 
40]. Interestingly, the non-enzymatic oxidative-related 
marker (GSH) completely recovered. The responses after 
28 days were rather similar, with only CAT activity show-
ing a recovery compared to the previous exposure period. 
While a previous study showed a higher sensitivity of 
the fluorescence-based non-enzymatic oxidative stress 
biomarkers [21], the present study underlines the impor-
tance of using a diverse set of biomarkers as xenobiotics 
can have a variety of toxic mechanisms to affect organ-
isms, and thus, e.g., effects on oxidative stress might 
remain hidden if only a single biomarker is used, as the 
sensitivity of the chosen biomarker might differ between 
different organisms or xenobiotics.

Overall, looking at the biomarker responses of the dif-
ferent pesticides, it is also important to note that the 
exposures were simple applications of the pesticides at 
the beginning of the experiment, which might explain 
the partial recoveries observed after the 28-day exposure 
period. The reported half-lives of the four investigated 
pesticides, namely 14–18  days for prosulfocarb [10], 
11.1 days for dimethenamid-p [9], 6–17 days for thiaclo-
prid [8] and 9.4–36.5 days for esfenvalerate [11] (all data 
from field studies) could support these claims. However, 
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as no chemical analysis of the exposed soils were per-
formed, it is not possible to see how the changing expo-
sure concentrations could have affected the biomarker 
responses. While single applications are more realistic 
for pesticide exposures in the field, future studies should 
include a detailed chemical analysis of the exposure con-
centrations to gain more insight into the effects of these 
commercial pesticide preparations.

Conclusions
The results of the present study showed the potential 
long-term effects commercial pesticide preparations 
might have on key organisms of the soil ecosystem. Fur-
thermore, it showed the importance of investigating sub-
cellular responses at different exposure times and the 
necessity of using a diverse set of biomarkers to be able to 
use these ‘early-warning signals’ as tools for biomonitor-
ing. Namely, sensitivity of applied assays was different for 
different pesticides. In case of the Calypso exposure, the 
most sensitive biomarkers appear to be activities of CES, 
GPx, CAT, and MXR. However, all the biomarkers were 
affected, with ROS the least. The overall effect is reflected 
in metabolism disruption, oxidative stress and detoxifica-
tion mechanism; therefore, it is beneficial to measure a 
battery of biomarkers. Multiobiomarker assessments in 
case of Calypso exposure would provide a comprehen-
sive picture of mode of action and overall effect on the 
organism. In case of Filon exposure, the most sensitive 
biomarkers are activities of GSH, MXR, and levels of 
GSH and ROS, and in case of Frontier exposure the most 
sensitive endpoints are activities of CAT and MXR. The 
observed effect on the aforementioned biomarkers is an 
indication of a disruption in cellular detoxification mech-
anisms and impaired antioxidant defences. In case of the 
Sumialfa exposure, the most sensitive endpoints were 
AChE, glutathione-dependent enzymes (GST, GR, GPx), 
and MXR, indicating the potential involvement of neuro-
toxicity. To enhance the interpretability of results, future 
investigations should incorporate chemical analyses of 
the exposed soils, enabling a correlation between time-
dependent biomarker responses and alterations in expo-
sure concentrations. While the reproductive test holds 
high ecological relevance, the data reveal considerable 
variability. Consequently, future studies would benefit 
from an increased number of replicates in comparison to 
biomarker measurements, ensuring a more robust ability 
to discern and validate significant effects.
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