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Abstract

Background: The environmental impact of pesticides has been an increasingly discussed issue over the last decades.
Constant usage of pesticides presents a burden for soil and causes a decrease in its health, including the negative
effects on earthworms which are indicators for soil quality. The objective of this research was the assessment of the
effects of two insecticides and two herbicides on the earthworm Eisenia andrei. Namely, the following active ingre-
dients and respective commercial preparations were investigated: esfenvalerate (Sumialfa), thiacloprid (Calypso),
dimethenamid-p (Frontier) and prosulfocarb (Filon). Lethal concentrations (48 h) of both active ingredient and com-
mercial preparations were determined using the filter paper contact test.

Results: The results showed that Calypso and Frontier were significantly more toxic than the active ingredient. There-
fore, all further measurements were performed after exposure of earthworms to the commercial preparations of the
pesticides. Specifically, several enzymatic biomarkers and multixenobiotic resistance activity were assessed. Addition-
ally, a fluorescence-based assay for the determination of oxidative stress was established. Significant changes were
detected for catalase, carboxylesterase and multixenobiotic activities after 48-h exposures. Also, a significant change
in oxidative stress parameters could be observed for both Calypso and Frontier.

Conclusions: The obtained results show that commercial preparations can be more toxic than the active ingredients,
and the formulations being distributed in the environment can affect earthworms on a molecular level already after
short exposures. This emphasizes the importance of a more integrated eco-toxicological assessment of commercial
pesticide preparations not to underestimate their effects on the environment.

Keywords: Earthworms, Commercial pesticide preparations, Acute toxicity, Oxidative stress, Multixenobiotic
resistance activity

Background the usage of pesticides has steadily increased worldwide
[49]. Pesticides are chemical or biological agents used to
control pests and vectors of disease. They belong to the
group of chemicals intentionally brought into the envi-
ronment, and therefore their applications need to be
strictly regulated. However, in 2018, over 50 years after
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The environmental impact of pesticides has been an
increasingly discussed issue over the last few decades
[47]. Even though the awareness for sustainable and
organic farming practices has risen continuously [14, 42],
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regulations and assessment strategies are not effective
enough to avoid adverse effects on the environment.
As more and more studies have associated biodiversity
losses with pesticide usage, implementing more sustaina-
ble agricultural practices and improving current pesticide
regulations becomes increasingly urgent in order to stay
within the planetary boundaries [14, 19, 40, 51]. While
there are additional stressors such as climate change and
environmental pollution [28, 47] which might contrib-
ute to some observed adverse effects, it is necessary to
improve standard agricultural practices and include more
detailed eco-toxicological data to better understand their
impact as the usage of pesticides will likely not decrease
in the near future.

With natural resources being finite and constantly
decreasing due to misuse of land and mismanagement of
soil, it is crucial to understand the negative effects pesti-
cides might have on soil and help improving agricultural
practices [8]. Soil is a non-renewable resource, there-
fore, sustainable agricultural practices need to focus on
ensuring the quality and fertility of the soil. Earthworms
have long been used as bioindicators for soil quality, as
their abundance and species composition can give valu-
able information on the fertility of soil [17, 37, 39]. Over-
all, they are essential for the nutrient balance of soil and
their burrowing improves the soil structure and helps
to increase decomposition, humification, and nutrient
cycling [25]. As a consequence, earthworms are cru-
cial for maintaining soil properties such as water hold-
ing capacity, porosity, aeration and pH but also play an
important role in increasing the habitat quality for vari-
ous soil organisms, thus often being referred to as ecosys-
tem engineers [1].

With the increase of extensive use of pesticides in the
last decades, their potential adverse impact on soil com-
munities became more apparent. Generally, pesticides
can be classified by their target organism or their mode
of action. Data of global pesticide usage show that herbi-
cides made up the largest portion, while insecticides were
the second biggest class of pesticides used worldwide
in 2018 [16]. While insecticide disruptions of the nerv-
ous system are known to be problematic for many non-
target organisms such as, e.g., bees [10], the main mode
of action of herbicides through targeting plant-specific
mechanisms often suggests that they might not be toxic
for animals. Research, however, has shown that this is not
the case [22, 27, 55. Out of many pesticides available on
the market, four pesticides used worldwide have been
chosen for this study: the herbicides dimethenamid-p,
a chloroacetamide, and prosulfocarb, a thiocarbamate,
both inhibiting the long chain fatty acid synthesis [41]
and the insecticides esfenvalerate, belonging to the class
of synthetic pyrethroid which block sodium channels [46,
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50], and thiacloprid, a neonicotinoid that stimulates the
nicotinic acetylcholine receptor [32, 33]. Even though
these four pesticides have been heavily used in Europe,
e.g., in Germany domestic sales amounted to 250—1000 t
of dimethenamid-p and prosulfocarb, <1 t of esfenva-
lerate and 25-100 t thiacloprid, which has been on the
substitution list of the European Union since 2015, with
a decision in 2020 to not renew its approval anymore [5,
13], there is very scarce data on their adverse effects on
soil non-target organisms.

Since all four pesticides are so far still in usage and
hence a potential threat to the environment, in this
research their effects and possible other modes of action
were assessed. The earthworms Eisenia andrei has been
chosen, due to its widespread use as a model organ-
ism for soil toxicology, also being recommended by the
OECD in their test guidelines [36].

The objective of the present research was therefore
to assess the effects of four commonly used pesticides
on the earthworm E. andrei by applying the filter paper
contact test. Previous studies often only determined the
effects of the active ingredient [15] as current regula-
tions only include the toxicity of the active ingredient.
To investigate, whether there is a discrepancy between
the acute toxicity, here the acute toxicity was assessed
for both the active substance and the respective com-
mercial preparations. Due to implications obtained from
these results, further assessments of the specific mode of
actions were performed for the commercial preparations
only. These measurements included the assessment of the
effects of sublethal pesticide concentrations on enzymatic
activities and multixenobiotic resistance (MXR) activ-
ity. Multixenobiotic resistance is an important first line
of defense to actively expel toxic substances from cells
before they cause any cellular damage [2]. For the assess-
ment of pesticide effects on enzymatic activities, both
oxidative stress-related and detoxification enzymes were
chosen to enable gaining insight into the modes of action
and detection of early effects. Furthermore, an assay
based on a previous study on zebrafish larvae [26, 27] was
established for the fluorescence-based assessment of oxi-
dative stress (reactive oxygen species and glutathione) in
earthworms. The obtained results are thought to add to
a more integrated eco-toxicological assessment of pesti-
cides and their commercial preparations to not underes-
timate their effects on the environment.

Material and methods

Chemicals

The following chemicals (analytical grade) were used: ace-
tonitrile (C,H;N, CAS 75-05-8), B-nicotinamide adenine
dinucleotide 2’-phosphate reduced tetrasodium salt hydrate
(B-NADPH) (C,H,N,Na,O,,P; xH,0, CAS 2646-71-1
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(anhydrous)), 9-(2-carboxyphenyl)-6-diethylamino-
3-xanthenylidene]-diethylammonium chloride (rhoda-
mine B) (CygH;CIN,0,;, CAS 81-88-9), CellTracker
Green CMFDA Dye (C,H;,ClO,, CAS 136832-63-8)
(ThermoFisher Scientific), 1-chloro-2,4-dinitrobenzene
(CDNB) (C¢H,CIN,O,, CAS 97-00-7), CM-H,DCFDA
(CyyHoClsOg, CAS 1219794-09-8) (ThermoFisher Sci-
entific), hydrogen peroxide (H,0, CAS 7722-84-1),
(2-mercaptoethyl)trimethylammonium  iodide acetate
(acetylthiocholine iodide) (CH;COSCH,CH,N(CHj,)sl,
CAS 1866-15-5), disodium hydrogen phosphate
(NaH,PO,, CAS 7558-79-4), 5,5'-dithiobis-(2-nitrobenzoic
acid) (DTNB) ([-SC¢H;(NO,)CO,H],, CAS 69-78-3), glu-
tathione disulfide (GSSG) (C,,H5,NgO;,S,, CAS 27025-
41-8), 4-nitrophenyl acetate (C;H,NO,, CAS 830-03-5),
(25)-2-amino-4-{[(1R)-1-[(carboxymethyl)carbamoyl]-
2-sulfanylethyl]carbamoyljbutanoic ~ acid  (glutathione
(GSH)) (C,;H;7N3;0S, CAS 70-18-8), sodium dihydrogen
phosphate dihydrate (NaH,PO, x 2H,0, CAS 13472-35-0).
Pierce” BCA Protein Assay Kit was used for protein con-
centration measurements.

The following pesticide active ingredients (analytical
standard) and respective commercial preparations were
used in this study: dimethenamid-p (C,,H;;CINO,S,
CAS 163515-14-8) (Frontier, BASF, 720 g/L a.i.), esfenva-
lerate (C,5H,,CINO,, CAS 66230-04-4) (Sumialfa, Arysta
LifeScience, 50 g/L a.i.), prosulfocarb (C,,H,;NOS, CAS
52888-80-9) (Filon, SYNGENTA, 800 g L a.i.), thiacloprid
(CioHoCIN,S, CAS 111988-49-9) (Calypso, Bayer Crop
Science, 480 g L a.i.)

Test organism

All tests were performed using adult earthworms (E.
andrei) which were obtained prior to the experiments
from a local supplier and acclimatized at 20 °C. To pre-
pare the earthworms for the experiment, adult individu-
als showing a well-developed clitellum were selected
and thoroughly washed with distilled water before being
placed on damp filter paper for 12 h to void their gut con-
tents [36].

Acute toxicity tests

The filter paper contact test was performed according
to the OECD Guideline 207 [36]. It allows the assess-
ment of effects without potential interference from the
soil matrix, while also being easy to perform and offering
higher reproducibility [61].

Due to their poor water solubility the active ingredients
were dissolved in acetone and the desired concentrations
prepared. The respective solution (2 mL of solution per
vial) was then evenly distributed onto the filter paper
in glass vial (4.5 cm height and 6 cm diameter). The
vials were then left open for the acetone to completely
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evaporate. Only then 2 mL distilled water per vial was
evenly distributed on the filter paper and one earthworm
per vial added. Afterwards, each vial was closed with a
lid. Based on preliminary tests the following concentra-
tions (covering full range of no effects to 100% mortal-
ity) for assessment of the acute toxicity of the active
substances were applied: thiacloprid 100, 200, 400, 600,
800 and 1000 ng/cm?, esfenvalerate 20, 30, 40, 50 and
100 ng/cm?, dimethenamid-p 2.5, 5, 7.5, 10 and 12.5 pg/
cm? and prosulfocarb 1, 5, 7.5, 10, 12.5, 20 and 30 pg/
cm?. Controls were performed in parallel using the same
procedure of applying 2 mL acetone and after evapora-
tion adding 2 mL of distilled water per vial. The exposure
vials were placed in the dark at 20 °C and the mortality
was recorded after 24 h and 48 h. The exposures were
performed in at least three independent replicates with
5 earthworms per each exposure condition and replicate.

The commercial preparations of the pesticides were
diluted in distilled water to obtain the desired concentra-
tions. Afterwards 2 mL of solution per vial were evenly
distributed onto the filter paper in flat-bottom glass vials
and further treated as described above. The following
concentrations for assessment of the acute toxicity of
the commercial preparations were applied for each pes-
ticide based on preliminary tests: Calypso 10, 20, 40, 50,
60, 70 and 80 ng/cm?, Sumialfa 12.5, 25, 50, 75, 100, 125,
250 and 500 ng/cm? Frontier 1, 1.5, 2.25, 2.5, 2.75, 3 and
5 pg/cm? and Filon 1, 1.25, 2.5, 5, 7.5, 10, 12.5, 15, 20 and
25 pg/cm?® Concentrations of commercial preparations
are expressed as amounts of active substance in the for-
mulation. Controls with distilled water only were also
performed. The exposure vials were then placed in the
dark at 20 °C and the mortality was recorded after 24 h
and 48 h. The exposures were performed in at least three
independent replicates with five earthworms per each
exposure condition and replicate.

Assessment of pesticides on enzymatic biomarkers
Exposure to pesticide formulations

Based on the data from the acute toxicity tests, for the
following experiments sublethal concentrations were
chosen. Since it was determined that the commercial
preparations were more toxic than their active ingredi-
ent and only the commercial preparations are applied on
fields, all subsequent exposures were performed with the
commercial preparations only.

The following sublethal concentrations of the commer-
cial preparations were chosen: Calypso 1.25, 2.5, 5 and
10 ng/cm?, Sumialfa 1.5625, 3.125, 6.25 and 12.5 ng/cm?,
Frontier 0.125, 0.25, 0.5 and 1 pg/cm? and Filon 0.25, 0.5,
1 and 2 pg/cm?. Concentrations of the commercial prep-
arations are expressed as amounts of active substance
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in the formulation. Controls were also performed with
distilled water only. Per each exposure condition 10
earthworms were exposed using the filter paper con-
tact test as previously described. The whole experiment
was repeated once to determine the repeatability of the
results.

Sample preparation

After a 48-h exposure period each earthworm was
weighed and then homogenized in cold sodium phos-
phate buffer (0.1 M, pH 7.2, in ratio 1:5 w:v) on ice with
an Ultra-Turrax T18 homogenizer. Samples were then
centrifuged (30 min, 9000g, 4 °C). The supernatant (post-
mitochondrial fraction, S9) was transferred to a fresh
tube and stored at —80 °C until used for further enzy-
matic biomarker and oxidative stress measurements.

Glutathione S-transferase (GST)

Measurements of GST activity [20] were performed
in 96-well plates with the reaction mixture consisting
of 7.5 uL sample (S9), 160 pL 1-mM CDNB (in sodium
phosphate buffer) and 40 pL 25-mM GSH. Each sample
was tested in triplicates. For the kinetics measurement
of the reaction mixtures, absorbance was recorded using
a Tecan Spark microplate reader at 340 nm for 2 min
(measuring every 15 s) at room temperature. After the
amount of protein was determined for each sample, the
specific enzyme activity was calculated and given in nmol
of conjugated GSH in one min per mg of proteins.

Catalase (CAT)

The CAT activity measurements [6] were performed in
cuvettes in duplicates, with the assay mixture containing
500 pL sodium phosphate buffer (0.1 M, pH 7.2), 500 uL
H,0, (0.019 M) and 15 pL of the sample (S9). For the
kinetics measurements of the assay mixtures, absorbance
was recorded using a Perkin-Elmer Lambda 25 UV-Vis
spectrophotometer at 240 nm for 1 min (measuring every
15 s) at 20 °C. After the amount of protein was deter-
mined for each sample, the specific enzyme activity was
calculated and given in umol of degraded H,O, in 1 min
per mg of proteins.

Glutathione reductase (GR)

For the GR activity measurements [20] 10 pL sample
(S9), 100 pL sodium phosphate buffer (0.1 M, pH 7.2),
100 pL 2 mM GSSG and 10 pL 1 mM NADPH were
added per well in 96-well plates. Each sample was
tested in triplicates. For the kinetics measurement of
the reaction mixtures, absorbance was recorded using
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a Tecan Spark microplate reader at 340 nm for 5 min
(measuring every 20 s) at 20 °C. After the amount of
protein was determined for each sample, the specific
enzyme activity was calculated and given in nmol of
reduced GSSG in 1 min per mg of proteins.

Acetylcholine esterase (AChE)

For the determination of AChE activity [12] 200 pL
sodium phosphate buffer (0.1 M, pH 7.2), 10 pL 1.6 mM
DTNB, 20 pL 156 mM acetylthiocholine iodide and
7.5 pL of the respective sample (S9) were added per
well in 96-well plates and each sample tested in tripli-
cates. For the kinetics measurement, absorbance was
recorded using a Tecan Spark microplate reader at
412 nm for 2 min (measuring every 15 s) at 20 °C. After
the amount of protein was determined for each sample,
the specific enzyme activity was calculated and given in
nmol of acetylthiocholine iodide hydrolyzed in 1 min
per mg of proteins.

Carboxylesterase (CES)

For the determination of CES activity [23] 10 pL sam-
ple (S9) and 190 pL 1 mM 4-nitrophenyl acetate were
added per well in 96-well plates in triplicate. For the
kinetics measurement, absorbance was recorded using
a Tecan Spark microplate reader at 405 nm for 2 min
(measuring every 15 s) at 20 °C. After the amount of
protein was determined for each sample, the specific
enzyme activity was calculated and given in nmol of
4-nitrophenol produced per 1 min per mg of protein.

Protein content determination

The protein concentration in all samples was meas-
ured with Pierce™ BCA Protein Assay Kit (Thermo
Fisher Scientific). Protein content was measured by
adding 1.5 pL of the sample to 23.5 pL sodium phos-
phate buffer (0.1 M, pH 7.2) and 200 uL of the work-
ing solution (prepared according to the kit instructions)
in 96-well plates. After a 2-h incubation period at
20 °C absorbance was recorded using a Tecan Spark
microplate reader at 562 nm. Calibration curve was
constructed with bovine serum albumin and protein
concentrations calculated accordingly. The obtained
protein concentrations were used for calculations of the
specific enzyme activities.

Assessment of pesticide effects on the oxidative stress
level

A fluorescence-based oxidative stress detection proto-
col was established based on the protocol previously
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developed for zebrafish larvae [26, 27]. For the detection
of oxidative stress two fluorescence probes were used:
CellTracker Green CMFDA for the detection of thiols
and CM-H,DCFDA for the detection of general reactive
oxygen species. The samples were diluted in 1:10 ratio
and added in triplicate to 96-well plates. For ROS detec-
tion 5 puL sample, 95 puL sodium phosphate buffer (0.1 M,
pH 7.2) and 5 uL CM-H,DCEDA (7.87 uM) were added
to the well, for GSH detection 1 pL sample, 99 pL sodium
phosphate buffer (0.1 M, pH 7.2) and 5 pL CellTracker
Green CMFDA (9.78 uM) were added to the well. Blanks
were performed in parallel. After an incubation period
for 30 min at 25 °C, the fluorescence was measured using
a Tecan Spark microplate reader at 485 nm (ex.) and
530 nm (em.) with the gain set to 50. In order to confirm
the proper functioning of the protocol, positive controls
with GSH (25 mM) and H,0O, 0.019 M) were performed
(data not presented).

Assessment of the impact of pesticides on multixenobiotic
resistance (MXR) activity

For investigation of effects of investigated pesticides on
the MXR activity, the same concentrations were used as
for the enzymatic biomarker and oxidative stress meas-
urements, but separate exposures were performed.
Determination of the MXR activity was performed using
rhodamine B (RB) retention protocol [21] in which pes-
ticide stock solution and RB stock solution are mixed
to get the final concentration of 100 uM RB and desired
final concentration of pesticide. After evenly distributing
2 mL exposure solution per vial on the filter paper in the
vials, one earthworm was placed in each vial and the vials
were closed with a lid that provided a hole for ventilation.
For the exposures controls of 100 uM RB were run in
parallel. After a 48 h exposure in the dark at 20 °C, sam-
ple preparation was conducted in the same manner as
for measurement of enzyme activities and 10 pL of each
sample was added to 250 uL phosphate buffer per well.
The respective fluorescence was measured with a Tecan
Spark microplate reader in triplicates in 96-well plates at
553 nm (ex.) and 578 nm (em.) with gain set to 55. Cali-
bration curve was constructed using RB (stock solutions
were prepared in a 1:2 dilution row starting with 25 uM
RB) and used for calculation of RB content in each. Then
10 pL of the RB added to 250 pL phosphate buffer per
well. For expression of MXR activity, the protein con-
centration was taken into account and results were given
in nmol RB per mg proteins. The whole experiment was
repeated to determine the repeatability of the results.

Data analysis
Data analyses of the acute toxicity data were performed
using the statistical software R version 3.3.2 (R Core Team,
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2016). Mortality calculations were based on the number
of the observed dead earthworms after the 48-h exposure
period. The logit procedure of the drc package within
the R software environment was used for the determina-
tion of lethal concentrations (LC,,, LCy;, LCyj). Mortality
concentration—response curves were fitted using a four-
parameter logistic curve. The significant level of mean
separation (p <0.05) was based on a non-overlap between
the 95% confidence limits of the LCs, values calculated
after exposure to active substance vs. commercial formu-
lation. The classification of pesticide toxicity was done
according to Roberts and Dorough by taking into account
LCy, values after 48-h exposure to pesticides: supertoxic
(< 1.0 pg/cm?), extremely toxic (1-10 pg/cm?), very toxic
(10-100 pg/cm?), moderately toxic (100—1000 pg/cm?), or
relatively non-toxic (> 1000 pg/cm?) [44].

Enzymatic biomarker data, fluorescence-based oxida-
tive stress data and MXR activity data, were analyzed
using GraphPad Prism 8 (GraphPad Software, Inc.,
California, USA). Prior to further analysis, data were
checked for equality of variances (Bartlett test) and
normality (Shapiro—Wilk test). Considering that the
normal distribution of the data was obtained, one-way
ANOVA was applied followed by the Dunnett’s multi-
ple comparison test to determine the significance levels
reached in comparison to the control. The level of sig-
nificance was set to p <0.05 throughout the study.

Results
Lethal concentrations of investigated pesticides
Lethal concentrations (LC) after exposure of earth-
worm E. andrei to the active insecticide ingredients
thiacloprid and esfenvalerate and the active herbicide
ingredients dimethenamid-p and prosulfocarb, as well
as the respective commercial preparations, are shown
in Table 1. A comparison of the LC;, values for the
active ingredients and commercial preparations shows
that two out of four tested commercial preparations
are significantly more toxic than their respective active
ingredient alone. Based on the 48-h LCj, values, esfen-
valerate and thiacloprid and their commercial prepara-
tions can be classified as super toxic, dimethenamid-p
and its commercial preparation as extremely toxic and
prosulfocarb as very toxic while its commercial prepa-
ration can be classified as extremely toxic [44].
Significant differences between the LC, values of the
commercial preparation and respective active ingredi-
ent are marked with different letters.

Responses of enzymatic biomarkers
The specific enzyme activities measured in earth-
worms after exposure to different concentrations of the
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commercial pesticide preparation Calypso are presented
in Fig. 1. Significant difference compared to control was
observed only for CES activity at 2.5 ng/cm?

Figure 2 shows the measured specific enzyme activi-
ties in earthworms exposed to the commercial pesticide
preparation Sumialfa. The only significant difference in
enzyme activity was observed for CAT after exposure to
the highest concentration of 12.5 ng/cm?.

The results of the enzymatic biomarker measurements
in E. andrei exposed to different concentrations of Filon
are presented in Fig. 3. No significant changes were
observed in any of the five measured enzymes.

Figure 4 shows the measured specific enzyme activities
in earthworms exposed to different concentrations of the
commercial pesticide preparation Frontier. A significant
difference was observed only for CAT after exposure to
the highest concentration of 1.0 pg/cm?

Fluorescence-based ROS and GSH determination

Figures 5 and 6 show the relative fluorescence that was
determined using two different fluorescent probes for the
measurement of reactive oxygen species (ROS) and glu-
tathione (GSH) after a 48-h exposure to the four different
commercial pesticide preparations. For Calypso, signifi-
cant changes could be detected for the measurement of
ROS (Fig. 5) and GSH (Fig. 6). For the ROS detection, the
three lowest concentrations showed a significant increase
of relative fluorescence with the enzyme activity almost
doubling, while only the lowest concentration showed a
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significant increase of relative fluorescence for the detec-
tion of GSH by a factor of approximately 1.5. For Fron-
tier, a significant decrease by (more than) half in relative
fluorescence could be observed for the detection of GSH
after exposure to 0.125, 0.25 and 0.5 pg/cm? (Fig. 6), but
no significant differences to the control for the detec-
tion of ROS could be observed (Fig. 5). For both Sumialfa
and Filon neither the detection of ROS nor the detec-
tion of GSH showed any significant differences of relative
fluorescence.

MXR activity

Results of the relative rhodamine B (RB) concentra-
tions in earthworm E. andrei after exposures to four
different commercial pesticide preparations are shown
in Fig. 7. A significant increase in the relative RB con-
centration was detected for the insecticide Calypso at
the highest concentration of 10 ng/cm?, while a signifi-
cant decrease in relative RB content could be observed
after exposure to the lowest concentration of 0.25 pg/
cm? of the herbicide Filon. No significant changes in
the relative RB concentration were detected following
exposures to the insecticide Sumialfa and the herbi-
cide Frontier. An increase in accumulated RB indicates
an inhibition of the MXR activity, while a decrease of
relative RB concentrations indicates an induction of
the MXR activity.

Table 1 Lethal concentrations (LC,, LC;, and LC,,) and 95% confidence levels of the investigated pesticide active
ingredients and their respective commercial preparations to earthworm E. andrei for 48 h

Active ingredient Conc. (ug/cm?) Lower limit Upper limit Commercial Conc. (ug/cm?) Lower limit Upper limit
preparation
Thiacloprid Calypso
LG 0.108 —0.051 0.267 LG 0.013 0.010 0.017
LCyy 0510° 0.774 1794 LCyp 0.032° 0.027 0.036
LCy 2407 —8917 13.730 LCy 0.075 0.046 0.103
Esfenvalerate Sumialfa
LCyo 0.017 0.011 0.023 LCo 0.015 —0.0003 0.031
LCsp 0.032° 0.026 0.040 LCs 0.084° 0.034 0.134
LCq 0.063 0.035 0.090 LCq 0.462 —0.234 1.159
Dimethenamid-p Frontier
LCyo 3503 2936 4071 LCio 1387 0.863 1912
LCs 6.042° 5.482 6.602 LCs 2.524° 1.954 3.095
LCqp 1042 7973 12.867 LCqp 4593 1867 7319
Prosulfocarb Filon
LG 5.138 2.197 8.073 LG 2373 0.592 4.154
LCsq 12.464° 7257 17.671 LCqy 8473° 4475 12470
LCq 30.256 —3313 63.826 LCq 30.245 —8622 69.112

LCsp—values highlighted in italic letters
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Fig. 1 Specific activity of acetylcholinesterase (AChE), carboxylesterase (CES), glutathione S-transferase (GST), glutathione reductase (GR) and
catalase (CAT) measured in E. andrei earthworms exposed to the commercial pesticide preparation Calypso (active ingredient thiacloprid) for 48 h
(mean = standard deviation; N = 20). Significant differences between control and pesticide treatments (ANOVA followed by Dunnett’s multiple
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Discussion

The acute toxicity of four commonly used pesticides’
active ingredients and their respective commercial
preparations, as well as subcellular effects of the com-
mercial preparations, on the earthworm E. andrei was
investigated by applying the filter paper contact test.
The investigated endpoints comprised assessment of
acute toxicity, enzymatic activities, MXR activity and
oxidative stress-related responses. The main mode of
action of all four pesticides is well-known, with the her-
bicides dimethenamid-p and prosulfocarb inhibiting
long chain fatty acid synthesis [18], and the insecticides
thiacloprid and esfenvalerate stimulating the nicotinic
acetylcholine receptor and blocking sodium channels,
respectively [32, 33, 46, 50]. Despite knowing the main

toxicity mechanisms of the investigated pesticides, it
is still not known in detail how they affect non-target
organisms such as earthworms. Furthermore, while
for example the mode of action of herbicides is mostly
related to plant organisms, studies had shown that they
often also adversely affect non-target animal organisms
[27, 38, 56].

Acute toxicity

The results of the filter paper contact tests showed that
both insecticides could be classified as extremely toxic to
the earthworm E. andrei, and the herbicides dimethen-
amid-p and prosulfocarb could be classified extremely
toxic and very toxic, respectively [44]. While there is
no comparable data for the investigated herbicides on
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Fig. 2 Specific activity of acetylcholinesterase (AChE), carboxylesterase (CES), glutathione S-transferase (GST), glutathione reductase (GR) and
catalase (CAT) measured in E. andrei earthworms exposed to the commercial pesticide preparation Sumialfa (active ingredient esfenvalerate) for
48 h (mean = standard deviation; N = 20). Significant differences between control and pesticide treatments (ANOVA followed by Dunnett’s multiple
comparison test) are labeled with *(p <0.05)

earthworm toxicity available from literature, a study by
Ye et al. investigated the comparative toxicity of fenvaler-
ate and esfenvalerate. It showed similar toxicity results
from the filter paper contact test for the earthworm
Eisenia fetida with the LCy, of esfenvalerate after a 48 h
exposure period being 0.68 pg/cm? and therefore classi-
fied as super toxic [60]. A study by Wang et al. investi-
gated the toxicity of 24 insecticides to E. fetida using the
filter paper contact test including thiacloprid, which they
classified as super toxic with an LCs, of 0.45 pg/cm? [59].

Currently, all four pesticides are available on the Euro-
pean market, with dimethenamid-p and prosulfocarb
being sold in rather high tonnages and prosulfocarb being
on the list of the most sold pesticides in Germany in 2019
[5]. While esfenvalerate is sold in rather small amounts
in comparison, the main mode of action of insecticides
often also affects a wide range of non-target organisms

[3, 11, 45, 54, 56]. The insecticide thiacloprid on the other
hand has been on a substitution list since 2015 with the
European Commission having recently decided against
the re-approval due to its concerns about a potential for
endocrine disruption [13].

Our results showed that the toxicity of the com-
mercial preparations Calypso, Filon and Frontier can
be higher than their respective active ingredient only.
But only Calypso and Frontier gave significantly higher
toxicity values. This, however, indicates that the cur-
rent risk assessment might underestimate the actual
toxicity of pesticides on the environment. The effects
of solvents, dispersants and other adjuvant chemi-
cals that are used to improve the durability, storage
and application of the pesticides are not taken into
account [7]. More and more studies have shown the
discrepancy between the toxicity of active ingredients
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and commercial preparations with one of the most
debated example being glyphosate and its commer-
cial preparation Roundup [4, 24, 38]. A recent review
by Nagy et al. on the toxicity of pesticide active ingre-
dients and their product formulations showed that
out of 36 studies, 24 studies reported a higher toxic-
ity of the commercial formulation and only 8 showed
a lower toxicity. Out of these 36 studies, a significant
number of 10 studies focused on the comparative test-
ing of glyphosate or glyphosate-based herbicides [34].
However, even though the effects of glyphosate and its
preparation Roundup are subject of a highly controver-
sial discussion, this problem also applies to most other
pesticides that are not as intensely studied as glypho-
sate, making it more difficult to come to a consensus on

how to improve risk assessment. Overall, there is very
scarce information on the toxicity mechanisms avail-
able for the pesticides investigated in the present study
and especially their commercial preparations [9, 29, 43,
45, 58, 60]. This also supports Nagy et al. postulations
of the inadequacy of current EU required assessments
resulting in little information on the actual hazard
from commercial pesticide formulations [34]. There-
fore, the current study focused on assessing the toxicity
mechanisms of the investigated commercial pesticide
preparations.

Oxidative stress
In this study, a multiwell plate assay for the fluorescent
detection of GSH and ROS, oxidative stress-related
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48 h (mean =+ standard deviation; N=20). Significant differences between control and pesticide treatments (ANOVA followed by Dunnett’s multiple
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responses, in the earthworm S9-fraction was estab-
lished based on a previous protocol for the detection in
zebrafish larvae [26, 27]. Oxidative stress occurs due to
an imbalance of the natural ROS molecules and anti-
oxidants, e.g.,, GSH—the primary redox buffer [35]. It
has been shown in various studies that oxidative stress
is often related to the toxicity of pesticides [30, 31, 54,
56, 57]. In this study, the pesticides Calypso (thiaclo-
prid) and Frontier (dimethenamid-p) showed effects
on the ROS and GSH levels (Figs. 5 and 6). Specifically,
Calypso showed an increase by over 100% in relative
fluorescence, indicating a high increase in ROS levels
after exposures to Calypso. The assessment of GSH lev-
els showed an increase only in the lowest concentration
of Calypso. An increase in GSH levels shows a response
of the antioxidant system and the induction of oxidative
stress. The herbicide Frontier also affected GSH levels in

exposed earthworm, however, in this case the opposite
effect was observed with a decrease in GSH levels after
exposures to the three lowest concentrations. While no
significant differences in ROS levels could be detected,
this might be due to the antioxidant system still being
able to make up for any increased production of ROS. A
similar fluorescence-based method to assess ROS levels
in earthworm E. fetida has been used by Wang et al. after
exposures to the neonicotinoid insecticide imidacloprid
[57], where a significant increase of ROS levels could be
shown after long-term exposures in soil. Another study
by Liu et al., which also assessed long-term oxidative
stress-related responses of E. fetida after neonicotinoid
exposure by means of fluorescent ROS detection showed
an increase of ROS levels for different exposure times
such as 7 days and 28 days [30]. However, there seems to
be very little understanding yet of short exposure effects
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Fig. 5 Relative fluorescence for reactive oxygen species (ROS)
measurements in Eisenia andrei exposed to the four commercial
pesticide preparations Calypso (active ingredient thiacloprid),
Sumialfa (active ingredient fenvalerate), Filon (active ingredient
prosulfocarb) and Frontier (active ingredient dimethenamid-p) for
48 h (mean =+ standard deviation; N = 20). Significant differences
between control and pesticide treatments (ANOVA followed by
Dunnett’s multiple comparison test) are labeled with *(p < 0.05)

in earthworms on ROS or GSH levels after exposures
to pesticides and especially herbicides. Therefore, the
protocol for oxidative stress detection established here
can be a helpful and sensitive, yet simple and easy tool
to investigate both ROS and GSH levels to gain a better
understanding of non-enzymatic oxidative stress-related
responses.

Enzymatic biomarker responses

When comparing the results of the fluorescence probe-
based assay for oxidative stress detection with enzymatic
biomarkers, the fluorescence-based assay proved to be
more sensitive for observing oxidative stress responses
after short exposure at low concentrations, as for Calypso
(thiacloprid) no significant change in responses of enzy-
matic biomarkers for oxidative stress, such as GST (also
a phase II detoxification enzyme) or CAT, was observed
(Fig. 1). However, CAT activity was decreased after

Calypso GSH
31 * 34

Sumialfa GSH

relative fluorescence
relative fluorescence

> P o Q Q >
&‘o RS IR, (\éo
&f &*

D D D D
8 Y A
\@6 Y ©7 N

Concentration (ng/cm?) Concentration (ng/cm?)

Filon GSH Frontier GSH

*k kk kk%k

relative fluorescence
relative fluorescence

0- 0-

> P 2O °

>
&P S A R NN
o

& o Q-
00

Concentration (pg/cm?) Concentration (ug/cm?)

Fig. 6 Relative fluorescence for glutathione (GSH) measurements
in Eisenia andrei exposed to four commercial pesticide preparations
Calypso (active ingredient thiacloprid), Sumialfa (active ingredient
esfenvalerate), Filon (active ingredient prosulfocarb) and Frontier
(active ingredient dimethenamid-p) for 48 h (mean + standard
deviation; N=20). Significant differences between control and
pesticide treatments (ANOVA followed by Dunnett’s multiple
comparison test) are labeled with *(p < 0.05), **(p <0.01) and
**%(p < 0.001)

exposure to the highest concentration of both Sumialfa
(esfenvalerate) and Frontier (dimethenamid-p) (Figs. 2
and 3), suggesting that the enzymatic responses may
respond slower, with possibly different results for longer
exposure periods. These results are supported by our pre-
vious study where the effects of the pesticides diuron and
diazinon were investigated using the fluorescent probes,
as well as the enzymatic biomarkers and also showed
that the fluorescent probes-based assessment of oxida-
tive stress might be more sensitive or that the enzymatic
antioxidant reactions are slower compared to the GSH
reaction [54, 56]. There are no other studies assessing oxi-
dative stress induction of pesticides investigated herein,
thus making comparisons difficult. However, there have
been several studies elucidating oxidative stress to be a
common mode of action of pesticide toxicity even though
the responses might not always be univocal. A review by
Lukaszewicz-Hussein looks at oxidative stress induced by
the group of organophosphate pesticide exposure whose
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Fig. 7 Relative rhodamine B (RB) concentration for the measurement
of MXR activity in Eisenia andrei exposed for 48 h to the commercial
pesticide preparations Calypso (active ingredient thiacloprid),
Sumialfa (active ingredient esfenvalerate), Filon (active ingredient
prosulfocarb) and Frontier (active ingredient dimethenamid-p)

(mean = standard deviation; N = 20). Significant differences between
control and pesticide treatments (ANOVA followed by Dunnett’s
multiple comparison test) are labeled with *(p <0.05)

main mode of action is the inhibition of AChE, showing
that oxidative stress is another mode of action through
which they cause adverse effects [31]. Furthermore, there
are also various studies looking at the effects of oxidative
stress-related enzyme responses in earthworm, mostly E.
fetida, showing the effects on not only CAT or GST but
also peroxidase, superoxide dismutase or malonaldehyde
[30, 48, 52, 53, 57, 62].

While this shows, that oxidative stress often occurs
as a result of pesticide exposure and often contributes
to pesticide toxicity, other biomarkers can also be used
to elucidate more specific toxicity mechanisms and
modes of action. Other enzymatic biomarkers that were
assessed besides the biomarkers for oxidative stress
were AChE activity and CES activity. Acetylcholinest-
erase is an important enzyme in neuronal transmis-
sion, while carboxylesterase is a phase I detoxification
enzyme [35]. AChE activity was not affected by any of
the pesticide exposures, suggesting that an inhibition
of AChE is not the mechanism of action of the investi-
gated pesticides and rather oxidative stress. On the other
hand, an increase in CES activity could be observed after
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exposure to Calypso. As Calypso also affected the MXR
activity, overall Calypso seems to affect various forms of
detoxification mechanisms. A study by Feng et al. had
investigated the long-term effects of the active ingredi-
ent thiacloprid in soil and could also show a significant
decrease in CES activity after a 7-day exposure period
[15].

MXR activity

In the assessment of multixenobiotic resistance activity,
an important first line of defense to toxic compounds,
earthworm exposed to the pesticides Calypso (thiaclo-
prid) and Filon (prosulfocarb) significantly affected accu-
mulation of rhodamine B (Fig. 7). The RB concentration
in earthworms exposed to the highest concentration of
Calypso decreased significantly, indicating an induc-
tion of the MXR activity. The induction of MXR suggests
that as a first line of defense, the activity is increased
to evict the toxic substance out of the cells. An oppo-
site effect was observed after the exposure to the lowest
concentration of Filon, with an increase in RB content,
which represents an inhibition of the MXR activity. This
indicates, that the efflux pumps are unable to expel the
toxins, therefore increasing the exposure time of the
pesticide within the cell and increasing the time to exert
toxic effects [54, 56]. Regarding the no observed effect at
higher Filon concentrations, it is possible that at lower
concentrations the pesticide causes an inhibition of MXR
activity, whereas at the higher concentrations cells acti-
vate defense mechanisms and prevent inhibition of MXR
activity in order to alleviate toxic effects. No previous
research assessed effects of the investigated pesticides on
the MXR activity on earthworm or other species. How-
ever, multiple studies assessed the effects of other pesti-
cides on MXR activity in earthworms and both inhibition
and induction of MXR activity was observed. Velki et al.
observed an inhibition of MXR activity after individual
exposures to four commercial pesticide preparations,
namely MaximExtra 050 (difenoconazole + fludioxonil),
Koban T (pethoxamid+ terbuthylazine), Pyrus 400 SC
(pyrimethanil), and Cruiser 350 FS (thiamethoxam) [56].
Similar to the inhibition of MXR activity by the herbicide
Filon (prosulfocarb), in a previous study, we observed
the inhibition of MXR activity after the exposure of E.
andrei to two herbicides [27]. Other studies also showed
an inhibition of MXR activity caused by insecticides such
as deltamethrin or a time-dependent induction and then
inhibition after exposure to dimethoate [21, 52, 53]. This
emphasizes the various impacts pesticides can have on
the defense system of earthworm cells, thus increasing
the potential adverse effects they can have on this impor-
tant soil organism and the soil ecosystem.
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Conclusions

Present study showed that commercial preparations can
be more toxic compared to their respective active ingredi-
ents and that effects of the investigated pesticide formula-
tions can be observed on a subcellular level already after
48 h exposure. Furthermore, a fluorescence-based method
for ROS and GSH was established, providing a sensitive
tool for the detection of oxidative stress-related responses.
Overall, the insecticide Calypso (thiacloprid) showed
the most diverse effects, as it affected CES activity, ROS
and GSH levels as well as MXR activity. Both the insec-
ticide Sumialfa (esfenvalerate) and the herbicide Fron-
tier (dimethenamid-p) caused a decrease in CAT activity,
while Frontier also decreased GSH levels. Filon (prosul-
focarb) did not show any effects on enzymatic biomark-
ers but caused an inhibition of MXR activity. Considering
the obtained results, there is a need to involve commercial
preparations of pesticides into the risk assessment of pesti-
cides. Toxicity classifications of the investigated pesticides
indicate that they can have adverse effects on key species
of soil ecosystems at low concentrations. The exposure of
48 h might have been too short to observe more effects
on enzymatic biomarkers, however, first indications were
obtained for various effects on cellular defense mecha-
nisms also using fluorescence-based assays for the deter-
mination of oxidative stress and MXR activity. Future
studies should assess effects of these pesticides in soil as
well to include influences of the soil matrix on availability
and toxicity. Furthermore, assessments on higher levels of
biological organization are needed in order to determine
the potential risks to the soil ecosystem.
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