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a b s t r a c t

Impacts of neonicotinoids on non-target insects, including aquatic species, may significantly influence
ecosystem structure and functioning. The present study investigated the sensitivity of Chironomus
riparius to imidacloprid exposures during 24-h, 10- and 28-days by assessing larval survival, growth,
emergence and oxidative stress-related parameters. C. riparius exhibited high sensitivity compared to
other model aquatic species with acute 24-h LC50 being 31.5 mg/L and 10-days LOEC (growth) 0.625 mg/L.
A 28-days partial life cycle test demonstrated imidacloprid effects on the emergence of C. riparius.
Exposure to sublethal concentrations during 10-days caused an imbalance in the reduced and oxidized
glutathione (GSH and GSSG), and slightly induced lipid peroxidation (increased malondialdehyde, MDA).
Our results indicate that oxidative stress may be a relevant mechanism in the neonicotinoid toxicity,
reflected in the insect development and life cycle parameters.

© 2018 Elsevier Ltd. All rights reserved.
1. Introduction

Imidacloprid, N-[1-[(6-chloropyridin-3-yl)methyl]-4,5-
dihydroimidazol-2-yl]nitramide is a neurotoxic insecticide of the
neonicotinoid family class (Kagabu, 2010). Since its introduction to
the market in 1992, the use of imidacloprid has increased yearly
and is now ranked one of the best-selling insecticides worldwide
(Jeschke and Nauen, 2008; Simon-Delso et al., 2015). Imidacloprid
has an outstanding toxic potency to the piercing and sucking pests,
soil insects, termites, and some chewing insects on crops (Jeschke
and Nauen, 2008; Tomizawa and Casida, 2005). Use of imidaclo-
prid and other neonicotinoids has come under inspection during
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past years, because of concerns related to colony collapse disorder
in honey bees, decline of other pollinators and broader effects on
ecosystem functioning (Fairbrother et al., 2014; Van der Sluijs et al.,
2013, 2015; Whitehorn et al., 2012). Several countries have banned
the use of imidacloprid (or other neonicotinoids) on the crops
attractive to bees (European Union, 2013; Simon-Delso et al., 2015;
Van der Sluijs et al., 2013). Currently, European Commission and US
Environmental Protection Agency are re-evaluating the safety of
imidacloprid and other neonicotinoids; and are providing an op-
portunity to examine the impact of imidacloprid on nontarget an-
imals in the aquatic system (USEPA, 2015; http://europa.eu/rapid/
press-release_MEX-18-3583_en.htm). Regulatory guidelines have
proposed acceptable imidacloprid concentrations in surface water
for the protection of aquatic organisms, ranging between 0.0083
(Smit, 2014), 0.23 (CCME, 2007), and 1.05 mg/L (USEPA, 2014). The
low octanol-water partitioning coefficient (Log Kow¼ 0.57 at
20 �C), high water solubility (0.61 g/L at 20 �C) and low soil
adsorption coefficient (Log Koc¼ 2.19e2.90) promote the move-
ment of imidacloprid to water bodies through surface runoff and
leaching (Morrissey et al., 2015; Sanchez-Bayo et al., 2013). Addi-
tionally, it may enter water bodies from spray drift or accidental
spills. As a consequence, elevated concentrations of imidacloprid
may pose a risk to aquatic biota (S�anchez-Bayo et al., 2016). Recent
reports indicate a decline of non-target animal species in imida-
cloprid contaminated surface waters and demonstrate cascading
effects in ecosystems (Hallmann et al., 2014; S�anchez-Bayo, 2011;
S�anchez-Bayo et al., 2016). Experimental evidence from mesocosm
studies has shown detrimental effects of imidacloprid on ostracods,
mayflies, snails, dragonflies, damselflies, chironomids, caddisflies
and stoneflies (Daam et al., 2013; Pestana et al., 2009b; S�anchez-
Bayo et al., 2007, 2016; Van Dijk et al., 2013). Consequently, verte-
brates that depend on aquatic invertebrates as their primary food
resource may also be affected as suggested, e.g. by a reported cor-
relation between declines of the local bird populations in the
Netherlands and elevated imidacloprid contamination in surface
water (Hallmann et al., 2014).

Imidacloprid binds irreversibly to the nicotinic acetylcholine
receptors (nAChRs) in the insect nervous system, and their activa-
tion ultimately leads to the death of the neuron (Casida and Durkin,
2013). Imidacloprid toxicity increases upon the molecule's cumu-
lative binding to nAChRs, and the toxic effects can be reinforced
even at low-dose exposure over extended periods of time
(Tennekes and Sanchez-Bayo, 2011). Interestingly, most of the
research concerning this insecticide was focused on acute toxicity
studies, while the effects of low-dose and chronic exposure are less
explored (Morrissey et al., 2015). According to the ECOTOX data-
base of the US Environmental Protection Agency, aquatic insects are
the most sensitive species to imidacloprid, followed by mussels,
tubificid worms, shrimps, ostracods, amphipod crustaceans and
fish (ECOTOX database https://cfpub.epa.gov/ecotox/). Among
aquatic model organisms, chironomids have extensively been used
in the acute and chronic toxicity tests with insecticides (Gourmelon
and Ahtiainen, 2007; Taenzler et al., 2007). Chironomids are widely
distributed and abundant macroinvertebrates, they play a signifi-
cant role in detritus consumption and serve as a food source for
birds and fish (Armitage, 1995). Likewise, chironomids have a short
life cycle, and their larval stages live in close contact with sediments
(Armitage, 1995).

Many agrochemicals including neonicotinoids induce oxidative

stress (Ge et al., 2015; €Ozdemir et al., 2017; Qi et al., 2018; Vieira
et al., 2018; Wang et al., 2016). Reactive oxygen species (ROS)
cause damage to biological molecules like DNA, proteins and
membrane lipids through lipid peroxidation (LPO), and few recent
studies with invertebrates suggested the importance of LPO in
neonicotinoid toxicity (Saraiva et al., 2017; Wang et al., 2016). To
prevent damage caused by ROS, multiple scavenging and anti-
oxidant mechanisms exist in biological systems. Among these,
glutathione (GSH) plays a central role, and participates not only in
detoxification but also in other cellular functions including modu-
lation of the neurotransmitter receptors activity (Oja et al., 2000).
Mitochondria are the primary intracellular source of ROS, and en-
ergy demanding tissues such as nervous system, heart and others,
are especially prone to oxidative damage. Few studies related
imidacloprid with inflammation and oxidative damage in nervous
system in mammals (Duzguner and Erdogan, 2010, 2012) and, new
evidences show imidacloprid-induced oxidative stress also in
nontarget invertebrates such as Daphnia magna (Qi et al., 2018) or
earthworm Eisenia fetida (Wang et al., 2016). However, under-
standing the role of oxidative stress in neonicotinoid-induced ef-
fects is far from being complete, and to our knowledge, no attempts
have been made to evaluate oxidative stress markers in Chironomus
riparius following the sublethal exposures to imidacloprid.

The objective of the present study was to compare lethal and
sub-lethal effects of imidacloprid in C. riparius focusing on mor-
tality, growth, and development as organismal endpoints. Also, we
evaluated the impact of subchronic exposure of imidacloprid on
biochemical markers of toxicity including the levels of lipid per-
oxidation (LPO) and concentrations of reduced and oxidized
glutathione (GSH, GSSG). The present study provides further evi-
dence for a realistic assessment of the potential effects of imida-
cloprid in aquatic ecosystems.

2. Materials and methods

2.1. Chironomus riparius

Stock cultures of C. riparius were obtained from in-house labo-
ratory cultures established at the Research Centre for Toxic Com-
pounds in the Environment, Masaryk University, Brno, Czech
Republic. The culture was maintained in aquaria containing fine
quartz sand and dechlorinated tap water under constant aeration.
The culture was fed two times a week with a suspension of finely
ground fish flakes TetraMin® (Tetra werke, Melle, Germany). The
egg masses, which were attached to the aquarium wall, were
collected every morning and used for experiments. Stockbreeding
and all experiments were conducted in a climatized chamber at
20.0± 0.5 �C, with a 16:8 h Light:Dark photoperiod.

2.2. Imidacloprid

Imidacloprid (99%; Analytical grade, CAS No. 138261-41-3) was
purchased from Sigma-Aldrich (Germany). A stock solution
(100 mg/mL) was prepared by diluting imidacloprid in reverse
osmosis water (Barnstead DiamondTM NANOpure, 18.2MV/cm).
The prepared stock solutions were then diluted to the final con-
centrations in the standard test medium. A freshly prepared stock
solution of imidacloprid was used in every dosing experiment.

2.3. Water quality

Routine physicochemical parameters of water like pH, temper-
ature, conductivity and dissolved oxygen were measured during
each exposure experiment using multimeter Multi9420 (WTW
GmbH, Weilheim, Germany). During subchronic and chronic test,
water changes were conducted on every third day to maintain
constant test concentrations of imidacloprid. Water quality was
analysed before and after in the acute test. In the subchronic and
chronic analysis, water quality parameters were examined before
and after each partial water change.

http://europa.eu/rapid/press-release_MEX-18-3583_en.htm
http://europa.eu/rapid/press-release_MEX-18-3583_en.htm
https://cfpub.epa.gov/ecotox/
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2.4. Imidacloprid analysis

Imidacloprid concentrations in test media during the experi-
ments were verified using LC-MS/MS analysis. Collected water
samples were transferred into 2mL amber glass vials containing
200 mL of glass insert and stored at �20 �C until examined. Analysis
was performed with a Waters LC chromatograph (Waters, Man-
chester, U.K.) consisting of a vacuum degasser, a binary pump, a
temperature controlled autosampler, and a column compartment.
The chromatographic separation was achieved using a column
Acquity BEH C18 of 100� 2.1mm ID and 1.7 mm particle size. A
gradient elution method was set with a phase A (0.1% formic acid in
water) and phase B (methanol). The gradient elution started with
20% B, increased to 90% B over 9min, held (90% B) for 11min, then
decreased to 20% B in 11min and held for 4min to equilibrate the
system before the next injection. The flow rate was set at 0.3mL/
min and the injection volume at 5 mL. The column and sample
temperatures were set at 35 and 10 �C, respectively.

Detection was performed on a Xevo TQ-S quadrupole mass
spectrometer (Waters Manchester, U.K.) equipped with electro-
spray ionisation (ESI) source. Analytes after ESI ionisation were
detected in positive ion mode using tandem mass spectrometry
with multiple reaction monitoring (MRM) mode. The followingm/z
transitions of imidacloprid were monitored: m/z 256.1 > 175.0
([M þ HeNO2eCl]þ, quant.: cone voltage 25 V; collision energy
20 V) and m/z 256.1 > 209.0 ([M þ HeNO2]þ; qual.: cone voltage
25 V; collision energy 12 V). The average ratio of quantifier (m/z
175.0) ions to the qualifier (m/z 209.0) was 1.3. Internal standard
imidacloprid-D4 was detected by transitions: m/z 260.1> 213.0
(collision energy 12 V). The dwell time and capillary voltage were
set at 0.033 s and 3 kV, respectively. The cone, desolvation and
collision gas flows were set at 150 (L/h), 700 (L/h) and 0.15 (mL/
min), respectively. The source and desolvation temperature were
set at 150 and 400 �C, respectively. During LC-MS/MS analysis, in-
ternal standard (imidacloprid-D4) was directly spiked into each
sample. Data were processed by MassLynxTM software (Man-
chester, U.K.). The concentration of imidacloprid in calibration
standards and samples was determined by correcting the response
of imidacloprid in the internal standard (imidacloprid-D4). The
limit of detection (LOD, signal to noise ratio S/N> 3) and quantifi-
cation (LOQ, S/N> 10) were 0.02 and 0.05 mg/L, respectively.
2.5. Acute 24-h toxicity test

Acute toxicity was assessed following the OECD guideline 235
(OECD, 2011). Less than 24-h old larvae, 100mL glass beakers
(Height: 7 cm, inner diameter: 4.5 cm) and 10mL of appropriate
volume (2mL per each larva) of test solution (dechlorinated water)
were used. Determination of test concentrations, larvae selection,
and feeding procedure were carried out as recommended by OECD
guideline 235 (OECD, 2011).

A 24-h static acute toxicity test was initiated by introducing
groups of five larvae into glass beakers containing the imidacloprid
test solutions (0.625, 1.25, 2.5, 5.0, 10, 20, 40 and 80 mg/L) and the
control. All test vessels were sealed with the loosely covered glass
lid to avoid evaporation and entry of dust into the test solutions.
The controls and all treatments were run in five replicates. The
replicates were randomly placed in a culture chamber at
20.0± 0.5 �C, with a 16:8 h Light:Dark photoperiod. After 24-h,
mortality was determined by mechanical stimulation with animals
failing to show any response considered dead. This was confirmed
under a dissecting microscope. Decomposed and missing larvae
were counted as dead. The experiment was performed 3-times
independently.
2.6. Subchronic 10-day and partial life cycle 28-day tests

To determine the effects of imidacloprid on C. riparius growth
and emergence, a 10-day subchronic and 28-day partial life-cycle
tests were performed according to OECD guideline 219 (OECD,
2004). The test was conducted in 600mL glass beakers (height
15 cm, inner diameter 8 cm). Each test vessel bottom was covered
with a 1.5 cm layers of fine inorganic sediment (>1mm silica sand),
and 380mL of the test solutions. Three days old first instar larvae
were used as test animals and exposure period was continued up to
10 days. Throughout the test period, test solutions were continu-
ously aerated to maintain adequate oxygen saturation (>80%). A
75% (285mL) of test solutionwas changed every third day to assure
constant test concentrations of imidacloprid. Determination of test
concentrations, larvae selection, feeding, and aeration procedure
was carried out as recommended by OECD guideline 219 (OECD,
2004). The control and all treatments were run in five replicates.
The replicates were randomly placed in a culture chamber at
20.0± 0.5 �C, with a 16:8 h Light:Dark photoperiod. All test vessels
were loosely covered with the glass lid to avoid evaporation and
entry of the dust into the test solutions.

The growth rate of C. riparius was analysed using 10-day sub-
chronic test. The test was initiated by introducing a group of 20
larvae into beakers containing imidacloprid (0.625, 1.25, 2.5, 5.0,
and 10 mg/L; concentration range set based on the results of the
acute toxicity test). On the day 10, survived chironomids larvae
were collected from the sediment, counted and preserved in 70%
ethanol. The total larval length (mm) was measured under a ste-
reoscopic microscope with an ocular micrometer. Similarly to the
acute toxicity test, criteria for death were immobility or lack of
reaction to a mechanical stimulus, confirmed under a dissecting
microscope. Larvae not recovered were counted as dead.

A 28-day partial life-cycle test was used to assess larval devel-
opment to adult midge. The partial life cycle test was initiated by
transferring groups of 20 individuals of three days old first instar
larvae into glass beakers containing three imidacloprid treatment
solutions (0.0625, 0.125, and 0.625 mg/L; concentration range set
based on the results of the subchronic toxicity test). All test vessels
were covered with the emergent trap to avoid unwanted escape of
newly emerged adults. Emerging adults were collected daily from
emergent traps with the aid of an aspirator and preserved in 70%
ethanol for the assessment of following parameters such as cu-
mulative emergence, emergence time, male (_) and female (\)
population density, and sex ratio. Animals were considered to have
emerged successfully when the adult completely dissociated from
its pupal exuvia and exited the water (Benoit et al., 1997).

2.7. Subchronic exposures for biomarker determination

The test design for the biomarker determination was the same
as that for the subchronic 10-days tests (OECD, 2004). Twenty in-
dividuals of three days old first instar larvae were introduced into
glass beakers containing imidacloprid (0.0625, 0.125, and 0.625 mg/
L; same concentrations as used in the 28-day life cycle test). All
control and treatments were run at least six replicates. After 10-
days exposure larvae were collected, quickly dried on a filter pa-
per, weighed, and stored at �80 �C until further analyses of
biomarkers.

2.8. GSH and GSSG assay

The GSH and GSSG were extracted as described previously
(Blahova et al., 2014). Briefly, an aliquot of the frozen tissue (10mg
fresh weight) from replicates of each treatment was homogenised
in an ice-cold solution (1:10 w/v) of potassium chloride (1.2% w/v)
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and EDTA (0.03% w/v). A 20 mL of homogenised samples were
mixed with 10 mL of the internal standard solution of glutathione
glycine 13C2,15N (40 mg/mL), and 300 mL of cold 0.1M Na2HPO4/
KH2PO4 buffer (pH 8). Before the analysis, the samples were deri-
vatised by mixing with 10 mL of 5,50-dithiobis (2-nitrobenzoic acid)
solution (20mM in methanol), vortexed briefly and incubated at
room temperature for 15min. The reaction was stopped by the
addition of 60 mL of the cold sulfosalicylic acid solution (20% w/v),
proteins were then precipitated by incubating for 25min at 4 �C
and then removed by centrifugation at 20,800� g for 15min at
4 �C. The supernatant was immediately transferred to a glass vial
insert and stored at �80 �C until analyses. The GSH and GSSG were
analysed by LC-MS/MS using Waters Acquity LC chromatograph
(Waters, Manchester, U.K.) and Xevo TQ-S quadrupole mass spec-
trometer (Waters Manchester, U.K.). During LC-MS/MS analysis,
second internal standard (glutathione disulfide-13C4,

15N2) was
directly spiked into each sample. Data were processed by Mas-
sLynxTM software (Manchester, U.K.). Concentrations of GSH and
GSSG were determined by correcting their responses in the mass
detector for the response of internal standards. Results were re-
ported as nmol GSH or nmol GSSG per gram of wet tissue.
2.9. Lipid peroxidation

Lipid peroxidation was determined by the quantification of
thiobarbituric acid reactive substances (TBARs) for example
malondialdehyde (MDA), a specific end-product of the oxidative
degradation of lipids. Thiobarbituric acid (TBA) was used as the
reactive substance to quantify the MDA content. Chironomus in-
dividuals (wet mass 20mg) from the replicates of each treatment
were homogenised in cold phosphate buffer solution (1:10 w/v)
(13.69mM NaCl, 2.68mM KCl, 8.10mM Na2HPO4. 12H2O, and
1.47mM KH2PO4; pH 7.2). Homogenate of 250 mL was mixed with
75 mL of 20% trichloroacetic acid, vortexed briefly and centrifuged at
4000� g for 20min at 4 �C. The clear supernatant was used to
prepare TBARs conjugate using the method of Bastos et al. (2012)
with slight modification. A volume of 250 mL of the samples was
added to the 50 mL of 0.02% butylated hydroxytoluene (BHT) and
200 mL of 1.44% thiobarbituric acid (TBA). Themixturewas vortexed
briefly and incubated at 90 �C for 45min. Following the conjuga-
tion, the TBARs complex was extracted with 200 mL of n-butanol,
and the upper organic layer was used for HPLC-DAD analysis.
Standard MDA solution was prepared by the acid hydrolysis of
1,1,3,3-tetraethoxypropane (Bastos et al., 2012), and the standard
solutions were processed simultaneously with the sample using
the same protocol as for the samples. Determinations of TBARs
were performed on an Agilent 1100 Series Liquid Chromatograph
equipped with Diode Array Detector (DAD). Chromatographic
separation and detection of MDA conjugate were performed
following a protocol adapted from Lebedov�a et al. (2016). Briefly,
the separations of analyte were performed on a 250� 4.6mm C18
SUPELCOSIL LC-ABZ column (particle size 5 mm) using the mobile
phase A (50mM phosphate buffer, pH 7) and B (methanol) by
isocratic elution (25% of B). The flow rate and temperature were set
at 1mL/min and 30 �C, respectively. The Diode array detector was
set at 532 nm for detection of the MDA (TBARs) obtained from the
reaction and chromatogram was evaluated by HP Agilent Chem-
station software 1100. The TBARs concentration was determined
from the external calibration curve, and results were reported as
nmol TBARs per gram of wet tissue.
2.10. Data analysis

Statistical analysis was conducted using SPSS version 19.0. (SPSS
Inc., Chicago, Illinois, USA). Lethal concentration (LC) values and
effective concentration values (EC) were estimated by the Finney's
probit analysis model (Finney,1947) with PoloPlus software version
2.0 (LeOra Software, California, United States) and MedCalc soft-
ware version 17.9.7 (MedCalc Software, Ostend, Belgium) respec-
tively. Life history traits and biochemical data were analysed by
analysis of variance (ANOVA) with multiple comparisons examined
by Dunnett's post hoc test. Whenever data had non-symmetric
distribution, Kruskal-Wallis ANOVA was performed, followed by
Dunn's method. Chi-square test was used to assess the significance
of sex ratio. Spearman correlation analysis was performed to
compare times to effect versus LC50. All p-values are two-sided
unless otherwise indicated. One-sided p-values were used in
cases where the means or correlations were anticipated to follow a
prechosen trend. P-values less than 0.05 were considered
significant.

3. Results

3.1. Water parameters

Supplementary materials, Tables S1-S4, list the results of the
physicochemical measurements of water during experiments. In
the acute and (sub)chronic tests, the mean pH, temperature, and
dissolved oxygen did not significantly change over the experi-
mental period. The conductivity has been reduced during the ex-
posures by 7e13% and 7e24% for the acute and (sub)chronic test,
respectively.

3.2. Imidacloprid exposure

Results of the analytical measurement of imidacloprid concen-
trations for the acute and chronic tests are presented in supple-
mental data (Tables S5eS7). All measured concentrations in
negative control were below the LOD (<0.02 mg/L). During the acute
test, most of the imidacloprid concentrations were similar to the
nominal values. In 10 and 28 days tests, all mean concentrations of
imidacloprid ranged 80e120% (±20%) of nominal concentrations
that were therefore used to express effective concentrations as
recommended by OECD (OECD, 2004).

3.3. Acute lethal toxicity of imidacloprid

The results of the imidacloprid toxicity to C. riparius are sum-
marised in Table 1. The calculated 24 h LC50 with 95% confidence
intervals (CI) for one-day-old C. riparius was 31.5 mg/L
(15.1e75.9 mg/L). Analysis of the acute toxicity data showed a
monotonic increase of mortality with increasing concentration of
imidacloprid (F(7, 32)¼ 6.86; p¼ 0.0001). Comparison to the control
treatment by Dunnett's test identified the no observed effect con-
centration (NOEC) being 5 mg/L imidacloprid. The lowest observed
effect concentration (LOEC) was 10 mg/L imidacloprid, which
resulted in a mortality of 40% (SE¼± 5.40). Observed survival in
controls was 93% (SE¼± 4.52%), meeting thus the validity criteria
for the acute test (OECD, 2011).

After ten days exposure to imidacloprid, C. riparius larval sur-
vival in controls was above 90%. The calculated 10-day LC50 (95% CI)
was 2.33 mg/L (1.30e4.41 mg/L). Analysis of subchronic data showed
a monotonic increase in the mortality with increasing concentra-
tion of imidacloprid (F(5, 18)¼ 65.91; p¼ 0.0001). The NOEC was
0.625 mg/L imidacloprid, and the LOEC was 1.25 mg/L, which resul-
ted in a mortality of 26.7% (SE¼± 8.81). Supplementary Fig. S1
shows the full concentration-response curves of imidacloprid
during acute and subchronic 10-day exposures.



Table 1
Calculated lethal or effective concentration (LC or EC with 95% CI), no observed effect concentration (NOEC) and lowest observed effect concentration (LOEC) of imidacloprid in
the experiments with C. riparius. All concentrations are in mg/L.

Test NOEC* LOEC* LC10 or EC10 (CI 95%) LC20 or EC20 (CI 95%) LC25 or EC25 (CI 95%) LC50 or EC50 (CI 95%)

Acute test for larval survival/mortality (24-h static) 5 10 1.62 (0.096e4.73) 4.48 (0.658e10.2) 6.6 (1.33e13.9) 31.5 (15.1e75.9)
Sub-chronic test larval survival/mortality (10-day

renewal exposure)
0.625 1.25 0.83 (0.144e1.44) 1.18 (0.336e1.93) 1.35 (0.456e2.19) 2.33 (1.30e4.41)

Sub-chronic test for larval length (10-day renewal
exposure)

<0.625 0.625 1.64 (1.38e1.95) 2.41 (2.03e2.87) 2.79 (2.34e3.32) 5.03 (4.23e6.00)

Partial life cycle test - EmT50 (pooled sex) (28-day
renewal exposure)

0.125 0.625 Na Na Na Na

* NOEC and LOEC were analysed by analysis of variance (ANOVA) with multiple comparisons of Dunnett's post hoc test (p < 0.05); Na: Not applicable.
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3.4. Effects of imidacloprid on larval growth, adult emergence, and
sex ratio

The sublethal endpoints of the larval development (total length)
and emergence rate were assessed in the subchronic 10-day and
chronic 28-day tests. A 10 days exposure to imidacloprid signifi-
cantly affected larval growth (F(4, 277)¼ 11.3; p¼ 0.0001). The total
larval length was reduced by 26% upon exposure to 5 mg/L imida-
cloprid (Fig. 1). The calculated EC10 and LOEC for C. riparius were
1.64, and 0.625 mg/L of imidacloprid, respectively (Table 1). No an-
imals survived on the day 10 at the highest concentration 10 mg/L,
and the larval length could not be determined.

After the 28 days of exposure, emergence rate in the control
treatment reached 74%, meeting the validity criteria according to
the OECD guidelines (OECD, 2004). Non-significant >10% reduction
in C. riparius emergence (survival) was observed in 0.125 and
0.625 mg/L imidacloprid treatments (Fig. 2a; Kruskal-Wallis test:
H¼ 3.736, df¼ 3, p¼ 0.291). Emergence started on day 17 for all
imidacloprid concentrations, whereas emergence of control ani-
mals started later on day eighteen. The mean emergence time
(EmT50 - the time needed for 50% that had emerged successfully, as
compared to negative controls) was significantly accelerated
(LOEC) at 0.625 mg/L (pooled sex) (Table 1 and Fig. 2b; Kruskal-
Wallis test: H¼ 9.728, df¼ 1, p¼ 0.002). Imidacloprid had no
Fig. 1. Effect of different concentrations of imidacloprid on larval growth of C. riparius
(total larval length, mm) after 10 days of exposure. The tops and bottoms of the
rectangles indicate the 75th and 25th percentiles, respectively. The whiskers define the
90th and 10th percentiles, respectively. The open dots above and below the whiskers
define the 95th and 5th percentiles, respectively. The horizontal lines and dotted lines
within the boxes show the median and mean values, respectively. Asterisks indicate
significant difference from the control (ANOVA with Dunnett's post hoc test,
***p < 0.001; **p < 0.01; *p < 0.05).
significant effect on _ and \ emergence times (Fig. 2c and d;
Kruskal-Wallis test: for the EmT50 of _: H¼ 6.81, df¼ 3, p¼ 0.078;
for the EmT50 of \: H¼ 6.43, df¼ 3, p¼ 0.092). The number of male
emergences (Supplementary Table S10) was higher than the
number of female ones (Supplementary Table S11) for all the
treatments as well as controls. No significant imbalance in the ratio
of male to female sex was observed across the imidacloprid expo-
sures when compared to control (c2, all p> 0.05). Supplementary
Tables S8-S14 list the results of the influence of imidacloprid on
development and emergence of larvae C. riparius.
3.5. Levels of GSH, GSSG and lipid peroxidation

After 10 days of exposure all imidacloprid-exposed groups
exhibited significantly decreased levels of both reduced GSH
(F(3,23)¼ 5.85, p¼ 0.004) and oxidized GSSG (F(3,23)¼ 5.75,
p¼ 0.004) when compared to control group (Fig. 3aeb). Imida-
cloprid exposed groups had GSH levels between 77 and 82% of
controls, whereas GSSG levels ranged between 21 and 54% of the
control value. Because GSSG levels weremore significantly affected,
the GSH/GSSG ratio for the imidacloprid-exposed groups was
higher than in controls (Fig. 3c; F(3,23)¼ 8.01, p¼ 0.001). The LOEC
for the reduction of GSH and GSSG was 0.0625 mg/L imidacloprid.
Supplementary Table S15 lists the results of the imidacloprid effects
on GSH and GSSG content. Lipid peroxidation (TBARs) slightly
increased under exposure to imidacloprid (Fig. 3d; n¼ 15, Spear-
man's r¼�0.76, p¼ 0.0015; LOEC¼ 0.625 mg/L) but the effect was
only weak with probable minor biological significance at the con-
centration used. Supplementary Table S16 lists the results of the
imidacloprid effects on TBARs content.
4. Discussion

In recent years, eco-toxicity and toxic mechanisms of neon-
icotinoids on nontarget organisms have attracted a lot of attention
(S�anchez-Bayo et al., 2016; Van der Sluijs et al., 2013). Our study
showed that imidacloprid is highly toxic to C. riparius causing
lethality and modulating sublethal and biochemical endpoints at
low concentrations.

The 24-h LC50 of 31.5 mg/L observed in the present study is close
to the 48-h LC50¼19.9 mg/L and 96-h LC50¼12.9 mg/L derived in the
studies of Azevedo-Pereira et al. (2011) and Pestana et al. (2009a),
respectively, and it is lower than the reported regulatory value 24-h
LC50¼ 55.2 mg/L (Germany, 2005). In comparison to other insect
test species used in aquatic toxicology, C. riparius is among themost
sensitive to acute imidacloprid exposure. In our study, the 24-h LC50
of C. riparius was at least 5.8 fold lower than the mean 24-h LC50 of
the mayfly C. dipterum. (Roessink et al., 2013; Van den Brink et al.,
2016). However, it should be noted (see the discussion below) that
the ephemeropteran species C. dipterum have estimated 28days
LC50 values of 0.195 mg/L, which was considerably lower than the



Fig. 2. Effect of different concentrations of imidacloprid on the emergence of C. riparius after 28 days of exposure. (a) Cumulative percentage of emergence; (b) Emergence time of
pooled sex; (c) Emergence time of male; (d) Emergence time of female. Symbols in presented box-and-whisker plots are the same as in Fig. 1. Asterisks indicate significant difference
from the control (Kruskal-Wallis ANOVA with Dunn's post hoc test, ***p < 0.001; **p < 0.01; *p < 0.05).

Fig. 3. Biomarker responses in C. riparius exposed to imidacloprid for 10 days; (a) Glutathione (GSH); (b) Glutathione oxidized (GSSG); (c); GSH/GSSG ratio; (d) Lipid peroxidation-
TBARs (MDA) content. The error bars represented standard error (SE). Asterisks indicate significant difference from the control (ANOVA with Dunnett's post hoc test, ***p < 0.001;
**p < 0.01; *p < 0.05).

N. Njattuvetty Chandran et al. / Chemosphere 209 (2018) 568e577 573
NOEC(emergence) observed in the present study (Roessink et al.,
2013). On the other hand, Alexander et al. (2007) reported higher
susceptibility of the early stages of another mayfly (Ephemeroptera)
species Epeorus longimanus to imidacloprid showing 24-h LC50
2.1 mg/L, which is about 15-fold lower compared to our observations
with C. riparius. Other dipteran taxa phylogenetically related to
Chironomidae include Aedes and Culex were relatively tolerant to
imidacloprid (Fig. 4a and Supplementary Table S17).

The most notable mode of action of neonicotinoid insecticides is
their high binding affinity to the nAChR, which leads to lethal



Fig. 4. Relative acute toxicity of imidacloprid. (a) ratio of 24-h LC50 of other aquatic insects species/24-h LC50 of C. riparius; (b) ratio of 24-h LC50 of aquatic crustaceans/24-h LC50 of
C. riparius. The LC50 values with references can be found in the Supplementary Table S17.

Fig. 5. Comparison of acute and sub-lethal toxicity of imidacloprid for standard and
additional aquatic insect test species. Asterisk (*) shows the result obtained in the
present study. The toxicity values collected from the literature along with the refer-
ences are summarised in the Supplementary Table S17.
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effects even at low-doses and extended exposure periods
(Morrissey et al., 2015). Related sublethal effects include impair-
ment of flight, navigation or foraging ability, as well as effects on
the growth and emergence (Morrissey et al., 2015; Van der Sluijs
et al., 2015). Nevertheless, published studies with neonicotinoids
predominantly focused on acute toxicity, whereas long-term effects
are less known. Our study shows that the 10-day LC50 values of
imidacloprid in C. riparius were 13.5-times lower than 24-h LC50
providing thus further evidence on fortified effects during
extended exposure times (Tennekes and Sanchez-Bayo, 2011).
Correspondingly, 7-day mean LC50 of imidacloprid (2.1 mg/L) for of
Cloeon dipterum was approximately 68 times lower than the mean
24-h LC50¼143.5 mg/L (Van den Brink et al., 2016), and similar
trend was observed also in Hyalella azteca (Stoughton et al., 2008).

The present 10-day LC50 (2.33 mg/L) falls within the range of
previously reported 7-day LC50 of 1.7 and 2.5 mg/L imidacloprid for
C. dipterum (Roessink et al., 2013; Van den Brink et al., 2016),
C. tentans (10-day LC25¼ 3.12 mg/L) or C. dilutus (14-day
LC50¼1.52 mg/L) (Cavallaro et al., 2017; Stoughton et al., 2008). The
10-day NOEC 0.625 mg/L observed in the present study was 5.7
times lower than the 10-day NOEC of 3.57 mg/L reported in
C. tentans (Stoughton et al., 2008), and our NOEC is similar to the
concentrations affecting behavioural endpoints as ventilation and
distance moved in the same species (Azevedo-Pereira et al., 2011).
For comparison, the sensitivity of D. magna is several orders of
magnitude lower (15 days EC50 (mortality) ranges from 28350 to
35140 mg/L (Ieromina et al., 2014).

In agreement with previous reports, our study provides further
evidence that crustaceans like D. magna and Chydorus sphaericus
are less sensitive to acute neonicotinoid exposures (S�anchez-Bayo
and Goka, 2006). Fig. 4b also shows a lower sensitivity of other
crustaceans like amphipod Gammarus pulex or ostracods Cypri-
dopsis vidua, Ilyocypris dentifera, and Cypretta seurati (Ashauer et al.,
2010; S�anchez-Bayo and Goka, 2006). As shown in Fig. 5 and
Supplementary Table S17 there is a wide range of toxicity values for
imidacloprid in various aquatic non-target insects. The values from
different studies and different organisms may not be directly
comparable due to the differences in the exposure times and the
endpoints. It highlights the need for testing across different aquatic
invertebrate orders, especially using non-prototypical model
species.

The most important immature stages of growth and develop-
ment of the insects are instars from second to the fourth (Pinder,
1995), and all toxicity tests in the present study started with the
first instar larvae. Sublethal 10-day exposures reduced the growth
of the C. riparius larvae, which is in agreement with observations
with other chironomids like C. tentans and C. riparius, where
effective concentrations were within the same low mg/L range
(Azevedo-Pereira et al., 2011; Stoughton et al., 2008). Larval growth
in dipterans is a fitness-related trait since it is directly linked to the
flying performance, pupation, emergence, adult female size and
number of eggs per female (Liber et al., 1996; Sibley et al., 1997,
2001). Thus, larval growth inhibitions observed in the present
study might indicate potential effects of imidacloprid on repro-
duction and population dynamics of aquatic insects.

Previous studies have shown that neonicotinoids influence the
emergence of aquatic insect across several taxonomic groups
(Cavallaro et al., 2017; S�anchez-Bayo et al., 2016). We found that
imidacloprid treatments were reducing the emergence rate with
increasing concentration (Fig. 2a). This observation is consistent
with previous reports (Dorgerloh and Sommer, 2001; Germany,
2005) that showed that imidacloprid reduces the emergence of
C. riparius by 10% at 2.09 (EC10) and 50% at 3.11 mg/L (EC50) during a
28-days toxicity test. Differences in EC values e compared to the
present study e may be related previously used artificial sediment
and constant exposure treatments, while the present study used
inorganic sediment material (>1mm silica sand) and renewal
exposure. Further, Pestana et al. (2009a) also revealed a significant
reduction in emergence after imidacloprid exposure and reported
NOEC and LOEC for emergence ratio being 0.4 and 1.2 mg/L,
respectively. Higher concentrations thus might cause more pro-
nounced effects on emergence but these environmentally less
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relevant levels were not investigated in the present study. Similar
to the present study, Cavallaro et al. (2017) found 50% reduction of
emergence C. dilutuswhen exposed to 0.39 mg/L of imidacloprid for
40 days. Also, Stoughton et al. (2008) found a significant decrease in
the emergence of C. tentans after 28-days of constant exposures to
imidacloprid with LC25 of 0.59 mg/L.

Our results also indicate that the emergence meantime (Pooled
sex) was accelerated by imidacloprid (Fig. 2b). This observation is
consistent with findings from full life-cycle toxicity tests using DDT
and neonicotinoid clothianidin (Cavallaro et al., 2017;
Rakotondravelo et al., 2006). Accelerated EMT50 can be related to
the reduction of competition for food and space among relatively
fewer surviving midges in the imidacloprid treatment as compared
with the control. Further, chironomid females require more time to
develop thanmales and have greater physiological demands during
the transition from pupae to adult (Pinder, 1995). Insecticide
exposure including neonicotinoids has been shown to shift sex
ratios towards male-dominant populations (Cavallaro et al., 2017),
which has also been confirmed in the present study where more
males have emerged in the early days of imidacloprid treatments
(Table S10).

As discussed previously (Nareshkumar et al., 2018; Nicodemo
et al., 2014), the toxic effects of imidacloprid in insects may be -
in addition to interaction with AChR - related to mitochondrial
dysfunction and oxidative stress. For example, in honeybee, the
imidacloprid toxicity has interfered with production ATP, mito-
chondrial bioenergetics and redox homeostasis (LaLone et al., 2017;
Nicodemo et al., 2014). Similar events have been reported in the
cotton bollworm, Helicoverpa armigera and bumblebee, Bombus
terrestris (Moffat et al., 2015; Nareshkumar et al., 2018). The present
study provides further evidence on the role of oxidative stress by
showing a decreased content of both GSH and GSSG after 10-day
exposures to imidacloprid, and slightly elevated concentrations of
TBARs (LPO). These findings are in agreement with previous in-
vestigations (€Ozdemir et al., 2017; Qi et al., 2018; Vieira et al., 2018),
and might indicate poor scavenging of ROS (Ge et al., 2015; Zhang
et al., 2014). In addition, oxidative damage caused by imidaclo-
prid has also been reported in other organisms like earthworm
Eisenia fetida (Wang et al., 2016) and various fish species (Ge et al.,
2015; Vieira et al., 2018). The present study thus shows that ex-
posures to imidacloprid might affect the redox balance in
C. riparius,which is reflected by changes in sensitive GSH and GSSG
biomarkers.

5. Summary and conclusions

The present study highlights the sensitivity of C. riparius to
imidacloprid in comparison to other investigated species in aquatic
systems. Derived acute and sublethal toxicity values add to the
growing body of literature used for environmental risk assessment
related to neonicotinoids. We demonstrate sublethal effects on
growth, an important limit for following successful emergence and
reproduction. Our study also suggests that oxidative stress
(observed reduced GSH and GSSG and slight induction of TBARs)
may be a relevant mechanism in the imidacloprid-induced toxicity
in C. riparius.
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