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a b s t r a c t

Neonicotinoid insecticides have posed a great threat to non-target organisms, yet the mechanisms un-
derlying their toxicity are not well characterized. Major modes of action (MoAs) of imidacloprid were
analyzed in an aquatic insect Chironomus dilutus. Lethal and sublethal outcomes were assessed in the
midges after 96-h exposure to imidacloprid. Global transcriptomic profiles were determined using de
novo RNA-sequencing to more holistically identify toxicity pathways. Transcriptional 10% biological
potency values derived from ranked KEGG pathways and GO terms were 0.02 (0.01e0.08) (mean (95%
confidence interval) and 0.05 (0.04e0.06) mg L�1, respectively, which were more sensitive than those
from phenotypic traits (10% lethal concentration: 0.44 (0.23e0.79) mg L�1; 10% burrowing behavior
concentration: 0.30 (0.22e0.43) mg L�1). Major MoAs of imidacloprid in aquatic species were identified as
follows: the activation of nicotinic acetylcholine receptors (nAChRs) induced by imidacloprid impaired
organisms’ nerve system through calcium ion homeostasis imbalance and mitochondrial dysfunction,
which posed oxidative stress and DNA damage and eventually caused death of organisms. The current
investigation highlighted that imidacloprid affected C. dilutus at environmentally relevant concentra-
tions, and elucidated toxicity pathways derived from gene alteration to individual outcomes, calling for
more attention to toxicity of neonicotinoids to aquatic organisms.

© 2020 Elsevier Ltd. All rights reserved.
1. Introduction

Neonicotinoid insecticides have been extensively used all over
the world and are readily soluble and quite stable in water, thus
they are ubiquitous in aquatic environment, posing considerable
risks to non-target organisms (Hladik et al., 2018). Neonicotinoids
interfere with the central nervous system of insects through acti-
vating nicotinic acetylcholine receptors (nAChRs), leading to over-
stimulation, paralysis, and death (Matsuda et al., 2001). Although
the main modes of actions (MoAs) of neonicotinoids to target
species have beenwell characterized, recent findings of unintended
effects of neonicotinoids on non-target organisms raised emerging
concerns on additional MoAs of these compounds.

As a consequence of detrimental diffuse nervous system,
e by Dr. Sarah Harmon.
neonicotinoids negatively affect ventilation and locomotion be-
haviors of Chironomus riparius (Azevedo-Pereira et al., 2011).
Neonicotinoids also damage learning and memory of honeybee,
leading to altered flight and foraging behaviors (Fischer et al., 2014;
Girolami et al., 2009). Furthermore, neonicotinoids may induce
endocrine disruption (Qi et al., 2013), mitochondrial dysfunction
(Nicodemo et al., 2014), oxidative stress (Qi et al., 2018), and im-
munodeficiency (Brandt et al., 2017) in various invertebrates. As
such, for better predicting adverse effects of neonicotinoids to non-
target aquatic species, it is imperative to characterize their under-
lying molecular mechanisms. However, such information is quite
fragmentary to date, calling for more integrative understanding of
toxicity mechanisms for neonicotinoids to non-target aquatic
species.

High-throughput transcriptome sequencing technology (RNA-
Seq) has become a powerful tool for investigating molecular effects
of chemicals in a holistic manner and it provided an early warning
for ecological risk assessments of hazardous substances (Wang
et al., 2009). Based on this technique, ecotoxicogenomics has
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shown to be effective in identifying biomarkers and elucidating
toxic mechanisms of chemicals to ecologically relevant species,
such as invertebrates (Iguchi et al., 2005). However, most of omics-
based studies were conducted using a narrow concentration range
reaching to phenotypically effective concentrations (Thomas et al.,
2012). Information on early altered genes and toxicity pathways at
environmentally relevant concentrations was lacking. To effectively
integrate omics techniques into ecological risk assessment, it is
urgently needed to develop repeatable dose-dependent protocols
for toxicity testing. Recently, advanced dose-response modeling
based on biological potency distribution curve (BDC) for the omics
data was proposed by Xia et al. (Xia et al., 2017; Zhang et al., 2018),
In BDC, the gene- and pathway-level points of departure (PODgene or

path) were proportionally ranked and fitted into a four-parameter
concentration-effect curve. The ranked PODpath method could
help identifying potentially sensitive pathway profiles in organisms
induced by xenobiotics and provide a means for quantifying omics
data, so that omics data could serve ecological risk assessment.
Chironomid larvae which are the dominating invertebrates in
freshwater ecosystems and serve as natural baits for a variety of
animals, played an important role in ecological functions (Armitage
et al., 1995; Taenzler et al., 2007). Furthermore, midges are sensitive
to neonicotinoids compared with many aquatic invertebrates
(Morrissey et al., 2015; Raby et al., 2018a; Raby et al., 2018b, c),
therefore, they could serve as a sensitive model species to assess
aquatic risk of these insecticides.

In the present study, we used the midge, C. dilutus as a model
aquatic species to examine lethal and sublethal toxicities and mo-
lecular mechanisms of a widely used neonicotinoid, imidacloprid
on aquatic organisms. To achieve this goal, phenotypic (lethal,
behavior, and organ), cellular, protein, and genetic effects of imi-
dacloprid on C. dilutus by utilizing RNA-Seq technology along with
other testing approaches at cellular, organ, and individual levels
were evaluated. The known MoA was ascertained and additional
toxicity pathways of neonicotinoids to the midges were explored.
Finally, aquatic risk of imidacloprid at environmentally relevant
concentrations was assessed.

2. Materials and methods

2.1. Toxicity testing

The midges, C. dilutus were cultured in Jinan University
following the standard protocol proposed by the U.S. Environ-
mental Protection Agency (USEPA) (USEPA, 2000). To facilitate
toxicity mechanism exploration for neonicotinoids and daily
observation of burrowing behavior, the experiment was conduct in
water with 0.5-cm layer of clean sand.

Stock solution of imidacloprid (1 mg/mL) was prepared in
dimethyl sulfoxide (DMSO). Test water was freshly prepared at
nominal concentrations of 0.001, 0.01, 0.1, 0.4, 1, 2, 8, 40, and
80 mg L�1 (IMI_1�IMI_9) by dosing appropriate amount of imida-
cloprid into reconstituted moderately hard water (USEPA, 2000)
(0.1% DMSO, v/v). Negative and solvent controls were tested
simultaneously. In each 500-mL beaker, clean sand and 300 mL of
testing solution were added. Ten 4th instar larvae of C. dilutuswere
randomly introduced into each beaker to initiate the exposure. The
96-h toxicity tests were conducted in five replicates per treatment
or control. The organisms were fed on the second day with 4 mg of
grinded fish food (BFB-Made, Zhongshan, China, protein �40%,
fat � 5%, fiber � 8%, ash � 16%) per beaker. Conductivity, pH,
temperature, and dissolved oxygen in test solutionwere monitored
daily and ammonia was measured at the beginning and the end of
the tests. Water was sampled at 0 and 96 h in triplicate and
analyzed for imidacloprid concentrations using HPLC-MS/MS
following a previously developed method (Zhang et al., 2017).
Detailed procedures for chemical analysis are provided in the
Supporting Information and Table S1.

After 96-h exposure, the midges were assessed for toxicity at
different levels, from lethal, behavioral, organ, and cellular re-
sponses to gene expressions (Table S2). The midge was considered
lethal if it could not conduct an S-shaped movement after 15 s of
gentle agitation. Burrowing behavior of the midges was recorded
daily. At the termination of the testing, surviving midges were
sieved from the sand and counted. Cumulative distance, movement
state, and rotation ability were documented by tracing the move-
ments of the midges for 5 min using a DanioVision™ EthoVision XT
(Noldus, Netherlands). Histological and ultrastructural defects in
the fourth segment of midge abdomenwere examined using a light
microscope (Nikon Eclipse-Ci, Japan) and transmission electron
microscopy (TEM) (Hitachi-HT7700, Japan) according to previous
methods (Cao et al., 2016; Zhang et al., 2014). The intracellular Ca2þ

level was quantified using a Fura-2/AM probe (Beyotime, Haimen,
China), and mitochondrial function was evaluated by detecting
adenosine triphosphate (ATP) level and the activity of mitochon-
drial respiratory chain complex V (FoF1-ATPase). Meanwhile,
oxidative state was assessed by determining the levels of H2O2,
catalase (CAT), and methane dicarboxylic aldehyde (MDA). Detailed
procedures for these measurements are provided in the Supporting
Information.
2.2. Western blot analysis

Since there is no published genome for C. dilutus, it is difficult to
clone and sequence genes. As such, the antibodies of C. dilutus are
not readily available. Thus, in vitro protein analyses with the
mammal antibodies were conducted. Human neuroblastoma SH-
SY5Y cell lines were purchased from Shanghai Institute of Life
Sciences, Chinese Academy of Sciences (Shanghai, China). Anti-
bodies were purchased from ZenBio Company (Chengdu, China),
including calcium/calmodulin-dependent protein kinase II (CAMK
II), Ca2þ transporting ATPase plasma membrane 3 (ATP2B3),
mitochondria complex V ATPase 6 (ATP6), cAMP-dependent pro-
tein kinase A (PKA), phospho-adenosine 50-adenosine mono-
phosphate (AMP)-activated protein kinase a (p-AMPKa, Thr172),
cAMP response element-binding protein (CREB), RAC serine/
threonine-specific protein kinase (AKT), phospho-AKT (p-AKT,
Ser473), and growth-arrest and DNA-damage-inducible protein a

(GADD45a). A protein sequence alignment was conducted between
human and other mosquitoes (Chironomus tepperi and Aedes
aegypti) due to the protein sequence of Chironomus dilutus could
not been obtained at protein databases. The alignment results
showed identities were 32.9%e74.1% between human and mos-
quito (Table S3). Western blotting analysis was conducted following
a previous method (Lin et al., 2015). Detailed descriptions for the
in vitro assays and western blotting are presented in the Supporting
Information.
2.3. RNA sequencing analysis

Surviving midge larvae exposed to imidacloprid at concentra-
tions less than 2 mg L�1 were subjected to total RNA extraction in
duplicate using a RNeasy Mini Kit (Qiagen, Hilden, Germany) ac-
cording to the manufacturer’s protocols. The RNA sequencing was
performed on a BGISEQ-500 sequencing platform (Wuhan, China).
As shown in Fig. S1, the Pearson correlation analysis between
different replicates showed a high correlation with Pearson
values > 0.9 (Benesty et al., 2009). As no reference genome is
available for C. dilutus, de novo transcriptome of C. dilutus was
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assembled, annotated, and validated.
Gene and function enrichment analyses were conducted using

two strategies. First, gene expressions were compared between the
control and exposure groups to identify differentially expressed
genes (DEGs) according a Poisson distribution method (Wang et al.,
2010). Genes with an adjusted-p value < 0.05 by controlling false
discovery rate (FDR) (Benjamini and Hochberg, 1995; Storey and
Tibshirani, 2003) and an absolute value of log2 fold change > 1 in
expression were identified as DEGs. Then, functional annotation
analysis was performed for the DEGs of each treatment using Kyoto
Encyclopedia of Genes and Genomes (KEGG) and Gene Ontology
(GO) databases. Second, log2-fold changes of each gene against
measured concentrations of imidacloprid were fitted into various
concentration-effect models using drc (Ritz and Streibig, 2005) and
DoseFinding (Bornkamp et al., 2010) packages in R (Table S4). Genes
with significant curve fitting performance (p < 0.05) were defined
as the concentration-responsive genes (CRGs), which were used to
estimate the gene-level point of departure (PODgene) according to
different types of concentration-effect curves (Fig. S2). Then, CRGs
were matched to the pathways curated in the KEGG and GO data-
bases to derive pathway-level point of departure (PODpath)
(Farmahin et al., 2017; Thomas et al., 2007). To achieve this, the
geometric mean of PODgene of all CRGs in the pathway was deter-
mined as the PODpath of the pathwaywhen a pathwaywasmatched
by at least three CRGs. The PODpath values were proportionally
ranked and fitted into a four-parameter concentration-effect curve
using GraphPad Prism 5.0 (San Diego, CA, USA), and the curve was
defined as BDC (Xia et al., 2017). The ranked PODpath method could
provide potentially sensitive pathway profiles in organisms dis-
rupted by xenobiotics. Eventually, a transcriptome-based potency
was derived as the concentration corresponding to the 10% pro-
portion of BDC (Ppath,10).

Validation of RNA-Seq data was performed using real-time
quantitative polymerase chain reaction (RT-qPCR) on 21 genes
based on gene expressions of DEGs and ranked CRGs (including 10
CRGs, Table S5). More details on RNA-Seq analysis and validation
are provided in the Supporting Information.

2.4. Ecological risk assessment

Potential risk of waterborne imidacloprid to C. dilutus was
evaluated according to a modified risk quotient (RQ) method using
both toxicological- and genomics-based thresholds. The RQ was
calculated by dividing the measured environmental concentration
(MEC) by the predicted 10% effective concentration (PEC10) (Eq. (1)).
The MEC was from previously reported data of imidacloprid con-
centrations in Guangzhou urbanwaterways (Xiong et al., 2019) and
it was as used as an example for assessing potential risk of imida-
cloprid to C. dilutus. The PEC10 of imidacloprid could be either 10%
effect concentration (EC10) or transcriptional Ppath,10. With the RQ
values from field sampling sites, probabilistic RQ distributions were
constructed for ecological risk assessment (Solomon et al., 2000).

RQ ¼ MEC
PEC10

(1)

3. Results

3.1. Phenotypic toxicity

Imidacloprid concentrations in test solutions varied little
throughout the exposure periods, thus the average measured
concentrations at the beginning and end of the tests were used as
dose metrics (Tables S6 and S7). Survival and behavior of the
midges were impaired by imidacloprid in a concentration-
dependent manner (Fig. 1A,B and S3). The 96-h 10% and median
lethal concentrations (LC10 and LC50) were 0.44 (0.23e0.79) (mean
(95% confidence interval) and 3.56 (2.16e5.87) mg L�1, respectively.
The 96-h 10% and median effective concentrations (EC10 and EC50)
for impaired burrowing behavior were 0.30 (0.22e0.43) and 0.68
(0.58e0.80) mg L�1, respectively. Heat maps of movement showed
that the distance and range of movement decreased with
increasing imidacloprid concentrations (Fig. S3).

Histological analysis showed that imidacloprid caused damage
on the gut epithelia, circular muscle, and paraderm in the midgut
region of C. dilutus (Fig. S4). Ultrastructural analysis also revealed
mitochondrial impairments induced by imidacloprid (Fig. 1CeF).
Specifically, mitochondria cristae were widened and the color was
darkened by imidacloprid at 0.01 ± 0.00 and 0.31 ± 0.03 mg L�1,
respectively (Fig. 1D and E). The morphology of mitochondria was
altered, manifesting a longer elliptical shape (Fig. 1E). Swell of
mitochondria in the inner chamber was noticed in some cases and
the cristae disappeared at high concentration (1.77 ± 0.17 mg L�1,
Fig. 1F).

3.2. Mitochondrial and oxidative damage

As shown in Fig. 2A, the intracellular Ca2þ level was increased to
128% ± 22%e150% ± 19% compared to the control exposure to
imidacloprid at 0.31 ± 0.03e1.77 ± 0.17 mg L�1 (IMI_4�IMI_6). The
ATP productionwas reduced in a concentration-dependent manner
(Fig. 2B). F0F1-ATPase showed a little reduction in the higher con-
centrations (IMI_5,6: 0.84 ± 0.14e1.77 ± 0.17 mg L�1) (Fig. 2C).

Imidacloprid also produced oxidative stress in C. dilutus
(Fig. 2D�F). H2O2 level was significantly elevated with the increase
of concentration (Fig. 2D). Subsequently, enzyme activity of CAT
was significantly increased in IMI_5 and IMI_6 groups, but no
changes in the low exposure groups (Fig. 2E). Besides, concentra-
tion of MDA was also increased with the increase of concentration
(Fig. 2F).

3.3. Altered protein expression

As shown in Fig. 2G and H, imidacloprid significantly affected
the expression and activation of important proteins in the SH-SY5Y
cells. CAMK II and ATP2B3 which were involved in the calcium
signal pathway were negatively affected by imidacloprid. Expres-
sions of mitochondrial related proteins, ATP6, PKA, and p-AMPKa
were decreased. CREB, a key protein in memory and learning was
also down regulated. GADD45a which is related to the repair of
DNA damage was increased. In addition, the ratio of p-AKT/AKT, a
key oxidative stress index was significantly decreased.

3.4. Induced transcriptomic responses

De novo assembling of RNA-Seq data revealed 36,797 unigenes
(size range from 200 to 20,377, average 1168), including 11,655
contigs (size range from 200 to 20,377, average 1794), and 25,142
singletons (size range from 200 to 15,542, average 877). As shown
in Fig. S5, homology with conserved genes of other insects and
arthropods was over 90%. The genes were annotated by seven
functional databases (NR, InterPro, Swissprot, KOG, KEGG, GO, and
NT) with annotation rates of 50.5%, 48.0%, 46.5%, 46.3%, 45.0%,
19.4%, and 14.8%, respectively. Species distribution based on the
ratios of different species annotation is plotted in Fig. S6. The most
abundant BLAST hits (51.4%) matched with mosquitoes which are
sister clade of Chironomidae, such as Aedes aegypti (14.8%), Culex
quinquefasciatus (10.0%), and Aedes albopictus (9.54%).



Fig. 1. Lethality, movement, and mitochondrial ultrastructure of Chironomus dilutus after 96-h exposure to imidacloprid at different concentrations. (A) Lethality (N ¼ 5); (B)
Cumulative distance in 5 min (N ¼ 6). (CeF) Mitochondrial ultrastructure of the fourth segment of the abdomen in the control, IMI_2, IMI_4, and IMI_6, respectively (N ¼ 3).
Measured concentrations of IMI_2�IMI_9 were 0.01 ± 0.00, 0.09 ± 0.01, 0.31 ± 0.03, 0.84 ± 0.14, 1.77 ± 0.17, 7.41 ± 0.76, 39.6 ± 2.8, and 74.9 ± 8.5 mg L�1, respectively. The m and n
denote mitochondria and nucleus, respectively. Concentration-effect curve was fitted using GraphPad Prism 5.0 software (San Diego, CA, USA). The asterisk denotes significant
difference with p < 0.05 compared with the control which was assessed with one-way ANOVA using SPSS 17.0 software (Chicago, IL, USA). Data are expressed as mean ± standard
error.
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Changes of gene expressions in the midges occurred even at the
lowest imidacloprid concentration of (7.77 ± 1.40) � 10�4 mg L�1.
The number of total DEGs in all treatments was 4419 and the
number of identified DEGswas 649, 545, 215, 667, 504, and 3352 for
the groups IMI_1 to IMI_6 (from (7.77 ± 1.40) � 10�4 to
1.77 ± 0.17 mg L�1), respectively (Fig. S6B and Table S8). Imidaclo-
prid at 1.77 ± 0.17 mg L�1 (IMI_6) changed the most abundant
candidate genes and a total of 80 cytochrome P450 (cyp) unigenes
were identified in C. dilutus with FDR <0.05. As shown in Table S8,
199 CRGs were identified in a significantly dose-dependent
manner. The CRGs responsive at low concentrations of imidaclo-
prid were subunit ribosomal proteins (rps), cytochrome P450
family 4/6/12 (cyp 4/6/12), cathepsin b/l/k (ctsb/l/k), NADH-
ubiquinone oxidoreductase 2/4 (nd2/4), NADP þ -dependent far-
nesol dehydrogenase (fohsdr), superoxide dismutase, CueZn family
(sod), glutathione S-transferase (gst), cat, and calmodulin (calm). In
the meantime, RT-qPCR validation of 21 gene responses confirmed
high reliability of the transcriptomic data with a good correlation
(R2 ¼ 0.73 and p < 0.0001) between RNA-Seq and RT-qPCR data
(Figs. S7 and S8).



Fig. 2. The calcium ion (Ca2þ), mitochondria, and oxidative stress indexes after exposure to imidacloprid. (AeF) Intracellular Ca2þ level, adenosine triphosphate (ATP), mito-
chondrial respiratory chain complex V (FoF1-ATPase), H2O2, catalase (CAT), and methane dicarboxylic aldehyde (MDA) in Chironomus dilutus, respectively. (G) Protein electro-
phoretograms of the western blotting results in SH-SY5Y cells. (H) Statistical chart of the western blotting results in SH-SY5Y cells. Data are expressed as mean ± standard deviation.
The asterisk denotes significant difference with p < 0.05 compared with the control which was assessed with one-way ANOVA using SPSS 17.0 software (Chicago, IL, USA). Measured
concentrations of IMI_2, 4, 5, 6 were 0.01 ± 0.00, 0.31 ± 0.03, 0.84 ± 0.14, and 1.77 ± 0.17 mg L�1, respectively. CAMK II: Ca2þ/calmodulin-dependent protein kinase II; ATP2B3: Ca2þ

transporting ATPase, plasma membrane 3; ATP6: mitochondria complex V ATPase 6, PKA: cAMP-dependent protein kinase A; p-AMPKa: phospho-adenosine 50-adenosine
monophosphate (AMP)-activated protein kinase (Thr172) a; CREB: cAMP response element-binding protein; AKT: protein kinase B; p-AKT: phospho-AKT (Ser473); GADD45a:
growth-arrest and DNA-damage-inducible protein a.

F. Wei et al. / Environmental Pollution 260 (2020) 114011 5
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Function annotation of DEGs revealed 36, 36, 34, 36, 45, and 50
top enriched KEGG pathways on neurotoxicity, metabolism and
energy homeostasis, and oxidative damage, and 38, 31, 47, 59, 70,
and 141 top enriched GO terms in the groups IMI_1 to IMI_6,
respectively. Top enriched pathways included calcium signaling,
3050-cyclic AMP (cAMP), AMPK, neuroactive ligand-receptor inter-
action, long-term potentiation (LTP), phosphatidylinositide 3-
kinases, phosphatidylinositol-3-kinases/AKT (PI3K/AKT), and p53
pathways (Tables S9eS11 and Fig. 3A). Key DEGs for the enriched
KEGG pathways are listed in Table S12. Top enriched GO terms
included ribosomal subunit, biosynthetic process, metal ion bind-
ing, catalase activity, reactive oxygen species, phosphorylative
mechanism, mitochondrial membrane, calcium ion binding, ATP
generation from ADP, and oxidation-reduction process (Table S13
and Fig. 3A).

Dose-dependent pathway analysis of CRGs identified 10 KEGG
pathways and 20 GO terms (Table S14 and Fig. 3B), which were
included in the KEGG pathways and GO terms derived from the
DEGs (Fig. S9). According to the BDC curves (Fig. 3B), sensitive
pathway profiles were identified. The sensitive pathways included
ECM-receptor interaction, mitogen-activated protein kinase
(MAPK) signaling pathway, glycerophospholipid metabolism, fatty
acid biosynthesis, calcium ion binding, membrane, and ribosome.
Ppath,10 values based on KEGG pathway and GO term were derived
as 0.02 (0.01e0.08) and 0.05 (0.04e0.06) mg L�1, respectively, which
were much lower than midge LC10 (0.44 (0.23e0.79) mg L�1) and
EC10 for inhibited burrowing behavior (0.30 (0.22e0.43) mg L�1),
suggesting that Ppath,10 could be used as a more sensitive indicator
than the phenotypic indexes.
Fig. 3. Venn diagram of top enriched KEGG pathways and ranked GO terms in Chironomus
terms in different exposure groups based on differentially expressed genes (DEGs). (B) B
pathways and GO terms (PODpath) based on concentration-responsive genes (CRGs). cAMP:
AKT: phosphatidylinositol- 4,5-bisphosphate 3-kinase/serine/threonine-protein kinase.
4. Discussion

Extensive usage of neonicotinoid insecticides has threatened the
ecosystem, yet their MoAs have not well characterized so far. In
addition, these pieces of information need to be integrated for
constructing a toxicity pathways network for more accurately
assessing risk of neonicotinoid insecticides. To do so, adverse ef-
fects and potential mechanisms of a representative neonicotinoid,
imidacloprid, in C. dilutus were investigated by RNA-Seq analysis.
Besides the known MoA was further confirmed, additional path-
ways related to mitochondrial dysfunction and oxidative damage
were discovered as well. In consistent with previous work (Raby
et al., 2018a), the present study demonstrated that 96-h exposure
to imidacloprid caused lethal and sublethal effects in C. dilutus at
environmental concentrations (0.02e3.29 mg L�1) in aquatic envi-
ronment (Starner and Goh, 2012; Xiong et al., 2019; Zhang et al.,
2017).

4.1. Imidacloprid caused behavior disorder by blocking normal
neurotransmission

Neonicotinoids act on nAChRs and eventually cause neurotox-
icity via damaging the nerve system of organisms (Matsuda et al.,
2001). In the present study, intracellular Ca2þ levels in C. dilutus
were significantly elevated after exposure to imidacloprid. In
transcriptome analysis, calcium ion binding was likely the early
response event as suggested in sensitivity distribution curves
derived from the ranked GO terms. The inhibition of the key gene
atp2b related calcium signaling in transcriptional expression and
protein level implied that the accumulated intracellular Ca2þ could
dilutus after 96-h exposure to imidacloprid. (A) The enriched KEGG pathways and GO
iological potency distribution curve (BDC) of the ranked point of departure of KEGG
30 ,50-cyclic adenosine monophosphate; AMPK: 50-AMP-activated protein kinase; PI3K/
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not be timely released out of the cells. Wang et al. (2018) reported
that Ca2þ influx was amplified by imidacloprid as a result of nAChR
activation. In another study, Ca2þ mobilization in rats was investi-
gated after chronic exposure to imidacloprid, and the intracellular
Ca2þ level increased from 8.19 in the control to 8.62 mg/dl when
body residues of imidacloprid reached 1 mg/kg (Duzguner and
Erdogan, 2012). Similarly, intracellular Ca2þ influx was signifi-
cantly evoked by imidacloprid at concentrations greater than
256 mg L�1 in the small neurons in rat cerebellar (Kimura-Kuroda
et al., 2012). Ca2þ signaling responses following activation of
nAChRs facilitate the interface with numerous cellular processes
(Dajas-Bailador and Wonnacott, 2004), such as signal transduction,
cellular proliferation, apoptosis, and production of oxidative stress
(Çi�g and Nazıro�glu, 2015). For example, the down-regulation of
camk ii which showed high identity (69.6%) with Aedes aegypti,
calm, a sensitive CRG, and serine/threonine-protein phosphatase 2B
catalytic subunit (ppp3c) suggested that the normal Ca2þ/calmod-
ulin activated signal transduction might be disrupted in C. dilutus.
Besides, a previous study has showed that oxidative stress induced
by neonicotinoids might be involved in Ca2þ homeostasis (Wang
et al., 2018).

The disruption of Ca2þ/calmodulin activated signal transduction
damaged nerve system by blocking normal neurotransmission,
impairing behaviors and eventually leading to death of C. dilutus.
Important neurotoxicity pathways, including neuroactive ligand-
receptor interaction and cholinergic synapse were enriched. A
previous study has revealed that neonicotinoids inhibited cholin-
ergic neurotransmission in molluscan (Lymnaea stagnalis) nervous
system (Vehovszky et al., 2015). Hence, neurotoxicity-related
muscle paralysis was probably the reason of behavior damage. As
discussed above, imidacloprid negatively affected behaviors of
many non-target species. For example, ventilation and locomotion
of C. riparius were damaged by 48-h exposure to imidacloprid at
0.55 and 1.20 mg L�1, respectively (Azevedo-Pereira et al., 2011).
Similar effects were also observed for honeybees which lost the
capacity of waggling (Eiri and Nieh, 2012) and returning to the
feeding sites (Fischer et al., 2014) after exposure to imidacloprid.
4.2. Imidacloprid perturbed metabolism and energy homeostasis

In addition to regular neurotoxicity pathways, metabolism and
energy homeostasis in the midges were also perturbed by imida-
cloprid. Mitochondrial damages were observed in the abdomen
cells in midge using ultrastructural analysis. Mitochondrial dam-
ages by neonicotinoids have also been previously reported. Thia-
methoxam caused reduction of mitochondrial cristae and
disorganization of endoplasmic reticulum in Apis mellifera (Catae
et al., 2014). Similarly, after exposure to thiamethoxam at
0.428 mg L�1d�1, morphological and histochemical alterations were
observed in honeybees, such as reducing the number of regenera-
tive cells in the epithelium of midgut and cytoplasmic vacuolization
(Oliveira et al., 2014). Furthermore, important mitochondrion-
related pathways, such as oxidative phosphorylation, ATP bind-
ing, and mitochondrion, were enriched by KEGG and GO function
analyses. A majority of key genes involved in mitochondrial elec-
tron transport chains (ETC) were significantly down-regulated,
such as F-type Hþ-transporting ATPase subunit a/d (atpef0a/d), V-
type Hþ-transporting ATPase subunit G (atpev1g), cytochrome c
oxidase subunit 2 (cox2), nd2/4, and succinate dehydrogenase
(ubiquinone) flavoprotein subunit (sdha). The down-regulation of
genes and their corresponding proteins for ETC activity implied
potential energy supply deficiency by inhibiting ATP production.
Accordingly, imidacloprid significantly reduced FoF1-ATPase activ-
ity at the concentrations at higher concentrations and inhibited ATP
production in C. dilutus. This was similar to a study on the toxicity of
imidacloprid to honeybees, in which respiratory chain and ATP
production in honeybee mitochondria were disrupted (Nicodemo
et al., 2014). It has previously reported that imidacloprid impeded
mitochondrial function in rats and Helicoverpa armigera larvae
through inhibiting FoF1-ATPase activity (Bizerra et al., 2018;
Nareshkumar et al., 2018). Therefore, mitochondrion was an
important target site for neonicotinoids and mitochondrial func-
tion related genes could be used as key biomarkers for assessing
neonicotinoid toxicity.

Mitochondrial dysfunction interfered with Ca2þ/calmodulin-
dependent cAMP signaling transduction. Two genes, adenylate
cyclase 2 (adcy2) and guanine nucleotide-binding protein G(s)
subunit alpha (gnas), were significantly down-regulated, which
may interrupt transformation of ATP to cAMP via suppressing
adenylate cyclase (AC) activation. Consequently, the activation of
PKA might be blocked due to the down-regulation of pka gene. As
cAMP is the upstream signaling for peroxisome proliferator
activated-receptor (PPAR), its disruption might influence PPAR
pathway (Chen et al., 2011; Guri et al., 2010), and it is crucial for
energy and metabolism balance (Hardie et al., 2012; Kota et al.,
2005). Moreover, important genes of PPAR signaling, such as
long-chain acyl-CoA synthetase (acsl), carnitine O-palmitoyl-
transferase 1, liver isoform (cpt1a), fatty acid-binding protein 3,
muscle and heart (fabp3), ubiquitin C (ubc), and stearoyl-CoA
desaturase (Delta-9 desaturase) (scd) were also considerably
impacted and ubc was a CRG, which was further validated by RT-
qPCR. In particular, down-regulation of acsl indicated decreasing
fat acid synthesis, which would lead to a shortage of energy store.
Further research on the PPAR disruption by neonicotinoids is
needed. In addition, AMPK, another key pathway related to energy
and metabolism balance (Hardie et al., 2012; Kota et al., 2005), was
also blocked. Especially, mitogen-activated protein kinase kinase 7
(map3k7) was significantly down-regulated, which may inhibit
AMPK phosphorylation and lead to insufficient energy supply. This
was also validated by the decreased expression of p-AMPK in
western blotting. Similarly, 0.6 and 6 mg imidacloprid kg�1 bw d�1

in white adipose tissue of the mice significantly inhibited AMPKa
activation due to reducing AMPK phosphorylation (Sun et al., 2017).

Since cAMP/PKA was the upstream event of affecting learning
and memory, blocking their activation may damage learning and
memory of the organisms (Dajas-Bailador and Wonnacott, 2004).
The LTP and dopamine (DA) signaling, which are important path-
ways associated with learning and memory, were also enriched.
The damage of learning and memory was supported by the down-
regulation of CREB in both gene and protein levels which may be
inhibited by the decreased PKA. This was consistent with previous
results that neonicotinoids led to down-regulation of creb and pka
in honey bees (Christen et al., 2016). Besides, camk ii gene was
heavily implicated in the LTP and DA signaling (Yamauchi, 2005),
and its decrease possibly triggered the damage on learning and
memory. Previous research revealed that camk ii knockdown could
affect both early and late phases of olfactory long-term memory in
the honeybee (Scholl et al., 2015).

As the metabolism of lipid, carbohydrate, and amino acid was a
feedback mechanism for energy deficiency, it could be accelerated
in the midges after imidacloprid exposure, which in turn might
enhance the detoxification of imidacloprid. As expected, most
genes associated with the enriched ribosome and metabolism
pathways were significantly up-regulated, revealing that protein
synthesis and metabolism increased in the demand for energy
supply. Moreover, the affected ribosomewas regarded as a sensitive
early response by ranked GO analysis. For example, rp 7/14/15/18//
19/27/30 were found to be sensitive response genes after exposure
to imidacloprid at low concentrations. Furthermore, the majority of
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cyp450 genes (such as cyp2/4/6 genes), which participated in
detoxification metabolism of xenobiotics, were significantly
altered, especially in the highest exposure group. The cyp4d1 and
cyp6a2 were also identified as the early response genes by using
concentration-response analysis of the genes which were validated
by RT-qPCR. The roles of cyp genes in detoxification of imidacloprid,
such as cyp6as, cyp9q, and cyp6g1, have been previously reported
(De Smet et al., 2017; Derecka et al., 2013; Le Goff et al., 2003).
Therefore, cyp4d1 and cyp6a2 can also be utilized as the early
biomarkers. In addition, gst and acylphosphatase (acyp), as crucial
detoxification genes, were also identified as early responsive to
imidacloprid by CRGs analysis with a further validation by RT-qPCR.
In summary, transcriptome data revealed possible effects of imi-
dacloprid on ribosome and metabolism related protein synthesis in
the midges and this might be one of the toxicity mechanisms of
imidacloprid.

4.3. Imidacloprid triggered oxidative damage

One of the consequences of mitochondria dysfunction was
overproduction of intracellular reactive oxygen species (ROS),
posing oxidative stress on the cells. After the midges being exposed
to imidacloprid, two sensitive CRGs, cat and sod were altered in
RNA-Seq and RT-qPCR analyses. In the meantime, elevated H2O2
level and CAT enzyme activity were also detected in high concen-
tration groups. Simultaneous detections of these indices confirmed
that neonicotinoids induced oxidative stress in C. dilutus. These
findings were consistent with other investigations. For example,
imidacloprid significantly induced CAT enzyme in D. magna (Qi
et al., 2018). Clothianidin greatly enhanced ROS levels in the
earthworm (Eisenia fetida) at 0.5 and 1.0 mg kg�1, along with
changing SOD and CAT enzyme activities (Liu et al., 2017).

When ROS level was beyond antioxidant defense capacity, it
may pose damage on lipid and protein, resulting in lipid peroxi-
dation (Schieber and Chandel, 2014). This was also noted in the
midges after imidacloprid exposure, the level of MDA, an indicator
for lipid peroxidation in response to oxidative stress, was signifi-
cantly increased. Chronic exposure to imidacloprid markedly
elevated MDA concentrations in liver and plasma of rats (Duzguner
and Erdogan, 2012). Subsequently, ROS accumulation would in-
crease mitochondrial permeability, cause functional damage on
mitochondria, and finally trigger cell death (Lin and Beal, 2006).

As one of the important response pathways for oxidative stress
signaling, disruption of AMPK signaling reduced AKT phosphory-
lation and altered PI3K/AKT signaling. Gene expressions of akt and
thrombospondin 2/3/4/5 (thbs2s) of PI3K/AKT signaling in the
midges were remarkably down-regulated in RNA-Seq and RT-qPCR.
The CRG analysis showed thbs2s was an early sensitive gene.
Meanwhile, the reduction of p-AKT and p-AKT/AKT in protein level
validated the inhibition of PI3K/AKT signaling. Similarly, imidaclo-
prid also caused reduction of AKT phosphorylation in mice and
human cells (Kim et al., 2013). Therefore, alterations in these
pathways indicated that neonicotinoids caused oxidative stress in
non-target species, and akt and thbs2s genes may serve as potential
biomarker genes for imidacloprid.

Accumulation of oxidative stress would trigger pronounced ef-
fects on organisms, such as DNA damage, apoptosis, and cell death.
As shown in RNA-Seq analysis, p53 signaling, apoptosis, autophagy,
and MAPK signaling pathways were disrupted by imidacloprid. On
one hand, gadd45 was significantly up-regulated in gene (RNA-Seq
and RT-qPCR) and protein levels. The gadd45 was an indicator of
DNA damage and its inductionwas linked to repairing DNA damage
(Tran et al., 2002). On the other hand, expression of E3 ubiquitin-
protein ligase Mdm2 (mdm2) was up-regulated and serine/
threonine-protein kinase Chk1 (chk1) was down-regulated. The
alterations of mdm2 and chk1 might lead to p53 protein inhibition,
and as a result, the repair of DNA damage would fail to be triggered
(Haupt et al., 1997). Moreover, poly[ADP-ribose]polymerase (parp)
was over-expressed in IMI_6 exposure group, suggesting that
apoptosis-inducing factor (AIF) in mitochondria was released,
which may cause apoptosis and cell death (Yu et al., 2006). It was
also found that caspase 7 (casp 7) and ctsb/k/f/d of apoptosis
pathway increased in IMI_6 group. Increasing casp 7 and ctsl (a CRG
gene) were validated by RT-qPCR as well. It is noted that these
genes were reported to participate in the activation of apoptosis
pathway. Similar results have been reported that imidacloprid and
clothianidin induced DNA damage and apoptosis through oxidative
stress in birds and rats (Bal et al., 2012; Hoshi et al., 2014).

4.4. Putative toxicity pathway development

Based on the key events discussed above, including responses of
C. dilutus to imidacloprid exposure from phenotypic, biochemical to
genetic levels, underlying toxicity pathways of neonicotinoids for
aquatic organisms leading to behavior alterations and mortality
were proposed (Fig. 4). In these toxicity pathways, imidacloprid
blocked neurotransmission and disrupted on energy metabolism,
subsequently, induced oxidative damage, even death of organism.
First, imidacloprid specifically bound to nAchR and increased
intracellular Ca2þ level. As a consequence, the neurotransmission
that was based on Ca2þ/calmodulin mediated signal transduction
was blocked, leading to abnormal behaviors of C. dilutus. Besides
this well-known specific action, additional signaling pathways
were also revealed by using the current de novo RNA-sequencing
approach, which provided a holistic profile of toxicity pathways.
Imidacloprid showed potential to interfere with mitochondrial
function and thereby the production of ATP via the disruption of
Ca2þ signaling. As a result, homeostasis of energy metabolism was
disturbed, which further blocked the cAMP/PKA signaling trans-
duction and activation of AMPK and LTP and impaired the organ-
isms’ ability of learning and memory. At last, the above toxicity
effects would induce oxidative stress, which may invoke DNA
damage and mortality of individuals. Biochemical responses,
although not directly causal to individual toxicity, can help identify
chemicals operating via the nAchRs toxicity pathways. Therefore,
the toxicity pathways network constructed with imidacloprid as a
representative compound is predictive of the toxicity of other
neonicotinoids and new substances with similar toxic mechanisms.
Multiple toxicants commonly present as mixtures in the environ-
ment (e.g., insecticides and fungicides (Raby et al., 2019)) and joint
effect among chemicals with similar toxic mechanism is usually
regarded as concentration additive. Therefore, the toxicity path-
ways of imidacloprid could also help assessing mixture toxicity for
neonicotinoids. Finally, the putative toxicity pathways network
could help interspecies extrapolation of toxic effects which is a
challenge of risk assessment.

4.5. Implication for ecological risk assessment

Neonicotinoids have been frequently detected in freshwater
ecosystem worldwide (Starner and Goh, 2012; Xiong et al., 2019;
Zhang et al., 2017), calling for better understanding of their aquatic
risk. Toxicogenomic data provide more sensitive endpoints
compared with traditional ecological risk assessment. At the con-
centrations reported in aquatic environment (0.02e3.29 mg L�1)
(Starner and Goh, 2012; Xiong et al., 2019; Zhang et al., 2017),
imidacloprid could induce toxicological effects at transcriptomic
level and even behavior damage and mortality to C. dilutus. Taking
Guangzhou, the largest city in South China as an example, potential
risk of imidacloprid to C. dilutus was assessed with previously



Fig. 4. A putative model illustrating potential toxicity pathways leading to impaired behaviors and lethality in Chironomus dilutus after 96-h exposure to imidacloprid. nAChR:
nicotinic acetylcholine receptor; TLR: toll-like receptor; CaMK II: calcium/calmodulin-dependent protein kinase II; CALM: calmodulin; AC: adenylate cyclase; cAMP/PKA: 3050-cyclic
adenosine monophosphate/protein kinase A; LTP: long-term potentiation; ROS: reactive oxygen species; AMPK: 50 AMP-activated protein kinase; PI3K/AKT: phosphatidylinositol-
4,5-bisphosphate 3-kinase/serine/threonine-protein kinase.
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reported environmental concentrations of imidacloprid (Xiong
et al., 2019). The RQPEC10 based on EC10-lethality, EC10-inhibited
burrowing behavior, and Ppath,10 of GO terms in Guangzhou urban
waterways were 0.05e0.16, 0.07e0.23, and 0.43e1.32, respectively
(Fig. 5). Although acute risk based on conventional endpoints was
relatively low, the RQ based on Ppath,10 exceeded 1, indicating
possible risk on aquatic invertebrate communities in the study area.
This example implied that the Ppath,10 values of toxicogenomic data
based on sensitivity distribution curves could be promising early
warning thresholds for aquatic risk assessment at the gene
expression level. This provided a more sensitive method for
ecological risk assessment. Risk assessment using traditional
toxicity endpoints (e.g., lethality) may be more operational and
realistic for environmental management. In reality, however, many
pollutants exist in the environment at extremely low
concentrations and would not affect the traditional toxicity end-
points. As a result, risk evaluation based on traditional endpoints
might ignore potential risk on the gene-level. So, to include mul-
tiple endpoints at different levels would be a direction for future
risk assessments.

5. Conclusions

In summary, the RNA-Seq technology was utilized to identify
conventional and additional MoAs of imidacloprid to non-target
aquatic species, and a putative network of toxicity pathways with
newly identified key biomarker genes was constructed. Exposure to
imidacloprid led to Ca2þ homeostasis imbalance and mitochondria
dysfunction through activating the nAChR. Disrupted Ca2þ

signaling could block cAMP transduction from the ATP, and inhibit



Fig. 5. Risk quotient (RQ) distributions of imidacloprid in water at the sampling sites
S1eS22 in Guangzhou urban waterways, China. Ppath: biological potency based on
point of departure of GO terms. The environment concentration in these sampling sites
came from previous data (Xiong et al., 2019).
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LTP pathway which is related to learning and memory. Further-
more, mitochondria dysfunction could cause oxidative stress and
interrupt AMPK signaling. Continuous oxidative stress may induce
DNA damage. As an outcome, exposure of C. dilutus to imidacloprid
could generate apoptosis and cell death, and finally lead to organ-
ism death. While more validation studies are necessary to support
the results in the current investigation, mitochondrial dysfunction
was identified as the potential early warning responses for neon-
icotinoids, providing an early warning threshold for aquatic risk
assessment at the gene expression level.
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