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Abstract

Cycloxaprid (CYC) is a novel neonicotinoid insecticide with high activity against resistant pests but is safe for mammals. The
toxic effects of CYC on earthworms (Eisenia fetida) were studied in this paper. The 14-day exposure results showed that CYC is
potentially toxic to earthworms, with a 14d-LCso of 10.21 mg/kg 4w soit, and that it induced tissue damage to the epidermis, gut,
and neurochord at sublethal doses. During a 21-day exposure, CYC induced oxidative stress in earthworms, and both enzyme
activities of catalase (CAT) and superoxide dismutase (SOD) were impacted. In addition, expression of the genes Cat and Sod
were down- and upregulated, respectively. The activity of the enzyme acetylcholinesterase (AChE) was increased at day 7 but
decreased at day 21 after CYC exposure, while expression of the signal transduction-related genes was significantly regulated.
Our study shows for the first time that negative impacts could be induced by CYC on earthworms under both acute and chronic
exposure through oxidative stress and gene regulation. The present study provides a database for assessing the environmental risk
to non-target organisms resulting from the use of CYC.
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Introduction the speed at which pests develop resistance to them as well

as to their high risk to bees (Decourtye and Devillers 2010,

Neonicotinoid insecticides are the most recently synthesized
agrochemicals in the past few decades that have been devel-
oped to control an extensive range of crop, vegetable, and fruit
pests worldwide by affecting the nicotinic acetylcholine re-
ceptors (nAChRs) (Casida 2011, Elbert et al. 2008). Until
now, neonicotinoids have drawn great attention because of
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Laurino et al. 2011). Studies have shown that even plants can
only take up 2-20% of the insecticide from coated seeds, 11 to
24% of pollen, and 17 to 65% of nectar could be contaminated
with these neonicotinoids, and at sublethal doses,
neonicotinoids still have the potential to induce a variety of
behavioral difficulties in honeybees, such as olfactory memo-
ry and learning dysfunctions as well as alterations of orienta-
tion skills (Sanchez-Bayo 2014, Sanchez-Bayo et al. 2016).
Considering these effects, developing new chemicals with a
novel structure and mode of action is extremely urgent for
comprehensive pest control systems and environmental pro-
tection (Su et al. 2012, Xu et al. 2014a).

Cycloxaprid (CYC, Fig. 1) is a novel oxabridged cis-
nitromethylene neonicotinoid insecticide developed by East
China University of Science and Technology, and it has high
activity against imidacloprid-resistant brown plant hopper,
aphids, and medfly and lower toxicity to bees (Chang et al.
2015, Cui et al. 2016, Cui et al. 2012, Xu et al. 2014b).
Currently, there current knowledge of CYC is lacking. As
reported in flooded and anoxic soils, the half-life of CYC is
less than 5 days and the chemical changes mainly occur in the
chloropyridinyl and seven-member ring (Liu et al. 2015a). In
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Fig. 1 Chemical structure of cycloxaprid (CYC)

paddy soil with earthworms (Metaphire guillelmi), CYC ac-
cumulated in earthworm tissues and the biota-sediment accu-
mulation factors were between 0.59 and 0.82, which resulted
in its fast degradation (Liu et al. 2015b). CYC is a good can-
didate for high-risk neonicotinoid replacement, such as
imidacloprid, but currently, there is little relevant knowledge
of its toxicity towards non-target organisms. However, this
information is critical for the risk evaluation of CYC regarding
its environmental impact and for further regulatory decisions.

Neonicotinoids can be used as granules in the soil or as
seed-dressings during crop planting. CYC is now registered
on rice in China, so the residue in aquatic system and deposi-
tion in soil are the main approach for it entering environment
and induce potential risks to organisms in these ecosystems.
Among many other organisms, earthworms play an important
role in maintaining soil fertility and the food chain and have
been used as bio-indicators of soil quality and health (Zhang
etal. 2014). The earthworm FEisenia fetida is widely available,
easily reared, and reproduces rapidly. Therefore, this earth-
worm has been widely used for toxicological and ecological
risk assessments of contamination in soil using lethal end-
points (Feng et al. 2015). To further determine the potential
mechanisms of chemicals, inhibition of enzyme activities and
gene expression have been used as novel indicators in recent
years to characterize toxicity of chemicals to earthworms
(Feng et al. 2015, Shi et al. 2017).

Neonicotinoids are toxic to earthworms. For instance,
Wang et al. compared the acute toxicity of 24 pesticides to-
wards Eisenia fetida and found that neonicotinoids were more
toxic than others in both filter paper toxicity assays and soil
toxicity bioassays (Wang et al. 2012). Under sub-lethal con-
centrations, imidacloprid and thiacloprid can induce signifi-
cant decreases in earthworm reproduction and weight loss as
well as disturb its physiological activity (Capowiez et al.
2006, Capowiez et al. 2005, Dittbrenner et al. 2011). In our
earlier studies, imidacloprid, acetamiprid, nitenpyran,
clothianidin, and thiacloprid showed high toxicity towards
earthworms and seriously affected their reproduction as well
as induce tissue damage at sublethal concentrations (Wang
et al. 2015b). The toxicity of CYC towards earthworms is
unknown. Studies have shown that another novel developed
neonicotinoid, Chinese insecticide guadipyr, has low toxicity
towards Eisenia fetida but induced significant tissue damage

and activity changes of catalase (CAT), superoxide dismutase
(SOD) and acetylcholinesterase (AChE) (Wang et al. 2015a).
We speculated that CYC might have similar toxicity charac-
teristics towards earthworms. Thus, the goal of this study was
to assess the toxic effects of CYC on the earthworm Eisenia

fetida using artificial soil and the following outcomes:

1. Fourteen-day acute toxicity of CYC towards earthworms

2. The tissue damage induced by CYC after 14-day expo-
sure at sub-lethal doses

3. The effects of CYC on CAT, SOD, and AChE activity
changes

4. The effects of CYC on the expression of the antioxidant
genes Sod and Cat in earthworms

5. The effects of CYC on the expression of signal
transduction-related genes

Hopefully, this information will help with the registration
and application of CYC in the future.

Materials and methods
Chemicals and earthworms

Cycloxaprid (CYC, 99% purity) was obtained from
Shanghai Key Laboratory of Chemical Biology of East
China University of Science and Technology (Shanghai,
China).

Eisenia fetida was purchased from Beijing Dahuan
Earthworm Factory (Beijing, China) with the original culture
soil and maintained in a box in the laboratory at 20+ 1 °C.
Earthworms were used for experiments after 7 days of accli-
mation (mortality < 10%) in artificial soil under an artificial
climate (20+ 1 °C, 8 h dark/16 h light photoperiod, illumina-
tion of 600 1x, and humidity of 80-85%).

Test soil preparation

Attificial soil (10% sphagnum peat moss, 20% kaolin clay,
68% sand, and 2% CaCO; to adjust the pH value to 6.0+
0.5) was used thorough the study according to the OECD
guidelines 207 and 222 (OECD 1984 and 2004) with some
modifications. Generally, the desired amount of active ingre-
dient of CYC in 2 mL of acetone was added to 10 g of quartz
sand and then mixed thoroughly with 490 g of dry artificial
soil after evaporation overnight in fume cupboard. Deionized
water was added to give an overall moisture content of 35% of
the dry weight. Then, 500 g of artificial soil with insecticide
containing 10 earthworms was transferred into a 1-L glass
container after 4 h of food deprivation. The container was
covered with 1 mm of cotton gauze to ensure sufficient ven-
tilation and kept under the artificial climate described above.
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Every 7 days at each observation time, 150 mL water was
resupplied to retain moisture of test soils. Distilled water
was used for the blank control and acetone used for solvent
control.

Stability of CYC in artificial soil

The stability of CYC in artificial soil was examined on days 0,
3,7,14,and 21 at 0.1, 1.0, and 2.0 mg/kg gy soi1- Ten grams of
each soil sample was collected into a 50-mL tube within
10 mL of distilled water and 10 mL of acetonitrile. The mix-
ture was homogenized for 3 min and allowed to stand in an
ultrasonic water bath for 10 min. Next, 2.5 g of MgSO, and
5 g of a NaCl mixture was added and shaken for an additional
3 min. After extraction, the sample was centrifuged at
8000 rpm for 5 min and the supernatant was filtered through
a 0.2-uM nylon filter into injection bottles. One microliter of
the filtrate was directly injected into an Agilent 1200 HPLC-
DAD-Q-TOF-MS device (Beijing, China) equipped with an
Agilent Proshell 120 SB-C18 analysis column (2.1 x

100 mM, 2.7 uM, Agilent, USA). The column temperature
was set at 30 °C, and the flow rate of the mobile phase (ace-
tonitrile: formic acid = 30:70, v/v) was set at 0.2 mL/min.

Acute toxicity test

The acute toxicity of CYC towards earthworms was evaluated
referring to the OECD guidelines 207 and 222 (OECD 1984
and 2004). Based on preliminary tests and the test soil prepa-
ration, three replicates of 10 earthworms were placed into each
container for each treatment with the desired amount of CYC.
The containers were kept in the testing chamber, and observa-
tions were made at 7 and 14 days to examine the death of
earthworms and calculate the median lethal concentrations
(LCss) using a probit regression.

Histology examination

Based on the acute toxicity results, another set of experiments
was performed at 0.30, 1.0, and 2.0 mg/kg 4y soit Of CYC
(1/30, 1/10, and 1/5 of the 14d-LCs() plus one blank control.
After 14 days of exposure, the effects of CYC on earthworms’
intestines and epidermis were examined according to our ear-
lier studies (Wang et al. 2015b). In brief, three earthworms
were collected and kept in beaker covered with two layers of
filter paper at the bottom for 6 h at 21 °C to depurate their gut
contents fixation with 10% formalin(v/v) for 24 h; the earth-
worms were then embedded in paraffin. Sections with a thick-
ness of 4 um at the anterior region were produced by a freez-
ing microtome (LeLCA RM 2016, Germany) and then stained
with hematoxylin-eosin (HE) combined with Periodic Acid-
Schiff-Alcianblue. A light microscope (OLYMPUS CX31)
was used to examine the sections. All of the histology
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descriptions of the midgut, epidermis, and neurochord were
performed qualitatively.

Enzyme activity and gene expression determinations

Five replicates x 10 earthworms were exposure to CYC at
0.10 (1/100 of the 14d-LCsq), 1.0 (1/10 of the 14d-LCs),
and 2.0 mg/kg g soil (1/5 of the 14d-LCsp) for 21 days to
determine the enzyme activity and gene expression changes.
At the 7-, 14-, and 21-day from exposure start, two earth-
worms were randomly collected from each beaker (a total of
10 earthworms were used for each treatment) and deprived of
food for 4 h before splitting them into two groups. One group
of three earthworms was washed with RNase-free water and
then stored at —80 °C for subsequent total RNA extraction
(DP431, RNAprep Pure Kit, Tiangen Biotech, China), cDNA
synthesis (G492, 5X All-In-One RT MasterMix Kit, Applied
Biological Materials Inc., Canada), and qRT-PCR (RR420A,
SYBR Premix Ex Taq Kit, TaKaRa Bio Inc., Japan) (Mu et al.
2015). The relative levels of gene expression were measured
in triplicate for each treatment, and the relative increases were
calculated using the 2~ method. The evaluated genes
were acyl carrier protein (ID: EW1-F1P04-C04, C04), hexos-
aminidase (ID: EW1-F2P14-D06, D06), neurological dys-
function gene (ID: EW1-F1P10-E08, E08), and signal trans-
duction gene (ID: EW1-F1P07-H02, H02). The primers used
in the present study are shown in Table S1 (Supporting infor-
mation), and (-actin was used as an internal control. The ther-
mal cycle was denaturation for 15 min at 95 °C, followed by
40 cycles at 95 °C for 10 s, annealing at 60 °C for 20 s, and
extension at 72 °C for 32 s.

The second group of three earthworms was individually
washed and homogenized on ice within pre-cooled phosphate
buffer (50 mmol/L, pH 7.8) in each tube and centrifuged at
5000 rpm, 5 min. The supernatant was transferred to new
tubes and centrifuged for another 10 min at 10000 rpm.
After 20-fold dilution, protein content of the final supernatant
was determined by the Bradford method using Bio-Rad dye
reagent and BSA as a standard. Protocols are provided by the
Bradford Protein Assay Kit (P0006, Beijing) of Beyotime
Company. Then, these diluted supernatants were used for
SOD, CAT, and AChE enzyme activity measurements accord-
ing to the assay kits A001-3, A007-1, and A024, respectively
(Nanjing Jiancheng Bioengineering Institute, China) (Wang
et al. 2015a). All of the enzyme activities are expressed in
enzyme units (EUs) per protein content for comparison, and
one EU was defined as the amount of enzyme that degraded
one unit of the substrate supplied with the kits.

Statistical analysis

All data are presented as the mean =+ standard deviation (SD).
During the tests, no significant poison and death was found in
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acetone control, so only earthworms from blank control were
used for the following indicator collection and discussion.

The LCs, was calculated by probit regression using SPSS
17.0 software. For the enzyme activities and relative levels of
gene expression, the mean =+ standard of each group was cal-
culated in Excel 2017 and then put into software GraphPad
Prism 6.0 to tell the differences between each treatment and
control using one-way ANOVA analysis method, followed by
a Dunnett’s multiple comparison test. The family-wise signif-
icance and confidence level was set at 0.05 (95% confidence
interval). One asterisk was labeled up the plotted bar in figures
when *p < 0.05 and two asterisks when **p <0.01.

Results
Analysis of CYC in test soil

During the 21-day exposure, the actual doses of CYC in arti-
ficial soil are shown in Table 1. The results showed that the
deviation of original dose of CYC was less than 20% at the
beginning of the test. As the exposure time increased, the
concentration of CYC in the soil decreased in a time-
dependent pattern. At the end of test, only 2.2—-12.6% of the
initial dosage was detected. In the present study, test soil was
not renewed during exposure. Thus, to avoid ambiguity, a
nominal dosage was used for the result expression and
discussion.

Acute toxicity and tissue damage of CYC to E. fetida

After exposure to CYC, dead earthworms were counted and
the LCso at 7 and 14 days was calculated to be 13.69 mg/kg,,
soil (11.52-16.82) and 10.21 mg/kggry soin (8.84-11.81),
respectively.

At sub-lethal concentrations of 0.30, 1.0, and 2.0 mg/
Kg4ry soil- CYC induced obvious tissue damage to earth-
worms (Fig. 2). The wall of the earthworm intestine con-
sists of an inner epithelial layer and a circular and longi-
tude muscular layer (1, 2, and 3 in CK in Fig. 2). After
14 days of exposure to CYC, the cuticle had broken holes
and underlying circular fibrosis, and longitudinal muscle

loss/hyperplasia was also observed. In the gut, the epithe-
lium showed hyperplasia and necrosis, accompanied by a
decrease in fold number. In the neurochord, epithelial cells
showed necrosis and the inner cells showed fibrosis, with
an unclear web structure and some tumor-shaped tissue.

Effects of CYC on enzyme activities

The effects of CYC on the specific activity changes of SOD,
CAT, and AChE are shown in Fig. 3. At day 7, the SOD activity
was significantly decreased to 41.3 and 69.9% of that of control
(2.0£0.1 U/mg pro.) level at 1.0 and 2.0 mg/kggy s At day
14, the specific activity of SOD in the control group was 1.4 +
0.1 U/mg pro and doubled to 2.6 + 0.3 and 2.9 +£0.3 U/mg pro
in the presence of CYC at 1.0 and 2.0 mg/kggry i1, Tespectively.
At day 21, a significant decrease was only found in the 1.0 mg/
Kg4ry soit group, but not after the other treatments.

CAT was less sensitive to CYC exposure. Compared with
the control group, no significant changes were found at day 7
and 14 in all groups, while only a significant 32.5% decrease
of the control (51.0+10.3 umol/mg min) was found in the
2.0 mg/kgary soil treatment group (34.4 £5.9 pmol/mg min) at
day 21. For AChE, the specific activity was significantly in-
creased by 52.1 and 51.6% of the control level (94.0 =
6.3 nmol/mg.min) at 1.0 mg/kgary soi (142.9£19.1 nmol/
mg min) and 2.0 mg/kggry soil (142.5+7.7 nmol/mg min) at
day 7, respectively, which was then obviously decreased to
82.8£9.3 nmol/mg min at 1.0 mg/kgyr, soi and 66.4
4.5 nmol/mg min at 2.0 mg/kgqr, i at day 21, representing
23 and 38.3% decreases of 107.5 + 15.2 nmol/mg min in the
control group. At day 14, no significant change was observed.

Effects of CYC on gene expression

The effects of CYC on the expression of gene Cat and Sod
were shown in Fig. 4. After 7 days of exposure to CYC,
expression of Cat was significantly upregulated to 2—3-fold
of the control value at 1.0 and 2.0 mg/kggr, soii and 3-fold
higher than that of the control at 0.10 and 1.0 mg/kgar, soil
on day 14. However, as the exposure time increased to
21 days, expression of Cat gene was significantly downregu-
lated to only 54.2, 45.4, and 21.5% of the control in the 0.10,

Table 1 Nominal and actual

doses of CYC in test soil during Nominal doses (ug/kg)  Actual doses in soil (ng/kg)
the 21-day exposure
0h 3 day 7 day 14 day 21 day
ck ND ND ND ND ND
100 80.5+£6.2 579427 194+£19 10.9+£2.3 5.1+24
1000 829.9+£39.1 654.8£26.2 212.2+9.0 140.8+37.9 125.6 £18.1
2000 1834.7+1274 1312.3+74.1 4343+39 269.6+31.4 188.0+62.7
ND not detected.
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Fig. 2 Transverse sections of
segments from the anterior region
of E. fetida after 14-day exposure
to CYC. The first column shows
the epidermis and muscles: CK:
1—normal epidermis surface;
2—normal cellular compartmen-
tation; 3—normal longitude mus-
cular cells and 0.3-2.0 mg/kgyy,
soil groups: 1—irregular epidermis
surface; 2—irregular cellular
compartmentation; 3—irregular
longitude muscular cells; 4—ir-
regular circular muscular cells.
The second column shows the
control (CK) and damaged guts:
I—irregular cell shape; 2—cyto-
plasm of sparse density; 3—ir-
regular shape and altered size of
nucleus; 4—cells disinterred. The
third column shows the control
(CK) and treated neurochord: 1—
sparse cells; 2—thinner cell walls;
3—swollen nodes; 4—cells
disinterred

0.30-Epidermis

1.0-Epidermis

2.0-Epidermis

1.0, and 2.0 mg/kgqyy, soit treatments, respectively. Expression
of Sod was significantly increased to 3- and 5-fold of that of
the control at 1.0 and 2.0 mg/kgry soit On day 7, 4-fold of that
of the control at 2.0 mg/kggy, soit 0n day 14 and 3-fold of that
of the control at 1.0 and 2.0 mg/kggyy <oii treatments on day 21.

The genes C04, EO8, and D06 are related to nerve dysfunc-
tion in earthworms, their relative expression level in earth-
worms after exposed to CYC were shown in Fig. 5.
Throughout the period of exposure to CYC, there was no
significant change in expression of C04. Expression of E08
and D06 was significantly increased with the increase of ex-
posure time and concentration. On day 21, the relative expres-
sion level of E08 was 2-, 5-, and 5-fold of the control value,
respectively, in the 0.10, 1.0, and 2.0 mg/kggry soi1 groups and
2-, 3-, and 4-fold for D06 under the same conditions.

@ Springer

0.30-Midgut 0.30-Neurochord

1.0-Neurochord

2.0-Midgut 2.0-Neurochord

Expression of H02 was significantly reduced to 20.2 and
16.1% of the control level on day 7 in the 1.0 and 2.0 mg/kg,,,
soil groups, respectively. When the exposure time increased to
14 days, this downward trend returned to the control level. On
day 21, 22.4 and 43.4% decreases were observed at two
higher doses, which were also significantly different (Fig. 5).

Discussion
Acute toxicity and tissue damage of neonicotinoids
According to the toxicity classification of chemicals on earth-

worms in the Chinese guideline (CNSMC, T 31270.15-2014"/
T 31270.15-2014), CYC has low toxicity (14d LCso > 10 mg/
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Fig. 3 Effects of CYC on the activities of enzyme SOD, CAT, and AChE
in E. fetida at different exposure time points

Kg4ry soit) towards earthworms. Compared to the published
data, the acute toxicity of CYC to E. fetida was similar to that
of thiacloprid but was less toxic than nitenpyram,
imidacloprid, acetamiprid, and clothianidin (Supplemental
Table S2). Two other new neonicotinoid insecticides,
paichongding and guadipyr, have quite low toxicity towards
earthworms, and their 14d LCsqs were 541.07 and > 100 mg/
Kg4ry soil, respectively (Wang et al. 2015a, Wang et al. 2015b,
Wang et al. 2012, Zhang et al. 2017). These differences are
mainly due to their various structural activities (Xu et al.,
2014a, b).

Histopathology is now a very popular and widely used tool
for environmental stress assessment studies at the cellular lev-
el (Muangphra et al. 2016). In the present study, after 14 days
of exposure under sublethal concentrations, CYC injured the
epidermal, gut, and neurochord of earthworms and some cells
disintegrated. Similar histopathological examinations have
been performed for imidacloprid and other neonicotinoids
(Wang et al. 2015b). Skin is the first barrier of earthworms
against external stresses, and contaminants in soil are mainly
absorbed by the gut in soil; thus, the damage to these tissues
would further affect survival or reproduction. Considering the
acute toxicity described in this study, CYC has a potential risk
to earthworms, and further studies should focus on its chronic
toxicity, such as to cell apoptosis, reproduction, and biomass
growth.

Neonicotinoids induce antioxidant defense
and neurotoxicity in earthworms

Exposure of earthworms to sublethal CYC concentrations in-
duced significant changes in all of the biomarkers studied.
Reactive oxygen species (ROS) often increase dramatically
in response to damage to cell function and organisms’ homeo-
stasis when environmental stress occurs (Sanchez-Hernandez
et al. 2014). During elimination of ROS, SOD and CAT are
two important antioxidant enzymes and are a first-line defense
against environmental stress. SOD alternately catalyzes the

Fig. 4 Effects of CYC on the 7D E 14D E 21D
relative gene expression of Cat
and Sod in E. fetida at different
ox : . 51 Cat 8 1
posure time points P » Sod
B 2
3 3
< <
4 =z
14 x
£ £
£ 2
s s
& 2

CK 0.1
Conc. of CYC (mg/Kg gy soi)

2.0 CK 01 10 20
Conc. of CYC (mg/kg 4y soil)
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Fig. 5 Effects of CYC on the relative gene expression of the AChE-related gene in E. fetida at different exposure time points

disruption of O” into O, or H,0,, which in turn is detoxified
by CAT into H,O and O, (Sanchez-Hernandez et al. 2014,
Zhang et al. 2015). SOD and CAT are common used as bio-
markers to study the toxicity of contaminants in mammals,
fish, insects, water fleas, plants, and so on (Kapoor et al.
2011, Qi et al. 2013, Song et al. 2009). Our results showed
that the SOD activity was initially decreased on day 7 and
increased on day 14 and then returned to the control level.
We assumed that SOD was inactivated by CYC on day 7
because it could not eliminate the vast accumulation of ROS
induced by CYC before its fast degradation in soil. Because
the doses of CYC significantly decrease after 7 days, the pro-
duction of ROS also decreased; therefore, SOD was activated
to remove the redundant ROS to maintain the balance in earth-
worms (Zhang et al., 2014). However, as another important
antioxidative enzyme, CAT is less sensitive but more effective
than SOD at eliminating the effects induced by CYC in earth-
worms, as CAT activity had no significant change on days 7
and 14 but was slightly inhibited at day 21. The formation of
ROS stimulated biosynthesis of SOD and CAT, that is, upreg-
ulated expression of Sod and Cat to protect cells against oxi-
dative damage (Zhang et al., 2014, 2017). Inhibition of SOD
and CAT corresponded to gene expression increases, which
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might be due to the excessive generation of ROS along with
the increase of the exposure time and concentrations and
might require additional enzymes to resolve the excess ROS
(Liu et al. 2012). These results showed that CYC was able to
induce antioxidant defenses in earthworms and that SOD and
CAT as well as Sod and Cat are all good biomarkers for indi-
cating CYC oxidative damage at acute or longer exposures in
earthworm.

Life activities are complex and organisms developed a se-
ries of mechanisms to defend against diseases and stresses in
the long evolution history. Oxidative stress defense is one of
the most important self-protection mechanisms and is closely
related to function of the nervous system (Federico et al.,
2012). The nicotinic nervous system has two principal sites
of insecticide action: the nAChR activated by neonicotinoids
and AChE inhibited by organophosphorus and
methylcarbamate compounds (Shao et al., 2013). AChE is a
commonly used biomarker for neonicotinoids as it terminates
signal transmission by hydrolyzing acetylcholine (ACh),
which binds to ACh receptors on the post-synaptic membrane
(Qi et al. 2018). In earthworms after exposed to CYC, AChE
activity increased on day 7 but decreased on day 14 at the
highest concentrations of 1.0 and 2.0 mg/kggry soil» Which is
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Fig. 6 Connectivity map of
possible toxicological effects and
mechanisms of action of CYC in
earthworm

CYC exposure
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Postsynaptic nAChR
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Oxidative Damage: SOD, CAT
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EW1-FIP10-E08
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Sod

EW1-F1P07-HO02 Cat

l

different from guadipyr (Wang et al. 2015a). We deduce
that during CYC binding with nAChRs, it caused ACh el-
evation in post-synaptic cells which activated AChE to
maintain the homeostatic level in cells. As exposure time
increase, the content of ACh is too high to eliminate in time
and leading to the inhibition on AChE. However, this hy-
pothesis needs more evidence in future. Signals transmitted
between nerves contain many pathways, which combined
together to maintain cell’s function. C04 is acyl carrier pro-
tein controlling gene and is involved in modulation of
GABAergic transmission; hexosaminidase plays important
roles in the degradation of ganglioside GM2 in neurons
(Zhang et al. 2014). Considering all findings in the present
study, CYC disturbed the gene expression and the pathways
related to antioxidant enzymes, stress responses, neurolog-
ical dysfunctions, calcium binding and signal transduction
(Fig. 6). We predict that CYC cause neurotoxicity in earth-
worms (Shao et al. 2013; Zhang et al. 2014).

Discovery of neonicotinoid insecticides is a milestone in
pesticide research and the fasted-growing leading to their very
huge market share and broad application (Han et al. 2018).
Chinese researchers also play significant force in the develop-
ment of neonicotinoids with novel mode of actions. CYC is a
brand new compound, and the acute toxicity to earthworm is

Neurological
Dysfunction

Response to
oxidative
stress

Signal

Transduction

5,

Toxicity risks to earthworm

important endpoint data for its further registration and envi-
ronmental risk assessment. Even though CYC induced toxic-
ity effects in earthworms, the lower toxicity than imidacloprid
and other commercial insecticides to non-target organisms still
promise it a good future.

Conclusion

This study is the first to demonstrate the toxic effects of a new
neoniotinoid insecticide, CYC, on a soil animal, earthworms.
Based on the results, the acute toxicity of CYC to earthworms
is low, but CYC induced significant tissue damage and oxida-
tive stress at sublethal dosages in longer exposures. In addi-
tion, CYC induced AChE activity changes and affected the
transcription of neuronal damage-related genes, indicating
possible neurotoxicity of CYC. CYC is a promising insecti-
cide in China, and work is proceeding on evaluating its envi-
ronmental behavior and characterization (Cui et al. 2016, Cui
etal. 2012, Liu et al. 2015a, Liu et al. 2015b), but knowledge
of its toxicological effects on non-target organisms is still
lacking. This report should be useful for the risk assessment
of CYC in soil ecosystems and may provide insight into tox-
icological research in the future.
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