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Abstract
Megaloptera larvae are important bioindicator species and potential resource insects. To further cultivate their economic 
role, their living environment must be examined in more detail. In this study, we analyzed the physiological and biochemical 
effects of a sublethal dose of imidacloprid, a widely used neonicotinoid insecticide, on the larvae of Protohermes xanthodes. 
After treatment with imidacloprid, P. xanthodes larvae exhibited clear symptoms of poisoning, including the head curling up 
toward the ventral surface. Additionally, the activity of acetylcholinesterase was significantly inhibited following exposure. 
The activities of glutathione S-transferases initially continuously increased but showed a slight decrease after 8 days. Catalase 
activity initially increased and then decreased following imidacloprid treatment; superoxide dismutase activity fluctuated 
over time, and peroxidase activity continuously increased. The expression levels of HSP70s genes were evaluated using 
qRT-PCR. These results indicate that P. xanthodes larvae exhibit a toxic response to imidacloprid exposure, manifested as 
oxidative stress, as observed through behavioral and physiological indicators.
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Megaloptera larvae are predatory insects living in freshwa-
ter environments. Species of the Corydalidae family may 
display a limited distribution and a high sensitivity to water 
pollution from human activities (Docile et al. 2016), mak-
ing them relevant bioindicator species for water quality and 
conservation (Rico-Sánchez et al. 2020; Contreras-Ramos 
et al. 2008, Rivera-Gasperín et al. 2019). Besides, Mega-
loptera larvae are used in some regions as a protein and 
polysaccharide-rich food resource, with antidiuretic effects 
(Shi et al. 2019).

Globally, neonicotinoids are the most widely used class 
of insecticides (Jeschke and Nauen 2008; Lexmond et al. 
2015). Among these, imidacloprid is one of the most exten-
sively used neonicotinoid pesticides (Bass et al. 2015). Con-
currently, the widespread use of imidacloprid has brought 

about numerous environmental issues (Pestana et al. 2009; 
Cloyd and Bethke 2011). Many studies indicate that neo-
nicotinoids persist in the environment for extended peri-
ods, with concentrations measured in ng/g in various farm 
fields (Li et al. 2017; Thompson et al. 2020). Imidacloprid 
is selectively toxic to insects, particularly aquatic larvae, 
due to their higher density of nicotinic acetylcholine recep-
tors and greater affinity for imidacloprid compared to adults 
(Matsuda et al. 2001; Maloney et al. 2021). Besides affect-
ing target organisms, imidacloprid can also disperse among 
non-target organisms (Cloyd and Bethke 2011; Sharma et al. 
2019; Singh and Leppanen 2020). Numerous researchers 
have shown that imidacloprid tends to leach into the soil 
and then into aquatic environments, and its continuous expo-
sure can lead to accumulation in aquatic organisms (Flores-
Céspedes et al. 2012; Adak et al. 2012; Frew et al. 2018).

Previous studies have shown that imidacloprid causes 
changes in the physiological indices in some non-target 
species (Vohra et al. 2014; Siregar et al. 2021; Seifert and 
Stollberg 2005). When female albino rats were orally admin-
istered 10 and 20 mg/kg of imidacloprid per day, there was 
a significant reduction in average feed intake in the high-
dose group, as well as a significant decrease in the relative 
weight of the heart and spleen (Vohra et al. 2014). Ge and 
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collaborators found that zebrafish induce oxidative stress 
and DNA damage when exposed to imidacloprid (Ge et al. 
2015). It has been observed that topical exposure to imi-
dacloprid (24 or 48 h) was more toxic to the stingless bee 
Scaptotrigona postica than a 24-h dietary exposure. This 
observation may be due to the presence of pesticides in the 
midgut following dietary exposure, which interact with vari-
ous enzymes involved in neonicotinoid metabolism (Soares 
et al. 2015). Roessink and collaborators discovered that 
prolonged exposure to imidacloprid in water exhibits sig-
nificant chronic toxicity to various aquatic insects (Roes-
sink et al. 2013). Sub-chronic exposure to imidacloprid has 
been investigated for its capacity to modify an organism’s 
physiological responses (Wang et al. 2016). The effects of 
imidacloprid on aquatic invertebrates were primarily on 
their nervous system, feeding behavior, and locomotion. 
For example, the feeding behavior of the shrimp Gammarus 
pulex was severely affected after experiencing exposure to 
imidacloprid at concentrations above 30 µg/L and could not 
be restored even 3 days after being transferred to clean water. 
However, at lower concentrations (0.81 ~ 9.0 µg/L), although 
no significant changes in feeding were observed, an increase 
in feeding was observed at the end of the exposure (Agatz 
et al. 2014). It was shown that imidacloprid inhibits cholin-
ergic synaptic excitability within the central nervous sys-
tem of snail Lymnaea stagnalis, further revealing its poten-
tial effects on the nervous system of aquatic invertebrates 
(Vehovszky et al. 2015).

Furthermore, oxidative damage biomarkers and antioxi-
dant enzymes have been extensively employed for evaluating 
the ecotoxicity of contaminants, including oxygen species 
(ROS), malondialdehyde (MDA), antioxidant enzymes, 
and stress proteins, as assessment tools for the toxicity of 
numerous xenobiotics. In response to the stress induced by 
imidacloprid, acetylcholinesterase within the synapse fails 
to metabolize imidacloprid within the postsynaptic nAChRs, 
leading to persistent nerve impulses that trigger oxidative 
stress (Martelli et al. 2020). Excessive accumulation of reac-
tive ROS in organisms leads to oxidative stress and lipid 
peroxidation, resulting in the production of MDA. Conse-
quently, MDA concentration reflects the ROS abundance to 
some extent (Chen et al. 2015). The concentration of ROS 
is regulated by various defense mechanisms, which encom-
pass several antioxidant and detoxifying enzymes, including 
superoxide dismutase (SOD), catalase (CAT), peroxidase 
(POD), and polyphenol oxidase (PPO) (Cheung et al. 2001; 
Maity et al. 2008; Chen et al. 2018). Therefore, the assess-
ment of MDA levels and enzyme activities can illustrate the 
deleterious effects of imidacloprid on the aquatic biological 
community.

The synthesis of heat shock proteins (HSPs) represents 
an adaptive response of organisms to external environ-
mental stressors and is ubiquitous throughout biological 

communities, with significant surges in heat shock protein 
synthesis occurring in cellular systems when organisms 
are exposed to environmental stressors, pathological con-
ditions, or physiological challenges (Sorger 1991; Roberts 
et al. 2010).

Environmental pollutants are agents that trigger the 
upregulation of HSP expression in aquatic organisms. Ele-
vated levels of various HSPs can be detected following expo-
sure to environmental contaminants, including pesticides, 
heavy metals, organic compounds, and others (Rhee et al. 
2009; Joseph and Raj 2011; Lee et al. 2006). The accumula-
tion of HSPs is related to the severity of stress, making HSPs 
suitable biomarkers for evaluating the response of biological 
communities to environmental and physiological stressors 
(Hightower 1991; Sanders 1993). In fish, HSPs are regarded 
as potential biological markers for assessing pesticide toxic-
ity (Joseph and Raj 2011).

It has been observed that when the Protohermes costalis 
(Megaloptera: Corydalidae) is exposed to cadmium (Cd), 
six HSPs belonging to the HSP70 family are synthesized, 
with PcosHSP68 showing upregulated expression in both 
exposed to 150 mg/L (PL) and 1000 mg/L (PH) CdCl2 treat-
ment. This finding highlights the involvement of HSP genes 
in the larvae of the Megaloptera group (Wen et al. 2022). 
Research on gene expression related to pesticides in Mega-
loptera larvae has exhibited a basis. Hence, the effects of 
toxic substances on organisms can also be inferred through 
the expression patterns of HSP genes. Here, we studied the 
toxic impacts of imidacloprid on Protohermes xanthodes 
(Megaloptera: Corydalidae) larvae and its effects on sur-
vival, detoxification, and antioxidant response to understand 
their physiological responses to a common insecticide.

Methods and materials

Chemicals and insects

Imidacloprid (70% purity) was obtained from Bayer Crop-
Science China Co. Ltd. The experimental kits employed in 
this study were of analytical grade and were procured from 
the Nanjing Jiancheng Bioengineering Institute (Jiangsu, 
China). The progenitors of all P. xanthodes larvae were 
gathered from the Emei River (Sichuan, China). These 
larvae were subsequently reared in a laboratory until they 
matured into adults, at which point they were conclusively 
identified as P. xanthodes (Liu et al. 2006). The final instar 
larvae, derived from the parents, were obtained from the 
breeding facility of Chongsheng Biotechnology Co. Ltd. 
for testing purposes. These final instar P. xanthodes larvae 
(referred to as “larvae” hereafter) were subjected to an accli-
matization period of 14 days in tanks within insect-rearing 
chambers, where environmental conditions included a water 
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temperature of 24 ± 1 °C, a 12-h light and 12-h dark cycle, 
and continuous oxygen. During this period, they were fed 
live shrimp Caridina sp. Following acclimatization, a selec-
tion of larvae was transferred to transparent tanks measuring 
44 cm × 30 cm × 25 cm, each containing 4 L of water. Each 
transparent tank housed twenty larvae, and a constant oxy-
gen supply was maintained in the water.

Determination of sublethal concentration

Imidacloprid was initially dissolved in water and diluted to 
various concentrations (1, 2, 4, 8, and 16 mg/L). The larvae 
were then placed into 4 L of imidacloprid solution at differ-
ent concentrations to determine the sublethal concentration 
of imidacloprid for larvae. Three replicates, each consisting 
of 20 larvae, were employed for each treatment group. An 
equivalent volume of water devoid of imidacloprid was used 
as a control group. Mortality rates were recorded at intervals 
of 0, 1, 2, 4, 8, and 16 days. Toxicity regression equations 
and LC50 values were calculated based on corrected mortal-
ity data using SPSS software. Toxicity regression equations 
and LC50 values were calculated based on mortality data.

Experimental design

Based on the results indicating the sublethal concentration, 
a concentration of 13.29 mg/L was selected for the experi-
ment. The larvae were raised in water tanks containing 4 L 
of imidacloprid solution. Each larva was individually housed 
in a separate, water-permeable container, allowing light 
penetration and preventing any conflicts among them. An 
equivalent volume of water devoid of imidacloprid was used 
as a control group. Both the pesticide-treated and control 
groups underwent three replications, each with 40 larvae. 
The experiments were conducted under controlled labora-
tory conditions, maintaining a temperature of 24 ± 1 °C and 
a 12-h light and 12-h dark cycle for 16 days. During the 
experiment, the imidacloprid solution was refreshed with a 
new one every 2 days.

Recording of poisoning symptoms

Larvae were collected at various times. Symptoms were 
immediately recorded following the collection of larvae. 
In previous observations of their behavior, it was found 
that larvae exposed to external physical stimuli outwardly 
show marked curling self-defense behavior. When larvae 
are exposed to imidacloprid, it may cause a blockage of 
normal nerve conduction, leading to persistent stimula-
tion, which results in persistent curling behavior. During 

our observations, we recorded the larvae’s physical condi-
tion after stimulation, assessed the degree of curling, and 
recorded their behavioral responses.

Assays of physiological indicators

After the recording of poisoning symptoms, collected lar-
vae were frozen at − 80 °C. After sample collection, each 
replicate was weighed and then pulverized into a powdered 
state using a mortar under ice water bath conditions. Fol-
lowing this, phosphate-buffered saline (PBS) was added to 
the tube at a ratio of nine times (mass-to-volume, g/ml), and 
the mixture was thoroughly mixed. The resulting homogen-
ate was centrifuged at 2500 r/min for 10 min at 4 °C, and 
the supernatant was used to measure MDA content, enzyme 
activity, and protein concentration. All physiological indi-
cators were measured using kits from Nanjing Jiancheng 
Biotechnology Research Institute Co., Ltd. (Jiangsu, China). 
The kits numbers used were A024-1–1, A003-1–2, A001-
3–2, A007-1–1, A084-1–1, and A004-1–1. Measurements 
were performed according to the steps shown in the instruc-
tions. The numerical units represent the specific activity of 
the enzyme, with U/mg being the number of units of enzyme 
activity per milligram of protein, and nmol/mg is the amount 
of the substance per milligram of protein. The results were 
taken as the mean of three replicates with three larvae per 
replicate.

Expression pattern analysis of HSP70s

Larvae were collected at specified time points, namely 0, 1, 
and 3 days post-imidacloprid treatment, and subsequently 
frozen at − 80 °C. At each time point, three replicates were 
sampled for testing with three larvae in each replicate.

Primers (Table 1) were designed as in the study of Wen 
et al. (2022) on Protohermes costalis and validated by Per-
sonal Biotechnology Co., Ltd (Shanghai, China).

Reverse transcription was performed by mixing 1 µg of 
total RNA with 1 µL of Oligo(dT), 1 µL of 10 mM dNTPs, 
and RNase-free dH2O was added to a volume of 10 µL. The 
mixture was incubated at 65 °C for 5 min, and then the fol-
lowing reagents were added: 4 µL of fivefold one-chain reac-
tion buffer, 0.5 µL RNase inhibitor (40 U/µL), 1 µL MMLV 
RT (200 U/µL), and RNase-free dH2O up to 20 µL. This 
mixture was incubated at 42 °C for 30–60 min. Finally, the 
reaction was heated at 95 °C for 5 min to end the reaction 
and placed on ice for subsequent experiments (Wen et al. 
2022).

RT-qPCR was conducted utilizing a PikoReal 96-well 
PCR system (Applied Biosystems, USA) with a final reaction 
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volume of 10 µL, comprising 5 µL of 2 × SYBR real-time PCR 
premix (Personalbio, China), 0.4 µL of each primer (10 µM), 1 
µL of sample cDNA, and RNase-free dH2O added to reach a 
total volume of 10 µL. The cycling parameters were as follows: 
initial denaturation at 95 °C for 5 min, followed by 40 cycles, 
each consisting of 15 s of denaturation at 95 °C and 30 s of 
annealing at 60 °C. α-tubulin and β-tubulin were utilized as 
reference genes as in P. costalis (Bustin et al. 2009). Three 
biological replicates were conducted for each RT-qPCR reac-
tion. A negative control reaction, lacking a template, was per-
formed using DEPC water. The relative quantification of gene 
expression was performed using the 2−ΔΔCt method (Livak and 
Schmittgen 2001).

Statistical analysis

All statistical analyses were conducted using the SPSS soft-
ware. Prior to parametric tests, a variance chi-square test was 
performed. Independent samples t-test was employed to assess 
differences between the treated and control groups concern-
ing enzyme activity and MDA content. One-way analysis of 
variance (ANOVA) and LSD multiple comparison tests were 
used to determine significant differences between groups when 
analyzing enzyme activities and MDA levels at different time 
points after exposure to imidacloprid. Gene expression was 
analyzed by ANOVA, while normal distribution and homoge-
neity of variance were confirmed through Shapiro–Wilk and 
Levene tests, respectively. Data are expressed as mean ± stand-
ard error (SE). A significance level of p < 0.05 was considered 
statistically significant, while p < 0.01 was deemed statistically 
highly significant. All results are presented as mean ± standard 
error (SE) from three replications.

Results

Toxicity

Imidacloprid exhibited lower toxicity to the larvae of P. xan-
thodes during shorter stress durations (up to 4 days) and 
higher toxicity to the larvae during longer stress durations 
(8 days or more). The toxicity regression equation for the 
16-day period was determined to be y =  − 1.619 + 0.122x 
(X2 = 1.360; p < 0.01). Utilizing the toxicity regression 
equation, the LC50 for the sublethal concentration of imi-
dacloprid was calculated to be 13.288 mg/L, with a 95% 
confidence interval ranging from 11.262 to 16.435 mg/L 
(Table 2).

Poisoning symptoms

At the initial exposure stage, the larvae of P. xanthodes did 
not exhibit significant reactions to imidacloprid. However, 
4 days after being exposed to imidacloprid, the larvae dis-
played evident signs of toxicity (Table 3). Following 8 days 
post-treatment, the larvae exhibited a characteristic behavior 
where the head was curled upward toward the ventral surface 
(Fig. 1). Nonetheless, the control group maintained a con-
sistent state at each time point, resembling the condition of 
the larvae when initially exposed to imidacloprid (0 days).

AChE activity

At 0 days of imidacloprid exposure, there was no significant 
change in acetylcholinesterase activity compared to the con-
trol group (p > 0.05). However, after 1, 2, 4, 8, and 16 days 
of exposure to imidacloprid, acetylcholinesterase (AChE) 
activity was significantly inhibited (p < 0.05 and p < 0.01) 
compared to the control group (Fig. 2). An ANOVA demon-
strated that varying durations of imidacloprid exposure sig-
nificantly inhibited acetylcholinesterase activity (p < 0.05) 
(Table 3). The activity of AChE on day 2 showed a gradual 
increase compared to day 1 but was significantly inhibited 
again (p < 0.01) over the course of treatment, with the low-
est activity observed on day 16 (Fig. 2 and Table 4). This 

Table 1   Primer design

Primer Sequence (5′ to 3′)

PxanHSP68F GAA​ACG​ATT​CGC​ACC​GGA​AG
PxanHSP68R AAG​ACG​TTC​AGA​CCG​GCA​AT
PxanHSP70-1F CCT​TCG​ACG​TCT​CGA​TCC​TG
PxanHSP70-1R GAC​GCA​ACG​CTC​TCT​TGT​TG
PxanHSP70-2F TCG​TGT​GTT​GGT​GTA​TGG​CA
PxanHSP70-2R CGT​TTC​GCG​TCG​AAA​ACA​GT
PxanHSP70-3F CGT​CCA​AAC​ATC​TCA​GGG​TGA​
PxanHSP70-3R TTT​GTA​GCT​TGC​CGT​TGT​GC
PxanHSP70-4F GGA​GAA​GAC​TGC​AAC​CGA​CA
PxanHSP70-4R CGT​ATC​TGC​TCG​TAC​GCC​TT
PxanHSP70-5F ATT​GGC​ATC​GAT​TTG​GGC​AC
PxanHSP70-5R CTG​GCA​TTC​CAA​CTA​GCC​GT
α-tubulinF TGG​CAG​GTT​CAA​AAC​AAG​CG
α-tubulinR TCG​ATG​GTG​CCC​TCA​ATG​TT
β-tubulinF AAG​GAA​GCC​GAA​TCA​TGC​GA
β-tubulinR CGG​ATA​CTT​TTG​GCG​AGG​GT

Table 2   Mortality rate of Protohermes xanthodes larvae in sub-acute 
toxicity tests, expressed as the average of three replicate groups

Viscosity 1 d 2 d 4 d 8 d 16 d

1 mg/L 0.0% 0.0% 0.0% 0.0% 2.5%
2 mg/L 0.0% 5.8% 8.3% 10.0% 12.5%
4 mg/L 0.0% 0.0% 5.0% 10.9% 16.7%
8 mg/L.A 1.09% 9.2% 15.0% 20.8% 42.5%
16 mg/L.A 1.7% 6.7% 13.3% 35.8% 53.3%
Control group (water) 0.0% 0.0% 0.0% 0.83% 0.83%
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indicates that exposure duration is a key factor influencing 
acetylcholinesterase activity in the larvae of P. xanthodes.

GST activity

Following imidacloprid exposure, glutathione sulfotrans-
ferase (GST) activity showed no significant change during 
day 1 compared to the control (p > 0.05). However, GST 

activity was significantly increased after 2 days of expo-
sure compared to controls (p < 0.01), with the lowest activ-
ity observed on day 8 (Fig. 3). ANOVA analysis revealed 
that different exposure times significantly affected GST 
activity (p < 0.05). GST exhibits a similar trend in activity 
to CAT. However, peak GST activity occurred at 8 days, 
which was 4 days later than the observed change in CAT 
activity (Figs. 3 and 4 and Table 4).

Table 3   Toxicity status of the larvae of P. xanthodes under the stress of imidacloprid at different times

As a result of the observations in the transparent tanks, at least 15 of the 20 larvae in each group showed the same behavior

(d) Body state after stimulation Poisoning behavior

0 The body visibly curls after stimulation and immediately recovers 
afterward

The leg and the hook on the terminal segment of the abdomen cling 
to the inner wall of the container

It crawls quickly after leaving the water
1 The degree of body curl decreases after stimulation The leg does not cling to the inner walls of the container; only the 

hook latches onto the wall of the container
It crawls quickly after leaving the water

2 It is unable to curl properly after stimulation The leg does not cling to the inner walls of the container; only the 
hook latches onto the wall of the container

After leaving the water, it moves slowly and is able to crawl at an 
even slower speed after about 10 s

4 After stimulation, there is no significant response; only the abdomen 
can contract slightly

Neither the leg nor the hook clings to the inner walls of the container
After leaving the water, it moves slowly and can crawl even more 

slowly after about 30 s
8 The body is paralyzed, exhibiting only slow movements of the feet, 

palate, and lips, while the head is curled up toward the ventral 
surface. After stimulation, there is no significant response

Neither the leg nor the hook clings to the inner walls of the container
After leaving the water, there is no movement; however, the leg man-

ages to crawl for about 30 s, unable to move the body
16 The body is paralyzed, with the head curled up toward the ventral 

surface
After stimulation, there is no significant response

Neither the leg nor the hook clings to the inner walls of the container
After leaving the water and being unable to move, the hind feet, pal-

ate, and lips exhibit slow movements for about 30 s

Fig. 1   Symptoms of larval 
response to stimuli at different 
poisoning times. a The state in 
the water and b the state after 
being stimulated by a dissecting 
needle. Ruler = 1 cm. As a result 
of the observations in the trans-
parent tanks, at least 15 of the 
20 larvae in each group showed 
the same behavior
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Antioxidant enzyme activity and MDA content

The CAT activity in larvae significantly increased after 2 and 
4 days of imidacloprid exposure (p < 0.01) and continued to 
rise significantly (p < 0.05) after 8 and 16 days of treatment 
compared to the control (Fig. 4A). ANOVA results dem-
onstrated a significant effect (p < 0.05) of various exposure 
durations on CAT activity, which exhibited an increasing 
trend followed by a decrease, peaking at 4 days post-imida-
cloprid exposure (Table 4).

SOD activity significantly increased (p < 0. 01) at 
4 days post-exposure compared to the control, while it 
was suppressed (p < 0.05 and p < 0.01) at other time points 
following exposure (Fig. 4B). ANOVA analysis indicated 
significant effects (p < 0.05) of different exposure dura-
tions on SOD activity. AChE activity increased over time, 

then decreased and was inhibited after 4 days of imidaclo-
prid exposure (Table 4).

POD activity in larvae significantly increased (p < 0.01 
and p < 0.05) after 1 day of treatment following exposure 
to imidacloprid (Fig. 4C). ANOVA analysis revealed that 
different exposure times significantly (p < 0.05) affected 
POD activity. After 1 day, POD activity in the treated 
group increased (p < 0.05) with more prolonged exposure, 
peaking after 16 days (Table 4).

The MDA content in larvae increased (p < 0.01 and 
p < 0.05) after 1  day of treatment post-imidacloprid 
exposure (Fig. 4D). ANOVA results indicated that dif-
ferent exposure times (p < 0.05) significantly influenced 
imidacloprid-induced MDA content. As exposure time 
increased, MDA content in the treated group significantly 
rose after 1  day of imidacloprid exposure, peaking at 
16 days post-exposure (Table 4).

HSP70 expression in response to imidacloprid 
exposure

PxanHSP68 expression levels were significantly lower 
in the day 2 imidacloprid-treated group and significantly 
higher in the day 3 group, compared to the control group. 
PxanHSP70-1 expression levels were higher in both day 
2 and day 3 imidacloprid-treated groups, but the differ-
ence was not significant in the day 2 group. PxanHSP70-2 
expression levels were significantly lower in both day 2 
and day 3 imidacloprid-treated groups compared to the 
control group. PxanHSP70-3 expression levels were lower 
in the day 2 imidacloprid-treated group and significantly 
higher in the day 3 group compared to the control group. 
PxanHSP70-4 expression levels were higher in both day 2 
and day 3 imidacloprid-treated groups, though the differ-
ence in the day 2 group was not significant. PxanHSP70-5 
expression levels were significantly higher in both day 2 
and day 3 imidacloprid-treated groups compared to the 
control group (Fig. 5).

Fig. 2   Effects of imidacloprid on the AChE activity of P. xanthodes 
Each bar represents the mean of three replicates, and the error bars 
represent the standard deviation (SD). Significant values (*p < 0.05; 
**p < 0.01) refer to the difference between exposed samples and the 
controls. U/mg protein means the number of units of enzyme activity 
per milligram of protein

Table 4   Toxicity status of the larvae of P. xanthodes under the stress of imidacloprid at different times

Data are expressed as mean ± SE of three replicates. Different superscript letters (a, b, c, and d) indicate statistical differences between groups at 
the p < 0. 05 level in the same column

(d) AChE (U/mg protein) GST (U/mg protein) CAT (U/mg protein) SOD (U/mg protein) POD (U/mg protein) MDA (nmol/mg protein)

0 0.348 ± 0.014a 55.616 ± 2.339d 11.186 ± 0.836d 98.480 ± 0.580b 0.547 ± 0.023d 2.155 ± 0.055d

1 0.243 ± 0.016c 61.853 ± 3.978 cd 11.633 ± 1.206 cd 85.910 ± 3.359c 0.640 ± 0.008c 2.007 ± 0.032d

2 0.290 ± 0.007b 69.690 ± 3.764c 14.266 ± 0.547b 79.483 ± 4.195c 0.714 ± 0.017c 2.719 ± 0.049c

4 0.266 ± 0.012bc 87.633 ± 3.158b 18.953 ± 1.542a 109.803 ± 2.494a 0.805 ± 0.023b 3.034 ± 0.067b

8 0.193 ± 0.017d 99.033 ± 4.051a 13.433 ± 0.996bc 85.560 ± 1.897c 1.020 ± 0.044a 3.688 ± 0.096a

16 0.182 ± 0.009d 80.680 ± 1.849b 11.370 ± 1.038d 80.283 ± 2.235c 1.052 ± 0.038a 3.818 ± 0.118a
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Discussion

Neonicotinoids present significant risks to numerous aquatic 
and terrestrial animals, with imidacloprid being the most 
extensively studied neonicotinoid thus far (Morrissey et al. 
2015; Rico et al. 2018). Megaloptera larvae are sensitive 
to water pollution and are widely used as bioindicators for 
assessing freshwater ecosystem quality (Romero et al. 2021; 
Wen et al. 2022). Consequently, our study focused on inves-
tigating the toxicity of imidacloprid to larvae and the result-
ing physiological changes.

The impacts of pesticides are commonly assessed through 
traditional laboratory ecotoxicology studies designed to pro-
vide data for setting water quality standards and establishing 
safe pollutant concentrations (Walker et al. 2001). P. xan-
thodes larvae exposed to lower concentrations (1 mg/L) of 
imidacloprid exhibited a significant toxic response 16 days 
post-exposure, yet only a few perished after 16 days. Lar-
vae exposed to higher concentrations (8 mg/L or more) of 
imidacloprid displayed a clear toxic response after 4 days of 
exposure, with almost half dying after 16 days. Compared to 
larvae of other aquatic insects, P. xanthodes larvae demon-
strated remarkable resistance (Huang et al. 2021a, b; Focks 
et al. 2018; Cavallaro et al. 2017). This phenomenon might 
be associated with the size of P. xanthodes larvae or poten-
tially linked to the route of exposure (Xie and Buchwalter 
2011). In our study, after 2 days of exposure to imidacloprid, 
the vitality of P. xanthodes larvae was significantly reduced, 
impairing their ability to function normally. This phenom-
enon could be attributed to the possibility that imidacloprid 

insecticide leads to decreased neural conduction (Parkin-
son et al. 2020; Parkinson and Gray 2019; Wei et al. 2020). 
After 4 days of exposure to imidacloprid, P. xanthodes lar-
vae continually curled their bodies, resembling the defen-
sive curling seen in death-feigning behavior when stimulated 
(Humphreys and Ruxton 2018; Skelhorn 2018; Rogers and 
Simpson 2014). This phenomenon may be attributed to the 
binding of imidacloprid to nAChRs, leading to sustained 
conduction of nerve impulses (Topal et al. 2017; Cartereau 
et al. 2021). The phenomenon of a noticeable initial increase 
in MDA content was observed on day 2 post-imidacloprid 
exposure, coinciding with the onset of the decline in larval 
viability. This increase may be due to the damage caused 
by excess ROS to biological systems (Toyokuni 1999; Juan 
et al. 2021).

Acetylcholinesterase is an enzyme that catalyzes the 
hydrolysis of acetylcholine and, as such, plays a role in regu-
lating a variety of functions in organisms, including nerve 
and muscle activity (Hemingway et al. 2004; Vidal-Albalat 
et al. 2023). Exposure to pesticides can activate AChE in 
organisms; therefore, AChE can serve as a biomarker for 
detecting pesticide residues in the environment (Sheets et al. 
2016; Fulton and Key 2001; Moreira et al. 2001; Yadav et al. 
2009). In this study, 2 days after treatment, AChE activity in 
the larvae was significantly inhibited compared to the con-
trol group. This phenomenon suggests that sublethal doses 
of imidacloprid may have deleterious effects on the metabo-
lism of P. xanthodes larvae (Boily et al. 2013). However, 
there was a slight increase in AChE activity at 4 days of 
exposure compared to 2 days of exposure. This phenom-
enon may be due to the binding of imidacloprid to nicotinic 
receptors of insects (Li et al. 2017). The activity of AChE 
was significantly inhibited compared to the control group, 
and concurrently, MDA content increased at the same time 
point following imidacloprid exposure. This trend mirrors 
the reaction observed in the crayfish Procambarus clarkii. It 
is possible that the activation of imidacloprid induces AChE 
inhibition and oxidative stress (Huang et al. 2021a, b). We 
advocate for further investigation of the effect of imidaclo-
prid on acetylcholinesterase in P. xanthodes larvae.

Previous studies have shown that neonicotinoids induce 
DNA damage, protein oxidation, and lipid peroxidation 
in organisms by inhibiting mitochondrial respiration and 
increasing reactive oxygen species (ROS) production (Xu 
et al. 2022; Wang et al. 2018). Antioxidant enzymes are 
the first line of defense against free radicals in organisms, 
and they work synergistically to protect cells from excess 
reactive oxygen species (ROS) from endogenous metabo-
lism and the external microenvironment (Rodriguez et al. 
2004; Galasso et al. 2021). Antioxidant enzymes like super-
oxide dismutase, catalase, glutathione transferase, and glu-
tathione reductase are well-characterized in insects (Felton 
and Summers 1995; Wang et al. 2001). Previous research 

Fig. 3   Effects of imidacloprid on the GST activity of P. xanthodes. 
Each bar represents the mean of three replicates, and the error bars 
represent the standard deviation (SD). Significant values (*p < 0.05; 
**p < 0.01) refer to the difference between exposed samples and the 
controls. U/mg protein means the number of units of enzyme activity 
per milligram of protein
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has shown that oxidative stress can affect these antioxidant 
enzymes (He et al. 2017). Mild oxidative stress stimulates 
enzyme activity to aid in eliminating reactive oxygen radi-
cals, whereas severe oxidative stress disrupts the organ-
ism’s metabolic mechanisms, thereby inhibiting antioxidant 
enzyme activity (Siddique et al. 2007; Wang et al. 2016; 
Jameel et al. 2019).

In this study, we assessed the activity of several anti-
oxidant enzymes, glutathione sulfotransferase, superox-
ide dismutase, catalase, and peroxidase in P. xanthodes 
larvae at various time points post-imidacloprid exposure. 
Glutathione S-transferase (GST) is a vital secondary phase 
enzyme involved in numerous biological processes and vari-
ous detoxifying functions against toxic substances (Ranson 
and Hemingway 2005; Meng et al. 2023). GST is involved 

Fig. 4   Effects of imidacloprid on the antioxidant activity and MDA 
content of P. xanthodes. Each bar represents the mean of three rep-
licates, and the error bars represent the standard deviation (SD). Sig-
nificant values (*p < 0.05; **p < 0.01) refer to the difference between 
exposed samples and the controls. A Effects of imidacloprid on the 
CAT activity of P. xanthodes. B Effects of imidacloprid on the SOD 
activity of P. xanthodes. C Effects of imidacloprid on the POD activ-

ity of P. xanthodes. D Effects of imidacloprid on the MDA content of 
P. xanthodes. Each bar represents the mean of three replicates, and 
the error bars represent the standard deviation (SD). Significant val-
ues (*p < 0.05; **p < 0.01) refer to the difference between exposed 
samples and the controls. U/mg protein means the number of units of 
enzyme activity per milligram of protein, and nmol/mg protein is the 
amount of the substance per milligram of protein
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in insecticide resistance (Tao et al. 2022). GST breaks down 
insecticides into water-soluble compounds that are easily 
excreted, using reductive dechlorination or glutathione 
reactions (Enayati et al. 2005). GST active site binding, fol-
lowed by conjugation with GSH, participates in detoxifica-
tion, playing a significant role in insect immune responses 
(Kostaropoulos et al. 2001a, b). This enzyme can be used 
as an indicator to assess neonicotinoid toxicity (Mörtl et al. 
2020). In this study, glutathione sulfotransferase (GST) 
activity significantly increased on day 2 post-imidacloprid 
exposure, continued to rise until peaking at day 8, and then 
slightly decreased. The observed increase in GST activity 
post-exposure was similar to that seen in the coding moth 
Cydia pomonella and Apis mellifera honey bees (Yang and 
Zhang 2015; Tavares et al. 2017; Dussaubat et al. 2016). 
Based on current toxicity studies, we found that P. xanthodes 
larvae exhibit extreme resistance to imidacloprid compared 
to other aquatic insect larvae, showing insensitivity to low 
pesticide concentrations. This increased resistance might be 

attributed to heightened GST activity following stress expo-
sure (Yang and Zhang 2015). The trends of GST activity, 
POD activity, and MDA concentration changes are similar, 
indicating that GST may play a role in eliminating ROS (Liu 
et al. 2022).

Superoxide dismutase (SOD) catalyzes the disproportion-
ation of superoxide anions to produce oxygen and hydro-
gen peroxide, which plays a vital role in the oxidative and 
antioxidant homeostasis in organisms. The results showed 
that SOD activity was significantly reduced on days 1, 2, 8, 
and 16 after treatment with imidacloprid. It suggests that 
imidacloprid may inhibit SOD biosynthesis in P. xanth-
odes larvae. This result aligns with reports of significantly 
decreased SOD activities in thrips and aphids following imi-
dacloprid exposure (Li et al. 2018; Zhang et al. 2020a, b). 
However, SOD activity peaked on day 4 and showed a sig-
nificant increase in comparison with the control group. This 
result aligns with findings in Galleria mellonella (Yucel and 
Kayis 2019). The decline in SOD activity may indicate the 

Fig. 5   Expression profile of PxanHSP70s under imidacloprid stress. 
The relative expression levels were normalized with the expres-
sion levels of β-tubulin. Error bars showed the standard errors of the 

means of three biological replicates. Furthermore, significant differ-
ences are marked with letters (p < 0.05, one-way ANOVA). All values 
are mean ± SE
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generation of excess ROS during early exposure, surpassing 
SOD’s processing capacity, and the excess O2 may inhibit 
SOD synthesis (Wang et al. 2016; Siddique et al. 2007). The 
decrease in SOD activity could be related to excess ROS, 
which may cause changes in enzyme synthesis, inactivation, 
or alter its subunit assembly (Shalini Verma 2003; Batista-
Silva et al. 2019; Jameel et al. 2019).

SOD catalyzes the conversion of O2 to H2O2, and then 
catalase (CAT) and peroxidase (POD) are involved in further 
detoxification. CAT promotes the decomposition of H2O2 
into oxygen molecules and water, removes hydrogen perox-
ide from the body, and thus protects the cells from the toxic-
ity of H2O2, and is a key enzyme in the biodefense system 
(He et al. 2017). In the study, the trend of the activity of 
CAT continuously increased after 1 day of exposure to imi-
dacloprid until it peaked at 4 days and then decreased. This 
phenomenon is similar to that of zebrafish after exposure 
to imidacloprid (Ge et al. 2015). Moreover, the activity of 
SOD also peaked at 4 days. Trends of SOD activity varia-
tion showed a similar increase and then decrease with CAT. 
This phenomenon may be related to the synergistic action of 
SOD and CAT. The antioxidant reaction catalyzed by SOD 
produces an excess of hydrogen peroxide. Consequently, to 
achieve the balanced state of hydroxyl radicals in the larvae, 
there is an increased stress-induced CAT activity (Zhang 
et al. 2013; Lv et al. 2021). After peaking, the viability of 
CAT decreased; however, it was still significantly higher 
compared to the control group. These results may be attrib-
uted to a decrease in SOD activity. Imidacloprid induces oxi-
dative stress and alters the antioxidant defense mechanism of 
POD, which plays a role in resistance to lipid peroxidation 
(Wang et al. 2015; Ahmad et al. 2011; Hormozi et al. 2018).

POD has the dual effect of eliminating hydrogen peroxide 
and phenolamine toxicity. POD works in synergy with other 
antioxidant enzymes to scavenge excessive oxidative free 
radicals in the body, thus increasing the stress tolerance of 
the organisms (Li et al. 2013; Saleem and Afsheen 2022). In 
this study, POD activity continuously increased throughout 
the imidacloprid exposure period. This increase suggests 
that POD activity is stimulated when organisms are exposed 
to imidacloprid, acting as a defense mechanism (Fan et al. 
2021; Dampc et al. 2020).

In this study, SOD activity and MDA content exhibit 
similar trends in their changes; this phenomenon could be 
related to the POD-eliminated ROS and MDA through the 
antioxidant defense response (Lv et al. 2022), POD may play 
a role in the resistance to lipid peroxidation.

Pesticide-induced oxidative stress is caused by ROS (Sule 
et al. 2022). MDA is one of the most important products of 
membrane lipid peroxidation, which can reflect the level of 
peroxidation of biological lipids, the level of ROS, and the 
degree of trauma to cell tissues (Chen et al. 2015; Zhang 
et al. 2020a, b). Imidacloprid can induce ROS triggering 

neurological and metabolic impairments in Drosophila 
(Martelli et al. 2020). In this study, there was no change in 
MDA content 1 day after exposure to imidacloprid. How-
ever, a significant increase was observed, which continued 
to rise after 2 days of treatment compared to the control. 
This phenomenon may be associated with changes in 
ROS and enzyme-related antioxidant responses (Wu and 
Liu 2012; Wang et al. 2016). ROS accumulation gradu-
ally increased MDA content in organisms with prolonged 
treatment (Balieira et al. 2018). Increased MDA showed 
that imidacloprid-induced lipid peroxidation in the larvae 
of P. xanthodes. ROS can cause membrane lipid peroxida-
tion and induce many negative effects (Balieira et al. 2018; 
Bhattacharyya and Datta 2001; Bálint 2021). These results 
confirm that MDA has an indicative effect on P. xanthodes 
larvae under sublethal imidacloprid stress. The impacts of 
imidacloprid on non-target organism aqueous environments 
have been extensively studied. imidacloprid has been shown 
to inhibit enzyme activities in Eriocheir sinensis (Hong et al. 
2020). Several reports indicate that oxidative stress and tis-
sue damage are induced in zebrafish in aquatic environments 
(Luo et al. 2021). In particular, imidacloprid shows different 
toxicity to aquatic insects such as Chironomus riparius and 
Choroterpes (Euthralus) yixingensis and can cause oxida-
tive stress in the individuals of those species (Njattuvetty 
et al. 2018; Guan et al. 2021). In our study, P. xanthodes 
larvae exhibited a toxic response to imidacloprid exposure, 
evidenced by oxidative stress and indicated by behavioral 
and physiological markers (Bernabò et al. 2017; Lee et al. 
2006). In the experiment, the activity of MDA continuously 
increased during the stress period, while most of the enzyme 
activities tended to decrease after reaching the peak. This 
finding could indicate that the systems that maintain these 
enzymes have been damaged due to excessive ROS damage, 
implying that the P. xanthodes larvae will die after a certain 
amount of imidacloprid stress, even if the stress stops.

Wen and collaborators identified six heat shock pro-
teins (HSPs) in the HSP70 family in P. costalis (Wen et al. 
2022). In the study, the expression levels of PxanHSP68 
and PxanHSP70-3 exhibited trends similar to the changes 
in stress duration, while PxanHSP70-1, PxanHSP70-4, and 
PxanHSP70-5 showed significant time-dependent expres-
sion changes. Notably, fluctuations in the expression lev-
els of PxanHSP68, PxanHSP70-2, and PxanHSP70-5 were 
greatest at 1 day and 3 days of stress, compared to the 
unstressed state (0 days). Similar to species like the beetle 
Leptinotarsa decemlineata, fly louse Sogatella furcifera, 
and clams Corbicula fluminea, a response to imidaclo-
prid was also observed. The relative expression levels of 
HSP70 varied, but the relationships between different spe-
cies require further study (Dumas et al. 2019; Zhou et al. 
2018; Shan et al. 2019). Overall, the expression levels of 
all genes were elevated, except for the reduced expression 
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level of HSP70-2. MDA content consistently increased 
during the same stress time; the activities of GST, CAT, 
and POD had a similar trend. This might suggest that 
ROS damage did not lead to the misfolding of most of the 
genes under a short period (within 3 days) of imidacloprid 
stress, but on the contrary, these genes were involved in 
the immune response. Whereas the trend of HSP70-2 was 
similar to that of SOD, this decrease may signify protein 
misfolding due to ROS damage, which suggests some kind 
of synergistic effect between HSP70-2 and SOD. In con-
clusion, there are too few studies related to this taxon in 
the order of Megaloptera, and more data is required to 
support our hypotheses.

Imidacloprid, one of the most widely used insecticides 
and highly soluble in water, has led to significant resi-
dues in aquatic environments due to its widespread use. 
Aquatic insects are often used as indicator organisms for 
pollution in aquatic environments, and the stress adapta-
tion mechanisms of physiological indicators under pes-
ticide stress have been extensively researched. However, 
as an aquatic insect sensitive to water quality, the stress 
resistance mechanism of Megaloptera to pollutant stress 
has been poorly studied. This study’s toxicological char-
acterization and physiological response analysis of P. xan-
thodes larvae after exposure to sublethal concentrations of 
imidacloprid reveal high resistance to the pesticide, with 
significant responses only under prolonged exposure to 
high concentrations.

This finding suggests that the adverse effects of envi-
ronmental neonicotinoid pesticide residues on Megalop-
tera insects might involve a long-term process or depend 
on accumulation through the food chain. The impact of 
environmental pesticide residues on Megaloptera insects 
requires further study. Additionally, as Megaloptera insects 
are valuable for both consumption and medicine, breeding 
industries for these larvae exist in certain areas. However, 
rearing environments for larvae are generally based directly 
on field environments. The findings of this research can offer 
valuable guidance for these aquaculture industries.
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