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Abstract
Fluopimomide is a novel pesticide intensively used in agricultural pest control; however, its excessive use may have 
toxicological effects on non-target organisms. In this study, Caenorhabditis elegans was used to evaluate the toxic effects of 
fluopimomide and its possible mechanisms. The effects of fluopimomide on the growth, pharyngeal pumping, and antioxidant 
systems of C. elegans were determined. Furthermore, the gene expression levels associated with mitochondria in the 
nematodes were also investigated. Results indicated that fluopimomide at 0.2, 1.0, and 5.0 mg/L notably (p < 0.001) decreased 
body length, pharyngeal pumping, and body bends in the nematodes compared to the untreated control. Additionally, 
fluopimomide at 0.2, 1.0, and 5.0 mg/L notably (p < 0.05) increased the content of malondialdehyde by 3.30-, 21.24-, and 
33.57-fold, respectively, while fluopimomide at 1.0 and 5.0 mg/L significantly (p < 0.001) increased the levels of reactive 
oxygen species (ROS) by 49.14% and 77.06% compared to the untreated control. In contrast, fluopimomide at 1.0 and 5.0 
mg/L notably reduced the activities of target enzyme succinate dehydrogenase and at 5.0 mg/L reduced the activities of 
antioxidant enzyme superoxide dismutase. Further evidence revealed that fluopimomide at 1.0 and 5.0 mg/L significantly 
inhibited oxygen consumption and at 0.2, 1.0, and 5.0 mg/L significantly inhibited ATP level in comparison to the untreated 
control. The expression of genes related to the mitochondrial electron transport chain mev-1 and isp-1 was significantly 
downregulated. ROS levels in the mev-1 and isp-1 mutants after fluopimomide treatments did not change significantly 
compared with the untreated mutants, suggesting that mev-1 and isp-1 may play critical roles in the toxicity induced by 
fluopimomide. Overall, the results demonstrate that oxidative stress and mitochondrial damage may be involved in toxicity 
of fluopimomide in C. elegans.
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Introduction

Fluopimomide is a new fungicide to control oomycete 
pathogens (Zhang et  al. 2014). Recent studies reported 
that fluopimomide exhibited a potential as nematicides 
against root-knot nematodes (Ji et al. 2020; Li et al. 2020a). 
Fluopimomide has a similar chemical structure to that of 
fluopyram, another fungicide having nematicidal activities 
(Jones et al. 2017). Results from many studies indicated 
that fluopyram had negative impacts on the non-target 
organisms (Li et al. 2020b; Tinwell et al. 2014). However, 
the potential risks of fluopimomide to non-target organisms 
remained largely unknown. Considering that exposure of 
fluopimomide may cause diseases to non-target organisms, 
it is necessary to evaluate its potential risk.

Caenorhabditis elegans is a powerful model in 
toxicology studies due to its considerable genetic 
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homology to humans and conserved biology, and easy 
cultivation (Leung et  al. 2008). The endpoints of C. 
elegans, such as growth, reproduction, locomotion, and 
reactive oxygen species (ROS), are usually used for 
evaluating the toxic effects of various xenobiotics (Kuhn 
et al. 2021; Li et al. 2022). Moreover, C. elegans has many 
useful endpoints that are highly sensitive to pesticides 
which can be used to evaluate their toxicity (Dai et al. 
2019; Yin et al. 2021). Ruan et al. (2009) reported that 
cyhalothrin inhibited the head thrashes and body bends of 
the nematodes. Nidheesh et al. (2016) observed increased 
ROS content in C. elegans after monocrotophos exposure. 
Notably, it has been demonstrated that C. elegans can be 
predictive of toxicity in mammalian species in specific 
cases where they share the same mechanistic pathways and 
similar physiology (Hunt 2017).

Mitochondria are the center of cellular energy metabolism 
(Olsen and Gill 2017). Many reports demonstrated that 
mitochondria were key targets of environmental toxicants, 
including pesticides (Lee et al. 2021; Meyer et al. 2017). 
Mitochondrial dysfunction changes production of cellular 
energy, ROS, and other metabolite signaling (Bora et al. 
2021). The production of excessive free radicals can cause 
oxidative damage if they are not cleared. And the imbalance 
between ROS and cellular stress defense mechanisms leads 
to a vicious cycle of further mitochondrial dysfunction, 
resulting in more ROS (Aguilar-López et  al. 2016). 
Succinate dehydrogenase (SDH) is an important source of 
ROS in plants and mammals (Jardim-Messeder et al. 2015; 
Quinlan et al. 2012). It is known that fluopyram acts as SDH 
inhibitors in fungi and nematodes’ mitochondrial respiratory 
chain (Avenot and Michailides 2010). In the mitochondria, 
as the energy factories of the nematodes, the energy of 
nematode cells will be depleted when they are inhibited. 
As important genes of mitochondrial electron transport 
chain, mev-1 and isp-1 play crucial roles in regulating ROS 
and stress resistance (Soares et al. 2019). Our previous 
study suggested that fluopyram significantly inhibited the 
activity of SDH and increased the production of superoxide 
in mitochondria, leading to oxidative damage in C. elegans 
(Liu et al. 2021). Due to similar structure of fluopimomide 
and fluopyram, we hypothesize that fluopimomide may 
induce toxic effects by oxidative stress and mitochondrial 
damage in the nematodes.

In this work, the effects of fluopimomide on the growth, 
locomotion behavior, pharyngeal pumping, and enzyme 
activity and the expression level of genes associated with 
oxidative stress and mitochondrial damage of C. elegans 
were studied. The possible mechanisms of fluopimomide-
induced toxicity in the nematodes were investigated. The 
results of the present study will help better understand the 
roles of oxidative stress and mitochondrial damage in the 
toxicity of fluopimomide in C. elegans.

Materials and methods

C. elegans culture

Nematode strains including the wild-type N2, TK22 [mev-
1(kn1)], MQ887 [isp-1(qm150)], and Escherichia coli 
OP50 were provided by Caenorhabditis Genetics Center. 
Nematodes were cultivated on nematode growth medium 
(NGM) at 20°C containing E. coli OP50 as food (Brenner 
1974). Age-synchronized nematodes were obtained using 
a bleaching solution. Briefly, gravid adults were washed 
with M9 buffer and incubated with freshly prepared bleach 
(2% NaOCl, 1 M NaOH). Then the mixture was shaken 
for 3 min, and the bleached eggs were centrifuged at 4000 
rpm and washed thrice with M9 buffer. The eggs were left 
to hatch on the NGM plates, and the L4 nematodes were 
obtained for subsequent tests after 48 h of synchronization 
(Donkin and Dusenbery 1993).

Experimental chemicals

A stock solution of 104 mg/L of fluopimomide (98.6% purity, 
Sino-Agri Union, Jinan, China) was dissolved in dimethyl 
sulfoxide (DMSO) and then diluted in M9 buffer with the 
final DMSO concentration of 0.25%. A vehicle control with 
the same concentration was used. Fluopimomide at 0.5, 1.0, 
2.0, 4.0, 8.0, 16, and 32 mg/L were used to determine the 
median-lethal concentration (LC50). Synchronized L4 N2 
nematodes were transferred to 24-well plates seeded with an 
E. coli OP50 lawn with or without fluopimomide at 20°C, 
with about 50 worms per well (1 mL). Our results indicated 
fluopimomide at tested concentrations had no obvious effect 
on the growth of E. coli OP50 (data not shown). After acute 
exposure (24 h) to fluopimomide, survival of the nematodes 
was recorded by a microscope (Olympus SC180, Tokyo, 
Japan). The experiment was repeated three times. Accord-
ing to the LC50 value and our previous study, fluopimomide 
at 0.2, 1.0, and 5.0 mg/L were chosen for subsequent tests.

Physiological indicators assay

N2 nematodes at L4 stage were exposed under the stress 
of fluopimomide at 0.2, 1.0, and 5.0 mg/L at 20°C. Body 
length of N2 nematodes was determined according to Liu 
et al. (2022). After 24-h exposure, the worms were taken 
to a glass slide and added 50 μL M9 buffer. A flame of an 
alcohol lamp was used to heat the glass slide for 10 s and the 
body length was determined with a dissecting microscope 
(Olympus SZX10, Japan). For the number of pharyngeal 
pumping, the nematodes were picked onto the NGM plates 
after exposure and recorded under the microscope for 30 
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s. The pumping frequency of olfactory bulb every 30 s 
was the number of pharyngeal pumping of the nematodes 
(Collins et al. 2008). Frequencies of head thrash and body 
bend, represent locomotion behaviors of the nematodes, 
were measured according to Tsalik and Hobert (2003). The 
exposed worms were rinsed with M9 buffer and placed on a 
new NGM plate. After recovered for 1 min, the frequencies 
of head thrash and body bend were observed under the 
microscope within 30 s. The experiments were performed 
in triplicate with twenty nematodes each treatment.

MDA content, activities of target enzyme SDH, 
and antioxidant enzyme system

After the exposure, the worms were washed three times 
with M9 buffer, and mixed with phosphate-buffered saline 
solutions. Then the mixture was centrifuged at 5000 rpm at 
4°C for 4 min. Malondialdehyde (MDA) content and SDH 
and superoxide dismutase (SOD) activities were evaluated 
using respective assay kits (Nanjing JianCheng, China). The 
MDA, SDH, and SOD contents were normalized by protein 
content. The experiments were repeated three times with 
5000 worms each treatment.

Determination of ROS

The intracellular contents of ROS were determined by 
2′,7′-dichlorodihydrofluoroscein diacetate (H2DCF-DA) (1 
μM, Beyotime Biotechnology, China) (Yan et al. 2021). N2, 
TK22 [mev-1(kn1)], and MQ887 [isp-1(qm150)] nematodes 
were exposed as described above, then washed three times 
with M9 buffer and incubated with 1 μM of H2DCF-DA 
for 2.5 h. Then the worms were washed, and fixed by 1 
mM levamisole and placed on 2% agar pads. Images were 
measured using a fluorescence microscope (Olympus IX73, 
Japan) and analyzed by ImageJ (NIH, Bethesda, MD). The 
tests were performed in triplicate with twenty nematodes 
each treatment.

Oxygen consumption rate and ATP level tests

A Clark-type oxygen electrode (Hansatech, UK) was used to 
determine the oxygen consumption rates of the nematodes. 
The N2 nematodes were washed with M9 buffer, and 
transferred into the electrode chamber. Before analysis, the 
electrode chamber was stabilized with 1 mL air-saturated 
M9 buffer for 30 min. Oxygen consumption rates were 
obtained by monitoring oxygen concentration with oxygen 
electrode for 2–15 min (Gruber et al. 2015). Final oxygen 
consumption rates were normalized by protein concentration, 
which was determined using the DC-protein assay (Bio-
Rad, Hercules, USA). For the ATP assay, the synchronized 
N2nematodes (~4000) were exposed to fluopimomide at 0.2, 

1.0, and 5.0 mg/L. After thoroughly washing, worms were 
used to prepare the nematode homogenate by following the 
manufacturer’s guidelines of the assay kit (Shanghai MLBIO 
Biotechnology, China). ATP level was determined at 340 
nm by a microplate reader. Both experiments were repeated 
three times.

qRT‑PCR analysis

Total mRNA of the N2 worms (~8000) was extracted by Trizol 
following the manufacturer’s protocol (Accurate Biology, 
Changsha, China). cDNA was synthesized by a FastQuant 
RT kit (TIANGEN, China). qRT-PCR was conducted using 
StepOnePlus System (Applied Biosystems, USA). The mRNA 
expression levels of mev-1 and isp-1 related to mitochondrial 
damage and oxidative stress were tested. The relative gene 
expression were analyzed using 2−△△Ct method with tba-1 as 
a reference gene. Primer sequences are shown in Table S1. The 
experiments were repeated thrice.

Statistical analysis

Statistical analysis was performed by SPSS 23.0 (IBM, 
Chicago). Probit analysis was employed to calculate the 
LC50 values. Data were submitted to analysis of variance 
(ANOVA) with Fisher’s protected least significant difference 
(LSD) test at p = 0.05.

Results

Lethality of fluopimomide

A concentration-response manner existed between the 
mortality of worms and fluopimomide concentrations 
(Fig. 1). The LC50 value of fluopimomide on L4 stages 
nematodes was 5.35 mg/L.

Fluopimomide inhibited growth, pharyngeal 
pumping, and locomotive behavior of C. elegans

From Fig. 2(A), fluopimomide at tested concentrations 
notably (p < 0.05) decreased the body length by 15.01%, 
19.66%, and 30.90% compared to the untreated control. 
As shown in Fig. 2(B), compared to the untreated control, 
fluopimomide at three concentrations significantly (p < 
0.001) decreased the number of pharyngeal pumping, with 
a concentration-response manner. In addition, compared 
to the untreated control, fluopimomide at 5.0 mg/L nota-
bly (p = 0.001) decreased head thrashes in C. elegans by 
30.07%, while fluopimomide at lower concentrations had 
no obvious differences (Fig. 2(C)). Moreover, compared to 
the untreated control, fluopimomide at three concentrations 
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significantly (p < 0.001) reduced body bends in the nema-
todes (Fig. 2(D)).

Fluopimomide increased MDA content and affected 
the activities of target enzyme SDH and antioxidant 
enzyme system

Nematodes exposed to fluopimomide notably (p < 0.05) 
increased MDA content by 3.30-, 21.24-, and 33.57-fold 

compared to the untreated control (Fig. 3(A)). Meanwhile, 
compared to the untreated control, fluopimomide at 
higher concentrations notably (p < 0.001) reduced the 
activity of SDH by 61.41% and 78.95%, respectively 
(Fig. 3(B)). Furthermore, compared to the untreated control, 
fluopimomide at 5.0 mg/L obviously (p < 0.001) suppressed 
SOD activity in the nematodes, whereas no obvious changes 
were observed between fluopimomide at lower concentrations 
(p = 0.251 and 0.054, respectively) (Fig. 3(C)).

Fig. 1   Mortality of L4 stages of 
Caenorhabditis elegans to dif-
ferent concentrations of fluopi-
momide after 24-h exposure. 
Probit analysis was employed 
to calculate the median-lethal 
concentration (LC50) value
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Fig. 2   Effects of fluopimomide on various physiological indicators 
in Caenorhabditis elegans. (A) Body length, (B) pharyngeal pump-
ing, (C) head thrash, (D) body bend. The statistical significance of 

difference was analyzed by ANOVA with Fisher’s protected LSD test. 
Values followed by the same letter were not significantly different at 
p = 0.05
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Fluopimomide increased ROS level in N2 nematodes 
and had no effects in mev‑1 and isp‑1 mutants

From Fig.  4, in comparison to the untreated control, 
fluopimomide at higher concentrations notably (p < 0.001) 
increased the levels of ROS by 45.37% and 109.90%, 
respectively, while no obvious effect was observed in 
fluopimomide at 0.2 mg/L. ROS levels in mev-1 and isp-1 
mutant strains were further measured and the results showed 
that no significant changes were observed in the mutants 
after fluopimomide at tested concentrations compared with 
the untreated mutants (Fig. S1).

Fluopimomide inhibited oxygen consumption 
and ATP level in N2 nematodes

In Fig.  5(A), in comparison to the untreated control, 
fluopimomide at 1.0 and 5.0 mg/L significantly (p < 0.05) 

inhibited oxygen consumption by 41.73% and 54.11% 
respectively, while fluopimomide at 0.2 mg/L had no significant 
differences. In addition, nematodes exposed to fluopimomide 
notably (p < 0.05) inhibited ATP level by 21.79–64.10% 
compared to the untreated control (Fig. 5(B)).

Fluopimomide reduced the expression of genes 
related to mitochondrial damage and oxidative 
stress

In the N2 nematodes, in comparison to the untreated con-
trol, fluopimomide at higher concentrations notably (p < 
0.05) decreased the gene expression of mev-1 by 36.73% and 
40.23%, respectively, while no obvious effect (p = 0.956) 
observed in fluopimomide at 0.2 mg/L (Fig. 6). Fluopi-
momide at all tested concentrations obviously (p < 0.001) 
downregulated the isp-1 expression by 58.26%, 76.09%, and 
67.77%, respectively, in comparison to the untreated control.

Fig. 3   Effects of fluopimomide on MDA content and antioxidant 
enzyme activities. (A) MDA content, (B) activity of SDH, (C) activ-
ity of SOD. The statistical significance of difference was analyzed by 

ANOVA with Fisher’s protected LSD test. Values followed by the 
same letter were not significantly different at p = 0.05

Fig. 4   Effects of fluopimomide on ROS level in Caenorhabditis 
elegans. (A) Microscopic fluorescence imaging of ROS, (B) fluores-
cence intensity of ROS. The statistical significance of difference was 

analyzed by one-way ANOVA with Fisher’s protected LSD test. Val-
ues followed by the same letter were not significantly different at p = 
0.05
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Discussion

Pesticides are an important class of organic pollutants 
posing a negative impact on the environment (Akash et al. 
2022). Fluopimomide is a novel pesticide widely used in 
agricultural pest control, but its toxicological effects on 
non-target organisms are rarely studied. Moreover, so far 
as we know, the environmentally relevant concentrations 
of fluopimomide have not been reported yet. Based on the 
LC50 value and our previous study, fluopimomide at 0.2, 1.0, 
and 5.0 mg/L were used as the experimental concentrations 
in the present study. C. elegans was used to determine the 
toxicity of fluopimomide and its potential mechanisms.

In C. elegans, phenotypic changes are usually associated 
with toxicity induced by various poisons or stresses (Wang 
2019). Body length, pharyngeal pumping, and locomotion 
behavior of C. elegans are classic endpoints for the assessment 
of nematode toxicity (Tejeda-Benitez and Olivero-Verbel 
2016). Our results showed that fluopimomide had significantly 
reduced the body length of C. elegans (Fig. 2(A)). This is 
consistent with a previous study by Zeng et al. (2017), who 
reported carbofuran significantly reduced the body length 
of the nematodes. It was noted that the body length of the 
control N2 nematodes was smaller in comparison with many 
references in which the length was approximately 1100–1200 
μm (Soares et al. 2023; Tang et al. 2023). Maybe it was the 
reason that the solvent (0.25% DMSO) was used in this 
study. DMSO has been widely adopted by many researchers 
(Maglioni et al. 2022; López-García et al. 2020). However, 
Xiong et al. (2017) reported that DMSO at 0.06% increased 
post-embryonic developmental time. Moreover, it has been 
reported that DMSO decreases pharyngeal pumping at 
concentrations greater than or equal to 0.25% (Calahorro 
et al. 2021). Therefore, whether DMSO affects the body length 
of C. elegans needs further study. The pharyngeal pumping 
also decreased in a concentration-dependent manner under 
fluopimomide exposure (Fig. 2(B)), which agreed with another 
study, in which malathion exposure significantly inhibited the 
swallowing ability of nematodes (Kamaladevi et al. 2016). 
Moreover, fluopimomide also inhibited the locomotion 
of nematodes (Fig.  2(C–D)). A previous study showed 
similar results that both of paichongding and its metabolite 
M1 reduced the locomotion of the nematodes (Bian et al. 
2018). These results indicated that fluopimomide may cause 
impairment in neuronal and muscular function in C. elegans.

SDH is a key enzyme located in the electron transport 
chain and is closely related to mitochondrial respiration 
(Olsen and Gill 2017). Fluopyram was reported to inhibit the 

Fig. 5   Effects of fluopimomide on oxygen consumption and ATP 
level in Caenorhabditis elegans. (A) Oxygen consumption, (B) ATP 
level. The statistical significance of difference was analyzed by one-

way ANOVA with Fisher’s protected LSD test. Values followed by 
the same letter were not significantly different at p = 0.05

Fig. 6   Effects of fluopimomide on expression of genes related to 
mitochondria. Gene expression values were normalized against the 
reference tba-1 gene and represented as the mean (n = 3) relative to 
the control. The statistical significance of difference was analyzed by 
one-way ANOVA with Fisher’s protected LSD test. Values followed 
by the same letter were not significantly different at p = 0.05
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mitochondrial complex II of the respiratory chain (Avenot 
and Michailides 2010). In this study, exposure to fluopimo-
mide notably inhibited the activity of SDH in C. elegans 
(Fig. 3(B)). Similar results were obtained by Kamireddy 
et al. (2018), who reported that SDH activity in N2 nema-
todes was reduced after exposure to another classic neuro-
toxins 6-hydroxy dopamine (6OHDA). As sharing a similar 
structure, there is a possibility that fluopimomide has the 
same mode of action as fluopyram, a SDH inhibitor. There-
fore, it is reasonable to speculate that fluopimomide is also a 
SDH inhibitor. Further investigations are needed to validate 
this hypothesis.

Mitochondria are known to be one of the main sites of 
ROS production in vivo, and mitochondrial dysfunction 
affects the production of ROS; the imbalance between ROS 
in C. elegans leads to a vicious cycle of further mitochondrial 
dysfunction (Aguilar-López et al. 2016; Bora et al. 2021). 
Guzy et al. (2008) reported that SDH played an important 
role in transporting electrons in the electron transport 
chain, and inhibition of SdhB function may increase the 
production of ROS in mammalian cells. Excessive increase 
of ROS can cause oxidative stress in the nematodes (Mates 
et al. 2008). Oxidative stress accelerates the peroxidation 
of polyunsaturated fatty acids, and MDA is one of the final 
products of peroxidation of polyunsaturated fatty acids 
(Islam 2017). In this work, fluopimomide increased levels 
of ROS and MDA (Fig. 3(A) and Fig. 4), suggesting that 
fluopimomide induced oxidative damages in the nematodes. 
These observations were in agreement with a previous study, 
which reported that exposure to paraquat significantly 
increased levels of ROS and MDA in the nematodes (Ji 
et al. 2022). Oxidative damage induced by fluopimomide 
in C. elegans was reported in a previous study (Zhang et al. 
2022), and the toxic effect of fluopimomide on C. elegans 
mitochondria is also worth further study. The results of the 
present study provided an extensive and in-depth insight 
into the toxicity of fluopimomide to C. elegans. Oxygen 
consumption rate and ATP level are important indicators 
of mitochondrial function (Bailey et  al. 2018). In this 
study, fluopimomide at higher concentrations significantly 
inhibited the oxygen consumption rate and ATP level of 
the N2 nematodes (Fig. 5), indicating that fluopimomide 
disturbed mitochondrial function. The results agreed with 
Bailey et al. (2018), who observed that glyphosate inhibited 
oxygen consumption and ATP level in the nematodes.

In addition, mev-1 and isp-1 are important genes of 
mitochondrial electron transport chain. The gene mev-1 
encodes a homologue of the cytochrome b560 subunit 
of SDH of complex II, and the gene isp-1 encodes the 
“Rieske” iron-sulfur protein subunit of mitochondrial 
respiratory chain complex III in the nematodes (Ishii 
2000). Mev-1 mutants have a dysfunction of SDH enzyme, 

leading to an abnormal energy metabolism with increased 
sensitivity to oxidative damage (Soares et al. 2019; Yu 
et al. 2014). On the other hand, isp-1 is a known mutation 
in a mitochondrial complex subunit that prolongs lifespan 
(Feng et al. 2001). In this work, fluopimomide notably 
inhibited the expression of mev-1 (except fluopimomide 
at 0.2 mg/L) and isp-1 (Fig. 6), indicating that both genes 
may play crucial roles in the toxicity of fluopimomide in 
C. elegans.

Conclusions

In this study, the toxicity of fluopimomide and its possible 
molecular mechanism were explored using C. elegans. 
The results showed that fluopimomide could not only 
inhibit the physiological activities of the nematodes, 
but also increase the ROS level and MDA content in the 
nematodes. Fluopimomide also inhibited the activity of 
SDH, oxygen consumption, ATP level, and expression of 
mev-1 and isp-1. These results indicated that fluopimomide 
could induce toxicity to C. elegans, and oxidative stress 
and mitochondrial damage might be the mechanism of 
fluopimomide toxicity. Overall, our results demonstrate that 
oxidative stress and mitochondrial damage may play vital 
roles in toxicity of fluopimomide in C. elegans.
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